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Double catalytic effect of (PhNH3)2CuCl4 in a novel, highly 
efficient synthesis of 2-oxo- and thioxo-1,2,3,4-tetra-

hydropyrimidines 
NENAD JANKOVIĆ*#, ZORICA BUGARČIĆ and SVETLANA MARKOVIĆ 

University of Kragujevac, Faculty of Science, Department of Chemistry, Radoja Domanovića 
12, 34 000 Kragujevac, Serbia 

(Received 28 October 2014, revised 13 February, accepted 13 February 2015) 

Abstract: An innovative route for the construction of 2-oxo- and thioxo-1,2,3,4- 
-tetrahydropyrimidines was delineated through a multicomponent reaction 
under Biginelli conditions, starting from different aromatic aldehydes, β-keto 
esters and urea or thiourea. The proper choice of the copper complex 
(PhNH3)2CuCl4, as a novel homogeneous catalyst, enabled a facile, efficient, 
and inexpensive reaction under mild experimental conditions. Moreover, the 
first application of this complex salts in organic synthesis ever is presented. 
The obtained products were of high purity, and could be easily isolated from 
the reaction mixture in good to excellent yields. Moreover, compared to the 
classical Biginelli reaction conditions, the present method has the advantages 
of higher yields and experimental and work-up simplicity. To illustrate the 
joint catalytic action of the Cu2+ and phenylammonium ions, two key steps of 
Biginelli reaction were examined using the M06 functional.  

Keywords: aldehydes; multicomponent reactions; heterocycles; homogeneous 
catalysis; density functional calculations. 

INTRODUCTION 

The 2-oxo- and thioxo-1,2,3,4-tetrahydropyrimidines (3,4-dihydropyrimi-
dine-2(1H)-thi(ones)) are a class of compounds that have attracted the enormous 
interest of the medicinal chemistry community in recent years. Dihydropyri-
midinones are very attractive compounds because of the wide range of their bio-
logical activities, such as: antihypertensive,1–4 anti-HIV,5 antitumor,6–10 anti-
epileptic,11 antimalarial,12 anti-inflammatory,13 antitubercular,14 antioxidative15 
and anti-HBV (hepatitis B virus).16 In addition, they act as potassium channel 
blockers17,18 and α1A adrenergic receptor antagonists.19 Therefore, the pre-
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paration of this heterocyclic nucleus has gained great importance in organic 
synthesis. A simple method for the preparation of the dihydropyrimidinones was 
first reported by Biginelli in 1893 (Fig. 1).20 His original reaction is the acid-
supported cyclocondensation of an aldehyde, β-ketoester and urea. However, this 
method suffers from low product yields (20–50 %), strong acidic condition and 
difficult isolation of the products. 

 
Fig. 1. General outline of the Biginelli Reaction. 

In the last decades, numerous improved procedures with new catalysts for 
Biginelli reaction have been reported21,22. Many Lewis acids, such as copper 
salts, proved to be very good catalysts for the preparation of dihydropyrimid-
inones. This field of investigation is still very vigorous. Namely, some copper-
based catalysts, such as: Cu(OTf)2,23 copper methanesulfonate (CMS),24 
CuCl2,25 Cu(NO3)2·3H2O,26 Cu sulfamate,27 Cu(NTf)2,28 [[Gmim]Cl–Cu(II)],29 
Cu nanoparticles,30 Cu(acac)2[bmim]BF4,31 CuCl2·2H2O,32 Cu(ClO4)2·6H2O,33 
Cu(BF4)2,34 poly(4-vinylpyridine-co-divinylbenzene)–Cu(II) complex,35 and 
CuI36 have recently been successfully employed. However, some inorganic and 
organic ammonium salts, such as ammonium carbonate,37 alkylammonium 
salts,38 and benzyltriethylammonium chloride,39 were used as catalysts in the 
Biginelli reaction. 

The catalytic behavior of Cu(II) and ammonium compounds in the Biginelli 
reaction motivated us to focus our attention on the application of a compound 
with Cu(II) and the phenylammonium ion in same molecule, that is bis(phenyl-
ammonium) tetrachloridocuprate(2–), (PhNH3)2CuCl4. This complex salt was 
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synthesized by modification of earlier described procedures40 and successfully 
applied as a catalyst for the synthesis of dihydropyrimidinones. To elucidate the 
catalytic role of the complex, a mechanistic insight into the crucial reaction steps 
is provided. 

It is generally accepted that the catalytic action of the Cu2+ conforms to the 
mechanism depicted in Fig. 1. The first phase of the reaction is a spontaneous 
proton transfer from urea (1) to the oxygen of an aromatic aldehyde (2), whereby 
N-substituted (thio)urea (3) is built. In the further course of the reaction, a 
Brønsted acid removes HO– from 3, thus yielding the imminium ion (4). In the 
next reaction step, a new C–C bond between the benzylidene carbon of 4 and the 
α-C atom of an active methylene compound (5) is formed. This phase of the 
Biginelli reaction is catalyzed by Cu2+, and yields the condensation product (6). 
This intermediate undergoes intramolecular nucleophilic addition, followed by 
the formation of a new C–N bond and dehydration. In this way, the final product 
of the reaction, dihydropyrimidinone (7) is formed. 

EXPERIMENTAL 

General 

The 1H- and 13C-NMR spectra were recorded in DMSO-d6 on a Varian Gemini 200 MHz 
NMR spectrometer. The IR spectra were obtained with a Perkin-Elmer Model 137B and 
Nicolet 7000 FT spectrophotometers. Microanalyses for C, H and N were obtained on a 
Dornis & Kolbe instrument. Melting points (m.p.) were determined on a System Kofler type 
WME apparatus and are uncorrected. Thin layer chromatography (TLC) was performed on 
0.25 mm Merck precoated silica gel plates (60F-254) using an ethyl acetate–methanol (8:2) 
mixture as the mobile phase and UV light for visualization. All aromatic aldehydes, β-keto-
esters, urea and thiourea were used as supplied by Aldrich. Aniline (reagent grade) from 
Merck was distilled prior to use. Copies of the 1H- and 13C-NMR spectra of all compounds 
(7a–n, Figs. S-1–S-26), as well as analytical and spectral data are given in the Supplementary 
material to this paper. 

Preparation of the catalyst (PhNH3)2CuCl4  

Hydrochloric acid (6 M, 20 mL) was taken in a 100-mL round-bottom flask and 
CuSO4·5H2O (2.49 g, 10 mmol) was added slowly with stirring and constant cooling. To the 
resulting dark green solution, freshly distilled aniline (1.86 g, 0.02 mmol) was added very 
slowly. The precipitated yellow powder was filtered and washed with ethanol (5 mL, 95 %) 
and dichloromethane (5 mL). The copper complex powder was dried at 100 °C to constant 
weight. 

General experimental procedures for the synthesis of 2-oxo- and thioxo-1,2,3,4-tetrahydro-
pyrimidines  

In a 50-mL round-bottom flask, urea or thiourea (15 mmol) was dissolved in ethanol (20 
mL, 95 %). Then an aromatic aldehyde (10 mmol), β-keto ester (12 mmol) and catalyst (10 
mol % with respect to aldehyde) were added. The solution was magnetically stirred at room 
temperature. The reaction was followed by TLC to verify its completion. The formed white 
solid was filtered, washed with small portions of cold ethanol and DCM, and then dried under 
vacuum to afford the desired product with a good purity grade.  
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Computational details 

All calculations were performed with the Gaussian 09 program package41 using the M06 
functional. This hybrid meta functional was developed by Zhao and Truhlar as “a functional 
with good accuracy “across-the-board” for transition metals, main group thermochemistry, 
medium-range correlation energy, and barrier heights”.42 This method was recommended “for 
application in organometallic and inorganometallic chemistry and for noncovalent interact-
ions”.43 The 6-311+G(d,p) basis set was applied for C, H, N, and O, whereas the Def2-
TZVPD basis set44 was used for Cu. These triple split valence basis sets add the polarization 
functions to all atoms and diffuse functions to heavy atoms. The structures of all investigated 
species in ethanol were optimized, and frequency calculations performed. The influence of the 
solvent (dielectric constant = 24.852) was taken into account by applying the CPCM solvation 
model (polarizable conductor calculation model).45 An unrestricted scheme was applied for 
the open shell structures containing a Cu2+. The obtained stationary points were verified to be 
equilibrium geometries (no imaginary frequencies), or transition states (one imaginary fre-
quency) on the potential energy surface. The activation free energies were calculated at 298.15 K. 
Natural bond orbital (NBO) analysis46-48 was realized for all calculated structures. 

The 13C-NMR chemical shifts for all carbon atoms of 7h in DMSO relative to TMS were 
calculated using the gauge independent atomic orbital (GIAO) method, as implemented in 
Gaussian 09. For this purpose, the geometries of 7h and TMS in DMSO were optimized using 
the M06/6-311+G(d,p) and CPCM models (dielectric constant of DMSO = 46.826). The 
nuclear magnetic shielding tensors were calculated for TMS and 7h. The values for all carbon 
atoms in 7h were subtracted from the value for the carbon in TMS (178.4833). Compound 7h 
belongs to the C1 point group and, thus, the ortho and meta carbons show two different che-
mical shifts. In this case, the corresponding mean values were taken to represent the chemical 
shifts of the ortho and meta carbons. As the so-obtained chemical shifts were systematically 
overestimated, their values were scaled by a factor of 0.94. 

RESULTS AND DISCUSSION 

In this paper, a simple but effective and convenient method for the synthesis 
of 2-oxo- and thioxo-1,2,3,4-tetrahydropyrimidines from urea or thiourea (1), 
some aromatic aldehydes (2) and β-keto ester (5) in the presence of copper com-
plex (PhNH3)2CuCl4 as a catalyst is reported. The results of the investigation are 
given in Tables I–III. 

TABLE I. Optimization of the solvent for synthesis of the product 7h at room temperature for 
24 h (ε - dielectric constant, DN - donor number, AN - acceptor number, HBD - hydrogen 
bond donor, HBA- hydrogen bond acceptor) 

Entry Solvent ε49 DN50 AN50 HBD / α51 HBA / β52 Catalyst, mol % Yielda, % 
1 DCM 8.9 – 20.4 – – 1 8 
2 Toluene 2.4 – – – – 1 11 
3 MeOH 32.7 20.0 41.5 0.99 0.70 1 32 
4 EtOH 24.6 19.0 37.1 0.85 0.77 1 41 
5 THF 7.6 20.0 8.0 – 0.52 1 28 
6 MeCN 36.6 14.1 18.9 0.29 – 1 24 
aIsolated yields 
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For the purpose of the investigations, the reaction of benzaldehyde, methyl 
acetoacetate and urea was selected as a model reaction. The first task was to 
optimize the conditions of the Biginelli reaction. To investigate the effects of 
different solvents on the catalytic process, the reaction was performed in the 
presence of 1 mol % of the catalyst at room temperature, in solvents of different 
polarity. The results of optimization of the solvent for synthesis of 7h are pre-
sented In Table I. Based on the isolated yields, the best results were achieved 
with ethanol as the solvent (Entry 4). In the Biginelli reaction, the solvent polar-
ity plays a very important role. In light of this, the polar solvents (MeOH, EtOH, 
THF, MeCN) were found to be very suited for the reaction conditions. The sol-
vent polarity had effects on the reaction yield, but it was not of crucial impor-
tance. For example, the solvents MeCN and MeOH, in spite of having higher 
values of ε (36.6 and 32.7) than EtOH (24.6) afforded 24 and 32 % of 7h, res-
pectively. Moreover, the donor number (DN) did not exert the main effect on the 
yield, because MeOH and THF have identical values (DN = 20.0), but the yields 
were different. The key for better yields in EtOH than in all other applied sol-
vents is the value of hydrogen bond acceptor (HBA). The oxygen atom in EtOH 
is a very strong hydrogen bond acceptor. This solvent probably coordinates with 
the hydrogen atoms on the α-C atom of the active methylene compound, and thus 
promotes the generation of the carbanion. The best results were obtained by per-
forming the reaction with 1:1.2:1.5 mol ratios of aldehyde, β-keto ester and urea 
or thiourea. 

After the solvent had been optimized, the effects of different amounts (1, 5 
and 10 mol %) of the catalyst on the yields were investigated (Table II). All used 
amounts of the catalyst gave different results, implying that the amount of the 
added catalyst is of significant importance for the reaction yields. 

TABLE II. Optimization of the amount of catalyst for the synthesis of 7h at room temperature 
in EtOH 

Entry Time, h Catalyst, mol % Yielda, % 
1 1 1 4 
2 3 1 5 
3 5 1 5 
4 7 1 7 
5 9 1 8 
6 24 1 41 
7 24 5 71 
8 24 10 89 
aIsolated yields 

First, the reaction with 1 mol % catalyst was performed with increasing 
reaction time. The maximum yield of 7h was obtained after 24 h with 1 mol % of 
the catalyst (see Entry 6). Then, two parallel reactions were performed with 5 and 
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10 mol % of the catalyst. The dose of 10 mol % catalyst gave a yield of 89 % 
after 24 h. However, the best yield of the product 7h was achieved after 28 h (91 
%). Equimolar amounts of the catalyst were also used, but no increases in the 
product yields were registered. The reaction conditions optimized in this way 
were further applied to a series of reactions of various aldehydes, β-keto esters 
and urea or thiourea. The results for the copper complex-promoted reactions are 
presented in Table III. All the obtained products were characterized by their m.p., 
and IR, 1H- and 13C-NMR spectra. Very good yields were achieved in all cases. 

TABLE III. Yields for the Cu(II) complex-catalyzed syntheses of 2-oxo- and thioxo-1,2,3,4- 
-tetrahydropyrimidines at room temperature 

Product Ar R X Reaction time, h Yielda, % 
7a C6H4, 3-NO2 CH3CH2– O 19 96 
7b C6H5 CH3CH2– O 24 90 
7c C6H3, 4-OH, 3-OCH3 CH3CH2– O 29 94 

7d C6H5CH=CH CH3CH2– O 28 93 
7e C6H5 CH3CH2– S 19 95 
7f C6H3, 4-OH, 3-OCH3 CH3CH2– S 25 92 
7g 2-Furyl CH3CH2– O 30 96 

7h C6H5 CH3– O 28 91 

7i C6H3, 4-OH, 3-OCH3 CH3– O 27 88 
7j C6H5CH=CH CH3– O 28 97 
7k C6H4, 3-NO2 CH3– O 40 90 
7l 2-Furyl CH3– O 24 93 
7m C6H3, 4-OH, 3-OCH3 CH3– S 27 82 
7n C6H5 CH3– S 34 95 
aIsolated yields 

It could be concluded, based on the presented results, that this improved 
procedure is very suitable for the preparation of 2-oxo- and thioxo-1,2,3,4-tetra-
hydropyrimidines and related systems. It is characterized with high yields and 
purity of the obtained products, the mildness of the reaction conditions and 
simplicity of the experimental process. 

In spite of the fact that different copper and ammonium compounds as cat-
alysts of Biginelli reaction were the subject of numerous investigations,23–39 their 
catalytic role was not elucidated at the molecular level.  

To gain insight into the synergic action of the Cu2+ and phenylammonium 
ions, two crucial steps of the model reaction were examined: the formation of the 
imminium ion and the new C–C bond (Fig. 2). The phenylammonium ion is 
involved in the formation of 4. This reaction step occurs via the transition state 
TS1 (Fig. 2), which requires an activation energy of 64.2 kJ mol–1. In TS1, the 
simultaneous cleavage of the C–O and N–H bonds, and the formation of O–H 
bonds occur, whereby the C–N bond becomes double. In this way, a water mole-
cule is liberated, and the formed intermediate 4 further reacts with 5 yielding the 
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reactant complex RC2. It could be supposed that the α-C atom will perform a 
nucleophilic attack at the benzylidene carbon. This assumption was supported 
with the NBO charges on these atoms (–0.497 and 0.308), and confirmed by 
revealing the transition state TS2. This transition state, in which a new C–C bond 
is being formed, requires an activation energy of 60.3 kJ mol–1. In RC2, TS2 and 
PC2, copper is chelated with the oxygens of methyl acetoacetate. The NBO 
analysis of all three structures showed that the unpaired electron is delocalized 
over Cu and the proximate oxygens. Further liberation of the Cu2+ and intramole-
cular cyclization of intermediate 6 led to the formation of the final product 7. 

