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TRIPLE MR SPECTRAL IMAGING: CHALLENGING 

THEORIES OF SHIFT AND RELAXATION 
 

K. L. N. A. Finney, N. J. Rogers, P. Kanthi Senanayake and D. Parker 

 

Department of Chemistry, Durham University, Durham, DH1 3LE, UK 

 

ABSTRACT 

MR is a powerful tool for non-invasive imaging with high spatial resolution, 

although it suffers from low sensitivity. Recent developments with 

PARASHIFT agents, i.e paramagnetic lanthanide probes bearing a reporter 

group that can be detected directly by chemical shift imaging,[1,2] allow 

probe detection against a negligible background, with the possibility of 

simultaneous dual or triple imaging. In such systems, the reporter group (i.e. 

tert-butyl) needs to be integrated into the complex so that the chosen 

lanthanide will shift the resonance far away from water and fat signals to 

allow selective excitation and imaging (Fig.1). The paramagnetic enhanced 

relaxation of the signal can also be optimised to allow fast acquisition times, 

improving sensitivity. 

 

Figure 1. Paramagnetically shifted probe tBu 1H NMR signals relax 

rapidly, allowing fast acquisition 

 

In the series of lanthanide complexes with L1 vs L2, (Tb, Dy, Ho, Er, Tm, 

Yb), the relaxation rates for Er and Tm were faster at low field than the Tb 

and Dy analogues,[3] challenging the validity of many of the assumptions 

inherent in Bloch-Redfield-Wangsness theory.[4] Both T and dual pH/T-

sensitive probes have been made (pKa 6.7; 0.1 M NaCl), and the differing 

pH and T sensitivity of their chemical shifts allows triple imaging encoding 

anatomical information, pH and T using Tm (δH +75) and Dy (δH -78 ppm) 

complexes of L1 (Fig 2.). 

The design of future paramagnetic shift (PARASHIFT) agents for MR 

imaging, requires probe functionalisation to allow clearance-specific, 

targeted and/or ‘smart’ imaging [6]. The progress towards these findings 

supports the notion that more accurate theories of both paramagnetic 

relaxation [4] and pseudocontact shift [5] are required.   
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Figure 2. Dual 1H-1H 

image showing location of 

the probe complex in MRI 

‘slice’ images of a mouse 

(7T, 307K) 
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FLUORESCENCE CORRELATION SPECTROSCOPY. 

A QUANTITATIVE METHOD WITH SINGLE-

MOLECULE SENSITIVITY AND ITS APPLICATION IN 

BIOMEDICAL RESEARCH 
 

V. Vukojević 

 

Karolinska Institute, Department of Clinical Neuroscience, 

Center for Molecular Medicine CMM L8:01, 17176 Stockholm, Sweden 

(vladana.vukojevic@ki.se) 

 

ABSTRACT 

Fluorescence Correlation Spectroscopy (FCS), a quantitative analytical 

method that analyses spontaneous fluctuations around an equilibrium 

stationary state to provide information about macroscopic properties of the 

investigated system, is used in biomedical research to measure the 

concentration, diffusion coefficients and binding constants of molecules in 

solution and in live cells. This lecture describes the basic theoretical 

principles underlying FCS, demonstrates some typical applications in life 

sciences using examples from our own work and shows recent advances in 

the use of FCS for the development of quantitative confocal fluorescence 

microscopy imaging without scanning, a development that allows the study 

of spatio-temporal integration of fast reaction-diffusion processes in live 

cells. 

 

INTRODUCTION 

Fluorescence Correlation Spectroscopy (FCS) is a quantitative analytical 

method that derives information about macroscopic properties of the 

investigated system, such as the concentration, diffusion coefficients and 

chemical binding constants, based on the analysis of spontaneous 

fluctuations around equilibrium stationary states or nonequilibrium steady 

states [1-5]. The theoretical principles underlying FCS, which originate in 

the field of equilibrium fluctuation analysis, were experimentally verified in 

the early 1970-ties, when the method was successfully applied for in 

solution studies of the kinetics of chemical interactions, translational and 

rotational diffusion [6–10]. However, early FCS measurements required 

relatively high laser-intensities and long signal acquisition times, which 

caused fluorescence loss due to photobleaching and thereby complicated the 

measurements and the subsequent data analysis. A more widespread 

application of FCS became possible only 20 years later, when the 
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introduction of several important technical improvements made it possible 

to overcome these difficulties. Most notably, by using the optical 

arrangement of a confocal microscope it was possible to generate a well-

defined observation volume element (OVE) that is sufficiently small to 

enable the observation of a small number of molecules at a time. In addition, 

the use of ultra-sensitive and fast avalanche photodiode (APD) detectors 

enabled the detection of fluctuations in molecular numbers with high 

sensitivity and high temporal resolution. [11,12] These innovations have 

significantly improved the signal-to-noise ratio (SNR) and enabled 

quantitative FCS measurements with single-molecule detection sensitivity in 

complex solutions, consisting of molecular species that differ in 

concentration, brightness and/or size, and in live cells (Fig. 1). Building on 

these innovations, second and third generations of versatile instruments that 

combine FCS with confocal laser scanning microscopy (CLSM) were 

developed, [13,14] paving the way for a more widespread use of FCS in 

biomedical research. 

 

BASIC BACKGROUND ON FCS 

Schematic presentation of the simplest and most commonly available single-

point FCS system realized through coupling to an inverted CLSM 

microscope is given in Fig. 1A. To induce fluorescence, the sample is 

illuminated by incident light delivered by a continuous wave (cw) laser. The 

laser beam is reflected by the main dichroic mirror and sharply focused by 

the objective into the sample. Fluorescence and scattered light from the 

sample are collected through the same objective, separated at the main 

dichroic mirror that reflects the elastically scattered light, and, after passing 

through a dichroic filter, which further narrows spectrally the collected light, 

fluorescence is transmitted to the detector. The volume from which 

fluorescence is detected is further reduced by a pinhole, i.e. a confocal 

aperture in the image plane, which rejects stray and out of focus light. In 

this way, fluorescence is detected from a minute OVE that is about 2-

10×10–19 m3 large. The small size of the OVE is crucial for reaching single-

molecule sensitivity and for quantitative analysis, as it decreases the 

duration of fluorescence fluctuations due to molecular movement, thereby 

allowing the acquisition of more fluctuations per time interval, i.e. shorter 

signal acquisition times; and minimizes the background by reducing the 

contribution from sample auto-fluorescence and from Raman scattered light 

from water molecules. Fluorescence is transmitted to the single-photon 

avalanche photodiode (APD) detector, which responds with an electrical 

pulse to each detected photon, and fluctuations in fluorescence intensity are 

recorded over time (Fig. 1C, top).  
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Figure 1. Fluorescence Correlation Spectroscopy (FCS). A. Schematic 

drawing of a classical single-point FCS/CLSM setup. B. Confocal image of 

a single PC12 cell stably transformed to express the mu-opioid receptor 

fused with the enhanced Green Fluorescent Protein (MOP-eGFP; green), 

acquired using an APD detector. Scale bar 5 μm. C. Fluorescence intensity 

distribution across a single PC12 cell expressing MOP-eGFP determined by 

a linear scan in the axial direction (z-scan). The first and second maximums 

indicate the position of the basal and apical plasma membrane, respectively, 

as schematically depicted in the middle panel. D. Fluorescence intensity 

fluctuations (top) and corresponding autocorrelation curves (bottom) 

recorded in a standard solution of rhodamine 6G (Rh6G) in water (left) and 

on the apical plasma membrane of a single PC12 cell expressing MOP-

eGFP (right). Rh6G and eGFP fluorescence was exited using the 488 nm 

line of an Ar/ArKr laser. The main dichroic beam splitter HFT KP 700/488 

was used to separate the incident and emitted light, which was further 

spectrally selected using a band pass filter (BP 505–530 nm) in front of the 

APD detector. Autocorrelation analysis showed that the average number of 

Rh6G molecules in the OVE was 2.3 (left), whereas the average number of 

observed MOPeGFP molecules is 9.2 (right). The number of detected 

photons per molecule and second in Rh6G aqueous solution was CPMRh6G = 

41.9 kHz, yielding a virtually noise-less autocorrelation curve (black) that is 

well fitted with the autocorrelation function for free 3D diffusion and 

singlet/triplet transition of a single component (eq.2, red). In contrast, the 

eGFP brightness is an order of magnitude lower, CPMMOPeGFP = 3.8 kHz. 

The experimental autocorrelation curve is complex, showing several 

characteristic times. Image modified from [15]. 
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To analyse and interpret the sampled time series, statistical methods of 

data analysis are applied. This is, most often done by temporal 

autocorrelation analysis, but other methods of data analysis can also be 

applied [1]. In temporal autocorrelation analysis, we first derive the intensity 

autocorrelation function normalized to the mean intensity squared: 

 

22
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where F(t) and F(t+) are fluorescence intensities at time t and at a later 

time t+, respectively; )(tF  is the mean fluorescence intensity over the 

measured time; and )()()( tFtFtF   and )()()( tFtFtF    are the 

fluctuations in fluorescence intensity at time t and at a later time t+, 
respectively. By dividing the intensity correlation function (the numerator in 

eq. 1) with the mean fluorescence intensity squared (the denominator in eq. 

1), the normalized autocorrelation function G() is obtained that is 

independent of the absorption and quantum yield of the fluorophore, the 

detection efficiency of the instrumental setup and the laser power.  

By performing temporal autocorrelation analysis of fluorescence 

intensity fluctuations, we essentially ask what is the probability to observe a 

photon at a time point t+ if a photon was detected at time t? Obviously, in 

an FCS experiment, where photons are emitted by molecules residing in the 

OVE, the shorter the time lag , the higher is this probability. As the time 

lag increases, the fluctuations in fluorescence intensity become uncorrelated 

and the intensity correlation function decreases. Thus, the normalized 

autocorrelation function G() is a decreasing function of the time lag  (Fig. 

1D, bottom), and the rate of correlation decay is related to 

phenomenological parameters that describe the dynamic processes in the 

system through which the fluorescence intensity fluctuations arise. 

Moreover, different dynamic processes, such as diffusion and chemical 

reactions, yield different correlation functions and the underlying processes 

can be distinguished by analyzing the experimentally recorded 

autocorrelation curves. This is typically done by fitting the experimentally 

derived autocorrelation curves with theoretically derived autocorrelation 

functions [1,4], exemplified here by eq.2 and eq.3: 
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In eq. 2, which represents an autocorrelation function derived for free three-

dimensional (3D) diffusion of a single molecular species and triplet 

formation, N is the average number of molecules in the OVE determined 

from the amplitude of the autocorrelation curve at  = 0; T is the average 

equilibrium fraction of molecules in the triplet state; T is the triplet 

correlation time that is related to the rate constants for intersystem crossing 

and the triplet decay; wxy and wz are, respectively, the radial (perpendicular 

to the direction of light propagation) and axial (in the direction of light 

propagation) distance of the focused laser beam at which the collected 

fluorescence intensity has dropped by a factor of e2 compared to its peak 

value in the center; D is the diffusion time. In eq. 3, which describes free 

3D diffusion of an unbound ligand and two-dimensional (2D) diffusion of 

the ligand bound in a ligand-receptor complex at the plasma membrane, D1 

and D2 are diffusion times of the unbound and bound ligand, respectively, 

and y is the fraction of the ligand that is bound to the receptor.  

Even though the autocorrelation functions that describe different 

dynamic processes are mathematically distinct, as can be seen from the 

expression in eq. 2 and eq. 3, the experimentally derived autocorrelation 

curves may still be difficult to analyze unequivocally, unless additional 

experiments are performed. For example, the relative contributions of 

diffusion versus chemical reaction can be efficiently tested by varying the 

size of the OVE. Whilst rates of chemical reactions are independent of the 

OVE size, the characteristic diffusion time D is not, and will vary in 

accordance with the relation DwxyD 4/2 , where D is the diffusion 

coefficient. Likewise, the chemical relaxation times of a second order 

chemical reaction are functions of the mean concentrations of the reactants, 

and the characteristic decay time of the corresponding autocorrelation curve 

will change when the concentration of the reactants is changed [1,5]. 

Thus, although the measured fluctuations are utterly stochastic by 

themselves, their average rate of relaxation to the equilibrium value is not 

stochastic but rather constrained by macroscopic properties of the 

investigated system. It is exactly this interrelation that makes it possible to 

apply fluctuation’s analysis to obtain information about macroscopic 
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properties of the investigated system and measure local diffusion 

coefficients, concentration, apparent hydrodynamic radius, kinetic rate 

constants and equilibrium binding/dissociation constants.  

 

QUANTITATIVE STUDY OF SYNTHETIC HOX TRANSCRIPTION 

FACTOR–DNA INTERACTIONS IN LIVE CELLS 

An example from our own work, where we measured differences in wild 

type versus mutant transcription factor binding to chromatin in live salivary 

glands ex vivo is shown in Fig. 2 [16].  

 

 
 

Figure 2. Differences in binding between different genetic variants of the 

synthetic transcription factor Scr-HD to chromatin studied ex vivo in live 

salivary glands of Drosophila melanogaster third instar larvae. (A.–D.) 

Polytene nuclei expressing different variants of the synthetic transcription 

factor Scr-HD: Scr-HDwt (A), Scr-HDAA (B) Scr-HDDD (C) or Scr-

HD AANQ

DD

5150 (D). E. Gradual increase of Scr-HDwt concentration in live 

salivary gland cells recorded by FCS after exposing the larvae to heat shock 

(15 min at 37̊ °C). F. Normalized autocorrelation curves showing changes in 

Scr-HDwt dynamics as a function of its concentration. All FCS 

measurements were performed at the same location in the same cell. G. 

Extent of synthetic transcription factor Scr-HD binding to chromatin studied 

experimentally (symbols) and emulated by numerical simulations (lines). 

FCS analysis in live cells reveals that the extent of Scr-HD binding to 

chromatin is different for the different genetic variants examined and 

characterized by different underlying kinetics. Image modified from [16]. 

 

By advancing the detection sensitivity of CLSM [14], we could visualize 

differences in the spatial distribution of wild type and mutant variants of the 

synthetic transcription factor Scr-HD (Fig. 2 A-D) in cells expressing low, 

physiologically relevant concentrations of the transcription factor measured 

by FCS to be: [Scr-HDwt] = 105 nM, [Scr-HDAA] = 157 nM, [Scr-HDDD] = 
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66 nM and [Scr-HD
AANQ

DD

5150

] = 220 nM. By FCS, we were able to discern 

free 3D diffusion of Scr-HD molecules (Fig. 2E and F, fast decaying 

component), from the significantly slower mobility of Scr-HD molecules 

whose movement was stalled by interactions with the chromatin (Fig. 2E 

and 2F, slowly decaying component). Moreover, we could also characterize 

the specific and nonspecific Scr-HD interactions with the DNA, and 

estimate their corresponding dissociation constants (Kd) ex vivo: the 

dissociation constant for nonspecific DNA − Scr-HD complexes was 

estimated to be DDHDScr

nsdK


, = (8050) µM and wtHDScr

nsdK


, = (2515) µM, 

whereas it was wtHDScr

sdK


, = (75) nM for specific complexes. Our results 

suggested that the synthetic Scr-HD transcription factors find their specific 

target sites primarily by multiple association/dissociation events, the 

rapidity of which is largely owed to electrostatic interactions. Based on 

these new findings, we could propose a model mechanism and could 

emulate the kinetics of Scr-HD interactions with DNA in live cells using 

numerical simulations (Fig. 2G) [16]. 

 

MASSIVELY PARALLEL FLUORESCENCE CORRELATION 

SPECTROSCOPY FOR IMAGING OF FAST DYNAMIC 

PROCESSES IN LIVE CELLS 

One principal limitation of classical single-point FCS is limited overview, 

i.e. the capacity to provide quantitative information in the minute OVE only. 

Hence, to acquire quantitative information from several locations in a cell 

using the conventional single-point FCS setup, FCS measurements need to 

be performed successively, which is not suitable for the study of fast 

dynamical processes. To overcome this limitation and enable quantitative 

studies of fast dynamical processes across the specimen, we have developed 

a new instrumental system for quantitative confocal fluorescence 

microscopy imaging of dynamical systems without scanning via massively 

parallel FCS measurements [17]. In this system, a Diffractive Optical 

Element (DOE) and a matrix single-photon avalanche photodiode (SPAD) 

camera are used to achieve massively parallel confocal arrangement [17] 

and probe the kinetic landscape of the synthetic Scr-HD transcription factor 

binding to DNA in live cells in 1024 (3232) OVE simultaneously (Fig. 3). 

Our study reveals that the nuclear dynamics of the synthetic transcription 

factor Scr-HD is complex and exhibits a changing landscape of interactions 

that is difficult to characterize by probing one OVE at a time (Fig. 3) [18]. 
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Figure 3. Spatial distribution of molecular numbers and mobility of wild-

type and constitutively inactive Scr-HD transcription factor dimers 

vizualized by bimolecular fluorescence complementation (BiFC) and 

quantitatively characterized by mpFCS. (A.-C.) Scr-HDwt dimers visualized. 

(D.-F.) Scr-HDDD showing no dimerization. Image modified from [18]. 

 

Using bimolecular fluorescence complementation (BiFC), we show that 

Scr-HD forms dimers that strongly associate with its specific fork head 

binding site (fkh250) in live salivary gland cell nuclei (Fig. 3A-C). In 

contrast, dimers of the constitutively inactive, phosphomimicking variant of 

Scr, Scr-HDDD, show weak, non-specific DNA-binding (Fig. 3D-F). mpFCS 

revealed that Scr-HD dimers are predominantly formed on the DNA and are 

equally abundant at the chromosomes and the introduced multimeric fkh250 

binding-site (Fig. 3B), but differ significantly in mobility (Fig. 3C), possibly 

reflecting transient binding with different affinities on the DNA. 

This dataset indicates that mpFCS is a suitable method for the 

simultaneous recording of molecular mobility and concentration over a 

larger area. Therefore, it is possible to study differences in these parameters 

in live cells with high spatio-temporal resolution. Te high temporal 

resolution of mpFCS is expected to allow quantification and dynamics of 

faster processes, such as calcium signaling and neuronal transmission, 

simultaneously and across larger areas. 
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ABSTRACT 

We present a fully implemented Infrared Scanning Near-field Optical 

Microscopy in spectroscopic mode for tissue imaging and early cancer 

diagnostics. The experimentshavebeenperformed onoesophagealtissue and 

haveshownthat the setupcan operate at nanometer resolution and has been 

able to distinguish between healthy and malignant tissues, 

thusdemonstrating the potential of the techniquefor yielding a diagnostic for 

oesophagealcancer and otherkind of cancer. 

 

INTRODUCTION 

Scanning near-field optical microscopy (SNOM) is a sensitive and flexible 

technique that achieves an enhanced optical resolution through the very 

close placement of the sensing element to the object to be imaged. 

Conventional spectroscopy is often not enough sensitive and spatially 

resolved to detect specific elements or domains in a sample. The need of 

imaging objects on increasingly finer scales and spatially localize specific 

molecules, brought to the combination of infrared, visible and Raman 

spectroscopy with scanning near-field microscopy, giving rise to a powerful 

nanospectroscopic tool used to perform simultaneous topographical 

measurements and optical/chemical characterizations with subwavelength 

resolution, overcoming the diffraction limit of light. Infrared (IR) 

spectroscopy is a potentially powerful tool for identifying the chemistry of 

biologically active molecules in cells [1]. However, practical 

implementation of intracellular IR imaging has been problematic because of 

the diffraction limit of conventional infrared microscopy, which gives a 

spatial resolution not better than a few microns. The advent of SNOM[2] 

has augmented the usefulness of IR spectroscopy at a microscopic level. In 

fact, by coupling a SNOM with a tunable IR source (usually a laser in this 
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region) it is possible to overcome the diffraction limit also in the infrared 

region [3-4]. 

Tunability of the laser is extremely important since the biochemical cellular 

compounds have their own vibrational “fingerprints” in the absorption of 

light: in fact, their frequencies lie in the mid-infrared wavelengths from 3 

μm to about 11μm (spectral range between 3300 cm-1 and 900 cm-1). In 

particular the following wavelengths are particularly interesting for 

determining the inner chemical composition of a cell:  

λ= 3.04 μm (CH stretch band)  

λ= 3.4 μm (CH2asymmetricstretch band)  

λ= 6.1 μm (Amid C=O stretch band)  

λ= 6.45 μm (Reflection of Sulphur, key component of amino-acids)  

λ= 6.95 μm (Sulfide cell growth medium stretch band)  

λ= 7.6 μm (CH3stretch band)  

λ= 8.05 μm (Phosphate stretch band)  

In this way, once found the optimal wavelengths corresponding to the 

distribution of functional groups within a cell, it is possible to map the 

distribution of functional groups (proteins, lipids and nucleic acids) inside a 

single cell with a nanometric resolution and to see possible chemical 

differences between perturbed and unperturbed cells.  

The potential of IR spectroscopy to characterise cancerous tissues has 

long been recognised and studies of various cancers by many groups have 

established that regions of malignant tissue can be easily identified on the 

basis of its IR spectrum [5]. The oesophageal adenocarcinoma, the cancer 

with the fastest rise in incidence in the Western world, requires an 

instrument providing specific chemical images at sub-cellular level of 

oesophagus tissue. Oesophagealadenocarcinomadevelops in 

somepatientswhohave a precursorconditioncalledBarrett’soesophagus in 

which the epithelialcells of the distal oesophagusacquire a 

columnarratherthansquamousmorphologyas a result of chronicgastro-

oesophagealrefluxdisease. 

We present a study of Barrett’oesophagous byInfrared Scanning Near-

field Optical Microscopy in spectroscopic mode. The SNOM can operate at 

nanometer resolution and has been able to distinguish between healthy and 

malignant tissues. 

 

EXPERIMENTAL 

The SNOM employed in this work was developed on the IR Free Electron 

Laser (FEL) at Vanderbilt (USA)and established on the IR FEL on the 

ALICE energy recovery linear accelerator at Daresbury (UK) [6]. Figure 1 

shows the experimental setup: IR photons from the unfocused FEL beam are 
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directed by a mirror onto the sample surface at a ~ 85° angle to the surface 

normal. Reflected photons are detected through a narrow-point optical fiber 

tip mounted on a SNOM module, which also measures shear-force 

(topographic) images. During a scan, reflected IR light is picked up through 

the fiber and is detected by a photoconductive detector.  

 

 
 

Figure 1. Schematic diagram of the experimental setup. 

 

Topographical and optical images were taken simultaneously, with the 

FEL illuminating the specimen over a broad area (~ 1 mm spot diameter) 

and the SNOM probe collecting the reflected light.The scanning tipis a 

speciallyprepared IR-transmittingChalcogenideglass fibre, whereone end 

waseitheretched or cleavedforming an aperture of0.1–1 μm in 

diameterthroughwhich the light iscollected.The wavelength of light from the 

FEL wasselected by changing the undulator gap and wasoperatingat a 

macro-pulserepetition rate of 10 Hz, whichlimits, anddetermines, the rate of 

data collection. The IR light from the FEL wastransported to the 

experimental area viaan evacuatedbeamline and exited the beamlinethrough 

a KBrwindow. The intensity of the FEL radiationwasattenuatedusing a set 

of polarisers and focussedonto the sample. A CaF2 beam-splitterenables the 

FEL radiationto be split so thatapproximately 80% went to the SNOM and 

20% wasusedas a referencesignal. The referencesignalwasmonitored with a 

single-elementpyro detector.The spectral resolution of the FEL has been 
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measured to be 0.13 μm (~20 cm-1) FWHM at λ = 8 μm, which whilst 

broader than the typical resolution obtained by FTIR, is adequate to resolve 

the distribution of significant spectral resonances. The results reported in 

this paper used wavelengths of 8.05 μm and 7.3 μm, which are associated 

with DNA and protein/glycoprotein respectively and 7.0 μm, which is not 

strongly associated with any particular biomolecule [[7]]. These 

wavelengths were confirmed by FTIR and ATR measurements on model 

compounds of DNA (Calf Thymus), glycoprotein (Mucin from Sigma 

Aldrich), and protein (human serum albumin from Sigma).A single IR-FEL 

macro-pulseisused for each pixel of the images. 

Oesophageal biopsy samples were obtained from patients with Barrett’s 

oesophagus (with no histological evidence of dysplasia) and from patients 

with Barrett’s associated oesophageal adenocarcinoma. These were fixed in 

10% formalin and embedded in paraffin wax. Serial 5 µm sections from 

each paraffin block were subsequently cut using a microtome, mounted on 

calcium fluoride discs and dewaxed using xylene shortly before being 

assessed in the SNOM. 

 

RESULTS AND DISCUSSION 

 

 
 

Figure 2. Monitor picture of the Chalcogenide fiber (on top on monitor) and 

of the biopsy sample (full area of monitor). 

 

The SNOM microscope was operating with a videocamera that allowed the 

tip to be positioned in special area of the sample: figure 2 shows the biopsy 

sample together with the chalcogenide fiber. 
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A topographical image of 350 micron is then taken to check the observed 

area: figure 3 is an image of a control sample where it is possible to see the 

different parts of the sample. In the image white colour are the highest 

protrusions while dark areas represents depressions on the samples: Z-

variations are of the order of several microns through the image. 

 

 
 

Figure 3. Topographical image (350 μm × 350 μm) of a non-cancerous 

biopsy sample. 

 

Finally, the optical fibre has been driven in particular areas of the 

oesophageal tissue and topographical and optical images have been 

collected simultaneously at different wavelengths. In particular, SNOM 

images were collected at wavelengths of 7.0 m (no strong biomarker), 7.3 

m (protein/glycoprotein), and 8.05 m (DNA).  

Infrared high resolution SNOM images of 40 μm × 40 μm areas of 

cancerous and non-cancerous Barrett's specimens were collected at 0.2 μm 

intervals. The area is large enough to image several cells and resolve their 

nuclei, however the microtomed samples do not necessarily provide clear 

topological features which can be related to the SNOM images. Although 

these areas are too small to be representative of the diverse range of tissue 

types that can be observed within the oesophagus, they do serve to 

demonstrate the potential of the technique to obtain chemical information, 

relevant to cancer research, at high spatial resolution.  

Figure 4. shows 40 m x 40 m optical SNOM images for two samples, 

labelled Cancer and Benign: the colour maps show the location of intense 
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DNA (red), intense protein/glycoprotein (blue) and of strong overlap of 

DNA and protein/glycoprotein (orange).  

The raw data has been 4-point Gaussian smoothed and, for visual 

purposes, the contrast enhanced. Previous work [7,8] has shown that 

cancerous tissue is associated with a significant (60%) increase in overall 

DNA content. As clearly visible, Cancer sample shows a large spread of 

intense signal from DNA whereas Benign sample shows a lower overall 

density of DNA, which is more dispersed and exhibits more localised 

centres. 

In cancer sample strong signals from DNA are spread over areas of 

~20 μm2, whilst in benign sample the largest equivalent area is <10 μm2 and 

the others are significantly smaller.  

 

 
 

Figure 4. IR-SNOM image maps showing the location of intense DNA 

(red), intense protein/glycoprotein (blue) and of strong overlap of DNA and 

protein/glycoprotein (orange). 

 

The images also show that there isa tendency for DNA and 

protein/glycoprotein to be closely associated in the cancerous 

material.These visual observations lead us to correctly distinguishbetween 
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cancerous and benign specimen.This figure shows the potential of the 

SNOM technique to reveal chemical information on a subcellular scale. 

 

CONCLUSION 

This combination of InfraRed radiation and Scanning Near-field Optical 

Microscopy, in its spectroscopic mode, on oesophageal adenocarcinoma 

have shown that the system can operate at nanometer resolution and has 

been able to distinguish between healthy and malignant tissues [9]. This 

approach can be an important tool for tissue imaging and early cancer 

diagnostics. It is expected to produce a major advance in imaging of 

malignant tissues [10], leading to the development of portable diagnostic 

devices for hospital use for various types of cancer. It is also planned to 

utilise the powerful combination of high spatial resolution and chemical 

specificity of the mentioned methodologies to study the key components, 

responsible for cancer formation. 
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Selective hydrolysis of proteins is an important procedure in numerous 

biochemical applications. Based on the non-covalent, electrostatic 

interaction between negatively charged polyoxometalates (POMs) and 

positive surface domains of proteins1, we recently introduced a conceptually 

new approach in the development of artificial proteases by using POMs as 

ligands for Lewis acid metal ions. In our approach the POM acts as a ligand 

for the Zr(IV)ion, and due to its three-dimensional shape and negative 

charge it also induces the selectivity that is necessary for a controlled 

fragmentation of the polyamide backbone (Fig 1). Zr(IV)-substituted POMs 

were proven to be catalytically active towards the hydrolysis of the highly 

inert amide bond in dipeptides and oligopeptides.2 More importantly, these 

POMs were shown to display unprecedented hydrolytic activity towards 

insulin chain B, lysozyme, myoglobin and albumin proteins.3 The 

hydrolysis occurs at peptide bonds which are located either at clearly 

defined positive patches that are able to accommodate the POM ligand, or 

on the interface of positive surface zones containing negatively charged Asp 

or Glu residues that allow for additional anchoring of Zr(IV). A range of 

biophysical and spectroscopic techniques has been applied in order to 

elucidate the molecular interactions between POMs and proteins under 

investigation. 

 

 
 

Figure 1. Selective Hydrolysis of Hen Egg White Lysozyme by Keggin 

type [Zr(PW11O39)2]
10-polyoxometalate complex. 

 

 

 

 

pH 7.4 & 37 °C 
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ABSTRACT 

Top-down nanofabrication is employed for the fabrication of optical 

antennas with conical shapes. Different nano-lithographic techniques are 

demonstrated. Plasmonic nanocones offer narrow, high near-field intensity 

hotspots near their tip apex. The geometry-dependent plasmon resonances, 

linear and non-linear optical properties of the nanocones are investigated. 

Procedures for selectively coupling few or single nano-emitters to these tips 

are shown. Emission enhancement and lifetime reductionsare observed in 

the resulting hybrid structures. 

 

INTRODUCTION 

Plasmonic nanostructures that act as optical nanoantennas for visible light 

offer interesting opportunities for locally concentrating and enhancing the 

electric near-field of an incident light wave, or of spectrally tuning the 

antenna characteristics via their size, shape and material.  

These properties are increasingly employed for the development of high-

resolution optical microscopy and spectroscopy. Using various 

nanofabrication techniques, suitable antenna structures can be prepared for 

surface-enhanced Raman spectroscopy, optical near-field scanning probes, 

or nano-optical (bio-)sensors [1].  

By coupling the antenna structures to a second component in hybrid 

configurations, such as quantum dots, fluorescent molecules, or organic 

thin-films, the antennas can be employed to modify the absorption and 

emission characteristics of these objects. Key challenges in this context are 

the optimization of the antenna properties in view of the envisaged 

application, as well as achieving selective coupling of the nano-emitters [2].  

Here, different techniques for the fabrication of conical plasmonic 

nanostructures will be shown. The linear and nonlinear optical properties of 

the nanocones are investigated. The nanocones are combined with 

semiconductor quantum dots to form hybrid antenna-emitter-structures.  



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    PL-05 

 

 26 

EXPERIMENTAL 

Two different approaches based on electron beam lithography are applied 

for the fabrication of metallic nanocones, especially from gold or silver.  

In the first approach a substrate, e.g. glass with a thin layer of indium tin 

oxide (ITO), is spin-coated with 

electron beam resist. The resist is 

exposed and developed to form a 

regular nanohole pattern. A metal 

film is evaporated on top of this 

pattern. During the evaporation the 

nanoholes are slowly closing up due 

to lateral deposition. This leads to the 

formation of tapered conical metal 

nanostructures inside the nanoholes. 

After lift-off, the resist and the metal 

film on top are removed, and arrays 

of nanocones remain on the surface.  

In the second approach, a continuous gold film of the thickness of the 

envisaged nanocone height is deposited on the substrate. The gold is spin-

coated with electron beam resist, and a nanohole array is patterned by 

electron beam lithography. Aluminum oxide is deposited to form an array of 

nanodiscs as a hard mask on top of the gold. Both the mask and the 

unprotected gold are etched down by argon ion milling. In the process, gold 

nanostructures with sloped side-walls are forming. The etching is continued 

until the mask is removed and an array of gold nanocones remains.  

In an additional step, the final nanocones are embedded in a resist layer 

that is only slightly thicker than the cone height. The top few nanometers of 

the cones are exposed by back-etching of the resist. Linker molecules are 

attached to the gold, and the sample is immersed in a solution containing 

semiconductor quantum dots, which are dispersed on the resist surface and 

the protruding cone tips. After removal of the resist, a statistical distribution 

between zero and few quantum dots remains fixed to the nanocone tips.  

The pure plasmonic nanocones as well as the hybrid nanocone-emitter-

structures are investigated by white-light dark-field scattering spectroscopy, 

extinction spectroscopy, confocal microscopy and spectroscopy, and 

lifetime measurements. 

 

RESULTS AND DISCUSSION 

Gold and silver nanocones with dimensions on the order of 100 nm and 

different geometrical parameters are fabricated. Numerical simulations show 

that their plasmon resonance wavelengths can be shifted across the whole 

 

Figure 1. Schematic illustration of 

gold nanocones investigated by 

confocal microscopy [courtesy of 

D.A. Gollmer]. 
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visible spectrum by tuning the size and aspect ratio [3]. In simulations and 

experiments, tip modes (excitation parallel to the cone axis, near-field 

enhancement near the apex) and base modes (excitation parallel to the 

substrate surface, near-field enhancement at the base edges) can be 

distinguished, depending on the polarization of the excitation field. The 

plasmon modes are analysed via dark-field scattering spectroscopy and 

angle-dependent extinction spectroscopy. The luminescence intensity of the 

cones under excitation with differently polarized higher order vector beams 

is recorded, investigating the linear optical properties for continuous wave 

excitation as well as non-linear optical properties under illumination with a 

femtosecond laser, for which the nanocones exhibit second harmonic 

generation [4].  

The hybrid nanoantenna-emitter-structures of gold nanocones decorated 

with few or single quantum dots are evaluated with respect to their emission 

properties [5]. The quantum dots coupled to the nanocones show higher 

average emission intensities and more frequent on-times in their blinking 

statistics than quantum dots on glass. The quantum dot emission wavelength 

is slightly modified through the nanocone resonance. Lifetime 

measurements indicate a drastic reduction of the lifetime upon coupling to 

the nanocone antennas by almost two orders of magnitude [6].  

 

CONCLUSION 

Electron beam lithography of hole-masks with subsequent metal deposition 

as well as etch-mask transfer are demonstrated to yield sharp-tipped 

plasmonic nanocones. The cones have interesting properties for 

spectroscopic applications, since strong and highly localized electric near-

fields can be created near their apex upon illumination. The plasmonic 

modes and the linear and non-linear optical response of gold nanocones with 

different geometrical parameters are investigated and numerically simulated. 

Combining gold nanocones with semiconductor quantum dots is shown to 

result in strongly modified emission properties of the quantum dots.  
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ABSTRACT 

Developing new materials with specific properties is of crucial importance 

for the growing energy-related problems. Graphene is currently in the focus 

of the Materials Science community due to its fascinating and unique 

properties. Pristine graphene interacts weakly with species of interest for 

applications in electrochemical energy conversion systems. However, the 

presence of various defects and functional groups affects the electronic and 

chemical properties of graphene and boosts its performance for various 

applications. In this contribution we provide an overview of our recent 

theoretical results on graphene functionalization for energy conversion 

applications. First we show the existence of general reactivity trends for 

oxygen-functionalized graphene and then turn to the charge/metal ion 

storage capabilities of oxygen-functionalized graphene. We have shown that 

the charge/metal ion storage capabilities depend strongly on the type and the 

concentration of oxygen functional groups.  

 

INTRODUCTION 

With the increasing world population and energy demand, energy 

conversion and storage have become issues of crucial importance, especially 

for mobile applications. Electrochemical cells for energy conversion and 

storage include fuel cells, batteries, and electrochemical capacitors. The 
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realization of high performance in such devices requires the development of 

novel materials. Due to its unique and extraordinary properties, graphene is 

a good candidate for the future energy-related applications.  

Graphene [1] is a single layer of carbon atoms organized in a 2D 

honeycomb lattice. This zero-gap semiconductor is now in the centre of the 

advanced technologies due to its exceptional properties [2], such as high 

mechanical stiffness, good thermal conductivity and exceptional charge 

carrier mobility [3]. Based on these properties, graphene has found possible 

applications in many fields, including gas sensors [4], electronics [5], and 

energy storage [6,7]. Atomic-scale defects in graphene alter its physical and 

chemical properties and allow optimization of the material for targeted 

applications [8].  

The mentioned electrochemical energy sources are based on various 

mechanisms of energy storage and conversion - from electrocatalytic 

reactions and pseudo-faradaic processes to purely adsorptive processes. 

Computational methods have proved to be powerful tools for investigating 

crucial steps of catalytic cycles and revealing the key characteristics of a 

catalyst, while providing insights for the design of materials with superior 

catalytic activity [9]. 

In this contribution we provide an overview of our recent theoretical 

graphene-related research with the focus on the application of functionalized 

graphene-based materials in the field of energy conversion. 

 

COMPUTATIONAL DETAILS 
The calculations were based on DFT within the generalized gradient approximation 

employing Perdew–Burke–Ernzerhof exchange correlation functional [10], using 

ultrasoft pseudopotentials as implemented in the PWscf code of Quantum 

ESPRESSO distribution [11]. The core of the present research lies in the 

investigation of the interactions of different species with functionalized graphene. 

The interaction of different chemical species with functionalized graphene models 

was quantified in terms of the adsorption energies (Eads), defined as: 

 

Eads(X) = Esubs+X − (Esubs + EX,isol)             (1) 

 

where Esubs+X, Esubs and EX,isol stand for the total energies of the substrate 

with adsorbed chemical specie X (such as H, Pt, or alkali metal atoms, 

depending on the specific field of interest), of the bare substrate and of an 

isolated specie X. 3D charge difference plots (Δρ) were made based on the 

equation: 

 

Δρ = ρsubs+X – (ρsubs-X + ρX)              (2) 
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where ρsubs+X, ρsubs-X and ρX stand for the ground state charge densities of the 

system with adsorbed X, the system without X (frozen geometry) and of 

isolated X. 

 

RESULTS AND DISCUSSION 

In the forthcoming sections we overview some of the results we have 

obtained regarding graphene functionalization and its energy-related 

applications. First we address general reactivity trends of oxygen-

functionalized graphene, and then consider graphene functionalization for 

its application in metal-ion batteries and electrochemical capacitors.  

 

a) General trends in the reactivity of the oxygen-functionalized 

graphene basal plane 

 

 We have analysed the adsorption of H, OH, Cl and Pt on three models of 

graphene functionalized by epoxy and hydroxyl groups [12]. The basal 

plane of oxidized graphene exhibits enhanced chemisorption properties 

towards H, OH and Pt, due to the deformation of the basal plane, resulting 

in the formation of surface dangling bonds, further tuned by specific oxygen 

functional groups. On the other hand, the affinity towards Cl is decreased. 

Clear scaling relations between the adsorption energies of different 

adsorbates have been revealed, which brings a possibility of using a single 

adsorbate to obtain a general picture of the reactivity of the oxidized 

graphene’s basal plane [12]. The electronic states of carbon atoms located 

up to 2 eV below the Fermi level (EF) are found to be responsible for the 

chemical bonding of the investigated adsorbates to the basal plane. We have 

confirmed that the adsorption energy of hydrogen atoms scales with the 

number of states found in the energy window located between −2 and 0 eV 

vs. EF (Fig. 1), indicating that the adsorption will be stronger if there are 

more electronic states close to the Fermi level. 
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Figure 1. Correlation between Eads(H) and the number of states found 

between −2 eV and EF for three models of oxidized graphene. 

 

b) Oxidized graphene as an electrode material for charge storage 

applications – DFT insights 

 

In our recent study [13] we have found that the epoxy groups are redox 

active, which can provide a mechanism for the metal ion storage on O-

functionalized graphene: alkali metal atoms transfer their valence electron to 

oxidized graphene, resulting in purely ionic bonding, and +1 valence state of 

the metal. Isolated hydroxyl groups, however, upon the interaction with 

alkali metal atoms result in MOH as a by-product (Fig. 2). The strength of 

the interaction of these functionalized graphene surfaces is much larger 

compared to that with pristine graphene. The type and content of O-groups 

on graphene should be carefully chosen to maximize the charge storage 

capabilities: the oxidation level needs to be high enough, to provide high 

storage capability via present O-functional groups, but at the same time, low 

enough, to avoid performance loss caused by the reduced conductivity. 

Moreover, we have observed that the chemical environment of the oxygen-

functional groups, such as epoxy-group, can significantly affect the 

interaction with alkali metal atoms, and ultimately energy storage 

capabilities of functionalized graphene (Fig. 3). 
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Figure 2. Relaxed structures, charge difference plots, and Na adsorption 

energies with respect to free metal phase (ΔE) for three models of rGO. 

Yellow isosurfaces indicate charge gain, while gray isosurfaces indicate 

charge loss. Isosurface values are ±0.0033 e Å-1. 

 
Figure 3. Na atom adsorption energy on epoxy-functionalized graphene 

depending on the chemical environment of the epoxy group. 
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While the first calculations suggested that 

OH groups should be avoided in order to 

prevent separation of metal-hydroxide 

phase [13], but there are some direct 

experimental observations of the 

reversible interaction of Li+ ions with 

hydroxyl groups on graphene [14]. This 

issue was further investigated in a 

combined theoretical and experimental 

study [15], in which alkali metals 

interaction with nOH-graphene systems 

were probed (n = 1-5). OH groups exhibit 

a clustering tendency on the graphene 

basal plane, driven by minimal π cloud 

disruption and maximal hydrogen bonding 

between neighbouring OH groups. This 

clustering of OH groups was found to 

prevent irreversible reduction of the 

substrate through MOH or H2O formation, 

as with the addition of each OH group, 

integral OH adsorption energy decreases. 

The analysis of charge redistribution has 

showed that the alkali metal’s valence s 

electron causes weakening of charge 

depletion in the region of C−OH and O−H 

bonds, while both OH groups and certain 

domain of the π electronic system is 

involved in charge storage (Fig. 4). 

 

CONCLUSION 

In this contribution we have overviewed our recent theoretical findings 

related to graphene functionalization for energy conversion application. In 

specific we have demonstrated the existence of the general reactivity trends 

in the case of O-functionalized graphene and further analyzed the 

interactions of differently O-functionalized graphene with alkali metal 

atoms. The later is specifically connected to the fields of metal-ion batteries 

and electrochemical capacitors. We have showed that it is possible to tune 

charge storage capabilities of O-functionalized graphene and that the charge 

storage capacity depends on the type and the concentration of the oxygen 

functional groups. It should be noted that presented research barely touches 

many possible fields of application of functionalized graphene and that there 

 
Figure 4. Charge 

redistribution analysis of Na 

adsorption on OH 

functionalized graphene in the 

case where OH clustering 

takes place. Dark domains 

indicate charge depletion. 
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is a constantly growing interest in this field as theoretical methods can 

provide very accurate information on the physical and chemical properties 

of functionalized graphene. 
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ABSTRACT  

Electrochemical cells often exhibit instabilities that can result in temporal 

current/potential oscillations of reaction rate over the electrode surface. The 

complexity arises from the interplay of nonlinear chemical reactions and 

various physical processes. In this plenary lecture, the characterization, 

description, and control of differenttemporal phenomena are reviewed based 

mainly on our long series of experiments performed during the last twenty 

years by systematically studying the dynamics of the anodic electro-

dissolution of a rotating copper disk electrode ino-phosphoric acid 

electrolyte.  

We start with a theoretical introduction to the origin and classification of 

dynamical instabilities in electrochemical systems, and follow by the 

characterization of nonlinear phenomena occurring at different experimental 

conditions by varying the rotation rate, external resistance, temperature, etc. 

Basic experimental methods and data processing algorithmsare discussed 

briefly. We then overview the results on the investigation of bistability, 

oscillations, chaos, and multirhythmicityin the studied electrochemical 

system. We close with a short outlook toward practical applications. 

 

The lecture is based on the following two publications: 

[1] Kiss, I.; Nagy, T.; Gáspár, V: Dynamical Instabilities in Electro-

chemical Processes, Handbook of Solid State Electrochemistry, 2011, 2, 

125-178. ISBN-10: 3-527-32638-3.,. 

[2] Nagy, T.; Verner, E.; Gáspár, V.; Kori, H.; Kiss, I.: Delayed feedback 

induced multirhythmicity in the oscillatory electrodissolution of copper, 

Chaos: An Interdisciplinary Journal of Nonlinear Science, 2015, Art. 

No. 064608 
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ABSTRACT 

Under the author’s use of Petroviċ’s “Elements of mathematical 

phenomenology”, especially qualitative and mathematical analogy, new 

analogous models and phenomena in dynamics of physically disparate 

nature systems and between them of mechanical, physic-chemical, electrical 

and biodynamical oscillators are pointed out.  

Use these results, author plan to present an optimal method for 

multidisciplinary research and education not only in special an area of 

science, but in other disparate area of science for education, not only for 

students, but also for scientific researchers.  Numerous examples will be 

presented for illustration of the method of optimal and most effective power 

of research coupling models and methods across all, “for first look“ pure 

disparate area of sciences. Also series of analogous theorems about energy 

in fractional order discrete and multi-deformable body systems and chain 

mechanical, electrical and biodynamical oscillators will be presented.  

Advances to theory of collision between bodies and its generalization (use 

Petroviċ’s theory) to the collision between two rolling rigid bodies will be 

presented.  

The basic idea given by Mikhailo Petrović and elaborated in his two 

books entitled: Elements of mathematical phenomenology and 

Phenomenological mappings is applied here on one physic-chemical 

reaction system and a rheonomic nonlinear mechanical system. In particular, 

in both nonlinear systems the local dynamic nonlinear phenomena around 

stationary states are analyzed by the phenomenological approximate 

mappings. 

 

KEYWORDS: Mikhail Petrović’s theory, mathematical phenomenology, linear 

and nonlinear phenomena, stationary states, trigger of coupled singularities, 

qualitative and mathematical analogy, physically disparate systems, universal 

method across different area of sciences, transient of knowledge flow. 
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INTRODUCTION 

Nonlinear Dynamics (see Reference [1]) reaches across the whole range of 

scientific research and study, and is applied in fields as diverse as 

mechanics, complete interdisciplinary area of physics, chemistry, physical 

chemistry, mechanical, electrical and civil engineering, technology, biology, 

biogenetics, economics and medicine. Phenomenological mapping and 

mathematical analogy (see Reference [2]) are very important for transfer 

knowledge and new scientific research results from one area of science 

through other disparate area of sciences. For that reason is very important 

that scientists understand each other in use different key words and terms as 

well as notations in presenting new knowledge about nonlinear phenomena 

and new methods for investigation and research in different area of sciences. 

In cited References [1,2], it was pointed out that for understanding between 

researchers working in different area of sciences and disparate area of 

sciences is very important to have a universal dictionary of basic terms with 

list of different named of phenomena and properties descriptions as well as 

mathematical descriptions. For example, in Reference [1], a short list of 

main basic terms and nonlinear phenomena in the form of a general 

dictionary, containing main keywords with corresponding definitions and 

mathematical descriptions through presentation a number of dynamical 

system models as abstraction of real nonlinear dynamics is presented. Also, 

a number of the methods applied in nonlinear dynamics research are 

presented.  

In reference [2], phenomenological approximate mapping as a universal 

method of nonlinear dynamics is presented. The basic idea given by Mihailo 

Petrović and as a complete theory, elaborated in his two books entitled: 

Elements of mathematical phenomenology [3] and Phenomenological 

mappings [4], is applied in the Reference [2] on one physic-chemical 

reaction system and a mechanical system. In particular, in both nonlinear 

systems the local dynamic nonlinear phenomena around stationary states are 

analyzed by the phenomenological approximate mappings. A general table 

with phenomenological linear and nonlinear approximate mappings around 

singular states was presented. For details see also References [5,6]. Under 

the author’s use of Petroviċ’s elements of mathematical phenomenology, 

especially mathematical analogy (see References [7-20]), new results are 

obtained and published. Use these results, author plan to present an optimal 

method for education not only in area of mechanics, but in other disparate area 

of science for education, but not only for education of the students, but also for 

scientific researchers.  
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In present literature no numerous known fully described examples with 

analogous models with physically disparate matire. Some more known is 

electro-mechanical analogy between mechanical and electrical oscillators.  

But in scientific literature are numerous new scientific results and examples of 

models and dynamics for which will be possible to indicate as pairs for 

illustration of the method of optimal and most effective power of education as 

well as future research. Starting by logical analogy and qualitative analogy 

and, also using structural and mathematical analogies as elements of 

mathematical phenomenology and phenomenological precise or approximate 

mappings in analysis of kinetic parameters of disparate nature system 

dynamics, new technology of complex general educations appear, as very 

economic method for education with possibility that student can logical power 

for transfer known knowledge from one to other not earlier known area of 

study or education. 

 

MIHAILO PETROVIĆ’S THEORY: ELEMENTS OF 

MATHEMATICAL PHENOMENOLOGY 

Complete theory under the title: “Elements of Mathematical 

Phenomenology” [3], from 1911, is published on 789 pages and title 

“Phenomenological Mappings” [4], issued in 1933 on 33 pages, contain 

fundamental and basic ides, which from time to time appear in current 

scientific publications. These cited Petrović’s publications contain general 

theory of Elements of Mathematical Phenomenology and Phenomenological 

Mappings, but both books were published in Serbian and no visible from 

other world languages. A short presentation of this book was in France, but 

not in integral form [5]. Now, let’s present some basic parts of the published 

theory: Elements of Mathematical Phenomenology. We list only key 

elements and titles and sub-titles, for obtaining general view of numerous 

ideas and organization of this fundamental book or theory. For this 

Petrović’s Elements of Mathematical Phenomenology, Milutin Milanković 

(author of world known famous Canon of Sun insulation) and one of three 

important Serbian, and also, world scientists (first is Tesla Nikola –Unit 

“Tesla” and second Mihaio Pupin, Rector of Columbia University in New 

York) evaluate this book as some important in Petrović’s scientific results, 

but understandable only for two persons, both Serbian scientist in this 

period, and no readable for other world scientists because is published in 

Serbian Language. 

Introducing part is titled: Some elements of multi-dimensional geometry, 

and then in first subsection take into presentation Elements for descriptions 

of phenomena and their mechanisms. These elements are elements for 

schematically and analytical descriptions. Second part is titles: Coupling 
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between mechanisms and manifestation of phenomena in which present: 

Basic differential equations for description of simple and complex 

phenomena. In next sections general transformations of differential 

equations are presented. Third part is dedicated to transformation of 

equations for phenomenon in holonomic systems, and fourth part is 

dedicated to potential phenomena. In this part, the systems of Appell’s and 

Lagrange’s equations are presented and analyzed. Third section is under the 

subtitle: The immediate consequence of phenomenological differential 

equations, in which it is presented, stationary phases of phenomena. In next 

section, Petrović present proper theory of the viva forces and their 

phenomenological consequences. This subsection is very important for new 

quality that Petrović point out proper separation in its proper approaches and 

differences from pure geometrical and introducing approach in dynamics of 

systems, usually no understandable for pure mathematicians. This is very 

important part and point of view to geometry and dynamics. 

In next section action of discontinuous causes is presented. In the fourth 

section studies the events of occurrence as a result of its composition 

mechanisms are presented. The head of the headlines are: Quantitative and 

qualitative images of appearances (phenomenons). 

Fifth part is under the title: The composition and patterns of 

phenomenological mechanisms, within which combinations and distribution 

role in the mechanisms of emergence and activation activity in the 

mechanisms of occurrence are studied. The sixth chapter is entitled: 

Phenomenological analogies which include following heads: Mathematical 

analogies and qualitative analogy. 

Mihailo Petrović [6,18] is one of three doctoral students of world known 

scientist Julius Henri Poincare. 

In author cited References logical and structural analogies are 

additionally defined. These four types of analogies: logical, qualitative, 

structural and mathematical analogies are optimal and power scientific tools 

for education students and researchers across different area of sciences and 

especially across Theoretical and applied mechanics: Theory of elasticity, 

kinematics, dynamics, and theory of oscillations, fluid mechanics. Also, 

using analogous models of physically disparate dynamical systems is 

possible to optimize education across different area of science as it is 

qualitative and mathematical analogies between mechanical oscillators and 

electrical circuit’s oscillators. 
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EXAMPLES OF DIFFERENT TYPES OF THE ANALOGIES 

Comparing three publications: Mihailo Petrović’s theory: Mathematical 

Phenomenology[3] first published 1911, Roger Penrose: The Emperor’s 

New Mind, concerning Computers, Minds and the Laws of Physics [25], 

published by Oxford University Press in 1985/ 1990 and James Gleick, 

Chaos: Making a new Sciences, published by Penguin BOOKS, in 

1987/1988 we can identified numerous analogous phenomena and dynamics 

in physically disparate nature systems, but presented by different tools, 

mathematical and computer graphics depending of period of publishing and 

level of knowledge. These tree cited books contain analogous examples of 

analogous nonlinear phenomena existing in disparate nature nonlinear 

dynamical system. It is not difficult to identify analogous elements of 

mathematical phenomenology. All these examples are useful for large-gen 

education of the students in nonlinear dynamics. 

In References [7-20] numerous examples of analogous models and 

dynamic of mechanical and electrical systems useful in process of 

educations in Theoretical and Applied Mechanics are presented. A chooses 

of these are:  

 * Mathematical analogies between vector models in local area of stress 

state, strain stare of the point in stressed and deformed deformable body as 

well as with vector model of the mass inertia moment state at point of rigid 

body, used mass inertia moment vectors coupled for pole and axis;.  

 * Mathematical analogies between theorems of linear momentum 

conservation and theorem of angular momentum conservation and other 

kinetic parameters between collision of two bodies in translator motions and 

collision between two rolling bodies in pre- and post-collision kinetic states. 

 

EXAMPE OF ANALOGY BETWEEN NONLINEAR DYNAMICS OF 

A PHYSICO-CHEMICAL OSCILLATOR AND A MECHANICAL 

RHEONOMIC OSCILLATOR 

Let us consider nonlinear dynamics of two concentrations a and b  of 

species A and B with a cubic autocatalitic reaction in an open reactor 

(Continuous Stirred Tank Reactor - CSTR) presented in Reference [21] and 

analysed in Reference [2]):
2A 2B 3B ( k )v ab   . The time evolution 

of the concentrations of species A and B denoted by a and b, are described 

by the following first order nonlinear differential equations (for detail see 

References: [22] and [2]):  

   2kabaak
dt

da
of   ,    2kabbbk

dt

db
of                          (1) 
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where 
0a and 

0b  are constants as a consequence of permanent inflow of them 

and outflow of surplus of reaction mixture. Hence, the volume of reaction 

mixture in stationary state is also constant. 

 In the stationary states 0
dt

da  and 0
dt

db . From these conditions it is 

possible to obtain one linear algebra equations and one nonlinear algebra 

cubic equation in the following form: 

    0 soso bbaa ,   02 23  osss aqapaa                         (2) 

where the following denotations are introduced: 

        oo bap   ,       
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f
ba

k

k
q  ,    

k

k f
                                    (3) 

 Cubic equation from (2), in general case, posses three roots, which can be 

denoted by 
sa , 3,2,1s . Taking into account linear algebra equation from 

(2) there is corresponding pair of stationary state concentrations 

sa ,   osos baab  , 3,2,1s . These pairs of roots sa , and 

  osos baab  , 3,2,1s  present three possible stationary states or 

singular points considered nonlinear reaction system described by the first 

order nonlinear differential equations (1). From the first order nonlinear 

differential equations (1), taking into account that 
0a and 

0b are constants, 

integration give:  

                  0

00

ttbabak

oooo
oofebatbtababa


       (4) 

where  0ta  and  0tb  are initial concentrations of species A and B. If we 

take at initial moments 00 t , that oa  and ob are concentrations of species A 

and B,     00 0 aata   and     00 0 bbtb  , then we obtain that 

     ssoo bababa  , 3,2,1s if cubic algebra equation posses three 

real roots. This relation is valid at initial state, at stationary states and at 

arbitrary states for special case that initial values of concentrations  taa   

and  tbb   of species A and B are     00 0 aata   and     00 0 bbtb  . 

Depending of values of parameters fk , k , 
oa  and ob three stationary states 

will appear and coexist all together. They will appear or disappear in related 

bifurcation points. From this point of view, fk , k , oa  or ob  are bifurcation 

parameter. From expression (4) we can write 

          tk

oooo
febabaabab


 00  and introducing in first nonlinear 

differential equation (1), after denotation  

 20 ooff bakkk   ;            0001 bababakk oooo   
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       202 00 babakk oo  ;  oo bakk 0
;        0000 babakk oo   

 we obtain: 

   tk fekkak
k

b


 000

1
 

      3

000

222

02010 22 kaekkaekekkaak
dt

da tktktk

fof
fff 

                 (5) 

     3

000
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02010

00
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k

kk
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db tktktk
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tkf ffff 
  

 Also, it is possible to obtain the following rheonomic nonlinear 

differential equation in the form: 
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f
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f

tk
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fff

ekkaekekak

ekekkekkaka
dt

da

dt

ad

            (6) 

 Previous rheonomic nonlinear differential equation correspond to 

mathematical description of a rheonomic nonlinear forced oscillator with 

one degree of freedom with dissipative rheonomic and nonlinear force and 

spring with rheonomic coefficient of linear rigidity and also momlinear 

rheonomic rigidity, depending nonlinear of spring elongation and time. 

We can conclude an analogy between nonlinear phenomena in nonlinear 

dynamics of two concentrations a and b  of species A and B with a cubic 

autocatalitic reaction in an open reactor (Continuous Stirred Tank Reactor - 

CSTR) described by autonomous system of nonlinear differential equations 

(1) amd nonlinear dynamics of a rheonomic nonlinear oscillator with one 

degree of freedom under dissipative rheonomic and nonlinear force and 

rheonomic nonlinear spring with rheonomic coefficient of linear and 

nonlinear rigidity with restitution force depending nonlinear of spring 

elongation and time described by rheonomic nonlinear differential equation 

(6). Taking into account rheonomic nonlinear differential equation (6)with 

additional first relation from (5) is possible after transformation obtain 

autonomous system of nonlinear differential equation (1). Then, if we take a 

and b, as phase coordinates of rheonomic nolinear mechanical oscillator, in 

this phase plane is possible to use all scientific results obtained as nonlinear 

phenomena in nonlinear dynamics of two concentration in open reactor for 

analysis nonlinear phenomena of rheonomic nonlinear mechanical oscillator 

in phase plane (a,b,). 

 

CONCLUSION 

On the basis of the elements of mathematical phenomenology, scientific 

results in World research progress, is possible to classify in the few numbers 
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of the following two groups: * elements of mathematical phenomenology on 

the basis of non-linear phenomena in different area of sciences and 

identification of general methods applicable, as mathematical tools, in 

investigation of non-linear dynamics in different area of sciences; and * 

elements of phenomenological precise or approximate mappings on the 

basis of investigation series of similar types of nonlinear phenomena in 

global or local area of system dynamics using qualitative, structural or 

mathematical analogies and similarities. Presented approach is an optimal 

method for education in the Theoretical and Applied Mechanics, and also in 

other area of education and research. 
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ABSTRACT 

This paper gives an overview of analytical capabilities of the laser induced 

breakdown spectroscopy (LIBS) system, based on Transversely-Excited 

Atmospheric pressure (TEA) CO2 laser, and time-integrated, spatially-

resolved detection, for the analysis of solid materials. The developed LIBS 

system is unique, and differs from the commonly used systems in two 

respects. The first one is the laser used as an energy source for plasma 

generation, and the second one is the applied non-gated detection scheme. 

Various types of materials were analyzed, from metals to biological 

samples, under different experimental conditions. The obtained results were 

critically evaluated and compared to the results obtained using 

commercially available LIBS that comprises Nd:YAG laser and time-gated 

detection.It was concluded that when it comes to detectability, precision and 

sensitivity, this simple and cost effective LIBS system may be regarded 

highly competitive to standard LIBS systems.  

 

INTRODUCTION 

LIBS is a contemporary optical emission spectroscopy method that uses the 

optical signal from laser-generated plasma to study elemental composition 

of a sample. In this technique, laser radiation interacts with the material 

causing its ablation, vaporization, ionization and, at sufficiently high power 

densities, creation of plasma of the irradiated material. In plasma, the 

species are excited to emit element specific radiation which is analyzed by 

the spectrometer. Using the information provided by emission spectra, both 

qualitative and quantitative analysis could be performed. In a review article 

by Hahn and Omenetto [1], unique features of LIBS were summarized in 

one sentence: “Suffice it to say that LIBS, in principle, can directly address 

and simultaneously detect all neutral and ion spectral features of all atomic 
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and molecular species of all elements present in any type of sample and its 

surrounding environment using a single laser shot”. In 2004, LIBS was 

promoted as the future superstar of atomic spectrometric methods [2], and 

twelve years later we may see that LIBS has been successfully applied in a 

variety of fields ranging from cultural heritage to space explorations [3]. 

Contrary to qualitative, quantitative LIBS analysis is not an easy task and 

has been considered the “Achilles heel” of the technique [4]. One of the 

main difficulties for a precise and accurate quantitative analysis by LIBS is 

due to matrix effects, to which laser induced plasmas can be very sensitive. 

For quantitative analysis of solids, the sample matrix must closely match the 

matrix of the standards, and appropriate standards are often difficult to 

obtain. Thus, further improvements of LIBS technique require new 

instrumental and analytical approaches in order to overcome problems 

connected with matrix effects and calibration issues, as well as research 

aimed at lowering the limit of detection, and improved precision and 

accuracy of measurements.  

 

CHARACTERISTICS OF LIBS SYSTEM BASED ON  

TEA CO2 LASER 

Analytical performance of LIBS depends on many experimental parameters, 

the most important being laser characteristics (power, wavelength, pulse 

length, beam profile), ambient gas and its pressure, geometric setup and 

time of observation. As a consequence, optimization of experimental 

conditions is needed for each particular application. Although different 

experimental configurations are reported in the literature, a nanosecond Q-

switched solid-state Nd:YAG laser is most often for LIBS [5]. Thus, a 

‘’conventional’’ LIBS comprises of three basic components, Nd:YAG laser, 

a monochromator coupled with an Intensified Charge Coupled Device 

(ICCD) and a pulse generator to synchronize the plasma production and the 

emission spectra acquisition. In that sense, TEA-CO2 LIBS systemmay be 

regarded as ‘’unconventional’’ because of the laser used for plasma 

generation, and also because time-integrated spatially resolved detection 

was used for acquisition of emission spectra. 

Laser characteristics 

The laser source for LIBS was a commercial version of the TEA CO2 laser 

system developed at the VINCA Institute of Nuclear Sciences. Pulsed TEA 

CO2 laser emits radiation at 10.6 μm, with an output peak power typically in 

the order of megawatts. The laser-optical pulse has a gain-switched spike, 

followed by a slowly decaying tail. The full width at half-maximum  
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(FWHM) of the spike is about 100 ns, and the 

tail about 2 μs, Fig. 1. About 35% of the total 

irradiated laser energy is consisted in the 

initial spike.  

Compared to the most commonly used 

solid state laser Nd:YAG, TEA CO2 laser has 

lower photon energy andlonger pulse duration 

( 0.12 eV, 100 ns for TEA CO2 compared to 

 1.17 eV, 10 ns for Nd:YAG). As a 

consequence, differences regarding the 

ablation process, plasma parameters and 

plasma expansion dynamics are to be expected. The advantage of Nd:YAG 

laser compared to CO2 laser is higher mass ablation rate per pulse [6]. 

However, longer wavelength of CO2 laser, and specific temporal profile of 

the pulse (ns peak followed by s tail), may produce a plume with better 

properties for analytical applications [7,8].  

Detection scheme 

Laser-induced plasma is transient in nature, 

i.e., characteristic plasma parameters (like 

emission intensity, electron number 

density, electron temperature, etc.) evolve 

in space and time. In LIBS applications, a 

key objective is to reduce the spectral 

continuum background intensity compared 

to the discrete line signal intensity. Usually, 

to achieve this goal, temporal gating of the 

emission signal is used, which utilizes the 

fact that different decay rates characterize 

the continuum emission and atomic 

emission processes. Therefore, temporal 

resolution is used for optimizing the signal-

to-noise and signal-to-background ratio, 

which are a function of delay and 

integration times. 

In our LIBS system temporal resolution 

was replaced with spatial resolution, Fig.2. 

Obviously, the two approaches are 

correlated, because the plasma reaches a 

given distance above the analyzed surface with a certain time delay. A time-

integrated space-resolved laser induced plasma spectroscopy (TISR-LIPS) 

 

Figure 1. Temporal 

profile of TEA CO2 

laser pulse. 

 

Figure 2. Schematic 

representation of time-

integrated, spatially-resolved 

detection of plasma 

emission. 
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utilizes the fact that intense continuum emission is mostly emitted from a 

region close to the sample surface, while in further-out regions of the 

plasma the continuum emission is largely reduced [9]. The obvious 

advantage of this method is reduced complexity of the detection system and 

its cost (eliminating the need for expensive time-gated detectors). 

Characteristics of TEA CO2 laser pulse (wavelength and pulse duration) are 

favorable for non-gated detection of spectral lines. The leading edge of the 

CO2 laser pulse creates plasma, while the remaining part of the pulse (tail) 

interacts with the plume through the inverse Bremsstrahlung, IB. The rate of 

IB absorption (IB) is strongly dependent on laser wavelength IB 

which means that laser-plasma interaction is much stronger in the 

case of CO2 laser than the Nd:YAG laser [10]. Efficient IB absorption re-

heats the plasma. Long wavelengths are efficiently absorbed by the 

plumecausing an additional plasma excitation and expansion, which 

increase the LIBS signal through enhancement of emission lines. 

Consequently, in low density regions far from the target surface, spatial 

discrimination between line and continuum emission is improved, and line 

broadening reduced. In addition, the dimensions and lifetime of plasma 

increase with pulse duration. The plasma takes longer to decay and hence, 

the emission lasts longer.  

 

ELEMENTAL ANALYSIS OF SOLIDS BY TISR-LIPS BASED ON 

TEA CO2 LASER 

Analytical capability of the plasma induced by IR TEA CO2 laser pulses was 

evaluated for three different types of solids, metals and alloys, geochemical, 

and biological material. 

Metals and alloys 

TEA CO2 laser based LIBS was applied for 

elemental analysis of metals and alloys (Cu, 

brass, bronze, Ti, Al alloys) [9,11-13]. Due to 

high reflectivity of the metals in mid-IR region, 

generation of metal target plasma, with low 

intensities of TEA CO2 laser pulses was 

relatively difficult to obtain. Most metals have 

high melting, as well as normal boiling 

temperature, thus heating of the metal surface by 

IR laser pulse was the most critical stage for 

plasma generation. In the case of copper, the 

situation was even more complicated, because 

copper has high diffusivity and thermal  

 

 

 
Figure 3. Cu plasma 

produced by focused 

CO2 laser beam at air 

pressure of 0.1 mbar. 
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conductivity, so the heat deposited on the 

surface spreads rapidly into the bulk. At 

high pressures, plasma generated by ns-

pulse was always accompanied by 

simultaneous formation of the gas 

breakdown plasma. However, the 

threshold for plasma formation was 

significantly reduced by increasing the 

target absorptivity (by increasing the 

surface roughness) and reducing the 

pressure. Lowering of the air pressure 

reduces the extent of gas breakdown, 

enabling better laser-target coupling 

because of a less plasma shielding. Better 

heating of the copper surface by IR laser 

pulse was achieved, and thus ablation 

was increased. Below 10 mbar, the 

spectrum consisted only of copper 

emission lines, which means that the 

plasma was ignited in a vapor without 

initiation of a gas breakdown. The 

optimum air pressure for target plasma formation was 0.1 mbar. 

In Fig. 3, image of the Cu-plasma produced by focused CO2 laser beam 

(laser fluence 8.6 J cm-2, intensity 30 MW cm-2) is shown. The plasma had a 

semi-spherical shape with two clearly visible, spatially separated regions 

usually denoted as primary and secondary plasma). 

For all investigated metal samples, spectra consisted of sharp spectral 

lines (Fig. 4) and relatively large signal to background and signal to noise 

ratios were obtained. For Cu and Cu 

based alloys, estimated limits of 

detection (LODs) of trace element 

were in the range of 10 ppm, i.e. of the 

same order as obtained with standard 

LIBS. In addition, TEA CO2 laser 

radiation induced negligible damage 

on the investigated samples, which is 

important if this LIBS system is to be 

applied for the analysis of cultural 

heritage objects. 

Another example is quantitative 

 

 

 

Figure 4. LIBS spectra of 

(a) brass and (b) bronze 

 
Figure 5. Calibration curve for 

Mg in Al-alloys. 
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analysis of metal samples. TISR-LIPS based on TEA CO2 laser was applied 

to determination of Mg in Al-alloys under reduced air pressure. A 

calibration curve for Mg was constructed using certified aluminium alloy 

samples Fig. 5. A linear relationship between LIBS signal and analyte 

concentration was obtained, and used for determination of Mg in a control 

sample. Results were compared with the results obtained using standard 

analytical technique, inductively coupled plasma emission spectroscopy 

(ICP), and excellent agreement between LIBS and ICP results was obtained. 

Geological samples 

A TEA CO2 laser based LIBS system was applied for the analysis of basalt 

samples under simulated Martian atmospheric conditions (CO2 gas, pressure 

9 mbar) [8]. Photograph of the plasma induced by pulsed TEA CO2 laser 

radiation (peak intensity 56 MW cm-2) in front of the basalt surface is shown 

in Fig. 6. The plasma emission was strong for 

relatively long period of time, and the 

propagation length was relatively large (25-30 

mm). Fig. 7a shows spectra obtained for 

selected wavelength regions. Sixteen elements 

present in the sample (Al, Ba, Ca, Cr, Cu, Fe, 

K, Mg, Mn, Na, Ni, Si, Sr, Ti, V, and Zr) were 

identified. The estimated limits of detection 

were comparable to those reported in the 

literature, Fig. 7b [14,15].  

  
Figure 7.a) LIBS spectrum of basalt in a narrow spectral window. b) 

Comparison of LODs obtained with TEA CO2 and Nd:YAG lasers. 

Biological samples 

The vast majority of LIBS applications deal with compact solid samples 

(homogeneous or structured) while analysis of powdered samples is less 

utilized. Compared to the analysis of compact solid samples, quantitative 

LIBS analysis of powdered samples is more easily achieved because of the 

possibility to prepare synthetic matrix-matching calibration standards. 

 

Figure 6. Plasma 

induced over basalt. 
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TEA CO2 laser based LIBS technique has been applied to the qualitative 

and quantitative analysis of macro and micro elements in commercial food 

supplement Spirulina. Spirulina is an edible photosynthetic multicellular 

cyanobacterium (blue-green algae)produced on a large scale to be used for 

animal and human nutrition, for pharmaceutical, biochemical and fertilizer 

products.  

Results of qualitative analysis 

were compared to those obtained 

using a commercial LIBS system 

based on pulsed Nd:YAG. In 

general, 5 to 10 times higher analyte 

signals were measured in Nd:YAG 

plasma. Nevertheless, higher 

intensity of background continuum 

and background noise caused 

deterioration in the signal quality. 

Although of lower intensity, better 

resolved and sharper emission lines 

were obtained in CO2 plasma. This 

may be attributed to relatively slow 

heating of the plasma (through 

absorption of the long lasting tail of the laser pulse), causing a larger and 

less-dense plasma plume and, therefore, less broadened lines. For 

quantitative analysis of metal content in Spirulina, laboratory produced 

matrix-matching calibration standards were used. Linear calibration curves 

were obtained for Ba (Fig. 9), Fe, Mg, Mn and Sr, with regression 

coefficients exceeding 0.92 and precision between 1.9 % (Ba) and 8.6 % 

(Sr). The estimated limits of detection were in the 0.1 ppm to 7 ppm 

concentration range, comparable to those reported in the literature. 

 

CONCLUSION 

Laser induced breakdown spectroscopy based on TEA CO2 laser has been 

applied to elemental analysis of metals, geological and biological samples. 

A unique laser characteristics, the most important being the laser 

wavelength (10.6 m) and the long lasting pulse tail (2 s), allowed 

successful application of time-integrated spatially resolved detection system 

for acquisition of emission spectra. Taking all into consideration: low-cost 

detection system; well-resolved, sharp spectral lines; minimal destructivity; 

good sensitivity; LODs in the ppm range, typical for LIBS, it can be 

concluded that the proposed LIBS system may be a suitable alternative to 

conventional LIBS that comprises Nd:YAG laser and time-gated detection. 

 

Figure 8. Calibration curve for Ba. 

Inset shows Spirulina sample pellet 

with clearly visible laser produced 

damages.  
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ABSTRACT 

Models for the prediction of stability constants of coordination compounds 

based of the valence connectivity index 3χv do not treat interactions with 

aromatic compounds explicitly, but in spite of this by introducing specific 

interactions (“bonds”) it is possible to overcome original imperfections of 

the models. In this contribution we presented our results on complexes of 

amino acids, tetrapeptides and heterocyclic aromatic ligands. 

 

INTRODUCTION 

There are the two most important problems in applying graph-theoretical 

methods in QSAR and QSPR analysis [1-5]. The first is to choose an 

appropriate graph-theoretical index (as a molecular descriptor) among the 

hundreds developed. The second problem is to write a proper structural 

(constitutional) formula of the studied molecule. The first problem is well 

known and researchers usually use all available indices to choose the best or 

best ones. The second problem is, however, specific for coordination 

compounds. Namely, the structures of these compounds are not strictly 

defined, especially in solution, where a number of molecular species with 

the same molecular formula could be proposed. Potentiometric methods 

gave, besides stability constants, only stoichiometry of the studied 

complexes and spectroscopic techniques are not capable to elucidate a 

detailed structure of the complex in solution.  

Such a state of art moved us to develop graph-theoretical models aimed 

specifically to coordination compounds [6,7].Finding valence index of the 

3rd order,3χv, the best for the modeling the stability constants of metal 

complexes [8,9], we decided to use it exclusively, but to vary constitutional 

formula from which the index is derived. In our first systematic paper on 

copper(II) complexes with amino acids and diamines [10], we check 
3χvindex derived from three kinds of formulas; from the constitutional 

formula of the ligand (L),from the formula of complex (ML or ML2), and 

from hydrated complex (MLaq, ML2
aq), assuming binding of two water 
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molecules to copper(II) mono-complex (cn=4) and bis-complex (cn=6). The 

mentioned formulas gave the results of cross validation (live-one-out 

procedure) in order S.E.cv(L) >S.E.cv(ML) > S.E.cv(MLaq). Such results 

clearly demonstrated the validity of our method, namely that the results are 

dependent on the real structure of the molecular species present in solution; 

more realistic formula gave better results. Such an approach gave its best 

assuming that all complexes in the set do not bind the same number of water 

molecules[11-13]. 

But there was another problem facing the proper structural formula of 

these complexes. We namely noticed “anomalous” behavior of complexes 

having donor atoms in the side chains of ligands, or simply having long side 

chains. For these compounds we proposed additional ligand coordination. 

From this assumption we derived a new graph representation leading to a 

new 3χvset, denoted as 3χv(MLcor) [10]. With this set a substantially better 

agreement between theory and experiment was achieved. Such a 

representation was used in the developed model for the amino-acid 

complexes [12] and for modeling copper(II) and nickel(II) complexes with 

fructose-amino acid adducts [14]. 

 

Aromatic compounds as secondary ligands 

In our systematic research aimed at development QSPR models based on 3χv 

for prediction of stability constants of coordination compounds we studied 

many systems, like copper(II) chelates with amino acids and their 

derivatives [11,13,15], amino-acidato complexes with bivalent transition 

metals [16], complexes of lanthanides with carboxylic [17] and amino acids 

[18], peptide complexes [19-22], etc. Many ligands in the sets were 

aromatic, but the aromatic moieties of these compounds do not participate 

directly in coordination.  

This is particularly notable in copper(II) complexes with aromatic amino 

acids, phenylalanine and its hydroxyl derivative, tyrosine [10]. The model 

with additional coordination (MLcor, ML2
cor) yielded substantially better 

results than other models (Figure 1). 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    B-02-SL 

 

 59 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

7.80

7.85

7.90

7.95

8.00

8.05

8.10

8.15

8.20

8.25

lo
g

 K
1
 (

e
x
p

)

3


v
(ML

cor
)

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

7.80

7.85

7.90

7.95

8.00

8.05

8.10

8.15

8.20

8.25

3


v
(ML

aq
)

lo
g
 K

1
 (

e
x
p

)

 
Figure 1.Linear regressions of logK1 on 3χv (calculated from MLcor 

andMLaqgraph representations)for Cu(II) mono-complexes of naturally 

occurring amino acids. 

 

 The rationale for binding of –OH group of tyrosine is obvious, but not so 

for the aromatic ring of phenylalanine (which was modelled as binding of its 

4’ C-atom to copper). However, there are experimental indications that 

aromatic rings of both ligands interact with copper(II) atom [23,24]. Thus 

the theoretical calculations, without the direct reference to structure, 

confirmed in a way the experimental findings. The results of even better 

quality were obtained proposing that copper(II) mono-complexes with 

phenylalanine and tyrosine were coordinated with three instead of two water 

molecules, but in their bis-complexes no water is assumed to be bonded to 

the central atom [11]. Rationale for this supposition was found in the 

hypothesis that side chains in mono-complexes interact with water 

molecules in apical position, stabilizing the complex, but inbis-complexes 

aromatic rings interacts with each other (stacking interactions), making 

apical position unfavorable for binding of water molecule. 

 

Aromatic compounds as primary ligands 

At first it seems that the involvement of aromatic ring in the primary 

binding to metal, i.e. by including it in the chelate ring, has no special effect 

on complex stability. This conclusion came from the prediction of stability 

of ten copper(II) bis-complexes with thioflavin- and clioquinol-like 

molecules relevant to Alzheimer’s disease [25]. Our results correlated very 

well with the results of DFT method, and a slight discrepancy has been 

observed only for thia-ligands. However, the effect of bulkiness of aromatic 

ligands was observed in copper(II) N-salicylidene-aminoacidato complexes 

[26]. Namely, in contrast to complexes of the mentioned ligands with other 

divalent metals (Ni2+, Zn2+), which gave fairly agreement (S.E.cv = 0.08 – 
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0.17 for log K1), copper(II) yielded S.E.cv = 0.37 for log K1. Results were, 

however, improved when different number of coordinated water was 

proposed and salycilideneglycine ligand was excluded from regression 

(S.E.cv = 0.02). Rationale forsuch a modeling was found in the plasticity of 

copper(II) coordination, which enables binding of various number of ligand 

water molecules and formation of many forms of coordination polyhedron. 

 

 
 

Figure 2.Constitutional formulas of 1N, 3N, and 4N copper(II) complexes 

with Ac-S(OMe)KHM-NH2. 

 

 Specific problem with the aromaticity was observed in the modeling of 

copper(II) complexes with tetrapeptides containing histidyl residue [27]. 

These ligands may form monodentate, [CuHL]3+, 1N,tridentate, [CuH-1L] +, 

3N, and tetradentate, [CuH-2L], 4N, complexes (Figure 2). At first very poor 

results were obtained for all peptides (S.E.cv = 0.75-0.98). In this first 

attempt we assumed the Cu–N-–C=O bonding for 4N, the same as in 1N and 

3N complexes. However, by introducing an alternative, resonant structure,  

Cu–N=C–O-, for 4N complexes we obtained quite satisfactory results (S.E.cv 

=0.05 - 0.22).  
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CONCLUSION 

Graph-theoretical indices lack in general proper theoretical foundations; 

despite various attempts to explain them in terms of usual chemical concepts 

like molecular volumes and surface areas [28,29],it is not yet explained why 

they are successful, and especially why some topological indices are 

advantageous over the others. Such a state of art led to “emerging hostility 

toward chemical graph theory”, which some scientists view as scientifically 

unfounded and “primitive” [30].Bearing this in mind it cannot be expected 

that graph-theoretical methods should treat aromaticity in a specific way, by 

introducing special models or methods to deal with it. However, this 

contribution points to the fact that in the case of coordination compounds 

three effects of aromatic ligands are to be expected and accordingly solved 

by graph-theoretical models: (1) steric interactions among ligands, (2) 

interactions with central atom leading to different coordination, and (3) 

formation of resonant structure with dislocated electrons (“bonds”) of 

coordination polyhedron.  
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ABSTRACT 

Density functional theory (B3LYP) calculations with 6–311++G(d,p) basis 

set in the solvent of tetrahydrofuran (THF) elucidated the first possible 

reaction mechanism for activation of carbon monoxide by mono–silicon 

analogue of vinyl anion 1. The reaction between 1 and CO can form C=C=O 

moiety3 with the barrier of 31.8 kj/mol after formation of pre–complex 2. 

The energy barrier to arrive at the structure 5 via TS3 is calculated to be 

relatively high with the energy of 135.2 kj/mol However, the first step is 

found to be highly exergonic and this energy can compensate the required 

barrier for TS3. Furthermore, we believe that the experimental conditions 

(bulky substituents and counter ion) could reduce the related energy 

barriers. Moreover, 

 

INTRODUCTION 

Activation of small molecules such as harmful gases is a helpful 

reputation for being feedstock for organic compounds. Especially, the 

activation of carbon monoxide (CO) experiences is having considerable 

attention in the context of the limited availability of fossil hydrocarbons [1]. 

The Fischer–Tropsch process, a predominant method, is for the generation 

of hydrocarbons from CO + H2 in the presence of catalyst [2]. Additionally, 

several studies were employed to homogeneous transition metal complexes 

to achieve complete cleavage of the CO triple bond [3]. Numerous methods 

have been improved to sequestrate CO by such as metal–organic 

frameworks (MOFs) or low–valent main–group compounds as an 

alternative. 

Recently, a few main–group systems have been shown to activate carbon 

monoxide stoichiometrically [4–6]. For instance, the reactivity of CO 

against to NHC stabilized B≡B triple bond (as a main group compound) to 

form bis(boralactone) was reported by Braunschweig and his co–workers 

[4]. Then, the formation of functionalized cyclic silenes from direct 

carbonylation of cyclotrisilenes was disclosed by the collaboration of 

Scheschkewitz and Sekiguchi [5]. In a very recent study, the first complete 
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reductive cleavage of C–O triple bond of carbon monoxide with using a 

lithium disilenide in the absence of catalyst was discovered by the group of 

Scheschkewitz (Figure 1) [6]. 

 

 
 

Figure 1. Reductive coupling of CO by disilenide (Tip=2,4,6–iPr3C6H3). 

 

Likewise, it is necessary to be performed systematic theoretical study on 

unknown mono–silicon analogues of vinyl anions to penetrate their 

structures, properties, and reactions. With this motivation, we have 

performed DFT calculations on the reactivity of a heavier vinyl anion 

against to carbon monoxide (CO).  

 

EXPERIMENTAL 

All the calculations were performed with the Gaussian 09W suite of 

program [7]. In order to optimize the title structures on their potential 

energy surface, B3LYP theory was employed. The 6–311++G(d,p) was 

chosen as basis set. Solvent effects with (Tetrahydrofuran) were also 

included at the B3LYP/6–311++G(d,p) level with using the polarizable 

continuum model (PCM) [8,9]. The optimized structures were determined as 

a minimum (no imaginary frequency) or transition state. The relative ΔG 

energies are given in kj/mol. The Intrinsic Reaction Coordinate (IRC) 

procedure was carried out for the identification of the connectivity of 

stationary points.  

 

RESULTS AND DISCUSSION 

Disilenides, silicon analogue of vinyl anions, are well–suited from transfer a 

Si–Si double bond moiety to a broad variety of organic and inorganic 

substrates [10]. In a very recent study, full cleavage of CO with lithium 

disilinede under ambient conditions was achieved by Scheschkewitz et. al. 

[6]. The mechanism of the reaction was also investigated by DFT method 

with using simplified system (Methyl groups instead of Tip Groups). With 

this incentive, we decited to investigate behaviour of mono silicon analogue 

of vinyl anion against to carbon monoxide.We have started with optimizing 

pre-complex 2 which is 36.0 kj/mol higher in energy than 1+CO. Then, the 
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required energy to form 3 is determined to be 31.8 kj/mol. The formation of 

C=C=O moiety, similar to ketenylidenes, sufficiently stabilize structure 

3with the energy of 207.2 kj/mol as compared to 2. At this point, single 

bond rotation between Si and C atoms occcurs via TS2 with the barrier of 

23.4 kj/mol. This step generates the intermediate 4 which then undergoes 

cyclization step for 5 via TS3 (Figure 2). Although the required energy 

barrier to TS3 is found to be high with 135.2 kj/mol for a reaction at room 

temperature, the highly exergonic first step can compensate the barrier of 

TS3. 

 

 
Figure 2. The proposed mechanism for the reaction of CO with mono–

silicon analogue of vinyl anion (1) at the B3LYP/6–311++G(d,p) level 

(Solvent = THF). 

 

 

 

CONCLUSION 

In summary, mono silicon effect on the activation of carbon monoxide by 

vinyl anions were investigated. The required energy for the first step 

(TS1) is found to be 31.8 kj/mol at B3LYP/6–311++G(d,p) level of 

theory (Solvent = THF). The final compound (5) was found 189.6 kj/mol 
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more stable than pre–complex of 2. We hope the results would be very 

helpful for further experimental and theoretical investigations on the CO 

reactivity by heavier vinyl anions. 
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ABSTRACT 

The reactions of hydroxyl radical with chlorogenic acid in the positions 3’ 

and 4’ were investigated using theM06-2X/6-311++G(d,p) level of theory in 

conjunction with the CPCM solvation model. The research was performed 

to simulate reactions in three media of different polarity: benzene, ethanol, 

and water. These results confirm our previous finding that the HAT 

mechanism is virtually independent of the solvent polarity. All the reactions 

are notably exothermic and exergonic. The reaction in the 3’ position 

requires lower activation energies, but the radical product of the reaction in 

the 4’ position is more stable in all three solvents. Taking into account that 

activation energies are low for both reaction centres, it turns out that the 3’ 

and 4’ positions are competitive in the radical scavenging reactions of 

chlorogenic acid. 

 

INTRODUCTION 

Phenolic acids form an important class of polyphenols. These compounds 

are widely spread in the human diet, and show potential biological 

functions, such as anti-inflammatory, antiallergic, anticarcinogenic, 

antimicrobial, antiviral, and antioxidative [1]. Antioxidative activity of 

phenolic compounds can be realised via three major mechanistic pathways: 

HAT (Hydrogen Atom Transfer), SPLET (Sequential Proton Loss Electron 

Transfer), and SET-PT (Single Electron Transfer – Proton Transfer) [2-4]. 

In our recent work [5] a comparative study of the antioxidative activities 

of caffeoylquinic and caffeic acids was performed by focusing on the 

thermodynamics of the three antioxidative mechanisms. It was suggested 

that the major reaction pathway for all the investigated compounds is HAT 

mechanism in nonpolar solvents, while HAT and SPLET are competitive 

mechanisms in polar media. In the present paper our interest is focused on 

kinetic investigation of the HAT mechanism of chlorogenic acid (5-O-

caffeoylquinic acid, 5CQA). 
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EXPERIMENTAL 

All calculations were performed with the Gaussian 09 software package [6] 

using the M06-2X/6-311++G(d,p) theoretical model. The influence of the 

solvents (benzene, ethanol, and water) was approximated by the CPCM 

solvation model. The geometries of all species under investigation in the 

three solvents were achieved by optimisations without any symmetry 

constraints, and frequency calculations were also included.  

Transition states (TS) for the 3’ and 4’ pathways in all three solvents 

were revealed. The intrinsic reaction coordinates, from the transition states 

down to the two lower energy structures, were traced to verify that each 

saddle point is linked with the corresponding reactant complex (RC) and 

product complex (PC). The obtained geometries were verified to be minima 

(no imaginary frequencies), or maxima (one imaginary frequency) on the 

potential energy surface. The calculated relative enthalpies and 

Gibbsenergies refer to 298 K and 101325 Pa. 

 

RESULTS AND DISCUSSION 

The HAT mechanism was examined by simulating the reaction of 5CQA 

with hydroxyl radical: 5CQA + •OH → 5CQA• + H2O. This radical was 

selected for its biological relevance. A 5CQA moleculehas two phenolic 

groups suitable for radical scavenging reactions: 3’ and 4’ (Fig. 1.). It is 

apparent that in the presented transition state simultaneous cleavage of the 

O-H bond of the hydroxyl group and formation of the H2O molecule occur, 

followed with the C3’-O3’ bond shortening.  

 

 
 

Figure 1.Participants in the reaction of hydroxyl radical with chlorogenic 

acid in the position 3’ in water. RC, TS, and PC stand for the reactant 

complex, transition state, and product complex, respectively. 

 

The relevant relative enthalpies and Gibbs energies for the reactions in 

both positions were calculated, and collected in Table 1. One can observe 

that, in the case of the reactant complexes, the relative enthalpy values are 
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negative, whereas the relative Gibbs energy values are positive. This 

occurrence is a consequence of the fact that the entropy of a reactant 

complex is decreased in comparison to the corresponding separated 

reactants, due to the increased amount of order (Fig. 2.). 

 
Figure 2. Enthalpy (solid line) and Gibbs energy (dashed line) change in the 

reaction of hydroxyl radical with chlorogenic acid in the position 3’ in 

water. 

 

Table 1.Relative enthalpies (regular) and Gibbs energies (italic) in kJ mol-1 

related to the reactions of hydroxyl radical with chlorogenic acid in the 

positions 3’ and 4’ in three media. The reactions were calculated relative to 

the energies of separated reactants. Δ‡Ha and Δ‡Gastand for activation 

enthalpy and activation Gibbs energy. 

 Benzene Ethanol Water 

 3’ 4’ 3’ 4’ 3’ 4’ 

RC 
-17.7 

15.0 

-15.5 

15.3 

-15.5 

15.6 

-12.9 

17.3 

-15.3 

15.8 

-12.8 

16.9 

TS 
0.5 

41.5 

4.6 

45.5 

5.1 

44.3 

8.4 

47.7 

5.1 

44.9 

8.6 

47.7 

PC 
-179.2 

-147.2 

-187.8 

-152.1 

-161.6 

-133.3 

-182.5 

-149.1 

-161.3 

-133.7 

-182.1 

-148.6 

P 
-146.2 

-150.7 

-156.0 

-160.5 

-147.4 

-152.8 

-157.0 

-161.9 

-147.5 

-153.0 

-157.1 

-162.0 

Δ‡Ha 

Δ‡Ga 

18.2 

26.6 

20.1 

30.2 

20.6 

28.7 

21.3 

30.4 

20.5 

29.1 

21.4 

30.8 

If either enthalpy or Gibbs energy is considered, the values for each 

reaction participant are almost identical for polar solvents, and very similar 

to those for benzene. The values for the activation enthalpies and Gibbs 
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energies, as well as for reaction enthalpies and Gibbs energies, are mutually 

very similar for all three solvents. These results confirm our previous 

finding that the HAT mechanism is virtually independent of the solvent 

polarity. All reactions are notably exothermic and exergonic. The reaction in 

the 3’ position requires lower activation energies, but the radical product of 

the reaction in the 4’ position is more stable in all three solvents. Taking 

into account that both reaction centres require low activation energies, it 

turns out that the 3’ and 4’ positions are competitive in the radical 

scavenging reactions of chlorogenic acid. 

 

CONCLUSION 

In our recent paper [5] we found that the 4’ position is more favourable than 

3’ position, irrespectively of either the reaction mechanism or solvent 

polarity. This finding was based on the thermodynamic investigation. 

Taking into account that the reactions in the 3’ position are more 

endothermic than those in the 4’ position, but slightly, it was concluded that 

activation energies, i.e. reaction kinetics, could be determining factor.The 

present mechanistic study shows that the reaction in the 3’ position requires 

lower activation energies, but the radical product of the reaction in the 4’ 

position is more stable in all three solvents, implying that the two reaction 

centres are competitive in the radical scavenging reactions. 
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ABSTRACT 

In the present study the M05-2X/6-311++G(d,p)model is used to evaluate 

scavenging potency of 2,3-, 2,6-,and 3,4-dihydroxybenzoic acids 

(DHBAs).Reaction enthalpies related to the scavenging mechanisms of the 

studied species were calculated in water and benzene. Hydrogen atom 

transfer is a preferred reaction pathway in benzene, while sequential proton 

loss electron transfer is a predominant reaction pathway in polar solvent, 

water, for all the studied compounds.  

 

INTRODUCTION 

Phenolic acids represents important class of phenolic compounds which are 

widely distributed in the plant world, being an integral part of the human 

diet. Naturally occurring phenolic acids, with common basic skeleton, are 

divided intotwo large groups: hydroxycinnamic and hydroxybenzoicacids 

[1]. Phenolic acids exist in almost all vegetables, fruits, and grains. They are 

rarely found as free molecules in nature, more often they are found in plants 

in the form of esters, ethers, and acetals, or as structural components of 

cellulose, hemicellulose, proteins and lignin[2]. Free-radical scavenging 

ability of 3,4-DHBA inhibits chemical carcinogenesis and protects against 

hydroperoxide-induced toxicity [3]. 2,3-DHBAis also a human metabolite 

found in plasma and a biological marker for the detection and quantification 

of OH radicals.  
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Figure 1. The most stable structures of the studied dihydroxybenzoic 

acids 

 

Scavenging properties of phenolic acids are related to their ability to transfer 

hydrogen atom to a free radical species. It has been suggested that 

antioxidant ability of phenolic acids is greatly influenced by the number and 

relative position of OH groups in the ring. In the radical scavenging 

mechanisms reactive radical species are inactivated by accepting hydrogen 

atom from hydroxyl group of phenolic acid. This transfer can be visualized 

through at least three general mechanisms characteristic to all 

phenoliccompounds: hydrogen atom transfer (HAT, Eq. 1), sequential 

proton loss electron transfer (SPLET, Eq. 2), and single electron transfer 

followed by proton transfer (SET-PT, Eq. 3) [5]. 

 

PhOH + R → PhO + RH                                                                            (1) 

PhOH → PhO + H+                                                                              (2.1) 

PhO + R → PhO + R                                                                         (2.2) 

PhOH + R → PhOH+ + R                                                                 (3.1) 

PhOH+ + R → PhO + RH                                                                 (3.2)  

 

These mechanisms are described by thermodynamic parameters: bond 

dissociation enthalpy (BDE) related to Eq. (1), proton affinity (PA) related 

to Eq. (2.1), electron transfer enthalpy (ETE), ionization potential (IP) 

related to Eq. (3.1), proton dissociation enthalpy (PDE) related to Eq. 

(3.2).They can be determined from the total enthalpies of individual species: 

 

BDE = H(Ph−O•) + H(H•) − H(Ph−OH)                                         (4) 

IP = H(Ph−OH•+) + H(e−) − H(Ph−OH)                                      (5.1) 

PDE = H(Ph−O•) + H(H+) − H(Ph−OH•+)                                            (5.2) 

PA = H(Ph−O−) + H(H+) − H(Ph−OH)                                          (6.1) 

ETE = H(Ph−O•) + H(e−) − H(Ph−O−)                                               (6.2) 
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Preferred mechanism of antioxidant activity of phenols can be estimated 

from the BDE, IP, and PA values. The lowest of the three values shows 

thermodynamically most favorable mechanism. 

The aim of the present paper is to estimate antioxidant capacity of several 

dihydroxybenzoic acids (DHBAs): 2,3-, 2,6- and 3,4-DHBA (Fig. 1).  

 

METHODS 
The equilibrium geometries of investigated DHBAs and corresponding 

radicals, radical cations, and anions were fully optimized by the hybrid 

density functional method (M05-2X), developed by the Truhlar group [4] 

and 6-311+d,p) basis set, implemented in the Gaussian 09 package. 

Vibrational frequencies were computed: no imaginary frequencies were 

obtained. The SMD solvation model was applied to approximate the 

influence of water and benzene as solvents, i.e. to mimic polar and nonpolar 

solutions.  

 

RESULTS AND DISCUSSION 

All DHBAs are planar molecules with internal hydrogen bonds. The NBO 

analysis of DHBs revealed the stabilizing donor-acceptor interactions 

between the lone pairs on oxygens and proximate antibonding O-H orbitals. 

In Table 1 the thermodynamic data regarding all three DHBAs are collected. 

 

Table 1: M052X/6-311++G(d,p) calculated parameters of antioxidant 

mechanisms for DHBAs in kJ mol-1 in water and benzene 

 
 WATER BENZENE 

HAT SET-PT  SPLET HAT SET-PT SPLET 

BDE IP PDE PA ETE BDE IP PDE PA ETE 

D
H

B
A

s 

  518     
664 

   

2O. 369  32 132 419 377  122 
425 361 

3O. 362  25 145 405 366  111 
436 347 

  521     
665 

   

2O. 391  51 149 423 403  147 450 362 

6O. 380  39 137 424 381  125 426 365 

  533     
684 

   

3O. 361  9 130 412 346  71 403 352 

4O. 364  12 119 426 347  73 385 371 
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From the thermodynamic data (Table 1), it is clear that the IP values are 

high for all DHBAs in both solvents. That means SET-PT is not a plausible 

mechanism for these conditions. On the other hand, PA values of DHBAOH 

groups are significantly lower than the corresponding BDE values, 

indicating that SPLET mechanism is the most probable reaction pathway in 

polar solvent. The calculated BDE values of DHBAs are lower than the 

corresponding PA values in benzene.That means HAT mechanism is a 

probable reaction path in nonpolar solvent. 

Further analysis of thermodynamic values in Table 1indicates that, based on 

the values of BDE and PA, 3,4-DHBA is stronger antioxidant than other 

two DHBAs in benzene as well as in water. 

 

CONCLUSION 

Antioxidantactivity of 2,3-, 2,6- and 3,4-dihydroxybenzoic acids was 

examined by analysing thermodynamic properties of the parent molecules, 

corresponding radicals, radical cations and anions. From the obtained results 

it can be concluded that HAT mechanism is dominant in non-polar solvent 

while SPLET mechanism is prevailing reaction path in polar solvent. It 

should be pointed out that according to the obtained results 3,4–DHBA is 

probably the strongest antioxidant among the studied compounds. 
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ABSTRACT 

The interactions in model systems of unsaturated molecules with cis- and 

trans-double bonds were studied usingquantum chemical calculations. We 

present benchmark study of cis- and trans-2-butene dimer model systems 

with various methods and different basis sets. Root Mean Square Deviation 

(RMSD) values are represented and results showed that the best agreement 

with CCSD(T)/CBS values has B3LYP-D3 method with cc-pVTZ basis set, 

with the lowest RMSD value of 0.032. 

 

INTRODUCTION 

Non-covalent interactionsof molecules with double bonds are important and 

have been studied with great interest [1-5]. Presence of double bonds can 

affect the properties and behavior of various systems and processes[6]. For 

example, molecules with double bonds, like fatty acids, have a significant 

role in living organisms, effecting on human health [7]. Most of the studies 

on non-covalent interaction of molecules with double bounds have been 

done on ethene (ethylene) molecule. Interactions in ethene dimer, as the 

simplest model system with double bonds, have been studied using different 

quantum chemical methods [2-5].  

In previous study, in order to find differences in interactions of cis- and 

trans-unsaturated molecules, cis- and trans-2-butenehave been studied, as 

the smallest model system [8].Potential differences in interactions of model 

systems was performed using high level quantum chemical methods 

including very accurate CCSD(T) at complete basis set (CBS) 

approximation [9]. 

In the previous work we compared a few methods for two cis-2-butene 

dimers, while in this work detailed benchmark study using MP2 and several 

DFT-D methods, with various basis sets, on model systems of all five 2-
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butene dimers (Figure 1), has been performed in order to find the best 

method and basis set for interactions of these molecules.  

 

METHODOLOGY 

The benchmark study was performed using MP2, BLYP-D3, M05-D3, 

M052X-D3, M06-D3, M06HF-

D3, B3LYP-D3, BP86, TPSS, 

and PBE1PBE methods and 

the four basis sets (cc-pVDZ, 

cc-pVTZ, aug-cc-pVDZ and 6-

31++G**) for each method.  

The geometries of interactions 

of cis- and trans-2-butene used 

for the calculations in this 

work were obtained in 

previous work, as minima on 

potential curves [8].The 

potential energy curves were 

calculated by keeping 

monomer geometries rigid and 

varying the offset, r (parallel 

displacement) and normal distance between the planes of the two molecules, 

R [8]. Offset is the distance between double bond centrein one molecule and 

the projection of the double bond centre of the other molecule on the plane 

of the first molecule. The monomer geometries were optimized using MP2 

method, while the potential curves were calculated using M052X-D3 

method with cc-pVDZbasis set [8]. All calculations on interaction energies 

in 2-butene dimers have been performed in Gaussian 09 (version D.01) [10]. 

 

RESULTS AND DISCUSSION 

We have performed detailed benchmark study using ten methods, and four 

basis sets for each of the methods,by comparing calculated interaction 

energies at various level of theory with CCSD(T)/CBS energies, since 

CCSD(T)/CBS method is considered golden standard in quantum chemistry. 

The benchmark study was performed using five possible geometries for 

interactions in cis- and trans-2-butenedimers shown on Figure 1: (a) cis-2-

butene dimer with parallel orientation (r=2.4, R=3.3), (b) cis-2-butene dimer 

with anti-parallel orientation(r=1.0, R=3.7), (c)trans-2-butene dimer with 

parallel orientation(r=2.3, R=3.3), (d) trans-2-butene dimer with anti-

parallel orientation(r=0.8, R=3.6)and (e) cis-2-butene / trans-2-

butene(r=1.4, R=3.7).  

 
Figure 1. Model systems used in 

benchmark study 
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The results show that influence of the basis set is the largest on MP2 

method, while on DFT-D methods it is much smaller. It was shown that the 

MP2, M06HF-D3, B3LYP-D3 methods underestimate interaction energies 

in comparison to values of CCSD(T)/CBS interaction energies. 

In Table 1 the data for Root Mean Square Deviation, RMSD, for each 

theory level are shown. It is shown that dispersion correction has influence 

on the interaction energy and have a much better agreement with CCSD(T) 

values. RMSD values are much lower with dispersion correction then 

without. However, one can notice that results without correction are better 

for Minnesota functionals, while dispersion is very important for other 

functionals. When considering the data with dispersion correction only a 

few levels have very large errors, above 1.0 kcal/mol. 

The best level of theory for cis- and trans-2-butene dimers is B3LYP-D3/cc-

pVTZ with RMSD value of 0.032, the second best is B3LYP-D3/aug-cc-

pVDZ basis set with RMSD value of 0.052. Five levels of theory(B3LYP-

D3/cc-pVTZ, B3LYP/D3/aug-cc-pVDZ, BLYP-D3/6-31++G**, MP2/aug-

cc-pVDZand M052X/cc-pVDZ) have RMSD values below 0.1, indicating 

that all these level sare very reliable for calculations on 2-butene dimers.  

After obtained the best level of theory (B3LYP-D3/cc-pVTZ), we 

recalculated the potential curves using B3LYP-D3/cc-pVTZ. The 

Table 1. RMSD values for each methods with various basis sets (without(-) and 

with dispersion correction (D3) in kcal/mol 

Methods 

Basis sets 

cc-pVDZ cc-pVTZ aug-cc-pVDZ 6-31++G** 

- D3 - D3 - D3 - D3 

MP2  1.34  0.245  0.071  0.805 

BLYP 2.91 0.139 2.45 0.187 2.39 0.137 2.68 0.058 

M05 1.64 0.263 1.56 0.349 1.43 0.483 1.36 0.553 

M052X 1.06 0.095 0.86 0.103 0.66 0.303 0.70 0.269 

M06 1.03 0.283 0.75 0.565 0.29 1.03 0.11 1.22 

M06HF 1.13 0.255 1.16 0.287 0.71 0.190 0.52 0.353 

B3LYP 4.00 0.103 3.89 0.032 3.91 0.052 3.99 0.105 

BP86 4.64 0.258 4.47 0.388 4.40 0.418 4.56 0.352 

TPSS 3.65 0.188 3.59 0.228 3.52 0.248 3.62 0.222 

PBE1PBE 2.84 0.185 2.71 0.278 2.64 0.298 2.71 0.302 
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geometries at potential curves minima did not changed much, offset and 

normal distance are almost the same. The energies of new potential curves 

are somewhat more stable(up to 0.32kcal/mol). 

 

CONCLUSION 

Benchmarking study of cis- and trans-2-butene dimers was performed with 

various methods and basis sets. The study used ten methods and four basis 

sets for each of the method. The best method is B3LYP-D3 with cc-pVTZ 

basis set, where value of RMSD is 0.032. Five of 40 levels of theory,that we 

tested, have RMSD values below 0.1, indicating that these methods are 

good in reproducing interaction energies. 
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ABSTRACT 

Theoretical study on the stereo selective Diels-Alder reaction has been 

performed on the model system consisting of a diene and a -halo 

substituted acroleine. DFT calculations revealed origin of selectivity of 

these reactions. Steric and electronic effects worked cooperatively to 

determine the outcome of the reaction. 

 

INTRODUCTION 

The Diels-Alder reaction [1]of -substituted acrolein derivatives proceeds 

in the presence of trifluoroacetic acid salt of trifluoromethyl substituted 

diarylprolinol silyl ether to afford exo-isomer with excellent 

diastereoselectivity, in sharp contrast from the reaction of the unsubstituted 

acroleins which give only moderate selectivities under the same reaction 

conditions. Aim of this study was to determine all the factors that influence 

such a difference in the chemical behavior of these compounds. 

 

RESULTS AND DISCUSSION 

Organocatalyzed reaction of -F substituted acroleine was compared to the 

reaction of unsubstituted parent compound (Table 1). The rate of the 

reaction of –fluoro cinnam aldehyde is significantly lower compared to 

nonfluorinated cinnamaldehyde. Fluorine atom attached to the double bond 

decreases reactivity of dienophile in the Diels-Alder reaction [2].On the 

other hand, diastereoselectivities are much better in the case of α–fluoro 

cinnamaldehyde and are in the range of 99/1 while in the nonfluorinated 

substrate exo/endo ratio is approximately 4/1.  

Starting from our experimental result, DFT calculations were performed in 

order to provide a further understanding of the observed exo/endo 

selectivity,and the contribution of fluorine atom on it.TS energies 

oforganocatalyzed D-A reaction were compared to TS energies of 

uncatalyzed D-A reaction (Scheme1). 
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Table 1. Reaction differences for fluorinated and nonfluorinated compounds 

CHOR

Ph

+

Cat.X  10mol%
(see table)

solvent, r.t.

3eq
CHO

R

Ph

N
H

OTMS CF3

CF3

CF3

F3C

ClO4
-

1 2

N
H

OTES CF3

CF3

CF3

F3C

 
 Catalyst 1 Catalyst 2 

R solvent Time/h Yield(%) Dr solvent Time(h) Yield(%) Dr 

H toluene 26 quant 85/15 H2O 7 93 80/20 

F toluene 36 77 99/1 H2O 30 87 99/1 

 

Scheme 1. Transition States and Products of exo/endo-Diels-Alder 

Reactiona
 (calculated on B3LYP/6311+G(d,p) level) 

 

 
a The interacting cyclopentadiene HOMO and dienophile 4 LUMO are also shown as 

calculated on B3LYP/6311+G(d,p) level. 

 

Energy profile, of the conventional (thermal) D-A reaction and the D-A 

reaction catalyzed by pyrrolidine as a model catalyst, as expected, shows 

drastically lower TS energies of the latter. There is a decrease of the 

cycloaddition activation energy (Eact) of the substrate 3 and 4 (11.8 – 14.5 

kcalmol-1) versus 1 and 2 (19.2 – 20.0 kcalmol-1). 

FMO theory [3] has been applied to calculate LUMO energies and orbital 

coefficients of the 1-4 dienophile (Table 2). pz orbital coefficients of C1 and 

C2 atoms, i.e. their differences, suggest increased character of 

asynchronicity. Decrease of absolute pz orbital coefficients of the C1 and C2 

atoms suggests that the fluorine substituent has an electron-donating effect 

rather than a withdrawing one.  
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Table 2. Calculated LUMO energies, pz orbital coefficients (absolute value) 

of the double bond carbon atoms, double bond lengths and bond orders 

(BO) of dienophile 1-4, at B3LYP/6311+G(d,p) level. 

 

Based on the analysis of the structural parameters of the optimized 

transition state structures TS-1 - TS-4, presented in Table 3, it can be 

concluded that the endo transition statein each case occurs a little bit later on 

the reaction coordinate compared to the exo cyclization mode. 

 

Table 3. Calculated bond lengths and bond orders of the forming bonds and 

charge transfer (CT) between subunits in TSs. 
 TS-1 

-exo 
TS-1-endo TS-2-exo TS-2-endo TS-3-exo TS-3endo TS-4-exo TS-4-endo 

d1-3/d2-6 (Å) 2.08/ 2.31 2.10/ 2.26 1.98/2.47 2.03/2.34 1.89/ 2.85 1.83/ 2.75 1.90/ 3.02 1.83/ 2.90 

BO1-3/BO2-6 0.37/ 0.25 0.36/0.28 0.43/0.19 0.40/ 0.25 0.51/ 0.07 0.56/ 0.10 0.49/ 0.05 0.55/ 0.07 

d1-2 (Å) 1.419 1.420 1.419 1.423 1.439 1.451 1.429 1.446 

BO1-2 1.139 1.136 1.154 1.150 1.061 1.034 1.096 1.065 

CT (e) 0.188 0.179 0.205 0.197 0.465 0.487 0.454 0.514 

 

In order to clarify the origin of the exo/endo selectivity, natural bond 

orbital (NBO) analyses on the transition states were performed (Table 4).  

 

Table 4. Steric, electrical and donor-acceptor contributions (kcalmol-1) for 

the energy interaction in TSs, calculated using NBO analysis. 
 

TS-1-exo TS-1endo TS-2-exo TS-2endo TS-3-exo TS-3endo TS-4-exo TS-4endo 

Esteric(endo-exo) 5.51 2.80 33.52 36.23 

Eelec(endo-exo) -3.09 -4.76 -2.98 1.26 

ENL(endo-exo) -3.10 0.12 -36.08 -45.04 

 

TS-4-endois maximally steric destabilized (36 kcalmol-1) which is 

consistent with the maximum of the exo preference. However, Ts-2-endois 

almost twice less steric destabilized than TS-1-endobut requires more 

energy of distortion which supports the interpretation that the exo preference 

 

 
    

  LUMO  (eV) -2.53 -2.67 -4.63 -4.80 

   pz LUMO C1/C2  0.764 / 0.562 0.710 / 0.504 0.835 / 0.313 0.782 / 0.253 

  d1-2(Å) 1.349 1.346 1.365 1.362 

  BO1-2
a 1.294 1.299 1.220 1.232 
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of the reaction, with respect to the F atom, has not only the steric but also an 

electronic origin [4].  

 

CONCLUSION 

The present study offeres folloving conclusions: (1) FMO analysis of 1-4 

dienophiles indicates lower reactivity of -fluoro derivatives 2 and 4. The 

increase in the electron density of the central C=C bond is the consequence 

ofelectron donating character of the fluorine atom. (2) The presenceof -F 

atom and the iminium ion in the dienophile have a cooperative effect on the 

stereoselectivity of the D-A reaction. (3) The endo-transition statein each 

case occurs a little bit later on the reaction coordinate (4) electrostatic 

interactions between the fluorine substituent in the -position of the 

dienophile and cyclopentadiene determine the stereoselectivity rather than 

simple steric interactions. 
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ABSTRACT 

The strength of the Don-C=C-Acc -electron flow, the push-pull effect, in 

the title sulfides and sulfoxides has been quantified theoretically on the basis 

of / occupation quotient and CC bond length. Surprisingly, the two 

parameters changed little upon transformation to Acc-C=C-Acc system, by 

sulfur oxidation to SO2. A careful analysis of donor-acceptor interactions in 

all molecules studied, revealed, the yet not described, backward -electron 

flow from Acc to the CC -electron system. This type of electron 

delocalization should enhance the strength of the push-pull effect in push-

pull systems. 

 

INTRODUCTION 

Sulfur-containing compounds, such as sulfides and their oxidation products, 

sulfoxides and sulfons, play an important role in our lives, since they are 

involved in cell metabolism and used as drugs [1]. If a sulfide sulfur atom is 

connected to a double bond, containing an electron-acceptor (Acc) at its 

other end, a push-pull system I arises (Figure 1). It is characterized by the -

electron flow from donor to acceptor part, occurring via the CC double 

bond (resonance structures II and III). As a consequence, push-pull systems 

are highly polarized molecules, exhibiting interesting physical properties 

and chemical reactivity [2,3]. 

 

 
Figure 1. Push-pull alkenes containing sulfide moiety. 
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It could be anticipated that sulfur oxidation would reduce the Don-CC-Acc 

-electron flow in sulfoxide, or block it in sulfones due to transformation 

into the Acc-C=C-Acc system. This was tested computationally by 

quantification of the push-pull effect in model systems 1-3, which we 

synthesized by the Michael addition of the corresponding thiol onto ethyl 

propiolate, leading to compound 1, followed by oxidation to 2 and 3 using 

meta-chloroperbenzoic acid. 

 

 

EXPERIMENTAL 

The Z and E structures of 1-3 were optimized at the B3LYP/6-311G(d,p) 

level [4,5] and characterized as minima by the absence of imaginary 

frequencies. 13CNMR chemical shifts were calculated by using the GIAO 

method [6] and correlated with experimental values (R  0.99) to confirm 

the reliability of theoretically obtained structures. The push-pull effect was 

quantified by means of two parameters: the CC double bond length, dCC, 

and the occupation quotient, / [7]. Energies of donor-acceptor 

interactions were evaluated on the basis of NBO method [8]. All 

calculations were done by using the Gaussian 09 program package [9].  

 

RESULTS AND DISCUSSION 

Calculated electron occupancies of  and  orbitals, their quotient /, 

CC bond lengths and energies of donor-acceptor interactions are listed in 

Table 1. There is a general trend that the increase in the CC bond length is 

followed by the increase in the / quotient values, which means stronger 

push-pull effect. Both parameters indicate the greatest strength of the Don-

CC-Acc -electron flow (push-pull effect) in sulfides 1: / ranging from 

0.082 to 0.104 and dCC having values from 1.341 to 1.348 إ. Among the two 

isomers, Z and E, the former show the stronger effect. Upon oxidation to 

sulfoxides 2, the strength of the push-pull effect is significantly reduced: 

/ ranging from 0.036 to 0.043 and dCC having values from 1.329 to 

 This is primarily related to decrease in the nS CC electron .إ 1.335

donation, the energies of which drop from 22.2-28.4 kcal/mol to only 1.3-
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3.2 kcal/mol. The CC CO electron donation is less affected. The 

corresponding values are reduced from 18.4-19.4 kcal/mol to 15.4-16.9 

kcal/mol. Quite unexpectedly, removal of the sulfur lone pair in sulfoxides 

2,by their oxidation to sulfones 3,had a little effect on the CC bond lengths 

and/ quotient in E isomers, and almost no effect in Z isomers (Table 1). 

An inspection of electron occupancy of CC orbital shows that it still 

receives electron density, even though the Don group has been transformed 

into the Acc group, SO2. This observation prompted us to carefully examine 

energies associated with donor-acceptor interactions. As the data in Table 1. 

show, their is an electron donation from the acceptor group into the -

electron system of the CC double bond, more pronounced in Z than in E 

sulfones.  

Table 1.Occupation numbers of  and * orbitals of the C=C double bond, 

their quotient (*/), C=C double bond length (Å) and energies of donor-

acceptor interactions (kcal/mol) in compounds 1-3 (a: R = CH2CO2Et; b: R 

= Ph; c: R = Et). 

     * */ dC=C 

nS 

C

C 

CC

CO 

CO

CC 

 

 

E-1a 1.904 0.156 0.082 1.341 23.0 18.4 3.5 

E-1b 1.901 0.164 0.086 1.341 22.2 18.6 3.4 

E-1c 1.900 0.171 0.090 1.342 25.3 19.0 3.4 

         

 

Z-1a 1.898 0.182 0.096 1.346 26.2 19.4 4.0 

Z-1b 1.900 0.193 0.102 1.347 26.4 19.1 4.1 

Z-1c 1.899 0.198 0.104 1.348 28.4 19.1 4.1 

         

 

E-2a 1.916 0.078 0.040 1.330 3.0 15.4 3.9 

E-2b 1.914 0.077 0.040 1.329 3.2 15.8 3.8 

E-2c 1.915 0.082 0.043 1.330 3.2 15.8 3.9 

         

 

Z-2a 1.912 0.069 0.036 1.334 2.1 16.4 4.0 

Z-2b 1.910 0.071 0.037 1.333 1.3 16.4 4.0 

Z-2c 1.911 0.073 0.038 1.335 2.2 16.9 4.0 

         

 

E-3a 1.916 0.044 0.023 1.328 / 14.0 4.1 

E-3b 1.912 0.049 0.026 1.328 / 14.7 4.0 

E-3c 1.916 0.043 0.023 1.328 / 14.4 4.0 

         

 

Z-3a 1.926 0.064 0.033 1.332 / 13.5 4.9 

Z-3b 1.924 0.062 0.032 1.332 / 13.6 4.7 

Z-3c 1.925 0.064 0.033 1.332 / 13.6 4.8 
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Also, the CC orbital donates its electron density not only to CO, but also 

to 
SO, more so in Z ( 4.5 kcal/mol) than in E isomers ( 2.3 kcal/mol, 

not shown in the table). As a consequence, there is a little, or almost no 

change of / values and CC bond lengths upon going from 2 to 3. Further 

examination of donor-acceptor interactions showed that the backward -

electron flow from Acc to the CC double bond contributes to the push-pull 

effect in push-pull systems 1 and 2, as well.  

The remote substituent, RS, shows a slight influnce on the extent of the 

DonCCAcc interactions only in sulfides 1, the push-pull activity 

decreasing in the order Et  Ph  CH2CO2Et. 

 

CONCLUSION 

A theoretical study of the -electron delocalization in the title compounds 

has revealed that, in addition to one-directional Don  Acc electron flow 

via the CC bond, classically associated to push-pull systems, there exists 

the backward Acc  CC bond -electron donation, contributing to the 

push-pull effect in sulfides and sulfoxides.The same was found for sulfones, 

which represent Acc-C=C-Acc system. 
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ABSTRACT 

Sideridiol (ent-7α,18β-dihidroksikaur-15-en) one of the ent-kaurene 

diterpenoid, is isolated from the genus Sideritis L. belongs to the family of 

Lamiaceae. The vibrational frequencies of sideridiol in the ground state 

have been calculated using the Density Functional Theory (DFT) method 

with the 6-31G(d) and 6 31+G(d,p) basis sets. The calculated vibrational 

frequencies have been compared with that of obtained experimental IR 

spectrum. 

 

INTRODUCTION 

As a member of the Lamiaceae plant family the Sideritis genus is 

represented by about 150 species in the world [1]. The therapeutic use of 

Sideritis species is mentioned firstly Dioscorides book written in the 1st 

century; "Da Materia Medica"[2].This genus widely used in the treatment of 

gastrointestinal disorders, cough, the common cold and as a diuretic, and are 

commonly used as an herbal tea in folk medicine in Turkey [3]. The 

chemical components found in Sideritis genus include terpenes, flavonoids, 

iridoids, coumarins, lignanes and sterols, among others. Diterpenes and 

flavonoids occur in almost every species and are the main compounds 

responsible for the observed in vivo and in vitro pharmacological activities 

[2]. Sideridiol (1) is an ent-kaurene diterpene, the most frequently found in 

Sideritis species. It has the antifeedant [4], antioxidant, anticholinesterase 

[5], antibacterial and antifungal activity [6]. 

mailto:tkilic@balikesir.edu.tr
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Figure 1.Structure and atom numbering scheme of sideridiol. 

 

EXPERIMENTAL 

Sideridiol having the ent-kaurene skeleton can be isolated from different 

species of Sideritis such as S. akmanii, S. argyrea, S. condensata, S. 

congesta, S. dichotoma, S. erythrantha, S. huber-morathii, S. libanotica, S. 

perfoliata, S. sipylea, S. stricta and S. trojana [7]. Infrared spectrum was 

obtained using a PerkinElmer Spectrum Version 10.02.00. The molecular 

structure of the title molecule in the ground state (in vacuo) was optimized 

using Density Functional Theory (DFT) with the 6-31G(d) and 6-31+G(d,p) 

basis sets. All of the calculations reported in this study have been performed 

using the Gaussian 09 code [8]. 

 

RESULTS AND DISCUSSION 

We have calculated the theoretical vibrational spectra of sideridiol using 

B3LYP and X3LYP levels with 6-31G(d) and 6-31+G(d,p) basis sets. 

Theoretical and experimental results of title compound are shown in Table 

1. The vibrational analysis of sideridiol is performed on the basis of the 

characteristic vibrations of methyl groups, OH groups and C=C group. The 

symmetric C=C stretching frequencies observed at 1656 cm-1 are 

theoretically predicted at between 1705 cm-1 and 1726 cm-1. The free OH 

group in the region 3700-3580 cm-1, whereas the existence of intermolecular 

hydrogen bond formation can lower the O-H stretching frequency to the 

3550-3200 cm-1 region with increase in intensity and broadness [9]. The OH 

vibration is observed to 3759 and 3864 cm-1 in experimental IR 

spektrum.This bands calculated 3710-3854 cm-1. Methyl vibrations are 

generally occur in the range (2900–3000) cm-1. The bands observed in the 

range (3013–3160) cm-1 using DFT are assigned to asymmetrical strectching 

methyl vibrations. The correlation values are found to be 0,9966 and 0,9966 

for B3LYP and X3LYP with the 6- 31G(d) basis set and 0,9986 and 0,9987 

for B3LYP and X3LYP with 6-31+G(d,p) respectively. So that X3LYP 

level with 6-31+G(d,p) basis set is the best method. 
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Table 1. Selected experimental and theoretical vibrational wavenumbers of Sideridiol 

Exp. 
B3LYP/6-

31G(d) 

B3LYP/6-

31+G(d,p) 

X3LYP/6-

31G(d) 

X3LYP/6-

31+G(d,p) 

Approximate 

description 

 390,46 339,03 393,9 351,18 O-H rocking (C7) 

 347,76 333,17 349,23 334,70 O-H rocking (C18) 

 870,95 850,17 873,21 865,20 H-C=C rocking 

 990,07 979,99 992,50 982,30 H2C-OH rocking 

 
1012,14 

1030,91 

1001,22 

1020,11 

1014,69 

1033,00 

1022,23 

1043,62 
C=C-CH3 rocking 

 1075,80 1058,33 1079,73 1062,37 
C-O symmetrical 

strectching (C18) 

 1102,08 1088,45 959,90 1092,36 
C-O symmetrical 

strectching (C7) 

 1286,95 1192,04 1289,54 1135,91 H-C=C rocking 

1357,34 1314,24 1302,07 1317,01 1304,62 CH2-OH twisting (C18) 

1381,58 
1389,43 

1398,85 

1371,73 

1380,65 

1384,46 

1392,08 

1366,66 

1374,29 
H-C-OH rocking (C7) 

1441,81 1440,86 1415,90 1442,58 1417,88 C=C-CH3wagging 

 1448,03 1426,76 1450,51 1429,41 CH3 wagging 

 1463,76 1437,87 1466,20 1440,02 CH2-OH wagging 

 

1508,62 

1518,24 

1519,97 

1482,45 

1489,91 

1490,89 

1510,09 

1519,78 

1520,64 

1483,64 

1491,23 

1492,21 

C=C-CH3 scissoring 

 1528,21 1503,46 1533,68 1504,86 CH2 scissoring 

 1551,06 1521,22 1552,86 1526,64 CH2-OH scissoring (C18) 

 1555,52 1531,56 1556,92 1532,89 CH3 scissoring 

1656,35 1720,92 1705,59 1726,48 1710,74 
C=C symmetrical 

strectching 

 2986,87 2991,24 2992,43 2996,12 
H-C-OH symmetrical 

strectching (C7) 

 3001 3001,79 3006,48 3006,44 
H2C-OH symmetrical 

strectching (C18) 

2944,78 3022,41 3013,76 3027,39 3017,86 
C=C-CH3 symmetrical 

strectching 

2994,42 3032,31 3038,36 3038,03 3043,20 
CH2-OH (C-18) 

asymmetrical strectching 

 3088,68 3081,03 3093,35 3051,90 
CH2 (C6) asymmetrical 

strectching 

3055,99 3116,22 3108,46 3121,54 3112,78 
C=C-CH3asymmetrical 

strectching 

 3155,83 3136,45 3160,43 3128,34 
CH3 asymmetrical 

strectching 

 3219,74 3212,96 3224,24 3216,57 
H-C=C symmetrical 

strectching 

3759,45 3710,84 3793,49 3716,64 3799,31 
O-H symmetrical 

strectching (C7) 

3864,01 3759,52 3845,38 3768,04 3854,34 
O-H symmetrical 

strectching (C18) 
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CONCLUSION 

In this study, we have calculated the geometric parameters and vibrational 

frequencies of sideridiol by using DFT (B3LYP and X3LYP) methods with 6-

31G(d) and 6-31+G(d,p) basis sets. The theoretical vibrational analysis of 

sideridiol has also been performed for the first time. The calculated vibrational 

frequencies have been compared with that obtained from the experimental IR 

spectrum. As a result, experimental fundamentals are found to have slightly a 

better correlation for X3LYP level with 6 31+G(d,p) basis set than others.  
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ABSTRACT 

The molecular geometry and gauge including atomic orbital (GIAO) 1H and 
13C NMR chemical shift values of sideroxol have been calculated using the 

Hartree–Fock (HF) and Density Functional Theory (DFT) methods with the 

6-31G(d) and 6-31+G(d,p) basis sets, and compared with the experimental 

data.The optimized geometrical parameters obtained by theoretical 

calculations are in good conformity with XRD data. Also 1H and 13C NMR 

chemical shifts of sideroxol were compared with experimental values, which 

yield good agreement between the observed and calculated values. 

 

INTRODUCTION 

Sideroxol (ent-7α,18-dihidroksi-15β,16β-epoksikauran), one of the ent-

kaurene diterpenoid, is isolated from the genus Sideritis L. belongs to the 

family of Lamiaceae (Labiatae) [1]. Sideritis species are widely distributed 

in Turkey with 44species (55 taxa)mainly in Marmara and Aegean regions. 

They are widespread used against gastrointestinal disorders, such as 

stomache ache, indigestion and flatulence, to alleviate the symptoms of 

common colds including fever, flu, sore throat and bronchitis as well as a 

tonic and diuretic remedy [2]. Sideroxol (Fig.1) is an important compound 

that has the antifeedant [3], antioxidant, anticholinesterase [4], antibacterial 

and antifungal activity [5]. 
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Figure 1. Structure and atom numbering scheme of sideroxol.  

 

The effects of the structural features on the physico-chemical properties 

and on the bioactivity of these compounds were investigated in numerous 

experimental and theoretical studies. Density Functional Theory (DFT), 

have become the dominant computational tools for dealing with organic 

molecules, isolated from plants. NMR spectroscopy constitutes an 

extremely useful tool for the determination of molecular electronic structure 

and structural information [6]. 

 

EXPERIMENTAL 

Sideroxol having the ent-kaurene skeleton can be isolated from different 

species of Sideritis such as S. arguta, S. leptoclada, S. akmanii, S. 

gulendami, S. condensata, S. rubiflora, S. congesta, S. dichotoma,S. ozturkii 

and S. stricta [7]. All the calculations are performed by using GAUSSIAN 

09W program [8]. The geometry data of title molecule was taken from X-

ray structure [9]. The molecular structure of the title molecule was 

optimized using Hartree-Fock (HF) and Density Functional Theory (DFT) 

with the 6-31G(d) and 6-31+G(d,p) basis sets. 

 

RESULTS AND DISCUSSION 

The optimized geometric parameters (bond length and angles) by DFT and 

HF methots with 6-31G (d) and 6-31+G(d,p) basis sets are listed in Table 

1and compared with the experimental crystal geometry for the title 

compound (C20H32O3).For instance, the correlation coefficient values (R2) 

between experimental and theoretical bond lengths are found to be 0.9648, 

0.9649, 0.9545, 0.9558, 0.9586 and 0.9588 for B3LYP, HF, M05 levels with 

6-31+G(d,p) and 6-31G(d) basis sets respectively. It can be deduced that the 

B3LYP level with 6-31G(d) basis set is the best method. After the 

optimization of the title compound, 1H and 13C NMR chemical shifts were 

calculated. Sideroxol shows 20 different carbon atoms, which is consistent 

with the structure of the molecule. 
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Table 1. Experimental and Optimized structural parameters of Sideroxol. 

Bond lengths (Å) Exp. 
HF/6-

31G(d) 

HF/6-

31+G(d,

p) 

B3LYP/

6-

31G(d) 

B3LYP/

6-

31+G(d,

p) 

M05/6-

31G(d) 

M05/6-

31+G(d,

p) 

        

O18-C18 1.428 1.409 1.410 1.432 1.436 1.418 1.422 

O7-C7 1.465 1.413 1.414 1.435 1.439 1.422 1.426 

O-C15 1.467 1.412 1.414 1.442 1.446 1.419 1.422 

O-C16 1.467 1.414 1.415 1.448 1.450 1.425 1.426 

C15-C16 1.478 1.450 1.451 1.469 1.470 1.458 1.459 

O18-H 0.988 0.947 0.942 0.969 0.965 0.963 0.959 

O7-H 0.958 0.948 0.944 0.972 0.968 0.966 0.962 

C18-H18a 0.940 1.086 1.086 1.100 1.099 1.099 1.098 

C18-H18b 0.976 1.088 1.088 1.101 1.099 1.099 1.098 

Bond angles (o)        

C18-O18-H 117.25 109.39 110.16 107.85 108.91 107.87 109.02 

C7-O7-H 119.54 110.20 110.91 108.39 109.40 108.56 109.64 

H18a-C18-O18 110.43 109.77 109.57 110.09 109.62 110.13 109.65 

H18b-C18-O18 108.95 109.97 109.84 110.24 110.04 110.28 110.05 

H7-C7-O7 109.34 108.47 108.31 108.28 108.03 108.46 108.11 

C15-O-C16 60.47 61.73 61.72 61.11 61.02 61.70 61.63 

C16-C15-O 59.76 59.20 59.17 59.64 59.64 59.33 59.32 

C15-C16-O 59.77 59.06 59.10 59.24 59.34 58.97 59.04 

C17-C16-O 115.06 115.29 115.28 115.36 15.36 115.72 115.71 

Dihedral angles 

(o) 

       

C19-C4-C18-

O18 

-179.82 -168.09 -180.64 -167.19 -168.14 -167.68 -168.32 

C8-C7-O7-H -174.53 -149.59 -152.50 -140.40 -145.79 -143.70 -147.12 

C6-C7-O7-H -61.58 -27.27 -29.96 -18.06 -23.13 -21.23 -24.32 

C14-C8-C15-O 37.82 38.62 38.61 38.60 38.67 38.26  38.28 

C14-C13-C16-O -37.57 -36.42 -36.49 -36.64 -36.86 -36.00 -36.19 

C17-C16-C15-O 100.93 100.59 100.56 100.86 100.83 101.19 101.12 

C8-C15-C16-C17 -153.87 -152.72 -152.79 -151.67 -151.71 -151.26 -151.34 

C4-C18-O18-H -177.46 -166.01 -163.82 -168.20 -164.09 -167.04 -163.83 

 

 

Experimental 13C NMR spectrum peaks which appear at 71.31 and 71.23 

ppm belong to the (C7) and (C18), theirs computed values are in the range 

of 60.37–64.22 and 60.08–63.3 ppm repectively. Also 1H NMR spectrum 

provides information about the number of different types of protons. The 1H 

NMR chemical shift values (with respect to TMS) have been calculated to 

be -0.35–3.75 ppm with HF level, -0.21–4.25 ppm with B3LYP level, -0.5–

4.19 ppm with the M05 level. Meanwhile, the O-H signal was obtained as 

0.14–1.18 (C7) and -0.5–0.45 (C18) ppm theoretically. The H7 signals was 

observed as 4.79 ppm, this signal was computed as 3.28–3.70 ppm by HF 

and DFT theories with the 6-31G (d) basis set, and 3.74–4.25 ppm with the 

6-31+G(d,p) basis set. B3LYP level with 6-31G(d) basis set is the best 
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method for 13C and 1H NMR. The correlation values for proton and carbon 

chemical shifts are 0.9726 and 0.9759 with B3LYP/6-31G(d). 

 

CONCLUSION 

In this study, we have calculated the geometric parameters and chemical 

shifts of ent-kaurane diterpenoid Sideroxol (Fig. 1) by using DFT and HF 

methods with 6-31G(d) and 6-31+G(d,p) basis sets. In general, all bond 

lengths and bond angles computed herein show good agreement with 

experimental findings. As a result, calculated bond lengths and angels at 

B3LYP/6-31G(d) method show much better agreement than other methods. 

Moreover, 1H and 13C NMR chemical shifts have been compared with 

experimental values. The experimental chemical shift values of all the 

carbon and hydrogen atoms are in good agreement with the theoretical 

values. In particular the computational results at the B3LYP/6-31G(d) 

method have shown better fit to experimental predictions than others in 

evaluating 1H NMR and 13C NMR chemical shifts. 

 

Acknowledgement  

This work was partially supported by TUBITAK (Grant no. 105T430 and 

Grant no. 113Z710). 

 

REFERENCES 
[1]  S. Çarıkçı, T. Kılıç, A. Azizoğlu and G. Topçu, Rec. Nat. Prod., 2012, 6, 

101-109 

[2]  S. Çıtak, Z. Özer Sağır, S. Çarıkçı, T. Kılıç and A. Azizoğlu,Rev. Roum. 

Chim., 2014, 59, 227-234. 

[3]  M.L. Bondi, M. Bruno, F. Piozzi, K. Husnu Can Baser, M. S.J. 

Simmonds, Biochemical Systematics and Ecology, 2000, 28, 299-303. 

[4]  G. Topçu, A. Ertas, , M. ضztürk, D. Dinçel, T. Kiliç, , B. Halfon, 

Phytochemistry Letters, 2011, 4, 436–439.  

[5]  T. Kilic, Molecules, 2006, 11, 257-262. 

[6]  C.B. Yıldız, Z. Ozer Sagır, T. Kılıc and A. Azızoglu, Studia Ubb 

Chemia, Lix, 2014, 2, 17-32. 

[7]  B.M. Fraga, Phytochemistry, 2012, 76, 7–24. 

[8]  Gaussian 09. Revision A02, Gaussian, Inc., Pittsburgh. 

[9]  T. Kiliç, Y.K. Yildiz, G. Topçu, A.C. G  ِ ren, M. Ay, S.G. Bodige, W.H. 

Watson, J. Chem. Crystallogr, 2005, 35, 647–650. 

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   B-11-P 

 

 95 

SLOW AND LOW YIELD N-ALKYLATION OF 3-(2-

PHENYLHYDRAZONO)INDOLIN-2-ONE, COMPARED 

TO THAT OF 1H-INDOLE-2,3-DIONE; REASONS BY 

THEORETICAL INVESTIGATION 
 

A. R.Nekoei 

 

Department of Chemistry, Shiraz University of Technology, Shiraz, 71555-

313, Iran (nekoei@sutech.ac.ir) 

  

ABSTRACT 

Synthetic strategies of an important derivative of isatin’sSchiff bases, which 

have been reported to possess important pharmaceutical activities, are 

focused in the present study. Although the nitrogen atom in isatin molecule 

is experimentally known as a strong nucleophile, it has been shown that this 

character vanishes in itsphenylhydrazono derivative reactions. According to 

our DFT and NBO investigation, turning a lone pair of atom N to a π-bond 

in the anion of phenylhydrazono derivative of isatin is the main reason for 

its slow and low yield N-alkylation. 

 

INTRODUCTION 

Isatin (1H-indole-2,3-dione) is an endogenous heterocyclic molecule which 

has significant properties and also presents in tissues of mammalians such as 

human [1-3]. Possessing a wide range of biological activities leads to the 

publication of numerous articles and books about isatin and its derivatives, 

especially its Schiff bases. Some of these activities are antifungal, 

antibacterial, antiviral, antiallergic and anticonvulsant activities [4-9]. They 

have also been frequently used as precursors for the manufacture of other 

heterocyclic compounds [10]. Furthermore, isatin and its derivatives are 

employed as initiator for synthesis of some pharmaceutical compounds. 

 

 

Figure 1. Different reaction sites of isatin(CE: carbon electrophile) and its 

atom numbering scheme 
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According to the experimental observation[10, 11], as shown in Fig. 1, 

isatin mainly reacts at three sites, including electrophilic aromatic 

substitution at C5, N-alkylation at N1, and carbonyl reaction at C3. 

According to the experiment [12], as it is apparent in Scheme 1, two 

procedures have been proposed for synthesis of 3-(2-phenylhydrazono)-1-

((2-bromoethoxy) methyl) indolin-2-one (compound F,an important 

derivative of isatin in pharmaceutical chemistry) from isatin (compound I). 

 

 

 

Scheme 1. Proposed reaction pathways for synthesis  

of compound F from isatin 

 

The first pathway (a) is the direct condensation of isatin in the presence 

of base Et3N with2-bromoethoxymethyl chloride (RX as electrophile for N-

alkylation) that gave acyclic nucleoside 1-((2-bromoethoxy)methyl) 

indoline-2,3-dione (compound R). To convert the compound R to its 

phenylhydrazone analogue (F), phenylhydrazine solution in EtOH is 

subsequently used [12]. 

The second pathway (b) to obtain compound Fis direct condensation of 

compound B (3-(2-phenylhydrazono) indolin-2-one, PHIO), which have 

been obtained from reaction between I and phenylhydrazine solution in 

EtOH, with 2-bromoethoxymethyl chloride [12]; but it gave very poor yield 

of F [12]. Since the RX used is very strong electrophile, which even reacts 

with water vapor of breath out, reason of the poor yield of this reaction 

could be of interest and are discussed in this paper.It is noteworthy that 

some previous studies suggest this could be attributed to the formation of 

intramolecular hydrogen bonding in the lactim form of compound B (see 

Fig. 2), in which there is no adjacent H atom to the atom N1, and so the 

nucleophilic power of N1 diminishes [12]. 
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Figure 2. Possible lactim forms for compound B and its intramolecular 

hydrogen bond 

 

METHODOLOGY 

All computations in the present work have been carried out using Gaussian 

09 software package at B3LYP level of DFT quantum mechanical method 

with 6-31G(d,p), 6-311G(d,p) and 6-311++G(d,p) basis sets. Also, GenNBO 

5.0 and GaussView 5.0programs have been employed for natural bond 

orbital (NBO) and structural analysis at the same method and basis sets. 

 

RESULTS AND DISCUSSION 

All five possible tautomeric classesof PHIO (each have several conformers) 

and three tautomeric forms ofisatin have been fully analysed for 

conformational search and computational relative stabilities. According to 

the results at all used DFT levels, the presence of lactim tautomers of I and 

B(in which the atom H1 is not bonded to N1, with relative energies for their 

most stable conformations of about 14 and 18 kcal/mol, respectively)is 

improbable at room temperature. Therefore the H1 engaged in IHB as the 

reason for vanishing the nucleophilic character of N1 was rejected.  

Based on the NBO analyses, reactants I and B show no remarkable 

differences in orbital hybridization, occupancy and interaction, Wiberg bond 

orders, and natural charges at N1. Therefore, because we are sure from 

experimental observation that the N-alkylation of I and Bin the presence of 

baseis quite different in speed and yield, in the next step, we assumed a two-

step reaction in whichI and Bfirst convert to their anion analogues as 

nucleophiles for reaction with RX. Therefore we performed optimization 

and NBO analyses for I and B anions, and their results have been compared 

with each other and also with their neuter forms.The most interesting result, 

which was not predictable from the molecular structure, is thatI− has two 

free electron lone pairson N1, first in sp1.83 hybridized orbital with 

occupancy of 1.93, second in pure p orbital with occupancy of 1.4, while 

there is just one lone pair in sp1.90 hybridized orbital in B− with occupancy 

of 1.93.More investigation showed that second lone pair turns to a π-bond in 

B−, which could be the main reason of diminishing nucleophilic character of 

N1 in this anion. Also, natural atomic charge analyses showed that the most 
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negative site of B−is the oxygen atom of C2=Ocarbonyl group with charge 

of -0.725, while inI−, N1 atom with charge of -0.679 is the most negative 

site. This result also confirms the mentioned reason for the questioned 

observation. Donor-acceptor orbital interactions, evaluated by second order 

perturbation theory, also confirm the mentioned conclusion.  

Also, since the two-stepreaction reasonably explains the experimental 

observation, while one-step reaction leads to no acceptable answer for the 

problem, we suggest that this N-alkylation is a two-stepreaction. 

 

CONCLUSION 

The main reason for slow and low yield N-alkylation of phenylhydrazono 

derivative of isatin, using RX as electrophilein the present of base, is 

attributed to the N1nucleophilic character vanishing, due to turning of 

anelectron lone pair of atom N1 to a π-bond in the anion of the compound 

formed in a two-step reaction in the presence of the base. 
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ABSTRACT 

An efficient and chemo selective synthesis of highly functionalized δ-

dienaminoester and N,N-bis(-enaminoester) is achieved under neutral and 

basic conditions, starting from benzylamine and ethyl propiolate. The origin 

of chemo selectivity of the Michael-type addition of intermediate -

enaminoester to ethyl propiolate is investigated using DFT study. 

 

INTRODUCTION 

The addition of amines to electron deficient acetylenes has been the subject of 

a number of studies since the sixties of the last century.[1] This aza-Michael-

type reactionis one of the most suitable and most commonly used methods for 

obtaining the special type of enamines having electron-withdrawing group on 

the other terminus of C=C bond - -enaminones. This type of compounds also 

belong to the group of the so-called push-pull olefins, which contain one or 

two electron-donor groups at one end and one or two electron-acceptor 

groups at the other end of the double bond.[2] Due to electronic interactions 

between donor and acceptor groups, across the central C=C double bond, it 

becomes polarized with a partial single bond character affecting its bond 

order, bond length and energy of rotation (Figure 1.).  

 
Figure 1. Resonance structures of enaminones. 

A direct consequence of this electronic structure is specific chemical 

behavior: these compounds have interesting amphiphilic reactivity, that is 

the double bond possesses both nucleophilic and electrophilic sites 
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(structures Band D, Figure 1.) However, it should be noted that their 

nucleophilicity is lower than that for conventional enamines and 

electrophilicity is smaller than for classical Michael’s acceptors bearing 

only electron-withdrawing groups. Enamin ones are versatile building 

blocks and have a wide range of synthetic applications, such as in the 

preparations of heterocyles, including alcaloids, - and -amino acids, 

peptides, and other synthetically relevant compounds.[3] Our study of the 

reaction of -amino acrilates with excess of ethyl propiolate gave us new 

insight into the reactivity of these compounds. 

 

RESULTS AND DISCUSSION 

It is well known that the addition of propiolate to either primary or secondary 

amines in the cold generaly results in the formation of -enaminoester 1 (Figure 

2). However, heating a primary amine with excess of propiolate results in the 

formation of δ-dienaminoesteres 2, evidently by C-alkylation of initially 

formed enamino ester 1.[4] There are several nucleophilic centers in enamino 

esters 1, including the -carbon atom, the oxygen atom, and the amino group. 

Compounds of structure 2 has recently been used as substrates for further 

cyclizations to 1,2-dihidropyridines, 1,4-dihidropyridines, 2-pyridinones, 

pyrolles.[5] Herein we report that complementary chemoselectivity of 

enaminones with the amino group as a nuclephilic center can be achieved. In 

the presence of a base, such as triethyl amine, potassium tert-butoxide and 

cesium carbonate, a primary amine, i.e. benzyl amine, reacts with excess of 

ethyl propiolate producing exclusively N,N-disubstituted product 3 (R1=Bn, 

R2=Et)which was characterized on the basis of HRMS and 2D NMR 

techniques. After a series of screenings, Cs2CO3 was identified as the most 

efficient base for this reaction, in which desired product 3 (R1=Bn, R2=Et)was 

isolated in 74% yield, after a reaction time of 10 in refluxing CH3CN. 

 

Figure 2. -Enaminoester 1 and its alkylation products 2 and 3. 

The question to which we intend to give an answer is whether deprotonation 

of enamine moiety inverts the relative nucleophilicity of the two reactive 

centers. For this purpose, MO calculations were done. 
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Figure 3. Frontier molecular orbitals of enamino ester 1(R1=Bn, R2=H, R3=Et), 

deprotonated 1(-), ethyl propiolate and orbital coefficients of the most reactive 

centers. 

Unlike the case of the neutral 1 (R1=Bn, R2=H, R3=Et),the HOMO-LUMO 

interaction for deprotonated enamino ester 1(-) andethyl propiolate becomes 

exothermic and C orbital coefficient of 1(-) is greater than that of nitrogen 

(Figure 3). Condensed Fukui indices were used in order to assess which 

atoms have the highest nucleophilic and electrophilic character. Figure 4 

shows the highest Fukui indices for atoms in compound 1 (R1=Bn, R2=H, 

R3=Et) (nucleophilic f-), deprotenated structure 1(-) (nucleophilic f-)and 

ethyl propiolate (electrophilic f+). Fukui functions are calculated as the 

change in the gross orbital population for each atom in the original electron 

density and the population of that same atom when the total electron count 

has increased, f +,(or decreased, f −) by one unit.  

 

Figure 4. Highest atomic Fukui indices of compounds 1(R1=Bn, R2=H, R3=Et), 

1(-) and ethyl propiolate calculated at the B3LYP/6-311++G(2d,2p)//B3LYP 6-

31+G(d,p) level using Natural Population Analysis. 

 

Deprotonation leads to an increase in reactivity indices of C and nitrogen in 

almost identical amount. Thus, nitrogen remained almost twice reactive than 

carbon, which is not consistent with exclusive formation of C-alkylated product 2 

(R1=Bn, R2=H, R3=Et), under neutral conditions. Thus, the most probable 

explanation is that, under neutral conditions the thermodynamically more stable 
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product 2 is formed, while under basic conditions a kinetic control favours 3 

(R1=Bn, R2=Et), by alkylation at the most nucleophilic site. As Figure 5 shows, 

among the two regioisomers, 2 is more stable than 3, more probablydue to the 

higher electronic delocalization, which can be seen from the /occupation 

quotient of the C=C double bonds in 1-3.  

 
Figure 5. Relative free energies and C=C double bond occupation quotient / 

calculated at the B3LYP/6-311++G(d,p)//B3LYP 6-31G(d) level using NBO 

Analysis. 

 

CONCLUSION 

With the aid of quantum chemical calculations, the origin of chemo 

selectivity in the reaction of enamino ester 1 (R1=Bn, R2=H, R3=Et)with 

ethyl propiolate, under neutral and basic conditions, was shown to arise 

from thermodynamic vs. kinetic control, respectively. 

 

Acknowledgments 

This work was supported by Ministry of Education, Science and 

Technological Development of Republic of , project No. 172020. 

 

REFERENCES 

[1]  C. H. McMullen, C. J. M. Stirling, J. Chem. Soc. B 1966, 1217; (b) E. 

Winterfeldt, H. Preuss, Chem. Ber. 1966, 99, 450; (c) R. Huisgen, K. 

Herbig, A. Siegl, H. Huber, Chem. Ber. 1966, 99, 2526 

[2]  E. Kleinpeter, J. Serb. Chem. Soc., 2006, 71, 1 

[3]  for reviews see: B. Stanovnik, J. Svete, Chem. Rev. 2004, 104, 2433; A.-

Z. A. Elassar, A. A. El-Khair, Tetrahedron 2003, 59, 8463; P. Lue, J. V. 

Greenhill Adv. Heterocycl. Chem. 1996, 67, 207  

[4]  (a) W. Bottomley, Tetrahedron Lett. 1967, 8, 1997; (b) W. Bottomley, J. 

N. Philips, J. G. Wilson, Tetrahedron Lett. 1967, 8, 2957; (c) M. A. 

Khan, H. Adams, Tetrahedron Lett. 1999, 40, 5389 

[5]  (a) C. Challa, M. John, R. S. Lankalapalli, Tetrahedron lett. 2013, 54, 

3810; (b) T. Sirijindalert, K. Hansuthirakul, P. Rashatasakhon, M. 

Sukwattanasinitt, A. Ajavakon, Tetrahedron 2010, 66, 5161; (c) J. 

Adams, A. Hardin, F. Vounatsos, J. Org. Chem. 2006, 71, 9895; (d) C. 

Agami, L. Dechoux, S. Hebbe, Synlett 2001, 1440. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   B-13-P 

 

 103 

CONFORMATIONAL ANALYSIS AND PUSH-PULL 

EFFECT OF DIETHYL 4-

((PHENYLAMINO)METHYLENE)PENT-2-ENEDIOATE 
 

J. Aleksić1, M. Stojanović 1, Z. Džambaski1 and M. Baranac-Stojanović 2  

 
1 University of Belgrade, ICTM-Center for Chemistry, Njegoševa 12, 11000 

Belgrade, Serbia(jovanat@chem.bg.ac.rs) 
2 University of Belgrade, Faculty of Chemistry, Studentski trg 12-16, 11000 

Belgrade, Serbia 

  

ABSTRACT 

Experimental and theoretical studies showed that the title compound exists 

as an equilibrium of four conformers in chloroform solution, all having the 

E and Z configuration around the C2C3 and C4C4 double bonds, 

respectively, and the s-cis conformation in the ,-unsaturated C4C5 ester 

moiety. The most populated conformer also attains the s-cis arrangement in 

the other ,-unsaturated C1C2 ester fragment and s-trans conformationin 

the conjugated diene part. The strength of the push-pull effect of the C4C4 

double bond exceeds that of the C2C3 double bond. 

 

INTRODUCTION 

Conjugated dienes and their derivatives are widely spread structural motifs 

that are present in a great number of natural products and pharmaceuticals. 

Due to the unique reactivity of conjugated  bonds, they are also versatile 

precursors for the synthesis of biologically and industrially important 

compounds. The highly functionalized conjugated dienes of the type 1, 

however, are rarely mentioned in the literature and data on their physical and 

chemical behaviour are rather scarce [1,2]. Owing to the presence of electron-

donor(s) at one end of the double bond and electron-acceptor(s) at the other, 1 

also belongs to the class of the so-called push-pull alkenes/polyenes [3], 

which are highly polarized molecules due to the charge delocalization, as 

represented by the dipolar resonance structures 1-A and 1-B.  

In just a few reports, conjugated push-pull dienes 2 were obtained by the 

one-pot sequential reaction of a primary amine with ethyl propiolate 

[2,4,5].No data on their conformational behaviour, nor on the strength of 

their push-pull effect are currently available. For this reason, we have 

carried out a systematic experimental and theoretical conformational 

analysis of compound 3, which we synthesized by the highly regioselective 

reaction of aniline with ethyl propiolate[6]. We have also quantified the 
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push-pull effect of the two double bonds by means of the / occupation 

quotient [3], based on NBO method [7], and chemical shift difference of the 

two olefinic carbon atoms [3]. 

 

EXPERIMENTAL 

The NMR spectra of compound 3 wer erecorded on a Bruker Ultrashield 

Advance III (1H at 500.26 MHz, 13C at 125.79 MHz) in CDCl3 as a solvent. 

Computational studies were done at the B3LYP/6-31G(d,p) level [8,9]. All 

optimized structures were characterized as minima by the absence of 

imaginary frequencies. The NMR chemical shifts were computed by using 

the GIAO method [10]. Solvent effects were included by using the IEFPCM 

model, solvent chloroform [11]. All calculations were done by using the 

Gaussian 09 program package [12].  

 

RESULTS AND DISCUSSION 

The title compound 3 possesses six degrees of 

configurational/conformational flexibility, each having two stereoisomeric 

arrangements. This leads to 64 possible conformations (excluding 

conformational variations around the CO ester bond, which is known to 

attain Z conformation). These could be reduced to only four (Figure 1.), on 

the basis of 1D and 2D NMR spectral data. The most diagnostic ones were 

the following: 1) The low-field signal of the NH at 10.76 ppm indicating an 

intramolecular hydrogen bonding, that is the Z configuration around the 

C4C4 double bond and a favourable hydrogen-bonded s-cis conformation 

around the C4C5 single bond, 2) the high value of 3JH2H3  15.5 Hz, which 

is consistent with the E stereochemistry around the C2C3 double bond, and 

3) the NOE couplings between the H3 and H4, and somewhat less intensive 

between the H2 and H4, indicating the presence of both s-cis and s-trans 

arrangements around the C3C4 single bond. What had left unknown was 

the conformation around the C1C2 single bond and mole fractions of the 

four conformers. Thus, the structures 3a-d were optimized at the B3LYP/6-
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31G(d,p) level, in the gas phase, followed by their re-optimizations in 

chloroform. Frequency calculations provided Gibbs free energies at 298 K, 

which were basis for an assessment of mole fractions of 3a-d, all given in 

Figure 1.  

 
Figure 1. The four conformations of 3, their calculated relative free energies 

(kcal/mol) and mole fractions (given in brackets). 

Table 1. lists experimental and calculated 13C NMR chemical shifts of the 

four olefinic carbon atoms, their difference and / values. There is an 

excellent agreement between experimental and calculated average chemical 

shifts, the latter based on the calculated mole fractions of conformers 3a-d. 

The highest deviation from experimental data is observed for the C2 atom 

and amounts 5.2 ppm (difference between experimental and calculated 

average value in the table). 

Table 1. Experimental and calculated (B3LYP/6-31G(d,p)) NMRchemical 

shifts of olefinic carbon atoms in CDCl3 (/ppm), their difference (/ppm) 

and occupation quotient /. 

 Structure   / 

 C2 C3 C4 C4 C2C3 C4C4 C2C3 C4C4 

exp.  112.6 143.9 100.1 149.3 31.3 49.2   

calc. 

3a 109.0 140.7 99.4 148.4 31.7 49.0 0.09 0.19 

3b 110.4 141.8 99.2 147.3 31.4 48.1 0.09 0.19 

3c 100.8 139.9 97.6 138.0 39.1 40.4 0.09 0.19 

3d 102.1 138.6 96.6 140.3 36.5 43.7 0.09 0.19 

ava 107.4 140.5 99.0 146.3 33.1 47.3   

a Based on calculated mole fractions of 3a-d. 
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The  and/ data reveal that the C4C4 double bond shows greater 

push-pull effect than the C2C3 double bond. This can be rationalized by 

considering the former as having one donor (NH) and two acceptor groups 

(CO2Et, CHCHCO2Et), and the latter one significantly weaker donor 

(NHCHCHCO2Et moiety), due to the NH/C3C2 separation and electron-

withdrawing ester group, and one acceptor group (CO2Et). 

 

CONCLUSION 

Combination of experimental and theoretical studies enabled us to analyze 

conformational behaviour of the title compound, which exists in equilibrium 

of four conformers, 3a being the most populated one (74%), followed by 3c 

(16%). The push-pull effect of the trisubstituted C4C4 double bond is 

stronger than that of the C2C3 double bond, the latter receiving 

considerably less electron density from the donor part, and losing less 

electron density owing to the presence of only one acceptor at its other end. 
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ABSTRACT 

In current study, a non-stoichiometric bromine-doped potassium K2Br+ and 

K3Br+ clusters are generated by combining a Knudsen effusion cell as a 

chemical reactor with thermal or surface ionization, and selected by a 

magnetic sector mass spectrometer. Furthermore, their ionization energies 

(IEs) are calculated for the first time using B3LYP/9-ve PP(K),cc-pVTZ-

PP(Br) level of theory. Herein, presented results indicate that experimentally 

obtained IEs by Ionov equation, 4.10 ± 0.20 eV for K2Br+, and 4.03 ± 0.20 

eV for K3Br+, are in consistence with their theoretically determined IEs. 

 

INTRODUCTION 

In the past decades, clusters, groups of constituents (atoms, molecules) 

connected with bounds of different strength, become increasingly attractive 

research field given that their formation and properties enable to investigate 

the gradual development of matter from the atom to the bulk. A clusters 

consisting of an alkali metal combined with more electronegative element 

exhibit unique physical and chemical phenomena, which are of both 

fundamental and technological significance. The very small bromine-doped 

potassium clusters violate stoichiometry based on the octet rule is the reason 

why such systems are called hyperpotassium or, more generally, 

hypervalent clusters. 

Experimentally, K2Br+ cluster was detected the in vapor of KBr salt, 

using the Knudsen effusion method in the temperature range from 700 K to 

890 K [1]. Further, this cluster was produced by electrospray ionization 

(ESI) [2]. The ionization energy (IE) of K2Br+ cluster was determined in our 
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previous experiments using a triple thermal or surface ionization source, 

confirming that this cluster belongs to the “superalkali” species, since its IE 

of 3.95 ± 0.1 eV is lower than the IE of K+ [3]. 

Given that there is lack of experimental and theoretical evidence for 

existence of K3Br+ cluster while K2Br+ was obtained by different source of 

ionization, current study was undertaken to theoretically and experimentally 

evaluate IE of these clusters using Ionov equation and different source of 

ionization, respectively. 

 

EXPERIMENTAL 

The experimental method has been previously described [4]. Briefly, the 

rhenium (Re) filament was placed in the centre of the Knudsen effusion 

cell’s base. The sample, KBr salt, was pressed as a ring and placed on the 

inner wall of the Knudsen effusion cell. The ions emitted from the surface of 

Re filament were extracted to a mass analyzer, a 12-inch radius, 90° 

magnetic sector. To determine IE of the clusters produced, the ion currents 

of KnBr+ (n = 2, 3) clusters were measured using K+ ion for calibration as a 

function of the Re filament temperature. Furthermore, the IE of the clusters 

were calculated by the Ionov equation: 

ln (I(K+)/I(cluster+))= (IE(cluster+)-IE(K+))/kT. 

Using 4.34 eV as the IE of K+, and the values of the slopes of the plots ln 

(I(K+)/I(cluster+))= 1/T by this equation, the IE of clusters were obtained. 

Theoretical calculations for the IE of K2Br+ and K3Br+ clusters were done 

on the CCSD(T)/9-ve PP(K),cc-pVTZ-PP(Br)//B3LYP/9-ve PP(K),cc-

pVTZ-PP(Br) level of theory. 

 

RESULTS AND DISCUSSION 

In this work K2Br+ and K3Br+ clusters were detected the in vapor of KBr 

salt, using the Knudsen effusion method in the temperature range from 1150 

to 1350 ˚K. The mass spectrum of the ionic beam KnBr (n=2 and 3) is 

presented in Figure 1. 

In order to determined of the IE the natural logarithm of the ion 

intensities for KnBr+ (n = 2, 3) are plotted in Figure 2 as a function of the 

inverse of Re filament temperature (1/T). 

The ground electronic state structures of the lowest isomers of the neutral 

and charged KnBr (n = 2, 3) clusters calculated at the B3LYP/9-ve 

PP(K),cc-pVTZ-PP(Br) level of theory is presented in Figure 2 [5], [6]. 
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Figure 1. The mass 

spectrum of KnBr+ (n = 2, 3) 

cluster ions. 

Figure 2. Plots of ln Ii
+ (Ii

+ - ion current of 

clusters) versus 1/T for (a) K2Br+ and (b) 

K3Br+ clusters. 

 

 

 

Figure 3. The ground 

electronic state structures 

of the lowest isomers of 

the neutral and charged 

KnBr (n = 2, 3) clusters 

calculated at the B3LYP/9-

ve PP(K),cc-pVTZ-PP(Br) 

level of theory. Bond 

lengths are in Å, angles in 

degrees. 
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As presented in Table 1, the experimentally obtained IE of KnBr+ and 

calculated IEs are in agreement within experimental uncertainties. 

Table 1. Experimentally obtained and ab initio calculated adiabatic (aIE) 

and vertical (vIE) ionization energies (in eV) of neutral K2Br+ and K3Br+ in 

the 2A1 and 1A1 ground electronic states, respectively. 

 

Species aIE vIE Exp. 

K2Br+ (C2v, 
2A1) 3.31 3.96 4.10 ± 0.20 

 

K3Br+ (C2v, 
1A1) 3.76 4.28 4.03 ± 0.20 

 

Since the IE of investigated clusters are lower than the IE of the 

potassium atom, the experimental setup presented in this paper provides a 

convenient way for generate “superalkali” clusters of the type KnBr+. 

 

CONCLUSION 
Being in accordance with theoretically obtained data for K2Br+ and K3Br+ 

clusters IE, the obtained experimental results showed that modified 

Knudsen effusion cell, a chemical reactor combined with thermal or surface 

ionization, is a suitable method for generation of investigated clusters. 
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ABSTRACT 

Density functional theory (WB97XD) quantum mechanical calculations 

elucidated the ring–opening reactions of germacyclopropylidenoids 

germaallenes via Doering–Moore–Skatteb  ِ l method. The ring–opening of 1 

to 3 can proceed in a stepwise fashion with the intermediacy of a free 

germacyclopropylidene (2). Here, a high–energy barrier needs to be 

overcome in order to open the germacyclopropylidene ring and to generate 

3. On the contrary, the ring–opening of 4 to 5 can occur in a concerted 

fashion. Moreover, halogen effect (X = F, Cl, Br) on the energetic of the 

reaction was also inwestigated. Thus the most favourable halogene 

determined to be Bromine with the lowest energy barriers 11.6 kcal/mol and 

4.1 kcal/mol for 1 and 4, respectively. 

 

INTRODUCTION 

Germylenes, the heavy analogs of carbenes, are one of the most often 

occurring key intermediates in reactions of organogermanium compounds 

[1,2]. Similar to carbenoid and silylenoid, germylenoid is the complex 

formed between free germylene and inorganic salt. In principle, reactions of 

germylenoids are similar to silylenoids. The first experimental study on the 

germylenoids has been reported by Gasspar et al. in 1991. It was postulated 

that a kind of germylenoid might be the intermediate in the reaction of 

dichlorodimethylgermane with substituted butadiene [3]. The first 

theoretical study on the structural isomers of germacyclopropylidenoids, 

cyclic analogues of germylenoids, was reported by Azizoglu et al [4]. It is 

indicated that germacyclopropylidenoids might have two stationary 

structures, germanoidal (G) and inverted (I).  

Likewise, it is necessary to be performed systematic theoretical study on 

germacyclopropylidenoids to penetrate their structures, properties, and 
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reactions. With this motivation, we have performed DFT calculations on the 

ring–opening mechanism of germacyclopropylidenoids to germaallenes.  

 

EXPERIMENTAL 

All the calculations were performed with Gaussian 09W suite of program 

[5]. In order to optimize the title structures on their potential energy surface, 

DFT/WB97XD theory was employed. The 6–31+G(d,p) was chosen as a 

basis set. The optimized structures were determined by the characterization 

of their Hessian matrix as a minimum (no imaginary frequency) or transition 

state. The relative ΔG energies are given in kcal/mol. The Intrinsic Reaction 

Coordinate (IRC) procedure was carried out for the identification of the 

connectivity of stationary points.  

 

RESULTS AND DISCUSSION 

Initially, all structures were optimized using the Gaussian 09 suite of 

programs at the WB97XD/6–31+G(d,p) level.For the ring–opening 

reactions of germacyclopropylidenoids to germaallenes, two pathways can 

be considered: the reaction may either proceed stepwise or in a concerted 

fashion. 

 
Figure 1. The Calculated reaction path at the WB97XD/6–31+G(d,p) level 

for the stepwise ring–opening of 1to 3. (Energy values for F, Cl, and Br, 

respectively). 
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The energy profile for the stepwise ring–opening of 1is shown in Figure 

1.The elimination of LiX from 1 is the first step of stepwise ring–opening, 

and it starts readily with the transition state TS1.The lowest energy barrier is 

found to be 11.6 kcal/mol with Br bounded structure. In the second step, the 

three–membered ring collapses to the3 by overcoming a very high activation 

energy barrier (TS2), 51.7 kcal/mol for Br at WB97XD/6–31+G(d,p) level 

of theory. In this case, the formation of 2–germaallene is determined to be 

endergonic with the energy of 19.3 kcal/mol (X = Br) . For this reason, the 

reaction is not spontaneous at room temperature. Furthermore, concerted 

mechanism does not play any role for the ring–opening of 1.  

The formation of 1–germaallene can be computed only as a concerted 

process (TS3), where the isomerization of a grmanoid to a germaallene may 

occur readily without the intermediacy of a free germylene (Figure 

2).Moreover, the calculated reaction barrier for the concerted ring–opening 

of 4 to 1–germaallene (5) is found to be very low, 4.1 kcal/ mol (X = Br), 

but in this case the reaction is moderately exothermic, by 46.2 kcal/mol at 

the WB97XD/6–31+G(d,p) level. 

 

 
Figure 2. The Calculated reaction path at the WB97XD/6–31+G(d,p) level 

for the concerted ring–opening of 4to 5.(Energy values for F, Cl, and Br, 

respectively). 
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CONCLUSION 

In summary, the halogen effect (X = F, Cl, Br) on the ring–opening reaction 

of 1 and 4 to 2–germaallene and 1–germaallene were investigated, 

respectively. Thering–opening of 1 to the complex 2–germaallene (3) can 

occur in a stepwise fashion with the intermediacy of a free 

germacyclopropylidene, whereas the ring–opening of 4 to the complex 1–

germaallene (5) can proceed in a concerted fashion. The lowest energy 

barrier was found for the Br bonded structures. Moreover, the ring–opening 

reaction of 1 is endergonic by 19.3 kcal/mol, while that of 4 is highly 

exergonic, by 46.2 kcal/mol. Thus, the ring–opening reaction for 4 is 

thermodynamically more favourable than the ring–opening of 1 with 

halogen (X = Br). 
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ABSTRACT 

Structural and spectral characteristics of isatoic anhydride and N-methyl 

isatoic anhydride have been studied by vibrational spectroscopy and 

quantum chemical methods. Hartree Fock (HF) and Density functional 

theory (DFT) calculations for potential energy curve, optimized geometries 

and vibrational spectra have been carried out using the 6-31G(d) and 6-

31+G(d,p) basis sets. Based on these results, we have discussed the 

correlation between the vibrational modes and the crystalline structure of the 

most stable form of isatoic anhydride and N-methyl isatoic anhydride. A 

complete analysis of the experimental infrared and Raman spectra has been 

reported on the basis of wave number of the vibrational bands and potential 

energy distribution. The infrared spectra of title molecules based on DFT 

calculations show reasonable agreement with the experimental results. The 

calculated HOMO and LUMO energies shows that charge transfer occur 

within the molecule. 

 

INTRODUCTION 

Isatoic anhydride is an extremely versatile compound [1]. Due to the ease of 

its reactions with electrophiles or nucleophiles, its derivatives have found 

wide application in the manufacture of agricultural chemicals, dyes, 

pigments, flavors, fragrances, pharmaceuticals, and various industrial 

chemicals useful as UV light absorbers, blowing agents, flame-proofing 

agents, corrosion inhibitors, dry bleaches, disinfectants, and sanitizing 

agents [2,3]. 

Vibrational spectroscopic methods are especially important for 

characterization of organic compounds because hydrogen-bonding patterns 

and other weak interactions differ among forms and the functional groups 

affected will display shifts in the energy of the vibrational modes 
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The current study presents the results of computational chemistry to 

provide an understanding of the spectroscopic characteristics of isatoic 

anhydride and N-methylisatoic anhydride. IR spectroscopic studies along 

with HOMO and LUMO analysis have been used to elucidate information 

regarding charge transfer within the molecule. 

 

EXPERIMENTAL 

The calculations of geometrical parameters in the ground state were 

performed using the Gaussian 03 suite of programs at the HF and DFT/M06 

levels with both the 6-31G(d) and 6-31G+(d,p) basis sets [4]. Initial 

geometry was generated by Gaussview 3.0 program. The optimized 

structures were determined by the characterization of their Hessian matrix as 

a minimum (no imaginary frequency) or transition state. The energies 

reported herein include the zero-point vibrational energy (ZPVE) 

corrections. 

 

RESULTS AND DISCUSSION 

In Fig. 1 the numbering of the atoms is shown. We can see from the 

resulting equilibrium geometries that the isatoic anhydride is planar 

molecule. The benzene ring in these compounds becomes a bit distorted 

with C–C bond distances between 1.387 Å and 1.413 Å and the bond angles 

between 117.2o and 123.0o In the N-methyl substituted molecule, N-

methylisatoic anhydride the methyl group orient itself in such a way that the 

hydrogen atom of the methyl group which is nearest to the oxygen atom lies 

in the plane of the ring. This fact can be explained by the formation of a C–

HO intramolecular interaction, which further stabilizes this molecular 

conformation.  
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Figure 1. Atom numbering scheme for isatoic anhydride. The position 5 in 

the anhydride can be either H or CH3. 

 

On an absolute scale, it is well known that experimental results of 

infrared spectroscopy are usually lower than the corresponding 

computational quantities due to the combination of electron correlation 

effects and basis set deficiencies [5]. The experimental and theoretical FT-

IR spectra are presented in Figure 2. 
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The theoretical calculations predict 45 vibrations from 63-3885 cm-1, the 

exact limits being dependent on the method of calculation. The vibrational 

analysis of isatoic anhydride is performed on the basis of the characteristic 

vibrations of carbonyl group, N-H group, C=N group and C=C group. There 

is also a good agreement between the experimental and the computed 

vibrational frequencies. 

 

 

 
 

Figure 2. Visualization of experimental (above) and theoretical (below at 

RM06/6-31G(d) level) IR spectra of isatoic anhydride. 

 

The frontier molecular orbitals, which are called HOMO (Highest 

Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular 

Orbital) are most important orbitals in molecular systems [6]. Figure 3 

indicates the distribution and energy levels of the HOMO and LUMO 

orbitals calculated at B3LYP/6-31G(d) level for isatoic anhydride N-methyl 

isatoic anhydride. As seen from Fig. 3, HOMO is mainly on the benzene 

part of title compound, whereas LUMO is substantially localized on the 

carbonyl group. Electrons in the HOMO–1 are also delocalized through the 

molecule. The value of energy separations between HOMO and LUMO are 

0.178 eV and 0.175 eV for isatoic anhydride and N-methyl isatoic 

anhydride, respectively. This small HOMO–LUMO gap means low 

excitation energies for many of excited states and low chemical hardness. 
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Figure 3. Molecular orbital surfaces and energies (in parentheses, eV) for 

the HOMO (left) and LUMO (right) of the isatoic anhydride (top) and N-

methylisatoic anhydride (bottom) computed at M06/6-31G(d) level 

 

CONCLUSION 

In this study, vibrational spectroscopy and density functional theoretical 

calculation have been applied to the structural and spectroscopic 

investigation of isatoic anhydride and N-methylisatoic anhydride. The 

equilibrium geometries and harmonic vibrational wavenumbers of all the 45 

normal modes of the molecule were determined and analyzed with HF and 

DFT level of theory. The LUMO as an electron acceptor represents the 

ability to obtain an electron, and HOMO represents the ability to donate an 

electron. Moreover, a lower HOMO–LUMO energy gap explains the fact 

that eventual charge transfer interaction is taking place within the molecule. 
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ABSTRACT 

We report the ground-state equilibrium structures and vertical electronic 

singlet and triplet excitation spectra of the enol and keto tautomers of the 

avobenzone (4-tert-butyl-4’-methoxydibenzoylmethane, AB) derivative – 4-

methoxydibenzoylmethane (DBM), calculated at the B3LYP, CAM-

B3LYP, M06-2X, PBE0/TZVP level of theory. A comparative analysis of 

results obtained with different functionals, presented in this work, show that 

B3LYP level of computation provides the best agreements with 

experimental data. 

 

INTRODUCTION 

Avobenzone is one of the most widely used UVA filters in cosmetic 

sunscreens [1]. AB is a β-dicarbonyl compound liable to keto-enol 

tautomerization. Many theoretical and experimental studies of AB 

derivatives provided evidences that in the ground state chelated enol form is 

favored due to the intramolecular hydrogen bond. It has been shown that 

enol form has absorption bands in the UVA (around 355 nm) region due to 

the π-π* transition of the chelated quasi-aromatic system. On the other hand, 

the keto tautomer absorbs in the UVC range around 265nm. Photochemical 

experiments have shown that photodegradation and complete loss of UV 

protection of AB is the consequence of the enol tautomerization to the keto 

form, under irradiation [2-4]. In this contribution we optimized the nuclear 

arrangements and calculated vertical electronic excitation energies to the 

first three singlet and triplet electronic states of the enol and keto tautomers 

in the gas phase. Due to the computational feasibility we excluded tert-butyl 

group from AB and studied 4-methoxydibenzoylmethane. Also, in order to 

make our study more reliable we performed density functional theory (DFT) 

calculations with a different type of functionals. All calculations were 

performed with TURBOMOLE program package [5] (DFT-B3LYP, M06-

2X and PBE0 functionals) and with the Gaussian package [6] (at the CAM-

B3LYP level of theory). For all calculations we used TZVP basis set. 
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Figure 1. Atom labeling and the tautomers considered in this work: (a) enol 

and (b) keto. 

 

RESULTS AND DISCUSSION 

Calculated bond lengths of enol and keto tautomers in the gas phase are 

collected in Tables 1-2. Comparison of the bond lengths of enol tautomer 

obtained with different methods revealed that the maximum bond length 

change occurs for the intramolecular H O1 hydrogen bond, while other 

bond lengths are found to be very similar. B3LYP and CAM-B3LYP 

hydrogen bond lengths are found to be elongated for 0.11 Å and 0.10 Å 

compared to the H O1 bond length obtained with M06-2X functional. The 

PBE0 optimized H O1 bond distance is elongated for 0.04 Å relative to the 

M06-2X H O1 bond, while compared to the B3LYP and CAM-B3LYP 

this bond is shorter for 0.07 Å and 0.06 Å, respectively. The best match with 

experimentally obtained hydrogen bond length (1.59 Å) was found for 

B3LYP H O1 bond [7].  

 

Table 1. Calculated bond lengths for the enol tautomer of DBM (values in 

Å). 

Bond length B3LYP 
CAM-

B3LYP 
M06-2X PBE0 

C2-O1 1.26 1.25 1.25 1.25 
C3-O2 1.33 1.32 1.31 1.31 
C1-C2 1.43 1.43 1.43 1.43 
C1-C3 1.38 1.37 1.38 1.38 

H O1 1.56 1.55 1.45 1.49 
H-O2 1.02 1.01 1.02 1.03 

     

For keto tautomer, calculated bond distances at the different level of theory 

was found to be almost the same. The biggest bond length change occurs for 

the B3LYP C1-C3 bond, which is elongated for 0.02 Å compared to the 

corresponding PBE0 and M06-2X values. The biggest difference in 

matching bond lengths of enol and keto tautomer was found for C1-C3 bond, 

which is elongated by  0.15 Å in keto tautomer. Vertical excitation 

energies of singlets and triplet states, oscillator strengths and excitation 

transitions of enol and keto tautomers at the ground state geometries are 
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presented in Tables 3-4. For enol tautomer, we find that S1 state has π→π* 

character and comes from HOMO→LUMO orbital excitation. 

 

Table 2. Calculated bond lengths for the keto tautomer of DBM (values in Å). 