 
Fig. 2. Optimized geometries of the reactant complexes (RCs), transition states (TSs), and 
product complexes (PCs) for two crucial catalytic steps, with bond distances (Å) indicated. 

To the best of our knowledge, the crystal structure of methyl 6-methyl-2-
oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (7h), the product of the 
model reaction, is not available in the literature. For this reason, the 13C-NMR 
spectrum of 7h in DMSO was simulated. The calculated chemical shifts are 
given (in brackets) with the corresponding experimental values in the Supple-
mentary material for 7h, whereas a plot of the calculated versus the experimental 
chemical shifts is depicted in Fig. S-27 of the Supplementary material. The 
average absolute error is notably small (2.0 ppm), and the correlation coefficient 
is high (0.9990). The very good agreement between the experimental and 
simulated 13C-NMR spectra confirmed the predicted arrangement of atoms in the 
carbon skeleton of 7h (Fig. 3; the Cartesian coordinates for 7h are provided in 
Table S-I of the Supplementary material). The carbonyl group of the ester moiety 
and double bond of the heterocycle adopt the s-trans position. The dihedral angle 
C5–C4–C1′–C2′ of 41.6° determines the mutual position of the two rings. 
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Fig. 3. Optimized structure of 7h in ethanol. 

CONCLUSIONS 

Bis(phenylammonium) tetrachloridocuprate(2–), a non-hygroscopic, very 
stable, and easy to synthesize complex, proved to be an efficient and inexpensive 
catalyst for the Biginelli reaction. This is the first use of the said complex salt in 
organic synthesis. The catalytic behavior of the complex is realized through the 
synergic action of the Cu2+ and phenylammonium ions. As for the yields and 
purity of the reaction products, the procedure described herein achieves excellent 
results. Bearing in mind the other merits, such as the mildness of the reaction 
conditions and simplicity of the experimental work, this procedure could be 
considered very attractive for the one-pot conversion of different aromatic alde-
hydes, β-keto esters and urea or thiourea into 2-oxo- and thioxo-1,2,3,4-tetrahyd-
ropyrimidines.  

SUPPLEMENTARY MATERIAL 

Analytical and spectral data, copies of the 1H- and 13C-NMR spectra (Figs. S-1–S-26) of 
all compounds, a plot of the calculated versus experimental chemical shifts (Fig. S-27) and the 
Cartesian coordinates for 7h (Table S-I) are available electronically from http://  
//www.shd.org.rs/JSCS/, or from the corresponding author on request. 

Acknowledgements. The authors are grateful to the Ministry Education, Science and 
Technological Development of the Republic of Serbia for financial support (Grants 172011 
and 172016). 

И З В О Д  
ДВОСТРУКИ КАТАЛИТИЧКИ ЕФЕКТ (PhNH3)2CuCl4 У НОВОЈ, ВИСОКО ЕФИКАСНОЈ 

СИНТЕЗИ 2-OКСО- И ТИОКСО-1,2,3,4-ТЕТРАХИДРОПИРИМИДИНА 

НЕНАД ЈАНКОВИЋ, ЗОРИЦА БУГАРЧИЋ И СВЕТЛАНА МАРКОВИЋ 

Универзитет у Крагујевцу, Природно-математички факултет, Институт за хемију, 
Радоја Домановића 12, 34000 Крагујевац 

Представљен је иновативни пут за синтезу 2-оксо- и тиоксо-1,2,3,4-тетрахидро-
пиримидина преко мултикомпонентне Биђинелијеве реакције полазећи од различитих 
ароматичних алдехида, β-кето-естара и урее или тиоурее. Избор (PhNH3)2CuCl4 као 
новог, хомогеног катализатора омогућава лаку, ефикасну и јефтину реакцију при бла-
гим експерименталним условима. Штавише, овде је представљена прва примена ове 
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комплексне соли у органској синтези икада. Добијени производи су високе чистоће, и 
могу се лако изоловати из реакционе смеше у добрим или чак одличним приносима. 
Такође, у односу на класичне Биђинелијеве реакционе услове, ова метода има пред-
ности јер се постижу виши приноси и експериментална једноставност. Да би се илустро-
вао заједнички каталитички ефект Cu2+ и PhNH3

+, два кључна корака Биђинелијеве 
реакције су испитана на молекулском нивоу помоћу М06 функционала. 

(Примљено 28. октобра 2014, ревидирано 13. фебруара, прихваћено 13. фебруара 2015) 
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COPIES OF 1H- AND 13C-NMR SPECTRA 

Ethyl 6-methyl-4-(3-nitrophenyl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carbo-
xylate (7a) 

 
Fig. S-1. 1H-NMR spectrum for 7a. 
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Fig. S-2. 13C-NMR spectrum for 7a. 

Ethyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (7b) 

 
Fig. S-3. 1H-NMR spectrum for 7b. 
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Fig. S-4. 13C-NMR spectrum for 7b. 

Ethyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyri-
midine-5-carboxylate (7c) 

 
Fig. S-5. 1H-NMRspectrum for 7c. 
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Fig. S-6. 13C-NMR spectrum for 7c. 

Ethyl 6-methyl-2-oxo-4-[(Z)-2-phenylvinyl]-1,2,3,4- tetrahydropyrimidine-5-car-
boxylate (7d) 

 
Fig. S-7. 1H-NMR spectrum for 7d. 
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Fig. S-8. 13C-NMR spectrum for 7d. 

Ethyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (7e) 

 
Fig. S-9. 1H-NMR spectrum for 7e. 
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Fig. S-10. 13C-NMR spectrum for 7e. 

Ethyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydropyri-
midine-5-carboxylate (7f) 

 
Fig. S-11. 1H-NMR spectrum for 7f. 
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Fig. S-12. 13C-NMR spectrum for 7f. 

Methyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (7h) 

 
Fig. S-13 1H-NMR spectrum for 7h. 
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Fig. S-14. 13C-NMR spectrum for 7h. 

Methyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyri-
midine-5-carboxylate (7i) 

 
Fig. S-15. 1H-NMR spectrum for 7i. 
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Fig. S-16. 13C-NMR spectrum for 7i. 

Methyl 6-methyl-2-oxo-4-[(E)-2-phenylvinyl]-1,2,3,4-tetrahydropyrimidine-5- 
-carboxylate (7j) 

 
Fig. S-17. 1H-NMR spectrum for 7j. 
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Fig. S-18. 13C-NMR spectrum for 7j. 

Methyl 6-methyl-4-(3-nitrophenyl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5-car-
boxylate (7k) 

 
Fig. S-19. 1H-NMR spectrum for 7k. 
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Fig. S-20. 13C-NMR spectrum for 7k. 

Methyl 4-(2-furyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (7l) 

 
Fig. S-21. 1H-NMR spectrum for 7l. 
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Fig. S-22. 13C-NMR spectrum for 7l. 

Methyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydro-
pyrimidine-5-carboxylate (7m) 

 
Fig. S-23. 1H-MR spectrum for 7m. 
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Fig. S-24. 13C-NMR spectrum for 7m. 

Methyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate 
(7n) 

 
Fig. S-25. 1H-NMR spectrum for 7n. 
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Fig. S-26. 13C-NMR spectrum for 7n. 

 

 
Fig. S-27. Plot of the calculated versus experimental chemical shifts of the carbon atoms of 7h 

in DMSO. 
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ANALYTICAL AND SPECTRAL DATA FOR COMPOUNDS 7a–n 
Ethyl 6-methyl-4-(3-nitrophenyl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5-car-

boxylate (7a). M.p.: 227–229 °C (Lit. 230–232 °C1); Anal. Calcd. for 
C14H15N3O5: C, 55.08; H, 4.95; N, 13.76 %. Found: C, 55.15; H, 5.01; N, 13.79 
%; IR (KBr, cm–1): 3324, 3085, 2961, 1701, 1684, 1624, 1527, 1446, 1315.1, 
1300, 1261, 1221, 1086; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.07 (3H, t, 
J = 7.1 Hz, CH3), 2.27 (3H, s, CH3), 4.00 (2H, m, CH2O), 5.28 (1H, d, J = 3.4 
Hz, CH), 7.64–7.69 (2H, m, Ar), 7.90 (1H, bs, NH), 8.07–8.15 (2H, m, Ar), 9.37 
(1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, δ / ppm): 14.2, 18.2, 53.7, 59.5, 
98.6, 121.2, 122.5, 130.4, 133.1, 147.2, 147.9, 149.6, 151.9, 165.2. 

Ethyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate 
(7b). M.p.: 201–204 °C (Lit. 204 °C1); Anal. Calcd. for C14H16N2O3: C, 64.60; 
H, 6.19; N, 10.76 %. Found: C, 64.62; H, 6.22; N, 10.86 %; IR (KBr, cm–1): 3333, 
3220, 3107, 2951, 1696, 1667, 1651, 1340, 1239, 1094; 1H-NMR (200 MHz, 
DMSO-d6 / δ ppm): 1.16 (3H, t, J = 7.1 Hz, CH3), 2.34 (3H, s, CH3), 4.06 (2H, 
q, J = 7.1 Hz, CH2O), 5.39 (1H, d, J = 2.3 Hz, CH), 5.74 (1H, bs, NH), 7.26–
7.34 (5H, m, Ar), 8.07 (1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, 
δ / ppm): 14.0, 18.6, 55.8, 59.9, 101.4, 126.6, 127.9, 128.7, 143.7, 146.1, 153.0, 
165.6. 

Ethyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydro-
pyrimidine-5-carboxylate (7c). M.p.: 233–236 °C (Lit. 233–235 °C1); Anal. 
Calcd. for C15H18N2O5: C, 58.82; H, 5.92; N, 9.15 %. Found: C, 58.94; H, 5.94; 
N, 9.18 %; IR (KBr, cm–1): 3450, 3246, 3122, 1698, 1645, 1513, 1277, 1222, 
1093; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.11 (3H, t, J = 7.3 Hz, CH3), 
2.23 (3H, s, CH3), 3.73 (3H, s, CH3O), 4.01 (2H, q, J = 7.1 Hz, CH2O), 5.06 
(1H, d, J = 3.2 Hz, CH), 6.58–6.80 (3H, m, Ar), 7.64 (1H, bs, NH), 8.91 (1H, s, 
OH), 9.12 (1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, δ / ppm): 14.3, 17.9, 
53.7, 55.8, 59.3, 99.8, 111.1, 115.5, 118.5, 136.1, 146.0, 147.5, 148.1, 152.4, 
165.7. 

Ethyl 6-methyl-2-oxo-4-[(E)-2-phenylvinyl]-1,2,3,4- tetrahydropyrimidine-5- 
-carboxylate (7d). M.p.: 235–237 °C (Lit. 234–236 °C4); Anal. Calcd. for 
C16H18N2O3: C, 67.12; H, 6.34; N, 9.78 %. Found: C, 67.10; H, 6.35; N, 9.82 %; 
IR (KBr, cm–1): 3232, 3087, 2975, 2891, 1722, 1687, 1654, 1526, 1493, 14525, 
1339, 1072; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.19 (3H, t, CH3), 2.21 
(3H, s, CH3), 4.11 (2H, m, CH2O), 4.72 (1H, d, J = 2.8 Hz, CH), 6.13–6.41 (2H, 
m, 2×CH=), 7.22–7.42 (5H, m, Ar), 7.55 (1H, bs, NH), 9.14 (1H, bs, NH); 
13C-NMR (50 MHz, DMSO-d6, δ / ppm): 14.4, 17.9, 52.0, 59.3, 98.1, 126.5, 
127.7, 128.3, 128.8, 130.2, 136.4, 148.7, 152.7, 165.4. 

Ethyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxyl-
ate (7e). M.p.: 206–207 °C (Lit. 208–209 °C4); Anal. Calcd. for C14H16N2O2S: 
C, 60.85; H, 5.84; N, 10.14 %. Found: C, 60.86; H, 5.88; N, 10.18 %; IR (KBr, 
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cm–1): 3324, 3170, 2980, 1666, 1572, 1464, 1370, 1326, 1283, 1192, 1175, 1114, 
1002; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.09 (3H, t, J = 7.1 Hz, CH3), 
2.29 (3H, s, CH3), 4.02 (2H, q, J = 7.1 Hz CH2O), 5.18 (1H, s, J = 3.7 Hz, CH), 
7.19–7.35 (5H, m, Ar), 9.66 (1H, d, J = 1.9 Hz, NH), 10.34 (1H, bs, NH); 
13C-NMR (50 MHz, DMSO-d6, δ / ppm): 14.2, 17.3, 54.2, 59.7, 100.9, 126.5, 
127.8, 128.7, 143.7, 145.2, 165.3, 174.5. 

Ethyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydro-
pyrimidine-5-carboxylate (7f). M.p: 205–208 °C (Lit. 206–208 °C2); Anal. 
Calcd. for C15H18N2O4S: C, 55.88; H, 5.63; N, 8.69 %. Found: C, 55.92; H, 
5.67; N, 8.70 %; IR (KBr, cm–1): 3417, 3154, 2999, 2960, 1678, 1593, 1575, 
1518, 1461, 1194, 1113; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.15 (3H, t, 
J = 7.1 Hz, CH3), 2.28 (3H, s, CH3), 3.72 (3H, s, CH3O), 4.04 (2H, q, J = 7.0 
Hz, CH2O), 5.08 (1H, d, J = 3.6 Hz, CH), 6.56–6.79 (3H, m, Ar), 9.01 (1H, s, 
OH), 9.56 (1H, bs, NH), 10.25 (1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, 
δ / ppm): 14.2, 17.3, 53.9, 55.8, 59.7, 101.2, 111.1, 115.6, 118.7, 134.8, 144.7, 
146.4, 147.5, 165.4, 174.3. 

Ethyl 4-(2-furyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate 
(7g). M.p.: 206–207 °C (Lit. 208–209 °C1); Anal. Calcd. for C12H14N2O4: C, 
57.59; H, 5.64; N, 11.19 %. Found: C, 57.62; H, 5.64; N, 11.23 %; IR (KBr, cm–1): 
3315, 3118, 1708, 1672, 1651, 1432, 1339, 1239, 1088; 1H-NMR (200 MHz, 
DMSO-d6, δ / ppm): 1.15 (3H, t, J = 7.2 Hz, CH3), 2.34 (3H, s, CH3), 4.06 (2H, 
q, J = 7.0 Hz, CH2O), 5.15 (1H, d, J = 3.2 Hz, CH), 6.18–6.21 (1H, m, Ar), 
6.30–6.34 (1H, m, Ar), 7.58–7.61 (1H, m, Ar), 7.94 (1H, bs, NH), 9.08 (1H, bs, 
NH); 13C-NMR (50 MHz, DMSO-d6, δ / ppm): 14.5, 18.7, 53.3, 56.6, 96.4, 
105.4, 110.7, 143.7, 149.5, 152.7, 156.0, 165.4. 

Methyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate 
(7h). M.p.: 210–213 °C (Lit. 212–213 °C3); Anal. Calcd. for C13H14N2O3: C, 
63.40; H, 5.73; N, 11.37 %. Found: C, 63.44; H, 5.73; N, 11.39 %; IR (KBr, cm–1): 
3365, 3221, 3078, 3020, 2925, 1749, 1708, 1654, 1423, 1074; 1H-NMR (200 
MHz, DMSO-d6, δ / ppm): 2.26 (3H, s, CH3), 3.53 (3H, s, CH3O), 5.15 (1H, d, 
J = 3.4 Hz, CH), 7.22–7.32 (5H, m, Ar), 7.77 (1H, bs, NH), 9.24 (1H, bs, NH); 
13C-NMR (50 MHz, DMSO-d6, the calculated values are given in brackets, 
δ / ppm): 18.0 (21.8), 50.9 (56.0), 54.0 (52.8), 99.3 (98.3), 126.4 (128.4), 127.4 
(129.6), 128.6 (127.6), 144.7 (144.3), 148.8 (153.1), 152.4 (150.9), 166.0 
(166.7). 

Methyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydro-
pyrimidine-5-carboxylate (7i). M.p.: 253–255 °C (Lit. 253–254 °C5); Anal. 
Calcd. for C14H16N2O5: C, 57.53; H, 5.52; N, 9.58 %. Found: C, 57.54; H, 5.53; 
N, 9.60 %; IR (KBr, cm–1): 3363, 3230, 3069, 3033, 2941, 1746, 1707, 1647, 
1430, 1107; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.24 (3H, s, CH3), 3.53 
(3H, s, CH3O), 3.72 (3H, s, CH3O), 5.06 (1H, d, J = 3.2 Hz, CH), 6.57–6.81 (3H, 

_________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



 SUPPLEMENTARY MATERIAL S163 

 

m, Ar), 7.69 (1H, bs, NH), 8.95 (1H, s, OH), 9.22 (1H, bs, NH); 13C-NMR (50 
MHz, DMSO-d6, δ / ppm): 17.9, 50.1, 55.8, 99.5, 111.1, 115.5, 118.4, 135.9, 
146.1, 147.6, 148.4, 152.6, 159.9, 166.2. 

Methyl 6-methyl-2-oxo-4-[(E)-2-phenylvinyl]-1,2,3,4-tetrahydropyrimidine- 
-5-carboxylate (7j). M.p.: 229–231 °C (Lit. 229–232 °C5); Anal. Calcd. for 
C15H16N2O3: C, 66.16; H, 5.92; N, 10.29 %. Found: C, 66.19; H, 5.96; N, 10.29 
%; IR (KBr, cm–1): 3245, 3116, 2952, 1722, 1712, 1685, 1645, 1434, 1249, 
1099; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.20 (3H, s, CH3), 3.63 (3H, s, 
CH3O), 4.74 (1H, d, J = 3.2 Hz, CH), 6.14–6.41 (2H, m, 2×CH=), 7.22–7.41 (5H, 
m, Ar), 7.55 (1H, bs, NH), 9.12 (1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, 
δ / ppm): 17.9, 51.1, 51.8, 97.9, 126.5, 127.7, 128.2, 128.8, 130.2, 136.4, 148.9, 
152.8, 165.9. 

Methyl 6-methyl-4-(3-nitrophenyl)-2-oxo-1,2,3,4-tetrahydropyrimidine-5- 
-carboxylate (7k). M.p.: 281–283 °C (Lit. 280–283 °C6); Anal. Calcd. for 
C13H13N3O5: C, 53.61; H, 4.49; N, 14.42 %. Found: C, 53.62; H, 4.49; N, 14.45 
%; IR (KBr, cm–1): 3177, 2980, 1710, 1654, 1590, 1521, 1462, 1340, 1274, 
1180, 1100; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.28 (3H, s, CH3), 3.54 
(3H, s, CH3O), 5.30 (1H, d, J = 3.4 Hz, CH), 7.64–7.69 (2H, m, Ar), 7.90 (1H, 
bs, NH), 8.07–8.15 (2H, m, Ar), 9.37 (1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, 
δ / ppm): 18.0, 51.1, 53.6, 98.3, 121.0, 122.5, 130.4, 133.1, 146.9, 148.0, 149.8, 
151.9, 165.8. 

Methyl 4-(2-furyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxyl-
ate (7l). M.p.: 207–209 °C (Lit. 208–209 °C7); Anal. Calcd. for C11H12N2O4: C, 
55.93; H, 5.12; N, 11.85 %. Found: C, 55.95; H, 5.15; N, 11.86 %; IR (KBr, cm–1): 
3245, 3118, 2975, 2940, 1709, 1701, 1650, 1435, 1318, 1296, 1234, 1100; 
1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.24 (3H, s, CH3), 3.56 (3H, s, 
CH3O), 5.20 (1H, d, J = 3.3 Hz, CH), 6.08–6.11 (1H, m, Ar), 6.33–6.36 (1H, m, 
Ar), 7.54–7.56 (1H, m, Ar), 7.97 (1H, t, NH), 9.28 (1H, bs, NH); 13C-NMR (50 
MHz, DMSO-d6, δ / ppm): 17.9, 47.8, 51.1, 96.8, 105.5, 110.6, 142.4, 149.8, 
152.6, 156.1, 165.7. 

Methyl 4-(4-hydroxy-3-methoxyphenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahyd-
ropyrimidine-5-carboxylate (7m). M.p.: 257–260 °C (Lit. 258–260 °C8); Anal. 
Calcd. for C14H16N2O4S: C, 54.53; H, 5.23; N, 9.08 %. Found: C, 54.55; H, 
5.28; N, 9.10 %; IR (KBr, cm–1): 3411, 3164, 3002, 1692, 1661, 1584, 1519, 
1435, 1344, 1287, 1197; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.28 (3H, s, 
CH3), 3.56 (3H, s, CH3O), 3.73 (3H, s, CH3O), 5.08 (1H, d, J = 3.7 Hz, CH), 
6.55–6.80 (3H, m, Ar), 9.01 (1H, s, OH), 9.57 (1H, bs, NH), 10.28 (1H, bs, NH); 
13C-NMR (50 MHz, DMSO-d6, δ / ppm): 17.3, 51.2, 53.8, 55.7, 100.9, 111.2, 
115.6, 118.7, 134.5, 145.0, 146.4, 147.6, 165.9, 174.3. 

Methyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carbo-
xylate (7n). M.p.: 207–210 °C (Lit. 237–239 °C9); Anal. Calcd. for 
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C13H14N2O2S: C, 59.52; H, 5.38; N, 10.68 %. Found: C, 59.52; H, 5.44; N, 
10.71 %; IR (KBr, cm–1): 3315, 3183, 2996, 1664, 1643, 1579, 1457, 1346, 
1288, 1202, 1113; 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.30 (3H, s, CH3), 
3.55 (3H, s, CH3), 5.18 (1H, d, J = 3.8 Hz, CH), 7.20–7.39 (5H, m, Ar), 9.66 
(1H, d, J = 2.0 Hz, NH), 10.36 (1H, bs, NH); 13C-NMR (50 MHz, DMSO-d6, 
δ / ppm): 17.4, 51.2, 54.1, 100.6, 126.5, 127.8, 128.8, 143.5, 145.4, 165.8, 174.5. 

Table S-I. Cartesian coordinates of the product 7h 

Element Coordinates 
C –0.28524400 0.28629100 –0.98404300 
C 1.02321100 0.06946900 –0.26491800 
C 1.57184000 1.07011100 0.46901700 
H –1.25697000 1.98503200 –1.82013500 
H 1.35716700 3.05638100 1.01588500 
H –0.21774700 –0.18955800 –1.96932900 
C –1.47976900 –0.31974600 –0.27008100 
C –2.43738400 –1.01671100 –0.99917600 
C –1.66766700 –0.14437700 1.09919900 
C –3.56931000 –1.52776400 –0.37641200 
H –2.29007800 –1.16391200 –2.06711900 
C –2.79802800 –0.65129700 1.72443700 
H –0.92142000 0.38888400 1.68378000 
C –3.75251600 –1.34352800 0.98750100 
H –4.30723500 –2.07331300 –0.95681300 
H –2.93396500 –0.50967300 2.79245600 
H –4.63519300 –1.74228700 1.47820400 
N 0.95308300 2.30356800 0.47429900 
N –0.48858600 1.71740100 –1.21830100 
C –0.03605800 2.70345500 –0.41449400 
O –0.40880200 3.86389900 –0.45997400 
C 1.56397200 –1.27559300 –0.42334000 
O 0.99671600 –2.14735400 –1.05169400 
O 2.75068300 –1.47736700 0.16662000 
C 3.30637400 –2.78283400 0.02491000 
H 3.47821400 –3.01760600 –1.02809900 
H 4.25256400 –2.76457500 0.56323000 
H 2.64282600 –3.53560900 0.45639800 
C 2.80631900 1.01544400 1.30600400 
H 2.82750500 0.12461300 1.93216300 
H 3.69687300 0.98433100 0.67204200 
H 2.87275800 1.89956300 1.94410800 
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Abstract: Calcium, magnesium and zinc 2,5-dihydroxybenzenesulfonates 
(dobesilates) were synthesized by sulfonation of hydroquinone with sulfuric 
acid under mild conditions. To form the salts, neutralization with calcium 
carbonate followed by cation exchange by means of magnesium or zinc sul-
fates was performed. The dobesilates were characterized by standard spectral 
methods and by AAS for metal content and then tested for inhibitory activity 
against aminopeptidase N. The calcium and magnesium 2,5-dihydroxybenzene-
sulfonates exhibited rather weak inhibitory activity to aminopeptidase N, as 
demonstrated by the IC50 values of 978.0 and 832.1 μmol L-1, respectively, 
while zinc 2,5-dihydroxybenzenesulfonate reached a more significant inhi-
bitory activity characterized by an IC50 value of 77.4 μmol L-1. The results of 
the inhibition activity suggest that the inhibition of aminopeptidase N could 
play a role in the anti-angiogenic activity of 2,5-dihydroxybenzenesulfonates. 

Keywords: 2,5-dihydroxybenzenesulfonic acid salts; effect on CD13 activity; 
neovascularization; carcinogenesis; vasculopathies. 

INTRODUCTION 

Angiogenesis or the formation of new blood vessels is a process that rarely 
occurs in healthy adult tissues. It is typical either for growing embryonic tissues 
or for pathological conditions, such as carcinogenesis or proliferative vasculo-
pathies, including diabetic retinopathy of nephropathy. The formation of new 
blood vessels or tubes capable of fulfilling their function in neoplasms is crucial 
for the survival, growth and metastasis of most solid tumors. Consequently, 
inhibition of angiogenesis is considered a promising approach in cancer treat-
ment, and the design of novel angiogenesis inhibitors is currently underway.  
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Angiogenesis is a complex multi-stage process, which is controlled by the 
balance between angiogenic factors and angiogenesis inhibitors.1 The main 
factors that have been demonstrated to participate in angiogenesis regulation are 
growth factors, such as members of the vascular endothelial growth factor 
(VEGF) family, fibroblast growth factors (FGF), epidermal growth factors 
(EGF), platelet-derived growth factors (PDGF) and transforming growth factors 
(TGF). All these signaling proteins up-regulate angiogenesis. Interferon-gamma- 
-inducible protein 10 (IP-10), which is an antagonist of VEGF, can serve as an 
example of the body's own angiogenesis inhibitor.2 Some proteolytic enzymes 
also support angiogenesis. Among them, at least three aminopeptidases were rep-
orted to contribute to neovascularization. Aminopeptidases are ectopeptidases 
that cleave the N-terminal amino acid from a peptide chain. They are also metal-
loenzymes, as they are able to bind one or two divalent metal cations, such as 
Zn2+, Co2+ or Mn2+. Additionally, they exhibit broader or narrower substrate 
specificity. Methionine aminopeptidase type 2, containing a coordinated Co2+ 
and two zinc-aminopeptidases, adipocyte-derived leucine aminopeptidase (A- 
-LAP) and aminopeptidase N (APN) were reported to be involved in angio-
genesis control.1 This paper discusses the effect of dobesilates on APN activity. 
APN (EC 3.4.11.2) is identical to CD13 antigen, which has been identified as a 
cell-surface marker for malignant myeloid cells.3 It was also recognized as a cell 
entry receptor of some coronaviruses. In these viruses, the envelope spike glyco-
protein mediates the attachment of the virus particles to APN and subsequent cell 
entry, which can be blocked by neutralizing antibodies.4 It was also reported that 
bestatin, the most well-known APN inhibitor, stopped the invasion of tumor cells 
into reconstituted basement membrane.5,6 Recently, studies on APN-null mice 
revealed impaired neoangiogenesis in model systems without cancer cells.7 
Moreover, it was demonstrated that a decrease of APN activity in tumor tissue 
results in a reduction in both the density and size of newly formed blood vessels.8 
VEGF, a key angiogenesis regulator, triggers the expression of APN at an early 
stage of tumor growth.9 Similarly, the basic fibroblast growth factor (bFGF) and 
its downstream Ras-dependent signals, which mediate the formation of the endo-
thelial cells network, induce APN expression in endothelial cells.10 However, the 
precise mechanism by which APN regulates angiogenesis remains unclear. 

Dobesilates are salts of 2,5-dihydroxybenzenesulfonic acid (1) with divalent 
or monovalent metal cations. They were first reported as early as 1880.11 Cal-
cium dobesilate (2) has been used for decades for the prevention and treatment of 
diabetic retinopathy,12 nephropathy, chronic venous insufficiency,13 hemor-
rhoids14 and other related conditions. Potassium dobesilate (3) was successfully 
used for the treatment of actinic keratosis in an open-label clinical study.15 3 and 
magnesium dobesilate (4) were reported as the experimental drugs used in sev-
eral in vitro studies.16,17 Except in an early study of Seyda,11 zinc dobesilate (5) 
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has only been mentioned in a U.S. patent.18 Except for 2, data in the literature 
concerning spectral and other identification information of dobesilates are poor. 
The anti-angiogenic activity of dobesilates was demonstrated in a mouse gelatin 
sponge assay using acidic fibroblast growth factor (aFGF) as an inducer of 
neovascularization. Here, 2 remarkably reduced vessel ingrowths in FGF-con-
taining subcutaneous sponges in mice.19 Another study showed that 2 inhibited 
angiogenesis in both choroidal explants cultured in collagen gels and the cho-
roids of live diabetic rats. This effect was accompanied by inhibition of VEGF 
production in this tissue.20 Furthermore, inhibition of neovascularization by 
dobesilates was discussed several times regarding its effectiveness in the treat-
ment of angiopathies, neoplasms and other diseases in which angiogenesis plays 
an important role, such as chorioretinopathy,21 malignant glioma22 and rosa-
cea.23  

The aim of this study was to determine whether dobesilates inhibit APN and 
whether the subsequent APN inhibition plays a role in the antiangiogenic activity 
of dobesilates. 

EXPERIMENTAL 

All melting points were determined on a Büchi 535 melting point apparatus (Büchi, 
Flawil, Switzerland) and are uncorrected. The IR spectra were measured on a Nicolet Impact 
FTIR spectrometer using the ATR technique. The 1H- and 13C-NMR spectra were recorded on 
a 200 MHz Gemini 2000 instrument (Varian, Palo Alto, CA, USA) using DMSO-d6 as the 
solvent at 200 MHz or 50 MHz, respectively. The UV–Vis spectra were recorded on an 
Agilent 8453 diode array UV–Vis spectrophotometer (Agilent Technologies, Waldbronn, 
Germany). The content of metals was determined by atomic absorption spectroscopy (AAS) 
on a NovAA 350 atomic absorption spectrophotometer (Analytik Jena, Jena, Germany) using 
the flame technique. 

Dobesilates 
Hydroquinone (15 g, 0.136 mol) was added portionwise under stirring into 60 mL of 95 % 

sulfuric acid over 1 h. Stirring was continued until the starting material was completely dis-
solved. The temperature during this process did not exceed 45 °C. This solution of crude 2,5- 
-dihydroxybenzenesulfonic acid (1) in sulfuric acid was poured under stirring into 1500 mL of 
water and 150 g (1.5 mol) of calcium carbonate was then added portionwise under vigorous 
stirring. Stirring continued for an additional 15 min at room temperature. Then, the suspension 
was shortly heated to a boil and immediately filtered by suction filtration. The filtrate 
containing crude 2 was then divided into three equal volume portions.  

Calcium dobesilate (2).The first portion was slowly concentrated by evaporation on a 
vacuum evaporator at a temperature that did not exceed 42 °C. A white precipitate that formed 
during evaporation was filtered off. The filtrate was evaporated to dryness. The residue was 
dried under reduced pressure (0.7 kPa) at 40–42 °C over diphosphorus pentaoxide for 7 days. 
The obtained calcium 2,5-dihydroxybenzenesulfonate (2) was identified by 1H-NMR as the 
pentahydrate.  

Magnesium dobesilate (4). Anhydrous magnesium sulfate (4.38 g, 0.0360 mol) was 
added under stirring to the second portion of the solution of crude 2 at room temperature. The 
mixture was stirred for an additional 30 min and then heated to boiling for a short period of 
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time. The formed calcium sulfate precipitate was removed by suction filtration of the hot 
suspension. The filtrate was slowly concentrated by evaporation on a vacuum evaporator at a 
temperature that did not exceed 42 °C. The white precipitate that formed during the 
evaporation was filtered off. The filtrate was evaporated to dryness. The residue was dried 
under reduced pressure (0.7 kPa) at 40–42 °C over diphosphorus pentaoxide for 7 days. The 
obtained magnesium 2,5-dihydroxybenzenesulfonate (4) was identified by 1H-NMR as the 
decahydrate.  