Bond length B3LYP 
CAM-

B3LYP 
M06-2X PBE0 

C2-O1 1.22 1.21 1.21 1.21 
C3-O2 1.22 1.21 1.21 1.21 
C1-C2 1.54 1.53 1.52 1.52 
C1-C3 1.54 1.53 1.52 1.53 

 

Energy required for this transition, computed at the B3LYP level, is lower 

than those obtained with CAM-B3LYP, M06-2X and PBE0 level, and 

amounts 3.66 eV, this is in good agreement with experimental result which 

is 3.48 eV [3]. T1 state results mostly from HOMO→LUMO and 

HOMO→LUMO+1 excitation and exhibits π→π* character. B3LYP 

excitation energy to T1 state was found to be 2.56 eV which is somewhat 

lower than corresponding CAM-B3LYP, M06-2X and PBE0 values. For the 

keto tautomer we found that bright state is the third excited state, which 

originates from HOMO→LUMO (π→π*) transition. Computed at the 

B3LYP level, excitation energy to the S3 state was determined to be 3.98 eV 

which is significantly lower than corresponding values computed with other 

functionals. In addition, this energy is relatively in good agreement with one 

experimentally obtained, which value is 4.68 eV [3]. T1 state results from 

HOMO→LUMO (π→π*) transition. As in the previous cases B3LYP 

excitation energy is lower than corresponding CAM-B3LYP, M06-2X and 

PBE0 values, and amounts 3.05eV. 

 

Table 3. Vertical excitation spectrum of enol tautomer at the ground-state 

geometry. 

 Transition 
Oscillator 

strength 

Energy /eV 

Calculated 
Experimental 

[3] 
CAM- B3LYP 

[8] 

B3LYP 
S0 S1 

S0 T1 
0.80307 

0 
3.66 
2.56 

3.48 
 

3.70 

CAM-

B3LYP 
S0 S1 

S0 T1 
0.9195 

0 
4.09 
2.66 

 
 

M06-

2X 
S0 S1 

S0 T1 
0.93827 

0 
4.16 
2.91 

 
 

PBE0 
S0 S1 

S0 T1 
0.84955 

0 
3.78 
2.57 
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Table 4. Vertical excitation spectrum of keto tautomer at the ground-state 

geometry. 

 Transition 
Oscillator 

strength 

Energy /eV 

Calculated 
Experimental 

[3] 
CAM-B3LYP  

[8] 

B3LYP 
S0 S3 

S0 T1 
0.99552 

0 
3.98 
3.05 

4.68 4.48 

CAM-

B3LYP 
S0 S3 

S0 T1 
0.43021 

0 
4.80 
3.11 

  

M06-

2X 
S0 S3 

S0 T1 
0.83022 

0 
4.86 
3.50 

  

PBE0 
S0 S3 

S0 T1 
0.84955 

0 
4.21 
3.06 

  

 

CONCLUSION 

The present paper report and discuss optimized structural parameters and 

vertical electronic excitation energies of enol and keto tautomers of 

Avobenzone derivative - DBM. Comparison of results calculated at the 

different levels of theory show that the best agreement with experimental 

data is accomplished using B3LYP functional 
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ABSTRACT 

The correlation studies between the calculated and experimentally 

determined barriers to rotation around the CC double bond have been done 

for the selected 2-alkylidene-4-oxothiazolidine derivatives 1-3. Aiming to 

provide the complete picture of the efficiency of the using the ΔG‡ to 

quantify their push-pull effect the computations of their rotational barriers 

were performed in the same solvents which were employing under 

experimental conditions. In this regard, for these compounds the calculated 

and experimentally determined barriers to rotation greatly corroborate. 

 

INTRODUCTION 

Push-pull alkenes can be depicted by the general formula A where Don 

represents electron-donating groups and EWG electron-withdrawing groups 

(Scheme 1). As a result, donor-acceptor electronic interactions occurring via 

the CC double bond, the so called push-pull effect, the barrier to rotation 

around this bond is significantly reduced.  

 
Scheme 1. 

 

In the case of our stereodefined push-pull thiazolidine derivatives I these 

interactions occurring between two electron-donors (-NH and -S-) and one 

electron-acceptor (R1CX; R1 = Ph, OEt, NH2, NHPh; X = O or S) are 

presented by the fragment in Scheme 2. Consequently, as we showed 

previously [1], the facile Z/E configurational isomerization, whose direction 

is dictated by the solvent polarity, takes place spontaneously at room 
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temperature (Scheme 2). As a result of the forming the stable solvent-solute 

intermolecular interactions, as well as the breaking the intramolecular 

hydrogen bond in (E)-I, the polar solvents shift the equilibrium to the (Z)-I. 

On the other hand, in the nonpolar solvents the intramolecular hydrogen 

bonding is favored and in such conditions (E)-I isomer becomes the 

dominant species (Scheme 2). 

 
Scheme 2. 

 

Barriers to rotation around the CC double bond ought to be discussed in terms 

of their free energy of activation. However, for the majority of the compounds, 

only ΔG‡ obtained at the temperature of coalescence are available which limits 

the validity of comparing their values, even if they are obtained at the same or 

similar temperatures [2]. 

On the other side, contrary to the bulk literature data, our previously published 

data concerning the rotational barriers around the CC double bond of the 1-3 

were determined by the monitoring of their stereodynamic behavior using the 

integration of the clearly distinguished signals assigned to the vinyl protons of 

the Z and E counterparts at the broad temperature range [1]. 

 

EXPERIMENTAL AND COMPUTATIONAL DETAILS 

The detail experimental protocols associated with the monitoring of the 

stereodynamic behavior of the studied compounds 1-3 (R1=Ph, 

R2=CH2COOEt, X=O, 1; R1=OEt, R2=−CHCOOEt, X=O, 2; R1=NH2, 

R2=CH2COOEt, X=S, 3; Scheme 2), have been already reported by us [1].  

Geometry optimization and frequency analysis of Z and E isomers of 

studied compounds was conducted at the M06-2X/6-311G** level [3], using 

the Gaussian 09 program package. Transition state structures were 

determined using Synchronous Transit-Guided Quasi-Newton method [4] at 

the M06-2X/6-311G** level. To account for solvent effects, the structures 

of the three derivatives, 1-3, were re-optimized in chloroform and 

dimethylsulfoxide along with their TS, using the continuum solvation 

COSMO model (conductor-like screening model) [5]. All transition state 

structures were characterized by an imaginary frequency, the vibrational 

mode of which corresponded to the rotation around the C(2)C(2') bond. 

The calculated and experimentally determined barriers to rotation for (Z)-1, 
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(2E,5Z)-2 and (E)-3 showed an excellent correlation with correlation 

coefficient 0.996 (Fig. 1).  

RESULTS AND DISCUSSION 

Based on all the relevant kinetic data, that 

is, the Arrhenius parameters (apparent 

activation energy Ea and frequency factor 

A) and activation parameters (ΔS‡, ΔH‡ 

and ΔG‡) for the configurational 

isomerization mechanism of the 1-3, (E)-I 

 (Z)-I, has been established the first 

order kinetics, as follows: 

CBB
kk

k

21

1

*


 

As continuation of the extending our 

knowledge about this reaction 

mechanism, as well as the strength of the push-pull effect of the investigated 

compounds, we did computations as noted above. That was primarily 

related to the solvent impact on the barrier to rotation around the CC 

double bond, and closely connected to this, on the efficiency of the 

application of the ΔG‡ to quantify the push-pull effect of the 2-alkylidene-4-

oxothiazolidines under different solvent conditions.  

Generally, the solvation of the polar rotational transition state affects both 

the entropy and enthalpy data and so Gibbs free energy data as a balance of 

the total change. In this sense, whether they are polar or nonpolar, solvents 

decrease both the ΔH‡ and S‡ values because of the more polar TS (due to 

the full charge separation) is more solvated than the less polar GS.  

This fact fully corroborates with the ΔG‡, ΔH‡ and S‡ values 

experimentally determined for thiazolidine derivatives 1-3 which are for 

comparison purpose included in Table 1, along with the computed ΔG‡ and 

ΔH‡ data. Thus, as we expected, the studied isomerization of (Z)-1 required 

a higher ordering in the weakly polar CDCl3 molecules at the moment TS is 

reached, so as to stabilize the TS as efficiently as possible. This reduces 

both the S‡ and H‡ (entry 1). By contrast, polar DMSO-d6 stabilizes TS 

of the (2E,5Z)-2 and (E)-3 with less molecular ordering, resulting in higher 

entropy and enthalpy values (entries 3 and 5). 

Although, an excellent correlation between the computed and 

experimentally determined ΔG‡ values was obtained, the calculated barriers 

to rotation overestimate the experimental ones. This fact can be rationalized 

by taking into account that effects of solute-solute and solute-solvent direct 

interactions were not completely considered by the theoretical calculations. 

 
Figure 1. Correlation between 

calculated and experimental 

barriers to rotation for 

compounds 1-3. 
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Similarly, the experimentally obtained negative entropy values, which can be 

associated with ordering of solvent molecules, were not taken into account in 

computations resulting in the calculated H‡ and G‡ values almost identical, 

or differ slightly. Thus, in theoretical calculations, the impact of the solvation 

effects on the kinetics of this isomeric equilibrium was not observed via 

entropy factor, but quantified only by the change of enthalpy. 

 

Table 1. Experimentally being determined selected activation parameters 

(G and H in kJ/mol; S in Jmol-1K-1; T  298 K) and calculated 

barriers to rotation (G and H in kJ/mol) for configurational 

isomerization of compounds 1-3. 

 
CONCLUSION 

In conclusion, all the calculated values show the correct trend in decreasing 

rotational barriers, 3  1  2, as do experimental ones. This also means that 

the push–pull effect is not affected by the solvent (at least the two solvents 

studied) and the direction of isomerization. 

 

Acknowledgement 

This work was supported by the Ministry of Education, Science and 

Technological Development of the Republic of Serbia (project ID: 172020). 

 

REFERENCES 
[1]  Rašović, D. M. Minić, M. Baranac-Stojanović, V. A. Blagojević and R. 

Marković, Proceedings of the 12th International Conference on 

Fundamental and Applied Aspects of Physical Chemistry, September 22-

26, Belgrade, Physical Chemistry, 2014, 1, 200-203, and references therein. 

[2]  J. Sandström, Top. Stereochem., 1983, 14, 83-181. 

[3]  Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215-241. 

[4]  C. Peng and H. B. Schlegel, Israel J. of Chem., 1993, 33, 449-454. 

[5]  A. Klamt and G. Schüürmann, J. Chem. Soc., Perkin Trans., 1993 2, 799–805. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2014   B-19-P 

 

 127 

CORRELATION BETWEENTHE CC BOND LENGTHS 

AND ITS ROTATIONAL BARRIERS: EN 

ROUTE TO QUANTIFY THE PUSH-PULL EFFECT OF  

2-ALKYLIDENE-4-OXOTHIAZOLIDINES 
 

A. Rašović1, V. A. Blagojević2and D. M. Minić3 

 
1Center for Chemistry ICTM, University of Belgrade, Studentski trg 16, 

P. O. Box 473, 11000 Belgrade, Serbia (arasovic@chem.bg.ac.rs) 
2Instutute of Technical Sciences, Serbian Academy of Sciences and Arts, 

Knez Mihailova 35/IV, P.O. Box 377, 11000 Belgrade, Serbia 
3StateUniversity in Novi Pazar, Vuka Karadžića bb, 36300, NoviPazar, Serbia 

 

ABSTRACT 

Our previous report, which is also published in this Edition of papers, shows 

that barrier to rotations proved to be a good indicator of the strength of the 

push-pull character of the 2-alkylidene-4-oxothiazolidines. Therefore, this 

work represents the continuation of our efforts, giving us further answers 

concerning the evaluation of the effectiveness of the ΔG‡ employment for 

that purpose. Viewed in this light, the theoretical calculations of rotational 

barriers, performed herein for eight selected derivatives 1-3, excellently 

correlate with the calculated CC bond lengths and corroborate the 

applicability of ΔG‡ for estimation of their push–pull effect. 

 
 

INTRODUCTION 

The push–pull effect of the 2-alkylidene-4-oxothiazolidines, occurring as a 

result of the πelectron transfer between two electron-donors (-NH and -S-) 

and one electron-withdrawing group (EWG; Scheme 1) and, suchas, readily 

apparent by the restricted rotations about the central partial CC double 

bond was the subject of our previous papers[1,2]. These thorough studies 

were performed using dynamic NMR spectroscopy. 
 

 
Scheme 1. 

Bearing in mind the importance of the push-pulleffect as the driving force 

that determines the physico-chemical properties and reactivity of the 2-
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alkylidene-4-oxothiazolidines in the versatile reactions that, as we showed, 

led to the synthesis of the functionally important heterocyclic compounds 

[3], in this paper we continue the study of the effectiveness of deployment 

of rotational barriers as a potential significant parameter for its 

quantification. Guided in that direction, the knowledge which we gained 

from the achieved grate agreement between the experimentally determined 

and calculated barriers to rotations around the CC double bond [2] served 

us as the starting point for our further investigations in this work. 

 
 

COMPUTATIONAL DETAILS 

Geometry optimization and frequency analysis of Z and E isomers of studied 

compounds was conducted at the M06-2X/6-311G (d, p) DFT method, using 

the Gaussian 09 program package. Transition state (TS) structures were 

determined using Synchronous Transit-Guided Quasi-Newton method at the 

M06-2X/6-311G (d, p) level. All transition state structures were characterized 

by an imaginary frequency, the vibrational mode of which corresponded to 

the rotation around the C(2)C(2') bond [2]. As shown in Fig. 1, by the 

correlation of the calculated barriers to rotation with the CC bond lengths of 

the ground state (GS)structures 1-3, has obtained a good linear relationship 

with correlation coefficients 0.917 and 0.924, for both, the E Z and Z E 

isomerization direction, respectively (Table 1). 

 

RESULTS AND DISCUSSION 
 

Taking into account that for selected 

thiazolidine derivatives 1-3 the gas-phase 

calculated H‡andG‡valuesof the E Z 

and Z E isomerizationsdid not differ by 

more than 7 kJ/mol and the fact that they 

showed the same trend, only G‡values 

are presented in Table 1, along with the 

calculated C(2)C(2') bond lengths in 

their ground and transition state 

structures. Additionally, the G‡values 

span a broad range of 144 kJ/mol, being 

the lowest for 3a and the highest for 2 

(entries 6 and 5,respectively) and for E 

Z isomerizations encounter higher barriers than for the reverse ones. This 

can be easily rationalized by the lower energy of E isomers due to their 

stabilization by intramolecular hydrogen bond, which exceeds the one 

 
Figure. 1.Correlation between 

the calculated barriers to 

rotation (G‡) and the CC 

bond lengths of GS structures. 
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coming from the non-bonded 1,5-Sring
O(S)substituent interactions. Another important 

conclusion, which can bemade on the basis of data in the Table 1, is that R1CX 

substituents can be ordered according to their electron-accepting ability as follows: 

CSPh  CSNH2 CSNH(CH2)2Ph  COPh  CO2Et  CONH(CH2)2Ph  

CONHPh. This established trend supports our understanding of electronic 

properties of substituents and also corroborates with our previously reported trend, 

which was obtained on the basis of the occupation quotient values [4]. 
 

Table 1.Calculated C(2)C(2') bond lengths (Å) in GS and TS and 

barriers to rotation (ΔG‡, kJ/mol) around the C=C double bond 

for studied thiazolidine derivatives. 

 

 

 

 
 

 
 
 
 

 

 

By careful analysis of the data concerning the barriers to rotations of the 

derivative 2 we can conclude that the remote effect of the substituent attached at 

position C(5) of the thiazolidine ring places them to be the highest. Actually, 

barriers in 2 areaffected by the two effects, acting in opposite directions: the C(2') 

ester group withdraws  electrons from the C(2)C(2') double bond and 

decreases the barrier, while the C(5)C(5')CO2Et moiety withdraws electron 

density from the ring sulfur atom, thus reducing its ability to donate the lone pair 

to the C(2)C(2') double bond which increases the barrier. 

In the ground state of both Z and E isomers, 4-oxothiazolidine ring and 

exocyclic carbon atom of the double bond with its CX substituent are in 

the same plane. When R1 part of R1CX is NHPh (1b), OEt (1d) and NH2 
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(3b), whole EWG is in the plane with the ring.WhenR1  Ph, as in 1a (R1CX 

 COPh) and 3a (R1CX  CSPh), the fully planar thiazolidine/double 

bond/CO(S) moiety and the phenyl ring form an angle of 16 and 40, 

respectively, due to steric hindrance between the Ph and the CX part. In the 

case of R1 NH(CH2)2Ph, a fully planar structure was obtained for 3c 

(R1CX  CSNH(CH2)2Ph). However, in the case of 1c (R1CX  

CONH(CH2)2Ph), the conformation around the H2CH2CCAr bond is such 

that the phenyl ring and the neighbouring CC bond form an angle of 80. 

The C(5) substituent (CH2CO2Et) is out of plane when attached at the sp3-

hybridized carbon atom. In the case of 2, possessing another exocyclic CC 

double bond at the C(5) position, the structure is fully planar. 
 

CONCLUSION 

In conclusion, the CC bond lenghts correlated with rotational barriers 

provide a reliable information about the strength of the push–pulleffect, as 

had been previously proven in the case of their correlation with the quotient 

of the occupation numbers. Thus, the relative magnitudes of barriers to 

rotation can give us information about the changes in the push–pullcharacter 

of studied and related compounds. 
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ABSTRACT 

Theoretically predicted vibrational wav enumbers of kaempferol were 

compared with available IR and Raman experimental data obtained in the 

4000 to 400 cm-1 range. Assignments of the experimentally obtained normal 

vibrational modes were done by the density functional theory using the 

B3LYP-D3 functional in combination with the 6-311+G(d,p) basis set 

implemented in the Gaussian 09 package. The optimized geometry of 

kaempferol, in the gas-phase was used to predict the IR and Raman spectra. 

The complete vibrational assignments of wave numbers were made on the 

basis of potential energy distribution (PED). The results of the calculations, 

which were applied to simulated spectra of kaempferol, showed an excellent 

agreement with the experimental spectra. 

 

INTRODUCTION 

Flavonoids are natural polyphenolic compounds reported to exert a wide 

range of positive health effects mainly arising from their antioxidant ability. 

Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one) is a 

natural flavonoid that can be found mainly in broccoli, tea, kale, ginko, 

cabbage, endive, leek, beans, tomato, strawberries, grapes and many 

medical herbs used in traditional medicine [1]. It is known as a strong 

antioxidant which helps to prevent arteriosclerosis by inhibiting the 

oxidation of low density lipoprotein and the formation of platelets in the 

blood . By inhibiting angiogenesis in vitro and/or in vivo it may reduce the 

risk of developing some types of cancer, including pancreatic cancer, lung 

cancer, gastric cancer and ovarian cancer in post-menopausal women [1]. 
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The present study comprises in vitro experimental (IR and Raman) and 

theoretical approaches in analysis of kaemepferol structure. The applied 

combination of the experimental vibrational spectroscopic methods and 

theoretical calculations could be generally applied in analyzing the 

structural changes of naturally occurring flavonoids under physiologically 

relevant conditions, providing insight into the mechanism of their 

bioactivity. 

 

EXPERIMENTAL 

IR and Raman spectra 

The IR spectra were recorded on a Thermo Nicolet 6700 FT-IR 

Spectrometers with ATR and DTGS TEC detector. The Raman spectra were 

recorded on Thermo Scientific DXR Raman microscope. The spectra were 

excited with a diode pumped solid state high-brightness 532 nm laser. Both 

spectra were recorded in themiddle IR region, 4000-400 cm-1. The spectra 

were directly from the pure powder samples. 

DFT calculations 

The structure of most stable conformation of kaempferol (Fig.1) is defined 

using B3LYP-D3 [2] local density functional method in combination with 

6-311+G (d, p) basis as implemented in the Gaussian 09 package [3]. In 

order to find the most stable rotamer of kaemepferol, all rotamers are 

designed. All of the conformations are obtained by combining antiperiplanar 

and synperiplanar arrangements of hydrogen atoms of the OH groups as 

well as rotation around the dihedral angle O1–C2–C1′–C2′, which defines 

the coplanarity of C and B rings. All geometry minima are optimized 

without any geometric restrictions. The structures obtained in this way were 

verified by normal mode analysis to be minimum on the potential energy 

surface. No imaginary frequencies were obtained. The calculated 

wavenumbers were scaled with scaling factor of 0.9873 in order to get better 

match between calculated and experimental wavenumber values. The 

vibrational modes were assigned on the basis of PED analysis using VEDA 

[4] software. 

 

RESULTS AND DISCUSSION 

Conformational analysis 

From the optimized molecular structure of the kaempferol, it is found that 

torsion angle, τ, defined by the C3–C2–C1`–C2` atoms is ~180º. Thus, as 

expected, investigated molecule is a planar with the facilitated electron 

delocalization between the B and C rings. 
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IR and Raman spectra analysis 

The observed and calculated infrared and Raman spectra of kaempferol 

and scaled band positions, wavenumbers, along with thecorresponding 

assignments for first 66 vibrational modes (of the total 87) appearing in the 

4000 to 400 cm-1 region, are calculated. The experimentally obtained and 

scaled theoretical frequencies, IR intensities, and Raman activities, PEDs 

and mode of description are also calculated. 

 
Figure 1. The optimized structure and numbering of kaempferol: a) HOMO 

and LUMO orbitals of kaempferol b) 

IR - B3LYP -3D

wavenumber, cm
-1

 
Figure 2. Experimental and theoretical IR spectrum of kaempferol 

 

The most distinct bands in the IR spectrum ofkaempferol are those in 

high frequency region (4000–2000 cm−1) assigned to different modes of OH 

vibrations. This region is dominated by very massive and intense band. 

Taking into account the polyhydroxylated structure of kaempferol the 

intense band positioned at 3420 cm−1 could be taken as possible absorption 

for (O5–H5---O4) hydrogen bond. This is also the result confirmed by the 

calculations which predict hydrogen bonding. The high frequency region is 

also very characteristic to CH stretching modes (3206 cm−1). In the 4000–

3000 cm−1 region of the experimental Raman spectrum there are no bands 

easily assignable to O–Hand C–H stretching modes. 

The majority of the intense bands both in kaempferol IR and Raman 

spectra are to be found in the 1800-500 cm-1 wavenumber region (Fig. 2). 
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The DFT wavenumbers are adjusted by a scaling factor of 0.9873. The 

scaling factor is determined by means of the least squares method, on the 

basis of the experimental data for the IR spectrum. The low frequency 

region involves combination of the C=O stretching (1660(IR) and 1612(IR) 

cm-1; 1660(R) and 1607(R) cm-1)(modes ν77 and ν74), C2=C3 stretching 

(1660(IR) and 1568 (IR) cm-1; 1660(R) and 1561(R) cm-1)(modes ν77 and ν72)) 

and C–C stretching (1660(IR),1612(IR), 1568(IR), 1509(IR) cm-1; 1660(R), 

1607(R), 1561(R), 1509(R) cm-1)(modes ν77, ν74, ν72 andν70)).The bands 

between 1500 and 1000 cm−1 mostly involve C–C stretching, O–C 

stretching and in-plane C–C–H, C–O–H, C–C–O and C–C–C bending 

vibrations of the rings. The most intense bands in this region belong to ν65, 

ν62, ν61, ν58, ν57 and ν53IR modes and only to ν55 Raman mode. Bands 

appearing below 1000 cm−1, medium to low intensity, are assigned to 

bending modes (C–C–O, C–C–C, C–O–H, H–C–C and C–O–C) of all three 

rings and also to the combination of various in plane (C–C–C–H, H–C–C–

H, C–C–C–C, C–C–O–C) and out of plane (O–C–C–C and C–C–O–C) modes. 

 

CONCLUSION 

The results of the applied B3LYP-D3/6-311+G(d,p) density functional method 

in determination of the spectroscopic and electronic features of kaempferol 

point to a planar molecule, characterized by facilitated electron delocalization 

between the B-ring and the C-ring. Spectral assignments, done on the basis of a 

best-fit comparison between the experimentally obtained and theoretically 

calculated IR and Raman spectra, match quite well, indicating DFT calculations 

as a very accurate source of normal mode assignments.  
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ABSTRACT 

Modified nucleosides with the increased electron affinity like widely studied 

5-bromo-2’-deoxyuridine (5-BrdU), are able to be incorporated into double 

stranded DNA helix, sensitizing it to ionizing radiation in an aqueous 

solution. Attachment of electron (one of the main product of water 

radiolysis) to DNA modified with 5-BrdU leads to the production of 

nucleobase radical, which is believed to induce hydrogen abstraction from 

the sugar moiety, followed by a further DNA damage. In the current project 

the degradation processes of 21 base-pair, double-stranded DNA containing 

2’-deoxyuridine-5’-radical (5-dU•) were investigated with the use of 

QM/MM methodology. The obtained results allowed us to elucidate 

chemical mechanisms leading to DNA strand breaks and abasic sites.  

 

INTRODUCTION 

Modified nucleosides, such as 5-bromo-2’-deoxyuridine can be 

phosphorylated and incorporated to cellular DNA, due to their similarity to 

the native thymidyne, where they can act as radiosensitizers. Owing to the 

increased electron affinity of modified nucleosides, they react with hydrated 

electrons produced during water radiolysis (indirect effect of irradiation) 

forming a substituent (bromine) anion and reactive nucleobase radical  

(5-dU•) [1,2].  

5-dU• radical can be stabilized by hydrogen atom abstraction from the 

own or neighboring sugar moiety. Such produced radical localized in sugar-

phosphate chain can further lead to potentially lethal DNA lesions [3]. 

While the first step of damage to the modified DNA  – nucleobase radical 

production – seems to be well understood, the following degradation steps – 

hydrogen abstraction and its consequences, require further studies [4].  

To understand the nature of radiodamage observed in the modified DNA we 

performed the QM/MM calculations for chosen degradation paths (Fig. 1) 
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using as a model the 21 base-pair, double stranded, 5-dU• labeled DNA, 

surrounded with water molecules.   

 

 
 

Figure 1. Schematic representation of the reactions modelled in the 

current study. The primary 2’-deoxyuridine-5-radical (5-dU•) abstracts 

hydrogen atom from the own or neighboring sugar, which may result in 

SSBs, or abasic sites. Hydrogen atom transfers (left) and possible DNA 

lesions (right) are marked with colored arrows or lines, respectively. 

 

COMPUTATIONAL 

The X3DNA obtained structure of 21 base-pair, double stranded B-DNA 

with the uracil radical as the 11th base was equilibrated over 200ns 

(AMBER99SB force field with the PARMBSC0 refinement of the AMBER 

Force Field for Nucleic Acids) in a cuboid box (60x60x110Å) filled with 

TIP3P rigid water model and Na+, Cl- ions used to neutralize the system (in 

concentration of 0.154 mM). These calculations was performed with the 

GROMACS  molecular dynamics package.  

After MD equilibration the excess water (over 10 Å) was cut off and the 

possible pathways of DNA damage were studied with the QM/MM hybrid 

method, implemented in the Gaussian09 program. We performed two-layer 

ONIOM calculations. High level model contained central dinucleotide, 

including 5-dU• and C5’-site neighboring 2’-deoxycytidine with two 

sodium ions, neutralizing and stabilizing dinucleotide’s phosphates. The low 
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level was built of the rest of the B-DNA helix surrounded with the 

remaining water molecules and anions. For the model system, shown in Fig. 

1, both the wB97XD and M06-2X functionals with the 6-31++G(d,p) basis 

set were used for comparison, while for the real system (low level) the 

Amber96 force field was employed. 

 

RESULTS AND DISCUSSION 

We obtained the free energy profiles of two main degradation steps: (1) 

hydrogen atom transfer from the 2’, 3’ or 5’ positions of the own sugar or 

from the 2’(n) position of neighbouring sugar to the 2’-deoxyuridine-5’-

radical (5-dU•), resulting in the sugar• type radicals (see left panel of Fig. 

1); and (2) further damaging processes, resulting in a single strand break 

(SSB) or abasic sites (see right panel of Fig. 1). These profiles suggest that 

in the first step, in most cases favourable (since the sugar-centred radical is 

thermodynamically much more stable than the 5-dU• one), the hydrogen 

atom transfer kinetic barriers are about 10 kcal/mol and. Still, the damage on 

the proposed pathways is not that easy as the subsequent step is connected 

with much higher barriers and seems to not always be thermodynamically 

favoured. 

 

CONCLUSION 

The present findings are similar to the results obtained in our previous 

project, where 2’-deoxyadenosine-8-radical (8-dA•) was investigated in a 

similar context. However, in the case of 8-dA•, the most favorable 

degradation path leads to 5’-8-cycloadenosine product, while the cyclization 

process is not possible for pyrimidines. Moreover, the current results are in 

good agreement with the previous DFT studies on a smaller model – 2’-

deoxyuridine-5-yl 3’,5’-diphosphate radical [5], although the ONIOM 

kinetic barriers occurred to be somewhat higher. These quantitative 

differences can be explained by the limited flexibility of B-DNA double 

helix, stabilized by the explicite water and salt environment, in comparison 

to the relatively flexible single nucleotide studied in ref. 5. 
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ABSTRACT 

The addition reactions of halo–silacyclopropylidenoids (C2H4SiXLi, X = F, 

Cl, Br) to ethylene have been investigated separately at the B3LYP/6–

311+G(d,p) level of theory. The calculations depict that addition of 

silacyclopropylidenoids to ethylene occurs via stepwise mechanisms. The 

required initial energy barriers for the conversion of silacyclopropylidenoids 

to silaspiropentanes were determined to be 77.4 kj/mol, 9.6 kj/mol, and 9.2 

kj/mol for F, Cl, and Br, respectively. The gas phase calculations show that 

the reactions are not spontaneous at room temperature. However, solvent 

(THF) included systems indicate that the formations of silaspiropentanes (X 

= Br and Cl) are spontaneous at room temperature.  

 

INTRODUCTION 

Silylenoids are key intermediates in organosilicon reactions [1–6]. As stable 

species, preparations of silylenoids are very hard due to their highly reactive 

nature. In 1995, Tamao and Kawachi [6] detected the existence of the first 

silylenoid and studied its chemical properties. From the literature, it appears 

that although several reports and discussions on experimental and 

theoretical studies of cyclopropylidenoids can be found, [7,8], only a few 

scientific studies on silacyclopropylidenoids, which are cyclic analogues of 

silylenoids, have been reported so far [9–11]. More recently, we have 

carried out a series of DFT calculations on the formation and rearrangement 

of silaspiropentane from addition of lithium-bromosilacyclopropylidenoid to 

ethylene [11].  

In the present paper, we wish to provide the first computational study of 

the halogene (X =F, Cl, Br) and solvent effects on the addition reaction of 

silacyclopropylidenoids to ethylene.  
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EXPERIMENTAL 

All the calculations were performed with Gaussian 09W suite of program 

[12]. In order to optimize the title structures on their potential energy 

surface, B3LYP theory was employed. The 6–311+G(d,p) was chosen as 

basis set. The optimized structures were determined as a minimum (no 

imaginary frequency) or transition state. The relative ΔG energies are given 

in kj/mol. The Intrinsic Reaction Coordinate (IRC) procedure was carried 

out for the identification of the connectivity of stationary points. The single 

point frequency calculations in THF (Tetrahydrofuran) have been done for 

the optimized structures with using polarized continuum model (PCM) 

solvation model to estimate solvent effect on the energetic of the reactions.  

 

RESULTS AND DISCUSSION 

Previous calculation has shown that 1Br addition to ethylene has stepwise 

manner via TS1 and TS2 with the energy barriers of 94.6 kj/mol and 90.4 

kj/mol at B3LYP/6–31+G(d,p) level of theory [11]. On the other hand, the 

barrier to arrive at TS1F and TS2F are calculated to be relatively lower with 

the energy of 77.4 kj/mol and 46.4 kj/mol at B3LYP/6–311+G(d,p) level of 

theory, respectively (Figure 1.). Moreover, the formation of 3F was found to 

be highly endergonic with 72.3 kj/mol.  

 

 
 

Figure 1. Addition reaction mechanism of 1F to ethylene. 
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Despite of 1F, the addition mechanisms of 1Cl and 1Br to ethylene have 

three steps. The required energy barriers to TS1X–3X (X = Cl, Br) are 

determined to be very similar (Figure 2 and 3). The results indicate that 

formations of 4Cl and 4Br are endergonic with the energies of 23.8 kj/mol 

and 27.3 kj/mol, respectively. Thus the gas phase calculations at room 

temperature suggest that the reactions are not spontaneous.  

 

 
Figure 2. Addition reaction mechanism of 1Cl to ethylene.  

 
Figure 3. Addition reaction mechanism of 1Br to ethylene. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  B-22-P 

 

 142 

Table 1. The solvent effect on the energetic of the reactions at B3LYP/6–

311+G(d,p) level of theory (Solvent = THF). 

 
1X to 

TS1X 

TS1X to 

2X 

2X to 

TS2X 

TS2X to 

3X 

3X to 

TS3X 

TS3X to 

4X 

X= F +50.6 –54.0 +21.7 +0.4 – – 

X= Cl +14.6 –28.4 +96.2 –61.1 +27.6 –66.5 

X= Br +12.9 –28.0 +100.0 –56.1 +23.0 –64.8 

 

To obtain more insights on the enegetic of the mechanisms, we have 

performed implicit solvation models with PCM method using tetrahydrofuran 

(THF) as solvent. The single point calculations estimate that formations of 

4Cl and 4Br are spontaneous in THF at room temperature (Table 1).  

 

CONCLUSION 

The energetic of the addition reactions are compared and the contributing of 

the halogens to the stability of the structures is simply discussed. Moreover, 

we have investigated solvent effect on the formation of silaspiropentanes. 

To create an implicit solvation model, single point calculations have been 

carried out for the optimized structures at the B3LYP/6–311+G(d,p) level of 

theory, with inclusion of the polarized continuum model (PCM) and THF as 

solvent. The solvated models were found to be spontaneous at room 

temperature for 1Br and 1Cl additions. 
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ABSTRACT 

Conformations and vibrational spectra of 3-metoxytyramine (3-MT), a 

metabolite of dopamine, have been investigated by density functional 

theory, at B3LYP/6-311++G(d,p) level, implemented in Gaussian Program 

package. From crystallographic data, by the conformational search, the most 

stable conformations were determined in gas phase. The most stable 

conformer, with emphasis on the specific interactions (hydrogen bonds and 

NH∙∙∙π) stabilizing the structure, is discussed. Experimental IR and Raman 

spectra, recorded in the region 4000-400 cm-1, have been assigned based on 

the potential energy distribution (PED).  

 

INTRODUCTION 

3-methoxytyramine (3-MT) is a major extracellular metabolite of dopamine, 

produced via catechol-O-methyltransferase from parent molecule. This 

molecule acts as neuromodulator that can be involved in movement control. 

Its elevated concentrations may indicate mental disorders, brain and carcinoid 

tumors’ development [1]. Unlike the other metabolites of dopamine, for 

example homovanillic acid and 3,4-dihydroxyphenylacetic acid, 3-MT has 

not been investigated by the means of theoretical methods and results of those 

being compared to experimental spectra and crystallographic data. In present 

study,the theoretical vibrational spectra are compared to experimental (IR and 

Raman), after the detailed conformational analysis.  

 

THEORETICAL AND EXPERIMENTAL METHODS 

All of the calculations have been performed with the Gaussian 09 program 

package [2]. Density functional theory (DFT) with B3LYPfunctionalin 

conjunction with 6-311++G(d,p) basis set, has been employed for the 

conformational search of the most stable conformer of 3-MT. Vibrational 
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frequencies, computed in harmonic approximation, verified that the 

minimum of potential energy surface was found. The calculated frequencies 

were scaled based on the least square method, with scaling factor of 0.9800 

in order to obtain better reproduction of experimental spectra. The 

assignation of vibrational modes was done based on PED analysis 

implemented in VEDA [3] software. Natural bond Orbital analysis was 

performed in order to investigate possible stabilization interactions.  

 

RESULTS AND DISCUSSION 

Conformational analysis 

3-methoxytyramine 3-MT (Figure 1.) consists of aliphatic 2-aminoethyl chain 

and aromatic ring with hydroxyl and methoxy 

substituents. For the present study the protonated form 

of molecule was chosen, because 3-MT hydrochloride 

was used for experiments. The conformational search 

was as following: three possible orientations of 

substituents were selected – hydroxyl and methoxy 

substituents oriented in the same direction with 

methoxy group pointing to hydroxyl (a), with hydroxyl 

group pointing to methoxy (b), and with substituents 

pointing in opposite directions (c). For these 

orientations, the rotation around dihedral angles α and β 

was performed and minima of the potential energy 

curve taken as starting structures for optimization.  

  

 

 

Figure 2. Optimized 

structures of 

3-MT (1-l left; 2-l – 

right) 

a) 1-l and b) 2-l 

 

There was the total of 12 structures. Based on differences in energy and 

enthalpy, two conformers, that were the most stable, were chosen (Figure 2), 

and named 1-l and 2-l. In the most stable conformers hydroxyl and methoxy 

substituents are oriented in the same direction, leading to the formation of an 

intramolecularOH∙∙∙O–CH3 hydrogen bond. The energy difference was 20.51 

kJ/mol with 1-l being more stable, but when enthalpy is concerned structure 

Figure 1. 

Structure of 3-MT 
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2-l is more stable for 13.86 kJ/mol, which is very ambiguous about the real 

conformation of 3-MT. 

Structure 1-l resembles the most stable conformer of dopamine from 

reference of Lagutschenkov[4] and this structure is additionally stabilized 

by the presence of weak intermolecular bond between N-H group of 

aliphatic chain and aromatic ring π system. 

The stabilization energy for this conformer is only 2 kJ/mol as predicted by 

NBO. These interactions are broken if solvent model for water is used, and 

more stable conformer is 1-lfor only 0.29 kJ/mol. Structure 2-lis found in 

crystallographic structure of some salts of 3-MT, due to strong interactions 

with surrounding molecules through amino group. 

Vibrational analysis 

The total of 72 vibrational modes were calculated and scaled, in the region 

between 4000 and 400cm−1, of which 60 are assigned based on PED analysis. 

As this is a low symmetry molecule, the most of modes are present in both 

spectra. The correlation between experimental and theoretical spectra was 

higher than 0.99. The comparative representation of experimental and 

theoretical IR and Raman spectra (R) are shown in Figure 3. 

 
 

 

 

 

 

 

 

 

In high frequency region (4000-2000cm−1) the most prominent peak is 

assigned to N-H stretching vibration of aliphatic chain, along with C-H 

stretching mode of aromatic ring and aliphatic chain (3440-2940 cm−1). The 

mid frequency region (1700-100 cm−1) comprises of medium to strong and 

very strong bands at 1603, 1279, 1249, 1160, 1032 cm-1 (IR) and 1616, 

1593, 1279 and 1025 cm−1(R) assigned to CC and CO stretching 

vibrations of aromatic ring and aliphatic chain, along with weak vibrations 

a) b) 

Figure 3. Theoretical and 

experimental spectra of 3-

MT a) IR, 1650-400 cm-1, 

b) Raman, 1650-400cm-1 

and c) Raman, 3400-2500 

cm-1 

c) 
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of the same type at 1433, 1385, 1085 cm−1 (IR) and 1150 and 1083 cm−1(R) 

In the region between 1500 and 1000 cm−1there are bending HCC, 

CCC, HCH, HCN and HOC modes appearing as weak intensity 

bands at 1623, 1506, 1471, 1458 , 1304 cm-1 (IR) and 1508, 1303, 1206 and 

1131 cm−1(R). Below 1000 cm-1, the observed bands go from strong to 

medium, and are assigned to OC, CC and NC stretching modes (1032 and 

799 cm−1(IR) and 1025 and 803cm−1(R)). The torsion modes, composed of 

mixed vibrations of type CCCC, HCCC, CCCO,HOCC and 

CCOC are positioned at 816, 724, 571, 460 and 457 cm−1(IR)and 821, 

725, 571 and 454 cm−1(R) mostly as low intensity bands.  

 

CONCLUSION 

The conformational search for the most stable structure of 3-MT was 

performed at B3LYP/6-311++G(d, p) level. Formation of hydrogen bond 

between OH and OCH3 additionally stabilizes structure1-l, along with 

NH interactions with π system, thus making the discussed structure the 

most stable in gas phase, although these ineractions are broken in polar 

solvent. For the comparison, structure 2-l was chosen because it resembles 

structure from crystallographic data. Experimental vibrational spectra were 

assigned based on the best-fit comparison between experimental and 

theoretical spectra, with correlation of higher than 0.99, thus proving that 

structure of 3-MT describes well structure in solid state and solution. 
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ABSTRACT 

The studied plasma source was a wall stabilized direct current arc burning in 

argon at atmospheric pressure, originally designed for elemental 

spectrochemical analysis. The influence of oxygen addition (1 - 20 %) on 

the electron density of mixed gas plasma was investigated for two initial 

plasma compositions, i.e.argon gas with water aerosol and and argon with 

water aerosol containing 0.5 % KCl. The electron number densities were 

calculated from the measured Stark profiles of Hβ spectral line. The results 

have shown that the addition of oxygenhas weak influence on electron 

number density in the studied central plasma zones. Similar trends were 

observed regardless of the presence or absence of easily ionized element 

(potassium).  

 

INTRODUCTION 

A direct current (DC) argonarc is anatmospheric-pressure plasma source 

that has several important operational characteristics in common with 

inductively coupled plasma (ICP): argon as the main gas, similar values of 

temperature and electron number density, and analyte introduction in the 

form of aerosol. The detection power of this device is comparable with ICP 

devices, especially for analysis of heavy metals in aqueous solutions. The 

addition of easily ionisable elements or molecular gasesto argon plasma is a 

common spectrochemical practice, applied to improve excitation conditions 

of the source, or to minimize matrix effects [1]. Our previous studies of 

argon-nitrogen plasma have shown that the addition of molecular gas may 

improve the analytical performance of DC arc source [2,3]. The aim of the 

present research is to test the applicability of another molecular gas, oxygen, 

for the same purpose. This paper describes the effects of various proportions 

of added oxygen on electron number density (ne) in argon DC arc burning in 

atmospheric pressure. As an air constituent, oxygen diffuses into the open-
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air plasma, thus, our results may be of interest for other atmospheric plasma 

sources as well. 

 

EXPERIMENTAL 

The excitation source under study is an arc specifically designed for 

spectrochemical analysis. A detailed description of U-shaped direct current 

(DC) argon stabilized arc was given in our previous papers [2,3]. The 

oxygen was added to two initial plasma gas compositions, argon gas with 

water aerosol, and argon gas with water aerosol containing 0.5% KCl. The 

addition of oxygen gas was carried out by increasing the flow rate of the O2 

and decreasing that of Ar, so that the total flow rate of the mixed gas was 

kept constant at 2.7 dm3min−1, which is the optimal flow for plasma 

operating in pure argon. Аn appropriate аmount of oxygen, in the range 

from 1 to 20 %, was gradually added. The effect of the addition of oxygen 

on electron number density at the arc axis was investigated for three arc 

currents 5, 7 and 9 A. Also, radially resolved electron density profiles were 

obtained for the arc current of 7A, a current that is commonly used in 

spectrochemical applications of this source.  

Our prime goal was to measure changes of the electron number density 

(ne) caused by the addition of oxygen to the argon plasma. Among the 

various methods available for this purpose, measurement of the half widths 

of the Stark broadened Balmer- Hβspectral line (486.13 nm) was chosen for 

two reasons. Firstly, the method is independent on local thermodynamic 

equilibrium assumption (LTE). Secondly, hydrogen exhibits a linear Stark 

effect that is readily measured even at densities lower than 1021/m3. Another 

accurate method for determination of ne (that is also independent on LTE 

assumption), the absolute measurement of the continuum emission, was a 

rather complicated task for mixed gas plasma. For evaluation of nea program 

proposed by Zikic et all [4] was used. The program enables evaluation of 

electron number densities by comparing the experimentally obtained 

emission profiles of Hβwith the theoretically calculated ones.  

 

RESULTS AND DISCUSSION 

For our working conditions (atmospheric pressure, not too high valuesof 

electron number densities and temperature), the most important cause of 

hydrogen spectral lines broadening was Stark broadening (full width at half 

maximum, FWHM between5∙10-2 and 3∙10-1 nm), while instrumental and 

Doppler widths were much smaller (FWHM  10-2nm).The accuracy of the 

electron density determination was estimated to be 5 – 7%. Addition of 

oxygen to the argon plasma with an aqueous aerosol (with or without KCl) 
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causednegligible changes in the 

electron number density at the arc 

axis,for all investigatedarc currents 

(Figure 1). 

Moving away from the arc axis, 

small changes in radial distribution 

of electron number density could be 

observed (Figure 2).The largest 

change (increase) of ne was 

observed in the zone 0.5 mm to 1 

mm from the arc axis.At greater 

distances from the arc axis,ne is 

somewhat higher than in the plasma 

without oxygen, but does not 

depend on the concentration of 

added oxygen.In the presence of 

potassium, density of electrons in 

the plasma core was smaller 

compared to the plasma 

without KCl, however, 

the added oxygen had a 

same effect on ne. 

DC argon arc plasma 

is characterized by a 

large electron number 

densityand temperature 

gradients in radial 

direction. The addition 

of oxygenmay influence 

the energy transport 

trough the discharge 

causing the changes of 

the fundamental plasma 

properties (ne, electron 

and gas temperature), 

the bulk plasma 

characteristics (thermodynamic functions and transport coefficients, 

diffusion coefficient, viscosity, thermal and electrical conductivity) and 

radiation properties of the plasma. In the present case, these changes are 

found to have minor influence on plasma parameters in the arc core. 

 
Figure 1.The influence of oxygen 

gas addition on electron number 

densities at the arc axis, for different 

arc currents. 

 

Figure 2.The influence of oxygen gas addition 

on radial distribution of electron number density 

inargon arc plasma operating at 7 A. 
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Dissociation of oxygen contributes to a local increase in thermal 

conductivity of plasma through the heat transferred as chemical enthalpy of 

molecules. However, the largest effect is expected in plasma zones were the 

temperature corresponds to the dissociation temperature of molecular 

oxygen, which is around 3500 K, and for the studied argon arc, this zone is 

at the plasma periphery. Consequently, the presence of oxygen will reduce 

the temperature gradient in the peripheral plasma zones which will 

indirectly induce small changes of the plasma parameters in the arc core. At 

the same time, due to high temperature, and relatively low dissociation 

energy of O2 (5.2 eV), a dissociation degree of oxygen in the arc core is 

probably high. If that is the case, mixtures of oxygen and argon would 

behave as a mixture of two atomic gases, which could explain the small 

effect of oxygen on the electron number density of the arc core. 

 

CONCLUSION 

Influence of different oxygen contents (1 % to 20 %) on the electron number 

density in atmospheric pressure argon DC arc has been studied. The results 

have shown that the changes in oxygen content slightly influence the changes 

in electron number density through changes in plasma temperature and 

thermal conductivity. The presence of easily ionized element lowers electron 

number densities in the central plasma zones of argon plasma, but the effect 

of oxygen on ne is the same as for mixed gas plasma without potassium.  
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ABSTRACT 

An interesting application of the atmospheric pressure plasma is 

decomposing of the long chemical chain molecules2-((4-

Hydroxyphenyl)Diazenil)Benzene-1,3,5-Triol.These molecules are very 

harmful and danger for the ecological life. Fourier transform infrared 

spectrometry (FT-IR) and UV-Vis spectrophotometry tools were used to 

characterization of the molecules after the plasma applications to molecule 

in ethanol and methanol solution. Characterizations for solutions prepared 

with ethanol and methanol solvents of 2-((4-

Hidroksifenil)Diazenil)Benzene-1,3,5-Triol molecule have been analysed 

after applying (duration: 3 minutes) the atmospheric pressure plasma jet. 

After the plasma treatment, photo products were produced at 1455.9 cm-1 

and 1453.94 cm-1. These are strong stretching peaks of 9C-8N -7N=6C of 

molecules in ethanol and methanol solutions. Moreover, other 

photoproducts were produced at 1624.84 cm-1 and 1645.92 cm-1, 

corresponds to 3C=15O stretchingpeaks. Finally, obtained new molecules 

contains 9C-8N -7N=6C inspire of the 9C-8N =7N-6C.  

 

INTRODUCTION 

Atmospheric pressure plasma may be more popular research subject about 

material and surface treatment. Atmospheric pressure plasma is used to 

degradation of the chemical bond and re-order of the chemical bonds in 

molecules chains. Atmospheric pressure plasma can change the surface free 

energy in some applications. Plasma jets operating with noble gases such as 

argon, neon… can be classified into four ways, i.e. dielectric-free electrode 

jets, dielectric barrier discharge jets, dielectric barrier discharge-like jets and 

single electrode jets. Dielectric barrier discharges (DBD) actuating with 

either sinusoidal signals or pulsed high voltages are the most common 

atmospheric pressure system currently in use and the dielectric prevents the 
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formation of high temperature arcs. The atmospheric pressure dielectric 

barrier discharges are very important in many fields of industry, such as 

large scale of ozone generation, surface polymerization, exhaust gas 

treatment plasma using spray droplets, sterilization of surfaces and cavities, 

inactivation of microorganisms, medicines, pollution control, deposition of 

thin film. A device was developed to generate a non-equilibrium 

atmospheric-pressure plasma jet at low temperature and supplied by a high-

voltage pulsed power source [1]. 

Azo dyes are used to industrial dye product. Using rate of the AZO dye is 

approximately 65%. They are very popular because of the photo- 

isomerization process and optical storage, liquid crystal, molecular motors 

and etc. Isomerization process are due to π-π*and n-π* electronic 

transitions. These two transitions are very important for the determination of 

the colour of the dyes. Azo dyes are used to photocatalytic materials. 

Solvents are important for the chemical process and analyses. 

Vibration spectroscopic analysis and peak assignments were realized to 

determine new molecule structure after the obtained plasma treatments. 

Finally, AZO molecules chemical bond properties were changed [2-7]. 

 

EXPERIMENTAL 

The chemical structure of molecule was represented in Figure. 1a and 

1b.Chemical formula is C12H10N2O4. Mass of the molecules is 246. 06. 

Molecular weight is 246.22. Elemental analysis ratio of AZO molecule 

includes carbon of 58.54, hydrogen of 4.09, and nitrogen of 11.38 and 

oxygen of 25.99.  

HO N N

HO

HO

OH

2-((4-hydroxyphenyl)diazenyl)benzene-1,3,5-triol

Chemical Formula: C12H10N2O4

Exact Mass: 246,06
Molecular Weight: 246,22

m/z: 246,06 (100,0%), 247,07 (13,2%), 248,07 (1,6%)

Elemental Analysis: C, 58.54; H, 4.09; N, 11.38; O, 25.99

 
(a)    (b) 

Figure 1. a) Chemical drawing, b) Chemical structure of the AZO 2-((4-

Hidroksifenil)Diazenil)Benzen-1,3,5-Triol Molecule 

 

The power supply provides 10kHz-25kHz frequency, and 4kV–20kV input 

voltage adjustments. 24 kHz frequency and 12 kV input voltage with ac 

power supply have been selected and the flow rate is fixed to 3.0 l/min. 

Application distance has also been preferred as 2 cm. Pure Ar plasma was 

generated in the discharge tube. High purity Ar gas was used for the all 

experiments. Plasma treatment duration is strictly adjusted to 3 mins. UV-

Vis were also recorded on a 4802 Unico UV-Vis double beam 

spectrophotometer (Fig.2).  
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Figure 2. UV spectra of molecule dissolved in methanol before and after 

APPT 
 

FT-IR spectra were obtained with a Jasco FT/IR-300 E spectrophotometer 

using the KBr pellet technique in the range 4000-400cm-1. The FT-IR 

spectra of molecule are presented in Figs. (3 and 4). 

Figure 3. FT-IR spectra of molecule dissolved in ethanolbefore and after 

APPT 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. FT-IR spectra of molecule dissolved in methanol before and 

after APPT 
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CONCLUSION 

AZO dye molecules are very popular because of the photo-isomerization 

process and optical storage, liquid crystal, molecular motors and etc. They 

are used to photocatalytic materials. We present a new decomposing method 

for the molecules. Atmospheric pressure jet was specially designed for the 

decomposing of the molecule. We present a new fast and effective molecule 

degradation method. This method is atmospheric pressure plasma treatment 

(APPT) with Argon gas. APPT can be a most popular method for the 

surface and chemical methods. Here, APPT was applied to industrial dye 

molecule of 2-((4-Hydroxyphenyl)Diazenil)Benzene-1,3,5-Triol. After the 

APPT treatment, chemical bonds types were changed. Especially, molecular 

bridge of molecule was seriously affected. One bond of this bridge was 

moved to another interatomic region. Moreover, new vibrations peaks were 

seen from the FT-IR analysis. APPT was applied to 3 mins. Two-photo 

products were obtained after the APPT. Finally, new photoproduct are 

defined as 9C-8N -7N=6C at 1455.9 cm-1 and 3C=15O at 1624.84 cm-

1stretching peaks. 
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ABSTRACT  

It was established that in low temperature films and KBr matrix water 

complexes with benzene, furan, thiophene, bromoform and methylene 

dichloride can form. The mechanism of intermolecular interaction in these 

systems depends on the nature of the organic partner. The n-, or π-donors 

transfer the electronic density on the shifted proton of water cluster, whereas 

the methane halides form intermediates via hydrogen bond between active 

proton of organic compounds and water oxygen. 

 

INTRODUCTION 

Water plays an important and often unclear role in many organic reactions. 

It is able to form complexes with interacting molecules due to the formation 

of hydrogen bond or as a nucleophilic agent, having electron pair on the 

oxygen atom. The water adducts were fixed for many inorganic species in 

gas and condensed phase, whereas for organic compounds they were 

observed seldom, although the possibility of their existence was predicted 

by quantum chemical calculations. Some time ago we published the IR 

spectroscopic data indicating on the formation of water complexes with 

organic compounds in the liquid and solid phase [1, 2].  

The general approach to the interpretation of IR data was suggested in [1-2]. 

It is based on the idea that the compounds, having an electronic pair, can 

interacte with hydrated shifted hydrogen atom of water cluster, i.e. with the, so 

called, hydronium ion. The IR manifestation of similar interaction has been 

shown as a considerable shift of hydronium ion stretching band, observed in 

free water cluster at 2350-2300 cm-1. Thus the complex formation in this case 

may be accompanied by arising of new absorption in the middle IR range due 

to the shifting of the hydronium ion stretching band to lower frequencies.  

In the case of molecules with active proton the complex formation of 

these ones with water should be going on under the interaction of the active 

proton with an electronic pair of water oxygen. Therefore we might expect 
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the changes in high frequencies region, where OH stretching bands of water 

shown to be, because the bending vibration of water, locating at1650-1600 

cm-1 in solid phase, is weakly sensitive to intermolecular binding.  

In the presented work we have discussed the IR spectroscopic finding of 

water intermediates with a few organic molecules, namely, furan, thiophene, 

bromoform and methylene dichloride in low temperatures films (t=130-

100K) and benzene in KBr matrix at ambient temperature. Such a collection 

of compounds can manifest the different types of intermolecular interactions 

between organic molecules and water: furan and thiophene have an active 

electronic pair at the hetero atom, benzene is a π-donor, bromoform and 

methylene dichloride are the typical CH - acids.  

 

EXPERIMENTAL 

For the preparation of low temperature films the unit, which scheme is 

shown in the Figure 1, was used. The low temperature shell (9) is vacuumed 

by pumping installation (11) and cooled by liquid nitrogen in open cycle. 

The shell is situated into IR spectrometer (12). The organic sample is 

evaporated from volume (13) and fills the shell by the valves (2, 5, 6). The 

water vapour fills the shell by the flow of nitrogen gas passing through 

water layer. The temperature control was provided by digital controller (14) 

and pressure control by manometers (7, 8).The investigated films were 

obtained by the condensation of water and organic samples vapour on the 

NaCl window cooled up to 130-100K.  

The method of sample preparation in KBr matrix was described in detail 

in [2]. Briefly, KBr powder saturated by water vapour is mixed in a definite 

ratio with a liquid sample and is pressed in a pallet.Then its spectrum is 

recorded by standard technique. 

The spectra were recorded by the Furrier spectrometer Shimadzu 

IRAffinity-1 in 4000-600 cm-1 interval with resolution 2 cm-1 and 50 scans. 

 

 

Figure 1.  

The scheme of the 

unit for low 

temperature films 

preparation. 
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RESULTS AND DISCUSSION 

In the spectra of condensate of water and furan mixture (1:1) the new bands 

at 1551 and 1266 cm-1, which are lacking in low temperatures films of 

initial components, were observed (in Figure 2, left side, they are indicated 

by asterisk). These bands have expected shifts in low temperature films, 

containing heavy water. 

  
Figure 2. The spectra of low temperature films of water and furan (left 

side), water and thiophene (right side) mixtures (1:1) at 130K. 

 

Therefore they can be assigned to the water adduct with organic molecules. 

It is reasonable to assume that the binding of water and organic partner 

arises by the most appropriate interaction between shifted hydrogen atom 

(H*) of water and lone pair of hetero atom in furan. The scheme of similar 

transformation can be presented in a following way: 

OH···(H2O)n···H* + :O(C4H4) ↔ OH···(H2O)n···Hδ+←:O(C4H4) 

This approach leads to the conclusion that the found new bands belong to 

the stretching (high frequency mode) and bending vibration (low 

frequencies mode) of hydronium molecule bounded with furan. 

The new bands in the low temperature films of water and thiophene 

mixture (1:1) at 1506 (doublet), 918 and 870 cm-1 were observed (in Figure 

2, right side, they are indicated by asterisk). For the heavy water mixture 

they have predicted shift to lower frequencies. Analogically to previous case 

these bands can be assigned to stretching and bending vibration of the 

hydronium ion intermediate with thiophene. 

The spectra of benzene/water mixture in the KBr matrix at the ratio of the 

initial components (benzene/water) 3:1, 1:1 and 1:3 were recorded. In the 

first case the spectrum exhibits the band at 1740 cm-1, which disappears at 

the increase of the water concentration in the mixture, whereas a band at 

1458 cm-1 appears, and its intensity increases with the growth of water 

concentration. Besides, in the last case, a new band at 1380 cm-1 is detected. 
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In the spectrum of the mixture containing heavy water, two new bands 

appear at 1072 (νH/νD=1.36) and 1022 cm-1 (νH/νD=1.35). Therefore the 

found new bands were assigned to vibrations of the hydronium ion in 

associates with the benzene molecule (see the interpretation for furan and 

thiophene complexes as well). 

We have observed for bromoform and methylene dichloride films, 

containing water, for mixture water/methane halide in ratio of components 

3:1 (see Figure 3, b) at 100K, the new bands (relatively 1:1 mixture, see 

Figure 3, a) in high frequencies range only (in Figure 3 they are indicated by 

asterisk). It becomes quite clear, if we take into account that the most 

possible interaction of water with organic molecules should be provided by 

binding of water oxygen and proton of methane halide. Similar interaction 

leads to the bands shift of OH stretching, because the HOH bending mode is 

weakly sensitive to complex formation.    

  
Figure 3. The spectra of water/methane halide mixtures: for bromoform, left 

side and methylene dichloride, right side (a-1:1 mixture, b-3:1 mixture). 

 

CONCLUSION 

It was established by IR technique that water can form complexes with 

organic molecules at various ratios of components both in low temperature 

films and KBr matrix at ambient temperature. 
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ABSTRACT 

Deep eutectic solvents (DESs) are environmentally-friendly, easy to be 

prepared and tested for various applications. Two choline chloride-based 

DESs with thiourea and dimethylurea as hydrogen bond donors (in 1:2 

molar ratios) were prepared. The functional groups of these mixtures were 

analyzed by Fourier transform infrared (FTIR) spectroscopy. Thiourea is in 

its thiol form when forming the DES, while dimethylurea does the same in 

its imidic acid form. 

 

INTRODUCTION 

Deep eutectic solvents (DESs) have been referred as promising alternative 

to conventional ionic liquids (ILs). In comparison with ILs, DESs are 

cheaper and easier to be prepared, less toxic and have shown to be 

biodegradable [1-3], which makes them referred as green solvents. These 

eutectic mixtures are usually made by combining a substituted quaternary 

ammonium salt (for example choline chloride) and a complexing agent 

(usually a hydrogen bond donor), resulting a compound with lower melting 

point [1,4]. When complexing agent interacts with the anion, its effective 

size is increased, leading to decreased interaction between anion and cation, 

so freezing point depression of the mixture occurs. Choline chloride (2-

hydroxy-ethyltrimethyl-amonium chloride, ChCl) is a quaternary 

ammonium salt, consisted from a choline cation and chloride anion, often 

used in preparation of DESs. Thiourea is a white crystalline solid, both 

naturally occurring and synthetic. Dimethylurea appears as a colorless-to-

white crystalline powder.  

The main aim of the present paper was to prepare two choline chloride-

based DESs with thiourea and dimethylurea as hydrogen bond donors (in 

1:2 molar ratio) and to analyze the functional groups of these mixtures by 
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Fourier transform infrared (FTIR) spectroscopy, in order to explain the 

interactions of the molecules and the stability of these mixtures. 

 

EXPERIMENTAL 

Chemicals 
Choline chloride (Sigma Aldrich, ≥ 98.0%), thiourea (99.5%, ZorkaŠabac, 

Serbia) and 1,3-dimethylurea (Sigma Aldrich, ≥ 98%) were used as 

purchased, without purification. 

Instruments 

The FTIR spectra were recorded on a Michaelson Bomen MB-series 

spectrophotometer, using the KBr pellet (1.5 mg/150 mg) technique, in the 

area of 4000-400 cm-1 wave length, and 2 cm-1 resolution. The mixture is 

vacuumed, pressed under the pressure of 200 MPa, in order to form thin, 

permeable pastilles. The spectra were recorded on the room temperature, 

after the formation of pastilles. 

Preparation of DESs 

ChCl was combined with thiourea or dimethylurea as hydrogen bond donors 

at 1:2 molar ratio of ChCl to hydrogen bond donor in a round-bottomed 

flask. The flask was placed on a rotary evaporator at 348.15 K for 1 h, until 

a homogeneous and transparent liquid was formed. DESs were stored in a 

well closed glass bottles in a desiccator containing CaCl2. ChCl:thiourea and 

ChCl:dimethylurea are liquids, viscous, homogeneous, and colorless, 

turning into white solid upon cooling. 

 

RESULTS AND DISCUSSION 

The spectra of choline chloride (Figure 1) shows a very strong and broad 

band at 3406 cm-1, which is assigned to (OH) stretching vibration. The 

shape of band indicates the presence of (most likely) intramolecular 

hydrogen bond, since choline chloride possesses both hydrogen bonding 

donors and acceptors. The existence of hydrogen bonds is also confirmed by 

the weak peak at 2846 cm-1 [5]. The band at 3247 cm-1 is assigned to the 

(NH3
+) vibrations, typical seen in case of charged amine derivatives, and 

the appropriate deformation vibration (NH3
+) is positioned at 1660 cm-1 

[6].The spectra of choline chloride DESs with thiourea and dimethylurea 

show a strong and broad band at 3400 cm-1which, as in choline chloride 

spectra, belongs to hydrogen bonded hydroxyl functional group. 

An FTIR spectrum of thiourea(Figure 1.)has asymmetrical and 

symmetrical stretching vibrations as(NH2) + s(NH2) at 3380 and 3273 cm-

1, and N-C=S I, N-C=S II and N-C=S III bands at 1436, 1399 and 1084 cm-

1, which is consistent with its thiol form,carbamimidothioic acid [7].
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The slightly shift of 

amine deformational 

vibrations ( = 11 cm-1) 

also suggests interaction 

through these functional 

groups between choline 

and thiourea. 

An FTIR spectrum of 

dimethylurea(Figure 1) 

clearly shows a stretching 

vibration at 3345 cm-1, 

which corresponds to 

secondary (NH) group. 

Bands at 2344 cm-1and 

1837 cm-1 belong to 

stretching (C=NH+) and 

deformation (C=NH+) 

vibrations, which prove 

the imidic acid form 

ofdimethylurea, (Z)-N,N`-

dimethylcarbamimidic 

acid. The band which 

belongs to stretching 

(OH) vibration is widely 

broad at 3378 cm-1 and 

covers all the amine 

vibrations’ belonging 

bands. (C-O) vibration 

in DES is slightly moved 

for = 11 cm-1 in spectrum 

of DES, probably due to 

choline-dimethylurea 

interaction. 

 

CONCLUSION 

It was established that there are interactions among the components of the 

binary mixtures of choline chloride and thiourea or dimethylurea, leading to 

the formation of deep eutectic mixtures. Thiourea in its thiol form forms the 

DES with choline chloride, while dimethylurea does the same in its imidic 

acid form. These deep eutectic mixtures can be promising alternatives to 

Figure 1.FTIR spectra of choline 

chloride, thiourea, ChCl:thiourea 

DES,dimethylurea and 

ChCl:dimethylurea DES. 
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classical ionic liquids, because of the easy synthesis, availability and 

biodegradability of the components. 
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ABSTRACT 

Gold chloride clusters were generated from an aqueous solution of gold-

hydrochloric acid deposited onto the target plate using laser 

desorption/ionization (LDI) on a commercial matrix assisted laser 

desorption/ionization – time of flight (MALDI-TOF) mass spectrometric 

instrument. In our experimental conditions negative mode of LDI mass 

spectra provided the most valuable informations. The mass peaks at m/z 

about 339, 499, 571, 641, were assigned to AuCl4
-, Au2Cl3

-, Au2Cl5
-, 

Au2Cl7
- cluster ions, respectively. The Au2Cl5

- and Au2Cl7
- clusters are 

detected for the first time in this work. This research showed that LDI MS, 

thanks to its easy experimental procedure, a soft ionization technique which 

may be a useful characterization tool in the chemistry of heterogeneous gold 

clusters. 

 

INTRODUCTION 

Investigations of homogeneous and heterogeneous clusters of gold are 

important for their potential application in different areas such as catalysis, 

optics, medicaments, and environmental sciences [1-4]. For specific 

technological and scientific requests, it is necessary to examine the structure 

and stability of these clusters as the function of their composition and size. 

Generally, mass spectrometric methods allow both the examination of 

conditions for obtaining various types of metal clusters, and the 

investigation of their electronic and geometric properties. In the past two 

decades, several mass spectrometric techniques have been used to study 

homogeneous gold clusters, and most of these techniques were based on the 

evaporation of metals by heating, or using laser ablation and ion-

bombardment. For example, laser desorption Fourier-transform ion 

cyclotron resonance (LD FT-ICR) mass spectrometry was used as a simple 

method for generating large gold cluster ions, Aun
+/- [5]. Mass distributions 
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of negative cluster ions of gold (Au)n
-obtained by the bombardment of metal 

sheets with Xe ions were examined up to cluster size n = 250 [6]. 

Research of the structures of gold halides clusters is important because it 

provides insight into the extent of aurophilic interactions which are 

intermediates between van der Waals’ forces and covalent bonding. 

Previous studies have shown that Au2Cl3
+, Au2Cl4

+, and Au2Cl6
+ clusters 

can be obtained by the evaporated HAuCl4 at 100–120°C, and these species 

were detected in the conventional way through electron impact ionization 

(EI) [7]. Also, mononuclear cluster types [AuCl2]
+(H2O)n (n = 0–4), 

[AuOHCl]+(H2O)n (n = 0–1) and [AuCl2]
+(HCl)2(H2O)n (n = 0–4), and 

dinuclear cluster types [Au2Cl5-x(OH)x]+(H2O)n (x = 0–1) have been 

detected in electrospray ionization mass spectra of aqueous AuCl3 [8]. 

In this work, we have investigated the conditions for the application of 

LDI TOF mass spectrometry for the generation of gold chloride clusters 

from an aqueous solution of gold-hydrochloric acid.  

 

EXPERIMENTAL 

LDI mass spectra were obtained using the commercial MALDI-TOF mass 

spectrometer (Voyager-DE PRO, AB Sciex, USA) equipped with a 20 Hz 

pulsed nitrogen laser (337 nm) and with delayed extraction. A stainless steel 

target was used as the MALDI substrate on which the samples are 

deposited. The accelerating voltage used was 19 kV. The mass spectra were 

collected using both positive and negative ion modes and both linear and 

reflector modes. Data Explorer software 4.9 includes a suite of tools and 

processing options that allow you to graphically and interactively 

manipulate mass spectral data (for examle, determine elemental 

composition, theoretical isotope distributions, resolution, signal-to-noise 

ratio, and fragment ions). No matrices were used for this sample 

preparation. A small volume (0.5 μl) of an aqueous HAuCl4 solution, 

concentration 2.5 g Au/dm3, was applied onto the sample plate and left to 

dry at room temperature. 

 

RESULTS AND DISCUSSION 

In our experimental conditions the positive mode LDI mass spectra did not 

contain the peaks of Au-Cl clusters. The positive mode spectra did confirm 

the identity of the Aun
+ (n = 1-3) clusters, however these clusters have 

already been detected. For that reason, positive mode of LDI mass 

spectrumis neither presented no further discussed. 

An example of a mass spectrum for aqueous solution of gold-

hydrochloric acid obtained in the reflector negative mode is shown in Fig. 1. 
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Figure 1. Reflector negative ion LDI-TOF mass spectrum of HAuCl4. The 

spectrum represents the average of 300 laser shots with laser intensity of 1800 a.u. 

 

For the confirmation of the identity of signals detected, we have compared 

experimental and theoretical values of gold chloride clusters generated via 

LDI TOF mass spectrometry, in Table 1. The experimental values have a 

very good agreement with theoretical values of m/z ratio, which confirms 

the identity of signals detectable in the LDI spectra. 

 

Table 1. Experimental values of Au2Cl2n+1 (n = 1-3) generated via laser 

desorption/ionization-time of flight mass spectrometry (theoretical isotope 

distributionswere taken from Data Explorer software 4.9) 
 Cluster Experi

mental 

m/z 

Theoreti

cal m/z 

Relati

ve 

intens

ity of 

isotop

es 

(%) 

 Cluster Experi

mental 

m/z 

Theoret

ical 

m/z 

Relative 

intensity 

of 

isotopes 

(%) 

Au2Cl3
- 499.16 

501.15 

503.09 

505.02 

498.84 

500.84 

502.84 

504.83 

100 

97 

31 

3 

Au2Cl7
- 639.07 

641.05 

643.05 

645.07 

647.08 

638.72 

640.71 

642.71 

644.71 

646.70 

44 

100 

97 

52 

17 Au2Cl5
- 569.10 

571.09 

573.10 

575.07 

577.03 

568.78 

570.77 

572.77 

574.77 

576.77 

62 

100 

65 

21 

3 

 

These data show that negative ion of cluster Au2Cl3
- is the dominant 

dinuclear gold cluster, in which gold exists as the monovalent (AuI) ion, 

while Au2Cl5
- cluster contains monovalent (AuI) and trivalent (AuIII) ions, 

and Au2Cl7
- cluster contains two trivalent (AuIII) ions.It should be observed 
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that in the EI mass spectra only positively charged clusters, such as Au2Cl3
+, 

Au2Cl4
+, and Au2Cl6

+ (with different oxidation state of gold than above 

mentioned) have been detected after HAuCl4 has evaporated at a small rate 

(~3–5 K/min) [7]. In our case, heating of the sample (HAuCl4) in the 

ionization chamber was very fast, because desorption/ionization process is 

determined by the energy density supplied to the sample by the laser pulse. 

In the LDI mass spectrum (Fig. 1) only negatively charged clusters were 

detected. This indicates that heating rate of the sample may affect on 

stability, composition, and size of dinuclear gold chloride clusters. 

 

CONCLUSION 
Here, the laser desorption/ionization – time of flight (LDI-TOF) mass 

spectra of aqueous solution of gold-hydrochloric acid have been 

investigated. Mass spectra were acquired in both linear and reflector 

positive/negative modes. However, the best resolution of isotope peaks of 

Au2Cl2n+1 (n = 1-3) clusters were obtained in reflector negative ion mode. 

Some of the clusters were found for the first time whose isotope peaks were 

in very good correlation with theoretical values. 
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ABSTRACT  

The Joint Expert Committee on Food Additives published a procedure for 

the determination of curcumin based on absorbance atλmax (425 nm). 

According to the procedure, the content of coloring matters, ie. 

curcuminoids in ethanolic solutions of commercially available 

curcuminhave been determined in this study. The UV-Vis spectrum of 

analyzed samples has been recorded in range from 220 to 600 nm. The 

improvement of accuracy has been achieved by obtaining data from 

calibration curves. The results obtained have been found to be in accordance 

with manufacturers' specifications. The relation between absorbance at 

about 427 nm (attributed to curcumin) and 262 nm (attributed to substituted 

phenolic nuclei within the molecules of curcumin) has been considered. The 

obtained relation A(~427 nm)/A(~262 nm) is 4.3 ± 0.2. Lower values of the 

before mentioned relation indicate a degradation of curcumin. 

 

INTRODUCTION  

Curcumin, obtained by the extraction from the root of Curcuma longa, is a 

natural mixture of curcuminoids, which belong to a group of phenolic 

substances, with three major curcuminoid: curcumin (1,7-Bis-(4-hydroxy-3-

methoxyphenyl)-1,6-heptadiene-3,5-dione), demethoxycurcumin, and bis-

demethoxycurcumin [1,2]. In the UV-Vis spectral region, curcumin has a 

characteristic absorption in the area of 300-500 nm, with a maximum of 

absorption at about 430 nm [1-4]. The position of this peak was found to be 

dependent on the difference in the proportion of curcuminoids in their 

mixture and influenced by the kind of the solvent and pH of the solution[1]. 

The Joint Expert Committee on Food Additives (2001) published a 

procedure for UV-Vis spectroscopic determination of curcumin [2]. There 

are only a few articles dealing with UV-Vis spectroscopic determination of 

the curcumin content, but none of them deal with the above-mentioned 

JECFA procedure (2001) [3,4]. On the other hand, there are numerous 

mailto:szlatanovic@gmail.com
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reported on HPLC determination of the curcumin content based on UV Vis 

detection of the absorbance at 262 nm, attributed to substituted phenolic 

groups within curcumin, or at about 427 nm[3].  

The aim of this study is to show the possibilities of simple UV-Vis method 

for the determination of curcumin according by applying JECFA procedure 

(2001). Particular attention has been paid toratio of absorbance at 427 and at 

262 nm. Until now, this ratio has been neglected in literature. 

 

EXPERIMENTAL 

Curcumin - Fluka, Lot: 1355475, Assay ≥ 95.0 % (TLC), Curcumun – 

Merck, Lot: S7101854 537, Assay (acidimetric) ≥ 90.0 %, Curcumin - 

Sigma, Lot: # SLBN 7214V, Assay > 65.0 % (HPLC), ethyl alcohol 

(ethanolum denat) HeMos, Belgrade. The pH readings were obtained using 

colour-fixed indicator sticks, Macherey-Nagel, pH-Fix 0-14.  

The total content of colouring matters (curcuminoids) has been determined 

by JECFA procedure (2001). The first solution has been prepared by 

dissolution of 0.08 g of the curcumin sample in a 200-mL ethanol. A 

solution for recording has been prepared by dissolutionof 1.0 mL of the first 

solution into a 100 mL ethanol. Absorbance (A) at 427 nm has been 

measured in a 1-cm cell. The total colouring matters content (TC) of the 

sample has been calculated using the following equation Eq1: TC (%) = (A 

x 200 x100)/(W x 1607), where A = absorbance of sample, W = weight of 

sample (g), and 1607 = specific absorbance of the curcumin standard in 

ethanol.  

Absorption spectra were recorded using Thermo, type Evolution 600,UV-

Vis at the interval of 220-800 nm, with bandwidth of 4.0 nm, scan speed of 

60 nm/min, data interval of 0.2 nm, and with Helma quartz cuvette of 1 cm. 

 

RESULTS AND DISCUSSION 

Commercial samples of Merck, Fluka and Sigma curcumin were labeled as 

K1, K2 and K3, respectively. In accordance with the procedure which was 

given by JECFA (2001) to determine the total content of colouring matters 

(curcuminoids) (TC), UV-Vis spectra of the samples K1, K2 i K3, were 

recorded. Spectra absorption maximum has been found to be positioned at 

427.2 nm (denoted as A2) as shown in Fig. 1. Corresponding absorbance 

values have been used to calculate the value of TC in accordance with Eq1 

(Tab. 1). In order to improve determination accuracy, instead of one point 

measurement, four point calibration curves have been made for each sample. 
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Calibration curves showing the dependence of A2 = f (C) are given in Fig. 2. 

According to the obtained calibration straight lines, absorbances which 

correspond to concentrations present in K1, K2 and K3 have been calculated 

(A2g, see Tab. 1). The A2g values have been used to calculate the TC values 

in accordance with Eq1 (TCg values, Tab. 1).The results of the analysis 

have been found to be in accordance with manufacturers' specifications. 

However, the content of curcumin present in sample K3 has been found 

much higher than expected. Manufacturer declaration cited the minimum 

value of curcumin content is above 65%, while the content determined in 

this study is 92.2%.  

Curcumin degradation has been noticed after 16 days of solution storage at 

room temperature. Its degradation products belong to phenolics [1].Fig. 1 

shows the spectrum recorded 16 days after the solution of sample K1 was 

made (spectrum Sr2K1d). The total content of curcumin in solution after 

 

 

Table 1. Absorbance A1 at262.2 

nm, A2 at427.2 nm, A2gvalue 

coresponding to value calculated 

from graf (Fig. 2) and the total 

content of colouring matters 

(curcuminoids) (TC) in curcumin 

samples K1, K2 and K3. 

 

 

Sample K1 K2 K3 

Cx 10-3 

(g/L) 
4.34 4.44 4.06 

A262.2 0.141 0.170 0.140 

A427.7
 0.633 0.707 0.598 

A2g 0.630 0.694 0.603 

A427.7/A262.2 4.49 4.16 4.27 

A2g/A262.2 4.47 4.08 4.31 

TC (%) 90.8 99.1 91.7 

TCg (%) 90.3 97.3 92.2 
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Figure 1. UV-Vis spectra of 

curcumin samples K1,K2, K3, and 

K1(d) for solution of K1 recorded 16 

days after the solution was made. 
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Figure 2. Relation A2 = fC(Sr), for 

samples K1, K2, and K3. 
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storage of 16 days has been found reduced in comparison to fresh solution 

for 17% (Tab. 1). In the spectrum Sr2K1d, the absorbance at 262.2 nm 

(denoted as A1), remains at the same order of magnitude as in the spectrum 

of freshly made solution of sample K1(see Tab. 1). In the spectrum of partly 

degraded curcumin, the value of relation A2(~427 nm)/A1(~262 nm) = 3.88 

is below the corresponding values in the spectra of freshly made curcumin 

solutions where A2/A1 = 4.3 ± 0.2 ( Tab. 1). 

 

CONCLUSION 

The fast, simple, and accurate UV-Vis method for the determination of the 

total content of coloring matters (curcuminoids) based on the procedure 

published by JECFA (2001) has been improved. In this study, more accurate 

determination ofcurcumin content has been achieved by introduction of 

calibration curves. This procedure is not time consuming. Spectra of 

investigated samples indicate:i) absorption of substituted phenolic nuclei 

within the molecules of curcumin and in the degradation products at 262 nm 

is in the same order of magnitude and ii) the values of the ratio A2(~427 

nm)/A1(~262 nm) in the spectra of freshly made curcumin solutions are in 

range 4.3 ± 0.2, while values below indicate the degradation of curcumin. 
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ABSTRACT  

Autoxidation of curcumin in EtOH water solutions (40 vol %) set at pH 8 

and 10 by addition of NaOH was followed in the spectral range from 220 to 

800 nm. Autoxidation of curcumin in these solutions was to be found slower 

in comparison to literature data. After 46 h of beginning of curcumin 

decomposition, UV Vis spectra indicate the existence of new intermediate 

structures which could lead to the formation of bicyclopentadiones.  

 

INTRODUCTION 

Curcumin is a natural mixture of curcuminoids. The most important ones 

are curcumin, demethoxycurcumin, and bis-demethoxycurcumin 

[1,2,3].Curcumin (1,7-Bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-

3,5-dione) was found to be active against human diseases such as diabetes, 

obesity, neurologic and psychiatric disorders, cancer etc. [1,2,3].Curcumin 

is soluble in acetone, dichloromethane, methanol, ethanol and 2-propanol 

[1,2]. It is insoluble in water at acidic and neutral pH but soluble in alkaline 

water solutions. However, after dissolving in alkaline environment, it 

experiences rapid decomposition. Many reports on curcumin stability at 

different pH have been published [3-6]. In 0.1 M phosphate buffer (pH 7.2), 

vanillin, ferulic acid and feruloyl methane were identified as minor 

degradation products and a major product was bicyclopentadione, with a 

molecular formula of C21H20O8 and mass of 401.12 g/mol, formed by 

cyclization and oxygenation of the heptadienone carbon chain of curcumin 

[5,6].Gordon et al (2015) have established optimal conditions for 

chromatographic and spectroscopic analysis of curcumin intermediates. 

They have reported UV-Vis spektra of curcumin degradation products as 

well as a reaction mechanism of curcumin decomposition [6]. 

In this study, autoxidation of curcumin in the alkaline solution EtOH-water 

(60 : 40 vol %) has been investigated spectrophotometrically in the spectral 

range 220-800 nm. In these solutions, autoxidation of curcumin is found to 
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be slower than reported in literature. In order to avoid the influence of 

phosphate anion the starting condition has been adjusted by NaOH addition.  

 

EXPERIMENTAL 

Curcumin was from Merck, Ethyl alcohol (ethanolum denat) and sodium 

hydroxide were from HeMos. The pH readings were obtained using colour-

fixed indicator sticks, Macherey-Nagel, pH-Fix 0-14. 0.25 mL of curcumin 

solution (0.04g in 100 mL EtOH) was mixed with 14.75 EtOH and water 

was added to 25 mL. pH was adjusted with NaOH.  

Absorption spectra were recorded using Thermo, type Evolution 600, UV-

Vis at the interval of 220-800 nm, with bandwidth of 4.0 nm, scan speed of 

60 nm/min, data interval of 0.2 nm, and with Helma quartz cuvette of 1 cm. 

 

RESULTS AND DISCUSSION 

Changes in curcumin solutions at pH 8 and 10, denoted as S8 and S10 

respectively, have been followed spectrophotometrically in 220-800 nm 

spectral range. Five minutes after solution of curcumin was made the 

spectrum shown in Figure 1 was recorded. Absorption maxima at 220, 265 i 

520 nm (spectrum 1) corresponds to initial transformation of curcumin 

initiated by the hydrogen atom abstraction from one of the phenolic 

hydroxyl groups 2,5,6. Spectra 2 - 7 reflect the changes related to 

autoxidation of curcumin after 30 to 380 min. Degradation of initially 

transformed curcumin follows the absorption intensity at 520 nm fall, with a 

maximum movement to 460 nm. At the same time, intensity of the first peak 

at 220 increases and moves batochromically to the position of 230 nm, 

intensity of the second peak at 265 nm increases but retains the position, 

while a new peak whose absorbance at 350 increases over time appeared. 

All these changes indicate emergence of degradation products phase. 

Spectra of curcumin solution at S10 are identical (not shown). Also, 

kintetics of curcumin autoxidation at pH 8 and 10 is similar. According to 

maxima positions, products of curcumin autoxidation are related to 

spiroepoxy cyclopentadiones and vinylether cyclopentadiones, whose 

adsorption maxima, according to Gordon et al, were at 263 nm and 360 nm, 

respectively 6. Based on reported spectra of chromatographically divided 

products of curcumin degradation 6, maximun at 230 could be attributed 

to vinylether cyclopentadiones. Maximun at 280 nm has not been noticed in 

recorded spectra (Fig. 1). Also, according to Gordon et al two maxima at 

230 and 280 nm could be ascribed to bicyclopentadione 6. Spiroepoxy 

cyclopentadiones and vinylether cyclopentadiones were supposed to be 

intermediates in the autoxidation of curcumin, during bicyclopentadiones 
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formation. It is worth to note that spiroepoxy cyclopentadiones was the 

earliest intermediate 6. Spectra of autooxidation curcumin solution at pH 8 

and 10 indicates simultanious formation of spiroepoxy i vinylether 

cyclopentadiones. Considering that maximum at 280 has not been visible 

even after 46 h, formation of bicyclopentadione does not occur. Spectra 

shown in Fig.1. indicate the slower autoxidation of curcumin at pH 8 and 10 

(solution S8 and S10) than reported before in literature, where after 7 h 

intermediate disappeared while bicyclopentadione was appeared 6. It is 

questionable whether the presence of alcohol inhibits this mechanism, or if 

the absence of phosphate anion, or even some ingredient present in the inital 

curcumin sample (90% purity) affects this significant retardation of 

curcumin degradation mechanism and formation of new structures . 

 

CONCLUSION 

UV-Vis spectra of curcumin in ethanol - water (40 vol %) solution, adjusted 

with NaOH at pH=8 and pH=10, indicate a significant retardation of 

autoxidation of curcumin, in relation to literature data. Reasons for such 

behavior of curcumin solutions remain to be established. UV-Vis spectra 

250 300 350 400 450 500 550 600 650 700 750 800

0,0

0,1

0,2

0,3

0,4

0,5

0,6

7

6

5

4
3

2

A
b

s
o

rb
a

n
c

e

 (nm)

1 - 5 min

2 - 30 min

3 - 60 min

4 - 120 min

5 - 200 min

6 - 380 min

7 - 46 h

1

 

Figure 1. UV-Visspectra of curcumin in solution (pH= 8); time 

dependence of autoxidation 
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corresponding to the 46th hour of the start of curcumin decomposition 

indicate the existence of new structures;these intermediates could possibly 

lead to the formation of bicyclopentadione. 
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ABSTRACT 

In this work a correlation is suggested between the conformational 

characteristics of the elementary unit, determined by ATR-FTIR spectroscopy 

data, and components of the surface free energy which were calculated on the 

base of the contact angles. The effect of the solvent nature on the 

conformational structure of macromolecules and surface properties of the 

copolymer films was shown for styrene and n-butyl acrylate copolymers with 

varied composition and predetermined microstructure. It was found that the 

microstructure of the polymer chain predetermined by synthesis governs the 

surface properties of polymer films at low contents of one of the comonomers. 

It was demonstrated that by changing the nature of the solvent used for film 

casting it is possible to control the conformational structure of the elementary 

unit thus enriching the film surface with polar or non-polar groups. 

 

INTRODUCTION 

Effect of non-covalent interactions (dipole-dipole or complexes with 

hydrogen bonds) on the conformational structure of the elementary unit of 

macromolecule and applicability of Fourier transform infrared spectroscopy 

to detect these changes were described in detail in the paper [1]. In this 

paper a correlation between the change spectral characteristics (relative 

intensity) of several absorption bands in the ATR-FTIR spectra of films and 

components of the free surface energy was established for the first time for 

the films of polynorbornenes synthesized by metathesis polymerization cast 

form the solutions in different solvents.  

In other words, the solvent forms a new conformational structure of the 

polymer chain through the non-covalent interaction with functional groups 

of the polymer. This conformational structure remains in the film after 

solvent evaporation and desorption determining the packaging of 

macromolecules and thus affecting on the macro parameters of polymer 

films. We assume that the changes on the conformational level initiated by 
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various solvents manifest themselves at the macroscopic level and the 

common patterns between the change in conformation structure of the 

macromolecule and the components of the specific free surface energy of 

the films could be found. The polar component of the specific free surface 

energy of the polymer depends on the presence of polar groups on the surface. 

The dispersion component of the surface free energy is related to the density of 

the surface layers. 

 

EXPERIMENTAL 

The binary copolymers of styrene and n-butyl acrilate (nBA) of various 

composition and chain microstructure obtained via a controlled radical 

polymerization and conventional radical polymerization (compositionally 

heterogeneous, random RC) have been studied (Table 1).  

Their synthesis and 

characterization is described in detail 

in [2]. Polymer films were prepared 

by casting of 1 wt.% solutions in 

toluene or acetone on KBr pellets 

with subsequent drying during 2 h at 

ambient conditions. The ATR-FTIR-

spectra were recorded using IR-

microscope Hyperion2000, 

conjugated with vacuum IR-

spectrometer IFS 66v/s (Bruker). 

For surface energy characteristics 

measurement, Owens-Wendt-

Kaelble approach was used (test 

liquids were water and 

diiodomethane) [4]. Contact angles 

of test liquids were measured by 

sessile drop technique with accuracy of 1 degree. The accuracy of γSV value 

determination was 1 mJm2. 

To take into account the possible influence of the polarization of C=O 

bonds on the corresponding bands intensity in ATR spectra, the ATR 

spectra were recorded with polarizer and without polarizer (0 and 90 

degrees with respect to the polarizer plane). 

 

RESULTS AND DISCUSSION 

Analytical absorption bands for analysis were selected so that the relative 

deviation of the average values (between the intensity of the spectrum 

recorded without a polarizer and in two mutually perpendicular polarization 

 

Table 1. Characteristics of 

(co)polymers: FS – styrene mole 

fraction in copolymer, Mn – 

number average molecular 

weight, PDI − polydispersity 

index* 

 
Sample FS, % Mn × 10–3 PDI 

PS 100 25.8 1.20 

RC-60a 60  14500 1.24 

RC-60b 60 230900 2.32 

BC-60 60 21000 1.46 

GC-30 30 353.9 1.93 

RC-30 30 16.6 1.25 

GC-10 10 25.8 1.21 

RC-10   10 19.6 1.18 

PnBA 0 36.8 1.53 
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planes, P=0.95) does not exceed 10%. The absorption bands of CH 

deformation vibrations in mono-substituted aromatic ring (
CH

 at 757 cm–1) 

and the absorption bands of CO valence vibration (C=O at 1730 cm–1) and 

their ratio A1730/A757 were selected. For samples with low concentration of 

styrene component only gradient copolymer with small polydispersity index 

is sensitive to the change of the solvent. The points of the dispersive 

component of specific free surface energy and structural characterization 

differ dramatically for the films formed from different solvent (fig.1).  

If the content of the styrene 

component increases to 30% the 

difference between samples with 

different microstructures and 

films prehistory becomes less 

pronounced.When the content of 

the styrene component is above 

50%, the copolymer with a 

random microstructure and a 

large PDI is more sensitive to the 

influence of the solvent type on 

the dispersion component, which 

is connected with packaging. If 

we compare the copolymers 

points movement on diagram 

with the values of the polar (γp
SV) 

and the dispersive (γd
SV) 

components of specific free surface energy (Table 2) we can see that for the 

RC-10 films the polar component cannot be calculated, and these samples have 

the most dense packaging, which means that the films surface is enriched with 

styrene groups. For GC-10 film which was cast from acetone solution we see 

the same picture. And for the film cast from toluene we see loosening of 

packaging and sufficiently high value of polar component, i.e. the surface is 

enriched with butyl acrylate groups. For a block copolymer (BC-60) the surface 

of the film cast from toluene is enriched with butyl acrylate groups. And the 

surface of a film cast from acetone is enriched with styrene groups, enabling 

dense packaging. 

 

 

 

 

 
Figure 1. Dependence of the dispersion 

component of the specific free surface 

energy on the intensity of the 

characteristic absorption bands ratio. 
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Table 1. PS/PNBA films polar (γp
SV) and dispersive (γd

SV) components of 

surface energy  
Samples 

Solvent 
γ

d

SV
, mJ∙m

–2
 γ

р

SV
, mJ∙m

–2
 

toluene acetone toluene acetone 

PS 45 42 1 2 

RC-60b 41 36 3 close to zero 

BC-60 40 41 10 2 

RC-30 42 40 1 1 

GC-30 44 43 close to zero 2 

RC-10 46 47 close to zero close to zero 

GC-10 39 46 7 close to zero 

PNBA 40 39 9 8 

 

CONCLUSION 

In this work we have shown the possibility to “pull” into the surface layer the 

required functional groups of copolymers simply by replacing the solvent. 

Polymer materials with different properties can be prepared from the same 

polymer. Using this approach, one can control the structure of the surface 

layer of copolymers with a predetermined microstructure. The conformational 

structure of elementary unit is an important parameter which must be 

considered when dealing with the copolymers with determined 

microstructure. The greatest effect of the “gentle” influence of solvent on the 

conformational structure of the elementary unit and morphological structure 

of the polymer chain is observed for small content of one of comonomers. 
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ABSTRACT 

Formation of an interpolymer complex in mixtures of poly(ethylene oxide), 

methacrylic acid - methyl methacrylate copolymer and poly(ethylene glycol) 

and rearrangements at heating in this system was studied by means of DSC, 

X-ray diffraction, FTIR and contact angles measurement. It was 

demonstrated that the interpolymer complex is formed in dry films prepared 

from the ethanol solution after heating above PEO melting point. This 

results in some changes in conformations of PEO chains which may explain 

some increase of hydrophobicity of the film surface after heat treatment. 

 

INTRODUCTION 

Interpolymer complexes (IPCs) represent a specific type of substances 

formed by polymers having complementary functional groups and stabilized 

by H-bonds or electrostatic interactions between these groups. In spite of the 

fact that the energy of single bond can be quite low (e.g. in case of H-

bonds), the overall strength of bonding of two polymer molecules in a IPC 

is high enough due to their length. That is why IPCs are usually insoluble in 

various solvents, or at least their solubility is very low. At heating the H-

bonds network may deteriorate which leads to dissociation of the IPC. 

Usually IPC are prepared from solution by mixing the solutions of the 

complementary polymers which is followed by the IPC precipitation. 

It was demonstrated however [1] that in some cases IPCs can be formed 

in polymer melts. Furthermore, using low molecular weight or oligomeric 

platicizers it is possible to tailor their mechanical properties so that they 

satisfy the Dalquist’s criterion of tack [2] thus obtaining materials that can 

be used as hydrophilic pressure-sensitive adhesives [1]. In such adhesives 
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IPCs play an important role restricting their dissolution in water or other 

solvents and providing their integrity. 

This work is focused on the study of formation of an IPC in mixtures 

ofpoly(ethylene oxide),methacrylic acid - methyl methacrylate copolymer 

and poly(ethylene glycol)and rearrangements at heating in this system. 

 

EXPERIMENTAL 

In our work we used: 

 Polyox WSR N 750 poly(ethylene oxide) (PEO) provided by Dow Home, 

with molecular weight 300000 Da; 

 Lutrol E-400polyethylene glycol (PEG) provided by BASF, with 

molecular weight 400 Da. 

 Eudragit L100 (Eu L) methacrylic acid - methyl methacrylate copolymer 

provided by Evonik Industries AG with 1:1 molar ratio of comonomers 

and 135000 Da molecular weight. 

The films of the compositions were prepared by mixing of the ethanol 

solutions of initials components followed by solution casting and then 

drying at ambient comditions for 24 hrs. Some of the films were then 

exposed to elevated temperature (60°C) for 3 hrs (heat treatment). 

DSC measurements were performed using TA 2920 calorimeter with 

heating/cooling rates of 20°C/min. X-ray diffraction data were obtained in 

the reflection mode by means of DRON-3 diffractometer (CuKα –radiation). 

Fourier transform infrared spectroscopy (FTIR - spectroscopy) was 

performed in the thermostatic cell on a substrate of the optical Si (chip) in 

transmission mode.Attenuated Total Reflectance (ATR - spectroscopy) data 

were obtained using the germanium crystal in reflection regime. 

Contact angles were measured by sessile drop method at 20°С with 

accuracy of 1 degree at advancing (θa) and receding (θr) conditions [1]. 

Surface energy of films (γSV), its dispersive (γd
SV) and polar (γp

SV) 

components were calculated by Qwens-Wendt-Kaelble approach using θa of 

two probe liquids (H2O, CH2I2) [3]. 

 

RESULTS AND DISCUSSION 

DSC thermograms of binary PEO – Eu L blends (Fig. 1) demonstrate that 

even small amounts of Eu L (at ratioPEO to Eu 10:1) suppress significantly 

PEO crystallinity. At equimolar ratio the PEO melting peak is completely 

absent. PEG has very low influence on the position and area of the melting 

peak. 
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Figure 1. DSC thermograms of PEO – PEG - Eu L films at heating. 1 - 

PEO:Eu L=1:1, 25% PEG; 2 - PEO:Eu L=1:1, 0% PEG; 3 – PEO:Eu 

L=10:1, 50% PEG; 4 - PEO:Eu L=10:1, 25% PEG; 5 - PEO:Eu L=10 : 1, 

0% PEG; 6 - PEO 

X-Ray diffraction data confirm these findings(Fig.2). 

 
Figure 2. X-Ray diffraction data for binary PEO – Eu L blends. 1 – 

PEO:Eu L=1:1, 2 - PEO:Eu L=10:1 

 

FTIR data (Fig. 3) indicate some changes in conformations of PEO 

chains which may explain some increase of hydrophobicity of the films 

surface after heat treatment (Table 1). 

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   B-32-P 

 

 182 

 

Figure 3. FTIR spectra of 

pure components and 

PEO:Eu L: PEG blend 

with 1.5:1.0:3.8 

components ratio at 

temperatures close to 

PEO melting point. 

Table 1. Surface characteristics of samples 
PEO:Eu L: 

PEG ratio  
Heat 

treatment 
θa, degree θr, 

degree 
Δθ, 

degree 
γd

SV, 

mJ∙m–2 
γp

SV, 

mJ∙m–2 
γSV, 

mJ∙m–2 H2O CH2I2 
1:1:1 No 51 28 50 1 35 20 55 

1.5:1.0:3.8 No 84 22 42 42 46 2 48 
1:1:1 Yes 70 51 40 30 30 11 41 

1.5:1.0:3.8 Yes 63 30 41 22 37 12 49 

 

CONCLUSION 

It was established that formation of an IPC can proceed at heating of dry 

films obtained from mixtures ofpoly(ethylene oxide), methacrylic acid - 

methyl methacrylate copolymer and poly(ethylene glycol). The formation of 

complex is accompanied by PEO crystallization suppression and some 

hydrophobization of the film surface initiated by changes of microstructure 

of PEO chains. 
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ABSTRACT 

The need to reduce greenhouse gases emissions and the shortages expected 

in the near future in the supply of fossil hydrocarbons as an energy source 

and resource for the synthesis of chemicals has generated substantial interest 

in developing of alternative routes for energy and chemicals production, 

especially from renewable feed stocks. Biomass is one of the most 

prospective renewable resources because in most of the cases is clean, 

carbon neutral and widely available. Hydrogen produced from renewable 

resources is identified as an ideal energy carrier to support sustainable 

energy development since its combustion does not produce any emissions of 

carbon dioxide but only water. The demand for hydrogen in the next decade 

is expected to grow substantially due to its wide application in the fuel cells 

technologies. As a result, there is a growing interest in the search of 

effective alternatives to produce renewable hydrogen cleanly and safely.  

Among the various feed stock for hydrogen production, the biomass 

derived ethanol is very attractive because of its relatively high hydrogen 

content, availability, non-toxicity, and storage and handling safety. The 

ethanol steam reforming to hydrogen has received special attention due to 

the associated environmental benefits. However, it is not an industrial 

process yet due to the difficulties of the reaction, such as the lack of 

catalyst’s stability caused by carbon accumulation and structural changes 

(oxidation, sintering). 

On the other hand, the rapid development of the bioethanol market has 

been also accompanied by a growing interest in its use as renewable 

feedstock for the manufacture of bio-based chemicals (green chemistry). 

Moreover, bioethanol was recently identified as one of the potential top bio-

based raw materials for the chemical industry.  

For successfully industrial application of bioethanol conversion to 

hydrogen or other chemical products the research efforts were focused on 

development of a new generation of active and stable catalysts that play a 

crucial role in the reactivity toward ethanol conversion to hydrogen and 

chemicals. The active catalyst should maximize product selectivity and 

inhibit coke formation.  
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The attention was paid on the different reaction pathways of ethanol 

reforming to hydrogen as a function of metallic composition (regarding 

electronic properties) by modifying Ni-based catalysts with Co addition, 

focusing on the structural properties. On the other hand, Cu-based catalysts 

supported on zirconia with different morphologies were used for ethanol 

conversion to ethylacetate formation. 
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ABSTRACT 

Alkaline-earth metal oxide aerogels prepared by sol–gel method followed 

by autoclave drying are nanocrystalline mesoporous materials with high 

reactivity. The reaction of MgO aerogels with CF2Cl2 was shown to takes 

place after a long induction period. It was found that addition of vanadium 

had a promoting effect on this reaction accelerating the formation of the 

active sites on the surface of the nanoparticles. A good correlation was 

observed between the rate of the CF2Cl2 destructive sorption and the 

concentration of weak electron-acceptor sites characterized by EPR 

technique using perylene as a spin probe.  

 

INTRODUCTION 

Inorganic aerogels can be prepared via sol-gel process followed by drying 

under supercritical conditions when the liquid-vapor interface is eliminated. 

Nanocrystalline MgO aerogels have high surface areas, small crystallite 

sizes, enhanced adsorption properties and have been used as destructive 

adsorbents and in various catalytic applications [1, 2]. In this 

communication we will review our main results obtained for CF2Cl2 

destructive sorption on AP-MgO, which is characterized by unusual long 

induction period, the effect of vanadium on it and characterization of 

electron-acceptor sites during this solid-state reaction.  

 

RESULTS AND DISCUSSION 

Nanocrystalline magnesium oxide synthesized by modified aerogel method 

(AP-MgO) with the surface area about 400 m2/g was used in the study. The 

detailed synthesis procedure was described in [1, 2]. VOx∙MgO aerogels 

were prepared by a similar method following a previously reported 

procedure with vanadium (V) triisopropoxide oxide added to the freshly 

prepared Mg(OH)2 gel in desired proportion [3]. 

Dehydration of Mg(OH)2 aerogels is typically carried out by heating in 

vacuum to 500°C or higher temperatures. The AP-MgO samples after heat 

treatment at 500°C consist of 1-5 nm crystallites arranged into chains 
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forming a very porous secondary structure [1, 2]. The abundance of pores of 

different sizes gives AP-MgO large accessible surface area.  

Dehydration of V-Mg(OH)x hydroxide aerogels in a flow reactor with 

intense air flow and slow heating yielded nanoscale AP-VOx/MgO mixed 

oxides with the surface area exceeding 400 m2/g [3]. The XRD analysis of 

VOx/MgO samples with different vanadium concentrations showed the 

presence of nanocrystalline MgO phase with the average crystallite size 5-6 

nm together with some Mg(OH)2. It is remarkable that no vanadium oxide 

or magnesium vanadate phase was observed even in the sample with 

vanadium concentration as high as 26%. 

 
Figure 1. Weight gain during CF2Cl2 reaction at 350°C with aerogel MgO 

and 1% VOx·MgO samples (left) and dependence of the intensities of EPR 

spectra observed after perylene adsorption from toluene solution on aerogel 

MgO and 5% V2O5/MgO on time of their reaction with CF2Cl2 (right). 

 

CF2Cl2 was found to react with aerogel MgO at 325°C or higher 

temperatures to give a significant gain of the sample weight as evidenced by 

kinetic curves presented in Fig. 1 [4]. The presence of an obvious induction 

period, after which an intense gain of the sample weight starts, is the most 

distinctive and interesting feature of the kinetic curves. Its duration depends 

on the reaction temperature and the used experimental setup.  

The addition of just 1% vanadium results in a substantial increase of the 

MgO reactivity in the solid-state exchange of the oxygen atoms for halogens 

(Fig. 1) [5]. The rate of MgO interaction with CF2Cl2 is also much higher in 

the presence of vanadium (12%/min for MgO and 41%/min for 1% 

VOx∙MgO). Most likely, such acceleration is related to the fact that 

vanadium acts as a catalytic intermediate in the solid-state exchange of the 

oxygen atoms for fluorine and chlorine. Deeper conversion of the 

vanadium-doped sample is also notabSle.  
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Very low but steady conversion of CF2Cl2 to CO2 and CCl4 formed in 

approximately equal molar amounts was observed during the induction period 

before the beginning of the active stage. Such reaction should be accompanied by 

the MgO conversion to MgF2 according to reaction (1). This reaction is mostly 

limited to the surface and its rate begins to increase towards the end of the 

induction period. Some chlorine atoms are retained on the MgO surface as well. 

2 MgO + 2 CF2Cl2  2 MgF2 + CO2 + CCl4      (1) 

After the end of the induction period the halocarbon conversion quickly 

increases in less than a minute. Sometimes the ratio of released CO2 and CCl4 is 

changed, so that the peaks of their release may not match. The overall bulk 

reaction after the end of the induction period seems to be the sum of separate 

reactions (2) and (3). Magnesium chloride is formed as an intermediate, which 

usually does not form a separate phase.  

2 MgO + CF2Cl2 → MgCl2 + MgF2 + CO2        (2) 

MgCl2 + CF2Cl2 → MgF2 + CCl4        (3) 

The obtained data for the reaction with CF2Cl2 clearly demonstrate that the 

active form of the destructive sorbent is formed only after induction period. 

Apparently, during the induction period certain active sites not existing before 

reaction are accumulated on the MgO surface. Bulk transformation of 

magnesium oxide to magnesium fluoride begins only when such sites are formed 

in sufficient concentration. 
Electron-acceptor sites are very reactive species present on the surface of 

some heterogeneous catalysts, which are capable of abstracting a single electron 

from an aromatic probe molecule [6]. The concentration of electron-acceptor 

sites during the solid-state reaction was studied using a recently developed 

original procedure [7]. A sample was loaded into a tube suitable for EPR 

measurements and subjected to the reaction with the CF2Cl2 for desired time 

followed by fast cooling to ambient temperature and the perylene adsorption 

from solution in toluene. The concentration of electron-acceptor sites was 

measured by double integration of the EPR signal obtained after perylene 

ionization on them.  
The data on the concentration of electron-acceptor sites on the surface of 

AP-MgO and 5%V2O5/AP-MgO samples as a function of the reaction time 

are presented in Figure 1. Electron-acceptor sites were not found on the 

surface of the initial sample. Such sites appear during the reaction with the 

halocarbon due to the MgO chlorination and fluorination. Their 

concentration gradually increased during the induction period, reaching a 

clearly defined maximum in the active state when the rapid topochemical 

destructive sorption reaction occurred [7]. 
The induction period before the increase of the concentration of electron-

acceptor sites is much shorter on the sample with 5% of vanadium than that on 
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pure AP-MgO. This result is in a good agreement with the kinetic data. 

Moreover, the concentration of electron-acceptor sites on this sample is higher. 

Overall, the results obtained in this study prove that there is a good correlation 

between the formation of weak electron-acceptor sites and the activity of 

nanocrystalline AP-MgO and V2O5/AP-MgO aerogels in the reaction with 

CF2Cl2. 
 

CONCLUSION 

Destructive sorption of CF2Cl2 on MgO aerogels is characterized by a long 

induction period after which fast solid-state reaction takes place. Apparently 

active sites are accumulated on the surface during the induction period. Vanadia 

addition to nanocrystalline MgO was found to shorten the induction period in the 

reaction with CF2Cl2. A method for characterization of electron-acceptor sites 

during solid-state and catalytic reactions was developed in our lab. Using this 

method we found a good correlation between the rate of the halocarbon 

destructive sorption on AP-MgO and V2O5/AP-MgO and the concentration of 

weak electron-acceptor sites tested using perylene as spin probe.  
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ABSTRACT 

The model of moisture diffusion in polydisperse porous particles is 

proposed, based on quasi-chemical reaction approach. The diffusion flux is 

expressed in Onsager form Ji = Li Xji, according to the concept of linear non-

equilibrium thermodynamics, but with non-linear thermodynamic force Xji. 

The driving force is considered as a product Xji = xj (1–xi) of fullness degree 

by moisture of one type of pores xj and emptiness of another type (1–xi). 

The model is applied to drying of polypropylene porous particles filled 

with heptane. Three types of moisture were assumed inside porous particles, 

which are corresponded to three sizes of pores. Results of experiments and 

model formulation are presented in this report. 

 

INTRODUCTION 

In many processes such as adsorption, drying, solid fuel combustion, and 

catalytic reactions, the mass transfer of fluid in porous media is often the 

rate limiting step. Despite of heterogeneous porous structure, and different 

mechanisms of transport, the mass transfer is often characterized by an 

effective diffusivity, which is a lumped parameter.  

In some models (especially in drying and adsorption) the effective 

diffusivity is represented as a function of moisture content and temperature 

[1, 2]. Other authors consider the combination of parallel/series models with 

different diffusivities and porosities [3, 4].  

The so-called reaction engineering approach (REA) to modelling the 

convective drying of food materials [5, 6], is also reduced to diffusivity as a 

semi-empirical function of temperature and moisture.  

Another approach is based on assumption of heterogeneous porous 

structure and on models of multi-phase mass transfer. Such models are 

applied successfully for drying of fruits because are based on their cellular 

structure [7, 8]. Authors postulate two phases of moisture: (i) free liquid 

water inside intercellular space; (ii) bound water within the cell structure.  
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An interaction of these types of water within the macroscopic multiphase 

model is taken as a Mass Action Law (MAL) in chemical kinetics.  

Gorban et al. [9] have developed a generalized approach to nonlinear 

multicomponent diffusion based on the idea of the reaction mechanism 

borrowed from chemical kinetics. They have proposed also the suitable 

equations for Fick’s diffusion and for Cell-jump formalism, as well as 

complex balance conditions for MAL application in diffusion.  

Based on these approaches, we have proposed the model of moisture 

diffusion in a poly-disperse porous particles. The polypropylene powder 

was used, where the porous structure was filled with heptane.  

The model of drying has been derived assuming three types of moisture 

inside porous particles, which correspond to three sizes of pores. Based on 

the experimental results, a model for the solvent diffusion is presented.  

 

EXPERIMENTAL 

For the study of moisture diffusion the polypropylene porous particles were 

used, obtained in slurry polymerization process where heptane is used as a 

solvent. So, heptane plays the role of “moisture”. The range of particles 

diameter was 50–500 m, and the range of moisture 10–20 % wt.  

Kinetic experiments (Fig. 1) were carried out by TG–DSC thermal 

analysis using Q600 SDT equipment of TA Instruments. Measurements 

were conducted in N2 atmosphere (flow rates: 20 and 100 cm3/min), with 

sample masses of 2-4 mg and heating rates of 5, 10 and 20 °C/min using 

alumina sample pan and the corresponding empty pan as reference for DSC 

measurements. One experiment was carried out under stepwise isothermal 

(SWI) conditions with a heating rate of 10 oC/min. 
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Figure 1. TG and DTG curves measured at different heating rates.  

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    C-03-SL 

 

 193 

FORMULATION OF THE MODEL  

The model of drying process in thermogravimetric experiments is based on 

the following scheme:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Differential mass balance of moisture in sample:  

 ogpol yyF
td

wd
G       (1) 

and in gas phase: 

   yySkyyF
td

yd
V ssmogg       (2) 

Gpol – mass of polimer, mg; w – relative moisture; Vg – gas volume, cm3;  

Fg – gas flow rate, cm3/min; yo , y – inlet and outlet gas humidity, g/cm3; 

ys – moisture of gas near particles, g/cm3; km – mass transfer coefficient 

(from sample to gas), cm3/cm2 min; Vs – volume of sample in pan, cm3;  

 Ss – cross section of pan, cm2. 

Balance equation for the gas phase near particles surface: 
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ppLw hDD / ,       psp ra /13    

rp – radious of particle, cm;  s – voidage of sample; 

Dw , DL – moisture diffusivity in particle and in liquid, cm2/s;  

ap – specific surface area of particles, cm2/cm3;  

p – particle porosity;  hp – tortuosity of the particle.  
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Process in gas phase is much faster than in particles, so we can consider 

that the drying proceeds in a quasi-steady regime: dy/dt  dys /dt  0. It 

means that the change of moisture in gas slaves to the dynamics of moisture 

inside particles. Therefore, for the modelling only one equation is enough: 

 
prr

pssw
rd

wd
aVD

td

wd



 1                        (4) 

Because of small particles diameter (50 to 500 m), the diffusion flux in (4) 

one can approximate by the expression of linear driving force:  

  prrr
rwwrdwd

p




      (5) 

wr  – moisture of particles in equilibrium with gas, mg/mg. 

Then, an equation for drying rate takes the form:  
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Since the diffusivity DL depends on temperature, we can write:  
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The analysis of experimental data (Fig. 1) shows that using only one 

equation (6) is not enough for describing the real drying kinetics (Fig. 2). It 

means that the state of liquid inside particles is not homogeneous, and it 

should be consider as depending on porous structure of particles.  
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Figure 2. Rate of drying. Points – experiment; lines – equations (6-7). 
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RESULTS AND DISCUSSION 

Polymer particles have various structure, depending on polymerization 

conditions, such as a catalyst type, electron donor, concentration of H2, etc. 

In our case the porous structure looks like in Fig. 3. 

 Most authors consider the growing polymer particle (macroparticle) as 

aggregate of smaller particles (microparticles), with a crystallite of catalyst 

inside [10-13]. Such a model formally corresponds with bidisperse structure 

of porous materials. Thus, we can assume that „three types of liquid“ take 

places in particles distinguished by their localization, and thus, by the rate of 

diffusion (Fig. 4).  

 

 
Figure 3. SEM micrographs of the polypropylene particles. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic model of wetted porous particles. 
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The moisture of particle (w) one can express via the volume of liquid 

(Vw), of pores (Vv), of particle (Vp), and of polymer in it (Vpol). Because of Vv 

/ Vp = p, and Vpol = Vp (1–p ), we can write:  

pol

w

pp

w

pol

w

pol

w

pol

w

V

V

V

V

G

G
w









)1( 
      (8) 

The volume of liquid (Vw) is then a sum of volumes of „three types of 

liquid“ in the corresponding pores (Vw = Vi xi ), where ( xi ) is a degree of 

filling the corresponding structures with liquid.  
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mac , mic – portion of macro-, and micro-pores;  

xmac , xmic , xpol – degree of filling the pores and the polymer with liquid.  

It is important that mac + mic = p , and i values remain unchanged with 

drying, because they characterise the particle structure. As for partial 

moisture (xi), they changes in the interval from 0 to 1. 

With (9), the equation (8) for total moisture becomes as follows:  

  polpmicmicmacmac
ppol

w xxxw 






 1

1
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    (10) 

Diffusion fluxes for partial moisture xi we write using quasi-chemical 

reaction approach in Onsager form: Ji =  Li Xji . The driving force Xji has a 

non-linear expression Xji = xj (1–xi), like in cell-jump diffusion [9] or in 

Langmuir adsorption kinetics.  

In our case, xj is a degree of saturation by moisture of one type of pores, 

and (1–xi) is an emptiness of the nearby pores.  

   macmicmicrmacmacmac xxxxtddx  1      (11) 

   micpolpolmacmicmicmic xxxxtddx  11         (12) 

 micpolpolpol xxtddx  1     (13) 

Mass-transfer coefficients i (min–1) are defined similar to (6) and (7): 
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According to the model, the moisture diffusion starts from macro-pores.  

Because xr in (11) is proportional to wr , the diffusion continues until 

saturation of the gas phase or emptying of macropores. The diffusion from 

micropores is possible only toward macropores if they are not filled.  

The „liquid“ in a polymer (xpol ) is a consequence of polymer swelling in 

the presence of monomer, some oligomers and solvent. It is a very small 

value but can influence the drying of polymer at high temperature [14].  

The model gave a good prediction of the experimental drying rates at 

different operating conditions and moisture contents (Figs. 5, 6).  
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Figure 5. Drying dynamics. Points – experiment; lines – model (10-14). 
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Figure 6. Drying at SWI. Points – experiment; lines – model (10-14). 
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CONCLUSION 

We have studied the mass transfer (diffusion) of moisture (heptane) in 

polymer porous particles (polypropylene). Kinetic experiments were carried 

out by TG–DTA thermal analysis. Drying of the same polymer powder was 

studied earlier in industrial dryer with fluidized bed [14].  

Based on these investigations, we have claimed that the process inside 

particles is characterised by non-uniform diffusivity, related to polydisperse 

structure of porous particles.  

The new model of moisture diffusion in porous particles is proposed, 

based on quasi-chemical reaction approach. The driving force of moisture 

transfer is non-linear and expresses a product xj (1–xi). Here, xj is a degree of 

saturation by moisture of one type of pores, and (1–xi) is an emptiness of the 

nearby pores. The model demonstrates a good description of experiments, 

and is used for optimization of industrial dryer with multizone fluidized bed. 
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ABSTRACT 

This contribution lists a number of common misconceptions encountered in 

chemical kinetics, which are termed fallacies throughout this text. These 

fallacies often appear even in otherwise high-quality publications and can 

typically be avoided only through maintaining constant awareness about 

their possible occurrence. 

 

INTRODUCTION 

Logical traps, i.e. frequently used and seemingly correct lines of thought 

often make scientific reasoning a challenging task. Reaction kinetics seems 

to be an especially sensitive field in this respect. Following the basic ideas 

published in a recent book [1], this text will present those logical traps, 

termed ‘fallacies’in this contribution, which have been recognized by the 

author as (at least potential) major sources of erroneous conclusions. 

In many cases, numerous articles could be cited from the high-quality 

scientific literature where the authors fell into these traps. However, 

negative citations are avoided here as the objective of this text is not to 

single out certain authors for some mistakes, but to provide the reader with a 

collection of short warnings on typical cases. Yet it should be remarked that 

a major general fallacy in science is that printing an argument in a peer 

reviewed publication automatically makes the reasoning correct. Scientific 

logic obliges all the readers to re-think arguments and not simply accept 

what was written by others. 

This text provides very similar information to the last chapter of the 

textbook already cited [1] but in a more concise form. Some novel 

observations have also been added, these are based on the recent experience 

and discussions of the author. Catalysis science and mechanistic kinetic 

research have developed to be remarkably distinct disciplines with very little 

communication between the experts in the two fields. This is why the 

present author welcomes the recent attempts to develop some sort of general 

standards in catalysis science in a process called benchmarking [2], which 

includes kinetically relevant lines of thought as well. 
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DISCUSSION 

In the main part of this contribution, each logical trap will be stated in a 

single sentence in a negative way, which is followed by a longer explanation 

about the possible origin of the fallacy. 

The first fallacy of the reaction rate is that it exists for any reaction. In 

a typical textbook on kinetics, a general reaction is formulated as follows: 

 aA + bB pP + qQ 

Then the rate of this general reaction is defined by including the 

stoichiometric coefficients: 

 
dt

d

qdt

d

pdt

d

bdt

d

a
v

[Q]1[P]1[B]1[A]1
  

However, as pointed out even in the relevant IUPAC recommendations 

[3-4], this definition is only useful for if no intermediates exist in the 

process.Otherwise,the equations in the above formula are not true and the 

general rate of reaction is meaningless. In fact, it would be better to restrict 

the concept of reaction rates to elementary reactions. 

The second fallacy of the reaction rate is that it is characteristic of a 

chemical reaction, or even one of its reagents. 

The rate of a chemical process is typically dependent on the 

concentrations of the reactants, sometimes also on the concentrations of the 

products or other materials that do not even appear in the stoichiometric 

equation. Although it is not incorrect to speak about the typical time scale of 

a reaction in a casual manner, developing this into a quantitative concept is 

by no means advisable. Nowhere this contradiction is stronger than for the 

“turnover frequency” (TOF) often used in catalysis science to characterize a 

catalyst [5-7]. In fact, TOF is the ratio of the reaction rate and the catalyst 

concentration and depends on all the concentrations. Therefore, it is 

unsuitable for the very purpose it was designed for. There are known 

examples when TOF values depend on the concentration of the catalyst [8]. 

The fallacy of rate constants is that they are suitable for comparing 

reaction rates. 

Although when one wishes to compare reaction rates (especially within 

one reaction system), the values of rate constants are certainly important, it 

should not be forgotten that the typical concentrations this constant must be 

multiplied with to obtain the reaction rate may be very different, even by 

several orders of magnitude. A less nuanced mistake when a comparison of 

rate constants of different order is attempted: they obviously have different 

physical dimension and, therefore, are not comparable. 

The fallacy of the rate coefficient is that this is the correct term to be 

used instead of the term rate constant. 
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This is only a question of semantics. Some experts often argue that rate 

constants are not in fact constants because they depend on a number of 

external parameters such as temperature. While this is not incorrect, this 

argument misunderstands the mathematical idea behind calling a quantity a 

constant. The rate constant is a constant in this sense because it is 

independent of the explicitly stated variables in a rate equation, which are 

the concentrations and time. The recommendations of IUPAC [3,4] fully 

endorse this usage. 

The fallacy of consecutive processes is that the first process always has 

a higher rate constant than the second one in the series. 

It is unlikely that any kineticist would fall into this trap directly. 

However, a more disguised and very common case is when the time 

dependence of an instrumental signal (At) measured in a two-step process is 

evaluated with a biexponential function of the following from: 
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In this case, it is very tempting to assume that the faster pseudo-first 

order rate constant belongs to the first process in the consecutive series. In 

fact, the sequence must be established by separate considerations. 

The fallacy of parallel processes is that the rate constant of one of the 

parallel steps can be obtained by selectively monitoring its product. 

When parallel reactions are encountered, it must be remembered that the 

rate of the parallel pathways are typically not influenced by the 

concentrations of the products and following one product selectively 

doesnot give the rate constant of the pathway leading to it. For example, 

consider the following simple two parallel processes: 
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Therefore, the first order rate constant determined from the measurement 

will be the same, no matter if P or Q is followed selectively. 

The first fallacy of the rate determining step is that it is slower than 

other steps following it. 

In fact, a rate determining step determines the rates (but obviously not the 

rate constants) of all later steps, which cannot be higher than the rate of the 

rate determining step. This misconception is closely connected to the fallacy 

of rate constants because it is true that processes after the rate determining 

step typically feature much higher rate constants.  
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The second fallacy of the rate determining step is that no information 

can be gained about reactions occurring after it. 

This sentence would be less of a fallacy if the word ‘kinetic’ were 

included in it. If one considers a system where parallel reactions occur after 

the rate determining process, the ratio of their rate constants can still be 

determined from the final product ratio. However, parameters obtained in 

this way will seldom include time in their dimensions. 

The fallacy of exchange reactions is that first order dependence with 

respect to the limiting reagent can be deduced from detecting an exponential 

curve similarly to true chemical reactions. 

In fact, exchange reactions represent a whole different world within 

chemical kinetics. This recognition and the detailed derivations are typically 

attributed to McKay [9-10]. Consider a simple exchange reaction: 

  
The molar fraction of the label in A1 changes in time as follows: 
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This formula describes an exponential function without pre-conditions of 

any sort. Most importantly, the independence from the rate equation of the 

process and the initial concentrations should be noted. The quantity 

Rexmeans the exchange rate, which does not change during a single 

experiment involving the re-distribution of labels (most often these are 

isotopes of the same element) between the different forms present. So the 

rate equation can be explored only by learning how Rex depends on the 

initial concentrations. 

The fallacy of the induction period is that it is always caused by 

autocatalysis. 

Although autocatalytic rate equations certainly often lead to detectable 

induction periods, there are a number of further possibilities. These have 

been explained in detail in the interpretation of clock reactions [11-12]. 

The fallacy of the activation energyis that it indicates the rate of a 

process. 

The experimental activation energy is typically obtained from the 

Arrhenius equation, which has a visually very attractive and widely 

reproduced interpretation, the reaction energy profile.In this, the activation 

energy is shown as an energy barrier. However, this line of thought totally 

forgets the other variable parameter in the Arrhenius equation, which is the 

pre-exponential factor. The activation energy and the pre-exponential factor 

determine the rate constant together. 
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The fallacy of the activation free energy is that it carries information 

not already present in the rate constant. 

The Eyring equation connects the rate constant of a first order process to 

the activation free energy: 

  
The activation free energy of a process is fully equivalent to the rate 

constant at a given temperature. There is a recent trend in the literature to 

give both of these parameters. This is probably driven by the ever-increasing 

number of theoretical studies, which yield energies rather than rate constants 

as the direct results. 

The fallacy of activation entropy is that its value is unreliable because 

of an extrapolation to infinite temperature. 

In the Eyring equation, there is no reason to single out the activation 

entropy. This fallacy stems from the usual linearization of the Eyring 

equation, in which ln(k/T) is plotted as a function of 1/T. In this plot, the 

activation entropy is determined from the intercept, and the procedure is 

often declared to be “an extrapolation”, which is a significant source of 

numerical error. However, thorough statistical analysis does not support this 

view [13]. In fact, the errors of activation entropy and activation enthalpy 

are strictly correlated, their ratio gives the average temperature of the 

measurements [13]: 

  
The fallacy of the activation volume is that it has an extremum in the 

transition state. 

In fact, the transition state is a saddle point on the energy hypersurface: 

in one direction it is a maximum, in all other directions, a minimum in 

energy. This property of the transition state has no consequences for 

activation volume at all. 

The fallacy of the isokinetic temperature is that it has any scientific 

meaning. 

The isokinetic temperature is typically calculated for a series of reactions 

as the slope of the straight line in a plot of the activation enthalpy against 

the activation entropy. However, this correlation is totally statistical in 

nature without any scientific implications. In a classic paper that should be 

read by every practicing kineticist, McBane created a perfect isokinetic plot 

from the phone numbers of his friends [14]. 

The first fallacy of the diffusion limited rate constant is that reaction 

rates are limited by diffusion and not rate constants. 
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There is a well know sequence of thought that estimates the upper limit 

of the rate constant of a bimolecular process by determining the number of 

bimolecular collisions. The most useful form of the derived equation is [1]:  

 
η

RT
k

3

8
d   

It is to be remembered the rate of a diffusion limited process can increase 

when the concentrations are increased. Although the values of the 

concentrations also have obvious physical constraints, these have nothing to 

do with diffusion. 

The second fallacy of the diffusion limited rate constantis that 

diffusion can limit unimolecular processes. 

Unimolecular reactions do not involve any collision of reactants. 

Therefore, diffusion cannot be a limiting factor for them. The ultimate upper 

limit of the unimolecular rate constant is probably set by the speed of 

intramolecular movement. In the absence of better ideas, substituting zero as 

the activation free energy in the Eyring equation (= kBT/h, 6  1012 s1 at 

room temperature)gives a reasonable estimate. 

The fallacy of unimolecular reactions is that they are paradoxical. 

A common interpretation for bimolecular reactions is that the collisionof 

particles with extra energy is needed to overcome the limitation posed by 

the activation energy in an elementary reaction. No similar line of thought 

can be valid for unimolecular processes because of the lack of collisions. As 

a consequence, unimolecular reactions are often declared tobe in conflict 

with the concept of activation. 

In fact, molecules necessarily have several internal degrees of freedom 

between which energy transfer is possible. For a reaction to occur, energy 

must be accumulated along one (or a few) of these internal degrees of 

freedom. The formal description of a process could even be the same as the 

description of the intermolecular energy transfer between different particles. 

At this point, it should be recalled that the theoretically reasonably 

wellsupported. Eyring equation interprets unimolecular processes. In the 

transitionstate theory, it is bimolecular reactions that need extra 

considerations. 

The fallacy of the termolecular elementary reaction is that its rarity 

can be used as an argument against proposing it. 

It is true that three-molecule collisions are much less frequent than two-

molecule collisions, but this fact has no consequence for reactions. Anupper 

limit for the termolecular rate constant was derived recently [15]: 
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Whenever an experimental third order rate constant is smaller that this 

upper limit, a termolecular pathway cannot be excluded automatically. 

The fallacy of radical scavengers is that an assumption of a radical type 

mechanism can be confirmed by the fact that a radical scavenger has an 

effect (any sort of effect!) on the rates of concentration change. 

Originally, the idea of using radical scavengers was that they react with 

certain, previously encountered radicals quite rapidly, and the product 

formed in this process (typically some sort of adduct) is easily detectable. 

Over time, this concept under went a complete overhaul: if the addition of 

any supposed “radical scavenger” has any sort of effect on the time 

dependence of the concentrations, the reaction isconcluded to involve 

radicals. Needless to say, this approach is completely wrong. 

The fallacy of linearization is that it should be used whenever possible. 

From the history of science, it is well known that linearization techniques 

were developed not because they were thought to be theoretically 

advantageous, but out of sheer necessity as there was no way to carry out 

the detailed numerical calculations that were already understood to be 

theoretically desirable even centuries ago. Recent advances in computation 

power made linearized plots thoroughly obsolete. It is clear that statistical 

considerations call for using untransformed data when they are compared 

with theoretical equations. 

The fallacy of the R value (coefficient of determination) is that it 

characterizes the goodness of a fit. 

In fact, the regression coefficient is just one of the statistical descriptors 

that can be used to characterize the results of a fitting procedure and it is 

easy to find cases when it is misleading [1]. There are a number of further 

descriptors as well, but none of them have universal value in science. 

The first fallacy of curve fitting is that the purpose of curve fitting is to 

learn the values of certain parameters in a theoretical function. 

The primary purpose of curve fitting is model validation: it must be 

demonstrated that the chosen theoretical function provides an acceptable 

interpretation of the measured data. The model is validated if the fitted 

curve and the experimental points show reasonable agreement. During the 

evaluation of curve fitting results, the user must first decide whether the fit 

is acceptable. If it is not, then the parameters obtained as a result of the fit 

are absolutely meaningless. 

The second fallacy of curve fitting is that it is needed to find a function 

that describes measured data within some pre-determined precision. 

Simply predicting the numerical results of experiments is sometimes a 

worthwhile scientific or technological objective. If this is the case, then 

finding a good function for this prediction is a respectable goal. However, 
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scientific research is typically about interpreting experimental findings, so 

the function fitted to the data must be physically reasonable and supported 

by some sort of theory. Predicting is by no means the same as 

understanding. 

 

CONCLUSION 

The list of the misconceptions about kinetics given above is long but by no 

means exhaustive. The basic error in most of these fallacies is obvious when 

viewed without scientific context, but details and specific information very 

often cloud these issues and make the errors difficult to recognize. A 

prepared scientific mind must take precautions to avoid these traps. 
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ABSTRACT 

In this paper the mechanism of acid-catalyzed decomposition 4-diazo furan-

3-ones was investigated. It was found the ratio no freaction products can be 

described by the Hammett equation with Brown constantsσ+with a good 

accuracy and does not depend on pKaof Brّnsted acids. This fact argues for 

passing of the reaction through a rearrangement of positively-charged 

intermediate (diazonium cation). Dependence of the reaction 

regioselectivityon solvent polarity is explained by stabilization of the 

charged transition states(А3’, А2’) via the solvation.  

 

INTRODUCTION 

Instability of diazo compounds in presence of acids has always been noted 

as their characteristic property [1]. Decomposition of diazo compounds 

accompanied by 1,2-nucleophilic rearrangement was studied, for instance, in 

[2], but the detailed mechanism of catalytic action of Brّnsted acids was not 

investigated. Herein we carried out a systematic study of acid-catalyzed 

decompositionof α-diazo carbonyl compounds1,which were previously 

synthesized by three-stage method from benzophenones(Fig. 1) [3].  

 
Figure 1. Scheme of synthesis and decomposition of diazo compounds1. 

 

Objectives of the research included clarification of the influence of acid 

nature and its strength on the ratio of regioisomers 2and3; the effect of 

solvent polarity on the regioselectivity of the reaction; and identification of 

the reaction mechanism.  
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EXPERIMENTAL 

All reactions of the acid-catalyzed decomposition of diazo compounds were 

carried out by the same procedure: 5-fold molar excess of a Brønsted acid 

was added drop wise to solution 30-50 mg of diazo compound in 3-5 ml of 

selected solvent. Refluxingduring 2-15 hours led to the mixture of 4,5-

diaryl-3(2Н)furanones2 and3, whose ratio was determined by 1HNMR 

spectroscopy after removing of solvent and acid. All yields are preparative.  

 

RESULTS AND DISCUSSION 

The first task of this reaction investigation was determination 

ofdependenceof its result on the nature andstrength of used acid. For that 

purpose we have investigated six acids: CF3SO2OH (pKa = -12), HClO4 (70 

%, pKa = -8-10), HCl (pKa = -7), H2SO4 (pKa = -3), TsOH (pKa = -2.8), 

CF3COOH (pKa = 0.5). The results for different Ar1 groups in 1 are shown 

in Table 1.We akeracids like Dowex-H+( pKa = + 0.16), HCOOH (pKa = + 

3.75) and AcOH (pKa = + 4.75) do not cause significant decomposition of 

diazo compounds in this conditions.All pKa values above correspond to 

dissociation in water.  

 

Table 1. Dependence of reaction results ontheacidnature. 

 
 

The Table 1 data show using TfOH and H2SO4leads to lower yields of 

products(2+3, 65-85 %) while using weaker acids (TFA, TsOH) and such 

strong acids as HCl, HClO4 (entry 5, 8) gives almost quantitative yield(98-

99 %).Theratiosofmigrationproducts2а/3а in chloroform (entry 1, 5-7) are 

almost similar for all four acids: CF3SO2OH, HCl, TsOH and TFA, 2а/3а≈ 

3:1 and do not depend on acid dissociation constant. 
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The second task of research was to establish relationships between the 

ratio of rearrangement products2and3andsolvent polarity (i.e. dielectric 

permittivity and dipole moment). Results are shown in Table 2. 

 

Table 2.Dependence of regioselectivity on solvent polarity (ε, D). 

 
 

Table 2 shows the ratio of rearrangement products (2/3)generally levels 

with increasing of solvent polarity, butregioselectivity- decreases.  

The experimental data, related to the ratioof productsof 1,2-nucleophilic 

rearrangement(Table 2) can be interpolated by Hammett-like logarithmic 

equation (1)with a good accuracy, 

 
Where kAr, kPh – are migrationrate constantsfor ArandPhgroups, ρ1,2-mig – 

is a constant which is equivalent to the parameter of reaction sensitivity in 

the basic Hammett equation, andσx – constant of substituents.  

 

 
Figure2. Two possible and nonequivalent ways of 1,2-migration, which 

combination leads to the mixture of regioisomers. 

 

In the kinetic control conditions, the ratio 2/3 in this reaction will be 

numerically equal to the ratio of the migration rate constants of aryl (kAr) 

and phenyl (kPh)groups. Calculation shows (Table 3, TS on Fig. 2), the best 

correlation with experimental data - is equation (1) with Brown 

constantsσ+withρ = -0.96 (R² = 0.94). Moreover, indicated value ofρ, 

obtained in the experiment, is near to the same parameter of pinacol 

rearrangement [4], which indirectly confirms passing the reaction through 
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positively-charged intermediate, where the degree of charge stabilization is 

defined mainly by possibility of resonance interaction with para-substituent 

of migrating group. 

Table 3. Calculationsof ratio2/3according to the Hammett equation. 

 
 

CONCLUSION 

Summing up the discussed experiments we can make three main 

conclusions. Firstly, the regioselectivity of acid-catalyzed decomposition of 

diazo compounds decreases with increasing of solvent polarity. Secondly, 

the regioselectivity directly depends on difference of σ+ (forArandAr1) 

constants of substituents in aryls. Finally, the total yield of products (2+3) 

depends on the acid nature, but the regioselectivity is invariant with type of 

used acid. Quantum chemical calculations and kinetic data that we can not 

present here, confirm proposed mechanism and allow us to calculate the 

ratio of products with even moreaccuracy than equation (1). 
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ABSTRACT 

Treating Me0,5Zr2(PO4)3 (Me=Ni, Co) with high-frequency (HF) hydrogen 

plasma is found to affect the catalytic activity of these NASICON-type 

phosphates in the dehydration reaction of isobutanol leading to an increase 

in the conversion of alcohol and the yield of isobutene. The increased 

activity of phosphates results from the formation of new, more active sites 

with low experimental activation energy, rather than a change in the surface 

acidity.  

 

INTRODUCTION 

Solid-state ion conducting materials, also known as superionic or fast ion 

conductors, have been intensively developed. These materials can be used in 

solid-state electrochemical devices such as membranes [1] and catalysts [2]. 

The last years new catalysts family was developed on the base of complex 

phosphates of NASICON type, possessing the significant acidity and high 

thermal and phase stability. The basic structure of NASICON-phosphates is 

a framework that consists of РО4-tetrahedra and ZrO6-octahedra, along with 

cavities of various sizes and geometries (conducting channels) that can be 

filled by various polyvalent cations.  

It was shown NASICON compounds are active and stable catalysts of 

alcohol’s dehydration [3], dehydrogenation [4], paraffin isomerization and 

oxidation [5].  

Plasma treatment of catalysts produces a significant effect on their 

activity [6-7]. This type of treatment changes the structure and chemical 

composition of the surface through the action of reactive species forming in 

the plasma and through plasma radiation. 

The purpose of this study was to elucidate the effect of hydrogen radio-

frequency (RF) plasma treatments of the NASICON-type nickel- and cobalt 

zirconium phosphate Me0.5Zr2(PO4)3 with Me=Ni, Co on its catalytic 

activity in vapor-phase reactions of isobutanol.  
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EXPERIMENTAL 

The Me0.5Zr2(PO4)3 catalysts with Me=Ni, Co were prepared by sol–gel 

processing using the following: zirconium dioxide ZrO2, phosphoric acid 

H3PO4, and metal chloride NiCl2·6H2O or CoCl2·4H2O. X-ray diffraction 

data for the synthesized phosphate allowed us to assign it to the NASICON 

structure.  

 The phosphates were treated with hydrogen RF plasma in a vacuum unit. 

The sample, placed in a quartz cell, was treated with RF discharge at a gas 

pressure of 0.1 Torr. The copper wire coil inside which the reactor was 

placed was energized with 40.68 MHz voltage pulses from a generator. The 

discharge duration was 20 min.  

 Catalytic tests were carried out in a flow reactor. The reaction products 

were analyzed on a Kristall 2000M gas chromatograph (Khromatek, Russia; 

helium carrier gas, flame-ionization detector, column packed with Porapak 

Q, analytical temperature of 125°С). Alcohol vapor, entrained by flowing 

helium from a temperature controlled bubbler, was fed into the reactor at a 

rate of 1.2 L h–1. The reactor contained a thin layer of the catalyst powder 

(30 mg) placed on the surface of a wide-pore glass frit. Chromatographic 

data were used to determine the alcohol conversion (Х, %), selectivity (S, 

%), and the mean product formation rate (N, mol g–1 h–1).  

 

RESULTS AND DISCUSSION 

The catalytic activity of the samples was estimated for reactions of 

isobutanol in the temperature range from 473 to 673 K. Isobutanol 

dehydration into isobutene and isobutanol dehydrogenation yielding 

isobutanal occur simultaneously on the initial Me0.5Zr2(PO4)3 surface. The 

main alcohol conversion pathway is dehydration, characterized by an olefin 

formation selectivity of 85–95% at 550–670 K. The total isobutanol 

conversion at T=663K does not exceed 55% for Ni0.5Zr2(PO4)3 and 35% for 

Co0.5Zr2(PO4)3.  

 The treatments of the catalyst with the RF hydrogen plasmas increase the 

total alcohol conversion by a factor of ~1.5 – 6 (table 1). 

The catalyst surface activation enhancing the acidity function of the double 

phosphate is due to the change in the morphology of the outer layers and, 

possibly, to the significant increase in the number of acidic groups, whose 

interaction with the phosphate framework weakens. The plasma generated 

more defects on the surface. This assumption is confirmed by the СО2 

adsorption data [8].  
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Table 1.  
Catalytic activity of Me0.5Zr2(PO4)3: total conversion of isobutanol (W, %), 

selectivity, activation energies (Ea) and logarithm of prefactors (lnN0) in 

isobutanol dehydration 

 

Me Treatment W643, % S643, % Ea, kJ/mol lnN0 

Ni 
initial 27 95 76 -5 

FR (H2) plasma 53 87 93 -2 

Co 
initial 10 96 86 -3,7 

FR (H2) plasma 75 86 86 -1,7 

 

 
CONCLUSION 

It was investigated the hydrogen RF-plasma treatment effects on the 

catalytic activity of the nickel- and cobalt zirconium phosphate 

Me0.5Zr2(PO4)3 in isobutanol dehydration and dehydrogenation. It was 

established that the dominant reaction occurring on the untreated sample is 

alcohol dehydration. The catalyst treated with the Н2-RF plasma shows a 

~2-6 time higher activity in dehydration. These plasma treatment effects are 

due to the activation of the phosphate surface through an increase in the 

number of adsorption and catalysis sites and in their accessibility to the 

alcohol molecules under going adsorption and chemical reaction.  
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ABSTRACT 

In the presented work, materials based on the graphitic carbon nitride were 

studied. The materials were obtained via thermal polycondensation of 

cyanamide at 550oC with the addition of sodium chloride. The obtained 

products were investigated as a photocatalyst in the degradation of methyl 

orange. The band gap of the products was determined by the Kubelka-Munk 

method. Moreover, the adsorption properties in reference to methyl blue 

were also studied. The surface area of the materials was determined by the 

low-temperature nitrogen adsorption method. The addition of sodium 

chloride to the cyanamide causes poorer photocatalytic properties of the 

products and reduces the band gap in comparison with the unmodified 

carbon nitride. On the other hand, the adsorption capacity for the products 

obtained with sodium chloride is extremely high, in contrast to the low up 

take sobserved for the unmodified carbon nitride. 

 

INTRODUCTION 

Graphitic carbon nitride (g-C3N4) is an example of a non-metallic 

semiconducting material. The band gap of the material is 2.7 eV. This value 

is related to the wavelength of 460 nm, thus to the range of the visible light 

(380-780 nm). The material is yellow-orange powder, which is thermally 

stable up to 500oC. Moreover, graphitic carbon nitride is resistant to the 

weak acids and bases [1]. 

The synthesis of graphitic carbon nitride is carried out using a wide 

variety of the precursors, which comprise of carbon and nitrogen, e.g. 

cyanamide and melamine. The energy needed to convert these compounds 

tographitic carbon nitride can be delivered by heating under non-oxidizing 

atmosphere [2], combustion synthesis [3] or solvothermal treatment [4]. The 

synthesis of material involves the polycondensation of simple compounds, 

which finally transforms to the polymeric structure of graphitic carbon 

nitride. 
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The graphitic carbon nitride exists in two different polymorphic types: 

the poly-s-triazine-based graphitic carbon nitride (gt-C3N4) (Figure 1) and 

poly-s-heptazine-based graphitic carbon nitride (gh-C3N4) (Figure 2).  

 
Figure 1. The structure of  

poly-s-triazine-based  

graphitic carbon nitride [1] 

 
Figure 2. The structure of  

poly-s-heptazine-based  

graphitic carbon nitride [1] 

 

The most prospective application of graphitic carbon nitride and its 

derivatives is photocatalysis, e.g. water splitting, which lead to obtain 

radicals from molecules of water. The radicals due to their instant reactivity 

are able to decompose other molecules. This phenomenon is commonly 

used to observe and compare efficiency of photocatalysts by decomposition 

of dyes [5]. The adsorption onto graphitic carbon nitride in a novel approach 

to the research on this material. The wide variety of compounds can be 

studied as a possible adsorbates, e.g. phthalates [6] and inorganic cations, 

e.g. copper (II) [7]. 

 

EXPERIMENTAL 

The materials were obtained by the thermal treatment of the solid mixture of 

sodium chloride and cyanamide under argon atmosphereat temperature of 

550oC. The amount of sodium chloride was between 0 and 75 wt. %. After 

the synthesis the products were washed with distilled water.The products 

were characterized by the low-temperature adsorption of nitrogen to 

determine the surface area. Kubelka-Munk method of determination of band 

gap from diffuse reflectance spectra was also applied. The materials were 

studied in photodegradation of methyl orange experiments. 300ml of methyl 

orange solution (10mg dm-3) and 1g of studied material was put into a 

water-cooled glass reactor. The system was irradiated by a 400W halogen 

lamp (irradiationsimilar to visible solar spectrum). The reaction mixture was 

stirred by air flow. The reaction was carried out during 9 hours and petite 

samples (ca. 3 cm3) were taken every each 30 min. The decay of the 

concentration of methyl orange was observed using UV-Vis spectroscopy. 
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Moreover, the adsorption properties related to methyl blue were 

investigated. The adsorption isotherms and the kinetics curves were 

determined for each material. The isotherm was studied in the equilibrium 

concentration up to 250 mg dm-3 and kinetics was analyzed during 300 min. 

 

RESULTS AND DISCUSSION 

The conversion of cyanamide to the product in each case was higher than 

30% and lower than 50%. The best conversion yield was obtained for the 

case of synthesis without the addition of inorganic compound and was ca. 

46%. So, it can be seen that the addition of sodium chloridehas slightly 

disadvantageous influence onthe conversion yield. 

The specific surface area of the products is in the range of 1 - 20 m2g-1 

(Table 1). However, the materials, obtained with the addition of sodium 

chloride, demonstrate extremely high adsorption capacities related in 

reference to methyl blue within the range of 200 - 650 mg g-1. In the case of 

synthesis without the addition of inorganic compound, the adsorption 

capacity is as low as10mg g-1. It can be seen, that the adsorption of methyl 

blue onto materials is not connected with porosity. The most possible source 

of this high affinity between the adsorbate and the adsorbent is the 

electrostatic interaction between sodium ions, incorporated in the structure 

of the material, and the molecule of dye, which has a negative net charge in 

the solution. 

 
Figure 3. Kinetics curves of 

photodegradation of methyl orange 

The band gap of the materials 

obtained with addition of sodium 

chloride are smaller than 2.9 eV, 

which is value of the band gap of 

the product synthesized without 

additions. The lowest value of 2.4 

eV was determined in the product 

obtained with the addition of 

sodium chloride with 25% 50% 

and 75 wt. %.Thus, the content of 

sodium chloride has the influence 

on the photocatalytic properties of 

graphitic carbon nitride. Fig. 3 

shows the photodegradation curves 

of methyl orange. 

It can be seen that addition of sodium chloride to cyanamide causes 

weaker photocatalytic properties of the synthesized materials.  

All mentioned properties of the obtained materials are summarized in 

Table 1. 
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Table 1. Results of experiments. 

Amount of sodium 

chloride in the 

mixture (%) 

Conversion of 

cyanamide to 

product(%) 

Surface 

area 

(m2 g-1) 

Adsorption 

capacity  

(mg g-1) 

Band 

gap  

(eV) 

0 46 ± 2 19 10 2.9 

5 37 ± 5 20 200 2.6 

10 39 ± 6 8 400 2.6 

25 35 ± 5 8 250 2.4 

50 43 ± 7 1 650 2.4 

75 40 ± 8 6 200 2.4 

 

CONCLUSION 

The addition of sodium chloride to the synthesis of materials based on 

graphitic carbon nitride is an elegant method of obtaining the adsorbent 

dedicated to removal of methyl blue from aqueous solutions. On the other 

hand, the inclusion of sodium chloride weakens their photocatalytic 

properties.  

The material and the method of synthesis are the subjects of the patent 

application (Poland) no. P.417123. 
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ABSTRACT 

ZnO:SnO2 composite powder, in 0.9:0.1 molar ratio, was prepared by high-

energy ball milling. The phase composition and crystal structure of the 

prepared powder were determined by X-ray diffraction (XRD), the particles 

morphology was characterized using field emission scanning electron 

microscopy (FE-SEM), while the optical properties were studied by UV-Vis 

diffuse reflectance (DRS) and photoluminescence (PL) spectroscopy. The 

photocatalytic activity of 0.9ZnO:0.1SnO2 powder was examined through 

decomposition of methylene blue (MB) water solution under: (1) direct 

sunlight irradiation, (2) UV lamp and (3) lamp which simulates sunlight. 

0.9ZnO:0.1SnO2 composite shows good photocatalytic activity, for all the 

irradiation sources, being higher than 90 % after 1 h of irradiation. 

 

INTRODUCTION 

Water pollution caused by discharging of untreated industrial waste is one 

of the increasing problems that the world is facing today. The main classes 

of water pollutants are heavy metals, inorganic, and organic compounds. 

Heterogeneous photocatalysis can be used as an effective process for the 

decomposition of many kinds of organic pollutants without any trace of 

secondary pollution [1]. ZnO, TiO2 and SnO2 are recognized as useful 

materials for photocatalytic degradation process due to their high 

photoactivity, low cost and chemical inertness. However, their practical 

application for the degradation of organic pollutants is restricted by the high 

degree of electrons and holes recombination. Such disadvantage can be 

overcome to some level by coupling of semiconductors with different band 

gap energies. For example, ZnO:SnO2 composite material show improved 

photocatalytic efficiency by lowering the electron-hole recombination [2]. 
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EXPERIMENTAL 

ZnO:SnO2 composite was prepared by high-energy ball milling of ZnO 

(99%, Sigma-Aldrich) and SnO2 (> 99%, Kemika, Zagreb) powders in a 

0.9:0.1 molar ratio. The oxides were milled during 2 h in planetary ball mill 

(Across International PQ-NO4) with stainless steel vessels (100 ml) and 

balls ( 5 mm). The balls to powder weight ratio was 10:1. The angular 

velocity of the vessels was 400 rpm.  

The phase composition and crystal structure were analyzed by XRD data, 

collected on a Philips PW-1050 over 10–70° 2θ (step size 0.05° 2θ and 

counting time 5 s). The particles morphology was observed by FE-SEM 

(SUPRA 35 VP Carl Zeiss). The UV-Vis DRS were recorded in the range 

300–800 nm (Evolution 600 UV-Vis spectrophotometer, Thermo 

Scientific). PL spectra were recorded on Horiba Jobin Yvon Fluorolog FL3–

22 spectrofluorometer using Xe lamp excitation (wave lenght 325 nm).  

The photocatalytic activity was studied by the decomposition of 

methylene blue (MB) dye under: direct sunlight, UV lamp (medium-

pressure mercury vapor UV lamps, UVA region, Philips, 4x15 W) and lamp 

which simulates sunlight (Osram Ultra Vitalux lamp, 300 W). In each of the 

experiments 100 mg of a powder was mixed with 100 ml of MB (10 ppm). 

Prior to irradiation, the suspension was magnetically stirred for 1 h in a dark 

to establish an adsorption-desorption equilibrium. During the irradiation 

stirring was maintained to keep the mixture in suspension. At specific time 

intervals 3 ml of aliquots was withdrawn and centrifuged (8000 rpm, 10 

min) to remove particles from solution before the absorbance measurement. 

The concentration of MB after decomposition was calculated according to 

the absorbance value at 665 nm determined on a GBC Cintra UV–Vis 

spectrophotometer in the wavelength range of 300–800 nm. 

 

RESULTS AND DISCUSSION 

Figure 1. represents the XRD 

patterns of ZnO, SnO2 and 

0.9ZnO:0.1SnO2 powders. The 

patterns indicate that after 2 h of 

mechanical treatment of the 

reactants mixture, resulting 

powder is consisted of hexagonal 

wurtzite (ZnO) phase and 

tetragonal cassiterite (SnO2) 

phase. There are no extra peaks of 

any other crystal phases or 

impurities. 

 
Figure 1. XRD patterns. 
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 Figure 2. shows the FE-SEM images of ZnO, SnO2 and 0.9ZnO:0.1SnO2 

powders. The ZnO particles were mainly of irregular hexagonal rod-shapes 

with the average diameter of about 95 nm and the average length of about 

180 nm. The SnO2 powder is consisted of coarsen polygonal grains with 

average size of about 600 nm; besides, the grains were organized in 

agglomerates of about 2 μm sizes. It can be seen that after 2 h of milling 

SnO2 agglomerates were broken and the powders have been homogenized. 

The average particle size in 0.9ZnO:0.1SnO2 powder is about 160 nm.  

 

 
Figure 2. FE-SEM images of the examined powders. 

 

The optical properties of the powders, examined by UV-Vis DRS, are 

presented in Figure 3 (a). The direct band gap energies, calculated by the 

Kubelka–Munk method, are 3.25, 3.56 and 3.24 eV for ZnO, SnO2 and 

0.9ZnO:0.1SnO2 powders, respectively. In the visible light region, 400 to 

800 nm, composite particles revealed the highest absorbance capacity. PL 

spectra of ZnO, SnO2 and composite powder are shown in Figure 3 (b). For 

all the samples two emission bands appeared at 382 and 433 nm, attributed 

to exciton recombination and oxygen vacancies, respectively. According to 

the PL spectra it can be concluded that concentration of oxygen vacancies is 

larger in the composite than in the ZnO powder, while number of exciton 

recombination is reduced. 

 
Figure 3. (a) UV-Vis DRS and (b) PL spectra of the examined powders. 
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Figure 4. (a) Photocatalytic efficiency and (b) kinetic plot for the 

degradation of MB in the presence of 0.9ZnO:0.1SnO2 composite powder. 

 

Figure 4 (a) shows the efficiency of the photocatalytic degradation of MB 

dye in the presence of the composite under different irradiation sources. The 

composite shows photocatalytic activity higher than 90% after 1h of 

irradiation, for all the irradiation sources. Figure 4 (b) shows a linear plot of 

ln(C/Co) versus irradiation time, suggesting pseudo-first-order kinetics. The 

rate constant, k1 [min1], and the time necessary for the degradation of 50% 

of the dye, t1/2 [min], are calculated and denoted in Figure 4 (b).  

 

CONCLUSION 

0.9ZnO:0.1SnO2 composite prepared by a mechanical milling is consisted of 

particles with significant amount of oxygen vacancies. The band gap energy 

of 0.9ZnO:0.1SnO2 composite is 3.24 eV; in the Vis range it absorbs about 

70% of the incident light intensity. The oxygen vacancies enhanced visible-

light absorption and promoted photocatalytic activity under direct sunlight 

irradiation. Due to the difference in the band gap energy of ZnO and SnO2, 

photo-generated electrons and holes were effectively separated in 

0.9ZnO:0.1SnO2 composite, which also improved photocatalytic efficiency.  
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ABSTRACT 

Diatomite supported Ni-Mgcatalyst precursors (Ni-Mg/D) with a constant 

Ni/Mg ratio, prepared by the precipitation-deposition method using different 

nickel salts, sulfamate, nitrate, chloride, acetate or formate, were studied by 

hydrogen chemisorptions and temperature programmed reduction (H2-

TPR).The results showed that the dispersion of nickel and the reducibility of 

the prepared catalyst precursors were different depending upon the counter 

ion of nickel salt. Among the studied nickel salts, the best results for the 

dispersion of metallic Ni and reducibility of Ni-Mg/D catalyst precursors 

were achieved using nickel sulfamate salt. 

 

INTRODUCTION 

The common procedure for the preparation of supported nickel catalysts 

requires different successive operations: (i) introduction of suitable nickel 

salt on the support by the appropriate preparative method, (ii) drying, and 

(iii) reduction. Precipitation-deposition (PD) is the simplest method of 

preparation for supported catalysts with high nickel loading. Although this 

method allows a homogeneous distribution of nickel salt on the support, the 

best dispersion of nickel does not achieve due to its high loading in the 

catalyst. 

In the hydrogenation processes, a catalyst with high activity and 

selectivity is required. To meet these requirements, the catalyst support 

should provide sufficient surface area for the metal to disperse, and there 

must be an adequate metal-support interaction. The nickel phase on different 

support surfaces exhibits different extents of metal-support effects. The 
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metal-support interaction is generally affected by the identity of the nickel 

salt and the thermal treatment reduction procedure used in preparation. This 

implies that the surface properties of a catalyst could be changed by the 

nature of the supported Ni phase, thus acquiring different characteristics and 

exhibiting different performances toward activity and selectivity. 

In this paper, Ni dispersion and reducibility in Ni-Mg/D hydrogenation 

catalyst precursors, prepared according to the same preparation procedure 

using different Ni salts, were studied by H2-chemisorption andH2-TPR to 

elucidate the effect of nickel salton the studied characteristics. 

 

EXPERIMENTAL 

Diatomite supported Ni-Mg catalyst precursors were prepared bythe PD 

method, using five different nickel salts: nickel(II) sulfamate, nickel(II) 

nitrate, nickel(II) chloride, nickel(II) acetate or nickel(II) formate. The 

catalyst precursors derived from these Ni salts were designated as follows: 

NiS-Mg/D, NiN-Mg/D, NiC-Mg/D, NiA-Mg/D and NiF-Mg/D.A detailed 

description of the preparation procedure of studied catalyst precursors was 

given in our previous paper [1]. 

Hydrogen chemisorption - Pretreatment procedure: The first step was 

cleaning the gas line with argon. The second step is pretreatment with 4.9% 

H2/Ar (flow: 20 cm3 min-1; heating rate: 2 °C min-1) at 430 °C. Finally, 

temperature programmed desorptionat 425 °C is carried out with argon. 

Analysis: After pretreatment, the catalyst precursor sample was subjected to 

a known number of calibrated pulses of pure H2 at 45 °C. 

Temperature programmed reduction - H2-TPR runs were performed with 

4.9 vol% hydrogen in argon (flow: 20 cm3 min-1; heating rate: 2 °Cmin-1, the 

hydrogen consumption was measured by thermal conductivity detector 

(TCD) in temperature range 50-900 °C. TPR profiles were normalized to the 

same catalyst precursor mass. 

Hydrogen chemisorption and temperature programmed reduction (H2-TPR) 

measurements were performed in an automatic apparatus Thermo Scientific 

TPDRO 1100. 

 

RESULTS AND DISCUSSION 

H2 chemisorption results 

Nickel loading, BET surface area, and nickel phase characteristics obtained 

from H2-chemisorption data are given in Table 1.The chemisorption results 

show that the nickel phase characteristics are affected by the counter ion of 

the Ni salt. From the data presented in Table 1,all prepared catalyst 

precursors can be divided in two groups: group Acontaining the catalyst 

precursors having acceptable dispersion characteristics (NiS-Mg/D, NiN-
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Mg/D and NiC-Mg/D), and group B with the catalyst precursors having 

poor dispersion features(NiA-Mg/D and NiF-Mg/D). 

Generally, under the selected experimental conditions for all prepared 

catalyst precursors, a low Ni dispersion was achieved. It is more likely that 

the main reason is the high nickel loading of prepared catalyst precursors[2]. 

A good agreement between the BET surface areas of catalyst precursors and 

active metal surface areas of metallic nickel phase suggests that larger total 

surface areas allow better distribution of metallic nickel phase. 

 

H2-TRP results 

The TPR profiles of catalyst precursors, including the deconvolution curves, 

are shown in Fig. 1. It is very complicated to attribute the reduction peaks to 

the transformation of corresponding nickel(II) phases by analyzing the 

reduction profiles. It is more likely that different extents of metal-support 

are responsible for the complicated profiles. A peak due to the reduction 

ofthe Ni2+ phase, which corresponds to the basic nickel carbonate(BNC) 

decomposition, was seen only in the catalyst precursors of group A 

(Fig. 1a).Among the prepared catalyst precursors, the relative content of 

Ni2+ phase from BNC decreased in the following order: 

NiS-Mg/D>NiC-Mg/D>NiN-Mg/D (group A)> 

>NiF-Mg/D ≥ NiA-Mg/D (group B) 

The stronger interaction of Ni2+ phase with support hinders the reduction 

of catalyst precursors. This leads to a shift in the Tmax value of peaks 

corresponding to the reduction of Ni2+ phases interacting with the support 

from 320 °C over NiS-Mg/D catalyst precursor to 462°C over NiA-Mg/D 

catalyst precursor (Fig. 1a and b). From TPR study, it can be concluded that  
 

Table 1. Nickel loading, BET surface area and H2-chemisorption data 

Catalyst precursors Nickel phase characteristics (Ni0) 

Designation Nia 
wt% 

SBET
b 

m2 g-1 

H2 uptakec 
μmol gcat p

-1 

SNi
d 

mNi
2gNi

-1 

Nimpd
e 

nm 

Nis x10-23 g 
AtNi acc gcat p

-1 

Dh 
% 

NiS-Mg/D 34.99 255 161.7 36.2 18.6 1.95 5.4 

NiN-Mg/D 36.32 224 132.7 28.6 23.6 1.60 4.3 

NiC-Mg/D 36.20 208 158.3 34.2 19.7 1.91 5.1 

NiA-Mg/D 36.64 223   94.8 20.3 33.3 1.14 3.0 

NiF-Mg/D 36.57 177   89.1 19.1 35.3 1.07 2.9 
a Determined gravimetrically; b N2-physisorption; c Hydrogen chemisorbed; d Nickel 

surface area; e Mean particle diameter of nickel (spheres) assuming stoichiometry 

H/Nis=1;gNumber of accessible nickel atoms; hDispersion degree. 
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two kinds of Ni2+ phase were observed on the diatomite support, one in 

which Ni2+ interacts with support and the other as Ni2+ (BNC) with no or 

very weak metal-support interaction. 

 

CONCLUSION 

H2-chemisorption and H2-TPR characterization methods were utilized for 

determining metallic nickel phase characteristics and reducibility of 

prepared diatomite supported Ni-Mg hydrogenation catalyst precursors by 

precipitation-deposition using different nickel salts.The chemisorption 

results showed that the metallic Ni phase properties in the catalyst 

precursors are affected by the counter ion of nickel salt. The TPR study 

revealed that the reduction features depend on the nature of nickel salt and 

its interaction with the support.An order of the nickel salts effect on the 

reducibility of catalyst precursors was established. 
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Figure 1. TPR profiles of prepared Ni-Mg/D catalyst precursors 

100 300 500 700 900

Temperature (°C)

H
2
 c

o
n
su

m
p
ti

o
n
 (

a
rb

it
ra

ry
 u

n
it

s)

NiS-Mg/D

NiN-Mg/D

NiC-Mg/D

Tmax=320 C

Tmax=424 C

Tmax=404 C

(a) 
100 300 500 700 900

Temperature (°C)

H
2
 c

o
n
su

m
p
ti

o
n
 (

a
rb

it
ra

ry
 u

n
it

s)

NiA-Mg/D

NiF-Mg/D

Tmax=462 C 

Tmax=448 C 

(b) 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    C-10-P 

 

 227 

EFFECT OF BASICITY ON THE CATALYTIC 

PERFORMANCE OF HETEROGENEOUS CATALYSTS 

FOR BIODIESEL PRODUCTION 
 

D. Marinković, M. Stanković and D. Jovanović 

 

University of Belgrade, Institute of Chemistry, Technology and Metallurgy, 

Njegoševa 12, 11000 Belgrade, Serbia. (dalibor@ihtm.bg.ac.rs) 

 

ABSTRACT 

In a heterogeneous base methanolysis of vegetable oils, among of the most 

important characteristics of the catalysts are the basicity and the availability 

of basic centers. The impact of these factors on the catalytic activity was 

investigated in the reaction of sunflower oil methanolysis by CaO/γ-Al2O3 

catalyst. The particle morphology of CaO-dispersed onto γ-Al2O3 surface 

was analyzed by field emission scanning electron microscopy (FESEM), 

while basicity and basic strength of prepared catalysts were determined 

using Hammett indicators method. The results showed a strong dependance 

of catalytic activity on its basicity. The catalyst with the highest basicity was 

the most active, and decreasing basicity reduces activity of the catalyst. In 

addition, it was shown that the catalyst activity depends on the favorable 

spatial distribution of basic sites, i.e. of their availability. 

 

INTRODUCTION 

Fatty acid methyl esters (FAMEs) - biodiesel, produced from renewable 

resources such as vegetable oils or animal fats is expected to be one of the 

biomass-based alternative for fossil diesel fuel, due to its numerous 

advantages. 

The usual method of biodiesel production is based on triacylglycerols 

methanolysis to FAMEs using homogeneous base catalysts. Heterogeneous 

solid base catalyzed processes are nowadays very promising alternatives for 

biodiesel production from vegetable oils [1]. Using the Ca-based catalysts 

for the biodiesel production is well known [2], particularly good results 

were obtained by loading of CaO on alumina carrier [3]. As this is a 

heterogeneous solid base catalyzed reaction, one of the most important 

factors affecting the reaction yield is catalyst basicity and the availability of 

basic sites on its surface. 

The aim of this study was to examine the effect of basicity and basic sites 

distribution on the catalyst activity in the methanolysis of sunflower oil over 

the CaO/γ-Al2O3 catalyst. 
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EXPERIMENTAL 

Catalyst preparation 

CaO/γ-Al2O3 catalysts were prepared according to the modified wet 

impregnation (MWI) method [4], using Ca(CH3COO)2 as precursor salt, 

γ-Al2O3 (spherical shape) as support, and deionized water as medium. The 

sample designation, CaO content and preparation procedure are shown in Table 

1. 

Catalyst characterization - FESEM was carried out on a Tescan MIRA3 XMU 

with accelerating voltage of 10 kV. Samples were placed over an aluminum 

drum and covered with an Au and Pt film. Basic strength and basicity (H_) were 

determined using volumetric titration with the Hammett indicators. The 

following Hammett indicators were used: neutral red (H_=6.8), phenolphthalein 

(H_=9.3), thymolphthalein(H_=9.9) andthymol violet(H_=11.0).  

Methanolysis procedure - The activity of the prepared catalysts was examined in 

the methanolysis of sunflower oil. All methanolysis reactions were performed in 

a 250 ml three-neck glass flask equipped with a reflux condenser and a magnetic 

stirrer. Experiments were conducted under the following conditions: catalyst 

loading of 0.5 wt. % CaO (relative to the amount of oil), methanol/oil molar ratio 

of 12/1, at temperature of 60 °C and reaction time of 5 h. 

 

RESULTS AND DISCUSSION 

Loading CaO to γ-Al2O3carrier and subsequent calcination leads to the 

formation of cluster structure on the catalyst surface(Fig. 1). Scattered large 

rod-shaped crystals are present mainly on the surface of the catalyst calcined 

at the lowest temperature. By increasing the calcination temperature, the 

granular particles on the surface of catalyst become bigger. Also, it leads to 

the occurrence of agglomeration and clustering of particles. Evidently, on 

the Ca-500/γ-Al2O3only some cluster of irregular shape can be seen, on the 

Table 1. CaO content and preparation procedure for CaO/γ-Al2O3 samples 
Sample Preparation procedure 

MWI Calcination conditions 

Designation CaO* 
(wt%) 

CCaAc
a 

(wt%) 
tWI

b 
(h) 

tC
c 

(h) 
TC

d 
(°C) 

Ca-500/γ-Al2O3 4.2 25 2 4 500 
Ca-550/γ-Al2O3 4.4 25 2 4 550 
Ca-600/γ-Al2O3 4.1 25 2 4 600 
Ca-650/γ-Al2O3 4.2 25 2 4 650 
Ca-700/γ-Al2O3 5.5 25 2 4 700 
Ca-750/γ-Al2O3 5.3 25 2 4 750 
* Determined gravimetrically as CaC2O4·H2O;aCaAc - Ca(CH3COO)2; bImpregnation time; 

c Calcination time; dCalcination temperature. 
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Ca-650/γ-Al2O3catalyst the entire surface is covered with clusters of 

spherical shapes, while on the catalyst calcined at the highest temperature 

(Ca-750/γ-Al2O3) spherical clusters are not visible due to massive 

agglomeration and sintering. 

 
Figure 1. FESEM micrograph of the catalysts surface: (a) Ca-500/γ-Al2O3, 

(b) Ca-650/γ-Al2O3 and (c) Ca-750/γ-Al2O3 
 

The base strength of CaO loaded onto γ-Al2O3 and thermally activated at 

different temperatures was measured by using Hammett indicators. As evident in 

Table 2, all catalysts arewithin the same range of the base strength, 

9.3<H_<9.9.Therefore, these catalysts can be classified as materials with a 

medium base strength. Although belonging to the same base strength group, their 

basicity is not equal. Basicity of the samples increases with calcination 

temperature up to 700 °C at which reaches the maximum value (Table 2, Ca-

700/γ-Al2O3). The basicity of the catalyst obtained by calcination at the highest 

temperature (Ca-750/γ-Al2O3) is lower, which is in accordance with the results of 

FESEM (Fig. 1). On the surface of Ca-750/γ-Al2O3catalystit was observed the 

massive sintering of 

particles. With the 

appearance of larger particles 

on the catalyst surface, the 

number and the availability 

of base catalytically active 

sites are reduced, despite the 

same concentration level of 

catalytically active 

compound - CaO (Table 1). 

Activity of the catalyst 

samples was evaluated by analysing the FAMEsyield after 5 h. As can be seen, 

the Fig. 2 reveals a clear correlation betweenFAMEs content after 5 h of the 

reaction and the basicity of the catalysts. The catalyst sample with the highest 

Table 2. Basicity and basic strength (H_) of 

the CaO/γ-Al2O3 catalysts 

Sample 

designation 
Basic strength 

(H_) 

Basicity 
(mmol g-1) 

Ca-500/γ-Al2O3 9.3<H_<9.9 0.036 

Ca-550/γ-Al2O3 9.3<H_<9.9 0.102 

Ca-600/γ-Al2O3 9.3<H_<9.9 0.120 

Ca-650/γ-Al2O3 9.3<H_<9.9 0.157 

Ca-700/γ-Al2O3 9.3<H_<9.9 0.298 

Ca-750/γ-Al2O3 9.3<H_<9.9 0.228 

(a) (b) (c) 
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basicity(Ca-700/γ-Al2O3) 

showed the highest activity, 

and the samples with the 

lowest basicity (Ca-500/γ-

Al2O3 and Ca-550/γ-

Al2O3)showed the lowest 

activity. Despite the 

relatively high basicityCa-

750/γ-Al2O3 catalyst did not 

show adequate activity, 

probably due to reduction of 

base sites space availability. 
 

CONCLUSION 

Heterogeneous CaO/γ-Al2O3 catalyst samples were synthesized by modified 

wet impregnation method and thermally activated under inert atmosphere. 

The analysis of the catalyst activity in the reaction of sunflower oil 

methanolysis and basicity of synthesized catalysts a correlation between 

basicity and catalyst activity was observed. The catalyst with higher basicity 

had higher activity. The exception was the catalyst thermally activated at the 

highest temperature in which, probably due to sintering effect that leads to 

agglomeration of active sites on surface causes a reduction in its activity. 
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ABSTRACT 

Photocatalytic degradation of the methomyl pesticide in aqueous suspension 

of TiO2 using an Osram ultra-vitalux® lamp (315-400 nm) was investigated. 

The effect of parameters such as initial concentration of catalyst, initial 

methomyl concentration, and pH were studied. Complete removal of 

methomyl was achieved but mineralization of organic carbon was 

incomplete indicating the formation of methomyl degradation products. 

Liquid chromatography tandem mass spectrometry technique was used in 

order to identify the methomyl degradation products and three major 

degradation products have been identified. 

 

INTRODUCTION 

Pesticides are very important class of water pollutants, especially because of 

their extensive application. Agricultural and urban runoffs, industrial-scale 

pest control operations, direct application of pesticides to control aquatic 

insects and vegetation, as well as their domestic usage are possible causes of 

water contamination by pesticides. Whereas wastewaters often contain very 

high level (milligram per liter or more) of pesticides, surface water and 

groundwater usually contain only trace amounts of pesticides (microgram 

per liter or less). 

Methomyl,thioacetimidate is an insecticide/acaricide widely used in 

agriculture. It is a very toxic and hazardous compound and a pollutant of 

environmental concern. Because of its high solubility in water (57.9 g/L at 

25°C),low Koc value and long hydrolysis DT50 value [1], methomyl could 

be potentially carried by field runoff into surface water. Methomyl has been 

detected in surface and ground waters across Europe and USA not only 

during actual application, but also after a long period of use. 
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Various processes have been investigated to reduce pesticide 

concentrations in water, and to minimize the potential health risks. 

Advanced oxidation processes include catalytic and photochemical methods 

which use H2O2, O3 or O2 as the oxidant. The principal active species in 

these systems is the hydroxyl radical OH, which is an extremely reactive 

and non-selective oxidant for organic contaminants [2]. Among different 

methods, the process of heterogeneous photocatalytic degradation has been 

suggested as an attractive way for the treatment of water polluting 

pesticides, due to the cost effective and non-toxic nature [3, 4]. 

The objective was to identify potential degradation products of methomyl 

photocatalytic degradation in aqueous suspension of TiO2. A indetification 

of pesticide degradation products is of interest because these products will 

often possess activities and lifetimes different from the parent compound. 

Photocalysis conditions were optimized and degradation products were 

identified using liquid chromatography tandem mass spectrometry (HPLC–

MS/MS) analytical technique.  

 

EXPERIMENTAL 

All chemicals used in the investigation were of reagent grade and were used 

without further purification. Analytical standard of methomyl (99.8%) was 

received from Du Pont de Nemours, USA. The photodegradation of 

methomyl was studied using solutions at the concentration of 16.22 mg L-1.  

The experiments were performed with 0,5 g L-1, 1 g L-1, 2 g L-1, and 3 

g L-1 of TiO2. The effect of parameters such as initial concentration of 

catalyst, initial methomyl concentration, and pH were studied. The reactions 

were performed in a glass thermostated reactor (cylindrical shape, volume 

100.0 cm3, 20 oC) with an 300 W Osram Ultra-Vitalux lamp (UV-A:UV-

B=13.6:3) placed 300 mm from the surface of the reaction mixture. The 

irradiation time was 60 min.At the specific time interval an appropriate 

samples of the suspension was withdrawn, centrifuged, and filtered through 

a 0.20 μm filter. 

Photodegradation products were analysed using HPLC-MS technique. 

Prior to the analysis samples were filtered through 0.2 µm syringe filter. 

HPLC–MS system consisted of a Thermo Fisher Scientific (Waltham, MA, 

USA) apparatus including quaternary pump (Surveyor), LTQ XL mass 

spectrometer with liner ion trap (Thermo Scientific, USA) with electrospray 

interface, and Xcalibur v. 2.1 software package. Chromatographic 

separation was performed on the reversed-phase Zorbax Eclipse® XDB-

C18 column, 75 x 4.6 mm (i.d.) x 3.5 μm (Agilent Technologies, Santa 

Clara, CA, USA). Chromatographic analysis was carried out using gradient 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   C-11-P 

 

 233 

elution and mobile phase consisted of water (A), methanol (B), and 10% 

acetic acid (C).Mobile phase gradient was: 0 min, B 19%, C 1%; 15 min B 

50%, C 1%; 20 min B 100%; 25 min B 100%; 26 min B 19%, C 1%; 35 min 

B 19%, C 1%. The flow rate of the mobile phase was 0.3 mL min−1. In the 

first step of the HPLC-MS analysis full MS spectra were recorded in the 

range of 50–400 m/z. MSn analysis was conducted for the most abundant 

ions by repeated injection of the sample. 

 

RESULTS AND DISCUSSION 

For methomyl degradation the optimal concentration of the catalysts was 

found to be 2 g L-1. The results imply that the photodegradation rate was 

highest in acidic solution and lowest in alkaline solution. Under these 

conditions degradation of methomyl was complete after 60 min of 

irradiation. Ion chromatography results showed that mineralization led to 

the formation of sulfate, nitrate and ammonium ions during the process. 

Mineralization of organic carbon was incomplete and about 80% of initial 

total organic carbon (TOC) was removed after one hour. Because the TOC 

elimination rates were not proportional to the rates of methomyl removal, 

obtained results suggested the formation of methomyl degradation products. 

Three major by-products of photocatalytical degradation have been 

identified: (E)-methyl-N-hydroxyethanimidothioate (methomyl oxime), By-

product I ((E)-methyl-N-hydroxymethylcarbamoyloxyethanimindothioate) 

and By-product II ((E)-methyl-N-carbamoyloxyethanimidothioate).Mass 

chromatograms of methomyl and its degradation products are presented in 

Figure 1. 

 
Figure 1.Masschromatograms of methomyl and its degradation products. 

During methomyl degradation the increase in concentration of three 

products: methomyl oxime (ion at m/z 106), By-product I (ion at m/z 179) 
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and By-product II (ion at m/z 149), were recorded. The highest intensities of 

the peaks corresponding to these products are found in the period from 10 to 

40 min of the reaction process. 

The main degradation product found was methomyl-oxime which is 

always present as degradation product during methomyl photocatalytic 

degradation process. Hydroxylation of methylgroup attached to the nitrogen 

atom produces By-product I, which consecutively produces By-product II 

through decarboxylation of hydroxylated methyl group [5]. Methomyl-

oxime can be generated either from methomyl itself or from the By-product 

I and II through rupture of ester bound. Detected degradation products were 

subjected to the subsequent MS2 analysis in order to confirm their identity. 

By-product I showed no detectable fragments in MS2 spectra. On the other 

hand, methomyl, methomyl-oxime and By-product II showed similar 

fragmentation pathways which enabled their structural confirmation. 

 

CONCLUSIONS 

The paper proves the effectiveness of the heterogeneous photocatalysis for 

the removal of the methomyl from water. It was found that photocatalytic 

reactions proceed faster in acidic than in alkaline media. During the 

processessulfate and nitrate ions were detected, but the mineralization of 

nitrogen and organic carbon was incomplete. Three major by-products have 

been identified andconfirmedby means of liquid chromatography tandem 

mass spectrometry technique. 
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ABSTRACT 

TiO2/carbon composite (TiO2/HTC), synthesized by hydrothermal 

carbonization, was characterized by thermogravimetric analysis, nitrogen 

adsorption–desorption isotherms and X-ray diffraction. The possibility of 

using TiO2/HTC as photocatalysts for UV and visible light assisted 

degradation of methylene blue in aqueous solution was examined. It was 

found that carbon presence in TiO2/HTC leads to the higher porosity and 

increase in the share of photocatalytically active anatase phase. Compared to 

the hydrothermally synthesized TiO2, TiO2/HTC showed the superior 

photocatalytic activity under UV irradiation. In addition, TiO2/HTC show 

high recycling ability with degradation ratio of methylene blue higher than 

81 % after five cycles. Also, TiO2/HTC is expected to be a promising 

candidate for photocatalytic processes using visible light. 

 

INTRODUCTION 

Photocatalytic processes, in the presence of different photocatalysts, have 

proven to be efficient methods for removal of organic pollutants (drugs, 

pesticides and organic dyes). Titanium dioxide (TiO2) is one of the most 

effective and the most commonly used photocatalysts. Also, highly reactive 

photocatalysts can be obtained by combining titanium dioxide with different 

carbon materials, as a catalysts carrier [1]. In this work photocatalytic 

activity of hydrothermally synthesized TiO2/carbon composite was 

examined in the process of photocatalytic degradation of methylene blue 

(MB) under UV and visible irradiation, and compared to photocatalytic 

activity of hydrothermally synthesized TiO2.The possibility of reusing 

TiO2/carbon composite was examined through the determination of 

photocatalytic activity after each of five cycles. 
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EXPERIMENTAL 

Hydrothermal synthesis of TiO2/carbon composite (TiO2/HTC) was carried 

out using titanium isopropoxide and glucose solution to achieve Ti/C molar 

ratio of 0.30. TiO2 – hydrothermal (TiO2 – hyd) was obtained by similar 

procedure, using water instead of glucose solution.  

The thermogravimetric (TG) analysis was performed from room 

temperature to 800 °C in O2 atmosphere using SDT Q600 instrument (TA 

Instruments).Nitrogen adsorption–desorption isotherms were determined 

using a Micromeritics ASAP 2020 instrument. From obtained data, specific 

surface area (SBET), pore size distribution and volume of the mesopores 

(Vmeso) was calculated. XRD spectra were recorded in the range of 2θ of 20° 

– 60° with a scan speed 1o C/min1 using a Philips PW1710 diffractometer 

with CuKα radiation. Anatase and rutile phase content were determined [2], 

and grain sizes were calculated by Debye–Scherrer equation. 

Photocatalytic experiments were performed at room temperature with 1 

g/dm3 of TiO2/HTC and the initial concentration of MB was 10 mg/dm3. 

The suspension was magnetically stirred in the dark for 60 min to establish 

the adsorption/desorption equilibrium, and then exposed to the either UV or 

visible irradiation. The TiO2/HTC reuse was examined through the five 

cycles. Concentration of MB was measured using visible spectrophotometer 

(Specol, Carl-Zeiss, Jena), by measuringabsorbanceat675nm. 

 

RESULTS AND DISCUSSION 

Thermogravimetric analysis showed that TiO2/HTC contained 11.02 wt.% 

of carbon. Textural properties TiO2 – hydrothermal and TiO2/HTC, 

summarized in Table 1, show that carbon present in TiO2/HTC leads to the 

decrease of average pore diameter and Vmeso and to the increase in SBET and 

Vmicro.XRD patterns (Fig. 1) of TiO2 – hydrothermal and TiO2/HTC show 

characteristic peaks for the anatase (101) (2θ = 25.6˚) and rutile (110) (2θ = 

27.7˚) phase. 

 

It can be observed that presence of 

carbon in TiO2/HTC induces 

increase of peak intensity of the 

anatase phase, while peak intensity 

of the rutile phase decreases. The 

observed increase of anatase phase is 

confirmed by the results presented in 

Fig. 1. The average grain size decrease with carbon presence can be the 

consequence of inhibitory effect of amorphous carbon on grain growth of 

TiO2. Grain size decrease, accompanied with increase in BET surface area, 

 
Table 1. Textural properties of examined 

samples 

Sample 
SBET, 

m
2
/g 

Vmeso, 

cm
3
/g 

Dav
*
, 

nm 

TiO2-hyd 49.63 0.2375 17.22 

TiO2/HTC 174.08 0.1995 3.78 

Dav* - Average pore diameter
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is in very good agreement with the values of average pore diameters, 

indicating that pores measured are most likely interparticle spaces. 

The process of removing 

MB in the presence of 

TiO2/HTC (shown in Fig. 2) 

takes place in two phases. The 

first phase involves the 

removal of MB by adsorption 

in the dark, while the second 

phase represents photocatalytic 

degradation of MB under UV 

or visible irradiation. As it can 

be observed (Fig. 2), 

TiO2/HTC showed superior 

photocatalytic activity in the 

overall process of MB removal. 

Carbon species present in TiO2/HTC can provide more active sites and 

adsorb more reactive species due to large surface area and pore volume, 

which causes the enhanced photocatalytic activity. Additionally, high 

photocatalytic activity of TiO2/HTC can be explained by the presence of 

photocatalytically active anatase phase and the ratio of anatase and rutile 

phase (Fig. 1) which is nearly identical with the one in photocatalytically 

active Degussa P25. 

Obtained results (Fig. 2) 

showed that UV irradiation 

induces a higher decrease of 

MB concentration than the 

visible light. Nevertheless, 

concentration of MB was 

decreased for about 70 % in 

the presence of TiO2/HTC 

and visible irradiation. The 

regeneration and recycling 

of TiO2 photocatalysts is one 

of key steps in practical 

applications of this 

heterogeneous 

photocatalysis in water 

purification. Therefore, an 

examination of the photocatalytic activity of the recycled TiO2/HTC was 

carried out under UV light irradiation. The results are presented in Fig. 3. 

 
Figure 1. XRD patterns ofobtained 

samples 

 
Figure 2. MB removal in the presence of 

TiO2/HTC under the UV and visible light 

with embedded kinetics graph 
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The degradation rate in first cycle was 91.9 %, while after five cycles 

degradation rate was decreased to 81.2 %. 

 

CONCLUSION 

Photocatalytically active 

TiO2/carbon composite was 

obtained by hydrothermal 

carbonization, using titanium 

isopropoxide and glucose as a 

titanium and carbon precursors, 

respectively. It was found that 

photocatalytic activity 

increases with addition of 

glucose precursor solution, due 

to the increase in the share of 

photocatalytically active 

anatase phase in obtained 

TiO2/carbon composite. Also, 

carbon presence in TiO2/HTC leads to the higher surface area, which 

synergistically improved the photocatalytic activity by enhancing the 

adsorption of the organic pollutants. Consequently, TiO2/HTC showed the 

superior photocatalytic activity toward methylene blue, under UV 

irradiation and satisfactoryphotocatalytic activity under the visible light. In 

addition, TiO2/HTC could be used for multiple degradation cycles with 

slight decrease in photocatalytic activity, as well as a promising candidate 

for photocatalytic processes using visible light. 
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Figure 3. Recycle of the TiO2/HTC4 

composite for the degradation of MB 

(initial concentration of MB 10 mg dm-3, 

50 ml) 
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ABSTRACT 

A novel rotary-pulsatory hydrodynamic cavitator was constructed. The 

effects of process parameters of cavitation extraction (liquid-solid ratio, 

solvent type, time, temperature and flow) on the degree of caffeine 

extraction from roasted ground coffee beans of Robusta coffee (Coffea 

canephora)were investigated. Maximal degree of caffeine extraction was 

achieved after one minute with water as solvent at ambient temperature. It 

was found that the degree of caffeine extraction increases with increasing 

liquid-solid ratio, flow, and temperature. Results show that hydrodynamic 

cavitation (HC) is inexpensive and energy efficient extraction method for 

the extraction of caffeine from coffee beans. 

 

INTRODUCTION 

Coffee beans are an important source of caffeine, which is the most 

common consumed alkaloid in the world. Depending on the coffee variety, 

caffeine content averages from 12 mg/g (seeds) to over 20 mg/g [1]. For the 

extraction of caffeine from coffee, different techniques are applied: 

conventional extraction methods (heating reflux extraction and Soxhlet 

extraction) [2]; supercritical fluid extraction [3]; microwave-assisted 

extraction (MAE) [4]; ultrasonic-assisted extraction (UAE) [5]; solid phase 

extraction (SPE) [6]; pulsed electric energy assisted extraction, and 

accelerated solvent extraction(PEE). Recently, it was found that the 

extraction of active substances from plants materials under the conditions of 

negative pressure cavitation extraction (NPC) is an extremely fast, efficient 

and low-energy consuming method [7]. The aim of this study was to 

investigate the effects of different process parameters (liquid-solid ratio 

(LS), solvent type, time (t), temperature (T) and flow (Q)) on the degree of 

caffeine extraction from roasted ground coffee beans of Robusta coffee 

(Coffea canephora).  
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EXPERIMENTAL 

Materials and methods: Roasted coffee beans of Coffea robusta (var. India 

Kaapi Royale) were obtained from Cafe & Factory, Serbia. Ethanol, p.a. 

was purchased from Zorka Pharma, Serbia, Methanol, p.a. purchased from 

Poch S.a., Poland. The extraction was carried out in newly constructed 

hydrodynamic rotary-pulsatory cavitator.  

Extraction procedure: Predetermined mass of coffee was added ata 

predefined volume of solvent to maintain desired liquid-solid ratio. A 

suspension was continually stirred and introduced into the cavitator under 

the predefined flow. At predetermined time intervals, aliquots were taken 

from the reaction mixtures and filtered through filter paper (Munktell, 

Grycksbo, Sweden). The caffeine concentration in the extract was 

determined by following the method proposed by Yao et al. [8]. The 

efficiency of extraction of caffeine was expressed as the degree of caffeine 

extraction: α=C/Cmax*100%, where C (mg/L) is the caffeine concentration 

in water extract in the time interval t, and Cmax is the maximal theoretical 

concentration of caffeine in coffee. 

 

RESULTS AND DISCUSSION 

Fig. 1 shows the effects of time on the degree of hydrodynamic extraction of 

caffeine from coffee under the following process conditions: T=298 K, LS= 

54:1, Q=0.1 L/sec, with water as a solvent. The results indicate that under 

mentioned conditions a complete extraction of caffeine from coffee beans 

was finished after one minute.  

 

The effect of LS (v/w) on 

the degree of caffeine 

extraction from roasted 

coffee beans in the 

conditions of HC was 

investigated under 

following process 

conditions: T=298 K, 

Q=0.1 L/sec, t =1 min, 

water as a solvent. 

 
Figure 1. The dependence of degree of 

caffeine extraction on time in conditions of HC 
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As can be seen from Fig. 2, 

the increase in the LS ratio 

leads to the increase in the 

degree of caffeine extraction. 

The optimal LS ratio for the 

efficient extraction of caffeine 

in conditions of HC is 10:1. 

 

Fig.3 shows the effect of flow 

on the degree of caffeine 

extraction under following 

process conditions: T=298 K, 

LS=75:1, t=1 min, water as a 

solvent. It can be seen that 

maximal degree of caffeine 

extraction was achieved under 

the flow of 0.1 L/sec.  

The effect of solvent on 

the degree of caffeine 

extraction from roasted 

coffee beans in the 

conditions of HC was 

performed using water, 

absolute ethanol, water 

solution of ethanol, and 

water/ethanol/methanol 

mixture, maintaining a 

constant following 

process conditions: 

T=298 K, LS=75:1, 

Q=0.1 L/sec, t=1 min.  

 

The results presented 

in Fig. 4 show that the 

maximal degree of caffeine extraction was accomplished using water as the 

extraction solvent. 

 
Figure 2. Effects of liquid-solid ratio on 

the degree of caffeine extraction in 

conditions of HC  

 
Figure 3.Effects of flow on the degree of 

caffeine extraction in conditions of HC 
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CONCLUSION 

Hydrodynamic cavitation 

is inexpensive and energy 

efficient method for the 

extraction of caffeine 

from coffee beans. It is 

found that the optimal 

conditions for caffeine 

extraction are: water as a 

solvent, LS=10:1, Q=0.1 

L/sec, t=1 min, 298 K. 

The results show that 

hydrodynamic cavitation 

could be an appropriate 

alternative process to 

conventional extraction 

techniques. 
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Figure 4. Effects of solvents on the degree of 

caffeine extraction in conditions of HC 
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ABSTRACT 

The influence of four newly synthesized hexavandates: [V6-CH3][Na]2, 

[V6-NO2][TBA]2, [V6-C3][H]2, and [V6-C5d][TBA]2 on Na+/K+-ATPase 

activity, was investigated in vitro. All tested compounds inhibited the 

activity of Na+/K+- ATPase in a dose-dependent manner but with different 

inhibitory potency. [V6-NO2][TBA]2 was found to be most potent, 

showing 50 % inhibition IC50 = 1.87 × 10-5 mol/L, while [V6-C5d][TBA]2 

showed the lowest inhibitory power, IC50 = 1.31 × 10-4 mol/L. 

 

INTRODUCTION 

Polyoxovanadates (POVs) are very interesting vanadium-containing 

compounds due to their fascinating electronic and magnetic properties, 

their capacity to form various thermodynamically stable redox isomers, 

and their catalytic capabilities [1,2]. Due to these properties, there is also a 

great interest in using POVs clinically, primarily as antibacterial, antiviral 

and antitumor agents. Recently, we have found that POVs exhibit 

inhibitory influence on Na+/K+-ATPase activity [3,4]. Na+/K+-ATPase 

(sodium pump) belongs to the P-type ATPase family, the members of 

which are able to utilize the energy of ATP to transport ions against their 

electrochemical gradient. Considering the key role of Na+/K+- ATPase in 

normal functioning of most animal cells, as well as its pivotal role in 

cancer cell migration, the aim of this work was to examine the influence of 

four newly synthesized hexavandates: [V6-CH3][Na]2, [V6-NO2][TBA]2, 

[V6-C3][H]2, and [V6-C5d][TBA]2 on Na+/K+- ATPase activity, using 

commercially available Na+/K+- ATPase from porcine cerebral cortex as a 

model system. 
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MATERIAL AND METHODS 

Na+/K+-ATPase from porcine cerebral cortex was purchased from Sigma 

Chemicals Co. (Germany). All investigated hexavandates were synthesized 

according to the route described by Chen et al [5,6]. Stock solutions (0.1 

mol/L) of the hexavandates were prepared by solving the solid compounds 

in DMSO. Working solutions were prepared daily by diluting the stock 

solutions with water to the desired concentrations, shortly before use. Final 

DMSO volume fraction in the incubation medium did not exceed 1%. The 

activity of Na+/K+- ATPase was followed in the absence (control) and 

presence (during 20 min) of increasing concentration of hexavanadates by 

monitoring spectrophotometrically (Perkin Elmer Lambda 35 UV-VIS 

spectrophotometer) the released Pi liberated from the enzymatic hydrolysis 

of ATP [3].  

 

RESULTS AND DISCUSSION 

The influence of the newly synthesized hexavanadates on Na+/K+- ATPase 

activity was investigated in the concentration range from 1×10-8 to 1×10-3 

mol/L. Enzyme activity, expressed as a percentage of the control value 

(obtained without inhibitor) decreased for increasing hexavanadates 

concentration, showing in all cases a monophasic sigmoidal curve 

(OriginPro 8) (Fig.1).  

The inhibition parameters, the concentrations of the investigated compounds 

with capability to inhibit 50% of the enzyme activity after given exposure 

time (IC50 values) and Hill coefficient, nH, were determined using the Hill 

method and are summarized in Table 1. Obtained results indicate that all 

investigated compounds inhibit the Na+/K+ ATPase activity, but with 

different inhibiting power. [V6-NO2][TBA]2 (IC50 = 1.87 × 10-5 mol/L) was 

the most potent inhibitor of Na+/K+ ATPase activity, while [V6-C5d][TBA]2 

showed the lowest inhibitory potency (IC50 = 1.31 × 10-4mol/L). The 

calculated nH values (nH ≤ 1) suggest (Table 1) that there is no positive 

cooperativity in hexavanadates binding to the enzyme. 
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Figure 1. The concentration-dependent inhibition of Na+/K+-ATPase 

induced by four new synthesized hexavanadates 

 

Table 1. The inhibition parameters of hexavanadates for Na+/K+ - ATPase  

obtained by Hill analysis 

 

The obtained results are in agreement with previously reported 

concentration-dependent inhibitory effect of POVs on synaptic plasma 

membrane and purified porcine cerebral cortex Na+/K+-ATPase [3,4].  

Although a few different isoforms of brain Na+/K+-ATPase have been 

known [7] the obtained monophasic inhibition curves do not suggest that the 

heterogeneity of the hexavanadate binding sites, which is in agreement with 

previously published findings related to polyoxometalate-induced inhibition 

of different types of ATPases [3,4,8]. 

 

CONCLUSION 

Based on the results, we can conclude that the examined compounds exhibit 

concentration-dependent inhibitory effect on Na+/K+-ATPase activity. 

Compound IC50, mol/L nH 

[V6-CH3][Na]2 (5.50 ± 0.28) × 10-5    0.44 

[V6-NO2][TBA]2 (1.87 ± 0.09) × 10-5  0.89 

[V6-C3][H]2 (1.05 ± 0.05) × 10-4  0.98 

[V6-C5d][TBA] (1.31 ± 0.06) × 10-4  0.99 
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Inhibiting power of tested hexavanadates are weaker (about two orders of 

magnitude) than inhibiting power of decavanadate (tested earlier) on 

Na+/K+-ATPase activity, which is probably due to differences in charge, 

size and shape of these polyoxometalates. In order to interpret the obtained 

differences in inhibitory potencies of investigated POVs a combined 

crystallographic analysis and ab initio calculations will be carried out. 
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ABSTRACT 

Three different bentonites with similar cation exchange capacities were 

investigatedas adsorbents for Sr2+ionsin aqueous solutions.Textural 

properties of thebentonite samples were determined using low-temperature 

N2 physisorption method.Adsorption was carried out with respect to contact 

time. It was found that adsorption capacity of all adsorbents towards Sr2+ 

ions was similar.It was shown that ion exchange mechanism is the dominant 

mechanism of Sr2+ ions adsorption on the Na-enriched 

bentonites.Adsorption dynamics obeyed pseudo-second-order kinetics 

model for all bentonites. 

 

INTRODUCTION 

Strontium (Sr) is abundantly present in Earth’s crust in the form of minerals: 

SrCO3, SrSO4 and Al2O3∙SrO∙(SiO2)6∙4H2O. In surface waters strontium 

originates from weathering of the rocks, or from the discharge of waste 

water from industries that use strontium compounds. Ionic strontiumisnot 

toxic in small concentrations, and since its concentration in water is 

generally low. Beyond four stable Sr isotopes naturally present in soil, there 

are also artificial, radioactive isotopes 89Sr and 90Sr [1, 2]. These radioactive 

isotopes occur as waste productsin nuclear power plants and in the 

reprocessing of nuclear fuels [3]. The disposal of radioactive wastewater 

from commercial nuclear plants is one of the major problems in nuclear 

waste management [4]. Similar adsorptive behavior of the radioactive Sr 

isotopes with the non-radioactive ones enables the investigation of the 

adsorptive removal of radioactive Sr from aqueous solutions on model 

systems containing non-radioactive isotopes. 

The present work wasfocusedon the removal of strontium ions (Sr2+ ions) 

from aqueous solutions using three different sodium enriched bentonites 

with similar cation exchange capacities (CEC) but with different specific 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   C-15-P 

 

 248 

surface areas. The adsorption was studied as a function of adsorption time, 

and the results were interpreted using kinetic models of pseudo-first and 

pseudo-second order. 

 

EXPERIMENTAL 

Three bentonite samples (Texas, Wyoming and Bogovina) were usedas 

adsorbents. Two bentonites were supplied by the Clay Minerals Society 

originated from Texas (CEC=71.2) and Wyoming (CEC=71.4). The third 

one was from domestic Bogovina Coal and Bentonite Mine in 

Serbia(CEC=67.2). The samples were sieved through 74 μm sieves. Sodium 

enrichment of thebentonite sampleswas performed using previously reported 

procedure [5] and the obtained materials based on Wyoming, Texas and 

Bogovina bentonites were denoted as NaW, NaT and NaB, respectively.  

SrCl2∙6H2O was obtained from Carlo Erba and used as received. 

Nitrogen physisorption isotherms were determined on a Sorptomatic 1990 

Thermo Finnigan instrument at –196 C and textural parameter values were 

calculated according to common models [6–8]. 

Batch-type adsorption experiments were conducted in aqueous solutions in a 

temperature-controlled water bath shaker (Memmert WNE 14 and SV 

1422). The adsorption of Sr2+ions was investigated with respect to contact 

time. The aliquots were withdrawn from the shaker at regular time intervals 

and the solution was centrifuged at 17000 rpm for 10 min (Hettich EBA-

21). The Sr2+ content in the supernatant solutions was determined by 

inductively coupled plasma optical emission spectrometry (ICP–OES). The 

ICP–OES measurements were performed using a Thermo Scientific iCAP 

6500 Duo ICP instrument (Thermo Fisher Scientific, Cambridge, UK). 

All experiments were carried out at T=298,15 K, using the same mass of 

adsorbent (mads =20.0 mg) and volume of solution (v=50.0 cm3).The initial 

concentration of Sr2+ ions was 50 mg dm-3. 

The amount of Sr2+ adsorbed after time t - qt (mg g−1), was calculated from 

the following mass balance relationship: 

ads

t

t
m

vCC
q

)( 0  (1)

 
where: C0and Ct are the initial Sr2+solution concentration (mg dm−3) and the 

Sr2+concentration after the adsorption time t, respectively. The obtained data 

were investigated using the pseudo-first and pseudo-second kinetics models. 

 

RESULTS AND DISCUSSION 

Low temperature N2 physisorption measurements resulted in isotherms 

characteristic for mesoporous materials that contain aggregated planar 
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Figure 1.The effect of contact time on 

the adsorption of Sr2+ ions on 

three different bentonites 

particles forming slit shape pores, with the presence of micropores. Selected 

textural properties parameters are presented in Table 1. 

  

Table 1. Selected textural properties 

Sample 
SBET 

[m2g-1] 

V0.98 

[cm3g-1] 

Vmes
BJH 

[cm3 g-1] 
St 

[m2 g-1] 
Smic=SBET-St 

[m2 g-1] 

NaW 50 0,0759 0,0871 31 19 
NaT 106 0,2000 0,2101 83 23 
NaB 87 0,0853 0,0788 43 44 

      
Where: SBET – specific surface area (Brunauer, Emett, Teller – two parameter plot); 

V0.98 – total pore volume (Gurvitch); Vmes
BJH mesopore volume (Barett, Joyner, 

Hallenda), and St – specific surface area (t-plot), Smic – micropore specific surface 

area 
 

All Na-enriched materials exhibited microporosity developed to different 

extents. While mesoporous surface area increased in the NaW>NaB>NaT 

sequence, the increase of the surface area of micropores followed the 

NaW>NaT>NaB sequence. Microporous surface area should be considered 

as more relevant in the investigated cation exchange process, since it takes 

place in the interlamellar smectite region. 

 

The effect of contact time on the amount of Sr2+ ions adsorbed on 

bentonitesis presented in Fig. 1. 

For all adsorbents, adsorption 

rate was initially high and 

then,it gradually reached 

plateau. The adsorption 

capacity of the domestic 

adsorbent from Bogovina was 

similar to the capacity of 

commercial bentonites, 

independently on the 

difference in their textural 

properties. This indicates that 

the ion exchange mechanism 

was the dominant mechanism. 

The pseudo-first order and 

pseudo-second order kinetics 

models were tested in the case 

of Sr2+ adsorption on the bentonites. Coefficients of determination (R2) for 
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thepseudo-first order model were relatively low, indicating poor correlation of 

data with the model. On the other hand, R2 values for the pseudo-second order 

model were >0.999 for all bentonites. Besides, equilibrium adsorption 

capacities (qe), calculated from the equation for the pseudo-second order 

kinetics model showed good agreement with the experimental values, 

confirming that the adsorption of Sr2+ions on different bentonites obeyed the 

pseudo-second order kinetics. 

 

CONCLUSION 

In this work, it was shown that the adsorption of Sr2+ ions from aqueous 

solutions on three different Na-enriched bentonites is mainly governed by 

ion exchange mechanism, since bentonites with similar CEC values and 

different specific surface areas had similar adsorption capacities. The 

adsorption dynamics was described well by the pseudo-second-order 

kinetics model. All investigated adsorbents could be used for the removal of 

radioactive strontium, considering the fact that it has similar adsorption 

behavior as the non-radioactive counterpart. 
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ABSTRACT 

The adsorption of nicotine from aqueous solutions was performed on natural 

and acid-activated Wyoming montmorillonite. The adsorption experiments 

showed that acid-activation increases adsorption capacity of 

montmorillonites toward nicotine molecules. The pseudo-first and pseudo-

second order kinetics models were tested. The nicotine adsorption was well 

represented by the pseudo-second-order kinetics model for both 

montmorillonite samples.  

 

INTRODUCTION 

The presence of nicotine – highly toxic alkaloid – is often detected in 

wastewaters of tobacco industry. Different methods have been used for 

nicotine containing wastewater treatment, but adsorption shows many 

advantages [1,2]. Numerous investigations have been focused on the 

adsorption of nicotine using different materials as adsorbents [3,4] but there 

is a lack of studies where montmorillonite clays are used as nicotine 

adsorbents. In this paper, natural and acid-activated Wyoming 

montmorillonite were tested for nicotine removal from water, and the 

kinetics of the investigated adsorption processes was determined.  

 

EXPERIMENTAL 

Montmorillonite clay mineral (MW) was obtained from The Source Clays 

Repository - The Clay Minerals Society, Wyoming, USA. According to the 

supplier the Cation Exchange Capacity of the material is 76.4 meq/100g.  

Nicotine ((S)-3-(1-Metil-2-pirolidinil) pyridine), with purity of 99% was 

purchased from Alfa – Aesear. 

The acid-activated montmorillonite was obtained using a common 

procedure [5]. Dried MW sample (5 g) was treated with 22.50 cm3 of 4.5 M 

HCl by stirring at 90 °C for 2 h; after acid activation, the sample was 
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collected and dialyzed against demineralized water until the filtrate was free 

of Cl- ions (test with 0.1 M AgNO3).  

All adsorption experiments were carried out at room temperature with 

solution volume of v= 0.050 dm3. The adsorptions were run for 10, 20, 30, 

60, 120, 180 and 1440 min; the initial concentration of nicotine was 0,75 

mmol dm-3 and the mass of adsorbent was madsorb = 0.05 g. A period of 24 h 

was taken as the equilibrium time, although in some experiments the 

equilibrium was reached much earlier. 

Nicotine concentration was monitored using spectrophotometer Nicolet 

Evolution 500 UV-VIS, Thermo Electron using λmax=261 nm. 

The amount of adsorbed nicotine molecule for time t – qt (mmol g-1) was 

calculated according the following relationship:  

0
( )

t

t

ads

C C V
q

m

 
  

where: C0 – initial concentration of nicotine (mmol dm-3), Ct – 

concentration of nicotine after adsorption time t (mmol dm-3), V – volume 

of nicotine solution (cm3), mads – adsorbent mass (mg). 

 

RESULTS AND DISCUSSION 

The effect of contact time on the adsorption of nicotine from aqua solution 

onto natural and acid – activated montmorillonite is presented in Figure 1. 
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Acid-activation of 

 montmorillonite increased 

its adsorption toward 

nicotine molecules.  

Based on the results 

presented in Fig. 1. the 

kinetic study was performed 

for each of the investigated 

adsorbents.  

Kinetic data were tested with 

both pseudo-first-order and 

pseudo-second-order 

kinetics models [6]. 

Figure 1. Adsorption of nicotine on natural 

(MW) and acid-activate (MWA) 

montmorillonites 
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The linear form of the integrated rate law for the pseudo-first-order and 

pseudo-second-order reactions are presented in Eq. (1) and Eq. (2) 

respectively.  

  
10ln

loglog
1 tk

qqq ete                                                         (1) 

t
qqkq

t

eet

11
2

2

                                                 (2) 

 

Here, qt is the amount of adsorbed nicotine (mmol g-1) at any time t, qe is the 

amount of adsorbed nicotine at the equilibrium (mmol g-1), k1 is the pseudo-

first order rate constant (min−1), and k2 is the pseudo-second-order rate 

constant (g mg-1 min-1). The values of the pseudo-first-order constant were 

calculated from the plots of log(qe -qt) versus t for each initial dye 

concentration, while for the pseudo-second-order these parameters were 

calculated from the t/qt versus t plot. The plots for pseudo-first and pseudo-

second-order reaction of nicotine adsorption on both adsorbents are given in 

Figure 2.a and 2.b, respectively.  
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Figure 2. a) pseudo-first order b) pseudo-second order reaction 

 

Since the correlation coefficients for the pseudo-second-order kinetics 

model are closer to unity than the corresponding correlation coefficients for 

the first-order kinetics model, the second-order kinetics model was proven 

to be more adequate. The kinetic parameters for nicotine adsorption on both 

investigated adsorbents are presented in Table 1.  

The qe
exp and qe values obtained for the pseudo-second reaction order for 

nicotine exhibited excellent agreement. Therefore, the experimental data 

undoubtedly confirmed that the adsorption of nicotine from aqueous solution 

onto natural montmorillonite and acid-activated montmorillonite obeyed the 

pseudo-second-order kinetics model. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   C-16-P 

 

 254 

Table 1. Kinetic parameters for adsorption 

 

CONCLUSION 

Acid-activation of Wyoming montmorillonite was performed. The 

adsorption of nicotine from aqueous solutions was studied on both natural 

and acid-activated montmorillonite. The acid-activation increased 

adsorption capacity of montmorillonite toward nicotine molecules. The 

pseudo-first and pseudo-second order reaction models were tested. The 

pseudo-second order reaction showed to be characteristic for nicotine 

adsorption on the investigated adsorbents.  
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Adsorbents MW MWA 

qe 
exp [mmol g-1] 0.305 0.516 

Pseudo first order reacton 

qe       [mmol g-1] 0.0281 0.0119 

k1     [min-1] 0.0023 0.0035 

r1 0.7941 0.9068 

Pseudo second order reacton 

qe       [mmol g-1] 0.3062 0.5168 

k2       [g mmol-1 min-1] 5.5895 4.9912 

r2 0.9997 1 
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ABSTRACT 

Kinetics of poly(acrylic acid)-g-gelatin hydrogel non-isothermal 

dehydration is investigated by thermogravimetric analysis at four heating 

rates: 5, 10, 15 and 20 K/min. It has been found that this process has 

complex kinetics. The shape of activation energy distribution function has 

been determined. Kinetic curves of poly(acrylic acid)-g-gelatin hydrogel 

dehydration have been entirely described by distributed activation energy 

model.  

 

INTRODUCTION 

Hydrogels are often described as three-dimensional cross-linked polymeric 

structures that are able to swell in the aqueous environment.Kinetics of non-

isothermal hydrogel dehydration is investigated by various kinetic methods 

such as: Kissinger, Coats–Redfern, van-Krevelen, and Horowitz–Metzger, 

as well as by the use of normalized Weibull distribution function and 

logistic function[1 - 3]. Since hydrogel structure undergoes changes during 

the dehydration, distributed activation energy model (DAEM) is used to 

describe non-isothermal dehydration kinetics of thepoly(acrylic acid)-g-

gelatin (PAG) hydrogel. 

 

EXPERIMENTAL 

Non-isothermal thermogravimetric curves of the PAG dehydration have 

been recorded using a TG Analyser, TA Instruments. The samples (20±1 

mg) were heated in the temperature range from 290K to 460 K at different 

heating rates vh, from 5 to 25 K/min under nitrogen atmosphere, flow 20 

ml/min. 

Procedure proposed by Miura [4] and Miura and Maki [5] is used for 

determination of values of activation energy, Ea, and pre-exponential factor, 

A, at certain degree of dehydration, α, i.e. values of Ea,α and Aα, respectively. 
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Also, shape of activation energy distribution function, g(Ea),is established 

by the same procedures the Ea derivative with respect to the α. 

 

RESULTS AND DISCUSSION 

The thermogravimetric (TG) curves of PAG hydrogel non-isothermal 

dehydration at four different heating rates are presented in Fig. 1a. It can be 

seen that TG curves, at all vh, have complex concave shape. Also, as vh 

increases TG curves move toward higher temperatures and become more 

concave. 

Activation energy dependence on α was established(Fig. 1b.) in order to 

find does PAG hydrogel has complex non-isothermal dehydration 

kinetics.As it can be seen from Fig.1b., when α ≤ 0.2, Ea changes almost 

linearly from 62.5kJ/mol to 40.5kJ/mol. On the other hand, when α ≥ 0.2, 

the Ea slowly decreases and reaches the value of 23.1kJ/mol at the end of the 

process. Complex shape of activation energy dependence on α confirms that 

non-isothermal dehydration process of PAG hydrogel has complex kinetics 

and approve utilization of DAEM on investigated process. 

 
Figure 1.a) TG curves of PAG hydrogel non-isothermal dehydration (5 

K/mol (solid line), 10 K/mol (dashed line), 15 K/mol (dotted line) and 20 

K/mol (dashed and dotted line)) and b) dependence of Ea on α 

 

It has been shown that dependence of lnA on α is similar, by its shape, to 

the dependence of Ea on α, which indicates that Ea and lnA are correlated by 

so-called compensation equation: 

 

lnAα=-6.43+0.469Ea,α                                                                        (1) 

 

Further, based on dependence of Ea on α, g(Ea) function has been 

determined by Miura-Maki method (Fig. 2a.). From here, it can be seen that 

g(Ea) function has characteristic right (positive) skewed asymmetric peak 

with conspicuous maximum at Ea= 29 kJ/mol. 
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Based on knowledge of g(Ea) and Aα as a function of α, in accordance 

with the basic equation of DEAM, conversion curves of PAG hydrogel non-

isothermal dehydration process are calculated: 

 

0 290

exp( 6.43 0.469 )
1 exp * exp( ) ( )

T

a a
a a

h

E E
dT g E dE

v RT


   
    

 
            (2) 

 

The comparison of experimental and data predicted by eq. 2 is shown in 

Fig.2b. 

 

 
 

Figure 2. a) g(E) function and b)the comparison of experimental (solid 

lines) and data predicted by eq. 2(5 K/mol (), 10 K/mol (○), 15 K/mol ( ) 

and 20 K/mol (+)). 

 

As it can be seen from Fig. 2b. calculated dependence of α on 

temperature, at all vh, are in complete agreement with experimental data. 

This confirms that non-isothermal dehydration kinetics of PAG hydrogel 

can be entirely described by DAEM. 

 

CONCLUSION 
Non-isothermal dehydration ofpoly(acrylic acid)-g-gelatin hydrogel is 

kinetic alycomplex process. Shape of activation energy distribution function 

has been determined by Muira-Maki method. Distributed activation energy 

model can be used in describing non-isothermal kinetics ofpoly(acrylic 

acid)-g-gelatin hydrogel dehydration. 
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ABSTRACT 

Iodine oxidation reaction was monitored potentiometrically. Iodate amount 

produced in this reaction was determined by stopped-flow technique for the 

first time. Five experiments are repeated and for each experiment, six 

measurements of produced iodate are performed. Under the given 

conditions, high degree of iodine conversion to iodate (95.4±0.6%) is 

obtained with good repeatability. 

 

INTRODUCTION 

The oxidation of iodine to iodate with hydrogen peroxide (eq 2) is 

anintriguing step of the Bray-Liebhafsky (BL) oscillatory reaction 

[1,2].Unlike the first step, the reduction of iodate to iodine (eq 1), which has 

been shown to have kinetics closely related to Dushman reaction, oxidation 

of iodine (eq 2) is not investigated enough [3,4].The study of the iodine 

oxidation can contribute to a better understanding of the BL reaction 

mechanism which, despite the continuous research during almost 100 years, 

is still unknown in many details. 

3 2 2

2 2 2 3 2

IO 5I 6H 3I 3H O                                            (1)

I 5H O 2IO 2H 4H O                                     (2)

  

 

   

   

Determination of iodate amount originating fromiodine oxidation is one of 

the ways for studying mechanism of this reaction. It has been done for the 

first time by Furrow [5].He measured ratio between formed iodate and 

iodide by precipitation silver iodate and silver iodide with silver ions in 

excess.Either they didn't measure amount of produced iodate, Olexová et al. 

analyzed influence of the interphase area, initial concentrations of reactants, 

light and stirring on iodine oxidation reaction [6]. 

In our recently published paper it was shown that stopped-flow technique 

may be successfully utilized foriodate determination in the presence of 

hydrogen peroxide by titration with excess of iodide [7]. The main 

characteristic of this technique is possibility to distinguish titration products 
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of the fast Dushman reaction (eq 3) from the same products which originate 

from the slower peroxide-iodidereaction (eq 4).  

3 3 2

2 2 3 2

IO 8I 6H 3I 3H O                                           (3)

H O 3I 2H I 2H O                                          (4)

   

  

   

   

Therefore, our aim here is to use stopped-flow technique to measure 

iodate,as a product of iodine oxidation with hydrogen peroxide. 

 

EXPERIMENTAL 

Experiments were carried out at 27oC in a 60 mL glass vessel wrapped in a 

water recirculation jacket, connected to a thermostat (Fig. 1.).For 

homogenization of the reaction mixture, a magnetic stirrer (σ = 100 rpm) 

was used for 20s. For determination of the concentrations of I2 and I3
- 

species, at the beginning and at the end of iodine-peroxide reaction, Agilent 

UV/VIS Diode Array Spectrophotometer with Applied Photophysics Pro.-

K.2000 Stopped-Flow Accessory was used.The working Pt electrode was 

connected to a double-junction Ag/AgCl reference electrode. Data 

acquisition voltmeter (PC-Multilab EH4 16-bit ADC) coupled with a 

personal computer was used to record the potential-time evolution during 

the reaction. The start-up procedure was performed in the following way. 

Thermostated and protected from light, the reaction vessel was filled with 

the reactants. First 10 ml of 5 M H2SO4 (Zorka Šabac, Serbia) was added. 

After 10 minutes 50 ml of 9.6 10-4 M I2 (Zorka Šabac, Serbia) solution was 

added.Finally when temperature achieved constant value 125µl 9.54M H2O2 

(Merck, Germany) was added and stirrer was turned on for 20 s. That was 

the moment when potentiometric recording started. For stopped-flow 

measurments,at the end of reaction,2ml sample was taken and diluted to 

25ml.  

 
 

Figure 1.  

Schematic view of 

experimental setup. 
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RESULTS AND DISCUSSION 

Experiments were taken atfive different days. Reaction of iodine oxidation 

wasmonitored potentiometrically. After a relatively short induction period, 

changes of the redox properties of the solution are recorded.When 

signalriches the value, which does not change during time, it can be 

assumed that reaction is finished (equilibrium is achieved). After that, the 

sample for further analysiswas taken. For each sample six stopped-flow 

titrations of the reaction mixture were done. Under the given conditions, 

iodate titration is finishedafter 11 seconds allowing kinetic separation from 

peroxide-iodide reaction (eq. 4) within 0.3 %.The mean values obtained 

from these titrationsare given in Table 1 forfive individual experiments.The 

stated errors represent 95 % confidence limit of the mean value. 

From Table 1. it can be seen that large fraction of I2 is being oxidized 

with peroxide to iodate with good repeatability. Obtained conversion is a 

little less than 100%, which is probably due to a small loss of iodine in the 

gas phase.Also, it can be observed that high repeatability is obtained for 

induction periods and for the times in which reaction is completed. The 

reaction times, τend are longer than 2h and it is still under investigations how 

to relate obtained results with its fast evolving in the BL oscillations. 

Further investigations are needed.  

 

Table 1. Induction period (τind), time in which reaction is completed (τend) 

and percentof I2 converted in oxidation reaction. 

 

τind (min) τend (min) Percent of converted I2 

12.06 167.23 95.8±0.5 

10.14 169.17  97.9±0.9 

11.68 168.36  91.7±0.3 

12.17 166.89  96.2±0.5 

11.85 167.97  95.5±0.4 

 

CONCLUSION 

Iodate amount produced in reaction of iodine oxidation by hydrogen-

peroxide was measured with stopped-flow technique. Values obtained at 

different experiments are in good agreement. Resultsshow that, at 

considered conditions, almost all iodine ends up as iodate. We hope that 

obtained results will contribute to better understanding mechanism of this 

reaction and related iodine oscillators. 
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ABSTRACT 

The applicability of fractal kinetics to describe isothermal kinetics of 

exchange of water absorbed in silica hydrogel with ethanol was 

investigated. It was found that fractal kinetic equation can give complete 

mathematical description of conversion curves of exchange. The values of 

the fractal kinetic equation parameters were calculated. It was determined 

that kinetics of exchange of molecules of absorbed water with ethanol is 

limited by exchange rate at reaction space whose fractal spectral dimensions 

varying in range between 3.42-3.76. 

 

INTRODUCTION 

Nanoporous silica aerogels are unique materials characterized by their 

specific physicochemical properties such as: high specific surface area 

(1000 m2/g), high porosity (80-99%), low density (30-50 kg/m3), high 

thermal insulation value (0.005 W/mK), ultra low dielectric constant (1.0 - 

2.0), low index of refraction (1.05) which made them subject of numerous 

studies and allowed them wide range of applications. 

Drying of the silica hydrogel is final and most critical step in the 

production process of silica aerogel. Ambient pressure drying is attractive 

alternative method for the commercial production of silica aerogel. 

However, if the aerogels are dried under the ambient conditions, the solvent 

exerts a capillary pressure on the gel network resulting into the collapse of 

the silicagel network structure[1]. In order to preserve the network structure 

intact drying of the gels is done by exchanging the water absorbed in silica 

hydrogel with the solvent whose surface tension is lower than the surface 

tension of the water (methanol, ethanol). 

Considering the fact that there are no previous studies, in this work 

investigation of isothermal kinetics of exchange of water absorbed in silica 

hydrogel with ethanol was done. Since the exchange process affects the 
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structure of the hydrogel and as result rate coefficients are time dependent, 

for predicting the rate at which water is released from silica hydrogel fractal 

kinetic equation[2] was used. 

 

EXPERIMENTAL 

Hydrogel synthesis 

Silica hydrogel was synthesized according to the procedure described in 

Shewale et al [1]. 

 

Kinetic of exchange of water absorbed in silica hydrogel with ethanol 

Kinetic curves of exchange were measured according to the following 

procedure. In 250 mL of absolute ethanol, preheated at predetermined 

temperature a 1.0±0.1g of equilibrium swollen, grounded silica xerogel was 

added. The reaction mixture was stirred with a mechanic stirrer with 400 

rpm. Water concentration was determined by measuring the refractive index 

of reaction mixture. Quantity of water exchange was determined as: 

H2O RS

HG

c m
q

M


      (1) 

where: cH2O is mass concentration of water in reaction system at reaction 

time (t), mRS is mass of reaction system, MHG is mass of water in hydrogel. 

The degree of water exchange with ethanolwas calculated as: 

max

q

q
       (2) 

 

Modeling of the kinetics of exchange 

Conversion kinetic curves were fitted with fractal kinetic equation[3] 

 

1

1

max
c

( ) 1 1

n
t

t n



 



  

     
   

     (3) 

where max represents the maximum exchanged quantity (in our case max = 

1), n is the overall reaction order,  represents fractional time index while c 

is characteristic time. Value of fractal spectral dimension (ds) is calculated 

as ds=2/(n–1). The effective time-dependent rate coefficient Kn, can be 

calculated from 
1

1

n,β 1 ( 1)
cc

t t
K n
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In order to find the values of the parameters n,  and c that produce most 

accurate fit of equation (3) to the experimental data, Levenberg–Marquardt 

algorithm was used. For this purpose a program in MATLAB programming 

package was developed. 

 

RESULTS AND DISCUSSION 

Isothermal conversion curves of exchange of water absorbed in silica 

hydrogel with ethanol measured at 297 K, 306 K and 316 K are presented 

on Figure 1. 

 

   
Figure 1. Kinetic curves of exchange of water absorbed in silica hydrogel 

with ethanol measured at: a) 297 K b) 306 K c) 316 K. Dots () represent 

experimental data while line (─) represents simulated values. 

  

In all conversion curves are observed three distinct shapes of  changes 

with t: linear, convex and plateau region. In the beginning of the exchange, 

 increases almost linearly with t. Then, increase of  with t decelerates 

(convex region) end then process ends (plateau region). With increasing 

temperature the slope of the linear region of the conversion curves increase 

which indicates that exchange rate also increases. The fit of the conversion 

curves to equation (3) are represented with line (─) in Figure 1. As can be 

seen equation (3) fit very accurately isothermal conversion curves. 

Calculated values of the fractal kinetic equation parameters are presented in 

Table 1. 

 

Table 1. Temperature effect on the fractal kinetic equation parameters 

T  / K n  c ds rss 

297 1.5847 0.90637 0.85501 3.42 4.5613×10–5 

306 1.5411 0.88031 0.73873 3.69 3.3061×10–4 

316 1.5308 0.88843 0.58510 3.76 7.7737×10–4 

  

The value of the fractal kinetic equation parameters n and c decreases 

with temperature increase, while  has maximum on 306 K. Calculated 
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values of ds indicate that exchange process occurs at reaction space 

whosefractal dimension varying in range between 3.42-3.76. Due to the 

fractal nature of the investigated process effective time-dependent rate 

coefficients Kn,were calculated (Figure 2). 

 

   
Figure 2. Time dependence of the rate coefficient Kn, at a)297 K b) 306 

K c) 316 K 

 

From Figure 2. it can be seen that the rate coefficient is time-dependant 

and decrease with time. 

 

CONCLUSION 

Isothermal kinetic curves of exchange of water absorbed in silica hydrogel 

with ethanol can be completely described with the fractal kinetic equation. It 

was determined that value of ds increase with increasing temperature. On the 

other hand the value of n and c decrease with increasing temperature while 

 has maximum value on 306 K. Rate coefficients Kn,were calculated and it 

was shown they are time dependant. Exchange occurs at reaction space 

whose fractal dimensions varying in range between 3.42-3.76. 
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ABSTRACT 

Majority of gas produced in the Bray-Liebhafsky (BL) oscillating 

reaction isa single species, O2. The production thus reflects rates of 

specific reaction steps more directly than many other analytical signals 

conveniently used. Unfortunately, its measurements are rare, and they are 

not a typical point of reference for checking our understanding of the BL 

reaction. Simulations do exhibit periodic surges in O2 production rates, 

but the integral volumes do not evolve in the typical bursts that are 

observed in experiments. To see how the simulations could be modified 

for better agreement, we navigated the parameter space with the use of a 

genetic algorithm. This was implemented successfully, including a 

working fitness function, efficient population sizes, mutation rates, etc. 

However, desired improvement in the simulations could be achieved only 

after adding a new channel for gas production. 

 

INTRODUCTION 

Currently the most serviceable model of the BL reaction is the onebased on 

the approach of Furrow [1], developed mainly around the cornerstone works 

of Kolar-Anić and Schmitz [2-5]: 
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Not too long ago, we presented a careful experimental reexamination of 

the rate of gas production from the BL reaction. [3] Our experiments 

confirmed that majority of O2 is produced in distinctive bursts, and the 

recorded shapes were fitted very well with a simple three-component model. 

Firstly, there is a baseline rate of O2 production, which diminishes 

stepwise as the concentration of H2O2is decreased with each burst. 

Superimposed on this baseline, the bursts were fitted as a two-step process. 

In the first step, an intermediate is produced at a rate represented by a very 

sharp peak. We used narrow Gaussian peaks, but the shape played little role; 

the intermediate appears practically at once. In the second step, the build-

upis released as gaseous O2 through a process with first-order kinetics. This 

model was sufficient to fit all recorded gas bursts. 

In our experiments, the maximum baseline production of gas, at the end 

of the induction period, was proceeding towards the total amount of gas at a 

rate of 1.5-1.7 % per minute. The first burst, however, yielded a peak rate 

more than 20-times higher, and the half-width of the peak was8-11 s. 

Overall, the areas under the peaks were significant. Analysis of the burst 

shapes assigned 40-55 % (depending on stirring) of total gas to the abrupt 

component. In the oscillatory phase, the amount of gas produced by the 

steady baseline component was around 50 % at low stirring, and only 30 % 

at high stirring. This is in a dramatic contrast with simulations. 

 
Figure 1. Gas production in BL found a) experimentally and b)in simulation 

based on mechanism (1)-(8): integral volume (blue) and rate of production 

(yellow). [KIO3]0 = 0.360 M, [H2O2]0 = 0.345 M, [HClO4]0 = 0.055 M, Vtot = 30 

mL. Experiment: 60.0  0.1 °C, dark, 1000 rpm stirring. Simulation: [I–]0 = 10-9 

M,rate constants from [5]: k1 = 3000 M-3/s, k-1 = 1.32106 M-1/s, k2 = 8.33109 

M-2/s, k3 = 83.3 1/s, k-3 = 5.25106 M-1/s, k4 = 5109 M-1/s, k-4 = 0.075 M/s, k5' = 

200 M-1/s, k5" = 500 M-2/s; constants adapted as in [6] for better induction period 

and oscillations:k6 = 3330 M-1/s, k7 = 10 M-1/s,k8' = 4.510-6 M-1/s, k8" = 

1.8710-4 M-2/s. 
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Regardless the induction period, which was somehow excessive even 

with rate constants k6-k8slightly modified as in [6], the baseline rates of O2 

production were reproduced by the model quite well. However, the 

following peaks did not even double that value, and they were quite short. 

The integral trace of O2volume in simulation makes the periodic changes 

hardly noticeable. 

 

GENETIC ALGORITHM SEARCH 

The question of how a mechanism of an oscillating reaction might be 

optimized is easy to pose, but only sometimes can be solved analytically. 

Guided trial and error is often the only method readily available, and 

chemical kinetics is one of the fields where genetic algorithms (GAs) may 

be extremely helpful [7-9]. 

Genes. In order to delineate the task within reasonable size and 

controllability, we decided that stoichiometry and rate equations should be 

fixed, and if needed, modified manually. The genetic material to be 

optimized were only the rate constants. 

Genetic code and mutation operator. An 

obvious option of encoding a numeric values in 

a linear string is to use binary representation, as 

in [7]. Mutations are very simple in this case. 

However, if they are equally likely at any 

position of the string, the resulting numeric 

values might vary too wildly for searching the 

parameter space efficiently. In our approach, the 

binary representation was omitted, and our code 

was continuous-valued. 

The objective was to optimize 13 rate 

constants, and so the genotypes consisted of 13 

decimal numbers, log k1 – log k8".This way of 

coding also offered much more flexibility in 

formulation of the mutation operator. Ours was 

a multiplication of a rate constant by a random 

number, 10m.Whenmwas normally distributed 

around 0,the search for new values could be 

directed to concentrate around those values that were already working. Still, 

completely random mutations could also be achieved, just by selecting m 

with a very large standard deviation. 

Phenotype and fitness function. Expression of the genes into traits was 

simply a numeric integration of the model with the given rate constants. 

Since the system of differential equations derived from (1)-(8) is generally a 

 
Figure 2. Numeric 

genetic code and 

mutation operator. 
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stiff ODE system, we implemented the4th order semi-implicit integration by 

Rosenbrock’s method with Kaps-Rentrop stepping [10]. 

Finally, the key aspect of any GA is the function that evaluates fitness. In 

our case, this had to quantify how well the rates of O2 production in a model 

match the shape that was set as a benchmark, based on experimental data. 

However, their agreement or disagreement had to be evaluated cautiously. 

Sum-of-squares measures, for instance, would not be sufficient, as these 

could lead to solutions that match average rates of gas production, but have, 

in fact, no periodic component. 

In order to avoid this, our fitness function was a product of two factors. 

One was for agreement in how numbers of oscillations increase with time. 

The other evaluated agreement in the values of the rates of O2 production 

within individual periods. To compensate for the shortness of peaks, higher 

rates contributed with higher weights. In the end, both factors were between 

0 and 1, where 1 represented perfect agreement. The trace in Figure 1b, for 

instance, has oscillation distribution fitness 0.201, and shape fitness 0.021.  

GA parameters. 

Optimization was run 

many times while we 

were optimizing all 

settings for the GA. 

Efficient evolution 

was observed with 

populations of 60 

trial solutions, each 

generation replacing 

the weakest 15 with 9 

new trial solutions 

formed by 

mutation(the optimal standard deviation in m was 0.50) and 6formed by 

cross-over. The crossover recombination was much more progressive if the 

parental genotypes were picked with probability proportional to their 

fitness. 

Added to mutation and cross-over, we found that the rate of evolution 

could be greatly enhanced by including a rescaling operator. New solutions 

were adjusted for increased match with the benchmark by properly rescaling 

their time axes, changing all rate constants at once by the same factor. 

Finally, although each optimization was individual, it was found that 

evolution of the populations to 10000 generations gave in just 3 repetitions 

average fitness which in 90 % of cases was no more than 10 % away from 

the average fitness obtained in 20 repetitions. 

 
Figure 3. Illustration of evolution of maximum 

fitness and average population fitness in 3 runs of 

optimization during first 300 generations. 
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OPTIMIZATION WITH NO ADDED REACTIONS 

In optimizations of rate constants with the original model (1)-(8), the 

average fitness of initial populations rarely exceeded 0.002, but usually, the 

fittest genotype was already around 0.01. By 300 generations vast majority 

of optimizations converged to solutions with fitness around 0.06. 

 
Figure 4. Results of GA-optimization (green, red) of rate constants in 

model (1)-(8) for better agreement with experimental record (blue) of gas 

bursts: a) rates of production b) integral volumes produced. Optimized 

rate constants, in the same units as in Fig. 1: greenk15670, k-14.42104, 

k23.601010, k318.7, k-33.58106, k41.98108, k-4 0.040, k5'102, 

k5"1970,k6178, k70.045, k8'2.0310-8,k8"2.1010-6; red k110.3, k-

11.54105, k21.85108, k32.88, k-31.58106, k44.67105, k-4 0.477, k5'1900, 

k5" = 4.07,k61670, k70.362, k8'6.7810-8,k8" = 3.2810-7. 

 

If we look at optimized rate constants of O2 production,k5 = k5' + k5"[H+] 

changed only little, and k8 = k8' + k8"[H+] always decreased, in some cases 

by almost 2 orders. More pronounced bursts of O2 were a result of higher 

levels of HIO.Onlyk1 and k2increased(2-6),all other rate constantswent 

down. Ratios k3/k-3 and k4/k-4 dropped (2-3 and 5-12, respectively), but 

ratio k1/k-1 rose significantly (50-70). Unfortunately, larger bursts were 

also accompanied with higherbaseline production rates. Moreover, these 

were markedly increasing long before each burst. 

Besides this kind of solutions, around a third of populations also yielded 

a modification that achieved even higher fitness, 0.1-0.2. The peaks in O2 

production were even more pronounced, however, at the cost of drastic 

changes in most intermediates. In this case, k5 increased (4-8), and all other 

rate constants, except k-4, went down. A few decreased dramatically, 

mainlyk1 (200-400) and k4 (104-105). This modification added a great 

increase in the induction period, while the baseline production of gas was 

undesirably deformed, as before. 
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Overall, it seems that the model (1)-(8) was simply unable to produce 

more pronounced gas bursts without simultaneously increasing the baseline 

production rates and the leading edge before the bursts. The major channel 

in O2 production in (1)-(8) is reaction (5) involving HIO, and it seems that 

this cannot be appropriately enforced without negative effects on other 

components of the model. 

 

OPTIMIZATION WITH NEW CHANNELS OF O2 PRODUCTION 

We considered several possibilities for expanding (1)-(8) with an added 

channel of O2 production, which would be activated mainly in the oxidized 

stages of the BL reaction. First of all, we considered reduction of H2O2 with 

an additional intermediate, IO2 radical, inspired by the autocatalytic loop in 

bromate oscillators: 

 
Of course, we cannot completely disregard the possibility that our results 

were somehow specific to our choices of the initial values of k9 and k10. 

However, in our optimizations, this modification did not perform better than 

the original model. The results were very similar, and even more deformed 

on the leading edges of the gas bursts as before. The same was observed for 

modification of the model with decomposition of H2O2 catalyzed by HIO: 

 
Even after optimization, the model yielded gas production rates similar to 

those observed after optimization of the original model. Interestingly, the 

rate equation of (11) is, in essence, the same as of (5).So we tried to see if 

its insufficiency might be due to the fact that concentrations of HIO simply 

cannot change significantly enough between the baseline and the peaks. To 

do that, we tried an alternative channel, analogous to (11), only with HIO2: 

 
These optimizations exhibited O2 productions that were much closer to 

experimentally observed bursts. The values ofk12stabilized around 20-80 M-

1.s-1, and k5 and k8 decreased(3-15 and 100-300, respectively).So did k-1, 

k-3and k7(100-200, 10-30, and 10-50, respectively). All other rate 

constants increased slightly (2-10). The baseline rates of O2 production 

were more or less flat and the bursts were strong, as desired. Even the 

oscillations periods were in better agreement compared to the original 

model, only the induction period was too small. 
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Encouraged by this improvement, we also tried another reaction with the 

same rate equations as in (12), only this time not a catalytic decomposition, 

but a direct reduction of H2O2 by HIO2: 

 
Optimizations of the model (1)-(8) with added reaction (13) were even 

more successful. Most rate constants dropped, mainly k1 (80-180).Only k-4 

increased significantly (20-100). The value of k13 was around 0.5-1.5103 

M-1.s-1, and k5 decreased only very little. Reaction (5) maintained the role of 

the main channel of O2 production in the baseline rates. However, the peaks 

were dominated by the new channel, reaction (13). Overall, it seems that it 

was addition of the new channel, independent of HIO, which was the key to 

a successful model of gas bursts. 

 

CONCLUSION 

We managed to implement a GA optimization of rate constants in a model 

of the BL reaction (1)-(8) for improved agreement of O2 production with 

experimental results. However, even after optimization, typical bursts of gas 

could not be observed in the original model without unrealistic deformation 

of the baseline rates of O2 production. The results suggest that this because 

there is a single dominant channel of O2 production, the reduction of H2O2 

 
Figure 5. Results of GA-optimization (green, red) of rate constants in 

model (1)-(8) extended with reactions (12) or (13) for better agreement 

with experimental records (blue) of gas bursts: a) rates of production b) 

integral volumes produced. Optimized rate constants, in the same units as 

in Fig. 1: green k12 = 43.3 M-1/s andk11.38104, k-17450, k21.901010, 

k3165, k-34.37105, k43.6109, k-40.158, k5'55.8, k5"0.285,k67070, k70.460, 

k8'6.6510-8,k8"1.1210-9; red k13 = 992 M-1/s and k128.0, k-11.41106, 

k21.43109, k33.67, k-34.17106, k42.97108, k-42.20, k5'253, 

k5"7.37,k6183, k72.37, k8'2.7510-7,k8" = 1.9210-8. 
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with HIO. That cannot be enforced without negative effects on other 

processes. To improve this, we tried adding alternative channels of O2 

production. Optimized model with added reduction of H2O2by HIO2 was 

very successful in reproducing the experimental data of gas production. This 

suggests that a new channel of gas production should be considered for 

better agreement of (1)-(8) with reality. 
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ABSTRACT 

Model of Bray-Leibhafsky (BL) reaction was analyzed with aim to present a 

powerful method for detection of the reactions and intermediate species 

essential for the existence of the Andronov-Hopf bifurcation. By applying 

stoichiometric network analysis (SNA) it was shown that interaction 

between intermediate species HIO, HIO2 and I2O represents a core of 

instability in the considered model. By applying combinatorial approach we 

derived three minimal sub-models essential for existence of Andronov-Hopf 

bifurcation in the considered model.  

 

INTRODUCTION 

Nonlinear reaction systems are most common system in nature which due to 

the presence of the nonlinearities can exhibit very complex and exotic 

behavior. Special class of nonlinear reaction systems are those with 

feedback, an mechanism which allow them to have unstable non-

equilibrium steady-sates and therefore exhibit diverse dynamics. 

Oscillating chemical reactions are example of the nonlinear reaction 

systems with feedback, in which concentrations of the reactants and 

products, due to oscillatory changes in the concentration of intermediates, 

show cascading change.  

Modeling of the oscillating chemical reactions is very complicated task 

which consist from several steps. Stability analysis and bifurcation analysis 

are most important steps in the modeling process since they allow efficient 

model optimization. Detection of the reactions and intermediate species 

responsible for existence of the certain types of dynamics is crucial for 

model optimization. But, in the case of the complex models without direct 

autocatalytic step this can be very difficult task to perform.  

Thus, in this paper we present an powerful method based on 

stoichiometric network analysis (SNA)[1] that allows detection of the 

reactions and intermediate species responsible for emergence of the 

Andronov-Hopf bifurcation in the complex models of oscillating chemical 

reactions.  
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MODEL  

The model of Bray-Leibhafsky (BL) reaction used for the purpose of this 

paper is presented in Table 1. 

 
Table 1. Model of Bray-Leibhafsky reaction M(1-8) [2–5] 

1

1

+
3 2IO I 2H HIO+HIO

k

k

      1 1[I ]v k 

1 1 2[HIO][HIO ]v k   

(R1) 
(R) 

2+
2 2 2HIO I H I O+H O

k    2 2 2[I ][HIO ]v k   (R2) 

3

3

2 2I O H O 2HIO
k

k

   3 3 2[I O]v k

2
3 3[HIO]v k   

(R3) 
(R3) 

4

4

+
2 2HIO I H I +H O

k

k

     4 4[I ][HIO]v k 

4 4 2[I ]v k   

(R4) 
(R4) 

5

2 2 2 2HIO H O I +H +O +H O
k     5 5 2 2 0[HIO][H O ]v k  (R5) 

6

2 2 2 2I O H O HIO+HIO
k

   6 6 2 2 2 0[I O][H O ]v k  (R6) 

8+
3 2 2 2 2 2IO H H O HIO O H O

k     

 
8 8 2 2 0[H O ]v k  (R8) 

 

Model M(1-8) consists of eight reactions among which three are reverse. 

There are ten chemical species in the model: H2O2, O2, H
+, IO3

–, I–, HIO, 

HIO2, I2, I2O and H2O. Dynamics of the model is determined by interaction 

between five intermediates species (I–, HIO, HIO2, I2, I2O) while external 

species (H2O2, O2 and H2O) which represent reactants and products in 

reaction (D) have much slower evolution and they are not of great 

importance for dynamics of the system and thereby for stability and 

bifurcation analysis. As regards for H+ and IO3
– their concentrations are 

much higher than concentrations of other intermediate species and therefore 

they are considered to be constant and their concentrations are incorporated 

into the values of the appropriate rate constants. 

 

STOICHIOMETRIC NETWORK ANALYSIS  

Stability analysis in SNA is based on determination of the steady state 

stability and steady state reaction rates for considered model. The rates at a 

steady state rss are solutions of the relation 

 

 

 

ss 0S r =  (1) 
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where S is stoichiometric matrix consisting of only independent 

intermediate species. For model M(1-8) matrix S has form 

 

1 1 2 3 3 4 4 5 6 8

2

2

2

1 1 1 0 0 1 1 1 0 0 I

1 1 0 2 2 1 1 1 1 0 HIO

1 1 1 0 0 0 0 0 1 1 HIO

0 0 1 1 1 0 0 0 1 0 I O

0 0 0 0 0 1 1 0 0 0 I

R R R R R R R R R R  

   
 

   
 
   
 

  
  

S
 (2) 

 

The overall process can be presented as a linear combination of several 

elementary reaction pathways with non-negative coefficients. These 

elementary reaction pathways are known as extreme currents Ei and they all 

contribute to the steady state values of reaction rates. The contributions of 

the extreme currents Ei, denoted as the current rates ji, are the components 

of the corresponding current rate vector j, whereas the extreme currents Ei 

are the columns of the extreme current matrix E.[4,6,7] For considered 

model matrix E is 

 

1 2 3 4 5

1

1

2

3

3

4

4

5

6

8

1 0 0 0 0

1 0 0 0 1

0 0 0 1 1

0 1 0 0 0

0 1 0 0 0

0 0 1 0 0

0 0 1 0 0

0 0 0 1 0

0 0 0 1 1

0 0 0 0 1

E E E E E

R

R

R

R

R

R

R

R

R

R







 
 
 
 
 
 
 

  
 
 
 
 
 
 
  

E
 (3) 

 

The basic equation of the SNA which gives relation between steady state 

reaction rates and current rates is 
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ss  Er j  (4) 

The stability of the steady state is defined by the sign and character of the 

eigenvalues of the Jacobian matrix M which in SNA notation can be written 

as 

 

= ( ) diagM V j h , where   T( ) diag V S E Kj j  (5) 

 

where V(j) is current rate matrix, K is a matrix of the order of reactions, 

diag h is a diagonal matrix whose elements are the reciprocals of steady 

state concentrations while diag(Ej) is a diagonal matrix whose elements are 

the reaction rates at the steady state. For model M(1-8) matrix K is 

 

1 1 2 3 3 4 4 5 6 8

2

2

2

1 0 1 0 0 1 0 0 0 0 I

0 1 0 0 2 1 0 1 0 0 HIO

0 1 1 0 0 0 0 0 0 0 HIO

0 0 0 1 0 0 0 0 1 0 I O

0 0 0 0 0 0 1 0 0 0 I

R R R R R R R R R R  

 
 
 
 
 
 
  

K
 (6) 

 

whereas matrix V(j) has the form 

 

2 2 2

1 2 4 5 1 2 4 5 1 4 2

1 2 1 2 3 4 5 1 5 3 4 5 2

1 4 5 1 5 1 4 5 4 5 2

4 5 3 4 5 3 4 5 2

2 2 2 2

I HIO HIO I O I

+ + + 0 I

+ +4 + + + (2 ) HIO

( ) + + + +2 ( ) 0 HIO

 ( ) 2 ( ) + + 0 I O

0 0 I

j j j j j j j j j j j

j j j j j j j j j j j j j

j j j j j j j j j j

j j j j j j j j

j j j



       
 

     
 
     
 
     

   

V j
 (7) 

 

 The eigenvalues of jacobian matrix M are the roots  of the 

characteristic polynomial  

 

 
i n

n i
i

i 0

Det 0






    I M  (8) 

 

where i is coefficient of the characteristic polynomial while n represent the 

number of intermediate species (n = 1, 2,…,5). When more than three 
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intermediate species are present in the model, which is almost always the 

case, analytical calculation of the eigenvalues and therefore obtaining 

condition for appearance of Andronov-Hopf bifurcation cannot be done. 

However, the analytical solution that describes condition for appearance of 

Andronov-Hopf bifurcation can be obtained by means of current rate matrix 

V(j). Since any i is the sum of minors of V(j) with dimension i×i 

multiplied by the product of the corresponding hi values ( see equation (5)) 

we look for a negative diagonal minors of V(j). Considering this new 

criterion, for Andronov-Hopf bifurcation to be possible it is necessary that 

at least one diagonal minor of order (n–1)×(n–1) has negative terms while 

for possible occurrence of saddle-node bifurcation it is necessary that 

determinant of V(j) has at least one negative term.[6] Although it is an 

approximation, this criterion often gives very accurate results.[4,7,8] 

Analysis of the matrix V(j) of model M(1-8) given in equation (7) 

showed that there are three negative diagonal minors. They are given in 

Table 2. 

From Table 2 we can see that Andronov-Hopf bifurcation can occur with 

proper choice of parameter values, since there are two diagonal minors of 

dimension 4×4 with negative terms while determinant V(j) doesn't have 

negative terms and therefore saddle-node bifurcation cannot occur. 

 

Table 2. Negative diagonal minors of matrix V(j) presented in (7). Minor 

dimensions are given in the first column and corresponding combination of 

rows-columns of matrix V(j) is indicated by plus sign in other columns. In 

the first row, columns and rows of matrix V(j) are identified by ordinal 

numbers and corresponding intermediary species. 

Minor dimensions 1 (I–) 2 (HIO) 3 (HIO2) 4 (I2O) 5 (I2) 

3×3  + + +  

4×4 + + + +  

4×4  + + + + 

  

Now, if we continue with analysis of diagonal minors we can see that the 

smallest negative minor M234 is of dimension 3×3 and it is a part of all other 

negative diagonal minors. From this we can see that instabilities in the 

considered model are results of interactions between intermediate species 

HIO, HIO2 and I2O. The corresponding determinant is given by the 

expression 

 
3 2 2

234 5 1 2 3 4 5 1 5 4 1 2 1 3

1 5 2 3 2 5 3 5 4 1 2 1 3 2 3 5 1 2 3

( ) ( 5 3 ) (2 2 ) (8

3 5 ) (7 2 )

M j j j j j j j j j j j j j j

j j j j j j j j j j j j j j j j j j j

         

      

j  2  (9) 
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DETERMINATION OF THE REACTIONS RESPONSIBLE FOR 

ANDRONOV-HOPF BIFURCATION 

Next step is to detect reactions, and therefore appropriate sub-models of 

M(1-8), responsible for existence of Andronov-Hopf bifurcation. In order to 

achieve this we applied combinatorial approach, that is, we performed 

analysis using only certain reaction pathways, which are represented by 

corresponding extreme currents of (3).  

Analysis showed that minimal combinations of extreme currents which 

produce Andronov-Hopf bifurcation are: E1E2E4, E2E3E4 and E2E4E5. As 

can be seen, extreme currents E2 and E4 (reactions (R3), (R–3), (R5) and 

(R6)) represent the core of instability but they alone cannot produce 

Andronov-Hopf bifurcation. The sub-models deriving from the found 

combinations of extreme current are presented in Tables 3, 4 and 5.  

Sub-model obtained from the combination of the extreme currents 

E1E2E4 has two reaction less ((R4) and (R–4)) then the model M(1-8). Also, 

intermediate specie I2 is not involved in the mechanism of this sub-model. 

Sub-model obtained from the combination of the extreme currents E2E3E4 

(Table 4) has two reaction less ((R1) and (R–1)) than the model M(1-8) and 

same number of intermediate species. Sub-model obtained from the 

combination of the extreme currents E2E3E4 (Table 5) has three reaction less 

((R1), (R4) and (R–4)) then the model M(1-8) and same number of 

intermediate species. 

All derived sub-models are capable to simulate Andronov-Hopf 

bifurcation for the certain values of the parameters. Existence of these three 

different sub-models can be possible explanation for complex dynamics like 

mixed-mode oscillations and chaos that have been found in this model.[10] 

 

Table 3. Sub-model obtained from the combination of the extreme currents 

E1E2E4 

Reactions E1 E2 E4 

1+
3 2IO I 2H HIO+HIO

k     (R1)   

1 - +
2 3HIO+HIO IO I 2H

k     (R1)   

2- +
2 2 2HIO I H I O+H O

k
      (R2) 

3

2 2I O H O 2HIO
k

    (R3)  

3

2 22HIO I O H O
k    (R3)  

5

2 2 2 2HIO H O I +H +O +H O
k       (R5) 

6

2 2 2 2I O H O HIO+HIO
k

     (R6) 
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Table 4. Sub-model obtained from the combination of the extreme currents 

E2E3E4 

Reactions E2    E3   E4 
2- +

2 2 2HIO I H I O+H O
k

      (R2) 

3

2 2I O H O 2HIO
k

   (R3)   

3

2 22HIO I O H O
k   (R3)   

4+
2 2HIO I H I +H O

k  
 

 (R4)  
4 +

2 2I +H O HIO I H
k   

 
 (R)  

5

2 2 2 2HIO H O I +H +O +H O
k       (R5) 

6

2 2 2 2I O H O HIO+HIO
k

     (R6) 

 

Table 5. Sub-model obtained from the combination of the extreme currents 

E2E3E4 

Reactions E2 E4 E5 
1 +

2 3HIO+HIO IO I 2H
k        (R–1) 

2+
2 2 2HIO I H I O+H O

k     (R2) (R2) 

3

2 2I O H O 2HIO
k

   (R3)   

3

2 22HIO I O H O
k   (R3)   

5

2 2 2 2HIO H O I +H +O +H O
k      (R5)  

6

2 2 2 2I O H O HIO+HIO
k

    (R6) (R6) 

8+
3 2 2 2 2 2IO H H O HIO O H O

k     

 
  (R8) 

 

CONCLUSION 

In this paper we carried out analysis of the model of BL reaction M(1-8) 

(Table 1) with aim to present a powerful method for detection of the 

reactions and intermediate species essential for existence of the Andronov-

Hopf bifurcation. By analyzing diagonal minors of matrix V(j) we showed 

that model M(1-8) can simulate Andronov-Hopf bifurcation which emerge 

as result of interaction between intermediate species HIO, HIO2 and I2O. By 

applying combinatorial approach on the model M(1-8) we derived three 

minimal sub-models capable to simulate Andronov-Hopf bifurcation and for 

each of them reactions (R3), (R–3), (R5) and (R6) represent core of 
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instability. Existence of these three different sub-models can be possible 

explanation for complex dynamics like mixed-mode oscillations and chaos 

that have been found in this model. 
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ABSTRACT 

I2O is an essential intermediate in the oscillating Bray-Liebhafsky reaction 

mechanism and explains simply the feedback leading to oscillations. We 

show also that the reaction 2 HOI  I2O + H2O is the first step of the HOI 

disproportionation mechanism. A comparison with the known compounds 

Cl2O and Br2O properties is presented. The discovery in 2012 of a new 

method for I2O preparation in sulfuric acid will allow knowing better the 

properties of this compound. 

 

I2O AND THE BL REACTION 
I2O is an unstable compound which has never been observed directly. Its 

existence is accepted only because it allows explaining experimental facts 

for which there is no other explanation. We have proposed it [1] to explain 

the feedback leading to oscillations during the Bray-Liebhafsky (BL) 

reaction, the decomposition of hydrogen peroxide catalyzed by iodate and 

iodine. This decomposition is the result of two reactions, the reduction of 

iodate (1) and the iodine oxidation (2). 

2 IO3
- + 2 H+ + 5 H2O2  I2 + 5 O2 + 6 H2O                                              (1) 

I2 + 5 H2O2  2 IO3
- + 2 H+ + 4 H2O                                                          (2) 

Any mechanism of the BL reaction must include at least one reaction where 

H2O2 acts as a reducer and one where it acts as an oxidant. Under the 

experimental conditions where the BL oscillations are generally studied, the 

direct reduction of iodate by H2O2 is much too slow to explain the rate of 

reaction (1) and the rate of the direct oxidation of iodine (2) is almost zero. 

When the concentration of hydrogen peroxide is very large, another reaction 

involving free radicals may participate [2] but we do not discuss 

complications which are not part of the core of the BL mechanism. 

Reactions (1) and (2) are complex and H2O2 must reduce and oxidize 

intermediate compounds. Two of them are formed by the hydrolysis of 

iodine, a very fast reaction. 

 I2 + H2O  HOI + I- + H+                                                                   (3) 

mailto:gschmitz@ulb.ac.be
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An explanation of the reduction (1) was quickly accepted. Iodate is reduced 

by iodide in the Dushman reaction producing HOI which is reduced to 

iodide by H2O2 according to (4). The kinetics of this reaction was studied by 

Liebhafsky [3] and we have recalculated his rate constant [4]. The kinetics 

of reaction (2) was more difficult to explain. We have shown [1] that the 

main features of the oscillations can be explained if the compound oxidized 

by H2O2 is I2O formed by the reversible reaction (5). The resulting feedback 

leading to oscillations is not the result of a direct autocatalysis as in many 

models giving oscillations but is a consequence of the competition between 

reaction (4) of order 1 with respect to [HOI] and reactions (5) and (6) of 

order 2 with respect to [HOI]. 

 HOI + H2O2  I- + H+ + O2 + H2O                                                 (4) 

 2 HOI  I2O + H2O                                                                        (5) 

 I2O + H2O2  IO2H + HOI                                                              (6) 

The ratio r6/r4 between the rates of oxidation and reduction by H2O2 is 

proportional to [HOI]. When [HOI] is small, r6/r4 is small and [I-] is large 

because of the quasi-equilibrium (3). We observe mainly the iodate 

reduction (1) and reaction (4) tends to decrease further [IOH]. When [IOH] 

is large, r6/r4 is large and [I-] is small. We observe mainly the iodine 

oxidation (2) which tends to increase further [IOH]. This feedback 

destabilizes the quasi-steady state where the rates of reactions (1) and (2) are 

equal. The destabilizing effect of reactions (3) to (6) has been confirmed by 

Stoichiometric Network Analysis [5, 6]. When the quasi-steady state is 

unstable, it is surrounded by a limit cycle with four parts, two stable 

branches where there is mainly either reaction (1) or reaction (2) and two 

transitions from one to the other. These transitions are controlled by the 

iodine concentration and the quasi-equilibrium (3). Reactions (4) to (6) also 

explain that the rate of iodine oxidation by H2O2 decreases when the 

concentration of the reagent H2O2 increases. Under the conditions of the BL 

reaction, reaction (6) quickly consumes the I2O produced by (5) so that this 

reaction is not at equilibrium and the rate of oxidation of HOI increases less 

than proportionally to [H2O2]. On the other hand, the reduction rate r4 is 

proportional to [H2O2]. Therefore, the net result, oxidation rate less 

reduction rate, decreases when [H2O2] increases. Numerical simulations 

explain quantitatively the experimental results [4, 7]. 

 

I2O AND HOI DISPROPORTIONATION 

The kinetics of HOI disproportionation (7) was the subject of dozens of 

studies for more than a century with seemingly contradictory results. The 

rate law changes with the experimental conditions, mainly the pH but also 
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the iodide concentration and the various buffers. The kinetic constants differ 

sometimes by several orders of magnitude. HOI was usually formed by the 

pre-equilibrium (3) giving the overall reaction (8) and conversion at 

equilibrium greater than 90% only if pH > 6.4. HOI can also be prepared 

according to HOCl + I-  HOI + Cl- or ICl(g) + H2O  HOI + Cl- + H+ to 

isolate reaction (7). Then, the conversion at equilibrium of a 10-4 M HOI 

solution is greater than 90% if pH > 4.1. Studies in more acidic solutions 

need to eliminate iodide with Ag+ or Hg(II). 

 3 IOH  IO3
- + 2 I- + 3 H+                                                             (7) 

 3 I2 + 3 H2O  IO3
- + 5 I- + 6 H+                                                   (8) 

In alkaline solutions, HOI can form I2OH- [8-10] and, perhaps, also as I3OH 

[11]. Depending on the experimental conditions, there are several rate-

determining steps preceded by quasi-equilibria explaining that the problem 

is still not completely solved. Discrepancies between reported rate constants 

are also the result of the catalysis by the buffers discovered by Buxton and 

Sellers [12]. Borate, acetate, carbonate and phosphate buffers do not have 

the same effect [10]. In less alkaline and in acidic solutions, the kinetics 

seems simpler and the authors agree [12-16] that the disproportionation is 

order 2 with respect to [I(+1)] = [IOH] + [IO-]. 

 2 - 2 -
7 7 B

1 d[I(+1)]
- = k' [HOI] +k" [HOI][OI ]+k [HOI] [B ]

3 dt
 

The factor 1/3 (sometimes forgotten) is a stoichiometric coefficient and B- 

represents the buffer anion. This kinetic law suggests the mechanism 2 HOI 

 IO2H + I- + H+ followed by HOI + IO2H  IO3
- + I- + 2 H+ and 

equivalent reactions of IO- and IO2
-. The buffer effect could be explained by 

the formation of a complex HOIB-. 

Furrow [17] studied the HOI disproportionation in non-buffered acid 

solutions by three methods, elimination of I- by the fast reactions Hg(II) + I- 

HgI+ or Ag+ + I-  AgI and preparation of I(+1) by reaction of iodine with 

iodate in concentrated sulphuric acid. The three methods give nearly the same 

value k'7 = 25 M-1 s-1. We confirmed this value [18] in perchloric acid 0.02 to 

0.5 M. We showed also that H2OI+ is much less stable than previously believed: 

K(HOI + H+  H2OI+) ~ 0.5. On the other hand, Buxton and Sellers [12] got 

k'7 = 2.1 M-1 s-1 in borate buffer by extrapolation to pH = 7 and zero buffer 

concentration (Their published values are those of 3 k'7.) and Bichsel and von 

Gunten [16] got k'7 = (0.30.2) in borate and carbonate buffer at pH = 8-9 by 

subtracting the buffer effect to the measured values. Urbansky et al. [15] got k'7 

< 2 in acetic acid buffer at pH 4-5. It is therefore clear that the value of k'7 

decreases as the pH increases. Moreover, the value of k'7 in acidic solutions 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    D-03-SL 

 

 288 

decreases when the temperature increases [18] what is usually explained by the 

shift of equilibrium before the rate-determining step. 2 HOI  IO2H + I- + H+ 

is clearly not an elementary reaction and we propose that it is the sum of 

reactions (5) and (9). 

 I2O + H2O  IO2H + I- + H+                                                           (9) 

To explain the decrease of k'7 with the pH, we had suggested that reaction 

(5) is catalysed by H+ [4]. This could explain qualitatively kobs(neutral) < 

kobs(acidic) but a problem appears when we try to quantify this explanation. 

kobs(acidic) = 25 M-1 s-1 [17, 18] and kobs < 2 M-1 s-1 already at pH = 4 [15]. 

Such a fast decrease cannot be explained with orders of magnitude of kinetic 

constants consistent with the kinetics of iodine oxidation by H2O2 and we 

suggest a new explanation.  

Urbansky et al. [15] studied the effect of acetic buffers in a large range of 

concentrations on the rate of HOI disproportionation between pH 3.5 and 5 

and observed that the acetate ion OAc- has a catalytic effect, as expected, 

but can also have an inhibitory effect. They also observed that even the 

stoichiometry is not simple because a significant amount of IO2H can be 

formed transiently. They propose a mechanism involving the formation of a 

reactive complex IOAc and inactive complex I(OAc)2
-. Their mechanism 

includes I2O but they do not discuss the non-catalyzed path whose rate is 

negligible under their conditions. Our new assumption is that I2O can also 

form a complex with the buffers, I2O + OAc-  IOIOAc-. The buffers 

could decrease the concentration of free I2O and thus inhibit the non-

catalysed pathway. After suggesting that I2O is a key intermediate in the BL 

mechanism, we believe that it is a key intermediate in the mechanism of 

HOI disproportionation. 

 

OTHER RELATED SYSTEMS 

I2O having not been observed directly, its properties are unknown. Trying to 

have a more exact idea, we consider similar compounds and a 

thermodynamic cycle. KX,g et KX,aq are the equilibrium constants in the gas 

phase and in solution of HOX dehydration to X2O (X = Cl, Br, I) and HHOX 

et HX2O are the Henry's constants of HOX and X2O (M/atm). The values of 

KX,g et HHOX are more or less well 

known and, if we can estimate the 

values of HX2O, we can calculate 

KX,aq = 31.56KX,g HX2O / H2
HOX 

where 31.56 = aH2O/pH2O.Cl2O is a 

well-known gas which can be 

prepared by reaction of Cl2 with 
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HgO or NaHCO3 [19]. He is involved in several important reactions in the 

atmosphere and stratospheric clouds and participated in the destruction of 

the ozone [20, 21]. Its thermodynamic properties are quite well known in 

the gas phase, but much less in solution. We must distinguish the 

concentration [Cl2O] from the total concentration [Cl2O]tot = [Cl2O] + ½ 

[HOCl] and a confusion exists in the literature between the hydrolysis of 

Cl2O(aq) and Cl2O(g). The most reliable value of the Henry's constant is 

that of Roth [22], HCl2O = 7.1 M.atm-1 at 3.46°C. Corrected to 25°C, it gives 

HCl2O ~ 2.4 M.atm-1 and KCl, aq ~ 210-3 M-1. The thermodynamic values of 

Reinhard [23] are incompatible with all previous results. Although the 

concentration of Cl2O in solution is always very small, it is often considered 

an important intermediate of HOCl reactions because its high reactivity 

offsets its low concentration. The term of order two with respect to the total 

concentration [Cl(+1)] in the kinetics of organic pollutants degradation is 

interpreted as the action of Cl2O [24, 25]. It is also considered as an 

intermediary of several inorganic reactions [26, 27]. 

Br2O is much less stable than Cl2O. It can be prepared by reaction of 

HgO with Br2 in CCl4 giving a brown solid stable below - 40°C. Its 

importance in atmospheric chemistry has motivated several studies [20, 28, 

29]. As for Cl2O, the order two with respect to the total concentration 

[Br(+1)] in the rate law of bromination reactions in solution suggest that it is 

an intermediate compound [30, 31]. It is much more reactive than HOBr and 

could also act as intermediate in inorganic reactions, among others the BZ 

reaction [32]. 

I2O is a compound yet less stable. Its thermodynamic properties in the 

gas phase were obtained only by theoretical calculations [33, 34] and are 

unknown in aqueous solution. Like other X2O compounds, it is considered 

an important intermediate in the chemistry of the atmosphere [35, 36] and 

some iodinations [37]. 

After a critical study of the data from the literature, we offer the 

equilibrium constants in table I. These values are obtained using the NBS 

Gibbs energies of formation [38], fG°(g) and fG°(aq) for H2O, X2 and X-. 

Other fG°(g) values are taken from theoretical calculations [33, 39, 40]. 

Experimental values were obtained for KCl,g [41] and KBr,g [42, 43]. Some 

Henry's constants are more or less known [22, 44, 45] and others are 

calculated from fG° values. fG°(HOX, aq) values are obtained from 

corresponding hydrolysis constants [18, 44, 46]. For Br2O(aq), we have 

found only a theoretical estimation of the hydration energy [30]. There is no 

published value about I2O(aq). The only information comes from our 

simulations of the BL reaction [4] suggesting KI,aq > 1 giving HI2O > H2
HOI / 
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(31.56KI,g). The calculations use fH°(I2O,g) = 92.4 kJ/mol [40]. The 

higher value 111.2 kJ/mol [33] would give KI,g = 2.510-4 atm-1 and HI2O > 

108. The value of HI2O is clearly very large and I2O(aq) should probably be 

represented as H2O-IOI. As for Cl2O and Br2O, its high reactivity should 

offset its very low concentration. 

 

Table 1. Selected equilibrium constants at 25° 

X = Cl Br I 

KX,g (atm-1) 10.9 35.5 0.68 

HHOX (M.atm-1) 660 570 970 

HX2O (M.atm-1) 2.4 1840 > 4E+04 

KX,aq (M
-1) 2E-03 6.3 > 1 

 

I2O PREPARATION 

I2O can be prepared by reacting HgO and I2 [37] but the reaction HIO3 + I2 

in 96% sulfuric acid shows more potential [47]. If the ratio [I2]/[IO3H] is 

less than 5, this reaction gives mainly I(+3) according to reaction (10) [48]. 

If it is higher, it gives a mixture of I(+3) and I(+1). In pure acid, I(+1) is 

mainly in the form of I3
+ according to reaction (11) [49]. One can also form 

I5
+. On the other hand, in 96% sulfuric acid, one gets also reaction (12). A 

recent study by Stanley Furrow and the author confirms this discovery and 

specifies the conditions favoring reaction (12). I2O formation was not 

observed in pure acid because the concentration [HSO4
-] is very low and the 

equilibrium (12) is shifted to the left. 

 3 HIO3 + I2 + 9 H2SO4  5 (IO)HSO4 + 4 HSO4
- + 4 H3O

+        (10) 

 HIO3 + 7 I2 + 8 H2SO4  5 I3
+ + 8 HSO4

- + 3 H3O
+                    (11) 

(IO)HSO4 + I3
+ + 2 HSO4

- + H3O
+  2 I2O + 3 H2SO4                           (12) 

Stanley Furrow (private communication) also discovered that when a 

solution of I2O in 96 % sulphuric acid is placed in a closed container next to 

pure 96% acid, the I2O can be transferred from one to the other via the gas 

phase, which makes possible the direct study of the properties of I2O(g). I2O 

can also be extracted in CH2Cl2, where its properties could be studied, and 

the dilution of this I2O solution in water is a new method of preparation of 

HOI [47]. 

 

CONCLUSION 

Little known a few years ago, I2O appears as intermediate in several 

important reactions. The reaction 2 HIO  I2O + H2O should be taken into 

account in atmospheric chemistry models. It should also be taken into 
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account in solution in the reaction of BL, the HOI disproportionation, 

different iodination reactions [30] and probably other reactions of I(+1). A 

new method for preparation of I2O should allow new studies of its 

properties. 
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INTRODUCTION 

Intuitionally, many researchers – and especially those involved in life 

sciences – are well aware of the fact that the non-linear chemical processes 

are omnipresent (if not predominant) in biochemistry and very likely, in an 

entire field of chemistry also. This intuition comes from two rather 

independent sources, i.e., from visual observation of striking non-linear 

patterns in the kingdoms of animals and plants, and from the laboratory 

benchtop experience, when measured data – although repeatedly obstinate – 

sometimes seem to contradict the so-called common sense and resemble 

artifacts generated by a damaged equipment. On the other hand, physical 

chemistry of non-linear processes is absent from the most university 

undergraduate curricula worldwide, similar as it is absent from the 

predominant majority of the chemical and life sciences research 

laboratories. This absence cannot be explained by a persistent addiction of 

one generation after another of scientists to equilibrial thermodynamics 

alone, and this addiction characterizes even quantum chemists, commonly 

regarded as those in a research forefront. A real problem with a reliable 

detection of the non-linear chemical processes and further acquisition of the 

respective kinetic data hampers the development of the research in this field 

and results in a limited interest in non-linear phenomena. Needless to add 

that psychological factor plays an important role as most researchers are 

keen on instantaneous and spectacular success rather, than on toiling an 

unpromising land. Thus a justified statement can be made that limitations of 

the available analytical techniques are the main reason of a relatively slow 

progress with discovering and detailed physicochemical description of new 

non-linear chemical processes. These processes which attract our sight with 

a spectacular change of colors are among the first discovered (e.g., the 

Belousov-Zhabotinsky reaction). Then the electrochemical measuring 

techniques come, with their well established position as handy tools in the 

exploration of the oxidation/reduction processes and a relatively low 
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demand on expensive equipment. In a case of the non-linear processes 

running in colorless solutions and without any spectacular visual effects, to 

which colorimetric or electrochemical analytical techniques do not apply, a 

problem arises with finding adequate measuring tools, capable of capturing 

characteristic kinetic and mechanistic features of an investigated non-linear 

process. Three main features of an adequate analytical technique are 

demanded, namely that (i) it is sensitive enough, (ii) enables quick 

registration, and (iii) makes continuous data acquisition possible. Although 

applicable measuring techniques are to a large extent problem-dependent, in 

this paper we will discuss a selection of analytical tools with a broad enough 

applicability range upon a selected case study. 

 

CASE STUDY 

The practical case which is used in this study to demonstrate applicability 

(or otherwise) of different analytical tools to tracing a non-linear process 

was first presented in papers [1,2], and then extensively discussed in a vast 

number of other publications (e.g., [3-7]). The quintessence of the 

investigated phenomenon is an ability of the low-molecular-weight chiral 

carboxylic acids to spontaneously undergo two parallel processes, i.e., the 

non-linear chiral conversion and the non-linear condensation. Among the 

investigated chiral compounds, there were the non-steroidal anti-

inflammatory drugs (NSAID) from the group of profens, hydroxyl acids, 

and α-amino acids, all of them of an indisputable biological importance. The 

below scheme illustrates these two non-linear processes spontaneously 

running in parallel upon an example of an α-amino acid: 

 

 
Scheme 1. Two spontaneous non-linear processes of chiral conversion and 

condensation of a low molecular carboxylic acid running in parallel 

Processes following the presented scheme do not produce any spectacular 

visual effects, because the compounds of interest are colorless and dissolved 

in a colorless aqueous or aqueous-organic solvent. For this reason, 
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colorimetric analytical techniques cannot be considered as adequate tools to 

monitor the reaction course. The electrochemical techniques have also not 

been considered, because no evident oxidation/reduction process can be 

ascribed to the chiral conversion and condensation (although contribution 

from such processes at unknown elementary steps cannot be excluded). 

Therefore our main interest has focused on two liquid chromatographic 

techniques (thin-layer chromatography, TLC, and high-performance liquid 

chromatography, HPLC) known for their sensitivity, and on turbidimetry 

operating in continuous mode (to trace advanced stages of the condensation 

process resulting in precipitation of higher molecular weight insoluble 

products after long enough periods of time). As auxiliary techniques to 

confirm the progress of condensation, mass spectrometry (MS), infrared 

absorption spectroscopy (IR), hydrogen and carbon nuclear magnetic 

resonance spectroscopy (1H and 13C NMR), and scanning electron 

microscopy (SEM) are going to be mentioned. Eventually, we will briefly 

mention two techniques of a limited or even illusive applicability only, i.e., 

gas chromatography (GC) and polarimetry. At the end, some general 

conclusions will be drawn. 

 

ANALYTICAL TECHNIQUES OF FIRST CHOICE 

Thin-layer chromatography (TLC) 

TLC is an analytical technique with a sufficient enough sensitivity (enabling 

detection of nanograms of a given analyte), yet the TLC measurements are 

relatively slow. Hence, registration of the results in continuous mode and 

investigation of the non-linear dynamics of chiral conversion or 

condensation with its use is impossible. However, the chiral TLC enables a 

relatively easy confirmation of the process of chiral conversion, owing to its 

ability to directly (i.e., without a need of a preliminary derivatization) 

enantioseparate the two counterparts. Surprisingly, quite spectacular 

performance of this particular analytical technique was not given any 

attention in the monograph on the dynamic stereochemistry of chiral 

compounds [8], in spite of an abundant data on this particular subject matter 

available in the literature and summarized in another monograph published 

roughly about the same time [9]. An appreciable performance of TLC in 

tracing spontaneous chiral conversion of several α-amino acids (Pro, Hyp, 

Cys, and Met) was presented in papers [10-13] and acknowledged in the 

book chapter [14]. 

TLC can also be used to document spontaneous condensation of the chiral 

low molecular weight carboxylic acids, and a favorable option is coupling 

the thin-layer chromatogram through the TLC-MS interface with the mass 

spectrometric detector [10-14]. 
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High-performance liquid chromatography (HPLC) 

HPLC also is an analytical technique with a sufficient enough sensitivity. 

Moreover, it enables faster registration of the separation results than TLC 

and it can operate in a continuous mode, providing data acquisition of a 

semi-kinetic relevance. In its chiral mode (i.e., with use of the chiral mobile 

or stationary phase), HPLC can be used for the enantioseparation and 

provide evidence on the mechanism of spontaneous non-linear chiral 

conversion. In spite of its apparent advantage, to our best knowledge the 

chiral HPLC was used only once for the aforementioned purpose and the 

report on the oscillatory chiral conversion of two amino acids, L-Phg and D-

Phg, is given in paper [15]. In that study, the authors managed to capture a 

ca. 12 h lasting period of the coalescence of the two chromatographic peaks 

originating from L-Phg and D-Phg, in that way supporting an anticipated 

mechanism of chiral conversion via a non-chiral enol/enolate ion structure. 

An achiral HPLC mode is a convenient option for acquisition of the kinetic 

data characteristic of the non-linear condensation of the chiral low 

molecular weight carboxylic acids [2,5-7]. To make it a universal tool able 

to recognize all types of analytes, the chromatograph should be equipped 

with a universal evaporative light scattering detector (HPLC-ELSD). With 

use of such setup, the non-linear concentration changes of the reaction 

substrates and the condensation products can be registered (e.g., see papers 

[15,16]). 

Turbidimetry 

Spontaneous non-linear condensation of the low molecular weight chiral 

carboxylic acids which is carried out for longer periods of time often results 

in precipitation of insoluble higher molecular weight condensation products. 

The non-linear nature of this process manifests itself by sequential 

precipitation and the dissociation of the precipitates, which is visually 

perceived as pulsation, as schematically shown in paper [17]. 

Pulsating instability of the precipitated microstructures can be registered 

with use of turbidimetry operating in continuous mode. Turbidimetric 

measurements do not result in unequivocally definable physicochemical 

magnitudes and this measuring technique is applied mostly in the 

laboratories of the water supply networks and the breweries (as an element 

of the analytical control systems of the water quality and the beer brewing 

process, respectively). Moreover, turbidimetric measurements are sensitive 

even to minute temperature changes, which generate chaotic floating of the 

precipitated microstructures, induced by thermal convection. An evident 

advantage of these measurements is that turbidimetry captures turbidity 

changes of an investigated solution much earlier than the human eye does. 
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In order to obtain reliable turbidimetric results, these measurements should 

be carried out under strictly thermostatic conditions. 

Turbidimetric measurements in continuous mode and under thermostatic 

conditions were performed in our laboratory to compare pulsating instability 

patterns of the peptide precipitation observed for a series of L- and D-amino 

acid enantiomers [17,18]. In all cases, strikingly different pulsating 

instability patterns characterized counterparts of the investigated amino acid 

pairs, with a tendency of certain L-amino acids to follow a circadian 

pulsation rhythm (as shown in paper [18]). 

 

AUXILIARY MEASURING TECHNIQUES 

The discussed case study is an uncontrolled chemical process which 

includes spontaneous non-linear chiral conversion and spontaneous non-

linear condensation running in parallel. The latter reaction results in a wide 

spectrum of the condensation products of different molecular weight and 

structure. Confirmation of the condensation process can be performed with 

use of a number of advanced instrumental techniques and the most 

recommended one certainly is MS (e.g., [2,4-7,15,16]). With use of MS, one 

can gain a deeper insight in chemical structure of the obtained condensed 

entities The IR spectroscopy can prove helpful in confirming the presence of 

the peptide bonds [17], and with use of 1H NMR and 13C NMR 

spectroscopy an arrangement of the monomer units in a molecule of an 

average condensate can be assessed (e.g., [5,10]). There are also other 

helpful analytical techniques enabling deeper insight in molecular structure 

of the condensates and one of them is visualization of the solid condensation 

products by means of SEM (e.g., [12,13,17]). 

 

ANALYTICAL TECHNIQUES OF LIMITED OR EVEN ILLUSIVE 

APPLICABILITY 

Gas chromatography (GC) 

Historically, GC is the first chromatographic technique which enabled 

separation of the enantiomer pairs [19-21]. Right from the beginning, the 

enantioseparation by means of GC has focused on amino acids. However, its 

potential for the investigation of spontaneous non-linear chiral conversion of 

the low molecular weight carboxylic acids has not been explored. The 

reasons of this evident restraint are the necessity to derivatize carboxylic 

acids prior to the analyses (to enhance the volatility thereof) and elevated 

temperatures of running them. These two factors can affect (and even 

falsify) a quantitative and kinetic insight in the long-term spontaneous non-

linear processes of chiral conversion and peptidization, otherwise carried out 

at ambient temperatures. Nevertheless, GC is still considered as an 
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analytical tool well suited for the analysis and the enantioseparation of 

amino acids. The best proof is that the miniaturized GC-MS device with the 

three different fused silica GC columns developed within the framework of 

the Cometary Sampling and Composition (COSAC) project at the Max-

Planck-Institute for the Solar System Research (Gottingen, Germany) was 

included in the Rosetta mission launched in 2004, with an aim to explore the 

comet 67P/Churyumov-Gerasimenko, nicknamed as Chury [22]. The aim of 

that device was to analyze possible presence of chiral α-amino acids, chiral 

hydrocarbons, and unspecified chiral compounds in an interstellar space, 

and assess the enantiomer configuration thereof. The performance of the 

column dedicated to the enantioseparation of α-amino acids enables 

enantioseparation of the four α-amino acid pairs only (i.e., Val, Ile, Asp, and 

Phe) and the results obtained (if any) still remain unknown. 

Polarimetry 

Polarimetry might seem an analytical technique of choice to investigate the 

phenomenon of chiral conversion and there are available quite sophisticated 

laser-based polarimetric detectors operating in continuous mode. However, 

the experimental case discussed in this study includes the non-linear chiral 

conversion and the non-linear condensation running in parallel. In such 

systems, the self-assembled supramolecular structures formed by small 

organic molecules as well as the condensation products are usually fibroid 

aggregates with occasional linking nodes that are able to embrace the entity 

of a solution with a 3D network [23]. Dynamic assembly and disassembly of 

these chiral structures under ambient temperature conditions is reflected in 

continuous changes of the sample’s specific rotation, which to a large extent 

eclipses (and can erroneously be taken for) the phenomenon of chiral 

conversion, as experimentally shown in paper [24]. Therefore contrary to a 

popular thinking, polarimetry is not a measuring technique which might 

purposefully be engaged in the discussed case study. 

 

GENERAL CONCLUSIONS 

For the investigation of the non-linear chemical processes which involve 

organic compounds, currently the liquid chromatographic techniques (TLC 

and HPLC) seem the analytical tools of the first choice, due to a broad 

applicability scope thereof. Sensitivity of chromatographic techniques 

enabling identification and quantification of the compounds of interest is 

excellent. However, neither TLC nor HPLC enables fast enough registration 

in continuous mode to provide the results of a truly kinetic importance (as 

the so-called short analytical runs usually last up to several minutes). Hence, 

selected chromatographic techniques can provide semi-kinetic information 

on a given process only, which makes the detection of non-linear 
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phenomena rather difficult and the results obtained not very precise. This 

lack of sufficient registration speed is the main bottleneck hampering free 

discovery and detailed kinetic characterization of the non-linear chemical 

processes. Only a significant breakthrough in the development of a new 

generation analytical tools can open the path to free detection and precise 

characterization of the otherwise omnipresent non-linear phenomena. 
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ABSTRACT 

Based on our experimental observations, we formulate detailed mechanisms 

for several enzyme oscillatory reactions and analyze the underlying 

subnetworks that take part in generating the oscillatory dynamics. In 

particular, we explore the glucose–glucose oxidase– catalase–hydrogen 

peroxide reaction, the urea–urease reaction and glucose–glucose oxidase–

ferricyanide reactions. Topology of the core oscillatory subnetworks are 

compared against one another as well as against other enzyme reactions 

known to oscillate, such as oxidase–peroxidase reaction and some enzyme 

systems of biological importance including the mitogen-activated protease 

kinase (MAPK). The main tool for such a comparison is provided by the 

stoichiometric network analysis – a theory of stability of reaction networks. 
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ABSTRACT 

Over the past two decades the oscillatory nature of the PdI2-catalysed 

oxidative carbonylation of phenylacetylene has been experimentally studied 

and reproducible oscillations in pH were reported. Oscillatory behaviour has 

been reported over the temperature range 0-40 °C under batch orsemi-batch 

conditions. Recently, oscillatory palladium-catalysed carbonylation has 

been achieved using mono alkyne-terminated poly(ethylene glycol) methyl 

ether at 20 °C demonstrating that alkyne-terminated macromolecules are 

also suitable substrates. In this work, studies of both oscillatory systems 

(phenylacetylene and mono alkyne-terminated poly(ethylene glycol) methyl 

ether) conducted in a 1 litre automated reactor system are reported.  

 

INTRODUCTION 

Oxidative carbonylation reactions are important C-C bond forming reactions 

that generate a number of products depending on the substrates, catalyst and 

reaction conditions [1-7]. Using a PdI2-KI catalyst with alkynes under mild 

conditions good catalytic efficiencies have been achieved leading to a 

mixture of dicarbonylation products[8]. Importantly, when phenylacetylene 

(PhAc) was used as the substrate in methanol, oscillations in pH, redox 

potential, gas uptake (CO and O2), reaction heat (Qr) and turbidity were 

discovered[9-17].The observed duration of oscillations varied from several 

hours[9-13] to several days[15, 16], with reaction temperatures ranging 

from 0 to 40°C [15, 16]. The magnitude of heat released is significant and 

based on the initial charge of PhAc alone up to10.37 kJmol-1 per oscillation 

was recorded. Oscillations in Qr were exothermic and no corresponding 

endotherm was observed. Heat release was in phase with the pH fall and 

decreased as the pH increased indicating the formation of reaction products 

in a stepwise manner[12]. While the PhAc oscillatory system was initially 

of interest as a novel organic pH oscillator operating in a stirred batch 

reactor system, the recent discovery of oscillatory alkyne-terminated 

polymeric systems has opened new avenues and unambiguously indicated 
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opportunities for the discovery of otheralkyne-based oscillatory reaction 

systems. Oscillatory palladium-catalysed carbonylation has been reported 

using mono alkyne-terminated poly(ethylene glycol) methyl ether at 20 °C 

[18]. Reproducible, synchronised oscillations in pH and solution turbidity 

have been recorded over several days [18]. In this study both PhAc and 

mono alkyne-terminated poly(ethylene glycol) methyl ether were 

experimentally studiedon the same scale using a 1 litre automated reactor. 

The initial conditions used to achieve oscillatory behavior as well as trends 

in the recorded pH oscillations are discussed.  

 

EXPERIMENTAL 

The study was conducted inan HEL Simular reaction calorimeter. The setup 

consists of a 1 L double-jacketed glass reactor. Reactor temperature is 

monitored by a Pt100 temperature probe while internal heating is provided 

by a 150W internal heater. The oil jacket temperature is controlled by a 

Julabo FP50-HD circulator. The reactor is fitted with a combined pH 

electrode. Stirring is provided by an overhead pitched blade impeller. The 

reactor has two mass flow controllers which dose air and CO. The installed 

WinISO software allows the HEL Simular to run unaided once it is set up. 

All data are automatically saved via the HEL IQ data logging software. The 

PhAc experiment was conducted in methanol (450 mL) heated to 20°C 

while stirring at 250 rpm. The palladium(II) iodide (2.64x10-3moldm-3) and 

KI (0.494 moldm-3) were added and, after approximately 50 min,purging 

with CO and air at 50 mLmin−1 commenced. PhAc (0.124 moldm-3) was 

added to the reactor 20min after purging began. The mono alkyne-

terminated poly(ethylene glycol) 2000 Da(PEGA2000) derivative was 

synthesised according to literature procedures [19-21]. When PEGA2000 

was used, instead of PhAc, the initial substrate concentration was 1.52x10-3 

moldm-3 in 450 mL of methanol. The concentrations of PdI2 and KI were 

2.9x10-5 and 5.7x10-3 moldm-3respectively. Bothexperiments were 

conducted using the power compensation mode of the reaction calorimeter. 

Temperature was maintained at 20 °C and pH was recorded throughout with 

additional methanol added as necessary to compensate for evaporative loss 

of the solvent. 

 

RESULTS AND DISCUSSION 

The pH recorded employing PhAc is shown in Figure 1. while the pH 

recorded in the oscillatory PEGA2000 runis given in Figure 2. A summary 

of trends observed in these two experiments is given in Table 1. 
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Figure 1.The pH in PhAc carbonylation at 20°C. [PhAc]=0.124 moldm-3; 

[PdI2]=2.64x10-3moldm-3; [KI]=0.494 moldm-3; CO=50 mLmin-1; Air=50 

mLmin-1. 

 

 
Figure 2. The pH in PEGA2000carbonylationat 20 °C. 

[PEGA2000]=1.52x10-3moldm-3; [PdI2]=2.9x10-5moldm-3; [KI]=5.7x10-

3moldm-3; CO=50 mLmin-1; Air=50 mLmin-1. 

 

While long lasting oscillations were achieved under semi-batch conditions 

in both experiments (Figures 1. and 2.), pH oscillations recorded when 

PEGA2000 was employed as substrate lasted approximately 16 days which 

is more than eight times longer than when PhAc was used (Table 1). 

Importantly, this was achieved with an approximately 82 times lower initial 

concentration of substrate and 91 times lower concentration of catalyst. 
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Table 1. A summary of trends in the pH oscillations in the PhAc and 

PEGA2000 reactions at 20 °C. 

Run PhAc PEGA2000 

pH at onset of oscillations 2.27 3.74 

Onset time of oscillations (min) 744 2390 

Duration of oscillations (min) 2737 22610 

Max amplitude (pH units) 2.35 0.6 

Max period (min) 71 677 

 

The transition to polymeric substrate in this oscillatory reaction system 

likely led to a reduction in the carbonylation reaction rate. This postulation 

is supported by the observed increase in period of oscillations which is in 

agreement with the previously proposed key step responsible for product 

formation (Eq.1) the rate of which is anticipated to decrease as the size of 

molecule increases [16]. 

 Eq.1 

The reduction in the reaction rate in the PEGA2000 system is also likely to 

be responsible for the significantly longer induction period prior to the onset 

of oscillations (Table 1). At the same time, the lower PdI2concentration used 

in the PEGA2000 experiment will lead to smaller reaction cyclesresulting in 

a reduced amplitude of oscillations.  

 

CONCLUSION 

This work shows two oscillatory carbonylation systems, PhAc and 

PEGA2000,studied at the same scale. The transition from small molecule 

(PhAc) to polymeric substrate (PEGA2000) enabled a significant reduction 

in initial concentration of both substrate and catalyst needed for the 

oscillations to occur. Furthermore, the polymeric substrate significantly 

affected the rates involved in this oscillatory process prolonging the period 

as well asthe duration of oscillations (approximately 16 days). At the same 

time, the reduced catalyst concentration reduced the amplitude of the 

oscillations. Oscillatory alkyne-functionalised polymeric substrate 

carbonylation reactions and the additional degrees of freedom 

macromolecules bring (e.g. chain length and multifunctionality) open new 

avenues in the area of nonlinear dynamics and has the potential to enable the 

transition from liquid based oscillators to solid state oscillatory systems. 
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ABSTRACT 
Spatiotemporal coupling of an autocatalytic chemical reaction between ions 

with diffusion may yield reaction-diffusion fronts. Using electric field 

separating the reactant anions and the autocatalystcation, lateral instability 

can be induced while planar fronts can be stabilized with the externally 

imposed constant electric field in the opposite orientation. When an 

appropriate inhomogeneous electric field to maintain a constant current 

density parallel to the direction of propagation is created, the enhanced 

migrational flux of the reactant can also destabilize the planar front giving 

rise to a cellular structure. In ionic systems, in the presence of the 

diffusional flux of the key species, a local electric field at the concentration 

gradients can build up even in the absence of external electric fields. The 

arising additional migrational flux not only decreases but also enhances the 

instability of planar reaction fronts, depending on the charge distribution 

among the components. 

 

INTRODUCTION 
When autocatalytic reactions are carried out in an unstirred reaction vessel, 

the coupling of the transport processes with the chemical reaction may lead 

to spatiotemporal patterns. The simplest scenario is when convection is 

eliminated and only diffusion occurs yielding so-called reaction-diffusion 

fronts, i.e., narrow reaction zones separating the reactants from the products. 

Typically a front sustains its original shape unless the flux of the 

autocatalyst is lowered below that of the reactant for superautocatalytic 

reactions. In that case, the initial fluctuations are amplified and a cellular 

structure with leading segments and tailing cusps develops. The lowering of 

the flux can be achieved by using immobile reversible complex formation or 

irreversibly removing the autocatalyst via a simple first-order reaction.  
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Autocatalytic reactions typically involve ions, therefore in the presence of 

electric field, migration may alter the existing patterns. In the talk, we 

review the theoretical analysis and numerical modeling of the governing 

equations describing autocatalytic reactions coupled to diffusion and 

migration. Finally the experimental achievements will be discussed. 

 

MODELING 

The simplest autocatalytic reaction exhibiting cellular pattern formation is 

chosen between two reactants (A and B) where the reaction order is 2 with 

respect to the autocatalyst B (cubic autocatalysis): 

 

 
 

wherec1 and c2 are the concentration of charged reactants A and B, 

respectively, Di the appropriate diffusion coefficients, and zithe charges of 

the ions, while Ψ corresponds to the electric potential. In the sourceterm, 

νA=-1 and νB=1 and the reaction rate is r = k c1 c2
2.  

The charge balance should also be considered as 

 

 
where Q is the net charge 

 

Two cases are considered: in the first scenario the electric field strength, ɛ = 

 is constant, while in the second the current density j is constant. The 

boundary conditions are set to mimic the experiments. Far ahead and behind 

the front the concentration gradients are zero, the potential gradients for the 

case of inhomogeneous electric field are 

 

 
 

RESULTS AND DISCUSSION 

We have found that in the presence of constant electric field a cellular 

structure may develop when the electric field separates the reactant anions 

and the autocatalyst cation, while planar fronts can be stabilized with that in 

opposite orientation[1-3]. When an appropriate inhomogeneous electric field 

to maintain a constant current density parallel to the direction of propagation 

is created, the enhanced migrational flux of the reactant can also destabilize 

the planar front giving rise to a cellular structure[4]. Our experiments and 

modeling calculations show for the selected reaction that lateral instability is 
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favored for field orientation where the mixing of the reactants and the 

autocatalyst is enhanced[5,6]. The onset of instability depends not only on 

the charge difference between the reactant and the autocatalyst but also on 

the variation of specific conductance in the course of the reaction.  

In ionic systems, in the presence of the diffusional flux of the key species, a 

local electric field at the concentration gradients can build up even in the 

absence of external electric fields[7,8]. The arising additional migrational 

flux not only decreases but also enhances the instability of planar reaction 

fronts, depending on the charge distribution among the components. 
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ABSTRACT 

This work is focused on experimental observationoftransitions between 

oscillations and inhomogeneous stationary states (discrete Turing patterns) 

induced by carefully targeted perturbations in a cyclic array of coupled cells 

with glycolytic oscillatory reaction. The cyclic array is formed by two cells 

and two capillaries.The coupling is realizedviaa peristaltic pump 

usingreciprocal pumping delivering reaction mixture in both directions. 

Glycolytic reaction of yeast extract Y1625 with D-glucose, enhanced by 

HCO3
- ions occurs in the cuvettes as well as in the coupling capillaries. 

Dynamic and stationary behavior is observed by using a UV-Vis 

spectrophotometer, at 340nm (NADH). We report controlled transitions 

between oscillations and inhomogeneous stationary states. 

 

INTRODUCTION 

Silicon based digital processors have limited performance due to relatively 

high power consumption, waste heat and architecture. On the other hand, 

natural system are not digital based[1, 2] and they do not have mentioned 

issues.By employing Turing’sidea of pattern formation in reaction-diffusion 

systems, specifically in a ring of discrete coupled cells [3], we proposed a 

digital chemical computing technique [4, 5] based on targeted perturbations 

of discrete Turing patterns. The technique also worksusing addition and/or 

subtraction of signals/perturbations, which leadsto transitions between 

oscillations and inhomogeneous stationary states (i.e. discrete Turing 

patterns). 

Glycolysis is one of the oldest and the most common biochemical 

oscillatory reaction occurring in living cells. It can be simplified to the 

reaction steps responsible for oscillations involving positive feedback 

occurring on the enzyme phosphofructokinase (PFK) and reaction steps 

imposing negative feedback mediated by pyruvate kinase and 

phosphoglycerate kinase. Addition or presence of glycolytic metabolites, 
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including ATP, can directly or indirectly influence reaction rate of steps 

representing positive or negative feedback [6].The most important are in our 

case addition of HCO3
-, which increases the reaction rate 3 times [7], it also 

helps maintain the pH of solution at pH≈8, which doubles the activity of 

PFK [6], and also temperature of the solutions, which increases reaction 

rate, using rule of thumb, 4-6 times. Therefore, parameters given by Moran 

and Goldbeter in their core model of glycolysis [8], can be increased 10-12 

times, which allows for occurrence of Turing patterns with equal transport 

rate coefficients for both the activator ADP and the inhibitor ATP [9], taken 

as a product and a substrate, respectively, in thecore model of glycolysis 

[8].In addition, effect of AMP can be included through connection to the 

pair NAD+ and NADH via reaction of phosphates. Therefore information 

about inhomogeneous stationary states of ATP,reported in our previous 

work[4, 5], can be ascertained from the concentration of NADH having 

absorbance maximum at 340nm. 

 

EXPERIMENTAL 

Chemicals 

Yeast extract powder Y1625 was supplied by Sigma Aldrich (France), D-

Glucose monohydrate was supplied by Lachner (Czech Republic) and 

NaHCO3 was supplied by Penta (Czech Republic). All solutions were made 

using demineralized water with conductivity < 1μScm1  . pH of D-glucose 

solution was 8.3, pH of yeast extract solution was 7.2, pH inside cells was 

around 7.7. Temperature of both solutions was maintained between 42-

43°C,ambient temperature was maintained at 24°C. 

Experimental Setup 

Schematic diagram of the experimental setup is shown in Fig. 1. 

 

 

Figure 1. Schematic diagram of the 

experimental setup: (1) yeast extract 

solution, (2) D-glucose solution, (3) waste 

tank, (4) measured, stirred and heated 

cuvette No. 1, (5) measured, stirred and 

heated cuvette No. 2, (6) stirrer and 

heater, (7) UV-Vis spectrophotometer No. 

1, (8) UV-Vis spectrophotometer No. 2, 

(9) peristaltic pump used for cuvette 

coupling, (10) peristaltic pump drawing 

feed and output stream for both cuvettes, 

(11) coupling tubes. 
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For measurement of absorbance levels within wavelength range 180nm to 

1100nm, UV-Vis spectrophotometers were used. Spectrophotometer No. 1 

was Agilent model 8453, spectrophotometer No. 2 was Agilent model 8454. 

Both spectrophotometers were set to measure at 1s steps. 

The cyclic array is made by two 3.0 ml cuvettes and two 1.05 ml 

capillaries in the order: cuvette, capillary, cuvette, capillary. The capillaries 

are not stirred, but they can be thought of as a linear cascade of a number of 

CSTR swith axial dispersion [9].  

 

RESULTS AND DISCUSSION 

Examples of our results representing transitions between inhomogeneous 

concentration profiles, various oscillatory regimes and homogenous 

oscillations are shown in Figs. 2,3. Fig.2a shows, 2EXd1 perturbation can 

switch an inhomogeneous stationary state into regime with one oscillating 

cell, while G perturbation can quench it and make the second cell 

oscillating, while still keeping the concentration inhomogeneous in two 

types of patterns(1st and 3rd perturbation by G). Fig. 2b shows, 2EXd1 is 

able to make inhomogeneous patters, while 2Gd1 can induce homogeneous 

oscillations. Fig. 3a shows an inhomogeneous stationary state mechanically 

perturbed and returning to its original state. Fig. 3b show new type of 

oscillatory regime with period around 67 seconds, coincidentally equal to 

residence time in the cell. 

 

 
Figure 2. Continuous experimental recording of absorbance at 340 nm a) 

first experiment, b) second experiment. Gray line – cell (4) in Fig. 1.Black 

line cell (5) in Fig. 1. EX-yeast extract; G-glucose; (r)d(number)-

(reverse)delay(seconds), where delay means perturbation of cell (4) and 

after (number) seconds, perturbation of cell (5), reverse means opposite 

sequence; 2EX/2G perturbation of both cells by a mentioned species; n/a – 

spontaneous transition. 
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Figure 3. Continuous experimental recording of absorbance at 340 nm a) 

coupled cells experiment, b) one cell experiment. Gray line – cell (4) in 

Fig. 1.Black line - cell (5) in Fig. 1. M – mechanical perturbation. 

 

CONCLUSIONS 

Glycolytic oscillatory reaction in an array of four coupled cells was studied. 

Different oscillatory regimes were observed in uncoupled cells. 

Inhomogeneous concentration profiles, various dynamic regimes and 

reproducible transitions between inhomogeneous concentration profiles and 

oscillations were observed in coupled cells using perturbation by yeast 

extract and D-glucose solution. 
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ABSTRACT 

Our previous experimental studies of the buffered decomposition of urea by 

urease in a CSTR indicated system's diverse dynamic behaviour and the 

possibility of pH oscillations. We aimed to (1) identify conditions under 

which pH oscillates with a constant period and amplitude, (2) construct an 

experimental phase diagram that describes other types of dynamic behaviour 

and (3) investigate how premixing of acetic acid and urea influences the 

phase diagram. Flow rate and acid concentration were systematically varied. 

As opposed to the expected distinct regions of bistability, only a few 

randomly occurring bistabilities were observed when the solutions were 

premixed. On the other hand, regular and irregular pH oscillations of 

various amplitudes and periods were observed when solutions were not 

premixed. The occurrence and properties of these oscillations follow certain 

patterns. Thus, it appears that the stable chemical oscillations are possible in 

the urea–urease–acetic acid system. 

 

INTRODUCTION 

A reaction which is believed to be capable of exhibiting oscillatory 

behaviour and which has been studied and modelled by several authors in 

recent years, is a reaction of urea and urease in the presence of an acid, 

which is used to create a buffer solution and decrease the rate of change of 

pH.  

  

 

Wrobel [1] reports that when the system was buffered by acetic acid in a 

flow-through (CSTR) reactor, large amplitude oscillations were observed 

for a range of parameters (substrate concentration, acetic acid concentration, 

temperatures). Unfortunately, none of the observed oscillations were 

regular, with a constant period and amplitude. Furthermore, a mathematical 

model predicted existence of a bistability region, which was not 

experimentally confirmed. Hu et al. [2] reported the presence of aperiodic 
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oscillations with large amplitude transitions as response to acid/base 

perturbations in the same system, yet they attribute these to noise-induced 

bistable switching or mixing effects. Their mathematical model successfully 

simulated experimentally observed behaviour. 

 

EXPERIMENTAL 

Chemicals 

Enzyme solution was prepared using Jack Beans urease (Sigma Aldrich), 

activity 31340 U/g of solid, urea solutions were prepared from Penta pellets 

of 99% purity. Acetic acid was prepared by diluting the 99% acetic acid 

(Penta) to concentration 0.256mol/l and then it was diluted further to a 

concentration of interest.  

Experimental Setup  

All experiments were performed in a CSTR open to the atmosphere in order 

to allow for an undisturbed transfer of gases evolved during the reaction 

from the reaction mixture to the ambient air. Mixture was stirred using a 

stirring bar on a magnetic stirring plate at 900 rpm. Temperature was 

maintained nearly constant, in the range of 23.0 ± 0.5 ºC, by submerging all 

stock solutions into a pool of thermostated water. Air temperature was 

maintained constant as well, using an air conditioner set to 23.0 ºC. Ismatec 

peristaltic pumps were used to pump the solutions into and from of the 

reactor. The inflow pump was calibrated daily. The outflow pump was set to 

its maximum pumping rate for all inflow rates, in order to quickly eliminate 

all fluctuations of reaction volume and maintain its constant value. pH was 

measured using a pH electrode connected to a Hanna HI4221 measuring 

device, further connected to a PC equipped with a suitable software. The pH 

electrode was calibrated daily, before conducting experiments or preparing 

stock solutions. pH values of stock solutions were measured before and after 

experiments. Six experiments, corresponding to a set of six k0 values were 

usually done per day. For a set of experiments, concentrations of all stock 

solutions, as well as stirring rate, were kept constant and only k0 values were 

manipulated by increasing the flow rate from the lowest to the highest value. 

One experimental run was approximately one hour long. In the first set of 

experiments we used three pure, independently prepared solutions, whereas 

in the second one we premixed acetic acid and urea. Experimental setup is 

presented in Figure 1. 
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Figure 1. - Experimental setup 

 

RESULTS AND DISCUSSION 

Examples of observed oscillations and steady states / bistability switches are 

presented in the following Figures 2 and 3. 

 

 
Figure 2. - Bistability switch 

 
Figure 3. - Regular, large amplitude 

oscillations 

 

The results are summarized in the phase diagrams in Figures 3 an 4.

 

 

 

Figure 4. - Experimentally 

obtained bifurcation diagram for 3 

unmixed stock solutions; Blue 

points - high pH steady-state, red 

- low pH steady-state, stripped - 

bistability switch, black - transient 

behaviour, light green - irregular 

oscillations, dark green - regular 

oscillations.
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Figure 5 - Experimentally 

obtained bifurcation diagram for 

unmixed stock solutions.

 

CONCLUSIONS 

The results indicate that the studied system can exhibit oscillatory 

behaviour, in addition to bistability switches and high and low steady states. 

Observed oscillations were both regular (with constant period and 

amplitude) and irregular (one of the two or both were not constant; "period" 

here has the meaning of peak-to-peak time interval and "amplitude" is pH-

difference between consecutive minimum and maximum of pH), with 

regular oscillations having both small and high amplitudes and periods. 

Observed bistability switches were from low to high pH steady states. 

Obtained results were reproducible. Experiments also indicate that stability 

of stock solutions influences behaviour of the system. 
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ABSTRACT 

Developed liquid-liquid interfaces play an important role in some physical, 

chemical, and biochemical processes, for example strongly related are the 

processes of formation, existence and destruction of emulsions and double 

emulsions, life of biological cells, and various membrane separation 

processes. Since the particular events and phenomena that occure in these 

processes are not sufficiently well or deeply understood the introduction of 

theoretical models known in classical and quantum electrodynamics is 

needed. Hence, the objective of this research is a try to provide an approach 

to elaborate the complex phenomena that occure at developed liquid-liquid 

interfaces or at small separations. The representative events that are to be 

discussed in this presentation are coalescence and electrocoalescence using 

electrohydrodynamics (EHD) principles.  

 

INTRODUCTION 

This story begins in the pilot plant for uranium extraction from wet 

phosphoric acid by D2EHPA-TOPO process. The light phase loop for 

solution of the entrainment problems was developed and constructed. 

Equipment, of particular interest for this research, used for a breaking of 

double emulsions, was the lamellar coalescer. Double emulsion passing 

through the lamellar coalescer involves the sequences: approach, rest, 

disturbance, rupture on an inclined plate, coalescence/electrocoalescence, 

and flow up. Physical chemical system, which has been used to corroborate 
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the validity of theoretical predictions, was a heavy-phase droplet/light-phase 

film structure immersed in a heavy-phase continuum, double emulsion. This 

system was the heavy-phase output from a “pump-mix” mixer-settler battery 

together with its entrained light phase. The heavy liquid was 5.6 M 

phosphoric acid, and the light liquid was the synergistic mixture of 0.5 M 

di(2-ethylhexyl) phosphoric acid and 0.125 M tri-n-octylphosphine oxide in 

dearomatized kerosene (DTK). It was necessary to develop two concepts for 

easier understanding of the physical events at developed liquid-liquid 

interfaces [1-5]. 

 

THEORETICAL CONCEPTS AND CONSTITUTIVE MODEL 

The first is a concept of an entity, and the corresponding classification of 

finely dispersed systems; this concept permit consideration of the electron 

transfer phenomenon beside the heat, mass, and momentum transfer 

phenomena commonly used in chemical engineering. The second concept is 

an introduction of almost forgotten basic electrodynamics element the 

memdiode or memristor as a current controlled device, and the 

corresponding memristive systems. This concept is needed because the 

fundamental electrodynamics elements, the resistor, the inductor, and the 

capacitor are not sufficient for a satisfactory explanation of complex 

phenomena at developed liquid-liquid interfaces. A corresponding 

constitutive model of liquids was developed and applied to the selected 

emulsions and double emulsions.. Now, considering these concepts, 

ectromechanical analogies, and developed constitutive model of liquids the 

representative model of double emulsion and/or biological cell is presented 

in figure 1. 

 
 

Figure 1. a) The memristor-M, b) Droplet-film structure or biological cell; 

film as a shell/region I DTK-Rint, and droplet as a core/region II H3PO4-Rbul. 

 

From this picture a hysteretic behavior controlled by the intrinsic 

nonlinearity of M and the boundary conditions on the state variable w 

follows. Now, the current-potential anomalies, switching and hysteretic 
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conductance, multiple conductance states, and apparent negative differential 

resistance, for example in thin-film structures may be discussed. Some 

propositions, related to the microscopic nature of resistance switching and 

charge transport at small separations, consider atomic rearrangements and 

its influence on the electronic current. 

 

COALESCENCE AND ELECTROCOALESCENCE 

Although the film thinning, the drainage, and the rupture processes are 

depending on many factors the coalescence and/or electrocoalescence 

process itself may take into account the following: 

- Droplet-film structure size; 

- Distance of fall of droplet to the interface; 

- Curvature of the droplet-side interface; 

- Density difference between two phases; 

- Viscosity ratio of the phases; 

- Interfacial tension effects; 

- Temperature effects; 

- Vibration and electrical effects; 

- Electromagnetic effects; 

- Presence of the electrical double layers; 

- Solute transfer effects. 

It is not necessary that all factors are in the game for a particular case. 

Probably one qualitative and quantitative physical picture, including 

electrocoalescence, can be withdrawn considering Marangoni instabilities of 

the first and second order and possible electrical analogues as well as using 

developed theory of electroviscoelasticity, figures 2 and 3. Now, imagine 

the case of double emulsion, and/or biological cell, then the situation in 

figure 2 may be expected, but replacing the mechanical force and surface 

tension with electrical force and electrical interfacial potential. This is the 

case when the droplets are small or the separation is in a nanometer scale. 

Although, there may be several possible cases, such as droplet rotation, 

droplet go-back rotation, film rotation, quasi equilibrium-no rotation at all.  

 
Figure 2. Marangoni instability mechanism-the electrical analog. 
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Figure 3. Model of double emulsion or biological cell as a memristive 

system-a resultant antenna output circuit: a) tunnel diode oscillator;  

TD-tunnel diode, R-resistor and L-inductor as electroviscous elements,  

C-capacitor and M-memristor as electroelastic elements,; b) emitter coupled 

oscillator; FET-field effect transistor. 

 

IMPLICATIONS 

This theory and models discussed, using EHD principles, may facilitate the 

understanding of, for example, entrainment problems in solvent extraction, 

very developed interfaces in colloid and interface science, chemical and 

biological sensors, electro-analytical methods, biology or biomedicine, in 

particular hematology (non-Newtonian fluid flow), genetics (DNA models, 

electron transfer) and electroneurophysiology (quantum spin transport). 
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 ABSTRACT 

A stoichiometric network model is developed to succinctly describe the 

complex effects of interleukin 6 (IL-6) on the activity of the hypothalamic-

pituitary-adrenal (HPA) axis. Dynamic properties of the model were 

investigated for varying IL-6 levels and conditions under which qualitative 

transitions between dynamic states occur are determined. Numerical 

simulations were then used to investigate in silico how chronically increasedIL-

6 levels affect the HPA axis capacity to respond to stress. Our study shows that 

significantly elevated IL-6 levels considerably alter the ultradian HPA axis 

rhythmicity and diminish its capacity to respond to acute stress. 
 

INTRODUCTION 

The neuroendocrine and immune systems are tightly coupled in vertebrates 

and mutually affect each other’s activity – the neuroendocrine system 

orchestrates the activity of the immune systemthrough the action of 

glucocorticoids and, reciprocally, the immune system exerts its own influence 

on the neuroendocrine system through the action of soluble immune 

factors[1]. Interactions between the neuroendocrine and immune systems are 

altered in many acute and chronic disorders [2], but these interactions are 

intricate and notoriously difficult to dissect experimentally.  

In order to further our understanding of complex interactions between the 

neuroendocrine and immune systems, we have used literature findings to 

develop a stoichiometric network model that concisely describes interleukin 

6 (IL-6) effects on neurochemical transformations underlying the 

Hypothalamic-Pituitary-Adrenal (HPA) axis, and use numerical simulations 

and approaches from dynamical systems theory to investigate in silico the 

effects of IL-6 on the HPA axis capacity to respond to acute stress. 
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RESULTS AND DISCUSSION 

Stoichiometric network model developmentTo describe the bidirectional 

interactions between IL-6and the HPA axis we have, based on literature 

findings [1,2], extended the stoichiometric network model of HPA axis 

described in detail in reference [3] to include relations that describe IL-6 

biogenesis/release in the peripheral circulation;itsstimulating action on 

corticotrophin releasing hormone (CRH) andthe negative feedback of 

cortisol (CORT) on the immune system to suppress IL-6 synthesis/release, 

as schematically depicted in Fig. 1 (green lines). 

Interactions between the 

paraventricularnucleus (PVN) of the 

hypothalamus, anterior lobe of the 

pituitary glandand the cortex of the 

adrenal gland via the actions of 

corticotropin-releasing hormone (CRH), 

adrenocorticotropic hormone (ACTH), 

cortisol (CORT) and aldosterone 

(ALDO) on their corresponding 

receptors, comprise the backbone of the 

HPA axis (magenta/black). This core 

model is augmented to include 

neuropeptides derived 

byproopiomelanocortin (POMC) 

processing (β-lipotropin(β-LPH), β-

melanocyte-stimulating hormone (β-

MSH) and β-endorphin (β-END); blue), 

cholesterol (CHOL) and products 

ofadrenal steroidogenesis (pregnenolone 

(PNN), hydroxypregnenolone (HPNN), 

progesterone (PGS), hydroxyprogesterone (HPGS), corticosterone (CTS) 

and testosterone (TTS); red). Positive (+) and negative (-) feedback actions 

of CORTare represented by full and dashed black lines, respectively. Dual, 

positiveand negative feedback actions of CORTon the hippocampus, viaits 

distinct action on glucocorticoid (GR) and mineralocorticoid (MR) 

receptors, are represented by the +/- black line. Bidirectional interactions 

between the HPA axis and IL-6 are presented by the green lines. 

Numerical simulations Numerical simulations were performed using the MATLAB 

ode15s solver that is based on the Gear algorithm for integration of stiff differential 

equations. Absolute and relative error tolerance values were 1×10-20 and 1×10-14, 

respectively. Initial conditions for the integration of ODEs in all numerical 

simulations were: [CHOL]0 = 3.40×10-4M, [CRH]0 = 1.00×10-12 M, [ACTH]0 = 

Figure 1. Schematic 

presentation of bidirectional 

interactions between IL-6 and 

the HPA axis. 
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8.00×10-13 M, [CORT]0 = 4.00×10-8 M, [ALDO]0 = 1.50×10-9 M, [POMC]0 = 

1.50×10-10 M, [β-END]0 = 1.50×10-11 M, [β-LPH]0 = 1.50×10-10 M, [β-MSH]0 = 

1.50×10-11 M, [PNN]0 = 1.00×10-10 M, [
2MC ]0 = 1.50×10-15 M, [ active

2MC ]0 

= 1.50×10-15M,[HPNN]0=4.00×10-8M, [PGS]0=4.00×10-8 M, [HPGS]0= 4.00×10-8 

M, [TTS]0 = 4.00×10-8 M, [CTS]0 = 4.00×10-8 M, [IL-6]0 = 4.00×10-13 M.  

To simulate the effects of chronic IL-6 action, the rate constant of IL-6 

biosynthesis/secretion was varied and the observed dynamic states and 

dynamical transitions between them were examined. To simulate the effect 

of acute perturbations with CRH, numerical integration of the system of 

ordinary differential equations was stopped at a specified time point and 

new initial conditions for subsequent integration were defined. For the new 

initial conditions, CRH concentration was specified (5×10-8 M), while the 

concentrations of all other species retained their previously attained values. 

 Figure 2. Daily fluctuations in 

cortisol (top)and IL-6 (bottom) 

levels in the peripheral blood 

circulation. Shaded areas indicate 

the dark phase, lasting from 

22o’clockin the evening until 6 

o’clock in the morning. 

  
Figure 3. Increased IL-6 levels may markedly 

alter the HPA axis activity. Top left: CORT 

levels under normal physio-logy. Top right: 

CORT dynamics under highly elevated IL-6 

levels (as in septic shock). Bottom: Orbit 

diagram showing changes in the amplitude of 

a selected ultradian CORT oscillation 

(circles), and a transition to a stable stationary 

state (dots) at high IL-6 levels. 

Figure 4. The HPA axis respones to 

acute CRH challenge of the same 

intensity (5×10-8 M) elicited always at 

the same time, 12:00 AM, is different 

under normal physiology and when 

mean daily IL-6 levels are chronically 

increased. A) [IL-6] = 4.7×10-13 M, 

B)[IL-6] = 4.7×10-12 M, C)[IL-6] = 

4.7×10-11 M. 
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Numerical simulations of IL-6 daily dinamycs In agreement with 

experimental findings [4], numerical simulations show that under normal 

physiology, IL-6 levels are several orders of magnitude lower than CORT 

levels and show a trough in the morning (Fig. 2). 

Effect of chronically increased IL-6 levels on HPA axis dynamics 
Numerical simulations show that chronically elevated IL-6 levels alter HPA 

axis activity, increasing the amplitude of ultradian cortisol oscillations and 

decreasing their frequency(Fig. 3). 

Chronically increased IL-6 levels diminishthe HPA axis capacity to respond 

to stress Numerical simulations show that HPA axis response to an acute 

stressful challenge of the same intensity, [CRH] = 5×10-8 M, elicited at the 

same time, at noon, is different under normal physiology (Fig. 4 A) and under 

conditions when IL-6levels are chronically elevated (Fig.4B and C). 

 

CONCLUSION 
Numerical simulations and approaches from dynamical systems theory show that 

highly chronically elevated IL-6 levels, which are common in individuals with 

persistent activation of the immune system, can markedly increase the amplitudes 

of ultradian oscilations of the HPA system hormones. This eventually leads to a 

reduction of HPA axis capacity to respond to acute stress. 
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ABSTRACT 

Peptide amino acids dissolved in 70% aqueous methanol undergo 

spontaneous non-linear peptidization followed by spontaneous self-

assembly to give supramolecularnano- and microstructures. In this study, we 

present the results of spontaneous peptidization and self-assembly running 

in two binary amino acid mixtures (L-Phe-L-Pro and L-Phe-L-Cys), traced 

with use of scanning electron microscopy (SEM), high-performance liquid 

chromatography (HPLC), and liquid chromatography with mass 

spectrometric detection (LC-MS). By means of SEM, it was demonstrated 

that the shape of nano- and microstructures derived from L-Phe-L-Pro is 

determined by L-Phe, and that of nano-and microstructures derived from L-

Phe-L-Cys is determined by L-Cys. By means of HPLC, an oscillatory 

nature of peptidization was proven and with use of LC-MS, chemical 

structures of some selected homo- and heteropeptides were established. 

 

INTRODUCTION 

In our earlier studies, it has been shown that single low molecular weight 

chiral carboxylic acids and the mixtures thereof (amino acids [1], hydroxyl 

acids [2], and profen drugs [3]) undergo spontaneous processes of chiral 

inversion and peptidiztion in the parallel (see Scheme 1). In this study, we 

focus on the two amino acid pairs (L-Phe-L-Pro and L-Phe-L-Cys) sharing 

one compound (i.e., L-Phe) in common. It is our intent to compare an effect 

of L-Phe on spontaneous peptidization with each compared amino acid pair. 
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Scheme 1. Molecular mechanisms of chiral conversion and peptidization 

running in the parallel upon an example of Cys (conversion: L-Cys to D-

Cys; peptidization: L-Cys to (Cys-Cys)n). 

 

RESULTS AND DISCUSSION 

In Figs 1(a)-(c)), we show the SEM micrographies of the peptides 

spontaneously formed in the monocomponent solutions of L-Phe (the 

fibrous structures), L-Phg (the flat irregular structures), and L-Cys (the 

spherical structures). The shapes of these structures are apparently governed 

by the two functionalities (-COOH and -NH2) and phenyl ring as a steric 

hindrance with L-Phe, the two functionalities (-COOH and =NH in the 

pyrrolidine ring) with L-Pro, and three functionalities (-COOH, -NH2, and -

SH) with L-Cys, respectively. 

In the case of the binary L-Phe-L-Pro system, peptide nano and 

microfibres are formed, showing an evidently predominant role of L-Phe in 

the peptide formation (Figs 1(d)-(f)). In the case of the binary L-Phe-L-Cys 

system, peptide nano- and microspheres are formed, pointing out to the 

predominant role of L-Cys in the peptide formation (Figs 1(g)-(i)). 

However, nano- and microspheres derived from the binary system are 

smoother than those originating from L-Cys alone. 

In order to prove that the investigated peptidization processes are 

oscillatory in nature, the semi-continuous HPLC-ELSD control was 

performed of changing concentrations with individual amino acids in the L-

Phe-L-Pro system (sample ageing lasted 250 h) and in the L-Phe-L-Cys 

system (sample ageing lasted 48 h). In Figs 2(a),(b), time dependence of the 

chromatographic peak heights for the investigated amino acids and the 

peptidization products is presented. Respective plots confirm the oscillatory 

nature of the investigated peptidization processes. The non-monotonous 

concentration changes are equally observed with the monomeric amino 

acids and the reaction product for L-Phe-L-Pro (Fig. 2(a)), and with cysteic 

acid for L-Phe-L-Cys (Fig. 2(b)). 
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Figure 1. Scanning electron micrographs recorded for (a) L-Phe, (b) L-Pro, 

(c) L-Cys, (d)-(f) L-Phe-L-Pro, and (g)-(i)L-Phe -L-Cys, dissolved in 70% 

aqueous methanol, aged (a)-(c) and (g)-(i) for two weeks and (d)-(f) for one 

year and then evaporated to dryness. Magnification of (a) X3300, (b) 

X5000, (c) X4000, (d) X1300, (e) X6000, (f) X13000, (g) X1600, (h) 

X8000, (i) X14000. Size bars make insets in each individual picture. 

 

 
Figure 2. Time series of the chromatographic peak heights recorded with 

the ELSD detector for (a) Phe, Pro and the peptidization product (250 h 

ageing period), and (b) Phe, Cys, and Cys(O3H) (48 h ageing period). 

In order to confirm the presence of homo- and heteropeptides among the 

amino acid ageing products, the LC-MS analyses were performed. For the 

sake of example, in Fig. 3(a) the mass spectrum recorded for the freshly 

prepared L-Phe-L-Pro system is given, and in Fig. 3(b), the mass spectrum 
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for the same sample after six weeks sample ageing. A striking difference 

between these two mass spectra can be observed, in the latter case with an 

abundance of peptidization products with the mass weights up to 3500 Da. 

 

 
 

Figure 3.Mass spectra recorded in the positive electrospray ionization mode 

for a) the freshly prepared L-Phe-L-Pro sample and b) the same sample after 

6 weeks ageing, and the tables with ion intensities and the suggested 

chemical structures of certain cations. 

 

CONCLUSION 

The SEM investigations showed that the shape of the peptide nano- and 

microstructures spontaneously formed in the binary amino acid samples is 

governed by one amino acid from a given pair. The HPLC investigations 

confirmed an oscillatory nature of peptidization, and the LC-MS 

examination of peptide structures confirmed the presence of the homo- and 

heteropeptides in the aged solutions. 
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ABSTRACT 

Oscillations and tristability were observed in experiments in CSTR with the 

enzymatic oxidation of glucose with glucose oxidase, potassium 

ferricyanide as a substrate and sodium hydroxide providing negative 

feedback, depending on variable input concentrations of reactants.  

 

INTRODUCTION 

Non-linear dynamics is typical for biological systems and it is mostly 

related to the enzymatically catalyzed reactions. Oscillation is a periodic 

behavior of a dynamical system, when one or more characteristics of the 

system periodically vary[1].Periodic solutions of dynamical system arise at 

a Hopf bifurcation point, i.e. in the point, where stationary solutions switch 

their stability via complex conjugate eigenvalues. Together with change of 

stability of stationary solution, periodic solution arisesat that point. 

The enzyme glucose oxidase (GOx) is a protein with two active units of 

flavin adenine dinucleotide (FAD). In nature GOx catalyzes oxidation of 

glucose by oxygen where gluconic acid and hydrogen peroxide are the 

products. The mechanism of the reaction is based on electron transfer from 

glucose to oxidized enzyme in the first step, i.e. reduction ofGOx. Then in 

the second step the electron transfers from the reduced enzyme to oxygen, 

after that the oxidized GOx returns to the first step of reaction cycle. This 

reaction has a great importance in developing enzyme glucose sensors as it 

allows to detect blood glucose level by measuring the electrical signal 

produced by the enzymatic glucose oxidation [2], [3]. However, in vivo 

implantable glucose sensor using this reaction seemed to be unstable in 

continuous measurements as there were output fluctuations caused by 

fluctuation of blood oxygen and blood glucose concentrations and local 

variations of blood flow as well [4].An enzymatic bio fuel cell based on this 
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Figure 1. Experimental setup 

reaction has been fabricated, which seems to be attractive in terms of 

developing a promising alternate energy source [5], [6].  

The mechanism of enzymatic glucose oxidation permits to use other 

substrates as electron acceptors, which can substitute oxygen, for example, 

potassium ferricyanideK3[Fe(CN)6] [7]. The complete equations which 

express the mechanism of enzymatic glucose oxidation by potassium 

ferricyanide are as follows: 

β-D-glucose + GOxox → GOxr + D-glucone-δ-lactone + H+ 

GOxr + [Fe(CN)6]
3- → GOxs + [Fe(CN)6]

4-+ H+ 

GOxs + [Fe(CN)6]
3- → GOxox + [Fe(CN)6]

4- + H+   , 

Where GOxox is an oxidized enzyme, GOxr is a reduced enzyme, GOxs is a 

semi-quinoneenzyme. Enzymatic glucose oxidation with ferricyanide has a 

bistability in CSTR over a wide range of such parameters as input 

concentrations of reactants and reciprocal time. Oscillations were achieved 

by implementing into the reactor sodium hydroxide feed managed by a 

computer as a negative feedback over a wide range of its concentration. 

Generated oscillations mostly had amplitude between pH 3.5 and pH 5 with 

a period of 2-20 min [8].  

 

EXPERIMENTAL 

GOx from Aspergillus nigerwas purchased from Sigma-Aldrich. β-D-

glucose, NaOH, K3[Fe(CN)6] were purchased from Lach-Ner. 

Four solutions of reactants, i.e. glucose (25, 50 and 100 mM), GOx (17 

U/mL, [Fe(CN)6]
3- (173, 203 and 234 mM)and NaOH used to introduce 

negative feedback (1, 3,5, 7, 8.5 and 10 

mM)were fed separately by the 

peristaltic pump into CSTR, where they 

were mixed by the magnetic stirrer. pH 

of the reaction mixture was measured 

continuously by the Ag/AgClpH-

electrode inserted into the reactor, the 

electrode was connected with the pH-

meter, which was continuously 

recording pH each second. Temperature 

of the products was measured 

continuously on the output. Solutions 

of reactants were always prepared fresh 

before each experiment. Each 

measurement had a duration of 50000 s 

and was carried out under normal 
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laboratory conditions. The reactor had a volume 0.1927 ml. Reciprocal time 

was 14 min in each experiment. 

 

RESULTS AND DISCUSSION 
In experiments with inlet concentration of glucose 50 mM and 100 mM we 

observed oscillatory behavior of the reaction system (Fig. 2). In case of 

glucose inlet concentration 50 mM one large peak (∆pH = 2.0, period = 

1660 s) and four smaller peaks (first three: ∆pH = 0.5, period = 550 s, fourth 

one: ∆pH = 0.25, period = 400 s) appeared in first 12600 s of experiment, 

but then pH of reaction reached a steady state at pH = 3.2. While in case of 

cglucose,0 = 100 mM oscillations were systematic during 45000 s of 

experiment (∆pH = 0.06, period about 7000 s). 

 
Figure 2. Continuous experimental recording of pH: cNaOH,0=3 mM, 

c K3[Fe(CN)6],0=234 mM, c GOx,0= 17 U/ml 

 

 
Figure 3. Bifurcation diagrams for (A) cK3[Fe(CN)6],0, (B) cNaOH,0; c GOx,0=17 

U/ml, cglucose,0=25 mM, SS – steady state 
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Experiments with inlet glucose concentration 25 m Mshow mostly one 

steady state (Fig.3) and for cNaOH,0 = 5 mM three steady states (tristability). 

We plan to make further experiments close to this parameter region to 

elucidate transition from one steady state to three steady states and vice 

versa. 

 

CONCLUSIONS 

Data obtained in experiments with the reaction of enzymatic oxidation of 

glucose by ferricyanide let us conclude that this reaction displays 

oscillations and tristability in CSTR depending on inlet values of 

concentration of glucose, NaOH and K3[Fe(CN)6]. Oscillations were 

currently found only with higher concentration of glucose, which is not 

regular in case of detecting blood glucose level in a human body. In our 

future experiments we are going to examine other values of parameters such 

as input reactants concentration, enzyme activity and reciprocal time to find 

bifurcation regions of parameter space. Mathematical model of the reaction 

mechanism has been already developed and is being tested. 
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ABSTRACT 

Intermittent oscillations were generated in a Bray-Liebhafsky (BL) 

oscillator in an isothermal (62.3 oC) continuously-fed well-stirred (stirring 

speed σ = 900 rpm) tank reactor only under variations of specific flow rate, 

while the tank concentrations of the reactants in the tank were 3.46×10-2 

KIO3, 7.72×10-2 H2SO4 and 2.40×10-1 H2O2 mol dm-3. Specific flow rate 

was varied in range from 0.024 min-1 to 0.1257 min-1, and in that range the 

same type of intermittent oscillations but with different regularity (in terms 

of parts of time that system spent in bursts and gaps) were obtained from 

0.024 min-1 to 0.1005 min-1.  

 

INTRODUCTION 

Intermittent oscillations are a specific form of the chaotic state. Usually, 

intermittency is considered a complex dynamic state where transition 

between two qualitatively different dynamic states occurs randomly [1]. 

Although this type of oscillations is often prescribed to the influence of 

external perturbations, this self-organized phenomenon is an inherent 

property of the system that is governed by the values of the applied control 

parameters [2, 3].  

The present investigations are devoted to the examination of intermittent 

dynamic states, obtained by specific flow rate changes, in the oxi-halide 

Bray-Liebhafsky (BL) oscillator [4, 5]. This oscillator is a famous 

homogeneous inorganic oscillatory reaction which represents complex 

decomposition of hydrogen peroxide into water and oxygen in the presence 

of iodate and hydrogen ions,[4, 5]  

3IO ,H

2 2 2 22H O 2H O O
 

                                     (D) 
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Although simple at first glance, it is a very complex reaction in which a 

number of reactions occur between many oxi-iodine, peroxide and other 

species [6 - 8]. Changing the balance of the reaction rate, which is determined 

by the values of the control parameters (composition, temperatures, flow 

through the reaction cell...) produces a series of different regular and 

irregular (chaotic) dynamical states of the observed BL systems [4, 9 - 13]. 

 

EXPERIMENTAL 

Experiments were carried out in a continuously-fed well-stirred tank reactor 

(CSTR), at constant temperature of 62.3 ± 0.1 oC (the temperature of the 

system was monitored by thermometer), under specific flow rate j0 with 

changes in range from 0.024 min-1 to 0.1257 min-1. The experimental setup 

was the same as in our previous published paper [3].  

The experimental procedure was performed in the following way. First, 

thermostatted and protected from light, the reaction vessel was filled with 

the reactants (concenrations of stock solutions were calculated so that their 

concentration in reactor was 3.46×10-2 mol dm-3 KIO3, 7.72×10-2 mol dm-3 

H2SO4 and 2.40×10-1 mol dm-3 H2O2), at the flow rate of 5 ml/min. After 1 

min the stirrer was turned to 900 rpm. After 3.2 min the flow rate was set to 

0.304 ml/min and the other pump for removing the surplus volume of the 

reaction mixture was turned on. The specific flow rate (j0) was calculated so 

that sum of flow rates of all three channels used for delivering reactants was 

divided by the total volume of reaction mixture (22.2 ml). Every following 

experiment was performed as an extension of the previous one with a 

decreased or increased specific flow rate. Between every next experiment, 

the experimental recording was paused for a period of one retention time 

(1/j0) in order to allow system to stabilize in a new dynamic state with 

changed specific flow rate.  

 

RESULTS AND DISCUSSION 

Under CSTR conditions, specific flow rate change has an important 

influence on the dynamical state of the Bray-Liebhafsky reaction. Figure 1. 

shows only a few time series, one of a continuous train of regular 

oscillations and two of intermittent chaos, obtained for different values of 

specific flow rate j0.  

In our current research, the specific flow rate (j0) was varied from 0.024 

min-1 to 0.1257 min-1. At j0 = 0.1257 min-1 and j0 = 0.1131 min-1, regular 

sustained large-amplitude oscillations are obtained, while intermittent 

oscillations occur in the range of specific flow rates from 0.024 min-1 to 

0.1005 min-1. 
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Figure 1. Time-series of BL reaction obtained in CSTR for different flow 

rate values: (a) j0 = 0.0382 min-1, (b) j0 = 0.0628 min-1 and (c) j0 = 0.1257 

min-1. 

 

In the present experimental investigation, for peristaltic pumps and tubes 

that were used, the lowest specific flow rate that could be achieved was 

0.024 min-1. In our recently published paper [3], it was demonstrated that the 

number of burst packages per unit of time can be used as a measure of chaos 

of intermittent dynamic states because of its excellent correlation with the 

largest Lyapunov exponent. Therefore, the most chaotic intermittent 

oscillations in terms of the number of bursts (Fig. 2a) per unit of time (NB/τ) 

are somewhere between 0.03 and 0.04 min-1 (Fig. 2b). It is obvious that 

specific flow rate dependence of (NB/τ) has an asymmetrical distribution 

function form.  

  

Figure 2. (a) Part of time series obtained for specific flow rate j0 = 0.05026 

min-1 with marked individual burst packages and gaps (with small 

oscillations) between them. (b) Specific flow rate (j0) dependence of the 

number of bursts per unit of time (NB/τ). 

 

CONCLUSION 

Intermittent chaotic oscillations in the BL reaction were generated in a 

CSTR reactor under variations of specific flow rate j0 in a range from 0.024 
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min-1 to 0.1005 min-1. The nature of the asymmetrical distribution function 

of the specific flow rate dependence of (NB/τ) should be identified. We hope 

that future research will show that some other quantities (used to describe 

chaos) will give a similar correlation such as (NB/τ) = f (j0).  
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ABSTRACT 

Bifurcation analysis of the Cu│1 M TFA electrochemical oscillatory system 

was done by using voltammetric data, obtained under qusi-potetiostatic 

polarization conditions. Asuper-critical Hopf bifurcationand a saddle-loop 

bifurcation were identified at following bifurcation potentials EBIF1= 0.5446 

V andEBIF2=0.7536 V, respectively. 

 

INTRODUCTION 

Beingfar-from-equilibrium, the electrochemical systems can spontaneously 

form a wide spectrum of spatio-temporal patterns [1, 2]. Spontaneous 

emergence of such patterns implies that the dynamical systems, such as 

electrochemical, undergo self-organization [2]. Appearance of oscillations 

implies that the electrochemical system can not longer achieve stable steady 

sates, and that its existence is only possible through oscillatory states 

[1].Transient from a stable steady state to an oscillatory state goes via 

bifurcation point. In order to be identified, evolution of the system has to be 

monitored through phase space diagram; constructed from a series of 

coordinates characterized bya parameter (controlled quantity) and a variable 

(quantity which is an appropriate representative of the systems state) 

[3,4].Looking from this perspective, linear sweep voltammetry can be 

observed as instrumental technique which dynamically drives the system 

throughout a series of variable-to-parameter points [5]. Therefore, 

voltammogram is in a fact a phase space diagram. In this study, a copper 

electrode in a trifluoroacetic acid (TFA) will be anodycally polarized by 

means of linear sweep voltammetry, under qusi-potetiostatic polarization 

conditions. Bifurcation analysis will be conduct by using voltammetric data. 
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EXPERIMENTAL 

Experiments were carried out in a three-electrode electrolytic cell, at 293 K, 

with a copper rod (Goodfellow, 99.99%) as the working electrode, Pt foil as 

the counter electrode, and a saturated calomel electrode (SCE) as the 

reference one. The working electrode was embedded in a plastic capillary, 

leaving only the rod cross-section (0.0314 cm2) exposed to the electrolyte 

solution. Prior to each experiment the working electrode was abraded by a 

series of wet sanding paper with different grit size (320, 600, 800, 1000, 

1200 and 2000). Thereupon, the working electrode was rinsed with 

deionized water in an ultrasonic bath for 2 min. A Luggin capillary was 

used. Electrolyte solution was 1 M TFA. Experiments were carried under 

natural convection of electrolyte in the electrolytic cell, without any external 

resistance applied in the circuit. Linear sweep voltammetry was performed 

using anodic scan, starting from 0.5 VSCE, at a rate of 1 mV s−1. All applied 

circuit potentials (E)are given with the respect to the SCE. 

 

RESULTS AND DISCUSSION 

By carefully selection of initial conditions, we were able to locate an 

oscillatory state (OsS) region of investigated system at the current-potential 

(I-E)polarization curve, Fig.1.The first bifurcation point occurs at EBIF1= 

0.5446 V(looking from the direction of polarization). This bifurcation point 

can be observed as an entering one, markinga discontinuity in evolution of 

the system from the steady stable sate (SSS1) to OsS; it is a characteristic of 

the SSS1→OsS transient.  

 
Figure 1. I-E polarization curve of Cu electrode in 1M TFA. 
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With respect to above mention perspective, the second bifurcation point, 

located at EBIF2= 0.7536 VSCE, can be taken as the exit point; it is a feature 

of the OsS→SSS2 transient, Fig.1. 

Smooth increase of current oscillation amplitudes observed near on the 

SSS1→OsS transient is shown inFig.2 (a). Linear dependence between the 

square amplitude of current oscillations (A2) and increase of the distance of 

controllable parameter from EBIF1 (|EOSC-EBIF1|) was found, Fig.2 (b). Along 

with the lack of hysteresis at the SSS1→OsS transient[5] (not shown in 

abstract),suggests on super-critical Hopf (SUPH) bifurcation[5, 6].  

  

  
Figure 2. (a) Detail from I-E polarization curve, Fig.1, in the vicinity of the 

SSS1→OsS transient. (b) Dependence of the square amplitude of current 

oscillations (A2) vs. distance of controllable parameter from EBIF1 (|EOSC-

EBIF1|). (c) Detail from I-E polarization curve, Fig.1, in the vicinity of the 

OsS→SSS2 transient (unites of x-axis are converted from potential to time). 

(d) Semilogarithmic plot of the period current oscillations (τ) vs. the distance 

of controllable parameter from EBIF2 (ln |EOSC-EBIF2|). 

 

On the other hand, the period of current oscillations (τ) increases as the 

system approaches the OsS→SSS2 transient, ending with sudden 

termination of oscillatory behaviour, Fig.2 (c). Linear dependence between τ 
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and logarithmic value of the distance from EBIF2 (ln |EOSC-EBIF2|) is shown in 

Fig. 2 (d).Combined with an existence of hysteresis [5] (not shown in 

abstract), it implies that the OsS→SSS2 transient goes via thesaddle-loop 

bifurcation[3, 5, 6].Correlation coefficients (R),shown in Fig. 2(b) and 

2(d),were found to be considerably high. Hence, we can say that the 

procedure for bifurcation analysis was verified. 

 

CONCLUSION 

In this study, a voltammetric data, obtained from qusi-potetiostatic 

polarization curve of the Cu│1M TFA electrochemical oscillatory system, 

were used for bifurcation analysis. This was based on the presumption that 

voltammogram can be considered as a phase space diagram. Results 

presented have showed that bifurcation scenario can be built from 

voltammetric data with a high accuracy.  
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ABSTRACT 
Various dynamic states wereinvestigated by thereturn maps of the phase 

trajectories obtained from numerical simulations based on the well-known 

model of the Bray-Liebhafsky reaction mechanismin a continuously fed 

well stirred tank reactor. The specific flow rate was used as the control 

parameter.( In considered region, periodic and aperiodic period-doubling 

sequences were found. The advantages of slow manifold mapping 

techniques were used here to predict position of periodic windows in the 

interval of control parameter values.  

 

INTRODUCTION 

The model [1] of the BrayLiebhafsky BL reaction [2] under isothermal 

continuously fed well stirred tank reactor(CSTR) conditions was used to 

analyze variety of dynamic states [3].Numerical simulations have shown 

that various simple and complex periodic as well as various types of chaotic 

oscillatory states were obtained for different values of the flow rate j0 as 

control parameter. Return maps were used to make a distinction between 

periodic and aperiodic (chaotic) motion in phase space [4]. However, return 

maps based on Poincare section of trajectory over the attractor which lies on 

critical manifold give us good information about chaotic dynamic states, [5] 

but insufficient information about periodic states where there are only 

several points in this Poincare section. Therefore, Poincare section of 

trajectory over the slow manifold is used here to obtain representative return 

maps in both cases. Hence, slow manifold mapping method, which gives 

return maps with waste of details, even in the case of periodic dynamic 

states [6], is used here to analyze behavior of the BL reaction model, with a 
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special aim to develop technique for prediction of the position of periodic 

windows within a region of the specific flow rates where chaotic dynamic 

states are common.  

 

METHODS 
All calculations were performed using MATLAB program package. The 

differential equations derived from the model were integrated using the 

ode15s solver. Relative and absolute error tolerance values of 3  1014 and 

1  1020 were used in all simulations. Initial values of the concentrations 

were: [IO3
]0 = 0.0474 moldm3, [H+]0 = 0.0958 moldm3, and [H2O2]0 = 

0.155 moldm3. We analyzed time series of iodide ion concentrations, 

obtained for different values of the flow rate j0 as control parameter in the 

interval of the dynamical states between 12 and 13. For typical return map, 

time series with 2×106 data points at time interval of about 2000 min were 

appropriate in most cases [4]. 

The slow manifold maps [6] are obtained from sequences of short 

simulations with initial conditions (concentrations) systematically varied in 

very small steps. In present study, small changes of hydrogen peroxide 

initial concentrations were used. The initial concentrations of all other 

species were generated by one, long enough, preliminary simulation, 

ensuring that attractor is reached by the end, in the same way as in classical 

attractor 1D maps. Thus, in generated sequences of short numerical 

simulations, movement over the slow manifold is recorded. The slow 

manifold maps are then generated in the same way as previously described 

elsewhere [4] for regular maps obtained from the trajectories over the 

attractor. 

 

RESULTS AND DISCUSSION 

For the construction of the return map the Poincaré section at [I–] = 3.5×10–8 

M of slow manifold that correspond to the large-amplitude oscillations, was 

used. In considered narrow interval of flow rates the periodic and aperiodic 

mixed mode oscillations were found [3]. All of them have the period-

doubling form. In Figure 1, several slow manifold maps are given for 

specific flow rate values corresponding to different periodic and period-

doubling chaotic sequences. Smooth bending of the map with 

increasingspecificflow rate valueis obvious, and followed by increasing 

distance between the curve minimum and main diagonal, while preserving 

the position of the minimum on the X axis at the value of [I2]n =1.3803112 

×10–4M. The Y coordinate of the slow manifold map at the minimum is 

plotted against the specific flow rate and present in Figure 2. From the 
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observed trend, it is easy to interpolate the specific flow rate value where 

curve minimum touches the main diagonal – at this point, the Y coordinate 

of the minimum is equal to its X coordinate([I2]n+1=[I2]n). This point is 

important since it corresponds to the center of the periodic window for the 

12 dynamic state.  
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Figure 1. Slow manifold maps for 

specificflow rate values 

corresponding to different period 

doubling sequences.(1) jo=4.9196 × 

10–3 min–1 (12)2 periodic, (2) 

jo=4.920× 10–3 min–1 (12)2 periodic, 

(3) jo=4.92013 × 10–3 min-1(12)8 

period doubling chaos, (4) 

jo=4.92018×10–3min–1 

(12) unstructured chaos.  

Figure 2. The Y coordinates of the 

slow manifold map at the minimum 

as a function of the j0. Horizontal 

thin line indicates the position of 

the map minima at the X axis of 

the Fig. 1.Vertical thin line points 

to the center of the periodic 

window.Symbols correspond to 12 

periodic (○), (12)2 periodic (●), 

(12)4 periodic (●) andto various 

chaotic (×) dynamics. 

 

Hence, the principle is identified for prediction of the position of periodic 

windows within a region of the specific flow rates corresponding tochaotic 

dynamic states. The same principle is also applicable to higher order maps 

for prediction of other periodic windows in period doubling sequences. 

 

CONCLUSION 
By means of slow manifold maps, we developed a technique for prediction 

of the position of periodic windows within an interval of control parameter 

values, corresponding tochaotic dynamic states. Moreover, applying this 

technique to the model of BL reaction, we analyzed the period-doubling 

sequences as the function of the specific flow rates.  
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ABSTRACT 

The influence of caffeic acidonthe ending mode in the Brigss-Rauscher 

oscillatory reaction including malonic acid substrate, characterized with 

sudden transition from low to high iodide concentration (I → II 

transition),was investigated. Caffeic acid, as a radical scavenger quench 

HOO•, and therefore delays decomposition of iodomalonicand 

diiodomalonic acids, which are responsible for sudden iodine return to the 

solution, generating state II of high iodide concentration.  

 

INTRODUCTION 

Briggs-Rauscher[1] (BR) reaction is a hybrid oscillating reaction formed 

from two chemical oscillators, Bray-Liebhafsky[2] and Belousov-

Zhabotinskii[3]. BR reaction typically consisting ofH2O2, H2SO4, KIO3, 

MnIIas metal catalyst, and malonic acid, (H2MA) as an organic substrate and 

overall reaction can be described by the equation:  

IO3
- + 2 H2O2 + H2MA+ H+ → IHMA + 2O2 + 3H2O      (1). 

The BR reaction is recognized as a source of HOO· radicalsand it has been 

used as a test for antioxidant activity [4]by monitoring the inhibitory effects 

of antioxidant species on the oscillations. In this work, the influence of 

caffeic acid (CA), as an antioxidant and a freeradical scavengeron the 

ending mode of BR reaction is investigated. CA is classified as 

hydroxycinnamic acid, and it is recognized as activeplant-

originatingantioxidant present in human dietary. [5] The ending mode of the 

BR reaction system depends on the initial conditions, particularly on the 

ratio R:[H2MA]0/[IO3
-]0. It can occur throughout three different scenarios. 

[6] If R is low, there is an immediate transition from oscillation to state II, 

described with high [I2] and [I-]. Such transition is preceded by oscillations 

of decreasing frequency and constant amplitude. If R is high (higher than 2) 
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oscillations could end (with damping amplitudes and increasing frequency) 

initially to state I, which is typified by low [I2] and low [I-]. [6] The third 

possibility of ending mode is sharp transition from state I to state II, that is 

from low to high [I2] and [I-].It occurs after a time delay spent in the state I 

and it is characteristic only for BR systems which contains malonic acid (or 

iodomalonic acid, IHMA) as substrate. The sharp ending mode is a focus of 

intensive experimental and theoretical research. [7] Due to assumption, that 

free radical reactions have an important role in the sudden state transition 

I→II [7],the aim of this work is to explore influence of caffeic acid, as a free 

radical scavenger, on I→II transition when CA is present from the 

beginning of oscillatory reaction. 

 

EXPERIMENTAL 

The experiments were carried out in a closed well-stirred (magnetic stirrer 

of 900 rpm) system and thermostated at 36.0oC. The reaction volume was 

35 ml. Initial concentrations (in M) were for [H2MA]0=0.05, 

[MnSO4]0=0.00667, [HClO4]0 = 0.0266, [KIO3]0 = 0.0667 and [H2O2]0 = 

1.2.Caffeic acid (volume 50 μl) was added in three different initial 

concentrations(9.0·10-6, 1.5·10-53.0·10-5). Experiment without CA was done 

with same volume (50 μl) of deionized water addition. The substances were 

P.A. grade, prepared in deionized water and added by the following order: 

H2MA, MnSO4, HClO4, KIO3 and finally CA was added when the 

temperature and the potential were stabilized. H2O2 was added to the 

reaction vessel 3 min after the addition of CA and this moment was taken as 

beginning of the reaction. The time evolution of the BR reaction was 

followed potentiometrically, by means of a Pt electrode connected to the 

Ag/AgCl reference electrode. The temperature of the BR system was 

controlled by temperature sensor with accuracy of ± 0.1 oC. 

 

RESULTS AND DISCUSSION 

Time series for BR reaction (lower graph) and appropriate temperature 

measurement (upper graph) without CA presence is shown at Fig.1. The 

target reaction, answerable for the sharp transition, elevated the temperature 

of reaction mixture for more than three degrees. This suggest on exothermic 

processes. The asymmetric oscillation with a sharp tip on one side followed 

by a wide tail indicating I→II state transition is a feature of the system with 

Pt indicator electrode. (See Figure 1 in ref. [6]) It is supposed that the 

iodination products, such as IHMA and diiodomalonic acid (I2MA), are 

responsible for the transition [7]. Decomposition reactions of IHMA and 

I2MA return much of the iodine to the solution, generating state II. Due to 

the presence of free radicals (HOO•, HO• IO2
•) in the BR reaction has been 
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verified [8a] one of the possible explanation is radical breakdown of 

iodinated products (I2MA and IHMA). 

 
Figure 1. Pt potential vs time 

(lower graph) and temperature 

changes(upper graph) obtained for 

BR reaction when 50 μl of 

deionized water was added at the 

beginning instead of caffeic acid, at 

36 oC, with following initial 

conditions: [H2MA]0 = 0.05 M, 

[MnSO4]0 = 0.00667 M, [HClO4]0 

= 0.0266 M, [KIO3]0 = 0.0667 M 

and [H2O2]0 = 1.2 M. 

 

Figure 2. Time series, (Pt potential vs 

time)at 36 0C obtained with [CA]0= 

0.9·10-5M (upper), 1.5· 10-5 M 

(middle) and 3.0 10-5 M (lower graph). 

Other conditions as in Fig. 1. 

Table 1. BR oscillogram parameters 
Caff.acid 

conc. / 

[M] 10-5 
tind[min] tosc [min] 

t*
I →II  

[min] 
t 

[min] 

CA as radical 

scavenger affects 

both, induction 

period and ending 

mode of BR 

reaction (Fig. 2 and 

Table 1.). 

0 / water 0 2.3 9.3 7.0 
0.9 4.9 20.6 27.4 1.9 
1.5 9.1 14.6 25.1 1.4 
3.0 quench.osc. quench.osc. 23.3 / 

When CA is added before starting BR reaction (experimental procedures 

applied in this work) the time (t*, defined in Fig.1.) when asymmetric 

oscillation occurs is prolonged compare with BR reaction with same volume 

of deionized water added (Fig. 1 and Table 1.). On the other hand, the time 

measured from the last oscillation, in the package, to the asymmetric 

oscillation appearance (t, defined in Fig.1.) slightly decreases with 

increasing CA concentration. Also, it is very interesting that asymmetric 

oscillation occurs even if the oscillations have been quenched (Fig. 2, lower 
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graph). It should be stressed that in our experiments, CA was added before 

H2O2 addition and obtained results are consequence of complex and 

relatively unknown mechanism of interaction between CA and BR in all 

dynamic states (during induction, oscillatory and post-oscillatory period). 

Since the caffeic acid is recognizedas antioxidant which is presumed to 

lower the concentration of HOO• radicals, the prolongation of t ̴25 min 

with CA and 9.3 min without CA, Table 1.) can be understood if the 

following reaction takes place: 

C9H8O4 (CA) + HOO• → C9H7O4
• (CA radical) + H2O2            (2) 

CA, having two OH groups, is efficient free-radical scavengers. Using Bond 

Dissociation Enthalpies (BDE) theory, we calculated ΔBDE = (-9.2-4.7) 

kcal/mol = -13.9 kcal/mol [8b]. As the reaction between radicals and generic 

radical scavenger, such as CA, is more exothermic, the energy barrier 

should be lower than for the reaction with substrate. Thus, CA will react 

faster with radical species, preventing reaction with substrate, and finally 

resulting in delayed decomposition of iodinated products (IHMA andI2MA). 

 

CONCLUSION 

Caffeic acid affects ending mode in BR oscillatory reaction by lengthening 

the time of I→II transition appearance, in comparison to BR reaction with 

same volume of deionized water addition. 
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ABSTRACT 

Mathematical modeling and numerical simulations are used to investigate in 

silico the effects of the central circadian pacemaker on the Hypothalamic–

Pituitary–Adrenal (HPA) axis function, and study the implication of these 

interactions on human response to alcohol intake. Our study shows that the 

intensity of coupling between the central circadian clock and the HPA axis 

critically defines the stress axis activity and its response to ethanol. 

 

INTRODUCTION 

Adaptation to the environment is fundamental to the survival of all living 

organisms. To cope with environmental impact, vertebrates have developed 

several dynamical regulatory systems, including the circadian clock and the 

stress response systems. These systems are tightly coupled and mutually 

affect each other’s activity – the circadian system orchestrates the activity of 

the stress axis and, reciprocally, the stress axis exerts its own influence on 

the circadian rhythm. The intensity of interactions between the circadian and 

the stress system is altered in numerous diseases [1], including alcohol 

abuse [2-5]. 

Intricate interactions between the circadian system, the stress system, i.e. 

the Hypothalamic-Pituitary-Adrenal (HPA) axis, and alcohol are not 

understood in detail. However, they need to be elucidated as alcohol abuse 

causes various disorders that are associated with qualitative changes in the 

neuroendocrine system function and dynamical disorders, such as sleep 

disorders, psychosis and neurocognitive disorders. 
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MATHEMATICAL MODELLING 
A recently developed stoichiometric network model that succinctly 

describes biochemical transformations underlying the HPA axis and the 

effect of ethanol on its dynamics was used [6].In the model, circadian 

regulation of corticotrophin releasing hormone (CRH) production, which is 

centrally governed by the circadian clock system in the suprachiasmatic 

nucleus (SCN) in the anterior hypothalamus, is described by a periodic 

forcing function (D) that appropriately mimics the asymmetry of the 24-

hour rhythm in humans, with the nocturnal phase lasting 8 hours:  

D = d1 – 0.079145093  d2 + {(0.064 sin(2t/1440) + 0.12  

abs[sin(t/1440)]}  d2 

 Here t is time in minutes, and 1440 in the denominator of the 

trigonometric function argument represents the number of minutes in one 

day, that is, the period of the circadian oscillation. Parameters d1 and 

d2define the mean daily CRH level in the hypothalamic-pituitary portal 

vesselsand the amplitude of the circadian CRH oscillation, respectively[7]. 

Numerical simulations were performed using the MATLAB ode15s 

solver that is based on the Gear algorithm for integration of stiff differential 

equations. Absolute and relative error tolerance values were 1×10-20 and 

1×10-14, respectively. The model was integrated with stricter tolerances in 

order to minimize numerical artefacts, but the same dynamical behavior was 

observed using values of 1×10-9 and 3×10-6.  

Concentrations of all reaction species are expressed in moles per cubic 

decimeter (mol dm-3 = M). Initial conditions for the integration of ODEs in 

all numerical simulations were: [CHOL]0 = 3.40×10-4 M, [CRH]0 = 

1.00×10-12 M, [ACTH]0 = 8.00×10-13 M, [CORT]0 = 4.00×10-8 M, [ALDO]0 

= 1.50×10-9 M, [POMC]0 = 1.50×10-10 M, [β-END]0 = 1.50×10-11 M, [β-

LPH]0 = 1.50×10-10 M, [β-MSH]0 = 1.50×10-11 M, [PNN]0 = 1.00×10-10 M, 

[
2MC ]0 = 1.50×10-15 M, [ active

2MC ]0 = 1.50×10-15 M, [HPNN]0 = 4.00×10-8 

M, [PGS]0 = 4.00×10-8 M, [HPGS]0 = 4.00×10-8 M, [TTS]0 = 4.00×10-8 M, 

[CTS]0 = 4.00×10-8 M, [EtOH]0 = 0, [AcALD]0 = 0.  

When HPA axis dynamics was modelled under normal physiological 

conditions, the concentrations of ethanol and acetaldehyde were set to 

zero.To simulate the effect of acute perturbations with ethanol, numerical 

integration of the system of ordinary differential equations was stopped at a 

specified time point and new initial conditions for subsequent integration 

were defined. For the new initial conditions, ethanol concentration was 

specified while concentrations of all other species retained their previously 

attained values. 
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RESULTS AND DISCUSSION 

Mathematical modelling shows that coupling between the external forcing 

function that mimics the dynamics of the central circadian clock and the 

ultradianHPA oscillationsvia CRH level in the hypothalamic-pituitary portal 

vessels, introduces a delay in the onset/termination of ultradianhormone 

oscillations, which arise as the stationary state changes its stability by 

passing through a supercritical Andronov–Hopf bifurcation [7]. Due to this 

coupling, oscillations in hormone levels with two characteristic periods – 

circadian and ultradian, are observed (Fig. 1).Thecontrol parameter d1, 

which determines the intensity of coupling between the central circadian 

clock and the stress response axis, acts as a bifurcation parameter and its 

magnitude defines the distance from the supercritical Andronov–Hopf 

bifurcation. Thus,the larger d1, the farther is the system from the bifurcation 

point and the amplitude of ultradiancortisol oscillationsincreases (Fig. 1). 