Zinc dobesilate (5). Zinc sulfate heptahydrate (6.53 g, 0.0230 mol) was added under 
stirring to the third portion of the solution of crude 2 at room temperature. The mixture was 
stirred for an additional 30 min and then heated to boiling for a short period. The formed 
calcium sulfate precipitate was removed by suction filtration of the hot suspension. The 
filtrate was slowly concentrated by evaporation on a vacuum evaporator at a temperature that 
did not exceed 42 °C. The white precipitate that formed during evaporation was filtered off. 
The filtrate was evaporated to dryness. The residue was dried under reduced pressure (0.7 
kPa) at 40–42 °C over diphosphorus pentaoxide and protected from light for 7 days. The 
obtained zinc dobesilate (5) was identified by 1H-NMR as the octahydrate. 

Some physical, analytical and spectral data for the examined dobesilates are given in 
Supplementary material to this paper. 

Biochemistry 

Enzyme assay. Both L-leucine-p-nitroanilide, C.A.S. 4178-93-2, a substrate for APN, 
and APN, EC 3.4.11.2, were purchased from Sigma, USA. The other employed chemicals 
were of analytical or biochemical grade. The absorbance values at 405 nm, which is the 
absorption maximum of 4-nitroaniline, a product of substrate hydrolysis catalyzed by APN, 
were determined on a Helios Beta UV–Vis spectrophotometer equipped with a seven-position 
carousel (Unicam, UK). Every measurement was performed in triplicate. The results of the 
assays were evaluated and the IC50 values were calculated using QCExpert 2.5 statistical 
software (Trilobyte, Czech Republic). The colorimetric assay of enzyme inhibition was 
performed according to a previously described procedure that is considered a standard anal-
ytical method for this purpose,24 although some alternative approaches, including RP–HPLC 
with fluorescence detection, have also been successfully tested.25 The absorbance data 
together with the gradually increasing concentrations of dobesilates and their logarithms are 
given in Table I. The concentrations of dobesilates were recalculated into the concentrations 
of the anhydrous substances. 

TABLE I. Absorbances of samples of dobesilates incubated with APN with gradually inc-
reasing concentrations of dobesilates 

c(2)/10-3 mol L-1 A(2) c(4)/10-3 mol L-1 A(4) c(5)/10-4 mol L-1 A(5) 
0.000 0.965 0.000 0.965 0.000 0.965 
0.720 0.959 0.605 0.753 0.189 0.956 
0.823 0.929 0.691 0.702 0.283 0.918 
0.926 0.747 0.777 0.610 0.377 0.782 
1.029 0.366 0.864 0.537 0.472 0.682 
1.131 0.071 0.950 0.344 0.566 0.656 
1.233 0.050 1.040 0.158 0.660 0.533 
– – – – 0.755 0.460 
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RESULTS AND DISCUSSION 

Chemistry 

The target compounds were synthesized according to the steps outlined in 
Scheme 1. Calcium dobesilate (2) was prepared by sulfonation of hydroquinone 
under mild conditions followed by neutralization with calcium carbonate. It also 
served as an intermediate for the preparation of both magnesium and zinc dobe-
silates, which were produced from reactions of the appropriate metal sulfates 
with solutions of 2 under precipitation of the less soluble calcium sulfate. The 
synthesized compounds were characterized by melting points, IR, 1H- and 13C- 
-NMR spectral data and metal content determined by AAS. Although these three 
dobesilates are not completely novel compounds, satisfactory spectral character-
istics of two of them, 4 and 5, have not hitherto been reported. Furthermore, the 
hydrates of 2, 4 and 5 have also not been previously reported. 

 
Scheme 1. Synthesis of salts of 2,5-dihydroxybenzenesulfonic acid. 

The characterization data for 2, 4 and 5 are given in the Supplementary 
material to this paper.  

Enzyme assay 

The linear regression analysis of the relationship of mean absorbance values 
at 405 nm with the dobesilate concentration, re-calculated into the concentration 
of anhydrous dobesilate, resulted in the following equations: 

 log c(2) = –0.2024A – 2.9120; R = 0.959 (1) 
 log c(4) = –0.3688A – 2.9019; R = 0.943 (2) 
 log c(5) = –1.1097A – 3.5761; R = 0.975 (3) 

The values of IC50 were then calculated as the concentration corresponding to 50 
% of the maximum absorbance values.26 IC50 values of 978.0, 832.1 and 77.4 
μmol L–1 were obtained for 2, 4 and 5, respectively. Thus, 5 showed the highest 
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inhibitory activity. Compared to the most active APN inhibitors, 2 and 4 could be 
characterized as weak APN inhibitors, but the IC50 of 5 has a comparable order 
of magnitude with the values for known active compounds, such as the short-
chain peptide bestatin, which, determined on the same pig kidney APN, reached 
16 μmol L–1.27 These results suggest that the involvement of APN inhibition in 
the anti-angiogenic activity of dobesilates is possible because Zn2+ is available in 
blood plasma and divalent cations are freely interchangeable. As far as the mech-
anism of inhibition of APN by dobesilates is concerned, their inhibitory effect 
cannot be attributed to the replacement of Zn2+ in the active center of the enzyme 
with other divalent cations28 because 5 has a greater inhibitory effect than 4 and 
2. The removal of Zn2+ from the active center through its simple complexation 
by the free phenolic groups of 2,5-dihydroxybenzenesulfonate also seems impro-
bable. This does not occur even in compounds with the o-configuration of hyd-
roxyls, which are much more suitable for such complexation, such as the flavo-
noid quercetin.29 The Zn2+ is bound by His383, His387 and Glu406 residues, 
which belong to the active site of APN.30,31 Zn2+ and Glu406 form a regular 
carboxylate ion pair, while donor–acceptor bonds exist between Zn2+ and the 
imidazole nitrogens of both His residues. These coordination bonds could be 
disrupted by the formation a 2,5-dihydroxybenzenesulfonate ion pair on a 
particular basic nitrogen of the His imidazole ring by interaction with any dobe-
silate. By coordination, the dobesilate metal cation can then interact with other 
suitable amino acid residues within the catalytic site, such as Arg, His, Tyr and 
Asp or Glu. This interaction could lead to a decrease in catalytic activity. The 
mode of the inhibitory action of dobesilates on APN could also be based on their 
reduction activity, as they are hydroquinone derivatives and can be readily 
oxidized to appropriate 1,4-benzoquinone derivatives – 3,6-dioxocyclohexa-1,4- 
-diene-1-sulfonates. The possibility and reversibility of this reaction has been 
repeatedly demonstrated by cyclic voltammetry using various types of electro-
des.32 This oxidation must be accompanied by a complementary reduction, such 
as a change in a disulfide bridge between two cysteine residues into two inde-
pendent thiol groups. Such bridges occur in APN between Cys758 and Cys765 
and between Cys795 and Cys831.4 Their removal could lead to the disruption of 
the tertiary structure of the enzyme protein, which could lead to decreased 
activity.  

CONCLUSIONS 

In the present paper, the synthesis of calcium (2), magnesium (4) and zinc 
(5) 2,5-dihydroxybenzenesulfonates is described. The results of inhibitory acti-
vity assays against APN showed that 2 and 4 are only weak inhibitors of this 
enzyme while 5 has medium inhibitory activity. 
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SUPPLEMENTARY MATERIAL 

Some physical, analytical and spectral data for the examined dobesilates are available 
electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  

И З В О Д  
ИНХИБИЦИЈА АМИНОПЕПТИДАЗЕ N ЈЕ МОЖДА УКЉУЧЕНА У АНТИ-АНГИОГЕНИ 

ЕФЕКАТ ДОБЕЗИЛАТА 

OLDŘICH FARSA
1
, ŠÁRKA SEDLÁKOVÁ

1
, JANA PODLIPNÁ

2
 и JAROSLAV MAXA

2 

1Department of Chemical Drugs, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences 
Brno, Palackého 1/3, 61242 Brno, Czech Republic и 2Official laboratory for medicines control, Institute for 

State Control of Veterinary Biologicals and Medicines, Hudcova 56a, 62100 Brno-Medlánky, Czech Republic 

Сулфоновање хидрохинона сумпорном киселином и реакцијом одговарајућих соли 
добијени су калцијум- , магнезијум- и цинк-2,5-дихидроксибензенсулфонати (добези-
лати). Калцијумова со је добијена директном реакцијом киселине и калцијум-карбоната, 
док су магнезијумова и цинкова со добијене после јонске измене употребом магнезијум- 
или цинк-сулфата. Добезилати су окарактерисани стандардним спектроскопским пос-
тупцима и ААS за садржај јона метала и испитана им је инхибиторна активност према 
аминопептидази N. Калцијум- и магнезијум-2,5-дихидроксибензенсулфонати показују 
слабу инхибиторну активност према аминопептидази N, са IC50 вредностима 978,0 и 
832,1 μmol L-1, редом, док цинк-2,5-дихидроксибензенсулфонат показује знатно бољу 
инхибиторну активност, са IC50 од 77,4 μmol L-1. Инхибиторне активности указују да 
инхибиција аминопептидазе N може да буде важна у анти-ангиогеној активности 2,5-
дихидроксибензенсулфоната. 

(Примљено 28. новембра 2013, ревидирано и прихваћено 31. марта 2014) 
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SOME PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE EXAMINED 
DOBESILATES 

Calcium 2,5-dihydroxybenzenesulfonate (2). Yield: 94 %; white solid; m.p.: 
189–191 °C; Ca content (AAS) calcd. for C12H20CaO15S2: 7.88 %. Found: 8.06 
%; IR (ATR, cm–1): 703 (C–S– stretching), 860 (CH bending of aromatic ring), 
1338, 1445 (SO2 stretching), 1495 (C=C stretching of aromatic ring), 1644 (C=C 
stretching of aromatic ring), 3010 (CH stretching of aromatic ring), 3248 (OH 
stretching); 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 5.51 (14H, bs, 4 OH + 5 
H2O), 6.60 (4H, m, aromatic), 6.87 (2H, m, aromatic); 13C-NMR (50 MHz, 
DMSO-d6, δ / ppm): 149.17 (C), 146.11 (C), 130.92 (C), 118.32 (CH), 116.94 
(CH), 113.08 (CH); UV–Vis (H2O, λmax / nm): 220, 299. 

Magnesium 2,5-dihydroxybenzenesulfonate (4). Yield: 72 %; white solid; 
m.p.: > 279 °C; Mg content (AAS) calcd. for C12H30MgO20S2: 4.17. Found: 
4.38; IR (ATR, cm–1): 730 (C–S– stretching) 877 (CH bending of aromatic ring), 
1331, 1449 (SO2 stretching), 1500 (C=C stretching of aromatic ring), 1663 (C=C 
stretching of aromatic ring), 3376 (OH stretching); 1H-NMR (200 MHz, DMSO- 
-d6, δ / ppm): 4.00 (24H, bs, 4 OH + 10H2O), 6.59 (4H, m, aromatic), 6.87 (2H, t, 
J = 1.7 Hz, aromatic); 13C-NMR (50 MHz, DMSO-d6, δ / ppm): 149.18 (C), 
146.11 (C), 133.20 (C), 118.29 (CH), 116.94 (CH), 113.08 (CH); UV–Vis (H2O, 
λmax / nm): 220, 294. 

Zinc 2,5-dihydroxybenzenesulfonate (5). Yield: 80 %; pale yellow solid; 
m.p.: 171–173 °C under decomposition; Zn content (AAS) calcd. for 
C12H26O18S2Zn: 11.13. Found: 11.65; IR (ATR, cm–1): 703 (C–S– stretching), 
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871 (CH bending of aromatic ring), 1327, 1469 (SO2 stretching), 1494 (C=C 
stretching of aromatic ring), 1655 (C=C stretching of aromatic ring), 3010 (CH 
stretching of aromatic ring), 3242 (OH stretching); 1H-NMR (200 MHz, DMSO- 
-d6, δ / ppm): 3.97 (20H, bs, 4 OH + 8 H2O), 6.59 (4H, m, aromatic), 6.86 (2H, 
m, aromatic); 13C-NMR (50 MHz, DMSO-d6, δ / ppm): 149.16 (C), 146.11 (C), 
131.00 (C), 118.27 (CH), 116.92 (CH), 113.07 (CH); UV-Vis (H2O, λmax / nm): 
220, 301. 
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Evidence of β-sheet structure induced kinetic stability of papain 
upon thermal and sodium dodecyl sulfate denaturation 
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and NATALIJA POLOVIĆ*# 

Department of Biochemistry, Faculty of Chemistry, University of Belgrade, 
Studentski trg 12–16, 11158 Belgrade, Serbia 

(Received 1 September, revised 11 December, accepted 16 December 2014) 

Abstract: Papain is a protease that consists of α-helical and β-sheet domains 
that unfold almost independently. Both, considerable thermal stability and 
sodium dodecyl sulfate (SDS) resistance of papain have been shown. However, 
the ability of each domain to unfold upon thermal and SDS denaturation has 
never been studied. This work shows that fruit papain has slightly higher resist-
ance to thermal inactivation when compared to that of stem papain with a 
rather high activation energy (Ea) of 223±16 kJ mol-1 and a Tm50 value of 79±2 
°C. The SDS resistance of fruit papain was estimated by SDS–PAGE analysis 
and activity staining. It was noted that, in the presence of SDS the protein 
remained active, unless heat energy was applied in order to unfold papain. 
Furthermore, it was proven via Fourier transform infrared spectroscopy (FT- 
-IR) that an α-helical domain of fruit papain is more prone to unfolding at ele-
vated temperatures and in the presence of SDS then a β-sheet rich domain. 
Thermal denaturation of papain without detergent present led to accelerated 
formation of aggregation specific intermolecular β-sheets as compared to nat-
ive protein. The presented results are of both fundamental and practical impor-
tance. 

Keywords: thermal inactivation; SDS resistance; secondary structure; FT-IR 
spectroscopy. 

INTRODUCTION 

Papain is a cysteine protease (EC 3.4.22.2) with broad substrate specificity 
and numerous applications. The preprotein consists of 345 amino acids and it is 
secreted as zymogen.1 After cleavage of the activation peptide, the mature enz-
yme contains 212 amino acid residues that are organized in two domains. The 
N-terminal domain has mainly α-helical structure, while the C-terminal domain 
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has an antiparallel β-sheet fold.2 Commercial papain can be isolated from latex 
(stem) or papaya fruit. Both commercial enzymatic preparations have broad sub-
strate specificity.3  

Papain is extensively used as meat tenderizer,4 in dental caries removal pro-
cedures,5 for preparation of clinically relevant antibody fragments,6 as a cell 
dissociation/debris removal agent7 and as a component in cosmetic preparations.8 
Papain has been used in the detergent industry since the enzyme shows high 
activity and broad specificity for hydrolysis of peptide bonds.9 Furthermore, the 
enzymes from the papain family are known to be sodium dodecyl sulfate (SDS) 
resistant10 and very stable enzymes at elevated temperatures.11  

Elucidation of the basis for the extreme temperature and SDS stability of 
proteins is both of fundamental and practical importance. Recent studies sug-
gested that a rigid β-sheet fold, which leads to low structural flexibility of a pro-
tein, could be responsible for the SDS and protease resistance and might also be 
responsible for thermal stability of a protein.10 Since papain has both α-helical 
and β-sheet domains, the aim of this study was to check if any of the domains 
was more prone to SDS denaturation by monitoring the changes in the secondary 
structures of the protein at elevated temperatures and in the presence of SDS. The 
kinetic parameters of the thermal inactivation of fruit papain were also estimated. 

EXPERIMENTAL 

Papain purification 

Fruit papain was purified from a commercial papain preparation (BDH, London, Eng-
land). Papain was extracted from the dry powder with 100 mM Tris buffer pH 8 containing 
100 mM NaCl and 1 mM ethylenediaminetetraacetic acid disodium salt (EDTA) for 30 min at 
10 °C. The extract was centrifuged for 15 min at 4000×g at 10 °C and the obtained super-
natant was further used. Papain was precipitated from supernatant by addition of 2 volumes of 
ice-cold acetone followed by incubation at –20 °C for 30 min. The precipitate was separated 
by centrifugation at 10,000×g for 5 min. at 4 °C, dried and resuspended in 100 mM Tris buffer 
pH 8 containing 100 mM NaCl and 1 mM EDTA for further purification. Covalent chromato-
graphy was performed on Thiol-sepharose 4B (GE Healthcare, Uppsala, Sweden). The matrix 
was equilibrated in 100 mM Tris buffer pH 8.0 containing 100 mM NaCl and 1 mM EDTA 
(20 column volumes (CV)) first, and then the sample was applied. Unbound proteins were 
eluted with 20 CV of 100 mM Tris buffer pH 8 containing 100 mM NaCl and 1 mM EDTA, 
while bound protein was eluted by addition of 10 mM L-cysteine to the starting buffer. The 
homogeneity of purified protein was analyzed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS–PAGE). The concentration of the purified protein was determined using 
the Bradford method. Bovine serum albumin (BSA) was used as the standard.12 

Papain activity measurement 

The proteolytic activity of the purified papain was tested using BAPNA (Nα-benzoyl-
DL-arginine 4-nitroanilide hydrochloride, Sigma–Aldrich, Steinheim, Germany) as a substrate 
in a 96-well microplate (Sarstedt, Numbrecht, Germany) as described in Raskovic et al.13 
Briefly, substrate solution, 100 µL of 1mM BAPNA in citrate buffer (50 mM pH 6 with 2 mM 
EDTA and 10 mM L-cysteine) was mixed with an aqueous papain solution (25 µL) and 
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incubated at 25 °C. After 60 min, the reaction was stopped by the addition of glacial acetic 
acid and absorbance at 405 nm was measured.  