 

 

Figure 1. Temporal evolution of 

cortisol concentration for different d1 

values: A) d1 = 0.28, B) d1 = 0.29 

and C) d1 = 0.3025. 

 

 

 

 

Acute ethanol challenge of the same intensity (6.3 mM) applied at the 

same time, 11:30 AM, shows that ethanol effects on the increase in cortisol 

levels are different when parameter d1 has different values (Fig. 2).  

Figure 2.The HPA axis 

respones to the acute ethanol 

challenge of the same intensity 

(6.3 mM) used always at the same 

time, 11:30 AM, but for different 

values of parameter d1: A) d1 = 

0.28, B) d1 = 0.29 and C) d1 = 

0.3025. 

 

CONCLUSION 
Our study shows that intensity of 

coupling between the central circadian clockand the stress response axis is 

an important parameter that defines both, the HPA axis activity (Fig. 1) and 

its response to ethanol (Fig. 2). Thisfinding suggests that disease states 
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where theintensity of coupling between the circadian system and the stress 

axisis altered, such as schizophrenia,depression and Alzheimer’s disease 

[1],arelikelyto be associated with changes inthe individual’s sensitivity to 

alcohol intake. This is in line with empirical observations,but the underlying 

mechanismswere unclear. Our work shows that intricate interactions 

between vital rhythmic regulatory systems, which are difficult to 

characterize experimentally, can be efficiently dissected using mathematical 

modelling and approaches from dynamical systems theory. Using theoretical 

approaches, we could obtain relevant mechanistic insights on so far 

inconclusive empirical observations in psychoneuroendocrinology. 
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ABSTRACT 

The floatingwater bridge is a special case of an electrohydrodynamic liquid 

bridge and constitutes anintriguing phenomenon that occurs when a high 

potential difference (~kV cm−1) is applied between two beakers of water. 

High voltage electrolysis is responsible for proton production, transport 

through the bridge and recombination with hydroxyl ions in the catholyte. 

We have measured the quasi-elastic neutron scattering (QENS) of such a 

liquid bridge. Two proton populations were distinguished: one consisting of 

protons strongly bound to oxygen atoms (immobile population, elastic 

component) and a second one of quasi-free protons (mobile population, 

inelastic component). The diffusion coefficient of the quasi-free protons was 

found to be D = (26 ± 10) × 10−5 cm2 s−1with a jump length av∼ 3  إand an 

average residence time of τ0 = 0.55 ±0.08 ps. The associated proton mobility 

in the proton channel of the bridge is ∼9.34 × 10−7 m2 V−1 s−1, twice as fast 

as diffusion-based proton mobility in bulk water. It also matches the so-

called electrohydrodynamicor “apparent” charge mobility, an experimental 

quantity which so far haslacked molecular interpretation. Impedance 

spectroscopy was used to measure excess positive and negative Bjerrum-

defect like charge (protonic and ‘aterprotonic’) in anolyte and catholyte 

during and after the experiment. These results corroborate the proton 

channel model for liquid water under high voltageand give new insights into 

the molecular mechanisms behind electrohydrodynamic charge transport 

phenomena in liquid water. 
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ABSTRACT 

Most of the biological processes, either normal or pathological, are based on 

molecular recognition, which, may be exploited in the analytical sciences. In 

living organisms the molecular recognition system is represented by natural 

receptors, characterized by the highest affinity and specificity and by 

consequence, a large variety of bioelements, such enzymes, antibodies, 

nucleic acids, and cells were integrated in various sensing devices, 

successfully applied in biomedical and environmental analyses or 

monitoring. However, their isolation, purification, stability and cost are 

critical issues. Therefore, the development of artificial biomimetic receptors 

focused the attention of many research groups. The most recent 

achievements in the electrochemical sensing techniques based on molecular 

recognition are revised. 

 

INTRODUCTION 

Molecular recognition is the ability of one host molecule to “recognize” 

another complementary, guest molecule, through bonding interactions and 

molecular geometry. The effects of the molecular recognition, consisting in 

the specific interaction between host and guest molecules (such as, DNA 

hybridization, specific interactions between biotin and avidin or between 

protein A/G and antibody), through covalent (disulfide bridges between 

cysteine side chains) and non-covalent binding of various strength such as: 

hydrogen bonding, metal coordination, hydrophobic forces, van der Waals 

forces, π-π interactions, halogen bonding, electrostatic and electromagnetic 

effects, may be exploited in the analytical sciences, as long as the specific 

interaction produces a detectable change that can be measured by an 

instrument. 

The electrochemical methods are the most sensitive analytical techniques 

(in the range of 10-9-10-12 M), but they are not selective, meaning that all the 

electroactive species from a given sample or matrix are non-specifically 
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detected. Therefore, the design of specific or at least very selective 

interfaces between the analyte and the measuring systems still is of a great 

interest for many research teams around the world. The development and 

functioning of biological systems are based on a multitude of “signal 

molecules” and the corresponding “natural receptors”, offering several 

examples of such sensing entities. Thus, many efforts are made in order to 

modify the electrode surface with an immobilized ligand in such a manner, 

to be able to distinguish a specific analyte in a multicomponent matrix. Due 

to the fact that “natural receptors” present the greatest selectivity or even 

specificity, a great number of papers about various sensors and biosensors 

were published in the last decades. 

 

BIOLOGICAL RECOGNITION SYSTEMS 

The ideal molecular recognition part of a sensor is represented by natural 

receptors, characterized by the highest affinity and specificity, being the 

natural targets for toxins and mediators of physiological processes. 

Natural receptors (membrane molecular receptors) are cellular, typically 

membrane, proteins that bind specific chemical species changing their 

conformation, followed by a cellular response, like the opening of an ion 

channel or secreting an enzyme [1]. Unfortunately, there is very little 

information on natural receptor-based sensors, due to their low stability, 

high cost, and the difficulty to transform the interaction between the natural 

receptor and the target molecule into a measurable signal. 

The first bioelements included in the biosensors were the enzymes, 

generally immobilized in a layer deposited onto the electrode surface [2]. 

Enzymes have the ability to increase reactions rate by specific binding with 

substrates, which suffer structure or conformation changes that enable the 

reaction to occur [3]. The molecular recognition process between the 

enzyme and the analyte, based on this specific catalytic reaction of the 

enzyme, induces a signal that defines the biosensor electroanalytical features 

[4], allowing the detection of much lower limits than with normal binding 

techniques [5]. A crucial step, in using enzymes as sensing element in the 

biosensors elaboration, is the enzyme immobilization at the 

transducer’surface. If the properties and the activity of the enzyme are 

preserved after deposition, it will react and recognize the analyte. 

Antibodies (immunoglobulins) are glycoproteins produced by specialized B 

lymphocyte cells of the host, as response of the immune system to the 

presence of foreign species called antigen. Among the five classes of 

immunoglobulins, IgG being the most widely spread in nature and 

commonly used in the immunosensorsfabrication [6]. Due to their high 
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affinity and selectivity for binding various antigens, antibodies have been 

widely employed in developing immunoassays and immunosensors. 

A great variety of immunosensors configurations applied in biomedical 

field were reported in the last years. Thus, a sensitive sandwich 

immunosassay for the detection of cancer biomarker MUC1 has been 

developed based on the immobilization on protein G modified magnetic 

particles of specific anti-MUC1 antibodies. After blocking of remaining free 

binding sites with albumin and the reaction with the MUC1 antigen, a 

second and a third labeled antibody were successively added to form a 

sandwich assay. The addition of the substrate of the enzyme label alkaline 

phosphatase and its conversion into an electroactive compound allowed the 

quantification of the captured MUC1 antigen by differential pulse 

voltametry (DPV) measurements with a limit of detection (LOD) of 3.5 

ng/mL and high reproducibility [7]. 

In a similar approach, magnetic beads served as immobilization 

platforms for anti-acetaminophen antibodies for the development of a label-

free sensor. Anti-acetaminophen antibodies were firstly immobilized on 

protein G magnetic beads followed by blocking of free sites with albumin 

and the reaction with the antigen. The antibody-antigen binding reaction 

was monitored by electrochemical impedance spectroscopy (EIS) and DPV. 

A linear decrease in the current peak obtained by DPV was observed with 

the increase of the concentration due to the hindering of electron transfer 

and a LOD of 1.76 µM was obtained for the detection of acetaminophen in 

drug formulations [8]. 

Another label free immunosensor for the detection of acetaminophen 

based on a graphene oxide immobilization platform in a layer by layer 

technique was described. Graphene oxide was chemically functionalized 

with N-hydroxysuccinimide in the presence of 1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide hydrochloride in order to provide a high number 

of carboxylic groups which bind to the amino groups of anti-acetaminophen 

antibodies. After incubation with various concentrations of acetaminophen 

electrochemical quartz crystal microbalance (EQCM) measurements were 

performed. The developed immunosensor showed high recoveries in 

pharmaceuticals and in diluted serum samples with a LOD of 0.17 µM [9]. 

Nucleic acids were also immobilized onto electrode surface in various 

configurations. Deoxyribonucleic acid (DNA) consists of a linear array of 

nucleotides, each of which comprising a base (cytosine, thymine, adenine, 

and guanine) linked by a pentose sugar and phosphate, arranged in two 

strands that resemble a ladder coiled into a spiral shaped the double helix. 

The genetic information content of the DNA is embodied in the sequential 

arrangement of those nucleotides. The biosensing working principle is based 
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on recognition of the complementary strand of ssDNA to form a stable 

hydrogen bond between two nucleic acids in order to become dsDNA. 

Usually, an ssDNA, immobilized with a linker such as thiol or biotin [10], is 

used as a probe in a bioreceptor in which the base sequence is 

complementary to the target of interest. Exposure of the target to the probe 

will result in hybridization of complementary ssDNA to form dsDNA and 

the biochemical reaction will be detected by the transducer and converted 

into a measurable signal. Unlike DNA, ribonucleic acid (RNA) is single 

stranded containing ribose instead of deoxyribose as its sugar phosphate 

backbone and uracil instead of thymine in its pyrimidine bases. It can be 

assembled from nucleotides using DNA sequence as a template and RNA 

polymerase. RNAs are classified into messenger RNAs (mRNAs), which is 

the short-lived intermediary in the transfer of genetic information from 

DNA to protein, and nonprotein-coding RNAs (ncRNAs) [11], being able to 

store and transmit information and controlling the gene expression. 

MicroRNAs (miRNAs) are antisense transcripts, and transcriptional units 

containing a high density of stop codons and lacking any extensive open 

reading frame. The miRNAs are 18-24 nucleotide-long non coding RNA 

molecules that regulate the expression of target genes at the post-

transcriptional level by either translational repression or degradation of 

miRNAs[12]. 

The use of the living cells (bacteria and fungi) as the biosensing element 

is based on their ability to detect the intracellular and extracellular 

microenvironment conditions, the physiological parameters, and to produce 

a response through the interaction between stimulus and cell [13]. 

 

BIOMIMETIC RECEPTORS 

Biological receptors are able of specific host-guest interaction, but their 

fabrication is very difficult and very expensive. Therefore, the development 

of artificial biomimetic receptors focused the attention of many research 

groups. A large variety of cyclodextrins and derivatives, calixarenes, various 

ligands (valinomycine, crown-ethers, etc), aptamers and molecularly 

imprinted polymers were studied and a great number of related papers were 

published in the last decade. 

Various ligands, such ascrown ethers (cyclic oligomers of ethylene 

oxide), cryptands, and ionophores (Valinomycin), exhibit excellent 

selectivity for alkali and alkaline earth metals, NH4
+, and lanthanides, being 

widely used in ion-selective electrodes fabrication [14, 15]. 

Cyclodextrins(CDs)are cyclic oligosaccharides consisting of six, seven, 

eight or more glucopyranose units linked by 1,4-bonds. The cavity is lined 

by the hydrogen atoms and the glycoside oxygen bridges, resulting in a 
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relatively hydrophobic/nonpolar inside compared to water and with a 

hydrophilic outside described as a „micro heterogeneous environment” [16, 

17].The most notable characteristic of CDs is the inclusion complexes 

formation with various organic and inorganic molecules in aqueous or 

nonaqueous media, consisting in a dimensional fit between host cavity and 

guest molecule. The main driving forces for the inclusion complexes include 

Van der Waals interactions, hydrophobic interactions between the guest 

hydrophobic moiety and the CD cavity, hydrogen bonding between the 

polar groups of the guest molecules and the CDs hydroxyl groups and 

electrostatic interactions for ionic guests [18]. CDs found a lot of 

applications in electrochemistry, being used either as anchoring system for 

glucose oxidase [19], tyrosinase [20] and carbon based nanomaterials [21], 

or as biomimetic receptors for the simultaneous detection of uric and 

ascorbic acids [22]. 

Calixarenes (three-dimensional macrocycles with a truncated cone shape, 

consisting of 4 to 16 phenol molecules connected by methylene bridges) 

attracted much interest in recent years due to their hollow structure that 

allows them to form inclusion complexes with numerous neutral and 

charged chemical species, such as cations (alkaline ions [23], silver, lead, 

calcium, copper, zinc and mercury), being used to detect air pollution or 

water in toxicology or in pharmaceutical and clinical analysis [24-26].  

Aptamers are short single stranded DNA or RNA oligonucleotides that 

specifically bind a wide range of target molecules with high affinity and 

specificity [27]. They can selectively bind to small molecules, such as 

organic dyes, drugs, nucleotides, amino acids or to small parts of 

macromolecules, such as protein, polypeptides, and polysaccharides [28-

30]. Aptamers have dissociation constants in the pico to micromolar range 

[30,31] with affinity and specificity equal or superior to monoclonal 

antibodies [32]. Therefore they successfully substitute antibodies as 

recognition elements in immunoassays and immunosensors, being more 

stable and able to discriminate between closely related targets. 

In order to increase the selectivity of the immunoassay for MUC1 

detection, antibodies were replaced with aptamers, a much better 

discrimination between different tumor marker glycoproteins (MUC1, 

MUC4 and MUC16) being observed. The protocol of fabrication involved 

the binding of a biotinylatedaptamers on streptavidin-coated magnetic 

beads, which specifically bind MUC1 protein. The aptamer-MUC1 complex 

is then incubated with a second aptamer labeled with streptavidin and with 

biotin alkaline phosphatase. Beside its higher selectivity the sensor also 

proved to be more sensitive allowing the detection of lower concentrations 

of MUC1 by DPV (1.4 ng/mL) [8]. 
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Another electrochemical aptasensor for the detection of tumor marker 

MUC1 was developed using immobilizedaptamers. The nanostructured 

layer by layer graphene oxide platform provides a high number of carboxyl 

groups which bind to the amino terminated aptamer specific for MUC1. The 

detection was achieved by DPV, measuring the reduction signal of redox 

probe methylene blue intercalated in the immobilized aptamer. Upon 

binding of unfolded aptamer the methylene blue molecules are situated 

further away from the electrode surface and the reduction signal decreases. 

Upon binding of MUC1 protein the aptamer folds to bind the protein, thus 

the redox probe is situated in the proximity of the electrode surface, leading 

to a higher reduction signal, allowing the detection of MUC1 with a LOD of 

0.6 ng/µL [33].  

Molecularly Imprinted Polymers (MIPs) are synthetic receptors produced 

in polymers which exhibit recognition abilities similar to their biological 

counterparts. MIPs are obtained by polymerization of functional and cross-

linking polymers in the presence of target molecules (templates). 

Polymerization can be performed by UV exposure or thermally, and in the 

case of electrochemical applications involving biosensing, polymerization is 

performed electrochemically, which may be performed under galvanostatic, 

potentiometric or most frequently potentiodynamic conditions. In the next 

step, upon the removal of the template, three dimensional cavities will result 

in the polymeric matrix, complementary in shape and chemical functionality 

arrangement with the template. 

A generic protocol was developed by our team for the fabrication of 

sensitive MIP-based sensors, which can be applied for a wide range of 

analytes, electroactive as well as non-electroactive. The general protocol of 

preparation involves several steps. Firstly, a monolayer of monomer, p-

aminothiophenol, is self-assembled at the surface of gold electrodes via Au-

S bonds. In the next step, the molecularly imprinted film is deposited on the 

electrode via electropolymerization in a solution containing p-

aminothiophenolfunctionalized gold nanoparticles (AuNPs) and the 

template molecule. The non-covalent interactions promote the embedding of 

the host molecules in a three-dimensional polymer-AuNP network. Finally, 

the template is removed from the complex matrix, forming surface 

imprinted sites. The presence of AuNPs in the matrix enhances the 

conductivity (increasing the electron transfer) and the number of imprinted 

sites, leading to more homogenous distribution of the recognition sites. 

Several compounds of biomedical interest, such as gemcitabine [34], 

tetracycline [35], estradiol [36], were used as template molecules and were 

successfully detected using MIP-sensors with low detection limits in the fM 

range.  
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CONCLUSION 

The process of molecular recognition has been extensively employed in the 

field of analytical sciences, either for analytical separation or purification, or 

for sensors/ biosensors development, as a chemo- or bioreceptor intimately 

connected to a given transducer. Relying on very small energetic differences 

between the forming transient complexes, chiral molecular recognition is 

also exploited for numerous applications in the biomedical and 

environmental fields. The high selectivity of biosensors is achieved and 

adapted to the target analyte by a careful selection from the large variety of 

natural or biomimetic recognition systems. Among the various signal 

transduction methodologies reported in sensor development, 

electrochemical techniques are widely investigated because of their potential 

advantages such as low-cost, miniaturization, and portable instrumentation. 

Label-free and impedance biosensors have other attractive advantages with 

respect to speed and simplicity of inexpensive alternative techniquefor the 

detection of biomarkers. The continuously increasing number of papers 

published in the recent years, once again demonstrate the great potential and 

interest towards this topic.  
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ABSTRACT 

The present work proposes an integrated process to recover pure metallic 

copper from industrial galvanic waste comprising electrocoagulation 

treatment of copper bearing galvanic effluents and production of 

electrocoagulation sludge, acid digestion of the produced sludge and final 

recovery of pure metallic copper by electrowinning.  

The proposed technology offers relevant metal companies the opportunity 

for significant cost benefit through metal recovery from industrial waste 

which would otherwise result in landfill.  

 

IN INTRODUCTION 

Many industries produce significant quantities of solid or liquid industrial 

waste containing heavy metals without recovery of valuable materials from 

the waste streams. The present work proposes an integrated process to 

recover pure metallic copper from industrial galvanic copper containing 

waste. The process involves three subsequent steps: A) treatment of copper 

bearing electroplating effluents by electrocoagulation with aluminum 

electrodes and production of a sludge containing mainly Cu(OH)2 and 

Al(OH)3. B) acid digestion of the sludge at 50 0C followed by controlled pH 

increase to preferentially precipitate the Al(OH)3. The Al(OH)3 solid can 

then be filtered out producing a concentrated copper solution with low 

aluminum content, suitable for electrowinning. C) recovery of pure metallic 

copper by electrowinning. 

 

EXPERIMENTAL 

The actual wastewater was obtained from an electroplating unit located near 

Thessaloniki, Greece with following main characteristics: 5.6 pH, 1365 

μS/cm conductivity, 296 mg/L COD, 86 mg/L Cu2+, 137 mg/L SO4
2- and  26 

mg/L Cl-. 
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A laboratory model DC power supply apparatus (Agilent) was used to 

maintain constant DC current. Conductivity was measured by means of a 

conductometer (WTW). The pH and the temperature were measured using a 

Hanna pH-meter. A 500 mL cylindrical glass vessel served as the 

electrocoagulation and electrowinning reactor. The electrodes for 

electrocoagulation were three symmetrical cylindrical aluminum plates (the 

two outer plates used as cathodes and the middle one as anode), while for 

electrowinning two outer copper plates served as cathodes and the middle 

platinized titanium plate (Ti/Pt) as anode. All electrodes had the same 

dimensions of 10 x 5x 0.2 cm with a total effective area of 60 cm2 each.  

The residual copper concentration was determined by Atomic Absorption 

Spectroscopy AAS (Perkin Elmer 5100). The chemical oxygen demand 

(COD) was analyzed using a COD reactor (Thermoreaktor TR 420, 

MERCK) and spectrophotometer (Spectroquant Pharo100, MERCK).  

 

RESULTS AND DISCUSSION 

Treatment of copper bearing electroplating effluents by electrocoagulation 

The main reactions occurring during electrocoagulation with aluminum 

electrodes produce aluminum ions at the sacrificial anode and hydroxide 

ions as well hydrogen gas at the cathode. The generated aluminum 

hydroxide flocks act as absorbents for heavy metal ions [1].  

Experiments were conducted using the Cu2+ ion bearing wastewater of 86 

mg/L in the initial pH range 2-10. As can be obtained from Table 1. the 

removal efficiency of Cu2+ ions after 30 minutes of electrolysis time at the 

constant current density of 20 mA/cm2 reached very high values (95-99 %) 

in the pH range 4-10.  

 

Table 1. Removal percentage of copper at various initial solution pHs 

Initial pH : Removal  %: 

2 

4 

6 

8 

10 

26.6 

95.7 

98.8 

99.4 

99.2 

 

Organic compounds contained in the treated wastewater sample also 

compete for absorption on the Al(OH)3 flocks. Thus, at the same time, the 

COD of the wastewater also decreased from the initial value of 330 to 108 

mg/L after 30 min of electrocoagulation time at the applied current density 

of 20 mA/cm2 corresponding to a removal efficiency of about 67.3 %. 
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Sludge leaching  

The precipitated sludge was collected, dried at 80 oC for 24 h, cooled and 

weighed. It consists mainly of Cu(OH)2 and Al(OH)3 and additionally of 

some absorbed organics originated from the organic additives contained in 

the treated actual electroplating wastewater.  

A fixed amount of 10 g dried sludge was leached with 1000 ml H2SO4 of 

different concentrations in stirring conditions of 200 rpm and constant 

temperature of 50 0C. The copper and aluminum extraction occurred in only 

a few minutes of leaching time and amounted to 97 and 92 % respectively. 

According to Table 2, the obvious difference between the initial and final 

pH is indicative of the H2SO4 consumption needed for digestion of the 

treated sludge. The acid consumption was found to range between 0.6 and 

0.9 g of H2SO4 per g of sludge.   

 

Table 2. Leaching results of electrocoagulation sludge at various H2SO4 

concentrations  

Temperature 

(oC)  

[H2SO4]  

(M) 

pH initial pH final 

 

50 

0.05 

0.1 

0.2 

1.15 

0.93 

0.59 

2.22 

1.55 

1.02 

 

Separation of Cu2+ from Al3+ ions  

The separation of Cu2+ from Al3+ ions can occur under controlled pH, due to 

the different solubility of their hydroxides. Therefore, after the acid 

digestion and solubilization of the produced Al(OH)3/Ni(OH)2 

electrocoagulation sludge, the solution pH is increased by addition of 

appropriate amount of 0.1 M NaOH solution until it reaches pH=4.8. At this 

pH value aluminum is almost quantitatively precipitated in form of Al(OH)3 

, while Cu2+ ions remain in solution. The Al(OH)3 solids are filtered out. 

Concentrated Cu2+ solutions of 1 to 10 g/L can be obtained, appropriate for 

electrowinning. 

 

Recovery of metallic copper by electrowinning 

The electrodeposition of metallic copper can occur from acidic solutions 

with optimum pH 2-2.2 [2]. Electrowinning experiments were conducted at 

40 oC in galvanostatic operations and stirring conditions of 200 rpm. By 

applying constant current densities of 5, 10 and 20 mA/cm2, almost 

quantitative electrodeposition of pure metallic copper was achieved on the 

cathodes in 80, 40 and 30 minutes of electrolysis time respectively, leaving 
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a residual solution with Cu2+ ion concentration of less than 5 mg/L, as 

illustrated in Table 3. It was estimated that about 1.5 g of high value 

metallic nickel could be obtained from 10 g of electrocoagulation sludge. 

 

Table 3. Mass of electrodeposited metallic copper versus electrolysis time 

at various applied current densities 

Time 

(min) 

5 mA/cm2 10 mA/cm2 20 mA/cm2 

0 

20 

40 

60 

80 

1000 

524 

226 

48 

3 

1000 

305 

4 

1000 

152 

3 

 

The electrical energy consumption at the applied current density of 20 

mA/cm2 for the electrocoagulation treatment amounts to 12.24 kWh per kg 

of Cu removed from treated wastewater and for electrowinning to 2.85 kWh 

per kg of Cu produced at the cathode. 

 

CONCLUSIONS   

Highest removal percentage of copper by electrocoagulation treatment of 

galvanic effluents was achieved in the pH range 4-10. At the same time, 

dissolved organic compounds present in effluent were also removed.  

After the acid digestion of the electrocoagulation sludge, controlled pH 

increase to 4.8 and filtration of the precipitated aluminum hydroxide, pure 

metallic copper could be obtained from the concentrated copper solution by 

electrowinning.  

The proposed technology yields 1.5 g of high value metallic copper from 10 

g of electrocoagulation sludge, leaving almost copper free solid waste and 

water. The technology utilizes pure metallic copper recovery from industrial 

waste which would otherwise result in landfill. 
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ABSTRACT 

Smectite-chitosan bionanocomposite (SМ-C) was used for the modification 

of a glassy carbon electrode (GCE). The modified electrode (GCE/SM-C) 

was tested in the electrooxidation of phenol and different nitrophenols in 

acidic solution. The cathodic limit set to allow encompassing of nitro group 

reduction led to the appearance of additional peaks of nitrophenol and 

decrease of the electrode passivation rate. The first-order derivative linear 

sweep voltammetry improved the sensitivity of the detection of different 

phenolic compounds from their mixed solution. Although, the quantitative 

determination of phenol and nitrophenols in a mixture had some 

disadvantages, the concept of electrooxidation as a method for the detection 

and distinction of phenol and its nitro derivatives from water solution was 

proven. 

 

INTRODUCTION  
The environmental impact of phenol and its derivates is severe because of 

their high toxicity and degradation effect on human tissues [1]. Separate 

quantification of phenolic compounds has been addressed by the application 

of different methods with low detection limits and good selectivity. Much 

simpler electrochemical methods do not require previous sample treatment 

and can be performed in opaque media, which makes them more 

advantageous in comparison to spectrophotometric methods. However, there 

is a limited number of reports concerning simultaneous detection of phenol 

and nitrophenols [2]. Clay modified electrodes, for phenol oxidation have 

been extensively investigated [3]. GCE modified with smectite 

bioorganoclays were tested neither in phenol nor in phenol derivatives 

reactions. Chitosan is a natural-based biopolymer derived from chitin. 

Chitosan provides the system with functional groups that allow the 

application of the resulting electrodes in the potentiometric detection of 
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anions and can have beneficial effects on the electrocatalytic activity [4]. In 

this work chitosan modified clay was used as electrode material for the 

simultaneous detection of phenol and nitrophenols. The distinguishing of 

different phenolic compounds was based on the oxidation of phenolic group. 

 

EXPERIMENTAL 

Chitosan solution was prepared by the addition of 640 mg of chitosan into 

25.00 ml of 1% (v/v) acetic acid and stirred until complete dissolution. After 

the pH was adjusted to 4.6–5, the chitosan solution was added to a 1% 

sodium-exchanged clay dispersion and stirred at room temperature for 48 h. 

The obtained sample was centrifuged, air-dried at 50 °C, ground to powder 

and denoted as SM-C. Clay samples (10 mg) were homogeneously 

dispersed in 100 μl of original Nafion® solution. Droplets (10 μl) of these 

dispersions were placed on the surface of a glassy carbon electrode (area = 

0.0314 cm2). Modified GCE was denoted as GCE/SM-C. The GCE/SM-C 

was used as the working electrode, while the reference electrode was 

Ag/AgCl in 3 M KCl and a platinum foil served as the counter electrode. 

Cyclic voltammetry was performed in 10.0 ml of 0.1 M H2SO4 containing 

adequate concentrations of single or mixed phenolic compounds (phenol 

(Ph), 2-nitrophenol (2-NP) and 4-nitrophenol (4-NP)). The device used for 

the electrochemical measurements was a 797 VA Computrace Metrohm. 

 

RESULTS AND DISCUSSION  
The cyclic voltammogram of phenol obtained using the GCE/SM-C 

electrode showed only one peak at 0.95 V, while that of 4-NP showed peaks 

at 0.43 V and 1.14 V, and that of 2-NP at 0.47 V and 1.07 V (Fig.1a). 

Higher potential peaks resulted from the oxidation of –OH group, while 

those at lower potentials probably originated from the oxidation of products 

that were formed after the reduction of the nitro group. The reduction peak 

for the nitro group GCE/SM-C electrode appeared at the potential values of 

−0.62 V for 2-NP and −0.65 V for 4-NP, being the onset of the reaction at 

−0.46 V (Fig.1b). Compared with the bare GCE (not shown), the reduction 

peak potentials of the nitrophenols investigated were shifted positively, 

indicating that electrode process was facilitated in the case of GCE/SM-C 

electrode. Peak currents of –NO2 reduction were significantly lower than 

those recorded for the bare GCE, probably repulsion due to repulsion of 

negative charge of Nafion. The rate of electrode passivation was decreased 

when cathodic limit was set to −1.1 V.  
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In order to improve the sensitivity of detection, first-order derivative linear 

sweep voltammetry was used in the analytical procedure (Fig. 2). The 

Figure 1. Cyclic voltammograms of GCE/SM-C electrode for 10 mM Ph 

(dash), 10 mM 4-NP (dot), 10 mM 2-NP (dash-dot) and 2 mM Ph+ 2 

mM 4-NP+2 mM 2-NP (solid) at scan rate of 50mV s−1 and potential 

ranges: from−0.5 V to +1.5 V and b) from −1.1 V to 1.5 V. 

Figure 2. First-order derivative linear 

scan voltammograms obtained for 

GCE/SM-C electrode for: a) 1 mM 4-

NP, 1 mM 2-NP and different 

concentrations of Ph (1, 2, 3, 4 mM); 

b) 1 mM Ph, 1 mM 2-NP and 

different concentrations of 4-NP (1, 

2, 3, 4 mM); c) 1 mM Ph, 1 mM 4-

NP and different concentrations of 2-

NP (1, 2, 3, 4 mM), at 50 mV s−1 scan 

rate. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    E-04-P 

 

 374 

investigated analyte concentration was varied in the 1–4 mM range, while 

the other two concentrations were held constant (1 mM). The results show 

that the anodic peak current for phenol (0.93 V) was proportional to the 

concentration of phenol (Fig. 2a). Unfortunately, the current of the peak at 

lower potential (0.47 V) also showed linear correlation to the concentration 

of phenol, although the concentrations of both NPs were constant. The peak 

current of 4-NP was proportional to the concentration of 4-NP, while other 

peak currents were almost constant (Fig. 2b). The peak currents obtained for 

2-NP were the highest among all investigated compounds but the electrode's 

current response was not sensitive toward changes in the concentration of 2-

NP (Fig. 2c). The application of the GCE/SM-C electrode in acid 

environment displayed several disadvantages. The electrode was easily 

passivated and a new electrode had to be made for each concentration 

change. The peaks were not clearly separated and cannot be attributed to a 

specific analyte, although first-order derivative linear sweep voltammetry 

significantly increased the sensitivity of the measurement. 

 

CONCLUSIONS 

The obtained smectite-chitosan bionanocomposite was used for the 

modification of a glassy carbon electrode that was tested in the detection of 

phenol and its nitro derivatives in acidic solution. The applied potential 

range had significant impact on the shape of the cyclic voltammograms. 

Broadening of the potential range resulted in increased sensitivity the 

appearance of new peaks related to nitrophenol. The rate of electrode 

passivation decreased when cathodic limit was shifted from −0.5 V to −1.1 

V. The first order derivative linear sweep voltammetry improved the 

sensitivity of the detection of different compounds from their mixed 

solutions. 
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ABSTRACT 

Clay was modified by pillaring, which was performed by combinations of 

pillaring cations: Al3+ and Fe3+ or Al3+, Fe3+ and Ni2+. The synthesized 

materials were used to obtain glassy carbon electrode (GCE) coatings. 

Electrochemical oxidation of phenol from acidic solution was investigated 

on clay-modified electrodes by method of cyclic voltammetry. As a 

consequence of electrode fouling the peak current registered in the tenth 

cycle droped in the comparison to the current obtained in the first cycle. The 

first-order derivative linear sweep voltammetry was used in the analytical 

procedure. Hydroquinone/catechol current ratio increased in the opposite 

manner to the phenol oxidation current drop.  

 

INTRODUCTION 
Electrooxidation of phenol has been studied as a model reaction as well as 

due to phenols classification as a priority contaminant [1]. Oxidation 

mechanism of phenol is well-known [2]. Electrooxidation mechanism starts 

with the formation of phenoxy radical. Phenoxy radicals can be further 

oxidized to oxidation products like hydroquinone, quinone etc, or can be 

involve in polymerization reaction. Polymerization reaction leads to 

formation of insulating film on the electrode surface and passivates 

electrode. Literature results showed that electrodes, such as graphite, IrO2, 

RuO2 and Pt rapidly passivate. Complete phenol oxidation to CO2 is favored 

on antimony-doped tin oxide, lead or boron-doped diamond electrodes. 

Unfortunately, these electrodes encounter several problems such as short 

service life, the release of toxic ions and high cost, respectively [3]. 

Modification of the electrode surface can improve electrode performances. 

Clay minerals have been extensively studied as electrode surface modifiers 

due to their availability, well-defined layered structure, thermal and 

chemical stability and low cost [4]. Therefore, either clay modifications or 

designed clay synthesis are used for the preparation of clay-modified 
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electrodes. Pillaring is one of the common techniques of clay modification. 

It was shown that the electrocatalytic activity and stability depend on the 

type of incorporated metals. Electrode modified with clay pillared with Al, 

Fe, Ni polyhydroxy cations showed the best stability, regarding electrode 

fouling due to polymer formation [5], in comparison to electrode modified 

with clay pillared with other transition metals (Al,Fe; Al,Co and Al,Cu) [6].   

The goal of this work was to investigate the influence of hydroquinone and 

catechol formation on clay-modified electrode with the degree of its 

passivation during electrooxidation of phenol. In order to investigate the 

effect, a series of modified bentonite based materials was synthesized. Clay 

from seldom investigated deposit Mečji Do in Serbia was modified by 

pillaring, which was performed using the following combinations of 

pillaring cations: Al3+ and Fe3+ or Al3+, Fe3+ and Ni2+. The synthesized 

materials were used to obtain glassy carbon electrode (GCE) coatings. 

 

EXPERIMENTAL  
Bentonite clay from seldom investigated deposit Mečji Do, Serbia was used 

as a raw material. The raw clay was subjected to the common Na-exchange 

procedure and denoted as Na-MD. The process of pillaring was carried out 

according to previously established procedure [6]. Pillaring solutions were 

adjusted to have the molar ratio of OH-/Men+= 2.0 (where Men+= Al3+, Fe3+, 

Ni2+) and metal cation/clay ratio of 10 mmol Men+/g. The pillaring solutions 

contained the following molar ratios of each species: a) 90% Al and 10% Fe 

and b) 90% Al, 5% Fe and 5% Ni. Accordingly, the obtained pillared 

samples were denoted: AlFe10-MD and AlFe5Ni5-MD, respectively. The 

drop of dispersion of investigated sample with 10 wt. % of carbon black in 5 

wt. % Nafion was applied on the surface of glassy carbon electrode. The 

electrochemical response of samples was tested by method of cyclic 

voltammetry at polarization rate 10 mVs-1 in the range of potential from 

hydrogen evolution at –0.3 V to oxygen evolution at 1.1 V. First, prepared 

electrodes were tested in 0.1 M H2SO4. Then, the freshly prepared 

electrodes were tested in 0.01 M phenol + 0.10 M H2SO4. All potentials are 

reported versus Ag/AgCl (3 M KCl) reference electrode, and platinum rod 

served as counter electrode. 

 

RESULTS AND DISCUSSION 

Cyclic voltammograms (CVs) obtained in acid solution and phenol 

containing solution were similar for Na-MD and AlFe10-MD. For clarity 

sake CVs for AlFe10-MD and AlFe5Ni5-MD are presented in Figs. 1 and 2. 

The CV obtained in acid solution (dashed line in Figs. 1a and 2a) is 

presented together with the first cycle obtained in phenol containing solution 
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(solid line in Fig. 1a and 2a). CVs obtained in acid solution showed a pair of 

peaks around 0.45 V attributed to oxidation/reduction of the Fe2+/Fe3+ redox 

couple [5]. In the first cycle of the electrooxidation of phenol, phenol 

oxidation wave and two cathodic peaks were obtained on all investigated 

electrodes (Fig. 1a and 2a). From the second to tenth cycle two additional 

anodic peaks appeared (Fig. 1b and 2b).  

   
Figure 1. Cyclic voltammograms of AlFe10-MD electrode: (a) in 0.1 M 

H2SO4 (dashed line) and the first scan in 0.01 M phenol+0.1 M H2SO4 (solid 

line) (b) successive cycles in 0.01 M phenol+0.1 M H2SO4 and (c) The first-

order derivative linear sweep voltammograms. 

   
Figure 2. Cyclic voltammograms of AlFe5Ni5-MD electrode: (a) in 0.1 M 

H2SO4 (dashed line) and the first scan in 0.01 M phenol+0.1 M H2SO4 (solid 

line) (b) successive cycles in 0.01 M phenol+0.1 M H2SO4 and (c) The first-

order derivative linear sweep voltammograms. 

The obtained cathodic and anodic pairs of peaks corresponded to the 

oxidation/reduction of hydroquinone and catechol. After 10 cycles, the 

current of the phenol oxidation peak on the Na-MD and AlFe10-MD 

electrodes decreased substantially (52.1 % and 41.2 %, respectively) as a 
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consequence of electrode fouling. In the case of Ni containing electrode the 

stability was significantly improved. The AlFe5Ni5-MD based electrode 

showed phenol oxidation current decrease of 5.4 % during ten CV cycles. In 

order of sensitivity of detection to be improved, the first-order derivative 

linear sweep voltammetry was used in the analytical procedure (Fig. 1c and 

2c). The hydroquinone/catechol current ratio was 1.3, 2.2 and 3.1 for Na-

MD, AlFe10-MD and AlFe5Ni5-MD, respectively. According to Li et al. 

[2] polymerization can also proceeds via phenoxy radicals attack either on 

hydroquinone or catechol. According to the findings presented in this work 

it can be concluded that catechol is more likely candidate for polymerization 

reaction than hydroquinone. Addition of nickel ion in the structure of 

modified clay probably promoted hydroquinone formation path over 

catechol formation path. 

 

CONCLUSIONS 

Pillared clays were used as modified electrodes for the electrooxidation of 

phenol. Clays were pillared by combination of cations: Al3+ and Fe3+ or Al3+, 

Fe3+ and Ni2+. Cyclic voltammograms recorded from 0.01 M phenol + 0.10 

M H2SO4 showed phenol oxidation current decrease of 52.1%, 42.1% and 

5.4% for Na-MD, AlFe10-MD and AlFe5Ni5-MD based electrode, 

respectively. The first-order derivative linear sweep voltammetry was used 

in the analytical procedure. Hydroquinone/catechol current ratios were 1.3, 

2.2 and 3.1 for Na-MD, AlFe10-MD and AlFe5Ni5-MD, respectively.  
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ABSTRACT 

The electrochemical behavior and determination of chlorpromazine (CPZ) 

by differential-pulse voltammetry (DPV) at unmodified boron-doped 

diamond electrode (BDDE) is proposed. Effect of pH on electrochemical 

oxidation of chloropromazine in Britton–Robinson (BR) buffer solution was 

investigated. Cyclic voltammetry results shoved four oxidation peaks for 

CPZ and peaks at 0.6 V and 1.3 V were chosen for CPZ quantification. The 

electrode reaction is controlled by diffusion as a rate-determining step. 

Under optimized DPV conditions at pH 4.0, a linear analytical curve was 

obtained for wide the cloropomazine concentration range from 1.0×10-7 to 

4.0×10-5M with a detection limit of 0.3×10-7M.  

 

INTRODUCTION 

Chlorpromazine (CPZ) (2-chloro-10-(3-dimethylaminoprophyl) 

phenothiazine) is a member of phenothiazine class of psychotropic drugs 

with an aliphatic side chain [1]. The most important field of its applications 

is treatment of schizophrenia and behavioral disorders while CPZ is also 

active in treatment of cancer, viral and bacterial infections and 

neurodegenerative illnesses [2]. Bearing in mind the problems that can 

cause overdose of this drug, it is important to find simple, fast and low cost 

method which no requires using of several steps, highly evolved instruments 

and special training.  
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The aim of this work was to find a new, simple, sensitive and fast 

analytical procedure for detection of chlorpromazine by differential pulse 

voltammetry bearing in mind the advantages of BDDE, foremost the 

sensitivity and wide potential window. This procedure should be primary 

based on so far not applied determination of chloropromazune due to 

quantization of the peak originating from oxidation of nitrogen in 

phenothiazine side chain.  

 

EXPERIMENTAL 

Electrode preparation: BDDE was anodically pretreated as it is previously 

reported [3]. 

Electrochemical measurements: Cyclic voltammetric (CV) measurements 

and differential pulse voltammetry (DPV) measurements were performed 

using an electrochemical system CH Instruments (USA). The cell (10 mL) 

consisted of three-electrode system, boron-doped diamond electrode (inner 

diameter of 3 mm; Windsor Scientific Ltd., Slough, Berkshire, United 

Kingdom), an Ag/AgCl (saturated KCl) reference electrode and Pt counter 

electrode. The cyclic and the differential pulse voltammograms of standard 

chloropromazine solutions were recorded in the potential range from 0.0 to 

1.5 V, using a scan rate from 10 to 300 mV/s (for CV) and 20 mV/s (for 

DPV), a modulation time of 40 ms, a pulse amplitude of 40 mV and pulse 

time of 0.2 s. All pH values were measured with pH meter model Jenco 

Instruments Model No. 6071 (Taiwan). All experiments were obtained at an 

ambient temperature. 

 

RESULTS AND DISCUSSION 

Influence of pH on electrochemical oxidation of chloropromazine is 

presented on Figure 1. (a). Cyclic voltammograms of 0.1 mM CPZ in BR 

buffer solution as supporting electrolyte (pH values from 2 to 10) at BDDE 

revealed that four oxidation peaks, originated from phenotiazine core and 

aliphatic chain [4], are highly sensitive to changing of pH. Cyclic 

voltammograms of 0.1 mM CPZ in BR buffer solution at pH 4 (selected pH 

for further investigations) on BDDE were recorded at different potential 

sweep rates and the graph of peak current for all peaks as function of the 

square root of potential scan rate was shown on Fig. 1 (b). Hence, the mass 

transport in diffusion layer during oxidation reaction is controlled by 

diffusion and the adsorption and/or other specific interactions on self-

assembled BDDE electrode surface are negligible.  

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    E-06-P 

 

 381 

 
Figure 1. Cyclic voltammetric profiles of 0.1 mM CPZ in different pH BR 

buffer solutions at BDDE, scan rate of 20 mV/s; b) The peak current as 

function of v1/2 derived from cyclic voltammograms of 0.1 mM CPZ for 

various scan rates (v) (10– 300 mV s-1mV s-1) in BR buffer solution at pH 4 

on BDDE.

  

Differential pulse voltammetry (DPV) was selected as a suitable 

electroanalytical technique for detection of trace amounts of CPZ. By 

varying one parameter while others were kept fixed, the optimal modulation 

time of 40 ms and pulse amplitude of 50 ms were chosen taking into 

account the width and height of the peaks of quantification (0.6 V and 1.3 

V). Peak on 0.6 V is usually used for quantization of phenotiazines [5, 6], 

while peak at 1.3 V is originated from specific CPZ side chain group [4] and 

it is more selective due to high potential value.  

 

Differential pulse voltammograms of various concentrations of CPZ from 

3.0×10-7 to 4.5×10-5M recorded on BDDE were showed in Fig.2 (a).  

 
Figure 2. DPV of CPZ added in concentration of 1.0x10−7 – 4.5x10−5 M, 

pH = 4 (a); calibration curves for Ox0.6 V (b) and Ox1.3 V (c)  
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The calibration curve was constructed by plotting the current density of 

anodic peaks at 0.6 and 1.3 V vs. the concentration of CPZ. The resulting 

calibration plots for both oxidation peaks (Fig. 4, b) and c)) are followed by 

equations: 

Ox0.6 V:   Ip (A) = 2.45 ×10-8 × CTFP + 7.53 × 10-8 

Ox1.3 V:   Ip (A) = 1.99 ×10-8 × CTFP + 0.31 × 10-8 

Detection limit (LOD) of CPZ determination for oxidation peaks on 0.6 

and 1.3 V are 0.6×10-7M and 0.3×10-7M, respectively. The repeatability of 

method was evaluated by five replicate DPV measurements at the 15×10-6 

M CPZ concentration under the same operating conditions. The relative 

standard deviation for peak current for Ox0.6 V and Ox1.3 V were 2.72 % and 

1.64 %, respectively. 

 

CONCLUSION  

The present study is related to the application of unmodified BDDE for 

determination of prominent phenotiazine derivate, chloropromazine. The 

proposed sensor exhibited the advantage of simple preparation, good 

reproducibility and electrochemical surface stability. As BDDE is, up to 

date, one of the best solid electrode materials, this investigation provides 

valuable information about the possibility of a selective determination of 

CPZ over many interfering compounds from biological samples. The 

developed procedure has potential for use in analyzing of biological fluids 

and pharmaceutical formulations. 
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ABSTRACT 

Interaction of 9-chloroacridine (9Cl-A) with calf thymus double stranded 

DNA was investigated by square wave voltammetry using DNA-modified 

glassy carbon electrode. Voltammetric measurements performed in wide pH 

range showed the electroactivity of theacridine moiety.The oxidation of 9-

chloroacridine is pH dependent and occurs as irreversible, diffusion 

controlled process. Binding interaction was investigated by incubating 

DNA-modified glassy carbon electrode for different incubation times in the 

9Cl-A solution. Decrease of the DNA oxidation peak confirmed the 

interaction and suggested the aggregation of DNA strands and formation of 

more rigid structures due to the intercalation of 9Cl-A into DNA strands. 

 

INTRODUCTION 

Historical facts show that the drug family of acridines was discovered in 

1870 when Graebe and Caro isolated a substance from the high boiling 

fraction of coal tar and designated it "acridine" or acrid substance, due to the 

irritating effects of its vapor on the mucus membranes [1]. Since then 

acridines attract much attention and, due to their numerous actions,are used 

as bactericidal, antiseptic, inhibitory and genetically activeagents. The most 

important property of acridines is their chemotherapeutical action [2], thus 

the interaction of acridine derivatives with DNA has been the subject of 

considerable research [3]. 

DNA-based electrochemical biosensors have 

been successfully used for investigation and 

evaluation of DNA-drug interaction mechanisms 

[4]. To be able to use the biosensor, the 

electrochemical behavior of the investigated 

drug has to be known. There are no literature Figure 1. 9Cl-A structure 
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data concerning 9Cl-A, but some other acridine derivatives were 

investigated by different voltammetric methods at different electrodes [5,6], 

proving the electroactivity of theacridine moiety.The objective of this work 

is to investigate 9Cl-A (Fig.1.) oxidation at glassy carbon electrode (GCE) 

and its interaction with DNA immobilized on an electrode surface. 

 

EXPERIMENTAL 

The voltammetric measurements were performed with µAutolab analyzer 

(Eco Chemie, Utrecht, The Nederlands). Three-electrode system was 

employed with GCE workingelectrode, Ag/AgCl reference and Pt-auxiliary 

electrode. Before each experiment the GCE was manually polished using 

the aqueous slurry of Al2O3 powder (particle size 0.05μm) on a smooth 

polishing pad, sonicated in bidistilled water and then in absolute ethanol. 

Chloride, acetate, phosphate and ammonia buffers were used as supporting 

electrolytes. An appropriate volume of supporting electrolyte of different pH 

values was placed in electrochemical cell, de-aerated for 10 minutes with 

high purity nitrogen and 9Cl-A stocksolution (c0=110-3 molL-1) was added 

to make its final concentration of 2.510-4 molL-1. The cyclic 

voltammograms were recorded at scan rate ranged 10  100 mVs-1.  

The development of DNA biosensor involved the immobilization of 

double-stranded calf thymus DNA in multilayer at the GCE surface. The 

DNA-modified electrode was prepared by three times consecutively drying 

of small volumes of DNA (5µL, concentration 73.95µgmL-1) solution at the 

GCE surface. After placing each drop on the top of the electrode surface, the 

electrode was dried under nitrogen atmosphere, and rinsed in water to 

remove unadsorbed DNA. 

Square-wave voltammetry (SWV) was used to detect signals of adsorbed 

DNA on the GCE surface using acetate buffer (pH 4.5) as supporting 

electrolyte. Interaction between 9Cl-A (c=110-4 molL-1) and adsorbed 

DNA was also examined by SWV in acetate buffer (pH 4.5). The 

experimental parameters for SWV were: frequency 25 Hz and potential 

increment 1 mV, corresponding to an effective scan rate of 26 mVs-1, and 

the pulse amplitude of 50 mV. 

 

RESULTS AND DISCUSSION 

The redox behavior of 2.510-4 molL-1 9Cl-A was studied by cyclic 

voltammetry (CV)at different pH values. The cyclic voltammograms were 

recorded in three successive scans starting from 0.0V, to the positive 

potential limit of +1.3 V, at a scan rate 10 100 mVs-1. The oxidation peak 

existed at all investigated pH values, from 2.0 to 10.0, and the peak potential 
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was shifted to negative values with increasing pH. Anodic peak appeared at 

Ep ~ 0.8V 1.15Vas seen in Fig.2. The absence of cathodic peak in the 

reverse scan confirmed the irreversibility of process. The linear dependence 

of Epvs. pH (at pH < 8) was obtained following the equation: Ep = 1.259 V - 

0.061V × pH (r=0.998) at GCE. 

Slope of 61mV suggested the 

same number of electrons and 

protons involved in the 

oxidation process. 

Cyclic voltammograms were 

recorded at different scan rates, 

the linear dependences of Ipvs. 

v1/2 obtained at all investigated 

pHindicate the diffusion 

controlled process.Also, the 

corresponding slopes of logIpvs. 

log v dependences, which were 

always less than 0.5, proved 

diffusionnature of the 9Cl-A 

oxidation. 

The interaction between 9Cl-

A and DNA was investigated by 

square wave voltammetry (SWV) 

using DNA-modified glassy 

carbon electrode as biosensor in 

acetate buffer pH 4.5. A SW 

voltammogram of DNA layer at 

DNA-electrochemical biosensor 

showed two anodic peaks 

corresponding to the oxidation of 

deoxyguanosine, dG, (Ep = 

+1.1V), and deoxyadenosine, dA, 

(Ep = +1.32V) (Fig.3, curve 1). A 

SW voltammogram of 9Cl-

Aadsorbed at GCEshows 

oxidation peak at Ep = 

+0.98V(Fig.3, curve 2). Binding 

interaction was investigated by 

incubating DNA-electrochemical 

biosensor for different incubation 

Figure 2. Cyclic voltammograms of 

2.510-4 molL-19Cl-A at different pH 

values: 1-pH 2.0, 2-pH 4.5, 3-pH 6.1, 

4-pH 7.0, ν=50mVs-1 

Attached: The influence of the pH on 

the CV peak potential response. 

Figure 3. SW voltammograms of: 

1 - DNA layer, 2 - 9Cl-A after 5 min 

adsorptionat bare GCE, 3 - DNA-9Cl-A 

interaction after 10 min incubation, 4 - 

DNA-9Cl-A interaction after 30 min 

incubation. 
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times (10  30 min) in the 9Cl-A solution. Recorded SW voltammograms 

showed decrease of the oxidation dA peak current with incubation time, as 

shown in Fig.3, curves 3 and 4. The peak corresponding to dG and 9Cl-A 

oxidation became wider and with higher current due to their superposition 

and overlapping after the incubation, and therefore was not informative. 

Very emphasized decrease in dA peak intensity after 30 min of incubation 

(∆Ip = 120nA ~ 30%) is probably a consequence of the preferential 

interaction between 9Cl-A and DNA at adenine residues leading to the 

formation of DNA aggregates, as described for other intercalative drugs [7]. 

 

CONCLUSION 

According to the results obtained, the oxidation of 9Cl-A at GCE occurred 

in the wide pH range as irreversible, diffusion controlled process. The 

interaction between 9Cl-A and DNA was investigated using multilayer 

DNA modified glassy carbon electrode as electrochemical biosensor. 

Decrease of DNA oxidation peaks may be attributed to the aggregation of 

DNA strands and formation of more rigid structures due to the intercalation 

of 9Cl-A into DNA strands, whatleads to the conformational changes in the 

DNA structure. This study used simple electroanalytical methodology and 

showed the potential use of biosensors for investigation of DNA-drug 

interaction. 
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ABSTRACT 

High storage capacity of NaFe0.95V0.05PO4/C composite in an aqueous 

sodium nitrate solution amounting to 104 mAh g-1 at high 

charging/discharging rate of 500 mA g-1 (~3.2 C), we evidenced by 

chronopotenciometry, makes it applicable in aqueous sodium-ion batteries. 

Cyclovoltammogram of this material in an aqueous nitrate solution contains 

two anodic peaks, and apparently unique cathodic peak, indicating two-

stage desodiation and only one-stage sodiation process. Since that looks like 

a strange property, we performed a detailed analysis of sodiation process. 

By a careful deconvolution of cathodic peak, we evidenced that sodiation 

proceeds also through the two stages.  

 

INTRODUCTION  
The sodium ion batteries have started to attract great attention due to the 

higher abundance and lower price of sodium compared to those of lithium. 

The main challenge in this field is to reach or overcome both the energy and 

the power of Li-ion batteries. Therefore, the understanding of complex 

sodiation/desodiation redox processes at the electrode/electrolyte interface 

and in electrode material depth is necessary [1]. The aim of this study was to 

obtain NaFe0.95V0.05PO4/C material for sodium aqueous rechargeable 

batteries and investigate the relationship (i.e. symmetry) between its 

desodiation and sodiation processes. 

 

EXPERIMENTAL 

The nanodispersed LiFe0.95V0.05PO4/C composite (carbon content 11% by 

weight), synthesized by the malonic-assisted gel-combustion procedure [2], 

was used as a precursor to obtain the NaFe0.95V0.05PO4/C composite. For this 

purpose, LiFe0.95V0.05PO4/C composite, carbon black (10%) and 

poly(vinylidenefluoride) (PVDF) binder (5% PVDF solution) were mixed in 

N-methyl 2-pyrrolidone. Prepared slurry was homogenized for about 40 min 
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in an ultrasonic bath, deposited on a conductive support, and dried under 

vacuum at 120 oC for 4h. Such obtained electrode was subjected to a 

potentiodynamic cycling in aqueous NaNO3 solution to replace Li+ ions by 

Na+ ions. Both potendiodynamic (cyclic voltammetry, CV) and 

chronopotenciometric measurements were performed in a typical three-

electrode electrochemical cell, with the Pt-foil counter electrode, and 

saturated calomel (SCE) reference electrode, connected to Gamry PCI4/300 

Potentiostat/Galvanostat. The electrolyte was saturated aqueous NaNO3 

solution. The CV curve was deconvoluted using PeakFit program, designed 

especially for fitting hidden peaks with noisy data. Deconvolution 

parameters are following: for oxidation peaks are used Pearison IV a3=2 

function, while best fit for reduction peaks are obtained with Parison VII 

Amp function. In both, the linear baseline is generated.   

 

RESULTS AND DISCUSSION 

The charge/discharge profile of electrochemically obtained 

NaFe0.95V0.05PO4/C, measured at a current density of 500 mA g-1 in an 

aqueous solution of NaNO3, is presented in Fig. 1. The charge (desodiation 

– rising potential) and discharge (sodiation – decreasing potential) capacity 

amounted to 104 mAh g-1 and 107 mAh g-1, respectively. These large 

values, measured at a relatively high charging/discharging rate of ~3.2 C, 

make this material a very promising cathode material for aqueous sodium 

rechargeable batteries.  

  

  
Figure 1. The chronopotenciometric curve of NaFe0.95V0.05PO4 electrode in 

NaNO3 solution recorded at 500 mA g-1
 and its first derivative (dQ/dV). 

 

Two distinct potential plateaus registered in charging 

(NaFe0.95V0.05PO4/C → Fe0.95V0.05PO4/C) procedure, and one potential 

plateau in discharging (Fe0.95V0.05PO4/C → NaFe0.95V0.05PO4/C) procedure, 

are well visible when microcrystalline samples were investigated. The 
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appearance of two plateaus during desodiation process, indicating the two-

phase equilibria, was ascribed to the formation of an intermediate phase 

Na~0.7Fe0.95V0.05PO4 [3]. In Figure 1. the plateaus can be barely observed. 

The disappearance of two-phase equilibria plateaus, indicates more 

pronounced role of surface against bulk reaction [4] caused by the 

nanoparticulate nature of the electrode material. In order to outline 

charge/disharge plateaus more clearly, the first derivation of 

chronopotenciometric curve (dQ/dV) was plotted in Fig. 1 (right). The 

double-peak shape in both desodiation and sodiation directions confirm that 

sodiation proceeds through two stages, analogously to the desodiation. 

 In order to verify the sodiation/desodiation behavior of 

NaFe0.95V0.05PO4/C, its cyclic voltammogram in NaNO3, was also measured 

(Fig. 2). Two anodic peaks (at ~0.034 V and ~0.24 V vs. SCE) which 

correspond to desodiation process, and one cathodic peak (~ - 0.13 V vs. 

SCE) corresponding to sodiation process are clearly visible. These redox 

peaks are well-documented in the literature for NaFePO4, in both organic 

and aqueous electrolytes [3]. Two adjacent anodic peaks corresponds to the 

phase transition from NaFe0.95V0.05PO4 to Na~0.7Fe0.95V0.05PO4 and a phase 

transition from Na~0.7Fe0.95V0.05PO4 to Fe0.95V0.05PO4 , respectively, while 

reduction peak allegedly corresponds to the direct 

Fe0.95V0.05PO4→NaFe0.95V0.05PO4 phase transition [4].  

  

 
Figure 2. The CV redox peaks of NaFe0.95V0.05PO4 in NaNO3 and their 

deconvoluted peaks. 

   

The one-stage sodiation is explained in a way that the overvoltage 

required for the first phase transition Fe0.95V0.05PO4→Na~0.7Fe0.95V0.05PO4 

(13% difference in unit cell volume) is as high as necessary to overcome the 

second phase transition Na~0.7Fe0.95V0.05PO4→ NaFe0.95V0.05PO4 (3% 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  -    E-08-P 

 

 390 

difference in the unit cell volume). However, having in mind the conclusion 

derived from Fig.1 (right), we performed careful deconvolution of the 

cathodic peak of the cyclovoltammogram, which revealed that the sodiation 

proceeds also through the two phase transformations. Figure 2 illustrates the 

deconvoluted CV peaks. This means, the sodiation 

Fe0.95V0.05PO4→NaFe0.95V0.05PO4 goes also through the intermediate stage 

Na~0.7Fe0.95V0.05PO4. Also, the nature of each of two individual phase 

transitions can be predicted by the shape of deconvoluted CV peaks. Sharp 

and high peak is indicative of diffusion-controlled process (belonging to 

intercalation) while the broad peaks indicate the dominance of surface redox 

process (pseudocapacitance) [4].  

This is the first approach to deconvolute CV curve of an intercalation 

process. The deconvolution method was found to be an effective way of 

kinetic analysis of the redox processes taking place at close potentials.  

 

CONCLUSION 

Olivine NaFe0.95V0.05PO4/C was successfully obtained by the aqueous 

electrochemical displacement method from LiFe0.95V0.05PO4/C. High 

sodium storage capacity of NaFe0.95V0.05PO4/C, measured in NaNO3, shows 

that this material is a promising candidate for sodium aqueous rechargeable 

batteries. We checked in this study its strange behavior following from 

cyclic voltammetry, that desodiation proceeds as two-stage process while 

sodiation proceeds as only one-stage process. By deconvolution of cathodic 

(sodiation) peak, we evidenced that sodiation nevertheless presents also 

two-stage process. Both stages take place at close potentials, thus offering 

the impression of an unique stage. 
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ABSTRACT 

Gold‒polyaniline (AuPANI) nanocomposite, with granular morphology of 

PANI and rod‒like Au nanoparticles (NPs) as dominate structure distributed 

in it, was prepared by interfacial polymerization method in an immiscible 

water/toluene biphasic system. Simultaneously with the aniline 

polymerization to polyaniline (PANI) by HAuCl4, as an oxidant, AuNPs are 

formed. AuPANI composite as green precipitate is collected from aqueous 

phase. Polyaniline in the composite is in the conductive emeraldine salt 

form (PANIES), with high amount of Au (28.85 wt %). Nanocomposite 

showed great electrocatalytic activity towards the electrochemical O2 

reduction reaction (ORR), with high ORR onset potential and high 

selectivity for O2 reduction to water. This makes it a good candidate for a 

new class of Pt‒free ORR catalyst. 

 

INTRODUCTION 

In order to obtain new functional materials, nanocomposites, conductive 

polymer PANI with excellent optical, electrical and morphological 

properties, has been combined with metal nanoparticles, such as AuNPs [1-

3]. By combining these two components, nanocomposite materials were 

created, which possess the merits of their organic and inorganic 

components, and may also exhibit new properties that one component does 

not have. The interaction between them is important from an applications 

point of view in various electronic devices with regard to the charge transfer 

at their regions of contact. In this paper we present AuPANI 

nanocomposite prepared by simple method based on the oxidizing 

properties of HAuCl4, which initiates the polymerization process of aniline, 

but at the interface of water/toluene biphasic system [1]. This approach is 
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based on the fact that Au3+ ions in water phase can oxidize aniline due to 

their standard reduction potential (+1.498 V), and simultaneously aniline in 

toluene phase is used as reductant to prepare AuNPs. The aim of this work 

was to synthesize AuPANI nanocomposite with PANI chains in its doped, 

ES form, with high amount of AuNPs in it, in order to improve its electrical 

conductivity and develop highly active Pt-free ORR catalyst with 

appreciable catalytic performance.  

 

EXPERIMENTAL  

10 ml of 100 mM aniline in toluene was placed into a round bottom flask 

containing 10 ml of 50 mM HAuCl4 in water. The system was stirred for 20 

h. As the reaction proceeds, the color of the lower water phase changes to 

deep green, indicating the formation of conductive PANIES, while due to 

formation of aniline oligomers as byproducts, the color of the upper toluene 

phase turns to orange. In order to collect the green powder of composite, the 

water phase was first filtered, and then the collected precipitate was rinsed 

with 5 mM aqueous solution of sulphuric acid and dried under vacuum at 60 

°C for 3 h. The content of gold in AuPANI nanocomposite determined by 

inductively coupled plasma atomic emission spectrometer was 28.85 wt %. 

Electrochemical activity of the nanocomposite toward the electrochemical 

ORR was examined by rotating disk electrode (RDE) voltammetry in O2 

saturated 0.1 M KOH, in a one-compartment three-electrode 

electrochemical cell with wide Pt foil as a counter electrode and a saturated 

calomel electrode (SCE) as a reference electrode [see details in ref 1]. 

 

RESULTS AND DISCUSSION 

Molar ratio of Au3+ to aniline plays a significant role in controlling the 

reaction products. It was found that optimal molar concentration ratio of 

reactants Au3+ and aniline for the formation of conductive nanocomposite 

with dispersed AuNPs is 1:2, which is indicated by the absorption spectrum 

of Au-PANI nanocomposite water dispersion, obtained after isolation 

process (Fig. 1a Inset). Wide band consisting of two superimposed peaks at 

350 nm (π–π* electron transition within benzenoid rings) and 440 nm 

(polaron–π* transition of PANI) and second band at 750 nm (π–polaron 

transition of PANI) confirm the formation of PANI ES form [1,3]. It can 

also be seen that absorption band of AuNPs is not observed (Fig. 1a Inset), 

similar to our previous report [2], due to AuNPs interaction with PANI 

chains, through the charge transfer. In the polymerization process, H+ ions 

from chloroauric acid first protonates the aniline monomers to radical 

cations, while AuCl4
- act as oxidizing agent that oxidize these cations. Each 
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polymerization step is accompanied by the release of electrons that can 

reduce the Au3+ ions to Au atoms. As the reaction proceeds, PANI forms in 

its doped, hydrophilic emeraldine salt form, and rapidly move away from 

the interface diffusing into the water layer. PANI chains in nanocomposite 

are organized in granular structures (Fig 1a), due to polymerization 

conditions. Namely, initial reactants concentrations are high, and HAuCl4 is 

a strong oxidizing agent (high electrode potential) which provides short 

induction period of reaction and fast polymerization process, causing 

agglomeration of aniline phenazine segments nuclei to granules. These 

quasi-spherical formations are found in the range of 64-400 nm. TEM 

measurements indicated that Au nanorods with 10 nm in diameter are 

dominated nanostructures in composite (Fig 1b).  

 
Figure 1. a) SEM image of Au‒PANI nanocomposite with EDX and 

absorption spectrum; b) TEM image of nanocomposite 

 

It was found that electrical conductivity of the nanocomposite (1.19 S/cm) is 

four‒fold higher than that of the PANI itself (0.29 S/cm) [3]. More 

conductive Au nanorods ‒ conductive nodes, dispersed in less conductive 

PANI matrix ‒ conductive cables, enables formation of infinitely long 

conductive pathways and consequently drastically increase the conductivity. 

The results of electrocatalytic activity of the Au‒PANI, showed that 

nanocomposite, as electrocatalyst, had much higher ORR onset potential 

(Fig. 2a) due to fast charge transfer kinetics compared to similar 

nanocomposite reported so far [2], which contained exceedingly high Au 

content of 97 wt %. Furthermore, based on K‒L analysis (Fig. 2b), 

evaluated number of electrons consumed per O2 molecule was found to be 

2.25‒3.2, which indicated that Au‒PANI nanocomposite provided high 

selectivity for O2 reduction to water (OH−). This led us to conclude that the 

presence of PANI in this composite enhances Au surface oxophilicity, 

facilitating charge transfer kinetics and ORR selectivity to OH−
.  



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    E-09-P 

 

 394 

 
Figure 2. a) ORR RDE polarization curves recorded at different electrode 

rotation rates (600, 1200, 1800, 2400 and 3600 rpm); b) Koutecky‒Levich 

(K‒L) plots (left) and evaluated number of electrons consumed per O2 

molecule in the potential range −0.95 to −0.45 V vs. SCE (right). 

 

CONCLUSION 

A novel nanomaterial presented in this paper, Au‒PANI nanocomposite, 

with granular morphology and incorporated Au nanorods, shows relatively 

high electrical conductivity due to formation of long “infinite” conductive 

pathways of PANI chains. Moreover, compared to other Au−based ORR 

catalysts reported so far, Au−PANI composite provided excellent 

electrocatalytic activity towards electrochemical O2 reduction to water 

(OH−), which makes it a promising candidate for a new class of Pt‒free 

ORR catalyst. 
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ABSTRACT  

The behavior of vanadate (V5+) and vanadyl (V4+) was investigated in 24h 

old mycelium of fungus P. blakesleeanus using polarography. The results 

showed that P. blakesleeanus is able to uptake both vanadium forms, and 

indicated negligible reduction of V5+ monomer.  

 

INTRODUCTION 

We have already proposed that in P. blakesleeanus mycelium, tetramer is 

V5+ species preferentially reduced by membrane enzyme with ferricianide 

reductase activity (FRA) [1]. We have also determined that both, V5+ and 

V4+ are present in P. blakesleeanus cells after V5+ treatment [2]. However, 

in all previous experiments V5+ was added at concentration, when various 

V5+ oligomeric species are present in solution [3], and monomer reduction 

could not be determine. Vanadate monomer is targeting as the one entering 

the cell, therefore here we presented polarographic measurements of V5+ 

reduction/uptake by P. blakesleeanus as this method enables measurements 

at low V5+ concentration (below 1mM) when the monomer is the only V5+ 

species in solution. The polarographic measurements of V5+/V4+ are scare, 

while that with living organism as reducing factor are almost completely 

missing. 
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EXPERIMENTAL PROCEDURES 

The wild-type strain of the fungus P. blakesleeanus (Burgeff) (NRRL 

1555(-)) was used, and cultivated as described previously [4]. 

The direct current polarography (DCP) curves were recorded by 

Princeton Applied Research (PAR) 174A Polarographic Analyzer equipped 

with Houston instrument, Omnigraphic 2000 X-Y recorder. DCP 

experiments were performed in a mixture: of 18 ml of HEPES (10 mM, pH 

7.2) and 2 ml of mycelium suspension (containing about 20 mg mycelium 

dry weight), with addition of different concentration of V5+ or V4+ (0.1 – 1 

mM).  

 

RESULTS 

DCP curves of V5+ have different characteristic dependently on electrolyte 

used for measurements and pH [5]. Therefore, DCP curves of different V5+ 

concentration (0.1 – 1 mM) in HEPES, pH 7.2, were recorded at first (Fig. 

1A). To elucidate the contribution of various reduction processes, derived 

from complex vanadium chemistry, we have also recorded DCP curves for 

different concentration of V4+ under similar condition, and results are shown 

in Fig. 1B. The resemblance of E1/2 values (around -1.1 V for V4+ and V5+) 

and differences of current amplitude (iD) are clearly visible Fig. 1C. 

 

 
Figure 1. DCP curves of different concentration of vanadate (A), vanadyl 

(B); recorded in 10mM Hepes, pH 7.2; (C) after simultaneous addition of 

0.5 mM of both V5+ and V4+. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    E-10-P 

 

 397 

The recorded DCP curves of V5+ (1 mM) or V4+ (0.5 mM) added into the 

suspension of P. blakesleeanus mycelium differs from that obtained in 

HEPES buffer, as can be seen from Figure 2.  

 

 
 

Figure 2. The cathodic part of DCP curves obtained after vanadate (A); and 

vanadyl (B), addition to the mycelial suspension. (C) Dependency of iD on 

concentracion of added V5+ obtained in HEPES buffer (black circles) and 

mycelial suspension (open circles). 

 

The main effect observed after addition of various concentration of V5+ into 

P. blakesleeanus mycelium suspension was the considerable lowering of iD, 

about 23% comparing to that in buffer (Fig. 2A, C). The comparison of 

concentration dependency of iD of this polarographic wave in buffer and 

fungal suspension is given in Fig. 2C. The linear dependency was obtained 

in the presence of mycelium, in whole investigated concentration range. 

This indicated that even at the highest applied V5+ concentration (1 mM), 

the reduction/uptake capacity of the fungal cell was not saturated.  

Addition of different V4+ concentrations (0.1-0.5 mM) into mycelium 

suspension has as result complete disappearance of the polarographic wave 

(Fig. 2B). Such result indicates that P. blakesleeanus is capable to uptake all 

added V4+ i.e., removed it from external solution.  

Consequently, the results obtained for V5+ in P. blakesleeanus mycelium 

suspension (Fig. 2A, C) indicate that uptake of V5+ monomer prevails its 

reduction to V4+, when taking into account similar position of V4+/V5+ 

waves (Fig.1C) and capability of mycelium for V4+ uptake (Fig.2.B).  
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ABSTRACT 

In this paper, the Na1.2V3O8, in the form of nanodisperzed Na1.2V3O8/C 

composite, was synthesized by a sol-gel method. Carbon was added, during 

the synthesis procedure, in order to provide a better electrical contact 

between oxide particles. The synthesized powder was characterized by X-

ray powder diffraction (XRD) and thermogravimetric analysis (TGA) while 

its electrochemical performances were investigated by cycling voltammetry 

(CV) at various scan rates. The initial discharge capacities were found to be 

132.8, 100.4 and 111.8 mA h g-1 in the aqueous solutions of LiNO3, NaNO3 

and Mg(NO3)2, respectively. The synthesized composite has the best cycling 

stability in the solution of Mg(NO3)2.  

 

INTRODUCTION  
Although Li-ion batteries have excellent charging/discharging performances 

that are necessary for the high technology applications, the high cost and 

small abundance of lithium are the main disadvantages of these batteries. 

For this reason, more attention has been given to the sodium and magnesium 

batteries. These batteries work on the same principle as lithium batteries. 

The materials used in sodium and magnesium batteries are the same or 

similar to those used in lithium batteries: NaMnO2, NaxVO2, Na1.2V3O8, 

LiFePO4. To improve the initial capacity of these materials and their 

stability during the cycling, the carbon is often added during the synthesis to 

increase the conductivity of the material [1-3]. In order to reduce the price 

and from ecological reasons, there is plenty of research done on this type of 

batteries in aqueous electrolytes. 

In this work, the Na1.2V3O8/C composite was successfully synthesized as 

a potential anode material for aqueous lithium, sodium and magnesium 

batteries. The source of carbon was a highly conductive and stable LITX200 

carbon (SBET=200 m2 g-1), which is used as a conductive additive for Li-ion 
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batteries [3]. The purpose was to see the influence of LITX on the 

Na1.2V3O8 electrochemical behavior in an aqueous medium, by adding it 

during the synthesis route. 

 

EXPERIMENTAL 

Na1.2V3O8/C composite was prepared 

by precipitation in aqueous solution. 

Crystalline V2O5 (Merck, p.a.) was 

dissolved in 10 % aqueous solution of 

hydrogen peroxide. Under continuous 

stirring, the solution of NaOH (Merck, 

p.a.) was added in an amount that 

provides the stoichiometry of 

Na1.2V3O8. The carbon (LITX200) was 

added and the Na1.2V3O8:LITX200 

mass ratio was 10:1. The obtained 

solution was stored in air at ambient 

temperature until the solvent was 

evaporated. The resulting solid powder 

precursor was heated at 400 oC in argon 

atmosphere for 6 h. 

The X-ray diffractograms (XRPD) were 

recorded using CuKα1,2 radiation in 2θ 

range 10-70o with the 0.05o step and 2 

seconds exposition time. 

Thermogravimetric analysis was carried 

out in the air atmosphere using the TA 

SDT device, model 2960, with the rate 

of 10 °C min-1. 

Electrochemical performances were 

tested by cyclic voltammetry using a 

Gamry PCI4/300 pote-

ntiostat/galvanostat/ZRA) at various 

scan rates in saturated aqueous 

solutions of LiNO3, NaNO3 and 

Mg(NO3)2. In order to prepare an 

electrode, the synthesized material, 

LITX200 and PVDF binder were mixed 

in mass ratio of 85:10:5, respectively. 

After homogenization in N-methyl-2-

pyrrolidone in an ultrasonic bath, the 
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Figure. 1. CVs of Na1.2V3O8/C 

in aqueous solution of 

a) LiNO3, b) NaNO3 and 

c) Mg(NO3)2 at the scan rates 

of 100, 200, 300 and 400 mV 

s-1. 
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mixture was applied on glassy carbon rod and dried under vacuum 10-2 

mbar at 140°C for 12 hours. A platinum foil was used as a counter 

electrode. The potentials, ranged from -1.2 to 1 V were measured against the 

saturated calomel reference electrode (SCE). Faradaic discharge capacity 

was calculated by coulometric analysis of cyclovoltammetric curves.  

 

RESULTS AND DISCUSSION 

According to the TGA analysis, the combustion of carbon started at 400 oC. 

For this reason, the precursor powder was annealed at 400 ° C in argon 

atmosphere. The sample after thermal treatment contained 7 mass% of 

carbon. XRPD analysis of the product evidenced that all reflections can be 

indexed to a monoclinic Na1.2V3O8 phase, JCPDS 245225 [1]. Also, the 

mixtures of different vanadium oxides were present. 

Cycli voltammograms (CVs) of Na1.2V3O8/C recorded in saturated aqueous 

solution of LiNO3, NaNO3 and Mg(NO3)2 at high scan rates ranged from 100 

to 400 mVs-1, are shown on Figure 1a-c, respectively. In all three solutions, 

the shape of CVs and position of peaks are similar at all scan rates. That 

means that proccess of intercalation/deintercalation of Li+, Na+ and Mg2+ are 

reversible. This indicates that synthesized material can be used in lithium, 

sodium and magnesium batteries at high rates of charging/discharging. The 

impact of the LITX200 addition, during the synthesis, is the most significant 

in the case of intercalation/deintercalation Mg2+ since the currents of the 

response increase about three times [1]. 

The specific discharge capacity of Na1.2V3O8/C, obtained from the first ten 

cycles in aqueous solutions of LiNO3, NaNO3 and Mg(NO3)2 are shown in 

Figure 2. The specific 

capacity (mA h g-1) was 

calculated from the area 

under the redox peaks of 

CVs, recorded by 20 mV s-1 

scan rate, which is 

equivalent to 33 C. It is 

calculated according to the 

equation C= ( ∫ I·V·dV) / 

(m ·ν ), where I is the 

measurred current, V is the 

potential, m is the mass of 

electroactive material, v is 

the scan rate. It is known 

that the redox peak area, 

which is normalized with 
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the respect to the scan rate, decreases with the increase of scan rate.  

The initial discharge capacities of Na1.2V3O8/C in LiNO3, NaNO3 and 

Mg(NO3)2 solution are 132.8, 100.4 and 111.8 mA h g-1 while in the case of 

Na1.2V3O8 the initial capacities were about 50, 30 and 30 mA h g-1, 

respectively [1]. This shows that the addition of carbon during the synthesis 

led to the improvement of the initial capacity. The initial capacity of 

composite is the highest in the solution of LiNO3, but the capacity fade after 

10 cycles was found to be 35.3% of the initial value. The least initial 

capacity and the largest drop capacity is in solution of NaNO3. The least 

capacity fade (about 25%) after ten cycles is in solution of Mg (NO3)2. The 

decrease in capacity is due to the dissolution of a part of vanadium from the 

material, but could also be the result of structural changes during 

intercalation/deintercalation ions. Changes in the structure and the presence 

of other phases in the material result in dissolution of vanadium from 

materials which are manifested during the cycling as color change of the 

electrolyte (appearance of a green color). During the cycling, material 

demonstrated high efficiency (the ratio of the charging and discharging 

capacity) amounting to ~95% in all solutions.  

 

CONCLUSION 

The Na1.2V3O8/C composite was synthesized by the sol-gel method. 

Intercalation/deintercalation of lithium, sodium and magnesium ions, in the 

synthesized composite are reversible at high scan rates indicating that the 

material can be used as the anode material in aqueous batteries. Addition of 

carbon during the synthesis has led to an increase in initial capacity. 

Material showed the most stable behavior during the cycling in a solution of 

Mg(NO3)2.  
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ABSTRACT 

Silver nanoparticles supported on carbon (AgNP/C) were prepared by theγ–

radiation reduction method and characterised using transmission electron 

microscopy and X–ray diffraction. Subsequently, glassy carbon electrode 

was modified with the prepared AgNP/C and further characterized using 

electrochemical methods for possible application for sensing of bromide. 

AgNP/C proved to be highlyactive for bromide electrochemical detection. 

 

INTRODUCTION 

Monitoring the level of bromidein wateris now a days of great importance 

for the protection of both human health and environment. For instance, in 

the oxidative disinfection of drinking water with ozone or chlorine, bromide 

is oxidised tobromate, which can cause carcinoma [1,2].Methods so far used 

or suggested for the detection of bromide (and other halogens) in water 

include neutron activation analysis, inductively coupled plasma–mass 

spectrometry and ion chromatography. Herein, electrochemical sensing of 

bromides is proposed, offering benefits of lowcost, simplicity and rapidity. 

 

EXPERIMENTAL 

Electrocatalyst preparation. Carbon–supported silver nanoparticles 

(AgNP/C) were synthesized by the γ–radiation reduction method using 

poly(vinyl alcohol) (PVA, mean molecular weight of 72 kDa, degree of 

hydrolysis of 99 %) as a stabilizer. Two aqueous solutions, one 4 wt.% PVA 

solution and the second with 0.4 M silver nitrate (AgNO3) and 0.2 M 2–

propanol, were prepared in separated glasses and then mixed so that the 

weight ratio of Ag to PVA was 1:1. Vulcan XC 72R was added to the 

solution to obtain the weight ratio of Ag to C of 1:1. The obtained 

dispersion was homogenized ultrasonically, and then deaerated with argon 

for 20 min in an air–tight glass vessel, after which it was exposed to γ–rays 
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(60Co source) at the temperature of 22C. The absorbed dose and the dose 

rate were 710 kGy and 12 kGy h–1, respectively.  

Characterization. Transmission electron microscopy (TEM) analysis 

wasdone using the JEOL JEM–1400Plus device, while the X–ray diffraction 

(XRD) analysis was done using Bruker D8 Advance Diffractometer (Cu K1 

radiation,  = 0.1541 nm). 

Electrochemical Characterization. The working electrode was prepared as 

follows:0.5 wt.% solution of gallic acid (GA) was added to the Ag 

dispersion, to obtain the molar ratio of GA to PVA of 8.2:1, after which the 

dispersion was diluted and the appropriate volume of 1 M HCl was added, 

in order to obtain HCl concentration of 0.1 M in the final dispersion. 10 μL 

of this dispersion was dropped on the glassy carbon electrode (GCE, 5 mm 

diameter, Pine Instruments, Co) so that the loading of Ag on the electrode 

was 20 μg cm–2. Crosslinking of PVA with GA was achieved byHCl during 

the drying (under the nitrogen atmosphere), and gel that was formed acted 

as a binder. 

The electrochemical characterisation of AgNP/C electrocatalyst was done 

by cyclic voltammetry (CV) in a conventional one–compartment glass cell 

of 100 mL volumeconnected toGamryPCI4/750potentiostat/galvanostat. Pt 

foil was employed as the counter electrode and a saturated calomel electrode 

(SCE, Radiometer Analytical) as a reference. All potentials within the paper 

are reported relative to the SCE. Electrochemical characterisation was 

performed in 0.1 M phosphate buffer, while bromide sensing was performed 

in 0.1 M K2SO4as supporting electrolyte. 

 

RESULTS AND DISCUSSION 

A major advantage of radiation methods for the synthesis of metal 

nanoparticles is a homogenous reduction of metal ions throughout the 

solution. The radiation induced reduction of Ag+ starts with the radiolysis of 

water and formation of hydrated electrons, hydrogen and hydroxyl radicals 

(H• and OH•). Hydrated electrons and H• radicals reduce Ag+ to Ag0, which 

further dimerize when they encounter or associate with Ag+ and 

progressively grow yielding the formation of metal clusters and particles. 

The detailed mechanism of Ag NP formation by radiation methods has been 

explained by Belloni[3]. Since the OH• radicals can oxidize the metal atoms 

into a higher oxidation state and thus counterbalance the reduction, 2–

propanol is used as a scavenger to convert them to 2–propanol radicals, 

which further act as strong reducing species. 

The detailed XRD and TEM analysis of the carbon–supported Ag NPs 

obtained by theγ–radiation method was reported in our previous publication 
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[4], in which different Ag/C samples were investigated as electrocatalysts 

for the oxygen reduction and borohydride oxidation reaction. TEM analysis 

ofAg/C sample corresponding to the one prepared in this work in terms of 

the synthesis parameters and components content,revealeda crystallite size 

of 13.9 nm. XRD analysis revealed the formation of face centred cubic 

crystal structure of bulk metallic Ag (JCPDS File No. 89–3722). 

Furthermore, crystallite size determined by XRD was found to be 15 nm, 

which is in good agreement with the crystallite size obtained by TEM.  

 

 
 

The AgNP/C electrocatalyst was characterised by recording CV in 0.1 M 

phosphate buffer in the potential range from –1.1 V to 1.0 V at scan rate of 

200 mVs–1. A peak of Ag surface oxide formation at ca. 0.50 V (Fig. 1A) 

could be observed on the anodic scan. Subsequently, a well–defined peak 

corresponding to the reduction of this oxide was observed at –0.44 Von the 

cathodic scan [5]. 

The detection of bromide was initially studied in 0.025 M KBr + 0.1 M 

K2SO4 scanning the potential from –1.0 V to 0.9 V at arate of 100 mV s–1.  

A peak originating from the formation of AgBr could be seen at ca. 0.20 V 

on the anodic scan (Fig. 1B) [5]. Accordingly, a well–defined cathodic peak 

 
Figure 1. (A) CV of AgNP/C in pH 7 phosphate buffer at scan rate of  

200 mV s-1. (B) CVs of AgNP/Cin 0.1 M K2SO4 solution at scan rate of 

100 mVs-1 with increasing bromide concentration. 
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was observed at ca. 0.16 V corresponding to the reduction of formed AgBr. 

Subsequently, the possibility of quantitative determination of bromides with 

AgNP/C was addressed. Thereafter, 10 subsequent 50 µM additions of KBr 

to 0.1 M K2SO4were done, with the solution being stirred after each addition 

by the electrode rotation. Increase of peak current (Ip) could be observed 

with increase of KBr concentration (c), with Ip vs c dependence resulting in 

a straight line. The limit of detection (LOD) of bromide with AgNP/C 

electrocatalyst was evaluated using the 3 sigma method 

LOD = 3σ/b     (1) 

where σ is the standard deviation of the y–coordinates from the line of best 

fit and b the slope of the same line. Thus the LOD was found to be 1.8 µM. 

The obtained LOD is comparable or lower than LODs obtained using 

different electrode substrates (1.2 – 20 µM range) [5], thus indicating high 

activity of AgNP/C electrocatalyst studied herein for bromide sensing. 

 

CONCLUSION 

In this work synthesis of AgNP/C electrocatalyst was presented, followed 

by characterisation using transmission electron microscopy, X–ray 

diffraction and electrochemical techniques. AgNP/C demonstrated high 

activity for bromide electrooxidation, enabling its determination with low 

limit of detection of 1.8 µM.  
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ABSTRACT 

Atherosclerosis is a local process in the context of a systemic disease. 

Multiple factors contribute to plaque formation/progression/complication, 

by a complex interaction between biological and mechanical elements. 

Integrating coronary imaging techniques with finite element modelling 

(FEM) techniques allows for detailed examination of local morphological 

and biomechanical characteristics of atherosclerotic lesions that can assist a 

clinical therapy. 

Mathematical model for plaque formation and progression is developed. 

The blood flow is modeled by theNavier-Stokes equations, together with the 

continuity equation. Mass transfer within the blood lumen and through the 

arterial wall is coupled with the blood flow and is modeled by the 

convection-diffusion equation. LDL transport in lumen of the vessel is 

described by Kedem-Katchalsky equations. The inflammatory process is 

solved using three additional reaction-diffusion partial differential 

equations. 

Several patients’ study predicts new plaque formation after at follow up 

which corresponds to size and plaque composition. Matching of plaque 

location, size and composition progression in time between experimental 

and computer model shows a potential benefit for future prediction of this 

vascular decease. 

 

INTRODUCTION 

Atherosclerosis is an inflammatory disease that starts with intima 

alterations. Over the past decade, scientists come to appreciate a prominent 

role for inflammation in atherosclerosis.Formerly focused on luminal 

narrowing due to the bulk of atheroma, the current concepts recognize the 
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biological attributes of the atheroma as key determinants of its clinical 

significance [1]. 

Inflammatory process starts with penetration of low density lipoproteins 

(LDL) in the intima. This penetration, if too high, is followed by leucocyte 

recruitment in the intima (Figure 1). This process may participate in 

formation of the fatty streak, the initial lesion of atherosclerosis and then in 

formation of a plaque [2]. 

 

 
Figure 1. Atherosclerotic plaque development 

 

Several mathematical models have recently been set up for the transport of 

macromolecules, such as low-density lipoproteins, from the arterial lumen 

to the arterial wall and inside the wall [3-5].  

In this study we used mass transport of LDL through the wall and the 

simplified inflammatory process which is coupled with the Navier-Stokes 

equations, the Darcy equation for model blood filtration and Kedem-

Katchalsky equations [6-7] for the solute and flux exchanges between the 

lumen and the intima. We developed system of three additional reaction-

diffusion equations for the inflammatory process and lesion growth model 

in the intima. Some examples on real patient case are given as validation of 

the proposed mathematical model of plaque formation and progression.  
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METHODS 

In this section we present a continuum based approach for plaque formation 

and development in three-dimension. The governing equations and 

numerical procedures are given. The blood flow is simulated by the three-

dimensional Navier-Stokes equations, together with the continuity equation 

  02  llll puuu                                                  (1)
 

0 lu                                                                 (2) 

whereulis blood velocity in the lumen, plis the pressure, μ is the dynamic 

viscosity of the blood, and ρ is the density of the blood. 

Mass transfer in the blood lumen is coupled with the blood flow and 

modelled by the convection-diffusion equation as follows  

  0 llll uccD                                                      (3) 

in the fluid domain, where cl is the solute concentration in the blood lumen, 

and Dl is the solute diffusivity in the lumen. 

 

Mass transfer in the arterial wall is coupled with the transmural flow and 

modelled by the convection-diffusion-reaction equation as follows 

 w w w w w wD c kc u r c                                                       (4) 

in the wall domain, where cwis the solute concentration in the arterial wall, 

Dwis the solute diffusivity in the arterial wall, K is the solute lag coefficient, 

and rwis the consumption rate constant. 

LDL transport in lumen of the vessel is coupled with Kedem-Katchalsky 

equations: 

   dpv pLJ                                                           (5) 

  cJcPJ vfs  1                                                       (6) 

where Lpis the hydraulic conductivity of the endothelium, Δcis the solute 

concentration difference across the endothelium, Δpis the pressure drop 

across the endothelium, Δπ is the oncotic pressure difference across the 

endothelium, σdis the osmotic reflection coefficient, σfis the solvent 

reflection coefficient, P is the solute endothelial permeability, and c is the 

mean endothelial concentration. 

Plaque formation and progression modelling – continuum approach 

Continuum based methods is an efficient way for modelling the evolution of 

plaque. In our model, LDL concentration is first introduced into the system 

of partial differential equations as a boundary condition. The model 

simulates the inflammatory response formed at the initial stages of plaque 

formation.  
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Regarding the particle dynamics, the model is based on the involvement of 

LDL/oxidized LDL, monocytes and macrophages, and foam cells and extra 

cellular matrix. Reaction-diffusion differential equations are used to model 

these particle dynamics. The adhesion rate of the molecules depends on the 

local hemodynamics which is described by solving the Navier-Stokes 

equations. Intima LDL concentration is a function of the wall shear stress, 

while the adhesion of monocytes is a function of shear stress and VCAM. 

Finally, the alterations of the arterial wall are simulated. A finite element 

solver is used to solve the system of the equations.  

The LDL penetration is defined by the convection-diffusion equation, while 

the endothelial permeability is shear stress dependent. This model produces 

results about the initial stages of the atherosclerotic plaque formation. More 

specifically, concentration of LDL is calculated on the artery wall and in the 

next step the oxidized LDL. Furthermore, monocytes and their modified 

form (macrophages) are also counted. Solution to the system provides to the 

user the concentration of foam cells created when a threshold on LDL 

concentration is reached.  

The inflammatory process is modeled using three additional reaction-

diffusion partial differential equations [8]: 
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where O is the oxidized LDL in the wall, M and S are concentrations in the 

intima of macrophages and cytokines, respectively; d1,d2,d3 are the 

corresponding diffusion coefficients;  and  are degradation and LDL 

oxidized detection coefficients; and vw is the inflammatory velocity of 

plaque growth [9], [10]. 

 

RESULTS AND DISCUSSION 

One case study for patient is presented for validation of the computer model.  

The clinical study was designed to expand, test and strengthen the 

indications already acquired in the previous coronary study. Patients with a 

previous CTA analysis were enrolled to repeat this examination (average 

follow-up time of >2 years). New onset coronary plaques were assessed by 

this approach, a novel finding respect to previous studies on this research 

line. The second study was focused on the anatomical non-invasive 

assessment of the coronary tree, using coronary CTA, with the same data 

collection of clinical and biochemical features performed in the former 

clinical study. To discriminate the best predictors of stenosis progression a 
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multivariate logistic analysis we put in the model the following baseline 

variables and the relative delta values of follow-up and baseline 

measurements (percentage and absolute value): Framingham Risk Score, 

left ventricular ejection fraction (LVEF), total cholesterol, HDL, LDL, 

creatinine, glucose, E-Selectin, ICAM-1, VCAM-1; diabetes was not 

included because its incidence was strongly unbalanced between the two 

groups and, if put in the model, masked the effects of the remaining 

variables.  

 

In Figure 2a shear stress distribution at baseline and follow up was 

presented. Three different locations were selected from the clinicians and 

same location was tested with computer simulation for plaque concentration 

(Figure 2b). Plaque volume was determined from CT measurement and 

location are presented in angiographic image (Figure 2c). Comparison 

between measurement and numerical simulation for area of plaque and wall 

has been shown in Figure 2d. It can be seen that at least matching of plaque 

location was achieved as well as functional same order of the wall/plaque 

areas. 

 

 
a) 
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b) 

 
c) 

 

 
d) 

Figure 2. Case study for patient from Clinical Center in Pisa. a) Shear stress 

distribution; b) Plaque concentration distribution; c) Plaque volume location 

and angiography; d) Comparison CT image and computer simulation for 

plaque/wall areas 

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    F-01-SL 

 

 417 

CONCLUSION 

Patient specific study has shown three different position of plaque location 

where low shear stress appear. Even more, after 28 months of follow up, the 

plaque size simulated and measured were matching. Computer analysis gave 

more insight for possible structure of the plaque. 

This study is a novel way of modeling plaque formation and development. 

Matching of plaque location and progression in time between clinical and 

computer model shows a potential benefit for future prediction of this 

vascular disease using computer simulation. Further development should 

investigate influence of the pulsatility flow condition on our model, a 

proliferation of the smooth muscle cells and direct values of the threshold 

parameters which could be obtained from appropriate experiments which 

are not available currently. 
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Insulin molecules self-assemble into exceptionally stable hexamers in the 

presence of in situ formed Co3+ ions (Ins6*Co3+
2), with two cations capping 

a water-filled channel formed within two interdigitated tris-alpha-helical 

bundles.  We captured one Gd3+ ion per cavity during in situ oxidation of 

Co2+ and demonstrated that resulting Ins6*Co3+
2Gd3+ has an exceptional 

potential as a contrast agent.   Structure, relaxivity, and possible origins of 

exceptional properties of this reagent will be discussed, together with 

potential barriers for practical applications.  
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ABSTRACT 
In the present paper we deal with nonlinear dynamics of microtubules 

(MTs). The structure and role of MTs in cells are explained. One model 

explaining MT dynamics is explained. Solutions of the crucial nonlinear 

differential equation depend on used mathematical procedures. Two of 

them, continuum and semi-discrete approximations, are explained. Finally, 

these solutions are shown and discussed. They are solitonic waves. Three 

different kinds of them are known in the moment. They are kink solitons, 

breathers and bell-type solitons. 

 

INTRODUCTION 

A cell is defined as eukaryotic if it has a membrane-bound nucleus. Such 

cells are generally larger and much more sophisticated than prokaryotic 

cells due to the many different types of specialized organelles present in 

most eukaryotic cells. Plant and animal cells are eukaryotic while bacteria 

cells are prokaryotic. 

All eukaryotic cells produce two kinds of tubulin proteins. Alpha and 

beta tubulins spontaneously bind one another to form a functional subunit 

that we call a heterodimer, or a dimer for short. When intracellular 

conditions favour assembly, the dimers assemble into long structures called 

protofilaments (PFs). Microtubules (MTs) are usually formed of 13 PFs, as 

shown in Fig. 1. Hence, MTs are long cylindrical polymers whose lengths 

vary from a few hundred nanometers up to meters in long nerve axons [1]. 

Each dimer is an electric dipole whose mass is kg108.1 22m . Its length 

is nm8l , while the remaining two dimensions are .5nm6  and .6nm4 [2]. 

The component of its electric dipole moment in the direction of PF and 

charge displacement are: Cm101.13Debye337 -27p  and nm4d , 

respectively [3].  
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Figure 1. A tubulin dimers, a protofilament and a microtubule [4]. 

 

MTs are the major part of cytoskeleton (Fig. 2). They are long structures 

that spread between a nucleus and a cell membrane. MTs are involved in 

nucleic and cell division and organization of intracellular structure. They 

also serve as a network for motor proteins. This is shown in Fig. 3. There 

are two families of them called dyneins and kinesins. One can see, in Fig. 3, 

that the motor proteins carry different cargos, dynein towards the nucleus 

and kinesin towards the cell membrane. Motor proteins move with a 

velocity of sμm21.0   [5]. For this activity they use the energy derived 

from repeated cycles of adenosine triphosphate (ATP) hydrolysis. One ATP 

molecule is hydrolyzed for each step of motor protein. The step of motor 

protein is nm8  distance, as this is nothing but one dimer. Energy released 

during ATP hydrolysis is about molkcal14 , which corresponds to 

activation energy of the motor proteins [5]. 

 

 

 

Figure 2. A nucleus and MT  

network in a eukaryotic cell [4] Figure 3. Microtubule as a network f 

     or motor proteins in a eukaryotic cell 

       [4]. 
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MTs in non-neuronal cells are unstable structures. They undergo repeated 

cycles of cell division for which MTs disassemble and reassemble [1]. 

Populations of such MTs usually consist of some that are shrinking and 

some that are growing. Hence, they exhibit dynamic instability behaviour 

existing in phases of elongation or rapid shortening. MTs grow steadily and 

then shrink rapidly by loss of tubulin dimers at the plus end. The rapid 

disassembly is referred to as catastrophe. MTs elongate and shorten at 

velocities of minμm2.7  and minμm3.17 , respectively [6]. In the 

interphase the half lifetime of individual unstable MT is min105  [5]. 

MTs existing in neuronal cells are uniquely stable and, consequently, 

neurons, once formed, don’t divide [1]. This stability is crucial as there are 

evidences that neuronal MTs are responsible for processing, storage and 

transduction of biological information in a brain [1,7]. 

It was pointed out that MT was a hollow cylinder. This should not yield 

to a possible wrong conclusion that motor proteins move through it. Quite 

opposite, they “walk” along PFs carrying their cargos, as shown in Fig. 4. 

Finally, meanings of the plus and the minus ends should be explained. 

MT polymerizes more quickly from the plus end, which is terminated by the 

 -subunit, i.e.  -monomer. The other end, growing more slowly, is 

known as the minus end, and is terminated by the  -subunit. These 

dynamics ends do not correspond to electric ones. Namely, the dimers are 

electric dipoles and, consequently, the whole MT can be seen as a giant 

dipole, with its electric plus and minus ends. The electric plus end 

corresponds to the minus dynamics one and vice versa. 

 

 

 

 

 

 

 

 

 

 

 Figure 4. Motor proteins move along 

MTs carrying cargo [4]. 

 

 

 

 

 Figure 5. Microtubule.
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NONLINEAR DYNAMICS OF MTs 

To study dynamics of MTs we need an appropriate model. The dimers are 

electric dipoles and the whole MT can be regarded as ferroelectric. That was 

assumed for the first nonlinear model of MT [8]. 

The tubulin polymerization process involves two types of contacts 

between the dimers. These are head-to-tail binding of dimers, resulting in 

protofilaments, and interactions between parallel protofilaments, which 

complete the MT wall. Since the longitudinal contacts along PFs appear to 

be much stronger than those between adjacent PFs, we construct a 

simplified Hamiltonian of MT, which is, practically, Hamiltonian for a 

single PF only. However, the influence of the neighbouring PFs is taken into 

consideration through the electric field. Namely, each dimer exists in the 

electric field coming from the dimers belonging to all PFs. Also, the nearest 

neighbour approximation, very common in physics, is assumed. 

There is one additional approximation. The dimers oscillate performing 

both radial oscillations around more than one axis and longitudinal ones 

along more than one direction. Hence, there are a few degrees of freedom 

but all existing models assume only one degree of freedom per dimer, 

though some attempts to use two degrees of freedom are in progress. Thus, 

according to the chosen coordinates describing dimers` oscillations we can 

talk about either radial or longitudinal model. The latter one we call as u-

model [9]. Notice that the u–model assumes radial oscillations of the dimers 

but the coordinate u is the projection of the top of the dimer on the direction 

of PF. There is a real longitudinal model assuming longitudinal 

displacements of the dimers that we call as z-model [10]. Both u- and z-

models bring about equal differential equations but meanings of the 

coordinates u and z are different.  

The second kind of the model is a radial one [11] and we call it as 

 model for short. Of course, the angle   determines the radial 

displacement of the dimer representing the angle between the dimer and the 

direction of PF. 

The equation describing the u- and z-models comprises a term which 

does not exist in the one coming from the  -model. Hence, it is more 

complicated and interesting and, in what follows, we concentrate on the u-

model only.  

Each model requires a simplified picture according to which we write 

Hamiltonian describing the physical system. Also, an elementary mass, i.e. 

the smallest particle whose internal structure is neglected, should be 

indicated. The u-model, as well as all the models mentioned above, assumes 

that the dimer is the elementary particle 
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. The simplified picture, allowing us to write the Hamiltonian, could be 

the one in Fig. 5. The figure shows a segment of MT with three PFs clearly 

indicated. 

The Hamiltonian for the u-model is  
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where dot means the first derivative with respect to time, m  is a mass of the 

dimer, k  is an intra-dimer stiffness parameter, 0Q  represents the excess 

charge within the dipole, 0E  is internal electric field and the integer n  

determines the position of the considered dimer in PF [8,9]. The first term 

represents the kinetic energy of the dimer. The second one is the potential 

energy of the chemical interaction between the neighbouring dimers 

belonging to the same PF, where, obviously, the nearest neighbour 

approximation is used, as explained above. The next two terms are called 

W-potential and they were introduced due to the fact that MT is ferroelectric 

and A  and B  are parameters that should be determined or, at least, 

estimated [8,9]. The very last term is coming from the fact that the dimer is 

the electric dipole existing in the field of all other dimers. The last three 

terms together can be called as the combined potential which looks like 

unsymmetrical W-potential.  

Introducing generalized coordinates nq  and np , defined as nn uq   and 

nn ump  , and using well-known Hamilton’s equations of motion we obtain 

the following discrete differential equation that should be solved 

 

0)2(
3

11   CBuAuuuukum nnnn-nn
 .                                       (2) 

 

Therefore, nonlinear dynamics of MTs has been described by Eq. (2), which 

will be solved in the next section. Obviously, nonlinearity is coming from 

the 4th degree term in W-potential.  

 

SOLUTIONS OF EQ. (2)  

We are not going through all the tedious derivations. Instead, two known 

approaches will be explained briefly. It is interesting that the final results 

depend on applied mathematical procedures.  

Some approximations used in derivation of Eq. (2) were introduced 

above. We now explain the two mathematical methods for solving this 

equation. Practically, these two approaches are two approximations. In other 
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words, the approximations mentioned above were important for derivation 

of Eq. (2), while the mathematical ones are important for its solutions.  

The first mathematical approximation that we explain is a continuum 

approximation ),()( txutun  , which allows a series expansion of the terms 

1nu . This brings about the following continuum dynamical equation of 

motion 
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The last term is coming from the introduced viscosity force uFv
 , 

where   is a viscosity coefficient [8]. 

The remaining mathematical approximation is a semi-discrete one 

[9,12,13]. We assume small oscillations )()( ttu nn   , where 1 , and 

look for wave solution which is a modulated wave. Its envelope is continual, 

while its carrier component is discrete. Such solution can be written as  

 

)O(cc)()()()(Φ 22

20  
 nn ii

n eFFeFt ,                               (4) 

 

where ),( tnl   , tnqln   ,   is the optical frequency of the linear 

approximation, 02  q  is the wave number, cc represents complex 

conjugate terms and the function 0F  is real. The dimers length l , mentioned 

above, is nothing but a period of one dimensional crystal lattice. Obviously, 

the continuous function F  represents an envelope, while ni
e


, including 

discreteness, is the carrier component. The first term in the expansion (4) is 

a leading one, while the remaining ones, multiplied by  , are higher 

harmonics, representing a certain correction. Notice that the parameter   

exists in the function F  but does not in ni
e


. This is so because the 

frequency of the carrier wave is much higher than the frequency of the 

envelope and we need two time scales, t  and t , for those two functions. 

Of course, the same holds for the coordinate scales.  

This method is very tedious and we do not go through all the derivations. 

The complete procedure and important explanations can be found in Ref. 

[14]. The point is that the functions )(0 F  and )(2 F , existing in Eq. (4), 

can be expressed through )(F . In this particular case they turned out to be 
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constants [9]. Hence, we only need the equation for the function )(F  and 

this is a well-known solvable nonlinear Schrödinger equation (NLSE)  

 

0
2

 FFQFPiF SS ,                                                                          (5) 

 

where the dispersion coefficient P  and the coefficient of nonlinearity Q  

are explained in the aforementioned references, as well as the coordinates   

and S . 

Therefore, the crucial Eq. (2), describing nonlinear dynamics of MTs, has 

been transformed into Eqs. (3) and (5). The final step is the solutions of 

these two equations. This is a topic of the next section. 

  

SOLITONIC WAVES IN MICROTUBULES 

The very first observation of a soliton was made in 1834 by the 

hydrodynamic engineer John Scott Russel [13]. He was riding his horse, 

while a pair of horses drew a boat along a narrow channel. When the boat 

was suddenly stopped he noticed an interesting wave moving along the 

channel. That was a smooth and well defined heap of water, which moved 

along the channel without change of form or diminution of speed [13]. The 

wave was so stable that the engineer followed it about one or two miles. He 

called this phenomenon the wave of translation. 

Understanding of this interesting observation is nothing but a derivation 

of an equation whose solution is the observed wave. This equation is now 

called as KdV equation according to the initials of its authors Korteweg and 

de Vries, who derived it in 1895. More than 20 years earlier this equation 

existed in an implicit form in research of Boussinesq. 

Nonlinear equations and solitonic waves are nowadays very common in 

many branches of sciences. Being a non-linear, it became fashionable. Now 

we return to nonlinear biophysics, i.e. to Eqs. (3) and (5). The former one is 

a partial differential equation (PDE). Generally, PDEs cannot be easily 

solved. Hopefully, Eq. (3) can be transformed into an ordinary differential 

equation (ODE) introducing a unified variable   defined as tx   , 

where   and   are constants. Substitution of x  and t  by   transforms Eq. 

(3) into the following ODE 

03   ,                                                                      (6) 

 

where a dimensionless function   has been introduced through the relation 

BAu  . The values of the parameters  ,   and   can be found in 
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aforementioned references. It is important to keep in mind that   and   

are proportional to the viscosity coefficients and electric field, respectively, 

while   can be determined. 

Eq. (6) has been solved using a couple of mathematical procedures such 

as standard procedure [8], modified extended tanh-function method, 

procedure based on Jacobian elliptic functions, method of factorization and 

the simplest equation method (SEM). Beside a couple of diverging functions 

all these procedures bring about the same solutions having physical sense. 

These are three kink solitons, shown in Fig. 6. Of course, the function )(  

is the solution of Eq. (6). These solitons are kink-solitons or kinks ( 3 ) and 

antikink-solitons (
1  and 

2 ). It is common to call both of them as kinks 

for short. If we look at any of them we see that the kinks represent transition 

between two asymptotic states (  ). In other words, orientation of the 

dimers is changed. Regarding the present figure the transition occurs in the 

approximate interval of  6,6  . This interval is moving along MT. 

The most general method SEM brings about infinitely many parallel lines 

corresponding to all the three functions in Fig. 6. Of course, this is of 

mathematical interest but all those functions have the same physical 

meaning. 

The advantage of SEM method over the remaining ones was 

demonstrated in Ref. [15]. A completely new solution was obtained. This is 

a bell-type soliton, shown in Fig. 7. This solution of Eq. (6) can be obtained 

only for 0 , i.e. when viscosity is neglected. 

Therefore, two completely different solutions of Eq. (6) have been 

derived. A final step is derivation of Eq. (5). Even though this is PDE its 

solution exists [13,14]. Hence, we know F , the functions 0F
 and 2F , 

existing in Eq. (4), can be expressed through F  and all this brings about the 

final expression for u . This interesting solution is 
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where the expressions for all the parameters can be found in Ref. [9]. The 

hyperbolic function represents the envelope, while the remaining one is the 

carrier wave. This is shown in Fig. 8. Obviously, this is a localized 

modulated wave usually called as breather. We see that its width is about 

200nm, which means that it covers about 25 dimers.  
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As a conclusion we can say that all the three known kinds of solitonic waves 

have been found in MTs. All these analytical results have been numerically 

supported. 

 

 

 

 

Figure 8. 

A localized modulated soliton 

(breather) 

 

 

 

 

 

 

CONCLUSION AND FUTURE RESEARCH 

The three different solitons have been predicted as possible candidates for 

information carriers along MTs. They are shown in Figs. 6-8. A crucial 

question is their stability, which is very important task that should be 

performed. 

A weak point in the u-model is the last term in Eq. (1). The  model 

was an attempt to overcome the problem. A better potential energy 

 cos)( qdEEpU 


 was introduced instead but the W-potential has 

been lost. Hence, research in progress has been carried out with a goal to 

create a general model which will include both )(U  and W-potential. 
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Figure 7. A bell-type soliton for 
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Let us return to Eq. (1) and Fig. 5. According to the latter, one would 

conclude that all the dimers are positioned in the direction of PFs. Of 

course, this is a simplified picture. The last three terms in Hamiltonian given 

by Eq. (1) represent the nonsymmetrical W-potential. The graph of this 

function has two minima. This means that there are two possible 

orientations of the dimers, i.e. two possible angles between them and PFs. 

According to the dimensions of the dimers we can expect that it should be 

possible to measure these angles. Such experiments would prove or 

disapprove the theoretical expectation regarding W-potential. In case that 

the used potential has been a good choice the measured angles would 

improve theory a lot.  

Therefore, stability analysis, the general model and the experimental 

verifications are new tasks that should be performed in near future.  
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ABSTRACT 

Dopamine (DA) and three of its metabolites, homovanillic acid (HA), 3-

methoxytyramine (3-MT) and 3,4-dihydroxyphenilacetic acid (DO) were 

subjected to structure-antioxidant activity investigation. Neutral molecules, 

radical cations, radical and anions were optimized at M062x/6-311++G(d,p) 

and thermodynamic parameters describing possible radical scavenging 

mechanisms were calculated. Based on these values, these mechanisms are 

competitive in aqueous solution. Catechol hydroxyl groups are the most 

reactive groups, when compared to carboxyl and amino, present in 

molecule. The highest antioxidant activity is expected for DO and DA. 

 

INTRODUCTION 

Dopamine is one of the most important 

neurotransmitters in organism, proven to have 

an important role against oxidative stress [1]. 

Through complex reaction pathways it 

decomposes into various metabolites. In the 

present study three of them were selected for 

the antioxidant activity investigation – 

homovanillic acid, 3-methoxytyramine and 

3,4-dihydroxyphenilacetic acid. The selected 

molecules share similar characteristic groups 

– aromatic ring (or catechol moiety in case of 

DA and DO) and aliphatic chain with 

different functional groups (Figure 1). 

Antioxidant activity is discussed based on the 

structure-activity relationships, because better 

Figure 1. Structure of 

investigated molecules: DA 

(A=H, B=CH2NH2), 3-MT 

(A=CH3, B=CH2NH2), DO 

(A=H, B=COOH), HO 

(A=CH3, B=COOH). 
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understanding of the mechanism of their activity might help decomposing 

the complex formation of diseases like Parkinson’s, Alzheimer’s and other. 

In the radical scavenging mechanisms reactive radical species are 

inactivated by accepting a hydrogen atom from the hydroxyl group (or other 

groups containing hydrogen atom connected to electronegative atoms) of the 

antioxidant. All of the selected molecules have either one hydroxyl group 

(3-MT and HA) or two (DA and DO). The transfer of hydrogen atom can be 

described through three mechanisms: hydrogen atom transfer (HAT, Eq. 1), 

sequential proton loss electron transfer (SPLET, Eqn. 2) and single electron 

transfer followed by proton transfer (SET-PT, Eqn. 3).   

ArOH + R∙→ArO∙+RH                [1] 

ArOH → ArO-+ H+                      [2a] 

ArO-+ R∙→ ArO∙+ R-                          [2b] 

R-+ H+ → RH                            [2c] 

ArOH + R∙→ ArO+∙+R-                   [3a] 

ArO+∙+ R- → ArO∙ + RH               [3b] 

 

THEORETICAL METHODS 

The structures of dopamine and its metabolites were optimized at M062x/6-

311++G(d,p) level, with Gaussian Program Package [2]. The absence of 

imaginary frequencies proved that the structures were at the minimum of 

potential energy surface. Several conformers of each species were selected 

based on previous through-out search in order to ensure that, at chosen level 

of theory, these were the most stable conformers. The M062x functional [3] 

was selected because it is suggested by its developers to give good results 

for the thermochemical parameters, which the present study is based on. For 

each of the species radical cations, radicals (formed by one of X-H 

homolytic bond breakage, where X=N, O) and anions (formed by X-H 

heterolytic bond breakage) were optimized.  

 

RESULTS AND DISCUSSION 

Reactions related to antioxidant mechanisms, all of which have the same net 

result, are governed by different molecular properties: bond dissociation 

enthalpy (BDE) of ArOH in HAT mechanism, proton affinity (PA) of ArOH 

coupled with electron energy transfer (ETE) of ArO- in SPLET mechanism, 

and ionization potential (IP)of ArOH in SET-PT mechanism. These values for 

all of the possible deprotonation pathways of selected molecules are given in 

Table 1. 
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Table 1. Parameters for radical scavenging activity of dopamine and its 

metabolites in water, in kJ/mol. 

 

The values for 1 and 2 for DA and DO are for the catechol moiety hydroxyl 

groups, and 3 is for NH2 group for DA and COOH for DO. For 3-MT 1 is for 

OH group directly connected to aromatic ring, and 2 for NH2, and for HA 1 is 

the same as for previous, but 2 is for COOH. Based on the data presented 

above, it can be concluded that the lowest BDE value is for DA and DO, within 

1 kJ/mol. The BDE values for HA and 3-MT are higher for about 2-5 kJ/mol. 

This proves that the most reactive groups are hydroxyl groups connected to 

aromatic ring, while other electronegative groups have much lower BDE 

values, for about 80 kJ/mol. IP is much higher than BDE, more than 140 kJ/mol 

for each of the species. The values for the second step of SET-PT are much 

lower, but in total these reactions are less energetically favorable than HAT.  

The lowest energy requirements in all of the investigated mechanisms are 

for SPLET, especially for PA which is 140 kJ/mol. The order of investigated 

molecules is DO<DA<HA<3-MT(the PA values for all of them are within 

28 kJ/mol). The values of proton affinity are similar for all of the hydroxyl 

groups, especially if catechol moiety is present. PA values for carboxyl 

groups are lower than hydroxyl groups PA because of higher acidity of these 

hydrogen atoms, present in both DO and HA. Based on these values it could 

be concluded that dominant radical scavenging activity mechanism is 

SPLET which proceeds through carboxyl group. The second step of SPLET, 

has much higher energy requirement, for about 200 kJ/mol. The second step 

that goes through carboxyl group is 100 kJ/mol higher than for hydroxyl 

groups. When two of the steps are added, the energy requirement for SPLET 

is thermodynamically more favorable if mechanism includes catechol 

 Water 

HA

T 

SET-PT SPLET  HA

T 

SET-PL SPLET 

BD
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IP PDE PA ETE BD

E 

IP PDE PA ETE 

DA  479    DO  487    

1 347  31 141 369 1 346  22 140 369 

2 342  26 143 363 2 347  23 139 371 

3 412  96 320 255 3 418  94 110 471 
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 474    HA  482    

1 349  38 157 355 1 354  35 154 363 

2 412  100 320 255 2 412  94 109 466 
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hydroxyl group. The highest energy requirement is for the reaction that 

would include NH2 group.  

If the values of BDE are compared to the sums PA+ETE (SPLET) and 

IP+PDE (SET-PT), it can be concluded that these values are for 140 kJ/mol 

lower than the respective sums. On the basis of this, it can be concluded that 

all of these mechanisms are competitive in the aqueous solutions. The 

values of BDE, PA and PDE show that the hydroxyl groups are the most 

probable places for the hydrogen loss. When these values are compared, DO 

has lowest thermodynamic values and thus expected to have the highest 

antioxidant activity towards different radicals.  

 

CONCLUSION 

Dopamine and its metabolites, homovanillic acid, 3-methoxytyramine and 

3,4-dihydroxyphenyl acetic acid are naturally occurring molecules that have 

prominent antioxidant activity. Based on the calculated thermodynamic 

parameters it can be concluded that molecules with hydroxyl groups 

connected to aromatic ring have the lowest values for BDE, PA and PDE i.e. 

they have the highest probability to be the first groups entering the reactions 

with free radicals. Carboxyl groups present in HA and DO, because of 

higher acidity of hydrogen atoms, are also possible groups for interactions 

with radicals. The least probable mechanism includes amino groups. 

Because of this structure-activity relationships, the following order for 

antioxidant activity is: DO > DA > HA> 3-MT. 
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ABSTRACT 

Exposure of an organism to chronic social isolation (CSIS) causes 

modulation of antioxidant defense system in the brain which has been 

shown to have important role in depression. Fluoxetine (Flx) is the first-line 

treatment for depression; however, precise mechanism of its action still 

remains elusive. The aim of this study was to investigate the effect of 3 

weeks of Flx treatment on malondialdehyde (MDA) level, an oxidative 

stress parameter as well as on the activities of GSH-dependent antioxidative 

enzymes in the hippocampus of rats exposed to 6 weeks of CSIS. Increased 

MDA content following CSIS and Flx treatment (controls or CSIS) of rats, 

suggests on hippocampal oxidative damage. CSIS induced reduction of 

hippocampal glutathione-S-transferase that was reversed by Flx treatment, 

as well as an increase in glutathione peroxidase/reductase activities. The 

present study contributes to our understanding of the mechanisms that 

underlie the antidepressant activity of Flx in rats exposed to CSIS, an animal 

model of depression. 

  

INTRODUCTION 

Psychosocial stress is one of the major factors that 

could contribute to depression. Chronic social isolation (CSIS), an animal 

model of depression, causes changes in redox state in the hippocampus 

which may be responsible for depressive-like behavior in rats [1]. 

Fluoxetine (Flx, Prozac) belongs to the class of the new antidepressive drugs 

and it has been used as a first line treatment for depression and anxiety [2]. 

It acts as a selective serotonin reuptake inhibitor but its precise mechanism 

of action still remains unknown. The aim of this study was to examine the 

effect of 3 weeks of Flx treatment (15 mg/kg/day) on malondialdehyde 

(MDA) level, an oxidative stress parameter, and glutathione (GSH)-related 

antioxidative defense, as indirect marker of oxidative stress, in the 

hippocampus of rats exposed to six weeks of CSIS. Hence, we measured the 
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glutathione (GSH) content, as the main redox buffer in the cell, and 

activities of GSH-dependent antioxidative enzymes including glutathione 

peroxidase (GPx), glutathione reductase (GLR) and glutathione-S-

transferase (GST). 

 

EXPERIMENTAL 

Twenty four adult male Wistar rats, 2.5 months old, at the onset of the 

experiment served as subjects. Rats were housed under standard conditions 

(temperature-controlled environment (21-23°C), 12/12h light/dark cycle 

with food and water available ad libitum). Prior to stress exposure, the 

animals were housed in groups of four per cage and randomly divided into 

two groups. Control group consisted of four animals per cage while rats 

subjected to CSIS stress were housed individually for 6 weeks during which 

animals had normal auditory and olfactory experiences, but without any 

visual and tactile contact with other animals. Flx-HCl solution was 

administered daily by intraperitoneal (i.p.) injections of 15 mg/kg, during 

the last 3 weeks in both control (Con+Flx) and socially isolated (CSIS+Flx) 

rats. We reported in previous study that the chosen dose of Flx is the one 

corresponding to serum levels within the therapeutically effective dose 

range for the treatment in depressive patients [3]. Vehicle-treated animals 

received i.p. physiological saline injections (0.9 % NaCl) (Con+Veh and 

CSIS+Veh). Hippocampal cytosolic fractions were used for biochemical 

parameters determination. Protein concentrations were measured by the 

method of Lowry [4], using bovine serum albumin as a standard. GSH 

content was measured according to the method of Ellman [5]. We used 

spectrophotometric assays for measuring the activity of GPx, GLR and GST 

enzymes [6, 7, 8]. All data are displayed as mean ± S.E.M. and analyzed by 

two-way ANOVA followed by Duncan’s post-hoc test.  

 

RESULTS AND DISCUSSION 

Significant increase in MDA content in CSIS+Veh group shows the signs of 

oxidative stress (**p<0.01) (Figure 1). Interestingly, Flx treatment caused 

the increase in MDA content in both control and isolated (**p<0.01) animals 

indicating its detrimental effect of lipid oxidation. 

According to data presented in Table 1., CSIS led to slight decrease of 

GSH content that was not statistically significant (p>0.05). However, 

treatment with Flx induced increase of GSH level in Flx-treated CSIS 

animals (^p<0.05) as compared to vehicle-treated CSIS.  
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CSIS stress brought to distinguishable changes in GSH-dependent 

antioxidant enzyme activities. GPx activity was significantly increased in all 

three groups compared to Con+Veh, with the most significant changes 

observed in Con+Flx and CSIS+Flx (***p<0.001), demonstrating the role of 

Flx in enhancing antioxidative defense. GLR activity didn’t undergo any 

significant change in CSIS rats (p>0.05) but Flx treatment increased its 

activity in control (*p<0.05) and CSIS (**p<0.01) groups. Therefore, based 

on aforementioned results, Flx intensifies GSH-dependent antioxidative 

defense by stimulating the catalytic activity of both GPx and GLR. 

 

Table1. Hippocampal GSH content and activity of GPx, GLR and GST 

enzymes of control and chronic social isolation (CSIS) rats treated either 

with vehicle (0.9% NaCl) or fluoxetine. Symbols indicate significant 

differences between: all treated experimental groups and Con+Veh, *p< 

0.05, **p<0.01, ***p<0.001; CSIS+Flx and CSIS+Veh ^p<0.05, ^^^p<0.001; 

CSIS+Flx and Con+Flx #p<0.05. 

 

 
 

Figure 1. Changes of MDA content (nmol/mg protein) in hippocampus 

of control and chronic social isolation (CSIS) rats treated either with 

vehicle (0.9% NaCl), or fluoxetine. Asterisk indicates significant 

differences between all treated experimental groups and Con+Veh 

(**p<0.01). 
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The compromised GST activity in CSIS group (***p<0.001) could be one 

of the contributing factors that led to the reduced consumption of GSH, a 

cosubstrate essential for its activity. Treatment of Flx restored GSTactivity 

in CSIS rats as compared to CSIS alone (^^^p<0.001) indicating that it 

interferes with CSIS-induces pathways of oxidative defense as well as its 

role in improvement of the cell capabilities in detoxification of drug. 

Moreover, increased GPx activity in vehicle-treated CSIS group and 

consequently consumption of GSH did not affect its level although 

increased GPx activity was not accompanied with increased activity of GLR 

enzyme responsible for GSH restoration, suggesting on de novo synthesis of 

GSH. 

 

CONCLUSION 

The data revealed that Flx may cause state of oxidative stress, judging by 

the overall MDA content increment in control rats. In addition, it 

unambiguously triggered the cellular defense against ROS by enhancing the 

activities of GPx, GLR as well as reversing GST activity to the normal 

level, thereby improving the cell capacity in toxic electrophile molecules 

removal, but relying on the fact that some GSTs may act as peroxidases. 
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ABSTRACT 

Olanzapine is an antipsychotic proved to be effective in stress associated 

psychiatric diseases, but its effect on the liver, main site of drug metabolism, 

still remain unclear. We investigated the effects of chronic treatment of 

olanzapine (three-week) on the malondialdehyde (MDA) content and 

protein expression and activity of antioxidant enzyme catalase (CAT) in the 

liver of rats exposed to chronic social isolation (CSIS) (six-week), an animal 

model of depression. The increased cytosolic MDA content in both vehicle- 

and olanzapine-treated CSIS animals suggests oxidative stress. Increased 

CAT activity in vehicle-treated CSIS animals, which was not consistent 

with its protein expression, suggests induction of antioxidant defense 

mechanisms, while olanzapine significantly reduced CAT activity in CSIS 

group. Data revealed that although olanzapine treatment reversed the 

alterations in CAT activity, it has the ability to cause hepatotoxicity, as 

indicated by increased MDA content. 

 

INTRODUCTION 

Olanzapine, an atypical antipsychotic, is used to treat depressive disorder 

and schizophrenia [1]. Compared to older antipsychotics demonstrated to 

cause oxidative stress within the liver [2], the newer atypical antipsychotics, 

including olanzapine, may have protective properties against oxidative 

stress. Given that olanzapine is extensively metabolized in the liver, its effect 

on the liver is important. Recently, we have shown that chronic social 

isolation (CSIS), an animal model of depression, causes oxidative stress in 

the rat liver [2]. Oxidative stress may induce peroxidation of membrane 

lipids leading to the formation of malondialdehyde (MDA), where its 

increased production is associated with different pathological states. 

Moreover, oxidative stress may also affect protein expression and the 

activity of antioxidant enzymes, such as catalase (CAT). CAT is in the first 

line of cellular defense against oxidative damage and degrades hydrogen 
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peroxide (H2O2) into water and oxygen. Thus, we examined the effect of 3 

weeks of olanzapine administration (7.5 mg/kg/day) on rat hepatic cytosolic 

MDA content and protein expression and activity of CAT following 6 

weeks of CSIS, which causes depressive- and anxiety-like behavior in adult 

male Wistar rats. 

 

EXPERIMENTAL 

Adult male Wistar rats, 2.5 months old, were used at the onset of the 

experiment. Prior to CSIS exposure, the animals were housed in groups of 

four per cage and randomly divided into two groups. Control group 

consisted of four animals per cage, while rats that underwent CSIS, were 

individually housed for 6 weeks, during which they had normal auditory and 

olfactory experience, but were deprived of any visual and tactile contact. 

Following 3 weeks, both groups were subdivided into vehicle-treated rats 

receiving daily intraperitoneally (i.p.) injections of normal saline (0.9% 

NaCl) (Cont+Veh and CSIS+Veh) and olanzapine-treated receiving a 7.5 

mg/kg/day of olanzapine-hydrochloride (Cont+Olan and CSIS+Olan). This 

selected dose of olanzapine in rats is within the therapeutic plasma 

concentration range in humans [3]. Lipid peroxidation was determined by 

estimating MDA content by the method which involves its reaction with 

thiobarbituric acid and spectrophotometric detection at 535 nm [4]. 

Cytosolic CAT activity was determined by spectrophotometric assays, 

monitoring the decrease in absorbance at 240 nm, and expressed as µmol of 

degraded H2O2 per minute per milligram of protein, using the extinction 

coefficient of 43.6 M-1cm-1 [5]. The results were analyzed using two-way 

ANOVA followed by Duncan's post hoc test and expressed as mean ± SEM 

of 6 rats per group. 

 

RESULTS AND DISCUSSION 

MDA content is presented in the Fig.1. Significant increase in hepatic MDA 

content in both vehicle- and olanzapine-treated CSIS rats as compared to 

vehicle-treated controls (***p<0.001) suggests increased oxidative stress 

caused by CSIS alone and/or olanzapine treatment.. Interestingly, increased 

MDA in olanzapine-treated CSIS group compared to vehicle-treated CSIS 

group (^^^p<0.001) or olanzapine-treated controls (###p<0.001) suggests a 

synergistic action of olanzapine and CSIS on induction of lipid 

peroxidation. This synergism could be, at least in part, explained by the 

olanzapine oxidation to a pro-oxidant radical nitrenium ion [6], which may 

be produced in the CSIS-induced pro-oxidant environment and may further 

contribute oxidative damage in hepatic cells. 
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Figure 1. MDA content in liver 

cytosol of controls (Cont) and rats 

exposed to chronic social isolation 

(CSIS) treated with vehicle (0.9% 

NaCl) or olanzapine-hydrochloride 

(7.5 mg/kg/day). Symbols indicate 

differences as follow: ***p<0.001 

CSIS+Veh or CSIS+Olan vs. 

Cont+Veh, ###p<0.001 CSIS+Olan 

vs. Cont+Olan; ^^^p<0.001 

CSIS+Olan vs. CSIS+Veh. 

 

Protein expression and activity of hepatic cytosolic CAT are shown in 

Fig. 2 A and 2 B, respectively. Regard to CAT protein expression, two-way 

ANOVA followed by Duncan's post-hoc test revealed no significant 

differences between all tested groups of rats.  

Figure 2. Hepatic cytosolic CAT protein levels (A) and activity (B) (U/mg 

protein) of controls (Cont) and rats exposed to chronic social isolation 

(CSIS) treated with vehicle (0.9% NaCl) or olanzapine-hydrochloride (7.5 

mg/kg/day). Symbols indicate differences as follow: ***p<0.001 CSIS+Veh 

vs. Cont+Veh; ^^^p<0.001 CSIS+Olan vs. CSIS+Veh. 

 

Significant increases of CAT activity could be compensatory increase for 

meeting the demand to convert overloads H2O2 in the liver of CSIS rats. 

After olanzapine treatment in CSIS rats, CAT activity went back to the 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    F-06-P 

 

 442 

normal level, which may indicate that olanzapine significantly reduces H2O2 

and oxidative stress in the liver. Lack of correspondence between CAT 

protein expression and its activity in vehicle-treated CSIS group may be 

consequence of the presence of large amounts of its substrate, stress-induced 

H2O2. 

 

CONCLUSION 
Our results suggest increased oxidative stress in the liver of CSIS rats, 

judged by increased cytosolic MDA content and CAT activity. Olanzapine 

treatment had no any detrimental effect on the liver of control animals but it 

failed to alleviate CSIS-induced hepatic lipid peroxidation and this 

mechanism has yet to be worked out. We found that olanzapine down 

regulates the activity of CAT which reflects that olanzapine significantly 

reduced H2O2 and hepatic oxidative stress.  
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ABSTRACT 

Duloxetine (DLX) is antidepressant for the treatment of depression, but its 

effect on the liver, a primary site for drug metabolism, has yet to be 

determined. The effect of 3 weeks of DLX treatment on protein carbonyl 

groups and activities of GSH-dependent defense including reduced 

glutathione (GSH), glutathione peroxidase (GPx) and glutathione S-

transferase (GST) in liver of rats exposed to 6 weeks of chronic social 

isolation (CSIS), an animal model of depression, were investigated. CSIS 

induced increase in protein carbonyl content, which was decreased by DLX 

treatment. We noticed increase in GPx and GST activity in DLX-treated 

(controls and CSIS) rats and CSIS group, whereby GPx activity was 

significantly higher in DLX- compared to vehicle-treated CSIS rats. Results 

indicate protective effect of DLX against CSIS-induced oxidative damage of 

hepatic proteins, which may be due to intensified protective mechanisms 

mediated by GSH-dependent defense. 

 

INTRODUCTION 

It has been shown that chronic social isolation (CSIS) induced the oxidative 

stress in the rat liver, judged by increased concentrations of protein carbonyl 

groups [1]. CSIS is mild psychosocial stress used for studding 

pathophysiology of mood disorders [2]. A duloxetine (DLX), a selective 

serotonin/norepinephrine reuptake inhibitor,,is used for the treatment of 

some mood and nerve disorders including depression and some anxiety 

disorders [3].  

In order to defend against oxidative stress, liver uses glutathione (GSH)-

dependent defense system. Glutathione peroxidase (GPx) reduces lipid 

hydroperoxides to their corresponding alcohols and free hydrogen peroxide 

to water, using GSH as cosubstrate. Glutathione S-transferase (GST) 

catalyses the conjugation of the reduced form of GSH to xenobiotic 

substrates for the purpose of detoxification.  
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Since the liver possesses one of the highest antioxidant enzyme 

capacities in the body, and is primary organ for drug activation and 

detoxification, we examined the chronic effect of DLX on protein carbonyls 

as well as GSH-dependent defense system in liver of rats exposed to CSIS. 

 

EXPERIMENTAL 

Adult (2.5 month old) male Wistar rats were used for the experiments. Rats 

were housed under standard conditions (temperature-controlled environment 

(21-23°C), 12-h light/dark cycle with food and water available ad libitum). 

Rats were divided into control groups (four animals per cage) and rats that 

underwent CSIS for a period of 6 weeks, which were housed individually. 

After 3 weeks of experiments, rats were subdivided on groups treated either 

with intraperitoneal (i.p.) injections of DLX (10 mg/kg/day) (Con+DLX, 

CSIS+DLX) or 0.9% NaCl (Con+Veh and CSIS+Veh) for next 3 weeks. 

Hepatic cytosolic fractions were used for biochemical parameters 

determination. GPx and GST activity were determined by 

spectrophotometric assays [4, 5], while GSH content was measured 

according to Hissin and Hilf [6]. Protein carbonyl content was determined 

using Levine et al. method [7]. Data were analyzed by two-way ANOVA 

followed by Duncan’s post-hoc test. The results are presented as mean ± 

S.E.M. of 6 animals per group. 

 

RESULTS AND DISCUSSION  

Significant increase in protein carbonyl content in CSIS+Veh group 

compared to Con+Veh group (***p<0.001) (Figure 1) indicates the presence 

of oxidative stress. Also, it can be noticed that DLX alone probably had no 

effect on the liver, according unchanged protein carbonyl content in 

Con+DLX group compared to Con+Veh group (p>0.05). Chronic 

administration of DLX in CSIS group induced significant decrease in 

protein carbonyl content compared to CSIS+Veh group (ˆˆˆp<0.001). This 

indicates a protective effect of DLX in relation to the changes in the proteins 

created by oxidative stress. 
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Figure 1. Cytosolic protein 

carbonyl contents (nmol/mg 

protein) in rat liver of controls 

and chronic social isolation 

(CSIS) rats treated with saline 

(0.9% NaCl) or duloxetine 

(DLX) (10 mg/kg/day). 

Significant differences 

between tested groups are 

indicated as follows: 

CSIS+Veh vs Con+Veh 
***p<0.001; CSIS+DLX vs 

CSIS+Vehˆˆˆp<0.001; 

CSIS+DLX vs Con+DLX 
##p<0.01. 

 

Results of hepatic GSH content and activity of GPx and GST are shown 

in Table 1. GSH content in CSIS+DLX group was increased compared to 

Con+Veh (*p<0.05) and CSIS+Veh (ˆp<0.05) groups. Unchanged GSH 

content in CSIS compared to control group was observed (p>0.05). GPx and 

GST activity in all treated experimental groups compared to Con+Veh 

group was significantly increased (**p<0.01, ***p<0.001). Post-hoc test also 

showed significant increase of GPx activity in DLX-CSIS group in 

comparison with CSIS+Veh  (ˆˆp<0.01) and Con+DLX (#p<0.05).  

 

Table 1. GSH content, GPx and GST activity in  liver of controls and 

chronic social isolation (CSIS) rats treated with vehicle (0.9% NaCl) or 

duloxetine (DLX) (10 mg/kg/day). Simbols show significant differences 

between: treated experimental groups and Con+Veh *p<0.05, **p<0.01, 
***p<0.001; CSIS+DLX and CSIS+Veh ˆp<0.05, ˆˆp<0.01; CSIS+DLX and 

Con+DLX #p<0.05. 

 
We found that chronic DLX treatment increased antioxidant status of 

control and CSIS groups relative to vehicle controls. This may reveal that 

DLX possesses antioxidant effects in the absence of oxidative stress as well 
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as it directly interfere with CSIS-induced pathways of oxidative defense. 

Increased activity of GPx in CSIS+DLX rats may be the consequence of 

increased levels of GSH in these animals, since it represents a cosubstrate 

necessary for its activity. Moreover, increase in GPx activity, at least in part, 

may be responsible for reduction of protein carbonyl content in CSIS rats, 

suggesting protective role of DLX. Increased GST activity in DLX-treated 

(control or CSIS) rats, was probably due to engagement of this enzyme in 

the detoxification of xenobiotics, including drug..  

 

CONCLUSION 

Our data reveal that CSIS causes oxidative damage of proteins and affects 

the GSH-dependent defense system in the rat liver. CSIS resulted in 

enhanced hepatic GPx and GST activity which indicate protective effect 

against oxidative stress. DLX treatment increases reduced GSH and GPx 

activity that suggest its protective effect against CSIS-induced oxidative 

protein damage. 
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ABSTRACT 

Direct effects of radiation affect the DNA molecule, causing DNA damage 

and finally cell death. We examined the role of DMSO and glycerol as free-

radical scavengers in HTB177 cells irradiated with gamma rays. Direct effects 

of radiation were estimated through DNA double strand break (DSB) 

quantification and cell survival. Results of this work revealed that chosen 

concentration of DMSO exhibit higher protective effect comparing to 

glycerol. 

 

INTRODUCTION 

It is known that ionizing radiation causes cell damage through direct and 

indirect effects [1]. Direct effects refer to straight interaction of gamma rays 

or charged particles with DNA molecule causing damages (single and 

double strand breaks, modification of bases and DNA backbone). If not 

repaired properly, DNA lesions provoke genomic instability and 

consequently lead to cell death. Indirect effects of radiation refer to 

formation of free radical species during water hydrolysis. These highly 

reactive ions interact with DNA, but also with other biomolecules and 

cellular compartments, triggering oxidative stress [1]. In the field of 

radioprotection, many chemical compounds are tested for their capacity to 

prevent DNA and cell damage. It is known that DMSO and glycerol act as 

free radical scavengersthus lowering oxidative stress caused by indirect 

effects of radiation.In this study we used non-toxic concentrations of DMSO 

and glycerol that represent low and high scavenging conditions (1 and 

100mM DMSOand 2 and 200 mM glycerol)[2, 3]. 

Clonogenic assay is used in radiobiology as standard test to determine 

cell survival after irradiation alone or in combination with chemical 

mailto:aristic@vin.bg.ac.rs


 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    F-08-P 

 

 448 

treatment [4]. The impact of DMSO and glycerol on radio-sensitivity of 

HTB177 non-small lung cancer was tested. 

Phosphorylated histone H2AX (γH2AX) acts as a sensor of DSB. Due to 

its role in DNA repair, it is used as a DSB biomarker. Immunocytochemical 

analysis of γH2AXisconsidered to be sensitive method for DSB detection 

and quantification [5]. 

 

EXPERIMENTAL 

The HTB177 cells were purchased from the ATCC (Rockville, MD, USA) 

and grown as a monolayer culture in RPMI-1640 medium supplemented 

with 10% fetal bovine serum (FBS) and penicillin/streptomycin (Sigma-

Aldrich Chemie GmbH, Steinheim, Germany) in humidified atmosphere at 

5% CO2 and 37°C (Heraeus, Hanau, Germany). 

Cells were grown in 3 ml of serum-free medium for 18 h and seeded in 

six well culture dishes for clonogenic assay and on cover slips for 

immunocytochemical analyses. One hour prior to irradiation, scavengers 

were added in final concentrations of 1 and 100mM (DMSO) and 2 and 200 

mM (glycerol).The medium was discarded andcells were irradiated with 

gamma rays from 60Co source at the dose rate of ~ 1 Gy/min. Irradiation 

was performed in air at room temperature at the Vinča Institute of Nuclear 

Sciences, Belgrade, Serbia. After irradiation, cells were incubated in 

medium without DMSO and glycerol. 

Irradiation doses for clonogenic assay were 0.5, 1, 2, 3, 4, 5 Gy. After 

seven days, cells were fixed and stained with 10% Giemsa solution [4]. 

More than 50 cells per colony were scored as a surviving cell. Survival was 

calculated by comparing the number of colonies in irradiated dishes with 

untreated control. Dose dependent cell survival data were fitted using the 

linear-quadratic equation: S = exp (– α D – β D2), where S is the surviving 

fraction for the dose D, while α and β are the fitting parameters. Surviving 

fractions were evaluated from the best fit survival curves using the computer 

software TableCurve 2Dv 5.00. 

Immunocytochemical analyses were performed as previously described 

[4]. Cells were fixed 30 minutes after irradiation with the dose of 1 Gy. 

Fluorescently labeled phosphorylated H2AX antibody (Alexa Fluor 488, 

BioLegend Inc. San Diego, California, United States) was used. 

Micrographs were made on laser confocal microscope Leica TCS SP5 II in 

LAS AF Lite software program (Leica Microsystem CMS GmbH). γH2AX 

foci were quantified using Image J software. 

Statistical analyses of experimental results were done using Student’s t 

test and the level of significance was set at p<0.05. 
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RESULTS AND DISCUSSION 

Comparing to irradiated control, SF2 value was significantly higher in cells 

pre-treated with 100 mM DMSO(p<0.05), while 1 mM DMSO had no 

significant effect on SF2 (Figure 1a). Therefore, 100 mM DMSO expressed 

higher radio-protective effect after seven days of incubation. Lower 

concentration of glycerol slightly stimulated cell survival while higher 

decreased SF2 but with no statistical significance (Figure 1.b). These results 

indicate that 2 mM glycerol may have radio-protective and 200 mM 

glycerol cytotoxic effect seven days after the treatment. 

 
Figure 1. Clonogenic survival of HTB 177 cells 7 days after irradiation with 

0.5, 1, 2, 3, 4, 5 Gy of gamma rays. Cells were treated with 1 and 100 mM 

DMSO (a) or 2 and 200 mM glycerol (b). Results are shown as mean±SEM. 

 

DNA DSBs were analysed through the formation of γH2AX foci 30 

minutes after irradiation, when the level of γH2AX expression was the 

highest [5]. Dose of 1 Gy was selected for fine detection of foci, as higher 

doses could cause signal overlapping [6]. The number of foci per cell were 

significantly lower in both experimental groups treated with DMSO 

comparing to irradiated control (p<0.001) (Figure 2.a) implicating its radio-

protective role. 200 mM glycerol decreased number of foci per cell, 

(p<0.001) (Figure 2.b) thus showingradio-protective effect. 
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Figure 2. Immunocytochemical analyses of γH2AX in DMSO (a) and 

glycerol (b) treated cells irradiated with 1 Gy of gamma rays. Results are 

shown as mean value of γH2AX foci per cell ±SEM. 

 

CONCLUSION 

The results showed that DMSO and glycerol pre-treatment can stimulate cell 

survival seven days after irradiation with gamma rays. The possible 

mechanism is inhibition of DNA lesions by reducing the level of DNA 

DSBs. These data will be further analysed. 
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ABSTRACT 

The in vitro influence of five polyoxotungstates containing various central 

atoms on acetylcholinesterase (AChE) activity was investigated. 

K6[PV3W9O40] × 3H2O, K6H2[TiW11CoO40] × 13H2O, 

(NH4)14[NaP5W30O110] × 31H2O, K7[SiV3W9O40] × 10H2O, and 

K7[Ti2PW10O40] induced the enzyme inhibition in a concentration-

dependent manner. Inhibitory power of the investigated compounds was 

evaluated using IC50 values. K7[SiV3W9O40] × 10H2O affected AChE 

activity with lowest potency (IC50 = 4.80 × 10-4 mol/L). K6H2[TiW11CoO40] 

× 13H2O and K7[Ti2PW10O40] exhibited high affinity toward the enzyme, 

inducing half-maximum inhibition at micromolar concentrations (1.14 × 10-

6 and 1.04 × 10-6 mol/L, respectively), while the same effect was achieved in 

the presence of about fifty times higher concentration of K6[PV3W9O40] × 

3H2O. Finally, (NH4)14[NaP5W30O110] × 31H2O was found as the most 

potent inhibitor of AChE activity (IC50 = 6.36 × 10-7 mol/L), and 

consequently the most promising candidate for the treatment of neurological 

diseases associated with acetylcholine leakage. 

 

INTRODUCTION  

Polyoxometalates (POMs) are negatively charged inorganic complexes 

containing transition metal ions surrounded by oxygen atoms [1]. These 

anionic clusters are relatively stable, some of them are even highly stable in 

aqueous solutions at physiological pH values [2]. POMs have been shown to 

exhibit biological activities in vitro as well as in vivo, including anticancer 

[3], antibacterial [4], antiviral [5], and antidiabetic [6] activities. Their 

biological mechanisms of action at the molecular level are not well 

understood. It has been speculated that POMs are likely to act 

extracellularly, inhibiting several different enzyme families such as 
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phosphatases, kinases, sulfotransferases, sialyltransferases, and ecto-

nucleotidases, which are mostly located on the plasma membrane and 

display extracellular binding sites [7]. In a recent study, Iqbal et al. [8] 

demonstrated the inhibition of acetylcholinesterase (AChE) and 

butyrylcholinesterase activities induced by micromolar concentrations of a 

group of polyoxotungstates. AChE (EC.3.1.1.7) belongs to a group of 

membrane bound serine hydrolases, and is involved in the termination of 

impulse transmission by rapid hydrolysis of the neurotransmitter 

acetylcholine in numerous cholinergic pathways in the central and 

peripheral nervous systems [9]. Reversible inhibitors mostly have 

therapeutic applications, while toxic effects are associated with irreversible 

AChE activity modulators. The reversible inhibition of brain AChE is the 

major therapeutic target in the treatment of Alzheimer’s disease associated 

with loss of cholinergic neurons in the brain and the decreased level of 

acetylcholine [10]. 

Considering the fact that AChE inhibition presents one of the strategies in 

the therapy of neurological diseases, and the literature data about high 

inhibitory potential of POMs, the aim of this study is to investigate the in 

vitro influence of five newly synthesized heteropolyoxotungstates on AChE 

activity, as potential anti-Alzheimer drugs.  

 

EXPERIMENTAL 

Polyoxotungstates were synthesized and characterized by prof. Ulrich Kortz 

at Jacobs University, Bremen. Commercially available AChE purified from 

electric eel (Sigma, Germany) was exposed to the various concentrations of 

the investigated compounds during 20 minutes at 37oC. Afterwards, AChE 

activity was determined by slightly modified Ellman´s method [11].  

 

RESULTS AND DISCUSSION 

The effect of five newly synthesized polyoxotungstates: K6[PV3W9O40] 

×3H2O, K6H2[TiW11CoO40] × 13H2O, (NH4)14[NaP5W30O110] × 31H2O, 

K7[SiV3W9O40] × 10H2O and K7[Ti2PW10O40] × 10H2O on AChE activity 

was investigated by in vitro exposure of the enzyme to the 

polyoxotungstates in concentration range 1 × 10–10 - 2 × 10–3 mol/L. The 

dependence of the enzyme activity, expressed as a percentage of control 

value (the enzyme activity obtained without inhibitor), on the 

polyooxotungstate concentration fitted a sigmoidal function for all 

investigated compounds (Fig. 1a). IC50 values, the parameters of the 

inhibitory potential defined as the concentration which induces 50% 

inhibition of the enzyme activity, were determined by sigmoidal fitting the 
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experimental results as well as by Hill analysis (Fig. 1b) and are 

summarized in Table 1. The obtained results show that all five investigated 

polyoxotungstates inhibit AChE activity in concentration dependent manner, 

but with various potencies. (NH4)14[NaP5W30O110] × 31H2O is the most 

potent AChE inhibitor (IC50 = 4.79 × 10-7 mol/L), about a thousand times 

stronger than the inhibitory power of K7[SiV3W9O40] × 10H2O (IC50 = 4.80 

× 10-4 mol/L). The sensitivity of AChE toward K6H2[TiW11CoO40] × 13H2O 

and K7[Ti2PW10O40] × 10H2O was similar with IC50 values of 1.14 × 10-6 

and 1.04 × 10-6 mol/L, respectively, but their inhibitory potentials were 

about two times weaker compared to (NH4)14[NaP5W30O110] × 31H2O. The 

obtained diversity in the inhibitory power of the investigated compounds 

could result from their differences in size, shape and charge.  

   

 

 

 

  

 

 

 

 

 

 

Figure 1. The concentration dependent (a) and Hill analysis (b) inhibition of 

AChE from electric eel induced by K6[PV3W9O40] ×3H2O (square), 

K6H2[TiW11CoO40] × 13H2O (circle), (NH4)14[NaP5W30O110] × 31H2O 

(asterisk), K7[SiV3W9O40] × 10H2O (solid triangle), and K7[Ti2PW10O40] × 

10H2O (open triangle). 

 

Table 1. IC50 values of AChE inhibition by five newly synthesized 

polyoxotungstates obtained by fitting the experimental points by sigmoidal 

function and Hill analysis. 

 Hill analysis Sigmoidal function 

POM IC50, mol/L IC50 , mol/L 

K6[PV3W9O40] × 3H2O 6.56 × 10-5 6.36 × 10-5 

K6H2[TiW11CoO40] × 13H2O 1.23 × 10-6 1.14 × 10-6 

(NH4)14[NaP5W30O110] × 31H2O 6.00 × 10-7 4.79 × 10-7 

K7[SiV3W9O40] × 10H2O 5.82 × 10-4 4.80 × 10-4 

K7[Ti2PW10O40] × 10H2O 1.15 × 10-6 1.04 × 10-6 
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CONCLUSION 
In the present study, the potencies of five newly synthesized 

polyoxotungstates to decrease AChE activity were investigated for the 

purpose of their potential application in the therapy of neurological diseases 

associated with acetylcholine deficiency. The obtained results showed that 

three of five investigated compounds - (NH4)14[NaP5W30O110] × 31H2O, 

K6H2[TiW11CoO40] × 13H2O, and K7[Ti2PW10O40] × 10H2O remarkably 

affected the enzyme activity at micromolar concentrations. Consequently, 

these polyoxotungstates could be considered promising therapeutics in the 

treatment of Alzheimer’s disease, and require further preclinical studies.   
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ABSTRACT 

Reduction of oxygen and glucose supply to the brain due to diminished 

cerebral blood flow leads to damage of tissue which in experimental 

conditions can be mimicked by permanent ligation of common carotid 

arteries (2VO). Besides numerous genomic and non-genomic processes, 

cerebral ischemia enhances expression of ecto-5'-nucleotidase (eN), a main 

enzyme in the central nervous system that produces potent neuromodulator 

and neuroprotector, adenosine. Since progesterone (P), a potent sex steroid, 

is recognized as neuroprotective, aim of this study was to examine whether 

repeated low-dose P treatment is capable to induce changes in activity and 

protein expression of eN, at rat cortical membrane fraction following 2VO. 

Obtained results indicate that P modulates investigated parameters and 

through stimulation of adenosine generation might promote cytoprotection 

in ischemic brain. 

 

INTRODUCTION 

The energy disturbance due to mild, permanent reduction of cerebral blood 

flow leads to the activation of microglia and astrocytes, subsequent 

production of inflammatory mediators, blood-brain barrier disruption and 

consequently, neuronal death [1]. This type of brain injury might induce 

massive release of ATP in the extracellular space, where it influences 

numerous aspects of neuronal, astrocytic, and microglial responses by 

activating purinergic receptors [2]. The extracellular ATP actions are 

controlled by members of ectonucleotidase family. Specifically, the rate-

limiting enzyme in the ectonucleotidase pathway is ecto-5’-nucleotidase 
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(eN), which catalyzes the final step of AMP dephosphorylation and enables 

generation of adenosine, a potent neuromodulator and neuroprotector [3]. 

In the past few decades many therapeutic agents have been suggested for 

the treatment of ischemic brain injury. For instance, progesterone (P), a sex 

steroid, is involved in functions that extend beyond reproduction like 

synaptic plasticity, cognition, neurogenesis, etc. Although, its exogenous 

administration has been shown to improve the outcome in ischemic brain [4, 

5], the mechanism by which P modulates adenosine generation, as one of 

the key neuroprotective agents, is not yet elucidated. 

 

EXPERIMENTAL 

Three months old male Wistar rats, kept according to the standards of 

Ethical Committee for the use of laboratory animals of University of 

Belgrade, VINCA Institute of Nuclear Sciences, Serbia, were subjected 

either to sham or 2VO surgery as previously described [4, 6]. Following 

2VO surgeries animals were subcutaneously injected with P (4-Pregnene-

3,20-dione, dissolved in commercial flax oil, 1.7 mg/ml, 2VO + P) or equal 

volume of vehicle (commercial flax oil, 2VO + V), while sham operated 

animals were subjected to vehicle (Sham + V). The treatments were 

administrated for seven consecutive days starting immediately after both 

types of surgeries [4]. 

To examine the activity and protein expression of eN, after decapitation 

and priory presented isolation of cortical synaptic plasma membranes 

(SPMs) [7], the samples were subjected to in vitro colorimetric assay for 

estimation of AMP hydrolysis and immunoblot analysis using anti CD73 

antibody (Santa Cruz) for determination of changes in investigated 

enzyme’s expression [7]. 

Presented results were obtained from three independent SPMs 

preparations and all measurements were done in triplicate. Statistical 

significance was determined by one-way ANOVA followed by Tuckey’s 

posthoc test. Data are presented as mean ± SEM. 

 

RESULTS AND DISCUSSION 

Since our previous studies [4, 6] indicated that 2VO induces 

neurodegeneration due to provoked apoptotic processes observed in, both, 

cell body and terminals while P is capable to alter those processes by 

modifying BCl2 family expression and modulating caspase3 activity [4, 8], 

of interest was to examine whether repeated low-dose P treatment is able to 

modulate activity and protein expression of eN in the cerebral cortex. 
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Figure 1. AMP 

hydrolysis at cortical 

SPMs of sham operated 

animals treated with vehicle 

(Sham + V) and 2VO rats 

subjected either to vehicle 

(2VO + V) or progesterone 

treatment (2VO + P) as a 

marker of eN activity 

presented as a mean ± SEM 

(* p<0.05). 

 

Figure 2. Protein 

expression of eN at cortical 

SPMs of sham operated 

animals treated with vehicle 

(Sham + V) and 2VO rats 

subjected either to vehicle 

(2VO + V) or progesterone 

treatment (2VO + P). 

Results are presented as a 

percentage of Sham + V, 

mean ± SEM (*p<0.05). 

As shown in Figures 1. and 2, the rate of AMP hydrolysis in 2VO 

animals treated with vehicle increased significantly comparing to Sham + V 

group, but without altering eN protein abundance, while level of AMP 

hydrolysis and protein expression of eN were increased in 2VO animals 

treated with P. 

The literature emphasizes that adenosine, a potent endogenous 

neuromodulator and homeostatic regulator, through balanced activation of 

its inhibitory and facilitatory receptors, mostly controls excitatory 

glutamatergic synapses thus mediating various neuroprotective events. In 

the brain that underwent ischemic conditions, observed augmentation in eN 

activity probably increased its concentration in extracellular milieu 

conferring its cytoprotection feature [9]. Thus, according to obtained results, 

it could be expected that in imposed experimental condition, P treatment 

might also lead to up-regulation of adenosine production in extracellular 

milieu attempting to ameliorate deleterious effects of 2VO. 
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CONCLUSION 

According to presented results, repeated low-dose P treatment is able to 

modulate activity and protein expression of eN following 2VO surgery and 

thus, through increased adenosine production, moderates the effect of 

ischemic insult. Our findings should be considered significant for 

establishing an adequate therapy for ischemic brain injury, given much 

controversy remains in this area and the connection between ischemia, 

adenosine and sex steroids is still poorly understood. 
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ABSTRACT 

In order to increase the efficacy of radiotherapy, radiosensitizers which 

sensitize tumour cells toradiation are introduced into this anticancer 

treatment. In hypoxic tumor cells the efficiency ofradiationinduced DNA 

breakage is lower than in normal ones. Therefore, new 

highaffiniccompounds which made DNA more sensitized into solvated 

electrons or compounds whichenhance radical DNA damage should be 

introduced. Sensitizers making solvated electrons moreactive against DNA 

are brominated nucleobases which trigger strand breaks in DNA. 

It is worth of noticing, that in the cellular environmentDNA permanently 

interacts with proteins via hydrogen bondingbetween nucleobases and 

amino acids and these interactionsmay influence both the primary electron 

attachment processand the secondary reactions leading to DNA damage. In 

orderto study these important effects an access to the well-defined molecular 

models that could mimic such complexes, simultaneously being 

sufficientlysimple for LC-MS, DHPLC or qPCR analysis, is necessary. 

 

INTRODUCTION 

Radiotherapy, the most common modality for solid cancertreatment, is 

geared on DNA damage induced by the product ofwater radiolysis. Under 

hypoxia, typical for solid cancer cells,the efficacy of hydroxyl radicals 

(•OH) to trigger DNA damageis significantly lowered as compared to the 

oxygenated cells,while the yield of production of hydrated electrons is equal 

tothat of •OH. However, hydrated electrons (ehyd) are not ableto induce a 

serious damage as strand breaks (SBs) to nativeDNA [1]. In order to make 

ehyd harmful one can modify DNA with specifically altered nucleosides 

(radiosensitizers) so that an irreversible electron attachment to them may 

lead to SBs and ultimately to lethal effects [1,2]. In order to investigate such 

processes an appropriate model is necessary.Here we will present how a 

complex of BrdG-labeled double stranded DNA (dsDNA) with a covalently 
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linked peptide can mimic native cellular DNA environment and serve as a 

tool for the development of radio- or photosensitizers. 

 

EXPERIMENTAL 

In order to verify the designed complex stability and its similarity toa 

natural DNA/GCN4 complexa variety oftechniques such as mass 

spectrometry,dHPLC analysis, nano-DSC (to obtain Gvalue of binding and 

verify theoreticalapproach) or CD measurements to checkconformation of 

DNA/peptide complex (BDNAand α-helix form respectively), aswell as 

molecular biology tools like digestion withrestriction enzymes to inspect 

specificbinding pattern [3] were employed.The sensitizing properties of 

BrdG labeled dsDNA alone or interacting with a peptide was investigated 

using high resolution mass spectrometry. Synthesis of dsDNA/peptide 

complex was performed using the CLICK chemistry catalyzed by Cu 

[4],N3-labeled 25 aa peptide, C8-alkyne-DC as well asBrdGlabeledssDNA 

andssDNA complementary to the labelled strand. Analysis of radiolysis 

products was performed using LC-MS (Shimadzu-NEXERA, Triple-TOF 

5600+, negative ionization mode, Waters BEH 1x50, 1.7 um). The 

electronic structure of the labelled dsDNA/peptide complexes was obtained 

using the Gaussian package (ONIOM scheme, 

631+G(d,p)/ωB97XD/Amber). 

 

RESULTS AND DISCUSSION 

The thermodynamic properties such as G and H of the binding of peptide 

to dsDNA (Fig 1.) as well as the melting temperature (fluorescence labeling) 

of the system were measured and juxtaposed with the theoretical estimates 

Figure 1.Schematic representation of a-helical peptide interacting with 

dsDNA, obtained by CLICK chemistry reaction. 
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of binding free energy obtained by metadynamics (G~11 kcal/mol). 

Melting temperature (measured by CD) and DSC measurement confirmed 

that peptide in vicinity of DNA takes -helix conformation which melts 

cooperatively with DNA at 69 oC (Fig 2.). 

 

 
Figure 2. Termogram of dsDNA-peptide complex and deconvolution of 

peptide and DNA melting processes. 

 

Additionally, enzymatic digestion (DNase I footprinting) of the DNA-

peptide conjugate confirmed that peptide strongly interacts with 

DNArecovering the native interactions [5,6,7] (e.g. ARG-GUA hydrogen 

bonding pattern).ATG-GUA interaction improves the adiabatic electron 

affinity (AEA) of BrdG incorporated into dsDNA/peptide conjugate. Studies 

concerning DNA damage carried out with the help of the above mentioned 

techniques revealed that solvated electrons produced by X-rayslead to DNA 

damage. The yield of DNA damage is different for labeled ssDNA, dsDNA 

and dsDNA/peptide conjugates (3%, 0.1% and 0.1% respectively). 

Undeniably, the most susceptible to solvated electrons is the labeled ssDNA. 

 

CONCLUSION 

BrdGlabaled DNA reveal different patterns of radiation damage. The most 

susceptible to solvated electrons is single stranded DNA, due to 

conformational freedom. The molecule in contrast to dsDNA alone or with 

peptide is not shielded by hydration sphere or peptide, respectively. This 

kind of interaction prevent DNA from being damage, due to not allowing 

reactive species appear in vicinity of phosphodiester bond. 

DNA, the main target of anticancer therapy, is not sensitive to the near UV 

photons and hydrated electrons, one of the major products ofwater radiolysis 

under hypoxic conditions. A possible way to overcome these obstacles to 
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the efficient radio- and photodynamic therapy ofcancer is to sensitize the 

cellular DNA to electrons by labeling it with suitable sensitizers (e.g. BrdG, 

SCN-dU, OCN-dU etc.). 

Synthesis of dsDNA/Peptide complexes is quite challenging and require 

usage of a variety of experimental technics (dHPLC, HPLC, CD, nano-DSC, 

gel electrophoresis, mass spectrometry etc.).The sensitizing properties of 8-

bromo,2’-deoxyguanosine differ in dsDNA/peptide complex and in 

theisolateddsDNA .  
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ABSTRACT 

Dependence of content of Archean Unstructured protein Regions on 

genome/proteome characteristics has been studied. There is in general 

nonlinear approximate dependence of Unstructured Protein Regions content 

for each of the genome/proteome characteristics considered: genome size, 

%GC, proteome size and APL. 

 

INTRODUCTION 

Archaea are non-eukaryotic organisms constituting a domain and 

superkingdom of single-cellular microorganisms characterized by a unique 

and mosaic combination of Bacteria and Eukarya properties. Although 

initially viewed as extremophiles (living under extreme temperature, salt 

concentration, pH, pressure etc), they have been found in broad range of 

habitats including human microbiome. Until now, pathogenic Archaea are 

not known, but they are often found as mutualists or commensals. Because 

of their peculiar characteristics, organization of their genomes and proteome 

are currently under investigation in many laboratories [1]. 

In last 15 to 20 years it was well established that many of proteins in all 

of the three superkingdoms possess unstructured/disordered regions; i.e., 

regions in which protein amino acid (AA) chains have no fixed spatial 

structure. Such Unstructured Protein Regions (UPRs) are characterized by 

specific AA compositions, being enriched in polar and charged residues. 

They function via two basic mechanisms: (a) as entropic chains that 

fluctuate between many alternative conformations and have biological 

functions such as: linkers, spacers, bristles or springs and (b) by molecular 

recognition via short recognition elements that interact with other molecules 

such as: molecular recognition features, short linear motifs etc. They are 

mostly represented in protein belonging, as classifies according to Cluster of 

https://en.wikipedia.org/wiki/Mutualism_%28biology%29
https://en.wikipedia.org/wiki/Commensalism
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Orthologous Groups, to Information storage and processing and Cellular 

processing and Structure groups, while proteins belonging to Metabolic 

group have less UPRs. Since they are difficult and expensive to study 

experimentally, a number (over 50) of computational prediction tools were 

developed. Predictors are grouped based on principle of their operation into 

those: (a) based on physico-chemical properties of AA, (b) based on 

homologous protein sequences alignment and (c) those based on consensus 

and cross validation of more individual predictors. Taxonomically, UPR are 

represented in the proteomes of all of the three superkingdoms. Depending 

on predictor and measure used, UPR content vary in ranges of 12% to 32% 

for Archaea, 18% to 35% for Bacteria and 35% to 50% for Eukarya [2], [3], 

[4]. 

Previous analysis of UPR content of Archaeal proteomes, by us and 

others, revealed correlation of UPR content on various genome/proteome 

characteristics [2], [4], [5]. Here, we present more detailed analyze of UPRs 

content coded by Archaeal genomes for dependence on genome size, %GC, 

proteome size and average protein length (APL).  

 

EXPERIMENTAL 

Dataset has been collected from NCBI database and includes 139 fully 

sequenced Archeal organisms, with 296534 different protein of APL in the 

range between 215.10 and 344.00 AA [6]. 

UPR content of each residue of each protein has been calculated using 

IUPred L predictor and measure the fraction of AA in long disordered 

regions (>30 AA) [7]. Relationship of UPR with genome size (in Mbp), 

%GC, proteome size (number of proteins), and APL in Archea is presented 

as dot plot matrix with nonlinear approximation. 

 

RESULTS AND DISCUSSION 

Previous analysis of UPRs content of Archaeal proteomes, on smaller 

sample, for dependence on genome size, %GC, proteome size and average 

protein length (APL),revealed linear correlation of UPR content [4]. Here, 

we present more detailed analyze of UPRs content of Archaeal proteomes. 

We show, as revealed in Fig. 1. (A) – (D), that there is, in general, nonlinear 

increasing approximation of UPR content with increase of values of every 

of the tree of genome/proteome characteristics considered: genome size, 

%GC, proteome size and APL. (1) There is an increase in UPR content at 

high genome (after ~2Mbp) and proteome size, (after ~105) (Fig. 1. A, C).  
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Figure 1. Nonlinear approximation of UPRs content (%AA in long 

unstructured/disordered regions (>30 AA)), as a function of Archaeal (A) 

genome size, (B) %GC, (C) proteome size and (D) AVL. 

 

More proteins imply bigger interactome and, since one of the main functions 

of UPRs is in molecular interaction and recognition, more UPRs [2], [3]. (2) 

As it concerns to APL, smaller proteins are generally more unstructured, 

while bigger ones may poses more interacting sites, which in both cases 

results in higher UPR content (Fig. 1, D). This finding is in agreement with 

previous observations made for small and large proteins in UniProt [7], [8]. 

(3) UPR content in Archeal proteomes increases with increase of %GC for 

values of55%GCand more (Fig. 1B). Increase may be explained by the fact 

that high GC value in codons results in an increased propensity of Gly, Ala, 

Arg and Pro AA found in UPRs [4]. However, relatively constant level of 

UPRs up to 55% GC may result from selective pressure to codon usage, via 

appearance of higher %GC on third and/or first position in AA codons. The 

same analysis performed for UPRs dependence on geno/proteo 

characteristics for Bacteria (2554 organisms) showed similar results (work 

in preparation). Finally, it should be noted that, also, there is apparent 
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correlation between mentioned geno/proteo characteristics: bigger genome 

→ bigger proteome size →bigger APL → bigger %GC [9],[10].  

 

CONCLUSION 

All mentioned geno/proteo characteristics are highly inter-connected and 

inter-dependent not only to each others, but to other organism characteristics 

such as morpho/physiological and ecological characteristics [5], [11], [12]. 

Such analysis may help to understand complex geno/proteo, 

morpho/physiological and ecological inter-dependencies in Arcaeal 

organisms in the course of evolution. 
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ABSTRACT 
Aromatic-aromatic interactions exist in various molecular systems, 

including amyloids. These interactions have been considered important in 

amyloid self-assembly process. In this study, the occurrence and geometry 

of aromatic-aromaticinteractions were analyzed in the amyloid structures 

found in the Protein Data Bank. The present data confirms that aromatic-

aromatic interactions are not necessary for amyloid formation. The analysis 

of the interaction geometries shows difference between intersheet and 

intrasheetaromatic-aromatic interactions. 

 

INTRODUCTION 

Amyloids are protein aggregates found as fibrilar deposits and associated 

with many human diseases [1]. Because of their role in human diseases, as 

well as because of unusual structure and physical properties, amyloids are 

very interesting and they have been extensively studied. Amyloids are 

formed by short polypeptides that self-assemblyinto β-sheets with backbone 

hydrogen bonds. The polypeptide side chains of β-sheets interact keeping β-

sheets together and forming long linear protofilaments with an axis nearly 

perpendicular to a polypeptide strand. Independentof peptide sequence, all 

amyloids form very similar cross-β structure, made of β-strandparallel 

arrays. Depending on the side chains,these structures can have different 

morphology of a fibril and can have different intersheetdistance [2].Presence 

of aromatic amino acids, as well as aromatic-aromatic interactions have 

been considered important for amyloid formation.  
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In this work we present the results on frequency, and geometric properties of 

aromatic-aromatic interactions in amyloid structures from the Protein Data Bank. 

We studied separately aromatic-aromatic interactions within sheet (intrasheet 

interactions) and between two sheets (intersheet interactions). 

 

EXPERIMENTAL 

Amyloid Database was created by filtering Protein Data Bank by keyword 

and geometric criteria as described in paper by Stankovic and Zaric (2016) 

[3]. We used geometrical criteria to find aromatic-aromatic interactions in 

amyloid structures in Amyloid Database. As amyloid fibril growth can be 

conducted through intrasheet interactions within the same β-sheet, or by side 

chain interactions between different β-sheets (intersheet interactions),these 

two types of interactions were treated separately[2].The program written by 

our group was used to find geometrical parameters in amyloid structures. 

The contact between two rings was considered aromatic-aromatic 

interaction if the distance between centers of the rings was equal or shorter 

than 6.0 Å. The geometry parameters such as distance between centers of 

the rings, angles between aromatic rings, and parallel displacement (offset) 

values between centers of the rings, were determined, as well as correlations 

of these geometrical parameters.  

 

RESULTS AND DISCUSSION 

In the study we considered three aromatic amino acids, phenylalanine, 

tyrosine, and tryptophan and all the combinations of interactions between 

aromatic rings of these amino acids were taken into account. The five-

membered ring of tryptophan was not accounted for the aromatic-aromatic 

interactions. Also, only the interacting cross-β fragments were analyzed in 

the study. 

The criteria for aromatic-aromatic interactions was that the distance 

between the aromatic ring centers should be equal or less than 6.0 Å. 

Although the analysis of the number of structures and interactions indicate 

significant number of aromatic-aromatic interactions (Table 1), neither 

aromatic amino acids nor their π-π interactions are crucial for the amyloid 

existence. It is in agreement with previous studies on amyloids, as well as 

with our recent quantum chemical calculations indicating stronger 

interactions of aromatic-aliphatic than aromatic-aromatic interactions [4].  
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Table 1. Number of structures and aromatic-aromatic interactions in amyloid 

structures 

 № stuctures № interactions 

   
Containing aromatic amino acids 251 --- 
Intrasheet aromatic-aromatic 

interactions 
150 2309 

Intresheet aromatic-aromatic 

interactions 
49 273 

 

The aromatic-aromatic interactions found in amyloid structures have the 

characteristic that the normal distance between rings (R) decreases along the 

offset values (r). This is similar to the previously observed aromatic-

aromatic interactions in crystal structures of small molecules from 

Cambridge Structural Database [6,7], and in protein structures from Protein 

Data Bank [5]. Different geometric properties of the intersheet and 

intrasheetaromatic-aromatic interactions in amyloid structures were 

observed. The intersheet aromatic-aromatic interactions are mostly parallel 

displaced with offset values in the range 2.5-3.0 Å and exhibit high values 

and angles between rings, 30-40°, while the intrasheet interactions have 

larger range of offset values 2.5-5.0 Å, they are mostly parallel with angles 

0-5°, and always involve aromatic rings stacked in array.Interactions of 

angles up to P1/P2=40˚ could be considered stacking π-π interactions as they 

exhibit very similar energy-offset dependence as the parallel interactions 

[5]. Also, in our previous work we found significantly strong aromatic-

aromatic interactions at larger offsets up to 5.0 Å [6, 7]. The intrasheet 

interactions are far more frequent then the intersheet interactions. It is 

known that intrasheet hydrogen bonds between backbone atoms are 

responsible for the β-sheet formation and that they are stronger than π-π 

interactions. Aromatic rings are not always positioned one along another in 

a β-sheet formation in amyloids: in our survey, there are150 structures 

containing intrasheet aromatic-aromatic interaction out of total 251 

structures containing aromatic rings, Table 1. In the structures where 

intrasheet interactions are present, they are always arranged in an array of 

several rings. This could be the consequence of maximized intrasheet 

backbone hydrogen bonds between parallel β-strands because the strands are 

always aligned along the entire length. Thus, the intrasheet aromatic-

aromatic interactions are probably the consequence of the steric condition 

inside a protein β-sheet. Our data show that in amyloids the most frequent 

are interactions between two phenylalanine rings, number of interactions 
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between two tyrosine rings is significantly smaller, while number of 

interactions between two tryptophan rings is even smaller. It is interesting to 

notice that the number of the interactions between two different aromatic 

rings is the smallest. Considering type of amino acids involved in the 

interactions, large difference between intersheet and intraseet interactions 

was observed. Among intersheet interactions the most frequent are tyrosine-

tyrosine interactions, while among intrasheet interactions the most frequent 

are phenylalanine-phenylalanine interactions.  

 

CONCLUSION 
By analyzing the aromatic-aromatic interactions in amyloids from Protein 

Data Bank it was established that aromatic amino acids are not present in 

every amyloid structure and they are not essential for the amyloid self-

assembly. The aromatic-aromatic interactions between adjacent β-strands 

within the same β-sheet of an amyloid structure are far more frequent then 

the intersheet interactions. For the intrasheet aromatic-aromatic interactions, 

a parallel geometry is the most frequent, with the P1/P2interplanar angles of 

0-5° and offset values in the range of 2.5-5.0 Å. In the case of the intersheet 

interactions, there are no parallel ring arrangements. The most frequent are 

displaced rings with P1/P2interplanar angle between 30-40°. 
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ABSTRACT  

The possibility of uptake and influence of vanadate (V5+) on phosphate 

metabolism of the mycelium of Coprinellus micaceus was examined in this 

study. For these purposes, 31P and 51V NMR were used. It was determined 

that 10 mM vanadate induced rise in intensities of sugar phosphate signals 

in 31P NMR spectrum was observed immediately after treatment. The 

produced changes suggested significant influence of vanadate to the 

phosphate metabolism without considerable side consequences to the cell 

reflected through unchanged signals of the energy important signals. Such 

effect can be attributed to the action of intracelullar vanadate monomer 

which represented the only vanadate species accumulated intracellularly 

 

INTRODUCTION 

Vanadium in the oxidation state 5+, vanadate, evinces significant role in 

inhibition of various enzymes in phosphate metabolism in many organisms 

[1]. One of the main advantages of such vanadate action was its application 

in the treatments of insulin deficiency and insulin tolerance [2]. However, 

its usage as a therapeutic agent was limited due to its toxic effects [3].The 

fungi are known as the organisms which have a capacity for uptake of the 

majority of metals, including vanadium [4].The cellular response to the 

uptakeof vanadium depends on the fungal species and oxidation state of this 

element [5, 6]. C. micaceus is an edible mushroom from genus of 

Coprinella, enable to absorb the metals such as Pb, Cd, Cu, Zn, Mn, Fe and 

Ni [7]. but the knowedge about entrance and effects of vanadium, [6, 8], 

remain unsolved. Having in mind inhibitory and stimulatory effects of 

vanadate to the enzymes of phosphate metabolism [8, 9], the various 

possibility of V5+ absorption by fungal species [5, 6] and resistance of some 
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of them to high vanadate concentration [5, 6, 8, 9], its uptake and 

physiological effects were examined in this study.  

 

EXPERIMENTAL PROCEDURES 

Isolated mycelia of fungi were cultivated on the Malt agar at 26°C during 10 

days. Submerged cultivation was carried out in an Erlenmeyer flask (300 

ml). After initial cultivation, 5 plugs of mycelia were transferred into100 ml 

of fermentation medium, pH 6.5. Incubation was at temperature 26°C, 21 

days on a rotary shaker at 100 rpm. The NMR experiments were performed 

using Apollo upgrade, Bruker MSL 400 spectrometer operating at 161.978 

MHz for 31P and 105.169 MHz for 51V. 31P NMR spectra were accumulated 

with 14 μs pulse duration (about 45°) and 300 ms recycle time. The 

assignment of NMR spectra and spectral line intensities evaluation were 

performed as described previously [8]. Sodium orthovanadate was added in 

concentration of 10 mM in 10 day old myceliumand spectra were acquired 

immidiatelly upon addition. For 51V spectra, pulse duration was 20 μs (450), 

duration of spectrum recording of 3.6 min to 36 min for the spectra collected 

from vanadium tread unwashed and washed mycelium, respectively. 

Mycelia were washed with deionised water by vacuum filtration. Chemical 

shifts are given relatively to the external 1M sodium metavanadate at pH 

=12 (VO4
3- at -535.7 ppm) [10]. For 31P NMR analysis of mycelial extracts 

mycelium was treated with V5+ at final concentration of 10 mM for 10 

minutes and then washed with deionised water. Control and treated mycelia 

were suspended in 0.5 M perchloric acid (1:5 w/v), and homogenized in 

mortar on ice for 15 min. Obtained homogenate was stirred for 15 min on 

ice and centrifuged at 10000 x g for 12 min. The precipitate was discarded 

and supernatant was treated with 2M KOH until pH was 7. The aliquots 

were kept on -20 oC and unfrozen just before experiments.  

 

RESULTS 

The major peaks in the 31P NMR spectrum of the mycelium of C. micaceus 

with chemical shifts of -22.1 ppm, -12 ppm, -10.2 ppm, 2.4 ppm and 0.9 

ppm was assigned to core-polyphosphatres (PPc), UDPG, 

NADP(H)+UDPG, and cytoplasmic inorganic phosphates (Pic) and vacuolar 

inorganic phosphate (Piv), respectively. Vanadate addition caused the 

appearance of a new signal positioned at about 3.3 ppm and increase in 

intensity of signal of hexose 6 phosphate (HP) (Fig 1A). At the first glance, 

the new signal could be attributed to Pic shifted due to the pH increase after 

vanadate addition.). To prove the pH value upon vanadate addition 51V 

NMR spectrum of vanadate treated mycelium was recorded. (Fig 1B). In 
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addition to monomer (V1) and dimer (V2), signal from vanadate tetramer 

(V4) was detected. Having in mind that tetramer does not enter cells [9], 

monomer and/or dimer is proposed to be accumulated intracellularly. 

Monomer at -559 ppm and dimer at -572 ppm indicated the pH ~ 7.4 which 

correspond to the Pi signal at ~2.4 ppm in 31P NMR spectra; this excluded 

the possibility of Pic at 3.3 ppm. The existence of only one signal at -559 

ppm in the 51V NMR spectrum of washed mycelium (Fig 1B) substantiated 

the intracellular accumulation of vanadate monomer.  

 

 

Figure 1. 

(A) 31P NMR spectrum of 

fresh mycelium (dotted 

line) and mycelium treated 

with 10 mM vanadate 

(solid line)(B) 51V-NMR 

spectrum of vanadate 

treated mycelium before 

(solid line) and after 

washing (dotted line) 

 

 As the appearance of the peak at 3.3 ppm in 31P NMR spectrum 

could not be a result of pH changes in the cell, the possibility ofOn the 

accumulation of glucose 1 phosphate (G1P) was considered, due to the fact 

that this G1P in the approximately neutral pH it resonances in this spectral 

region [11] and knowing the ability of species from orders of Agricales to 

synthesize glycogen [12] For this purposes, we recorded spectrum of 

mycelium perchloric extract (pH 7). Obtained results are shown in Fig 2. 

 

 

Figure 2. 
31P NMR spectrum of 

the extract of 

mycelium (black), the 

extract of mycelium 

treated with 10 mM 

vanadate (gray) and 

fresh mycelium 

treated with G1P and 

G6P (dashed). 
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The position of Pi in the spectrum of the extract of untreated mycelium 

substantiated data obtained in vivo that the cytoplasm has the pH about 7. 

All signals in the spectra of extracts had almost the same intensities after 

treatment, except of the signal of HP that undergone impressive increase 

i.e., intensity increase by 96% (Fig 2) and the signal of Pi which seems to be 

broader and slightly shifted. If we compare the spectrum of mycelium 

extract treated with vanadate, with the spectrum of fresh mycelium treated 

with G1P and glucose 6 phosphate (G6P) (Fig. 2, grayand dashed spectra) 

similarity between sugar phosphates signals is clearly visible, because of 

similar pH conditions in the cell and in the cell environments. In summary, 

treatment of mycelium of C. micaceus with 10 mM vanadate caused the 

increase in concentration of sugar phosphates. The importance of such 

effects is greater due to almost negligible influence of added vanadate to 

other phosphorus compounds in the cell. Observed effects are attributed to 

the action of monomer which represents the only intracellular vanadate 

species. 
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ABSTRACT 

Series of six propafenone analogues has been evaluated for antimicrobial 

activities against Pseudomonas aeruginosa. Antimicrobial activity were 

confirmed for all tested compounds. The Docking studies of propafenone 

analogues into a X-ray crystal structures of porin Pseudomonas aeruginosa 

suggest that propafenone analogues show an interactions which may affect 

the functionality of porin i.e. bacterial cell. 

 

INTRODUCTION 

Earlier pharmacological studies discovered that propafenone analogues 

impair proliferation of cancer as well as microbial cells. Previous SAR 

studies of propafenone derivatives have selected the ethers, carbonyl, benzyl 

and amino groups as determinants for pharmacological activity of the 

propafenone and its derivatives [1-2]. Six of the synthesized derivatives are 

distinguished by the substitution of the benzyl moiety -F, -Cl atoms or –

CH3, -CF3 groups (Table 1). These new substituents case significant 

changes of lipophilicity and stereoelectronic properties of the benzyl moiety. 

These structural modifications could result in formation of intermolecular 

bonds of the benzyl moiety of the propafenone derivatives with hydrophobic 

amino acid residues in the inner pore of the porin and enhanced 

antimicrobial activities.  
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EXPERIMENTAL 

The X-ray crystal structures of porin Pseudomonas aeruginosa opdl 

PDB ID: 2Y0H [Crystal Structure of Pseudomonas Aeruginosa Opdl, 

Touw, D.S., Vijayaraghavan, J., Vandenberg, B., To Be Published] 

was obtained from the Protein Data Bank (http://www.rcsb.org/pdb). 

Compounds 1-7, Table 1, were constructed in Accelrys Draw 4.2 [3], 

protonated at pH 7.4 and geometrically optimized at MM level of 

theory using MMFF94 force field. Obtained structures were, along 

with protein structure, prepared for docking in Autodock Tools 1.5. 

Docking was carried in Autodock Vina 1.1.2. [4]. All calculations 

were carried on PARADOX computer cluster (Scientific Computing 

Laboratory of the Institute of Physics, Belgrade, Serbia).  

 

RESULTS AND DISCUSSION 

The binding site in porin, from docking results, consists of pocket between 

three inner loops, including following aminoacids: Val 123, Arg 124, Asp 

121, Met 167, Leu 288, Thr 293, Thr 295 and Arg 296 (Fig. 1).  

 

 
 

Figure 1. Binding site of porin with marked aminoacids, docked compounds 

and marked interactions. Green: hydrogen bonds, orange: electrostatic 

interactions, purple: alkyl-Pi interactions, pink: hydrophobic alkyl-alkyl 

 

Having this series of compounds, Table 1, analogues of PRO 12, which 

differ only in substituent group and its position on aromatic ring, from 

docking poses analysis we can divide protein-ligand interactions into those 

that are common and subdivision of those determining the activity of 

compounds.  
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Table 1. Structures with measured and calculated activities 

 co
m

p
o
u

n
d
 

Structure 

R

 

 

 
IC50 

mM 

 

 
lnIC50 

 

 

*E 

R 

1. 5OF  2-F 1.27 -13.6 -7.3 
2. 5CF3 2-CF3 2.24 -13.0 -7.1 
3. 5PF  4-F 1.27 -13.6 -7.3 
4. 5PCH3  4-CH3 1.28 -13.6 -7.9 
5. 5OCH3 2-CH3 2.56 -12.9 -7.7 
6. PRO H 2.66 -12.8 -7.2 
7. 5OCL 2-Cl 1.22 -13.6 -7.3 

 E-vina binding energy, kcal/mol 

 

Thus, all compounds from series form following stabilizing hydrogen bonds 

with residues Thr 295 and Thr 293, via protonated nitrogen atom or 

hydroxyl group. Moreover, there are stabilizing hidrophobic interactions, 

originating from Sulfur-Pi with Met 167, alkyl-Pi with Val 123 and Leu 

288, and cation-Pi with Arg 124. Pi-alkyl interaction is also possible with 

methyl group of Thr 293. There is also found anion – Pi interaction with 

Asp 121. Mentioned subdivision consists of Arg124, Leu 288 and Val 123. 

As one can see from Table 1, compound with lowest activity is PRO, which 

has no substituent groups. The very close activity, somewhat higher has 

5OCH3, which includes methyl group in ortho- position. The explanation 

for this small difference could be presence of methyl group, which can 

contribute to stabilization in hydrophobic pocket, close to Val 123 and Leu 

288. On the other hand, 5PCH3 has higher activity, for the methyl group is 

closer to hydrophobic binding pocket, forming more stabilizing interactions. 

In compounds pair 5OF- 5PF, there is no significant difference, for the 

stabilizing electrostatic interaction – hydrogen bond is formed between 

fluorine group and Arg 124. The position of Arg 124 is such that difference 

in substituent position on aromatic ring does not affect the magnitude of 

interaction. The binding mode of 5OCl is the same as 5OF and the such 

small difference in activity can be neglected. Finally, 5CF3 has somewhat 

lower activity than 5OF and 5OCl, more similar to 5OCH3. Although -CF3 

group form stabilizing electrostatic interactions with Arg 124, its volume 

gives contribution to repulsive dispersive interactions with hydrophobic 

pocket, mostly with Val 123 and therefore lower activity is measured. 
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Binding energies as result from Autodock Vina are correlated with 

experimental values in manner of difference between ortho- para- pairs, ie 

5PCH3 7 is calculated to be more active than 5OCH3, which does not stand 

for different substituents with same position on aromatic rings (5OF- 

5OCH3 - 5OCl). However, the 5CF3 is calculated to have lowest activity 

and 5PCH3 to have the highest. This does not stand for 5OCl and 5PF, 

which are calculated to have same binding energy values, but much lower 

than 5PCH3. This differences originate from docking program forcefield 

and under/overestimation of hydrophilic and hydrophobic interactions. 

 

CONCLUSION 

The performed docking studies studies of the propafenone derivatives 

indicates that their antimicrobial activity against Pseudomonas aeruginosa 

are realizing by modulating activity of porins.  
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ABSTRACT 

Halogenoderivatives of nucleobases, when incorporated into DNA, sensitize 

it to UV radiation. So far, experiments had focused on choosing the best 

electron donor and linker between unmodified and modified nucleotide, 

which resulted in definition of 5’-GAABrU-3’ sequence as a “hot spot”. The 

presence of that sequence in double-stranded DNA guarantees high 

biopolymer’s photosensitivity. Unquestionably, the unclear issue is the 

effect of modification of the adjacent nucleotide (X or Y) on the ionization 

energy of the guanine and electron affinity of the modified nucleotide within  

5’-XG/CAABrUY-3’ motif. In the current study we elucidate the mechanism 

linking the sensitizing properties of BrdU with local DNA sequence. The 

outcome of this project will allow to selecta sequence that provides the 

highest efficiency of photodamage in double stranded DNA.  

 

INTRODUCTION 

DNA is the main target of anticancer therapy and is not sensitive to UV 

photons and hydrated electrons. The latter are the major product of water 

radiolysis under hypoxic conditions, typical for tumor cells. A possible way 

to overcome these obstacles is to sensitize the cellular DNA to electrons or 

UV photons. Incorporation of modified nucleosides such as 5-

bromodeoxyuridine sensitizes cell to both UV-radiation and gamma rays. It 

is believed that in both cases, the reactive nucleobase radical is formed as a 

primary product. This radical may abstract a hydrogen atom from adjacent 

sugar residue which ultimately produces strand breaks. [1] 
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However, radio- and photosensitizations of DNA seem to be ruled by 

different mechanisms. The most important factors deciding on radiodamage 

to the labelled DNA are: (i) the electron affinity of modified nucleoside; (ii) 

the strength of chemical bond holding together the substituent and a 

nucleobase. On the other hand, the formation of UV-induced damages is 

governed by long-range photoinduced electron transfer and its dependency 

on local DNA sequence.[2] 

It means that sensitivity of DNA not only does depend on the presence of 

the selected sensitizer but also on its local sequence. In the pastmany 

experiments regarding the selection of this combination of nucleobases 

arrangement that guarantees the highest sensitivity of modified DNAwere 

conducted. Finally, the 5’-G/CAABrU-3’ sequence was proposed as a “hot 

spot”[3], which means that its presence in double stranded DNA leads to the 

formation of the greatest amount of damage. Moreover, the results of 

several UV experiments with duplexes of different sequences demonstrated 

that long-range electron transfer from guanine to BrU (or 5-iodouridine) was 

responsible for the observed photoreactivity.[4,5] Undoubtedly still 

unexplained issue is the impact of nucleotides,which are located outside the 

bridge, and directly adjacent to the guanine,on the yield of the photodamage. 

There are four combination of arrangement of nucleotides within selected 

motif: 5'-XG/CAABrU-3’ wherein X (G, C, A, T) nucleotide residues 

determines the ionization potential of guanine/cytosine. So far we 

determined the amount of photodamage in sequence containing 5’-

GCAABrUA-3’ core. 

 

EXPERIMENTAL 

DNA fragment.The sequence was synthesized and purifiedwith HPLC 

byGeneri Biotech (Czech Republic)  

Table 1. Sequence of 30 bp oligonucleotide 

Name Sequence 

dsGCAABrUA 5’-TATCTAGACAGCAABrUAACTCATATCAGTCA-3’ 

Annealing. Hybridization was carried out by mixing an equal amount of 

complementary oligonucleotides in K/PO4 andNaCl buffer (10mM, pH = 

7.5), heating the solution to 90 oC and incubating it for 1 min, and then 

cooling slowly (for 10 min) to 50 oC. The sample containing the hybridized 

oligonucleotides was kept at 4 oC. 

Irradiation Conditions. The DNA solution was freshly prepared prior to 

irradiation. Photolysis was carried out in quartz capillaries (3 x 3 mm) filled 

with the DNA solution in concentration of 10 µM and a total volume of 50 

µl with a 500 W high-pressure mercury lamp for 15 min at 320 nm. 
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Identification of DNA breaks by the LC-MS method. Chromatographic 

separations of DNA were carried out using an Ultra High Performance 

Liquid Chromatography (UHPLC) system Nexera X2 with a binary solvent 

manager (Shimadzu, Japan). The analytes were separated at a flow rate of 

0.1 mL/min on a 1.7 µm Acquity UPLC BEH C18 1.0 x 50 mm column 

(Waters, USA). The mobile phase A consisted of 400 mM HFIP and 50 mM 

TEA in deionized water, and mobile phase B consisted of the same 

concentration of HFIP and TEA in water:methanol (50:50, v/v). A 2 µl 

injection of sample was loaded onto the column and separated using the 

following gradient conditions [time (min), % mobile phase B]: (0,0) (10, 15) 

(40, 40). The column temperature was maintained at 85 oC. The effluent was 

diverted to waste for 2 min after injection. The UHPLC was coupled 

directly to a Triple TOF 5600+ mass spectrometer (AB SCIEX, USA) 

equipped with a duo-electrospray ion source operated in the negative 

ionization mode. MS operation parameters were as follows: the spray 

voltage was 4.5 kV, the nebulizer gas (N2) pressure was 25 psi, the flow 

rate was 11 L min-1 and the source temperature was 300 oC. Spectrum was 

obtained by averaging 3 scans, and the time of each scan was 0.25 s. 

 

RESULTS AND DISCUSSION 

The employment of liquid chromatography coupled with high resolution 

mass spectrometry (LC-MS) is a classical, easy and fast way to measure the 

amount of SSBs (single strand breaks). The Total Ion Current 

Chromatograms obtained for the non-irradiated samples and the irradiated 

one are shown in Fig. 1.  

 

 
Figure 1 . Total Ion Chromatogram (TIC) of ds30 before (green) and after 

irradiation at 320 nm for 10 min (blue). 
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Using this technique we were able to assess the yield of photodamage based 

on the decay of brominated strand (25%) and also confirm the identity of the 

products formed after irradiation. For the undamaged sample two main 

signals related to the brominated, (Br30), and native complementary strand, 

(R30), are observed (Fig. 1). For irradiated sample we observed the 

formation of two additional signals – F13 and F16. Analysis of raw ESI 

mass spectra (not shown) of the four fragments depicted in Fig. 1 confirms 

that UV irradiation leads to the conversion of BrdU into dU and a 

concomitant release of two oligonucleotide fragments, 13 and 16 bases in 

length, carrying the phosphate group at their 3’ and 5’ end, respectively. 

 

CONCLUSION 

The accomplishment of a part of this project determined the yield of the 

photodamage within the double-stranded DNA sequence of 30 base pairs in 

length containing a characteristic motif 5’-GCAABrU-3’. Bythe LC-MS 

analysis we estimated that as a result of irradiation of ds30Br about 25% of 

brominated strand is damaged. Moreover, we confirmed the identity of two 

shorter fragments formed after irradiation (F13P and FP16). Studies on the 

impact of other nitrogenous bases on the yield of the formation of 

photodamage within the double-stranded DNA containing a characteristic 

motif 5’-XCAABrU-3’ are under way.  
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ABSTRACT 
The linker of the Endoglucanase from Xanthomonascampestrispv. 

campestrisis composed of a specific sequence, an array of a repeating Pro-

Thr motif. In order to understand the role of it, free energy profile along the 

end-to-end linker distance from an enhanced sampling replica exchange 

simulation have been calculated. The linker exhibits pronounced elasticity in 

comparison to ordinary linkers due to rigidity of proline itself and a rigidity 

induced by threonine side chain hydrogen bonds with neighbouring 

residues. The elastic profile is bimodal with the length difference 

corresponding to 3 glucose units allowing processivity in cleaving cellulose 

every 3 units. Also, the elasticity unexpectedlyincreases with the 

temperature due to breaking of the hydrogen bonds between sequentially 

distant residues that have suspending effect on elasticity. This enables 

thermophilic activity of the enzyme as the linker elasticity introduces 

constant distance between enzyme domains important for its function.  

 

INTRODUCTION 
Linkers are unstructured peptides which connect two enzyme domains. In 

cellulases, they connect the catalytic domain and the cellulose binding 

domain. Function of these two domains are known. Now, the function of 

linker needs to be understood in order to understand the entire phisico-

chemical aspect of the mechanism of the cellulose hydrolysis. The linker 

function is very little known, but there are some suggestions like the 

function of molecular rulers fixing the distance between the domains [1]. In 

this sense, rigidity would be a favourable mechanical property. Rigidity 

provides a necessary force for elasticity, thus more elastic linkers are better 

molecular rulers.  

Another problem is their mobility which implies a large conformational 

space so the structural modelling needs employment of an enhanced 

sampling simulation technique. The linker of the Endoglucanase from 
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Xanthomonascampestrispv. Campestris((PT)12) is composed of a specific 

sequence containing 12 blocks of Thr-Pro [2]. Here, we explain the role of 

this strange sequence by comparing it to an ordinary sequence linker of the 

Cellobiohydrolase 2 from Trichoderma reesei (CBH2) [3]. In order to 

explore thermodynamic and mechanical properties, we have used the 

enhanced sampling simulation technique Replica Exchange Molecular 

Dynamics. 

 

SIMULATIONS 

The initial structure modelling of the two linkers, (PT)12 and CBH2, has 

been done by the I-TASSER [4]. All the simulations were performed with 

NAMD [5]applying CHARMM parameters.Each system has been simulated 

in replicas of the temperature 298K-550K, distributed exponentially. The 

number of replicas for (PT)12 has been set to 16and 24 for CBH2. From the 

total simulation time of the replicas, it has been extracted 32ns for (PT)12 

and 33ns for CBH2 from the trajectory at 298K which has been used in all 

the analysis. The free energy profile along the end-to-end distance R has 

been estimated as F= −kTlnW(R) where W(R) is the distribution of the 

distance R during the simulation, which has been calculated as histogram of 

the values R considering 1Å bins. In order to compare elastic behaviour of 

the two linkers, the obtained curves have been fitted to the Hook's law: 

F=(½)k(R-R0)
2+F0. A hydrogen bonding was considered existent if the 

distance between the hydrogen donor and acceptor is less than 3Å and the 

angle donor-hydrogen-acceptor is more than 160º. 

 

RESULTS AND DISCUSSION 

The free energy profile along the linker end-to-end length, fitted to the 

Hook's law is shown in Figure 1. The (PT)12 linker is more elastic and stable 

then the CBH2 linker because it exhibits higher force constant k and more 

negative energy minimum F0. Its free energy profile is slightly bimodal with 

the modes R1 and R2 and their length difference of approximately 3 glucoses 

in a crystal cellulosic chain. This can be relevant for processive hydrolysis 

when the catalytic domain of the enzyme is shifted after one hydrolytic 

event in order to proceed with the hydrolysis at the next spot on the 

cellulose chain [6]. 

As seen in the simulations, this elasticity is caused by change in main chain 

angles change, not by bonds change. The atom position fluctuations show 

higher structural rigidity of (PT)12, which is consistent with higher elasticity 

because this rigidity provides a restitutive force necessary for the elastic 

behaviour. This higher rigidity could be explained by the (PT)12 sequence. 

Proline is the most rigid amino acid due to the ring in the main chain. 
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Threonine forms similar ring through hydrogen linking to a neighbour 

residue due to the proximity of the hydroxile group, which was not observed 

in CBH2. Thus, the elasticity exhibited by (PT)12 has its origin in 

intraresidue (Pro) and interresidue (Thr) rigidity. 

 
Finally, we raise the question of the alternated Pro-Thr distribution. As 

Pro apolar and Thr polar, when interspersed, these two residues are 

prevented to group through hydrophobic or hydrophilic contacts and thus to 

compress the linker length. Pro provides more rigidity then Thr, being its 

ring composed of covalent bonds in contrast to the threonine ring formed by 

one hydrogen bond. So interspersed proline and threonine induce more 

evenly distributed rigidity.  

The (PT)12 exhibits higher elasticity with temperature (the force constant 

k) and almost does not change the length (the end-to-end distance). The 

analysis of all the hydrogen bonds in (PT)12 has been done as a function of a 

sequence position of residues, Figure 2. At elevated temperatures, the 

hydrogen bonds between sequentially distant residues are broken and those 

between neighbours are preserved with the unchanged frequency.  

 

CONCLUSION 

Thorough replica exchange molecular dynamics simulations have been 

performed to probe mechanical properties and explain the specific Pro-Thr 

sequence of the linker of the Endoglucanase from 

Xanthomonascampestrispv. Campestris. The linker exhibits pronounced 

elasticity in comparison to ordinary linkers due to rigidity of proline itself 

and a rigidity induced by threonine side chain hydrogen bonds with 

neighbouring residues. The elastic profile is bimodal with the length 

 
Figure 1. The free energy profile along the end-to-end linker length and the 

fitting to the Hook's law. Red for (PT)12, black for CBH2. 
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difference corresponding to 3 glucose units allowing processivity in 

cleaving cellulose every 3 units. Also, the elasticity unexpectedlyincreases 

with the temperature due to breaking of the hydrogen bonds between 

sequentially distant residues that have suspending effect on elasticity. This 

enables thermophilic activity of the enzyme as the linker elasticity 

introduces constant distance between enzyme domains important for its 

function.  
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Figure 2. The hydrogen 

bond spatial distribution in 

(PT)12. Dots represent the 

existance of hydrogen 

bonds in simulations. At 

higher temperature (381K) 

the bonds between 

neighbours prevail (the 

bonds closer to the 

graphic's diagonal). 
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ABSTRACT 
In many different families of carbohydrate active proteins, the sliding, 

parallel stacking of a hydrophobic character between a monosaccharide unit 

and a protein aromatic ring has been detected crystallographically. They 

play a big role in carbohydrate recognition and bonding in many biological 

processes. We showed that C-H/π interactions cause the parallel 

arrangement and that their unspecific character leads to sliding in the plane 

parallel to aromatic ring. As suggested before, only one sugar face stacks 

with aromatic ring.  

 

INTRODUCTION 
The recognition of saccharides by proteins has far reaching implications in 

biology, technology, and drug design. Carbohydrate – receptor interactions 

play an important role in many cellular processes, such as cell-cell adhesion, 

cell differentiation and in-cell signaling [1]. 

Unexpectedly, researchers observed that despite the highly hydrophilic 

character of most sugars, aromatic rings of the receptor are the most 

frequent to interact with carbohydrate rings [2]. Aromatic protein rings, 

phenylalanine, tyrosine and tryptophan, stack with the hydrophobic face of a 

carbohydrate six-membered rings giving rise to hydrophobic contacts that 

are lose enough to release substrate after the enzymatic reaction in order to 

proceed with hydrolysis on the next spot in sugar chain, as observed in 

molecular dynamics simulations [3, 4, 5].  

Along with the hydrophobic effect, interactions between carbohydrates 

and aromatic amino acid side chains are supplemented by nonconventional 

hydrogen bonds: the C-H/π interactions [6, 7, 8]. Niether of these 

interactions is highly directional, therefore enabling sliding.   

Here, we sistematically describe the geometry of monosaccharide unit-

aromatic amino acid geometry found in structures resolved at molecular 

level by X-ray cristallography or nuclear magnetic resonance spectrometry. 
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EXPERIMENTAL 

The carbohydrate-protein database has been constructed within Protein Data 

Bank (PDB) by searching for enzymes resolved together with carbohydrates 

in the form of pyranose. Glycoproteins were not taken into account. We 

searched for any aromatic ring with centre-centre distance up to 7 Å around 

a monosaccharide unit, than we excluded all the interactions with any 

foreign atoms within the sphere encompassing the two rings, and finally, we 

observed the most frequent arrangements. The criteria for the C-H/π 

interaction are the same as in [9]. The CH groups hydrogen atoms 

coordinates were added computationally by determining vector 

perpendicular to the plane of other three atoms covalently bound to the C-

atom and taking the C-H bond length from the CHARMM [10] parameters, 

1.111 Å. Homemade scripts for the search were written in Python [11] and 

for PDB file parsing MDAnalysis [12] python library was used. 

 

RESULTS AND DISCUSSION 

The PDB survey gave no significant difference in geometry of interaction 

with different aromatic amino acids, phenyalanine, tyrosine and tryptophan. 

The 3D graph representing the monosaccharides centres positions in relation 

to an aromatic ring, Figure 1, confirms the sliding character of these 

interactions. The interactions are not specific in the plane parallel to the 

aromatic ring, they only show tendency for the normal distance between 

rings of around 4 Å. 

The sugar-aromatic 

interactions tend to be 

parallel, Figure 2, as a 

consequence of thesugar 

CH group nearly 

perpendicular to the 

sugar plane, see Figure 

3. The angles between 

rings higher than 30˚ are 

the consequence of C-

H/π on distorted high-

energy sugar rings, or 

C-H/π interactions in 

vicinity of more flexible 

glycosidic bond.  

 
Figure 1. Monosaccharides centroids positions in 

3D space in relation to an aromatic ring 

represented by circles. 
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The survey pointed to very rare 

sendwich arrangements: the sugars 

usually interact only with their 

hydrophobic face exposing their polar 

groups to polar amino acids or 

solvent. 

 

CONCLUSION 
It was shown that the preference for 

the pyranose-aromatic ring 

interactions within proteins is parallel 

with only one face of pyranose 

interacting. The influence of aromatic 

substituent was not observed. The 

sliding character was confirmed by 

analyzing the frequency of geometric 

parameters.  
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Figure 2. Distribution of the angle between sugar and aromatic ring 

found in the constructed protein-carbohydrate structural database. 

 
Figure 3. A typical pyranose-

aromatic interaction. Green dotted 

lines represent C-H/π interactions. 

PDB ID: 1VEM, hydrogens (white) 

added computationally. 
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ABSTRACT  

We investigated the potential of in vivo electron paramagnetic resonance 

(EPR) in assessingchemical reactions that occur during ionizing irradiation 

and capabilities of two radioprotectors (an antibiotic, anisomycin and a 

naturally occurring tiol, Gl2011) to enhance survival during irradiation. 

Radioprotectors selected are supposed to have different modes of action and 

in vivo EPR was used to assess whether free radical scavenging has a role in 

their action as radioprotectors. Both compounds exhibited similar and 

highly efficient radioprotective capabilities according to the 30-days 

survival test (96% and 87%, respectively after the dose of 6.7 Gy). In vivo 

EPR showed that free radical scavenging has an important role in the action 

of GL2011, but not in the case of anisomycin. In conclusion, EPR have 

unique capabilities in studying free radicals in vivo and can be useful 

addition to battery of methods needed to study radioprotectors in vivo. 

 

INTRODUCTION 
Investigation of mechanisms of radioprotection in vivo is a challenging task 

due to the complexity of biochemical and physiological events that occur 

during and after irradiation of the body. Radiation-induced cell damage is 

mostly done via free radicals produced by radiation, hence, molecules with 

scavenging properties for radicals, such as thiols, attracted attention as 

potential radioprotectors and a number of synthetic or naturally occurring 

thiols have been investigated as potential radioprotectors. These and other 

protectors have been investigated through survival studies or experiments 

using in vitro samples (cell cultures or isolated cells and organs). However, 

it is difficult to translate results of later studies to the in vivo conditions; 

hence there is a need to develop methods suitable for direct in vivo 

investigations of free radicals involved into radiation damage and radiation 
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protection. The EPR can, in principle, detect free radicals but their direct 

observation in vivo is almost impossible. One of the potential solutions is to 

use in vivo EPR technique to study interactions between the endogenous 

free radicals, produced by the irradiation, with the exogenous radicals 

(nitroxides, stable free radicals),which were added after irradiation[1]. Here, 

we used thistechnique to study action of natural tiol (GL2011), a substance 

we previously investigated as a potential radioprotector [2]. We also 

included in the study the anisomycin, an antibiotic, well-known as the 

inhibitor of protein synthesis. It has been suggested that it can have 

radioprotecting capabilitiesso it is included here for comparison with 

GL2011, as an agent acting through different mechanisms than GL2011. 

 

EXPERIMENTAL 
Healthy 2 month’s old male albino Wistar rats grown under standard 

conditions were used. Total body irradiation was performed on non-

anaesthetized rats using 60-cobalt gamma ray source (dose = 6.7 Gy). For 

EPR measurements, anesthetized rats were placed in supine position into the 

rat-bed, loaded into the Bruker Elexsys II EPR spectrometer and L-band 

surface coil was placed above the rat liver area. Body temperature was 

maintained at around 33oC.Administration of radio protectors: GL2011, 

intraperitoneally 30 min prior to radiation, dose = 100 mg/kg body weight; 

anisomycin, subcutaneously 1 hour prior to irradiation, dose = 150 mg/kgb.w. 

One milliliter of the 3CP spin probe (3-carbamoyl proxyl, Sigma), dose = 

2µmol/g b.w., was injected via the tail vein and spectra were recorded for the 

period of 30 min using 20s scan time. For survival studies, animals were kept 

in cages (two per cage), regularly inspected twice a day and moribund 

animals were killed according to the IACUC Guidelines, Policy#5. 

 

RESULTS AND DISCUSSION 

Figure 1. demonstrates radio protecting capabilities of both compounds used, 

GL2011 leading to a survival of 87%, while protection with anisomycin was 

96%. This is a rather high radio protective efficiency achieved without apparent 

toxic effects, except for occasional local skin irritation at the injection site of 

anisomycin. 

The EPR signal decay in control, unirradiated rats (Fig. 2) shows pronounced 

non-exponential curve reflecting participation of several processes beside 

reduction of injected 3CP to EPR silent hydroxylamine in the overall decay. 

These can include the rate of distribution of the spin probe from the blood to the 

tissue and within different tissue compartments, urinary excretion through 

kidneys, fecal excretion through liver and bile, etc and such curves should, in 

principle, be analyzed using multicompartment pharmcaceutical models [3]. 
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Here, we will only use half-elimination times (t1/2) to analyze the effect of 

irradiation and radioprotectors on in vivo reduction of nitroxide.  

 

Figure 1. Survival of rats after 

radiation (6.7 Gy) and different 

treatments. Squares – no treatment 

(protection); Triangles – 

protection with GL2011; Circles – 

protection 

with ansomycin. The survival 

curves were significantly different 

as predicted by log rank test. 

(+++p value <0.001). Thirty rats 

pergroup. 

Data in Fig.2 illustrate the basic concept of the experimental approach. 

The curve for irradiated rats with no protection showed faster signal decay, 

most certainly due to the reduction of injected 3CP to hydroxylamine with 

additional amount of reactive free radicals produced during and after 

irradiation. Measured t1/2’s are 14.5 min and 11 min, respectively. In rats, 

protected by the GL2011, measured t1/2 is the same as in control, indicating 

that GL2011 scavenged extra free radicals produced by irradiation thus 

restoring the original redox capacity of tissues. Noapparent changes in the 

redox status were observed in rats receiving anisomycine since t1/2 in these 

ratshad the same value as in non-protected rats. 

In biological systems, ionizing radiation induces formation of reactive 

oxygen radicals (OH and O2
?) through radiolysis of water. 

  
Figure 2. Semilogaritmic plots (pharmacokinetic curves) of in vivo reduction 

kinetic of 3CP nitroxide from the liver region of rats. Open symbols – control 

rats, no irradiation and no protection; closed symbols – irradiated rats protected 

with either GL2011 (left) or anisomycin (right); semifilled symbols- irradiated 

animals without protection. Dotted lines denote decay half-times. Error bars are 

standard deviations, n = 3 animals per group. 
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Nitroxides can readily react with these species, but it is virtually 

impossible that nitroxides,injected 1 h after irradiation to study 

pharmacokinetic, interact with these primarily formed species,because of 

their extremely short life time. It is more likelythat injected nitroxides react 

with secondary radicals formed in radicals chain reactions initiated by the 

primary ROSinduced by irradiation. In any case, these data show that at 

least part of action of the GL2011 can be attributable to the free radical 

scavenging. 

This research demonstrate usefulness of EPR in investigating of 

radioprotection mechanisms in vivo. It also can be useful in connecting 

mechanisms of protection and efficiency of certain radioprotector,but one 

has to be cautious while doing this. There are substances that suppress 

various oxidative stresses in vivo but exhibit no radioprotective action and 

others, such as anisomycin,studied here, exhibiting good protection actions 

but through different mechanisms.In vivo EPR can’t replace the 30-day 

survival test in studying the efficiency of certain substance as a 

potentialradioprotector since the survival presents is a systemic effect while 

reduction of nitroxides in vivo EPR is observing short term effect 

immediately following irradiation.Nevertheless, besides being useful in 

revealing underlying mechanisms of radioprotection in vivo, EPR can be 

used, to a certain extent, as ascreening techniquefor assessing potential 

radioprotectors instead of the animal consuming 30-day survival which 

requires the large number of animals (typically 30 per group). 
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ABSTRACT 

A series of aryl 9,10-dihydro-10-methylacridine-9-carboxylates (acridan 

esters), bearing substituents of various properties (2-halogen, 2,6-dihalogen, 

2,4,6-trihalogen) in the lateral phenyl ring were synthesized with high 

yields, identified and subjected to comprehensive physicochemical 

investigation. 

 

INTRODUCTION 

Chemiluminogenic acridinium esters were first described by F. McCapra in 

the 1960’s, but they found applications in medical diagnostics about two 

decades later [1]. They do not require the use of a catalyst to trigger the 

chemiluminescence (CL) and they are characterized by high temporary 

intensity of emission – up to 100-fold higher than luminol [2,3]. 

Acridinium derivatives have been used as labels and indicators in many 

assays e.g. thyroid stimulating hormone (TSH), viruses, markers of cancer 

cells, nucleic acids, oxidative enzymes (e.g. horseradish peroxidase) and 

other important bioanalytes [2,3,5]. 

To take a deeper look at the physicochemical and luminogenic properties 

we have synthesized a series of chemiluminogenic acridan esters, differing 

in terms of the location and the electronic and steric properties of the 

substituents introduced into the structure. 

 

EXPERIMENTAL 

Substituted aryl 9,10-dihydro-10-methylacridine-9-carboxylates (acridan 

esters) were synthesized in five steps: synthesis of respective acridine-9-

carboxylic acid (step I) and 9-(chlorocarbonyl)acridinium chloride (step II), 

estrification of the last intermediate compound (step III), synthesis of 10-

methylacridinium salts (step IV) and the reduction of the resulting 

acridinium salts (step V). 

mailto:alicja.kawecka@phdstud.ug.edu.pl
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Figure 1. Synthesis steps for substituted aryl 9,10-dihydro-

10-methylacridine-9-carboxylates (acridan esters) subjected to 

physicochemical investigations. 

 

The methods for the preparation of 10-substituted 

9-(phenoxycarbonyl)acridinium salts (Steps I – IV) have been described in the 

literature [2,4]. As for the Step V the procedure is as follows: to a solution of 1 

mmol of an acridinium salt in 3 ml dry THF and 1 ml 1M HCl, 5% molar 

excess of sodium cyanoborohydride (NaBH3CN) was added. The solution was 

stirred at room temperature under inert atmosphere (Ar, 12 h). The mixture 

was concentrated under reduced pressure and the residue was washed with 

water and CH2Cl2. The organic layer was then washed with aqueous sodium 

bicarbonate (5% NaHCO3), dried over magnesium sulfate, filtered and 

concentrated. Average yield of the reaction fall in the range of 8595%. The 

white solid crude products were purified by use of the RP-HPLC technique 

(stationary phase: column 5μ C18 300A, 150×10,0 mm, mobile phase: 

isocratic, 1 ml/min, acetonitrile/0.1% TFA in water (1/1 v/v), later methanol; 

absorbance detection at 254 nm. The 1H NMR and mass spectrometry indicated 

chemically pure products (>98% in all cases).  

For selected compounds single-crystal X-ray diffraction measurements were 

performed (T = 295K) [5]. Diffraction data were collected using an Oxford 

Diffraction Gemini R ULTRA Ruby CCD diffractometer with MoKα (α = 

0.71073 Ă) radiation. 
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Preliminary investigations of chemiluminescenic properties of the new 

acridan esters were conducted using Fluoroskan Ascent FL plate luminometer 

(Labsystems-Thermo). To compare the efficiency of the emission, the 

equipment was operated at high sensitivity, by setting up the voltage of 

photomultiplier tube (PMT) at 1000 mV and at a resolution of 20 ms per point. 

To record kinetic profiles the obtained compounds were dissolved in anhydrous 

DMF (Aldrich) to assess the concentration of 5.0 mM. Portions of such 

prepared stocks solutions were diluted with Tris HCl buffer (pH= 6.5) to obtain 

concentration of 2×107 M and 5×109 M. The solutions were dispensed over a 

96-well white polystyrene plate and 10 µl of horseradish peroxidise (350 pM 

HRP, pH =6.5) was added to half of the wells. Next, portions of H2O2 solution 

(0.06%) in 0.01 M HNO3 were added to each well, plate was shaken for 30 

seconds and incubated for at least 5 minutes. The emission of light (CL) was 

triggered by adding NaOH (0.2M) to each well and the light output was 

collection over 1 minute periods at 298 K. The integral light outputs were 

assessed by calculating the areas under each kinetic profile, applying the Ascent 

FL-implemented software. 

 

RESULTS AND DISCUSSION 

Although the methods for steps I–IV have been described in the literature 

[2,4], a few notes concerning the synthesis of the compounds should be 

made, especially concerning step V. The compounds with high amount of 

halogen atoms (especially F) expressed limited photochemical stability, so 

the reaction mixture was shielded from light. The salts were obtained in 

high yields and purity thanks to the efficient purification of their immediate 

precursors, that are substituted 9-[(phenoxy)carbonyl]acridines (the bases). 

The identity of obtained compounds (acridan esters) was confirmed by mass 

spectrometry (TripleTOF 5600+, AB SCIEX, Canada) and 1H NMR 

spectroscopy (Bruker ADVANCE III 500 MHz Bruker, USA). Example 

analysis for 2,6-difluorophenyl 2-fluoro-10-methyl-9,10-dihydroacridine-9-

carboxylate: 1H NMR 7,46 ppm(d, 2H); 7,31 (d, 1H); 7,19 (t, 1H); 6,99 (m, 

2H); 6,92 (t, 2H); 6,81 (q., 2H); 5,25 (s, 1H); 3,62 (s, 3H); 3,21 (s, 3H); 

MALDI-QTOF: m/z 502,1998 [M+H]+; 2,6-difluorophenyl 2-bromo-10-

methyl-9,10-dihydroacridine-9-carboxylate: 1H NMR 7,46 ppm(s, 1H); 7,35 

(m, 2H); 7,21 (t, 1H); 7,19 (m, 1H); 7,02 (d, 2H); 6,95 (q, 3H); 5,25 (s, 1H); 

3,2 (s, 3H); m/z = 428,2276 [M+H]+. 

The emission efficiency of the acridan esters (AE) was, in general, higher 

than their precursors, that are respective acridinium salts. Addition of the 

HRP substantially increased the efficiency of emission of corresponding AE 

upon triggering the chemiluminescence. Preliminary results demonstrated, 
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that the investigated new CL systems based on AE are stable in the acidic 

environment. 

 

CONCLUSIONS 

The new acridan esters, containing substituents of various electronic and 

steric properties (F, Br, OCH3) were obtained in several steps of synthesis 

and subjected to physicochemical investigations, including MS and NMR 

spectroscopy, crystal structure determination and measurements of 

chemiluminescence in various environments. The main task of this work 

was to assess the chemiluminescence properties and stability of the 

substances in the environment suitable for their performance. The obtained 

knowledge will let us tailor optimal experimental conditions in order to 

utilize obtained acridan esters as chemiluminogenic indicators of proteins, 

that are labelled with oxidizing enzymes (such as horseradish peroxidise) in 

the presence of specific additives (enhancers). Therefore, the new 

chemiluminogenic systems might find application in ultrasensitive 

biomedical assays.  

 

Acknowledgement  

This work was supported by the funds gained within the project entitled 

“The Research of Young Scientists”, No. 538-8226-B044-16, granted for 

M.Sc. Alicja Kawecka in 2015. 

 

REFERENCES 
[1] G. Zomer and J. F. C. Stavenuiter, Anal. Chim. Acta, 1989, 227, 11–19. 

[2] B. Zadykowicz, J. Czechowska, A. Ożóg, A. Renkevich, K. Krzymiński, 

Org. Biomol. Chem., 2016, 14, 652668. 

[3] A. A. Waldrop III, J. Fellers and C. P. H. Vary, Luminescence, 2000, 15, 

169–182.  

[4] K. Krzymiński, A.D. Roshal, B. Zadykowicz, A. Białk-Bielińska 

A. Sieradzan, J. Phys. Chem. A 2010, 114, 1055010562. 

[5] CrysAlis CCD and CrysAlis RED, Version 1.171.36.24, Oxford 

Diffraction Ltd, Yarnton, England, 2012. 



 
 
 
 
 
 
 
PHYSICAL CHEMISTRY 2016    F-21-P 
 

 499

UV-A RADIATION INFLUENCE ON DEHP LEVEL IN 
PVC MEDICAL DEVICES 

 
I. Kostić1, T. Anđelković1, D. Anđelković 1, T. Cvetković2 

and D. Pavlović2  
 

1 University of Niš, Faculty of Science and Mathematics, 
Višegradska33, 18000 Niš, Serbia(ivana.kostic83@gmail.com) 

2University of Niš, Faculty of Medicine, Boulevard Zorana Đinđića 81, 
18000 Niš  

 
ABSTRACT 
The presence of di-(2-ethylhexyl) phthalate (DEHP) in 6 different partsof 
transfusion set (Quadruple blood bag, SAG-M transfer bag, Transfer bag 
and their coupled tubings) was determined and influence of UV radiation on 
DEHP level was investigated. Results obtained for investigated samples 
showed that Quadruple blood bag and Transfer bag contain almost the same 
amount of DEHP (256.31 mg g-1 and 269.25 mg g-1 by weight, respectively) 
while SAG-M transfer bag contains lower amount of DEHP (160.73 mg g-

1). All samples of tubing material showed higher concentration level of 
DEHP than coupled bags. Results obtained after UV treatment showed that 
UV radiation has a certain influence on DEHP levelin samples. All 
investigated samples contained smaller amount of DEHP after UV-A 
treatment. UV-A radiation showed the biggest influence on DEHP level in 
SAG-M transfer bag (> 74%), but the lowest on tubing coupled to the same bag. 
 
INTRODUCTION 
Phthalates may be found in many industrial products because they are 
widely used as plasticizers. They are added to polyvinyl chloride (PVC) to 
increase flexibility and softness [1]. Due to their widespread use, relatively 
large amounts of these compounds are released into the environment [2]. 

In general, PVC medical devices contain up to 40% of plasticizers by 
weight anddi-(2-ethylhexyl) phthalate (DEHP) is the most abundant 
plasticizer [3,4]. Various types of medical devices are made from PVC, such 
as parenteral nutritional tubing, infusion and transfusion tubings, blood bags 
and tube systems for blood cell separation and patients undergoing different 
medical procedures are exposed to DEHP. In humans, phthalates are rapidly 
hydrolyzed to the monoesters and then further metabolized and they can be 
detected in urine, breast milk, faeces, etc. [5]. DEHP is introduced in the list 
of potentially endocrine disruptors and some of health outcomes may be the 
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result of phthalate-induced increases in oxidative stress or inflammation, 
which have been demonstrated in animal studies [6]. 

Phthalates are not bound to plastic material therefore phthalates can 
migrate to the medium that is in contact. Various conditions may enhance 
the migration of phthalates from PVC medical devices into the surrounding 
media. It is possible that the content and transfer properties of phthalates 
may be influenced by optical radiation and temperature change during 
storage [3,7]. 

 

EXPERIMENTAL 
Transfusion set was taken from the local Clinical Center Niš, Serbia. Set 
consisted of three bags filled with appropriate solutions and coupled tubing 
(TIANHE Pharmaceutical, China). 

All used chemicals (DEHP, DBA, hexane and tetrahydrofurane (THF)) 
were purchased from Sigma Aldrich, USA. Solvents were HPLC grade and 
screened to determine the DEHP background. Amount of DEHP standard 
was accurately weighted out by analytical balance with precision at ±0.0001 
g (Kern, Germany) and diluted with n-hexane to 5 mL. Working standard 
solutions were obtained by diluting of stock solution, obtaining the series of 
the concentration range from 0.25 to 10 µg mL-1. All sample manipulation 
was done avoiding any contact with plastic equipment and special care was 
taken to avoid the contamination of solvents with plastic laboratory 
materials during standards and sample preparation.  

Analysis was carried out by gas chromatography coupled to mass 
spectrometer (Hewlett Packard 6890 series GC System with autosampler 
connected with Agilent 5973 Mass Selective Detector (Electron Ionization 
MSD-EI, single quadrupole). The separation was achieved with 30 m × 0.25 
mm × 0.25 µm a non-polar AGILENT DB-5MS column coated with 5% 
phenyl, 95% dimethylpolysiloxane. The oven temperature was programmed 
from 65 °C (holding time 1 min) to 220 °C (1 min) at rate of 20 °C min-1, 
then to 280 °C at rate of 5 °C min-1 (4 min). Volume of 1 µL was injected in 
the splitless mode. Helium was the carrier gas (1.0 ml min-1) and the inlet 
temperature was 250 °C. The operating temperature of the MSD was 280°C 
with the emission energy of 70 eV. The MSD was used in the single ion-
monitoring (SIM) mode. The identification of target compound was based 
on the relative retention time, the presence of target ion and its relative 
abundance. The most abundant ion m/z 149 was chosen for quantification of 
DEHP, with no qualifier ions, due to the simplicity of the matrix. The dwell 
time was 100 ms. Ion m/z 185 was chosen as representative ion of DBA 
internal standard. 
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PVC medical devices were kept in the shade and at room temperature. 
Some PVC samples were irradiated with UV-A light, using UV-A lamps at 
365 nm (PHILIPS, 18w/10 BL, 25 W, G 13), at the distance of 10 cm for 12 
hours. After radiation treatment, the samples were stored in shade.  

DEHP content in all investigated samples was determined in the same 
way. About 0.01 g of sample was dissolved in 10 mL of THF by soaking 
overnight at room temperature. Next day, totally dissolved plastic polymer 
was precipitated by addition of 10 ml of hexane. After filtering, sample 
solution was put into 2 mL vials and DBA was added as internal standard. 
Samples were analyzed by GC-MS. 
 
RESULTS AND DISCUSSION 
The analytical curve obtained for DEHP within concentration range  
0.25 – 10 µg mL-1was linear with determination coefficient R2 = 0.99853 
and linear equation y = (2.94352±0.03017)x – 0.18073±0.15241. Limit of 
quantitation (LOQ) was determined using signal to noise ratio of 10 to 1, for 
repeated measurements with RSD less than 20%. The obtained LOQ value 
was 0.05 µg mL-1. 

The determined DEHP concentration levels showed that Quadruple blood bag 
and transfer bag contain almost the same amount of DEHP by weight (256.31 mg 
g-1 and 269.25 mg g-1 by weight, respectively). Samples of  
SAG-M transfer bag contained lower amount of DEHP, 160.73mg g-1 (Table 1.). 

 
Table 1. DEHPlevel (mg g-1) in parts of transfusion set before and after UV 

treatment 

Part of transfusion set DEHP (mg g-1) before 
UV treatment

DEHP (mg g-1) 
after UV treatment 

Quadruple blood bag 256.31±13.41 189.15±7.73 
Tubing of Quadruple blood bag 312.72±15.92 171.28±5.57 
SAG-M transfer bag 160.73±9.85 40.24±1.58 
Tubing of SAG-M transfer bag 316.48±13.33 222.91±8.26 
Transfer bag 269.25±8.50 187.27±2.49 
Tubing of Transfer bag 356.61±18.72 132.73±1.48 

 
The determined DEHP concentration levels in tubing material showed that 

all samples contain more than 300mg g-1DEHP by weight and all obtained 
values were higher than values obtained for coupled bags. The most 
significance difference was found between SAG-M transfer bag and coupled 
tubing.  

Results obtained after UV treatment showed that UV radiation has a 
certain influence on decrease of DEHP levelin samples of PVC medical 
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devices. All investigated samples contained smaller amount of DEHP after 
UV-A treatment than samples which were not treated by UV radiation. 
Results showed that UV-A radiation had greater influence on DEHP 
leaching from samples of SAG-M transfer bag (> 74%) than from samples 
of Quadruple blood bag and transfer bag (< 27% and 31%, respectively). 
Also, UV-A radiation had greater influence on DEHP leaching from 
samples of tubing coupled to Transfer bag (62%), than tubing coupled to 
Quadruple blood bag (45%) and the lowest influence on DEHP leaching 
from samples of tubing coupled to SAG-M transfer bag (30%). 
 
CONCLUSION 
The content of DEHP in 6 different parts of transfusion set (bags and 
tubing) were determined and UV-A effect on DEHP leaching was 
investigated. Obtained results showed that majority of investigated samples 
of medical devices contains DEHP > 30% by weight and all investigated 
tubing material contain DEHP in higher amount than coupled bags. Results 
obtained after UV-A treatment showed that UV-A radiation has a certain 
influence on DEHP level in PVC materials. UV-A radiation showed the 
biggest influence on DEHP level in samples of SAG-M transfer bag. The 
lowest influence was obtained for samples of Quadruple blood bag. 
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ABSTRACT 

Quantum dots (QDs) have unique tunable luminescence properties with 

narrow spectral distributions. That makes them suitable for lightening and 

display applications. In this presentation the physics of quantum dot 

luminescence will be discussed and compared to luminescence properties of 

organic molecules used in OLEDs and PhOLEDs (phosorescent OLEDs). 

Applications of QDs will be described covering high color rendering index 

lights sources, liquid crystal displays with special backlights which utilize 

QDs to provide wider color gamut, and QD based LEDs (QLEDs). 

Mechanisms of QLED operation and strategies for improvement of QLED 

performance will also be discussed. 
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POMs arediscrete metal-oxo anionsof early-transitionmetals in high 

oxidation states (e.g.WVI, VV), usually composed of edge- andcorner-shared 

{MO6} octahedra and frequently also one or more central, tetrahedral hetero 

elements (e.g. P, Si).[1] This class of inorganic compounds has gained 

increasingattention during the last 40 years, largely owing to a 

uniquecombination of their properties. In addition to the enormousstructural 

and compositional variety, which is unmatched ininorganic chemistry, 

POMs can be tuned with respect to solubility, redoxactivity, color, thermal 

stability, and charge density. Asa result, POMs exhibit potential applications 

in many differentand diverse areas such as catalysis, energy, magnetism, 

and health/environment.[2] 

In this presentation the synthesis and structure of several POMs will be 

presented as well as their associated physicochemical properties. This 

includes 3d metal substituted heteropolytungstates as well as the novel class 

of polyoxo-noble-metalates, in particular polyoxopalladates(II).[3] The 

latter exhibit unprecedented electronic, spectroscopic and magnetic 

properties. Examples of POMs as homogeneous and heterogeneous 

oxidation catalysts will be shown,including water splitting.[4] The role of 

POMs in the biomedical area, for example as antiviral agents or inhibitors of 

enzymes, will also be discussed.[5] 
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ABSTRACT 

Ytttrium and yttrium oxide are mostly used in fluoroscent lamps, production 

of electrodes, in electronic filters, lasers, superconductors and as additives in 

various Al-Ti materials to improve their properties. Recovery of yttrium 

oxide from secondary sources such as red mud, coatings from ceramic 

industry and phosphors is extremely important. The main aim of this study 

is to examine the selective recovery of yttrium oxide from Al-Ti based 

secondary materials using one combined method based mostly on 

hydrometallurgical treatment Method of selectiverecovery of yttrium from 

Al-Ti based wastes contains: crashing and grinding of materials, sieving, 

leaching of chosen fine fraction with hydrochloric acid, neutralization with 

calcium carbonate, filtration, precipitation with oxalic acid in order to 

produce a pure yttrium oxalate and finally thermal decomposition in order to 

produce yttrium oxide. The present study summarized the influence of 

different reaction parameters such as leaching temperature, time and 

concentration of hydrochloric acid on yttrium dissolution from Al-Ti based 

secondary materials. Scale up of the laboratory investigations was studied, 

too. The produced yttrium oxide was analyzed using SEM and EDS-

analysis. 

  

INTRODUCTION 

Yttrium is a silvery transition metal and has similar chemical properties to 

lanthanoids. Because of this similarity, yttrium belongs to rare earth 

elements.. Rare earth metals are increasingly establishing themselves as 

crucial industrial materials, with unique applications in numerous fields [1]. 

Because of thermal stability in the presence of most reactive engineering 

metals including titanium, and titanium alloys, yttrium oxide (Y2O3) is an 

important and useful metal casting refractory. As such, crucibles and other 

casting materials used by the aviation industry for the manufacture of metal 

alloys contain yttrium, a valuable rare-earth element. The feasibility of using 
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yttrium oxide as a crucial material or a coating for induction melting of 

titanium is widely used in metallurgy. The native source of yttrium can be 

found in hard rocks and placer sands. Hard rock deposits are mined by open 

pit and underground methods. The aim of physical beneficiation is 

increasing the necessary mineral content by exploiting some physical 

processes. During physical beneficiation, accompanying minerals such as 

ilmenite, rutile, zircon, magnetite, and quartz are separated, which results in 

the formation of a concentrate with an increased content of rare earth 

elements. During a chemical treatment of a concentrate, rare earths are 

separated from impurities, especially thorium and uranium from minerals. 

This is accomplished by attacking minerals with some leaching agents. The 

process parameters such as temperature, pressure, chemical type and 

concentration of the leaching agent differ in accordance with the mineral 

type. In monazite applications, sodium hydroxide and sulfuric acid are 

mostly used as leaching agents. In the dissolution process, rare earth 

elements and thorium are precipitated in the hydroxide and sulfate forms. In 

the alkali application, the formed rare hydroxides are dissolved in the next 

step with either hydrochloric or nitric acid where thorium is not soluble [2]. 

Cold water is used to dissolve rare earth sulfates in an acid treatment. The 

dissolution of xenotime is similar to monazite digestion. It requires more 

concentrated leaching agents and higher process conditions. During the 

subsequent separation, individual rare earth elements are separated from 

their mixtures. As reported by Amaral and Morais [3] fractional 

crystallization and solvent extractionare mostly used for this separation.  

Because of the presence of uranium and thorium in ores, environmental 

protection and small available amount of deposits of rare earth elements in 

the European countries, recycling of rare earth form different secondary 

materials has a high importance. Due to the absence of economical primary 

deposits on their territories, many European countries have to be included 

into the recycling of REEs from pre-consumer scrap, industrial residues and 

REE-containing End-of-Life products. 

Stopic and Friedrich [4] summarized the influence of different reaction 

parameters such as leaching temperature, time and concentration of 

hydrochloric acid on yttrium dissolution from waste ceramic dust with 1.34 

% of yttrium and impurities in weight %: 0.56 Fe2O3, 0.5 TiO2; 0.48 SiO2; 

and residue of Al2O3. This fine dust fraction was approx. below 250 µm. An 

increase of dissolution time and temperature increases yttrium dissolution. 

The maximal yttrium dissolution efficiency was obtained using 2M HCl at 

atmospheric pressure at 70°C (about 80%). An increase of pressure from 

atmospheric pressure to 0.5 MPA at 150°C leads to the maximum 

dissolution of yttrium (about 98.6 %). A kinetic analysis revealed that the 
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dissolution of yttrium with hydrochloric acid can be described using a 

kinetic model based on the reaction at the solid-liquid phase as a limiting 

step. The calculated activation energy EA between 20°C and 70°C amounts 

to 31.2 kJ/mol. 

One of the major challenges in the processing of used phosphors for the 

extraction of rare earths lies in a large number of different compounds by 

Poscher et al. [5]. The summary of this work showed that the hydrochloric 

leaching of a screened luminophore powder followed by the precipitation of 

a contaminated RE oxalate, converting the mixture into their oxides and 

subsequent raffination in order to dissolve most of the alkali metal oxides 

leads to a RE concentrate which could be applied as a new raw material for 

the subsequent process steps of refining. 

In this study a new combined hydrometallurgical and pyrometallurgical 

method for the dissolution of yttrium from Ti-Al based secondary materials 

was studied in order to obtain powder of yttrium oxide. After crashing, 

grinding, and a sieving, the fine fraction below 250 µm was leached with 

hydrochloric acid under an atmospheric pressure in order to reach a 

selective leaching. The main aim of this work is to establish the optimal 

parameters for maximal recovery of yttrium from secondary materialsin 

laboratory conditions and transfer these optimal results to a technical scale.  

 

EXPERIMENTAL 

Different sample Ti-Al based secondary were used in this work, The initial 

material, which consists of more than 90% of Al2O3, also contains the 

yttrium oxide layer used on the casting component side, which should be 

separatedby the following very 

selective hydrometallurgical 

extraction processes from the 

rest of the ceramics. The still 

adhesive slurry layerof Y2O3in 

the ceramic left overs of 

different molds is recognizable 

by its brownish coloring in 

Figure 1. 

By an ICP analysis, the 

concentration in yttrium and by 

an RFA-WROXI analysis, the 

fraction of remaining elements 

was ascertained. In Table 1 is to be seen that the provided initial material 

consists mainly of Al2O3, which serves as a back-up layer in the process of 

 
Figure 1. Ti-Al based waste material 
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the investment casting at Access e.V. Aluminum oxide is consequently the 

matrix of the initial material. 

 

Table 1. Chemical composition of the molds in wt.-% (Y measured by ICP, 

remaining elements by RFA) 

Element Y SiO2 TiO2 Al2O3 Fe2O3 Mn3O4 

concentration  

in wt.-% 
6.83 

0.26 

0.15 

0.17 

0.13 
Matrix 2.09 0.37 

. 

To recover of the yttrium from the ground molds of the investment casting, 

the powder obtained from the sieving with a grain size smaller than 250 µm 

was firstlyleached in the liquid agent. Here, special interest is in selectively 

dissolving the valuable rare earth metal to distinguish thus from impurities 

and by-elementssuch as Al2O3, Fe2O3,and TiO2.For leaching tests under 

atmospheric pressure,the aggregate shown in Figure 2. was used at the IME.  

 

 
Figure 2: Aggregate for leaching with heater and pH electrode 

 

This, for such leaching processes specifically manufactured construction, 

consists of a double-walled glass vessel with a capacity of 2 liters. Thanks 

to this construction, the temperature of the leach is adjustable by circulating 

partially very hot water between those walls without coming in direct 

contact with the reaction chamber. The mobile heating device allows 

temperatures from up to 120 °C. The glass vessel is placed on a height 

adjustable stage that guarantees an optimal alignment and tight connection 
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to minimize possible leakage and resulting evaporation losses. 

Theleachingtests with hydrochloric acid were carried out within the scope of 

this work to be able to ascertain the effects of different test parameters on 

the leaching efficiency of yttrium and the impurities. On this occasion, the 

focus was on the following parameters: 

 leachingtemperature ( 70-150°C) 

 leaching time (2-5 h) 

 solid / liquid ratio (0.1-0.5) 

 concentration of the hydrochloric acid (1-3 mol/L) 

 

RESULTS AND DISCUSSION 

The most important results for the leaching were shown at the Fig. 3. 

 

 
Figure 3. The leaching degree of yttrium with HClat different temperatures 

 

As shown at Fig.3 an increase of temperature increases the leaching degree 

of yttrium. The following chemical reactions are present in this system. 

              (1) 

            (2) 

Some dissolution of Al and Fe is present during leaching of Y, what is not 

desired. In order to remove the impurities such as Fe, Al, Mn,the 

precipitation with CaCO3 was performed. The final step is filtration. 
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Scale up of or developed method was performed using the equipment, as 

shown at Fig. 4: leaching unit (2 x100 L), neutralization unit (3 x 10 L and 1 

x 8.5 L), stirred collecting tank (250l) and separation unit (filter press). 

 

 
 

Figure 4. Scale up of thedeveloped method 

 

The last step is production of yttrium oxalate and thermal decomposition at 

850°C in order to produce yttrium oxide (as shown via Eqs. 3-5). 

                      (3) 

                         (4) 

            (5) 

The mass of 20 kg previously prepared secondary materials was leached 

using 1M HClin a two leaching units at 70°C in two hours. Using our 

previously mentioned strategy,finally the powder of Y2O3 was obtained 

after of thermal decomposition of yttrium oxalate (as shown at Fig. 5) 

 

 

 

 

 

 

 

 

 

 

Figure 5. SEM- and EDS- analysis of obtained yttrium oxide 
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CONCLUSION 

Y2O3-owder was obtained from secondary Ti-Al wastes using a combined 

hydrometallurgical and pyrometallurgicalmethod. The scale up of developed 

method was successfully performed. Regarding to the purity of final yttrium 

oxide some improvements of thismethod are addressed an use of solvent 

extraction in order to separate of the remained impurities and increase the 

concentration of yttrium in the final solution. 
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ABSTRACT 

Modification of the composition, morphology and shape are an important 

issue in respect of magnetic properties characteristic of the nanostructures. 

This can be realized by alloy like or layer-by-layer growth of the 

nanoparticles and nanowires. Controlled fabrication methods allow to 

follow changes of an adequate particles properties in relatively gentle way. 

To resolve some unanswered question communing relation between 

structure, properties and application is required. In this paper fabrication 

methods of nanostructures (particles, tubes and wires) will be presented. 

Some properties needed for particular application such as protection from 

spontaneous oxidation process and specific functionalization will be shown. 

Besides that their incorporation into nano- or bionanocomposites and its 

relation with magnetic state of the particles will be discussed. Structural 

characteristic of presented materials will be done with use of Transmission 

Electron Microscopy, Scanning Electron Microscopy, Energy dispersive X-

ray, X-ray diffraction, Infrared spectroscopy, Mössbauer spectroscopy, and 

other methods. 

 

INTRODUCTION 

Despite of all studies which were done up to now in field of nanotechnology 

and nanomaterials science there are still numerous challenges open for 

scientists. Most of them are related to representation of: well defined 

structures, physical and chemical properties of separately the core and 

surface of nanomaterials. Continuously growing interest in nanotechnology 

and its application causes the development of large variety of materials with 

different shape and size in nano scale. Magnetic dots, nanoparticles, 

cylinders and wires are subjected to study due to possibility of interesting 

fundamental research and parallel technological development. Unfortunately 

(or fortunately) properties of nanostructures strongly dependent on the type, 

composition, shape, and mutual interaction between objects. Especially 

great interest in magnetic nanomaterials is due to their wide potential 
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application, among others the most technological important one are: 

memories storage media, sensors and logical devices [1]. Another important 

application target is medicine where nanomaterials can play various roles 

starting from: drug delivery media, via structural material in biological 

composites ending on biosensors [2]. Much effort have been made to 

achieve multifunctional materials with simple synthetic procedure and easy 

post processing required for subsequent application. Chemical and/or 

electrochemical fabrication methods are one of the easiest options for 

obtaining an interesting new class of the nanomaterials.  

 

EXPERIMENTAL 

For detailed structural and morphological characterization of nanowires and 

nanoparticles, transmission electron microscopy (TEM) was performed. X-

ray diffractometery based on Mo (Kα=0.7136 Å) microfocused source 

(XRD) was used for crystallinity characterization. Infrared 

spectroscopyallowed to analyze surface of the studied nanomaterials. 

Mössbauer spectra(MS) were registered at room temperature with 57CoCr 

radioactive source. The used MS spectrometer was calibrated by α-Fe foil at 

room temperature. 

Magnetite nanoparticles were synthesized by thermal decomposition of iron 

acetylacetonate (Fe(acac)3) [3], or by co-percipitation of iron (II) and (III) 

chlorides in ammonia environment [4]. Iron nanowires were deposited 

electrochemically in AAO matrix from the solution containing of: FeSO4, 

FeCl3, H3BO3 and ascorbic acid [5].  

 

Figure 1.TEM image of 

Ag@Fe3O4 core-shell 

nanoparticles 
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RESULTS AND DISCUSSION 
In Fig 1 Ag@Fe3O4 nanoparticleswere obtained by two steps method. Firstly 

magnetite core was obtained by thermal decomposition of Fe(acac)3, and 

secondly silver shell was grown on core. This time as a precursor AgNO3 

was used. Such way obtained nanoparticles are regular and round in shape, 

with estimated average size of 12±2 nm. Fig. 2 shows Fe nanowires 

obtained by electrodeposition in anodic aluminum oxide (AAO) matrix. 

Current value of 10 mA and a counter Pt electrode was used. Obtained by 

this method nanowires has diameterof about 170 nm, and more than 1 µm 

length.  

 

CONCLUSIONS 

Nanomaterials can be obtained by many various experimental methods. It 

may represent different shapes (elongated like: nanowires, nanotubes, or 

round particles, etc.). Modification of fabrication procedures and therefore 

composition of nanomaterials, allows to obtain different and in most cases 

tunable properties. This causes that it further can be used in various 

applications.  
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Figure. 2SEM image of 

Fe nanowires. 
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ABSTRACT 

Hydrothermal synthesis of Mn doped titaniananotubes, which showed room 

temperature ferromagnetism (RTFM)is reported. Morphology of Mn doped 

nanotubes was characterized by transmission electron microscopy (TEM). 

The size of nanotubes was relatively uniform with outer diameter of about 

10 nm and lengths of up to few hundred nanometers. The x-ray powder 

diffraction (XRPD) analysis of resultant powder confirmed the appearance 

of mixed crystalline phases inMn doped nanotubes: hydrogentitanate 

(H2Ti2O5 x H2O)and tetragonal anatasetitania. RTFM ordering with 

saturation magnetic moment (Ms) of the order of 1.27 µB per Mn atom was 

observed. 

 

INTRODUCTION 

The ability to control the spin of electrons in addition to their charge in 

diluted magnetic semiconductors would expand their applications in 

conventional electronic devices. The term diluted magnetic semiconductor 

(DMS) refers to a non-magnetic semiconductor material where the host 

cations are replaced with magnetic impurities up to a few atomic percent. 

DMSs were mostly based on II-VI or III-V compounds, butthose materials 

were unattractive for practical electronic applications, since ferromagnetism 

has been achievable far below room temperature [1]. Recently it was 

theoretically predicted that transition metal ions doped metal oxides (TiO2, 

SnO2, In2O3, ZnO) are suitable material for DMSs with ferromagnetic 

behavior at room temperature [2-4]. In this paper we reporteda novel 

method for the synthesis of Mn doped titania nanotubes as well as their 

structural and magnetic properties. 
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EXPERIMENTAL 

All chemicals were reagent-grade from Aldrich and used as received. Mn 

doped titania nanotubes were synthesized according to Kasuga et al. using 

powder of 1 at.% Mn2+ doped anatase TiO2nanoparticles as a 

precursor[5].The 1 at% Mn2+ doped TiO2nanoparticles weresynthesized 

using the slightly modified synthetic procedure already reported [6, 7].For 

the synthesis of nanotubes, 250 mg of 1 at% Mn2+ doped TiO2nanoparticles 

was dispersed in 10 ml 10 M NaOH and hydrothermally treated 20 h under 

saturated vapor pressure of water at 150 °C. After autoclaving, the ensuing 

powder of nanotubes was washed with distilled water until pH7. The 

powder was then air dried at 70 °C. Film for magnetic characterization was 

prepared by drop casting of dispersions of Mn doped nanotubes onto pre-

cleaned glass substrate. The films were annealed in air for 2 min at 150 oC 

after each drop. The shape and size of Mn doped nanotubes were 

characterized using JEM 1400 transmission electron microscope operating 

at 120 kV. The XRPD pattern was obtained on a Philips PW-1050 

automated diffractometer. The percent of Mn ions in nanotubes was 

determined using inductively coupled plasma (ICP) emission spectrometry. 

The concentration of Mn ions in the sample of titanianantubes was 0.016 

at.% of the amount of Ti4+ ions. The field dependence of the magnetic 

moment was measured using a superconducting quantum interference 

device magnetometer (SQUID). Hysteresis loop measurement has been 

performed up to 60 kOe. 

 

RESULTS AND DISCUSSION 

Mn doped titania nanotubes 

were synthesized by 

hydrothermal processing of 

Mn2+ doped anatase 

TiO2nanoparticles in proton 

deficient aqueous solution [5]. 

Conventional TEM image of the 

0.016 at.%Mn doped 

titaniananotubes is shown in 

Fig. 1. Uniform size distribution 

of nanotube diameters (d ~ 10 

nm) was observed. The length 

of the nanotubes was in a wide 

range from one hundred to a 

few hundred nanometers. The 

nanotubes had an open-ended multiwall structure. Structural analysis of 

Figure 1. TEM image of Mn doped 

titania nanotubes; Inset: XRPD pattern 

of Mn doped titania nanotubes 
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0.016 at.%Mndoped nanotubes, inset Fig. 1,revealed the presence of mixed 

crystalline phases in the sample. Diffraction peaks at 2θ = 24.5o, 28.1o and 

34.1oconfirmed the presence of hydrogentitanate (H2Ti2O5 x H2O), which 

usually appear in the samples of hydrothermally synthesized titania 

nanotubes, while the intense peak at 2θ = 48.5o and peak appearing at 

38.7ocould be indexed as diffractions from the anatase TiO2 crystal planes 

(200) and (004)[8, 9]. 

The magnetic response 

for film made of 0.016 

at.%Mn doped titania 

nanotubes as a function of 

magnetic field strength (H) 

was followed at room 

temperature. The field 

dependent magnetization 

after diamagnetic correction 

is shown in Fig. 2. As can be 

seen from Fig. 2,the 

ferromagnetic ordering with 

coercive field of Hc ~ 180Oe 

and Ms of the order of 1.27 

µB/Mn, appeared in 0.016 

at.% Mn doped titania nanotubes. Based on the experimental results and 

theoretical models it wasproposed that oxygen vacancies (F+ centers)play an 

important role in mediating the magnetic ordering in oxide based DMS 

materials[10, 11]. It is known that RTFM of Mndoped TiO2nanocrystals 

significantly depends on structural defects and only the F+ centersin bulk 

mediates the FM ordering[10]. Titania nanotubes contain a large fraction of 

structural defects and majority of them is located on the interior walls of the 

nanotubes [9]. Also, Ahmed et al.showed that lower content of Mn2+ dopant 

ions (< 1 at. %) favors the ferromagnetic interaction while the higher 

concentrations of Mn2+ lead to the formation ofantiferromagneticordering of 

Mn2+clusters[10]. Relatively high value of Ms in our sample is not only due 

tothe low concentration of Mn ionsbut also the presence of F centers should 

be taken into account. Our results indicatea high content of bulk F+ centers 

in titania nanotubes and that the high fraction of Mn ionsinvolved in FM 

ordering. 

 

CONCLUSION 

The Mndoped titania nanotubes were synthesized applying hydrothermal 

treatment on proton deficient aqueous dispersion of 1 at.% Mn2+doped 

Figure 2. Magnetization curve for Mndoped 

titania nanotubes 
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anatase TiO2 nanoparticles. XRPD study confirmed that the nanotubes 

possesseda mixed phase crystalline structure. The H2Ti2O5 x 

H2Oandanatasecrystalline phaseswere detected in the sample. The 

ferromagnetic ordering at room temperature with closed loop (Hc~ 180Oe) 

and Ms of the order of 1.27 µB/Mn atom were observed in the film made of 

Mn doped titania nanotubes. The reason for observed ferromagnetism and 

relatively high value of Mscould be found in the high content of bulkoxygen 

vacancies (F+ centers) and their interaction with the substitutional Mn 

impurity.  
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ABSTRACT 

The synthesis method of new magnetic carbon adsorbent is presented. 

Themain idea of this material is to combine the magnetic properties of 

carbon encapsulated iron nanoparticles and porous carbon matrix.In 

consequencea such fusion results in magnetic composite material with 

adsorption properties comparable to commercial activated carbons. 

 

INTRODUCTION 

Activated carbon, due its porous structure, is commonly used material 

dedicated to the removal of organic pollutants from aqueous solutions. The 

application of this material in waste water treatment causes severe problems 

related to its separation. Sedimentation and filtration are commonly used to 

remove the spent activated carbon from the solution. A new composite 

material based on carbon encapsulated iron nanoparticles (CEINs) as 

magnetic phase solves the problem of separation. The use of a permanent 

magnet facilitates the separation of the adsorbent from the solution. Carbon 

encapsulated magnetic nanoparticles are core-shell nanoparticles which 

comprise of nanocrystals of ferromagnetic metals and protective carbon 

coating. The diameter of carbon encapsulates is between 5 and 100 nm, 

whilst the thickness of the carbon shell is ca.5-10nm [1]. This way of 

protection of the magnetic phase in CEINs allows to use this material in a 

wide range of chemical and thermal conditions. The synthesis of magnetic 

adsorbent includes the preparation of a mixture containing CEINs, carbon 

precursor and activating agent, and then such impregnate is carbonized in 

the temperature range between 600 and 800oC under inert atmosphere. The 

thermal decomposition of carbon precursor results in formation of an 

additional carbon matrix which surrounds the magnetic particles, and in the 

same way the porosity is developing due to the presence of the activating 

agent. Magnetic composites of activated carbon and other carbon materials 

are described in a number of papers [2,3]. The immobilization of metal 

nano- and microcrystals such as Fe, Co, Ni or their alloys and oxides 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  H-06-O 

 

 526 

(including ferrites, mixed oxides) in the porous structure of carbon material 

leads to the magnetic adsorbent. There are several ways to obtain carbon 

magnetic adsorbents, however, in general the process involves the use of 

previously synthesized magnetic particles (e.g. Fe2O3, Fe3O4, CoFe2O4) and 

their subsequent immobilization intothenetwork ofpores. Such idea of the 

synthesis of magnetic adsorbent based on activated carbon results 

intheadsorbent with magnetic properties, however, in this case the magnetic 

phase is protected not enough against external corrosive factors. Magnetic 

composites of activated carbonat low pH undergo irreversible leaching of 

magnetic particles. Moreover, a network of pores in such material is 

significantly less developed because the magnetic phase occupies the pores. 

The use of carbon encapsulated iron nanoparticles solves the above 

problems. Firstly, carbon coating around the magnetic core guarantees the 

corrosion resistance, secondly in the case of this composite the magnetic 

phase is not fixed in the porous structure  

 

EXPERIMENTAL 

Carbon encapsulated iron nanoparticles were synthesized via carbon arc 

discharge method which is described in details elsewhere [4]. The main idea 

of the synthesis protocol includes the carbonization of a mixture containing 

carbon precursor, CEINs and activating agent. Various carbon precursors 

including sucrose, glucose, poly(ethylene terephthalate) waste were use as 

carbon precursors. KOH and ZnCl2 were used as activating agents and their 

amounts are described in next section. The initial mixture consisted of 1g of 

CEINs and 10g of carbon precursor, whilst the content of the activating 

agent was changed. The carbonization of the initial mixture was carried out 

in a tubular furnace with the heating rate of 10°C/min up to 800°C, and then 

the furnace was cooled to room temperature under inert atmosphere. The 

obtained material was purified in boiling 3M HCl to remove the non-

encapsulated iron particles. Several combinations of carbon 

precursor/activating agent were studied. The adsorption of phenol and its 

derivatives (2-chlorophenol, 4-chlorophenol) from water solution onto the 

synthesized materials was studied. The adsorption methodology is described 

in details in our recent paper [5]. Briefly, the adsorption studies were carried 

out using the batch solutions with the initial concentration between 10-600 

mg/L. A vial containing 25 mg of the adsorbent and 50 mL of the solution 

were shaken using a rotary shaker for 24 h. Next, the adsorbents were 

separated using a permanent magnet and the equilibrium concentration of 

the solutes was evaluated using UV spectroscopy. 
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RESULTS AND DISCUSSION 

Firstly, some tests were prepared to determine the best ratio between the 

activating agent and the carbon precursor. In the case of KOH the ratio 4:1 

gives the best results, whereas 3:1 is the best ratio to use ZnCl2. 

Fig.2apresents the adsorption isotherm of phenol onto magnetic adsorbent 

obtained from sucrose andvarious activating agents. The maximum 

adsorption capacity for materials activated with KOH and ZnCl2 is found to 

be 91 and 142 mg/g, respectively. This finding shows that ZnCl2 is better 

activator than KOH. The use of ZnCl2 in the activation process is connected 

with the preliminary dehydration of carbon precursor what develops the 

porosity in the adsorbent. Fig.2b in turn shows the adsorption isotherms of 

phenol and its derivatives onto the material made from sucrose activated 

with ZnCl2.The adsorption capacity for 2-chlorophenol and 4-chlorophenol 

markedly exceeds the uptake values for phenol (ca. 2 times). This is 

presumably related to lower water solubility of these halogen derivatives of 

phenol. Next, the adsorption performance of materials obtained from 

glucose and PET waste was evaluated. The use of glucose and KOH as the 

activating agents results in a materials which has weaker adsorption 

properties the composites obtained from sucrose (Fig.3a).The material 

obtained from PET waste has comparable adsorption performance to the 

adsorbent made from glucose (Fig. 3b). Interestingly, in this case the 

adsorption capacity is not influenced by the kind of the activating agent. 

 

 
Figure 2. Adsorption isotherms of phenol onto material activated with 

different activating agents (a), and adsorption isotherms of phenolic 

compounds onto material made from sucrose activated with ZnCl2 (b) 
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Figure 3. Adsorption isotherms of phenolic compounds onto material obtain 

from glucose activated with KOH (a), adsorption isotherms of phenol onto 

material made from PET with different activating agents. 

 

CONCLUSION 

This paper presents the method of synthesis of new magnetic carbon 

adsorbents. A simple one step method yields an adsorbent dedicated to the 

removal of organic compounds from water solution. It has been shown that 

the most dangerous pollutants – chlorinated phenols derivatives are 

efficiently removed from aqueous solutions. 
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ABSTRACT 

This paper outlines a computer-based method that can be used for direct 

two-dimensional simulation of liquid migration by tracking liquid interfaces 

during liquid phase sintering. This phenomenon will be simulated by pure 

grain rearrangement combined with coalescence of three or more liquid 

bridges. In order to avoid shrinkage by other processes than rearrangement, 

in this approach the system W-Cu will be chosen since tungsten is 

practically insoluble in liquid copper. 

 

INTRODUCTION 

During the initial stage of liquid phase sintering (LPS) surface tension 

forces act to bring about physical movement of the constituents of sintering 

body [1] causing rapid densification.  There is also considerable evidence 

that the liquid phase may also migrate under the action of surface tension 

forces which act during LPS [2]. For LPS with a relatively large amount of 

liquid, such a liquid migration could be observed using scanning electron 

microscopy [3]. When the liquid content is very small, this technique 

becomes inappropriate because the liquid usually presents as a thin 

intergrain film. 

Liquid migration was investigated introducing a liquid into a two-

dimensional (2D) array of uniform circular particles [2]. It was found that 

the liquid tend to fill smaller low-coordination-number pores first, whereas 

the larger pores will be filled only when there is sufficient liquid phase. Due 

to such behavior the liquid usually tend to migrate to the more densly 

packed regions.  

Grof et al. [4] presented a particularly interesting approach for the 

simulation of spatially evolving liquid–vapor interfaces in arbitrary 2D 

granular media. The main advantage of the method is the possibility to 

account for topological transitions such as interface coalescence or rupture.  

In this paper liquid migration will be simulated taking into account both 

grain rearrangement and coalescence of liquid bridges. The grain 

rearrangement will be accepted as driven by the capillary forces between 

mailto:zoran.nikolic@elfak.ni.ac.rs
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solid grains embedded in liquid matrix. The coalescence of liquid bridges 

will be modeled as process in which more bridges join to form a larger one. 

 

MODEL SYSTEM TOPOLOGY 

Let there be a mixture of two components: a major component that forms 

the particulate solid, and an additive phase as a liquid-producing 

component. The liquid phase will be formed when the mixed powders are 

heated to a certain temperature. When a liquid phase is dispersed from 

between solid grains, the liquid bridges with a curved meniscus shape will 

form (Fig. 1a) [5]. Thus, an interface as a common boundary among two 

different phases of matter is ubiquitous in LPS. In 2D the k-th interface will 

be defined by the set of k
qn  points, i.e. 

},...,2,1),,{(I q
kk

s
k
s

k
q nsyx  ,                                                                     (1) 

where the subscript LVor  SLSV,q represents solid-vapor, solid-liquid 

and liquid-vapor interfaces, respectively. According to (1), the pendular 

liquid bridge can be defined by m node polygon filled by liquid phase, i.e.  

},,1),,{(IIIILB LVSLLVSLP msyx ss
jijijiij

                                  (2) 

where ij
LVI  is liquid meniscus between i-th and j-th grains.  

The rearrangement process during LPS has been generally accepted that 

driven by the capillary forces between solid grains embedded in liquid 

matrix. A detailed description of the numerical model to simulate the grain 

rearrangement has already been given in the previous work [6]. 

Due to grain rearrangement three or more PLB  can form new capillary 

liquid bridge, which can be defined by recursive formula  

},1),,{(I]}II[{ILB 1,
LV

1
SL

1,
LV

1

1

1
SLC msyx ss

Nkkk
N

k
 




,                  (3) 

where N is the number of solid grains connected by capillary bridge. 

 

RESULTS AND DISCUSSION  

Liquid migration is characterized by three topological transformations: (i) 

two PLB  undergoing coalescence transform into CLB , (ii) PLB  and CLB  

transform into new CLB , and (iii) two CLB  transform into larger CLB . 

Due to increased liquid bridge volume new menisci for new CLB  and given 

the wetting angle must be updated followed by increasing the length of SL 

interfaces. At the same time, all LV interfaces lying inside new CLB  will be 

removed followed by decreasing of the number of PLB .  
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 (a)   (b)  

Figure 1. Inserts of multi grain models with liquid bridges 

interconnecting solid grains. (a) Three-dimensional model. 

(b) 2D model (an insert only) and bridge network (blue colored lines). 

In order to avoid shrinkage by other processes than rearrangement, in this 

approach the system W-Cu will be chosen since tungsten is practically 

insoluble in liquid copper. The geometry being analyzed in this simulation 

will be randomly generated planar multi-grain model shown in Fig. 1b, with 

average grain radius of ~57 m and average inter-grain distance of ~14 m. 

Taking into account applied grain size distribution the next value will be 

used: 
-1N10  and the wetting angle 

10 . Specific volume of liquid 

(usually defined as a fraction of the volume of the liquid LV , compared to 

the volume of the solid grains SV , SL VV ) 065.0  will be assigned to 

all grain-grain gaps where the liquid bridges are able to form. 
 

(a)  (b)    

Figure 2. Snapshots of microstructure after a sequence of sintering. 

(a) 700 RS. (b) 2800 RS. Capillary liquid bridges colored in red. 

 Initial model system is characterized by evenly distributed liquid 

(within PLB  only). The result of rearrangement after 700 RS 

(rearrangement steps [6]) is shown in Fig. 2a, where the average inter-grain 

distance was ~12 m. It can be seen remarkable approaching of some grains 
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combined with filling pores process and liquid migration. At the same time it 

can be also seen small enlargement of some inter-grain distances followed 

by growing of some inter-grain pores. Due to rearrangement after 2800 RS 

(Fig. 2b), the average inter-grain distance decreased to the value of ~5.6 m. 

These topological transformations are followed by the formation of clusters 

of the capillary liquid bridges (appropriate 2D multi-grain arrangement 

joined by capillary liquid bridge). Computed microstructure shows both 

evenly distributed PLB  (mainly on the left side) and CLB  (on the right-

bottom side). 

 

CONCLUSION 

In this paper the coalescence of liquid bridges was modeled so that when 

two domains come in contact with each other they immediately coalesce to 

form a single domain defined by the equations (2) or (3). The real condition 

for domains coalescence is that they intersect (overlapping domains if they 

contain at least one element in common). It should be noted that the 

coalescence of types (ii) and (iii) prevails against type (i). 

The overall model system rearrangement followed usually by decreasing 

of inter-grain distances was a result of local relative motion of each grain 

toward its neighbors. Although some grains can be constrained by the 

neighboring ones during their relative motion, it can be expected that some 

pores will be filled due to the coalescence of the liquid bridges which 

processes can give rise to a capillary liquid bridge between them. Such 

liquid migration is exactly that observed in the early stages of sintering 

experiments of Kwon and Yoon [7]. 
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ABSTRACT 

In this paper computer simulation of grain coarsening within pendular and 

capillary liquid bridges during sintering of W-Ni alloy will be demonstrated. 

It will be assumed that morphological development is governed by diffusion 

through the liquid between grains and by the reduction of the total 

interfacial energy. Under interfacial equilibrium condition, grain coarsening 

will occur by the exchange of solute between grains. 

 

INTRODUCTION 

Typical phenomenon of liquid phase sintering (LPS) is that solid grains of 

different size dispersed in a liquid matrix show a tendency of grow of larger 

grains at the expense of smaller ones which dissolve. The explanations of 

this phenomenon are largely based on the empirically established laws [1].  

In recent years, many computer simulation models have been developed 

with the aim of simulating the detailed microstructural evolution during 

grain coarsening. Voorhees et al. [2] employed a boundary integral 

technique to determine the morphological evolution of a small number of 

particles during Ostwald ripening in two dimensions (2D).  

Recent advances in modeling grain coarsening using finite element (FE) 

method was reported in [3]. To the best of our knowledge, it was the first 

computer study of grain coarsening from within liquid bridge only.  

The objective of this paper is to perform FE method for simulation of 

grain coarsening within pendular and capillary liquid bridges during LPS. 

The method will be based on calculation the diffusion field and intergrain 

diffusional interactions. Multi grain model represented by interfaces will be 

defined by discrete sets of points, where each point can evolve according to 

its local environment. Computer simulation of the grain coarsening within 

the capillary bridge for W-Ni alloy (which usually serves as a model 

system) will be demonstrated as a first step. 
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MODEL DESCRIPTION 

When a liquid phase is dispersed from between solid grains, liquid bridges 

with a curved meniscus shape will form. The unit cell is usually represented 

by two grains of different size joined by a liquid bridge (Fig. 1a). 

The generation of a digital microstructure needs to use a discretized 2D 

model based on individual grains, liquid phase which forms at additive grain 

sites, and interfaces between them. The latter ones as common boundaries 

among two different phases are responsible for a number of phenomena 

occurring during LPS, e.g. dissolution and reprecipitation, coarsening, etc. 

An interface in 2D can be represented with curved (boundary) line. Thus, 

the k-th interface can be defined by the set of k
qn  points 

},...,2,1),,{(I q
kk

s
k
s

k
q nsyx  ,                                                                  (1) 

where the subscript LVor  SLSV,q represents solid-vapor, solid-liquid 

and liquid-vapor interfaces, respectively.  

 

(a)  (b)   

Figure 1. Two-grain model. (a) Three dimensional representation. (b) 2D 

representation of liquid phase interface defined by a set of discrete points. 

 

Taking into account mentioned liquid phase between two grains and the 

interface definition (1), the pendular liquid bridge in 2D (shown in Fig. 1b) 

can be defined by 

,IIIILB LVSLLVSLP
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where ij
LVI  and ji

LVI  are liquid menisci between two grains i-th and j-th. Due 

to grain rearrangement and redistribution of liquid phase, two or more 

pendular bridges can form capillary liquid bridge. Such bridge that connects 

N solid grains can be defined by recursive formula 
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Suppose that the system consists of dispersion of spherical grains in 

liquid in which the solid phase has some solubility. Thus, the concentration 
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of the dissolved solid around grain of radius r can be mathematically 

expressed by Thomson-Freundlich’s equation [1] 

rc

cr SL2
ln


 



, 

where c  and rc  are the solubility of a solid grain with an infinite radius 

and a radius r, respectively,  is a function of the molecular weight and the 

density of solid grains, the gas constant and the temperature, and SL is the 

solid-liquid interfacial energy. The concentration at an interface SLI  with 

high curvature will be above that at an interface with low curvature, thus a 

higher concentration around a smaller grain gives rise to a net flux of matter 

from the smaller to the larger grain defined by cD  LJ , where LD  is the 

concentration independent diffusivity of the solid in the liquid.  

Applying FE methodology, the time-dependent concentration at nodes 

within liquid bridge can be updated using the numerical method described in 

details elsewhere [3]. The initial concentration at LV interfaces will be 

represented by the model for slow diffusion or small grain spacing [1].  

 

SIMULATION RESULTS 

The sintered performance of W-Ni system depends on several factors, 

including the tungsten (solid) content and matrix composition (initially 

liquid nickel as a bridge). In this simulation same data as in [3] will be used.  

Computed microstructure with grain coarsening of multi-grain model (

15N ) shown in Fig. 2. Although dissolved matter is redistributed 

between grains, two different morphologies can be recognized due to the 

local diffusional interactions. As it can be seen, after 4 min. pure dissolution 

occurred onto smaller grains and pure precipitation onto larger grains 

forming solid solution W(Ni). Some medium size solid grains are 

characterized by partial dissolution and precipitation at the same time, 

which processes depend on location of grains and their intergrain distances.    

 

CONCLUSION 

This paper presents FE computer simulation of grain coarsening during 

LPS. It can be seen that the morphological evolution very much depends on 

grain location and grain size, but also on their intergrain distances. The 

result is in very good agreement with the experimental results [4,5]. There is 

also very good agreement with liquid-phase sintered tungsten heavy alloy 

[6] where the tungsten grains within capillary liquid matrix were coarsened 

and rounded as a result of the continued solution-precipitation process that 

depends on tungsten solubility and contributes to tungsten grain shape 
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accommodation releasing additional liquid to fill any remaining inter-grain 

pores [7]. There is a fairly good agreement with the boundary integrals 

approach too [2], but our approach treats LPS case with liquid located inside 

pendular and capillary liquid bridges only. The numerical coarsening model 

incorporates much of the essential physics of the coarsening process in this 

context, including two phases (solid and liquid), important interfaces and a 

mechanism for mass transport. As much as we do know, simulation method 

for investigation of grain coarsening inside the capillary liquid bridge was 

presented for the first time. 

 

 

Figure 2. The morphology of 

SL interfaces after 4 min. Light 

gray colored areas are pendular 

or capillary liquid bridges. 
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ABSTRACT 

Alumina powders, pure and doped with nickel, were synthesized by sol gel 

method and calcined at 500oC in order to obtain mesoporous structures with 

a high specific surface area, well adaptable to catalytic application. XRD 

analysis showed that the addition of Ni2+ affect the structural properties of 

the synthesized oxides. In order to test electrochemical activity of 

introduced nickel GCE modified with synthesized material was tested in 0.1 

M NaOH solution without and with methanol. 

 

INTRODUCTION  
Transition aluminas are important in the of various catalysis fields because 

of their high specific surface areas, surface property and crystalline structure 

[1–4]. The role of alumina in the catalyst system is often assumed to be 

purely physical acting as an inert solid onto which a catalyst can be 

dispersed. However, the surface of alumina is chemically reactive and acts 

as a catalyst for many acid/base reactions [1,5]. The surface reactivity of an 

alumina phase depends on the preparation conditions and sample history. 

There are various crystal structures for alumina and the obtained phases 

depend on the precursor, additives and the calcinations conditions. The sol–

gel process is the most studied chemical method to prepare nanostructured 

materials [6]. This process allows the easy preparation of very diverse 

mesoporous structures.  

The aim of this paper was to investigate the chemical state of Ni in 

alumina doped samples and its effect on structure and texture of alumina-

based electrodes on electrochemical response. 

 

EXPERIMENTAL 

Alumina powders, pure and doped with nickel, were synthesized by sol gel 

method 7 and calcined at 500oC in order to obtain materials with different 

structural and textural properties. Samples were denoted as A-500, A10-
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500, A20-500, A40-500, to indicate temperature of calcinations and the 

amount of nickel added to sample. The X-ray powder diffraction 

measurements were performed on a PHILIPS 1050 X-ray diffractometer 

using Ni-filtered Cu K radiation and Bragg-Brentano focusing geometry. 

The patterns were taken in the 5–90 o2 range with the step length of 0.058 
o2 and exposure time of 5 s per step. The drop of dispersion of investigated 

sample in 5 wt. % Nafion was applied on the surface of glassy carbon 

electrode. The electrochemical response of samples was tested by cyclic 

voltammetry in 0.1 M NaOH with and without methanol. All potentials are 

reported versus Ag/AgCl (3 M KCl) reference electrode, and platinum rod 

served as counter electrode. 

 

RESULTS AND DISCUSSION 

Introduction of nickel species in alumina matrix resulted in materials with 

different properties from starting alumina. In order to test electrochemical 

activity of introduced nickel GCE modified with synthesized material was 

tested in alkaline solution (Fig. 1a and b). Cyclic voltammograms recorded 

in 0.1 M NaOH for A10-500 only showed current rise at high anodi 

potential due to oxygen evolution reaction. With increase of Ni content in 

sample characteristic Ni(II)  Ni(III) pair of peaks appeared at potential 

range 0.3 - 0.6 V vs. Ag/AgCl electrode and was well pronounced for A40-

Figure 1. Cyclic voltammograms of alumina samples recorded at 50 

mVs-1 in 0.5 M NaOH without methanol (left) (Inset: enlarged part of 

CV in potential range 0.25 V – 0.6 V) and with methanol (right). 
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500 sample. The redox Ni(II)  Ni(III) originates from electroactive layer 

of Ni(OH)2 that is formed over NiO upon immersion in alkaline solution. 

The current of oxygen evolution also increased with increase of Ni content, 

as expected since Ni-based electrodes are good catalyst for the OER [7]. 

Further testing was performed in the reaction of methanol oxidation from 

alkaline solution. The current rise due to methanol oxidation was observed 

at same potential as the formation of NiOOH. There was no current of 

NiOOH reduction during reverse scan. The same dependence of current of 

methanol oxidation on Ni content and calcinations temperature as for the 

current of NiOOH formation was observed. The characteristic feature of 

recorded voltammograms is hysteresis between the anodic and the cathodic 

sweeps, in which a higher methanol oxidation charge is observed in the 

cathodic sweep. The possible explanations for this behavior are: a) different 

nature of processed occurring in forward and reverse scan; b) the ratio of 

methanol and supporting electrolyte concentration and c) the difference of 

the electrode surface in forward and reverse scan. 

The electrochemical activity of nickel-doped alumina samples was 

dictated by the amount of present NiO. XRD patterns of the pure and Ni2+- 

doped alumina samples, thermally treated at 500°C, show amorphous 

character (Fig. 2). Only broad peaks with very low intensity, attributed to 

the γ-Al2O3 are observed at 

2θ angle of about 38°, 46° 

and 67.2°, for pure alumina 

sample. The intensity of these 

peaks in the doped samples is 

reduced proportional to the 

amount of added nickel. 

XRD data confirmed the 

formation of the NiAl2O4 and 

the oxides of Ni in all the 

samples. The presence of 

NiO2 is observed in the 

sample A10-500, whereas, in 

the samples with higher 

contents of Ni, the formation 

of NiO is confirmed and its 

content increases with increasing amount of added Ni2+-ions. The XRD 

analysis showed that ratio of NiO/NiAl2O4 changed in same manner 

indicating that only NiO was electrochemically active. It is unclear how 

much Ni inside alumina structure affects the electrochemical response of 

nickel-doped alumina. According to Ojani et al. [8], who investigated Ni 

Figure 2. X-ray diffraction patterns of 

pure and Ni2+- doped alumina samples 
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modified zeolite Y, the presence of Ni ions inside zeolite cages beside Ni 

ions present on the surface of the zeolite was essential for good 

electrochemical activity of NiY. It was proposed that the methanol oxidation 

takes place on the oxy-hydroxide species formed on the surface of the 

electrode, while nickel species incorporated in zeolite act as an electron 

relay to the Ni(OH)2/NiOOH redox system. 

 

CONCLUSIONS 

Samples of alumina with different amount of nickel were synthesized by sol 

gel method and calcined at 500oC. XRD analysis confirmed that all samples 

have a low ordered structure (almost amorphous), whereby, disorder and 

crystallites size of the structure of the doped samples are higher in 

comparison to the structure of the non-doped sample and increase with the 

Ni2+-content. The electrochemical activity of nickel-doped alumina samples 

was dictated by the amount of present NiO.  
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ABSTRACT 

This paper reports the synthesis of mobile composite adsorbents dedicated 

to the removal of heavy metal ions from aqueous solutions. The basic 

concept of our innovative solution involves the combination of carbon-

encapsulated iron nanoparticles and polymer matrix decorated with sulfonic 

groups. The adsorption performance was evaluated via adsorption 

experiments of Fe(III) and compared with commercially available ion 

exchange resin. 

 

INTRODUCTION 

Magnetic separable composite adsorbents are unique materials because they 

combine properties of magnetic phase and the desired matrix which has 

efficient capability for the uptake of different solutes. The inclusion of 

magnetic phase in the composite causes its inherent mobility in the presence 

of external magnetic field and facilitates its separation from the solution. 

Usually, ferrite nanoparticles are used. However, the composites obtained 

with ferrites have poor corrosion resistance. Herein we present a novel 

strategy to obtain a composite based on organic polymer and carbon-

encapsulated iron nanoparticles (CEINs). CEINs are core-shell nanoparticles 

comprising magnetic (iron) core and protective thin carbon coating. This 

nanomaterial exhibits superior corrosion resistance and has controllable 

magnetic properties [1]. 

 

EXPERIMENTAL 

Carbon-encapsulated iron nanoparticles were synthesized according to our 

procedure described elsewhere [1]. The as-obtained raw CEINs were 

purified in 3M boiling HCl in order to remove the non-encapsulated metal 

particles. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    H-10-P 

 

 542 

The resorcinol/2-thiophenecarboxaldehyde cross-linked polymers (RT) 

were obtained utilizing the advantages of sol-gel polycondensation reaction 

[2]. In a typical synthesis resorcinol and 2-thiophenecarboxaldehyde were 

dissolved in methanol. Then carbon-encapsulated iron nanoparticles were 

dispersed in the solution. The amount of carbon-encapsulated iron 

nanoparticles in the organic polymer matrices varied between 0 and 30 

wt.%. Once the dispersion became homogeneous, a few drops of 

concentrated HCl was added (polycondensation catalyst). The scheme of the 

synthesis and the proposed structure of the resorcinol/2-

thiophenecarboxaldehyde polymer (RT resin) is presented in Fig. 1. The 

obtained RT gels (containing carbon-encapsulated iron nanoparticles) were 

cured for 24 h at 60 °C in a sealed container. Next, the composites were 

dried for 24 h at 75 °C.  

Finally, the composites were subjected to sulfonation in order to 

introduce the surface sulfonic groups. The sulfonation agent was obtained 

by a direct reaction between acetic anhydride and fumed sulfuric acid in 

dichloroethane. This mixture was then added to dichloroethane containg the 

composite. Next, the suspension was heated at 60 °C for 2h with subsequent 

washing with acetone, ethanol and water. Finally, the sulfonated composite 

was dried in air at 80 °C for 24 h. 
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Figure. 1. Scheme of the acid-catalyzed synthesis of resorcinol/2-

thiophenecarboxaldehyde resin (RT gel) and proposal of its chemical 

structure. 

 

The morphological details of the studied composites were studied by 

scanning electron microscopy. The surface chemistry features were 

evaluated by IR spectroscopy. The adsorption of Fe(III) was studied 

(pH=1.5) onto pristine and sulfonated composites. The equilibrium 

concentration of the solute was evaluated spectrophotometrically using the 

thiocyanate method. 
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RESULTS AND DISCUSSION 

The chemical composition of obtained composite adsorbents is listed in 

Table 1. It is evident that the content of Fe is linearly correlated with the 

CEINs content in the initial mixture of the precursors. This finding shows 

that the polycondensation process of resorcinol and aldehyde is not affected 

by CEINs. The SEM images (Fig. 2) revealed the general morphological 

features of the composites. Both, “pure” polymer (RT-1) and composites 

have nearly the same morphological details. They are comprised of semi-

spherical particles aggregated in bigger fractal-like objects. 

The chemical composition (namely Fe-content) of the composite 

adsorbents linearly depends on the CEINs content in the initial mixture 

(Table 1). The samples with Fe content larger than 6.9 wt. % had enough 

mobility in the presence of external magnetic field to be effectively and 

easily separated from the solution. 

 

Table 1. Chemical composition and adsorption performance of magnetic 

composites. 

Sample CEINs content 

[wt. %] 

Fe content 

[wt. %] 

Adsorption 

capacity 

[mg/g] 

Adsorption 

capacity 

[mg/g]* 

RT-1 0 0 110 195 

RT-2 5 4.0 102 190 

RT-3 10 6.9 95 150 

RT-4 20 12.1 85 121 

RT-5 30 21.7 29 80 

* adsorption capacity for sulfonated composites 

 

 
Figure. 2. SEM images of RT-1 and RT-4 samples. 
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Figure. 3. Adsorption isotherms and FT-IR spectrum of pristine and 

sulfonated composite. Red oval shows band typical for S=O groups. 

 

Fig. 3 shows the representative adsorption isotherms of Fe(III) at 

pH=1.5. It is clear that RT-4 sample has nearly identical adsorption capacity 

in comparison to the commercial and very popular Amberlite ion exchange 

resin. The adsorption capacity values for other samples are listed in Table 1. 

Noteworthy, the adsorption capacity of the pure polymer (RT-1) is ca. 20-

25% higher in comparison to Amberlite. Further enhancement of the 

adsorption performance has been achieved forth sulfonated samples. In this 

case the adsorption capacity for all samples was higher in comparison to 

Amberlite. The presence of sulfonic groups was confirmed by IR 

spectroscopy (Fig. 3).  

 

CONCLUSION 

The acidicpolycondensation of resorcinol and 2-thiophenecarboxaldehyde in 

the presence of carbon-encapsulated iron nanoparticles leads to mobile 

composite adsorbents with high adsorption capacity of Fe(III). The 

sulfonation process introduces surface sulfonic groups and results in further 

enhancement of the adsorption performance. 
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ABSTRACT 

Ternary nanosized sulfide CdIn2S4 was synthesized using hot-injection 

method in oleic acid/oleylamine mixture as reaction media at 270ºC. TEM 

images have shown that obtained material grows through multistep process, 

forming marigold structures built out from mesocrystals. Influence of oleic 

acid and oleic acid/oleylamine mixture as reaction media on mesocrystal 

formation is tracked and discussed.  

 

INTRODUCTION 

Classical crystallization theory explains material growth through three 

separated steps: nucleation, normal growth and competitive growth 

(Ostwald ripening). In nucleation step, elementary building units (atoms, 

ions or molecules) form clusters. Primary formed clusters then grow during 

normal growth step.1 In a third step, all clusters that reach critical size 

(nanocrystals) will continue to grow through Ostwald ripening at the 

expense of smaller once, that will dissolve, giving on that way additional 

material.1Briefly, this process can be represented as: ions/atoms/molecules 

→ clusters→ nanocrystals → single crystal. 

In the past decade, new, non-classical theory of crystal growth emerged, 

mainly to explain formation of mesocrystals (mesoscopically structured 

crystals), new class of nanostructured solid materials2. This theory starts 

from nanocrystals as primary building blocks. In the basis of the theory lays 

oriented attachment, i.e. alignment of nanocrystals in such a manner that 

they share common crystal plane forming larger units-mesocrystals. If 

surface of primary nanocrystals is covered with organic molecules as 

surfactants, in the process of nanocrystals merging these organic molecules 

will be included in final mesocrystal, forming defects.2 

What is needed to be underlined here is that mesocrystals mainly have 

characteristics inherited from primary building units, but also can have new, 
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improved ones. In order to meet needs for different applications, it is 

necessary to understand mesocrystals formation mechanism, to design 

proper synthetic methods and to fully characterize obtained structures. 

Here, attempts to synthesize mesocrystals of ternary sulfide CdIn2S4 (CIS) 

arepresented.CIS is direct band-gap semiconductor, with the bulk band-gap 

energy of about 2.1eV, which places its absorption threshold deep in visible 

part of solar spectrum (560 nm). This characteristic makes it interesting for 

applications where light-semiconductor interaction can be utilized, like 

photocatalysis or photovoltaics. 

In synthesis of nanosized chalcogenide materials (sulfides, selenides, 

tellurides) method that in last 30 years gave the most impressive results is 

hot-injection method, which is, basically, injection of precursor solution in 

hot (T> 200⁰C) pre-heated coordination solvent. Wide choice of precursors, 

surfactants, coordination solvents and reaction media gives freedom to 

manipulate with shape, size, crystal phase and overall characteristics of 

outcome materials. All previous facts supports decision to use hot-injection 

method as method of choice in synthesis of CIS mesocrystals. In order to 

minimize number of factors that can have influence on characteristics of 

obtained material, oleic acid and oleylamine were simultaneously used as 

coordinating agents, surfactants and reaction media. 

 

EXPERIMENTAL 

Chemicals: cadmium acetate dihydrate (Cd(Ac)2), indium-acetate (In (Ac)3), 

oleic acid (OA-C17H33COOH), oleylamine (OLAM-C18H35NH2) and 2-

mercaptoethanol (2ME - HS-C2H4-OH) were purchased from Sigma -

Aldrich. Sulfur powder was obtained from Alfa Aeser. Toluene and acetone 

were purchased from JT Baker. 

Cadmium precursor solution was prepared as follows: 0.0177g of Cd(Ac)2 

and 2 ml of OA were loaded in three-neck flask and heated at 200⁰C under 

constant Ar flow. After about 30 min, brown solution is formed, and was 

left at room temperature to cool down. 

Indium precursor solution was prepared as follows: 0.0584 g of In(Ac)3and 

2ml OA were loaded in three-neck flask and heated at 270⁰C under constant 

Ar flow. After about 30 min, pale yellow solution is formed. 

Sulfur precursor solution was prepared as follows:0.0128g of sulfur powder 

and 2ml of OA or 1ml of OLAM were loaded in three-neck flask and heated 

at 90⁰C under constant Ar flow. After about 30 min solution was left at 

room temperature to cool down. After preparation of the precursor 

solutions, Cd and S solutions were swiftly injectedin. In solutionat 

270⁰C,and reaction mixture was kept at that temperature for 4h (S1 in pure 
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OA) or 1h (S2 with addition of 1ml OLAM). TEM and STEM images are 

obtained using JEOL JEM-2100 LaB6 microscope (200kVacceleration 

voltage). 

 

RESULTS AND DISCUSSION 

In order to confirm formation of ternary semiconductor CIS, XRD 

measurements (not presented) were performed. It was revealed that sample 

S1 is a mixture of hexagonal binary sulphide CdS and ternary cubic CIS 

(which was a dominant phase). TEM images (Fig.1) have confirmed 

existence of two materials characterized with different particle sizes and 

morphology. 

 
Figure 1. TEM images of sample S1 at different magnifications 

 

In Fig 1a, by arrows are indicated areas were small spherical particles 

(average size  4 nm) are clearly visible. Their particle size distribution is 

very uniform, and it was confirmed that this particles are hexagonal CdS. 

Larger, irregularly shaped particles belong to cubic CIS. At higher 

magnifications (Fig. 1b), it became clear that particles of CIS start to orient 

along common crystal plane, forming larger structures (white arrow). 

However, fact that in the sample S1 there are still present separated particles 

that are not oriented in common manner (black arrows) along with the 

presence of binary sulphide in the sample, indicated that even after 4h of 

reaction mesocrystal formationis not finished. In order to speed up reaction 

we have added OLAM to reaction mixture (see Experimental). OLAM as an 

organic base, provides conditions for faster decomposition of cation-oleic 

acid complex3, accelerating in that way subsequent formation of desired 

sulphide. After only 1h of reaction, as XRD measurements (not presented) 

confirmed, pure CIS was formed. STEM image (Fig. 2a) revealed that 

complex marigold-like structures were formed, with sizes ranging from 

around 50 to 200 nm.  
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Figure 2. a) STEM and b) TEM image of sample S2 

 

From image at higher magnification (Fig 2b) it is clear that marigolds are 

made of flake-like structures, which are formed from even smaller sub-

unites, with sizes in range from 8 to 14 nm. Such multi-levelled architecture 

is, as explained by non-classical nucleation theory, characteristic for 

mesocrystals. In presented experimental conditions, their formation was 

easier, since after initial acceleration of reaction by addition of OLAM, 

system have enough time to arrange in complex manner. Presence of 

organic molecules (as capping agents) at nanocrystal surface provided their 

easier rotation in process of oriented attachment. 

 

CONCLUSION 

Hot-injection method of CdIn2S4 mesocrystals is proposed. It was shown 

that addition of OLAM was crucial for formation of pure cubic CIS in given 

experimental conditions. TEM images revealed that material is 

characterized with multi-levelled structure: primary nanocrystals through 

oriented attachment process form mesocrystals that than are arranged in 

marigold-like structures. 
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ABSTRACT 

The surface modification of nanocrystalline TiO2 particles (45 Å) with 

salicylate-type ligands consisting of an extended aromatic ring system, 

specifically 1-hydroxy-2-naphthoicacid (1H2NA) and 1,4-dihydroxy-2-

naphthoic acid (1,4DH2NA), was found to alter the optical properties of 

nanoparticles in a similar way to salicylic acid (2HBA). The formation of 

the inner-sphere charge-transfer (CT) complexes results in a red shift of the 

semiconductor absorption onset compared to unmodified nanocrystallites 

and a reduction in the band gap upon the increase in the electron 

delocalization when including an additional ring. From absorption 

measurements of CT complexes in methanol/water=90/10 solutions, 

stability constants in the order of 103 M-1 have been determined at pH 2. 

Thermal stability of CT-complexes was investigated by using TPD analysis 

(TG/DTA/MS). 
 

INTRODUCTION 

Nanocrystalline TiO2 has attracted widespread attention as a photocatalyst 

with variouspractical applications as well as a part of photoelectrochemical 

systems, such as Grätzel cells. Due to its large band gap (Eg=3.2 eV), TiO2 

absorbs less than 5% of the available solar light photons. Sensitization of 

TiO2 nanoparticles (NPs) with appropriately chosen molecules can indeed 

lead to a significant red shift of their absorption threshold from the UV to 

the visible, thus improving the absorption of the solar spectrum as well as 

the efficiency of photocatalytic and photovoltaic devices. Owing to the large 

curvature of TiO2 particles on the nanosize scale, the surface reconstructs 

itself in such a manner that distorts the crystalline environment of surface Ti 

atoms forming coordinatively unsaturated Ti atoms which are very reactive. 

Absorption of light by the CT complexes, formed upon adsorption of 

surface-active ligands onto TiO2, yields to the excitation of electrons from 

the chelating ligand directly into the conduction band of TiO2 NPs 

mailto:tanja030@vinca.rs


 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  H-12-P 

 

 550 

Figure 1 Absorption spectra of 

surface modified TiO2: A) bare 

TiO2; B) 2HBA; C) 1H2NA; D) 

1,4DH2NA 

 

(DSSCType II) [1]. The subject of this work is obtaining optical properties, 

UV/Vis absorption, stability constants, using Benesi-Hildebrand analysis, 

and thermal stability of CT-complexes formed between surface defects at 

TiO2 NPs and 2HBA as a model system for all studied ligands. 
 

EXPERIMENTAL 

The colloidal TiO2 dispersions were prepared by the dropwise addition of 

TiCl4 to cooled water [2]. Surface modification of TiO2, in 

methanol/water=90/10 solutions at pH 2, resulting in the formation of CT 

complexes was achieved by the addition of surface-active ligands up to 

concentrations required to cover all surface sites. For the determination of 

CT complex binding constants the absorption spectra were recorded at room 

temperature usinga Thermo Scientific Evolution 600 UV/Vis 

spectrophotometer. The thermal stability of the samples was investigated by 

simultaneous non-isothermal thermo-gravimetric analysis (TG) and 

differential thermal analysis (DTA) using a SETARAM SETSYS Evolution 

1750 instrument. On-line thermogravimetric–mass spectrometry analyses 

(TG–MS) were used to study the gases evolved during thermal 

decomposition and the experiments were performed using the TG/DSC 111 

from Setaram. 
 

RESULTS AND DISCUSSION 

The formation of the inner-sphere 

CT-complexes leads to a shift in 

the effective band gap of 

semiconductor to a lower energy 

i.e. the onset of the absorption of 

these CT nanocrystallites is red 

shifted when compared to 

unmodified TiO2. By extracting 

the corresponding onset energies 

from the absorption spectra of 

surface modified TiO2 

nanoparticles (Fig. 1), the effective 

band gap energies (E=hc/λ) of 

2HBA, 1H2NA and 1,4DH2NA 

modified TiO2 nanoparticles were 

calculated to be 2.6, 2.3 and 1.9 

eV, respectively. From the absorption measurements (Benesi-Hildebrand 

plot), the stability constants were determined to be 3800 M-1 for 2HBA, 

4300 M-1 for 1H2NA and 4500 M-1 for 1,4DH2NA. 
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Figure 2. TG (blue lines) and DSC 

(red lines) curves of bare TiO2 

(dashed lines) and TiO2-2HBA (solid 

lines) recorded in He (a). MS profiles 

(b). 

Figure 3. TG (blue lines) and DSC 

(red lines) curves of bare TiO2 

(dashed lines) and TiO2-2HBA (solid 

lines) recorded in air (a). MS profiles 

(b). 

Thermal analysis of bare TiO2 nanoparticles and TiO2 nanoparticles 

modified with 2HBA (TiO2-2HBA) were performed in helium (Fig 2) and 

air flow (Fig 3) in the 30-600°C range at the heating rate of 10°C min-1. As 

expected, the overall weight loss amounts (TG curves) were higher for 

TiO2-2HBA then for bare TiO2. Heat flow (DSC) curves for TiO2-2HBA 

show one endothermic process with a maximum around 150°C and one 

(maximum at 250°C) or two (maximum at 250 with shoulder at 270 and 

350°C) exothermic processes in helium and air, respectively. DSC curves 

for bare TiO2 show just the endothermic process (maximum around 150°C), 

the same as in the case of TiO2-2HBA. The profiles of MS signals revealed 

that H2O (m/z=18) and CO2 (m/z=44) were evolved as a result of heating of 

TiO2–2HBA in air, while the oxygen molecules O2 (m/z=32) were detected 

together with H2O and CO2 in helium. It is quite evident that the mass 

profiles of CO2 follow the profile of DSC curves, while MS curves of H2O 

show that water is liberated nearly in the whole temperature range. From 

literature data it is known that upon heating of anatase, between room 

temperature and 200°C, a mass loss occurs mainly through the desorption of 

water followed by the condensation/elimination of surface OH groups [3]. 

Hence, the endothermic process as well as the total weight loss in the case 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  H-12-P 

 

 552 

of bare TiO2 can be explained in such a way. The exothermic process, 

according to MS signals, correspond to the decomposition of bound 2HBA 

and its incomplete (He) or complete (air) mineralization to H2O and CO2. 

Although in inert atmosphere, the incomplete oxidation of the organic part 

takes place as the consequence of the oxygen liberation proved by MS 

measurements both in TiO2-2HBA and bare TiO2. This can be explained by 

the fact that thermal treatment of pure TiO2 under oxygen depleted 

conditions (He, N2, Ar) leads to the formation of oxygen vacancies and 

evaluation of molecular O2 [4].Complex exothermic DSC profile obtained 

for the thermal decomposition of TiO2-2HBA (Fig 3) by heating in air 

indicates the existence of different binding states of 2HBA at the oxide 

surface. 
 

CONCLUSION 

All investigated ligands (2HBA, 1H2NA and 1,4DH2NA) form inner-

sphere charge-transfer complexes with TiO2 NPs. The binding of the 

modifier molecules to undercoordinated surface Ti atoms results in a 

significant shift in the onset of absorption to the visible spectral range. From 

the absorption measurements of CT complexes, stability constants were 

calculated and values of about 103 M-1 have been determined at pH 2. The 

complexity of the DSC profiles obtained from thermal analysis 

measurements can be comprehended as an indication of salicylate-type 

ligands interacting with different active sites on the TiO2 surface that 

express energetic heterogeneity. 
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ABSTRACT 

In this paper, a hydrothermal method for synthesis of zirconia nanopowders: 

pure and with incorporated Si4+ ions is presented. Zirconyl chloride and 

tetraethyl orthosilicate were used as precursors. As prepared powders were 

annealed at 600 °C and their structural (XRD), morphological (TEM) and 

textural (BET method) properties were obtained.It has been shown that by 

using hydrothermal synthesis method pure monoclinic ZrO2 highly 

crystalline powder can be obtainedwithcrystallites of about 25nm. 

Incorporation of Si4+ ions induced stabilization of tetragonal crystalline 

phase at room temperature, decreasing particle sizes to about 3-6 nm and 

increasing specific surface area of nanopowders.  

 

INTRODUCTION 

Zirconia (ZrO2) is an important and widely used ceramic material. In recent 

years, much attention has been paid to the preparation of high surface area 

nano-zirconia due to its wide application as a catalyst and catalyst support, 

sorbent, oxygen sensor, etc.[1]. The objective of this publication was to 

synthesize zirconia nanopowders with high specific surface area without 

surfactants/additives. High surface area, small particle sizes, is correlated 

with crystalline phase of zirconia: monoclinic phase demands large volumes 

for development (D ≥ 25 nm), metastable tetragonal phase is common for 

small particles (D ≤ 20 nm). We choose hydrothermal method for synthesis 

because it can be easily controlled and reproduced, it can be carried out at 

moderate temperatures and it already has been used to prepare nanosized 

powders. In order to influence specific surface area and crystallinity of 

zirconia we introduced Si4+ ions in zirconia matrix during synthesis. 
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EXPERIMENTAL 

The following commercial reagents were used: Zirconyl chloride 

octahydrate (reagent grade, SigmaAldrich, 98%), TEOS (Tetraethyl 

orthosilicate, Aldrich, 98%), Sodium hydroxide (Aldrich, ≥97%). All 

chemicals were used as received. In all experiments deionized water from 

Mili Q system was used. Pure and Si4+ incorporated zirconia nanopowders 

were synthesized by hydrothermal treatment. In a Teflon vessel (125 ml 

volume) 50 ml of 2 M NaOH, 2 g of zirconyl chloride powder for pure 

ZrO2, and appropriate amount of TEOS for powders with Si4+ ions (2.3 mM 

or 23 mM, samples ZrO2-1 and ZrO2-2, respectively) were added. 

Dispersion was vigorously stirred for 1 h and then autoclaved for 24 h at 

150 °C. After that, the powder was separated from the washing solution by 

centrifugation. The XRD powder patterns were obtained using a Philips PW 

1050 powder diffractometer with Ni filtered Cu Kα radiation (λ = 1.5418 Å). 

The morphology and sizes of photocatalysts were obtained using 

transmission electron microscopy, TEM, JEOL JEM 1400, accelerating 

voltage 120 kV. Textural properties of our samples were determined using 

nitrogen adsorption/desorption parameters. The nitrogen adsorption was 

performed at -196 °C and relative pressure interval between 0.05 and 0.98 in 

automatic adsorption apparatus (Sorptomatic 1990 Thermo Finningen). 

 

RESULTS AND DISCUSSION 

Typical XRD patterns of pure ZrO2 powder and ZrO2 powders with 

incorporated Si ions are shown in Fig. 1.(a and b). The pure ZrO2 powder 

has peaks that can be indexed as monoclinic-ZrO2 (BaddeleyiteJCPDS 65-

1025) (Fig. 1.(a)). Monoclinic ZrO2 is the stable phase formed at 

temperatures less than 1170 °C in the absence of additives (where it 

transforms to tetragonal and then to cubic phase at temperatures above 2370 

°C up to the melting point at 2680 °C) [2,3]. ZrO2 nanopowders with 

incorporated Si ions are much less crystalline with broad peaks, Fig. 1.(b), 

which can be assigned to tetragonal crystalline structure (JCPDS 81-

1544).ZrO2-1 crystalized partially in monoclinic phase moving the most 

intensive peak of tetragonal crystalline phase to lower 2 value (from 30.2º 

to ~ 29.5º). Powder with higher concentration of Si ions showed a mixture 

of t-ZrO2 and amorphous SiO2; the low intensity broad peak at 

approximately 2= 22° corresponds to amorphous SiO2. Particle sizes were 

calculated using Debye-Scherrer equation. Pure ZrO2 had diameters of about 

25 nm and both samples with incorporated Si ions had diameters of about 3 

nm. As reported previously, the monoclinic phase is the stable phase at low 

temperatures, but the tetragonal phase is the first formed in nucleation 
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process and heat treatment [4]. The presence of the metastable tetragonal 

phase at low temperatures can be attributed to several factors such as 

chemical effects (the presence of anionic impurities), structural similarities 

between the tetragonal phase and the amorphous zirconia phase that is 

precursor of crystallization, as well as particle size effects (based on the 

lower surface energy in the tetragonal phase compared to the monoclinic 

phase).  

 
Figure 1. XRD patterns and specific surfaces of (a) pure ZrO2 and (b) ZrO2 

with incorporated Si4+ ions. Typical TEM images of ZrO2 based 

photocatalysts: (c) pure and (d, e) with incorporated Si4+ ions. 

 

In Fig. 1.(c,d,e) a typical TEM images of pure zirconia (c) and zirconia 

powders with incorporated Si ions (d and e) are presented. Pure ZrO2 is 

constituted of large particles, D ≥ 20 nm and even larger agglomerates of 

about 100 nm, although this size should be taken cautiously as it was 

difficult to distinguish boundaries between entities. These findings are in 

agreement with diameter/sizes of crystallites calculated from XRD. 

Crystalline domains gained using Debye-Scherrer equation can be smaller 

than real sizes of the particles due to presence of amorphous phase present 

as well. In addition to well defined crystalline nanoparticles, with visible 

crystal planes, some defects can also be observed like spots with diameters 

of 5–10 nm. These spots are small amorphous zones embedded in the 

crystalline zirconia matrix [4]. In Fig. 1. (d and e) small particles of 3–6 nm 

can be seen in both samples with Si ions, ZrO2-1 and ZrO2-2, with sizes in 
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 agreement to those calculated using Bebye-Scherrer equation. Also some 

 larger elongated particles/agglomerates (D 20 nm) with defect/twinned 

structure can be observed. In these larger particles with twinned domains, 

most probably started the t→m transformation [5], but the volume fraction 

of monoclinic crystalline phase still being too low in order to be registered 

by XRD. It can be seen that Si incorporation process trough hydrothermal 

synthesis process and subsequent annealing, suppresses effectively the 

growth of nanoparticles. Textural properties of ZrO2 nanopowders were 

investigated using BET method. Obtained specific surface areas of the 

samples are indicated in Fig. 1. (a and b). As can be seen, incorporation of 

Si4+ions in zirconia induced a significant increase of specific surface area - 

SBET of powders with Si ions was 7 times larger than pure zirconia. The 

specific surface area is slightly larger when smaller concentration of Si ions 

(15 mol%) was incorporated in zirconia matrix, as a consequence of 

saturation of particle surface with Si ions or presence of amorphous silica 

layer on the surface of the particles for sample ZrO2-2. 

 

CONCLUSION 

The hydrothermal method was successfully used for synthesis of pure 

zirconia and zirconia with incorporated Si4+ ions. Pure ZrO2 had monoclinic 

crystalline phase and particles of about 25 nm, powders with incorporated Si 

ions remained in metastable tetragonal crystalline phase with diameters of 

about 3–6 nm. Significant increase of specific surface area was achieved by 

incorporation of Si ions in zirconia matrix, which was one of the main goals 

that we wanted to achieve with this study. 
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ABSTRACT 

In this study the effect of radiation dose on the mechanical properties of ternary 

NR/BR/SBR (25/25/50) rubber blend reinforced with carbon black (CB) (0–

100 phr) has been investigated. The cure characteristics of compounds were 

assessed using the rheometer with an oscillating disk. The mechanical 

properties hardness, modulus at 100% elongation, tensile strength and 

elongation at break were assessed before and after γ- -600 

kGy). The vulcanizates were prepared in a hydraulic press. It was estimated that 

the values for tensile strength increased when the CB content increased up to 80 

phr. Tensile strength and elongation at break are decreasinge, but hardness and 

cross linking density are increasing with the increase of the irradiation dose. 

 

INTRODUCTION 

Polymer blend are preparing to meet performance requirement that cannot 

be satisfied by the current available commodity polymer or properties 

lacking in the component polymers [1]. Blending of rubbers also enhance 

the physical properties of the final vulcanized product [2]. The properties of 

polymer blends can be controlled by regulating blend morphology, 

compositions and processing condition [3]. A standard tire formulation for 

trucks as well as cars is a physical blend of natural rubber/styrene-butadiene 

rubber (NR/SBR) or natural rubber/butadiene rubber (NR/BR) blends. 

Natural rubber and styrene/butadiene rubber have been blended for a long 

time for many purposes such as lowering the compound cost [4]. 

Reinforcement of elastomers is of great importance for the structuring of 

materials in new technologies, and it is a particularly complicated process if 

cross linked material contains more than one type of precursor cross linking. 

By creating a multi-phase system, characteristics of individual phases can be 
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partly preserved or significantly changed due to the influence of 

intermolecular interactions. Therefore, the modern research and industrial 

practice of tire industry leaders are directed towards the use of existing 

starting polymers and the obtainment of elastomeric materials based on new 

modified macromolecules. The mechanism of characteristic changes in γ-ray 

irradiated polymers, including degradation and cross linking has been studied 

in lot of publication. Gamma irradiation is also a powerful method for rubber 

cross linking; however, exposure to higher dosage of final elastomeric 

products degrades the materials. The cross linking and chain degradation are 

dependent on chains structural characteristics and the presence of some curing 

system. The research subject of this study is the multiscale structuring of 

elastomeric nanocomposites based on different precursors: polyisoprene 

(NR), polybutadiene (BR) and styrene-butadiene rubber (SBR) and its ternary 

blend (NR/BR/SBR) and the assessment of the carbon black content on the 

material mechanical properties before and after γ-irradiation. 

 

EXPERIMENTAL  
Polyisoprene rubber, NR SMR-20 was supplied by Malaysia; polybutadiene 

rubber, BR SKD N with 94% of 1,4 cis content – was supplied by 

Njižnjekamsk (Russia); Styrene butadiene rubber, SBR Europa Intol 1783, is an 

emulsion styrene-butadiene rubber with 23.5% bound styrene was supplied by 

Versalis (Italy). The carbon black type N-330 (primary particle size 28-36 nm) 

- Volgograd (Russia). Content of filler was 0 - 100 phr. The curing system was: 

N-cyclohexyl-2-benzothiazolsulfonamide-CBS (1,4 phr); diphenyl guanidine, 

DPG, (1 phr); N-(cyclohexylthio) phthalimide, CTP 100 (0.2 phr) and sulfur (2 

phr). In all rubber blend compounds the network precursor ratio was 25/25/50 

(w/w/w). Content of zinc oxide was 3 phr. The stearic acid content was 2 phr. 

Plastificator as naphthenic oil content was 10 phr. Irradiations have been 

performed in air in the Co 60 radiation sterilization unit at the Vinca Institute of 

Nuclear Sciences with the dose rate of 10 kGy h–1 and total absorbed dose of 

100-600 kGy. The Radiation Unit of the Vinca Institute has been described in 

more detail elsewhere [5], the facility core is Co-60 gamma irradiator with wet 

storage working in batch mode (CEA, France).  

 

RESULTS AND DISCUSSION 

The essence of cross linking is a chemical reaction between the rubber 

macromolecules, which in the presence of selected fillers, softeners, 

activators, curing agents, accelerators and retarders form a crosslink.  
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Cross linking of rubber macro- 

molecules represent topologically 

critical phenomenon, when the 

ensemble of linear chains forms a 

three-dimensional crosslink’s of 

macromolecules. The aging 

experiments conducted under 

high energy radiation exposure 

offer useful information for the 

selection of technological 

parameters [6]. High-energy 

radiation is a well-known tool 

for the modification of 

polymers. In polymer 

irradiation, two phenomena 

occur at the same time: cross-

linking and chain scission. The 

balance of cross linking and 

scission reactions in polyolefin 

chains, exposed to high-energy 

radiation processes that produce 

free radicals, may result in good 

properties and new applications. 

Figure 1. illustrates the variation 

of the mechanical properties as a 

function of irradiation dose for 

unloaded as well as loaded 

blends.In cross linked materials 

based on ternary rubber blend, 

the values of tensile strength 

increase with CB content 

increase up to 80 phr. This is 

also optimum charging for 

NR/BR/SBR rubber blend. The 

values of elongation at break 

increase with the amount of CB 

increase up to 40 phr (343.3 %), 

and then decrease. 

 

 
                                                                  

Figure 1. The mechanical properties 

after irradiation aging of ternary 

NR/BR/SBR rubber blend reinforced 

with CB: a) Tensile strength, b) 

Elongation of break and c) Hardness. 

The tensile strength values attained for unloaded as well as loaded blends 

increase with irradiation dose reaching its maximum value at 200 kGy for CB 

filler and then they decrease over any further increase in dose (Figure 1 (a)). 

a) 

b) 

c) 
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The variation of elongation at break values, as a function of irradiation dose is 

depicted on Figure 1 (b). As it was expected, the values of elongation at break 

for filled and unfilled ternary NR/BR/SBR rubber blends decrease with 

irradiation dose increase. The hardness values of ternary NR/BR/SBR rubber 

blends composites are increase effectively with the filler content increase 

(Figure 1 (c)). On the other hand, comparatively a limited increase has been 

attained for the hardness value for one and the same composition, whether 

filled or unfilled, with the irradiation dose increase from 100 to 600 kGy. 

 

CONCLUSION 

The mechanical properties and service life of rubber blends could be 

improved using reinforcing fillers and irradiation process to increase 

crosslinking process. The effect of irradiation dose on mechanical properties 

(tensile strength, hardness and elongation at break) of the sulphur cured 

NR/BR/SBR ternary rubber blends have been investigated. NR/ BR/SBR 

ternary rubber blends with 80 phr CB content have better mechanical 

properties as compared to compounds with other CB content. For the 

NR/BR/SBR/80CB blends with increase in irradiation dose up to 200kGy, the 

tensile strength and elongation at the break decrease, while the hardness 

increase. Irradiation increase in crosslink density of NR/BR/SBR/80CB 

ternary rubber blend. At higher filler content and higher irradiation doses a 

chain degradation process becomes more predominant than cross linking.  
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ABSTRACT 

Interaction of a TEA CO2 laser, operating at 10.6 µm wavelength and pulse 

length of 100 ns, with titanium target (implant), in nitrogen and carbon-

dioxide gas ambience was studied. The Ti-surface modifications were 

studied at moderate fluence (~17 J/cm2) and intensity (~60 MW/cm2) 

regime. The energy absorbed from the laser beam was partially converted to 

thermal energy, which generated a series of effects, such as melting, 

vaporization of the molten material, shock waves, etc. The following Ti-

surface changes and phenomena were observed: (i) superficial damages in 

both atmospheres; (ii) creation of cone- and hill- like structures in 

atmosphere of N2 and CO2, respectively; (iii) possible formation of TiN, Ti-

oxide(s) and, Ti-carbide layers, in N2 and CO2 gas, respectively and, (iv) 

occurrence of plasma in both gas ambiences. It can be concluded that the 

applied laser fluence was high enough to produce effective modification of 

the Ti- implant target in nitrogen as well as in carbon-dioxide gas. Creation 

of plasma may provide sterilization effect. 

 

INTRODUCTION 

One of possible methods for processing and surface modification of 

refractory metals is by lasers [1]. Generally, study of laser-refractory metal 

interaction is scarce in the literature. Titanium is metal which possesses 

extraordinary properties such as high melting point, high strength-to-weight 

ratio, excellent corrosion and erosion resistance, etc. Because of that, 

titanium has been used in a variety of fields like medicine (as implant), 

industry, aerospace engineering, etc. Recently, titanium and its alloys have 

been considered for fusion area applications. 

Bio-integration of Ti-implant depends on the state of the surface [2-4]. 

One of possible approaches for surface morphology alternations is a laser 
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treatment [3-5]. In addition, formation of compounds at the surface, e.g. 

oxides, can have positive effect on bio-compatibility [5].  

The present paper studies the effects of a pulsed TEA CO2 laser emitting 

in the infrared (10.6 µm), at moderate fluences ~17 J/cm2 and intensity of 

~60 MW/cm2, on a titanium surface in controlled nitrogen and carbon-

dioxide gas atmosphere. As the TEA CO2 laser–titanium interaction was 

accompanied by the appearance of plasma, optical emission spectroscopy 

was applied to analyse the plasma emission.  

 

EXPERIMENTAL 

The experimental set-up used in this study was described in details in 

reference [5]. It consists of the laser source, target placed in a vacuum 

chamber which could be filled with various gases, and plasma emission 

detection system (spectrometer coupled with a CCD detector). A CO2 laser 

was a commercial version of the system developed at the VINCA Institute 

of Nuclear Sciences [6]. The pulse repetition rate was 1 Hz, and the laser 

was running under moderate fluence (~17 J/cm2) and intensity (~60 

MW/cm2) regime. The optical pulse had a gain switched spike followed by a 

slowly decaying tail. FWHM of the spike was about 100 ns while the tail 

duration was ~2 μs. The laser beam was focused on the Ti-target with a 

ZnSe lens (focal length 13.0 cm). The angle of incidence of the laser beam 

with respect to the target surface was ~90°. A disk-shaped Ti samples (30 

mm diameter and 5 mm thickness) were prepared by a standard 

metallographic procedure. 

Various techniques were used for the analysis of Ti-target surface before 

and after the laser irradiation, e.g. optical microscopy, scanning electron 

microscopy and interferometric profilometric analysis. A time-integrated 

spatially-resolved plasma emission spectroscopy was applied for the 

analysis of plasma emission.  

 

RESULTS AND DISSCUSIONS 

Surface modification of titanium generally depends on the laser output 

parameters (energy density, intensity, pulse duration, number of 

accumulated pulses, etc.), physicochemical characteristics of the material, as 

well as on irradiation conditions (working atmosphere and pressure). Laser 

induced morphological features depend, among other, from the temperature 

attained at the irradiated surface area and the heat affected zone. Under the 

applied experimental conditions, the heat affected zone was of the order of 

micrometers. A nanosecond TEA CO2 laser interaction with titanium was 

accompanied by a series of processes, such as heating, melting, vaporization 

of the molten materials, dissociation, ionization of the vaporized material, 
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plasma creation, shock waves in the vapour and in the solid, etc. Surface 

features, generated during the interaction, can be described as follows: 

N2 ambience: 

Irradiation of Ti-target in N2 ambience was conducted at the pressure of one 

atmosphere. The obtained surface variations (Fig. 1.), can be summarized as 

follows: (i) superficial target damages with sporadic cracking (damage 

depth at 300 pulses was several micrometers); (ii) generation of conical 

forms; (iii) creation of the golden color layer and, (iv) creation of plasma 

which had yellow-white color. The appearance of the golden colored layer 

may imply a possible creation of TiN [5]. In the region close to the target, 

plasma emission mainly consisted of neutral and singly ionized spectral 

lines of titanium and nitrogen atomic lines.   

 

  
Figure 1. Interferometric profilometry (IP) analysis. (a) 2D- and (b) 3D-

view of Ti-surface after irradiation with 300 pulses in N2 ambience. 

 

CO2 ambience:  

Irradiation of Ti-target in CO2 ambience was conducted at the pressure of 

one atmosphere. Obtained morphology changes were different from those 

obtained in N2 ambience (Fig. 2.). Changes can be summarized as follows: 

(i) superficial damage with intensive cracking (central zone); (ii) appearance 

of hill-like structures; (iii) creation of black and white colored regions; (iv) 

creation of intensive plasma which had blue-white color. Appearance of the 

characteristic colored locations may imply formation of Ti-oxides and Ti-

carbide layer at the surface. In CO2 gas, analysis of plasma emission showed 

the presence of Ti-atomic and ionic spectral lines, oxygen lines as well as 

CO bands.  
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Figure 2. IP analysis. (a) 2D- and (b) 3D-view of Ti-surface after irradiation 

with 300 pulses in CO2 ambience. 

CONCLUSION 

Irradiation of titanium implant target by pulsed TEA CO2 laser, in 

controllable gas ambience of N2 and CO2, resulted in intensive 

morphological changes. Generally, the surface roughness was increased 

with simultaneously possible formation of layers such as, TiN, Ti-oxides, 

Ti-carbide. Irradiation process was accompanied by plasma creation in front 

of the target which can provide additional effects at the surface, i.e. 

sterilization effect. 
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ABSTRACT 

The spent Li-ion batteries contain oxides of Co, Ni and Mn and metals Al 

and Cu as main components, with potential impact on the environment. 

Recycling of spent Li-ion batteries was the subject of this study. As a first 

attempt, only the cathode material of spent batteries was collected, in order 

to obtain the solution from which it might be recycled. The recycling 

method based on the co-precipitation of dissolved metal salts is presented. 

Upon the re-synthesis, the obtained cathode material was characterized by 

structural, morphological and electrochemical methods.  

 

INTRODUCTION 

The number of spent Li-ion batteries exponentially increases. In the time 

period 2000-2010 only, the world production of Li-ion batteries increased 

by 800 % [1] which means a potentially high ecological problem. Lithium- 

ion batteries contain hazardous metals like Al, Co, Ni, Mn which may have 

a negative impact on the environment [2] if dispersed around without any 

control. Because of that, their recycling is an actual research area. There are 

many studies about the obtaining metals from Li-ion batteries, but, the 

studies about the re-synthesized cathode materials are rarely published. In 

this paper, the re-synthesis of the cathode material by co-precipitation 

method will be presented. 

  

EXPERIMENTAL 

The spent Li-ion batteries were manually dismantled and their components 

(anode, cathode and separators) were uncurled and separated. The cathode 

of spent Li-ion batteries was dissolved in 5 mol dm-3 NaOH to obtain the 

cathodic material separated from the Al-foil support. After that, the cathode 
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material was annealed at 700 oC in air in order to remove carbon additive 

and PVDF binder by combustion. The composition of separated cathode 

material was analyzed by Atomic absorption spectrometer after dissolving 

in 2 mol dm-3 HNO3. The re-synthesis of the cathode material was done by 

the co-precipitation method. Briefly, the salts solution obtained by 

dissolving initial cathode materials in nitric acid were co-precipitated in 

form of a mixture of hydroxides by addition of 10 mol dm-3 NaOH 

dropwise. The residue was rinsed with ethanol. After drying, the Li2CO3 

was added to the residue to satisfy the molar ratio Li:ΣM = 1:1 (M = Co, 

Mn, Ni). The obtained mixture was annealed at 700 oC and at 850 oC. Such 

obtained powders were labeled as re-LCMNO@700 and re-LCMNO@850. 

The structure of the obtained powders was identified by X-Ray 

diffractometer Rigaku Ultima IV (CuKα, λ=1.54178Å), and the morphology 

was observed by scanning electron microscope Model JSM-6610LV. The 

functionality of recycled material was checked in LiNO3 by Cyclic 

Voltammetry (CV) using Gamry PCI4/300 Potentiostat/Galvanostat. The 

CV was performed in electrochemical cell of the three electrode type, with 

the Pt electrode as the counter electrode and the saturated calomel electrode 

as the reference electrode. The Li(Co-Mn-Ni)O2 working electrode was 

prepared by using the typical procedure shown in ref [3]. 

 

RESULTS AND DISCUSSION 

The composition of commercial cathode material was found to be 

LiCo0.415Mn0.435Ni0.15O2. 

XRD pattern of re-

LCMNO@700 and re-

LCMNO@850 was presented 

in Fig. 1. The position of the 

well-defined reflections, 

corresponding to (003), (101), 

(006), (104), (105) and (110), 

shows that recovered 

materials belong to the 

layered stucture type α-

NaFeO2 with the space group 

of R3m (ICSD153447). The 

split of the (006)/(102) and 

(108)/(110) pairs, which is 

characteristic of the highly 

ordered hexagonal structure, 

 

Figure 1. XRD patterns of re-

LCMNO@700 and re-LCMNO@850 
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is not pronounced in the LNMC@700 due to the low temperature of 

calcination. The low I(003)/I(104) intensity for both samples, amounting to 

1.12 for LCMNO@700 and 0.85 for LCMNO@850, was found. Both are 

lower than 1.2 [4] which reveals the position exchange between lithium and 

transition metal ions known as ''cation mixing''. 

Figure 2. illustrates representative SEM micrographs of recycled cathode 

material. It can be seen that morphology changes with the increase of the 

temperature. At the lower temperature (Fig.2, left), the particles have rice 

shape. Interestingly, with the temperature rise, they changed in shape from 

rice to rod one (Fig.2,right).  

 

 

The Cyclic Volammetry was used as a quick method to check the 

functionality of recycled material in aqueous electrolyte solution of LiNO3.  

A typical pair of CV redox peaks 

(Fig.3), measured in LiNO3 at 

scanning rate 10 mV s-1, confirmed 

clearly the functionality of the 

recycled material. Namely, the well-

defined CV peaks, which correspond 

to Ni2+/Ni4+ redox process [5], 

indicate a fast lithiation/delithiation 

reactions of recycled 

LiCo0.415Mn0.435Ni0.15O2. Both high 

current response and small peak 

potential separation are observed. 

The current response turns out to be 

practically independent of temperature. The peak-to-peak potential 

separation, which is the main parameter of electrochemical reversibility, is 

lower in the case of re-LCMNO@700. It indicated a faster charge transfer 

  
Figure 2. SEM micrographs of re-LCMNO@700 (left) and re-

LCMNO@850 (right) 

 
Figure 3. CVs of re-LCMNO@700 

and LCMNO@850 
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of the material which was annealed at 700 oC. It may be due to slightly 

lower degree of cation mixing in re-LCMNO@700 then in re-

LCMNO@850. Additionally, spherical particles have shorter path for Li+ 

ions and electrons than the rod shape particles, which enables the better 

lithiation/delithiation kinetics of re-LCMNO@700. The lithiation and 

delithiation capacity, obtained by integration of CV curve at high scan rate 

of 10 mV s-1, amounted to ~79 mAh g-1 and ~55 mAh g-1 for re-

LCMNO@700 and 74.5 mAh g-1 and 52.8 mAh g-1 for re-LCMNO@850, 

respectively. The capacity of recycled material is quite encouraging from 

the aspect of the use of this material as cathode material for lithium aqueous 

batteries. 

 

CONCLUSION 

The LiCo0.415Mn0.435Ni0.15O2 has been re-synthesized by simple and 

effective co-precipitation method using the cathode material of spent Li-ion 

batteries. It was shown that the structure of material obtained from 

coprecipitated oxide mixture upon Li2CO3 addition, heated at 700 oC and 

850 oC, belongs to the layered structure type α-NaFeO2, with a certain 

degree of cation mixing. The temperature increase resulted in the change of 

morphology from spherical to rod shape. A fast lithiation/delithiation 

reactions of both examined oxides was observed in an aqueous LiNO3 

solution. Faster charge transfer was found for the sample annealed at 700 
oC.  
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ABSTRACT 

Glasses from the systems, xFe203 (100-x)[P2O5 Li20] with 0 < x < 50 mol% 

were prepared and characterized by magnetic susceptibility. The iron ions 

generally modify in a different way the local structure of these glasses, 

depending on the presence of the Li2Oin the glass matrix. The results have 

shown the presence of antiferromagnetic or ferromagnetic interactions 

between the iron ions in the studied glass and temperature range. These data 

revealed that the valence states and the distribution of iron ions in the glass 

matrix depend on the Fe203 content, and can determine the decreasing of 

magnetic momentum (µeff). 

 

INTRODUCTION 

Magnetic susceptibility measurements revealed as very useful to determine 

the valence states of transition metal ions and the type of interactions 

involving them over various composition ranges. Their magnetic properties 

depend on the concentration of the 3d element and the valence states ratio as 

well as on the structure of the vitreous matrix and implicitly on the 

conditions of sample preparation. The superexchange interaction of the iron 

ions in the oxide glasses was most frequently attributed to an 

antiferromagnetic coupling within the pairs Fe3+ -Fe3+, Fe3+ -Fe2+ and Fe2+-

Fe2+ [1-3]. An antiferromagnetic coupling between iron ions was reported in 

borate [4-7], phosphate [3,8], tellurite [8,9] and oxide glasses [8-12]. This 

work aims to present our results obtained by means of magnetic 

susceptibility measurements performed on P2O3∙Li2O glass matrix gradually 

doped with the iron ions. 

 

EXPERIMENTAL 

The starting materials used in the present investigation were (NH4)2HPO4, 

Li2CO3 and Fe2O3 of reagent grade purity. The samples were prepared by 

weighing suitable proportions of components, powder mixing and mixture 

melting in sintered corundum crucibles at 977K for 5 minutes. The mixtures 

were put into the furnace direct at this temperature. The melts were poured 
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into stainless steel plates.The structure of samples was analyzed by means 

of X-ray diffraction using a Bruker D8 ADVANCE X-ray Diffractometer. 

The pattern obtained did not reveal any crystalline phase in the samples up 

to 50 mol % Fe2O3.The magnetic susceptibility (χ) measurements were 

performed with a Faraday-type balance which give some information about 

magnetic field strength in the temperature range 80-300K. Correction due to 

the diamagnetism of the P2O5, Li2O and Fe2O3were taken into account in 

order to obtain the real magnetic susceptibility of iron ions in the studied 

glasses. 

 

RESULTS AND DISCUSSION 

The xFe2O3∙(100-x)[P2O5∙Li2O] glass samples were investigated by 

magnetic susceptibility for x varying in the range 3<x<50 mol% and the 

temperature dependence of the reciprocal magnetic susceptibility is 

presented in Fig. 1. The concentration dependence of the paramagnetic 

Curie temperature (θP) is given in Fig. 2.  
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The temperature dependence of the reciprocal magnetic susceptibility 

show a Curie-Weiss-type behaviour, with negative paramagnetic Curie 

temperature for all studied glasses (Fig. 2). This fact suggests a 

superexchange interaction between the iron ions which are 

antiferromagnetically coupled. Therefore, in the P205·Li2O glass matrix, in 

the studied concentration range, the iron ions behave magnetically similarly 

as in other oxide glasses, but concentration of Fe2O3over which magnetic 

super exchange interactions occur is lower. This is in agreement with 

experimental remarks according with the concentration range of transition 

Figure 1. Temperature dependence of 

the reciprocal magnetic susceptibility 

for xFe2O3∙(100-x)[P2O5∙Li2O] glasses 

with 3 ≤ x ≤ 50 mol % 

 

Figure 2. Composition dependence 

of the paramagnetic Curie 

temperature for xFe2O3∙(100-

x)[P2O5∙ Li2O] glasses 
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metal ions over which these interactions occur depends of the nature of the 

glass matrix. The absolute magnitude of θp values increases when content of 

Fe2O3are increased (Fig. 2). The exchange integral increase as the content of 

the magnetic ions is increased in the glass and as a result the magnitude of 

the θP increases. 

The values of the magnetic moment of iron ions in the studied samples 

were estimated as μeff= 2.827∙[CM/2X]1/2. These results and the molar Curie 

constant values. CM, are given in Table 1. 

 

Table 1. Molar Curie constant, experimental values of μeff and molar 

fraction of Fe3+(x1) and Fe2+ (x2) ions for xFe2O3∙(100-x)[P2O5∙Li2O]. 

x 

[mol % 

Fe2O3 ] 

CM 

[emu/mol] 

μef 

[μB] 

x1 

[mol% 

Fe2
3+O3] 

x2 

[mol% 

Fe2
2+O3] 

 

3 0.26 5.90 2.98 0.02 

5 0.42 5.78 4.25 0.75 

10 0.79 5.60 8.62 1.38 

20 1.47 5.42 6.63 13.37 

35 2.19 5.01 3.18 31.82 

50 3.07 4.96 2.73 47.27 

 

The composition dependence of the molar Curie constant is presented in 

Table 1. For the glass with x=3mol % the experimental value obtained for 

effective magnetic moment (µeff) is 5.90µB (Table 1) and is very close to the 

atomic magnetic moment of free Fe3+ ion: µFe
3+=5.90µB.Therefore, we 

consider that in the glasses with x < 3 mol % only the Fe3+ ions present. For 

the glasses with 3 < x < 35mol %, the CMand consequently the µeff values 

(Table 1) are smaller than those corresponding to a Fe2O3 content having all 

iron ions as Fe3+ species but higher than those of Fe2+ ions. For this reason, 

both Fe3+ and Fe2+ ions may be assumed to be present in these glasses. The 

presence of Fe3+ and Fe2+ ions has been evidenced in other oxide 

glasses[8,12]. Therefore, the molar fractions of these ions were estimated to 

a first approximation by using the relations: 

                                              (2) 

and 

                                                                                             (3) 

where µeff= 2.827(CM/2X)1/2 representing the experimental effective 

magnetic moment value (Table 1) determined from the temperature 

variation of the magnetic susceptibility (Fig. 1). A molar fraction x1and 
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x2correspond to Fe3+ and Fe2+ ions, whileµFe
2+= 4.90µBis the value of the 

magnetic moment of the free Fe2+ ion. The results obtained are listed in 

Table 1. For the glass with x = 50 mol %, the experimental value obtained 

for µeffis 4.96µB(Table 1). 

 

CONCLUSION 

Glasses of the xFe2O3∙(100-x)[P2O5∙Li2O] system were obtained within a 

large concentration range, i.e. 0 <x< 50 mol %. 

For the glasses with x< 3 mol % only Fe3+ ions are evidenced. In 3 < x < 

35 mol % composition range, iron enters the P2O5∙Li2O glass matrix in both 

Fe3+and Fe2+ valence states, the Fe2+ ions concentration exceeding the Fe3+ 

one for glasses with x > 20 mol %. For the glasses with x > 35 mol %, the 

estimated values of the µeff reflects the coordination influence on the 

magnetic moment of iron ions presents in species simultaneously like Fe2+ 

and Fe3+ ions, but is not excluded the presence in small quantities, in 

studied temperature range, of the antiferromagnetic or ferrimagnetic 

interactions which can determine the decrease of µeff. 
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ABSTRACT 

Synthesis and characterization of polypyrrole (PPy) layerswere conducted in 

order to obtain a porous material whose electrochemical properties will be 

suitable for applications in supercapacitors. In order to improve PPy 

properties, it was combined with carbon nanotubes (CNTs).The 

electrochemical and pseudocapacitive properties of the prepared materials 

were investigated by cyclic voltammetry, electrochemical impedance 

spectroscopy and electrochemical quartz crystal nanobalance. The results 

show that PPy/CNTs composite had better pseudocapacitive properties 

compared to pure polypyrrole. 

 

INTRODUCTION 

Supercapacitors are electronic devices that store electrical energy. 

Compered to batteries and fuel cells, supercapacitors have a higher specific 

power, much longer cycle life, but their specific energy is somewhat lower. 

In order to enhance electrical properties of supercapacitors a wide variety of 

active materials have been investigated [1]. Carbon materials are usually 

used in electrochemical double-layer supercapacitors (EDLC).They have 

large surface, which results in larger capacitance. Another class of materials 

that are suitable for supercapacitors applications are the electrically 

conducting polymers and metal oxides. These materials are used in redox 

supercapacitors where energy storage takes place through the reversible 

redox reactions,so they are often called pseudocapacitors. In comparison 

with EDLC, redox supercapacitors exhibit a much higher specific 

capacitance [1-2]. 
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Polypyrrole (PPy) is electrically conducting polymer and promising 

electrode material for supercapacitor application due to its low cost, high 

pseudocapacitance and ease of synthesis by chemical and electrochemical 

methods[3].In order to improve PPy properties, composites ofPPy and other 

materials have been used [4].In particular, carbon nanotubes (CNTs) 

because theyimprove mechanical properties ofconducting polymers during 

long cycling and they increase material porosity and conductivity that 

enables a high charge/discharge rate[5]. 

In this work various layers of polypyrrole and PPy/CNTs composites 

were prepared by electrochemical method in a 0.5 mol dm-3Na2SO4solution 

as a supporting electrolyte, in order to obtain a porous material whose 

electrochemical properties will be suitable for applications in 

supercapacitors.The properties of the obtained materials were characterized 

by cyclic voltammetry (CV), electrochemical quartz crystal nanobalance 

(EQCN) and electrochemical impedance spectroscopy (EIS) measurments. 

 

EXPERIMENTAL 

The polypyrrole layers were prepared using 0.1 mol dm-3pyrrole 

(FlukaChemika) aqueous solutionsand 0.5 mol dm-3Na2SO4 (Kemika) 

supporting electrolyte. Electropolymerization was carried out on 0.07 cm2 

Pt-disc electrode under potentiodynamic conditions from-500 to + 800 mV 

(PPy1) or+900 mV (PPy2) vs. saturated calomel electrode (SCE) at a scan 

rate of 50 mV/s. Carbon nanotubes modified with carboxyl group (Chendu 

Organic Chem Co.) were applied on the 0.07 cm2Pt-disc electrode usingpoly 

(vinylidene fluoride) (Sigma-Aldrich) as a binder in order to prepare 

PPy/CNTs composite layer. PPy was electrodeposited onto the carbon 

nanotubes modified Pt electrode by CV method from the 0.1 mol dm-

3pyrrole in 0.5 mol dm-3Na2SO4 in the potential range from -500 mV to 

+600 mV(PPy/CNTs1) or+800 mV (PPY/CNTs2) vs. SCE at a scan rate of 

50 mV/s.All cyclic voltammetry experiments were carried out in one-

compartment three-electrode electrochemical cell and all solutions were 

prepared from bi-distilled water. 

PPy and PPy/CNTs layers were tested using CV, EIS and EQCN.CV and 

EQCN measurements were carried out in 0.5mol dm-3Na2SO4 in the 

potential range from-600 to +600 mV vs. SCE at a scan rate of 50 mV/s.EIS 

measurements were carried out at dc potential of -400, -200, 0, +200, +400 

mVvs. SCEwith the amplitude of 5 mV in the frequency range from 100 

kHz to 10 mHz. 
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RESULTS AND DISCUSSION 

In this work PPy and PPy/CNTs layers of various thickness were obtained 

by applying different final potential during the synthesis. Figure 1 illustrates 

cyclic voltammograms of the layers tested in Na2SO4solution. It is evident 

that PPy layers show characteristic current peak in the potential range from -

500 mV to 0mV, as well as that thinner layer shows higher reversibility of 

redox reaction. Additionally, it is also obvious that significant current 

decrease is obtained for both PPy layers above 200mV indicating low PPy 

activity in that potential range. The cyclic voltammograms of PPy/CNTs 

layersshow almost constant current over the whole potential range of 

investigation. It can be concluded that the reversibility is more pronounced 

when PPy is modified by carbon nanotubes due to the more porous structure 

and facile counter-ion exchange process [4]. Obtained results also indicate 

that CNTs significantly increase activity of the material at potential above 

200mV.  

 

During polarization of PPy layers in Na2SO4mass change was monitored 

using the EQCN method. The generation of positive charge at polymer 

backbone during the anodic process is compensated by electrostatic forces 

between anions from the solution and the polymer positive charge. This 

process is followed by anion uptake or cation expulsion at polymer/solution 

interface which depends on the porosity of layer[4].During oxidation of PPy 

layer prepared in this work (Figure 2) cations are released from the layer 

and the mass decrease was registered. When the polymer is reduced the 

mass increases duo to the insertion of cations into the polymer structure. 

Considering that Na+ is intercalated/deintercalated during PPy redox 

reaction rather than SO4
2- it can be concluded that obtained PPy is not 

porous [4]. Additionally, in a potential range higher than 200 mV there is no 

significant mass change which indicates poor polymer activity. 

Figure 1. CV response of PPy and 

PPy/CNTs layers. 

 

Figure 2. EQCN mass change for 

PPy layer. 
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The observed electrochemical behavior of PPy and PPy/CNTs composite 

layers were also confirmed by EIS and illustrated in Figure 3. The decreased 

values for charge transfer resistance, Rct, with the incorporation of carbon 

nanotubes in the layer could be notice. For the pure PPy film at 400 mV the 

calculated value of resistance was Rct= 124.74 Ωcm2 and for the composite 

Rct= 18.08 Ωcm2. Thus, carbon nanotubes significantly decrease Rct of PPy 

film and improve its properties for supercapacitor application. 

 
Figure 3. CV response, electrical equivalent circuit and Rctvalues for a) PPy 

and b) PPy/CNTs layer. 

 

CONCLUSION 

Cyclic voltammetry response of PPy layer shows two current peaks at negative 

potentials and low current activity above 200 mV. Reversibility of the response 

significantly depends on the layer thickness. It is concluded that obtained 

behavior is result of low PPy porosity. Incorporation of carbon nanotubes 

within the polypyrrole layer results in improved polymer activity in wide 

potential range, higher degree of redox reaction reversibility, decrease of charge 

transfer resistance and thus improved pseudocapacitive properties. 
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ABSTRACT 

Optimized synthetic route for obtaining heteropoly acid species supported 

on beta zeolite surfaces was applied and different composites, comprising 

20 to 50 wt.% H3PW12O40 were prepared. Characterization of composites 

was performed by means of infrared spectroscopy and X-ray powder 

diffraction analysis and results suggest interaction of heteropoly acid with 

zeolitic part of the composites. Catalytic activity of synthesized materials 

was investigated in ethanol dehydration reaction. The lower heteropoly acid 

loadings induced higher conversion. Acid sites distribution and accessibility 

for ethanol molecules were found to be more pronounced for catalytic 

activity than amount of active sites present in these composite materials. 

 

INTRODUCTION 

The Keggin-type polyoxometalates are widely investigated because of their 

stability, commercial availability, low price and remarkable chemical 

properties. Accordingly, 12-phosphotungstic acid (HPW) has been used in 

various industrially important catalytic processes [1]. However, low surface 

area and high solubility of HPW in polar solvents are restricting properties 

of this material and improved catalytic performance is studied by their 

impregnation on inorganic supports. The use of different zeolites and 

zeolitic structures is attractive in this area[2], because of their ordered pore 

structures, high thermal stability and large surface area. As the applications 

of zeolites are very limited due to their low stability in acidic medium, in 

this work we investigated zeolite BEA because of its known strength toward 

acid degradation. The aim of this study was to investigatethe influence of 

Keggin-type HPW/BEA ratio and different preparation routes on catalytic 

activities of synthesized composites. Different samples, comprising 20 to 50 

mailto:aleksandar.jovic@ffh.bg.ac.rs
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wt.% HPW supported on zeolite BEA, werecharacterized by XRD, FTIR 

and their catalytic activities in ethanol dehydration reactionwere studied. 

 

EXPERIMENTAL 

Beta zeolite was obtained from Zeolyst Int. (CP814E, SiO2/Al2O3 = 25, 

ammonium form). It was thermally treated at 550 °C for 5 hours and 

converted to hydrogen form (HBEA). 12-tungstophosphoric acid 

hexahydrate (HPW·6H2O) was synthesized according to the literature 

method [3] and recrystallized prior to use. Four suspensions were made by 

mixing 10 g of HBEA zeolite and 150 mL of distilled water. Certain amount 

of HPW was added to each suspension so desired HPW : BEA mass ratio 

(20, 30, 40 and 50 wt%) was achieved. Suspensions were stirred using 

magnetic stirrer for 4 hours and then left to age for 24 hours. One part of 

each composite was dried at 80 °C and these samples aremarked as BPW 

20-50.The other part was dried at 80 °C and then thermally treated at 300 °C 

for 4 hours (samples BPW20c-50c).Powder X-ray diffraction patterns were 

collected using a Philips PW-1710 automated diffractometer. The 

instrument was equipped with a Cu anode, curved monochromator and Xe-

filed proportional counter. Diffraction data were collected in the 5–40 2θ 

range with a step size of 0.02 and a counting time of 1 s per step for all 

samples. FTIR spectra of the powdered samples, dispersed in potassium 

bromide and compressed into pellets, were recorded in the range of 1600–

400 cm−1 at 64 scans per spectrum at 2 cm−1 resolution using a Nicolet 6700 

FTIR Spectrometer (Thermo Scientific).The catalytic activities of 

synthesized composites were tested in a vapor phase ethanol dehydration 

reaction at 300 °C under atmospheric pressure. Liquid ethanol was pumped 

at a flow rate of 1.2 mL/h into the evaporator (150 °C) where it was mixed 

with nitrogen and air. The products were detected by means of Hewlett 

Packard 5890 GC gas chromatograph equipped with a flame ionization 

detector (FID) and Porapak QS column. 

 

RESULTS AND DISCUSSION 

Crystallinity of synthesized composites and the influence of HPW on the 

structure of BEA zeolite were investigated using XRPD technique. 

Diffractograms of selected samples are shown in Fig.1. and no reflections 

belonging to HPW were observed, so it could be assumed that HPW 

molecules are impregnated mostly on the surface ofBEA zeolite. Small but 

observable widening of two strongest reflections (2θ = 7.68 ° and 22.54 °)of 

BEA zeolite could be noticed in patterns belonging to composites. This 

indicates that HPW molecules bring some disorder in the crystal structure of 
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BEA zeolite. 

FTIR spectra of the synthesized samples are shown in the Fig. 2. 

Fingerprint region of HPW shows strong vibrational bands at 983 cm-1, 890 

cm-1 and one very broad and strong band at around 800 cm-1. These three 

bands are assigned as W-Od, W-Ob-W and W-Oc-W stretching vibrations 

where W is heteroatom, Ob is corner-

sharing oxygen from WO6, Oc is edge 

sharing oxygen from WO6 and Od is 

terminal oxygen [4]. All three vibrations 

are present in spectra of composite 

samples, so Keggin structure is not 

disturbed during the synthesis process. 

In the selected region, BEAzeolite has 

one absorption band at around 800 cm-1 

which could be assigned to Si-O 

stretching vibration and one weak and 

very broad band at 940 cm-1. Absorption 

band at around 800 cm-1 is present in all 

spectra and its width increases with increasing amount of HPW due to 

superposition of zeolite band and HPW band. Band at 940 cm-1 is not 

present in composite samples, but there is band at 960 cm-1 and weak 

shoulder at 750 cm-1. This shoulder is 

more pronounced in spectra of dried 

composites at 80 °C (figure not shown) 

comparing to the calcinated samples. 

The appearance of new band at 960 cm-1 

and weak shoulder at 750 cm-1 indicates 

the interaction of the active phase and 

the support. 

Catalytic activity of the calcinated 

samples was investigated for ethanol 

conversion reaction, see Fig. 3. 

Dehydration of ethanol toethylene and 

diethyl ether occurs on acid sites of 

catalyst, thus, the high 

estcatalyticactivity is presumed for 

HPW [4]. It would be expected that 

presence of both, HPW and BEA zeolite 

with acid active sites could enhance 

thecomposite catalytic activity. It is obvious that lower PW loadings induce 

higher conversion, when compared to the sampleswith 50 % loading. 

 
Figure 1. XRPD patterns of 

selected composites. 
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Figure 2. FTIR spectra of 

selected composites. 
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This result could point to the better dispersion of HPW active phase and 

larger surface area of samples with lower HPW content. Large 

HPWmoleculescouldblockzeolitic 

channels andactive sites when high 

loadings were accomplished. Acid 

sites dispersion and availability for 

ethanol molecules were found to be 

essential for catalytic activity rather 

than amount of active sites in 

composite samples.  

 

CONCLUSION 

In this study the Keggin-type HPW 

species were supported on BEA 

zeolite via different composite 

preparation routes. Strong 

interactions of heteropoly acid and zeolitic part of composite samples were 

found by means of XRPD and FTIR measurements. Catalytic activity of 

calcinated samples was investigated for ethanol conversion reaction. It was 

found that lower HPW loadings induce higher conversion, which could 

point to the better dispersion of HPW active phase and larger surface area of 

samples with lower HPW content. Acid sites dispersion and availability for 

ethanol molecules were found to be essential for catalytic activity rather 

than amount of active sites in composite samples.  
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obtained for BPW 20-50 
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ABSTRACT 

Chitosan is considered to be one of the most valuable polymers which are 

used in the pharmaceutical and biomedical purposes. The analysis of 

hydroxyapatite/chitosan (HAp/Chi) and hydroxyapatite/chitosan-poly(lactic-

co-glycolic acid) (HAp/Chi-PLGA) particles by Fourier transform infrared 

(FTIR) spectroscopy were examined in this work. As a result of strong 

interactions between single components, there is a formation of homogeneous 

Chi blends with HAp and PLGA. FTIR results confirmed well-modified 

surface of polymer blends after coating of nano HAp and formation of 

particles.  

 

INTRODUCTION 

FTIR spectroscopy can provide molecular structure information about 

mineralized and non-mineralized connective tissues and different composite 

biomaterials were used as bone substitutes [1]. Chitosan is the one of the 

most abundant naturally biopolymer and the supporting material of insects, 

crustaceans etc. Structurally chitosan is a copolymer composed of randomly 

distributed β-(1→4)-linked D-glucosamine and N-acetyl-D-glucosamine, 

being obtained by the deacetylation of chitin, although this deacetylation is 

almost never complete [2]. Chitosan is considered one of the most valuable 

polymers for biomedical and pharmaceutical applications due to its 

biodegradability, biocompatibility, antimicrobial, non-toxicity, and anti-

tumor properties [3, 4]. Chitosan and its derivatives are useful as carriers in 

drug delivery systems or cell culture owing to their specificity, as 

antibacterial agents, and in other medical applications. [3–5]. 

mailto:zak_chem2001@yahoo.com
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EXPERIMENTAL 

PLGA (50:50, Sigma, USA) and chitosan (Aldrich, deacetylation >75%) 

dissolved in acetone and acetic acid were mixed with the HAp gel in a mass 

ratio of 2:2:6. Water solution of poloxamer 188 (polyethylenepolypropylene 

glycol, 0.1 vol.%) was added drop-wise to the mixture of chitosan, PLGA 

and HAp gel, while stirring at 21,000 rpm [6]. The FTIR spectra as an 

average of 200 scans were recorded at room temperature on a BOMEM 

MB-100 spectrometer equipped with a standard DTGS/KBr detector in the 

range of 4000–400 cm–1 with a resolution of 2 cm–1. The spectrometer was 

purged with dry nitrogen gas. In the region all spectra were baseline-

corrected and area-normalized. A Fourier self-deconvolution method was 

applied to enhance the resolution in a spectral region of 4000–400 cm–1. 

 

RESULTS AND DISCUSSION 

The results of IR analysis are shown in Fig. 1 (FTIR spectra), and the 

assignments of characteristic IR bands of single components were explained 

in details previously [6].  

 

 
Figure 1. FTIR spectra of (a) HAp/Chi and (b) HAp/Chi-PLGA particles 

samples 

 

HAp/Chi. The IR spectrum of HAp/Chi particles sample is shown in Fig. 1a. 

The IR spectrum is characterized by absorption bands arising from HAp and 
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Chi, determined by analogy with the IR spectra of pure HAp and the same 

Chi standard samples. Analysis of the FTIR spectrum on Fig. 1a was 

revealed significant differences from the spectra of the single component 

materials. The sharp bands at 2923 and 2862 cm−1 are assigned to (CH) of 

the polysaccharide chitosan [7] and IR bands with maxima at 1087, 1033, 

601 and 564 cm–1 arise from the phosphate groups of HAp [8]. A part of 

FTIR spectra, in the range on 1000–700 cm–1 indicates no influence of 

blending process on the conformation change of C1 glucopyranose units [6]. 

Formation of homogeneous Chi blends with HAp and PLGA is a result of 

strong interactions by hydrogen bonds between the functional groups of the 

blend components in which amino and amide groups present in Chi take 

part [9]. The analysis of FTIR spectra of the blends enables these 

interactions to be identified. Broadening of the strong IR band approx. 1087 

cm−1, corresponding to the PO4
3− ions of HAp (Fig. 1a), shows the presence 

of polysaccharide chitosan and its interaction with phosphate groups. It 

implies that the hydrogen bonding may be formed between the PO4
3− ions 

and –N–H of the Chi [10]. 

The peaks at 1655 cm−1, 1588 cm−1 and 1315 cm−1 are due to the amide I, 

amide II and amide III bands of polysaccharide chitosan. The band at 1655 

cm−1 decreased and the band at 1588 cm−1 increased in the Chi after coating 

with HAp, indicating the interaction of the amide on the chitosan and OH 

groups on the HAp (Fig. 1a). Much greater changes are observed in the 

spectrum of HAp/Chi-PLGA particles sample (Fig. 1b). 

HAp/Chi-PLGA. The IR spectrum of HAp/Chi-PLGA particles sample is 

shown in Fig. 1b. The IR spectrum contains already mentioned absorption 

bands arising from HAp, PLGA and Chi. Specific IR bands of 

polysaccharide chitosan were observed at around 3500–3200 cm−1 for N–H 

stretching, at 2980–2880 cm−1 for C–H stretching, at 1737 cm–1 for C=O 

stretching, at 1588 cm−1 for N–H bending, at 1500–1350 cm−1 for C–H 

bending and approx. 1310 cm−1 for C–N stretching.  

The most significant differences in the FTIR spectra of HAp/Chi-PLGA 

(Fig. 1b) in comparison with HAp/Chi (Fig. 1a) are increasing the band at 

1588 cm−1 (amide II) and overlapping the band at 1655 cm−1 (amide I) in the 

polymer blends of Chi-PLGA after coating of HAp, indicating the 

interaction of the amide on the chitosan and OH groups on the HAp (Fig. 

1a). The appearance of new band, pronounced as a shoulder, at lower 

frequency approx. 3239 cm-1 which is from hydrogen bonded OH (Fig. 1b) 

is due to the HAp and Chi-PLGA interactions, which confirms well-

modified surface of polymer blends Chi-PLGA after coating of HAp. The 

addition of chitosan also affected the localized bonding structure of the 
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phosphate groups in HAp seen from the broadening of PO4
3− group bands 

[11]. 

 

CONCLUSION 

FTIR results of HAp/Chi and HAp/Chi-PLGA particles show the interaction 

between single components, which confirms well-modified surface of 

polymer blends Chi and Chi-PLGA after coating of HAp. A part of FTIR 

spectra, in the range on 1000–700 cm–1 indicates no influence of blending 

process on the conformation change of C1 glucopyranose units. 
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ABSTRACT 

In this work, monodispersedpolystyrene (PS) spheres were drop coated on 

hydrophilic glass substrates to form a self-assembled 2D monolayer. Silver 

films over nanospheres (AgFONs) were prepared by depositing 120, 180 

and 240 nm of Ag over 1 μm spheres and 80, 120, 160 and 200 nm of Ag 

over 370 nm spheres as well as on theirmixture. Ag was deposited from an 

electron beam evaporation source. These substrates were used to record the 

Surface-enhanced Raman scattering (SERS) spectra of rhodamine 6G and 

pyridine (λex=514.5 nm). For 1 μm spheres optimal thickness of Ag film was 

180 nm, while for 370 nm spheres and the mixture of spheres the best 

results were achieved for 80 nm Ag film. The detection limit for R6G was 

10-9M. The SERS spectrum of pyridine was measured from a drop of 

solution before it had dried. The pyridine detection limit was 1.2 × 10-4 M.  

 

INTRODUCTION 

Nowadays, a number of spectroscopic techniques are available for the 

analysis of various materials and substances. Among them, Raman 

spectroscopy is a powerful analytical technique that allows the identification 

and quantification of a large number of molecules even in complex matrices. 

The discovery of Surface-enhanced Raman spectroscopy (SERS) in 1974 

has attracted great attention because of the high increaseof otherwise weak 

Raman signal [1]. For a successful detection of an analyte by SERS most 

important are a good selection of metal and nanostructure of the substrate 

that determine the increase of Raman signal. There are a number of methods 

to produce SERS substrates [2]. Recently, interest has focused on affordable 
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substrates and simpler production processes. In addition, the motive for the 

design of simple SERS substrate is the development of portable Raman 

spectrometers and the use of SERS in the field of medicine, forensics, 

security, food industry, environmental protection etc. 

In this paper, we present the SERS substrates produced bydrop coating of 

monodispersed polystyrene (PS) nanospheres and the depositionof Ag films 

with electron beam evaporator. It was possible to detect low concentration 

of SERS probe molecules on thus prepared substrates. 

 

EXPERIMENTAL 

Themicroscopic slides were cut into ~1.5×2.5 cm piecesand sonicated in 

acetone. The slideswere treated in ultrasonic bath using SC1 solution 

(NH4OH:H2O2:H2O=1:1:5(v/v)) at 80ºC for 20 minutes. 

Polystyrene microspheres, PS, (370 and 1000 nm and the mixture) were 

diluted with methanol and TritonX-100 (1: 400) and drop coatedon the 

slide. Thus prepared slides wereput in a vacuum to dry. 

Silver was deposited from an electron beam evaporation source in 

various thicknesses: on 1 μm PS - 120, 180 and 240 nm, while on 350 nm 

and (350+1000) nmPS - 80, 120, 160 and 200 nm films were evaporated. 

The morphology was examined with Jeol JSM 7000F field emission 

scanning electron microscope coupled with Energy-dispersive spectroscopy.  

SERS spectra were recorded by Horiba JobinYvon T64000 micro Raman 

system (514.5 nm). To reduce the photo degradation, filters were used. 

SERS spectra were acquired using 100× objective. Prior to recording the 

spectra, 2 μL of the testing molecules was applied to the substrate. 

 

RESULTS AND DISCUSSION 

The number of PS in the monolayer that can cover a specific area can be 

determined mathematically.Excessive amounts of spheres leads to the 

formation of multiple layers while too little results in spheres islands.To 

spread PS evenly across the surface they must be diluted. Various dilutions 

with methanol have been tried (1:1, 1:2, 1:3), but the best results gave 1:1 

ratio. We usedTriton X-100 because it was shown to increase the 

monolayerarea due to reductionof hydrophobic interactions between 

spheres[3]. The optimumsize of monolayer area (Fig. 1) was achieved after 

drying the substrate in a vacuum in an ethanol atmosphere on a flat surface. 
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Figure 1. SEM image of 1 μm PS: red - spheres not organized in hexagonal 

close packing, blue - monolayer subdomains, green arrows - defects. 

 

Fig. 2. a shows the resulting R6G SERS spectra on 180 nm Ag/1000 nm 

PS substrate. In the case of substrates with 1μm spheres by far the best 

enhancement for R6G was obtained for 180 nm silver layer. The lowest 

concentration of R6G that could be detected in this sample was 10-9 M. The 

spectrum of PS (yellow spectrum) and the spectrum of 180 nm Ag 

evaporated on PS (light blue) are similar and corresponds to the spectra of 

polystyrene spheres in literature (band at ~ 1002 cm-1) [4]. However, there 

are other bands (1390, 1590 cm-1) that could result from amorphous carbon 

or degradation of spheres although low laser power was used (0.5 mW). 