Thermal inactivation curve 

Papain solution (0.5 mg mL-1 in 100 mM Tris buffer pH 8 containing 100 mM NaCl, 1 
mM EDTA and 10 mM L-cysteine) was incubated at different temperatures ranging from 15 
to 100 °C for 30 min. Samples were allowed to cool to room temperature, and percentage of 
residual activity was determined in each sample using BAPNA. Measurements were per-
formed in triplicate. The percentage residual activity was calculated relative to the sample that 
was incubated at 40 °C (maximal activity).  

Determination of inactivation rate 

Papain solutions were incubated at 60 or 80 °C and aliquots removed at specific intervals 
(1 min up to 2 h). After cooling to room temperature, the residual activity was measured using 
the BAPNA assay. The measurements were performed in triplicate.  

Determination of the inactivation constants 

Inactivation rate constants for papain were determined at four different temperatures 
selected from the declining part of the inactivation curve (75, 80, 85 and 90 °C). Papain 
solutions were incubated at an appropriate temperature, and aliquots were taken at specific 
intervals, ranging between 1 and 30 min. After cooling to room temperature, the samples were 
assayed with BAPNA. The residual activity was determined in comparison to the activity of 
the sample before incubation at the respective temperature. A plot of logarithmic residual 
activity vs. incubation time (expressed in minutes) was produced in order to calculate the rate 
constants for the inactivation of papain. Rate constant values were calculated from the slopes 
of the following linear regression:  

 log (100A/Amax) = –(k/2.303)t (1) 

where A represents the measured absorbance at 405 nm after certain period of incubation; 
Amax represents the maximal absorbance before incubation; k represents inactivation rate 
constant; and t represents the incubation time.14 

Arrhenius plot. Activation energy of papain inactivation was determined by plotting the 
inactivation constants on the Arrhenius plot. Activation energy was calculated from the slope 
of Arrhenius plot (ln (k / min-1) vs. T-1 / K-1) in accordance with the equation: 

 ln k = –Ea/RT + C (2) 

where R represents the universal gas constant (8.314 J mol-1 K-1), and T represents absolute 
temperature in K. Slopes and their standard errors were obtained from the linear regression 
curves.15 

SDS–PAGE and activity staining 

Papain samples for SDS–PAGE and activity staining analysis were prepared by mixing 
0.5 mg mL-1 protein solution in 100 mM Tris buffer pH 8 containing 100 mM NaCl, 1 mM 
EDTA and 10 mM L-cysteine with adequate volume of reducing sample buffer (60 mM Tris 
buffer pH 6.8 containing 25 % glycerol, 1 % SDS, 14.4 mM 2-mercaptoethanol, and 0.1 % 
bromophenol blue) followed by 30 min incubation at various temperatures (60, 65, 70, 75, 80, 
85 and 90 °C). The amount of protein loaded on the gel was 15 µg and 0.1 µg in the case of 
SDS–PAGE and activity staining, respectively. In the case of SDS–PAGE analysis, the 
samples were resolved in a discontinuous buffer system with a 4 % stacking gel and 10 % 
resolving gel in a Hoefer Dual Gel Mighty Small SE 245 vertical electrophoresis system 
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(Hoefer, Holliston, MA, USA) according to Laemmli.16 In order to detect in-gel proteolytic 
activity of papain after SDS–PAGE, zymograms were run according to Felicioli et al. with 
some modifications.17 Briefly, protein samples were applied onto a 10 % resolving gel co-
polymerized with 0.1 % gelatin. After electrophoresis, the gel was incubated in a 100 mM 
Tris, pH 8 with 100 mM NaCl and 1 mM EDTA for 16 h, followed by staining with 
Coomassie Brilliant Blue R-250 (Serva, Heidelberg, Germany). 

Fourier transform infrared spectroscopy (FT-IR) 

Infrared spectra were recorded for various papain samples (incubated for a period of 30 
minutes at 25, 60 or 90 °C, with or without the addition of 1 % SDS, the same SDS con-
centration as in the reducing sample buffer for SDS–PAGE), utilizing Fourier transform infra-
red spectroscopy with attenuated total reflectance (ATR) at 1 cm-1 resolution (Nicolet 6700 
FT-IR, software OMNIC, version 7.0, Thermo Scientific, USA). Papain samples (15 µg) were 
applied onto a Smart accessory with a diamond crystal (Smart Orbit, Thermo Scientific, 
USA). The solvent was evaporated under a nitrogen stream in order to obtain a thin ATR film. 
For each spectrum, 64 scans were collected. The spectrum of the buffer was subtracted from 
the spectrum of the protein since even water vapor can interfere with the protein absorbance. 
Criterion for the correctness of subtraction was a flat baseline between 1800 and 2000 cm-1.18  

Spectral analysis. Resolution enhanced spectra were generated by Fourier self-decon-
volution function using 13 cm-1 for the full bandwidth at half height (FWHH) and 2.4 for the 
resolution enhancement factor as described in the study of Byler and Susi.19 Second-deri-
vative spectra were generated by a seven-point Savitsky–Golay derivative. The positions of 
the secondary structure peaks were identified from the second-derivative spectra and assigned 
to specific secondary structures, as described previously.19,20 Aggregation specific bands were 
identified from low frequency bands.21-23 

To compare the secondary structure transition in the papain samples incubated for 30 
min at 25, 60 or 90 °C, with or without the addition of 1 % SDS, the ratio between the band 
intensities from the corresponding frequencies of a specific secondary structure and the amide 
II band maximum, identified at 1520 cm-1, was calculated as described before.24,25  

RESULTS AND DISCUSSION 

Cooperative thermal inactivation of papain 

Fruit papain was purified 8-fold from a commercial preparation in order to 
remove any inactive protein and colored low molecular weight compounds, 
which could interfere with the activity estimation assay (Fig. 1). In order to 
examine the dependence of papain activity and temperature, the residual activity 
of papain was observed at different temperatures using BAPNA as a substrate. 
Temperature range was 15–100 °C. After 30 min of incubation at a given tem-
perature, the absorbance of the product was read and an inactivation curve was 
constructed (Fig. 2). The percentage residual activity was expressed in relation to 
the activity at 40 °C (maximal activity). The Tm50 value was found to be 79±2 
°C, which is comparable to the Tm50 value of around 80 °C determined by differ-
ential scanning calorimetry.11,26 In the incubation temperature region from 60 to 
90 °C, the residual activity was reduced from 95 to only 1 %. In this part of the 
inactivation curve, cooperative loss of activity could be clearly observed due to 
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denaturation of the protein. Since papain domains unfold almost independently,26 
it seems that loss of activity could be attributed to the transition of one domain. 
Active site residues (Cys-25, His-159 and Asn-178) are located in the cleft 
formed between these two domains, thus the destabilization of one domain could 
lead to inactivation.11 

Fig. 1. Chromatographic separation of papain on a 
thiol-sepharose column. The column was 
equilibrated with 100 mM Tris buffer pH 8.0 
containing 100 mM NaCl and 1 mM EDTA (Buffer 
A) followed by elution of unbound proteins with the 
same buffer and elution of papain with the same 
buffer containing 10 mM cysteine (Buffer B). The 
chromatography was run at a flow rate of 0.8 mL 
min-1. 

Fig. 2. Thermal inactivation curve of papain deter-
mined using BAPNA as a substrate. For creating the 
curve, A405 was monitored as a function of tempera-
ture over the appropriate temperature range (15–100 
°C). The residual activity was calculated as the per-
centage of the maximal activity measured at 40 °C. 

Papain inactivation rate at 60 and 80 °C 

The term kinetic stability is used to describe proteins that are trapped in a 
specific conformation because of an unusually high unfolding barrier that results 
in very slow unfolding rates.11 Since inactivation of papain coincided with tran-
sition of its tertiary structure, the overall kinetic stability of papain was estimated 
from its inactivation rates at different temperatures. Papain was incubated at 60 
and 80 °C and at specific intervals starting from 1 min up to 2 h, aliquots were 
removed and the proteolytic activity against BAPNA was assayed. At 80 °C, the 
activity decline followed first order exponential kinetics (Fig. 3B). When inac-
tivation curve of papain at 60 °C was determined, no decline of activity was reg-
istered, indicating stability of the enzyme at 60 °C (Fig. 3A) in the observed time 
range. 

 

_________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



618 RAŠKOVIĆ et al. 

Fig. 3. Kinetics of papain inactivation at: A) 60 
and B) 80 °C. 

Thermal inactivation of papain 

Thermal inactivation of papain was kinetically investigated in the tempera-
ture range 75–90 °C. The results are shown in Fig. 4. 

First-order exponential curves for dependence of residual activity of papain 
on incubation time at temperatures in the range 75–90 °C were linearized by 
plotting the logarithm of the residual activity as a function of incubation time 
(Fig. 4A). The inactivation rate constants (k / min–1) were calculated from the 
linear regression analysis and are given in Table I.  

The inactivation rate constants increased approximately 20-fold in the tem-
perature range 75–90 °C. Effect of temperature on inactivation rate is illustrated 
by Arrhenius plot shown in Fig. 4B. 

Temperature dependence of the thermal inactivation of papain, expressed by 
the activation energy (Ea / kJ mol–1) value, is given in Table I. Fruit papain 
exhibited slightly higher thermal inactivation resistance when compared to stem 
papain (the obtained Ea value for fruit papain was 223±16 kJ mol–1, while for 
stem papain, it was 214±42 kJ mol–1).27 Recently, it was shown that latex and 
fruit papain differ in both stability and their catalytic properties under acidic con-
ditions and in the presence of ethanol.3 There is a possibility that fruit and stem 
papains are not the same enzyme but are isoenzymes. In the case of some other 
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laticiferous plants (e.g., Ananas comosus), different enzymatic profiles could be 
detected in the stem latex and the fruit regarding molecular weight, amino acid 
composition, substrate specificity, etc. Thus, stem and fruit bromelains, which 
belong to the papain family of proteases, could be considered as isoenzymes.28 

 
(A) 

(B) 

Fig. 4. A) Thermal inactivation of papain in the 
range between 75 to 90 °C. B) Arrhenius plot 
showing the temperature dependence of the rate 
constant of papain inactivation. 

TABLE I. Inactivation rate constants (k / min-1) of papain incubated at different temperatures 

Temperature, °C 75 80 85 90 Ea / kJ mol-1 

k / min-1 0.019±0.002 0.042±0.002 0.157±0.007 0.43±0.04 223±16 

The Ea value of papain (223±16 kJ mol–1) was considerably higher when 
compared to enzymes that are less stable in regards to temperature and presence 
of SDS. The Ea values for several enzymes having overall temperature stability 
below 50 °C and notorious instability in the presence of SDS were found to be 
121,29 8830 and 167 kJ mol–1,31 for carbonic anhydrase, urease and amylase, 
respectively. In the case of proteolytic enzymes, the inactivation Ea value is very 
similar to the Ea value of fruit papain. For example, ficin has an inactivation Ea 
of 210±22 kJ mol–1.27 
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Papain resistance to SDS 

Activity staining (Fig. 5) showed that papain was stable at elevated tempe-
ratures (up to 60 °C) in the presence of SDS. At the temperatures higher than 60 
°C, a gradual loss of activity was observed. Shift in SDS–PAGE mobility of the 
native (and active) papain in comparison to the denatured one could be explained 
by the resistance of papain to SDS denaturation. Since native papain showed 
resistance to SDS, its net negative charge during electrophoresis was decreased in 
comparison to the net negative charge of denatured papain (mainly originating 
from the sulfate group of the detergent).10 It is noteworthy that papain expressed 
similar thermal stability regardless of the presence of SDS (Figs. 2 and 5). Since 
such extraordinary SDS stability of proteins was discussed in terms of the kinetic 
stability of the β-sheet towards SDS unfolding,10 the propensities of changes of 
the certain secondary structure elements in the papain molecule upon incubation 
at elevated temperatures with and without added detergent were explored in the 
present study. 

 
Fig. 5. SDS–PAGE analysis and activity staining towards gelatin of papain incubated at 25 °C 

and at temperatures from 60 to 90 °C in the presence of 1 % SDS. N – native papain; 
D – denatured papain. 

Changes in secondary structures of papain 

FT-IR spectroscopy was employed for monitoring the changes in the second-
ary structures. The IR spectra of papain incubated at elevated temperatures with 
or without SDS are shown in Figs. 6 and 7. 

FT-IR spectroscopy is well-established method for the analysis of the sec-
ondary structures of proteins. The mostly used spectral region for secondary 
structure analysis is the amide I band (frequency limits: 1600–1700 cm–1), which 
is almost entirely due to the C=O stretching vibrations of the peptide bonds.32 
Specific maxima within amide I region were identified from second-derivative 
spectra and assigned to secondary structures: α-helix 1654 cm–1 and β-sheet 1632 
cm–1 according to Byler and Susi.19 Goormaghtigh et al.20 reported that 1641 
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cm–1 is a random coil specific frequency for papain, while Byler and Susi,19 
found it at 1646 cm–1. In the present study, the random coil band was identified 
at 1643 cm–1. An aggregation specific intermolecular β-sheet conformation was 
identified at a low frequency at around 1612 cm–1.21–23 

 

 
Fig. 6. A) Fourier self-deconvolution IR spectra and B) second derivative spectra of papain 

incubated at 25, 60 and 90 °C. 

Changes in band intensity ratios of certain secondary structures identified 
within amide I region and amide II band in the IR spectra of papain incubated at 
elevated temperatures with or without added SDS are shown in Fig. 8. 
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Fig. 7. A) Fourier self-deconvolution IR spectra and B) second derivative spectra of papain 

incubated at 25, 60 and 90 °C with addition of SDS (25*, 60* and 90*). 

Denaturation of papain induced by heat (90 °C) led to lowered contents of 
native-like structures (ordered: α-helix; and unordered – random coil), while it 
accelerated the formation of an aggregation specific intermolecular β-sheet (Fig. 
8). Several authors reported that frequencies 1614–1622 cm–1 and sometimes 
above 1680 cm–1 are aggregation specific frequencies in all α-helix rich,22,33 
β-sheet rich proteins,21 and mixed fold proteins,23 and that they appear due to the 
formation of intermolecular antiparallel β-sheets prior to aggregation. It was 
shown in the case of several proteins, including myoglobin,22 transthyretin,34 β-
lactoglobulin,21 human growth hormone, human interferon-α-2b22 and chymo-
trypsinogen A23 that heat denaturation induced changes in the amide I region, 

_________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



 β-SHEETS STRUCTURE INDUCED STABILITY OF PAPAIN 623 

corresponding to shift of the intensities of frequency bands of native-like struc-
tures toward aggregation specific β-sheet frequency bands. Furthermore, the for-
mation of the aggregates was lowered in the presence of SDS at elevated tem-
peratures (60 and 90 °C, Fig. 8). However, in the case of added detergent it is 
apparent that elevated temperatures (especially at 90 °C) accelerated the form-
ation of unordered structures, while lowering the content of α-helix structures. 
Changes in the β-sheets induced by the presence of SDS were not so pronounced, 
indicating that denaturation of papain by a combination of heat and detergent 
started within the α-helical domain. Lowered stability of the α-helical domain of 
papain in comparison to the β-sheet domain was recently reported in case of acid 
denaturation of papain.35 

Fig. 8. Changes in intensity ratios of 
secondary structure specific bands in 
the IR spectra of papain incubated at 
25, 60 and 90 °C (25, 60 and 90) and 
with addition of SDS (25*, 60* and 
90*). The amide I/ amide II band int-
ensity ratios were calculated using the 
intensity of secondary structure speci-
fic band in the amide I region (1654 
cm-1 α-helix; 1632 cm-1 β-sheet; 1643 
cm-1 random coil; 1612 cm-1 aggre-
gation specific intermolecular β-sheet) 
and the amide II maximum intensity at 
1520 cm-1. 

The explanation of SDS resistance of kinetically stable proteins is based on 
two assumptions. SDS binding appears to rely on transitions between protein 
conformations, moments of weakness in which the protein is susceptible to SDS 
binding, thus leading to entrapment.10 On the other hand, kinetically stable pro-
teins are characterized by unusually low structural flexibility, which lead to sup-
pression of partial unfolding.36 Thus, kinetically stable proteins, papain among 
them, infrequently assume open conformations and therefore are resistant to SDS 
unless provided with energy in the form of heat. With the exception of the papain 
family of proteases, most of the kinetically stable and SDS resistant proteins 
exhibit a tight β-sheet fold and tend to oligomerize.10 However, despite having 
mixed α/β fold, papain is not the exception to the rule. The obtained results sug-
gest that the α-helical domain of papain is more prone to unfolding at elevated 
temperatures and in the presence of SDS than the β-sheet rich domain. 
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CONCLUSIONS 

In this study, for the first time, the differential SDS resistance of the α-heli-
cal N-terminal domain of papain and the β-sheet rich C-terminal domain is rep-
orted. Denaturation of papain by a combination of heat and SDS led to a reduc-
tion of the IR band assigned to α-helix, while preserving the β-sheet content. 
However, regardless of fruit papain denaturation at 90 °C, the protein exhibited 
considerable thermal stability and SDS resistance. 
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И З В О Д  
ДОМЕН БОГАТ β-ПЛОЧИЦАМА ЈЕ ОДГОВОРАН ЗА КИНЕТИЧКУ СТАБИЛНОСТ 
ПАПАИНА ПРИ ДЕНАТУРАЦИЈИ ИЗАЗВАНОЈ ПОВИШЕНОМ ТЕМПЕРАТУРОМ И 

НАТРИЈУМ-ДОДЕЦИЛ-СУЛФАТОМ 

БРАНКИЦА РАШКОВИЋ, НИКОЛИНА БАБИЋ, ЈЕЛЕНА КОРАЋ и НАТАЛИЈА ПОЛОВИЋ 

Катедра за биохемију, Хемијски факултет, Универзитет у Београду, Студентски трг 12–16, 
11158 Београд 

Папаин је протеаза која у својој структури поседује два домена од којих је један 
богат α-хеликсом, а други β-плочицом. Ова два домена се при денатурацији готово неза-
висно развијају. За папаин изолован из стабла папаје показана је знатна температурна 
стабилност, као и отпорност на натријум-додецил-сулфат (SDS). Међутим, подложност 
сваког од домена да се развијају услед денатурације изазване повишеном температуром 
или SDS, још увек није проучена. У овом раду je показано да папаин из плода папаје 
испољава благо повишену отпорност на термалну инактивацију у поређењу са папаином 
из стабла папаје са прилично високом вредношћу енергије активације (Ea) која износи 
223±16 kJ mol-1 и Tm50 вредношћу oд 79±2 °C. SDS–PAGE анализом и зимограмом 
одређена је отпорност папаина плода папаје на SDS. Изгледа да протеин задржава 
активност у присуству SDS-а све док се не обезбеди довољна количина енергије у виду 
топлоте која ће довести до развијања протеина. Употребом Фурије трансформисане 
инфрацрвене спектроскопије (FT-IR) показано је да је домен папаина плода папаје богат 
α-хеликсом подложнији развијању на повишеним температурама и у присуству SDS од 
домена богатог β-плочицама. Термална денатурација протеина без присуства детергента 
доводи до бржег формирања интермолекулске β-плочице специфичне за агрегацију про-
теина када се упореди са нативним протеином. Приказани резултати поседују фунда-
ментални значај, али су веома важни и у контексту комерцијалне примене папаина. 

(Примљено 1. септембра, ревидирано 11. децембра, прихваћено 16. децембра 2014) 
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Edaravone, a free radical scavenger, protects liver against 
valproic acid induced toxicity 
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Abstract: Valproic acid (VPA) is a well-established anticonvulsant drug that 
has been increasingly used in the treatment of many forms of generalized 
epilepsy. Edaravone (EDA, 3-methyl-1-phenyl-2-pyrazolin-5-one) is a potent 
free radical scavenger. In this study, the aim was to investigate the effects of 
EDA on VPA-induced hepatic damage. Male Sprague Dawley rats were div-
ided into four groups. Group I was control animals. Group II was control rats 
given valproic acid (500 mg kg-1 day-1) for seven days. Group III was given 
only EDA (30 mg kg-1 day-1) for seven days. Group IV was given VPA+EDA 
(at the same dose and in the same time). EDA and VPA were administered 
intraperitoneally. On the 8th day of the experiment, blood samples and liver 
tissue were taken. Serum aspartate and alanine aminotransferase, alkaline 
phosphatase and bilirubin levels, liver myeloperoxidase, xanthine oxidase, ade-
nosine deaminase, Na+/K+ATPase, sorbitol dehydrogenase, glutamate dehydro-
genase, DT-diaphorase, arginase and thromboplastic activities, lipid peroxid-
ation, protein carbonyl levels were increased whereas paraoxonase and bio-
tinidase activities and glutathione levels were decreased in the VPA group. 
Application of EDA with VPA protected against VPA-induced effects. These 
results demonstrated that administration of EDA is potentially beneficial to 
reduce hepatic damage in VPA-induced hepatotoxicity, probably by decreasing 
oxidative stress. 

Keywords: edaravone; hepatotoxicity; hepatic enzymes; rat; valproic acid; free 
radicals. 

INTRODUCTION 

Valproic acid (2-propylpentanoic acid, VPA) is one of the most widely 
prescribed antiepileptic drugs (AEDs) worldwide, and is also used against mig-
raine, cluster headaches and bipolar psychiatric disorders.1 In addition, VPA has 
a wide range of therapeutic applications in many cancer types, including breast 
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cancer, glioma, acute myelogenous leukemia, thyroid cancer, endometrial carci-
noma and neuroblastoma2 and human immune deficiency virus infection.3 VPA 
shows important potential adverse effects, including weight gain, hepatotoxicity, 
pancreatitis, skin rash, hair loss, antifolate activity, teratogenicity, bone marrow 
suppression and hyperammononemic encephalopathy.4–7 One of the most impor-
tant clinical adverse effects ascribed to VPA therapy is hepatic failure.6 Various 
studies showed protection against VPA-induced hepatotoxicity by antioxidants, 
including α-tocopherol, N,N′-diphenylphenylenediamine8 and vitamin U.9 

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one, MCI-186; EDA) is a 
newly developed free radical scavenger for clinical use that can quench free radi-
cal reaction by trapping a variety of free radical species.10 It can act as a hyd-
roxyl radical scavenger11,12 and has antioxidant effects against both the hydroxyl 
radical and iron-dependent lipid peroxidation.13,14 Several experimental studies 
reported that EDA may have noteworthy effects on hepatic ischemia – reper-
fusion injury.15,16 

The purpose of the present study was to evaluate the ability of EDA to pro-
tect hepatic tissue against VPA-induced toxicity. 

EXPERIMENTAL 

Animals and experimental design 

Male Sprague Dawley rats were used in this study. The animals were 2.5–3 months old 
and clinically healthy. All the experimental procedures were approved by the Istanbul Uni-
versity Local Ethics Committee on Animal Research. The rats were randomly divided into 
four groups. Group I (n = 8) was intact control animals. Group II (n = 10) was given only 
VPA (500 mg kg-1 day-1) for seven days. Group III (n = 10) was given only EDA (30 mg kg-1 
day-1) for seven days and lastly, Group IV (n = 10) was given VPA+EDA (at the same dose 
and in the same time). EDA and VPA were given by intraperitoneally. On the 8th day of the 
experiment, all of the animals were fasted overnight and then sacrificed under anesthesia. 
Blood and liver tissue were taken from the animals.  

Biochemical assays 

In this study, biochemical investigations were made on serum and liver tissues from all 
groups. Liver tissue samples were washed with 0.9 % saline and kept frozen until the day of 
the experiments. Serum aspartate (AST) and alanine aminotransferase (ALT) activities were 
estimated by the Reitman and Frankel methods.17 Serum alkaline phosphatase (ALP) activity 
was assayed by two points methods.18 Serum total and direct bilirubin levels were determined 
by the method of Jendrassik and Grof.19 Liver tissues were taken from animals, homogenized 
in 0.9 % saline to make a 10 % (w/v) homogenate. The homogenates were centrifuged and 
used for determination of the protein, glutathione (GSH), lipid peroxidation (LPO), protein 
carbonyl (PC) levels and enzyme activities. GSH levels were determined according to the 
Beutler method using Ellman’s reagent.20 LPO levels were estimated by the Ledwozyw 
method.21 PC levels were measured by the method of Levine.22 The myeloperoxidase (MPO) 
activity was determined according to Wei and Frenkel,23 paraoxonase (PON1) according to 
Furlong et al.,24 xanthine oxidase (XO) according to Corte and Stirpe,25 adenosine deaminase 
(ADA) according to the Karker method,26 Na+/K+ATPase according to Ridderstap and Bont-
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ing,27 biotinidase according to Wolf et al.,28 sorbitol dehydrogenase (SDH) according to Berg-
meyer et al.,29 glutamate dehydrogenase (GLDH) according to Ellis and Goldberg,30 DT- 
-diaphorase (DTD) according to Ernster et al.31 and arginase according to Geyer and 
Dabich.32 The thromboplastic activity (TF) was determined by the method of Ingram and 
Hills.33 The protein content in the supernatants was estimated by the Lowry method using 
bovine serum albumin as standard.34 

Statistical analysis 

The biochemical results were analyzed by one-way ANOVA followed by the Dun-
can/Newman-Keuls multiple comparison test. The values are expressed as mean ± SD. Values 
of p less than 0.05 were considered significant. 

RESULTS 

The serum AST, ALT and ALP activities are given in Table I. The serum 
AST, ALT and ALP activities were significantly increased in the VPA group 
compared to the control group (ap < 0.05, cp < 0.005, Table I). Administration of 
EDA significantly decreased the AST, ALT and ALP activities in the VPA group 
(bp < 0.005, dp < 0.05, Table I). The serum total and direct bilirubin were 
analyzed to evaluate hepatic injury. The serum total and direct bilirubin were sig-
nificantly increased in the VPA group as compared to the control group (cp < 
< 0.005, Table I). EDA given to the VPA group lowered the serum total and 
direct bilirubin levels in a significant manner when compared to the VPA group 
(bp < 0.005, ep < 0.005, Table I). 

TABLE I. Serum aspartate aminotransferase (AST / U L-1), alanine aminotransferase (ALT / 
U L-1) and alkaline phosphatase (ALP / U L-1) activities and serum total and direct bilirubin 
levels for all groups; mean±SD; ap < 0.05 vs. control group, bp < 0.005 vs. VPA group; 
cp < 0.005 vs. control group; dp < 0.05 vs. VPA group; ep < 0.005 vs. VPA group 

Group AST ALT  ALP 
Total bilirubin

µmol L-1 
Direct bilirubin 

µmol L-1 
Control 144.77±38.72 53.49±17.89 104.28±27.74 5.81±1.48 1.40±0.42 
Control+EDA 171.28±36.38 54.12±12.11 125.96±15.61 5.32±1.39 1.35±0.53 
VPA 207.57±41.16a 87.62±19.89c 177.44±45.11c 11.27±3.48c 2.49±0.61c 
VPA+EDA 148.57±27.81b 59.54±9.47b 108.77±42.63d 5.64±1.93b 1.33±0.62e 
pANOVA 0.004 0.001 0.002 0.0001 0.001 

Hepatic glutathione (GSH), lipid peroxidation (LPO) and protein carbonyl 
(PC) levels are presented in Table II. The GSH levels were significantly dec-
reased in the VPA group (ap < 0.05). Administration of EDA significantly pro-
tected against the reduction in GSH levels in the EDA-treated VPA (VPA+EDA) 
group in comparison to the VPA group (bp < 0.05, Table II). Hepatic LPO and 
PC levels were significantly increased in the VPA group compared to control 
group (ap < 0.05). Administration of EDA showed significant protection against 
oxidation in the LPO and PC levels in the EDA-treated VPA group compared to 
the VPA group (bp < 0.05, Table II). The MPO activity in the hepatic tissue was 
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significantly elevated in the VPA group. This can demonstrate enhanced infil-
tration of neutrophils to the hepatic tissue (cp < 0.0005). Administration of EDA 
significantly decreased the hepatic MPO levels (dp < 0.0005) in the VPA group. 
The hepatic PON activity was significantly decreased in the VPA group (ep < 
< 0.005). EDA inhibited these decreases significantly (bp < 0.05, Table II). 

TABLE II. Liver glutathione (GSH / nmol mg-1 prot.), lipid peroxidation (LPO nmol MDA 
mg-1 prot.) and protein carbonyl (PC / nmol mg-1 prot.) levels and myeloperoxidase (MPO / U 
g-1 tissue) and paraoxonase (PON / mU mg-1 prot.) activities for all groups; mean±SD; ap < 
< 0.05 vs. control group, bp < 0.05 vs. VPA group; cp < 0.0005 vs. control group; dp < 0.0005 
vs. VPA group; ep < 0.005 vs. VPA group 

Group GSH LPO  PC  MPO  PON 
Control 33.31±7.6 0.75±0.26 1.91±1.08 0.67±0.085 9.03±0.50 
Control+EDA 36.61±8.77 0.86±0.51 2.50±1.34 0.62±0.0067 10.18±3.13 
VPA 24.14±4.88a 2.38±1.26a 4.96±2.51a 0.83±0.0051c 6.54±1.48e 
VPA+EDA 33.60±6.94b 0.86±0.54b 1.88±0.92b 0.65±0.10d 12.31±4.66b 
pANOVA 0.017 0.001 0.003 0.0001 0.029 

The hepatic XO and ADA activities were significantly increased in the VPA 
group (ap < 0.005, cp < 0.05, Table III). Administration of EDA significantly 
decreased the hepatic XO and ADA activities (bp < 0.05, Table III). The activity 
of Na+/K+ATPase, indicating the functional transport capacity of the hepatic 
cells, was increased in the VPA group compared with control group (cp < 0.05). 
However the EDA-treated VPA group had significantly decreased hepatic Na+/  
/K+ATPase activity (dp < 0.005, Table III). Hepatic biotinidase activity was 
significantly decreased in the VPA group as compared to the control group (ap <  
< 0.005), whereas biotinidase activity in the hepatic tissue was significantly inc-
reased in the EDA-treated VPA group as compared with VPA group (bp < 0.05, 
Table III). Hepatic SDH was significantly increased in the VPA groups as com-
pared to the controls (ap < 0.005). On the other hand, EDA administration to the 
VPA group resulted in a significant decrease in SDH activity in comparison to 
the VPA group (ep < 0.005, Table III). 

TABLE III. Liver xanthine oxidase (XO / mU mg-1 prot.), adenosine deaminase (ADA / mU 
mg-1 prot.), sodium potassium ATPase (Na+/K+ATPase, µmol P mg-1 prot., 10 min), 
biotinidase (nmol min mg-1 prot.) and sorbitol dehydrogenase (SDH / mU mg-1 prot.) 
activities for all groups; mean±SD; ap < 0.005 vs. control group, bp < 0.05 vs. VPA group; cp <  
< 0.05 vs. control group; dp < 0.005 vs. VPA group; ep < 0.005 vs. VPA group 

Group XO ADA Na+/K+ATPase Biotinidase SDH 
Control 1.81±0.51 2.31±0.66 0.159±0.052 0.035±0.006 0.938±0.311 
Control+EDA 3.16±1.91 10.18±1.13 0.129±0.041 0.031±0.011 0.960±0.158 
VPA 6.71±3.75a 5.09±3.03c 0.298±0.160c 0.022±0.006a 3.86±2.11a 
VPA+EDA 3.20±2.43b 2.40±0.88b 0.126±0.053d 0.034±0.012b 1.30±0.73e 
pANOVA 0.001 0.003 0.001 0.003 0.0001 
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The hepatic GLDH, DTD and arginase activities were significantly increased 
in VPA group compared to control group (ap < 0.05, cp < 0.005). EDA signi-
ficantly decreased the GLDH, DTD and arginase activities in the VPA groups as 
compared with the VPA group (bp < 0.05, dp < 0.005, Table IV). The TF activity 
was increased in the VPA group (ap <0.05) but was significantly decreased by 
EDA administration (bp <0.05, Table IV). 