When using 350 nmPS, the best results were obtained for 80 nm silver 

layer. The resulting spectra are shown in Fig. 2b. The limit of detection for 

R6G on this sample is between 10-8 and 10-9 M.R6G SERS spectra were 

also obtained from surfaces that were prepared by mixing spheres 

(350+1000 nm). In this case the best enhancement was obtained for 80 nm 

Ag film and the lowest detected R6G concentration was 10-8 M. The 

enhancement of the Raman signal was tested with R6G on substrates where 

Ag was evaporated on clean glass slide (without PS). In the case of 180 nm 

Ag film LOD was10-6 M while in the case of 80 nmfilm LOD was 10-5 M. 

The spectrum of pyridine (as a second test molecule) was recorded before 

the applied drop had dried. The best enhancement was obtained for the same 

film thickness as in the case of R6G. The LOD for pyridine was 1.02 × 10-3 

M. We noticed that for the good SERS enhancement small changes in the 

structure and size of evaporated silver particles are essential. A significant 

enhancement (of the order of 2-3) on samples where silver is evaporated on 

PSas compared to samples where silver is evaporated on glass surface can 

be attributed to a much greater area which is available for adsorption of the 
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test molecules, i.e. there is a greater number of channels and gaps that can 

accommodate molecules, and thus more hot spots. 

 
Figure 2. R6GSERS spectra: a) 180 nm Ag over 1000 nm PSand b) 80 nm 

Ag over 350 nm PS. From top to bottom 10-6 M, 10-8 M, 10-9 M and 10-5 M 

R6G on Ag without PS (514.5 nm, 0.5 mW, accumulation 30 s). 

 

CONCLUSION 

SERS substrates were prepared using monodisperse polystyrene spheres 

(350 and 1000 nm) which were deposited in a monolayer on a 

hydrophilic glass surface. For the deposition of spheresdrop coating 

method was used due to its simplicity and speed. On the prepared spheres 

silver films of varying thickness were evaporated. Using the test 

molecules, rhodamine 6G and pyridine, SERS activity of our substrate 

was tested and optimal thickness of the deposited Ag film was 

determined. Best increase of Raman signal for both test molecules was 

obtained on the 180 nm Ag film deposited on 1 μm spheres andon the 80 

nm film deposited on 350 nm spheres. The lowest detectable 

concentration of R6G was 10-9 mol L-1 and pyridine 1.2 × 10-3 mol L-1. 

By using monodisperse polystyrene spheres suitable SERS substrates 

were obtained in a quick and easy way. 
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ABSTRACT 

This work describes the Au-PVA hydrogel nanocomposites synthesized by 

radiolytic in situ incorporation of gold nanoparticles (Au NPs) into 

poly(vinyl alcohol) (PVA) hydrogel. Synthesis of nanocomposites was 

conducted as two-step gamma irradiation induced process. In the first step, 

the crosslinking of polymer chains occurs and PVA hydrogel with a large 

number of pores was obtained. In the second step, these pores serve as 

nanoreactors for the formation of Au NPs. The presence of Au NPs was 

confirmed by absorption spectra, while morphological and structural 

analysis reveals the spherical shape of Au NPs, with the diameter around 15 

nm and fcc crystal structure. The structural parameters of xerogels indicate 

that incorporation of Au NPs induce the expansion of polymer network. 

Long-time stability of Au-PVA hydrogel nanocomposites is caused by 

interactions between the surface of Au NPs and OH groups of PVA chains. 

 

INTRODUCTION 

Hydrogel nanocomposites are a new class of hybrid materials which can be 

defined as swollen crosslinked polymer networks with incorporated 

nanoparticles or some other nanostructures [1]. This crosslinked structures 

are capable to absorb significant amounts of water or biological liquids 

without dissolving or losing their structural integrity [2]. In recent years, 

numerous studies have been focused on the hydrogel nanocomposites, 

because the crosslinked polymer networks (hydrogels) represent a 

promising solution for stabilization, size control and uniform distribution of 

NPs. The presence of NPs can improve the existing properties of hydrogels 

and/or add them new unique physical properties, which make the hydrogel 

nanocomposites as ideal candidates for application in the electronics, optics, 

sensors, catalysis, drug delivery and other biotechnological areas [2,3]. 

In this study, PVA hydrogel (previously obtained by gamma irradiation) was 

used as template for stabilization of Au NPs, during their in situ gamma 

irradiation induced synthesis. PVA is water-soluble transparent polymer, 

biocompatible and biodegradable, while Au NPs have received great interests 
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due to attractive thermal, catalytic, optical, electronic and antimicrobial 

properties. The radiolytic synthesis was chosen because it is suitable for both 

formation of polymer network and metal NPs. It has many advantages over 

conventional methods: the process is easily controlled, do not leave any toxic 

residues, and promote simultaneous synthesis and sterilization of materials [4]. 

 

EXPERIMENTAL 

The 5 wt% PVA solution was exposed to gamma irradiation (60Co source, 

absorbed dose 25 kGy, dose rate 0.5 kGy/h) to induce crosslinking and 

formation of polymer network. PVA hydrogel was extracted in water for 7 days 

and dried to the constant mass. The obtained PVA xerogel was swelled by Ar-

saturated solutions containing 3.510-3 M and 7.010-3 M of HAuCl4, with 

addition of 0.2 M 2-propanol, and exposed to gamma irradiation (dose rate 10 

kGy/h) up to 17 kGy and 34 kGy, respectively, to perform in situ reduction of 

gold ions and formation of Au NPs. Optical properties of Au-PVA hydrogel 

nanocomposites were investigated by Thermo Fisher Scientific Evolution 600 

UV-Vis spectrophotometer. Morphology of lyophilized PVA hydrogel as a 

matrix was analyzed by SEM (JEOL JSM-6610LV, operated at 20 kV). The 

size and shape of Au NPs were investigated by TEM (Philips EM 400, operated 

at 120 kV). Au-PVA xerogel nanocomposite was grinded in ball mill, dispersed 

in distilled water and deposited on C-coated copper grid. Microstructural 

properties of nanocomposites were examined by XRD (Bruker D8 Advance 

Diffractometer, Cu K1 radiation,  = 0.1541 nm), while the interaction 

between incorporated Au NPs and PVA hydrogel was investigated by FTIR 

spectroscopy (Thermo Electron Corporation Nicolet 380 spectrophotometer, 

ATR mode). Macroscopic properties of xerogels (xerogel density (xg) and 

equilibrium swelling degree (SDeq)) and their primary structural properties 

(average molar mass between crosslinks (Mc), crosslinking density (c) and 

pore size ()) were determined as described in the literature [5]. 

 

RESULTS AND DISCUSSION 

PVA hydrogel was obtained by gamma 

irradiation induced crosslinking of polymer 

chains. PVA radicals, generated in the 

process of hydrogen abstraction from 

polymer chain by OH and H radicals 

(products of water radiolysis), interact with 

each other and finally form crosslinked 

polymer network [6]. The SEM micrograph 

(Fig. 1) clearly illustrates the porous 

 

Figure 1. SEM micrograph 

of PVA hydrogel. 
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structure of obtained PVA hydrogel, with a large number of pores. 

Under the gamma irradiation, Au3+ ions are reduced by solvated electrons 

and 2-propanol radicals (primary and secondary reduction species) through 

the complex multi-step process. Formation of Au0 atoms is followed by 

their aggregation into the clusters of higher nuclearity, and finally resulting 

in formation of Au NPs [7]. The obtained Au-PVA hydrogel 

nanocomposites have wine-red color which indicates the formation of Au 

NPs, while the UV-Vis absorption spectra (Fig. 2(a)) clearly show the 

characteristic surface plasmon resonance (SPR) band of Au NPs around 540 

nm. The position, intensity and width of the SPR band depends on size, 

shape and surface structure of NPs as well as on dielectric constant and 

refractive index of medium in which NPs are embedded. Therefore, 

absorption spectra can be used to determine the size of metal NPs [8]. The 

mean diameter of Au NPs incorporated in PVA hydrogel is around 15 nm. 

 
Figure 2. (a) UV-Vis absorption spectra of Au-PVA hydrogel 

nanocomposites, (b) TEM micrograph and (c) size distribution of Au NPs. 

The shape and size distribution of the Au NPs were examined by TEM. 

Typical micrograph (Fig. 2(b)) reveals presence of spherical non-aggregated 

Au NPs in the size range from 6 nm to 16 nm, with the average diameter 

around 10 nm (Fig. 2(c)). 

The XRD pattern of Au-PVA 

xerogel nanocomposite is shown in 

Fig. 3(a). The XRD peaks 

correspond to Bragg’s reflections 

from the crystalline planes (111), 

(200) and (220) of Au NPs with 

the face centered cubic (fcc) crystal 

structure (JCPDS Card No. 04-

0784). According to the Scherrer’s 

equation [9], the crystalline domain size was found to be around 20 nm, which is 

slightly higher compared to size of Au NPs determined by UV-Vis spectroscopy 

and TEM analysis. 

 

Figure 3. (a) XRD pattern and (b) FTIR 

spectra of investigated samples. 
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The primary structural properties of xerogels were calculated using 

equations given in the literature [5]. The increased values of SDeq, Mc and  

for nanocomposites indicate that incorporation of Au NPs induce the 

expansion of polymer network. 

Table 1. The structural parameters for xerogels in distilled water at 25 C. 

Sample xg (g/cm3) SDeq (g/g) Mc (g/mol) 
c104 

(mol/cm3) 
 (nm) 

PVA 1.27 16.4 3834 3.3 16.4 

Au(3.5)-PVA 1.36 17.1 4879 2.8 19.1 

Au(7.0)-PVA 1.43 17.9 5938 2.4 21.7 

The interaction of Au NPs and PVA matrix was investigate by FTIR 

spectroscopy (Fig. 3(b)). The decrease in the intensity ratio between bands 

at 1420 cm-1 (OH in plane vibration) and 1330 cm-1 (C–H wagging 

vibrations) with incorporation of Au NPs implies that decoupling between 

these vibrations takes place. These results indicate that main interaction 

between surface of Au NPs and PVA chains occurs over OH groups [9]. 

 

CONCLUSION 

The gamma irradiation induced in situ incorporation of Au NPs into PVA 

hydrogel was successfully performed. The synthesized Au NPs are spherical 

in shape, with the mean diameter around 15 nm and fcc crystal structure. The 

structural parameters of xerogels indicate that incorporation of Au NPs induce 

the expansion of polymer network. Long-time stability of Au NPs and Au-

PVA hydrogel nanocomposites occurs as a result of interactions between the 

surface of Au NPs and OH groups of PVA chains. 
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ABSTRACT 

Microlenses prepared on elastic tot’hema eosin sensitized gelatin (TESG) 

layer can be tuned in a focal length by controlled strain application. By 

varying the strain, the lenses were deformed uniaxially such that focal 

lengths from 0.05 mm to 0.2 mm were obtained.  

 

INTRODUCTION 

The microlenses are the small lenses ranging in diameter from several 

micrometers to nearly 1mm. Tunable microlenses offer attractive 

applications such as: tunable photonic waveguides, miniature optical 

sensing, displays, cell phone cameras, and artificial compound eyes [1-5]. 

Different methods are used for microlenses fabrication: direct laser writing, 

hot embossing, thermal reflow, droplet process and gray scale 

photolithography [6-9]. In this paper, TESG microlenses focal length 

tуnability, obtained by applying controlled strain, was presented. The 

microlenses with different diameter and depth, were produced on a TESG 

layer using Nd:YAG laser light (532 nm). The elastic, biocompatible, 

thermally stable, nontoxic, cost-effective layer was prepared easily [10, 11]. 

The produced adaptive concave TESG microlenses (individual or microlens 

array) are suitable for various applications. They can be copied onto 

polydimethylsiloxane (PDMS) and used as convex lenses. 

 

EXPERIMENTAL 

The TESG layer was prepared on a very clean thermoplastic foil that can be 

easily removed. The TESG preparing procedure described in our previous 

papers [10, 11]. The layers were dumbbell-shaped specimens (see Fig. 1a) 

cut from the mold brass (ASTM D412) as shown in Fig.1b.  

 

  

 

 

Figure 1. The photograph of: a) TESG layer; b) brass mould- (with 

ASTM standards dimensions -gauge length 25 mm, width 6 mm) 

a b 
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The microlenses were produced by direct laser writing, using 2nd 

harmonic Nd:YAG laser. The laser power was 60mW with an exposure time 

of 20 s. The mechanical properties of the TESG layers were determined in a 

tensile stress testing machine, as described in [12]. The morphology of 

TESG microlenses were investigated using a high resolution scanning 

electron microscope equipped with a high brightness Schottky field 

emission gun (FEGSEM) [13]. 

 

RESULTS AND DISCUSSION 

According the TESG layer elasticity it can be removed from the substrate 

easily, without damage, even when microlenses are already fabricated. It 

can be successfully transferred to other, even curved, substrates. During 

laser irradiation, eosin bleaches, making TESG microlens colorless. The 

dumbbell-shaped TESG layer (before and after stretching) with a formed 

microlens is shown in Figure 2. 

 

 

 

        

 

Figure 2. The microlens  produced on the dumbbell-shaped TESG layer: a) 

unstretched; and b) stretched 

 

Microlens fabrication was followed by formation of a diffraction picture 

on a diffuse screen, with a millimeter scale, placed behind the TESG layer. 

A camera was used to record this diffraction patterns shown in Figure 3.  

 

 

 

 

 

 

 

Figure 3. Diffraction picture recorded after the TESG microlens was: a) 

formed; b and v) stretched in one direction. Millimeter scale is visible. 

 

As a result of material elasticity, it is shown that microlenses formed on the 

TESG layer change their properties in response to strain. The stretching of 

TESG microlenses in one direction is investigated and extension of the 

diffraction picture is recorded, as shown in Figure. 3. The toric microlenses 

were obtained, because of uniaxial strain. They are astigmatic, with two 

a b 
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focal lengths along orthogonal directions. For uniform extension (along x 

and y direction) sphericity of microlenses can be retained.  

The relation between the focal length, strain, and diffraction pattern width is 

shown in Figure 4. As can be seen the microlens focal length exponentially 

increases with increasing strain of TESG layer. It was noticed that there is a 

linear dependence between the microlens focal length and diffraction pattern 

width. The microlenses focal length was reversibly changed as long as the 

applied strain is inside the elastic limit. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. TESG microlens focal length variation with strain and 

diffraction pattern width

Strain responsive, transparent TESG microlenses offer interesting 

possibilities in tunable optical devices and sensors [4-9]. Also, closely 

packed microlenses arrays can be used to imitate biological compound eyes 

structure. Hexagonal and 3x3 TESG microlenses arrays are shown in 

Figure. 5. The microlenses are capable of producing high-quality image of 

the any text at its centre (see Figure 5(b)). 

 

  

 

 

 

 

 

 

Figure 5. Image of hexagonal TESG microlenses array is recorded using 

a field-emission gun scanning electron microscope (a) and image of 3x3 

microlenses array is recorded using an optical microscope (b) 

a) b) 
a) b) 
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CONCLUSION

Tunable (strain responsive) microlenses were prepared on a flexible TESG 

layer. By varying the strain to about 250%, the lenses were deformed 

uniaxially such that focal lengths were changed. The microlenses focal 

lengths from 0.05 mm to 0.2 mm were obtained.  

 The TESG microlenses show good optical and imaging properties. The 

individual concave microlenses can be used. Also, the large-area square or 

hexagonal close-packed microlens array can be used for various applications 

such as: medical laser, optical sensors, light-field cameras, biological 

structure. Convex microlenses can be produced by coping TESG lenses onto 

polydimethylsiloxane (PDMS). 
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ABSTRACT 

Thermally induced structural transformations of Fe72Cu1V4Si15B8 alloy were 

examined. Thermal analysis revealed multistep structural stabilization 

process starting at around 470 oC, manifested by two complex exothermic 

DTA peaks, which were deconvoluted. Microstructure of the as-prepared 

and thermally treated alloy was studied using XRD. Kinetic triplets of 

individual steps were determined and further checked by comparing 

simulated and experimental DTA curves.  

 

INTRODUCTION 

Nanocrystalline alloys, obtained from the amorphous precursors, have been 

widely studied in recent time due to many applications based on their 

favorable functional properties [1,2]. Thermodynamic and kinetic 

metastability of these materials allow the controlled heat treatment to be 

used to obtain materials with targeted microstructure and morphology, 

convenient for many technologically interesting applications. In that way it 

is possible to obtain nanocrystalline alloys with better functional properties 

than the purely amorphous and purely crystalline ones. This can be achieved 

starting with amorphous precursors by controlling the rates of nucleation 

and crystal growth and by proper choice of chemical composition of the 

alloy and thermal treatment procedure. 

 

EXPERIMENTAL 

The nanocrystalline samples of the Fe72Cu1V4Si15B8 alloy were prepared by 

melt-spinning method. The obtained alloy samples were ribbon-shaped,  

2 mm wide and 40 µm thick.  
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DTA measurements at constant heating rates (5,10, 20 oCmin-1) were 

conducted to study thermally induced structural transformations of the alloy. 

TA SDT 2960 instrument was used to this purpose. Measurements were 

done under helium atmosphere to prevent the oxidation of material. 

Complex DTA peaks were deconvoluted into several peaks using Origin Pro 

8.5 software applying Gaussian Lorentzian cross-product function. 

XRD data were collected at room temperature using Philips PW-1710 

automated diffractometer with Cu Kα line, operated at 40 kV and 30 mA. 

Thermal treatment of the samples subjected to XRD analysis included 

isothermal annealing under argon atmosphere, at different temperatures. 

 

RESULTS AND DISCUSSION 

The influence of thermal treatment on the structure of the multicomponent 

nanostructured Fe72Cu1V4Si15B8 alloy was investigated in the temperature 

range 25-800 oC. It was shown that the alloy was stable up to around 470 oC 

when structural transformations started, manifested as two well separated 

exo maxima, reflecting the processes of crystallization and growth of the 

formed crystallites, Fig. 1a.  

a) 

 

b) 

 

 

Figure 1. a) Baseline-corrected DTA curves for different heating rates;  

b) DTA curves, experimental and simulated, based on kinetic triplets  

for 10 oCmin-1. 

The X-ray diffractogram of initial alloy, Fig.2a, revealed the presence of 

both the amorphous and crystalline phases. It was shown that the α-Fe(Si) 

phase is the dominant one (crystallite size 40nm)  while the metastable Fe3B 
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crystalline phase is the minor one. On the other hand, the alloy isothermally 

treated at 700 oC for 210 min was completely crystalline, containing two 

solid solutions with different percentages of Si and one with relatively high 

V content, and  Fe2B phase, Fig. 2b. This result is in good accordance with 

EDAX (results aren’t presented here).  

With a view to determining kinetic triplets of individual crystallization 

steps, complex DTA peaks were deconvoluted. In this way we obtained four 

well formed peaks corresponding to single step processes of crystallization 

of different phases. Kinetic parameters, obtained by using Kissinger’s and 

Ozawa’s methods, Table 1, correspond to simultaneous correlated 

movements of large number of atoms during transformations. The presence 

of considerable number of quenched-in nuclei in the initial alloy provokes 

considerably lower value of apparent activation energy of crystallization of 

α-Fe phase, in comparison with the similar systems [3].  
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Figure 2. a) XRD of the as-prepared Fe72Cu1V4Si15B8 alloy; b) XRD of the 

alloy sample thermally treated at 700 oC for 210 min. 

Conversion function, f(α), was found by application of Málek’s method 

[4]. This method suggested that empirical Šesták-Berggren model [5] can be 

used for description of the individual steps, as presented in Table 1. The 

determined kinetic triplets were applied to simulate experimental DTA 

curves. Comparison of simulated DTA curves, calculated using the 

determined kinetic triplets, and experimental DTA curves Fig. 1b showed 

very good accordance with correlation factor of 0,99. In this way obtained 

kinetic triplets can be used to predict the lifetime and the rate of processes 

for initial material as well as for partially or fully crystallized materials, 

which is very important for their application in electronics. 
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Table 1. Kinetic triplets of individual crystallization steps  

 Experimental peak 1 Experimental peak 2 

Method Step 1 Step 2 Step 1 Step 2 
Kissinger,  

Ea (kJ/mol) 
281 ± 1 248 ± 4 346 ± 4 322 ± 1 

Ln(A/min-1) 43.0 ± 0.1 37.3  ± 0.8 46.3 ± 0.8 42.7 ± 0.1 
Ozawa,  

Ea (kJ/mol) 
280 ± 1 248 ± 4 343 ± 4 320 ± 1 

Ln(A/min-1) 42.8 ± 0.1 37.3 ± 0.5 46.0 ± 0.6 42.4 ± 0.1 
f(α) α0.48(1-α)0.83 α0.89(1-α)1.34 α0.79(1-α)1.0 α0.79(1-α)1.0 

 

CONCLUSION 

Thermal treatment of nanocrystalline Fe72Cu1V4Si15B8 alloy induces multi-

step thermal stabilization process at temperatures higher than 470 oC. This 

process includes, beside the nucleation, the growth of the present nuclei and 

recrystallization, yielding α-Fe solid solutions with different contents of Si 

and V and Fe2B phase as the final products. Lower values of apparent 

activation energy of crystallization in comparison with the similar systems 

originate from the presence of significant number of quenched-in nuclei in 

the as-prepared alloy. The determined values of kinetic parameters and 

conversion functions of individual steps fit very well experimental DTA 

curves, and can be used to predict lifetime of the material in different stages 

of crystallization and the rate of the process in different temperature regions. 
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ABSTRACT 

Cis-dichlorido[(E)-ethyl-2-(2-((8-hydroxyquinolin-2-yl)methylene) 

hydrazinyl) acetate-κ2N]-palladium(II) complex was synthesized and 

characterized by a combination of XRD, IR, DSC and TG measurements. It 

was determined that the initial degradation step involves the release of Cl 

free radical, which reacts with both the initial compound and degradation 

products. Some of these reactions are exothermic, resulting in overlapping 

endothermic and exothermic peaks in DSC curves. Deconvolution of DTG 

curves was used to identify primary fragments of the initial degradation 

process and to propose the most likely reaction mechanism. 

 

INTRODUCTION 

Palladium(II) complexes have been recognized as effective catalysts and 

pre-catalysts for a number of reactions [1], and potential metal based anti-

cancer drugs [2], because they possess the same geometry and electronic 

configuration as platinum. However, the ligand-exchange kinetics of 

platinum(II) and palladium(II) derivatives is quite different: hydrolysis of 

palladium(II) compounds is nearly 105 times faster, resulting in very 

reactive species, which are unable to reach pharmacological targets [3]. 

Considering their potential application, thermal stability of palladium(II) 

complexes has been considered an important issue [4], although there have 

been very few investigations of the impact of ligand peripheral substitution 

on thermal stability.  

As a part of our multidisciplinary investigation of a series of 

palladium(II) complexes with NN bidentate chelate hydrazone ligands 

derived from ethyl hydrazino acetate and various N-heteroaromatic carbonyl 

compounds, here we present the investigation of thermal stability and 

decomposition of cis-dichlorido[(E)-ethyl-2-(2-((8-hydroxyquinolin-2-



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    H-25-P 

 

 602 

yl)methylene)hydrazinyl)- acetate-κ2N]-palladium(II) complex. The ligands 

in this series contain the same donor atoms, but different ligand periphery 

backbones, affecting their lipophility and having a crucial impact on their 

cytotoxic activity [5]. 

 

EXPERIMENTAL 

DSC experiments were carried out using DSC Q1000 (TA Instruments). 

Measurements were performed in nitrogen (flow: 50 mL min−1), at heating 

rates ranging from 2 to 40 K min-1, with sample masses of about 2.0 ± 0.2 

mg. TG analyses were conducted by Q500 TGA (TA Instruments). Runs 

were carried out in nitrogen (flow: 50 mL min−1) at heating rates of 5, 10 

and 20 K min-1 with sample masses of about 10.0 ± 0.5 mg. 

 

RESULTS AND DISCUSSION 

Non-isothermal measurements of the complex show that it is thermally 

stable up to 460 K, after that it undergoes complex thermal decomposition, 

which manifests as a complex asymmetric exothermic peak in non-

isothermal DSC curves. This is preceded by another structural 

transformation around 330 K, which appears to be a second order phase 

transition overlapping with a subsequent exothermic process (Fig. 1). This 

transition originates from structural reorganization of the ligand in the 

crystal structure. The shape of the DSC curves changes from two clearly 

visible overlapping peaks at lower heating rates (ranging from 2 to 10 K 

min-1), to a single asymmetric complex peak at higher heating rates (≥ 20 K 

min-1). This indicates that different steps of the process of thermal 

degradation exhibit different thermal activation. Considering that 

overlapping endothermic and exothermic processes in DSC curve could not 

be separated, to gain a better understanding of the mechanism of 

decomposition, deconvoluted TG and DTG curves were used. 

 

 

 

 

 

 

 

Figure 1. DSC curves at two 

heating rates. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    H-25-P 

 

 603 

 

 

 

 

 

 

 

Figure 2. Isoconversion curves 

(Kissinger-Akahira-Sunose 

method) at high (20-40 K min-1) 

and low (2-10 K min-1) heating 

rates. 

Complex shape of dependences of the effective values of the apparent 

activation energy on the reaction conversion degree (Fig. 2) indicates that 

the process of thermal degradation occurs with a change in the limiting step 

during the thermal degradation. In order to identify the individual fragments 

corresponding to each step of the complex decomposition process, DTG 

curves were deconvoluted using Fraser-Suzuki function. This showed that 

the loss of mass during decomposition can be separated into three distinct 

contributions at lower heating rates and four at higher heating rates (Fig. 3). 

  

Figure 3. Deconvoluted DTG curves of thermal decomposition at 5 K min-1 

(left) and 20 K min-1(right). 

 

A broad deconvoluted peak, observed at both low and high heating rates, 

corresponds to a fragment of relatively large mass, which diffuses slower 

than the other, lighter, fragments. The remaining two deconvoluted peaks at 

lower heating rates were assigned to the release of HCl and water 

molecules, while the remaining three deconvoluted peaks at higher heating 

rates were assigned to the release of HCl, C2H5 and water, respectively. This 
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suggests that higher heating rates lead to faster fragmentation of the 

aliphatic part of the complex.  

 

CONCLUSION 

Through correlation of the experimental results with structure of complex, 

two sets of equations (RA1-RA4 and RB1-RB5) describing potential 

reaction paths of thermal degradation of the complex, at different heating 

rates, were proposed:  

 

Intermolecular pathway 

Cl· + KOMP →HCl…KOMP-1A   (RA-1) 

HCl…KOMP-1A →HCl + KOMP-1A  (RA-2) 

HCl + KOMP-1A →HOH…KOMP-2A  (RA-3) 

HOH…KOMP-2A →HOH + KOMP-2A  (RA-4) 

 

Intramolecular pathway  

KOMP  → Cl…KOMP-1B          (RB-1) 

Cl…KOMP-1B  →HCl…KOMP-2B   (RB-2) 

HCl…KOMP-2B  →HCl + KOMP-2B  (RB-3) 

HCl…KOMP-2B  →HOH…KOMP-3B  (RB-4) 

HOH…KOMP-3B  →HOH + KOMP-3B  (RB-5) 
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ABSTRACT 

Hydroxyapatite is one of the best-known and investigated compound for 

bone tissue engineering. In presented work, we give a brand new 

information about its thermophysical properties with following 

interpretation. Moreover, here we describe a first step of obtaining a new 

kind of biocompatible materials which are organic-inorganic composites 

based on hydroxyapatite and chitosan – another nature biomaterial. 

 

INTRODUCTION 

Injuries and diseases of bone tissue, such as osteosarcoma, requiring 

surgery, usually accompanied by the formation of large bone defects. There 

are two approaches to solving the problem of restoring the physiological 

functions of the bone [1]:  

1) mechanical replacement of bone,  

2) the regeneration of damaged bone. 

In according with aforementioned facts two types of materials differ in 

behavior in vivo in humans are designed. The general requirement for both 

is biocompatibility - the absence of a negative reaction to an implantable 

material. 

Hydroxyapatite is compound with chemical formula Ca5(PO4)3OH. It is 

known as natural mineral and inorganic basis of hard tissues of mammal’s 

organisms.  

It can be used as a second type of biomaterials, because it is similar to 

chemical composition of the bone. In spite of a huge amount of information 

about hydroxyapatite physical-chemical properties, there is still no 

systematic approach of them and there is no information about 

hydroxyapatite behavior in changing conditions. Moreover, there are few 

lacks of its physical properties such as hardness and plasticity. To improve 
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such properties we provide to use composites based on hydroxyapatite and 

chitosan, which is a natural biocompatible polymer. 

 

EXPERIMENTAL 

Samples of hydroxyapatite were obtained using two approaches: solid state 

reaction and sol-gel technique.  

The first way is based on the following chemical reaction: 

4.5Ca(NO3)2·4H2O + 0.5Ca(OH)2 + 3(NH4)2HPO4 →  

→ Ca5(PO4)3OH + 9NO2 + 2.25O2 + 6NH3 + 22.5H2O 

While sol-gel approach can be described using scheme: 

Ca(NO3)2·4H2O + H3PO4 → Ca5(PO4)3OH, 

which is described in details in application for Russian Federation patent 

(№2015154409 from December 17th, 2015). We can only say that we use 

conditions similar to internal human body conditions. 

Hydroxyapatite/chitosan composites was created by adding of 5-40 

mas% of hydroxyapatite to chitosan solutions (3 mas % and 1.2 % in 

CH3COOH) with thoroughly mixing. Composite films were prepared by 

casting method from homogenized aqueous dispersions of 

hydroxyapatite/chitosan on a glass substrate, and then they were dried to 

constant weight at 343 K. 

The phase individuality of synthesized compounds was monitored by X-

ray diffraction. X-ray diffraction patterns were recorded on a XRD-6000 

Shimadzu diffractometer (CuKα radiation, geometry θ-2θ) in the 2θ range 

from 10º to 120º with scan increment of 0.02º.  

Microphotos of obtained phases was done using workstation AURIGA 

CrossBeam Workstation (Carl Zeiss). 

High-temperature X-ray diffraction experiments in the range from 298 to 

1173 K were carried out on the same diffractometer with increments of 

0.02º ranging from 10º to 60° using an HA-1001 Shimadzu attachment. 

The behavior of individual compounds and composites in the wide range 

of temperature was investigated with thermoanalyser Shimadzu DTG-60H 

(heating rate 10 K/min). 

 

RESULTS AND DISCUSSION 

As it was shown, sol-gel approach allows to get hydroxyapatite in form of 

nanoparticles (Figure 1a and 2), whereas the result of sol-gel method is 

microparticles (Figure 1b). 

Nanosized hydroxyapatite is more useful for making biomaterials 

because it makes easier the processes of obtaining ceramics with controlled 

properties (form, porosity, etc.). It also was showed that hydroxyapatite 

obtained using our approach, has higher biocompatibility in comparison with 
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other artificial obtained hydroxyapatite. As follows from Table high-

temperature behavior of these two modifications of compound vary from each 

other in spite of comparability of unit-cell linear dimensions [2]. 

  
Figure 1. XRD patterns of 

hydroxyapatites obtained using 

different techniques. 

Figure 2. Nanoparticles (80 nm) of 

hydroxyapatite synthesized using 

sol-gel approach. 
 

Table. Temperature dependencies of thermal expansion coefficients for the 

hexagonal (sp. gr. P63/m) and pseudohexagonal (monoclinic, sp. gr. P21/b, a 

= b,  = 120.0(0)°) forms of hydroxyapatite. 

 

Parameter 

l = l0 + l1T 

(·106 K-1) 
Temperature 

interval (K) 
l0 l1 

Ca5(PO4)3OH (sol-gel) 

a 31.7 -0.001 

298-992 c 7.0 -0.00005 

V -340.74 0.4869 

a 63.9 - 

992-1173 c 58.8 - 

V 187.0 - 

Ca5(PO4)3OH (solid-state) 

a 10.5 0.0048 

298-1173 c 3.1 0.0133 

V 24.0 0.0229 

According to previous investigations of hydroxyapatite [3] this 

compound synthesized at room temperature has monoclinic symmetry with 

disordered orientation of OH-groups. At 473 K ordering of hydroxyl ions in 

columns is observed. This fact makes for rising unit-cell symmetry to 

hexagonal. In our case presence of polymorphic transition in hydroxyapatite 

obtained by sol–gel method is confirmed firstly by endothermic effect at 992 

K on DTA curve, secondly by high-temperature X-ray diffraction data: there are 

a discontinuity on the unit-cell parameter and volume temperature dependences 

and strongly thermal expansion anisotropy of low-temperature modification in 
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comparison with high-temperature one. Great difference between polymorphic 

transition temperatures can be explained on the basis of size effect in nanosized 

hydroxyapatite. 

As for hydroxyapatite/chitosan 

composites, it was shown that adding of 

hydroxyapatite to chitosan leads to 

decreasing of chitosan crystallinity 

(Figure 3). From DSC-analysis of the 

composites under study (Figure 4) we 

observe that adding of hydroxyapatite 

results in lowering of chitosan softening 

temperature. 
 

CONCLUSION 

Using nanosized hydroxyapatite for 

creating composites with hydroxyapatite 

is preferable because in such case 

polymorphic transition of hydroxyapatite 

even at it high content can’t influence on 

the properties of composites in relatively 

wide range of temperatures. High-

temperature modification of apatites 

usually has bigger volume thermal 

expansion coefficients what could lead to 

destruction of bioimplant with 

 temperature variation. 
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Figure 3. XRD patterns of 

composites under study* 

 
 

 
Figure 4. DSC-data of 

composites under study* 

*Hydroxyapatite content: 0%, 5%, 10%, 

15%, 20%, 30%, 40% 
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ABSTRACT 

The present work presents the results of investigating complex oxides 

obtained in thermodynamic field over the past few years. There is realized 

crystal chemistry systematization of studied compounds. The temperature 

dependences of heat capacities at constant pressure for more than 50 

compounds in a temperature interval from 7 to 350 K were studied in an 

adiabatic vacuum calorimeter. The description of transitions in compounds 

was made by means of McCallaf–Vestrum classification of physical 

transitions. The study of phase transitions was carried out with the use of 

complex physical and chemical methods such as X-ray spectroscopy and 

calorimetry. 

 

INTRODUCTION 

Since the inception of chemical thermodynamics one of the most important 

tasks of this science is to determine the standard thermodynamic functions 

of individual substances. Such data are required primarily for calculating 

equilibrium chemical reactions at various temperatures and pressures. In this 

case the limiting factor in such calculations is usually relatively low 

accuracy in determining the enthalpy of a chemical reaction, which is 

calculated as the algebraic sum of the enthalpies of formation of the 

reactants. In the measurements of entropy admissible large errors, 

particularly when it comes to reactions involving condensed substances. 

Therefore, determination of standard enthalpies of formation and absolute 

entropies of individual substances is necessary and important task of 

chemical science and technology. The thermodynamic functions of 

compounds allow to predict the behavior of phases in different geological 

and technological conditions. 
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EXPERIMENTAL 

The synthesis of the complex was carried out by three various methods: 

(1) solid state reactions and reactions in melt in a temperature range from 

773K to 1573K; (2) reactions under hydrothermal conditions; and (3) 

precipitation reactions from solutions. The techniques, developed by us, 

allowed obtaining in total of more than 400 compounds and more than half 

of them were prepared and identified for the first time.  

For structural investigations and confirming phase individuality, X-ray 

diffraction patterns of all samples were recorded on a Shimadzu X-ray 

diffractometer XRD-6000 (CuKα radiation, geometry θ–2θ) in the 2θ range 

from 10◦ to 120◦ with scan increment of 0.02◦. The low-temperature and 

high-temperature X-ray diffraction were carried out on a Shimadzu X-ray 

diffractometer XRD-6000 using Attachment TTK-450 (Anton Paar) and 

Sample Heating Attachment HA-1001 (Shimadzu) respectively. 

To measure the heat capacity of the tested substances in the range from 7 

to 350 K a BKT-3.0 automatic precision adiabatic vacuum calorimeter with 

discrete heating was used. To measure the heat capacity of the sample 

between 330 and 650 K an automatic thermoanalytical complex 

(ADKTTM) – a dynamic calorimeter operating by the principle of triple 

thermal bridge – was used. The data on the heat capacity of the objects 

under study were obtained in the range from 330 to 650 K at the average 

rate of heating of the calorimeter and the substances of 0.0333 K/s.  

The experimental thermochemical data set was obtained using a modified 

Skuratov calorimeter. 

Thermal behavior was carried out with DSC Labsys from Setaram in a 

platinum crucible ranging from 293 to 1173 K (heating rate 0.167 K/s). 

 

RESULTS AND DISCUSSION 

Realized crystal chemistry systematization of studied compounds allows 

concluding that the element with the highest oxidation number determines 

the forming structure, as usual for majority others complex compounds. We 

could sort all the compounds into three types according to structural 

features, that is, compounds with frame, layer and isle structures.  

A sufficiently important task of the work was the estimating 

thermodynamic functions of the compounds with the purpose of describing 

processes with their participation and detecting criteria of their stability. For 

this purpose we choose the thermochemical schemes. The enthalpies of 

formation of about 250 inorganic compounds containing uranium were 

experimentally determined for the first time using a reaction adiabatic 

calorimeter.  
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The temperature dependences of heat capacities at constant pressure for 

more than 50 compounds in a temperature interval from 7 to 350 K were 

studied in an adiabatic vacuum calorimeter. The obtained data allowed 

describing possible phase transitions and calculating absolute entropies of 

formation of the compounds. It is significant to note that heat capacities at 

constant pressure of the majority complex oxides monotonously grow with 

rising temperature without any visible anomalies. On the contrary, the 

physical transitions are observed in uranylcarbonates, uranylsulfates, several 

tungstates and spinels (Table 1). The description of transitions was made by 

means of McCallaf–Vestrum classification of physical transitions. 

According to this classification phenomenological all phase transitions in 

solids can be categorized into seven types (I, 2I, 3I, 2N, 3N, G, H). 

 

Table 1. Thermodynamic characteristics of physical transitions in 

compounds. 
Compound Phase 

transition 

Ttr, K ΔtrHº 

(kJ/mol) 

ΔtrSº 

(J/(mol·K)) 

KTh2(PO4)3 H 6.7   

Li4/3Ti5/3O4 H 7.5   

Co7/3Sb2/3O4 H 60.3 15.8  0.5 0.2580.007 

K2Fe2Ti6O16 G 72   

Na4(UO2(CO3)3) 

 

G 

I 

60.5 

386 

15003 

50200200 

33.01.0 

130. 3.0 

K3Na(UO2(CO3)3) I 395 800100 2.000.02 

K4(UO2(CO3)3) I 403 6900100 17.10.5 

Mn(UO2(SO4)2)5H2O 

 

H 

I 

176 

238 

5103 

1903 

2.900.02 

0.800.02 

Fe(UO2(SO4)2)5H2O H 182 2003 1.100.02 

Co(UO2(SO4)2)5H2O I 237 19203 8.100.02 

 

The most widespread type of transitions in the layered compounds is 

isothermal (I) transitions connected with polymorphic transitions in the 

crystal. The polymorphism is caused by possible shifts or rotations of layers 

relatively to each other in the crystalline structure. Isothermal transitions are 

seen as “peaks” on the curve of heat capacity; the area of “peaks” is 

numerically equal to the enthalpy of phase transition. The physical 

transitions, which are more rarely met with, are H-transitions and they are 

observed as “humps” on the curve of heat capacity. According to physical 

point of view the given anomaly may be connected with “defreezing” of 

rotations around M–OH2 bond in structures of the appropriate 

crystallohydrates. Furthermore, these transitions are detected for the 
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compounds which are contain in their composition the d- and f-transition 

elements. 

The compounds Na4UO2(CO3)3 and K2Fe2Ti6O16 show the G-type (glass-

like) of physical transitions (Table 1). The nature of this anomaly is, 

probably, related to the presence of cation–cation interactions in the 

structure of this compound that is confirmed by us using Voronoi–Dirihle 

calculations of polyhedra with program complex TOPOS. 

It should be noted that great attention is paid to the joint use of 

calorimetric, diffraction and spectroscopic methods for the study of phase 

transitions. Significant structural changes were studied by using low-

temperature and high- temperature X-ray diffraction. Slight structural 

changes were studied by using low-temperature infrared and Raman 

spectroscopy. 

Thus, the calorimetric methods allowed estimating all necessary 

thermodynamic functions of some inorganic compounds. 

 

CONCLUSION 

The techniques for the synthesis of individual compounds and solid 

solutions were developed, more than half of which were obtained and 

identified for the first time. The standard enthalpies of formation at 

T=298.15 K of 250 inorganic compounds were determined first by the 

method of reaction calorimetry. The heat capacity at constant pressure of 

more than 50 compounds was studied also first by adiabatic vacuum 

calorimetry. The standard entropies and Gibbs functions of formation at 

T=298.15 K were calculated as well. All the results were discussed and 

tabulated and those made up the foundation of thermodynamics of the given 

class of inorganic compounds.  
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ABSTRACT 

In this study, WO3 doped TiO2 powders were synthesized via sol-gel 

method combined with hydrothermal process. The physical analysis via X-

ray diffraction indicated that the prepared sample had a mixed anatase-rutile 

TiO2 phase. It was also observed that when calcination temperature goes 

above 600 °C, the Keggin molecule breaks up to form a WO3 species which 

is stable at higher temperature. The results of N2 adsorption-desorption 

analysis showed that the mesoporous WOx- TiO2 samples prepared in this 

work exhibited a bimodal pore size distribution. Sintering temperature 

induces a change of topography and it was observed that the increase in 

temperature causes a systematic shift towards larger mesopores. 

 

INTRODUCTION 

TiO2 is an excellent material for environmental applications, including 

photodegradation of various pollutants and the purfication of water and air 

[1]. When TiO2 is illuminated by UV light, electrons and holes are 

generated within, thus oxidizing the organic compounds dissolved in water. 

To increase the overall efficiency of this process it is very important to 

develop methods for broadening the spectrum of absorbed light in the 

visible range and increase the photocatalytic properties of TiO2 in the UV 

range. 

To improve the photocatalytic efficiency of such materials many efforts 

have been made, including various synthesis pathways and change of the 

TiO2 powder properties. Coupling TiO2 with other semiconducting materials 

is considered beneficial because coupling two semiconductors with different 

redox energy levels can increase the separation of their corresponding 

conduction and valence bands [2]. 
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The structural, morphological and photocatalytic properties of TiO2 

nanocrystals are strongly dependent of the synthesis process [3]. Sol-gel 

processing has become one of the most successful techniques for preparing 

powders or gels of TiO2 with photocatalytic properties [4]. Nevertheless, 

TiO2 materials obtained by sol-gel processing are either amorphous or not 

well crystallized and consequently, they must undergo a suitable treatment 

to become active photocatalysts. An enhancement of crystallinity can be 

obtained by thermal treatment but the temperature must be carefully 

selected. 

In this study, WOx-TiO2 samples were prepared by sol-gel method 

combined with a hydrothermal treatment. WOx-TiO2 powders with varying 

amount of anatase and rutile phases were obtained by carefully controlling 

the sintering temperature. By combining two analytical techniques (XRD 

and N2 adsorption-desorption), we determined the correlation between the 

change of phase composition, nanoparticle growth, and textural properties 

with sintering temperature.  

 

EXPERIMENTAL 

Titanium (IV) isopropoxide and tungstophosphoric acid were used for 

synthesis of WOx-TiO2 powders in this study. All chemicals were of 

analytical grade. 

Amorphous powders were prepared by a sol gel method. For the 

synthesis of samples, titanium isopropoxide was slowly dissolved in 

isopropyl alcohol. After that, an appropriate amount of H3PW12O40 (20 %) 

was dissolved in water and then added into solution drop by drop. The 

resulting mixture was heated to 45 °C until homogeneous hydrogel was 

formed. This hydrogel was subsequently heated to 200 °C at a heating rate 

of 2 °C/min and after that washed with hot water three times. The wet gel 

was calcined at 500, 600, 650, 700, 750 and 800 °C for 3 hours, which 

resulted in the formation of WOx-TiO2 powder.  

The phase structure of samples was analyzed by X-ray diffraction 

method, using a Rigaku Ultima IV diffractometer in Bragg-Brentano 

geometry, with Ni-filtered CuKα radiation (40 kV, 30 mA, λ=1.54178 Å). 

The crystallite size was calculated using full width at half maximum of 

intense diffraction peaks of anatase (101) and rutile (110) according to 

Scherrer equation. N2 adsorption-desorption isotherms of all samples were 

measured with an automatic adsorption apparatus (Sorptomatic 1990 

Thermo Finnigan) at 77 K. The specific surface areas (SBET) were calculated 

by fitting the adsorption data to Brunauer–Emmett–Teller (BET) equation 

and the pore size distributions were calculated by the Barrett-Joyner-

Halenda method. 
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Figure 1. XRD spectra of WOx-

TiO2 powder with different 

temperature sintering (A:anatase, 

R:rutile, W: tungsten oxide) 

 

RESULTS AND DISCUSSION 

The physical properties of WOx-TiO2 powder often vary with its preparation 

history and post-treatment. Therefore, it is necessary first to characterize the 

samples synthesized in present study. In the WOx-TiO2 powder, the XRD 

patterns (Fig. 1) showed that 

without annealing the sample 

possessed weak broad peaks in the 

positions corresponding to 

characteristic peaks of the anatase 

phase. 

This is an indication of poorly 

crystallized and/or mostly 

amorphous solids. After annealing 

from 500 to 800ºC all diffraction 

peaks become more intensive, 

which is related to crystallization 

and particle growth. However, 

when annealing temperature was 

elevated to 700 °C, small rutile 

peaks are observed, indicating the onset of anatase-to-rutile transformation. 

It was also observed that when annealing temperature goes above 600 °C, 

the Keggin molecule breaks up to form a WO3 species. The orthorhombic 

WO3 and a non-stoichiometric form of tungsten oxide (WO2.92) were 

observed in the samples annealed at 700 °C and 800 °C.  

At the temperature between 700 °C and 800 °C, WOx-TiO2 powder is a 

mixture of anatase and rutile phases, and content of anatase in the samples 

decreases with sintering temperature. Moreover, all samples show a 

progressive increase in the primary particle size with temperature sintering. 

All samples display isotherms of type IV with steep hysteresis loops at high 

relative pressure, which is typical for mesoporous materials. However, as 

sintering temperature increases, the hysteresis loop gradually shifts toward 

the high pressure side, indicating an increase of pore size. Upon thermal 

treatment, small micropores (3.7 nm) did not change while the larger ones 

continuously increased from 8.8 to 21 nm with increasing annealing 

temperature (Fig. 2). Besides, with raising the sintering temperature, the 

relative amount of the smaller sized mesopores decreased gradually and 

disappeared at 800 °C, while the larger ones constantly increased. 
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Figure 2. Crystal size (DXRD), pore 

size (dp) and specific surface area 

(SBET) for WOx-TiO2 powders 

sintered at different temperatures 

(from 500 to 800 °C) 

 

CONCLUSIONS 
Nanocrystalline WOx-TiO2 powder 

was prepared by sol-gel method 

combined with a hydrothermal 

treatment. The XRD analysis 

revealed that WOx-TiO2 powders 

mostly consist of anatase phase 

with minor portion of rutile and 

tungsten oxides. The raise of 

sintering temperature caused an 

increase of crystallinity, crystallite 

and pore size, while specific surface 

area decreases continuously. All the 

samples exhibited bimodal pore 

size distribution and the smaller 

pores (3.7 nm) retained within the 

whole temperature range while larger mesopores were shifted towards large 

values, from 8.8 to 21 nm. 
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ABSTRACT 

In this study in situ 27Al NMR spectroscopy is used to obtain kinetic 

parameters of zeolite A synthesis. Changes of relative intensity of NMR 

lines at 59 ppm ascribed to Al(OSi)4 solid structures units and at 79 ppm to 

Al(OH)4 ions in liquid phase during crystallization, are observed. 

Comparative analysis of curves obtained by normalization to the sum of 

peak areas provides kinetic parameter of k ranged between 4.15∙10-4 to 

9.63∙10-4 s-1 and n from 2.5 to 3.4 indicating Avrami–Erofe’ev nucleation 

and crystal growth model. 

 

INTRODUCTION 

NMR has been frequently used in kinetic investigation of zeolite formation 

since it gives possibility of gaining detailed information about speciation in 

all phases of interest [1–3]. For that purpose different kinds of data 

normalization was adopted including normalization to the highest peak 

intensity (peak heights) [3] or to the sum of the peak intensities (more 

precisely peak areas) [2]. Normalization to sum of peak areas was applied in 

NMR spectroscopy basically to overcome the effect of dilution [4], but also 

for the comparison of in situ 27Al NMR spectra during the zeolite synthesis 

[2].  

In our previous study, Sharp-Hancock kinetic model [5] was adopted for 

investigation of zeolite A crystallization by in situ 27Al NMR spectroscopy 

in liquid and solid phase [3]. The primary goal of this study is to determine 

the relation between batch chemical composition and obtained kinetic 

parameters by comparing the results of different type of data normalization 

of obtained 27Al NMR lines during zeolite A syntheses.  
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EXPERIMENTAL 

All zeolite A syntheses were performed under hydrothermal conditions, at 

80 0C and atmospheric pressure. The batch composition was Al2O3: 

1.7SiO2: yNa2O: zH2O, where y ranged between 2.6 and 4.2 and z from 63 

to 133. The 27Al NMR spectra of in situ crystallization were recorded on a 

Bruker MSL 400 NMR spectrometer at 104.262 MHz, using experimental 

procedure described earlier [3].  

 

RESULTS AND DISCUSSION 

The result of normalization to sum of peak areas in the case of synthesis 

with SiO2/Al2O3 = 1.7 is shown in Fig. 1. Comparison between normalized 

area of lines at 79 ppm and 59 ppm, enables following of the aluminum 

amount interchanged between the solution and solid phase, during 

crystallization [3]. 

 
Figure 3. a) Normalized values of peak areas of NMR lines at 59 (top) and 

79 ppm (bottom) for synthesis with SiO2/Al2O3 = 1.7; b) Distribution 

function of aluminum quantity ZAl(t) during the course of the same zeolite A 

syntheses. 

 

Based on theoretical consideration of relating changes of CAl in a gel and 

liquid phase during the zeolite crystallization [6], both experimental NMR 

curves can be fitted by empirical expressions given as: 

 

J79(t) = JA0 - ZAl(t)                      (1) 

J59(t) = JB0 + ZAl(t)                  (2) 

 

where J79(t) and J59(t) represent normalized areas of NMR lines at 79 ppm 

and 59 ppm respectively; JA0 and JB0 constants connected to initial amount 

of aluminum in solution and solid gel phase, respectively, and ZAl(t) the 

function of aluminum content interchanged during the time of synthesis. 

Observed exponential dependency of ZAl(t) with reaction time for all the 
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syntheses (Fig. 1b), is in concordance to the first ordered kinetics for the 

rate of crystalline product formation [7]. Since curves of interchanged 

aluminum represent contribution of overall processes involved in crystal 

growth (diffusion of constitutive species into liquid phase, gel dissolution, 

crystal growth, etc), only averaged values for the kinetic parameters can be 

determined from these curves. However, precaution should be taken when 

the NMR lines of quadrupolar nuclei originating from solution and solid 

phase are compared, since the linewidth of the peak at 59 ppm (representing 

solid structures) can be significantly influenced by the second-order 

quadrupolar interaction [3]. For that reason, obtained values of n and k 

should be used only for comparison between zeolite syntheses recorded 

under the same NMR conditions. 

 

Table 1. Results of Sharp – Hancock kinetic analysis applied on the curves 

obtained from data normalized to the sum of peak areas. 

Sample 

no. 

t0[s] A0 [79 

ppm] 

B0 [59 

ppm] 

n k [s-1] 

10-4 

Na2O 

[mol/dm3] 

total 

Z 1 3780 0.5582 0.4418 2.51 4.15 1.685 

Z 2 3120 0.4197 0.5803 2.87 5.31 1.706 

Z 3 2220 0.5392 0.4608 3.35 5.76 2.671 

Z 4 1680 0.5416 0.4584 3.16 9.63 2.707 

Z 5 2040 0.5097 0.4903 2.77 6.42 2.858 

 

For the purpose of kinetic analysis of data obtained from in situ 27Al 

NMR spectra, Sharp-Hancock method was applied [5]. Results of kinetic 

analysis of curves normalized to the sum of peak areas are presented in 

Table 1. Increasing trend of obtained values for the rate constant k with 

increasing Na2O content can be observed; with the only exception in the 

case of synthesis Z 4 where the rate constant is inconsistent with this trend 

regardless of applied type of data normalization [3]. There is no significant 

difference between k values obtained from data normalized to highest peak 

intensity [3], and normalized to the sum of peak areas (Table 1). In addition, 

values of initial amount of aluminum present in liquid phase (JA0 in Table 1), 

is significantly higher in comparison to values in solid phase (JB0). This 

indicates that initial distribution of aluminum between liquid and solid/gel 

phase strongly depends on SiO2/Al2O3 ratio. Such aluminum distributions 

also emphasize mechanism governed by solution mediated processes that 

prevails over the mechanism by direct gel to solid transformation. On the 

other hand, values of n ranging between 2.5 and 3.4, are approximately 
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doubled comparing to the values obtained for normalized intensity curves of 

peak at 79 ppm [3]. No correlation between n and SiO2/Al2O3 molar ratio or 

NaOH batch concentration, is observed. However, these values of n are 

consistent with predictions of the Avrami nucleation and crystal growth 

model for zeolitic systems [8].  

 

CONCLUSION 

In the present study normalization to the sum of peak areas of 27Al NMR 

data was used to obtain kinetic parameters of zeolite A syntheses. Such 

kinetic parameters represent averaged contribution of overall processes 

involved in crystal growth and its values indicate Avrami–Erofe’ev 

nucleation and crystal growth model. Increasing trend of obtained values for 

the rate constant k with increasing Na2O contents was also observed. 

Determined parameters connected to initial aluminum content in each of the 

involved phases, were primarily the consequence of the used SiO2/Al2O3 

molar ratio, but also indicate significant contribution of solution mediated 

mechanism of crystal growth, which is in agreement with previously 

obtained results by different normalization methods. 
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ABSTRACT 

Polyaniline (PANI) is one of the most extensively studied conductive 

polymers due to its unique electronic, redox, acid-base and other properties 

which enable its applicability in many fields. The interest in the study of 

PANI nanostructures has dramatically increased during the last decade due 

to the significantly enhanced dispersibility and processibility as well as 

improved performance of nanostructured PANIs in many applications 

(sensors, catalysts, field-effect transistors, corrosion protection, data storage, 

membranes, actuators, solar cells, rechargeable batteries, fuel cells, Schottky 

diodes, super capacitors, electromagnetic interference shielding, microwave 

absorption, antistatic coatings etc.) in comparison with ordinarygranular 

PANIs. This lecture is focused on overview of the methods of preparation, 

characterization of structure and physico-chemical properties, and 

applications of zero-dimensional, one-dimensional, two-dimensional and 

complex hierarchical PANI nanostructures. Carbonization of PANI has 

proven to be an efficient method to prepare new N-containing carbon 

materials with desirable properties for different applications. The properties 

of carbonized PANI (c-PANI) can be tuned by the choice of PANI precursor 

(by adjusting its structure, morphology, conductivity), and carbonization 

method. Since the PANI morphology is mainly preserved upon the 

carbonization, PANI nanostructures served frequently as precursors for 

producing c-PANI nanostructures with the desirable morphologies. They 

exhibited excellent performance for applications such as super capacitors, 

electrocatalysts for fuel cells, Li batteries, sensors. Here, an overview of the 

carbonization methods,physico-chemical properties and applications of 

nanostructured carbonized forms of PANIs is given. For both type of 

materials, PANI and c-PANI, special attention is devoted to the advances in 

the field during the last five years. 
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ABSTRACT 

Water borne polymer and composite nanostructured particles are products 

by process; therefore their final characteristics are influenced by the 

formulation and the process parameters. In the present work, controlled 

synthesis of hybrid nanostructured particles based on (meth)acrylic 

monomers and polyurethanes (PU) prepolymers, obtained in different type 

of reactors (continuous, semi-continuous and batch) and different type of 

initiation system (thermally or UV light) and their application are presented.  

 

INTRODUCTION 

A nanoparticle is a fundamental component in the fabrication of 

nanostructures and their synthesis is important issue within various field of 

investigations.[1] On the other hand, polymers are most widely applied 

materials in almost all spheres of modern life. The synthesis of polymeric 

nanoparticles extends even further the application possibilities of polymers. 

Usual way of synthesis of polymer nanoparticles are the techniques of 

polymerization in aqueous dispersed media, such as emulsion, 

miniemulsion, microemulsion, suspension and dispersion polymerization.2 

Their common features are that the polymerization mostly proceeds through 

free radicals and the dispersed phase is stabilized by means of surface-active 

compounds (surfactants, suspension agents). Major advantages of these 

techniques are: environmental friendly nature of the solvent, cheap and 

versatile process (wide range of experimental conditions, various 

monomers), efficient heat transfer- easy control of reaction temperature no 

organic volatile compounds, high polymer content – low viscosity, 

controlled polymer particle morphology, radical compartmentalization 

effect in droplets/particles. 

Water-borne polymeric nanoparticles dispersions are widely used in a 

huge number of applications: coatings, adhesives, paints, paper coatings, 

additives for concrete, tires, textile and leather industry, cosmetics, 
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flocculants and biomedicine.[2] Water borne nanostructured particles are 

products by process, therefore their final characteristics depend on the 

formulation (type and amount of monomers, surfactant, initiator) and the 

process parameters (temperature, agitation, type of reactor and reaction, feed 

strategy). In our work the variation of these parameters is used to achieve 

control of the product properties. In the present work, selected results of few 

independent studies, based on hybrid (meth)acrylic monomers/ 

polyurethanes (PU) formulations are presented. For composite nano-

structured particles synthesis, graphene nanoplatelets were added to 

(meth)acrylic/PU. The thin films are formed from the aqueous dispersions 

by water evaporation usually under atmospheric conditions, which gives 

environmental friendly dimension of the presented techniques, as no volatile 

organic substances are released during film formation. 

 

RESULTS AND DISCUSSION 

Water-borne polymer nanoparticles  

This study has been performed in continuous narrow tube quartz reactor, 

where the free radical miniemulsion polymerization of (meth)acrylic/PU 

hybrid formulation was initiated by UV light and suitable photoinitiator. To 

prepare polymer with a carefully selected glass transition temperature (Tg) 

for adhesive application (much bellow room temperature), a monomer 

system composed of more than 90% 2-ethylhexyl acrylate (2-EHA), and 

minor amounts of methyl methacrylate (MMA) and methacrylic acid 

(MAA) was selected. This hybrid miniemulsion has been previously 

polymerized by thermally induced reaction, however higher temperature 

limited the possibility of control of the final polymer microstructure. As UV 

light initiation is effective at room temperature it was an interesting option 

in attempts of better control of the polymer microstructure.  

 

Figure 1. Reaction occurring in a 

miniemulsion droplet of 

(meth)acrylic/PU hybrid 

formulation 

 

In Fig. 1 the reactions occurring 

within a miniemulsion droplet are 

presented. The free radical 

polymerization of the acrylic 

monomers is started after 

formation of radicals from oil 

soluble initiator upon light 
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absorption. Due to the very fast addition of the first monomer unit (105-107 

Lmol-1s-1), the polymer chains grow fast.[3] In parallel, PU prepolymer due 

to the presence of diol in the formulation suffer addition polymerization and 

chain extension. The functional monomer hydroxyethyl methacrylate creates 

crosslinking between them. In Fig. 2 the influence of incident light 

irradiance (ILI) and photoinitiator (PI) content on the reaction kinetics and 

polymer microstructure is shown.[4] 

Fig. 2a shows that by increasing the content of PI at constant ILI reaction 

rate increased due to the higher number of radicals, which leads to 

decreased gel fraction and sol molecular weight (molecular weight of the 

soluble part after extraction of the crosslinked-gel part) likely due to the 

important termination. Similar effect was noticed when ILI was increased at 

constant PI content (Fig. 2b). The presented process has shown to be quite 

flexible, resulting in wide variety of hybrids with different microstructures 

using the same formulation and only by changing the reaction parameters. 

 

 
Figure 2. Kinetics data and polymer microstructure dependence on (a) PI 

content and (b) Incident light irradiance (ILI) in miniemulsion 

photopolymerization of PU/acrylic hybrid 

 

From the nanoparticles dispersions adhesive films were prepared by water 

evaporation and probe-tack, property characteristic for PSAs that tests the 

short-time, low-pressure adhesion, was measured. This test has the 

advantage of applying a fairly uniform displacement (uniform stress field 

and strain rate) to the adhesive film over the whole surface of the probe, and 

for those soft systems where failure involves the formation of cavities and 

fibrils, it facilitates the analysis of the process.[5] For the determination of 

the polymer molecular weight and distribution we usually use Gel 

permeation chromatography (GPC), which requires well soluble samples 
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within the solvent carrier. Thus, the characterization was limited on analysis 

of the soluble part, and was not enough to explain the difference in 

performance. 

 

Figure 3. Microstructure/ 

performance relationship 

of PU/acrylic hybrids 

obtained under different 

process conditions 

 

By relatively new 

technique Asymmetric 

flow field flow 

fractionation it was 

possible to analyze the 

whole polymer,[6] without 

extracting the insoluble gel fraction, resulting in the molecular weight 

distribution of whole polymer (Fig. 3).[8] Up to 106 g/mol, soluble part of 

the polymer is presented, after which value the crosslinked part appeared.[6] 

These measurements allowed development of relationship between the 

microstructure of the polymers and their performance as PSAs. Fig. 3 shows 

a set of probe-tack curves obtained for different PSA's. At high ILI due to 

the instantaneous formation of high number of radicals and subsequently 

important termination, relatively high molecular weight soluble chains with 

very small gel fraction were formed, resulting in liquid like behavior of this 

hybrid PSA (Fig. 3a). In case of very low ILI (Fig. 2b) the chains grow 

larger and important amount of gel is formed, resulting in too-cohesive 

PSA. And finally, at intermediate ILI (Fig. 3c), balanced PSA were obtained 

coming from both high molecular weight soluble chains and high fraction of 

gel part.  

Water-borne composite nanoparticle synthesis 

The same chemistry of PU/acrylics presented previously has been used to 

prepare highly crosslinked composite nanoparticles with graphene 

nanoplatelets. We are all aware about the emergency of graphene based 

materials and their wide possibilities of application. One of the important 

areas of graphene application is in polymer composite materials, where 

addition of small graphene amount within the polymer matrix provides the 

new materials with electrical or thermal conductivity, mechanical strength 

and thermal resistivity. Water-borne dispersions are advantageous due to the 

fact that large-aspect-ratio GNPs are placed in the limited space between the 
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polymer nanoparticles (excluded volume), as it prevents graphene 

aggregation and improve the dispersion within the matrix.[7,8] 

For the synthesis reduced graphene oxide (rGO) was used, containing minor 

amount of oxygen functional groups, stabilized in aqueous dispersion by 

polyvinyl pyrrolidone (PVP). In the present study the monomer formulation 

composed of methyl methacrylate (MMA) and butyl acrylate (BA) in 50/50 

weight ratio was used (coating formulation). 

 

Figure 4. SEM images of the monolayers of polymer nanoparticles/rGO 

dispersions: a) hybrid composite blends, and b) hybrid dispersions obtained 

by in situ reaction. 

 

In the first step (meth)acrylic monomers were polymerized by in situ batch 

emulsion polymerization in presence of rGO (0.25-1 wt%) and the it was 

compared with simple blend of water-borne polymer nanoparticles and rGO 

platelets. In order to evaluate the size and interactions of the nanoparticles in 

the hybrid dispersions, the monolayer of the hybrid dispersions were cast 

onto the silicone substrate, to avoid the interactions during water 

evaporation and film formation. The SEM images of the monolayers are 

presented in Fig. 4.[9] Fig. 4a shows that after mixing of rGO platelets and 

MMA/BA polymer particles of average diameter of around 300 nm, the 

nanoparticles are adsorbed strongly onto rGO platelets, likely due to the 

presence of PVP.[10] In the Fig. 4b, the monolayer composite film from in 

situ hybrid dispersion presents a kind of composite platelets with average 

dimensions of around 500 nm, composed of rGO with polymer particles 

densely packed on the surface. This indicates that the polymer particles were 

nucleated from the rGO platelets that results in covalent bonding between 

them. This behavior in similar systems has been already reported.[11]  
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In order to covalently bond rGO and polymer in more controlled way, 

reactions sites were created by introduction of suitable functionalities onto 

both components (rGO and polymer), by introduction of OH functionalities 

onto polymer nanoparticle and PU prepolymer with isocyanate groups on 

both chain ends. PU was dispersed in rGO aqueous dispersions, and 

covalent bond with OH of rGO was established resulting in in situ 

modification of the platelets. After that the monomers MMA/BA were 

slowly introduced in the system. As the modified rGO platelets contain 

NCO reactive groups on their surface, we expect that the polymer 

nanoparticles will start to grow from these reaction sites (Scheme 1).[12] 

 

 
Scheme 1. rGO/PU/polymer reactions. 

 

As a result nanostructured particles containing highly crosslinked 

polymer/rGO were obtained, from which composite films were prepared by 

water evaporation. Tab.1 shows the compositions and some characteristics 

of these films. 

 

Table 1. Composition and characteristics of rGO/PU/MMA/BA composites 

PU content 

(%wt.) 

rGO 

content 

(%wt.) 

Gel 

content 

(%wt.) 

Swelling 

at 25؛C 

Electrical 

conductivity (S 

m-1) 

0 0.62 14 8.7 (2.68±0.220)·10-

4 

5 0.62 63 4.9 (2.20±0.004)·10-

3 

10 0.62 48 6.8 (0.66±0.110)·10-

3 

20 0.62 47 7.0 (1.04±0.001)·10-

3 

10 0.75 53 6.5 (3.00±0.006)·10-

2 

10 1.00 65 5.0 (2.96±0.011)·10-

2 
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Table 1 shows that in presence of both rGO and PU the gel content (the 

crosslinked part of the composite) increased significantly and its amount 

depends on the added amounts of PU, as it acts as a crosslinker. The 

composite films placed in THF solvent swelled in the solvent, showing that 

the composites have a crosslinked structure. The composite films are 

electrically conductive (Table 1).  

 
 

Figure 5. SEM cross-sectional images of composite films containing (a) 5 

wt% PU and 0.62 wt% rGO; (b) 10 wt% PU and 0.75 wt% rGO; and (c) 10 

wt % PU and 1 wt% rGO. 

 

In Fig. 5 the SEM images of the cross-sectional area of the films broken 

under liquid nitrogen are shown. The composites presented in Fig. 5a and 5b 

shows random distribution of rGO in the matrix, likely due to the 

crosslinked structure (Table 1) that decreases the mobility of the rGO 

platelets during film formation. For the composite with 10%PU and 0.75% 

rGO with lower crosslinked fraction (53%), Fig. 5b shows that rGO platelets 

are ordered in direction perpendicular to the view, with defined polymeric 

areas of 300 nm, which is prosperous for the electrical conductivity.[9] 

 

 
Figure 6. Viscoleastic properties of the composites containing 0.62 wt% 

rGO with respect to monomers and different amounts of PU: (a) dependence 

of storage modulus on temperature; and (b) dependence of tan  on 

temperature 
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Viscoelastic properties of the composites, presented in Fig. 6, were obtained 

by DMTA measurements and show the influence of PU content on storage 

modulus (Fig. 6a) and on Tan  (Fig. 6b). The significant drop of the 

modulus and abrupt increase in Tan  is obvious for the neat polymer 

(insets). The addition of rGO allowed retaining a higher modulus even 

beyond the glass transition temperature (Tg). It is observed a combination of 

the reinforcement effects from the filler and highly croslinked structure. The 

presence of PU apparently improves the interactions between the matrix and 

the filler resulting in the expected increase of Tg, (Fig.6b).   

 

 

Figure 7. Impedance 

versus frequency after 90 

days immersion in 3.5% 

NaCl 

 

 

To determine the anticorrosion properties of these composite films 

containing different amounts of PU and rGO, the thin film of a thickness of 

30 m were prepared on the still specimens that were exposed to NaCl (3%) 

aqueous solution for 90 days.  

Fig. 7 shows the impedance dependence on the frequency for composites 

containing 0.01 wt% of rGO and 1 w% of PU, compared to the blank 

samples without rGO. Addition of very small amount of rGO improve the 

anticorrosion action of the PU/acrylic coating, which remain constant even 

after 90 days of immersion within NaCl solution. 

 

CONCLUSIONS 

In this work the synthesis of PU/acrylics polymer and composite 

nanostructured particles were presented by polymerization in aqueous 

dispersed media (emulsion and miniemulsion). On one hand it was shown 

that by changing the process parameters the control of the final properties 

may be achieved and the performance as PSAs were explained by the 

difference in the polymer microstructure. In the composite nanoparticles, by 

changing in the (meth)acrylic formulation the application may be switch 

toward coating application. The polymer was reinforced by rGO platelets 

and PU, actuating as crosslinker between both phases (polymer and 

graphene). The improvement of mechanical properties and anticorrosion 

activities were determined. 
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ABSTRACT 

The surface properties of the films of poly(styrene/n-butyl acrylate) binary 

copolymers (PS/PNBA) with 30% styrene (ST) mole fraction and various 

monomer unit distribution (random and gradient), formed from various 

solvents (toluene, acetone) were studied. The original approach for 

investigation of the influence of the chain microstructure and solvent 

thermodynamic quality on the energy characteristics of the surface of the 

copolymer films and their adhesive properties with respect to solid 

substrates of various polarity (glass, steel, polyethylene and polyethylene 

terephthalate) was developed [1]. This approach is based on the combination 

of contact angle measurements, ATR-FTIR (Attenuated Total Reflection 

Fourier Transform Infrared), quantum chemical calculations of 

polymersolvent interactions and strength tests. The sensitivity of adhesive 

characteristics to solvent nature of the films of the gradient copolymers 

differed from the same characteristics of random copolymers. The results 

obtained demonstrated the principle possibility of regulation of the 

copolymer adhesion by varying chain architecture and nature of the solvent 

from which the copolymer films were formed. 

 

INTRODUCTION 

The gentle regulation of polymer adhesion is one of the actual problems of 

modern material science. The insertion of second monomer in polymer 

chain is one of the common synthetic approaches for the realization of this 

goal. But it should be noted that the development of principles of polymer 
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design is currently outpacing the understanding of regularities of influence 

on the polymer adhesive properties such parameters as polymer chain 

microstructure and thermodynamic quality of solvent, from which polymer 

films were formed.  

The aim of our study was the development of experimental methodology 

with respect to study of adhesion of binary copolymers to various solid 

substrates using the combination of contact angle measurements and other 

techniques, namely – with ATR-FTIR, quantum chemical simulation and 

strength tests.  

 

EXPERIMENTAL 

The objects of our study were films of PS/PNBA with gradient (GC-30) and 

random (RC-30) monomer distribution (Fig.1). These copolymers were 

synthesized via controlled radical polymerization via the reversible addition-

fragmentation chain-transfer mechanism (RAFT polymerization) using 

dibenzyl trithiocarbonate as chain transfer agent [1]. The characteristics of 

copolymers were: Mn = 51 kDa, Mw/Mn =1.11 for GC-30 and Mn = 58.7 

kDa, Mw/Mn =1.56 for RC-30. 

 

 

The polymer films were formed from toluene (thermodynamically «good» 

solvent for ST and «bad» for NBA) and acetone («good» for n-butyl 

acrylate (NBA) and «bad» for ST. The alumina plates were used as a solid 

carriers. In our previous study the interrelation between PS/PNBA chain 

microstructure, solvent nature and surface energy characteristics of polymer 

films was illustrated; the styrene mole fractions were 10 and 60% [1]. In this 

study the ST mole fraction was 30% in order to allow the formation of 

adhesion compounds and, on the other hand, to provide the relatively high 

glass temperatures to avoid the impropriety of strength tests caused by the 

high fluidity of polymer adhesive. 

The sessile drop technique was applied for contact angle measurements. The 

surface energy of polymer films (γSV), its polar (γp
SV) and dispersive (γd

SV) 

components were calculated using experimental contact angles of the drops 

of probe liquids (water and diiodomethane) in accordance with Owens-

 
Figure 1. Scheme of order of sequence of monomer units in PS/PNBA 

chains with random (RC) and gradient (GC) microstructure: 

  butyl acryla te,      styrene,  trithiocarbonate group. 
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Wendt-Kaelble approach [2]. The methods of calculation of the work of 

adhesion of PS/PNBA to water, simulating the polar solid substrate (Wpp) 

and octane, simulating the nonpolar one (Wdd) as well as technique of ATR-

FTIR study are presented in details in [1].  

The quantum chemical simulation of interaction of the NBA and ST with 

acetone or toluene was performed by semi-empirical method AM-1 with 

MOPAC software package. 

The strength tests were performed at the breaking machine Zwick/Roell 

Z010. The destruction of the adhesive compounds of PS/PNBA with solid 

substrates was performed by exfoliation technique (peel angle 180o) with 

subsequent identification of exfoliation mechanism using scanning 

electronic microscope Philips SEM-500. The solid substrates were glass, 

steel, polyethylene and polyethylene terephthalate (PET). The PS/PNBA 

layer thickness was 50μm. All measurements were carried out at 20oC. 

 

RESULTS AND DISCUSSION 

The γd
SV of PS/PNBA brings a dominant contribution in the surface energy 

value for all copolymer films, independently of the solvent nature from 

which polymer film was formed (Table 1). Thus, the close values of Wdd 

for all copolymer films are rather expectable. 

 

In comparison to γd
SV, the γp

SV values are negligibly low. Nevertheless, a 

difference between the Wpp for PS/PNBA of different microstructure with 

respect to solvent nature was found. The noticeable difference between Wpp 

is observed in case of GC-30. The strength of adhesive compounds (A) of 

GC-30 with different substrates also differs considerably for polyethylene 

and other polar substrates, for example, PET (Fig. 2). 

In case of RC-30 the relationship between A and Wpp could not be 

established due to the cohesion destruction of adhesive compounds.  

The adhesion of PS/PNBA to polar phases is realized due to NBA 

comonomer, containing the polar groups. Thus, the result obtained may be 

Table 1. PS/PNBA films surface energy (γSV), its polar (γp
SV)  

and dispersive (γd
SV) modes and the work of adhesion of PS/PNBA  

to polar (Wpp) and nonpolar (Wdd) liquid, simulating solid substrates. 

polymer solvent γSV, 

mJ∙m-2 

γd
SV, 

mJ∙m-2 

γp
SV, 

mJ∙m-2 

Wdd, 

mJ∙m-2 
Wpp, 

mJ∙m-2 

GC-30 

toluene 44 44 - 61 77 

acetone 45 43 2 61 106 

RC-30 

toluene 42 41 1 60 96 

acetone 41 40 1 59 101 
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caused by the higher mobility of NBA monomer units in polymer chain with 

gradient microstructure in comparison to random one.  

 

Indeed, quantum chemical calculations proved the energetic benefit of 

reorientation of NBA units contacting with polar phase (water). For 

example, in the case of triad of NBA units (highly probable in case of GC-

30) the energy of intermolecular interaction ΔE = –10 kJ∙mol-1 is lower in 

comparison to NBA-water interaction ΔE = – 20,8 kJ∙mol-1.              

 

CONCLUSIONS 

The new methodological approach to study of influence of chain 

microstructure and solvent nature on adhesion of polymer films [3] was 

developed for the new objects. The distinction between the adhesive 

properties of copolymer films with gradient distribution of monomer units 

with respect to polar and nonpolar solid substrates formed from different 

solvents was confirmed by using contact angle measurements, quantum 

chemical calculations and the strength tests. 
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Figure 2. Plot peel strength (A) versus delaminating speed (V) for adhesive 

compounds of RC-30 films, formed from toluene (1)    

and acetone (2) on solid substrates. 
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ABSTRACT 

Intraparticle diffusion kinetic model (IPD) was used to elucidate the 

influence of macroporous glycidyl methacrylate (GMA) and ethylene glycol 

dimethacrylate (EGDMA) copolymer (PGME) with attached diethylene 

triamine (PGME-deta) on the competitive Cu(II), Cd(II), Co(II) and Ni(II) 

ions sorption from aqueous solutions. Surface sorption was examined by 

SEM-EDS analysis. 

 

INTRODUCTION 

Copper, cadmium, cobalt and nickel (Co, Cd, Co and Ni) are among the 

most common pollutants in industrial effluents [1]. Chronic exposure to 

high Cd levels causes renal dysfunction, bone degeneration, liver and blood 

damage. Co and Ni cause skin rashes, asthma, allergies, pneumonia, etc. Cu 

can also be toxic, even at very low concentrations. The EPA requires Cu and 

Cd levels in drinking water not to exceed 1.3 and 0.005 mg L-1, respectively 

[2]. Maximum permitted levels in drinking water for Cu, Ni and Cd in 

Republic of Serbia are 2.0, 0.02 and 0.003 mg L-1 [3]. Polymeric adsorbents 

have been frequently used for heavy metals removal from aqueous 

solutions. Amino-functionalized macroporous PGME has high capacity and 

good selectivity for the precious and heavy metal ions over alkali and 

alkaline earth metals [4]. Depending on pH, it can coordinate heavy and 

precious metals or bind them as chloro complexes [5]. 

 

EXPERIMENTAL 

Macroporous PGME was prepared by free-radical suspension 

polymerization of GMA and EGDMA thermally initiated by decomposition 

of 2,2′-azobis (isobutyronitrile) (AIBN) as the source of radicals in the 
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presence of inert component (cyclohexanol and hexadecanol) [6]. The 

copolymerization was carried out at 70 0C for 2 h and at 80 0C for 6 h with a 

stirring rate of 200 rpm. PGME sample was purified with ethanol, 

additionally functionalized with diethylene triamine and labeled as PGME-

10/16-deta. Specific pore volume (0.66 cm3), pore diameter (60 nm) which 

corresponds to half of pore volume and specific surface area (50 m2 g-1), of 

PGME-10/16-deta were determined by mercury porosimetry (Carlo Erba 

2000, software Milestone 200). SEM-EDS (energy-dispersive X-ray 

spectroscopy) analysis was performed on Jeol JSM 5800 instrument 

operating at 20 kV. The amino group concentration calculated from 

elemental analysis was CAG=4.9 mmol g-1. Sorption of metal ions was 

investigated under batch competitive conditions. PGME (0.5 g) was 

contacted with 50 cm3 of mixed metal salt solution (Ci=0.05 M, pH=5.0, t= 

180 min, T=298 K). The concentration of Cu(II), Cd(II), Co(II) and Ni(II) 

ions in the aqueous phases was determined by atomic absorption 

spectrometry (AAS, SpektrAA Varian Instruments). The sorption capacity 

(Qt, mmol g-1) at any time t, was calculated from: 

m

VCC
Q ti

t

)( 
  (1) 

Where: Ci and Ct are concentrations of metal ions in the initial solution and 

in aqueous solution at time t (min), V is the volume of the aqueous phase 

(dm3) and m is the mass of the sorbent particles (g). 

 

RESULTS AND DISCUSSION 

Previous study showed that 

the maximum sorption 

capacities of PGME-10/16-

deta under competitive 

conditions were 1.18 mmol g-

1 for Cu(II), 0.67 mmol g-1 for 

Cd(II), 0.24 mmol g-1 for 

Co(II) and 0.23 mmol g-1 for 

Ni(II) ions [4].  

For the sake of additional 

understanding of Cu(II), 

Cd(II), Co(II) and Ni(II) ions 

sorption, the surface of 

PGME-10/16-deta particles with sorbed metal ions was examined by SEM-

EDS analysis. The results are presented in Figure 1 and Table 1. 

 

Figure 1. EDS spectra of PGME-10/16-

deta with sorbed heavy metal ions. 
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As expected, EDS analysis confirmed that amount of metal ions bounded 

to the amino groups on the particle surface decreased in the order: Cu(II) >> 

Cd(II) > Ni(II) ions. Previously, it was established that Cu(II), Cd(II), Co(II) 

and Ni(II) ions sorption under competitive conditions obeys pseudo-second 

order (PSO) kinetics [4]. Namely, the coefficients of determination (R2) for 

the PSO kinetics model were closer to unity in comparison to the 

corresponding R2 values for PFO kinetics. Also, the experimental 

equilibrium capacity (Qeexp) values were almost identical to the values 

calculated (Qecalc) using PSO kinetics model, indicating that the sorption 

rate is controlled by both the sorbent capacity and the sorbate concentration. 

 In this study, intraparticle (IPD) model was applied to determine 

whether the process rate in the studied sorption system is directed by film 

and/or pore diffusion [7, 8]: 

 

where kid is the intraparticle 

diffusion coefficient and Cid is a 

constant related to the thickness of 

the boundary layer. 

IPD (Qt- t
1/2) plots for the Cu(II), 

Cd(II), Co(II) and Ni(II) ions 

sorption are given in Figure 2. The 

maximal sorption capacities and 

kinetic parameters calculated from 

IPD kinetic model are presented in Table 2.  

According to the literature, 

multilinear IPD plots observed in Fig. 

2 might represent the stages of 

sorbate sorption into the macro-, 

meso, and microporous structure of 

sorbent [8,9]. The first and the fastest 

stage of heavy metal ions sorption 

can be ascribed to the sorption over 

the external surface and in the 

macropores of PGME-deta, the second 

to the IPD through mesopores, while 

the third could be regarded as the 

diffusion through micropores, and 

achieving the equilibrium. 

Table 1. SEM-EDS analysis of 

PGME-10/16-deta with sorbed 

heavy metal ions 

Element Mass. % Atomic % 

O K 54.68 76.40 

S K 9.71 6.77 

Cl K 17.45 11.00 

Ni K 0.98 0.37 

Cu K 13.34 4.69 

Cd L 3.84 0.76 
 

ididt CtkQ  2
1

 (2) 

Figure 2. Plots of IPD model for 

competitive Cu(II), Cd(II), Co(II) 

and Ni(II) ions sorption on 

PGME-10/16-deta. 
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Table 2. Kinetic parameters for Cu(II), Cd(II), Co(II) and Ni(II) ions 

sorption using PGME-10/16-deta calculated from IPD kinetic model. 

Intraparticle diffusion 
Metal ions 

Co(II) Cd(II) Cu(II) Ni(II) 

k1id, mmol/(g min0.5) 0.045 0.073 0.187 0.036 

C1id, mmol/g 0.005 0.186 0.020 0.004 

R2 0.955 0.988 0.983 0.966 

K2id, mmol/(g min0.5) 0.010 0.033 0.038 0.005 

C2id, mmol/g 0.131 0.338 0.799 0.159 

R2 0.996 0.979 0.965 0.990 

 

CONCLUSION 

Kinetics of competitive Cu(II), Cd(II), Co(II) and Ni(II) ions sorption from 

aqueous solutions by macroporous PGME-deta was analyzed using 

intraparticle diffusion (IPD) kinetic model. The analysis revealed that pore 

diffusion was the only rate-controlling step in the process of heavy metal 

sorption by the porous copolymer. 
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ABSTRACT 

A novel magnetic macroporous poly(glycidyl-co-ethylene glycol 

dimethacrylate) (mPGME) synthesized by suspension copolymerization and 

functionalized with diethylene triamine (mPGME-deta) was evaluated as 

sorbent for pertechnetate ion (TcO4
-) removal from aqueous solutions. 

Atomic force microscopy (AFM) was used for characterization. The kinetics 

of TcO4
- adsorption onto mPGME-deta is relatively fast and depends on pH. 

 

INTRODUCTION 

Magnetic polymers have been used in biomedical applications like cell 

separation [1], affinity chromatography [2], targeted drug delivery [3], etc. 

In this study, magnetic macroporous mPGME miscrospheres were prepared 

by suspension polymerization, functionalized with dietylene triamine 

(mPGME-deta) and tested as technetium-99 sorbent from aqueous solutions. 

 

EXPERIMENTAL 

mPGME synthesis and amino-functionalization 

Macroporous mPGME was prepared by suspension copolymerization of 

glycidyl methacrylate (GMA) and ethylene glycol dimethacrylate (EGDMA, 

crosslinker), in the presence of inert component and suspended magnetite 

nanoparticles prepared via improved chemical coprecipitation method [4]. 

The aqueous phase consisting of 225.0 g of water and 2.25 g poly(N-vinyl 

pyrrolidone) was placed in polymerization reactor and heated to 70 °C. The 

monomer phase containing monomer mixture (19.5 g GMA and 29.1 g 

EGDMA), AIBN as initiator (0.5 g), 63.8 g of inert component (51.0 g of 

cyclohexanol and 12.8 g of tetradecanol) and 1.15 g of magnetite (Fe3O4) 

nanoparticles was sonicated for 30 min at 300/600 W within an ultrasonic 

water bath (Sonic 12GT). The resulting mixture was dropped into 

polymerization reactor. The reaction mixture was stirred at 350 rpm during 
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the monomer addition and heating was started. The copolymerization was 

carried out under nitrogen atmosphere at 75 °C for 2 h and at 80 °C for 2 h 

with a stirring rate of 250 rpm. After the reaction, the magnetic copolymer 

beads (mPGME) were washed with water and ethanol, kept in ethanol for 12 

h, and dried in vacuum at 50 °C. The mPGME was additionaly 

functionalized with diethylene triamine as described elsewhere [5] and 

labeled as mPGME-deta. 

The pore size distribution of mPGME was determined by mercury 

porosimetry (Carlo Erba 2000, software Milestone 200). The surface 

morphology of mPGME was studied by atomic force microscopy (AFM). 

Measurements were performed in air with AutoProbe CP-Research SPM 

(TM Microscopes-Bruker). Bruker Phosphorus (n) doped silicon Tap300 

metrology probes, model MPP-11123-10 with Al reflective coating and 

symmetric tip Nominal spring constant of these cantilevers is 40N/m, while 

their resonance frequency is around 300 kHz. Due to the nature of the 

samples non-contact mode was applied. Both topography and “error signal” 

AFM images were taken and later analysed using the software Image 

Processing and Data Analysis Version 2.1.15 and SPMLab Analysis 

software from VEECO DI SPMLab NT Ver. 6.0.2. 

Sorption of Tc 99m 

The pH-dependent sorption of TcO4
- by mPGME-deta was studied in 

aqueous buffer solutions at pH range 2-8. Aqueous buffer solutions were 

prepared from reagent grade chemicals and deionized water (Milli-Q 

Millipore 18 MΩcm-1 conductivity). Batch experiments were performed at 

room temperature by mixing 50 mg of mPGME-deta, 4.9 ml of buffer 

solution and 0.1 ml of pertechnetate solution with activity of ca 10 MBq in a 

vial. The blanks were prepared in the same way but without mPGME-deta. 

The calculated amount of pertechnetate ions (99Tc + 99mTc) in every vial was 

ca 8.987·1011. Aliquots of 100 µl were drawn at predefined time points from 

the vials containing mPGME-deta as well as from the blanks. The aliquot 

activity was measured in well-type NaI (Tl) gamma counter (2470 

WIZARD2, PerkinElmer, USA). Relative measurements of adsorbed 

radioactivity were obtained using the following equation: 

%100



b

sb

R

RR
R  (1) 

where R is the adsorbed 99mTc activity (%), Rb is the measured activity of 

the blank aliquot (counts per min) and Rs is the activity of the supernatant 

aliquot from the vials containing mPGME-deta (counts per min).  
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RESULTS AND DISCUSSION 

The specific surface area of the 

magnetic mPGME particles (92 m2 

g−1) was calculated as the sum of 

incremental specific surface areas 

from the pore size distribution 

curves as described in the literature 

[6].The surface morphology of 

mPGME-deta was studied by atomic 

force microscopy (AFM). The 

measurements were performed at (5 

× 5) m2 scan size with the 

resolution of (256 × 256) data points 

per image. The Figure 1 shows 2D 

“error signal” AFM image of the top 

view of mPGME-deta. As can be seen, the sample surface is covered with a 

layer of absorbed magnetite. 

The average roughness (Ra) and root mean square roughness (Rq) were 

used for studying the sample morphology. The average roughness, Ra, and 

root mean square roughness, Rq

0.231m, respectively.  

The effect of pH on TcO4
- sorption 

 The solution pH is crucial parameter that affects the surface charge of the 

sorbent, the protonation-deprotonation of surface functional groups, metal 

speciation in the aqueous solution and consequently, the sorbate/sorbent 

interactions [7]. Thus, the effect of solution pH on TcO4
- removal by 

mPGME-deta was investigated (Figure 2). Since previous experiments 

showed rapid sorption, with 90% of 

TcO4
- sorbed within the first 5 min, 

the equilibrium time of 180 min 

was chosen for experiments in this 

study. The TcO4
- sorption by 

mPGME-deta was pH-dependent, 

with optimal sorption pH between 

3.0 and 6.0 and maximum at pH ~ 

4.0. In acidic medium, the 

interactions between the protonated 

amino groups of mPGME-deta and 

negatively charged TcO4
- anions 

promote high pertechnetate 

 
  Figure 1.The 2D AFM image of 

the mPGME-deta  

 
Figure 2. The effect of pH on the 

TcO4
- removal efficiency, t=180 min 
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removal. However, at pH  6, the TcO4
- sorption sharply decreased due to 

the decrease of the number of protonated amino groups in mPGME-deta. 

 

CONCLUSION 

A novel magnetic macroporous mPGME was tested as sorbent for 

pertechnetate ion (TcO4
-) removal from aqueous solutions. AFM 

measurement showed mPGME surface covered with a layer of absorbed 

magnetite. The TcO4
- sorption onto mPGME-deta was fast and pH-

dependent, with high removal efficiency of 96% for 180 min in the pH 

range 3.0-6.0.  
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ABSTRACT 

Rutile/anatase TiO2 was incorporated in different amounts (1, 2, 3 and 5 

wt.%) in relative to the polyurethane-siloxane (PUS) matrix in order to 

investigate the influence of nano-fillers on the hydrophobicity, thermal 

properties and morphology of the PUS. A series of PUS nanocomposites 

(PUSN) based on α,ω-dixydroxy-ethoxypropyl-poly(dimethylsiloxane) 

(EO-PDMS) as the soft segment (SS) and 4,4'-diphenylmethane 

diisocyanate (MDI) and 1,4-butanediol (BD) as the hard segment (HS), was 

prepared via two-step polyaddition reaction in solvent mixture. Prepared 

PUSNs were characterized using FTIR spectroscopy, thermogravimetric 

analysis, water absorption, water contact angle and AFM analysis. In 

summary, the synthesized PUSNs and especially PUSN with 2 wt.% of TiO2 

had better water resistivity and nonwettability, higher thermal stability, and 

more pronounced surface morphology that can be potentially used as 

protective coatings. 

 

INTRODUCTION 

The recent decades have seen an increase in developing novel 

organic/inorganic materials for different applications (protecting coatings, 

elastomers, adhesives, etc). These materials often incorporate colloidal 

inorganic nanoparticles into an organic matrix yielding physical features 

superior than conventional polymer [1]. Generally, PUS copolymers have 

good thermal and oxidative stability, elasticity, hydrophobicity, chemical 

and UV resistance, etc. Interaction of TiO2 nanoparticles with components 

in the PUS matrix enables improvement of the mentioned properties. To 

date, plenty research have been focused on the usage of TiO2 with proper 

dispersion and enhanced compatibility with the polymer matrix [2]. The 

goal of this research was to synthesize TiO2-PUS nanocomposites and to 

mailto:istefanovic@chem.bg.ac.rs
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investigate the influence of different loadings of TiO2 nanoparticles on 

thermal, barrier and surface properties of PUS matrix. 

 

EXPERIMENTAL 

α,ω-Dihydroxy-ethoxypropyl-poly(dimethylsiloxane) (EO-PDMS) (Mn = 

1000 g mol-1) was dried over molecular sieves before use. 4,4'-

Diphenylmethane diisocyanate (MDI) was used as received. 1,4-Butanediol 

(BD) was purified with distillation before use. Tetrahydrofuran (THF) and 

N,N-dimethylacetamide (DMAc) were purified with distillation before use. 

Stannous octoate (Sn(Oct)2) was used as a diluted catalyst solution in 

THF/DMAc. AEROXIDE® TiO2 P 25 (anatase/rutile=80/20) was supplied 

from Evonic Industry. The PUSNs with 20 wt.% of HS, were synthesized 

with addition of TiO2 nanoparticles by in situ two-step polyaddition process 

in solvent mixture (THF/DMAc; 1/1 v/v). The last number in the name of the 

PUSN represents the weight percent of the TiO2 nanoparticles. The initial 

reaction mixture and final polymer solution were sonicated on ultrasonic bath 

for a period of 1 hour. Synthesis was carried out as follows: firstly, the 

isocyanate terminated prepolymer was synthesized by the reaction between 

the EO-PDMS and MDI in solvent mixture at 40 °C for 30 min under N2 

atmosphere, and with presence of Sn(Oct)2 solution used as a catalyst. Then, 

in the second phase of reaction, dilute solution of BD was drop-wise added 

and the reaction was continued at 50 °C for 10 hours. From the final polymer 

solutions were prepared PUSN films that had been used for characterization. 

The synthesized PUSNs were characterized by means of infrared 

spectroscopy (ATR-FTIR), atomic force microscopy (AFM) and thermal 

gravimetric analysis (TGA). Water absorption (WA) was performed at room 

temperature by immersion of PUSNs in phosphate buffers (pH = 7.4). Water 

contact angles (WCA) were measured on Krüss DSA 100 instrument using the 

sessile drop method. Measurements were performed at room temperature, 30 

s after placing the single drops on the surface of the films. 

 

RESULTS AND DISCUSSION 

The chemical structures of the prepared PUSNs, initial PUS copolymer and 

TiO2 nanoparticles were confirmed by FTIR spectroscopy (Figure 1). 

Characteristic bands of PUS and PUSN samples appeared at 3330 cm-1 (νN-

H), 2960 and 2900 cm-1 (νasym and νsym of -CH2-), 1705 cm-1 (νC=O), 1535 cm-

1 and 1260 cm-1 (amide II and amide III bands), 1020 cm-1 and 1080 cm-1 

(νSi-O and νC-O), 1600 and 1410 cm-1 (ν(C=C)arom), 800 cm-1 (ρSiCH3). In the 

FTIR spectra of TiO2 nanoparticles two wide absorption bands appeared 

from 3630 to 2300 cm-1 (hydroxyl groups on the surface of TiO2) and one 

absorption band at about 600 cm-1 (νTi-O). 
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Thermal degradation of the PUSN 

samples, i.e. T5% values, started 

between 294 and 305 °C in 

comparison to initial PUS that 

started to degrade at 281 °C 

(Table 1). It can be observed that 

thermal stability of PUSNs was 

improved for ~ 15 to 25 °C, while 

the temperature of 50% weight 

loss, T50% values, are improved 

for ~ 110 °C compared to the 

initial PUS. Moreover, TGA 

curves (Figure 2) also show that 

thermal stability of PUSN 

copolymers was significantly 

improved with increasing the content of TiO2 nanoparticles. 

 

 

 
 

Figure 2. TGA curves  

of the prepared PUSNs and 

initial PUS 

Table 1. Thermal properties, water 

absorption (WA) and water contact angle 

(WCA) values of the prepared PUSNs and 

initial PUS 

Sample 
T5% 

(°C) 

T50% 

(°C) 

T85% 

(°C) 

WAa) 

(%) 

WCA 

(°) 

PUS 281 327 478 1.2 94.4 

PUSN1 305 441 499 0.8 101.6 

PUSN2 296 442 503 0.5 108.7 

PUSN3 298 427 499 0.6 104.9 

PUSN5 294 448 >700 0.8 104.0 

a) measured after 48 hours 

 

Water absorption and water contact angle values (Table 1) show that 

addition of TiO2 nanoparticles leads to decrease of amount of absorbed 

water and increase of water contact angles. These obtained values indicate 

improvement of hydrophobicity of the PUSN samples.  

 
Figure 1. FTIR spectra of the initial 

PUS and PUSN copolymers with 2 

and 5 wt.% of TiO2 
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AFM images presented in Figure 3 showed that the surface morphology of 

PUS copolymer is significantly changed and becomes rougher after 

incorporation of TiO2 nanoparticles. With incorporation of 2 wt.% of TiO2, 

the resulting PUSN exhibited a high uniformity of nanoparticles dispersion 

with minimal agglomeration giving more pronounced surface morphology. 

 

 
 

CONCLUSION 

In this work, series of PUSN were prepared from PUS copolymers, 

synthesized via two-step polyaddition reaction in solvent mixture, and with 

incorporation of different percentages of TiO2 nanoparticles. The structure 

of PUSNs and presence of the TiO2 nanoparticles were confirmed by FTIR 

spectroscopy. TGA analysis showed that incorporation of the TiO2 led to 

significant increase of thermal stability of PUSNs. The introduction of TiO2 

led to a noticeable increase in hydrophobicity and nonwettability of the 

PUSNs. Moreover, homogenous TiO2 dispersion on the surface results in 

pronounced surface morphology of the PUSNs. Therefore, the prepared 

PUSN copolymers with TiO2 nanoparticles led to significant improvement 

of investigated features and potentially can be applied as protective 

coatings. 
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ABSTRACT 

Two different symmetric supercapacitors with polyaniline as active 

electrode materialwere prepared. One supercapacitorwas consistedof 

polyaniline applied onto Pt foil and immersed in hydrochloride acid 

electrolyte, and the other was consisted ofthe polyaniline casted toa carbon 

cloth current collector with a solid Nafion® as the electrolyte. The 

assembled supercapacitors were tested using cyclic voltammetryand 

chronopotentiometry. Results showed that the supercapacitor with liquid 

electrolyte has slightly higher value of specific capacitance compared to 

supercapacitor with the Nafion® membrane, but the latest showed that 

Nafion®can be used as solid electrolyte as well as that the Nafion® provides 

protons and counter ions essential for polyaniline conductivity. With the 

Nafion® membrane the flexible supercapacitor was constructed and good 

cycling stability was achieved. 

 

INTRODUCTION 

Supercapacitors are devices that are used for storage and conversion of 

energy. The prefix super- refers to the excellent properties which reflect 

throughout the higher values of specific capacity, specific power and 

specific energy, compared to conventional capacitors. There are two types 

of supercapacitors, double layer capacitors and pseudocapacitors which can 

be distinguished by the mechanism of the charge storage. In the firstone, the 

charge is stored electrostatically in the double layer at solid/liquid 

interphase, while in the case of pseudocapacitors the charge is stored by the 

redox reaction of the electrode material.  

Polyaniline (PANI) electrodes are used in pseudocapacitors where during 

the charging/discharging process the leucoemeraldine/emeraldine 

transformation occurs. The usage of PANI electrodes in supercapacitors has 

many positive properties such as high electroactivity, easy processability, 

high specific capacitance, low cost and easy synthesis, but also there are few 

disadvantages. Its redox reaction involves the intercalation/deintercalationof 

counterions which are causing the physical changes in the structure and 
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affect the cycle life of supercapacitor. In this work the impact of current 

collector to a stability of PANI electrode was examined. Furthermore, in 

order to be electrically conductive, PANI has to be protonated thus the 

acidic electrolyte in the supercapacitor is essential. The aim of this work 

was to replace aggressive acid electrolyte with Nafion®assolid electrolyte, 

and to find out whether the hydrated sulfonic groups of Nafion®are able to 

protonate the PANI layer and provide good electric conductivity of polymer.  

 

EXPERIMENTAL 

Chemical synthesis of PANI was carried out using ammonium 

peroxydisulfate as oxidant. The oxidant was added to the aniline/HCl 

solution with constant stirring. The synthesis was discontinued when the 

constant open circuit potential was reached. The green precipitate was then 

filtrated, washed with water, ethanol and 1 mol dm-3HCl, respectively. The 

precipitate was deprotonated by stirring in 0.1 mol dm-3 NH4OH for 48 

hours, filtrated and then dried in vacuum overnight. The obtained PANI 

(emeraldine base) was dissolved in N-Methyl-2-pyrrolidone (NMP).  

For assembly of supercapacitors, two types of current collectors were used, 

Pt foil (supercapacitor SC1) and carbon cloth (supercapacitor SC2), both 

with surface area of 1 cm2. The solution of PANI/NMP was drop-casted 

onto Pt foil and carbon cloth where up on they were dried overnight at the 

60°C in the vacuum oven. The two-electrode setup for SC1 was immersed 

in 1 mol dm-3HCl, while the electrodes for SC2 supercapacitor were 

protonated by dropping excess of Nafion® solution (5 wt % in lower 

aliphatic alcohols and water) over carbon cloth/emeraldine base electrode. 

The degree of PANI protonation was examined with UV-vis spectroscopy 

from 330 - 800 nm wavelengths in 1 cm path length cuvette. Nafion® 

membrane 117 was placed between two pieces of carbon cloth/PANI 

electrodes and hot pressed together for short period of time at 180°C. The 

unit obtain by this method is all-solid-supercapacitor. Before testing, SC2 

was immersed in water in order to achieve good hydration of Nafion® 

membrane.  

Assembled supercapacitors were tested using different electrochemical 

methods. Cyclic voltammetry was performed in potential range from -400 

mV to 400 mV at the 50 mV/s. By thechronopotenciometrymethod the 

charging/discharging curves was recorded at the constant current of 0.2 mA.  

 

RESULTS AND DISCUSSION 

In the Fig. 1 the cyclic voltammograms of carbon cloth/PANI (red curve) 

and Pt/PANI electrode (black curve)in 1 mol dm-3HCl are shown. For both 

electrodes, well developed current peaks can be noticed; peak A corresponds 
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to leucoemeraldine/emeraldine transformation and peak 

Bemeraldine/pernigranilinetransformation. The carbon cloth/PANI response 

indicates that carbon cloth is suitable current collector for PANI layer. The 

main advantage of carbon cloth as support is the flexibility of the obtained 

PANI electrode and therefore it can be used for assembly of flexible 

supercapacitor. Another advantage is the low weight of cloth and the fact 

that the carbon materials improve the stability of conductive polymer 

electrodes and facilitates the cycle life of supercapacitor [1].
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Figure 1.Cyclic voltammograms 

for Pt/PANI and carbon 

cloth/PANI electrodes in 

1 mol dm-3HCl, at 50 mVs-1. 

Figure 2. UV-vis spectra of 

deprotonated PANI, PANI/HCl 

and PANI/Nafion®at Eoc potential. 

 

 

In order to find out whether PANI is protonated in the presence of 

Nafion®, UV-vis spectra were taken. The absorption maximum at 620 nm is 

registered for un protonate demeraldine base (black curve). The band 

obtained at 420–440 nm (red and blue curves) can be assigned to the 

polaronic state(Fig. 2)and it proves existenceof protonated emeraldine salt 

for PANI/HCl and for PANI/Nafion® layers.  

Assembled supercapacitors were tested by cyclic voltammetry which 

revealed almost rectangular response within entire potential range of testing, 

for both SC1 and SC2 (Fig 3).The SC2 has slightly slower current drop at 

switching potential which is indication of lower reversibility of redox 

reaction. This effect could be caused by slow compensation of PANI charge 

by thesulfonic groupsattached to Nafion®. Figure 4 illustrates 

charging/discharging curves of both SC1 and SC2 supercapacitors. The 

curves are characterized with almost linear response which is characteristic 

of capacitor with good properties. From the discharge time and current value 

the specific capacitance for SC1 and SC2 supercapacitor was calculated and 

the obtained values are 71.8 F g-1and 51.8 F g-1, respectively. Specific 

energy obtained for SC1was found to be 5.72 W s g-1,while for SC2 the 
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value was 4.69 W s g-1.During charging/discharging process performance of 

SC2 was improved after first 500 cycles, however, deterioration of 

properties is registered during further cycling up to 1000 cycles 

.Improvement of the properties could be explained with better hydration of 

electrodes and Nafion®membrane over time and additionally by enhanced 

the stability of PANI in the presence of Nafion® and carbon [2, 3]. 

Figure 3. Comparison of cyclic 

voltammograms for SC1 and 

SC2supercapacitors 

Figure 4. Charging/discharging 

curves of SC1 and SC2with the 

constant current of 0.2 mA

 

CONCLUSION 

The obtained results indicate that the PANI can be protonated by Nafion® 

and the usage of aggressive acid electrolyte can be avoided. Obtained values 

of specific capacitance for supercapacitor with Pt current collectorand acidic 

electrolyte was higher, but results showed that carbon cloth and Nafion® 

facilitate the stability of PANI electrodes which improved the cycle life of 

supercapacitor. Furthermore, it is shown that by using carbon cloth/PANI 

electrode and solid Nafion®electrolyte, the flexible all-solid-supercapacitor 

is possible to prepare. 
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ABSTRACT 

By combining copper nanoparticles (CuNPs) as a good antimicrobial agent 

with polyaniline (PANI), which also shows some degree of antimicrobial 

activity, we were able to synthesize a novel promising antimicrobial 

material – copper-polyaniline (Cu-PANI) nanocomposite. It was prepared 

by simple in situ polymerization method, when thepolymer and metal 

nanoparticles (dav= 6 nm)are produced simultaneously.Quantitative 

(antimicrobial assay) and qualitative (atomic force microscopy – AFM) 

analyses showed that synergestic effect of CuNPs and PANI against 

bacteriaE. coli andS. aureus,and fungusC. albicans, provides its faster 

andhigher antimicrobial activity than any component acting alone.This 

makes it a great candidate for fast waste water treatment.  

 

INTRODUCTION 

Microbial contamination of water presents a major threat to public health. 

With the emergence of strains resistant to multiple antimicrobial agents, 

there is increased demand for novel antimicrobial materials with superior 

performance for disinfection applications. Nanocomposites based on metal 

nanoparticles such asCuNPs and conductivePANI,that expose some 

antimicrobial effect, represent one of these materials[1,2]. Antimicrobial 

activity of metal NPs is inversely proportional to their average size as a 

result of large number of the low-coordinate atoms on their surface available 

to interact with microbial membranes or to release metal ions, while PANI 

chains generate electrostatic interaction with microbial functional groups, 

altering their function [1,2]. Combining these two components, these effects 

become intense making Cu-PANI nanocomposite very effective 

antimicrobial agent [2]. Here, we present a cheapCu-PANI nanocomposite 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    J-08-P 

 

 654 

materialwith improved antimicrobial action, comparing to CuNPs and PANI 

components alone. 
 

EXPERIMENTAL 
Cu-PANI nanocomposite was synthesized by a simple process of oxidative 

polymerizationof aniline, in methanol as a medium[2]. Copper salt (CuCl2 

•2H2O, 0.12 M) dissolved in methanol with adjusted pH < 4 by 1 M HCl, 

was first added in a round bottom flaskequipped with a magnetic stirrer. 

Then, aniline (0.04 M) in molar relation to Cu salt [aniline]/[CuCl2] = 1/3, 

was added.The mixture was stirred for 20 h at room temperature. The initial 

fluorescent green color of copper salt almost immediately turns dark red-

brown and then to brownish-green as Cu-PANI nanostructures form. The 

final solution was evaporated by rotary evaporator to remove methanoland 

soluble oligomers. The precipitate was then washed with 5 mM HCl and 

dried at 30 °C. After collecting the powder, the amount of the Cu in the 

nanocomposite determined by ICP-AES wasfound to be 14.25 wt%. For 

comparison of antimicrobial activity, pure PANI sample without CuNPs 

was synthesized using the procedure described in our previous report [3]. 

Antimicrobial activity of synthesized samples was determined according to 

our previous work [2], for Cu-PANI and pure PANI, concentrations of 1, 2, 

5, 10 and 20 ppm, and incubation time of 1h. 

 

RESULTS AND DISCUSSION 

Since the only reactants in this synthetic route are Cu2+ ions as an oxidizing 

agent and aniline as a reductant, the nucleation and growth of CuNPs, and 

polymerization of aniline takes place simultaneously. The formation of Cu-

PANI nanocomposite was first confirmed by the UV-Vis spectrum (Fig 1a, 

Inset), with CuNPs absorption band at 550 nm due to collective oscillations 

 
Figure 1. a) TEM image with UV-Vis spectrum and b) FESEM image of 

Cu-PANI nanocomposite. 
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of a surface Cu electrons and characteristic peak of PANI protonated by HCl 

visible at 880 nm (π-polaron transition) [3]. During the polimerization of 

aniline, spherical CuNPs with mean diameter of about 6.0 ± 3.3 nm were 

formed. Theyare well separated and homogeneously dispersed throughout 

the polymer matrix (Fig. 1a). FESEM image of Cu-PANI (Fig. 1b) indicated 

that PANI chains form coral-like dendritic nanofibers in a large quantity and 

good uniformity with pores between the branches nanofibers. Such 

nanostructure offer great effective surface area of Cu-PANI composite.  

The results of quantitative antimicrobial efficiency of the Cu-PANI 

nanocomposite of different concentrations over 1 h incubation time with the 

microbesare shematically represented in Fig. 2. The stronger antimicrobial 

effect is achieved for the higher Cu-PANI or pure PANI concentrations.  

 
Figure 2. Concentration-dependent reduction ability of the Cu-PANI and 

PANI on E. coli, S. aureus and C. albicans, over 1 h incubation time 

 

After 1 h, the number of strains is significantly reduced with increasing 

the Cu-PANI concentration, and almost complete growth inhibition was 

achieved (99.9 % microbial reduction) against E. coli and S. aureus, but 

slightly smaller fungal reduction (97.9 %) at highest composite 

concentration of 20 ppm. These results are much better than for pure PANI, 

which reduced ≤ 81.5 % of all tested strains for the same incubation time 

and concentrations, as well as CuNPs for higher concentrations and longer 

incubation time (2h), presented in the previous work [1].  

 Antimicrobial activity of Cu-PANI nanocomposite was also visually 

confirmed by AFM analysis (Fig. 3). It can clearly be seen that morphology 

of all tested strains is drastically changed. Smooth and compact surface of 

all tested strains, after 1 h contact with Cu-PANI, becomes rough, with a lot 
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of indentations on the cell wall, indicated by arrows. As can be seen, the 

effect of Cu-PANI to cells’ morphology, is more intense in the case of E. 

coli (Fig. 3a) than for two other cells (Fig. 3b,c), because of the intrinsic 

difference in the cell wall structure. These results are in agreement with the 

results of antimicrobial assays. Beside synergistic effect of CuNPs and 

PANI in the composite, important role in the antimicrobial activity of the 

Cu-PANI has PANI dendrite morphology, which provides great surface area 

in contact with microbes, preventing the nutrient-uptake process of the 

microbes from the surroundings. This allows increasing of the interaction 

between CuNPs, cycling redoxCu2+/Cu+reactions at the surface of the cells 

and their electrostatic interactions with microbes’ peptidoglycans and lipids. 

These interactions lead to conformational changes of biomolecules, altering 

their biological function and finally causing cells death.  

 
Figure 3. AFM images of treated cells E. coli (a), S. aureus (b) and C. 

albicans (c) after 1 h incubation with Cu-PANI nanocomposite 
 

CONCLUSION 

The presented Cu-PANI nanocomposite has shown excellent antimicrobial 

activity as a result of CuNPs and PANI synergy, after only 1 h of the strains 

exposure. This composite can serve as a template for the development of novel 

antimicrobial agent for fast control microbial infections and waste water 

treatment. 
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ABSTRACT 

The surface properties of a series of segmented polyurethanes (PS-TPUs) 

containing pol(dimethylsiloxane) soft segment and diphenylmethane 

diisocyanate/1,4-butanediol hard segment, were evaluated. PS-TPUs were 

characterized by atomic force microscopy (AFM), wide-angle X-ray 

scattering (WAXS), contact angle measurements and surface free energy 

determination. The aim of this work is to examine the effect of the content 

of soft segment on the surface properties of the prepared PS-TPUs. AFM 

results revealed globules in the prepared materials ascribed to hard segment-

rich superstructures. The synthesized polyurethanes showed lower degree of 

craystallinty, lower surface free energy and higher hydrophobicity with 

increasing content of soft segment. 

 

INTRODUCTION 

Segmented polyurethanes (TPUs) containing poly(dimethylsiloxane)s have 

been widespread use as biomaterials due to their good biocompatibility and 

elastomeric properties. [1] These properties are attributed to their two-phase 

morphology which consists of hard, glassy or crystalline phase and soft, 

rubbery phase. Poly(dimethylsiloxane)s (PDMS) were used as soft segments 

in TPUs and possess one of the lowest glass transition temperature values (-

 ,C) among synthetic polymers, and show low-temperature flexibility؛123

low surface energy, good biocompatibility, excellent thermal and thermo-

oxidative stability, ultraviolet resistance and high permeability to many 

gases.[2] The surface properties of PS-TPUs are affected by the surface 

topography and degree of microphase separation. It was established that the 
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chemical structure and content of PDMS macrodiols predominantly 

influences the surface and physical properties of PS-TPUs.[1]  

 

EXPERIMENTAL 

,-Dihydroxy-(ethylene oxide-poly(dimethylsiloxane)-ethylene oxide) 

(PDMS;  = 1000 g/mol, ABCR) was dried over molecular sieves before 

use. Diphenylmethane diisocyanate (MDI, Aldrich) with an isocyanate 

content of 33.6 wt. %, was used as received. 1,4-Butanediol (BD, Aldrich) 

was purified by vacuum distillation. N,N-Dimethylacetamide (DMAc, 

Acros) was dried over calcium hydride and then distilled under vacuum. 

Tetrahydrofuran (THF, J. T. Baker) was dried over lithium aluminum 

hydride and distilled before use. Stannous octoate was supplied by Aldrich. 

The PS-TPUs were synthesized by two-step polyaddition in solution using 

PDMS, MDI and BD. A prepolymer was prepared by adding MDI to a 

reaction vessel containing solution of PDMS macrodiol in DMAc/THF. For 

chain extension, solution of BD in DMAc/THF was added to the 

prepolymer. The catalyst was stannous-octoate and mixture DMAc/THF 

(1/1 v/v) was employed as reaction medium. Synthesized series consisted of 

three samples (PS-TPU35, PS-TPU50 and PS-TPU60) prepared with 

different contents of hard segments. The last two numbers in the name of 

the samples represent the weight percent of the hard segment. The PS-TPUs 

were synthesized under the optimal polymerization conditions [3]: 

concentration of reactants was 15 wt. %, the time of the first step of reaction 

was 30 minutes, while the time of the second step was 24 h. The reaction 

temperature of the second step was 40 C and the optimal molar ratio of 

NCO/OH groups was 1.05. In our previous paper, [3] we have found that 

molar ratio of NCO/OH groups smaller (i.e. stoichiometric) or higher than 

1.05, led to a decreased intrinsic viscosity and molecular weight of the final 

copolymer. A slight excess of isocyanate (1.05) is necessary to obtain the 

higher possible molecular weight. This is attributed to compensation of 

isocyanates that are consumed during the synthesis of copolymers, probably 

due to hydrolysis of isocyanate groups. The second reason are the impurities 

in commercially supplied MDI. 

The surface topography was observed by atomic force microscopy 

(AFM). The AFM characterizations were performed with an AutoProbe CP-

Research SPM (TM Microscopes-Veeco) instrument. Wide angle X-ray 

scattering (WAXS) was done using a Diffractometric System APD 2000 

diffractometer with CuK radiation using a copper anode. Surface free 

energy data (SFE) were calculated from the contact angle values obtained 

using distilled water, formamide and diiodomethane and the acid-base 

nM
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theory for solids according to the van Oss-Chaudhury-Good approach.[4] 

Contact angle measurements were performed in a Krüss DSA100 at room 

temperature using the sessile drop method.  

 

RESULTS AND DISCUSSION 

The influence of the PDMS soft segment was examined in order to 

understand its effect on the formation of the microtopology of surface of 

PS-TPUs. Contact mode AFM images of the surface topology of PS-TPUs 

are presented in Fig. 1. AFM images show spheroidal or globular 

superstructures in copolymers which correspond to the crystallinity of the 

hard (MDI-BD) segment. The RMS roughness coefficient (Rq) increases 

with decreasing content of soft segments (18.1, 34.8 and 55.8 nm for the 

samples PS-TPU35, PS-TPU50 and PS-TPU60, respectively). 

 

 
 

Figure 1. 2D height and 3D AFM images of the surface of the synthesized 

PS-TPUs with different soft segment content 

 

The degree of crystallinity of PS-TPUs, determined by deconvolution of 

the signals belonging to the crystalline and amorphous parts of samples in 

WAXS diffractograms, was from 15.1 to 33.2% (Table 1). The degrees of 

crystallinity decreased with the increasing weight fraction of soft segments. 

The results of SFE measurements were presented in Table 1. These results 

suggest that it is long-range interaction LW

S (dispersive component) to be 

decisive for the value of SFE, while acid-base interaction AB

S (polar 

component) as well as parameters
S
 (Lewis acid parameter) and 

S
  (Lewis 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    J-09-P 

 

 660 

base parameter) are negligible. It was clearly observed that   (surface free 

energy) decreased with increasing PDMS content due to the surface activity 

of hydrophobic siloxane incorporated in the soft segment. [5]  

 

Table 1. Results of surface free energy, its components and parameters and 

degree of crystallinity of PS-TPUs 

Sample 
LW

S  

(mJ/m2) 
S
  

(mJ/m2) 
S
  

(mJ/m2) 

AB

S  

(mJ/m2) 

  

(mJ/m2) 

XcWAXS 

(%) 

PS-TPU35 28.1 1.8 2.1 3.8 31.9 15.1 

PS-TPU50 35.8 1.9 2.2 4.4 40.2 24.8 

PS-TPU60 39.4 2.6 2.8 5.1 44.5 33.2 

 

CONCLUSION 

The surface properties of segmented thermoplastic polyurethane elastomers 

with 35 wt. %, 50 wt. % and 60 wt. % soft segment content based on 

PDMS, were analyzed by AFM and surface free energy determination. 

AFM analysis revealed the existence of globules in PS-TPUs that is 

believed to arise from the crystallization of the hard segments, which was 

also assessed by the WAXS results. The surface of the PS-TPUs with higher 

PDMS contents was more hydrophobic, because of the low surface tension 

of the PDMS segments and their ability to migrate to the surface. 
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ABSTRACT 

In this work, microbial polysaccharide levan from Bacillus licheniformis 

strain was firstly oxidized to polyaldehyde, then reduced to polyalcohol, 

completely hydrolyzed, and finally acetylated. Resulting peracetylated 

alcohols were characterized by GC-MS and compared to the results from 

corresponded acetylated standards.  

 

INTRODUCTION 

Microbial polysaccharides have a great potential as functional biopolymers 

for food, industrial, cosmetic or medical applications. Depending on type of 

monosaccharide units, they could be homopolymers or heteropolymers. 

Fructans are fructose based homopolymers, with dominant glycosidic 

linkages: (2,1)- inulin, (2,6)- levan, or mixed type [1]. 

Levan is composed of β-(2→6) linked β-D-fructofuranose units with 

occasional β-(2→1) branching and carry D-glucosyl residue at the end of a 

chain. Microbial levan could be competitive replacement to commercial 

synthetic polymers due to its biocompatibility, biodegradability and 

renewability. It also shows a significant antioxidant, antitumor and anti-

inflammatory effects [2].  

 

Figure 1. Structure of levan 
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The aim of this work was structural characterization of levan from 

Bacillus licheniformis strain by periodate oxidation and Smith degradation. 

 

EXPERIMENTAL 

Levan used in this work was produced by the B. licheniformis strain [3]. 

Other reagents and solvents were purchased from commercial sources and 

used as supplied. The dried polysaccharide (100 mg), which was dissolved 

in 50 mL distilled water, was oxidized with 0.1 M NaIO4 (50 mL) at 20 0C 

in the dark. Aliquots were removed at suitable intervals for estimation of 

periodate and formic acid by the arsenite method and iodometric titration, 

respectively [4]. The oxidation was completed after 18 h, and the periodate 

consumption and releasing of formic acid were calculated from analytical 

data by extrapolation to zero time. The oxidized fructan was then degraded 

by the Smith procedure [4]. The solution of polyaldehyde was reduced with 

NaBH4, neutralized and dialyzed. The obtained polyalcohol was hydrolyzed 

by oxalic acid [5]. The hydrolysate and standards (reduced fructose and 

glycerol) were acetylated [6] and then analyzed by GS-MS. GS-MS 

experiments were performed on Agilent 7890A GC system equipped with a 

HP-5MS column (30 m x 250 μm x 0,25 μm). The oven was programmed to 

40 °C for 1 min, and then heated by 10 °C/min to 315 °C (held for 16.5 

min). The run time was 45 min. Mass spectra were acquired in the electron 

ionization mode (EI) with ion energy of 70 eV. 

 

RESULTS AND DISCUSSION 

Levan isolated from B. licheniformis strain was characterized by elemental 

analysis, NMR and FTIR spectroscopy [3]. The structure of this 

polysaccharide was additionally investigated by the periodate oxidation 

followed by Smith degradation. The extent of periodate oxidation of fructan 

was monitored at intervals of 6 h [4]. The oxidation became constant after 

18 h and corresponded to 0.89 mol of periodate and 0.020 mol of formic 

acid, respectively, per hexose residue. Oxidized fructan was subjected to 

Smith degradation (reduction of oxidized polysaccharide with NaBH4 and 

subsequent complete hydrolysis with acid). After esterification of obtained 

products, resulting mixture of alditol acetates was subjected to GC-MS 

analysis (Figure 2). The components were identified by their retention times 

and typical breakdown patterns obtained on EI-MS. The total ion 

chromatogram (Fig. 2.) showed dominant peak at 12.98 min retention time, 

which corresponded to referent standard glycerol triacetate. In the mass 

spectrum (Fig. 2.) the obtained fragments m/z 43, 103, 116 and 145 are 

characteristic for fragmentation pattern of glycerol triacetate.  
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Figure 2. GC-MS of levan after periodate oxidation and Smith degradation 

 

It was found that the periodate oxidation and Smith degradation of 

investigated fructan were resulted one component, glycerol, i.e. loss of 

fructose. After acetylation it is detected as glycerol peracetate. Scheme of 

these reactions is shown in Fig. 3.  

 

 
 

Figure 3. Reaction scheme of the periodate oxidation, Smith degradation 

and acetylation of 2,6-O-substitued fructofuranose, of which consisting the 

main chain of levan 

 

These results indicated the presence of (2,6)-linkages in the main chain 

of the investigated fructan. Branching through the position of O-2 and 

terminal nonreducing glucose unit also give only glycerol, i.e. loss of 

fructose, as a result of these oxidative transformations. Products of Smith 

degradation indicated that the investigated glycan does not contain (2,3)- or 

(2,4)- linkages, considering that these types of bonds do not give glycerol as 

the resulting product. Obtained results are in accordance with the data for 

levans from other microbial sources [7]. 

 

CONCLUSION 

Structure of levan isolated from B. licheniformis strain was investigated by 

periodate oxidation followed by Smith degradation. On the basis of the GC-

MS analysis of degraded products, it has been found only one component, 

glycerol. The obtained results are in consistency with those related to the 

structures of levan from other microbial sources. The differences can exist 
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in the mode and frequency of branching, as well as in the length of the side 

chains, which will be the subject of further investigations. 
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ABSTRACT 

In this manuscript the results of experimental studies of the properties of 

composite materials based on lignocellulosic (LC) and 

poly(methylmetacrylate) matrices filled with electrolytic copper powder are 

presented. Composites were prepared with metal fillers volume fractions at 

percolation threshold, i.e. for LC matrix composite it was 7.2% (v/v) and for 

PMMA based one was 2.8% (v/v), and the samples were prepared by 

compression and molding. Characterization included examination of 

thermal stability and morphology of prepared samples at percolation 

threshold using a variety of testing techniques: SEM, TGA, AFM. Thermal 

analysis of the prepared composites showed the improvement of the thermal 

characteristics of the composites. This was due to the presence of the 

metallic fillers, which are very good thermal conductors, hence 

accumulating the heat emitted during TGA measurements primary to 

matrix, whether it waslignocellulosic or PMMA. Presence of three 

dimensional conductive pathways was confirmed. 

 

INTRODUCTION 

In recent years, scientists and engineers have focused on reducing carbon 

dioxide emissions of all existing products, either by mixing bio-plastics and 

synthetic plastics and/or reinforcing it with synthetic fibers and fillers [1]. 

All biocomposites obtained from natural fibers and biodegradable plastics 

derived from natural origin (biopolymers and bioplastics) are highly 

environmentally friendly [2]. These environmentally friendly green 

composites have the potential to become new materials XXI century and can 

be a partial solution to many global problems. Consequently, renewable 

polymer materials have positive impact on sustainable development, and 

they represent economically and environmentally attractive and acceptable 

technologies[2]. Lignocellulose is a term used to describe the three-

dimensional polymer composite formed by plants as their structural 

material. It consists of a variable amount of cellulose, hemicellulose and 

lignin [1,2]. Lignocellulosic raw materials are mainly composed of 
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carbohydrate polymers (cellulose and hemicellulose) and phenolic polymers 

(lignin). Minor concentrations of various other compounds, such as proteins, 

acids, salts and various minerals are also present. Research in the field of 

electro-conducting polymer composites filled with metal powders have 

experienced great development in the last two decades. Adding metal filler 

to polymer matrix allows the preservation of the mechanical properties of 

polymers while, at the same time, exploiting the electric conductive 

properties of metal [3]. The conductivity of composites with conductive 

fillers depends on the nature of contacts between the conductive filler 

particles and filler volume fraction, which is well explained by the 

percolation theory [3-5]. Composites with metal fillers have found 

application as self-regulating heaters, photothermal optical recorders, 

chemical sensors and electronic noses, chemical and electrochemical 

catalysts and adsorbents [3-5]. 

 

EXPERIMENTAL 

In the experimental part of the work, lignocellulose and 

poly(methylmethacrylate) (PMMA) were used as matrices. Lignocellulose 

was produced in Maize Research Institute “Zemun Polje” was used for 

synthesis of tested composites [5]. Celgran® C fraction was used, which was 

milled in a ball mill, and then dry sieved through mesh with openings of 45 

μm. PMMA used was commercial PMMA in form of beads, supplied by 

Sigma-Aldrich, having average molecular weight of Mw ~350000, with a 

density of 1.20 g / cm3, and the electrical conductivity of about 10-12 S / cm. 

Before use, the polymer was dried in a tunnel furnace at 60 °C in a 

controlled nitrogen atmosphere. The electrolytic copper powder used in this 

study was galvanostatically produced as described in [5]. Polymer 

composites were prepared with the Cu powder volume fraction of 7.2% 

(v/v) for LC composites and 2.8% (v/v) for PMMA composites. All the 

samples were produced from thoroughly homogenized mixtures of powders. 
SEM and EDS analysis of lignocellulose and PMMA composites were 

examined in more detail using VEGA TS 5130MM microscope (Tescan), 

TGA measurements were performed on TA Instruments Q600 thermal 

analyzer with heating rate of 10oC/min in dynamic nitrogen 

atmosphere.“Nanoscope E“ AFM “MultiModeScanning probe Microscope“ 

from “Digital Instruments” was used for AFM analysis. 

 

RESULTS AND DISCUSSION 

The conductivity of the conductive polymer composites is highly dependent 

on the nature of contacts between the conductive filler elements. In order to 

achieve better electrical fillers with highly developed free surfaces were 
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used[5,6].However, thermal stability of LC and PMMA composites filled 

with galvanostatically obtained copper powder was not previously 

investigated. TGA curves shown in Figure 1. illustrate the thermal behavior 

(stability) of lignocellulose and PMMA composites filled with 

electrochemically deposited copper powder at percolation threshold. 

Characteristic temperatures of the observed thermal events in Figure 1 

confirm presence of the main constituents (cellulose, hemicellulose, PMMA 

and lignin) [7]. All presented results showed improvement in the thermal 

characteristics of the composites due to the presence of copper powder, 

which is extremely good thermal conductor, so that the amount of heat 

emitted during the TGA measurements was originally accumulated in the 

copper powder particles, and only after this accumulation there is a change 

in matrices themselves[5]. 

  

a) b) 

Figure 1. The results of thermogravimetric analysis of composites a) 

lignocellulose matrix filled with copper powder; b) PMMA matrix filled 

with copper powder. 

EDS measurements (Figure 2.) show the existence of copper conductive 

pathways throughout the composites volumes. Due to the packaging effect 

and more pronounced interparticle contact with smaller, highly porous, 

highly dendritic particles with high values of specific area lead to 

“movement” of percolation threshold towards lower filler content [5]. This 

feature can be observed on both on Figure 2 and Figure 3. Figure 3 presents 

AFM image of the lignocellulose and PMMA composite surfaces after 

breaking. Conductive pathways were confirmed by EDS measurements, and 

the conductivity of the composite is obtained through conductive pathways 

of the filler that form in the composites. These pathways are formed in 3D 

in a pure random order. Morphology of polymer composites after brakeage 

was examined by AFM and is presented on Figure 3. Roughness that can be 

seen on Figure 3 is assigned to copper powder, since it has greater hardness 

and greater free surface area than the matrix. 
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Figure 2. EDS images of the LC (left) and PMMA composites (right) 

prepared at percolation threshold. White dots represent Cu.  

   
Figure 3. 3D AFM images of the PMMA (left) and LC (right) composite 

filled with copper powder at percolation threshold 

 

CONCLUSION 

The results showed that thermal stability of LC and PMMA composites is 

improved comparing to pure polymers [5] due to presence of conductive 

copper powder filler. Morphology of the samples show presence of 

conductive pathways throughout the sample. 
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ABSTRACT 

This article is concerned with synthesis and characterization of 

electroconductive composite materials prepared by hot molding of mixtures 

of PMMA and electrochemically deposited copper powder and investigation 

of conductivity and percolation threshold of obtained composites. 

Electrodeposited copper powder content was varied from 0.5-8.8 vol%. 

Analysis of the most significant properties of individual components and 

prepared composites was performed using DC U/I measurements and AFM 

technique. The significant increase of the electrical conductivity was 

observed as the copper powder content reaches the percolation threshold at 

2.98 vol%. In the investigated range of electrodeposited copper powder 

concentrations the increase of the electrical conductivity of composites is as 

much as sixteen orders of magnitude. 

 

INTRODUCTION 

Properties of the composites are heavily influenced by properties of the 

starting constituent materials, their distribution, processing method and the 

interaction between them. The properties of the composite do not depend 

only on the concentration of filler, but also on size, shape (geometric ratio), 

interstitial interaction between filler and matrix and filler orientation [1,2]. 

Attempts to improve material properties by adding fillers, either inorganic 

or organic, are not new. For a long time synthetic polymer composites are 

used in various industrial fields, equipment, automotive industry, and even 

in the aviation industry. Conductive or semiconductive polymer composites 

are widely studied because of their numerous high-tech, electrical and 

electronic applications in various fields, such as self-regulating heaters, 

electric and temperature regulators for device protection and materials for 

removal of electromagnetic/radio frequency interferences (EMI / RFI) in 

electronic devices [3,4]. Conductive polymer composites can be prepared by 

different techniques and with different materials [5-7]. It is well known that 

the electrical resistance of polymer composites do not increase linearly with 

the increase of electrically conducting filler, but there is a critical volume 
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fraction of filler (percolation concentration) at which the resistance of 

material sharply decreases from insulating range to the values of 

semiconductors or metallic conductors [7]. 

 

EXPERIMENTAL 

In the experimental part of the work poly(methylmethacrylate) (PMMA) 

was used as matrix. The used PMMA was commercial PMMA in form of 

beads, supplied by Sigma-Aldrich, having average molecular weight of Mw 

~350000, with a density of 1.20 g / cm3, and the electrical conductivity of 

about 10-12 S / cm. Before use, the polymer was dried in a tunnel furnace at 

60 °C in a controlled nitrogen atmosphere. Composites were prepared by 

molding, from homogenized mixtures of PMMA and Cu powder heated at 

160 C. The electrolytic copper powder used in this study was 

galvanostatically produced as described in [7]. Polymer composites of 

PMMA filled with copper powder were prepared with the filler volume 

fraction from 0.5% (v/v) - 8.8% (v/v). All the samples were produced from 

thoroughly homogenized mixtures of powders. SEM analysis of PMMA 

composites was performed using VEGA TS 5130MM microscope (Tescan), 

DC U/I measurements were performed using Digital Multimeter, Model 

464, Simpson Electric Company. “Nanoscope E“ AFM “MultiMode 

Scanning probe Microscope“ from “Digital Instruments” was used for AFM 

analysis. 

 

RESULTS AND DISCUSSION 

Conductivity of the conductive polymer composites strongly depends on 

nature of contacts between the conductive filler elements. In order to 

achieve better electrical conductivity fillers highly developed free surfaces, 

are used. For this reason the copper powder was galvanostatically produced 

with distinct dendritic morphology, having high specific surface area, as 

shown in Figure 1.  

Figure 1. SEM photograph of copper powder 

particles obtained by constant current deposition 

and sieved through mesh <45 μm. 

 

Presented results of copper powder morphological 

analysis showed that the powder has very large free 

surface. The powder shows specific characteristics 

typical of highly dendritic particles with distinctly 

developed primary and secondary dendritic arms 

with angles between them typical for centered cubic lattice. Therefore, this 

powder is a good prerequisite for the formation of great number of 
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interpartical contacts between the conductive copper powder particles, 

hence decreasing percolation threshold. Electrical conductivity of the 

composites, as a function of filler volume fraction, for all samples, was 

measured as mentioned in the Experimental part. DC I/O characteristics 

conductivity measurements for samples with a particle size ≤45 μm is 

shown in Figure 2. Typical S shaped dependence, with three different 

regions (insulating, transitional and conductive) can be observed. 

Percolation threshold value was obtained from the maximum of 

conductivity derivative as a function of volume fraction of filler. 

 

Figure 2. Change in electrical 

conductivity as a function of filler 

volume fraction for PMMA 

composites filled with copper 

powder  

 

Experiments have shown that the 

morphology of the particles plays 

a significant role for the percolation threshold appearance. Due expressed 

interparticle contact with small particles having a high specific surface area, 

and the impact of packaging phenomenom, the percolation threshold occurs 

at lower value of filler volume fraction for particles ≤45μm than stated in 

the literature [6]. As it can be seen in Figure 2, the percolation threshold was 

2.98% (v/v), which is an improvement of over 10 times than stated in 

literature [6]. 

 
a)      b) 

Figure 3. AFM images of the PMMA composite filled with copper powder 

at percolation threshold. a) surface plot and b) top 3D view of the surface 

from a) 

 

Figure 3 presents AFM image of the PMMA composite surface after 

breaking. Conductive pathways can be observed, i.e. electrical conductivity 
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of the composite is obtained through conductive pathways that copper 

powder filler forms in the composites. These pathways are formed in 3D in 

a pure random order. 

 

CONCLUSION 

This article has shown the experimental study of deposited copper powder 

particles morphology effects on the electrical conductivity of the PMMA 

matrix composites filled with powder of this metal. The results showed that 

the morphology of the powder with a large specific surface area and a 

distinct dendritic features play an important role in the electrical 

conductivity of the prepared samples. Conductivity measurements have 

shown typical S shape dependence, with the percolation transition from non-

conductive to conductive region. The effect of packaging and pronounced 

interpartical contact with smaller, highly porous, highly dendritic particles 

with a large specific surface area values has led to a "shift" of percolation 

threshold towards lower filler volume fraction values. For given range of 

filler volume fractions the increase in composites electrical conductivity was 

as much as 16 orders of magnitude. AFM measurements confirm the 

presence of conductive pathways in composite volume that are formed in 

3D in a pure random order. 
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ABSTRACT 

The effects ofelectric field frequency (from 24Hz to 75kHz) and content of 

absorbed water(from 0%wt to 50%wt)on dielectric properties of poly 

(acrylic acid) (PAA)hydrogelhas been studied at 310K. It was found that 

dielectric properties of hydrogel originate from the absorbed water. 

Thevalues of the dielectric constant(ε’) and dielectric loss (ε’’)decreases 

with increasing frequency at all investigated water contents. The values of ε’ 

and ε’’ increases with the increase of the content of absorbed water within 

the hydrogel at all frequencies. It has been found that the value of ε’ for all 

hydrogels samplesis significantly lower than the one for the water. 

Dielectric relaxation times of water absorbed within hydrogel have been 

calculated. 

 

INTRODUCTION 

Hydrogels are hydrophilic macromolecular networks which are able to 

absorb large amounts of water but swell rather than dissolve in water. 

Absorbed water exists in different states (freezable, and non-freezable 

water; mobile, immobile and cluster water; free and bound water, etc.). 

Various techniques are used for water state investigation, such as: 

calorimetry, thermogravimetric analysis, NMR, dielectric relaxation 

spectroscopy, etc[1]. 

In order to get deeper insight into the state of water absorbed in hydrogel, 

the effects of frequency and water content on the dielectric constant(ε’)and 

the dielectric loss(ε’’)values has been analyzed. 

 

EXPERIMENTAL 

Poly (acrylic acid) hydrogel, which has been applied for this investigation 

was synthesized using the procedure givenin one of ours previous work 

[2].Structural properties of synthesized xerogel were present in Table1. 
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Table 1. Structural properties of the synthesized PAAG xerogel: 

equilibrium swelling degree (SDeq), network meshsize (ξ), average molecular 

weight between cross-links (Mc), crosslinking density (ρc) and Flory’s 

polymer–solvent interaction parameter (χ) 

 

Property SDeq/% ξ/nm Mc/g mol-1 ρc/mol dm-3 χ 

Value 8500 7.76 6.14 104 2.10.10-5 -0.504 
 

The obtained hydrogel was grounded and dried in an air oven at 380 Kto 

constant mass. The powdered xerogels samples were pressed at 125barand 

put in exiccatorfilled with water in order to absorbed water vapor. The 

samples were kept in exiccator for different time intervals: half hour, hour 

and two hours, resulting in different degrees of water in hydrogel, 14%wt, 

33% and 50%, respectively. 

Dielectric spectroscopy measurements were performed in a vacuumed 

cell using the Hameg 8118 instrument in the frequency range from 

24Hzto75kHz.Applied voltage were 1V. Measurements of AC conductivity 

were performed at constant temperature 310K using the Lake Shore 340 

temperature controller. The conductance (G) and susceptance (B) were 

measured in parallel mode (Cp). The details of equipment and calculation of 

dielectric parameters, ε’ and ε’’were given elsewhere [3]. 

Dielectric relaxation times of water absorb on hydrogel have been 

calculated according to the procedure given by Higasi[4]. 

 

RESULTS AND DISCUSSION 

The obtained results of frequency influence on ε’ and ε’’valuesof hydrogel 

with different water content were represented in Fig. 1 and Fig. 2, 

respectively. From this Figures, it can be seen that values of ε’ and 

ε’’decreasewith increasing in the frequency for all water content, as well as 

that xerogel has small ε’values like all other insulators. Values of ε’ for 

hydrogel are significantly lower than one for the water. Fact that ε’ and ε’’ 

decrease with increasing in the frequency can be explained by the dielectric 

dispersion resulting from the lag of the molecules behind the alternations of 

the applied electric field [5].With increasing in water content, values of 

ε’increase for certain frequency, which can be explained by charge carrier 

mobility increasing with increase in the amount of water. 
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Figure 1. The dependence of ε’versus frequency at 310K for xerogel, 

hydrogel with different water content and ordinary water. 

 

 
Figure 2.The dependence ofε’’versus frequency at 310K for xerogel and 

hydrogel with different water content. 

 

Fig. 3 shows influence of frequency on dielectric relaxation time values. 

Relaxation times of absorbed water are drastically different than relaxation 

times of ordinary water and close to the one of ice.Relaxation times of 

absorbed water slightly decrease with the increase in the frequency.  
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Figure 3. Dependence of dielectric relaxation time versus frequencyat 310K 

for water adsorbed in hydrogel. 

 

CONCLUSION 

Based on dependence of the dielectric constant ε’on frequency and water 

content it was concluded that phase state of water absorb in hydrogel is 

different than the phase state in ordinary water. It was also founded, that the 

values of the dielectric constant ε’ and dielectric loss ε’’ decrease with 

frequency increase for all investigated water content, as well as, that values 

of ε’ and ε’’increase with water content for the all investigated frequencies. 

Absorb water has dominant influence on dielectric properties of poly 

(acrylic acid) hydrogel. Dielectric relaxation times of water absorb on 

hydrogel is significantly lower than those which correspond to ordinary water. 
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ABSTRACT 

A pseudo-homogeneous kinetic model describing soybean oil epoxidation 

with peracetic acid formed in situ in the presence of an acidic ion exchange 

resin was proposed. The difference in double bond reactivity of linolenic 

acid compared to other fatty acids in soybean oil triglycerides during the 

epoxidation was considered. The temperature dependency of the apparent 

reaction rate coefficients is described by a reparameterized Arrhenius 

equation. The constants in the model were estimated by fitting the 

experimental data obtained for the epoxidations of soybean oil run under 

defined reaction conditions. The established model correctly interprets data 

of double bond and epoxy ring contents. The model fits the experimental 

data about1.3 times better than the model in which was disregardedthe 

influence of the soybean oil fatty acid composition on the process kinetics. 

 

INTRODUCTION 

Epoxidation of C=C bonds in the fatty acid (FA) chains of triglycerides, the 

main constituents of vegetable oils, yields chemicals used as intermediates 

or final products. The dominant unsaturated FA chains in vegetable oils are 

oleic (C18:1), linoleic (C18:2) and linolenic (C18:3). It is reported that the 

reactivity of double bonds in oleic and linolenic chains is equal, but lower 

than in linolenic chain when vegetable oils are epoxidized with pre-formed 

performic acid [1]. Till now, the effect of unsaturation level on epoxidation 

rate was not taken into account in modeling the epoxidation with in situ 

formed perorganic acid catalyzed by an acidic solid catalyst. Therefore, a 

pseudo-homogenous model describing soybean oil (SO) epoxidation with 

peracetic acid formed in situ over an ion exchange resin is established 

considering the difference in double bonds reactivity of trienes (C18:3) and 

other double bonds. 
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EXPERIMENTAL 

The epoxidation of SO with peracetic acid formed in situ in the presence of 

Amberlite IR120 as the catalyst was carried out according to the method 

reported elsewhere [2]. The influence of the temperature of incremental 

30% aq. hydrogen peroxide addition (TH), reaction temperature (T), catalyst 

loading and stirring speed were studied in the following ranges: 323-338 K, 

323-353 K, 1.98-7.86 wt% of oil weight, and 900-1100 rpm [2].The molar 

ratio of oil unsaturation:acetic acid:hydrogen peroxide was 1:0.5:1.35 for all 

nine runs. The progress of the epoxidation was quantified by measuring the 

iodine value (IN) and epoxy oxygen content (EO) for samples withdrawn 

during the run. The IN and EO, as well as the FA composition of soybean 

oil, were determined according to the appropriate standard methods. 

 

RESULTS AND DISCUSSION 

The in situepoxidation of soybean oiloccurs in the three-phase oil-water-

solid reaction system involving few reactions: 

 (1) 

 (2) 

 (3) 

namely, an acid-catalyzed formation of peracetic acid (P) and water (W) 

from acetic acid (A) and hydrogen peroxide (H) (1), followed by an un-

catalyzed conversion of double bond (D) into the epoxy ring (E) (2), and 

formation of hydroxy acetate (HA) as dominant product of epoxy ring 

opening(3) [3].Since the effective mixing was ensured in the reaction 

mixture, the external mass transfer resistance between the system phases 

was reduced. By varying the stirring speed, it was found that the mass 

transfer is faster than the intrinsic kinetics. Therefore, the mass transfer 

resistance was neglected in the model. Also, the internal mass transfer inside 

the resin pores was not considered when describing the kinetics of the 

peracetic acid formation due to reports about its negligible effect [4]. In the 

proposed pseudo-homogenoeous model, the effect of FA composition was 

considered by assuming that the epoxidation reaction rate is different for 

trienes (T) i.e. firstly epoxidized double bond in linolenic chain compared to 

all other double bonds. Also, the corresponding mono-epoxy derivative of 

trienes (ET) has different degradation rate than other epoxy rings. Based on 

aforementioned assumptions, the following system of the first order 

differential equations may be written as: 
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where t (min) is the reaction time. [j] is the number of moles of component 

or functional group j per 100 g of oil. m(g) is the mass of the catalyst and Cs 

(mol/g) is the concentration of catalyst active sites.k1(mol-2min-1), k2 and k2T 

(mol-1min-1),and k3 and k3T (mol-2min-1)are the rate coefficients for the 

reactions 1, 2 and 3, respectively;k2T and k2 correspond to trienes and other 

double bonds, respectively, whilek3T and k3 correspond to mono-epoxy 

intermediate of trienes epoxidation and other epoxy rings, respectively.K1 is 

the equilibrium constant for the reaction 1 [2]. A drop-wise addition of the 

hydrogen peroxide solution to the reaction mixture is approximated with 

continuous flows of H, FH, and W, FW, both in (mol/(min·100 g oil) [2].The 

temperature dependency of the rate coefficient ki for the reaction i is 

expressed with reparameterized form of the Arrhenius equation (Table 1), 

where Ta is the average temperature of experiments accepted as 338 K. The 

molar fraction of double bonds reacting as trienes is 0.041 in used SO. The 

equation constants ki,0 and ki,Ea were determined by fitting [D] and [E] 

changes with reaction time for SO epoxidations. [D] and [E] were calculated 

on the basis of experimental data for IN and EO, respectively. The 

Marquardt method was used to fit the databy minimizing the objective 

function, F. At Ta, the epoxidationrate for trienes is >1.4 times higher than 
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for all other double bonds. However, 

the corresponding epoxy ring is opened 

about 3.6 times slower than the other 

epoxy rings. To confirm the influence 

of the unsaturation level in FA chains 

on the process kinetics (model I),the 

experimental data were also fitted 

considering that all double bonds are 

equally reactive. The description of this 

reaction system excluded eqs 9 and 

11and particular terms in other eqs 

(mode lII in Table 1). The lower value 

of F for model I indicates that FA 

composition has to be taken into 

account when modeling this reaction 

system. 

 

CONCLUSION 

To develop a kinetic model for the 

soybean oil epoxidation with peracetic 

acid in the presence of the ion exchange resin, it was assumed that the fatty 

acid composition of the oil influences the kinetics. The viability of the 

established pseudo-homogeneous model is confirmed with positive values 

of all calculated reactant and product amounts. It was obtained that proposed 

model fits the experimental data better than the model in which was 

neglected the difference in reactivity of double bonds in soybean oil trienes. 
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(k1Cs)Ea 85374.96 79039.30 

k2,0 -1.363825 -1.282917 

k2,Ea -8614.313 -13083.98 
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k2T,Ea 131703.0 - 
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ABSTRACT 

For the predication of partition coefficient of acetic acid between an oil and 

water phases in the soybean oil epoxidation reaction system, densities of 

system`s phases have to be correlated with the reaction mixture composition 

and temperature that change during the process. Among reported models for 

the calculation of mixtures density, eleven were selected for the regression 

of experimental data.Measurements of densities of acetic acid, soybean oil, 

epoxidized soybean oil, and their binary mixtures were performed in the 

temperature range from 20 to 80oC and for nine mixture compositions that 

correspond to the component ratios in an industrial epoxidation process. The 

model that best fits experimental data, with an average relative error of 

0.31%,was found to be Campbell-Thodos. 

 

INTRODUCTION 

On an industrial scale, the epoxidation of vegetable oils is currently carried 

out with a percarboxylic acid, such as peracetic acid, usually formed in situ 

trough the acid catalysed peroxidation of acetic acid with hydrogen peroxide 

aqueous solution. The process optimization requires a reliable mathematical 

model which comprises kinetic, mass transfer and thermodynamic 

parameters, one of which is the partition coefficient of acetic acid between 

an oil and water phases, KA. The coefficient is dependent on a liquid-liquid 

equilibrium constant for acetic acid, and molar masses and densities of the 

system phases. Since the composition of the phases is changing during the 

epoxidation, a correlation that describes the variation of phase’s densities 

with composition, as well as with the process temperature, is necessary. 

Because of that, the aim of this work was to select a model that reasonable 

well correlate the density of oil phase i.e. the mixture of soybean oil, 

epoxidized soybean oil and acetic acid, with its composition and 

temperature. 
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EXPERIMENTAL 

Oscillating U-tube densitometer Anton Paar DMA 4500 M was used to 

determine densities of soybean oil, epoxidized soybean oil, acetic acid and 

their binary mixtures in the temperature range 20-80°C with precision of 

0,00005 g/cm3. The molar ratios of soybean oil and epoxidized soybean oil 

in their binary mixtures with acetic acid were approximately 1:0.4, 1:0.7 and 

1:1based on the initial unsaturation of soybean oil. In the binary mixtures of 

soybean oil and epoxidized soybean oil the molar ratios were adjusted to 

simulate the soybean oil double bond conversion of approximately 25, 50 

and 75% to epoxide. 

 

RESULTS AND DISCUSSION 

To correlate the experimental values of densities, eleven models given in 

Table 1 were applied for the calculation of the saturated liquid density, ρs, 

while Tait equation [2]was used to calculate the compressed liquid density, 

ρ. The objective function S was minimized with Marquardt algorithm, 

where N is the total number of experimental points i (N=77). Statistical 

parameters of the modeling of the oil phase density are presented in Table 

Table 1. Statistical values of the model parameters determination. 

Model aS·103 bARE (%) 

Costald [3] 4.139 0.622 

Spencer-Danner-Rackett [4] 3.892 0.594 

Yen-Woods [5] 3.887 0.601 

Nasrifar [6] 14.96 1.188 

Modified Nasrifar [6] 132.0 3.664 

Inglesias-Silva-Hall [7]  103.0 3.280 

Reid [8] 3.343 0.513 

Joffe-Zudkevitch [9] 2.633 0.464 

Campbell-Thodos [10] 1.535 0.315 

Peng-Robinson EoS 0.171 4.531 

Amagat’s law 6.078 0.586 

a Square deviation: 
N

calc exp 2

1

S ( )i i

i

 


   

b Average relative error: 
calc expN

exp
1

100
ARE

N

i i

i i
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1for all models. Due to the lowest value of objective function, S, the best fit 

model for saturated liquid density was Campbell-Thodos model: 

 

m n

s r r

c

[ (1- ) + (1- ) ]
M

ρ 1 α T β T
v

 

 
 

where M(g/mol), vc(dm3/mol) and Tr are the component molecular mass, 

critical molar volume and reduced temperature, respectively, and α, β, m 

and n are the parameters. 

For employing the Campbell-Thodos model, the values of critical 

pressure of 5970 kPa and acentric factor of 0.431for acetic acid, which are 

necessary for the Tait equation, were taken from the literature [11]. The 

critical parameters and Campbell-Thodos model parameters for acetic acid 

were also adopted from the literature (Table 2). The critical pressures for 

soybean oil and epoxidized soybean oil were obtained on the basis of 

Ambrose method as 500 and 400 kPa, respectively [11], while the values of  

acentric factors as 0.586 and 0.61, respectively, resulted from the 

experimental data fitting with Spencer-Danner-Rackett model. Soybean oil 

and epoxidized soybean oil were each considered as one pseudo-component. 

Their molecular masses of 878 and 963 kg/kmol, respectively, were 

determined on the basis of the soybean oil fatty acid composition and yield 

of epoxide. For the accepted value of 0.375 for m, the values of the 

parameters in the Campbell-Thodos model and critical parameters for 

soybean oil and epoxidized soybean oil were obtained by fitting the 

experimental data. The values are presented in Table 3. 

Table 2. Critical parameters and Campbell-Thodos model parameters  

for acetic acid (A) [10] 

 Tc (K) νc (m
3/kmol) α β n 

A 592.7 0.171 2.4438 0.4319 2.1843 

Table 3. Parameters for soybean (SO) and epoxidized soybean oil (ESO) 

determined by fitting the experimental data with Campbell-Thodos model 

 Tc (K) νc (m
3/kmol) α β n 

SO 871.17 2.8678 1.8593 0.64127 1.1576 

ESO 2800.262 3.04915 -0.64731 3.4713 2.07549 
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CONCLUSION 

The density of the oil phase i.e. of the mixture of soybean oil, epoxidized 

soybean oil and acetic acid, for temperature and composition ranges relevant 

for the industrial process of soybean oil epoxidation with peracetic acid 

formed in situ can be successfully correlated using Campbell-Thodos 

model. 
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ABSTRACT 

Poly(acrylic acid) is synthesized in water-borne system via radical 

polymerization reaction using potassium persulfate and sodium pyrosulfate 

as initiator and iron(II) sulfate pentahydrate as chain length regulator. 

Characterization of obtained polymers was done regarding average 

molecular weights and structural properties. It is shown that molecular 

weights can be successfully controlled using proposed initiator system and 

iron(II) sulfate for synthesis of polymers. 

 

INTRODUCTION 

In recent years industry is changing regarding chemicals and processes 

implemented, looking for solutions for eco-friendly materials production, 

which is in accordance with postulates of “green chemistry” [1]. Usage of 

harmful chemicals should be avoided and for this reason water-borne 

systems are becoming more and more popular [2]. Production of polymers 

is fields where is very hard to implement new process and improve it to 

become eco-friendly. This is because polymers are usually not soluble in 

water and in most of the synthesis procedures the water is byproduct and 

cannot be used as reaction medium. One of rare polymers which can be 

synthesized in water is poly(acrylic acid) which has application as the 

absorber, thickening, dispersing, suspending and emulsifying agent in 

pharmaceutical, cosmetic and paint industry [3]. The neutralized gels can be 

used in medicine as the basis for skin care or skin disease treatment 

products. Reaction mechanism for obtaining poly(acrylic acid) is radical 

polymerization with the use of different oxo- and amino-based initiators [4]. 

This kind of reaction is exothermic so good control of reaction temperature 

is needed. As monomer for synthesis of poly(acrylic acid) can be used 

acrylic acid or some butyl or methyl derivate of acrylic acid [5]. Also, 

building copolymers with maleic and other unsaturated acids are convenient. 
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The aim of this work is examination of molecular weight control for 

poly(acrylic acid) using iron(II) sulfate as regulator of chain length.  
 

EXPERIMENTAL 

Acrylic acid (98%), potassium persulfate, sodium pyrosulfate and iron(II) 

sulfate pentahydrate were purchased from Fisher Scientifique. As reaction 

medium was used distilled water. Poly(acrylic acid) polymers were 

synthesized in water-borne system by radical polymerization using 

potassium persulfate and sodium pyrosulfate as initiator and iron(II) sulfate 

pentahydrate. Concentration of the acrylic acid in the system was 30 wt%. 

Samples were synthesized at 65 ⁰C for 6 hours with reflux. The sample for 

desired molecular weight of 50000 g mol-1 has notation PA5, for 80000 g 

mol-1 the notation is PA8 and for 100000 g mol-1 the notation is PA10. For 

the characterization of structure the pastille of poly(acrylic acid) with KBr 

were prepared. Measurements were performed in the range from 4000 to 

400 cm-1 using FTIR spectrophotometer Bomem Hartmann MB-series. 

Average molecular weights ( M n , M
w and M z ) and polydispersity (Q) 

were determined by gel permeation chromatography GPC Agilent 1100 

Series with RID detector 1200. The column was Zorbax–Bimodal-S, for 

range of molecular weights 102-106 g/mol. Water with feed rate of 1 

cm3/min was used as the eluent. The sodium salts of 

poly(styrenesulphonate) with narrow molecular weight distribution 

(Mn=12523 g/mol, Q=1,12; Mn=63158 g/mol, Q=1,25; Mn=640870 g/mol, 

Q=1,3) were used for calibration. The ordered structures of polymers was 

studied using Diffractometer PW 1729 CuKα, XRD Philips. 

 

RESULTS AND DISCUSSION 

FTIR spectra of acrylic acid monomer and poly(acrylic acid) are shown at 

Figure 1a and 1b, respectively. Valent vibrations of O-H group [ν(OH)] of 

acrylic acid are present in the wide range of 3500-2500 cm-1, together with 

two other peaks: one at 3061 cm-1 and the other at 2989 cm-1 which originate 

from absorption of valent C-H vibrations [νas(CH)], while the peak of 

[ν(OH)] of poly(acrylic acid) is at 3430 cm-1 and [νas(CH)] is at 2959 cm-1. 

Middle intensity peak in IR spectra of acrylic acid at 1298 cm-1 originates 

from deformational C-H vibrations in plane [δ(CH)], and [δ(CH)] of 

poly(acrylic acid) is present at 1256 cm-1.  
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a) b)  

Figure 1. FTIR spectra of acrylic acid (a) and poly(acrylic acid) (b) 

 

Valent vibrations of C=O [ν(C=O)] are present as very sharp strips at 1701 

cm-1 at the IR spectra of acrylic acid and at 1718 cm-1 at the IR spectra of 

poly(acrylic acid). Sharp stripe of C-O vibrations at 1433 cm-1 at IR spectra 

of acrylic acid is the evidence of COOH group presence, while two sharp 

stripes at 1636 cm-1 and at 1617 cm-1 originated from absorption of C=C 

valent vibrations of acid. Another sharp stripe at 984 cm-1 is from presence 

of deformational vibrations of O-H group out of plane [γ(OH)]. At the IR 

spectra of poly(acrylic acid) the peak from valent vibrations of C-O group at 

1453 cm-1 have low intensity. By comparing the spectra it was assessed that 

the absorption occurs at higher wave lengths and that the intensity of peaks 

is lower for poly(acrylic acid). The results obtained by GPC measurements 

are given in the Table 1. While the values of M n  are similar for all samples, 

the higher difference is obvious for M
w  and M z values and it is 

influenced by the concentration of chain length regulator. Good control of 

molecular weights was achieved using iron sulfate as chain length regulator. 

According to the XRD analysis of obtained polymers can be concluded that 

they have ordered structure, probably due to strong ion and hydrogen bonds. 

Wide peaks were registrated at 10,8 and 17,2º (figure 2.) 

 

Table 1. The results obtained by GPC measurements. 

 

Sample M n , g/mol M
w , g/mol M z , g/mol Q 

PA 5-1 5,34104 1,65105 5,21105 3,1 

PA 5-2 5,12104 1,43105 5,31105 2,8 

PA 8-1 8,27104 2,31105 5,78105 2,8 

PA 8-2 8,51104 1,78105 5,99105 2,1 

PA 10 10,51104 4,09105 7,01105 3,9 
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Figure 2. XRD graph of sample PA 8-1 

 

CONCLUSION 

Water-borne system for synthesis of eco-friendly poly(acrylic acid) was 

developed using the regulator of chain length. It has been assessed that 

polymer molecular weights can be successfully controlled by proposed 

initiator system and iron(II) sulfate for synthesis of poly(acrylic acid). 

Poly(acrylic acid) synthesized via this procedure has possible application in 

pharmaceutical and paint industry. 
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ABSTRACT 

Desorption of 137Cs from: Hypnumcupressiforme (A) andIsotheciummyurum 

(B) moss was investigated. The following solutions were used for desorption: 

H2SO4(I), HNO3(II) and a mixture ofH2SO4-HNO3 (III), for three pH values 

(4.61; 5.15 and 5.75) and also distilled water (D) pH=6.50. After five 

successive desorptions lasting 24 hours the following amounts of 137Cs 

(%)were desorbed from mosses: (A) 19.1-34.7; (B) 18.4-30.5and distilled 

water (A) 29.1 and (B) 26.9. The mosses did not undergo any noticeable 

structural changes after desorption. Sorption of 137Cs is performed in at least 

two sorption points in moss tissue. 

 

INTRODUCTION 

Mosses are an old, primitive, non-vascular plant species, with a specific build, 

specific ecology and physiology in regard to other species[1]. Acid rain is 

formed of SO2and also of NO2, building H2SO4 and HNO3after oxidation 

during atmospheric fallout. Acid rain represents any acid precipitation, 

regardless whether it is wet or dry precipitation[2]. If moss sorbs a certain 

substance (for example137Cs) it becomes polluted with it[3,4]. When moss is 

put into water or is periodically soaked with solutions not containing the 

sorbed substance, this substance undergoes desorption. The amount of 

desorbed substance depends on the type of desorption solutions influencing 

pollution spreading of this substance into the environment.In our previous 

work desorption of 137Csand metals was followed in Cetrariaislandicalichen 

using acid solution with pH values from 2.00 to 5.75, and also desorption of 
137Cs from Homalotheciumsericeum (Hedw.) Schimp.moss[5,6]. A system 

for following desorption of 137Cs with acid solutions similar to acid rain was 

setup. With the aim of confirming the determined possibility of using moss 

as pollution bioindicators and also sources of 137Cs pollution, desorption of 

this isotope in two more moss species was investigated. 
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MATERIALS AND METHODS 

Samples of Hypnumcupressiforme (A) and Isotheciummyurum (B) moss were 

collected in the National park Djerdap (Serbia) in 2006, (10 g dry mass) and 

covered with 200 mL of distilled water (D) and acid solutions: (I)H2SO4, 

(II)HNO3and (III) H2SO4-HNO3. Solutions (I) and(II) were made by adding 

concentrated H2SO4, HNO3, respectively to 200 mL of distilled water (pH 

6.50) to the required pH value: 4.60; 5.15 and 5.75. Solution (III) was made 

by mixing 100.0 mL of solution (I) and 100.0 mL of solution (II), with 

identical pH values. Samples were consecutively desorbed with a solution 

five times and desorption series were repeated twice. Desorption were 

performed at room temperatureand lasted 24 hours. After each desorption, 

after filtration, moss samples were dried at room temperature to a constant 

mass. Activity levels of 137Cs were measured in samples before and after each 

desorption on an ORTEC-AMETEK gammaspectrometerwith 8192 channels, 

resolution of 1.65 keVand efficiency 34% at 1.33 MeV 60Co with a 

measurement error below 5%. Specific activity were calculated based on 

measurements(Bq/kg). 

 

RESULTS AND DISCUSSION 

Table Ishows the activity of 137Cs in mosses H. cupressiforme (A) and I. 

myurum (B) before desorption (Bq/kg) and the percentage of remaining137Cs 

in mosses after each of the five successive desorptions using solutions (I), 

(II), (III) and distilled water (D), and also the total amount (%)of 

desorbed137Cs. Starting activities of 137Cs in moss were: 2682-2757 (A) and 

2002-2040 (B) Bq/kg. Solutions (I), (II) and (III) after five desorptions 

desorbedfrom 19.1% (III, pH 5.75) to 34.7% (I, pH 4.61) 137Cs from moss 

(A), and from 18.4% (III, pH 5.75) to 30.5% (I, pH 4.61) from moss (B). 

Distilled water (D) desorbed29.1% 137Cs from moss (A) and 26.9% from 

moss (B). Using equation (1) from our previous paper [5-7]  

                            lnCx = lnC0 - anx                                                               (1) 

i.e. the change of the sorbed amount of substance, Cx, in the sorbent with the 

desorption number, nx, for successive desorptions with the same volume of 

desorption solution the value C0 has been determined by extrapolation on 

nx=0, C0 is the content of the sorbed substance (137Cs) before desorption and 

a is a constant.  

The dependence of the logarithm of the amount of sorbed substance in the 

solid sorbent phase on the number of successive desorptions, nx (equation 1) 

is in all cases linear,showing that only one sorption type is active, or one or 

more sorption types prevail (the rest are negligible). 
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Table 1. Activity of 137Cs in moss before desorption (Bq/kg), 

percentage of remaining 137Cs in moss after each desorption, total desorbed 
137Cs from mosses (A) and (B) (%) and values of the starting activity of 

137Cs (C0e) (%), determined by extrapolation of the curves, given as a 

percentage in relation to the values of C0 (100%) in starting solution* 
pH 4.60 5.15 5.75 6.50 

Solu-

tion 

I II III I II III I II III D**

* 

No of 

desor

ption 

Activity levels of 137Cs in moss A before desorption (Bq/kg) 

2757 2749 2737 2697 2703 2682 2737 2741 272
0 

2650 

Percentage of remaining137Cs in moss A after each desorption (%) 

I 84.4 85.5 85.4 83.1 89.9 84.1 86.9 87.9 87.6 83.2 

II 73.8 80.1 81.0 77.8 83.7 79.9 81.9 84.9 82.3 76.7 

III 68.2 77.4 78.3 75.7 81.5 77.7 79.8 83.8 79.7 73.3 

IV 65.9 76.3 76.1 73.5 79.2 76.9 78.1 82.1 78.5 72.0 

V 65.3 76.0 75.0 73.1 78.7 76.8 77.5 80.9 78.0 70.9 

 Total desorbed 137Cs from moss A(%)  

 34.7 24.0 25.0 26.9 21.3 23.2 22.5 19.1 22.0 29.1 

C0e 85.6 94.6 87.4 84.4 90.9 84.8 87.8 89.1 86.5 83.9 

ΔC0** 14.4 5.6 12.6 15.6 9.1 15.2 12.2 10.9 13.5 16.1 

No of 

desor

ption 

Activity levels of 137Cs in moss B before desorption (Bq/kg)  

2028 2016 2021 2002 2011 2017 2040 2034 202
5 

2061 

Percentage of remaining137Cs in moss B after each desorption (%) 

I 86.9 86.4 87.3 84.0 88.0 85.3 87.2 88.1 87.4 87.3 

II 77.3 80.8 78.5 78.3 83.3 78.0 82.4 84.4 83.2 79.3 

III 74.0 78.2 74.8 76.7 82.2 76.5 79.8 82.8 80.1 75.9 

IV 71.2 77.0 73.1 75.2 81.1 75.1 79.2 81.9 79.2 73.9 

V 69.5 77.3 72.3 74.8 80.8 74.4 79.0 81.6 78.7 73.1 

 Total desorbed 137Cs from moss B (%) 

 30.5 22.7 27.7 25.2 19.2 25.6 21.0 18.4 22.3 26.9 

C0e 82.2 85.6 87.8 77.5 88.7 85.6 87.8 89.1 88.2 88.2 

ΔC0 17.8 14.4 12.2 22.5 11.3 14.6 12.2 10.9 11.8 11.8 

*solution compositions are given in the Material and Methods, 

(A)Hypnumcupressiforme, (B)Isotheciummyurum, ** ΔC0=100- C0e(%) 

***distilled water 

 

CONCLUSION 

The results obtained for total desorption of 137Cs for all pH values show that the 

highest desorption occured when solution (I) was used, followed by solution (III), 

and desorption was the lowest when solution (II) was used. This means that the 

anion type influences desorption, regardless from the fact that these are strong 

acids. In this case the sulphate anion has a stronger influence. As cesium is an alkali 

metal, the influence of the acid anion type on desorption is the consequence of the 

influence of acid anions on corresponding components of the organic molecule in 

moss tissue to which the sorbed cesium was bonded. The obtained results indicate 

that in all cases with increased pH values of the desorption solution the amount of 

desorbed 137Cs is reduced. This indicates that hydrogen ions have an influence on 
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137Cs desorption from moss. Desorption of 137Cs with distilled water shows that 

water is also a desorption medium with a significant efficiency, as the percentage 

of totally desorbed 137Cs in all cases is higher than when using acid solutions, 

except in one case when the H2SO4 solution with pH=4.61 was used. From this 

follows that 137Cs desorption is a complex process, influenced besides water as a 

solvent, by a series of other components present in the desorption solution, i.e. acid 

rain performing desorption in natural conditions. 
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ABSTRACT 

This paper provides findings from the study of total content of sodium (Na) 

macro-element in environmental water samples around five of the largest 

coal-fired power plants in the region. Also, pH value of these waters was 

examined. The concentration of Na was determined by Atomic absorption 

spectrometry (AAS). The obtained results for the concentration of Na were 

found to be in range between 8.9 and 61.6 mg/L. In general, the obtained 

values for Na content were below the recommended maximum permissible 

limit for drinking water given in the Serbian regulation on the quality of water 

for human use, as well as European Union (EU) directive and directive of 

World Health Organization (WHO).  

 

INTRODUCTION 

Coal-fired power generation comes with a significant cost to the environment 

and human health. The water runoff from coal washeries carries pollution 

loads of metals that contaminate ground water, rivers and lakes, as well as 

soil during irrigation process and thus affecting flora and fauna [1]. 

Sodium is an essential element for all animals and some plants, but it also has 

a vital function in human body for the regulation of blood volume, blood 

pressure, osmotic equilibrium and pH. Sodium salts are used in water 

treatment systems to improve pH (sodium hydroxide), for the coagulation of 

calcium and magnesium to reduce hardness (sodium carbonate), for the 

addition of fluoride (sodium fluorosilicate) and the ion exchange removal of 

heavy metals (sodium alumino-silicate or zeolite) [2]. Because of high 

solubility of most sodium salts in cold water, sodium is an ideal carrier of 

anions for precipitation of disruptive colloids. Due to of the mentioned above, 

sodium has recently appeared as a potentially hazardous element and its 

concentration reaches levels that would be considered unsuitable for many 

applications.  

https://en.wikipedia.org/wiki/Dietary_mineral
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Osmosis
https://en.wikipedia.org/wiki/PH


 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    K-02-P 

 

 696 

The coal-fired power plants could be recognized as an additional source of 

sodium pollution and in this paper an examination of the presence of Na 

macro-element in the waste water samples around the coal-fired power plants 

in the Republic of Serbia, as well as the control of its impact on the 

environment is presented. 

 

EXPERIMENTAL 

The sampling of landfill overflow waters, drain and river waters, groundwater 

as well as drinking water was performed during September and October of 

2013 in five coal-fired power plants and their surrounding areas in the 

Republic of Serbia: “Nikola Tesla A and B” (TENT A, TENT B) - Obrenovac, 

“Morava” (TE MORAVA) - Svilajnac, “Kolubara” (TE KOLUBARA) - 

Veliki Crljeni and “Kostolac” (TE KOSTOLAC) - Kostolac. About a liter of 

each sample was taken to determine the Na content. 

Water samples were first analyzed on pH. For pH measurement pH meter 

(Hanna Instruments, pH/0C Tester pHep4) was used. Calibration of the 

instrument was carried out by 4, 7 and 10 pH standard solutions.  

Before of Na content analysis, the samples are filtered through membrane 

filter and then acidified with 0.5 % HNO3 to pH 1. Also, the preparation of 

the samples for determination of Na involved the addition of the certain 

concentration of Cs modifier. The stock solution was purchased from Fluka 

Analytical Sigma Aldrich (Sodium Standard). Multistandard for curve control 

was purchased from Merck.  

The concentration of Na in collected water samples was performed using 

Atomic absorption spectrometer SensAA (GBC scientific equipment) in 

which the air-acetylene gas was used. Na content was determined by flame 

technique. HOLLOW CATHODE lamp (S & J Juniper & Co) was used for 

the determination of Na at 330.2 nm wavelength. 

 

RESULTS AND DISCUSSION 

The results of Na content, as well as the pH values in the analyzed water 

samples are given in the Table 1. 
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Table 1. Concentration of macro-element Na and pH value of analyzed 

water samples 

Power  

plant 
Location 

Na 

(mg/L) 
pH 

TENT A 

Landfill overflow water 15.1 8.3 

Drain water at well 17.0 8.4 

Drain water between wells 19.0 8.4 

Sava river upstream 12.8 8.5 

Sava river downstream 16.7 8.5 

TENT B 

Landfill overflow water 17.6 8.3 

Drain water 21.3 8.0 

Sava river upstream  13.3 8.9 

Sava river downstream 14.0 8.3 

TE 

MORAVA 

Landfill overflow water 34.3 12.4 

Drain water 32.8 12.5 

Morava river upstream  20.1 8.7 

Morava river downstream 19.6 9.0 

TE 

KOLUBARA 

Landfill overflow water 57.5 7.9 

Drain water 23.0 8.4 

Turija river upstream   26.7 8.3 

Kolubara river downstream 25.9 8.3 

Drinking water 61.6 7.7 

TE 

KOSTOLAC 

Landfill overflow water 14.5 8.0 

Landfill drain water 14.8 7.9 

Drain water (Drmno) 13.7 8.1 

Drain groundwater (Ćirikovac) 8.9 5.4 

 

As can be seen from Table 1, all water samples are alkaline (pH values are 

from 7.7 to 12.5), except for a single sample of drain groundwater from 

Ćirikovac surface mine which has pH of 5.4. According to regulation on 

quality and other requirements for natural mineral water, spring water and 

bottled drinking water, the recommended value for pH is between 6.5 and 9.5 

[3]. In addition, the same range is prescribed by EU Directive [4]. The 

obtained results point out that three pH values were found to be outside of the 

recommended range, but these investigated water samples are not from water 

suitable for drinking. For one analyzed drinking water from TE KOLUBARA 

(pH is 7.7), this criterion is met and it is important.  

The concentrations of Na in analyzed samples were in the range from 8.9 to 

61.6 mg/L, while the median for analyzed macro-element was 18.3 mg/L. In 

the Serbian [3] and EU regulations [4,5], as well as directive of WHO [6], the 
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maximum allowed concentrations of individual elements are prescribed only 

for drinking waters. The recommended value of Na content by these 

regulations is 200 mg/L. It can be seen that regulation in Serbia is in 

accordance with directive of EU and WHO for maximum allowed 

concentration of Na. Also, the concentrations of Na in water samples 

analyzed in this paper are less than the above mentioned value, even though 

all the analyzed water samples were not suitable for drinking. Due to no 

considerable changes in river upstream and downstream sodium 

concentration, we can also conclude that coal-fired power plants do not 

discharge extra sodium concentration into the environment.  

 

CONCLUSION  

Sodium has been recently recognized as a potentially hazardous element, 

because its concentration in rivers and soil reaches levels that would be 

considered unsuitable, especially for vegetation. The concentration of Na 

macro-element, as well as pH value in 22 water samples taken around the five 

coal-fired power plants in the Republic of Serbia are presented in this paper. 

The only one of analyzed water samples is acidic (pH 5.4), while the rest of 

the water samples are alkaline (pH values higher than 7.7). Landfill overflow 

water and drain water from TE MORAVA are extremely alkaline with pH 

values of 12.4 and 12.5, respectively. Accordingly, the obtained pH values 

for 19 from 22 analyzed waters meet the limited values according to drinking 

water regulations. Due to no considerable changes in river upstream and 

downstream sodium concentration, it can be concluded that coal-fired 

washeries are not water polluters. Also, the concentrations of Na in analyzed 

water samples are within the recommendation values by Serbian regulation 

(below 200 mg/L), as well as EU and WHO directives for drinking water.  
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ABSTRACT 

In this paper, adsorption of lead ions from water solutions by thenatural 

(NZA) and Fe(III)-modified zeolite-alginate (FeA) beads was investigated. 

Experiments were performed for different initial concentrations and results 

showed improving adsorption properties of the starting materials (natural 

(NZ) and Fe(III)-modified zeolite (FeZ)) after modification with alginate. 

Also, for both adsorbents, direct relation between initial concentration and 

adsorbed amount of lead was observed. Much higher adsorption of lead was 

obtained by FeA than NZA. Results also showed that presence of alginate, 

beside improving adsorption properties have a positive influence on physical 

properties of starting samples. After immobilization of the starting samples 

with alginate no falling apart of the beads was noticed and there was no water 

turbidity. 

 

INTRODUCTION 

Clinoptilolite is the most common natural zeolite in the nature. Dueto its high 

crystallinity, non-toxicity, highly selectiveion-exchange capacity, etc. It has 

found wide application and very often is used as heavy metals adsorbents. In 

our previous studies [1, 2] in order to improve adsorption properties of natural 

zeolite-clinoptilolite(NZ) for lead ions from water solutions, its surface with 

particle size -43µm (NZ) was modified with Fe(III) ions under strongly basic 

conditions. Results showed that although NZ has high adsorption capacity for 

lead(0.32mmol/dm3) after its modification (FeZ) adsorption capacity 

increased to 0.64mmol/dm3.However, even NZ and especially FeZ showed 

good adsorption properties, their powder form and micrometric particle size 

may cause water turbidity and problems with separation liquid from solid and 

that couldlimits their practical use. Using materials with higher particle size 

for solving these problems is not the best solution due to inverse 

proportionality of the adsorption capacity and particle size [2]. Thus, 
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immobilization and using polymer molecule such as alginate for solving these 

problems could be better choice. 