TABLE IV. Liver glutamate dehydrogenase (GLDH/mU mg-1 prot.), DT-diaphorase 
(nmol min mg-1 prot.), arginase (µmol urea mg-1 prot.) and thromboplastic activities (TF/s) 
for all groups; mean±SD; ap < 0.05 vs. control group, bp < 0.05 vs. VPA group; cp < 0.005 vs. 
control group; dp < 0.005 vs. VPA group 

Group GLDH DT-Diaphorase Arginase TF 
Control 0.25 ± 0.09 5.55 ± 1.76 0.42 ± 0.14 209.63 ± 91.19 
Control+EDA 0.31 ± 0.014 6.41 ± 2.21 0.47 ± 0.20 196.10 ± 51.74 
VPA 1.085 ± 0.748a 11.89 ± 2.99c 0.87 ± 0.43a 121.40 ±27.52a 
VPA+EDA 0.483 ± 0.323b 7.19 ± 2.91d 0.53± 0.24b 172.10 ±51.80b 
pANOVA 0.0001 0.0001 0.012 0.012 

DISCUSSION 

One of the most sensitive and dramatic indicators of hepatocyte injury is the 
release of intracellular enzymes, such as AST, ALT and ALP. The increase in the 
activities of these enzymes in serum during VPA administration, is thus indi-
cative of hepatocellular damage.35 In this study, treatment with EDA signific-
antly reversed the alterations in the status of these enzymes to normal levels, 
probably due to its highly effective free radical scavenger activity,36 thus, main-
taining the hepatocellular membrane integrity. 

Serum bilirubin is a potential marker for hepatic dysfunction and any abnor-
mal increase in the levels of bilirubin in serum denotes hepatobiliary disease and 
hepatocellular dysfunction.37 In the present study, the elevated levels of bilirubin 
observed in the VPA group corresponded to extensive hepatic damage. Its accu-
mulation is a measure of binding, conjugation and excretory capacity of hepato-
cytes.38 Recent reports showed that EDA exhibits excellent efficacy in both 
hepatic ischemia–reperfusion and acute hepatic injury in rat models.39 Accord-
ingly, in this study, EDA prevented the increases of the total and direct bilirubin 
levels.  

It is well known that GSH is involved in the protection of normal cellular 
structure and function by maintaining redox homeostasis, quenching free radi-
cals, and participating in detoxification reactions. Several studies reported the 
implication of an increased generation of free radicals and oxidative stress in the 
toxic mechanism of VPA.40,41 The present study showed significantly decreased 
levels of GSH in the liver of VPA treated rats, as compared to the control. This 
decrease in GSH level may be due to increased utilization of GSH to scavenge 
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toxic intermediates. Administration of EDA significantly increased the hepatic 
GSH levels in the group given VPA, showing a protective effect. 

LPO results from excessive reactive oxygen species (ROS) and it was shown 
that VPA induced LPO production in rat hepatocyte cultures.8,42 Tong et al.40 
reported that hepatic LPO levels were elevated on day 14 in VPA therapy. 
Another study demonstrated that a single dose of VPA in rats leads to an ele-
vation in plasma and liver of the endogenous lipid peroxidation marker.43 
According to the present study, VPA increased LPO levels of liver compared 
with the control group. Similar to this result, Sokmen et al. reported significantly 
increased hepatic LPO levels in VPA treated rats.9 However administration of 
EDA prevented these changes. 

PC levels are the most commonly used markers of protein oxidation.44 There 
is increasing evidence for the involvement of toxic carbonyls in numerous human 
diseases.45 The present study showed the PC levels were significantly increased. 
The increased production of PC indexed the enhanced oxidative stress caused by 
VPA. EDA prevented the enhancement of the PC levels and restored the liver 
cells to their normal physiological state. 

When neutrophils are stimulated by various stimulants, MPO, as well as 
other tissue-damaging substances, is released from these cells.46 In the present 
study, VPA treatment caused significant increases in hepatic MPO activity. 
These results suggested that VPA induced neutrophil-dependent oxidative dam-
age. EDA inhibited oxidative injury and decreased MPO activities. The protect-
ive effect of EDA on hepatic injury was mediated in part by blocking tissue 
neutrophil infiltration. 

PON1 is another antioxidant enzyme closely associated with high-density 
lipoproteins. It is a calcium-dependent esterase that detoxifies lipid peroxides, 
and is widely distributed in many tissues, including liver, brain, lung, heart, 
kidneys and small intestines.47 Increased oxidative stress was shown to reduce 
PON1 synthesis in vivo and in vitro.48 Varoglu et al.49 demonstrated that serum 
PON1 activity was decreased in epileptic patients rather than in the control 
subjects. In another study, the administration of vitamin U significantly increased 
hepatic PON1 activity in rats treated with VPA.9 In the present study, PON1 
activity was significantly lower in the VPA group. The decrease in PON1 activity 
is directly related to the degree of hepatic damage. Administration of EDA sig-
nificantly increased hepatic PON1 activity in rats treated with VPA.  

XO is one of the most important enzyme sources of the superoxide radical 
and catalyses the conversion of hypoxanthine and xanthine to uric acid. It is a 
major potential source of ROS. Free radical generation by mediation of XO 
enzyme in tissue is triggered by a large increase in the formation of its substrates 
inosine and hypoxanthine.50 The present study showed that VPA administration 
increases XO activity in rat liver. This increase in XO activity on VPA treatment 
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may enhance the generation of ROS and may partly be responsible for the inc-
reased lipid peroxidation and oxidative injury. However, EDA treatment may 
prevent hepatotoxicity by decreasing XO activity. 

ADA catalyzes the irreversible deamination of adenosine and deoxyinosine 
to inosine and deoxyinosine respectively.51 It was reported that ADA has an 
important role in acute immune inflammatory reactions, and its serum level has 
been used as a biochemical marker for inflammation and disease.52 A recent 
study showed that VPA administration increased ADA activity in rat liver.9 In 
the VPA group, in the present study, elevated hepatic ADA activity indicated 
hepatic damage. Additionally, the reduced ADA activity in the VPA plus EDA 
group showed significant improvement in the hepatic tissue. 

ATPases are lipid-dependent enzymes involved in active transport processes 
and have been implicated in the pathogenesis of hepatic cell injury.53 Enhanced 
susceptibility of membranes to oxidative stress can lead to loss of protein thiol, 
thereby changing the functions of membrane.54 In the present study, increased 
hepatic Na+/K+ATPase activity was observed in VPA-supplemented rats. It was 
originally postulated that the increase in Na+/K+ATPase in the liver after VPA 
administration was due to increased oxidative phosphorylation and oxygen con-
sumption to supply ATP for ATPase activity. On administering EDA, the Na+/  
/K+ATPase activity was significantly decreased in hepatic tissue. 

Biotinidase is synthesized mainly by the liver and then secreted into the 
blood55 and is decreased in the plasma of both humans and experimental animals 
with hepatic cirrhosis. Pispa56 noted a 50 % decrease in biotinidase activity, and 
a 30 % decrease in serum activity of partially hepatectomized rats. Nagamine et 
al.57 implicated biotinidase deficiency in chronic hepatic disease. It was reported 
in several studies that chronic VPA use could alter the biotinidase enzyme 
activity in humans58 and rats.59 The decrease in the liver biotinidase activity may 
be due to the inhibition of the biosynthetic and secretory capacity of the liver 
after administration of a toxic dose of VPA. The present study showed that VPA 
administration decreased the biotinase activity in rat liver. In our study, admin-
istration of EDA significantly increased liver biotinidase activity in rats treated 
with VPA, showing again a restoration in hepatic tissue. 

SDH catalyzes the conversion of sorbitol to fructose in the presence of NAD. 
SDH is a specific indicator of hepatocellular injury in rodents and has a reported 
value in humans.60 In the present study, hepatic SDH activity was increased due 
to liver injury. The increased activities of SDH are a sensitive index of hepatic 
injury as demonstrated in rats intoxicated with VPA. However, EDA treatment 
significantly decreased the SDH activity. A decrease of liver SDH activity 
indicates improvement of hepatic injury. 

GLDH, a key enzyme in amino acid oxidation and urea production, has 
several features that make it attractive as a potential biomarker of drug-induced 
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hepatocellular toxicity.61 Cotariu et al.35 showed that VPA induces dose-dep-
endent changes in the hepatic GLDH activity. In this study, the GLDH activity 
was increased depending on the liver injury induced by VPA. Elevations in 
GLDH activity could be the result of enzyme release from cellular membranes 
due to hepatocellular necrosis. EDA treatment significantly decreased the enzym-
atic activity and thus prevented the hepatic injury.  

DTD is a cytosolic enzyme that is localized mainly in the liver, kidney and 
gastrointestinal tract.31 DTD, which is a flavoprotein, catalyzes the two-electron 
reduction and detoxification of quinones and their derivatives.62 DTD protein 
forms homodimers and reduces quinones to hydroquinones in a way that prevents 
the one electron reduction of quinones, which results in the production of ROS. 
An increase in the activity of DTD may also correspond to an increase in oxi-
dative stress. In the present study, VPA increased the activity of DTD, suggesting 
a response to increased oxidative stress. EDA treatment normalized the DTD 
activity. 

Arginase is highly liver specific making it a candidate biomarker that shows 
higher specificity compared to the hepatic enzymes.63 Arginase activity was 
reported to be increased in chronic hepatic damage by thioacetamide.64 In the 
present study, there was an increase in the activity of arginase in the liver of the 
VPA group. Administration of EDA restored the arginase activity to a normal 
level in the hepatic tissue, indicating an improving effect in hepatic injury. 

TF is an important coagulation factor that initiates extrinsic blood coagul-
ation with FVII. It is a cell membrane component, and its activity was measured 
by the prothrombin time test.65 Shortened clot formation time indicates increased 
TF activity that could easily be changed by alterations in the membrane com-
position or lipid peroxidation composition of the membrane due to oxidative 
stress.66–68 In the present study, VPA-induced injury increased the TF activity in 
the hepatic tissue. This increase could be attributed to inflammation of the hepa-
tic membrane. Anti-inflammatory effects of EDA were previously reported.69,70 
EDA treatment reversed the increased TF activity in the liver of rat receiving 
VPA therapy, due to the anti-inflammatory effect of EDA.  

EDA has potent hydroxyl radical scavenging activity. In various experi-
mental models, EDA was reported to protect several organs, such as the brain, 
heart71 and liver72 from free radical-mediated injuries.  

This is the first study that evaluates the protective effects of EDA against 
VPA-induced hepatic damage in experimental animals. In conclusion, the results 
indicate that VPA-induced hepatotoxicity is associated with increased oxidative 
stress. EDA shows protection against this damage. The protective effect of EDA 
observed in the present study is due to the scavenging of free radicals. Therefore, 
it is suggested that EDA could be potentially useful for the prevention of hepatic 
toxicity during epileptic disease.  
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И З В О Д  
ЕДАРАВОН ШТИТИ ЈЕТРУ ОД ТОКСИЧНОГ ДЕЈСТВА ВАЛПРОИНСКЕ КИСЕЛИНЕ 

УКЛАЊАЈУЋИ СЛОБОДНЕ РАДИКАЛЕ 

NEZIHA HACIHASANOGLU CAKMAK и REFIYE YANARDAG 

Department of Chemistry, Faculty of Engineering, Avcilar-Istanbul University, Turkey 

Валпроинска киселина (VPA) је добро познати антиконвулзивни лек који се ко-
ристи за терапију епилепсије, а едаравон (ЕDА, 1-фенил-3-метил-2-пиразолин-5-он) је 
потентан хватач слободних радикала. У овом раду је испитиван ефекат ЕDА на јетру 
оштећену применом VPА. Пацови мушког пола су подељени у четири групе. Групу I су 
чиниле контролне животиње. Пацовима у групи II је давана VPА (500 mg kg-1 по дану) 
током седам дана. Животињама у групи III је даван само ЕDА (30 mg kg-1 по дану) током 
седам дана. Пацовима у групи IV је комбиновано давано VPА+ЕDА (у дозама и вре-
менском периоду као и осталима). ЕDА и VPА су уношени интраперитонеално. Осмог 
дана од почетка експеримента, животињама су вађени узорци крви и јетре. Концен-
трације или активности следећих параметара су биле повећане у групи II: а) серумска 
аспартат- и аланин-аминотрансфераза, алкална фосфатаза и билирубин, као и б) јет-
рена мијелоперoксидаза, ксантин-оксидаза, аденозин-деаминаза, Na+/K+AТPаза, сорби-
тол-дехидрогеназа, глутамат-дехидрогеназа, ДТ-дијафораза, аргиназа, тромбопластична 
активност, липидни пероксиди и протеински карбонили. Истовремено су смањене 
активности параоксоназе и биотинидазе, као и концентрација глутатиона. Применом 
ЕDА омогућена је заштита од ефеката VPА. Ови резултати указују да је коришћењем 
ЕDА могуће умањити оштећење јетре индуковано применом VPА, вероватно преко сма-
њења оксидативног стреса. 

(Примљено 12. августа, ревидирано 10. децембра, прихваћено 22. децембра 2014) 
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Abstract: In this study, a dinucleating spacer incorporating two 2-aminopyri-
dine units was used to prepare seven novel dinuclear compounds. These mole-
cules were characterized by elemental analyses, conductivity measurements, 
magnetic susceptibility, FT-IR, FAB-Mass, electronic, 1H-NMR and 13C{1H}- 
-NMR spectral studies. The complex [{trans,mer-RuCl2(DMSO)3}2(μ-5,5′- 
-methylenebis(2-aminopyridine))]·2DMSO (2) was also characterized through 
1H-1H COSY NMR. There are mainly three different formulations, [{cis,fac-
RuCl2(SO)3}2(µ-MBAP)]·2SO; [{trans,mer-RuCl2(SO)3}2(µ-MBAP)]·2SO and 
[{trans-RuCl4(SO)}2(µ-MBAP)]2- [X]2

+; where SO = DMSO / TMSO; MBAP 
= 5,5′-methylenebis(2-pyridinamine) and [X]+ = [(DMSO)2H]+, Na+ or 
[(TMSO)H]+. The coordination was found through cyclic nitrogen of the pyri-
dine ring in an octahedral environment for both metal centres. The chemical 
behaviour of [{cis,fac-RuCl2(DMSO)3}2(μ-5,5′-methylenebis(2-pyridin-
amine))]·2DMSO (1) and (2) in aqueous solution with respect to time was 
observed by conductivity measurements and UV–Vis spectrophotometry. All 
complexes were found to possess prominent antibacterial activity against 
Escherichia coli in comparison to chloramphenicol and gatifloxacin. 

Keywords: 2-aminopyridine; antibacterial; dinuclear; ruthenium; spacer; sul-
phoxide. 

INTRODUCTION 

Metal complexes were found valuable for the design and development of 
synthetic restriction enzymes and new drugs because of their ability to bind with 
DNA.1 In the past decade, ruthenium complexes have generated interest due to 
their potential application as chemotherapeutic agents.2 Several ruthenium 
compounds were proven to have antitumour activity.3–6 After introduction of two 
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ruthenium compounds [indH] trans-[RuCl4(ind)2] (ind = indazole, KP1019) and 
[imH] trans-[RuCl4(DMSO-S)(im)] (im = imidazole, NAMI-A), into clinical 
trials,7,8 substantial attraction explored this field and a number of mononuclear 
analogue with different N-containing heterocyclic ligands were synthesized and 
tested for their in vitro antimicrobial and antitumour activity.9–12 

As well as mononuclear analogues, dinuclear compounds have also been 
recognized with increased size, variety of molecular shapes and consisting of two 
discrete metal centres connected via a spacer of various lengths, type and com-
position.13–18 The rational design and synthesis of new compounds with an 
organized molecular framework and functional feature is the major goal of a 
researcher. 2-Aminopyridine, functionally closed in biological systems and also 
able to form self-complementary intermolecular interactions, was chosen. The 
compounds bearing two 2-aminopyridyl moieties separated by linkers of dif-
ferent shapes and lengths (devoid any other functionality) might give a new look 
to synthesized molecules.19 These findings suggested the preparation of 5,5′-
methylenebis(2-aminopyridine) [MBAP],20 with the anticipation of some note-
worthy contribution. Thus, the aim of the present study was to synthesize and 
characterize dinuclear ruthenium sulphoxide complexes with the anticipation of a 
better pharmacological conclusion. 