Alginate, isa polysaccharide composed of anionic blocks of 1,4linked α-

L-gluronic acid (G) and β-D-mannuronic acid (M). It is biodegradable and 

non-toxicbiopolymer. Also, alginate can decrease the pressure drop in the 

columnar operations, and the most importanthas high affinity for heavy 

metals, especially for Pb2+ ions[3, 4]. Thus, alginate has recently been used to 

improve properties of different materialsand increasetheir chemical, 

mechanical stability and applicability. 

In this study, adsorption of lead from water solutions by the natural and 

Fe(III)-modified zeolite-alginate beads was followed. The influence of initial 

lead concentration on adsorption properties of materials in batch mode was 

investigated. 

 

EXPERIMENTAL 

The natural zeolite clinoptilolite from Zlatokop, Serbia with a particle size -

43µm (NZ) was used as a starting material. The mineralogical composition 

of the natural zeolitic tuff was primarily clinoptilolitewith small amounts of 

quartz and feldspar determined by X-ray powder diffraction analysis 

(XRPD)(Figure 1a). The Fe(III)-modified zeolite (FeZ) was obtained 

according to procedure given elsewhere [1]. 

Natural zeolite-alginate (NZA) and Fe(III)-modified zeolite-alginate 

(FeA) compositeswere obtained by using a method described by 

Viraraghavan and Yuan [5]. Briefly, a2g of Na-alginate was dissolved in 

100cm3 of distillated water and agitated for 24h at 300rpm. Then, 10g of the 

NZ or FeZ was blended with 100cm3 of 2% Na-alginate solution for 2h. 

Spherical beads were prepared by dropping the mixed solution into 

0.1mol/dm3 CaCl2 solution. The beads were hardened by placing them in 2% 

solution of CaCl2 for 24h. The remaining beads were washed by mixing with 

250cm3of distillated water and agitated at 100rpm for 30min, discarding the 

solution and then repeating the process 5 times. Finally, the beads were dried 

at room temperature to the constant weight. 

Adsorption of lead by NZA and FeA was investigated by mixing 0.5g of 

the adsorbents with 50cm3 of aqueous solutions, containing various initial 

concentrations of Pb2+ (1.6-15mmol/dm3) at 25oC and initial pH 4.2. After 

24h, suspensions were centrifuged and amounts of Pb2+were determined on 

atomic absorption spectrophotometer “Analytic Jena Spekol 300”. 

 

RESULTS AND DISCUSSION 

Encapsulation of the NZ and FeZ with alginate, improved their mechanical 

properties. Thus, after modification, NZ and FeZ were transformed from 
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powder with particle size -43µm into 2-3 mm spherical beads form. The shape 

of beads remains constant in water solutions and consequently there was no 

water turbidity what is very important for experiments in column and 

application under real conditions. 

The natural and Fe(III)-modified zeolite before and after encapsulation 

were characterized byXRPD analysis and patterns are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. XRPD patterns of: a) NZ and NZA; b) FeZ and FeA. 

 

As can be seen from Figure 1, Fe(III)-modified zeolite is characterized by 

lower crystallinity than the NZ. It seems that theFeZ maintain the main 

characteristic peaks of starting zeolite, but with the significantly lower 

intensity.However, additional Fe-oxidic or oxo-hydroxidic crystalline phases 

were not observed at X-ray diffractograms. In spectra of the NZA and FeA 

decreasing of intensities of all peaks were also obtained indicating lowering 

of the crystallinity of the parent samples. Also, after modification with 

alginate additional peaks were not observed, meaning that there are no new 

crystalline phasesin NZA and FeA. 

For practical application it is also important that applied modification has 

no negative effect on adsorption properties of the starting samples. From that 

reason removal of leadfrom water solutions by NZA and FeA was 

investigated for different initial lead concentrations and results are shown at 

Figure 2.As can be seen from Figure 2 for NZA as well as for FeA, adsorbed 

amount of lead increased with increasing its initial concentration. However, 

even both adsorbents were modified under same conditions, for all initial 

concentrations higher amount of removed lead ions was obtained for 

FeA.Thus, for initial concentration 1.6 mmol/dm3 adsorbed amounts of lead 

ions were 0.15mmol/dm3 for NZA and 0.17mmol/dm3 for FeA, while for 

initial concentration of 15.1mmol/dm3 adsorbed amounts were 0.50 and 

0.66mmol/dm3 for NZA and FeA, respectively. Since both adsorbents were 

treated with the same amount of alginate, obtained differences in adsorption 
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properties indicated that beside alginate, adsorption of lead also occurred on 

active centers on NZ in NZA and FeZ in FeA. Comparing the results obtained 

in this study for NZA and FeAwith those for NZ and FeZ (0.32 and 0.64 

mmol/dm3, respecitevely) [1] showed that encapsulation with Na-alginate 

has positive influence on removal of lead ions from water solutions by both, 

NZ and FeZ. 
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Figure 2. Adsorption of lead by NZA and FeA for different initial 

concentrations 

 

CONCLUSION 

From presented results it can be concluded that modification of the NZ or FeZ 

with Na-alginate improved adsorption properties of the starting materials. For 

both samples, adsorbed amount of lead increased with increasing its initial 

concentration in solution. For all initial concentration adsorbed amount of 

lead by FeA was higher than by NZA. 
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ABSTRACT 

Cd, Fe, Mn, Pb, Sr and Zn were measured in larch (Larix europaea Lam.) tree-

rings and corresponding soil samples collected at four forestry sites to investigate 

the variations in their concentrations from 1980. Concentrations were generally 

lowest at background sites. Elemental concentrations in soil samples were 

substantially higher than those measured in tree-rings. Among investigated 

elements the highest tree-ring concentration were measured for Mn while the Cd 

had the lowest concentration. The highest average tree-ring concentrations for 

Cd, Fe, Mn, Pb and Zn can be seen at the Avala location. 

 

INTRODUCTION 

The occurrence of trace elements in the environment is of particular concern due 

their environmental persistence, biogeochemical recycling and adverse effects. 

Several trace elements currently found in the environment are originated from 

anthropogenic impacts [1]. It has long been recognized that the tree-ring archive 

can capture changes in the chemical environment related to atmospheric 

chemistry, biogeochemical cycling and climate influences. Choosing tree-rings 

as potential bioindicators was due to trees large geographic distribution, long 

living and the fact that each year tree forms a new tree-ring that can be easily 

dated. Dendrochemistry relies on the basic assumption that the pollutant content 

of tree-rings reflects to some degree the chemical signal from the environment 

during the year of ring formation [2]. 

 

EXPERIMENTAL 

The field studies were conducted in the three woodland locations in Serbia and 

one in Montenegro. Tree-rings of larch (Larix europaea Lam.) were collected 

together with corresponding soil (0-20 cm in depth). The first location is Avala 

(AA), a mountain located 16 km south-east of Belgrade. The Belgrade-Niڑ 
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highway, Kruni put and regional road to Mladenovac runs east, north and west 

from the mountain. The second location is REIK Kolubara (AK). Larch at the 

Kolubara location has been applied for the rehabilitation by aforestation of the 

mechanically damaged land. Background locations were management unit Donji 

Pek in Kučevo (AKC) and village Trepča in Andrijevica municipality in the 

north-east part of Montenegro (ACG). 

At each site three 

larch trees of similar 

size were selected and 

their stem disks were 

taken at breast height 

(1.3 m). For further 

analysis the disks 

were cut into 3 year 

segments starting 

from 1980 with a 

stainless steel knife. 

Inductively coupled 

plasma atomic 

emission 

spectrometry (ICP-

OES) was used to 

determine element 

content in solution 

samples. ICP-OES 

measurement was 

performed using 

Thermo Scientific 

iCAP 6500 Duo ICP 

spectrometer 

equipped with CID86 

detector, standard 

glass concentric type 

nebulizer, quartz torch, and alumina injector and purged with argon. The 

digestion of tree-rings was performed on an Advanced Microwave Digestion 

System ETHOS 1, using HPR-1000/10S high pressure segmented rotor. In the 

digestion, about 0.5 g of powdered tree-ring sample precisely weighed was 

mixed in each clean vessel with a mixture of 3 ml H2SO4 and 5 ml HNO3 for 

tree-ring sample and then heated with microwave energy for 30 min. After 

cooling and without filtration, the solution was diluted to a fixed volume of 25 

ml. The sequential extraction using the Tessier procedure [3] was used for the 
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Figure 1. Mean Cd, Fe, Mn, Sr, Zn and Pb 

concentrations, c* (μg/g), in larch tree-rings at four 

forestry locations 
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examination of soil samples. The method involves five fractions (exchangeable, 

carbonate, Fe/Mn oxides, organic and residual), in which the mobility and 

bioavailability of elements decrease with increasing extraction phase. The 

extraction was carried out progressively based on an initial amount of about 1.0 

g of soil, accurately weighed. The first three fractions form “mobile content”, i.e. 

the part of the total concentration which under certain conditions can be 

mobilized and thus enter biogeochemical cycles. Soil pH was measured as 

follows: 5.0 g of soil was precisely weighed and 5ml of 1M KCl added. The 

suspension was then subjected to continuous agitation for 10 min and left to stand 

before pH was determined. 

 

RESULTS AND DISCUSSION 

Element concentrations measured in tree-rings and soil are summarized in Figure 

1 and Table 1. The variation in tree-ring concentrations due to different local 

conditions (the variation of the background levels) was minimize by subtracting 

the minimum value from the actual concentration. Element tree-ring 

concentrations, c*, shown in Figure 1 do not refer to actual concentration in 

wood, but to the level of this content relative to the lowest level recorded for that 

tree. Subtracting the minimum value from the actual concentration reduces 

Table 1. Average concentrations in larch tree-rings, mobile and total 

content in soil as well as pH values at four forestry locations. 
Locations AA AK AKC ACG 

Cd 

Tree-ring 0.14 0.02 0.04 0.02 

Mobile content 0.36 <0.10 <0.10 <0.10 

Total content 0.46 0.23 0.94 0.90 

Fe 

Tree-ring 15.42 4.77 0.92 4.42 

Mobile content 1243 496 12409 10117 

Total content 8176 6723 66835 54436 

Mn 

Tree-ring 49.73 7.83 18.74 4.06 

Mobile content 603 141 1246 1607 

Total content 662 191 1949 1897 

Pb 

Tree-ring 1.07 0.22 0.01 0.15 

Mobile content 7.21 5.55 33.76 38.06 

Total content 16.50 13.04 51.14 55.53 

Sr 

Tree-ring 0.63 0.41 1.51 0.80 

Mobile content 15.59 7.33 16.38 30.00 

Total content 18.90 10.04 52.93 46.75 

Zn 

Tree-ring 1.82 1.03 1.47 0.88 

Mobile content 11.30 3.97 45.54 30.71 

Total content 33.35 23.08 147.58 151.11 

 pH 5.80 6.00 4.50 5.30 
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differences between trees that are due to different local conditions, and 

concentrate on the trends over time. From Figure 1 it can be seen that 

concentrations were generally lowest at background sites. The highest average 

tree-ring concentrations for Cd, Fe, Mn, Pb and Zn (Table 1) can be seen at the 

Avala location. Among investigated elements the highest tree-ring concentration 

were measured for Mn while the Cd had the lowest concentration. Highest Pb 

concentration fluctuations in tree-rings can be seen at the Avala location. Similar 

Pb fluctuations were observed in our investigation in linden tree-rings [4]. 

Expected trends in tree-ring concentrations for the majority of trace elements is 

that on locations where anthropogenic influence is low there is no trend [5-6]. At 

the Avala location growing trend of Cd, Mn, Zn and Sr was observed while at 

other locations, depending of the element, the weaker trend or a decline in the 

concentration can be seen. Elemental concentrations in soil samples (Table 1) 

were substantially higher than those measured in tree-rings. This could be 

attributed to the relatively longer exposure of the soil to the atmospheric 

pollutants. Soil act as final sink for the elements deposited from air and also 

transferred by falling needles. Mobile content, relative to the total content, is for 

the majority of investigated elements highest at the Avala location. 
 

CONCLUSION 

At the Avala location during the last 12 years (1998-2009) the increase of Cd, 

Fe, Mn, Sr and Zn in larch tree-rings, relative to the entire period of study, 

expressed in percentage is 30%, 4%, 43%, 85% i 40%. At this location the 

highest fluctuations in Pb concentration can be seen, the highest average Pb tree-

ring concentrations, as well as decrease in Pb concentration for 18%. Traffic 

activity at this site appears to be the main reason. Other investigated location has 

lower tree-ring trace element concentrations. 
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ABSTRACT 

This study deals with the assessment of heavy metals contents in soil of Serbia 

in urban and rural environment. Analysed heavy metals (Cd, Co, Cr, Cu, Mn, 

Ni, Pb, Zn) were determined using an atomic absorption spectrometry. 

Concentrations of Co, Cu, Ni and Zn at some sampling sites of urban 

environment exceeded the limit values, which are still far from the 

remediation values established by Legislation of the Republic of Serbia. 

 

INTRODUCTION 

The soil is the main repository of heavy metals in terrestrial ecosystems. 

These metals reach the soil environment through both pedogenic and 

anthropogenic processes. The major sources of heavy metals enrichment in 

soils are anthropogenic activities, associated with industrial processes. The 

spatial distribution and source identification of heavy metals in soil is 

important in order to reveal the areas of pollution and assess the potential 

sources. Health authorities in many parts of the world are becoming 

increasingly concerned about the effects of heavy metals on environmental 

and human health. Different statistical tools, such as correlation analysis 

(principal component analysis, cluster analysis) and geostatistical analysis 

(GIS-based spatial mapping) are applied in environmental studies to highlight 

pollutant sources and to study spatial distribution patterns [1-4]. In this study 

heavy metals contents in soils of Serbia were assessedin the three urban areas: 

surroundings of the coal fired power plant (CFPP) in Obrenovac, Belgrade; 

surroundings of the steel production facility (CPF) in Smederevo; the city 

zone of Subotica; and a rural area of Pčinja and South Morava River Basin, 

southeastern Serbia. 

 

EXPERIMENTAL 

Soil samples were collected up to 10 cm depth. Applying the 'systematic 

random sampling' procedure, a total of 60 samples were collected, 15 from 

each investigated area [5]. Soil samples for metal content determination were 
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digested according to USEPA procedure [6]. Total metal content (Cd, Co, Cr, 

Cu, Mn, Ni, Pb, Zn) was determined by using atomic absorption spectrometer 

Shimadzu AA7000. Standards used in the analysis were AccuStandard 

solutions obtained from Carlo Erba Reagenti. The quality assurance checks 

were performed using the certified reference material SRM 2711 (National 

Institute of Standards and Technology). The overall uncertainty of the 

analytical procedure was below 10%. 

 

RESULTS AND DISCUSSION 

The concentrations of analysed heavy metals were summarized in Table 1. 

Concentrations of Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn at some sampling sites 

were higher than the concentrations for uncontaminated European soils, i.e. 

0.145 mg kg-1, 7.78 mg kg-1, 60mg kg-1, 13mg kg-1, 650 mg kg-1, 18 mg kg-1, 

22.6 mg kg-1 and 52 mg kg-1 for these elements, respectively [7]. 

Concentrations of Co, Cu, Ni and Zn at some sampling sites exceeded the 

limits values (9 mg kg-1 for Co, 36 mg kg-1 for Cu, 35 mg kg-1 for Ni and 140 

mg kg-1 for Zn) established by Serbian regulations for land use [8]. Detailed 

explanation about elevated concentrations around CFPP and CFP could be 

found elsewhere [1, 3]. In the investigated areas of this study, only the average 

values of Co slightly exceeded the limit values of 9 mg kg−1, which is far from 

the remediation value of 240 mg kg−1[8]. At four and at two sites in 

Smederevo and Subotica, respectively, elevated concentrations for Cu, higher 

than limit value of 36mg kg-1were determined. At one location in Subotica 

extremely high value for Cu of 3660 mg kg-1, greater from the remediation 

value of 190 mg kg−1was determined and this value was excluded from 

statistical analysis presented in Table 1. Further analysis is required in order 

to distinguish pollution source of Cu in this site. Increased concentrations of 

investigated heavy metals in urban areas of this study are associated with 

pollution sources. The highest average value for Mn was revealed in rural 

area in southeastern Serbia. It could be associated with its natural origin, but 

detailed geochemical analysis is needed to confirm this finding. In area 

surrounding CFPP elevated concentrations of Mn at some sampling locations 

were attributed to its leaching during and after transport of the coal ash. 

Elevated concentrations for Ni in Belgrade and Smederevo are both natural 

and anthropogenic local sources of contamination. There is still no need for 

remediation actions on these sites, as values are lower than 210 mg kg-1 for 

Ni [8]. At two locations in each urban areas of Serbia investigated here, the 

values higher than limit value of 140 mg kg−1for Zn were determined, but 

these values are still far from the remediation value of 720 mg kg−1 [8]. 
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Applying geostatistical analysis based on ordinary kriging method Ćujić 

et al. (2016) and Dragović et al. (2014) found the highest concentrations of  

heavy metals at sites in predominant wind directions in areas surrounding 

CFPP in Obrenovac and SPF in Smederevo. The distribution of heavy metals 

in soils around the point source (e.g. CFPP, CFP) is highly needed for the 

assessment of perturbations of geochemicalcycles of heavy metals in the 

environment and their effects on environmental and human health as well as 

for development of appropriate remediation strategies. 

 

CONCLUSION 

This study was performed in order to assess environmental consequence of 

anthropogenic activities in urban and rural areas in Serbia, with regard of 

heavy metals in soil. The assessment study revealed some hot spots for: Cd, 

Co, Mn and Ni in the study area of Belgrade, as a consequence of CFPP 

Table 1. Average (min-max) values of heavy metal concentrations in 

analyzed soils(mg kg−1). 

 
Study areas of Serbia 

Element Belgrade Smederevo Subotica 
Southeaster

n Serbia 

Cd 
0.26 

(0.04-1.05) 

3.33 

(2.31-4.61) 

1.10 

(0.38-

5.95) 

0.17 

(0.10-0.25) 

Co 
10.5 

(6.2-13.4) 

28.2 

(13.9-41.3) 

13.9 

(5.5-19.1) 

9.5 

(3.8-13.8) 

Cr 
29.7 

(11.7-45.4) 

55.7 

(34.1-97.9) 

21.5 

(12.5-

40.4) 

25.6 

(10.7-41.2) 

Cu 
19.3 

(12.4-26.9) 

39.1 

(13.3-

148.4) 

29.6 

(1.4-61.4) 

19.3 

(12.4-26.9) 

Mn 
620 

(195-1270) 

730 

(400-860) 

400 

(340-530) 

830 

(360-1050) 

Ni 
62.6 

(24.3-106) 

78.2 

(47.4-148) 

23.5 

(7.7-64.8) 

15.9 

(6.7-26.1) 

Pb 
26.4 

(17.4-70.2) 

33.0 

(20.2-64.6) 

52.8 

(17.4-

81.1) 

14.1 

(7.1-20.8) 

Zn 
89.2 

(48.5-207) 

98.9 

(71.2-152) 

30.5 

(3.9-170) 

48.6 

(28.8-70.1) 
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operation; Cd, Co, Cu Ni, Pb and Zn in the study area of Smederevo, as a 

consequence of SPF operation; Cu and Pb in Subotica, as a consequence of 

traffic. In general, operations of CFPP and SPF have no significant negative 

impact on the surrounding environment with regard to the content of 

investigated heavy metals. In the rural area of southeastern Serbia 

anthropogenic activities were not significant in the terms of heavy metals in 

soil; the higher Mn concentrations could be attributed to natural sources. 
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ABSTRACT 

In this paper we used multivariate regression methods to examine the 

relationships between isoprene, related volatile organic compounds (VOC), 

inorganic gaseous pollutants (NOx, NO, NO2, SO2 and CO), PM10 and 

meteorological data.The concentrations of 36 VOC-related masses were 

measured in Belgrade urban area during a two-month campaign by the use of 

a proton transfer reaction mass spectrometer.The results have shown that 

isoprene exhibited significant associations with several volatile species, 

including propyne, 1,3-butadiene, isoprene oxidation products, hexenal and 

monoterpene fragments, styrene, ethylbenzene and xylenes. Conversely, the 

associations between meteorological factors and inorganic gaseous pollutants 

with isoprene variations were estimated as less significant. 

 

INTRODUCTION 

Isoprene, as a globally dominant biogenic VOC, is mostly emitted by 

deciduous vegetation, while in urban areas it can also originate from 

anthropogenic sources. Known for its high reactivity, isoprene can undergo 

either photolysis or oxidation by ozone, OH and NO3 radicals, with a number 

of resulting degradation products, oxidant species and intermediates, e.g. 

organic peroxy radicals and secondary organic aerosols, which can affect 

atmospheric radical chemistry and the oxidizing capacity of the atmosphere. 

Previous findings have shown that the first-generation photochemical 

products are more toxic than isoprene itself [1]. 

 

EXPERIMENTAL 

The concentrations of 36 VOC-related protonated masses (m) were measured 

in real time using a proton transfer reaction mass spectrometer (Standard 

PTR-quad-MS, Ionicon Analytik, GmbH, Austria). Additionally, the 

concentrations of inorganic gases (IG) including NOx, NO, NO2, SO2 and CO, 

mailto:sstanisic@singidunum.ac.rs
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PM10, and meteorological data were obtained from the standard automatic 

monitoring station of the Institute of Public Health Belgrade. The 

measurements were conducted in Belgrade urban area in the period from 

January 23rd to March 24th 2014 as described in Stojić et al., 2015 [2]. In order 

to investigate the relationships between isoprene, related gaseous pollutant 

species and meteorological data, three regression MVA methods including 

Linear Regression method (LR), Multilayer Perceptron (MLP) and Support 

vector machine (SMO SVM),implemented in Weka [3], were applied. 

 

RESULTS AND DISCUSSION 

According to the results, high correlation coefficients (r>0.8) were calculated 

between isoprene and several volatile species, including propyne, 1,3-

butadiene, isoprene oxidation products, hexenal and monoterpene fragments, 

styrene, ethylbenzene and xylenes, registered at m 41, 55, 71, 81, 105 and 

107, respectively (Figure 1). Conversely, correlation coefficients between 

meteorological data and isoprene were in the range from 0.19 to 0.30, thus 

suggesting that meteorology plays a relatively small role in spatio-temporal 

distribution of isoprene in the urban environment, which could be explained 

by its high reactivity. 

 
Figure 1. Correlation coefficients (r) between isoprene and meteorological 

parameters, inorganic gaseous pollutants, PM10, potential isoprene oxidation 

products (*) and highly correlated VOC (r>0.6). 

 

Regression analysis performed on isoprene and highly correlated VOC 

concentrations resulted in the relative errors ranging from 9.9 to 12.8%, 

whereas the correlation coefficients between the modelled and observed 

isoprene levels were in the range from 0.97 to 0.99 for all three applied 

methods (Table 1). Furthermore, three species alone, including 1,3-butadiene, 
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isoprene oxidation product at m71 and styrene, explained the concentrations 

of isoprene with the relative error ranging between 11.5 and 13.8%. 

Vehicular exhaust is often the single most dominant source of 

anthropogenic isoprene and 1,3-butadiene. Previous studies have shown that 

the regression analysis with 1,3-butadiene gives the greatest estimation of the 

anthropogenic fraction of isoprene [4]. In addition to their known 

traffic-related origin, styrene, 1,3-butadiene and isoprene are used in rubber 

and polymer industry, and thus, another potential source is one of the leading 

producers of petrochemical feedstock, plastic and rubber polymers in the 

region, located in the industrial zone about 13 km from the measurement site. 

Table 1. MVA method performance for highly correlated VOC, 

meteorological parameters (Meteo) and inorganic gaseous pollutants (IG) 

used as inputs. 

Method VOC   VOC+Meteo VOC+Meteo+IG 

  Rel. error Corr. Rel. error Corr. Rel. error Corr. 

LR 12.84 0.98 9.54 0.99 9.51 0.99 

SMO 11.52 0.97 8.80 0.98 8.79 0.99 

MLP 9.91 0.99 7.16 0.99 6.94 0.99 

As regards isoprene oxidation products at m71, the OH-initiated oxidation 

is complicated by the fact that OH radical may attach to isoprene at four 

different positions, resulting in peroxy radical isomers that further undergo 

atmospheric reactions and produce methyl vinyl ketone (MVK), methacrolein 

(MACR), both registered at m71, and 3-methylfuran [5]. Conversely, the 

reactions with ozone are of secondary importance for isoprene oxidation, with 

major products including MVK, MACR and formaldehyde, whereas the 

reactions between isoprene and NO3 radicals are least understood and their 

occurrence is mostly expected at night. 

Inclusion of meteorological data in the analysis resulted in a decrease in 

the relative error of only 3%, whereas accounting for IG and 

second-generation photooxidation isoprene product, hydroxyacetone 

registered at m 75, led to an increase in the relative error. Based on the results 

of LR and SMO, only CO was associated with isoprene. In compliance with 

this, previous studies aimed at investigating the importance of hydrocarbons 

for CO tropospheric distribution, have shown that oxidation of isoprene only 

contributes with 10% to the global tropospheric CO burden [6]. 

The best performing method used highly correlated VOC, IG and 

meteorological data and provided relative error of 6.94% (MLP), with the 

correlation coefficient of 0.99% (Figure 2). 
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Figure 2. Best performing MVA regression based on highlycorrelatedVOC, 

inorganic gaseous pollutants and meteorological parameters as inputs. 

 

CONCLUSION 

Volatile organic compounds are known for their detrimental effects on human 

health and the environment, although the factors and complex atmospheric 

reactions that affect their spatio-temporal distribution are still the matter of 

scientific research. According to the results, isoprene exhibited strong 

associations with several volatile species, while its associations with 

meteorological factors and inorganic gaseous pollutants were estimated as 

less significant. 
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ABSTRACT 

Lagenaria vulgaris shell represents a lignocellulosic material with ability for 

binding metal cations due to hydroxyl, carboxylic, lactonic and phenolic 

groups present in its structure. Oxidation and successive sulfonation was used 

to introduce greater amount of sulphonic groups, characterized by significant 

ion-exchanging capacity. The efficiency of biosorbent based on chemically 

modified Lagenaria vulgaris shell for Cu(II) ion removal from aqueous 

solution was studied in batch conditions on various initial pHs. Results 

showed that removal efficiency (95%) did not change in pH range from 2.0 

to 5.0. 

 

INTRODUCTION 

The cellulose is the most abundant polysaccharide on the earth. It is the main 

structural component of plants and seaweed cell walls and, therefore, is 

mainly obtained from forest, agricultural, industrial, and animal waste. The 

biomass which is obtained from all these sources has three main components: 

cellulose, hemicellulose, and lignin, which contenthighly depending on the 

obtained source [1].Despite, the cellulose has lot of hydroxyl groups which 

can complex with metal ions, it has no good adsorption properties. Chemical 

modifications on cellulosic material surfaces introducing reactive agents 

improve its ability to adsorb contaminants from aqueous medium. 

The oxidation of cellulose by sodium periodate followed by the 

sulfonation reaction is well known procedure for improving the dry and wet 

tensile strength and water absorbency and solubility properties of cellulose 

[2-4]. Nowadays, this procedure was, also, used for improving the adsorption 

of heavy metals from water solutions [5]. Our attempts with paper pulp 

showed that this material is not practical because it is difficult to remove 

swelled cellulose from water. On the other hand, oxidized and successive 

sulfonated cotton fibers could not reach significant adsorption capacity for 
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copper ions. Therefore, we used ligno-cellulosic material as shell of 

Lagenaria vulgaris as starting material. 

 

EXPERIMENTAL 

The Lagenaria vulgaris fruit used in this study was harvested in vicinity of 

Leskovac, Serbia, were it grows in controlled conditions without using of 

fertilizers. The fruit sample was washed with deionized water, air-dried on 

sunlight cut into 5 cm pieces and ground using a crusher mill (Waring 8010 

ES, Germany). Then it was dried at 55 ºC for 24 h and then sieved to 

fractonize particles sizes ranging from 0.8-1.25 mm using successive sieving. 

The native biomass (ligno-cellulosic substrate) was oxidized by soaking 3.00 

g biomass in 200 mL solution of NaIO4 (16.4 mmol) in the absence of light. 

Periodate ions react with the cellulose without destroying its fibrous nature 

and result primarily in the conversion of cellulose C2 and C3 secondary 

hydroxyl groups to dialdehyde groups [6,7]. The suspension was heated at 

55ºC, because at temperatures below 20°C the reaction proceeds too slowly, 

and at temperatures greater than 55 °C periodate decomposes and reaction is 

too fast causing non-uniformity of the product [8]. In order to enhance 

dialdehyde content different reaction time (3h, 5h, and 24h) was used. 

Sulfonation was carried out by adding the dialdehyde intermedier to 0.1M 

sodium bisulfite solution and stirred during 72h at room temperature. After 

filtration, this material was washed with deionized water until the pH reached 

a constant value close to neutrality and dried at 30°C. 

The adsorption experiments were conducted in 250 mL Erlenmeyer flasks, 

containing 125 mL of 50.0 mg L-1 Cu(II) model solution during 120 min. All 

experiments were conducted at ambient temperature (20±0.5°C), at varying 

pH. Aliquots of solutions (4.0 mL) were withdrawn at preset time intervals, 

filtrated and the filtrates were analyzed for Cu(II) by AAS. All the 

experiments were carried out in duplicates and the average values were used 

for further calculations. 

The removal efficiency at time t, RE (%), was obtained as follows: 

RE=(C0-Ct)/C0*100% 

where C0 and Ct (mg dm-3) are the liquid-phase concentrations of Cu(II) 

ions at initial and any time t, respectively. 

 

RESULTS AND DISCUSSION 

The first aim of this study was to find out the optimal time of the oxidation 

reaction. Three systems were performed under the same conditions but 

varying reaction time (3h, 5h, and 24h). After filtration, the material was 

washed with deionized water to remove the spent oxidant and freeze-dried 

providing a yield of 96-98%. The dialdehyde content was determined using 
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alkaline dissolving technique which is consistent with the redox reaction 

named after Cannizzaro [9,10]. It was observed that oxidation during 5h yield 

material with the highest dialdehyde content (80%, 36%, and 32% for 

treatment during 5h, 24h and 3h, respectively), which means that material was 

more active for further modification, in this case, sulfonation. 

Within the adsorption 

experiments, focus was on 

studying the influence of 

solution pH on removal of 

copper(II) ions from aqueous 

medium. In that order, we 

investigated removal 

efficiency of sulfonated 

Lagenaria vulgaris shell in pH 

range of 1.0-5.0 (Fig. 1). It 

could be assumed that at lower 

pH, sulfonic groups would be 

protonated, and competition 

of H+ ions are significant 

which would result in bad 

Cu(II) ions adsorption. But, 

in this case, removal 

efficiency was up to 95% at 

pH 5.0 and did not change even at pH 2.0. Considerably fall in removal 

efficiency was observed at pH 1.5 (75%), while at pH 1.0 it reached 23%. 

 

CONCLUSION 

The chemical modification (oxidation and successive sulfonation) of 

Lagenaria vulgaris shell is very important for the application in the removal 

of copper ions and other contaminants from aqueous solutions, because 

materials prove new chemical properties that are more favorable than the 

starting materials. These new properties improve the interactions between the 

modified material and copper ions during adsorption processes in aqueous 

solutions. Results showed that solution pH does not strongly influence on 

these interactions. Therefore, the sulfonated Lagenaria vulgaris shell is 

promising for application in removing copper ions from natural waters and 

industrial waste waters. 

 

 

 

  

Figure 1. Effect of pH on removal 

efficiency of sulfonated Lagenaria 

vulgaris shell (Cu(II) conc. 50.0 mg L-1, 

biosorbent dose 4.0 g L-1, temp. 20±0.5°C, 

120 min). 
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ABSTRACT 

The adsorption of Cu2+ from aqueous solutions by nettle biomass material has 

been studied. Correlation between raw material biosorption and biomass 

material after incomplete incineration (IIN) and also the effects of initial 

Cu(II) concentration on adsorption have been studied in batch mode. The 

experimental isotherm results have been fitted using Langmuir, Freundlich, 

Temkin and Dubinin-Radushkevich equations. 

 

INTRODUCTION 

Heavy metal pollution has become one of the biggest problems in the context 

of environmental pollution due to their solubility, mobility and ability to 

accumulate in the soil. All rigorous standards of allowable concentrations of 

contaminants and environmental protection have caused the quest for better 

and cheaper methods of purification of polluted water. For this purpose, 

various kinds of materials capable to adsorb pollutants have been developed 

[1, 2]. 

Copper is an essential element for living organisms at trace levels, but 

acute or chronic exposure to higher concentrations can cause severe kidney 

and liver disease, even death. The maximum allowed concentration for 

drinking water which is regulated by the United States Environmental 

Protection Agency in 2010 is 1.3 mg dm-3 [3]. 

Nettle is traditionally used as a medicinal plant. Medicinal raw materials 

are leaves and above-ground part. In the literature there are data about use of 

nettle as a low cost adsorbent for the removal heavy M(II) metals from 

aqueous solution [4, 5].  

The aim of this study was to show that the product of incomplete 

incineration obtained from a disused plant material nettle can be used as a 

potentially inexpensive and readily available biosorbent for the removal of 

heavy metals from aqueous solutions. 

mailto:vladimir15041987@gmail.com
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EXPERIMENTAL 

Biosorbent was obtained by incomplete incineration of dried nettle in covered 

porcelain pot. Nettle of the same levels of vegetation were collected from 

localities environmental niche and air dried prior to testing. Standard stock 

solutions of Cu2+ ion of 1000 mg dm-3 were used to prepare appropriate 

concentrations for the adsorption studies. The adsorption equilibrium 

experiments were conducted in 250 cm3 Erlenmeyer flasks, containing 

different concentrations (from 10.0 to 400.0 mg dm-3) of the copper model 

solution during 120 min. Aliquots of solutions (4.0 cm3) were withdrawn at 

preset time intervals. All experiments were conducted at ambient temperature 

(20.0±0.5°C), at initial pH 5.0±0.1, using magnetic stirrer on 200 rpm. 

The concentrations of residual Cu2+ ion in the solution before and after 

adsorption were determined by using an atomic absorption spectrophotometer 

(AASAnalyst 300, Perkin–Elmer, USA) at a wavelength of 324.8 nm. 

The amount of adsorbed metal ions, qe (mg g-1), at equilibrium was 

calculated as: 

qe= 
(C0–Ce)V

m
 

where qe is the amount of M(II) ion adsorbed per unit weight of the 

adsorbent at equilibrium time, V is the volume of solution, C0 is the initial 

concentration of metal ion (mg dm-3), Ce is the equilibrium metal ion 

concentration (mg dm-3), and m is the mass of the adsorbent (g). 

The metal removal efficiency, RE (%), of the adsorbent was estimated 

according to the following equation: 

      RE= 
C0–Ce

C0
×100% 

Where C0 and Ce are the initial and equilibrium concentrations (mg dm-3) of 

M(II) ions in solution, respectively. 

 

RESULTS AND DISCUSSION 

The effect of contact time on the residual concentration of Cu(II) ions in 

aqueous solution with raw nettle and nettle after incomplete incineration is 

shown at Fig. 1. These results indicate that raw nettle is not efficient 

biosorbent, but after incomplete incineration it became a very efficient 

biosorbent for removal Cu(II) ions from wastewater. The initial fast phase 

occurs due to a high availability of the number of active binding sites 

(functional groups) on the biosorbent surface. A further increase in contact 

time did not show a significant decrease of Cu(II) concentration [6]. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    K-08-P 

 

 721 

Batch experiments were performed at 

different initial Cu(II) concentrations 

ranging from 10.0 to 200.0 mg dm-3 in 

contact with 4.0 g dm-3 of nettle 

biosorbent at 20±0.5 °C and pH 5.0±0.1. 

Previous study [7] showed that pH 5.0 is 

an optimal value because above pH 6.0 

copper precipitates as a hydroxide and at 

low pH the sorption capacity is 

negligible. The influence of initial 

Cu(II) concentration on removal 

efficiency is shown in Fig. 2. 

The initial copper concentration is a 

driving force to overcome mass transfer 

resistance for metal ion transport 

between the solution and the surface of 

the adsorbent. At low concentrations of 

copper(II) ions, greater availability of 

the exchangeable sites on the surface 

area interact with all adsorbate ions, and, 

on the other hand saturation of the 

available active sites on the surface 

functional groups prevent further copper 

ion uptake with increase of Cu(II) 

concentration [4]. 

The adsorption isotherm data have 

been determinated by changing the 

initial metal concentration while the 

other parameters are kept constant. The 

fitting of the data to the Langmuir, 

Freundlich, Temkin and Dubinin-

Radushkevich isotherms was based on 

the coefficients of determination (R2) 

and it was found to be 0.8193, 0.9698, 

0.8041 and 0.8741, respectively. These 

results show that the biosorption of Cu(II) ions by IIN follows Freundlich 

model. 

 

 

 

  

Figure 2. Effects of initial Cu(II) 

concentration on removal Cu(II) 

by IIN (initial Cu(II) conc. 10.0-

200.0 mg dm-3, temp. 20±0.5 °C, 

pH 5.0±0.1, biosorbent dose 4.0 g 

dm-3) 

Figure 1. Effect of contact time 

on removal Cu(II) by raw nettle 

and nettle after incomplete 

incineration (initial Cu(II) 

concentration 50 mg dm-3, temp. 

20±0.5 °C, pH 5.0±0.1, 

biosorbent dose 4.0 g dm-3) 
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CONCLUSION 

The effect of contact time on the residual concentration of Cu(II) ions in 

aqueous solution with raw nettle and nettle after IIN indicated that raw nettle 

is not efficient biosorbent, but IIN became very efficient. Batch experiments 

with different initial Cu(II) concentrations showed that copper uptake was 

increased by increasing the initial Cu(II) concentration, but, in the same time, 

adsorption percentages decreases. The batch adsorption data was successfully 

correlated with Freundlich model (R2 = 0.9698) which suggests that 

multilayer sorption takes place on the surface of biomass. 

The present study indicated that the nettle after incomplete incineration is 

very cheap and effective biosorbent for the removal of Cu(II) from 

wastewaters. 
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ABSTRACT 

Fine particlulate matter fraction (PM 2.5) of urban aerosol collected daily for 

one year with 3/7 frequency at urban background locations in Banja Luka 

(BL) and Belgrade (BG) had been analyzed and discussed. Mass 

concentrations of aerosol deposit were determined by standard gravimetric 

procedure and concentrations of elements with antropogenic and crustal 

origin have been obtained by application of nuclear analytical techniques 

(PIXE, XRF). Resulted descriptive statistic parameters have shown that PM 

2.5 annual limit value 25 μgm-3was exceeded during the heating period in 

both investigated regions but with significantly higher values in Banja Luka 

due to different heating type and structure and local traffic characteristics. 

Observed concentrations of S and K are high and based on other metals 

concentration some industrial influences have been indicated.  

 

INTRODUCTION 

Numerous studies over the past decade have shown that a large proportion of 

diseases and deaths can be attributed to air pollution. Atmospheric particulate 

matter (PM) level turns as a key parameter in the cause/effect relationship 

between exposure to pollution and health impacts especially with high risk 

respirable fine particles, PM 2.5 [1]. The international and national legislative 

has stipulated annual mean limit value of 25 μg m-3 for PM2.5 mass 

concentration. [2]. Apart the size, chemical composition of the particles and 

their capacity to carry potentially toxic substances such as organic substances 

or metallic compounds adsorbed on their surfaces have a crucial role to the 

effects. Trace elements may be released into the atmosphere by human 

activities, such as combustion of fossil fuels and wood, high temperature 

industrial activities and waste incinerations, gasoline exhaust emissions, etc. 

Urban anthropogenic particles are mainly in the PM 2.5 range and its 

sampling diminishes the interference of natural sources. They could remain 
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in the air with relatively long residence time and could efficiently penetrate 

human lungs. Although PM 2.5 fraction of particulate matter is of a great 

concern for public health, no systematic studies have been performed in 

Balkans countries. The first measurements have been initiated in Belgrade, in 

2002, Republic of Serbia, and in Banjaluka Bosnia and Herzegovina within 

this study. Here will be presented data on mass concentrations and chemical 

composition of PM 2.5 fraction of urban aerosol collected during 2014/15 as 

a starting point for the creation of short-term and long-term policy of air 

quality management  

 

EXPERIMENTAL 

The air sampling of PM 2.5 aerosol fraction was performed from Aug 2014 

till Aug 2015 at both locations using a MVS6 Sven Leckel reference 

samplers, with air flow rate 2.3m3/h. Suspended particles were collected on 

preconditioned (48 h at 20°C and constant relative humidity around 50%.) 

and pre-weighed PTFE filters exposed 24 hours with 3/7 frequency. Sampling 

locations were in Banja Luka (BL) urban background site (Hs= 175m 

φ=44.75N, λ=17.24E) in residential area and in Belgrade (BG), sampling of 

PM 2.5 was performed at suburban site (Hs= 243 m φ=44.78N, λ=20.52E) in 

residential area using the same standard procedures as in Banja Luka. The PM 

2.5 mass concentration were determined by weighting of the unloaded and 

loaded preconditioned filters using semi-micro balance Mettler Toledo 

XS205DU (BL) and Sartorius, R 160P (BG) with a minimum resolution of 

0.01 mg in accordance with EN12341 SOP. 

Elemental analysis of PM 2.5 was done by nuclear analytical techniques 

XRF (BL) in Laboratory of Ion Beam Applications, NCSRE, Demokritos, 

Greece, and PIXE (BG) in Laboratory of Ion Beam Applications, institute of 

Nuclear Research, Hungarian Academy of Sciences. The elements observed 

within the study are: Al, Si, S, Cl, P, K, Ca, Na, Mg, Cr, Fe, Cu, Zn, Ni, Cd, 

As, Ti and V. 

 

RESULTS AND DISCUSSION 

Gravimetric analysis of PTFE filters exposed in urban background areas of 

Belgrade and Banja Luka from Aug 2014 till Aug 2015 have shown daily 

mean values of PM 2.5 mass concentrations presented at Figure 1. Maximum 

concentrations may be noticed in heating period that was from 15 October to 

15 April with the episode in Banja Luka in January 2015. 

Statistical parameters of daily PM 2.5 mass concentrations (μg m-3) over 

the year have been determined for heating (H), non-heating (NH) and whole 

sampling time (All) as presented in Table 1. 
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Figure 1. Daily mean mass concentrations of PM 2.5 (µg/m3) in Belgrade 

(BG) and Banja Luka (BL) residential areas in 8/2014 -8/2015 

 

The PM 2.5 mean 24-hours mass concentrations over the whole sampling 

time in Belgrade was 20.63 μg m-3, which is below annual limit given by 

national and Europian legislations (25 μg m-3) but it exceeded 30.27 μg m-3 

in Banja Luka. 

 

Table 1. Statistical parameters of daily PM 2.5 mass concentrations (μg m-

3) in Belgrade and Banja Luka in Aug 2014 to Aug 2015 

 

Location Time N Mean SD Max Min Median 98th 

Belgrade  NH 60 9.83 7.45 29.92 0.10 9.17 27.14 

H 71 29.76 15.63 72.10 5.84 29.40 67.81 

All 131 20.63 16.00 72.10 0.10 17.85 62.24 

Banja 

Luka 

 

NH 55 18.04 7.76 41.88 4.49 17.27 36.57 

H 45 45.22 34.73 233.61 9.84 41.54 108.97 

All 100 30.27 27.45 233.61 4.49 21.85 72.92 

 

In general, seasonal variations are obvious with much higher 

concentrations in heating season, when maximum value 29.76 μg m-3 was 

observed in Belgrade and 45.22 μg m-3 in Banja Luka, both higher than 

prescribed annual limit value. Although Banja Luka have almost 10 times less 

inhabitants and vehicles than Belgrade the pollution by fine particulate matter 

is higher, probably due to different prevailing heating structure and type: 

combustion of fossil fuels or biomass burning, industry influences as well as 
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to the location characteristics and certain meteorological conditions e.g. 

inversed layers, low temperature and stagnation of air masses.  

Besides the mass concentrations, elemental analysis of fine particulate 

matter aerosol fraction revealed seasonal variations of anthropogenic trace 

elements. The concentrations 110.75 ng m-3Fe and 9.40 ng m-3 V are higher 

in Banja Luka than corresponding values in Belgrade: 88.18 ng m-3 and 2.67 

ng m-3 respectively. Crustal elements Ca, Na, Mn, Al and Si have higher 

values in Banja Luka than in Belgrade that refer to soil dust as the main 

source. Concentration of Zn in Belgrade: 22.50 ng m-3has higher value than 

in Banja Luka (6.68 ng m-3) that is in accordance with earlier research [2]. 

Concentrations of Pb and Cu in Banja Luka has values 5.56 ng m-3 and 3.96 

ng m-3 respectively, in compare with 18.66 ng m-3 and 1.83 ng m-3 in Belgrade. 

Concentration of K is significantly higher in Banja Luka (571.22 ng m-3) than 

in Belgrade (319.53 ng m-3) indicating biomass burning as a dominant heating 

fuel. Sulphure concentration is very high on both location with value 1522.93 

ng m-3 in Banja Luka and 1012.77 ng m-3 in Belgrade indicated bad quality 

of coal and high contents of S in traffic emissions.  

 

CONCLUSION 

Mean annual PM2.5 mass concentrations exceeded the EU air quality standard 

in Banja Luka in investigated time interval. Seasonal variations of elemental 

concentrations indicated a great influence of fuel combustion in the heating 

season. In general anthropogenic trace element are higher in Belgrade than in 

Banja Luka while the crustal elements have higher concentrations in Banja 

Luka.  
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ABSTRACT 

This study focused on testing the efficacy of steel (min. 98,75% Fe) electrodes 

in an electrocoagulation treatment of wastewater containing phosphates (P–

PO4). Research has followed the effect of the electrolysis duration, current 

density, different concentration of supporting electrolyte and phosphate in 

wastewater. For 40 minutes of treatment is achieved removal efficiency of 

93,5%, at the initail pH value 3, j=1 mA/cm2 and γ0=50 mg/L P–PO4. 

Addition of NaCl as a supporting electrolyte (γ=0.25 g/L), is achieved 64,1% 

removal efficiency for 20 minutes of treatment (pH=3, j= 1mA/cm2).  

 

INTRODUCTION 

This study considers the electrocoagulation (EC) as the treatment for the 

phosphate removal from the synthetic wastewater. There are numerous 

studies on phosphate removal from wastewater with some of them dealing 

with the EC with the application of the aluminium electrode itself [1-8]. In 

the process of EC wastewater the initial pH-value is an important parameter, 

and previous research has shown that for the case of steel electrodes optimum 

pH=3 [1-3]. To achieve the removal efficiency of 97.7% using steel electrode, 

the optimum values of the parameters are as follows: pH= 3, j=6mA/cm2, 

t=15 min [3]. The increase of the current density increases and the phosphate 

removal efficiency, as well as specific consumption of electric energy [4]. 

Applying the steel electrode, removal efficiency decreases with the increase 

in the initial concentration of wastewater, 100% (0(P-PO4)=25mg/L, Wsp=0,81 

kWh/m3), 98% (0(P-PO4)=50 mg/L, Wsp=0,50 kWh/m3), 61% (0(P-PO4)=100 

mg/L, Wsp=0,444 kWh/m3) respectively [4]. It is well known that the 

pollutant removal from the wastewater increases with increase of the solution 

conductivity [5,9]. As a supporting electrolyte commonly has used NaCl in 

various concentration ranges [6-9]. Results of the research by Attor et al., 

indicate that with addition of the NaCl as the supporting electrolyte in 

concentrations of 25,5 mM, a complete phosphate removal is achieved (pH= 

3, 0(P-PO4) =100 mg/L, j= 10 mA/cm2) [7].  
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EXPERIMENTAL 

In present experimental research, a batch electrochemical reactor of 250 cm3 

capacity made from polypropylene with constant mixing was used, combined 

with two electrodes of the same area surface P=37,3 cm2, separated at d=20 

mm distance. The electrode material (anode and cathode) is steel (EN10130-

91). All the experiments were performed at 20°C and pH=3 in accordance to 

the literature recommendations [1-3]. Synthetic wastewater was analysed for 

the phosphate concentration by spectrophotometry (max=410 nm) at Perkin 

Elmer, Lambda 25 in accordance with the standard method [10]. 

 

RESULTS AND DISCUSSION 

Results for the phosphate removal by EC are expressed by removal efficiency, 

Eu, in percent calculated by the formula (1). There the γi and γf are the initial 

and the final concentration of the phosphate in mg/L. Energy consumption is 

expressed through the formula (2), where U is the tension, I - electric current, 

t - time, m - mass of the phosphates removed. 

 
(1); 

 
(2) 

Figure 1. and 2. show the influence of the electrolysis duration on wastewater 

phosphate concentration decrease (0=50 mg/L), or, it can also be said, on the 

Eu without supporting electrolyte. A current density used was j=1 mA/cm2 

which, in accordance to the literature, was cited as the optimal current denisty 

[4]. It can be clearly seen that with electrolysis duration prolongation, the 

phosphate concentration in wastewater decreases, reaching the values of 

Eu=93,5%, in 40 min of treatment. Influence of the NaCl as the supporting 

electrolyte on Eu is shown at Figure 3. Efficiency is highest at γNaCl=2,0 g/L 

concentration, being Eu=52,2%. Since there are no greater differences in 

removal efficiencies at concentrations of γNaCl=0,25 g/L (Eu=50,2%) and 

γNaCl=2,0 g/L, the rest of the research was performed under γNaCl=0,25 g/L. 

Under the optimal experimental conditions (j=0,25 mA/cm2, t=10 min, 

γNaCl=0,25 g/L) the efficiency is increasing with the decrease of the initial 

phosphate concentration in the wastewater, which is in accordance with 

previous findings [4]. Efficiency is highest at the phosphate concentration of 

γ=25 mg/L and goes up to Eu=63,4% (Fig. 4). Figure 5. shows dependence 

of the phosphate removal efficiency on the current density with γ0=50 mg/L, 

γNaCl=0,25 g/L and t=10 min. 
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Figure 1. Phosphate concentration 

decrease in relation to the 

electrolysis duration (j=1 mA/cm2, 

t=40 min.) 

Figure 2. Eu in relation to the 

electrolysis duration (j=1 mA/cm2, 

t=40 min.) 

 

  
Figure 3. Relationship between Eu 

and the NaCl (j=1 mA/cm2, t=10 

min.) 

Figure 4. Relationship between 

efficiency and the phosphate initial 

concentration in wastewater 

 

  
Figure 5. Efficiency at varying j 

(0=50 mg/L, NaCl=0,25 g/L) 

Figure 6. Relation between the Wsp 

and the current density 

 

Highest efficiency is reached under the current density of j=2 mA/cm2 and it 

has shown the value of Eu=69,5%, while for the lower current densities, the 

removal efficiency did not differ significantly. Due to the small difference in 
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efficiency achieved, but significantly higher energy consumption (Fig. 6.) 

under higher current densities (for j=0,25 mA/cm2, energy consumption was 

Wsp=2,15 kWh/m3, and for j=2 mA/cm2 energy consumption was Wsp=155,1 

kWh/m3). Therefore in farther experiments the current density was set to 

j=0,25 mA/cm2. 

 

CONCLUSION 

The study has shown that the EC is an efficient method for phosphate removal 

from wastewater. Efficiency of 93,5% in phosphate removal was achieved in 

40 minutes under pH=3, j=1 mA/cm2 and γ0=50 mg/L P–PO4. By applying 

lower current densities, somewhat lower efficiency was achieved, however, 

process was significantly more economical as far as the energy consumption 

is concerned (j=0,25 mA/cm2, Eu=52%, Wsp=0,043 kWh/kgP-PO4). 
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ABSTRACT 

The content of essential (Fe, Mn) and toxic (Pb, Cd) heavy metals were 

determined in dried herbal drugs and their water extracts consumed for 

medical purposes, such as mint and nettle leaves, marigold inflorescence, 

hibiscus flower and marshmallow root, applying flame and graphite furnace 

atomic absorption spectrometry techniques. The heavy metal contents in 

herbs and their water extracts varied widely in the range 0.24 (Cd)  855.70 

(Fe) mg kg1 and 0.02 (Cd)  23.08 (Mn) mg kg1, respectively. Analyzed 

water extracts as herbal beverages, due to low or moderate transfer of toxic 

heavy metals during the extraction process, are safe for consumption. 

 

INTRODUCTION 

The herbal drugs contain both organic pharmacologically active compounds 

and trace heavy metals, which can be available to the human body from any 

kind of consumption of herbs and their water extracts. Some metals are 

essential nutrients (Cu, Zn Cr, Fe and Mn), yet become toxic at high 

concentrations, while others (Pb, Cd, As, and Hg) and are toxic at very low 

concentrations due to their nonbiodegradable nature, solubility in water and 

potential to accumulate in different body parts 1. The herbs and their water 

extracts contain essential and toxic heavy metals in a wide range of 

concentrations 14. The amount of metals in herbal extracts depend on 

whether the metal is strongly bound to the matrix or more soluble in the 

solution employed, on the extraction efficiency of the metals, applied 

extraction methods, as well as the total concentrations of the metal in herbs. 

The extraction efficiency of metal (E%) was estimated as the ratio of its 

concentration in herbal extract to total concentration in herb. The metals 

extracted from various herbs into water extracts could be classified as highly 

(> 55%), moderately (22  50%) and poorly (< 20%) extractable elements 

[3]. Although herbs beverages plays an important role of the consumers 
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health, herbal drugs can present a health risk if toxic element are present at 

high concentrations and above the maximum permissible level. The aim of 

this study was to investigate the content of Fe, Mn, Pb and Cd content in dried 

mint, nettle marigold, hibiscus and marshmallow samples and efficiency of 

heavy metals extraction in water from herbs, as well as to examine the safety 

of selected water extracts as herbal beverages. 

 

EXPERIMENTAL 

Selected samples of dried mint (Menthae X piperitae folium) and nettle 

(Urticae dioicae folium) leaves, marigold inflorescence (Calendulae 

officinalis flos.), hibiscus flower (Hibisci sabdariffae flore) and marshmallow 

root (Althaeae officinalis radix) were purchased directly from a health food 

store in Belgrade where they are sold in bulk. The reference standard stock 

solutions of Fe, Mn, Pb and Cd at a concentration of 1000 ppm (J.T. Baker, 

USA) as well as 69.7% HNO3 and 30% H2O2 (Merck, USA) were of 

spectroscopic grades. The samples of 0.6 g ground dried herb were digested 

using the microwave digestion system (Milestone Start E), with high pressure 

supports. To complete the digestion process, the solid residue was dissolved 

in 7 mL 69.7% HNO3 and 1 mL 30% H2O2, and filtered. To prepare water 

extracts, accurately weighed mass of dried herbs poured with 200 mL of 

boiling deionized water, left to cool during the 10 or 30 minutes, filtered and 

the solution was evaporated to near dryness. To the solid residue, 6 mL 69.7% 

HNO3 and 2 mL 30% H2O2 were added, and samples were evaporated to near 

dryness. All filtered samples were transferred in a 25  mL volumetric flask 

and completed to the mark with deionized water (18 MΩ cm1, Milli Q, 

Millipore). Digested samples were analyzed applaying flame (Fe, Mn) and 

graphite furnace atomic (Pb, Cd) absorption techniques, using atomic 

absorption double beam spectrophotometer (GBC Scientific Equipment, 

Australia) with a deuterium lamp for background correction and hollow 

cathode lamp for Fe, Mn, Pb and Cd at wavelengths of 248.3, 279.5, 217.0 

and 228.8 nm, respectively. Relative standard deviation (RSD) was bellow 

8%, for all elements. Quantification of metals was achieved by using a 

calibration curve that was fitted by the least squares method. 

 

RESULTS AND DISCUSSION 

The results of the total content of heavy metals in selected herbal drugs and 

the content in their water extracts are summarized in Table 1. The content of 

heavy metals, presented as a mean value ± standard deviation (SD) for five 

determination. The highest mean total content of Fe (855.70 mg kg1), Pb 

(4.92 mg kg1) and Cd (0.46 mg kg1) determined in marigold sample, while 
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the hibiscus sample is very rich of Mn (301.30 mg kg-1). The content of Cd 

were comparable in marshmallow, nettle and hibiscus samples and nearby the 

maximum permissible level (0.3 mg kg1) declared by FAO/WHO 5, but in 

the mint and marigold samples to be above the FAO/WHO limit. The content 

of Pb in all selected herbs were below maximum permissible level (10 mg 

kg1) established by the national legislation 6 and FAO/WHO.  

 

Table 1. Heavy metal content in selected herbal drugs and water extracts 
Sample  Heavy metal content expressed on dry basis  (mg kg1) 

Fe Mn Pb Cd 

Mint leaves 

Herb 170.61  5.85 73.84  0.57 3.84  0.13 0.390  0.018 

Extract 2.58  0.16 11.04  0.17 0.82  0.04 0.051  0.003 

Marigold inflorescence 

Herb 855.70  18.22 29.64  0.82 4.92  0.08 0.46  0.03 

Extract 1.91  0.13 3.45 0.12 0.48  0.04 0.021  0.001 

Hibiscus flower 

Herb 90.00  4.26 301.30  7.83 4.83  0.35 0.280  0.005 

Extract 1.13  0.06 23.08  0.23 0.43  0.02 0.041  0.003 

Marshmallow root 

Herb 67.21  4.34 10.56  0.34 3.60  0.29 0.241  0.014 

Extract 0.57  0.02 0.40  0.02 0.41  0.03 0.022  0.001 

Nettle leaves 

Herb 285.20  17.02 36.25  0.40 3.56  0.21 0.261  0.016 

Extract 1.53  0.09 2.80  0.11 1.09  0.08 0.080  0.004 

 

 The analyzed metals were transferred into the water extract at different 

ratios, which significantly depended on the type of metal and herb. Highest 

mean concentration of essential metals Fe and Mn determined in mint and 

hibiscus extracts, respectively, while in nettle sample is determined highest 

mean concentration of toxic Pb and Cd. According to the extraction efficiency 

presented in Figure 1, toxic heavy metals Cd (4.3  30.8%) and Pb (9.7  

30.6%) could be classified as moderately or poorly extractable elements, 

while the essential metals Mn (3.8  15.0%) and Fe (0.2  1.5%), due to the 

low metal transfer during the process of extraction, poorly extractable 

elements. On the basis of the mean value of extraction efficiency, the 

analyzed metals can be classified as poorly extractable and presented by the 

following decreasing order: Pb > Cd > Mn > Fe.  

 Fraction of the quantity of analyzed metals, assuming one cup (a volume 

of 200 mL) of daily consumption of mint, hibiscus and nettle water extracts 
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with highest content of Fe, Mn and both Pb and Cd, respectively, represents 

only 0.05% (Fe) and 1.75% (Mn) of the recommended daily intake, as well 

as 1.45% (Pb) and 0.38% (Cd) of provisional tolerable daily intake 

(calculated from provisional tolerable weekly intake for a 60 kg bw)) 5.  

 However, results of determination of heavy metals content are in 

accordance with the values obtained for herbs cultivated in different 

geographical regions and prepared using different extraction methods 14. 

CONCLUSION 

When selected herbal drugs are used for beverages preparation, the content 

of heavy metals Fe, Mn, Pb and Cd in water extracts depends on total metals 

concentration in dried herbs and significantly different extraction efficiency 

of metals (0.2  30.8%). The heavy metal contents in examined water extracts 

varied widely in the range 0.02 (Cd)  23.08 (Mn) mg kg1, respectively. The 

consumption of selected herbal extracts as beverages, due to low or moderate 

transfer of Pb and Cd during the extraction process, is not a pose a health risk 

factor by toxic heavy metals. 
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ABSTRACT 

In this paper we investigated the impact of transported air pollution 

onchromium concentrations and estimated the associated population health 

riskat three different locations in Belgrade areafor the period 2011-2013. 

According to the results, chromium levels were associated with significant 

carcinogenic risk, especially in the suburban area affected by industrial 

pollution. The contribution of transported pollution to the observed chromium 

concentrations was assessed by the use of hybrid multireceptor models, 

revealing major potential emission sources located in the neighboring 

countries ofSE Europe. 

 

INTRODUCTION 

The levels of air pollutants in Belgrade are higher than in most European 

cities. The factors associated with poor air quality include the growth in the 

number of inhabitants, significant number ofpoorly-maintainedvehicles and 

outdated technologies in all economysectors, as well as polluted air masses 

coming from the neighboring industrial countries[1]. According to the results 

of long-term measurements, the mean annual PM10 levels in Belgrade ranged 

from 30.0 to 58.9 μg m−3, with a significant number of EU AQS limit 

(40 μg m−3) exceedances [2]. In addition to PM10 concentrations, chemical 

composition is also implicated in particles’ relative toxicity. For instance, 

inhalation of chromiumcontaining aerosols is recognized to induce a wide 

range of adverse health effects[3].The emissions from two main 

anthropogenic Cr sources, coal combustion and metallurgical processes, 

result in particles of very small diameter (< 1 µm)that may be transported 

over long distances [4]. The aim of this study was to investigate potential 

remote emission sources contributing to Cr loadings in Belgrade which are 

reported to be high [5] and to estimate the related human health risk associated 

with exposure to the observed concentrations. 
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EXPERIMENTAL 

Chromiumconcentrations were determined by the use of inductively coupled 

plasma mass spectrometry (ICP-MS, Agilent 7500) in PM10daily samples 

collected during the period 2011-2013 at three locations in Belgrade 

(Serbia)using referent Sven Leckel samplers. The sampling procedure and 

measurements were conductedaccording to standards EN 12341 and EN 

14902, respectively.Two urban sampling sites includedBojanska,located in 

highly populated residential area ofthe city central zone,andTrg JNA,exposed 

to intense traffic, whileVeliki Crljeni,situated in the vicinity ofthe coal 

minewas assigned assuburban-industrial type. 

The carcinogenic health riskassociated with exposure to the observed Cr 

levels was calculated in accordance with the US EPA health risk model[6]. 

The obtained parameter, incremental lifetime cancer risk (ILCR),represents 

an incremental probability of an individual developing cancer over lifetime 

as a result of exposure to a carcinogenic compound.The acceptable, baseline 

risk level is considered to be below 10-6, while 10-4 is considered as the upper 

limit and the reason for public health concern [7]. 

The potential non-local emission sources and their impact on the observed 

Cr concentrations were analyzed by the use of 72-h air mass trajectories, 

calculatedas described inPerišić et al. [4],and advanced multireceptor 

trajectory ensemble models (TEM), including potential source contribution 

function (PSCF), concentration weighted trajectory (CWT), residence time 

weighted concentration (RTWC) and simplified quantitative transport bias 

analysis (sQTBA), all implemented in MetCor statistical software 

(MetCor v.1.0, revision 30) [8]. 

 

RESULTS AND DISCUSSION 

The toxicity of Crcompounds is mainly associated with metal oxidation state. 

For instance, hexavalent Cr, mainly originating from anthropogenic sources, 

is the form considered highly carcinogenic. As no information on Cr 

oxidation state could be obtained, ILCR was calculated based on one seventh 

of the measured Cr concentrations, as proposed by the US EPA. The results 

reveal that ILCR was higher than10-5 at all sampling sites, with the maximum 

value of 3.74 x 10-5,as estimated for the suburban-industrial site (Figure 1) 

[5].Traffic emissions and fuel burning for heating purposes in cold season 

were recognized as dominant Cr local sources in urban, residential areas, 

whereas dust resuspension and coal burning had major impact on Cr 

concentrations at the suburban-industrial site,located in the vicinity of the 

lignite mine and thermal power plant Kolubara A [5]. 
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Nevertheless, air pollution is not 

only a local and time-limited issue, 

and our previous studies have 

confirmed the significant contribution 

of long-range transport (up to 16%) to 

locally registered PM10[5]. As regards 

the non-local origin of chromium,the 

results of multireceptor PSCF model 

have shown that the potential Cr 

emission sources were located in NE 

and SW areas of Belgrade, as well as 

in the neighboring countries 

(Figure 2). Additionally, the results of 

multireceptor CWT and RTWC 

analysis revealed that the examined 

sites were influenced by strong Cr 

emission sources from Eastern 

Europe, located in the vicinity of the 

Black Sea. The prevailing impact of regional sources and sources in Eastern 

Romania was clearly distinguished by the use of sQTBA. 

 
Figure 2. Potential Cr sources resolved by the use of multireceptor PSCF 

(probability), CWT, RTCW and sQTBA [µg m-3] forthe period 2011-2013. 

CONCLUSION 

Figure 1. Incremental lifetime Cr 

cancer risk for the period 2011-13. 
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Population exposure to chromium compounds in Belgrade is estimated to be 

associated with high carcinogenic health risk, particularly in the suburban 

area affected by industrial emissions. According to the results of hybrid 

multireceptor models, the major potential Cr emission sources were located 

in NE, E and SW areas of Belgrade, as well as in the neighboring countries. 
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ABSTRACT 

In this paper we presented assessment of the potentially toxic elements in the 

vineyard topsoil (0–5 cm) near the main route in region “Oplenačko 

vinogorje”. We presented concentrations of potentially toxic elements (Cd, 

Co, Cr, Cu, Ni, Pb, Sb, V and Zn) and pH values determined in deionized 

H2O, 1 M KCl and 0.01 M CaCl2. Concentrations of Cr (89–280 µg g-1) and 

Ni (59–220 µg g-1) were determined in values higher than maximum 

prescribed concentration by regulative. In addition, the high concentration of 

other elements (Co, Cu, Sb and Zn)points to the necessity of performing more 

frequently monitoring of potentially toxic elements in the vineyard soil. 

Significant correlations were obtained between concentrations of Cr–Ni–Sb, 

but also significant dependence of Zn concentration on pH values was 

determined. 

 

INTRODUCTION 

Vineyard soil has influences on human health via agricultural production. 

Foodborne diseases have a significant impact on human health [1]. The 

increasing release of agrochemicals into the environment has led to growing 

public concern over the potential accumulation of pollutants (e.g. heavy 

metals) within agricultural soil.  

One of the most important steps in monitoring content of potentially toxic 

elements in soil is to determine whether the total contents of potentially toxic 

elements are within the range or over the concentration prescribed by national 

and international legislation. Therefore, there is a clear interest for monitoring 

of major and trace elements in agricultural soil, especially those recognized 

as toxic or carcinogenic. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    K-13-P 

 

 740 

Soil acidity (key phisico-chemical parameter for determine soil 

bioavailability and mobility fractions) was measured to determine potentially 

toxic element concentration relation to soil acidity. 

The aims of this study were to determine concentrations of potentially toxic 

elements, their positive correlations and the topsoil acidity (pH).  

 

EXPERIMENTAL 

The “Oplenac” Wine Route is well known region for vine growing and 

production, 80 km away from Belgrade, a capital of Serbia. The topsoil (0–5 

cm) samples were collected during grapevine season of 2015. Twenty-three 

sampling sites from the vineyard parcels along main route (1st parcel x 5 sites, 

2nd parcel x 2 sites, 3rd parcel x 2 sites, 4th parcel x 5 sites, 5th parcel x 4 sites, 

6th parcel x 4 sites), and one control sample on the meadow in the vicinity of 

vineyard parcels. 

The soil samples were air dried, grinded in a mortar with a pestleand, and 

sieved through 2 mm stainless sieve. The hygroscopic moisture of each soil 

sample was determined at 105°C.The aqua regia digestions were performed 

in microwave oven (ETHOS 1, Start E Microwave Extraction System, 

Milestone, Italy) in sealed PTFE vessels using 9 mL HCl and 3 mL HNO3 for 

0.5 g of each soil sample [2,3]. 

Using inductively coupled plasma optical emission spectrometry (ICP–OES), 

25 elements in the soil samples were determined. In this paper we only pay 

attention to potentially toxic elements (Cd, Co, Cr, Cu, Ni, Pb, Sb, V and Zn) 

which could have negative consequences for humans and environment. 

The pH of soil samples was determined in mixture of (1:5) soil–distilled H2O, 

soil–1M KCl, and soil–0.01M CaCl2. Acidity (pH) of soil samples were 

determined using glass electrode.  

For data analysis SPSS software version 21 for Windows and Statistic8 (Stat 

Soft Inc., Tulsa, OK, USA) were used. Correlation analysis andprincipal 

component analysis (PCA) were used to identify specific 

correlations.Normality of the data was tested by the Kolmogorov–Smirnov 

test for each element test. Distributions of all determined elements were 

normal. 

 

RESULTS AND DISCUSSION 

In the vineyard soil samples, determined concentrations of Cr and Ni (Table 

1)were above the maximum allowed concentrations proscribed by national 

Serbian regulative (100 μg g-1, 50 μg g-1, respectively) [4,5].The highest 

correlation coefficients were determining between Cr, Ni and Sb (Cr–Ni: 

R=0.951, p<0.01; Cr–Sb: R=0.935, p<0.01; Ni–Sb: R=0.887, p<0.01). This 

indicates that these toxic heavy metals could originate from same 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    K-13-P 

 

 741 

source,probably the nearness traffic route. These elements in the found 

concentrations could contaminate grapevine and human health in this 

environment. 

 

Table 1. Descriptive statistic for the element content (μg g-1) and pH in soil 

samples (N=23): 

 

 Mean Min. Max. SD 

Cd  2.1 1.9 2.3 0.2 

Co  26 21 34 3.4 

Cr  150 89 280 40 

Cu  51 36 110 15 

Ni  110 59 220 37 

Pb 21 17 27 3.0 

Sb  3.3 2.4 4.7 0.6 

V  64 58 71 2.9 

Zn  93 69 157 17 

pH H2O 7.3 6.7 7.9 0.4 

pH KCl 6.5 5.2 6.9 0.4 

pH CaCl2 6.7 5.5 7.1 0.4 

 

Mobility and bioavailability of the elements in soil largely depends on soil 

acidity. The pH values measured in the soil sample was 5.48–7.06 in 1M KCl, 

6.7–7.9 in H2O, and 5.5–7.1 in CaCl2. According to pH values, these soil 

samples were moderately acid to neutral, in the soil solution (the most 

bioavailable fraction) they were neutral to alkaline, and in mineral fraction 

sampleswere moderately acid to neutral (Fig 1). 
 

 
Figure 1. Determined soil pH values in 6 parcels and control location 

 

According to PCA analysis the most correlated concentrations of Cr–Ni–Sb 

weregrouped in the same quadrant. In addition, determined concentrations of 

Zn were in significant relationship with determined pH values (Fig 2).    



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    K-13-P 

 

 742 

 
Figure 2. PCA of the determined elements, and pH values 

 

CONCLUSION 

In addition, according to national regulations and proscribed maximum allow 

concentrations in soils it could be concluded that beside concentrations of Cr 

and Ni, monitoring of Co, Cu, Sb and Zn concentrations should be 

implemented frequently in this vineyard region. In addition, it could be 

concluded that determined concentration of Zn in these vineyard soil samples 

widely depends of pH value. 
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ABSTRACT 

This paper describes determination of three highly abundant human/animal 

and plant sterols (coprostanol, cholesterol and β-sitosterol) in influent and 

effluent samples and their removal rate in two wastewater treatment plants in 

Serbia. Wastewater samples were prepared using solid-phase extraction and 

extracts were analyzed by liquid chromatography-linear ion trap-tandem mass 

spectrometry with atmospheric pressure chemical ionization of analytes. 

Cholesterol was detected at the highest concentrations in both influent 

samples at 44.5 μg L–1 and 28.4 μg L–1, respectively. Calculated removal 

efficiencies of two wastewater treatment plants indicate high potential for 

sterol elimination and removal rate dependence on suspended particles 

sedimentation and microbial activity in activated sludge treatment.  

 

INTRODUCTION 

Municipal wastewaters are one of the major contributors to the deterioration 

of the water quality and can have severe impact on human and aquatic 

organisms’ health. Among substances detected at the highest levels in 

wastewaters are human/animal and plant sterols as products of human 

metabolism. For this reason, sterols can be used as indicators of 

environmental pollution originating from human waste. The most important 

human/animal sterol is coprostanol, produced in digestive tract of humans and 

animals by microbial reduction of cholesterol [1]. It constitutes 60% of the 

total sterols present in the human metabolic waste [2]. Another significant 

sterol present in sewage effluents is cholesterol, which can also originate from 

additional inputs from non-fecal sources as domestic waste and food 

leftovers, as well as algae growth in high-nutrient wastewaters [2]. Plant 

sterols, such as β-sitosterol, are naturally found in oils, cereals, as well as in 

vegetables and fruits. They are also widely used as supplements in human diet 

because of their remarkable hypocholesterolemic activity. A limited number 
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of scientific papers are focused on investigation of sterol removal in 

wastewater treatment plants (WWTPs) [3, 4]. In these studies, gas 

chromatography-mass spectrometry (GC-MS) is used for determination of 

sterol compounds. Additional WWTP influence on environmental quality is 

utilization of treated wastewater and remaining activated sludge for soil 

irrigation and fertilization [5].  

The aim of this work was to determine selected sterol concentrations in 

sewage wastewater and to calculate the removal efficiency in two WWTPs. 

Since the majority of cities in Serbia do not have WWTPs, it is especially 

important to evaluate treatment plants’ impact on quality of the water 

resources. For this purpose, newly developed liquid chromatography-mass 

spectrometry (LC-MS) method will be used [6]. 

 

EXPERIMENTAL 

High purity (> 99%) analytical standards of coprostanol, cholesterol and  

β-sitosterol were purchased from Steraloids Inc. (Newport, USA). Important 

physico-chemical properties of selected sterols are presented in Table 1. All 

solvents used were LC grade from J.T. Baker or Sigma-Aldrich.  

 

Table 1. Common name (IUPAC name), CAS number, chemical structure, 

molecular weight (Mw), water solubility and octanol-water partitioning 

coefficient (log Kow) of selected sterols. 

 
 

Wastewater samples were collected from two municipal WWTPs in 

Serbia, with the population equivalents of 35000 (WWTP1) and 8000 

(WWTP2). Both plants employ similar conventional treatment processes: 

primary precipitation treatment coupled with secondary biological activated 

sludge treatment. Wastewater samples were collected in 4 h time range and 

composite samples were prepared. They were extracted within 48 h after 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   K-14-P 

 

 745 

collection. Oasis HLB (200 mg/6 mL) solid-phase extraction (SPE) cartridges 

(Waters, USA) were used for the preparation of wastewater samples. The 

sample volume of 100 mL, with pH value adjusted to 7.5, was passed through 

SPE cartridge. Sterols were eluted with 15 mL of methanol; eluate was 

evaporated to dryness and reconstituted with 0.5 mL of methanol. Surveyor 

LC system (Thermo Fisher Scientific, Waltham, USA) was used for the 

separation of analytes on the reverse-phase LiChrospher RP-18 EC column, 

250 mm × 4.6 mm i.d. and 5 µm particle size (Cronus, SMI-LabHut Ltd., 

UK), combined with Zorbax Eclipse® XDB-C18 precolumn, 12.5 mm × 4.6 

mm i.d. and 5 µm particle size. The mobile phase consisted of deionized water 

and methanol. Mass spectra were obtained by LTQ XL (Thermo Fisher 

Scientific, USA) linear ion trap mass spectrometer. Atmospheric pressure 

chemical ionization (APCI) technique was used. Extracts were analyzed using 

previously developed method [7]. 

 

RESULTS AND DISCUSSION 

The obtained results are presented in Table 2. It was determined that selected 

sterols were present at very high concentrations in investigated influent 

samples. Cholesterol was the most abundant sterol present in sewage 

wastewater at the levels of 44.5 μg L–1 and 28.4 μg L–1.  

 

Table 2. Detected sterol concentrations in influents and effluents, and 

removal efficiency in two wastewater treatment plants in Serbia. 

 
 

Removal rates of sterols in two WWTPs significantly differ. All 

investigated sterols were completely removed during treatment in WWTP2, 

whereas WWTP1 was less efficient in sterol elimination, especially in the 

case of coprostanol (63%) and β-sitosterol (65%). Evidently, the removal 

efficiency is highly dependent on the activity of microflora in activated sludge 

treatment as well as the removal of fine particles during the treatment process. 
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Namely, due to their preference to bind to solid matrices, the removal of 

sterols can be improved by more efficient removal of suspended particles in 

treated wastewater [8]. The results have confirmed high importance and 

crucial impact of municipal wastewater treatment on the quality of the water 

resources. 

 

CONCLUSION 

The purpose of this study was to determine concentrations of coprostanol, 

cholesterol and β-sitosterol, as highly abundant sterols in wastewaters, and 

evaluate their removal efficiency in two WWTPs in Serbia. The results have 

shown that cholesterol was present at the highest concentration and was 

completely removed in both WWTPs. It was also determined that removal 

efficiency of suspended material and activity of microflora in activated sludge 

treatment have high influence on WWTP performance.  
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ABSTRACT 

The stability of lead ethyl xanthate (ethyl xantate ion 
252 OCSHC , EX) on 

galena (PbS) surface in an alkaline medium (pH=9-12) was investigated using 

ATR-IR and UV spectrophotometric methods. The prolonged time of mineral 

treatment with ethyl xanthate solution up to 4 hours, at pH=9.2, did not affect 

the surface adsorbed ethyl xanthate. However, within pH range 10-12, the 

decomposition of surface layer occurs. The ethyl monothiocarbonate ion 

EMTC- (monothiocarbonateCO2S
2− )is an intermediate product of lead ethyl 

xanthate decomposition. 

 

INTRODUCTION 

Much of the research was focused on the action of hydrophobic xanthate-type 

surfactants ( ROCS2M ; R = alkyl group; M+ = Na+, K+) as flotation reagents 

(collectors) on sulphide minerals. Different mechanisms have been suggested 

in literature to explain how xanthates can render hydrophobic the surface of 

minerals [1,2]. It is generally accepted that galena floats well with K-ethyl 

xanthate at pH 9 [1-4] due to the formation both forms of lead ethyl xanthate, 

monolayer of -Pb-EX (-Pb- surface site; chemically adsorbed EX) and 

physically adsorbed stoichiometric Pb(EX)2 , as well as a small amount of 

ethyl dixanthogen, (EX)2. 

Several authors have lately suggested the decomposition of lead xanthate in 

alkaline solutions [5,6].  

The purpose of this work was to study the effect of alkaline aqueous solutions 

(pH=9-12) on the stability of the surface ethylxanthate on galena and 

degradation kinetics.  

 

EXPERIMENTAL  

Natural galena grains from a StariTrg deposit, Serbia, were manually selected 

and ground in an agate mortar. The specific surface area of mineral (4.00m2/g) 

was determined in a Culter Counter Model D Industrial. Chemical analysis 

https://en.wikipedia.org/wiki/Alkyl
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showed that galena contained Pb 85.6% and S 13.7%. Commercial grade 

potassium ethyl xanthate (KEX) was purified by multiple recrystallization 

from acetone, and then used as flotation collector (surfactant). Reflection 

infrared spectra were recorded using a Perkin Elmer Infrared 

Spectrophotometer with ATR-attachment and Ge crystal. The mineral 

suspension (0.250 g of the mineral and 0.025 dm3 of xanthate solution, 

concentration 1x10-3mol dm-3 ) was stirred for 15 minutes or 4 hours at pH 

9.2, 10.5 and 11.6. After filtration the xanthate-treated galena was washed 

with distilled water and placed in the Ge reflection element. For UV analysis 

the ethyl xanthate treated-galena for 15 minutes at pH 9 was filtered, washed 

and transferred into 15 ml of distilled water, at pH=9.2, 10.5 or 11.6. The 

concentrations of ethyl xanthate (301 nm) and lead xanthate decomposition 

product (221 nm) were determined using UV-VIS spectrophotometer UV-

1800, Shimadzu.  

 

RESULTS AND DISCUSSION 

The -C-O-C- xanthate band, which appears at about 1200 cm-1, was used for 

determination of the adsorbed form of Pb-ethyl xanthate on galena (Fig.1). 

The monolayer form of Pb-ethyl xanthate (-Pb-EX; chemically adsorbed EX 

), has a band below 1200 cm-1.  

The position band above 1200 cm-1 at pH=9.2 ( Fig.1, a,b) indicates the 

prevailing presence of the multilayer, physically adsorbed Pb(EX)2. The 

prolonged contact time did not change the surface layer composition (Fig.1, 

b).  

At pH 10.5, the -Pb-EX is only formed on galena surface (Fig.1, c). A four-

hour treatment leads to a decrease of the amount of the chemisorbed EX( 

Fig.1, d). When galena was conditioned with KEX 15 min at pH 11.6 the 

observed absorption bands of EXwere weaker intensities, indicating a small 

amount of chemisorbed xanthate (Fig.1,e). Surface ethyl xanthate was almost 

completely decomposed within 4 hours (Fig.1, f) and surface lead hydroxide 

was detected (Fig.2, a, b). 
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Figure 1. IR spectra of 

KEX treated galena at: 

pH=9.2, (a) 15 min, (b) 4h; 

pH=10.5, (c) 15 min, (d) 4 

h;pH=11.6, (e) 15 min, (f) 

4 h; (g-galena, pH 9.2). 

 
 

Figure 2. IR spectra of:  

a) KEX treated galena at 

pH=11.6, 4 h (Fig.1, f);  

b) Precipitated Pb(OH)2. 

 
 

 

 

 

 

 

. 

   UV results showed the presence of ethyl 

xanthate and ethyl monothiocarbonate ions, 

EMTC-, in a high alkaline aqueous solution (pH 

10.5 and 11.6) as a decomposition products of 

surface lead ethyl xanthate (Figs.3 and 4). The 

rates of EX and EMTC formation were high 

at the beginning (Fig.3). The EX ion 

concentration reached its maximum in 15 min 

at pH 11.6 and in 20 min at pH 10.5 (Fig.4). 

Further, concentrations of both EX and 

EMTC ions decreased (Fig.3). These kinetic 

data can be explained according to the lead 

xanthate decomposition mechanism proposed 

by Harris and Finkelstein [5]: 

 

      -PbEX +OH→  -PbOH + EX          (1) 

Figure 3. EX (1) 

and EMTC(2) 

concentrations  as  a 

function of  time, 

pH 11.6 

Figure 4. EX 

concentrations at 

pH 10.5 (2) 

and 11.6 (1) as  a 

function of  time 

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  L-01-P 

 

 752 

 Because the decomposition test was carried in air, ethyl xanthate 

concentration fell in the reaction with oxygen  

                EX+O2+ H2O →EMTC +Sº + H2O2                                        (2) 

Further abstraction of EMTCfrom the solution (Fig.3, curve 2) is caused by 

its decomposition. The ethyl monothiocarbonate ion is obviously an 

intermediate product of lead ethyl xanthate decomposition. 

The surface lead ethyl xanthate at 9.2 is stable. The EX and EMTC 

concentrations in the solution were below 1x105moldm3. 

 

CONCLUSIONS 

The surface ethyl xanthate on galena (chemically and physically adsorbed) is 

stable within the agitation time of four hours at pH 9.2. The prolonged contact 

(4 hours) at pH 10.5 leads to a decrease of the amount of the chemisorbed 

EX.  

When galena was conditioned with KEX 15 min at pH 11.6 the observed 

absorption bands of EXwere very weak. Surface ethyl xanthate was almost 

completely decomposed within 4 hours and surface lead hydroxide was 

detected. The ethyl monothiocarbonate ion is an intermediate product of the 

ethyl xanthate decomposition. The decomposition rate of surface ethyl 

xanthate in pH range 10-12 is very high at the beginning.  

 

Acknowledgement 

This work was partially supported by the Ministry for Science of the Republic 

of Serbia (Grants no.33007 and 17010). 

 

REFERENCES 

[1] J. Leppinen, J. Mielczarski, Int. J. Miner. Process.,1986, 18, 3-20. 

[2] N. P. Finkelstein, Int. J. Miner. Process., 1997, 52, 81-120. 

[3] R. Woods, J. Phys. Chem., 1971, 75, 354-362. 

[4] D. R. Vučinić, P. M. Lazić, A. A. Rosić, Colloids Surf. A: Physicochem. 

Eng. Aspects, 2006, 279, 96-104.  

[5] P. J. Harris, N. P. Finkelstein, Int. J. Miner. Process., 1975, 2, 77-100. 

[6] X. Chen, Y. Hu, H. Peng, X. Cao, J. Cent. South. Univ., 2015, 22, 495-

501. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016  L-02-P 

 

753 
 

TIME EVOLUTION OF THE DIFFUSION TIME FOR 

THE ADSORPTION PROCESS AT THE POTASSIUM 

ETHYL XANTHATE-CHALCOPYRITE NATURAL 

MINERAL INTERFACE  
 

D. Todoran1, R. Todoran1, E. Anitas2,3 and Zs. Szakacs1  

 
1 Technical University of ClujNapoca North University Centre of Baia 

Mare, Department of Economics and Physics, Dr. Victor Babes str., no. 

62A, Baia Mare, Maramures, Romania. (szakacsz@yahoo.com) 
2Joint Institute for Nuclear Research, Dubna, Russian Federation. 

3Horia Hulubei National Institute of Physics and Nuclear Engineering, 

Bucharest-Magurele, Romania . 

  

ABSTRACT 

We propose optical reflectance measurements in the theoretical framework of 

Mandelbrot random walks as a method for the evaluation of the kinetics of 

adsorption processes. We computed the diffusion time of the adsorption 

products formed at the interface between the chalcopyrite natural mineral and 

potassium ethyl xanthate solution. This parameter provides important 

information regarding the global ion kinetics during interface processes. The 

continuously measured values of the reflected monochromatic radiation 

intensity was recorded for 35 minutes, for different solution concentrations 

and pH values, at a constant temperature. Its time dependence reveals the 

diffusion properties of the xanthate molecule in the solution, knowing that at 

the initial state, these molecules were uniformly distributed. Our study leads 

to the optimization of the industrial froth flotation process, giving insight in 

the delicate kinetics that are present at the interface level. 

 

INTRODUCTION 

Description of chemisorption and physical adsorption at the interface level 

involves the characterization of dynamic processes, and is of interest from 

both theoretical and practical points of view. This study takes into account 

the different characteristics of the homogenous liquid and the complex 

structured crystalline solid, at the boundary where the interface is formed.  

 

THEORY AND EXPERIMENTAL 

The theoretical model used in the description of the adsorption processes 

kinetics at the interface formed between the chalcopyrite natural mineral and 

K-ethyl xanthate solution is described in [1] and in its references. Its 
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parameters can be linked directly to experimentally measurable quantities, 

giving insight into its complex mechanisms: surface diffusion at liquid-solid 

interface, viscoelastic effects in the fluid phase, exchange between the bulk 

solution and the solid surface when the surfactant is soluble. In the description 

of the behavior of an absorbed molecule one can resort to Mandelbrot random 

walks [2]. One step in this fractal system, consisting in a desorption, bulk 

diffusion and then a re-adsorption somewhere else, can be a large Lévy jump 

or even a Lévy flight. When the exponent of the power law distribution of the 

step sizes in a fixed period of time is between 1 and 3, the central limit 

theorem cannot be applied to obtain a Gaussian distribution, leading to Lévy 

distributions [3]. 

Studying the dynamic adsorption equilibrium requires taking into account 

the diffusion of the adsorbed molecule in the liquid solution and the 

adsorption-desorption rate of the flotation reagent. The system that is formed 

between the bulk solution and the solid surface can be characterized as a 

“strongly adsorbing” or a “weakly adsorbing” one. The ratio between the time 

of an adsorbed molecule to be desorbed Q-1 and the adsorption depth diffusion 

time th at a certain moment in time 

permits an evaluation of the 

evolution trends at a microscopic 

level, quantifying the above 

mentioned characteristics. High 

attractive and retentive properties 

characterize “strong” systems, the 

diffusion time th is small and a 

high number of ions originating 

from the liquid phase can reach 

the solid surface. In contrast, 

when desorption time Q-1 is small, 

a high number of desorbed ions 

originate from the solid surface, 

characterizing a “weak” system, 

and the diffusion time is much 

smaller than desorption time. 

Denoting with Γ(t) the 

concentration of the adsorbed 

reagent at a certain moment in 

time, and with Γeq the dynamic 

equilibrium concentration of the 

adsorbed reagent at the solid 

 
Figure 1. Schematic configuration of 

the experimental setup 1-GaAs laser 

source; 2-cooler; 3,7,8-optical fiber; 

4-the common channel for the optical 

radiation; 5,6-lenses; 9-photodetector; 

10-recording system; 11-Teflon 

protection; 12-liquid nitrogen cooling 

system 
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surface at the end of the adsorption process, the ratio Γ(t)/Γeq is a function of 

(t/th)
1/2. 

The chalcopyrite natural mineral’s description and preparation was 

presented in our previous work [4]. The K-ethyl xanthate was purified from 

a 65% industrial grade one. Its quality was checked before each determination 

using spectrophotometric measurements in the UV domain. The pH of the 

solution was fixed using analytical grade HCl and NaOH. The concentrations 

of the xanthate solutions were: 10 mg/l, 25 mg/l, 50 mg/l, 100 mg/l and 3 g/l 

for each pH of: 7, 8, 9 and 10. The employed experimental technique permits 

continuous “in situ” measurements and does not interfere with the evolution 

of the interface processes. The intensity measurements of the reflected 

radiation obtained from the investigated interface layer lasted for 38-40 min. 

The photon energy of the incident radiation was fixed to 1.431 eV, using 

a liquid nitrogen cooling system for the GaAs laser (λ=0.89 µm). The 

transmittance of the xanthate solution and the reflectance of the mineral was 

also found to be optimal (above 50%) at this wavelength, without entering 

deeper in the IR region. A “Y” shaped quartz optical fiber was used as light 

source and collector [5], its end being fixed 3mm away from the experimental 

interface. 

 
a. 

 
b. 

 
c. 

 
d. 

Figure 2. Diffusion times for the K-ethyl xanthate on the surface of the 

chalcopyrite mineral for the pH of (a) 7, (b) 8, (c) 9 and (d) 10. Solution 

concentrations are: 10mg/l (dark blue), 25mg/l (green), 50mg/l (red), 

100mg/l (light blue), 3g/l (lilac) 
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RESULTS AND DISCUSSIONS 

The characteristic graphs of the diffusion time as a function of time are 

presented in Figure 2. After a period of 35 min the measured parameter 

reached a constant value. In each experimental determination, the diffusion 

time has a fast decreasing speed in the first 4-5min of the adsorption process. 

A minimum is reached around this moment, followed afterwards by a very 

slow increase. Thus, the first minutes show a “strongly adsorbing” system. 

Chalcopyrite is interacting with the nearest xanthate molecules and diffusion 

time to the interface drops significantly. When the minimum is reached, 

electrostatic forces at the interface start to block out other flotation reagent 

molecules and then the system turns to a “weakly adsorbing” one. The fastest 

time to achieve dynamic equilibrium is for a pH of approximately 8. 

 

CONCLUSION 

Optical “in situ” reflectivity measurement is proposed to determine the 

kinetics of the evolution of the chalcopyrite natural mineral – K-ethyl 

xanthate adsorption interface. The diffusion time of the flotation reagent in 

an aqueous solution is investigated. Dynamic adsorption-desorption 

equilibrium at the interface level is reached in approximately 35min. The bulk 

solution – solid surface system can be classified as “strongly adsorbing” for 

the first 4-5 min, turning afterwards into a system displaying “weakly 

adsorbing” properties. 
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ABSTRACT 

The performances of base anionic surfactants mixture (sodium laurylether 

sulfate (SLES), olefinsulfonates (AOS) and coco betaine (CB)) 

withnonionic amine oxide (AO) surfactant in various concentration (1 5%), 

werestudied. The parameters measured were critical micelle concentration, 

CMC, surface tension of particular surfactants mixture,  and foam volume. 

The combination of SLES/AOS/CB at ratio 80:15:5 was base surfactants 

mixture. This study showed that adding of nonionic AO surfactants improved 

SLES/AOS/CB foaming properties, and the reduction in  and lowering the 

CMC. All those indicates that amine oxide surfactant can be used to produce 

better cleaning products. 

 

INTRODUCTION 

Cleaning in aqueous wash liquor is a complex process involving the 

interaction of numerous physical and chemical influences. In the broadest 

sense, washing can be defined as both the removal by water or aqueous 

surfactant solution of poorly soluble dirt and the dissolution of water [1]. The 

main ingredients in cleaning liquids are surfactants (surface active agents). 

They possess both hydrophobic and hydrophilic properties. Because of its 

dual affinity, surfactants in water based solvents show more or less marked 

tendency to the spontaneous accumulation in the phase boundary surfaces by 

reducing the surface tension of the solution, and forming aggregates of 

molecules (micelles). When a surfactants liquid that have sufficient amount 

of surfactant is dissolved in water, several bulk solution properties are 

significantly changed. These changes are happened only when some 

concentration is reached, this concentration is called the critical micelle 

concentration, CMC, and that is minimum bulk surfactants concentration. 

Below CMC surfactants structure is mainly solvated monomeric species, but 

above the CMC micelles are formed. Modern cleaning liquid formulation has 

a mixture of surfactants, mainly anionic and nonionic. Nonionic surfactants 

(amine oxides, ethoxylates, etc.) have a lower foaming performance and are 
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alsohighly synergistic, owing to their lack of a chargedheadgroup [1]. The 

main expectation of those products is to be good foaming, detergency and 

wetting, and for estimating of quality of detergent it is important to determine 

CMC, surface tension and foaming [2].A study has been conducted to 

evaluate the influence of various concentration of nonionic amine oxide 

surfactant on base anionic (sodium lauryl ether sulfate, olefin sulfonates 

and coco betaine) surfactants mixture. The CMC values and surface tension 

of surfactants mixtures were obtained using the conductometric and 

stalagmometric method whereas foaming mixtures properties determined by 

standard measurement method. 

 

EXPERIMENTAL 

For determination of performance of nonionicanionic dishwashing liquids, 

all commercial chemical raw materials used in this study were obtained from 

the stated suppliers and used without any further treatment: sodium lauryl 

ether sulfate (SLES) (Cosmacol AES70224, Sasol, Italy), sodium 

olefin sulfonate (AOS) (Hostapur OSB, Clariant, Switzerland), 

cocamidopropylbetaine (CAB) (Empigen BS/FA, Huntsman, USA) and 

lauramine oxide (AO) (Empigen OB, Huntsman, USA). Total surfactant 

concentration was 10 % for all samples. The surfactant mixture solutions were 

prepared in a 100-mL volumetric flask and then diluted in deionized water 

(18 MΩ cm−1, Milli Q, Millipore) to the desired concentration.The 

conductivity measurements were applied to determine the CMC in various 

surfactant systems combinations. Those measurements were carried out with 

digital conductivity meter SensION 5 (Hach, USA) with the accuracy  0.5%, 

and with the 51975 conductivity probe that uses the 4ring method. The 

conductometric method is based on the finding of a breaking point on the 

curve with a relation of the concentration and electrical conductivity. The 

requested value of CMCis the intercept of two linear functions with different 

slopes and the surfactants mixture CMC was determined by conductometric 

titration. The surface tension of each mixed surfactants were measured with 

a Traubestalagmometer (NeubertGlass, BN033010208). The surface 

tension can be determined using drop counting method. Evaluation of 

foamability of surfactant mixtures was done by foam volume measuring after 

free flows from 1m of 0.4 % dishwashing formulations without soil with total 

volume of 5 L [3]. The reservoir was placed in such a way that the outlet tube 

was positioned in the centre of the basin at 1m height. 
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RESULTS AND DISCUSSION 

In this study, the values of critical micellar concentration and surface tension 

as well as foam volume of different surfactant formulations were obtained. 

The CMC values of examined mixtures of surfactants were determined from 

inflections in plots of specific conductivity (κ) vs. concentration of surfactant 

mixture (c). The obtained graphical dependence is a curve which consists of 

two segments (premicellar and postmicellar) each plot shows the single break 

point. The CMC is obtained from the intersection of the fitting lines of the κ/c 

plots above and below the break point. In addition to the conventional 

procedure (William’s method [4]), in order to improve the quality of the 

calculated CMC, the method proposed by Carpena [5] was also used and the 

results are obtained by Carpena method. Surface tension measurements 

performed at 23.0 ºC for 0.1% water solutions of surfactant mixture. 

Summarized results for CMC,  and foam volume are all presented in Table 

1. 

Table 1. The CMC, surface tension and foam volume of various  

anionic (SLES/AOS/CB)  nonionic (AO) surfactants mixtures 

Surfactants mixture CMC (g L1)  (mN m1) Foam volume  
(mL) 

SLES/AOS/CB  0.28 29.2 210 

SLES/AOS/CB  1% AO 0.20 25.0 225 

SLES/AOS/CB  2% AO 0.15 23.4 235 

SLES/AOS/CB  3% AO 0.10 21.0 250 

SLES/AOS/CB   4% AO 0.07 20.0 255 

SLES/AOS/CB  5% AO 0.07 18.7 260 

From the results it is obvious that AO surfactants reduced and CMC and 

make better foaming with no drainage, when mixing with anionic surfactants. 

This suggest a mixed micelle formation between anionic and nonionic 

surfactants, and all better performances of surfactant mixtures can be 

attributed to the interaction of hydrophilic and hydrophobic groups, and better 

mixing on the airwater surface for foaming. The micelle formation and the 

adsorption on the interface for a single surfactant is a typical property 

determined by the length of its hydrophobic chain. When amine oxide 

surfactant are used with anionic surfactants, foaming of the formulations are 

improved. A synergistic effect is observed, and mixtures have better 

performance than single surfactants with the same total concentration. 

Mixtures of anionic and nonionic surfactants show specific behavior because 
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of significant reduction in the mixture CMC, and that leeds to lower surface 

tension and better foaming. 
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Figure 1. The 

dependance of specific 

conductivity (κ) on 

concentration of 

surfactant mixture (c) 

for Sles/AOS/CB 

 

It is due to the fact that in mixed micelles, the polar group of the anionic 

surfactant is located further than the polar group in micelles of a pure anionic 

surfactant, and therefore, the repulsion energy between the charged groups is 

smaller, and that is mechanism of influence of AO on reducing surface tension 

and critical micellar concentration. 

 

CONCLUSION 

Nonionic amine oxide surfactant has a great influence on thecritical micellar 

concentration, surface tension and foaming of anionic surfactant mixtures. 

Thus, anionic and nonionic mixture of surfactants can be used in a lower 

concentration. Favorable detergency properties of nonionic surfactants derive 

largely from the following factors: low critical micelle concentration (CMC 

= 0.07 g L1), significant reduction of surface tension and improve foaming. 

However, the low CMC values of nonionic surfactants indicate that they 

display high detergency performance even at relatively low concentrations. 
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ABSTRACT 

The new complex [Zn2(tpmc)NO3](NO3)3·CH3OH, where tpmc is 

N,N’,N’’,N’’’-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane, 

have been synthesized and characterized. The conductometric technique 

played a guiding role in planning experiment with this large macrocyclyc 

ligand. In IR spectrum sharps are shown coordinated and ionic nitrate ions 

which are in agreement to proposed formula by elemental analysis. Molar 

electrical conductivities indicated assumption that the complex is about a 

1:3 electrolyte type. The optimized complex structure is obtained by 

molecular modeling and DFT calculations. 

 

INTRODUCTION 

In recent years, macrocyclic polyamine ligands and their complexes have 

been attractive due to specific structures and properties, as well as 

possibility of their application [1]. N,N’,N’’,N’’’-tetrakis(2-pyridylmethyl)-

1,4,8,11-tetraazacyclotetradecane (tpmc) is one of the cyclam derivatives 

with eight nitrogen atoms as possible coordinate places. Until today, tpmc 

complexes with only few metals (mostly with Cu (II) ions) are synthesized, 

and they have shown different electrochemical properties [2], as well as, 

antibacterial and cytotoxic activity [3].  

The goal of the present investigation is to study the stoichiometry of the 

complexation of tpmc with Zn(II) ions and to find the most convenient 

solvent for synthesis, by using the conductometric titration. Base on this 

results, here we report the synthesis, characterization and proposed structure 

of the first binuclear zinc complex with tpmc containing nitrato ligand as a 

bridging ligand. 
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EXPERIMENTAL 

Measurements: Elemental analysis (C, H, N) was carried out by standard 

micro methods at the Center of Instrumental Analysis, University of 

Belgrade. IR spectra (KBr disc technique) were recorded on a Perkin-Elmer 

FTIR 31725 X spectrophotometer. Molar electrical conductivities of the 

complex (c = 1x10-3 mol/dm3) solution in acetonitrile was measured at room 

temperature using a Jenway 4010 conductometer.  

Conductometric procedure: The experimental procedure for conductometric 

titrations was reported in our previous work [2]. The conductance 

measurements were performed on a digital conductometer WTW model 

330i (Germany).  

Preparation of compounds: N,N’,N’’,N’’’-tetrakis(2-pyridylmethyl)-

1,4,8,11-tetraazacyclotetradecane (tpmc) was prepared using previously 

described method [4]. Synthesis of [Zn2(tpmc)NO3](NO3)3·CH3OH: The 

ligand (tpmc) was suspended in to a mixture methanol:water at 50 ºC. To 

this solution was added a methanol solution of zinc(II)-nitrate hexahydrate 

and mixture was stirred more than hour at 65 ºC and then cooled to room 

temperature. The white crystals which formed were filtered off and washed 

with ethanol (yield 129 mg, 53%). The crystals were recrystallized from a 

mixture of water and ethanol (1:1 v/v). Anal. Calc. for C35H48N12O13Zn2: C 

43.09, H 4.96, N 17.23. Found: C 42.81, H 4.83, N 17.08%. IR (KBr, cm-1 ): 

2868.9 υ(CH2), 1610 υ(Py), 1477.9 υ(CH2), 1361.4 υ(NO3) and 1021.3 cm–1 

υ(NO3). 

Computational details: Optimization of the complex was done with DFT 

method, more specifically B3LYP functional and 6-31G(d,p) basis set. For 

the zinc atoms lanl2dz basis set was used with effective core potential 

(ECP) for inner electrons. 

 

RESULTS AND DISCUSSION 

Complexation of tpmc with Zn2+ ions was examined by conductometric 

titration method in ethanol and methanol solution. Based on previously 

reported conductometric results [2] in acetonitrile and aqueous solution and 

obtained results for titration in ethanol and methanol solution (Figure 1), for 

synthesis was chosen methanol due to distinct breaking point which indicate 

a formation of a relatively stable 2:1 (Zn:tpmc) complex. 
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Figure 1. Plot of molar conductance, Λ, vs. V (cm3of added ligand) for the 

binding of Zn2+ by tpmc in ethanol and methanol at 20 0C. 

 

The complex was synthesized by the reaction of zinc(II)-nitrate 

hexahydrate and tpmc in 2:1 mole ratio. The results of elemental analysis 

are consistent with a binuclear structure of the obtained complex with the 

proposed formula [Zn2(tpmc)NO3](NO3)3·CH3OH. In the IR spectrum of 

complex (Fig. 2b), a weak broad band at 2868.9 cm–1 originates from the 

stretching vibrations of CH, and two medium bands at 1477.9 and 1445.1 

cm–1 from CH2 bending vibrations. Sharp band at 1589.4 cm–1 ascribed to 

skeletal vibration of the pyridine ring in the spectrum of free tpmc (Fig. 2a) 

is dislocated to 1610.1 cm–1 upon coordination [3]. Strong a broad bends at 

1361.4-1295.3 cm–1 are assignated to coordinated nitrate, while a very 

strong band at 1021.3 cm–1 is assignated to ionic nitrate [5]. 

 

 
Figure 2. IR spectra of a) tmpc b) [Zn2(tpmc)NO3] (NO3)3·CH3OH. 

 

DFT calculations and molecular modeling were employed for the 

optimization of the complex structure (Figure 3). 
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Figure 3. Optimized structure of [Zn2(tpmc)NO3]
3+ complex ion. Colors: 

violet-zinc; red-oxygen; blue-nitrogen; grey-carbon 

 

CONCLUSION  

New binuclear Zn (II) complex with octaazamacrocyclic ligand, tpmc, was 

synthesized, characterized and theoretically optimized structure was 

proposed. The conductometric technique is convenient for investigation the 

complex formation between macrocyclic ligands and metallic ions because 

it provides voluble information for determining the most convenient solvent 

for synthesis and metal/ligand mole ratio. 
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ABSTRACT 

We studied 15-crown-5 ether mono- and bis(styryl) derivative of 2,2'-

bipyridine as a scaffold to construct photoresponsive complexes with Cd2+, 

Zn2+, Hg2+, Co2+, Fe2+, H+, Ba2+, Ca2+ in MeCN. Absorption and emission 

spectroscopy, 1-D and 2-D 1H-NMR spectroscopy and ESI-mass 

spectrometry were used in our investigation. Optical properties of one 

dimensional (1D) Ca2+– containing and octahedral 3D Zn2+– containing 

complexes with crowned styryl derivatives of 2,2'-bipyridine were 

described. Bimetallic Ca2+, Zn2+ – containing complexes possess well-

defined structures and particular optical characteristics. Properties of the 

zinc polypyridyl complexes are modified by intermolecular interactions 

between the crown ether center and the metal ions, so they are potentially 

useful in the preparation of chemical sensors 

 

INTRODUCTION 

Bipyridines and their derivatives are of particular interest because they are 

employed as chelating ligands in catalysis [1], coordination and 

supramolecular chemistry [2], molecular electronics and optoelectronic 

devices [3]. The study of interactions between sulfur analogues of thiacrown 

ethers containing sulfur atoms directly attached to the 2,2'-bipyridine rings 

and various inorganic or organic substrates were analyzed in [4]. Besides the 

well-known complexation of metal ions, the C2-symmetric 2,2'-bipyridine 

crown ethers have been designed recently for the enantiomeric recognition 

of amino acid derivatives and chiral organic ammonium salts [5]. 

Coordination chemistry is a powerful tool for building 3D arrangements. 

Bipyridyl ligands are excellent building blocks for the construction of 

octahedral (Fe2+, Ru2+, Ni2+, Zn2+) [6] or pseudo-tetrahedral (Cu+, Ag+, 

Zn2+) [7] complexes.  

Two binding centers of different nature in ligands 1 and 2 (Fig. 1) exhibit 

specific affinity to different metal cations. The crown ether moieties prefer 
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to bind with alkaline and alkaline-earth metal cations resulting in 

hypsochromic shift of long wavelength absorption band. On the contrary 

bipyrydine moiety binds with transition metal ions leading to bathochromic 

shift of long wavelength absorption band. 
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Figure 1. Structure of mono- and bis- crown-containing 4-styryl 

bipyrydine. 

 

EXPERIMENTAL 

It was found that 1 and 2 form with Zn2+, Cd2+, Co2+ Hg2+, Fe2+ ions mainly 

cell-type complex due to metal ion coordination via bipyridine moiety with 

Lig3•(M
2+)1 stoichiometry (for Zn2+, Cd2+ and Co2+ ions) and with 

Lig2•(M
2+)1 stoichiometry (for Hg2+ and Fe2+ ions). The presence of two 

coordination centers of different nature in 1 facilitates mixed complex 

formation when both of two types cations: transitional and alkaline-earth 

(e.g. Zn2+ and Ca2+) cations are presented in a solution at the same time.  

At first, the complex 

13•(Zn2+)1 was prepared and its 

composition confirmed by UV-

Vis spectroscopy (Fig. 2, curve 

2). The addition of Ca(ClO4)2 

to the complex 13•(Zn2+)3 

causes the formation of 

(Ca2+)1•13•(Zn2+)1 at first (Fig. 

2, curve 3), but on increasing 

[Ca2+] up to 100 excess, the 

formation of the complexes 

with increasing content of Ca2+ 

can be supposed on the basis of 

the appearance of a novel band 

shifted relative to one of 

previous complex (Fig. 2, 

curve 4). Electrospray ionization mass spectrometry (ESI-MS) provides 

direct and straightforward access to accurate determination of complex 
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Figure 2. Absorption spectra of 1 as free 

ligand (1) and its complexes 13•(Zn2+) 

(2), (Ca2+)1•13•(Zn2+) (3) and 

(Ca2+)2•12•(Zn2+) (4) in CH3CN 

calculated from spectrophotometric 

titration data. 
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compositions in CH3CN solutions containing different 1 : metal ion ratios. 

NMR spectroscopy also provides additional data for the analysis. 

 

RESULTS AND DISCUSSION 

The formation of complexes (Ca2+)2•13•(Zn2+)1 and (Ca2+)3•13•(Zn2+)1 as far 

as (Ca2+)2•12•(Zn2+)1 could be expected. The stability constants evaluation 

from spectrophotometric titration data looks extremely difficult in this case 

due to the presence of multiple complexes in solution at the same time. On 

fitting spectrophotometric titration data we limited the number of mixed 

complexes taking into account by two with minimal and maximal Ca2+ 

content. The first one was (Ca2+)1•13•(Zn2+)1 and the second one was 

(Ca2+)3•13•(Zn2+)1 or (Ca2+)2•12•(Zn2+)1. 

The best fit was 

obtained for scheme 

included 

(Ca2+)1•13•(Zn2+)1 and 

(Ca2+)2•12•(Zn2+)1. The 

stability constants of 

mixed complexes 

calculated from 

spectrophotometric 

titration data are presented 

in Table 1.  

The initial ligand E-1 

and its complexes can be 

subjected to the reversible 

reaction of E-Z-

isomerization. The 

quantum yields of the 

samples were calculated. 

For the complex (E-

1)3•(Zn2+)1 the photo-

isomerization was not 

observed. Monoionic Zn2+ – complexes demonstrate quenching of 

fluorescence (Table 1). The possible explanation could be that the Zn2+- 

complexes is LMCT process occurring from lone pair of oxygen atoms in 

15-crown-5 moiety to the Zn2+ cation capsulated by heterocyclic residues. 

The addition of the Ca2+ cations causes the formation of complexes with 

macrocyclic cavity through the coordination with oxygen heteroatoms. This 

does the LMCT process to be impossible. In heteroionic Zn2+, Ca2+ – 

complex the relaxation processes different from LMCT become possible. 

Table 1. Stability constants of complexes of 1 

and 2 with Ca2+ and Zn2+ cations and steady-

state fluorescence quantum yields (CH3CN, 

25°C, λexcit.=300 nm). 

Ligand or 

complex 

Stability 

const. 

(lgK) 

fl

maxλ
 

(nm) 

φfl10-

2 

1  444 6.0 

1·Ca2+ 5.37±0.04 400, 

477  

2.6 

1·(Ca2+)2 8.31±0.03 475 4.2 

13·Zn2+ 19.6±0.4 577 1.0 

Ca2+·13·Zn2+ 24.3±0.1 493 3.4 

(Ca2+)2·12·Zn2+ 21.4±0.1 493 6.8 

2  447 8.2 

2·Ca2+ 6.7±0.4 437  2.4 

2·(Ca2+)2 11.2±0.4 406 3.1 

23·Zn2+ 21.4±0.4 559 0.3 

Ca2+·23·Zn2+ 25.26±0.02 533 2.9 

(Ca2+)2·22·Zn2+ 21.28±0.06 519 3.5 
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Thus, E-Z- photoisomerization of (Ca2+)•(E-1)3•(Zn2+)1proceeds with high 

enough quantum yields in both directions. The fluorescence intensity of 

13•(Zn2+)1 centered at 577 nm was hypsochromically shifted, and it 

increased significantly upon the formation of heteroionic Zn2+, Ca2+-

complex. Similar changes of fluorescence were observed in the case of 

complexes of ligand 2. 

 

CONCLUSION 

Absorbance and fluorescence maxima of ligands can be shifted to the long 

wavelength region by addition of Zn2+ cations as a result of the coordination 

with heterocyclic residues of three ligands. Receptors provide the shift of 

LAB to short wavelength region while binding of Ca2+ through macrocycle 

moiety. In addition, characteristic fluorescence responses of 13•(Zn2+)1 and 

23•(Zn2+)1 upon the addition of Ca2+ leading to the inhibition of LMCT 

process can be detected by naked eye in an organic solution. Thus, the 

complexes L3•(Zn2+)1 can be considered as fluorescent probes for metal ions 

able to coordinate with crown ether moiety. Therefore, the binding of metal 

ions with crown ether of L3•(Zn2+)1 particles induced not only emission 

enhancement but also an emission shift due to the binary inhibition effect of 

the LMCT and ICT mechanisms. What is more, we believe that the present 

2,2'-bipyridine scaffold is quite useful for the construction of various types 

of receptors by introducing different recognition sites at 4- and 4'-positions. 
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ABSTRACT 

New cationic complexes of Cu(II) with bridged aminocarboxylates: glycine 

and alanine, as well as octaazamacrocyclic ligand (N,N',N'',N'''-tetrakis(2-

pyridylmethyl) -1,4,8,11-tetraazacyclotetradecane), tpmc, general formula 

[Cu2(L)tpmc](ClO4)4∙Y, (1): L=glicine, Y=2H2O and (2): L=alanine, 

Y=CH3CN were synthesized. The composition of the complexes has been 

assumed on the basis of the molar electrical conductivity and elemental 

analysis (C, H, N). Characterization of the complexes was performed by 

UV/Vis and FTIR spectroscopy and the preliminary results of the X-ray 

analysis. In both complexes is assumed binuclear structure of the complex 

cation, where Cu(II) ions from the same tpmc unit connected via OCO- 

group. The amino group remains uncoordinated. 

 

INTRODUCTION 

A great number of mono-, bi- and tetranuclear mixed-ligand Cu(II) and 

Co(II) complexes containing pendant tpmc (N,N',N'',N'''-tetrakis(2-

pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane) and one or two additional 

ligands of various types were described. Carboxylate group as bridged 

ligand is present in several metaloenzymes. Transition metals could 

coordinate with aminocarboxylato ligands on variety modes. In the most 

described complexes, aminocarboxylato ligands are bonded in one of many 

modes using N: as N-monodentate; N,O- bonded as chelate in mononuclear 

complexes or bridging ligand between two metallic centers. In some 

binuclear complexes one or both oxygens are included in coordination but 

 -NH2 group rested uncoordinated: unsymmetricaly, symmetrically or in a 

combined chelate-bridged way. In binuclear Co(II)tpmc complexes glycine, 

N-methylglycine, N,N-dimethylglycine, (S)-alanine, (S)-aminobutiric acid, 

α-aminoisobutiric acid, β-aminoisobutiric acid, β-aminobutiric acid and (S)-

phenylalanine, aminocarboxylate anions are coordinated through COO- 

group [1, 2]. In these complexes tpmc adopted a boat conformation with an 
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exo coordination mode. Now, we prepared analogous mixed ligand Cu(II) 

complexes with tpmc and additional glycinate and alaninate ligands and 

determined their structure. 

 

EXPERIMENTAL 

Preparation 

Ligand tpmc and complex [Cu2tpmc](ClO4)4 were preparied according to the 

literature procedure [3,4].  

General procedure  

Complexes with general formula [Cu2(L)tpmc](ClO4)4∙Y, (1): L=glicine, 

Y=2H2O and (2): L=alanine, Y=CH3CN were obtained by reaction 

[Cu2tpmc](ClO4)4 (0,18 mmol) with corresponding amino acids (0,28 

mmol) in mixture CH3CN/H2O under reflux about 3 h on the 80؛C in molar 

ratio 1:1,5. pH of the aqueous solution of amino acid before adding to the 

reaction mixture was adjusted to pH= 6 with 0.1 M NaOH. Blue reaction 

solution was cooled to room temperature and left in the fridge. After a few 

days blue microcrystalline products are separated by filtration.  

[Cu2(gly)tpmc](ClO4)4·2H2O, Yield 78 %. Anal. Found C 36.30; H 4.73; N 

10.66. Calcd. for C36H53O20N9Cu2Cl4 (FW = 1200.88) C 36.00; H 4.45; N 

10.49. Solubility (t=20±2 °C) wellsoluble in CH3CN, DMSO, (CH3)2CO, 

H2O and DMF, insoluble in EtOHandCH3OH. 

[Cu2(ala)tpmc](ClO4)·CH3CN, Yield 81 %. Anal. Found C 37.10; H 5.00; 

N 11.58. Calcd. for C37H54O18N10Cu2Cl4 (FW = 1195.86) C 37.16; H 4.55; 

N 11.71. Solubility (t=20±2 °C) wellsoluble in CH3CN, DMSO, (CH3)2CO 

and DMF, insoluble in EtOH, CH3OH and H2O.  

 

RESULTS AND DISCUSSION 

The composition of the complexes is determined on the basis of elemental 

analysis and electrical conductivity. They corresponded to binuclear 

complexes. The conductivity of the complexes corresponds to the data from 

the literature for the type of electrolyte 1:4 [4]. The electronic spectra of 

both complexes corresponds to the position of the absorption maxima d-d 

transitions for one unpaired electron (Table 1). By comparing the spectra of 

other electronic Cu(II) carboxylato complex, it was assumed that the 

aminocarboxylate coordinated over the carboxyl groups. This maximum 

position corresponds to the chromophore CuN4O. The values of extinction 

are in accordance with the size of the complexes. In IR spectra (ATR 

technique) of both complexes the following bands were found:~1610 cm–1 

from skeletal vibrations of the pyridine (sharp), ~1100 cm–1 from v(ClO4
–) 

(intensive) and at 630 cm–1 from δ(ClO4
–) (medium) and at 3441 for the 

ν(O-H) from crystal water in A (medium). In the spectra of the complexes 
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there is a band around 470 cm–1 which originates from v(C–N) and a band 

about 420 cm–1 from v(Cu–O). The comparison of the spectra of the 

complexes and corresponding amino acids in the range 1670–1300 cm–1, 

where vasym(OCO-) and vsym(OCO-) appear, is given in Table 2. 

 

Table 1. Electronic spectral data for the complexes and molar 

electrical conductivity 

complex λmax 

[nm] 

ε 

[dm3mol/1cm/1] 

ΛM 

[Scm2mol/1] 

(electrolyte 

type) 

[Cu2tpmc](ClO4)4 [4] 670 312 510 (1:4) 

[Cu2(gly)tpmc](ClO4)4·2H2O 645 396 558(1:4) 

[Cu2(ala)tpmc](ClO4)·CH3CN 648 393 570 (1:4) 

 

Table 2. IR spectral data of v(OCO-) for the free amino acids and 

their complexes 

 

The change of the Δv value (vasym – vsym) of the complex in comparison 

with the value for the aminocarboxylate ligand confirms that the ligand is 

coordinated to the metal through COO- group. It is obvious that vasym and 

vsym are shifted toward lower values in comparison with the corresponding 

aminocarboxylate ligands, which is the case when COO- participates in 

coordination is achieved through both oxygens [1,2]. In complexes, both 

oxygens of COO- are engaged in coordination thus forming a bridge 

between two Cu(II) from the same tpmc unit (Fig. 1). 

Actually, the results of preliminary X-ray structure analysis showed that 

aminocarboxylate act as bridge ligands with COO– group bridging two Cu 

atoms. In the binuclear complexes each copper(II) ion is pentacoordinated 

with four N atoms (two from pyridyl groups and two from cyclam) and O 

atom from the aminocarboxylate ligand (Figure 1).  

 

complex vasym vsym Δv 

[Cu2(gly)tpmc](ClO4)4·2H2O 1585 1412 173 

glicine 1594 1413 181 

[Cu2(ala)tpmc](ClO4)·CH3CN 1572 1382 190 

alanine 1592 1412 180 
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N

N
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C R

NH3

H

 
R= -H (1), R= -CH3 (2) 

Figure 1. Suggested structure of the complex cation [Cu2(L)tpmc]4+, 

L=glicine (1) or alanine (2) 

 

CONCLUSION 

Two binuclear Cu(II) complexes with octaazamacrocyclic ligand (tpmc) and 

glicyne or alanine were isolated in pure state. Their composition and 

geometries were assumed based on elemental analysis, electrical 

conductivity and spectral properties, as well as by the preliminary results of 

the X-ray analysis. For complexes the same exo coordination of each Cu(II) 

ion with azamacrocyclic ligand engaging two pyridine N and two cyclam’s 

N atoms, and O,O'-bonded COO- group from bridged amino acids is 

proposed. Amino group of the amino acids not participate in the 

coordination of metal ions.  
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ABSTRACT 

A new complexes with general formula Co2(X)2tpmc(BF4)2·Y (X= F–, 

Y=CH3CN; X= Br–, Y= H2O; tpmc = N,N,N,N- tetrakis(2-

pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane), were isolated and their 

composition were proposed by: elemental analysis (C, H, N), molar 

conductivity, UV/Vis and FTIR spectroscopy. Then, we compared 

synthesized complexes with early described chloro analogous. In both 

complexes proposed chair conformation of macrocycle. Complexes were 

also preliminary assayed toward some microorganisms together with the 

ligands, starting simple salts and solvents as test substances. In some cases 

certain antimicrobial activity of the complexes was detected. 

 

INTRODUCTION 

Polyazamacrocyclic ligands and their metal complexes are anattractive field 

of investigation due to their numerous unusual structural and biological 

properties. Some of the models for the active centers of metaloenzymes, 

show potentially are bioactive and could be used as drugs, catalists etc. 

Mixed ligand Co(II) complexes with octadentate ligand with 2-

pyridylmethyl groups as pendant arms, tpmc (Fig. 1) and various 

monodentate or helate ligands were intensively studied [1]. Although the 

majority of these compounds was air stable and for many of them chair 

conformation was proposed, it was difficult to isolate the suitable single 

crystals. Up to now the X-ray analysis was performed for only two of them: 

μ-oxalato complex having tpmc in boat conformation [1b] and 

Co2(Cl)2tpmc(BF4)2 complex with macrocycle in chair conformation [2]. 

The geometry around each Co(II) in the second complex is distorted trigonal 

bipyramide formed by two cyclam nitrogen atoms and two nitrogens from 

pyridyl groups (exo coordination). The fifth coordination site is occupied by 

chloro anion. Continuing these investigations, here we report the preparation 
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of fluoro and bromo analogous and some of their physical and chemical 

properties. 

 

EXPERIMENTAL 

Ligand tpmc was prepared and purified as described in the literature [3]. 

The other chemicals: CoF2, CoBr2 and NaBF4 as p.a. commercial products 

were provided by Sigma Aldrich, USA. 

General procedure for 

synthesis two new 

complexes: 

[Co2(X)2tpmc](BF4)2·Y: 

(complex A:  

X= F–, Y=CH3CN;  

complex B:  

X= Br–, Y= H2O), 

CoF2/CoBr2 (0.048g/ 

0.109g, 0.5mmol) were 

dissolved in minimum 

amount of CH3OH and after 

that, a suspension of tpmc 

(0.141g, 0.25 mmol) in 

CH3OH was added. 

Reaction mixture was continuously stirred and refluxed on water bath (80° 

C) for the next 2 hours, concentrated to 1/4 of initial volume and left in 

refrigerator overnight. Microcrystalline product was separated by suction, 

dried at room temperature, washed properly with small portions of cold 

water, and the procedure is repeated until pure product is obtained (checked 

using microscope). 

Complex A:[Co2(F)2tpmc](BF4)2·CH3CN). Yield: 48%; Anal. Calcd. for 

C36H47N9Co2B2F10 (FW = 935.306): C, 46.23; H, 5.07; N, 13.48. Found: C, 

46.63; H, 5.17; N, 13.11.  

Complex B: [Co2(Br)2tpmc](BF4)2·H2O. Yield: 73%; Anal. Calcd. for 

C34H46N8Co2Br2 B2F8 (FW = 1034.052): C, 39.49; H, 4.48; N, 10.84. Found: 

C, 39.16; H, 4.62; N, 10.74.  

Analytical methods: Elemental analyses were performed by standard 

methods in the Centre for instrumental analyses ICTM in Belgrade. 

Electronic absorption spectra of complex solution in CH3CN (c=1·10-3 

mol/dm3) were recorded on GBC UV/Vis spectrophotometer Cintra 20. IR 

spectra were recorded on NICOLET 6700 FTIR (ATR technique) in the 

range 400-4000cm-1. Molar conductivities were measured on conductometer 

 
Figure 1. Structure of octaazamacrocyclic 

ligand tpmc 
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HANNA instruments HI 8820N (at 20 ± 2ºC) in CH3CN (c=1·10-3 

mol/dm3).   

 

RESULTS AND DISCUSSION 

The compounds A and B are partially soluble in DMSO and CH3CN, but 

insoluble in CH3OH, C2H5OH and cold distilled water. The complexes were 

stable up to 260˚C. Molar electrical conductivity in CH3CN of 265 

Scm2mol–1 is in agreement with a 1:2 electrolyte type (literature range is 

220-300 Scm2mol–1) [4]. 

UV/Vis spectrum of complexes [Co2(F)2tpmc](BF4)2·CH3CN and 

[Co2(Br)2tpmc](BF4)2·H2O in CH3CN is typical for a high-spin Co(II) 

complexes exhibiting maxima at 483 nm (ε=119 dm3mol–1 cm–1), 549 nm 

(ε=143 dm3mol–1cm–1) and 589 nm (ε=138 dm3mol–1cm–1). The absorption 

maximum for CT transitions is at ~ 220-225 nm (ε=5500-6700 dm3mol–

1cm–1 )[5a].  

The IR spectrum of the complexes display characteristic bands (cm–1): 

ν(C-H) at 2952 (medium), ν(BF4¯) at 1072 (strong, sharp); skeletal pyridine 

vibration from tpmc at 1605 (strong) suggesting coordination of tpmc and 

the presence of BF4¯ as counter ion[5b]. From all presented data and using 

models the more probable geometry for both prepared complexes are shown 

in Scheme 1. 

N

N

N

N
Co

N

N

N

N
Co

X

X  
 

Scheme 1. Proposed geometry of the complex cation  

[Co2(X)2tpmc]2+ (X= F–, Br–) 

 

Both complexes, all ligands and solvents were preliminary also tested 

against some Gram(+) bacteria, in DMSO/H2 O and certain bacteriostatic 

activity is detected in both cases.  
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CONCLUSION 

In this paper two new binuclear cationic Co(II) complexes with 

octaazamacrocyclic ligand tpmc and F–/Br–anions were prepared in good 

yield. Their composition and geometries were assumed based on elemental 

analysis, electrica lconductivity and spectral properties, as well as by 

comparison with data of related complex previously published. For 

complexes the same exo coordination of each Co(II) ion with 

azamacrocyclic ligand engaging two pyridine N and two cyclam’s N atoms, 

and F–/Br– in trans position is proposed. Selective antibacterial activity 

towards Gram(+) bacteria for the complexes was also detected. 
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ABSTRACT 

New approach to design and analysis of the quaternary systems phase 

diagrams is proposed. The four-dimensional computer model of the Fe-Ni-

Co-FeS-NiS-CoS subsystem T-x-y-z diagram is represented. 

 

INTRODUCTION 

Design of the 3-dimensional (3D) computer model of ternary system 

includes two stages [1]. First the analysis of the T-x-y diagram geometric 

structure is depicted in the form of some template. Coordinates of the 

template invariant points are given taking into account a temperature row so 

as to most clearly show the diagram geometric structure. The uni- and 

invariant states scheme in both table and graphic form is used. As a result, 

the T-x-y diagram prototype is obtained, it becomes clear with its aid all 

special features, both the structures diagram (up to quantity and type of all 

surfaces and phase regions [2]), and the processes of crystallization. 

Furthermore, the 3D model helps to find errors in the interpretation of 

experimental data through the diagram [3,4]. Then experimental data are 

input, and the curvature of curves and surfaces is learned more precisely, 

and prototype is converted into the real system model.  

Approaches to the 4D T-x-y-z diagrams computer models construction 

are analogous. The bi-, uni- and invariant states scheme in the tabular form 

is written on the ternary systems geometry base. Then it is designed in the 

graphic form and becomes the basis for the T-x-y-z diagram prototype. 

Preliminary conclusion about possible invariant transformations in the 

quaternary system is done from the scheme. Several versions of 4D model 

4D are constructed in the case of different treatment of the phase reactions 

in the scheme types. It can possible to make final conclusion occurs after the 

experiment results analysis. The bi-, uni- and invariant states scheme gives 

also the detailed description of the T-x-y-z diagram geometric structure: - 

the contour of each hypersurface; - the list of phase regions. As a result, the 
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4D computer model of the T-x-y-z diagram prototype is obtained. The 

comparison of model and experimental isothermal sections is produced for 

the transfer of prototype into the real system model. 

The system Fe-Ni-Co-S phase diagram, as the Fe-Ni-Cu-S [5-7], is the 

basis of the majority of the compositions of the metallic sulfide half-

products of the pyrometallurgical processing of the sulfide and oxidized 

nickel and nickel-cuprum, nickel-cobalt ores.  

 

TERNARY SYSTEMS 

In all boundary ternary systems with iron the polymorphous transfer 

between two high-temperature allotropic forms -Fe and -Fe (A and A1) 

occurs according to eutectic type metatectic reaction -Fe-Fe+L 

(AL+A1). Since there are the continuous rows of solid solutions are 

formed (in the systems Fe-Ni and Fe-Co – with the minimum, 

correspondingly, mA1B or mA1C) in the systems Fe-Ni=A-B, Fe-Co=A-C, Ni-

Co=B-C, that liquidus (and solidus) in the system Fe-Ni-Co T-x-y diagram 

consists of the surfaces of primary crystallization of the high-temperature 

polymorphous modification of iron -Fe=A and the solid solution of its 

another modification -Fe=A1 with nickel and cobalt. 

Another ternary systems are considered as the subsystems Fe-Ni-FeS-

NiS=A-B-R1-R2, Fe-Co-FeS-CoS=A-C-R1-R4, Ni-Co-NiS-CoS=B-C-R2-

R5, where monosulfides form the continuous rows of the solid solutions 

R1(R2), R1(R5) and R2(R4).  

The reaction Q1: L+R1(R2)A1(В)+R3 with R1(R2), А1(В), R1(R3) 

(with the incongruently melting compound Ni3S2=R3) solid solutions has a 

place in the subsystem Fe-Ni-FeS-NiS=A-B-R1-R2 at 789oС. 

Eutectic E: LA2(C)+R1(R2)+R3 and quasi-peritectic Q2: 

L+A1(C)A2(C)+R1(R2), Q3: L+A1(C)A2(C)+R3 reactions are 

discovered in the subsystem Fe-Co-FeS-CoS=A-C-R1-R2-C, where A1(C) 

and A2(C) are solid solutions of iron modifications -Fe=А1, -Fe=А2 with 

cobalt, Co4S3=R5 is the incongruently melting compound. The temperature 

of ternary eutectic is 850С, and temperatures of Q2, Q3 reactions are not 

thus far known. Temperature coordinate of the maximum point e1 in the 

curve Q2Q3, corresponding to the reaction А1(C)L+А2(C), is 981С. 

Quasi-peritectic reactions Q4: L+R2(R4)R3+R5 and Q5: 

L+R5R3+B(C) are in the subsystem Ni-Co-NiS-CoS=B-C-R2-R4. The 

temperature of first reaction is T1<806°С, and of second is T2<637оС. The 

precise values of these temperatures are not thus far established and their 

values are undertaken approximately for 3D (4D) the computer models.  
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Figure 1. Prediction of the subsystem Fe-Ni-Co-FeS-NiS-CoS=A-B-C-R1-

R2-R4 liquidus hypersurfaces by the phase reactions scheme (Table 1.) 
 

Table 1. Assumed phase reactions scheme of the subsystem 

Fe-Ni-Co-FeS-NiS-CoS=A-B-C-R1-R2-R4 liquidus (Figure 1) 

Fe-Ni-FeS-

NiS 

=A-B-R1-R2 

Fe-Ni-Сo-FeS-NiS-

СoS= 

A-B-C-R1-R2-R4 

Fe-Co-FeS-CoS= 

A-C-R1-R4 

Ni-Co-NiS-

CoS= 

B-C-R2-R4 

 

 

 

 

Q1: 

L+R1(R2) 

A1(C)+R3 

 

+R+R5 

 

A1(C)+R+ 

R3+R5 

 

 

 

 

 

 

 

: L++R+R5 

 

: L+R+R3+R5 

Q2: L+A1(C) 

A2(C)+R1(R4) 

 

Q3: L+A1(C) 

A2(C)+R5 

 

E: LA2(C)+ 

R1(R4)+R5 

 

Q4: 

L+R2(R4)R3

+R5 

 

Q5: L+R5 

B(C)+R3 

 

 

* Принятые обозначения: R1(R2), R1(R4), R2(R4)=R; A1(B), A1(C), 

B(C)=; A2(C)=, R3=Ni3S2, R5=Co4S3 

 

QUATERNARY SYSTEM 

Possible liquidus of subsystem Fe-Ni-Co-FeS-NiS-CoS consists of primary 

crystallization hypersurfaces of the compound Ni3S2=R3 and solid solutions 
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on the base of polymorphous modifications of iron -Fe(Ni, Co)=(A1, B, 

C) and -Fe(Ni, Co)=(A2, B, C), compounds FeS, NiS, CoS = Ri (R1, R2, 

R4) and Co4S3=R5, and also - high-temperature alloropy -Fe=A. In phase 

reaction scheme the invariant transformations : L++R+R5 and : 

L+R+R3+R5 are assumed (Table 1). It doesn’t contradict [7], where R1, 

R2 and R4 are considered with the stoicheometry 9:8. The prototype (Figure 

1) will be transformed after further experimental investigation into the 4D 

computer model of T-x-y-z diagram for the real subsystem. 

 

RESULTS AND DISCUSSION 

The prototype of the Fe-Ni-Co-FeS-NiS-CoS subsystem T-x-y-z diagram 

has been constructed. It is assumed on the basis of the phase reactions 

scheme and the ternary systems data that two invariant transformations are 

possible in the quaternary subsystem: quasi-peritectic and eutectic. 

 

CONCLUSION 

New approach to the preliminary analysis and further prediction of the 

quaternary systems phase diagrams structure is demonstrated with the 

example of the Fe-Ni-Co-FeS-NiS-CoS subsystem. It is possible, according 

to the extended phase reactions scheme, to determine quantity and type of 

hypersurfaces and phase regions, to design the 4D prototype of the T-x-y-z 

diagram, which after additional experiments can be transformed into the real 

system computer model. 
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ABSTRACT 

Computer models of T-x-y diagrams for the systems LiF-KF-RbF, LiF-

PuF3-KF, LiF-PuF3-RbF and KF-PuF3-RbF have been elaborated. A 

detailed description of their geometric structure was made. It allowed 

to carry out the prediction of liquidus hypersurfaces within T-x-y-z diagram 

for the system LiF-PuF3-KF-RbF. 

 

INTRODUCTION 

System LiF-PuF3-KF-RbF and its bounding ternary systems can be the base 

for fuel compositions for the Molten Salt Reactor [1], although systems LiF-

{KF,RbF} are described as the candidate molten salt coolants for the 

Advanced High-Temperature Reactor. The development of spatial models 

of T-x-y diagrams permits to use them as a tool for their comprehensive 

investigation, including the construction of vertical and horizontal sections, 

the analysis of crystallization paths, the obtaining of data about the 

microconstituents of concentration fields with different dimensions [2-3]. 

These models also allow to identify the wrong interpretation of T-x-y 

diagrams geometry (for example, at experimental study) and to find the 

contradictions in sections, as well as to consider the different variants of 

phase diagrams with ambiguous description or the deficit of experimental 

data. The data about structure of T-x-y diagrams of systems LiF-KF-RbF, 

LiF-PuF3-KF, LiF-PuF3-RbF and KF-PuF3-RbF is the base for the schema 

of phase reactions for LiF-KF-PuF3-RbF system, which can be used to 

forecast the liquidus hypersurfaces peculiarities. 

 

MODELS OF T-X-Y DIAGRAM OF SYSTEM LiF-KF-RbF 

There are two variants of models of T-x-y diagrams for system LiF-KF-RbF 

(A-B-C), because it hasn’t the definite description. In the first case, the 

system doesn’t contain the invariant ternary points and the liquidus consists 

of two surfaces [4] (Fig. 1а). At that, the presence of binary compound  

http://www.lingvo-online.ru/ru/Search/Translate/GlossaryItemExtraInfo?text=%d0%bd%d0%b5%d1%85%d0%b2%d0%b0%d1%82%d0%ba%d0%b0&translation=deficit&srcLang=ru&destLang=en
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R=LiRbF2 decomposing in the solid phase complicates the structure of T-x-

y diagram. In the second case, it was suggested the formation of the ternary 

eutectic point and the fold from the binary system KF-RbF (Fig. 1b). 
 

 
Figure 1. Variants of T-x-y diagram for LiF-KF-RbF system 

 

MODELS OF T-X-Y DIAGRAMS OF SYSTEMS LiF-PuF3-KF AND 

LiF-PuF3-RbF 

T-x-y diagrams LiF-PuF3-MF (M=K,Rb) have the same topology of 

liquidus (Fig. 2). They have quasi-peritectic transformation 

LQ+PuF3LiF+R1 (825 K, 841 K) and two eutectic ones LE1LiF+R1+R2 

(786 K, 741 K) and LE2LiF+MF+R2 (749 K, 713 K) [1], where R1 and R2 

have the same stoichiometry in lithium and potassium systems. Monovariant 

liquidus line E1E2 contains the maximum emax. Binary systems MF-PuF3 

include one incongruently R1=MPuF4 and one congruently R2=M3PuF6 

melting compounds. 

 
Figure 2. XY projection of LiF-PuF3-KF and LiF-PuF3-RbF T-x-y diagrams 

 

However, the system LiF-PuF3-RbF is complicated by the compound 

R3=LiRbF2 decomposing in the solid phase. Both models of T-x-y diagrams  
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were constructed using a single template, but T-x-y diagram of system LiF-

PuF3-RbF is added by the surfaces and phase regions corresponding to the 

compound R3. Computer model of system LiF-PuF3-KF contains 5 liquidus 

surfaces, 20 ruled surfaces, 3 horizontal complexes at the temperatures of 

invariant points E1, E2 and Q (Fig. 2a). Otherwise, 3 ruled surfaces and 

horizontal plane corresponding to the decomposition of compound R3 

supplement the structure of T-x-y diagram LiF-PuF3-RbF (Fig. 2b). 

 

MODEL OF T-X-Y DIAGRAM OF SYSTEM KF-PuF3-RbF 

Binary systems KF-PuF3 and PuF3-RbF have the same topology and contain 

one incongruently (R1=RbPuF4, R3=KPuF4) and one congruently 

(R2=Rb3PuF6, R4=K3PuF6) melting compounds, correspondingly. Binary 

system KF-RbF includes the continuous ranges of solid solution with 

minimum. Ternary system is characterized by two eutectic transformations 

LE1R1+R3+R4 (713 K), LE2KF(RbF)+R1+R4 (714 K) and two quasi-

peritectic ones LQ1+PuF3R2+R3 (826 K), LQ2+R2R1+R3 (758 K) [1]. 

 
Since there are continuous ranges of solid solutions KF(RbF), then the 

corresponding solidus and solvus surfaces don’t degenerate. As a result, 3D 

model of T-x-y diagram of system KF-PuF3-RbF (A-B-C) contains 6 

liquidus, 1 solidus, 2 solvus, 31 ruled surface and 4 horizontal complex at 

temperatures of invariant points E1, E2, Q1 and Q2 (Fig. 3a). 

 

 

 

Figure 3. 3D model of T-x-y diagram of 

system KF-PuF3-RbF 

Figure 4. Hypersurface of 

liquidus А(LiF) 

http://www.lingvo-online.ru/ru/Search/Translate/GlossaryItemExtraInfo?text=%d1%81%d0%be%d0%be%d1%82%d0%b2%d0%b5%d1%82%d1%81%d1%82%d0%b2%d1%83%d1%8e%d1%89%d0%b8%d0%b9&translation=corresponding&srcLang=ru&destLang=en
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FORECAST OF STRUCTURE OF HYPERSURFACES LIQUIDUS 

FOR SYSTEM LiF-PuF3-KF-RbF (A-B-C-D) 
The schema of mono- and invariant equilibria (Table 1) were developed on 

the basis of data about the structure of bounding ternary systems, where the 

ternary system A-C-D (LiF-KF-RbF) hasn’t the invariant transformations. It 

is assumed that the T-x-y-z diagram can include one eutectic and three 

quasi-peritectic quaternary points and seven liquidus hypersurfaces (Fig. 

3b). Coordinates of the invariant points may be determined by the tie-lines 

method [5] on the basis of vertical sections obtained by the DTA methods. 

Table 1. Schema of phase reactions. 
A-B-C A-B-C-D A-B-D B-C-D 

Q1: L+BA+R1 

 

B+A+R1+R3 

E1:LA+R1+R2 

A+R1+R2+R3 

E2: LA+C+R2 

A+R2+R3+R4 

 

 

1: 

L+BA+R1+R3 

L+A+R1+R3 

2: 

L+R1A+R2+R3 

L+A+R2+R3 

    3:  

L+R3A+R2+ R4 

Q2: L+BA+R3 

E3:LA+R3+R4 

E4:LA+C(D)+R4 

 

 

 

Q3: L+BR1+R3 

 

Q4: L+R1R2+R3  

 

E5: LR2+R3+R4 

 

E6:LC(D)+R2+R4 

 

    A+C+R2+R4                  L+A+R2+R4 

    A+C+R2+R4                    : LA+C+R2+R4 

 

CONCLUSION 

Models of T-x-y diagrams on boundary of system LiF-PuF3-KF-RbF were 

elaborated and the prediction of liquidus hypersurfaces structure was made.  
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ABSTRACT 

Peculiarities of topological structure of systems TiO2-ZrO2-Al2O3 and TiO2-

ZrO2-SiO2 associated with ambiguous description of binary systems and 

liquidus surfaces were analyzed. The computer prototypes of T-x-y 

diagrams were elaborated. List of surfaces and phase regions were proposed. 

 

INTRODUCTION 

Computer prototypes can be developed for the phase diagrams of systems 

having the ambiguous or incorrect description. Such prototypes reproduce 

the assumed structure, as well as they can simplify or correct the 

controversial or sophisticated fragments of phase diagrams. Basis for the 

assembling of computer model are experimental or thermodynamically 

calculated data concerning the new compounds thermal properties, phase 

regions boundaries in the binary systems and liquidus surfaces curvature. 

Thus, the elaborated prototypes can be changed or supplemented as new 

experimental data will appear [1]. Let’s consider systems TiO2-ZrO2-

(Al2O3,SiO2) as commonly used materials in the membrane techniques. 

 

PROTOTYPE OF T-X-Y DIAGRAM OF SYSTEM TiO2-ZrO2-Al2O3 

There are differences in the description of binary systems TiO2-Al2O3 and 

ZrO2-TiO2.  

In the system TiO2-Al2O3 there is an incongruently melting compound 

Al2O3TiO2 (R2). The character of its existence is defined variously. The 

authors of [2, p. 123] suggested that the considered compound is the 

compound of constant composition and exist in the entire temperature range. 

Whereas the compound Al2O3TiO2 with variable composition and 

decomposing to 1553К is presented in [3, p. 502-526]. Similar diagram is 

shown in [4], but with the compound of constant composition. 

The description of system ZrO2-TiO2 is complicated by the presence of 

polymorphic modification by component ZrO2. Nevertheless, experimental  

 

http://www.lingvo-online.ru/ru/Search/Translate/GlossaryItemExtraInfo?text=%d1%85%d0%b0%d1%80%d0%b0%d0%ba%d1%82%d0%b5%d1%80&translation=character&srcLang=ru&destLang=en
http://www.lingvo-online.ru/ru/Search/Translate/GlossaryItemExtraInfo?text=%d1%81%d1%83%d1%89%d0%b5%d1%81%d1%82%d0%b2%d0%be%d0%b2%d0%b0%d1%82%d1%8c&translation=exist&srcLang=ru&destLang=en
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[5-6] and calculated [7-8] data confirm the formation of incongruently 

melting compound ZrO2TiO2 (R1). 

There are also contradictions in the description of liquidus surfaces. The 

authors of [2, p. 262] demonstrate the projection of liquidus surfaces with 

three invariant points: two eutectics points (E1, E2) and one quasiperitectic 

point (Q). The monovariant liquidus line connecting one of eutectic (E2) and 

quasiperitectic (Q) points contains the maximum point, which is located on 

the quasi-binary section ZrO2-R2 (Figure 1). At the same time, the point, 

which is characterized as a quasiperitectic one, is arranged inside the 

simplex ZrO2-R1-R2. However, the point with such arrangement can be 

identified as only eutectic point. For saving its quasiperitectic character, the 

composition of point should be shifted in the simplex TiO2-R1-R2. 

Liquidus surface obtained by thermodynamic calculation method [9] has 

the same configuration, but differ in the arrangement of invariant points. 

Quasiperitectic point arranges in the simplex ZrO2-R1-R2, two other ternary 

points are within the simplex TiO2-R1-R2. In addition, the surface 

corresponding to the polymorphism of component ZrO2 is given. 

As a result, at the construction of prototype of T-x-y diagram for system 

TiO2-ZrO2-Al2O3 (A-B-C) the polymorphism of component ZrO2 was not 

considered, and it was suggested that compound R2 exists in the entire 

temperature range. Variant [2] of liquidus surfaces structure was used, with 

the shifting of quasiperitectic point in the simplex TiO2-R1-R2 (Figure 1). 

So the prototype of Т-х-у diagram of system TiO2-ZrO2-Al2O3 is 

characterized by three invariant transformations: LQ+ZrO2R1+R2, 

LE1TiO2+R1+R2, LE2ZrO2+Al2O3+R2 (R1=ZrO2TiO2, R2=Al2O3TiO2). 

Model of T-x-y diagram includes 5 liquidus surfaces, 20 ruled surfaces, 3 

horizontal complexes at the temperatures 

of invariant points (E1, E2, Q), 7 two-phase 

regions (L+A, L+B, L+C, L+R1, L+R2, 

B+R1, R1+R2), 10 three-phase regions 

(L+A+R1, L+A+R2, L+B+R1, L+B+R2, 

L+B+C, L+C+R2, L+R1+R2, A+R1+R2, 

B+R1+R2, В+C+R2). Phase regions 

B+R1, R1+R2 are degenerated in two 

vertical planes.  

PROTOTYPE OF T-X-Y DIAGRAM 

OF SYSTEM TiO2-ZrO2-SiO2 

The system ZrO2-SiO2-TiO2 is  

 

characterized by presence of liquid 

Figure 1. Prototype of T-x-y 

diagram for systems  

TiO2-ZrO2-Al2O3 
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immiscibility in two binary systems TiO2-SiO2 and ZrO2-SiO2 [2]. The 

system ZrO2-SiO2 has the compound decomposed without melt 

R2=ZrO2SiO2.  

According [10], there are two ternary points in the system TiO2-ZrO2-

SiO2. One of them is described as eutectic point and the type of second point 

is not determined. The presented phase diagram is not included the surface 

corresponding to the polymorphic modification of component ZrO2 and the 

region of liquid immiscibility from binary system ZrO2-SiO2. 

At the construction of T-x-y diagram prototype for system TiO2-ZrO2-

SiO2 (A-B-C), we not considered the polymorphism of component ZrO2, but 

taken into account the liquid immiscibility in both binary systems TiO2-SiO2 

and ZrO2-SiO2. It was suggested that the ternary system is characterized by 

eutectic (LETiO2+SiO2+R1) and quasiperitectic (LQ+ZrO2SiO2+R1) 

transformations (R1=ZrO2TiO2, R2=ZrO2SiO2). 

Model of T-x-y diagram (Figure 2) is formed by 2 surfaces of liquid 

immiscibility, 4 liquidus surfaces, 20 ruled surfaces, 2 horizontal complexes 

at temperatures invariant points (E, Q) and the horizontal plane 

corresponding to the decomposition beginning of compounds R2. T-x-y 

diagram include 8 two-phase regions (L1+L2, L3+L4, L+A, L+B, L+C, 

L+R1, C+R1, R1+R2), 11 three-

phase regions (L1+L2+A, 

L3+L4+B, L+A+C, L+A+R1, 

L+B+C, L+B+R1, L+C+R1, 

A+C+R1, B+C+R1, B+R1+R2, 

C+R1+R2). Phase regions C+R1, 

R1+R2 are degenerated in the 

vertical planes. Three-phase 

regions B+R1+R2 and C+R1+R2 

are the result of appearance of 

compound R2 in solid phase.  

Liquidus surface of SiO2 is 

arranged close to the vertex of 

Gibbs triangle and has small 

field. Therefore, for a better 

understanding of the structure of  

T-x-y diagram and the decoding of horizontal and vertical sections, it is 

appropriate to construct the prototype, in which the binary and ternary 

points are expanded with saving of T-x-y diagram topological structure.  

 

 

Figure 2. Prototype of T-x-y 

diagram for system TiO2-ZrO2-SiO2 
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CONCLUSION 

Topological features of the systems TiO2-ZrO2-Al2O3 (SiO2) were 

considered and the prototypes of T-x-y diagrams were elaborated with 

reconstruction of full geometric structure. Obtained computer models can be 

compared with available experimental or thermodynamically calculated T-

x-y diagrams. In addition, they can be used as the templates for 

constructions of other oxide systems and for the T-x-y-z diagram TiO2-

ZrO2-Al2O3-SiO2 assembling.  
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ABSTRACT 

Quantitative structure – property relationships (QSPRs) for the Setschenow 

constants are build  using calculated Monte Carlo optimization method with 

optimal descriptors based on SMILES notation. These models are prepared 

in accordance with the OECD principles. Dataset was split in one split and 

in training and test set. The predictability of proposed QSPR models for an 

external test is estimated and for the best model statistical quality is 

calculated with following characteristics r2 = 0.9609, q2 = 0.9592, s = 0.017 

for training and r2 = 0.9417, q2 = 0.9262, s = 0.017. The definition of the 

domain of applicability and the mechanistic interpretation for these models 

are discussed. 

 

INTRODUCTION 

Very important parameter in the fields of chemical processes and reactions, 

environmental hazard assessment and pharmaceutical design is the aqueous 

solubility of organic compounds. Transport, release, absorption and tissue 

distribution of pharmaceuticals are strongly affected by the aqueous 

solubility [1]. The solubility of organic compounds in water can increase or 

decrease, in the presence of strong electrolyte salts depending on the 

polarity of both the solute and the salts. Aqueous solutions of salt as NaCl 

increases the “squeezing out” effect of water on nonpolar solutes, since 

polarity of water is increased. The numerical data on the Setschenow 

Constant is useful and important information from point of view of ecology 

and pharmacology [2,3]. Although there are several experimental methods 

available to define the Setchenow constant they are costly and time-

consuming [4]. Quantitative structure – property relationships (QSPRs) are 

a cheminformatics tools to predict various endpoints [5,6]. Simplified 

molecular input-line entry system (SMILES) in QSPR analysis has been 

gained in recent years, for building appropriate one-variable models 

mailto:zak_chem2001@yahoo.com
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calculated with application of Monte Carlo optimization method with very 

good predictability of the SMILES-descriptor based models [7-9]. The aim 

of this work is the estimation of predictive potential of QSPR models for the 

Setschenow constants build with application of Monte Carlo method and 

calculated using CORAL software. 

 

EXPERIMENTAL 

The numerical data on the Setschenow constants were taken from literature 

[3]. The molecular structure of compounds is represented by SMILES 

generated with the ACD/ChemSketch program (www.acdlabs.com). Three 

splits into the sub-training, calibration, test, and validation sets were 

examined. All SMILES based descriptors are considered in this research. 

For all QSPR models development CORAL software 

(http://www.insilico.eu/coral/) was used.   

 

RESULTS AND DISCUSSION 

Table 1. contains statistical characteristics of QSPR models for the 

Setschenow constants calculated with the CORAL software and represented 

by the general formula according to of one-variable models. Fig 1. 

represents best calculated model graphically, where Ac(expr.) and Ac(calc.) 

are experimental and calculated values for studied endpoint. From presented 

data can be concluded that build QSPR models have very good predictive 

potential since statistical parameters are very satisfactory.  The best 

statistical quality for all splits takes place for split 1 in which threshold is 

equal to 1 and Nepoch is equal to 13. Developed QSPR model can be 

represented with following equation: 

 

Endpoint = 0.0397 (± 0.0003) + 0.0041 × DCW(1,13)                    (1) 
 

DCW represents optimal and it is calculated according to Eq 2: 
 

DCW(Threshold,Nepoch) = ∑CW(Sk) + ∑CW(SSk) + ∑CW(SSSk) + 

CW(NOSP) + CW(HALO) + CW(BOND) + CW(PAIR)             (2) 

 

where Sk, SSk, and SSSk, are fragments of SMILES strings which contain 

one-, two-, and three SMILES atoms respectively. SMILES atoms is one 

symbol or two symbols which cannot be examined separately, e.g. ‘Cl’, 

‘Br’, etc. The NOSP is descriptor calculated with SMILES according to 

presence (absence) in the molecule of nitrogen, oxygen, sulfur, and 

phosphorus. The HALO is descriptor calculated according to presence 

(absence) in the molecular structure fluorine, chlorine, bromine, and iodine. 

The BOND is descriptor calculated according to presence (absence) double, 
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triple, and stereo chemical (i.e. presence / absence in SMILES symbol ‘=’, 

‘#’, and ‘@’, respectively) bonds, and PAIR is descriptor calculated with 

taking into account all possible combines of above SMILES attributes [7]. 

The CW(X) is correlation weight for an above described SMILES attribute 

(i.e. Sk, SSk, SSSk, NOSP, HALO, BOND, and PAIR). Treshold and Nepoch 

are parameters related to Monte Carlo optimization procedure.   

 

Table 1. Statistical quality of the best calculated QSPR model 

 n r2 q2 s MAE F 

Training 79 0.9609 0.9592 0.017 0.011 1894 

Test 22 0.9417 0.9262 0.024 0.019 323 
n – Number of molecules in set; r2 – correlation coefficient; q2 – cross-validated 

correlation coefficient; s – standard error of estimation; MAE – mean absolute error; F – 

Fischer F-ratio 

 

The statistical characteristics of model for the Setschenow constant 

suggested in the literature are the following: n = 101, r2 = 0.7717, s = 

0.0410; n=30, r2=0.764; n=30, r2=0.8888 (Artificial neuron networks); 

n=30, r2=0.894 (Multiple linear regression); and n=30, r2=0.752 (Super 

vector machine). Thus, statistical quality of the CORAL models is 

comparable with the quality of models suggested in the literature [2,3,10]. 

 
Figure 1. Graphical representation of the best calculated QSPR model. 

 

The domain of applicability for suggested model is defined according to the 

principle: all molecular features should take place in the structured training 

set (i.e. the sub-training together with the calibration sets). Thus, suggested 

approach takes into account OECD principles. 
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Structural features extracted from SMILES which are stable promoters of 

increase or vice versa decrease of the Setschenow constants are carbon atom 

and fragments associates two and three carbon atoms are promoter of the 

Setschenow constants increase; whereas branching, double bonds and 

presence of two cycles (rings) are promoters of the Setschenow constants 

decrease. 

  

CONCLUSION 

The suggested modeling process for the Setschenow Constant is based on 

the representation of the molecular structure by SMILES, SMILES-based 

descriptors. Using Monte Carlo optimization process the CORAL software 

was capable to be an efficient tool to build up a robust model. The described 

QSPR models for the Setschenow constant are quite good. These models are 

calculated in accordance with the OECD and REACH recommendations. 
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ABSTRACT 

The intrinsic solubility – S0 (only the neutral form is present in the solution) 

and pH-dependent solubility - S (heterogeneous system of neutral and 

ionized forms) of verapamil were determined spectrophotometrically. Based 

on solubility data pKa value 9.15 of verapamil was indirectly obtained.  

 

INTRODUCTION 

Verapamil belongs to a class of calcium channel blockers applied in the 

treatment of cardiac arrhythmias, angina pectoris and hypertension. Because 

to the presence of single ionizable group, aliphatic tertiary amine, verapamil 

represents a weak base (Figure 1) and exhibits pH-dependent aqueous 

solubility [1]. 

In solutions of weak electrolytes there is an equilibrium between 

molecular and ionized forms with different physico-chemical properties. 

The most important physico-chemical parameters that affect the liberation 

and the absorption processes of drugs are solubility and pKa value. 

Comprehensive 

understanding of these 

parameters is necessary 

for the development of 

novel drug delivery 

systems, improvement of 

existing pharmaceutical 

formulations, andfor the 

choice of the optimal experimental conditions in drug analysis[2].  

 

EXPERIMENTAL 

Spectrophotometric measurements were carried out on the UV-Vis 

spectrophotometer Cintra 20 (GBC, Australia). Automatic titrator 798 MPT 

 
Figure 1. Chemical structure of verapamil. 
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Titrino (Metrohm, Switzerland) with a combined electrode LL unitrode Pt 

1000 (Metrohm, Switzerland) was used for potentiometric measurements. 

Verapamil hydrochloride was kindly donated from Medicines and Medical 

Devices Agency of Serbia (Belgrade, Serbia). All solutions were prepared in 

double distilled water. Standard solutions of HCl and carbonate-free NaOH 

were standardized potentiometrically.  

Saturated solutions of verapamil (pH 7.8 to 12) were prepared by treating 

verapamil hydrochloride(0.25 mg/mL)in 0.1 mol/L NaCl solutionwith 

0.1mol/L NaOH. Suspensions were thermostated at 25°C with occasional 

stirring for 24 h, thenfiltered through 0.22 µm membrane filter. After a 

specified dilution of the filtrate, concentration of verapamil was determined 

spectrophotometrically at 230 nm. 

 

RESULTS AND DISCUSSION 

From the chemical point of view verapamil represents the monoprotic base 

and its molecular form is poorly soluble in water. In a saturated aqueous 

solution of verapamil between the solid phase (Bs) and a solution the 

following equilibria is established: 

Bs⇄ B                     [B]S0s0 K                (1) 

Bs + H+⇄ BH+

][H

][BH
s1 



K                 (2) 

where S0 is the intrinsic solubility (solubility of molecular form) of 

verapamil. 

The total solubility (S) of verapamil is equal to the sum of the 

concentrations of the molecular form (B) and of the protonated form (BH+): 

S = [B] + [BH+]                            (3)  

Combining equations (1) – (3) gives the equation: 

S = S0 + Ks1[H
+]                                                                                           (4)                 

where the constant Ks1 can be replaced by relation that connects verapamil 

acidity constant (Ka) and constants in a heterogeneous system: 

1s

0s
a

]BH[

]H][B[

K

K
K 





                                                                                   (5) 

to give the following equation: 

 
xa

0

0

y

]H[
S

SS 
K

                                                                                         (6) 

Equation (6) represents linear dependence of the total solubility (S) on [H+]. 

Based on pairs S-[H+]it is possible to determine the intrinsic solubility (S0) 

and the Ka value.For very poorly soluble compound, such as verapamil, 

theordinate intercept (S0) is often within a statistical error. Reliable results 
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for S0of verapamil can be obtained by determining the solubility at pH>(pKa 

+ 2), Table 1. 

 

Table 1. The intrinsic verapamil 

solubilityat 25oC. 

Table 2. pH–dependent verapamil 

solubility at 25oC. 

 

pH S0 (mol/L) 

11.5 4.24×10-5 

11.7 2.60×10-5 

11.9 4.23×10-5 

12.0 6.20×10-5 

12.2 5.26×10-5 

Average     4.51×10-5 
 

pH S (mol/L) 

8.41 2.22×10-4 

8.62 1.46×10-4 

8.84 8.76×10-5 

8.88 7.06×10-5 

9.09 5.57×10-5 

 

Tables 1 and 2 show the results of determination of the intrinsic 

solubility (S0)and a pH-dependent solubility of verapamil.Figure 2 shows 

linear dependence of verapamil solubility (S) on [H+] in a pH interval from 

8.41 to 9.09.  

 

Based on the slope of the curve on Figure 2 (6.40×104) and the intrinsic 

solubility (S0 = 4.51×10-5), acidity constant of verapamil Ka=7.05×10-10(pKa 

9.15) has been obtained.  

The most frequently applied methods for the determination of ionization 

constants in aqueous solution, potentiometric and spectrophotometric, 

arenot applicable in the case of verapamil. Potentiometry could not be 

applied due to the low solubility of verapamil, and spectrophotometry due to 

very small differences in the absorption spectra of molecular and ionized 

 

Figure 2. Linear dependence of verapamil solubility (S) on [H+], eq. (6). 
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forms (Figure 3).The few published datashow that the pKa value of 

verapamil (8.63, 8.72, 9.07) is determined exclusively by using a cosolvent 

system [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 

The intrinsic solubility and pH-dependent solubility of verapamil are 

determined. Based on the solubility data the pKa value of the verapamil is 

indirectly determined. Obtained data are of great importance for the 

improvement of analytical procedures, pharmaceutical formulations, and 

evaluation of the pharmacological behavior of verapamil. 
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Figure 3.UV spectra of verapamil in 0.01 mol/L HCl (ionized 

form) and 0.01 mol/L NaOH (molecular form). 
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ABSTRACT 

In this study the order of ionization in the molecules ofirbesartan, losartan, 

and valsartan has been investigated. Irbesartan and losartan are ampholytes, 

valsartan isdiacid with close values of ionization constants. In order to get 

better insight in the overlapped protolytic equilibria of sartanstheoretical 

study was performed. Energy calculation of the optimized structures of 

equilibrium forms was performed at the B3LYP/6-31G (d,p) level of the 

Density Functional Theory (DFT). Results of theoretical study 

confirmedprediction that in allexamined compoundshigher pKa valuescan be 

attributed to the ionization of tetrazole.  

 

INTRODUCTION 

Angiotensin II Receptor Blockers (ARB), also known as sartans, are used in 

the treatment of hypertension, cardiac insufficiency, myocardial infarction, 

and diabetic nephropathy.Not only the conformation of the sartans active 

form is important for pharmacological activity but also their ionization state 

in physiological conditions that can affect partitioning between plasma and 

biomembranes [1]. Irbesartan and losartan are ampholytes with one acidic 

(tetrazole ring) and one basic center (imidazole ring), while the valsartan is 

diprotic acid (carboxylic group and tetrazole ring) (Figure 1). The pKa 

values of examined sartans were determined potentiometrically: pKa1 

3.88and pKa2 4.55 for irbesartan; pKa1 3.27 and pKa2 4.60 for losartan; pKa1 

3.79 and pKa2 4.55 for valsartan [2]. Ionization processes include 

equilibrium forms that can differ in physico-chemical properties. In order to 

estimate the extent of ionization at any given pH value it is necessary to 

assign thepKa values to corresponding ionizable centers. The main aim of 

theoretical study was to obtain a better insight in the overlappedprotolyitic 

equilibriaand properties ofsartans equilibrium forms. 
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EXPERIMENTAL 

Chemical structures of each equilibrium form of examined sartans that can 

exist in solution were built in ChemBioDraw Ultra 13.0 program and copied 

to ChemBio3D Ultra 13.0 program in order to create their 3D-models. 

Irbesartan and losartan are ampholytes which may exist in four equilibrium 

forms in a solution (cationic, anionic, zwitterionic, and molecule), while the 

valsartan is diacid with three equilibrium forms (molecular, monoanionic, 

and dianionic). Geometry optimizations of each of the elevenequilibrium 

forms were performed at the B3LYP/6-31G (d,p) level of the DFT[3, 4] in 

the gas phase using the Gaussian 09 program [5]. Optimized molecular 

 
 

Figure 1. Ionization profiles of a) irbesartan, b) losartan, c) valsartan. 

Equilibrium forms: cationic (IrbH+, LosH+), molecular (IrbH, LosH, 

ValH2), zwitterionic (IrbH+, LosH+), monoanionic (Irb, Los, 

ValH), dianionic (Val2). 

N

H
N

N

N

N

O

N

Irb-IrbH2
+

N

H
N

N

N

N

N

OH

Cl

Los-LosH2
+

N

H
N

N

N

N

COOH

O

Val2-ValH-ValH2

a) b)

c)

Ka1

(IrbH/IrbH+-) (LosH/LosH+-)
Ka2 Ka1

Ka1

Ka2

Ka2



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   O-02-P 

 

 803 

models were used for all further calculations. The PCM [6] in the B3LYP/6-

31G (d,p)water basis set[3, 4] was applied to compute the electronic 

descriptors, energies of the highest occupied and the lowest unoccupied 

molecular orbital (EHOMO and ELUMO),chemical potential (µ), 

electronegativity (χ), hardness (η), global softness (S), electrophilicity index 

(ω), dipole moment, and charges [7]. 

 

RESULTS AND DISCUSSION 

Potentiometrically determined pKavalues of examined sartans are very close 

which point out to overlapped protolytic equilibria. Order of ionization can 

be predicted based on the analysis of chemical structure only in case of 

valsartan (lower pKa value of carboxylic group than tetrazole). Irbesartan 

and losartan contain imidazole ring as a basic center with pKa value lower 

than the pKa of tetrazole as an acidic center. 

 

 

Energy calculation of the optimised molecular models was performed at 

theB3LYP/6-31G (d,p) [3] level of the DFT [4] in a gas phase and in water 

solution. The energies of optimised molecular models were computed by 

applying self-consistent field method (SCF) for transfer the molecules from 

gas (SCFGas) to aqueous phase (SCFPCM) [8] and differences between the 

energies were calculated (ΔSCF= SCFGas- SCFPCM) and listed in Table 1. 

Value ΔSCF is higher for anionic forms of losartanand irbesartan in 

relation to their corresponding cationic forms, as well as for dianionic 

Table 1. SCF energies of sartans calculated at B3LYP/6-31G(d,p) 

level of DFT. Energies are given in hartrees. (Equilibrium forms are 

explained on Figure 1). 

Sartan Form SCFGas SCFPCM ΔSCF 

Irbesartan IrbH 1373.29323 1373.31279 0.01956 

 IrbH+ 1373.29353 1373.29109 0.00244 

 Irb 1372.74810 1372.83809 0.08755 

 IrbH2
+ 1373.69218 1373.77253 0.08035 

Losartan  LosH 1716.12055 1716.14021 0.01966 

 LosH+ 1716.11971 1716.12615 0.00644 

 Los 1715.58099 1715.66139 0.08040 

 LosH2
+ 1716.52008 1716.59122 0.07114 

Valsartan  ValH2 1431.48628 1431.509456 0.023176 

 ValH 1430.93597 1431.027103 0.091133 

 Val2 1430.32750 1430.552276 0.224776 
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valsartan form compared to its monoanionic form. Larger ΔSCF values 

were observed for anions formed by deprotonation oftetrazole(Irb, Los, 

Val2) which indicate that more energy is required for ionization of tetrazole 

in comparison to the ionization of the imidazole and carboxyl group. Based 

on these results, pKa2 values (4.55, 4.60, 4.55) can be attributed to the 

tetrazole ring of irbesartan, losartan and valsartan, respectively. 

Accordingly, pKa1 values (3.88, 3.27, 3.79) correspond to imidazole ring of 

irbesartan, imidazole of losartan, and carboxylic group of valsartan, 

respectively.In case ofampholytes in which pKa of acidic group is greater 

than the pKa of the basic group is expected that in a solution molecular form 

is dominant in a relation to zwitterionic. 

 

CONCLUSION 

Experimentaly determined pKa values of irbesartan, losartan, and valsartan 

have beenattributed to the corresponding ionizable groups based on results 

obtained in theoretical study. Defining the ionization of sartans can help 

with determination of the equilibrium form which is required for achieving a 

better bioavailability as well as with more accurately explanation of the 

mechanism of interaction between sartans and their target site of action. 
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ABSTRACT 

The intrinsic solubility – S0 (only the neutral form is present in the solution) 

of verapamil were investigated in the presence of nonionic micelles (Brij 35 

and TX-100) and in surfactant free media. Brij 35 micelles caused the 

increase in verapamil solubility. The phase separation was observed in 

solution of TX-100 in the presence of verapamil which points out to specific 

interactions between verapamil and this surfactant. 

 

INTRODUCTION 

Verapamil belongs to a class of calcium channel blockers applied in the 

treatment of cardiac arrhythmias, angina pectoris and hypertension. Because 

to the presence of aliphatic tertiary amine, verapamil represents a weak base 

[1].  

Solubilityis one of the most important physico-chemical parameters that 

affect permeability and absorption of drugs. Solubility is directly related to 

drug lipophilicity and can be used for its prediction. The knowledge of 

compound solubility plays a major role in development of pharmaceutical 

dosage forms. During the transport to the target site of action the drugs have 

to cross the cell membranes and interact with biomolecules of different 

polarity and charge. Potential interactions under physiological conditions 

can affect solubility profile which could differ in relation to aqueous 

solution. Micellar solutions of surfactants have been used as the 

biomembrane mimetic systems [2] which act to increase the solubility of 

poorly soluble drugs. The aim of this study was to investigate the intrinsic 

solubility of verapamil in micellar solutions of nonionic surfactants (4-

octylphenol polyethoxylate - Triton X-100 (TX-100)and Polyoxyethylene 

lauryl ether - Brij 35) as biomembrane mimetic systems. 
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EXPERIMENTAL 

Spectrophotometric measurements were carried out on the UV-Vis 

spectrophotometer Cintra 20 (GBC, Australia). Automatic titrator 798 MPT 

Titrino (Metrohm, Switzerland) with a combined electrode LL unitrode Pt 

1000 (Metrohm, Switzerland) was used for potentiometric measurements. 

Verapamil hydrochloride was kindly donated from Medicines and Medical 

Devices Agency of Serbia (Belgrade, Serbia). The nonionic surfactants 4-

octylphenol polyethoxylate - TX-100 (Acros Organic) and polyoxyethylene 

(23) lauryl ether - Brij 35 (Sigma–Aldrich, Germany) were used for the 

preparation of micellar solutions. All solutions were prepared in double 

distilled water. Standard solutions of HCl and carbonate-free NaOH were 

standardized potentiometrically.  

Saturated solutions of verapamil (pH 11.5 to 12.5) were prepared by 

treating verapamil hydrochloride solution (0.25 mg/mL) in the presence of 

micellar solution of surfactants, TX-100 and Brij 35, with 0.1mol/L NaOH. 

Suspensions were thermostated at 25°C with occasional stirring for 24 h, 

then filtered through 0.22 µm membrane filter. Concentration of verapamil 

in filtrate was determined spectrophotometrically at 280 nm. 

 

RESULTS AND DISCUSSION 

The intrinsic solubility of verapamil (pH>11.5) is determined in the 

presence of 10-3 mol/L Brij 35 (Table 1). Previously obtained intrinsic 

 
Figure 1. Absorption spectra: 1 Brij 35 (10-2 mol/L); 2 Brij 35 (5×10-3 

mol/L); 3 verapamil 5×10-5 mol/L; 4 verapamil (5×10-5 mol/L) in the 

presence of Brij 35 (10-4 mol/L); 5 verapamil (5×10-5 mol/L) in the 

presence of Brij 35 (10-3 mol/L); Solutions are prepared in 0.01 mol/L HCl. 
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solubility S0 of verapamil in surfactant free media is 4.51×10-5 mol/L. The 

influence of  

verapamil on micelles formation is disabled by selecting the concentration 

of surfactants much higher than the critical micellar concentration (cmc). 

Figure 1 shows the absorption spectra of verapamil and Brij 35 separately 

and of verapamilin the presence of Brij 35. The absorption spectra indicate 

that the absorbancy of the Brij 35 in concentrations less than 10-3 mol/L can 

be neglected at a wavelengths exceeding 280 nm. 

 

Table 1. The intrinsic solubility of verapamil determined in the 

presence of Brij 35 at 25oC. 
 

pH S (mol/L) 

11.5 2.60×10-3 

11.7 2.98×10-3 

11.9 2.71×10-3 

12.0 2.76×10-3 

Average          2.76×10-3 

 

The intrinsic solubility of verapamil is increased in the presence of 10-3 

mol/L Brij 35approximately 60 times. 

 

 

 

 
Figure 2. Absorption spectra: 1  TX-100 (10-4 mol/L); 2 verapamil 

5×10-5 mol/L; 3  verapamil (5×10-5 mol/L) in the presence of TX-100 

(10-4 mol/L); 4 verapamil (5×10-5 mol/L) in the presence of TX-100 

(10-3 mol/L); Solutions are prepared in 0.01 mol/L HCl. 
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Figure 2shows the absorption spectra of verapamil (5×10-5mol/L), TX-

100 (10-4mol/L), and verapamil in the presence of 10-3 mol/L and 10-4 mol/L 

TX-100.The solution of verapamil in the presence of 10-3mol/L TX-100has 

completely rearranged absorption spectra as compared to both verapamil 

and TX-100. 

During the determination of the verapamil solubility in the presence of 

TX-100, phase separation of the micellar solution ("cloud point" 

phenomenon) was observed. This phase separation prevented the 

spectrophotometric determination of verapamil solubility, but point to 

specific interactions between verapamil and TX-100, which will be the 

subject of further investigations. 

 

CONCLUSION 

Obtained results point to significant solubility increase of verapamil (about 

60 times) in a 10-3mol/L solution of Brij 35. The presence of verapamil led 

to the phase separation in the micellar solution of TX-100 which indicates a 

specific interaction between verapamil and this surfactant. 
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ABSTRACT 

The degree of deacetylation (DDA%) of chitosan is essential for its 

pharmaceutical and biomedical applications. The acid-base back titration 

method with bromphenol blue provided accurate DDA values of 93.22% 

(comparable with derivative spectrophometry 93.04%), and 86.68% for 

chitosan’s samples of different molecular weight. FTIR spectroscopy with 

ATR technique offered only approximate and lower DDA values of 85.15% 

and 75.48%, respectively. FTIR spectra indicated the evidence of peak in 

the band of stretching vibrations of amide C=O for chitosan’s sample with 

higher degree of acetylation (DA%). 

 

INTRODUCTION 

Chitosan is a linear copolymer of -(1-4) linked 2-acetamido-2-deoxy--D-

glucopyranose and 2-amino-2-deoxy--D-glucopyranose. Its parent polymer 

chitin is widely distributed in nature and the main commercial sources of 

chitin are the shell waste of shrimps, lobsters and crabs. Chitosan (obtained 

by partial deacetylation of chitin) is a versatile semi-synthetic polymer used 

in pharmaceutical and biomedical applications, such as drugs delivery 

systems with modified release; wound-healing products; tissue engineering 

etc. 1. Chitosan is readily soluble in dilute acidic solutions below pH 6.0 

due to the quaternization of the amine groups becoming a water-soluble 

cationic polyelectrolyte. The soluble–insoluble transition between chitosan 

as corresponding salt and chitosan as the base occurs at its pKa value around 

pH between 6 and 6.5. The pKa value is highly dependent on the degree of 

N-deacetylation - degree of deacetylation (abbreviations DDA or DD). 

Chitosan is obtained by the thermochemical deacetylation in the presence of 

alkali, and the conditions used for deacetylation controls chitosan's 

molecular weight (Mw) and DDA, and those directly affect the 

physicochemical and biological properties of chitosan.  
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The aim of this research was to study the possible application of acid-

base back titration method for DDA(%) determination for two chitosan's 

samples of different MW and to evaluate the accordance with previously 

determined DDA value applying derivative spectrophotometry 2 for 

chitosan hydrochloride prepared from sample with higher MW. In addition it 

was of interest to estimate the relevance of FTIR-ATR technique for 

calculation of degree of acetylation (DA). 

 

EXPERIMENTAL 

Two samples of chitosan, with different MW, were analyzed: Sample 1 

Mr=100-300 kDa (CNNew Jersey) and Sample 2 Mr=50-190 kDa (Sigma 

Aldrich). Standard solutions of hydrochloric acid (c1=0.09062M, 

c2=0.08893M) and sodium hydroxide (c=0.10058M) were used in acid-base 

back titration method, for chitosan as base. Suitability of four acid-base 

indicators, with denoted pH intervals was evaluated: methyl orange-MO 

(3.1-4.4), bromphenol blue-BPB (3.0-4.6), congo red-CR (3.0-5.0), 

dimethyl yellow-DY (2.9-4.0). Accurately weighted amount (0.1 g) of each 

chitosan's sample was transferred into titration flask and 30.00 mL of 

standard hydrochloric acid solution was added to dissolve samples during 

10-15 min on magnetic stirrer. After addition of acid-base indicator the 

excess of acid was titrated with standard solution of sodium hydroxide. 

FTIR spectra (Diamond ATR devices technique) were recorded on Nicolet 

iS10 Thermo-Scientific USA, in the range 4000 to 650 cm-1 with following 

parameters: scan number 16, resolution 4 cm-1 and data interval 0.482 cm-1.  

 

RESULTS AND DISCUSSION 

Sweidan el al 3 proposed the reaction for DDA determination of chitosan 

hydrochloride, applying direct acid-base titration with sodium hydroxide 

solution. The selection of acid-base indicator for back-titration was carried 

out on chitosan's sample 1. The usage of MO was found inadequate due to 

difficult end point detection from red to orange. The identical problem was 

obtained with CO and DY. 

Determination of DDA for chitosan as base, by back acid-base titration can 

be presented with following scheme: 
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The most appropriate indicator was BPB with obvious color change from 

yellow to green. The calculated DDA values (Table 1.) obtained according 

to Zhang el al. 4. 

 

Table 1. DDA values of chitosan samples determined applying classical 

acid-base back titration 

Chitosan Sample 1 

(n=9)  

with MO  

Sample 1 

(n=7) 

with MO 

Sample 1 

(n=7) 

with BPB 

Sample 2 

(n=6) 

with BPB 

DDA% 91.04 91.28 93.22 86.68 

Sd 3.07 2.51 1.61 0.39 

RSD(%) 3.37 2.75 1.73 0.45 

 

The DDA values obtained with indicator MO were lower in comparison 

with 93.04% determined for chitosan hydrochloride (from sample 1) using 

derivative spectrophotometry 2, with high RSD(%) values. The average 

DDA value for sample 1 with indicator BPB (93.22%) was in good 

accordance with 93.04% with acceptable RSD(%). For sample 2 

significantly lower value of 86.68% was calculated, as expected for chitosan 

of lower molecular weight. 

From FTIR spectra the degree of acetylation (DA) was calculated via: 

   x100/1.33
A

A
%DA

3450

1655
 

from the intensity band absorbance ratio corresponding to stretching 

vibrations of amide C=O (1680–1630 cm-1) and hydroxy OH group ( 

3400 cm-1). The factor of 1.33 represents the ratio of A1655/A3450 for fully N-

acetylated chitosan. The recorded frequencies were 1647 cm-1 (for sample 1) 

and 1651 cm-1 (for sample 2) and for both samples 3355 cm-1. The 

calculated DA values were 14.85% (for sample 1) and 24.52% (for sample 

2) with corresponding DDA values of 85.15% and 75.48%, respectively. 

The obtained values are significantly lower in comparison to DDA 

determined applying acid-base back titration method for both samples 

indicating that utilizing ATR technique only approximate DDA values can 

be calculated. FTIR spectra noticeably distinguished two chitosan's samples 

since the band for amide C=O for sample 1 was recorded only as the 

shoulder while for sample 2 with higher DA(%) it was the band with clearly 

visible peak. 
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CONCLUSION 

The DDA(%) values of chitosan obtained by classical acid-base back 

titration using bromphenol blue provided comparable results with derivative 

spectrophotometric method. FTIR spectroscopy with ATR technique offered 

only approximate DA(%) values indicating the necessity of KBr technique 

or evaluation of different wave numbers.  
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Figure 1. FTIR spectra for chitosan’s sample 1-solid line and  
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ABSTRACT 

Novel chromogenic macromolecular substrate was synthesized by 

covalently coupling of branched β-glucan isolated fromthe cell-wall of 

baker’s yeast S. cerevisiaewith anthraquinone reactive dye Remazol 

Brilliant Blue R (RBBR).  

New material could potentially have many applications, i.e. for evaluation 

of endo- and exo-1,3/1,6 glucanases or for screening of β-glucan-degrading 

microorganisms. 
 

INTRODUCTION  

One of the most studied β-glucan from the microbial origin is the β-glucan 

isolated from the cell wall of yeast Saccharomyces cerevisiae. The basic 

structural characteristic of this polysaccharide is the main linear backbone 

consisting of (1,3)-linked β-glucopyranose units. Some of these residuses 

are substituted through O-6 

position with single β-

glucopyranosyl units, as 

shown in Figure 1. [1,2]. It 

is known that glucan from 

Saccharomyces cerevisiae 

show varied biological 

activity: immunomodulatory  

properties,antioxidant effects 

and protective effect of the 

aging of cells [3]. Its non-

digestibility and, in some degree, fermentation by intestinal microbial flora 

affects to be considered as a prebiotic [4].  

OHO

O
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O
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Figure 1. Structure ofβ-glucan 
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Reactive dye Remazol Brilliant Blue 

R (Fig. 2) belongs to the class of 

anthraquinone dyes that have wide 

commercial application [5]. 

Ethylsulfonyl group of RBBR in 

alkaline conditions forms vinyl 

sulfonyl group which undergo 

addition with carbon nucleophiles of 

polysaccharide. 

 

The aim of this work was to synthesize and characterize a new polymeric 

material obtained bycovalently coupling of branched β-glucan isolated from 

the cell wall of baker’s yeast S. cerevisiae and reactive dye Remazol Brilliant 

Blue R. This material can be used as potential colored macromolecular 

substrate for specific assays for selective determination of endo- and exo-

1,3/1,6-β-glucanases or for screening of β-glucanases-forming 

microorganisms. 
 

EXPERIMENTAL 

β-glucan used in this work was isolated from the cell-wall of active dry 

baker’s yeast (Saccharomyces cerevisiae) commercial product made by 

Fermentation Industry “Alltech-Fermin”, Senta, Serbia and purified by 

repetitive alkaline/acid treatment [1,2]. Other reagents and solvents were 

purchased from commercial sources and used as supplied. β-D-glucan was 

stained with RBBR following the procedure of Khalikova nad Usanov with 

some modifications [6]. The RBBR dyeaqueous solution (0.2 g/6.0 mL) was 

added dropwise to a vigorously mixed suspension of β-glucan in water (0.5 

g/ 40 mL) at 60°C (magnetic stirrer). After 30 min of stirring, 5.5 g of NaCl 

was added, and mixing was continued for next hour. The mixture was then 

alkalized with NaOH (0.5 g/10 mL of water) and the reaction mixture was 

heated to 80°C. Anhydrous Na2CO3 (0.5 g) was added, and extensive 

stirring was continued for 2 h at 80°C. After cooling, the stained product 

was centrifuged (3000 rpm, 10 min) and washed with a 96% ethanol. The 

colored substrate was resuspended in distilled water, dialyzed and 

lyophilized. Resulting product was insoluble in distilled water, but was 

soluble in DMSO after autoclaving.Characterization of samples was 

performed by FT-IR spectra in ATR mode on Thermo Nicolet 6700 FT-IR 

Spectrophotometer (500-4000 cm−1). UV-VIS spectra were recorded on 

Shimadzu UV-1280 Spectrophotometer.Elemental analyses were performed 

on automated analyzer Vario EL III CHNS/O from Elementar Co. 

O

O

S
O- Na+

HN

O

O

S

O

O
O

S
O- Na+

O

O

NH2

Figure 2. Remazol Brilliant Blue R 
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RESULTS AND DISCUSSION 

The biopolymeric colored substrate was synthesized by coupling reaction of 

β-glucan isolated from the cell-wall of baker’s yeast S. cerevisiae with 

reactive dye RBBR. FT-IR spectrum of pure β-glucan contained a strong 

broad absorption at 3000–3500 cm−1 corresponding to ν (OH), the peaks at 

2950-2850 cm−1 attributable to (νCH/CH2), two partially overlapped 

absorptions at 1024 and 1048 cm-1 arising to ring and (C–OH) side group 

stretching, and the peak at 890 cm−1 assigned to the β-glycosidic (C1–H) 

deformation mode.However, in the FT-IR spectrum of β-glucan-dye 

derivative (Fig. 3.) typical absorptions at 670-870 cm-1(γ C-H), 1650-1450 

cm-1 (ν C=C of aromatic), 1530 cm-1 and 1380 cm-1 (ν C-N), 1037 cm-1 and 

1120 cm-1 (ν S=O)indicate the presence of anthraquinone ring, C-N and 

S=O vibrations, as a result of the modification of β-glucan with RBBR. 

 
 

 

 

 

 

 

 

 

 

 

Figure 3. FT-IR spectrum of covalently coupled β-glucan-RBBR 

 

The elemental analysis of β-glucan 

yields: C, 44.4; H, 6.2. The obtained 

values C and H for glucan are in 

accordance with the values of neutral 

glycans. In coupled product the content of 

RBBR is reflected by the increase of 

nitrogen content after reaction of β-glucan 

with dye. The elemental analysis of β-

glucan-RBBR yields: C, 46.3; H, 6.7; 

N, 0.6. UV-VIS spectra (region 450-700 nm) 

of RBBR and synthesized substrate were 

shown in Fig.4. The free RBBR (1.6x10-

4mM/mL) in DMSO showed two absorption 

maxima at 585 nm and 625 nm. The spectrum 

Figure 4. UV-VIS spectra of 

RBBR and β-glucan-RBBR 

derivative 
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of β-glucan coupled with RBBR showed a sameshape of the spectrum, with maxima 

slightly blue-shifted (up to 5 nm) compared to the RBBR, which indicates that 

contribution to the UV-VIS spectrum of synthesized stained biopolymer comes 

from the anthraquinone segments. This is in accordance with previously 

published data [6]. 

 

CONCLUSION  

The synthesis of new colored polymeric substrate was performed by 

covalent coupling of the branched β-glucan isolated from the cell-wall of S. 

cerevisiae with reactive anthraquinone dye Remazol Brilliant Blue R. The 

coupled derivative was characterized by elemental analysis, FT-IR and UV-VIS 

data. Synthesized material can be used as potential colored macromolecular 

substrate for screening of β-glucanases-degrading microorganisms. 
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ABSTRACT 

Solubleinulin pimaricin conjugate have been synthesized by coupling of 

aldehyde-functionalized polysaccharide inulin with awater-insoluble 

tetraene macrocyclic membrane-active antifungal antibiotic pimaricin. The 

synthesized product was soluble in water and characterized by UV-VIS and 
1HNMR spectroscopic data. 

 

INTRODUCTION 

Reactions of covalent coupling of various aldehyde-functionalized 

polysaccharides with biological active compounds has successfully been 

applied for decades. [1]. The polyaldehydo polymers obtained by periodate 

oxidation of polysaccharides, via reactive -CHO groups can facilely bond 

amine-containing drugs, such as polyene antibiotics, through the Schiff base 

linkages thus enhancing the water solubility of insoluble drugs and therefore 

their availability and functionality.  

Pimaricin is a polyene macrolide 

antibiotic produced by Streptomyces 

natalensis. Its consists of large lactone 

ring which is linked to a mycosamine 

moiety, deoxyamino-sugar, by a 

glycosidic bond (Fig.1.) Pimaricin is a 

potent antifungal compound which 

specifically inhibits the growth of mold 

and yeast, and mostly used in food 

industry as a natural preservative and 

medicine[2]. However, insolubility in water limits its wider application. 

O

OH
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Figure 1. 
Structure of pimaricin 

 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   O-06-P 

 

 818 

Figure 2. Inulin 

Inulin is a soluble polysaccharide belonging to a 

heterogeneous group of carbohydrates known as 

fructans. This polymer consist of chain-

terminating glucosyl moieties on nonreducing 

end, and a repetitive fructosyl moiety which are 

linked by β-(2,1) glycosidic bonds (Fig. 2). Due 

to its excellent features: non-toxicity, water 

solubility and non-digestibility inulin and its 

partial hydrolysis products, oligofructose, are 

used in many areas: in the food industry, 

pharmacy, medicine [3]. Since the application of 

the pimaricin rather limited because of its 

insolubility in aqueous media the goal of the 

present work was to synthetize conjugate of this  

antibiotic by covalent coupling with aldehyde-functionalized inulin in order 

to increase solubility of the antifungal compound. Water soluble conjugate 

was characterized by UV-Vis and 1HNMR data.  

 

EXPERIMENTAL 

Oxidation of inulin to polyaldehyde derivative was performed following a 

procedure reported by Tabandeh and Aminlari [4]. Aldehyde functionalized 

inulin (40 mg) and pimaricin (40 mg) were coupled in borate buffer (pH 

8.0) in the dark, with continuos stirring, at 30 C, during 24 h. Resulting 

conjugate was precipitated by 96% ethanol (three volumes). After 

centrifugation, procedure of disolving in water (5 mL) and precipitation 

with ethanol was repeated for three times. The conjugate was 

additionallypurified by gel filtration on Sephadex G-10 using distilled water 

as an eluentand lyophilized (Christ Alpha 2-4 LD plus). 1H NMR spectra 

were recorded on a Varian Gemini 2000 (200 MHz). UV-VIS spectra were 

measured on Shimadzu UV-1280 spectrophotometer. 

 

RESULTS AND DISCUSSION 

Synthesis of periodate oxidized inulin-pimaricin conjugates was achieved 

by coupling reaction between aldehyde groups of oxidized polysaccharide 

and amine group of the antibiotic. Coupling reaction was monitored by UV-

Vis and 1HNMR spectroscopy. It is known that native and oxidized glycans 

do not have absorptions in UV-Vis range of 250-400 nm [5].However, after 

coupling reaction with tetraene macrolide, spectrum of synthesized 

conjugate (Fig. 3) shows characteristic absorptions (λ max291, 304, and 319 

nm) slightly red shifted (up to 3 nm) inrelation to pimaricin, as shown in 

Figure 3[6]. This is probably due to interchain interactions on the electronic 
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structure of synthesized conjugate.Based on this, it can be concluded that 

aldehyde-functionalized inulin was successfully coupled with -NH2 group of 

antibiotic. 

 

 

 

 

 

 

 

 

 

 

Figure 3. UV spectra of pimaricin and inulin-pimaricin conjugate 
 

1H NMR spectrum of synthesized conjugate (Fig. 4) showed characteristic 

peaks of 1H protons of oxidized inulin, as well as peaks of pimaricin. It can 

be concluded that some signals related to inulin: H-1 anomeric protons of 

the glucose residues (5.4–5.0 ppm), protons from the –OH groups of the 

fructosyl residues (4.9-4.2) and signals of the carbon protons of fructosyl 

units (3.7-2.5) are overlapped with some peaks characteristic of the 

pimaricin: polyol 

segment and part of 

signals of hemiketal six-

membered ring (4.50–

3.0) [7,8]. Except these 

overlapping signals, the 

part of the spectrum 

related to the polyene 

region of the antibiotic, 

and some signals of 

monosaccharide residues 

of inulin, are 

specificallyevidenced. 

 

 

In the 1HNMR spectrum of conjugate chemical shifts characteristic for the 

polyene regions (5.50–6.51 ppm) of pimaricin was clearly distinguished, as 

well as methylene region (2.50–1.40) and methyl groups of this antibiotic 

(1.24–0.85) [8].  

 

Figure 4. 1HNMR spectrum ofinulin-

pimaricin conjugate 
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CONCLUSION  
The macromolecular conjugate was synthesized by coupling reaction 

between aldehyde-functionalized polysaccharide inulin and tetraene 

macrolide antibiotic pimaricin. The obtained product was characterized by 

UV-Vis and 1HNMR data. This novel product potentiallycouldhave a great 

usein food industry as a resultof improved drug solubility in water. 
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ABSTRACT 

The retention properties of 22 selected imidazoline receptor ligands were 

studied by high-performance liquid chromatography on α1-acid 

glycoprotein (AGP) column using 2-propanol as organic additive and 

Sørensen phosphate buffer (pH 7.0). Linear solvation energy relationships 

(LSER) were built using isocratic retention factors- log k5, log k8, log k10, 

log k12, log k15 obtained for (5, 8, 10, 12, 15)% of 2- propanol in mobile 

phase, respectively and extrapolated log Kw values as dependant variables. 

Independent variables (Abraham descriptors) for LSER analysis were 

calculated by ACD/i-Labsoftware. LSER analysis indicated on McGowan 

volume, hydrogen bond basicity and excess molar refraction as the most 

important parameters for all isocratic retention factors and log Kwvalues of 

22 selected imidazoline receptor ligands. 

 

INTRODUCTION 

Human serum albumin (HSA) and α1-acidglycoprotein (AGP) are the most 

commonproteins of blood that are responsible for drug binding [1]. It is well 

describe dthat is o electric point of AGP (pI=2,7)at physiological conditions 

is lower then for HSA. AGP shows significant affinity to basic 

andneutraldrugs. Pathological processes like malignant disease, infection, 

other inflammatory diseases change the affinity and extent of AGP, 

therefore the variability of pharmacokinetic profile of basic and neutral drug 

scan be recognized [2]. 

The pharmacological effect of selected imidazoline derivatives is based 

on modulaton of imidazoline and alpha adrenergic receptors. These drug 

sach as centrally antihypertensives, diuretics (amiloride) and 

nasaldecongestives (xylometazoline, oxymetazoline) [3].  

Early research showed that lipophilicity index of selected drug sis not the 

only parameter that correlates with protein binding [4]. Based on previous 

investigation, we extended this approach with linear solvation energy 

http://www.sciencedirect.com/science/article/pii/S0731708516301157
http://www.sciencedirect.com/science/article/pii/S0731708516301157
http://www.sciencedirect.com/science/article/pii/S0731708516301157
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relationships (LSER) study. The retention of 22 imidazoline receptor 

ligands on AGP column was examined under different chromatographic 

conditions (obtained under different percentages of 2-propanol in 

mobilephase - 5, 8, 10, 12, 15%, respectively). Imidazoline receptor ligands 

in this study have similar basic properties, thusit is expected that these 

compounds have affinity to serum AGP. 

 

EXPERIMENTAL 

The group of 22 selected 

imidazoline derivatives were 

purchased from Sigma–Aldrich, St. 

Louis, MO, USA as hydrochloride 

salts (Clonidine, moxonidine, 

guanfacine, brimonidine, efaroxan, 

idazoxan, rilmenidine, harman, 

harmine, tizanidine, xylometazoline, 

tetrahydrozoline, oxymetazoline, 

antazoline, phentolamine, 

benazoline, cirazoline, detomidine, 

metformin, and RX 821002) or 

provided by Zdravlje-Actavis, 

Leskovac, Serbia (trimazoline) and 

Galenika, Belgrade, Serbia 

(amiloride). 

 

Figure 1. General structure of 

imidazolinereceptor ligands 

Methanol (J.T. Baker, Deventer, Netherlands) and 2-propanol (Sigma–

Aldrich, St. Louis, MO, USA) of HPLC grade and deionized water (TKA 

water purification system, Niederelbert, Germany) were used throughout 

this study.  

The HPLC analysis was performed on a Dionex Ultimate 3000 system 

(Thermo Fisher Scientific, Germering, Germany) equipped with 

autosampler, Dionex Ultimate 3000 quaternary pump, and photodiode array 

detector. The retention behaviour of selected compounds were examined on 

CHIRALPAK®AGP column 100 mm × 2 mm I.D. packed with α1-acid 

glycoproteinchemically bound to silica particles size of 5 µm (DAICEL 

CORPORATION, France). The mobile phases flow rate was set to 0.2 

mL/min and temperature to 25 °C. The UV detection was performed at 225 

nm. 
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RESULTS AND DISCUSSION 

Isocratic retention factors (log k) calculated for 

different percentage of organic additive in mobile 

phase (from 5% to 15%) were linearly extrapolated 

to the lipophilicity index corresponding to 100% of 

buffered eluent (log Kw),following the Eq.1: 

log k = - Sφ + log kw                                                           (1) 

where φ is the organic solvent fraction, and S  is the 

slope of the regression curve. 

The most accepted representation of the linear 

solvatation energy relationship (LSER) model, 

proposed by Abraham, is described by Eq 2: 

Log k=c + eE + sS + aA + bB + vV   (2) 

E – Excessivemolarrefraction, S - 

Polarity/polarizability, A - Hydrogen bond acidity, 

B - Hydrogen bond basicity, V - McGowan 

Volume     
Since electrostatic interactions or ionization 

effects are not parameterized, positive and negative 

charged fractions,as F+ and F-have been calculated 

at pH 7.4.These additional parametersare included 

in Eq.3. in order to investigate the contribution of 

charge state in biomimetic retention of 

imidazolinereceptor ligands. 

Log k = c + eE + sS + aA + bB + vV + fF+  (3) 

Coefficients c, e, s, a, b,vand f + are derived by 

stepwise multiple linear regression (MLR) analysis. 

Coefficients with p<0.05 were determined as 

statistically significant and included in final 

equations (Eq. 4-9) 

The significant coefficients (c, e, s, a, b,v and f 
+) of the Abraham’s parameters and statistical 

results presented in Table 1.From the data can be 

concluded: 
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1. Retention onAGP is mainly guided by McGowan volume, which v-

coefficients show positive influence on retention behavior in all examined 

systems. Positive signs of coefficients of V parameters indicates on 

favourable interactions of bulky analytes with solvated AGP. 

2. In all equations b-coefficients of Abraham basicity show negative influence 

on retention behavior, which indicates more intensively interaction of the neutral 

solutes with water/2-propanol then with solvated AGP. 

3. Significant positive a-coefficient of Abraham’s acidity parameters in 

equations (log k8, log k10, and log k12, LSER equations 6-8) indicated on influence 

of 2-propanol in concentration of 8 – 12% on hydrogen bond donating ability of 

solutes. The results indicate that bond donating groups of the analytes intensify 

interactions with AGPin this range of organic solvent fraction. 

4. The positive e- and v- coefficients in our chromatography systems shown 

that increasing molar refractivity E and McGowan volume V facilitate 

partitioning of solute from mobile phase to stationary phase. This behaviour is 

explained with more easily formed cavities in solvated AGP phase. 

5. The f-coefficientof F+ parameter showed very modest influence (f : -

0.007-0.002) on retention behavior of analytesin range of organic solvent 

fraction (0-8%). These results could be explained with very similar basicity 

and very narrow pKa interval of the analytes. 

 

CONCLUSION 

By designed LSER study of 22 selected imidazoline receptor ligands, 

Abraham’s descriptors indicated on basicity, Mc Gowan volume and excess 

molar refractivity of solutes as the most significantparameters for all AGP 

chromatographicretentionfactorsand log Kw values. Described molecular 

factors represent valuable starting point for further development and 

prediction of biopharmaceutical properties of imidazoline derivatives.  
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ABSTRACT 

Fast and simple hydrophilic interactions liquid chromatography method was 

developed and validated for the analysis of moxonidine and its impurities in 

pharmaceutical dosage form. The separation was performed on Zorbax RX-

SIL column (250 mm x 4.6 mm, 5 µm) using mixture of acetonitrile and 40 

mM ammonium-formiat buffer (pH 2.8) in ratio 80:20 (v/v) as mobile phase 

at flow rate of 1 mL/min, detection at 255 nm and temperature of 25 °C. 

Under the selected chromatographic conditions separation and analysis of 

five examined compounds in the mixture is enable within 12 minutes. The 

validation criteria for selectivity, linearity (r≥0.9976), accuracy (recovery: 

93.66 %-114.08 %), precision (RSD: 0.56%-2.55%) and robustness of the 

method were fulfilled. The obtained values of the limit of detection and 

quantifiqation revealed that the method can be used for determination of 

impurities levels below 0.1%.  

 

INTRODUCTION 

Moxonidine belongs to the second generation of centrally acting 

antihypertensive drug that exhibits high binding affinity for I1-imidazoline 

receptor and minor activity at α2-adrenoceptors. It is used in therapy as 

antihypertensive as well as to improve metabolic profile of patients with 

hypertension and the type 2 diabetes, or with an impaired glucose tolerance 

[1]. The European Pharmacopoeia lists 4 related substances of moxonidine 

(A, B, C and D) (Figure 1.) and prescribes their determination by high 

performance liquid chromatography using octylsilyl silica gel as stationary 

phase and the ion-pair reagents as a component of the mobile phase. 

Because moxonidine and its impurities possess basic character, they are 

completely ionized in an acid medium. In order to avoid application of ion-

pair reagents hydrophilic interaction chromatography (HILIC) which allows 

the analysis of charged compounds could be also applied. HILIC is 
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described as a useful alternative to reversed-phase chromatography and in 

the HILIC mode, an aqueous–organic mobile phase is used with a polar 

stationary phase to provide normal-phase retention behavior. Silica and 

amino columns with aqueous–acetonitrile mobile phases offer potential for 

use in the HILIC [2].  

 

EXPERIMENTAL 

Moxonidine, 4-chloro-N-(imidazolidin-2-ylidene)-6-methoxy-2-

methylpyrimidin-5-amine; Impurity A, 4,6-dichloro-N-(imidazolidin-2-

ylidene)-2-methylpyrimidin-5-amine (6-chloromoxonidine); Impurity B,N-

(imidazolidin-2-ylidene)-4,6-dimethoxy-2- methylpyrimidin-5-amine (4-

methoxymoxonidine); Impurity C,5-[(imidazolidin-2-ylidene)amino]-6-

methoxy-2-methylpyrimidin-4-ol (4-hydroxymoxonidine,); and Impurity 

D, 6-chloro-5-[(imidazolidin-2-ylidene)amino]-2-methylpyrimidin-4-ol (6 

desmethylmoxonidine) were obtained from Chemagis (Bnei Brak, Israel) 

(Figure 1.). The Moxogamma® 0.4 mg film tablets were manufactured by 

Worwag Pharma (Böblingen, Germany). 

All experiments were performed on the Agilent Technologies 1200HPLC 

system usingZorbax RX-SIL, 250 mm x 4.6 mm, 5 µm column as stationary 

phase and mixture of acetonitrile and ammonium-format buffer as a mobile 

phase. The acetonitrile content (70% to 80%), pH of the aqueous phase (2.8 

to 4.2) and concentration of ammonium formate in aqueous phase (20 mM 

to 60 mM) were optimized according to the matrix of central composite 

design obtained by Design-Expert 7.0.0 programe (Stat-Ease, Minneapolis, 

MN, USA). Investigation of theinfluence of the examined factors on the 

retention behavior of the tested compounds was carried out by means of the 

soft independent modeling of class analogy SIMCA P+ 12.0 program. 

 
Figure 1. Chemical structure of moxonidine and its impurities 
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RESULTS AND DISCUSSION 

Moxonidine and its impurities are compounds with similar polarity 

(calculated logP values spread in the range 1.57 for the most polar impurity 

C to 2.49 for impurity A which has the most pronounced lipophilic 

properties due to the presence of 2 clorine atoms), thus separation of such 

compounds in a short period of time is a challenge for analysts. In order to 

select the chromatographic factors which will be examined during the 

optimization process a few preliminary experiments have been performed in 

which content of acetonitrile, pH and the concentration of the buffer, 

column temperature and flow rate were altered. Based on preliminary results 

it is observed that retention behavior of examined compounds was most 

affected by the components of mobile phase such as content of acetonitrile, 

pH and the concentration of the buffer which were further screened in CCD 

(Central Composite Design). During method optimization retention factors 

of analyzed compounds and resolution between critical peak pairs (A/B and 

C/D) were followed as responses. According to created PLS (Partial Least 

Squares) models the factors with the significant influence on resolution 

were identified. The optimal separation conditions were achieved using 

mobile phases consisting of acetonitrile : 40 mM buffer pH 2.8 (80:20 v/v) 

(T=25 °C, F =1 mL/min, λ=255 nm) which provide a total analysis time of 

12 minutes. Under the selected chromatographic conditions validation of the 

method was conducted in accordance with ICH guidelines in order to ensure 

adequate selectivity, linearity, accuracy, precision and robustness. No 

intereference of tablet formulation was observed using the developed 

chromatographic method which confirms good selectivity of the method. 

The linearity was evaluated by analyzing nine working solution of 

impurities over the concentration range 0.0375-0.6 μg mL-1 for impurities A 

and B, and 0.075-1.2 μg mL-1 for impurities C and D while in case of 

moxonidine examination was performed in concentration range 0.05-0.15 

μg mL-1. The obtained correlation coefficients 0.9992, 0.9991, 0.9976, 

0.9982 and 0.9976 for moxonidine and impurities A, B, C, and D 

respectively indicated high linearity over the examined concentration range. 

The assessment of method precision was done by calculating relative 

standard deviation (RSD): moxonidine (0.56%), impurity A (2.55%), 

impurity B (1.99%), impurity C (2.01%) and impurity D (2.19%). The 

obtained values fulfilled the required criteria (RSD 2% for active 

ingredients, and 10% for impurities C and D, and 15% for impurities A and 

B [2]. The accuracy of the proposed method was evaluated according to the 

obtained recovery values (concentration levels of 80%, 100% and 120% of 

target concentration for moxonidine, and LOQ, 100% and 120% of each 
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mpurity target concentration) which were in the range 93.66%-101.73%. 

Experimentally determined values of limit of detection were 0.011 μg mL-1 

for impurities A and B, and 0.022 μg mL-1 for impurities C and D, while 

values of limit of quantification were 0.0375 μg mL-1 for impurities A and 

B, and 0.075 μg mL-1 for impurities C and D. No observable effects on 

resolution between moxonidine and its impurities was perceived during 

small variations of working conditions, showing that the proposed method is 

robustness. The validated method was successfully applied for the analysis 

of moxonidine purity in available moxonidine tablets (Moxogamma® 0.4 

mg), Figure 2. The obtained results (97.5 % for content of moxonidine, 0.68 

% for impurity C, 0.87% for impurity D, and below LOQ values for 

impurities A and B) were in accordance with manufacture specification 

(impurities A i B below 0.5%, and impurities C and D below 1%). 

 
Figure 2. The representative chromatogram of sample solution 

 

CONCLUSION 

According to the obtained results the proposed method can be used as fast, 

simple and reliable for determination of moxonidine and its four impurities 

in pharmaceutical dosage forms. 
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ABSTRACT 

Electrochemical behavior of sulfaquinoxaline (SQN) was investigated using 

cyclic (CV) and differential pulse voltammetry (DPV) at glassy carbon 

electrode (GCE). CV was applied to investigate the effect of the supporting 

electrolyte pH on the SQN oxidation. In the pH range 2.0 – 10.0, the best 

current response was obtained at pH 7.0 in phosphate buffer. Results 

indicated that SQN is oxidized in irreversible process. DPV method was 

optimized, and the linear dependence of peak current vs. SQN concentration 

was obtained in the range 3×10-6
‒5×10-5 molL-1, with limits of detection and 

quantification of 1.53×10-6 molL-1 and 5.10×10-6 molL-1, respectively.  

 

INTRODUCTION 

The sulfonamide drugs (“sulfas”) had been discovered primarily as 

antibacterial agents and later on, their efficacy had been shown to extend to 

protozoan parasites. Sulfaquinoxaline was found to be a superior agent 

against sporozoan parasite, Eimeria spp., the causative agent of coccidiosis 

in domestic chickens [1]. Different methods such as liquid chromatography 

with ultraviolet detection [2], high performance liquid chromatography 

(HPLC) coupled to a mass spectrometer (MS) [3], and a new HPLC method 

that is based on zwitterionic hydrophilic interaction liquid chromatography 

(ZIC-HILIC) coupled with ultraviolet detection [4] were used to determine 

SQN. Electrochemical reduction of SQN at mercury electrode was reported 

[5] and used for its determination in veterinary preparations. There is no 

literature report about the oxidation of SQN. The aim of this work was to 

investigate SQN oxidation properties at GCE and to optimize DPV method 

for its determination. 
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EXPERIMENTAL 

The voltammetric measurements were performed with µAutolab analyzer 

(EcoChemie, Utrecht, TheNederlands). Three-electrode system was 

employed with GCE working electrode, Ag/AgCl reference and Pt-auxiliary 

electrode. Before each experiment the GCE was manually polished using 

the aqueous slurry of Al2O3 powder (particle size 0.05μm) on a smooth 

polishing pad and sonicated in absolute ethanol. Chloride, acetate, 

phosphate and ammonia buffers were used as supporting electrolytes. An 

appropriate volume of supporting electrolyte of different pHs was placed in 

electrochemical cell, de-aerated for 15 minutes with high purity nitrogen 

and SQN stock solution (c0=210-3 molL-1) was added to make its final 

concentration of 110-4 molL-1 for CV and 110-5 molL-1 for DPV. The 

cyclic voltammograms were recorded at scan rate of 100 mVs-1. Parameters 

for DPV were: potential pulse width 50ms, pulse amplitude 75mV and step 

potential 5mVs-1. All experiments were performed at 24  1 oC. 

 

RESULTS AND DISCUSSION 

The oxidation of 1×10-4 molL-1 solution of SQN at GCE was preliminary 

studied in acetate buffer pH 3.5 by cyclic voltammetry.Cyclic 

voltammograms were obtained in repeated scans starting from 0 V towards 

+1.25 V and reversing to 

negative potential limit -1.2 V 

at a scan rate 100 mVs-1. On 

the first positive-going scan 

(Fig. 1, grey line) one anodic 

peak (I) was obtained at EpI = 

0.98 V and on the second scan 

(Fig. 1, black line) another 

anodic peak (II) was obtained 

at EpII = 0.5 V. Changing the 

scan direction both anodic 

peaks were obtained (Fig. 2.) in 

the first scan. Peak II is 

probably due to oxidation of 

the SQN reduction product 

formed at the surface of GCE 

at negative potential values.  

These results correspond to 

already established redox 

mechanism of C=N quinoxaline core group [6]. There are no peaks at 

Figure 1. CVof 1×10-4molL-1 SQN in 

two successive scans: ── first scan, 

──second scan (v = 100mVs-1) 

Attached: SQN structure 
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reverse part of scan 

indicating that processes 

corresponding to peaks I and 

II are irreversible. 

Anodic peaks I i II are 

present in the pH range from 

2.0 up to10.0 at positive 

potentials. The influence of 

the pH on these peaks 

potential resulted in the shift 

to the less positive potentials 

with increasing of pH and 

that H+ ions areincluded in 

the electron transfer process. 

Observing Epvs. pH 

dependence, both peaks show 

two linear segments. 

According to their 

intersection, experimental 

pKa values were determined: 

pKa(I) ~ 5.2 and pKa(II) ~6.7. First value corresponds to literature data 

(pKa = 5.1 for sulfonamide nitrogen [7]).  

This result indicates that oxidation of nitrogen in sulfonamide group is 

responsible for peak I and that it could be used for further research and SQN 

determination. Another pKa value corresponds to pKa of nitrogen in 

dihydro derivate of quinoxaline. It is assumed that this derivative is result of 

the oxidation of SQN reduction product [6]. 

For peak I the best current response was obtained at pH 7.0 in phosphate 

buffer. DPV method was optimized by varying important operation 

parameters, and the best obtained values were: potential pulse width 50ms, 

pulse amplitude 75mV and scan rate 5mVs-1. 

The linear dependence of peak current vs. SQN concentration was 

obtained in the range 3×10-6−5×10-5 molL-1, under optimal conditions, and 

expressed by the equationip (µA) = 0.510  c (10-5molL-1) - 0.139 (r = 

0.9984, SD = 0.026 µA), with LOD = 1.53×10-6 molL-1 and LOQ = 

5.10×10-6molL-1. 

SQN represents one of two active components in veterinary medicine 

NEOCOCCYN WSP. According to our preliminary results another active 

component,amprolium hydrochloride,is not electrochemically active under 

Figure 2. CVof 1×10-4 molL-1 SQN at 

different pH values:1 − pH 4.6;2− pH 

6.1; 3 − pH 7.8; 4 − pH 8.9; 

(scan rate 100 mVs-1) 

Attached: Influence of the pH on SQN 

CV peaks potential, I (▲) and II (●) 
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the conditions used for SQN determination, and therefore the proposed DPV 

method at GCE can be used to determine SQN in this veterinary medicine. 

 

CONCLUSION 

An extensive study of SQN electrochemical behavior at GCE was done by 

applying CV and DPV. It is confirmed that oxidation of nitrogen from 

sulfonamide group is irreversible, pH dependent process. From Epvs. pH 

relation, experimental pKa values were obtained. The selective/specific 

DPV method at GCE without pretreatment will be optimized for SQN 

determination in veterinary medicine NEOCOCCYN WSP, which contains 

amprolium hydrochloride, as active component too. 
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ABSTRACT 

High performance liquid chromatography (HPLC) has been used for the 

determination of cixlopirox olamine in cream. Determination was carried 

out on a Zorbax SB-CN (150 x 4.6 mm, 3.5µm) column using mixture of 

anhydrous acetic acid, acetonitrile and 0,96gL-1Disodium EDTA water 

solution (0.2 : 300 : 700 V/V/V ) as the mobile phase and UV detection at 

298 nm. The method has been validated with respect to its specificity, 

linearity, precision, accuracy and robustness. Under the described 

conditions, a method shows linearity over the concentration range 0.07 – 

0.13 mgmL-1 (r=0.999).It was proved good precision (RSD < 2%), accuracy 

(Recovery in the range 98-102%) and robustness. 

 

INTRODUCTION 

Ciclopirox olamine (CO) (Fig. 1)is a substituted antimycotic pyridone, 

widely used as an antifungal substance in pharmaceutical preparations as 

well as an antiseborrheic agent in cosmetics for topical dermatologic 

treatment of superficial mycoses. It is most useful against Tinea versicolor. 

It is sold under many brand names worldwide. In contrast to the azoles and 

other antimycotic drugs, the mechanism of action of ciclopirox is poorly 

understood.[3]Its mechanism of action is anticipated to involve chelation 

with polyvalent metal ions such as Fe3+ and Al3+ and inhibition of the metal-

depen-dent enzymes within fungal cells [1-2]. Many analytical methods of 

ciclopirox quantitative determination in pharmaceutical preparations and 

biological fuids, such 

as,http://dx.doi.org/10.1039/c4ay01421ahttp://pubs.rsc.org/en/journals/journ

al/AYhttp://pubs.rsc.org/en/journals/journal/AY?issueid=AY006019 

electrophoretic capillary techniques [3], HPLC [4], polarographic [5], 

amperometry [6] have been reported in the literature on the subject. 

Ciclopirox cannot be directly quantied by HPLC or reverse phase 

chromatography, because of strong complexation of its N-hydroxylpyridone 

group with residues of the metal cations on the stationary phases of HPLC 

https://en.wikipedia.org/wiki/Dermatology
https://en.wikipedia.org/wiki/Mycosis#Superficial_mycoses
https://en.wikipedia.org/wiki/Tinea_versicolor
https://en.wikipedia.org/wiki/Azole
https://en.wikipedia.org/wiki/Mechanism_of_action
https://en.wikipedia.org/wiki/Ciclopirox#cite_note-3
http://dx.doi.org/10.1039/c4ay01421a
http://dx.doi.org/10.1039/c4ay01421a
http://pubs.rsc.org/en/journals/journal/AY
http://pubs.rsc.org/en/journals/journal/AY
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columns. Therefore, it is necessary to use pre-column derivatization 

methods to eliminate thechelating effect by the ciclopirox N-hydroxyl group 

methylation. This paper describes simple directly RP HPLC method without 

pre-column derivatization. Thus fast economical and simple method is 

performed on the Zorbax SB-CN (150 x 4.6 mm, 3.5µm) column and EDTA 

as mobile phase additive,. The proposed methods were successfully applied 

for ciclopirox olamine determination in topical pharmaceutical preparations 

(cream and unguentum). 

  
 

EXPERIMENTAL 

All used reagents were of the analytical grade. The mobile phase and the 

solvents were prepared using acetonitrile (Lab Scan, Ireland), acetic acid 

(Carlo Erba, Italy), disodium EDTA (Sigma, Germany) and HPLC grade 

water. 

Chromatographic conditions: The isocratic HPLC method was developed 

using Zorbax SB-CN (150 x 4.6 mm, 3.5µm) chromatographic column with 

mobile phase containing a mixture of anhydrous acetic acid, acetonitrile and 

0.96g/L disodium EDTA in the water (0.2 : 300 : 700 V/V/V ) respectively. 

The flow rate of the mobile phase was 1.5 mLmin-1. The column 

temperature was maintained at 35°C and the eluted compound were 

monitored at the wavelength of 298 nm. Mixture of acetonitrile : mobile 

phase in the ratio 20 : 80 (V/V) was used as solvent.  

Solutions: A standard stock solution of CO was prepared in the solvent with 

to obtain the concentration of 1 mgmL-1. The specifity of the method was 

proved by preparing placebo, standard (0.1 mgmL-1 CO) and sample 

solutions. Placebo solution: a quantity of placebo cream equal to 10 mg 

(about1g) of CO is accurately weighed and dissolved in a 100 ml volumetric 

flask with solvent and filled to volume with solvent. The solution is 

sonicated for 15 minutes. To evaluate the linearity of the method, five 

solutions of CO in the concentration range from the 0.07 to 0.13 mg mL-1 

were prepared in the solvent using the appropriate standard solutions. The 

accuracy of the method was proved by preparing three series of solutions 

containing appropriate placebo and CO in three levels: low level 80% (0,08 

mgmL-1), medium level 100% (0.1 mgmL-1) and high level 120% (0.12 

gmL-1). To prove the precision of the method, six identical sample solutions 

Figure 1. Chemical 

structure of ciclopirox 

olamine. 
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were prepared. The concentration of CO in the prepared sample solutions 

was 0.1 mgmL-1.Sample solutions: weighed about 1.0 g cream into a 100 ml 

volumetric flask, add 70 ml of the solvent and agitated in an ultrasonic bath 

for 15 minutes. Allowed to stand for a few minutes at room temperature, the 

make up the volume with solvent, and then centrifuged for 5 minutes at 

2000 rpm. The supernatant was filtered through a PTFE membrane filter of 

0.45 um. Prepare these six solutions. 

 

RESULTS AND DISCUSSION 

The proposed method was validated as per ICH guideline. The following 

validation characteristics were addressed: suitability, specificity, precision, 

linearity, accuracy, and robustness. 

System suitability (SST) was checked for the conformance of suitability and 

reproducibility of chromatographic system for analysis. The acceptance 

criteria were basis of USP (capacity factor 1<k’< 10, tailing factor (T) 2.0 

and theoretical plate (N) 3000). All critical parameters tested met the 

acceptance criteria [k’= 5.14, T = 1.4 and %RSD = 0.02). Specificity study 

to establish the interference of placebo was conducted. Study was performed 

on Placebo (Placebo contains excipients without CO). Chromatogram of 

placebo had shown no peaks at the retention time of CO, indicating that the 

excipients used in the formulation do not interferewith the estimation of CO. 

Linearity test solutions were prepared by diluting the stock solutions to the 

required concentrations by covering the range from 0.07 to 0.13 mg/mL of 

CO. Calibration curves were plotted between the responses of peak versus 

analyte concentrations. The correlation coefficient obtained was greater than 

0.999. The above result shows that an excellent correlation existed between 

peak area and concentration of CO. 

Table 1.The parameters of the regression analysis 

concentration 

range 

(mg/ml) 

 

y = ax+b 

 

r 

 

R2 

 

tb 

 
*ttab 

0.07 – 0.13 y=18856x+229.65 0.9990 0.9926 2.41 2.78 

The precision of method was verified by repeatability and intermediate 

precision at target concentration level (0.1 mg/mL). Repeatability was 

checked by injecting six individual preparations of sample solutions. The 

intermediate precision of the method was also evaluated using different 

analyst and different instrument and performing the analysis on different 

days. The % RSD for the result of CO in was within 0.64% and in 

intermediate precision study was within 1.18% which confirms the good 

precision of the method. Accuracy of the method was evaluated in triplicate 
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using three concentrations levels (80%, 100% and 120%) and confirmed by 

calculated recovery values (98.23% to 101.14%). To determine the 

robustness of the developed method, experimental conditions were 

deliberately altered and SST parameters for CO were recorded. The 

variables evaluated during the robustness testing were: composition of the 

mobile phase, column temperature and flow rate. The obtained results have 

shown that the method is robust for experimental variation of composition 

of the mobile phase and column temperature, but it is not robust for the 

change of the flow rate. Recovery value lies in the proper range of from 

95% to 105%, RSD does not deviate by more than ± 5% (RSD=2.22%). To 

check the application of the method ciclopiroxolamine cream (1%) was 

used. Sample was analyzed six times as and results are found content of CO 

in the satisfactory (0.96%) 

 

CONCLUSION 

The simple, fast, economic reverse-phase HPLC method was developed and 

validated for routine analysis of CO in pharmaceutical forms as well as to 

check the stability of the CO. 

 

Acknowledgement  

This work was partially supported by the Ministry for Science of the 

Republic of Serbia (Grants no.172041). 

 

REFERENCES 
[1] Williams D., Lewke T.; Foye's Principles of Medicinal Chemistry, sixth edition; 

Lippincott Williams & Wilkins, 2007, 1717-1740. 

[2] Martidale The Complete Drug Reference, 36th edition; Pharmaceutical Press, 

2009, 517-551. 

[3] Felix F.S., Lago C.L., Angnes L.; Determination of ciclopirox olamine 

inpharmaceutical products by capillary electrophoresis with capacitively coupled 

contactless conductivity detection; Electrophoresis, 2011, 32, 900–905. 

[4] Gagliardi L., Multari G., Cavazzutti G., De Orsi D., Tonelli D.; HPLC 

Determination of Ciclopirox, Octopirox, and Pyrithiones in Pharmaceuticals and 

Antidandruff Preparations; Journal of Liquid Chromatography & Related 

Technologies, 1998, 21, 2365-2373. 

[5] Ibrahim F., El-Enany N.; Anodic polarographic determination of ciclopirox 

olamine in pure and certain pharmaceutical preparations; Journal of 

Pharmaceutical and Biomedical Analysis, 2003, 32, 353 -/359. 

[6] Ferreira L.M.C., Felix F.S., Angnes L.; Fast Determination of Ciclopirox in 

Pharmaceutical Products by Amperometry in Flow and Batch Injection 

Systems; Electroanalysis, 2012, 24, 961–966. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   O-11-P 

 

 837 

PHYSICOCHEMICAL PROPERTIES OF 

BIOLOGICALLY ACTIVE SUBSTANCES  
 

A. S. Shipilova1, A. V. Knyazev1, E. V. Gusarova1, S. S. Knyazeva1,  

V. N. Emel’yanenko2 andS.P. Verevkin2 

 
1Chemistry Department, Lobachevsky State University of Nizhni Novgorod 

Gagarin Av. 23/2,603950, Nizhni Novgorod, Russia (28_stasy@bk.ru) 
2Department of Physical Chemistry, University of Rostock, Dr-Lorenz-Weg 

1, D-18059 Rostock, Germany 

  

ABSTRACT 

The temperature dependences of heat capacity of B2, B3, B9 and B12 have 

been measured for the first time in the range from 5 to 350 K by precision 

adiabatic vacuum calorimetry. The experimental data were used to calculate 

standard thermodynamic functions for the range from 0 to 350 K. Enthalpies 

of combustion of the B2, B9, B12, prednisolone, hydrocortisone acetate were 

measured for the first time using high-precision combustion calorimeter. 

The standard molar enthalpies of formation in the crystalline state at 298.15 

K were derived from the combustion experiments. Received values of 

standard enthalpies and entropies of formation were used to calculate the 

standard Gibbs functions of formation at 298K by Gibbs–Helmholtz 

equation. The thermodynamic analysis of reactions involving nicotinic acid 

and the acylation reaction of hydrocortisone into hydrocortisone acetate 

were made. 

 

INTRODUCTION 

Throughout a person's life a complex stream of biologically active 

substances constantly flows through his body. There are two main currents 

of this stream, the large one consists of food substances, and the smaller of 

medicines. They introduce into the body not only substance and energy but 

also structural information. Biologically active substances must be 

distinguished according to whether they are beneficial or harmful to the 

human body. Useful biologically active substances, which contain an 

adequate volume of structural information, are extremely important in 

preserving health, and maintaining energy and creative potential [1]. 

Vitamins and hormones are the most important useful biologically active 

substances. Vitamins are vital nutrients involved in multiple biological 

reactions. Due to high turnover rates and biological activities, vitamin 

supplies are essential for the appropriate functioning of immune cells. 

mailto:28_stasy@bk.ru
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Moreover, accumulating evidence has revealed that vitamins exhibit specific 

functions in the control of selected immune cells. Thus, excessive or 

insufficient intake of vitamins leads to impaired immune responses and 

consequently results in the development of immune diseases or a high 

susceptibility to infection. Steroid hormones are essential for the proper 

function of most organ systems in vertebrates. These hormones affect 

virtually every tissue and organ in the human body and play major roles in 

the development, differentiation, and homeostasis of normal individuals. 

They mediate a wide variety of vital physiological functions ranging from 

antiinflammatory agents to regulating events during pregnancy [1].  

The goals of this work include calorimetric determination of the 

temperature dependences of the heat capacity of riboflavin, nicotinic acid, 

folic acid dihydrate and cyanocobalamin from 5 to 350 K, definition the 

energies and enthalpies of combustion of riboflavin, nicotinic acid, folic 

acid dihydrate, cyanocobalamin, prednisolone, hydrocortisone acetate and 

calculation of the standard thermodynamic functions. 

 

EXPERIMENTAL 

Vitamins and hormones were purchased from Fluka. For phases 

identification, an X-ray diffraction patterns of the tested substances were 

recorded on a Shimadzu X-ray diffractometer XRD-6000 in the 2θ range 

from 5º to 60º. The X-ray data and estimated impurity content (0.1 wt %) in 

the substance led us to conclude that the samples studied were an individual 

crystalline compounds.The calorimeter design and the operation procedure 

were described earlier [2]. The calorimeter was tested by measuring the heat 

capacity of high-purity copper and reference samples of synthetic corundum 

and K-2 benzoic acid. To measure the heat capacity of the studied 

substances (B2, B3, B9, B12) in the range from 5 to 350 K a BKT-3.0 

automatic precision adiabatic vacuum calorimeter with discrete heating was 

used. The analysis of the results showed that measurement error of the heat 

capacity of the substance at helium temperatures was within ±2%, then it 

decreased to ±0.5% as the temperature was rising to 40 K, and was equal to 

±0.2% at T > 40 K. The energies of combustion, ΔcU, of the studied 

substances were measured in a calorimeter (V-08) with a static bomb and an 

isothermal shield. The calorimeter design, the procedure of measuring the 

energies of combustion and the results of calibration and testing are given 

elsewhere [2]. 

 

RESULTS AND DISCUSSION 

The heat capacities of B2, B3, B9 and B12 in the range from 5 to 350 K were 

measured [3-6]. Experimental values of the all substance were obtained in 
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two series of experiments. The experimental data were used to calculate 

standard thermodynamic functions, namely the heat capacity, enthalpy 

H°(T) − H°(0), entropy S°(T) − S°(0) and Gibbs energy G°(T) − H°(0), for 

the range from 0 to 350 K. The experimental points were fitted by means of 

the least-squares method and polynomial equations of versus temperature 

have been obtained. The heat capacity for all substances gradually increases 

with rising temperature and does not show any peculiarities. The absolute 

entropies of compounds and the corresponding simple substances were used 

to calculate the standard entropies of formation of the compounds under 

study at 298.15 K. 

 

Table 1. The values of the fractal dimensions D and Debye characteristic 

temperatures 

 

 

 

 

 

 

From the experimental values in the range 20–40K the value of the fractal 

dimension D of the tested substances were evaluated. According to the 

fractal theory of the heat capacity, D is the most important parameter that 

specifies the character of heterodynamics of the substance structure.                                                                                                                                      

The D-values point to the layer structure of compounds (Table 1). 

 

Table 2. Thermodynamic characteristics of formation of substances 

Compound 
−ΔfHº(298) 

(kJ/mol) 

−ΔfSº(298) 

(J/(mol·K)) 

−ΔfGº(298) 

(kJ/mol) 

Riboflavin 1432 ± 13 1961 ± 3 847 ± 14 

Nicotinic acid  344.90.9 5033 195  2 

Folic acid dihydrate  1821.0  5.7 2515.5 ± 9.5 1071 ± 6 

Cyanocobalamin  5017± 15 7281  5 2846 ± 15 

Prednisolone 1020.6 ± 7.6 - - 

Hydrocortisone acetate 1307.0 ± 11.6 - - 

 

In a calorimeter with a static bomb and an isothermal shield, the energies 

of combustion of the riboflavin, folic acid dihydrate, cyanocobalamin, 

prednisolone and hydrocortisone acetate have been measured at 298.15 K. 

The enthalpies of combustion ΔcH° and the thermodynamic parameters of 

formation ΔfH°, ΔfS°, ΔfG° of the studied substances from simple 

Vitamin (compound) D θD, K 

B2 (C17H20N4O6) 2.0 83.0 

B3 (C5H4N−COOH) 2.2 108.7 

B9 (C19H19N7O6·2H2O) 2.0 95.5 

B12 (C63H89CoN14O14P) 1.8 55.0 
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substances at T = 298.15 K and p = 0.1 MPa have been calculated. The 

enthalpy of formation of nicotinic acid was experimentally determined in J. 

Bickerton’s et al. work [7]. 

Received values of standard enthalpies and entropies of formation were 

used to calculate the standard Gibbs function of formation at 298K by 

Gibbs–Helmholtz equation (Table 2).The standard thermodynamic functions 

can be used for optimization of methods of synthesis, as well as for 

validation of theoretical and empirical methods for prediction of 

thermodynamic properties. 

 

CONCLUSION 

The general aim of these investigations was to report the results of the 

thermodynamic study of B vitamins and steroid hormones. The heat 

capacities of studied substance are measured over a wide temperature range 

from, the thermodynamic functions are calculated and the fractal dimensions 

D are evaluated. Thermochemical parameters of formation are determined 

by combining the data obtained by using combustion calorimetry and heat 

capacity measurements. 
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ABSTRACT 

Modified pyrimidines seem to be especially well suited for radiotherapy, 

since DNA is a main target of such treatments. Some uracil analogues can 

be used by a cell for biosynthesis of DNA almost as easily, as thymine. 5-

Subsituted halogen nucleobases, notably 5-bromouracil, are among the most 

widely studied groups of sensitizing compounds.Although 5-bromo-2’-

deoxyuridine (5-BrdU) possessesa significant radiosensitizing power in 

vitro, clinical studies did not confirm any advantages of radiotherapy 

employing 5BrdU. This situation prompts a continuous search for efficient 

radiosensitizers. In the following sections, we present the first report on 

chemical synthesis of protected 5-cyanato-2’-deoxyuridine. This novel 

compound was prepared by the reaction of 5’-protected 5-hydroxy-2‘-

deoxyuridine with cyanogen bromide in solution, in the presence of a base. 

 

INTRODUCTION 

The growing number of cancer diagnoses calls for an intensive search for 

new anticancer therapeutics. One possible way to resolve this problem is to 

improve the efficacy of radiotherapy by employing radiosensitizing 

substances during the ionizing radiation treatment.  

The halogen derivatives of nucleobases, notably 5-bromouracil (5-BrU), are 

among the most widely studied groups of sensitizing compounds. Moreover, 

the in vitro 5-BrU labeled cells are from 2 to 3 times more radiosensitive 

than the non-labeled ones [1]. This is because 5-bromouracil (BrU) is a 

molecule with high affinity towards electrons, prone to the so-called 

dissociative electron attachment (DEA), the process that leads to a reactive 

uracil-5-yl radical via the unstable 5-bromuracil anion [2]. Thus, solvated 

electrons, the reducing counterparts of hydroxyl radicals become a 

damaging factor of the BrdU labeled DNA, although they are inactive 

toward native DNA, especially when it comes to the strand breaks [3]. 

mailto:martunia.sosnowska@gmail.com
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Although 5-bromo-2’-deoxyuridine (BrdU) effectively radiosensitizes cell 

lines in vitro, one of the most extensive phase III clinical trials proved no 

increased survival related to the 5-BrdU administration in radiotherapy for 

various tumors cancer. Taking this into the account, we performed quantum 

chemical studies and propose 5-cyanatouracil (5-OCNU) as a potential new 

DNA radiosensitizer [4].  

The C5-substituted uridines are an important class of pyrimidine nucleoside 

derivatives that have received substantial attention for the decades now. To 

the best of our knowledge, the synthesis of uracil analogues containing the 

cyanate functional group has not been reported so far. Consequently, we 

present the first report on chemical synthesis of the 5’-protected 5-cyanato-

2’-deoxyuridine. This novel compound was prepared by the reaction of the 

hydroxyl substituted 5-hydroxy-2’-deoxyuridine with cyanogen bromide in 

solution and in the presence of a base.  
 

 

Scheme 1. Preparation of 5’-O-(4,4’-dimethoxytrityl)-5-cyanato-2’-

deoxyuridine. 

 

EXPERIMENTAL 

The main goal of the synthesis strategy was to convert a 5-hydroxy functional 

group into cyanato group. In this work, we described the strategy for synthesis of 

the 5’-protected 5-OCNdU. The first step involved conversion of 2'- 

deoxyuridine(dU) to 5-hydroxy-2'- deoxyuridine (5-OHdU) via bromination in 

an aqueous solution [5]. A round-bottom flask was charged with dU and distilled 

water. Bromine was added dropwise with stirring, until obtaining a permanent 

yellow colour. To remove an excess of bromine, the solution was stirred until it 

became clear. Pyridine was then added to the flask at 0°C, and stirring was 

continued for 1.5 h. Product 2 was subjected to column chromatography (8% 

MeOH/CH2Cl2).The second step of synthesis involved protection of 5'-

dihydroxyl groups with the 4,4’-dimethoxytrityl (DMTr) group. To a stirred 

solution of compound 2 and 4-(dimethylamino)pyridine (DMAP) (12 mol %) in 

pyridine, 4,4’-dimethoxytrityl chloride (DMTrCl) (150 mol %) was added. After 

1.5 h at room temperature, an additional amount DMTrCl (90 mol %) was added. 
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After 3 h, the solvent was removed in vacuum, and the residue was redissolved in 

dichloromethane and washed with NaHCO3 and NaCl. The organic solution was 

dried (Na2SO4), filtered and concentrated [6].The target 5’-protected 5-OCNdU 

(compound 4) was obtained by reaction of 3 with bromide cyanogen (BrCN) and 

triethylamine (TEA) in tetrahydrofurane (THF). A two-necked flask was filled 

with a solution of the 5’-protected 5-OHdU (4) and BrCN in THF, and cooled 

down to 0ºC. TEA was introduced dropwise to a mixture of 3 and cyanogen 

bromide under thw argon atmosphere. After 3 hours, the solution was 

concentrated by rotatory evaporation. Product 4 was subsequently purified by 

column chromatography (10% MeOH/CH2Cl2). For all synthesized compounds, 

the ESI mass spectra were obtained on a High Resolution MS TripleTOF 5600+ 

system with a DuoSpray™ Source (SCIEX) in the positive ion mode. The data 

were obtained using the software of Analyst TF™ 1.5.1. 

 

RESULTS AND DISCUSSION 

We report a three-step synthesis of 5’-protected 5-cyanato-2’-deoxyuridine 

(5-OCNdU), starting with a readily available dU. The first step involved 

conversion of dU to 5-OH-dU. After selective monotritylation of 5’-

hydroxyl, reaction with BrCN/TEA gave suitable product, i.e., 5’-DMTr-5-

OCNdU. By using 1 equiv of BrCN, reaction was again limited to the 5-

position. The lack of the reaction at the 3’-hydroxyl is attributed to the 

phenolic character of the 5-hydroxy group, making it more reactive than 3’-

secondary alcohol. The analysis of 5’-DMTr-5-OHdU by MS indicated the 

[M+1]+ value of m/z 547.1, which confirmed protection of 5’-hydroxyl with 

the DMTr group (Fig. 1A). The [M+1]+ value of m/z 571.1 (Fig. 1B) 

corresponds with the desired product and it proves formation of 5’-DMTr-5-

OCNdU. 

 
 

Figure 1. TOF-MS analysis of A) 5’-O-DMT-5-hydroxy-2’-deoxyuridine 

(the ion at 547.1305 m/z) andB)5’-O-DMT-5-cyanto-2’-deoxyuridine (the 

ion at 571.1402 m/z). 
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CONCLUSION 

Modified nucleosides are powerful tools in nucleic acid research and their 

synthesis has become an important aspect of bioorganic and medicinal 

chemistry. Moreover, modified nucleosides are extensively investigated due 

to their potential activity as DNA sensitizers. Consequently, an improved 

and shortened synthesis of modified nucleosides from readily available 

precursors is of considerable interest. However, nucleosides are challenging 

the synthetic substrates as they contain several functionalized groups that 

must be chemically differentiated for a successful transformation. Therefore, 

multi-step synthesis frequently requires introduction of protective groups 

and their subsequent removal.  
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ABSTRACT 

In this study, nine calcium channel blockerswere investigated to evaluate 

relationship between their oral bioavailability data, collected from relevant 

literature and several molecular descriptors calculated using different 

software packages. The relationship between computed molecular 

descriptors and oral bioavailability data were initially investigated using 

simple linear regression analysis showing correlations with R2 < 0.6. In 

continuation, multiple linear regression analysis was applied to access 

higher correlation of calcium channel blockers’ oral bioavailability data 

with their molecular properties, the lipophilicity and one additional, 

calculated molecular descriptor. The best correlations with R2= 0.783 were 

established between calcium channel blockers’ oral bioavailability and their 

lipophilicity data (milogP) with application of acidity descriptor (pKa) as 

additional independent variable.  

 

INTRODUCTION 

The hypertension is a world widespread disease. Calcium channel blockers 

(CCBs) or calcium antagonists are among the most widely applied drugs in 

cardiovascular medicine. CCBs can be applied not only in hypertension but 

also in angina pectoris, post myocardial infarction, supraventricular 

dysrhythmias, hypertrophic cardiomyopathy [1]. 

According to their structural and functional distinctions CCBs can be 

subdivided to: dihydropyridine, phenylalkylamine and benzothiazepine 

derivatives. Most of CCBs, with exception of amlodipine (64-90%) and 

nifedipine (45-70%), have relatively low (5-35%) oral bioavailability (BA) 

because of extensive first - pass metabolism. Half - life is relatively short 

(shorter than 12 hours) with exception is amlodipine which has a longer half 

– life, longer than 40 hours [1].  

http://www.sciencedirect.com/science/article/pii/S027753871300212X
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In our recently published paper we investigated correlation between 

molecular properties of selected group of angiotensin II receptor antagonist 

and their oral bioavailability data [2] as well as the effect of CCBs’ 

molecular properties on their route of elimination [3]. In continuation, the 

aim of this study was to correlate different molecular properties of nine 

CCBs(amlodipine, felodipine, isradipine, nicardipine, nifedipine, 

nimodipine, nisoldipine, verapamil and diltiazem) and to evaluate their oral 

bioavailability.  

 

EXPERIMENTAL 

The investigated drugs 

In this study nine most often prescribed CCBs were investigated: 1. 

amlodipine; 2. felodipine; 3. isradipine; 4. nicardipine; 5. nifedipine; 6. 

nimodipine; 7. nisoldipine; 8. verapamil and 9. diltiazem. 

The calculations 

The CCBs lipophilicity descriptors, different logP values (AlogPs, AClogP, 

AB/logP, milogP,AlogP, MlogP, KOWWINlogP, XLOGP2, XLOGP3), as 

well as their aqueous solubility data (logS) were calculated using software 

package, Virtual Computational Chemistry Laboratory [4], while software 

package Molinspiration Depiction Software [5] was used for the calculation 

of electronic descriptor - polar surface area (PSA); constitutional parameter 

- molecular weight (Mw) and geometric descriptor - volume value (Vol). 

The software package DrugBank [6] was used for calculation CCBs acidity 

descriptors pKa. The oral bioavailability data of investigated CCBs were 

obtained from the relevant literature [1].  

Statistical analysis of the regressions was performed using Microsoft 

Excel 2003 and Origin 7.0 PRO (Origin Lab Corporation, USA). 

 

RESULTS AND DISCUSSION 

The oral bioavailability is one of the most important drug’s pharmacologic 

properties. It is a subcategory of absorption and represents the fraction of 

orally administered drugs’ dose that reaches the systemic circulation. High 

oral bioavailability reduces the amount of the administered drug necessary 

to achieve a desired pharmacological effect and therefore can reduce the risk 

of side-effects and toxicity, while poor oral bioavailability can result in low 

efficacy and lead to unpredictable response to a drug.  

Drugs physical properties (hydrophobicity, acidity, solubility, molecular 

mass, volume and polar surface area) or drugs formulation, the age and 

gender of the patients and dosing scheme also exert important influence on 

drugs’ BA.  

http://www.drugbank.ca/
http://en.wikipedia.org/wiki/Dose_%28biochemistry%29
http://en.wikipedia.org/wiki/Systemic_circulation
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In this research nine CCBs were studied in order to evaluate correlation 

between their oral bioavailability data obtained from relevant literature and 

calculated molecular descriptors using simple or multiple linear regression 

analysis. According to the data available from the literature, the degree of 

CCBs’ oral bioavailability varies from 5% for nosoldipine to around 80% 

(64% to 90%) for amlodipine.  

In the first step of this study, the correlations between CCBs oral 

bioavailability data obtained from relevant literature and calculated 

descriptors were investigated using simple linear regression. Oral 

bioavailability data and CCBs molecular descriptors - Vol, Mw, PSA, pKa 

and logS showed low correlations (R2<0.30). Also the majority of 

lipophilicity descriptors provided correlations with coefficients R2 lower 

than 0.40. Only for lipophilicity descriptors milogP and KOWWINlogP 

better correlations were obtained (R2=0.570 and R2=0.542 respectively).  

Following, in the next stage of the study, the relationship between CCBs 

oral bioavailability data and two different molecular descriptors were 

investigated using multiple linear regression (MLR). The milogP values was 

chosen as the first independent variable since they showed best correlations 

with CCBs oral bioavailability. The values of Mw, Vol, pKa and PSA were 

chosen as possible second independent variables. Values of aqueous 

solubility data, logS values, couldn’t be used as the second independent 

variable since it’s correlation with milogP values provide R2around 0.40.  

Following correlations were established between oral bioavailability data 

collected from literature and those predicted, applying lipophilicity 

descriptor, milogP and molecular weight (Eq.1.) or volume (Eq.2.): 

BApred(%)= -28.80(7.25)milogP+0.26(0.14)Mw+39.38(15.92)     Eq. 1. 

n = 9; R2 = 0.725; S.D. = 14.470; F = 7.903; 

BApred(%)= -26.80(7.68)milogP+0.17(0.12)Vol+77.05(42.40)      Eq. 2. 

n = 9; R2 = 0.671; S.D. = 15.831; F = 6.109. 

The established correlations can be considered as good as proposed by 

Asuero et al. [7].  

However the best correlation, with acceptable P values, was obtained 

using MLR analysis with application of milogP and pKa as independent 

variables (Eq. 3.): 

BApred(%)= -20.45(5.63)milogP+5.78(2.39)pKa+73.87(29.57)     Eq. 3. 

n = 9; R2 = 0.783; S.D. = 12.86; F = 10.80  

The application of PSA as second variable provided relatively poor 

correlation (R2 = 0.590). The CCBs calculated molecular descriptors, 

bioavailability data collected from relevant literature as well as those 

predicted using MLR are presented at Table 1. 
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Table 1. The CCBs calculated molecular descriptors [4-6]; BA data (1) 

collected from relevant literature; predicted from (2) milogP and Mw; (3) 

milogP and Vol values; (4) milogP and pKa values 

CCBs milogP pKa Mw Vol BA(1) BA(2) BA(3) BA(4) 

1. 2.58 9.45 409 364 77 73 69 76 

2. 4.80 5.39 384 323 15 3 3 7 

3. 3.81 5.33 371 330 20 27 30 27 

4. 5.00 8.18 480 437 35 22 16 19 

5. 3.07 5.33 346 303 58 42 45 42 

6. 4.10 5.41 418 379 13 31 31 21 

7. 4.19 5.32 388 353 5 21 24 19 

8. 4.55 9.68 455 454 27 28 31 37 

9. 3.34 8.18 415 378 50 53 51 53 

 

The calculated values of Mw as well as Vol, presented in Table 1, were 

already used in our previously published paper [3] for investigation of 

CCBs’ molecular properties effect on route of elimination. 

 

CONCLUSION 

The correlations that were found in presented study confirmed molecular 

properties, especially lipophilicity and acidity but also molecular weight and 

volume, as essential for drugs oral bioavailability. Obtained correlations 

could be regarded as new, additional, in silico approach appropriate for 

evaluating oral bioavailability for investigated group of CCBs. 
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ABSTRACT 

Biopartitioning micellar chromatography (BMC) was used to predict 

gastrointestinal absorption of thirteen β-hydroxy-β-arylpropanoic acids 

(HAA) with potential anti-inflammatory activity and results were compared 

to ibuprofen (IBU). All examined HAA exhibit lower retention factor, k and 

expected gastrointestinal absorption than IBU. Derivatives of HAA with the 

highest values of k are those denoted as 1C, 2APTF, 2C, 2AMTF and 1B 

(Table 1). In order to identify molecular descriptors with the highest 

influence on k as well as to create models which could be used for the 

design of novel HAA with improved gastrointestinal absorption, 

quantitative structure-retention relationship analysis was performed. 

Multiple linear regression model (MLR(k)) was selected and molecular 

descriptors that form this model were interpreted. 

 

INTRODUCTION 

Nonsteroidal anti-inflammatory drugs (NSAIDs) represent a large class of 

structurally different compounds [1]. Although NSAIDs are among the 

oldest drugs, the discovery of novel derivatives with anti-inflammatory 

activity is still a great challenge due to the fact that these drugs can produce 

significant side effects.  

Thirteen β-hydroxy-β-arylalkanoic acids (HAA) were synthesized using 

previously reported modification of Reformatsky reaction [2] and their anti-

inflammatory activity was evaluated. 

The aim of this study was to predict gastrointestinal absorption of 

synthesized HAA and ibuprofen using biopartitioning micellar 

chromatography (BMC) and to perform quantitative structure-retention 

relationship (QSRR) analysis, which could be used for the design of novel 

compounds with improved gastrointestinal absorption. 
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EXPERIMENTAL 

Gastrointestinal absorption of tested compounds was predicted by use of 

BMC [3] on a Dionex Ultimate 3000 chromatograph (Thermo Fisher 

Scientific, Germering, Germany) equipped with quaternary pump, 

autosampler and DAD detector. The chosen column was Zorbax Extend-

C18 (150 mm × 4.6 mm, 5 m particle size). The mobile phase consisted of 

aqueous phase (40 mM solution of Brij35 in 7 mM disodium hydrogen 

phosphate) and acetonitrile (80:20, v/v). pH of the mobile phase was 

adjusted to 5.5 using phosphoric acid. The column temperature was adjusted 

to 36.5 ºC and the flow rate was 1 mL min-1. The UV detection was 

performed at 210 nm. Stock standard solutions of all tested compounds were 

prepared in methanol. Subsequently, these solutions were diluted with the 

mobile phase to obtain working solutions (about 0.05 mg mL-1). Working 

solutions were injected in triplicates and retention factors (k) were 

calculated (solution of KI in the mobile phase was used for the 

determination of column dead time).  

More than 4500 molecular descriptors were initially calculated in Dragon 

6.0 software (http://www.talete.mi.it/). After the intercorrelation analysis, 

254 molecular descriptors were retained and used for further Artificial 

Neural Networks (ANN) and Multiple Linear Regression (MLR) analysis. 

Final selection of descriptors was performed by use of forward stepwise 

MLR (F to enter was 25 and F to remove was 10). Finally, three variables 

with the highest influence on k, i.e. descriptors nBM and P_VSA_logP_8 as 

well as Eta_L index, were selected and used for the creation of MLR(k) and 

ANN(k) models.  

 

RESULTS AND DISCUSSION 

Chemical structures and retention factors of IBU and HAA are all presented 

in Table 1. All tested HAA have lower k and expected gastrointestinal 

absorption than IBU. HAA with the highest values of k are 1C, 2APTF, 2C, 

2AMTF and 1B. 

Quantitative structure-retention relationship (QSRR) analysis of these 

results was performed in order to identify molecular descriptors with the 

highest influence on k and ANN(k) and MLR(k) models were created. 

Quality of these models was evaluated by analysis of calculated statistical 

parameters: RMSEE (root mean squared error of estimation), 
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Table 1. Chemical structures and retention factors of tested compounds 

 
Compound R1 R2 R3 R4 R5 R6 k 

1A -H -H -CH3 -OH -H -C6H5 3.27±0.01 

1B -H -CH3 -CH3 -OH -H -C6H5 4.81±0.00 

1C -CH3 -CH3 -CH3 -OH -H -C6H5 7.26±0.01 

2A -H -H -CH3 -OH -H -C6H5 1.61±0.01 

2B -H -CH3 -CH3 -OH -H -C6H5 2.87±0.01 

2C -CH3 -CH3 -CH3 -OH -H -C6H5 5.21±0.00 

2APN -H -H -C6H5 -OH -H -NO2 0.00±0.00 

2APTF -H -H -C6H5 -OH -H -CF3 5.42±0.01 

2APH -H -H -C6H5 -OH -H Cl 4.04±0.00 

2APM -H -H -C6H5 -OH -H -CH3 2.98±0.05 

2AMTF -H -H -C6H5 -OH -CF3 -H 4.98±0.01 

2AMH -H -H -C6H5 -OH -Cl -H 4.00±0.02 

2AMM -H -H -C6H5 -OH -

CH3 

-H 2.80±0.04 

IBU  18.92±0.13 

. 

RMSEP (root mean squared error of prediction), Q2 (cross-validated 

squared correlation coefficient), r (correlation between observed and 

predicted values of test set), 
2

predR  (an external validation parameter), R2 

(the squared correlation coefficient), F parameter (ratio between regression 

and residual variances) and p value (significance of F parameter). Both 

models have low RMSEE (<0.30) and RMSEP (<0.72), high r (≥0.98), as 

well as Q2 and 
2

predR  higher than 0.5. MLR(k) model has higher Q2 value 

(0.99) than ANN(k) (0.73) and its predictive capability could be considered 

higher. Therefore, it was selected as optimal and will be used for the design 

of novel HAA with higher k and improved gastrointestinal absorption. 

Regression equation of this model is: k = (18.19 ± 1.47)  (2.44 ± 

0.06)·nBM + (0.04 ± 0.01)· P_VSA_LogP_8+(4.02 ± 0.28)·Eta_L. 

Descriptor nBM (number of multiple bonds) belongs to constitutional 

indices and has negative influence on k. Compound with the highest value 

of this descriptor is APN, whereas lowest value has IBU. Therefore, 

elimination of phenyl rings or their replacement with saturated rings should 
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increase k. The calculated descriptor P_VSA_LogP_8 belongs to P_VSA-

like descriptors and represents P_VSA-like on LogP, bin 8 [4]. P_VSA 

descriptors are defined as the amount of van der Waals surface area (VSA) 

having a property P in a certain range [5]. This descriptor has positive 

influence on k and compounds with highest value of this descriptor are 

2APN, 2APH and 2AMH. Eta_L belongs to ETA (Extended Topochemical 

Atom)indices. ETA indices are defined as topological indices derived from 

the H-depleted molecular graph where a vertex is considered to be 

comprised of a core and a valence electronic environment [6]. Eta_L is 

defined analogously to the composite ETA index, but considers only 

contributions from pairs of bonded atoms. Eta_L has positive influence on k 

and derivatives with the highest values of this descriptor are 1B, 1C, 2C and 

2APTF. 

 

CONCLUSION 

Gastrointestinal absorption of thirteen novel β-hydroxy-β-arylalkanoic acids 

(HAA) was predicted by use of biopartitioning micellar chromatography. 

All tested HAA have lower k than ibuprofen and derivatives with the 

highest values of k are 1C, 2APTF, 2C, 2AMTF and 1B. Quantitative 

structure-retention relationship analysis was performed and MLR(k) was 

selected as an optimal model that could be used for the design of novel 

HAA with improved gastrointestinal absorption. 
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ABSTRACT 

Michael Pupin is a great Serbian-American inventor, professor and scientist; 

best known for his huge contributions to the development of modern 

telecommunication and X-ray imaging. Less is known that his doctoral 

dissertation falls within a scope of physical chemistry. Pupin΄s doctoral 

dissertation, entitled Osmotic pressure and his relationship to free energy 

was conducted under the mentorship of Helmholtz; can be considered as a 

pioneer theoretical research in a particular field of physical chemistry, 

chemical thermodynamics. Aim of this study is to draw public attention on 

the contribution of the celebrated Pupin to physical chemistry 

 

FROM EUROPEAN SCHOOLS TO COLUMBIA COLLAGE 

Mihajlo Pupin, Anglicized as Michael Idvorsky Pupin was born on October 

9th, 1854, Idvor, Military frontier of the Austria Empire (now in Republic of 

Serbia) – died March 12th, 1935, New York, USA [1]. His formal education 

has begun in the village primary school of Idvor. Since he demonstrated 

marked mental energy and capacity, his secondary education has continued 

in Pančevo and Prague. During school days in Prague, Pupin met František 

Ladislav Rieger (1818-1903) and František Palacký (1798-1876); as he 

wrote "the great apostles of Panslavism and of nationalism of in Bohemia" 

[2]. Torn between personal aspiration toward higher education and social 

phenomena of nationalistic enthusiasm resulted in less then average grades. 

Pupin admits "I never during my whole year's stay in Prague sent a report 

home on my school work, because I never did more than just enough to 

prevent my dropping to the lower grade" [2].  

Death of his father, mother’s insistence to continue his education despite 

newly created situation and Rieger’s advice to leave nationalistic 

engagement and devoted himself to the higher education, have done major 

influence on his firm decision to leave Europe, and go to USA. In this 

endeavor, Pupin was all alone. In order to cover transpiration expenses, he 

sold his books, watch, clothes. Pupin has left Europe on March 12th, 1874 in 

an immigrant ship. There on the ship, in order to survive coldness, Pupin 
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has applied the second low of thermodynamics instinctively and 

unknowingly (the transfer of heat goes from the hot object to the cold 

object). Namely, in order to survive coldness he placed himself alongside to 

the warm some-stack. He wrote, "If it had not been for the warm smoke-

stack I should have died of cold" [2].  

Due to his intellectual skills, Pupin successfully passed rigorous 

immigrant cross-examination, and entered the States. During next five 

years, he was forced to earn for his living, mostly throughout hard labor. 

Spare time, was reserved for self-education and education at night classes of 

the Cooper Union. On the last week of September 1879, he took entrance 

examination at the Columbia Collage in the city of New York [2]. He was so 

brilliant at examination that he managed to enroll at Columbia Collage, 

released from all tuition fees. 

 

FROM COLUMBIA COLLAGE TO EUROPEAN UNIVERSITIES  
His collage career begins in autumn 1879, at the Columbia Collage. As 

freshmen, Pupin has won first prize in competitive examination in Greek 

and mathematics. During sophomore year, Pupin has established himself as 

an excellent wrestler and boxer. Parallel with that, another Pupins virtue was 

reviled, that is the ability for qualitative tutoring (coaching) of students who 

failed in their collage examinations (Greek, Latin, mathematics). He was so 

good in this, that he earn reputation as a doctor for lame duck [2]. These 

were the first steps in his future successful academic carrier. Pupin has 

graduated in 1883, under the mentorship of Lewis Morris Rutherford (1816-

1892), and become Bachelor of Art. Being a great student, he was appointed 

as the first to hold a John Tyndall Fellowship. This fellowship was 

established due to donation of John Tyndall (1820-1893.) to the Columbia 

Collage.  

Pupin has continued his education on the University of Cambridge 

(1883-1885). There he began studies in mathematical physics under the 

precept or ship of Edward Routh (1831-1907). Under Routh he obtained 

mastery of dynamical methods [3]. During postgraduate studies at 

Cambridge, Pupin has become especially interested in research work of 

Michael Faraday (1791-1867), James Clerk Maxwell (1831-1879) and 

Herman von Helmholtz (1821-1894).  

Eager to study experimental physics, Pupin obtained permission to 

continue postgraduate studies at Fredrich Wilhelms University in Berlin. He 

attended the course on experimental physics given by Helmholtz, and also 

lectures on the theory of electricity and magnetism given by Gustav 

Kirchhoff (1824-1887). Pupin has written: "A new physical science was 

attracting much attention in Germany at that time, the science of physical 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016   P-01-SL 

 

 857 

chemistry" [2]. He become interested for this new science, realizing that 

research of Josiah Willard Gibbs (1839-1903), from the Yale University, 

was far ahead if it is compared with achievements obtained by "the alleged 

German fathers of this new science" [2]. Helmholtz and Pupin had agree 

that "It was clean-cut little discovery" [2]. Helmholtz had encouraged Pupin 

to investigate these findings in more details, suggesting that he might find 

material for research leading to doctoral dissertation. As Pupin writes "I 

embraced the suggestion and started an experimental research, at the same 

time studying the theories of Gibbs, Helmholtz, and other authorities, 

mostly German, on physical chemistry" [2]. 

 

PROMOTIONAL EXAM AT FREDRICH WILHELM UNIVERSITY 

Priori to public defense of dissertation, Pupin has taken promotional oral 

exam on July 15th 1889, members of the Commission were Helmholtz, 

physicist August Kundt (1839-1894), mathematician Lazarus Fucks (1833-

1902) and philosopher Eduard Zeller (1814-1908). The exam was a 

combination of oral exposition on views regarding three theses (selected by 

a candidate) and the discussion. As stated by Pupin, in its autobiography [2]:  

"The three theses which, according to old German custom, every candidate 

seeking promotion to the dignity of a doctor of philosophy must frame and 

defend publicly are given here, in order to show my final mental attitude 

which was formulated by my scientific studies in Europe. 

I. Institutions in Physics in the preparatory schools should be as 

much as possible a practice one. 

II. The Thermodynamics methods of Gibbs, von Helmholtz, and 

Plank form most reliable foundation for the study of those 

physical processes which we cannot analyzed by ordinary 

dynamics. 

III. The Electromagnetic Theory of Light deserves more attention 

that it has received so far in university lecture". 

First thesis came from realization that during his graduated studies on the 

Columbia Collage and postgraduate studies at the Cambridge University he 

receives no practical experience in physical laboratory. Further Pupin admits 

[2]: "I had no knowledge of physics acquired from my own conscious 

efforts in a physical laboratory". Consequently, Pupin skeptically claims 

that, "this was the real secret of my inability to understand Maxwelľs 

physics; I longed for work in a real physical laboratory …". This thesis was 

also inspired by a Frederick Bernard (1809-1889), the president of 

Columbia Collage, who recognize that "young student in America at that 

time lacked a knowledge of visible things and not information about them – 

knowledge acquired by the learner’s own conscious efforts, not crammed 
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into his mind in set forms of words out of books" [2]. During his first 

address to Helmholtz, Pupin informs professor that he never had an 

opportunity to work in a physical laboratory. Helmholtz suggested that 

Pupin "should make up this deficiency as soon as possible" claiming that "a 

few experiments successfully carried out usually lead to results more 

important than all mathematical theories" [2]. 

Second thesis, as Pupin writes "summed up my admiration for the new 

science of physical chemistry first stared by our own Josiah Willard Gibbs 

(1839-1903)" [2]. This tribute came from Pupin΄s great respect for Gibbs΄s 

work in a field of physical chemistry.  

Third thesis is dedicated to the Farady-Maxwell electromagnetic science. 

To understand reason-way, one must have in mind that Pupin has studied 

Farady΄s and Maxvell΄s work well, and had become their huge admirer. 

Circumstantially, Pupin was present at a historically important event, which 

occurred at the end of 1887, during the meeting of Physical Society of 

Berlin (today’s German Physical Society). There, Helmholtz solemnly 

announced that his former student, and at that time professor Heinrich Hertz 

(1857-1894) conclusively proved the existence of electromagnetic waves, 

verifying Farady-Maxwell electromagnetic theory. Impact of this discovery 

was so powerful on Pupin that it paved a way of his future scientific 

interests. 

 

OVERVIEW OF DOCTORAL DISSERTATION 

The title of Pupin΄s doctoral dissertation is Osmotic pressure and his 

relationship to free energy (in original Der osmotische Druck und seine 

Beziehung zur freien Energie) [4]. Mentor of the dissertation was Helmholz. 

Public defense was conducted on July 20th 1889. As opponents on public 

defense, following colleagues are citied on the frontal page: physicist 

August Raps (1865-1920), PhD candidate Arthur Webster (1863-1923) and 

PhD candidate Vladimir Michelson (1860-1927), Fig. 1. Webster and Pupin 

were colleagues from Ph.D. studies, and are among founders of American 

Physical Society (1899).  

The dissertation is written in German, on 42 pages, and divided into eight 

sections: I Introduction, II History, III Concept of the free energy, IV 

General characteristics of the free energy of salt solutions, V Heat of 

Dilution, VI Osmotic pressure and its importance, VII Free energy of 

diluted salt solutions, VIII. Considerations about the internal constitution of 

a salt solution. Additionally, Thesis and Biography are presented at the last 

pages of dissertation. [4] 
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Figure 1. Front page of Pupin΄s doctoral dissertation [4]. 

 

In the first section, Introduction, Pupin elaborates the aim of dissertation; 

that is to theoretically derive some characteristic related to the composition 

of salt solutions from the features of the Hemlohtz free energy (F), which is 

the thermodynamic function of the state. Two studies are citied in this 

section. Helmholtz΄s paperwork from 1882, entitled On the 

Thermodynamics of Chemical Processes, in which the concept of the free 

energy is defined; and Wilhem Pfeffer΄s report from 1877, which concerns 

investigation on the osmotic pressure (П). 

In the next section, History, Pupin quotes several scientific papers of 

importance. Kirchhoff΄s work from 1858, which considers theoretical 

investigation of some features of salt solution (mainly heat of dissolution), 

from the thermodynamic viewpoint. Gibbs’s paper from 1875-1878, 

(entitled On the equilibrium of heterogeneous substances), in which analogy 

between some features of ideal gases and diluted salt solutions is given. Due 

to complex mathematical language, which outcome from his eager for more 

general conclusions, this work was incomprehensible by most of chemist 

and thus avoided. François Massie΄s (1832-1896) work from 1876, who also 

had studied the concept of the free energy. Pierre Duhem΄s (1861-1916) 

book from 1886; in which applied methods of Massie, Gibbs and Helmoltz 

are presented. Max Plank΄s (1858-1947) work on the features of highly 
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dissolute salt solution, observed from the principles of the increasing 

entropy of the spontaneous processes. Studies of Wilhelm Ostwald (1853-

1932), Jacobus van΄t Hoff (1852-1911) and Svante Arrhenius (1859-1927), 

editors of the first scientific journal specialized for physical chemistry 

Zeitschrift fur Physikalische Chemie (first issued in 1887). These three 

scientists are considered as founders of modern physical chemistry. Wather 

Nernst΄s (1864-1941) work also published in Zeitschrift fur Physikalische 

Chemie. 

Quality of presented literature in the dissertation proves that Pupin has 

manage to gather all important articles and books, which either explicitly or 

implicitly elaborates problematic of modern aspects in the chemical 

thermodynamics of salt solutions. Today, when we are looking at these 

articles, and the authors, we consider them as a part of chemical 

thermodynamics history. Being their contemporaries, one must think of 

Pupin as a privileged man, who have work on his dissertation in a decade 

when history of the chemical thermodynamics, thereby physical chemistry 

was made.  

In the third section, Concept of the free energy, Pupin mathematically 

defines the free energy from the first and the second low of thermodynamics 

[4]:  

  

dQ dU P dp      (1) 

SdQ d      (2) 

Q denotes the heat, U denotes the internal energy, pα denotes parameters 

defining the state of the body and Pα denotes the force by which system 

opposes to the internal modification of system represented by pα, Θ denotes 

the absolute temperature and S denotes the entropy. By coupling above 

equations, and presented them in the form where S and Pα are unambiguous 

functions determined by Θ and pα, he obtained [4]: 

 S
F

P U
p p


 

 
    

 

   (3) 

U-ΘS is defined as Helmholze free energy (F). Thereupon, he showed 

that dF ≥ 0 is sufficient condition for thermodynamic equilibrium. Notation 

that used in the dissertation is typical for Helmholtz΄s marking method [5]. 

In next section, General characteristics of the free energy of salt 

solutions, Pupin mathematically shows that [4]: 

0
F

h w

  
 

  

    (4) 
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w denotes mass of salt solution, h denotes ration w∕s, were s denotes mass of 

salt. He concludes that the force, equation (4), by which salt solution attracts 

solvent (water) must be negative, also. Hence, the force, by which salt 

solution attracts ions of salt, declines with concentration, becoming zero 

when salt solution becomes saturated.  

In the section Heat of Dilution, he establishes relation between the heat 

of dissolution and the free energy. By considering changes of the free 

energy with increasing dilution, he was able to show an analogy between 

equations which show that both the gas pressure of ideal gases and the 

osmotic pressure of diluted salt solution are proportional on absolute 

temperature.  

In the last section, Osmotic pressure and its importance, Pupin deals with 

phenomenon of osmotic pressure, giving precisions mathematics 

explanation of this phenomena and description of experiments according to 

which it was possible to obtained equation which extract analogy between 

ideal gas and diluted salt solution [4]: 

V s       (5) 

П denotes the osmotic preassure, V denotes the volume, α denotes constant 

whish depends on the nature of salt and s denotes mass of salt.  

  

 
Figure 2. Picture of Michael Idvorky Pupin take around 1890. 

 

CONCLUSION 

Doctoral dissertation of Michael Idvorsky Pupin entitled Osmotic pressure 

and his relationship to free energy, represents theoretical investigation in 

the field of chemical thermodynamics. Conducted under mentorship of 
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Helmholtz, this dissertation was publicly defended on July 20th 1889, just 

two years after appearance of the first scientific journal specialized for 

physical chemistry Zeitschrift fur Physikalische Chemie (first issued in 

1887). Physicochemical community has paid practically no attention on this 

doctoral dissertation. It remains to be seen whether this study will provoke 

constructive analysis and criticism regarding scientific importance of 

Pupin΄s doctoral dissertation. 
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ABSTRACT 

This study aimed to determine the students’ misunderstandings about some 

chemistry concepts by using the process of analogical mapping. The sample 

of the study consisted of 26 third year students from undergraduate 

chemistry education program. In line with the study objectives a worksheet 

prepared by the researcher was administered to 26 third year pre-service 

teachers. The worksheet included analogies related to covalent bond 

formation, collision theory, indicators, compounds and atomic spectrums. 

The students’ mappings were examined and the non-scientific information 

related to chemistry concepts expressed by the students has been identified.  

The answers were analyzed qualitatively; the students’ answers were 

presented in frequency tables.  

 

INTRODUCTION 

In recent years, analogy has been seen as one of the most important tool in 

the teaching-learning process of science related concepts [1-4]. Analogies 

allow new materials, particularly abstract concepts, to be more easily 

assimilated with students’ prior knowledge, enabling them to develop a 

more scientific understanding of the concept [5]. An analogy is an effective 

teaching tool that lets creating similarities for a variety of purposes such as 

solving problems, constructing arguments or creating explanations. 

An analogy is a comparison between two domains of knowledge. The 

familiar domain is referred to as an analog domain; the domain that needs to 

be learned is referred to as a target domain. Analogy can be expressed as “X 

is like Y” [6]. For instance, the structure of the atom is like the solar system. 

The more familiar the solar system forms the analog domain and the 

structure of the atom represents the target concept. The analogy compares 

the similar features of the analog with target domains and the process 

drawing similarities between analog and target is called mapping [7]. The 

aim of an analogy is to transfer a system of relationships from a familiar 

domain to one that is less familiar [8].  
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It must be apparent that analogies are representation of target and not the 

target itself, as students often take it to be. Thus, mapping similarities and 

differences between analog and target becomes most important [3, 9]. In an 

analogy, if the analog and target concepts do not completely overlap with 

each other, students can learn to form concepts incorrectly and make some 

mistakes [2]. 

Some studies emphasized benefits of using analogies during the 

classroom instruction [3, 7]. However, other studies also indicated that 

analogy can be double-edged sword leading to alternative conceptions [10]. 

Moreover, ill constructed analogies can encourage growth of alternative 

conceptions [6, 11]. 

This study aimed to determine the students’ misunderstandings about 

some chemistry concepts by using the process of analogical mapping. In 

line with the study purpose a worksheet prepared by the researcher was 

administered to 26 third year pre-service teachers from an undergraduate 

chemistry education program. The worksheet included analogies related to 

covalent bond formation, collision theory, indicators, compounds and 

atomic spectrums. The used analogies were taken from chemistry textbooks. 

The analogs and targets used in this study were 1) covalent bond formation-

tag of war game, 2) collision theory-from flirting to marriage, 3) indicators-

x ray machine, 4) formation of compounds-formation of words from letters, 

and 5) atomic spectrums-fingerprints. An example of an analogy included in 

the worksheet was given in Figure 1. 

 

 
Figure 1. The appearance of the “indicators – x-ray machine” analogy on 

the worksheet 

 

The students’ mappings were examined and the non-scientific 

information related to chemistry concepts expressed by the students has 

been identified. The scientifically incorrect phrases were presented in a 

frequency table. 
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RESULTS AND DISCUSSION 

The students’ answers were analyzed and phrases including scientifically 

incorrect knowledge were written, counted and displayed in a frequency 

table. A summary of the students’ misunderstandings determined through 

analogical mapping is given in Table 1. (f is the number of students 

expressing the given misunderstanding). 

 

Table 1. Students’ misunderstandings found in their  

analogical mappings. 

 
 

As shown in Table 1, students have misunderstandings related to the five 

chemistry concepts. Nine of the students think that the electron sharing in 

the formation of the covalent bond occurs because the atoms help each other 

to become stable. They did not mention about the octet rule, the 

electronegativity of the atoms, polarity of the bonds, etc. The collision 

theory is another concept that students have misunderstandings; the students 

do not know that more than two atoms can collide. The analogy led students 

to incorrect interpretations by giving the analog of marriage. Similarly, 

indicators were depicted as tools that help to detect acids or bases. This is 

partially true but there are also solutions, which are not pure substances, 

where we can use indicators. Students, also have misunderstandings about 

the formation of compounds. They think that just elements combine to form 

compounds and ignored the fact that two compounds can also combine to 

form a new compound for example, NH3(g) and HNO3(g) form NH4NO3(s). 

The great number of students (n=23) thought that isotope atoms have 

identical atomic spectrums. The fact that the fingerprints of the twins are 

different was overlooked by the students. Simply the almost identical 
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appearance of the twins led students think about the identical atomic 

spectrums of the isotope atoms. 

 

CONCLUSION 

In this study the analogical mapping process was used successfully in 

determining the students’ misunderstandings about the selected chemistry 

concepts. Even thought the students are familiar with the analogs of 

marriage and fingerprints, the analogs were found to be misleading in the 

mapping process.  

Research showed that specific conditions must be met for analogies to be 

of use, rather than harm to students. Exclusively showing analogies or 

having students read them from a text is not enough to help learning 

processes [7, 9]. In order to be of use of analogies, students must see that the 

analogy finally breaks down and is no longer adequate as a representation of 

the target. In this way, the use of analogies can facilitate the conceptual 

changes [12] and the analogy can stand as an effective tool in constructing 

relations between concepts [13].  
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ABSTRACT 

In this study, the effect of project based learning (PBL) instruction on 

sophomore pre-service chemistry teachers’ laboratory anxiety in a course 

named Laboratory Safety Practices (LSP) was examined. The sample of the 

study consisted of 18 sophomore students from undergraduate chemistry 

education program. The pre-service teachers taking the LSP course were 

instructed using PBL approach. A questionnaire involving four-open ended 

questions on the laboratory anxiety was administered two times to the 

students, at the beginning and at the end of the semester. The students were 

asked to express their feelings about the level of anxiety when they are 

working in a chemistry laboratory. The answers were analyzed qualitatively; 

the students’ answers were read, coded, counted and presented as frequency 

table. During 12 weeks the sophomore pre-service teachers worked on and 

completed 6 different projects. The results showed that PBL has some 

effects on students’ laboratory anxiety. 

 

INTRODUCTION 

The PBL approach is a model that organizes learning around projects that 

can be applied to an entire education system or program, at an individual or 

core set of courses [1]. Project Based Learning Approach focuses on the 

learning ability of students by establishing their own knowledge through 

their experiences. It realizes that by giving responsibility to the learners on 

defining problems, searching for solutions, managing searches, analyzing 

data, choosing information, integrating the chosen information and 

correlating the new information with the old ones [2]. 

This study aimed to determine whether project based learning (PBL) 

reduces pre-service chemistry teachers’ laboratory anxiety, in a course 

named Laboratory Safety Practices. The sample of the study consisted of 18 

sophomore students from undergraduate chemistry teachers program. In the 

first year of the program the students work in a general chemistry laboratory 

only. When they pass to the second year of the program the students began 
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to work in two different courses of chemistry laboratory: the one is the 

Analytical chemistry laboratory and the other is the Inorganic chemistry 

laboratory. The LSP is one of the second-year courses of the chemistry 

education program. The sophomores taking the Laboratory Safety Practices 

course were instructed using PBL. The PBL implemented course lasted 12 

weeks, with three hours per week.  

A questionnaire was constructed to determine pre-service teachers’ 

laboratory anxiety level. It was composed of four-open ended questions on 

the laboratory anxiety. The students were asked to express their feelings 

about the level of anxiety (by indicating high, medium or low) 1) when they 

are working with chemicals in the laboratory, 2) when they are working 

individually or in groups, 3) when they have to complete the work (the 

experiments) on time, 4) when they are preparing the experiment report at 

the end of the laboratory session. The questionnaire was administered to the 

students at the beginning of the study as pre-test. The same questions were 

administered at the end of the semester as post-test by asking the effect of 

the projects performed during the course on the aforementioned anxiety 

levels. The answers were analyzed qualitatively; the students’ answers were 

read, coded, counted and presented as frequency table.  

During the 12 weeks the sophomore pre-service teachers worked on and 

completed 6 different projects. The content of the projects and time allowed 

for each were as follow: 

1) Meaning of the labels – the task requires creating a label for a 

chemical; 1 week. 

2) How chemicals affect human health? – the task requires preparing a 

leaflet containing information about toxicity and hazards of the chemicals, 

and safe usage; 1 week. 

3) Storage of chemicals – the task requires developing a systematic for 

storing the chemicals; 1 week. 

4) Laboratory waste disposal – the task requires preparing a poster that 

describes the procedures for disposal of chemical waste in a laboratory; 1 

week. 

5) First aid practice in laboratory – the task requires preparing a video 

about first aid intervention of a specific injury (electric shock, poisoning, 

bleeding, burns, etc.); 1 week. 

6)  How should the design of a safe laboratory be? – the task requires 

making a scale model of a safe laboratory; 2 weeks. 

Before starting each project in the first week the topics were explained to 

the students in face to face lessons through lecturing and then detailed 

instruction for the each project was given. The students were divided into 
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groups that worked together to the end of the course. Every second week the 

groups presented their works in class. In total of 12 weeks the course ended. 

 

RESULTS AND DISCUSSION 

The results showed the change in the students’ level of anxiety after the 

PBL. Table 1 shows the analyses results of the students answers. The 

frequency (f), points to the number of students giving the particular answer. 

 

Table 1. Students’ anxiety levels 

before and after PBL. 

 
 

The qualitative comparison of the frequencies indicates that some 

changes occurred in students’ anxiety levels. The great change occurred in 

the number of the students indicating high level of anxiety related to 

working with chemicals. This result may be encountered because of the 

project which required gathering information about the hazards of the 

chemicals. There was also a decrease in the number of students with high 

anxiety when working in groups and when managing time. The least change 

occurred in the anxiety level when preparing the report. 

The PBL had an effect on students’ anxiety because through PBL 

students obtained information about various topics related to laboratory 

safety, they took more responsibility in preparing the reports, they had to 

work cooperatively and presented the works on time.  
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CONCLUSION 

Focusing on the results, the study was able to arrive with some conclusions 

that students’ anxiety decreases after undergoing both PBL and lecture.  
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ABSTRACT 

Abram Ioffe (1880 - 1960), prominent Russian/Soviet physicist, was the 

“father of Soviet physics”, founder of many physics institutes in Russia, and 

was a teacher of the best scientists in the country. The world-famous 

scientists from his school are: P. Kapitsa, I. Kurchatov, L. Landau, N. 

Semenov, M. Bronstein, A. Alexandrov and many other. Ioffe was the 

author of numerous papers, textbooks and monographs on subjects that 

range from theoretical, historical, and philosophical concepts, to the 

practical applications of science in everyday life. 

 

BIOGRAPHY 
Abram Fedorovich/Fyodorovich Ioffe (Абра́м Фёдорович Ио́ффе, 

Аврахам Файвиш-Израилевич) was born  in  October 29th 1880 in Romny 

(Ромни́) and died in October 14th 1960 in Leningrad. He was a prominent 

Russian/Soviet physicist (Fig. 1). Ioffe was the oldest of five children in a 

Jewish family. His parents were Fedor Vasilevich (Файвиш Фёдор 

Васильевич Иоффе and Rahel Abramovna Veinstein - Ioffe (Рашель 

Абрамовна Вайнштейн) (Fig. 2).  

He start to read at the age of three and one year later, he was able to 

write. The level of education at the basic boy's school was very poor 

because most of the teaching staff was consisted of religious state officials. 

In Ioffe’s words, the essence of his school education was to simply 

knowing, but not to be understood.[1] 

mailto:tibor.halasi@dh.uns.ac.rs
https://en.wikipedia.org/wiki/Russian_Empire
https://en.wikipedia.org/wiki/Soviet_Union
https://en.wikipedia.org/wiki/Physicist
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http://ru.rodovid.org/wk/%D0%97%D0%B0%D0%BF%D0%B8%D1%81%D1%8C:686597


 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    P-04-P 

 

 872 

  
Figure 1. Abram Ioffe (1880 - 1960) [1] Figure 2. Ioffe’s parents [2] 

 

Ioffe graduated at the Saint Petersburg Institute of Technology (1902). 

He began his scientific career in Munich. He worked as a doctoral student in 

the laboratory of Wilhelm Conrad Röntgen (1845 - 1923). Ioffe’s original 

intent was to study the nature of odor and its effect on human sense of 

smell, a subject that had fascinated him even since childhood. 

In 1908 Ioffe was married with Vera Andreevna Kravtsova (Иоффе 

Вера Андреевна Кравцова, 1881, Liganka Bogu - 1948, Leningrad), a 

dentist (Fig. 3). Together they had a daughter, Valentina. Valentina 

(Валентина Абрамовна Иоффе, 1910 - 1985) grew up and followed the 

footsteps of her father earning a PhD in physics (Fig. 4). 

 

     
 

Figure 3. Vera Andreevna Kravtsova - Ioffe (1881 - 1948) [3] 

Figure 4. Valentina Abramovna Ioffe (1910 - 1985) [4] 

Figure 5. Anna Echeistova (1905 - 1988) 

 

http://www.yivoencyclopedia.org/article.aspx/Saint_Petersburg
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However, later Ioffe was married for the second time with his former 

student Anna Echeistova (Анна Васильевна Ячеистова-Иоффе, 1905 - 

1988), who later worked alongside him and was his most ardent supporter 

for the rest of his life (Fig. 5).  

Ioffe died in his office on October 14th, 1960, leaving a great legacy 

behind. After his death, the institute that he had helped found and under 

whose directorship it had long remained, was renamed the Leningradski 

Fiziko-Tekhnicheskii Institut imeni A. F. Ioffe. Nickname of Ioffe: ‘’the red 

professor” has been taken by the Communist ideas of Marxism, ‘’father of 

semiconductors”, ‘’Papa Ioffe’’. 

 

BIBLOGRAPHY 
Ioffe studies the elastic and photoelectrical properties of crystals continued, 

ionic conductors of crystals, explained the reasons of their durability, 

determined how even small components obscure the qualities of crystals and 

suggested effective methods of their purification, until 1914. Ioffe was also 

among the founders of the X-ray and Radiology Institute in Petrograd 

(1918), later transformed into the Leningrad Physical-Technical Institute 

(1923) [5]. He organized a system of education combining academic study 

with practical work in research laboratories. As a result of his activities a 

system of physical-technical institutes was created, with institutions 

operating in Kharkov, Sverdlovsk, Tomsk, and other provincial centers. 

Although Ioffe’s main field was the physics of dielectrics. He initiated a 

program for the study of semiconductor physics (in the late 1920s) and 

nuclear physics (in 1932). He confirmed the existence of an electron, 

measured its charge and proved the quantum nature of light and statistical 

character of the photoelectric effect [6] [7]. Ioffe received many other 

honors in his country and abroad. In 1920, he was elected as an ordinary 

member of the Russian Academy of Sciences. From 1945 to 1952, he was a 

member of the Academyʼs Presidium. In 1928, he had been elected as a 

corresponding member of the German Academy of Sciences in Berlin. In 

1929, he was an honorary member of the American Academy of Arts and 

Sciences. Ioffe was a member of several other academies, including the 

venerable Accademia Nazionale dei Lincei in Rome, the Gottinger 

Academy and the National Academy of Sciences of India. For many years, 

he was a member of the Solvay Committee. In 1957, he served as vice 

president of the International Union for Pure and Applied Physics [8]. 
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IOFFE’S COOPERATORS  

J. G. Dorfman (1898 - 1974), I. K. Kikoin (1908 - 1984), Y. I. Frenkel 

(1894 - 1952), P. Kapitsa (1894 - 1984), I. Kurchatov (1903 - 1960), L. 

Landau (1908 - 1968), N. Semenov (1896 - 1986), M. Bronstein (1906 - 

1938), A. Alexandrov (1903 - 1994) and many others [9]. 

 

CONCLUSION 

Ioffe was the “Father of Soviet physics”. He did a lot of quality work. 
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ABSTRACT 

It will be given an overview of the biography and bibliography data on 

Soviet physical chemist Emanuel Nicholas Markowitz.  

 

BIOGRAPHY 

Nicholas Emanuel Markowitz (Никола́й Ма́ркович Эмануэ́ль) was a 

famous Soviet physical chemist (Fig. 1). He was born in the village of Tim 

Kursk (Тим Курской), now Timsk district of Kursk region. Markowitz 

studied at the Physical-Technical Faculty of the Leningrad, Polytechnic 

Institute between 1930 and 1932, and he specialized in the Department of 

Chemical Physics. In 1938 he became a PhD student of Leningrad Institute 

of Chemical Physics under the supervision of Nicholas Semenov (Никола́й 

Никола́евич Семёнов). In 1941 he was drafted into the Red Army. In 

November 1941 he was demobilized to participate in scientific work on 

defense projects and returned to the Institute, which was evacuated to 

Kazan. In 1942 he defended his thesis. In 1949 he obtained his Doctorate. In 

1958 the scientist was elected as a corresponding member of Soviet 

Academy of Sciences, and was upgraded to academic title in 1966 [1]. 

Eminent scientist died in the village of Chernogolovka (Черноголовка), 

Moscow region, on December 8, 1984. He was buried at Novodevichy 

Cemetery in Moscow (station number 10) (Fig. 2). 

 

BIBLOGRAPHY 

Emanuel’s career began after graduating from high school. He started 

dealing with kinetics and mechanisms of chemical reactions from when he 

was a student. He was dedicated to kinetics of slow degenerate branching 

chain reaction of hydrogen sulfide oxidation. Then he was involved in the 

processes in complex chemical systems and transformation of molecules 

with complex structure, such as gas-phase oxidation of aldehydes. He and 
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his colleagues studied the specific role of hydrogen bromide in oxidation 

reactions of hydrocarbons in the presence of HBr. Their opening was 

possible with a new mechanism of homogeneous catalysis gas (chemical 

induction), which they have confirmed by many other initiating additives 

(chlorine, nitric oxide, nitrosyl chloride). He won the Emanuel won Bach 

Prize in 1948., for his works. Later, Emanuel researched gas-phase 

oxidation of hydrocarbons and other chemical substances with changing: 

temperature, pressure, composition, introduction of catalysts and inhibitors - 

during process [3].  

   
Figure 1. Nicholas Emanuel Markowitz (1915 - 1984) 

Figure 2. Gravestone of N. E. Markowitz (Семенов Сергей 

Евгеньевич, 2014-09-14) 

 

Since the mid-50s in work, the study of the kinetics and mechanism of 

chain reactions of oxidation of organic compounds in the liquid phase is 

increasingly important. In his laboratory he studied mechanisms of various 

inhibitors, as well as homogenous and heterogenious catalysts of complex 

chain reactions. These processes have important practical significance as 

one of the most promising methods of obtaining many chemical products. 

As a result of the extensive series of studies in the Institute of Chemical 

Physics and the Moscow University (Department of Chemical Kinetics, 

where Emanuel worked since its foundation) theory of chain liquid-phase 

oxidation of organic compounds was created and experimentally 

substantiated. On the basis of theoretical and experimental work a number 

of original methods of obtaining important oxidation products have been 

proposed. The researcher found how to apply hydrocarbon oxidation 

reactions in petroleum chemistry of different classes: alkanes, alkenes, 

arylacetylenes, polyenes, and others. Emanuel suggested a new technique 

for transferring gas-phase reactions into low-temperature liquid phase 
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oxidation, which maximized yield of valuable products. For example, 

Emanuel developed the protocol for butane oxidation under temperatures 

and pressures, close to critical, and the results were acetic acid, methyl ethyl 

ketone and ethyl acetate. In 1958, for a series of studies of the properties and 

characteristics of chain reactions, Emanuel was awarded with the Lenin 

Prize. 

Emanuel also studied inhibitors and contributed a lot to practical 

application of the theory - aging retardation of combustibles and lubricants, 

rotting of fats and pharmaceuticals, etc.  

He proposed a number of new and effective ways to stimulate the slow 

chemical reactions due to short-term exposure at the initial time of the 

reaction of compounds to increase the rate of chain (the so-called initial 

impetus “chain avalanche”). 

Another important work of Markowitz was studying the dissolution and 

stabilization of polymers on the molecular level. The scientist suggested 

testing techniques for various stabilizing agents and quantitative criteria of 

polymer resistance to decomposition. Laboratory of professor Emanuel 

performed research in kinetics of biological processes (clinical oncology, in 

particular) and tested efficiency of various anti-tumor agents. 

 

 

 

 

Figure 3. Prof. Nicholas N. 

Semenov, Prof. Nicholas M. 

Emanuel, Prof. G. E. Zaikov, 

Prof. Guenter Wagner (foto 

1976) (Pearce, 2004). [2] 

 

 

In 1970s the scientist discovered the phenomenon of intensification of 

free-radical processes at the initial stage of tumor formation. Emanuel and 

his group found several anti-tumor agents and studied the role of free 

radicals in radiation injury, as well as showed protective effect of inhibitors 

of free-radical reactions [2]. 

It proposed a series of mathematical relationships quantitatively 

describing these curves, and found a universal equation for a generalized 

description of kinetic curves of different types.  

Emanuel carried on education and training of scientific personnel for 

most of his work. It has always been popular not only among students but 
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also among the staff of the Faculty of Chemistry. Among the students who 

have been thaught byMarkowitz, there are more than 300 candidates of 

science, 50 doctors and several members of the Academy of Sciences of the 

USSR [4] 

 

FAMOUS MONOGRAPH 

- Intermediates complex gas reactions (1946) 

- The oxidation of cyclohexane (1962) 

- Inhibition of oxidation of fats (1964) 

- The chain reaction of oxidation of hydrocarbons (1965) 

- Kinetics of experimental tumor processes (1977) 

- Nitrosomethylurea (1978) 

- Chemical physics of aging and stabilization of polymers (1982)  

 

CONCLUSION 

Emanuel was so extensive that the enumeration of all the organizations and 

councils, in which he participated, will be very long. 
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ABSTRACT 

Walther Hermann Nernst (1864 - 1941) was a German physicist. Nernst 

helped to establish the modern field of physical chemistry and contributed to 

electrochemistry, thermodynamics and solid state physics. He is known for 

developing the Nernst Equation. In the 1920  Nernst won the Nobel Prize in 

chemistry for his theories behind the calculation of chemical affinity as 

embodied in the Third Law of Thermodynamics.  

 

BIOGRAPHY 

Nernst was born in Briesen in West Prussia on June 25th, 1864, as son of 

Gustav Nernst (1827 - 1888) and Ottilie Nerger (1833 - 1876).[1] Nernst 

had three sisters and one brother (Fig. 1).[2] 

 

             
Figure 1. Nernst’s Family and Car. 

Figure 2. Nernst, Emma and they children. 

 

Nernst went to elementary school at Graudenz and than studied physics 

and mathematics of Zürich, Berlin, Graz and Würzburg. Nernst received his 

doctorate in 1887. Nernst’s hobbies included hunting and fishing. Nernst 

also invented an electric piano Neo-Bechstein-Flügel in 1930. which was 
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never successfully marketed. The piano used electromagnetic pickups to 

produce electronically modified and amplified sound in the same way as an 

electric guitar.[3] Emma Lohmeyer was Nernst’s wife, and they had two 

sons and three daughters (Fig. 2). Nernst was a vocal critic of Adolf Hitler 

and Nazism. His three daughters married Jewish men.  

Nernst died of a heart attack on November 18, 1941, at his home at 

Zibelle, Oberlausitz, near the German-Polish border. He buried near Max 

Planck (1858 - 1947), Otto Hahn (1879 - 1968) and Max von Laue (1879 - 

1960).[4] 

 

BIBLOGRAPHY 

After graduation, Nernst became an assistant to Friedrich Wilhelm Ostwald 

(Фридрих Вильгельм Оствальд, 1853 - 1932). With his colleagues at the 

University of Leipzig, Jacobus Henricus van’t Hoff (1852 - 1911) and 

Svante August Arrhenius (1859 - 1927), was establishing the foundations of 

a new theoretical and experimental field of inquiry within chemistry and 

suggested setting fire to unused coal seams to increase the global 

temperature. After some work at Leipzig, Nernst founded the Institute of 

Physical Chemistry and Electrochemistry at Göttingen. Nernst invented, in 

1897 an electric lamp, using an incandescent ceramic rod. His invention, 

known as the Nernst lamp, was the successor to the carbon lamp of Edison 

(Thomas Alva Edison, 1847 - 1931) and the precursor to the tungsten 

incandescent lamp of his student Irving Langmuir (1881 - 1957). In 1889, 

Nernst addressed another fundamental problem in solution chemistry: 

precipitation. At the same age, he arrived at his well-known equations which 

described the concentration dependence of the potential difference of 

galvanic cells, such as batteries, and were of both great theoretical and 

practical importance. Nernst started with the investigation of the diffusion of 

electrolytes in one solution. By combining this with Helmholtz’s law, which 

related thermodynamics to the emf of electrochemical cells, and van’t 

Hoff’s equation, which related chemical equilibria to thermodynamics, 

Nernst derived his second equation for galvanic cells. He wrote a 

mathematical equation, Nernst equation, which relates the electric potential 

of the ions to various properties of the cell. Nernst had devised methods for 

determining the pH value of a solution, an expression relating the solution’s 

hydrogen-ion concentration in 1903. He also formulated several significant 

theories, such as those on the electrostriction of ions, the diffusion layer at 

electrodes, and the solubility product. That mathematical expression is now 

known as the solubility product, a special case of the ionization constant for 

slightly soluble substances. Between 1905 and 1914, Nernst designed a 

number of ingenious instruments, such as a hydrogen liquefier, 
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thermometers, and calorimeters. In 

1911, with Max Planck, Nernst was 

the main organizer of The First 

Solvay Conference in Brussels (Fig 

3). 

After studying photochemistry 

(1918), he proposed the atomic chain 

reaction theory. His theory is closely 

related to the natural process of 

Nuclear Fission (Cl2 → 2Cl; Cl + H2 

→ HCl + H; H + Cl2 → HCl + Cl…). 

Nernst was director of the Institute of 

Physical Chemistry at Berlin from 

1924. to 1933. His device, a solid-body radiator with a filament of rare-earth 

oxides, that would later be known as the Nernst glower, is important in the 

field of infrared spectroscopy. Continuous ohmic heating of the filament 

results in conduction. The glower operates best in wavelengths from 2 to 14 

µm.[5] Walther Nernst’s fundamental contributions to electrochemistry, the 

theory of solutions, thermodynamics, solid state chemistry and 

photochemistry are recorded in a series of monographs, and in his many 

papers to learned societies, etc. The famous book: Theoretische Chemie vom 

Standpunkte der Avogadro’schen Regel und der Thermodynamik 

(Theoretical chemistry from the standpoint of Avogadro’s rule and 

thermodynamics) (1893); Einführung in die mathematische Behandlung der 

Naturwissenschaften (Introduction to the mathematical study of the natural 

sciences) with Arthur Moritz Schönflies (1853 - 1928); Die theoretischen 

und experimentellen Grundlagen des neuen Wärmesatzes (The New Heat 

Theorem, 1926) (1918).[6] Nernst became one of the earliest wholehearted 

supporters of Einstein and quantum mechanics.[7]  

 

THIRD LAW OF THERMODYNAMIC 
Nernst researched osmotic pressure and electrochemistry. In 1906, he 

established what he referred to as his New Heat Theorem, later known as the 

Third Law of Thermodynamics. This is the work for which he is best 

remembered, as it provided a means of determining free energies of 

chemical reactions from heat measurements. Theodore William Richards 

(1868 - 1928) claimed Nernst had stolen the idea from him. [5] Based on the 

first two laws of thermodynamics and Van’t Hoff's Equation, chemical 

equilibria depended on the free reaction enthalpy ΔG , which was a function 

of both the reaction enthalpy ΔH and the reaction entropy ΔS according to 

the Gibbs-Helmholtz equation: The problem was that, although enthalpy 

 
 

Figure 3. M. Planck, W. Nernst, 

A. Einstein, R. A. Millikan, M. 

Laue. 
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values could be calculated from thermal measurements, entropy values 

required data at the absolute zero of temperature, which was practically 

inaccessible. According to a later formulation, it stated that all entropy 

changes approach zero at the absolute zero. All perfect crystalline 

compounds were taken as zero at the absolute zero. The theorem was soon 

applied to industrial problems, induding calculations in ammonia synthesis. 

This theorem implies the impossibility of attaining absolute zero, since as a 

system approaches absolute zero, the further extraction of energy from that 

system becomes more and more difficult. Modern science has attained 

temperatures less than a billionth of a degree above absolute zero, but 

absolute zero itself can never be reached. Nernst hypothesized that, as they 

approach absolute zero, the two curves F and H become asymptotically 

tangent to each other - that is to say, in the vicinity of absolute zero, 

ΔF − ΔH → 0 (the difference approaches zero). From this form of the 

Gibbs-Helmholtz equation, it was then possible to calculate the integration 

constant on the basis of calorimetric measurements carried out in the 

laboratory.[4] 

 

CONCLUSION 

Walther Nernst was one of the geniuses of early twentieth-century German 

chemistry, a man with a prodigious curiosity about every new development 

in the physical sciences. Nernst made numerous important contributions to 

physical chemistry and was a great contributor to the organization of 

German science. 

 

Acknowledgement 

The authors wish to thank Ministry of Education and Sciences advance of 

the Republic of Serbia for financial support this work. 

 

REFERENCES 
[1] D. K. Barkan, Walther Nernst and the transition to modern physical science, 

Cambridge: Cambridge University Press, ISBN 052144456X, 1998. 

[2] H. G. Bartel, Nernst, Walther, in Neue Deutsche Biographie, 1999, 19, 66-68.  

[3] Walther Hermann Nernst, Foundation Nobel Prize. Retrieved 25 April 2012.  

[4] Walter Nernst Biography.nobelprize.org  

[5] H. G. Bartel, R. P. Huebener, Walther Nernst. Pioneer of Physics and of 

Chemistry, Singapore: World Scientific, ISBN 981-256-560-4, 2007.  

[6] J. R. Partington, The Nernst Memorial Lecture, in Journal of the American 

Chemical Society, 1953, 2853-2872. 

[7] A. Einstein, The Work and Personality of Walther Nernst, in Scientific 

Monthly, February, 1942, 195-196. 

 

http://www.britannica.com/science/absolute-zero
http://www.britannica.com/science/energy
http://www.britannica.com/topic/science
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/052144456X
http://www.deutsche-biographie.de/sfz71086.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1920/nernst.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1920/nernst-bio.html
https://en.wikipedia.org/wiki/World_Scientific
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/981-256-560-4


 
 
 
 
 
 
 
 

Q - Food Physical Chemistry 



 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016     Q-01-P 

 

 885 

RELATIONS BETWEEN FREE ENERGY AND GRAIN 

COMPOSITION OF SWEET MAIZE FROM 

ECOLOGICAL PRODUCTION 
 

V. Dragičević1, B. Janošević2, M. Simić1, M. Brankov1, J. Mesarović1  

and Ž. Dolijanović2  

 
1Maize Research Institute “Zemun Polje”, Slobodana Bajića 1, 11185 

Zemun Polje, Serbia. (vdragicevic@mrizp.rs) 
2University of Belgrade, Faculty of Agriculture Nemanjina 6,  

11080 Zemun, Serbia 

  

ABSTRACT 

The aim of this study was to investigate the influence of different cover 

crops, in combination with microbiological fertilizer on variability of main 

kernel components: proteins, starch and oil and their relation with different 

water types: free, bulk and chemically bound water (present in the form of 

Gibbs free energy) as factors which contribute to kernel nutritional quality. 

Applied cover crops and microbiological fertilizer expressed variable effect 

on content of starch, oil and particularly of proteins. Free energy of free 

water was negatively correlated with protein and starch and positive with oil 

in sweet maize kernel, indicating its significance in accumulation of all three 

examined components. Leguminous cover crops were important for protein 

accumulation in grain, together with decrease in available sorption sites and 

decrease in endergonic reactions, what could in result contribute to the 

increased nutritional quality of produced kernel. 

 

INTRODUCTION 

Food that originates from ecological and so organic production is 

characterised by higher nutritional value, it is richer in minerals, vitamins 

and other phytonutrients [1]. Important source of nutrients and energy in 

maize based food systems is given to sweet maize [2]. It is mainly 

consumed fresh or processed, but opposite to other types of maize, it is 

harvesting in milky, i.e. technological maturity (lesser dry substance 

concentration), when many nutrients are highly digestible. 

From this point of view it is important to examine relations between 

applied cropping practices and nutritional value of produced crops. Many 

strategies have been involved in ecological production with aim to maintain 

soil fertility and parallel, to enable maximal utilization of environment with 

savings in inputs. These strategies imply application of organic and 
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microbiological fertilizers, intercrops, cover crops, etc. Some studies 

describe reaction of sweet maze to application of organic fertilizers [3], as 

well as preceding crops [4,5], which influence not only growth and yielding 

capacity, but also kernel composition. 

 The objective of this study was to investigate the influence of different 

cover crops in combination with microbiological fertilizer on variability of 

main kernel components: proteins, starch and oil and their relation with 

different water types: free, bulk and chemically bound water, as factors 

which contributes to kernel nutritional quality. 

 

EXPERIMENTAL 

A field experiment was carried out over 2014/15, at the Experimental Field 

of Maize Research Institute in Zemun Polje (44°52'N 20°20'E). The 

experiment was established as a block design with four replications with 

winter cover crops as treatment: T1 - common vetch (Vicia sativaL.), T2 - 

winter oats, (Avena sativa L.), T3 - fodder kale (Brassica oleracea (L.) 

convar. acephala), T4 - field pea (Pisum sativumL.) + winter oats, T5 - dead 

organic mulch, T6 - common vetch + winter oats, T7 - field pea and T8 - 

classical variant, uncovered during the winter. 

The cover crops were sown at the end of October or in early November. 

Green mass of the cover crops were incorporated in the soil in early May. 

After that bio-fertilizer – Uniker (containing proteolytic and cellulolytic 

bacteria) was applied to accelerate mineralization of cover crops, which was 

followed by sweet maize (ZPSC 421su) sowing. 

The kernels were harvested at the stage of milk maturity (end of August). 

The content of protein, starch and oil in grain was determined after drying in 

ventilation dryer at 80 °C, on infrared analyser (Infraneo, Chopin 

Technologies, France). The difference between fresh and dry mass (after 

drying at 60 °C, 105 °C and 130 °C) referred to contents of free, bulk and 

chemically bound water, calculated by free energy by sorption isotherm [6]: 

 
where aw is the relative water content achieved after drying at T (60, 105 

and 130 °C), R is the gas constant (8.3145 J mol-1 K-1) and ∆G is differential 

free energy.T he experimental data were statistically processed by standard 

deviation and correlation (Pearson coefficients). 

 

RESULTS AND DISCUSSION 

According to results presented in Tab. 1, the highest variation in examined 

kernel constituents was in oil content (15.8%), while the lowest variation 

was in starch content (3.7%). Among tested treatments, the highest protein 

content was in T4 treatment, followed by T1 and T7, what could be 
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explained by the positive response of sweet maize to nitrogen enrichment 

caused by leguminous plants present in those treatments [4, 5]. The highest 

starch content was in T5 and the other treatments with non-leguminous 

cover crops [5]. The highest oil content was in T3 treatment. Other than 

that, free energy values (ΔG 60°C) varied in the widest range among all 

examined parameters (31.1%) and ΔG 105°C varied in the lowest degree 

(6.4%). Since free energy presents the work necessary to make the sorption 

sites available, and so the higher the moisture content is, the number of 

available sites are lower [1], results in this research indicate that the lowest 

available sites are present for ΔG 60°C averagely. Similar trend was 

observed for T1 treatment, where the lowest values of all three free energy 

parameters were noticed. The highest values of ΔG 60°C and ΔG 105°C 

were in T2 and the highest value of ΔG 130°C was in T7 treatment, 

indicating higher availability of sorption sites, as well as domination of 

endergonic reactions. 

 

Table 1. The influence of different cover crops in combination with 

Uniker to variation on main composition and free energy in sweet maize 

grain 

Treatm. 
Protein 

(%) 

Starch 

(%) 

Oil 

(%) 

ΔG 60°C 

(J mol-1) 

ΔG 105°C 

(J mol-1) 

ΔG 130°C 

(J mol-1) 

T1 11.16 62.2 5.2 0.60 9.38 7.08 

T2 10.04 60.6 6.7 1.16 10.43 8.87 

T3 10.87 59.7 6.8 0.92 10.07 8.91 

T4 11.64 61.7 6.1 0.94 9.53 8.81 

T5 10.27 63.4 6.5 0.82 9.94 8.35 

T6 11.33 60.0 6.2 0.86 9.92 8.27 

T7 11.36 58.7 6.6 0.88 9.45 9.02 

T8 11.36 61.3 5.3 0.82 9.70 8.63 

CV% 8.8 3.7 15.8 31.2 6.4 16.6 

 

The significant and negative correlation was observable between protein 

content and ΔG 60°C and ΔG 105°C (Tab. 2), as well as between starch 

content and ΔG 60°C and ΔG 130°C, pointing that increase in content of 

polymers such protein and starch correspond with decrease in available sites 

for free and bound water sorption, as well as lowering of endergonic 

reactions [7, 8]. Oil correlated positively with all three examined free energy 

parameters, indicating importance of all three water types for their 

accumulation, as well as increase in available sites for all three types of 

water. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016     Q-01-P 

 

 888 

 

Table 2. The correlation between free energy and main grain constituents 

 Protein (%) Starch (%) Oil (%) 

ΔG 60°C -0.428* -0.371* 0.703* 

ΔG 105°C -0.778* -0.085 0.597* 

ΔG 130°C -0.067 -0.521* 0.682* 
*The significant values at the level of significance of 0.05 

 

CONCLUSION 

The combination of different cover crops and microbiological fertilizer 

expressed variable effect not only on accumulation of main kernel 

components (nutrients), but also on desorption properties of free, bulk and 

bound water. Free energy of free water was negative correlated with protein 

and starch and positive with oil in sweet maize kernel, indicating its 

importance in accumulation of all three components. Leguminous cover 

crops were important for protein accumulation, together with decrease in 

available sorption sites and decrease in endergonic reactions, what could in 

result contribute to the increased nutritional quality of produced kernel. 
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ABSTRACT 

In this study, three different extraction solvent combinations for  

di-n-buthylphthalate (DnBP) determination in milk samples were 

compared.Combinations of methanol, ethanol and acetonitrile with hexane 

were investigated. DnBP determination was carried out by gas 

chromatography – mass spectrometry (GC-MS). Effects of solvent 

extraction were studied by spiking known amount of DnBP standard 

solution in concentration range 0.25 to 1.25 mg L-1. Obtained results 

indicate that extraction method which included ethanol/hexane combination 

of solvents showed the best recovery for all spiked concentrations of DnBP 

(29.90%). The lowest recovery was obtained for acetonitrile/hexane 

combination (20.39%). 

 

INTRODUCTION 

Phthalates are used as plasticizers in polymeric materials to increase their 

physical properties, flexibility and softness. Most of packaging materials are 

made of polymeric material that contain phthalates and they can migrate 

from packaging because phthalates are not physically bonded to plastics.[1] 

The most used phthalates in polymers of food packaging materials are di-

(ethylhexyl) phthalate (DEHP) and DBP.[2, 3] 

These phthalates are listed as endocrine disruptors and they metabolize to 

bioactive phthalate monoesters. [4] Milk is a major source of nutrition for 

infants and children, and because of that the presence of DnBP and DEHP 

in milk is of increasing interest. [5] 

Techniques such as solvent extraction and solid phase extraction are used 

to clean up and concentrate milk samples before analysis. It is very 

important to find appropriate solvent or combination of few solvents to 

obtain high recovery. [6] 
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EXPERIMENTAL 

DnBP standard, dibuthyl adipate (DBA), acetonitrile and hexane were 

purchased from Sigma Aldrich, USA. Methanol and ethanol were purchased 

from Baker, USA. All used solvents were HPLC grade and screened to 

determine the phthalate background.  

All sample and standard manipulation was done avoiding any contact 

with plastic equipment. Amounts of DnBP and DBA standard were 

accurately weighted out by analytical balance with precision at ±0.0001 g 

(Kern, Germany) and stock solutions were prepared by hexane diluting. 

Stock and working standards were in fridge.  

Milk samples with 2.8% milk fat content were purchased from local 

supermarket (Niš, Serbia). Effects of solvent extraction were studied by 

spiking known amount of DnBP standard solution in concentration range 

from 0.25 to 1.25 mg L-1 in samples before extraction steps. A volume of 10 

mL milk sample was put in a polypropylene centrifuge tube and 30 mL of 

methanol was added. Mixture was treated under ultrasonic conditions for 30 

min and centrifuged for 10 min at 4000 rpm. After this step, 20 mL of 

supernatant was transferred into clean polypropylene tube, 10 mL of hexane 

was added and mixture was shaken and centrifuged once more by the same 

conditions. Hexane layer was analyzed by GC-MS. All spiked samples and 

blank sample were analyzed in three replicates. These procedure was 

repeated for two other solvents, acetonitrile and ethanol, instead of 

methanol. 

Analysis was carried out by gas chromatography coupled to mass 

spectrometer (Hewlett Packard 6890 series GC System with autosampler 

connected with Agilent 5973 Mass Selective Detector (Electron Ionization 

MSD-EI, single quadrupole). The separation was achieved with 30 m × 0.25 

mm × 0.25 µm a non-polar AGILENT DB-5MS column coated with 5% 

phenyl, 95% dimethylpolysiloxane. The MSD was used in the single ion-

monitoring (SIM) mode. The identification of target compounds was based 

on the relative retention time, the presence of target ions and their relative 

abundance. The most abundant ion m/z 149 was chosen for quantification of 

DBP. Ion m/z 185 was chosen as representative ion of DBA internal 

standard. The dwell time was 100 ms. 

 

RESULTS AND DISCUSSION 

All quantification was performed by an external calibration method based 

on response ratios between internal standard and DBP. Calibration curve of 

DnBP standard series was obtained by standard solutions in a concentration 

range of 0.25 to 10 µgmL-1 and calibration curve showed linearity with 

correlation coefficient> 0.99. 
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Recovery values were calculated for all investigated systems. Mean 

values of recovery obtained by using three different combination of 

extraction solvents are given in Table. 

DnBP concentration correlation between hexane extract and milk matrix 

is showed in Figure. 
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Figure 1. DnBP concentration correlation between hexane and milk matrix: 

(■) – Methanol/hexane; (●) – Ethanol/hexane; (▲) – Acetonitrile/hexane 

 

Table 1. Recovery for spiked samples obtained by extraction with 

methanol, ethanol and acetonitrile 

Used solvent Methanol Ethanol Acetonitrile 

Spiked concentration 

(mg L-1) 
Recovery (%) 

0.25 28.40 29.73 23.20 

0.50 23.07 25.54 19.20 

0.75 21.51 27.00 20.18 

1.00 23.13 31.96 20.57 

1.25 23.60 35.27 18.80 

Mean value of 

recovery (%) 
23.94 29.90 20.39 

 

Obtained results indicate that extraction method which included 

ethanol/hexane combination of solvents showed the highest recovery for all 
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spiked concentrations of DnBP. Also, the lowest recovery was obtained for 

extraction by acetonitrile/hexane combination of solvents. 

Although values of recovery for all tested spike concentrations within 

applied method showed similar values, there is no established trend between 

the increase of spiked concentrations and obtained recovery values. 

 

CONCLUSION 

The effectiveness of solvent combination on DnBP extraction in milk 

samples was investigated. Applied combination ethanol/hexane showed the 

best recovery value (29.90%) while acetonitrile/hexane combination 

showed the lowest effectiveness (20.39%). 
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ABSTRACT 

In this study, milk fat content influence on phthalate determination was 

investigated. Investigated milk samples contained fat in following amounts 

(%): 0.5, 1.5, 2.8, 3.2 and 3.5. Used method included extraction with 

acetonitrile and hexane, and centrifugation. The effects of matrix were 

studied by spiking milk samples with known amount of phthalates standard 

solution in concentration range 0.25 to 1.25 mg L-1 before extraction 

steps.Obtained results indicate that there is no correlation between fat 

content and phthalate recovery determined by used method in used milk fat 

content range. The lowest recovery was obtained for dimethylphthalate 

(DMP)in samples with the lowest fat content (0.5%). The highest recovery 

was obtained for di(2-ethylhexyl)phthalate (DEHP) from the same milk 

samples. In general, in all investigated milk samples, DMP showed the 

lowest recoveries, while in the case of other investigated phthalates, there is 

no established trend. 

 

INTRODUCTION 

Phthalates are nonvolatile chemical substances used as additives for plastic 

materials in order to increase flexibility and softness of plastic material.[1, 

2] Due to their widespread use phthalates can be found in many consumer 

products, such as cosmetics, clothing, medical equipment, food and food 

packaging, etc. and humans can be exposedto phthalates by different routes: 

ingestion, inhalation and dermal absorption. Human exposure to phthalates 

is mainly caused via food ingestion.[3, 4] Food can be contaminated by the 

contact with food packaging containing phthalates because phthalates do not 

form stable bonds with plastics, and they can release into surrounding 

media. Phthalates have lipophilic nature and tend to leak in oil or fat-

containing food.[1, 5]In recent years, phthalates have attracted huge public 

attention because these compounds are listed as suspected endocrine 
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disruptors or mutagens, which can have adverse effects on human health 

even at low levels.[6]  

Milk and milk products can be contaminated during the preparation and 

packaged processes. Milk is a complex matrix consisting of proteins and 

different amounts of fat, and phthalates can be bound to matrix constituents 

with different affinity due to their different chain lengths.The tolerable daily 

intake (TDI) values established by the European Food Safety Authority 

(EFSA) panel are: 0.05 mg/kg/day for DEHP; 0.5 mg/kg/day for 

benzylbuthyl phthalate (BBP) and0.01 mg/kg/dayfor di-n-buthyl phthalate 

(DnBP).[6, 7] 

 

EXPERIMENTAL 

DMP, DnBP, BzBP, DEHP, dibuthyl adipate (DBA), acetonitrile and 

hexane were purchased from Sigma Aldrich, USA. Solvents were HPLC 

grade and screened to determine the phthalate background. Stock solution of 

each standard was prepared by hexane diluting of phthalate standard 

amountsand DBA standard that were accurately weighted out by analytical 

balance with precision at ±0.0001 g (Kern, Germany) and stored at 4 °C. 

Working standard solutions were at the concentration range from 0.25 to 10 

µg mL-1. DBA was used as internal standard at concentration 1 µg mL-1. 

To avoid phthalates contamination, all glassware used in this study was 

soaked and washed with acetone, rinsed with hexane and dried at 120 °C for 

4 h. After cleaning, glassware was sealed with aluminum foil and stored in a 

clean environment to avoid adsorption of phthalates from the air. 

Milk samples were purchased from local supermarkets (Niš) and all 

samples were open at the same time in the same place. Five different types 

of milk were investigated. Fat content in these samples were (%): 0.5, 1.5, 

2.8, 3.2 and 3.5.The effects of matrix were studied by spiking samples with 

known amount of phthalates standard solution in concentration range 0.25 to 

1.25 mgL-1 before extraction steps. All spiked samples and blank sample 

were analysed in three replicates. 

A volume of 10 mL milk sample was put in a polypropylene centrifuge 

tube and 30 mL of acetonitrile was added. Mixture was shaken vigorously 

for 1 min and centrifuged 10 min at 4000 rpm. After this step, 20 mL of 

supernatant was transferred into clean polypropylene tube, 20 mL of hexane 

was added and mixture was shaken and centrifuged once more by the same 

conditions. Hexane layer was analyzed by GC-MS. All spiked samples and 

blank sample were analyzed in three replicates. 

Analysis was carried out by gas chromatography coupled to mass spectrometer 

(Hewlett Packard 6890 series GC System with autosampler connected with 

Agilent 5973 Mass Selective Detector (Electron Ionization MSD-EI, single 
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quadrupole). The separation was achieved with 30 m × 0.25 mm × 0.25 µm a non-

polar AGILENT DB-5MS column coated with 5% phenyl, 95% 

dimethylpolysiloxane. The MSD was used in the single ion-monitoring (SIM) 

mode. The identification of target compounds was based on the relative retention 

time, the presence of target ions and their relative abundance. The most abundant 

ion m/z 149 was chosen for quantification of DnBP, BBP and DEHP, while ion 

m/z 165 was chosen for DMP quantification. Ion m/z 185 was chosen as 

representative ion of DBA internal standard. The dwell time was 100 ms. 

 

RESULTS AND DISCUSSION 

Calibration curves of standard series were obtained by standard solutions in 

a concentration range of 0.25 to 10 µg/mL.All calibration curves were linear 

with correlation coefficients > 0.99. 

Phthalate concentration correlation between hexane extract and milk 

matrixwere obtained by hexane extracts of spiked samples in a 

concentration range of 0.25 to 1.25 mg L-1. Obtained calibration curves for 

milk sample with 2.8% fat content is shown in the Figure 1. 

 
Figure 1. Calibration curves of DMP, DnBP, BBP and DEHP obtained 

from spiked milk samples with 2.8% milk fat content 

 

Recovery values were calculated for all investigated samples. Obtained 

mean values of recovery for all investigated phthalates are given in Table 1. 

Obtained results indicate that there is no correlation between fat content 

and phthalate recovery determined by used method. The lowest recovery 

was obtained for DMP from samples with the lowest fat content (0.5%). The 

highest recovery was obtain from the same milk samples by investigation of 

DEHP. By compering obtained values of recovery for two other investigated 

phthalates, DnBP and BBP, it can be concluded that DnBP showed better 

recovery for all investigated samples, but without established trend between 

investigated types of milk. 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016    Q-03-P 

 

 896 

Table 1. Recovery of 4 phthalates in 5 different commercial milk samples 

for 5 different spike concentrations 

Fate content (%) 0.5 1.5 2.8 3.2 3.8 

Phthalate Recovery (%) 

DMP 3.39 6.24 3.60 5.08 4.73 

DnBP 33.32 50.44 20.39 34.97 31.52 

BBP 18.76 20.00 10.63 15.67 12.58 

DEHP 67.39 35.62 45.82 33.96 43.20 

In general, from all investigated samples, DMP showed the lowest 

recovery while in case of other investigated phthalates, there is no 

established trend. 

 

CONCLUSION 

Fat content influence on phthalate determination was investigated. Results 

showed that there is no correlation between fat content and obtained 

recoveries. DMP showed the lowest recovery in all investigated samples 

while the highest recovery value was not established for any of other 

investigated phthalates.  
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ABSTRACT 

Differential scanning calorimetry (DSC) technique is usedto investigate the 

impact of fatty acids content in blackberry (R. fruticosus L., Čačak 

Thornless cultivar) and raspberry (Rubus idaeus L., Willamette cultivar) 

seed oils on crystallization process of these berry seed oils.Raspberryseed 

oil crystallizes at a lower temperature (for about 5 °C)compared to the 

crystallization temperature of blackberry seed oil.Thereason for this lies in a 

higher content of linolenic acid (18:3)in the raspberry than in blackberry 

seed oil. 

 

INTRODUCTION 

Fats are highly abundant compounds in nature and are widely used in food 

and other consumer products [1].Their behavior heavily influences the 

microstructure and physical properties of these products. The crystallization 

behavior of fats and lipids has two major industrial implications: (a) 

processing of the products made of fat crystals, such as chocolate, margarine 

and shortening, whipping cream, etc., and (b) separation of specific fats and 

lipids materials from natural resources[1]. 

Edible oils and fats mainly consist of a multi-component mix of 

triacylglycerols (TAGs) with a small amount of other minor components. A 

TAG is a triester of glycerol with three fatty acid molecules. Thephysical 

behavior of TAGs influences the physical properties of fat-based products, 

such as appearance, texture, plasticity, morphology, and rheology[2]. The 

aim of this paper is to investigate the impact of fatty acids content in 

blackberry and raspberry seed oils on crystallization process of these berry 

seed oils by mean of differential scanning calorimetry (DSC). 

 

EXPERIMENTAL 

Blackberry (R. fruticosus L., Čačak Thornless cultivar) and raspberry 

(Rubus idaeus L., Willamette cultivar) were obtained from the Fruit 

Research Institute, Čačak, Serbia. Fresh berries were frozen at -20 °C and 
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stored for one monthuntil processing. Berry seeds were obtained by fruit 

pulp cold-pressing. Examined oils were obtained by extraction from milled 

raspberry and blackberry seeds using hexane (Sigma–Aldrich, Missouri, 

USA) as described in literature[3]. The oil was stored at -20 °C until 

analysis. All chemicals and reagents used were of the highest purity 

(p.a.).Fatty acids percentage contribution (% w/w) in berry seed oils was 

determined in our previous work [4]: blackberry seed oil – (16:0) palmitic 

3.65, (18:0) stearic 2.27, (18:1) oleic 12.53, (18:2) linoleic 66.33 and (18:3) 

linolenic acid 14.62 % w/w; raspberry seed oil – (16:0) palmitic 3.47, (18:0) 

stearic 1.06, (18:1) oleic 11.55, (18:2) linoleic 55.29 and (18:3) linolenic 

acid 27.80 % w/w. Pure fatty acids (palmitic stearic, oleic, linoleic and 

linolenic) werepurchased from Sigma-Aldrich (Missouri, USA) and their 

purity was >99% according to the manufacturer's specification. 

Crystallization process of raspberry and blackberry seed oils and pure 

fatty acids is studied onTA Instruments DSC Q1000, Differential Scanning 

Calorimeter (Delaware, USA), with TA Universal analysis 2000 software, 

under air flow of 50 ml/min. Samples of berry seed oils and pure fatty acids 

were placed in open aluminum pans and into the equipment’s sample 

chamber, and their mass was 3.0 ± 0.3 mg. DSC scans of analyzed samples 

were conducted in a temperature range of 80 to -90 °C with cooling rate of 2 

°C/min Characteristic temperatures of crystallization process were 

determined from DSC curves: onset temperature (Ton,c), offset temperature 

(Toff,c) (as the intersection of the extrapolated baseline and the tangent line 

of the crystallization peak), and the peak temperature (Tp,c) (temperatures of 

a maximum heat flow) between Ton,c and Toff,c. The crystallization enthalpies 

(ΔHc) of both berry seed oils and pure fatty acids were obtained by the 

integration of the crystallization DSC peaks (the linear baseline function 

integration). 

All DSC experiments and measurements were performed in triplicate and 

the values are presented as mean values ± SD.All data (Ton,c, Tp,c and Toff,c) 

were statistically analyzed by one-way analysis of variance (ANOVA) with 

the STATISTICA 10.0® (StatSoft Inc., Tulsa, OK, USA) software. Tukey’s 

HSD test was applied to determine significant differences between means, at 

a level of p < 0.05. 

 

RESULTS AND DISCUSSION 

In Table 1. obtained characteristic crystallization temperatures (Ton,c, Tp,c 

and Toff,c) and enthalpies(ΔHc) of berry seed oils and pure fatty acids are 

presented. On the basis of a post-hoc Tukey’s HSD test it has been shown 

that among all the analyzed samples there is a statistically significant 

difference in terms of their characteristic temperatures and enthalpies of 
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crystallization. This is an indication that the crystallization process of berry 

seed oils is influenced by the structure of the fatty acids and composition of 

the oil (percentage contribution of individual fatty acids). 

 

Table 1. Characteristic crystallization temperatures (Ton,c,Toff,c and Tp,c) and 

enthalpies(ΔH) of berry seed oils and pure fatty acids. 

Sample Ton,c (°C) Tp,c (°C) Toff,c (°C) ΔHc(J/g) 

Linolenic -21.18±0.13d -21.82±0.19c -23.17±0.07c -130.2±1.1g 

Linoleic -22.15±0.20c -22.55±0.13g -24.00±0.18d -151.6±0.9f 

Oleic 1.97±0.02e 1.53±0.01d 0.41±0.01e -181.4±1.2c 

Stearic 66.57±0.52g 66.40±0.41f 64.64±0.15g -415.6±4.3e 

Palmitic 60.28±0.36f 60.16±0.57e 58.59±0.55f -358.8±1.9d 

Blackberry 

seed oil 
-57.02±1.01a -61.36±0.53a -66.57±1.18a -29.0±2.1a 

Raspberry 

seed oil 
-60.56±0.98b -66.32±0.84b -73.40±1.11b -25.1 ±2.5b 

 

The results are presented as mean±SD; different letter in superscript within 

the same column indicate significant differences (p <0.05), according to 

Tukey’s test, number of repetitions: n=3. 

On the Fig. 1.the dependence of temperatures, Tp,c, (A) and enthalpies, 

ΔHc, (B) of crystallization as a function of the type of fatty acids and berry 

seed oils was shown.It can be seen that the saturated fatty acids have higher 

values of temperatures and enthalpies of crystallization compared to these 

values of unsaturated fatty acids. Also, it can be seen that with increasing 

number of double bonds in the molecule of unsaturated fatty acid their 

temperatures and enthalpies of crystallization decrease. Namely,crystal 

formationdepends on the linearity of the fatty acid molecules.The double 

bond in the cis-position breaks the linear structure ofthe fatty acid chain, and 

according to that the fatty acid molecules are more difficult to pack in the 

crystal lattice[5]. 

Raspberryseed oil crystallizes at a lower temperature (Tp,c) (for about 5 

°C)compared to the crystallization temperature of blackberry seed 

oil.Thereason for this lies in a higher content of linolenic acid (18:3)in the 

raspberry than in blackberry seed oil. The more double-bonds present in 

thefatty acid molecules, the more complicated shape of theTAGsmolecule 

will be [5]. This will affect the crystallization process ofoils. 
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Figure 1. Dependence of 

temperatures -Tp,c (A) and 

enthalpies -ΔHc (B) of 

crystallization as a function of the 

type of fatty acids and berry seed 

oils. 

 

CONCLUSION 

The saturated fatty acids have 

higher values of temperatures and 

enthalpies of crystallization 

compared to these values of 

unsaturated fatty acids. Crystal 

formation depends on the 

linearity of the fatty acid 

molecules. Raspberryseed oil 

crystallizes at a lower 

temperature (Tp,c) (for about 5 

°C)compared to the 

crystallization temperature of 

blackberry seed oil. Thereason 

for this lies in a higher content of 

linolenic acid in raspberry seed 

oil. The more double-bonds 

present in the fatty acid 

molecules, the more complicated 

shape of the TAGs molecule will 

be, and according to that TAG 

molecules are more difficult to 

pack in the crystal lattice. 
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ABSTRACT 

The aim of this work was to investigate the antibacterial effect of 

combination of ethanolic herbal extracts and red wine against Listeria 

monocytogenes, Staphylococcus aureus and Escherichia coli, using 

commercial fresh pork meat as a food model. Red wine (Merlot, Serbia) and 

ethanolic herbal extracts had shown strong additive effects, causing cellular 

death and inhibition of bacterial growth at 37oC and at 20oC respectively. 

Clarifications only slightly diminish the antibacterial effect of wine. The 

wine and ethanolic herbal extracts, as natural preservatives, could be used as 

safe and effective antibacterial marinades to extend the shelf life of meat up 

to 96 h of storage on 20oC. 

 

INTRODUCTION 

Microorganisms are the mayor cause of meat spoilage, producing dangerous 

products and changes of sensory properties. Listeria monocytogenes can 

survive refrigeration temperature [1] or combination of low pH, low water 

activity (Aw), sodium chloride and sodium nitrate in meat products [2] and 

is a particular food safety concern. Staphylococcus aureus growing may be 

inhibited at refrigeration temperatures (8 °C) by appropriately lowering the 

pH and Aw levels, but it produces a heat stable enterotoxin when allowed to 

grow for several hours in meat [3]. Escherichia coli, the primary pathogen 

on meat products, could cause serial health problems. The antimicrobial 

activity of various herbal ethanolic extracts, as replacement for synthetic 

food preservatives, was found against common meat spoilage and 

pathogenic bacteria at 20oC and at 4oC in both individual extracts and their 

combinations in modified atmosphere packed fresh or cooked pork [4]. 

https://en.wikipedia.org/wiki/Enterotoxin
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Wine and spices-based marinades possess strong antibacterial activity [5]. 

Different components of herbal extracts and wine have been proposed to 

contribute to antibacterial activity [4], [1]. Some authors emphasis the role 

of phenolic compounds [1] while accentuate to the other constituents of 

wine, such as organic acids, ethanol or pH [6]. The main objective of this 

study was to explore antibacterial effect of combinations of red wine, 

clarified red wine, ethanolic herbal extracts and ethanol. Combinations 

giving additive or synergetic effects were tested on commercial fresh pork 

meat inoculated with L.monocytogenes and S. aureus. 

 

EXPERIMENTAL 

Bacterial Strains: The following bacterial strains were used: 

Staphylococcus aureus ATCC 25923, Listeria monocytogenes 19111 and 

Echerichia coli 8739. Bacteria were cultivated at 37oC in appropriate culture 

media and adjusted to concentration of 1.0 x 106 cfu/ml. Samples: Herbal 

extracts in 40% ethanol were obtained from Institute for medicinal and plant 

research “Dr JosifPančić”. Serbian red wine Merlot was obtained from local 

market. Clarified wine, stripped from phenolic compounds by active carbon, 

was used as control. The minimal inhibitory and bactericidal concentrations 

(MIC and MBC) were determined using 96-well microtiter plates [7]. 

Samples were dissolved in MHB medium with bacterial inoculum of 1x104 

cfu/ml. Antibacterial activity on pork meat model system: Lean pork 

meat was obtained from a local market. A mass of 5g of meat was 

aseptically placed in polystyrene bottles and 10 ml isotonic solution with 

combinations of herbal extracts and wine was added [1]. Samples were 

inoculated at final concentration of 1x105 cfu/ml of Staphylococcus aureus 

ATCC 25923, Listeria monocytogenes 19111 and incubated at 20oC for 96h. 

Controls were carried out with uninoculated samples. 

 

RESULTS AND DISCUSSION 

Ethanolic herbal extracts showed various degrees of inhibition against 

Gram-positive bactera: L. monocytogenes and S. aureaus at 37oC, while 

40% ethanol had no activity in MIC and MBC assays E. coli (Gram-

negative) was resistant (data not shown). The sensitivity difference between 

two groups of bacteria was previously observed in treatments with ethanolic 

plant extracts [4], [7] and could be explained by the fact that Gram-negative 

bacteria posses an outer membrane and a unique periplasmic space not 

found in Gram-positive bacteria. Red wine inhibited growth of S. aureaus, 

while E. coli and L. monocytogenes were resistant. Low antibacterial 

activity of clarified wine on S. aureaus indicate that phenolic compounds 

contribute to the antibacterial activity of wine, Table 1. 
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Table 1. Antibacterial activity of herbal extracts and wine on Gram-positive 

bacteria in microdilution method (MIC and MBC are in mg/ml) at 37oC. 
Antimicrobial agents 

(ethanolic herbal extracts, 

wine, antibiotics) 

Test bacteria 

L. monocytogenes S. aureus 

MIC MBC MIC MBC 

sage 5 10 2.5 5 

mint - - 20 40 

cumin - - 20 40 

basil 20 40 10  20 

sage, mint, cumin (herbs) 10  20 5 10 

sage, mint 10  20 5 10  

sage, cumin 10 20 10 20 

mint, cumin - - 10 20 

clarified wine - - 20 40 

wine - - 10 20 

streptomycin 0.0625 0.125 0.0625 0.125 

rifampicin ND ND 0.05 0.10 

Herbal extracts in 40% ethanol were adjusted at the concentration of 200 

mg/ml. Red wine (14.5 % ethanol) was clarified using activated carbon. 

Streptomycin and rifampicin (1mg/ml) were used as positive controls. 

Abbreviations: MIC, minimal inhibitory concentration; MBC, minimal 

bactericidal concentration, ND, not done. 

Table 2. Antibacterial activity of mixed herbal extracts and wine against 

mesophilic aerobic bacteria, L. monocytogenes and S. aureus at 20oC. 
Test Herbal 

extracts/wine 

Time 

0h 24h 48h 96h 

Mesophilic 

aerobic 

bacteria 

(uninoculated) 

(cfu/ml) 

control 0.9×102 3.7×109± 

2 ×107 

1.7×108±  

7.5×107 

1.2×108± 

1×107 

wine 0.9×102 0 0 0 

herbs 0.9 ×102 0 0 0 

herbs, wine 0.9 ×102 0 0 0 

L. 

monocytogene

s 

(cfu/ml) 

control 1×105 3.3×107 ±  

1.4×106 

1.1×106 ±  

1.5 ×105 

5.6×106±  

6.5 ×105 

wine 1×105 0 6 ×105 ±  

3×104 

0 

herbs 1×105 0 0 0 

herbs, wine 1×105 0 0 0 

S. aureus 

(cfu/ml) 

control 1×105 4.3×107 ± 

1.4 ×106 

2.4 ×107 ±  

2.4×106 

0 

wine 1×105 0 0 2.4×107 ±  

5×106 

herbs 1×105 0 6×105 ±   

3×104 

0 

herbs, wine 1×105 0 0 0 
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Treatment of pork meat, inoculated with L. monocytogenes and S. aureus, 

with combinations of ethanolic herbal extracts from sage, mint and cumin, 

alone or with wine, had shown strong additive effects, inhibiting growth of L. 

monocytogenes, S. aureus and mesophilic aerobic bacteria at 20oC, Table 2. 

 

CONCLUSION 

Ethanolic herbal extracts and red wine inhibited growth of Gram-positive 

bacteria: Listeria monocytogenes and Staphylococcus aureus in culture 

media at 37oC, while Gram-negative bacteria E. coli was resistant. Using 

commercial pork meat as a food model, combinations of herbal extracts, 

alone or with wine, had shown strong additive effects, causing growth 

inhibition of L. monocytogenes, S. aureus and mesophilic aerobic bacteria at 

20oC. 
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ABSTRACT 

Thermal behavior of fresh and conventionally dried apple, with different 

moisture content, was studied by Differential Scaning Calorimetry (DSC). 

The glass transition temperature (Tg) was determined from the DSC curves. 

Since much of the water was linked to the solid matrix, samples with low 

moisture content showed the glass transition. Tg increased with decreasing 

moisture content. Tg increased from -57.0°C to -6.8 °C when the moisture 

content decreased from 58% to 9%. 

 

INTRODUCTION 

Low moisture foods can be considered as solid solutions whose components 

have been caught in a glassy, solid-like state as a result of water removal. 

Dehydrated, low-moisture and frozen foods are typically in an amorphous 

metastable state which is very sensitive to changes in moisture content and 

temperature. It has been postulated that the mobility of food sugars and 

proteins increases with temperature near Tg of the dry food matrix [1, 2]. 

Increases in concentration of plasticizing agent (water) cause a decrease in 

Tg, resulting of facilitated time and temperature dependent physical and 

chemical changes that are responsible for quality losses during food 

processing and storage [1,2,3]. The importance of Tg of amorphous food 

materials for processing and storage stability has been recognized and 

emphasized by many researchers and a wide range of potential food 

applications of the glass transition phenomenon have been identified [4]. 

Two main alternatives exist to avoid glass-rubber transitions and associated 

structural collapse to depress processing or storage temperature and /or to 

add a Tg-depressing agent to increase the glass transition temperature of the 

food material [1, 2]. Water activity (aw) and glass transition temperature (Tg) 

provide valuable information on the effects of water content on water 

availability in foods and on the physical state of food solids [2]. Biological 

materials are rigid and brittle below the glass transition temperature. The 

physical state of foodstuffs is very stable below the glass transition 

temperature because compounds involved in deterioration reactions take 
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many months or even years to diffuse over molecular distances, and 

approach each other to react [2]. Water molecules become kinetically 

immobilized within the concentrated phase, thus being unable to support or 

participate in the reactions causing deterioration [2]. 

The objective of the present study was to define thermal transition behavior 

of fresh and conventionally dried apple (Granny Smith cultivar) with 

different moisture content, considering glass transition.  

 

EXPERIMENTAL  
Apple (Granny Smith cultivar) slices have been conventionally dried at 

temperature of 50°C. Samples for drying experiments were apple cylinders 

(40 mm diameter, 5-7 mm height) that were cut perpendicular to the main 

axis of the fruit using a knife. The seed lodge was retained and seeds were 

mechanically removed. During the process of drying the samples with 

different water content has been taken. Moisture contents were determined 

according to the SRPS EN 12145:2005. Water activity (aw) has been 

determinated by aw meter Testo 650. A differential scanning calorimeter 

(DSC, Q1000, TA Instruments, New Castle, DE) was used to perform DSC 

experiments. Samples of fresh and dried Granny Smith apple, 2-4 mg, 

(moisture content 9.6-85.0%), in aluminum pans, were cooled from 20 °C to 

−90 °C, equilibrated for 5 min and scanned initially from −90°C to 350°C at 

a heating rate of 5°C/min. DSC scans were evaluated for: onset temperature 

of glass transition (Tg onset), glass transition (Tg) temperature, end 

temperature of glass transition (Tend), change of specific heat capacity across 

the glass transition (∆Cp), peak temperatures of ice melting (Tm, Tp), and 

enthalpy of ice melting (∆Hm), using TA Advantage, Version 4.5A software. 

 

RESULTS AND DISCUSSION 

On the Fig 1. DSC curves are shown obtained for fresh apple and for dried 

apples with different moisture content. The DSC thermograms presented 

two main thermal events between -60°C and 20°C: the glass transition 

phenomenon and the melting transition of ice which can be observed only 

for the sample of fresh apple, characteristic for apple samples with high and 

moderate water content [5] (Fig 1). In the temperature range from 20°C to 

250°C several thermal events take place: water evaporation in the 

temperature region from 90°C to 160°C for fresh apple samples, and 

transition characteristic for apple samples with lowered water content 

corresponds to thermal transition of the release of the humidity (final 

drying) between 20 and 150 °C, the degradation of the pectin matrix 

between 190 -270 °C and the degradation of the cellulose network between 

https://en.wikipedia.org/wiki/Cultivar
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250 and 350 °C [6], followed by process of sample total thermal degradation 

[7]. 

  
Figure 1. DSC curves obtained for fresh apple and for dried apples with 

different moisture content. 

 

Table 1. Water content, glass transition temperatures, melting point and 

water activity of dried apple with freezable and unfreezible water. 
Moisture 

(%) 

 Tonset 

(ºC) 

Tg 

(ºC) 

Tend 

(ºC) 

∆Cp 

(J/g) 

Ice melting 

Tp   

(ºC) 

aw 

85.0±1.0 -57.6±1.1 -57.0±0.5 -52.3±1.0 0.516±0.020 -7.38±0.20 0.91 

17.8±1.0 -33.3±2.0 -28.3±0.7 22.35±2.1 0.698±0.010 - 0.50 

15.3±1.2  -24.6±1.8 -21.1±0.7 -18.23±1.6 0.087±0.015 - 0.38 

  9.6±1.0 -15.1±2.1 -6.80±0.9   -6.45±1.9 0.170±0.017 - 0.30 

 

In the Table 1. results are presented obtained for fresh and dried apple 

considering water content, glass transition temperatures, melting point and 

water activity. Obtained results for water activity (aw) and glass trasition 

temperature (Tg) presented on the Table 1. are in agreement to literature 

[1,3,5,6]. For samples with lower moisture content there is no melting of 

water and no transition (Table 1. Fig. 1). For each sample a second order 
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transition can be observed, with a transition temperature that increases with 

decreasing water content which is in agreement to the literature [1,3,5,6]. 

From results obtained, it can be seen that the strong dependence of the Tg 

and water content of dried apples, it can be deduced that water acts as a 

plasticizer by reducing the glass transition temperature of the pectic 

substances [5,6]. Values for ∆Cp are in agreement to in literature found ∆Cp 

values of apple tissue with different water content [1,8].  

 

CONCLUSION 

Thermal behavior of conventionally dried apples (Granny Smith cultivar) 

with different water content and activities have been defined. From results 

obtained, it can be concluded that Tg decreases with increasing moisture 

content. Water acts as a plasticizer by reducing the glass transition 

temperature of the pectic substances. During the process of drying the new 

fruit matrix has been formed. From obtained thermal characteristic of newly 

formed fruit matrix the process of fruit drying can be enhanced with the aim 

of creating food product with improved and wished characteristics. 
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ABSTRACT 

Fresh pork meat Longissimus dorsi has been analysed by Differential 

Scanning Calorimetry DSC and Thermogravimetric analysis (TGA). Glass 

transition (Tg) of the pork meat Longissimus dorsi has been determined by 

Differential Scanning Calorimetry (DSC). The obtained value of glass 

transition was Tg = -53.91.0 ºC and obtained heat capacity of glass 

transition was  ΔCp= 0.089J/g. Thermal stability of fresh pork meat 

Longissimus dorsi  has been characterized by TGA.  

 

INTRODUCTION 

Glass transitions can occur in frozen meat at temperatures below the 

freezing point of the aqueous phase resulting in immobilized solutes at 

temperatures below the glass transition temperature, Tg. Storage of meat at 

temperatures below Tg has wide implications since all reactions that depend 

on the mobility of molecules are hindered in the highly viscous glass 

formed. Ice recrystallization, oxidative deterioration and all enzymatic 

processes are prevented, in theory leading to infinite storage stability 

(Hansen et al 2003). 

There is no abundant literature data obtained for the glass transition (Tg) of 

fresh meat. Most literature data obtained for the glass transition (Tg) of fresh 

meat were found to be at low temperatures. For example, for beef Tg value 

is in the temperature range of -40ºC to -60ºC [1]. Values found for the glass 

transition temperature of fresh veal, were Tg = -60ºC obtained by 

Rasmussen [2], Tg = -40 ° C obtained by Simatos [2]. Levin and Slade [3]  

have found Tg for veal Tg> -5 ° C. Brake and Fennema [2] determined glass 

transition of fresh veal at -12 ° C (Tg = -12 ° C). It has been found for fresh 

fish meat, that the glass transition temperatures were also in low temperature 

range between -83 °C and -53 °C [4,5,6]. Glass transition of tuna meat was 

found to be between -71 °C and - 68 °C Inue Ishikawa [7]. There were less 

literature data for the glass transition temperature (Tg) obtained for pork 

meat.  
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The aim of this work was to obtain the glass transition temperature of 

pork muscle Longossimus dorsi by thermal analysis method Differential 

scanning calorimetry (DSC). 

 

EXPERIMENTAL 

Pork meat, L. dorsi muscle, was purchased from a local supermarket. A 

differential scanning calorimeter (DSC, Q1000, TA Instruments, New 

Castle, DE) was used to perform DSC experiments. Pork meat samples (7–

11 mg) were subjected to heating, in hermetically sealed Al pans, in the 

temperature range from -90 ºC to 150 ºC, with controlled heating rate Hr= 5 

ºC/min, under the N2 purge flow of 50 ml/min. The water content was 

estimated by Thermogravimetric analysis (TGA). TGA measurements were 

performed on TGA Q 500, (TA Instruments, New Castle, DE) under N2 

purge flow of 60 ml/min, in temperature range from 25 ºC to 900 ºC, and 

heating rate Hr= 5 ºC/min. Each thermogram was analysed by TA 

Advantage Universal analysis 2000 software to obtain the glass transition 

parameters (onset, Tonset; midpoint, Tg; final Tend,) for the onset, mid and end 

of transition, and also to obtain the percentage of mass loss from TGA 

curves. The water activity (aw) has been determined by thermoanalytical 

techniques as previously described by de Silva et al [8]. Three replicates 

were used for selected samples (water content). 

 

RESULTS AND DISCUSSION 

Glass transitions are observed as changes in the heat capacity often leading 

to only a very small jump of the heat flow curve. The glass transition is an 

important process observed in a large variety of inorganic, organic, and 

polymeric substances. If a melt is cooled fast enough to outrun nucleation it 

solidifies without crystallization by forming the amorphous solid called 

glass [9]. The formation of protein glasses is associated with very low 

changes in heat capacity often making these changes very difficult to 

observe. The DSC curve obtained for pork muscle L. dorsi is presented on 

Fig.1. The glass transition temperature obtained in this work was found at 

Tg= -53.91.0 ºC and heat capacity ΔCp= 0.0890.010 J/g. Hansen et al [5] 

were studying the mobile phase solute in a frozen pork meat (Longissimus 

dorsi) using electron spin resonance spectroscopy (EPR) and provided 

evidence for the existence of the glass transition temperature at -55 °C, 

which is very close to result obtained for glass transition temperature for 

fresh pork meat (Longissimus dorsi) in our work Tg = -53.91.0 ºC.  
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a)     b) 

Figure 1.  a) DSC curve with obtained glass transition temperature (Tg) for 

pork muscle L. dorsi: -heat flow - - heat capacity (Cp).b) TG (-) and dTG (--

) curves of fresh pork muscle L. dorsi. 

 

It is known that in the water system (fresh meat contains about 75% water 

Fig. 1.b)) phenomena of the glass transition is possible at temperatures 

below the crystallization temperature [10,11,12], and that glass transition 

(Tg) depends on the concentration of the solute present in the freeze-

concentrated phase [7]. As seen from a physicochemical standpoint, it can 

be concluded that the appearance of the glass transition in fresh meat 

exclusively depends on the thermal treatment conditions of meat that enable 

maximum concentration at a freezing temperature. 

Changes caused in that way induced a formation of different structure which 

lead to a reorganization of the material and appearance of the glass [8,13]. 

Determination of the glass transition in materials with high water content is 

a complex process, which require certain experimental conditions 

characteristic for certain types of materials [14]. It was found that at an 

appropriate annealing procedure in a narrow temperature range between the 

glass transition temperature and the melting temperature leads to delayed, 

deferred crystallization [14], which was achieved in this work.  

 

CONCLUSION 

The thermal treatment of sample induced structural changes which led to 

formation of Tg. Obtained Tg value highly correlate to literature data, 

concerning the temperature of transition and to heat capacity change. It was 

shown that that existence of glass transition nearly correlate with the 

conditions of the thermal treatment of meat that enable maximum 
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concentration at a freezing temperature. These conditions have been 

achieved in this work. 

 

Acknowledgement  

This work was partially supported by the Ministry for Science of the 

Republic of Serbia (Grants no. 31055 and 31093). 

 

REFERENCES 
[1] A.Akkose, N. Aktas, Meat Science, 2008, 80, 875–878. 

[2] N. C. Brake, O.R. Fennema, Journal of Food Science 1999, 64, 1, 10-15.  

[3] L. Slade, H. Levine, 1995, Adv. Food Nutr. Res., 38,103-269. 

[4] I. Tolstorebrov, T.M. Eikevik, M. Bantle, Food Research International 

2014, 55, 303–310. 

[5] E. Hansen, M. L. Andersen, L. H. Skibsted, Meat Science, 2003, 63, 63–

67. 

[6] V. Orlien, J. Risbo, M.L. Andersen, L.H. Skibsted L. H., J. Agric. Food 

Chem., 2003, 51. 211-217. 

[7] C. Inoue, M. Ishikawa, 1997, J. Food Sci., 62, 496-499. 

[8] V. M. da Silva, L. A. Silva., J. B de Andrade., M.C da Cunha Veloso., 

G. Vieira Santos, Quím. Nova, 2008, 31, 901-905. 

[9] S. Vyazovkin, 2016, Phys. Chem. Chem. Phys. in press, DOI: 

10.1039/c6cp02491b 

[10] M.A. Ruiz-Cabrera, S.J. Schmidt, Journal of Food Engineering, 2015, 

146, 36–43. 

[11] S. Ogawa, S. Osanai, 2012, Glass Transition Behavior of Aqueous 

Solution of Sugar-Based Surfactants, Supercooling, Prof. Peter Wilson 

(Ed.), ISBN: 978-953-51-0113-0, InTech, Available from: 

http://www.intechopen.com/books/supercooling/glass-transition-

behavior-of-aqueous-solution-of-sugar-basedsurfactants 

[12] T. Suzuki, F. Franks, J. Chem. Soc. Faraday Trans., 1993, 89, 3283–

3288. 

[13] M.S. Rahman., S. Kasapis, N. Guizani, O.S. Al-Amri, Journal of Food 

Engineering, 2003, 57 321–326. 

[14] J-H. Zhao,F-L. Xin, H-W.Wen, Xiao, Y-Y Ni., Journal of Food 

Engineering, 2015, 157, 49–56. 

 

http://www.intechopen.com/books/supercooling/glass-transition-behavior-of-aqueous-solution-of-sugar-basedsurfactants
http://www.intechopen.com/books/supercooling/glass-transition-behavior-of-aqueous-solution-of-sugar-basedsurfactants
http://www.sciencedirect.com/science/journal/02608774/157/supp/C


 
 
 
 
 
 
 
 

R - Physico-Chemical Analysis 
 



 



 

 

 

 

 

 

 

PHYSICAL CHEMISTRY 2016     R-01-P 

 

 915 

SYNTHESIS OF 5-THIOCYANATO-2’-DEOXYURIDINE 

5’-TRIPHOSPHATE 
 

P. Spisz, M. Zdrowowicz and J. Rak  

 
 University of Gdańsk, Faculty of Chemistry, Biological Sensitizers 

Laboratory, Wita Stwosza 63, 80-308 Gdańsk, Poland 

  

ABSTRACT 

Radiotherapy is the most common modality employed in the treatment of 

cancer disease. However, native DNA is insensitive to one of the main 

products of water radiolysis – solvated electrons. Hence, in order to increase 

the efficacy of radiotherapy one should employ a radiosensitizer along with 

ionizing radiation (IR). Some modified nucleosides possess features that 

make them potential sensitizers of DNA damage. Quite recently we have 

demonstrated that 5-thiocyanato-2-deoxyuridine (SCNdU) belongs to such 

class of compounds. The aim of the current study is to examine 

radiosensitizing properties of SCNdU in the DNA context. For this purpose 

it is necessary to synthesize the 5’-triphosphate 5-thiocyanato-2’-

deoxyuridine (SCNdUTP). The required triphosphate of SCNdU is obtained 

in the reaction of dUTP with chlorothiocyanogen (KSCN) in acetic acid 

(CH3COOH). 

 

INTRODUCTION 

Radiotherapy is the most common modality employed in the treatment of 

cancer. Indeed, about 50% of cancer patients are irradiated with ionizing 

radiation in some point of their anticancer treatment. In order to increase the 

efficacy of radiotherapy one should employ a radiosensitizer, i.e. a 

compound sensitizing DNA of cancer cells to IR. This should lead to the 

reduction of the radiation dose necessary to kill cancer cells. [1] 

Some modified nucleosides have features which make them promising 

radiosensitizers. An interaction between X-rays or UV radiation and a 

nucleoside analogue incorporated into DNA produces various types of 

damage to DNA leading ultimately to lethal effects in the labelled cells. [2] 

One of the modified nucleosides demonstrating radiosensitizing properties 

is SCNdU. The results published recently by our team have shown that this 

uridine analogue is a potential DNA sensitizer. γ-Irradiation of aqueous 

solutions containing SCNdU leads to the formation of the 5-U• radical 

which can cause DNA breaks, if SCNdU is incorporated in to the 
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biopolymer as well as to the generation of the U-5-S• radical that can form a 

DNA-protein crosslink..[2] 

In order to test radiosensitizing property of 5-SCNdU in DNA context, 

one has to transform the nucleoside into the respective triphosphate. In this 

form, SCNdU can be incorporated into DNA with the help of PCR or other 

protocol employing a suitable DNA polymerase.  

 

EXPERIMENTAL 

Synthesis of SCNdUTP 

A 50 mL double-necked flask with mechanical stirrer was filled with an ice-

cold solution of Cl2 (0.77 g, 10.74 mmol) in dry acetic acid (25 mL, this 

solutions was prepared by passing Cl2 through a CaCl2 trap connected to 

flask). In the next step, KSCN (1.26 g, 13.,17 mmol) was added. The 

prepared solution was stirred for 1.5 hours at room temperature. Then 5-

triphosphate 2’-deoxyuridine (20 mg, 0.28 mmol) was added to the 

solutions and stirring was continued for 2.5 hours at room temperature. 

Before the end of the reaction (about 30 min), 0.5 mL of cyclohexene was 

added. Finally, the solution was evaporated to dryness under vacuum.  

 

Purification of SCNdUTP 

The residue was dissolved in water. The aqueous solution was purified with 

a preparative HPLC (DGU-20A5R) equipped with a UV detector (SPD-

M20A) set to 254 nm, on the Gemini (Phenomenex) reverse-phase C18 

column (10 mm x 250 mm, 5 mm in particle size and 110 A in pore size). 

The linear gradient of 0-40% B in 20 min at the flow rate of 4 mL min-1 was 

used; phase A: 20 mM TEAA in water, phase B: 50% acetonitrile and 20 

mM TEAA in water.  

 

LC-MS conditions 

LC-MS analyses were performed on a TripleTOF 5600+ System (AB 

SCIEX) coupled with a UHPLC Nexera X2 (Shimadzu). The separation was 

carried out on a Phenomenex Kineteks 2.6u C18 (150x2.10 mm, 100 A) 

column. The linear gradient of 0-40% B in 10 min at the flow rate  

of 0.4 mL min-1 was used; phase A: 20 mM TEAA in water, phase  

B: 50% acetonitrile and 20mM TEAA in water. The injected volume was 

equal to 10 µL. MS operation parameters: declustering potential (DP): -90 

V, curtain gas (CUR): 25 PSI, nebulizer gas (GS1): 30 PSI, heating gas 

(GS2): 30PSI, ion spray voltage floating (ISVF): -4000 V, m/z: 350-700. 
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RESULTS AND DISCUSSION 

The carried out synthesis gave triphosphate 5-thiocyanato-2'-deoxyuridine 

as one of the two main products (see Figure 1). The side product turned out 

to be tetraphosphate 5-thiocyanato-2'-deoxyuridine. Our results were 

confirmed by the HPLC and MS analyses (see Figures 1 and 2). 

 
Figure 1. HPLC analysis of SCNdUTP before purification (A). UV spectra 

of signals 12,350 min (B),12,667 min (C),13,282 min (D), respectively. 

HPLC analysis of SCNdUTP after purification (E). UV spectra of signals 

12,032 min (F), 12,214 min (G), respectively.   

 

CONCLUSION 

The synthesis of thriphosphate of 5-thiocyanato-2'-deoxyuridine is the first 

step in the studies of radiosensitizing properties of SCNdU. The modified 

nucleoside triphosphate will be used for synthesis of the labeled DNA by 

means of PCR or DNA replication by polymerase accepting modified 

nucleotides.  
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Figure 2. TIC for a sample after purification (A). MS spectrum of 

SCNdUDP in negative mode (B). MS spectrum of SCNdUTP in negative 

mode (C). Extracted ion chromatogram of SCNdUTP (D). MS/MS spectrum 

of SCNdUTP (E). 
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