EXPERIMENTAL 

RuCl3·3H2O (Merck), 2-aminopyridine (Himedia, India), tetramethylenesulphoxide 
(TMSO, Lancaster, UK) and Muller Hinton agar (Himedia) were used as received. Analytical 
grade dimethyl sulphoxide (DMSO, Merck), formaldehyde (Merck) and routine solvents were 
used for synthetic purposes without further purification. 

Instrumentation 

The electronic absorption spectra were recorded with a Shimadzu-1700 UV–Vis 
spectrophotometer equipped with a PC. Conductivity measurements were realised at 25 °C 
using an EI-181 conductivity bridge with a dipping type cell. The FT-IR spectra were 
recorded in KBr pellets on a Shimadzu-8400 PC, FT-IR spectrophotometer in the 4000–400 
cm-1 range and the far-IR spectra of the complexes were recorded using polyethylene pellets 
in the 500–100 cm-1 region on a Nicolet Mega-550 FT-IR instrument. The 1H-, 13C- and 1H– 
–1H COSY NMR spectra were recorded in D2O on a Bruker Avance-400 NMR spectrometer. 
The Gouy’s method was employed for the measurements of magnetic susceptibility. 
Hg[Co(NCS)4] was used as a standard. Diamagnetic correction was made using the Pascal 
constant. Elemental analyses (CHN) were performed on an Elementra Vario EL III elemental 
analyzer. FAB-MS spectra were recorded on Jeol SX-102 mass spectrometer. 

Preparation of the complexes 

Appropriate quantities of precursor ([cis,fac-RuCl2(S-DMSO)3(O-DMSO)] (1a),21 
[trans-RuCl2(DMSO-S)4] (2a),4 [(DMSO)2H]+ [trans-Ru(DMSO-S)2Cl4]- (3a)5 or Na+[trans- 
-Ru(DMSO-S)2Cl4]- (4a)5 was dissolved in the minimum volume (≈ 0.2 mL) of DMSO, or 
[cis-RuCl2(TMSO-S)4] (5a),22 [trans-RuCl2(TMSO-S)4] (6a)22 or [(TMSO)H]+ [trans- 
-Ru(TMSO-S)2Cl4]- (7a)22 in TMSO (≈0.2 mL) and was mixed with a solution of MBAP in 
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acetone (10 mL) in a 1:1 ratio. The reaction mixture was stirred at room temperature for 3 h, 
followed by the addition of another mole of precursor (dissolved in ≈0.2 mL DMSO/TMSO). 
The reaction mixture was kept under reflux for 3–12 h. The volatile fraction was allowed to 
evaporate under vacuum and the obtained solids were washed with acetone / diethyl ether 
(1:2, V/V) solvent mixture. The impure product was re-crystallized by vapour diffusion of 
diethyl ether into a DCM solution at room temperature to afford yellow solids. The products 
were isolated by filtration, washed with diethyl ether and vacuum dried. 

In vitro antibacterial activity 

The complexes 1–7, their precursors 1a–7a and MBAP were screened for antibacterial 
properties against Escherichia coli MTCC 1304 at a concentration 2.5 µg mL-1 in water by the 
agar well diffusion method as described by Mehrotra et al.23 In brief, overnight grown 
bacterial cells (≈ 105 colony forming unit) were spread on Mueller–Hinton (MH) agar plates 
using a sterile cotton swab. Uniform wells (diameter of 6.0 mm) were created in the agar slab 
by using a cork borer. 50 μL of test and control solutions were placed in respective wells. 
Solutions, 0.25 μg mL-1 of chloramphenicol (CM) and gatifloxacin (GT) were used as positive 
controls and MBAP in water as the negative control. All plates were incubated at 37 °C for 48 
h followed by 4 °C incubation for 20 min. All plates were observed for the zone of inhibition. 

Minimum inhibitory concentration (MIC) determination 

The MIC values for complexes 1–7 were determined against E. coli. The successive 
dilution method reported by Mehrotra et al.24 was used for MIC evaluation. In brief, the 
complexes were serially diluted to 25.0–0.0 µg mL-1 in MH broth. The 5.7log (number of 
cells) were inoculated in respective dilutions. All the tubes were incubated at 37 °C for 24 h. 
The MIC was considered as concentrations of higher dilution tube in which bacterial growth 
was absent. 

Statistical analysis 

Statistical analysis was performed by one-way analysis of variance (ANOVA) using 
GraphPad Prism 6 (version 6.04 (Trial) for Windows; GraphPad Software, Inc., CA). Differ-
ences were considered statistically significant at P values < 0.05. 

RESULTS AND DISCUSSION 

Synthesis and physiochemical characterization  

The complexes 1–7 were obtained through tailored synthesis. The reaction 
was planned with selected Ru(II/III) sulphoxide precursors and MBAP (spacer), 
in acetone medium. The desired products were isolated as solids and purified 
through vapour diffusion of Et2O into a DCM solution at room temperature. The 
attempts to obtain crystals failed and the obtained solid was only a precipitate. 
All complexes were stable in air at room temperature and soluble in water, 
chloroform, acetone, MeCN, DCM and DMSO. 

The physical, analytical and spectral data for complexes 1–7 are given in the 
Supplementary material to this paper. 

Empirical formulas for 1–7 were in good agreement with elemental data. 
The determined molecular weights were supported by FAB-MS spectra. The 
molar conductivities for complexes 1, 2, 5 and 6, observed between 52 and 68 
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Ω–1 mol–1 dm3 cm–1 in water, were within the range suggested for non-electro-
lytes. However, for 3, 4, and 7, the values were comparatively high (between 122 
and 130 Ω–1 mol–1 dm3 cm–1), indicating the ionic nature of these com-
plexes.5,25 

Spectral studies 

Infrared spectral study. In FTIR spectrum of MBAP, the absorption band at 
3487 cm–1, assigned to ν(N–H),20 did not show any appreciable shift in the 
spectra of 1–7, confirming the non-participation of the (N–H) nitrogen in the 
coordination. The bands between 1609 and 1430 cm–1, assigned to cyclic C=C 
and C=N stretching mode in MBAP,20 were found shifted (by 30–60 cm–1) on 
the positive scale in the spectra of the complexes. These bands were also less 
intense, indicating that both metal centres were symmetrically coordinated to the 
cyclic nitrogen of MBAP (spacer).18 The appearance of the ν(Ru–N) band at 280 
cm–1 was further support of metal ligand binding.16 

The bands appearing in the range 1090–1136 cm–1 were assigned to ν(SO). 
In the spectra of 1–3, an additional band was observed at about 1055 cm–1, due to 
uncoordinated DMSO. In the spectra of 5–7, the strong band of free TMSO 
appeared near 1028 cm–1.25,26 The ν(Ru–Cl) stretching mode was observed at 
around 330 cm–1 and the ν(Ru–S) mode at about 402 cm–1. In complexes 3 and 
7, the broad signal registered at 730 cm–1 along with another sharp signal at 1056 
cm–1 in DMSO and at 1029 cm–1 in the TMSO analogue indicates the presence 
of hydrogen bonded DMSO/TMSO in these complexes.5,25  

Electronic spectral study. Complexes 1, 2, 5 and 6 were diamagnetic (low 
spin d6, S = 0), as expected for low spin Ru(II) compounds. Four bands appeared 
in the spectra. In the visible region, two weak absorption bands with low 
extinction coefficient were observed between 662 and 580 nm, and 480 and 390 
nm. These bands were assigned to the transitions 1A1g → 1T1g and 1A1g → 
1T2g, respectively. The band at about 350 nm was probably due to a metal ligand 
charge transfer transition (MLCT). Moreover, the higher energy absorption band 
at around 300 nm was due to π → π* intraligand transitions in the coordinated 
π-acidic imine ligand.27,28 

Complexes 3, 4 and 7 were paramagnetic with magnetic moments of 1.87– 
–1.89 μB per ruthenium centre, (low spin d5, S = 1/2) as expected for low spin 
Ru(III) complexes. In the spectra, three bands were registered between 482 and 
472, 446 and 430, and 302 and 301 nm. The intense absorption band around 430 
nm coupled with a less intense transition at 470 nm was ascribed to a charge 
transfer transition from chloride to the Ru(III) ion. This is a typical identification 
for the RuCl4– unit.29 In complexes 3 and 7, the weak absorption band at 300 nm 
was due to the protonated sulphoxide cation.27,28  
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NMR spectral studies The NMR study for 1–7 was found not very helpful 
since only small swings in the chemical shift were reported. However, in the 1H- 
-NMR spectra of 1, 2, 5 and 6, broad signals for four NH2 protons were observed 
between δ 5.49–5.43 ppm, and at almost the same position as observed in 
MBAP,20 confirming the non-involvement of the NH2 group in the coordination. 
A sharp signal for two methylenic protons appeared in the range δ 2.99–2.73 ppm 
and for six heteroaromatic protons observed between δ 7.94–6.93 ppm. In the 
13C{1H}NMR spectra, signals for the methylenic carbon were observed between 
δ 40.3–39.4 ppm and for Ar-C between δ 149.9–110.1 ppm.30 

Three singlets (intensity ratio 1:1:1) observed in the 1H-NMR spectrum of 1, 
(Fig. S-1 of the Supplementary material to this paper) indicated three different 
environments for the methyl protons of DMSO. The signals at δ 3.50 and 3.48 
ppm were both assigned to twelve CH3 protons of DMSO trans to Cl, and were 
in the diastereotopic arrangement to each other.17 However, the signal centred at 
δ 3.40 ppm was assigned to twelve DMSO protons trans to the pyridine nit-
rogen.25,31,32 The appearance of three signals at δ 45.7, 45.3 and 44.3 ppm in the 
13C-NMR spectrum of 1 (Fig. S-2 of the Supplementary material) supported the 
1H-NMR data. The signals at δ 45.7 and 45.3 ppm were assigned to the methyl 
carbon trans to Cl and at δ 44.3 ppm to the methyl carbon of DMSO trans to the 
pyridine nitrogen. 

In 1H-NMR spectra of 5, four sets of signals were registered. The multiplet 
centered at δ 4.01 and 3.98 ppm (for eight protons each) were assigned to the 
S–CH2 protons of TMSO trans to Cl and diastereotopic to each other.17,25 The 
multiplet centred at δ 3.57 ppm (for eight protons) were assigned to two S–CH2 
protons situated trans to the pyridine nitrogen for both metal centres. However, 
the multiplet at δ 2.30 ppm was assigned to twenty-four protons of S–C–CH2 
groups. The relative intensity of these four signals was 1:1:1:3.17,33 Similar con-
clusions were drawn from the 13C-NMR data of 5. The signals at δ 57.8 and 57.7 
ppm were assigned to the (S–C) carbon of TMSO trans to Cl, and at δ 55.6 ppm 
trans to the pyridine nitrogen. The signals observed at δ 27.1, 26.9 and 25.7 ppm 
were assigned to the (S–C–C) carbons of TMSO.33 

In the 1H-NMR spectrum of 2, two singlets appeared with an intensity ratio 
of 1:2, indicating two different environments for the CH3 protons. The singlet at 
δ 3.49 ppm was assigned to twelve DMSO protons trans to the pyridine nitrogen 
and at δ 3.37 ppm to twenty-four DMSO protons trans to each other. In the 1H– 
–1H COSY NMR spectrum of 2 (Fig. S-3 of the Supplementary material), no 
cross peaks were noticed in the sulphoxide region, indicating there was no con-
nectivity between the methyl carbons of DMSO. Similar conclusions were 
derived from the 13C-NMR results for 2, (Fig. S-4 of the Supplementary mat-
erial), in which two signals for the (S–C) carbon of DMSO were observed at δ 
46.7 and 44.9 ppm.32,33 
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Similarly, complex 6 exhibited three sets of multiplets centred at δ 3.54, 3.51 
and 2.32 ppm. The signals centred at δ 3.54 and 3.51 ppm were assigned to 
S–CH2 protons and that at δ 2.32 ppm to S–C–CH2 protons of TMSO. The int-
ensity ratios for these three signals were 1:2:3. Therefore, it could be concluded 
that one TMSO unit was trans to the pyridine nitrogen and other two were trans 
to each other, in an octahedral environment for both metal centres.33,34 This con-
clusion was further supported by the 13C-NMR spectral study. The signal centred 
at δ 57.2 ppm was assigned to the (S–C) carbon of TMSO trans to pyridine 
nitrogen and the signal for S–C carbon trans to each other was observed at δ 56.3 
ppm. Moreover, for the S–C–C of TMSO, the signals appeared at δ 27.4 and 26.8 
ppm.33,34 

In 1H-NMR spectra of 1 and 2, an additional singlet observed at about δ 2.75 
ppm was due to free S–CH3, while in 5 and 6, the signals for the free S–CH2 and 
S–C–CH2 groups were centred at δ 2.54 and 2.21 ppm, respectively. This con-
clusion was further supported by 13C{1H}NMR data, where in 1 and 2, the signal 
at about δ 37.6 ppm was due to free (S–C) carbons of DMSO; while in 5 and 6, 
the presence of free TMSO was evidenced by signals at δ 54.4 and 24.1 
ppm.14,22 Thus, the NMR results were in support the IR data and confirmed the 
presence of uncoordinated DMSO/TMSO in the Ru(II) complexes. Moreover, 
this feature was also in confirmation with elemental results and mass spectral 
studies. Thus, based on spectroscopic and elemental studies, the most plausible 
structure of the Ru(II) complexes 1, 2, 5 and 6 are presented in Fig. 1. 

 
Fig. 1. Structures of Ru(II) complexes 1, 2, 5 and 6. 
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The signals in the NMR spectra of 3, 4 and 7 were too broad due to inter-
vention of the paramagnetic ion. Thus, it was not possible to use NMR as a diag-
nostic tool for the Ru(III) complexes.16,25 Hence, the binding mode was con-
cluded based on FT-IR, UV–Vis, CHN analyses and FAB-MS. The most pro-
bable structures are shown in Fig. 2. 

 
Fig. 2. Structures of Ru(III) complexes 3, 4 and 7. 

Chemical behaviour of complexes 1 and 2 in aqueous solution 

The chemical behaviours of complexes 1 and 2 in aqueous solution were 
studied by repetitive electronic absorption and conductivity measurements. The 
conductivity for light protected solutions of 1 (10–3 M) slowly increased from a 
non electrolytic to a 1:1 electrolytic range (68 to 102 Ω–1 mol–1 dm3 cm–1 at 25 
°C) due to the release of Cl– over 12 h. The chloride dissociation step was 
confirmed spectrophometrically. In the electronic spectra of complex 1, signific-
ant changes in the 300–440 nm range were registered with respect to time (Fig. 
3A). The clear isosbestic points (324 and 362 nm) suggested the conversion of 
the parent complex to the corresponding aqua species.35 

However, complex 2 once dissolved immediately released one of the trans 
DMSO (at each ruthenium centre) due to the strong trans influence that was 
followed by the slow release of Cl–. The conductivity determined for 2 (10–3 M) 
increased in time at a lower rate than that of 1. The release of Cl– is in agreement 
with the lower trans effect of chloride with respect to DMSO.4 A molar con-
ductance of 108 Ω–1 mol–1 dm3 cm–1 was obtained after 24 h at 25 °C, character-
istic for a 1:1 electrolyte. This observation was in support of hydrolytic step and 
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formation of aqua species, which was verified by UV–Vis spectrophotometer 
(Fig. 3B). However, on long-standing periods (4 days), the conductivity was found 
to increase at a very slow rate up to values characteristic for 2:1 electrolytes. 

 
(A) 

 
(B) 

Fig. 3. Time evolution of the UV–Vis spectra of 1 (A) and 2 (B) in H2O at 25 °C. 

The chemical behaviour of complexes 1 and 2 are presented in Figs. S-5 and 
S-6 of the Supplementary material, respectively. 

Antibacterial assay and determination of MIC values  

A significant increase (P < 0.0001) in the zone of inhibition (26 mm) was 
observed for 7 against E. coli as compared with GT (Fig. 4B). The zone of inhi-
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bition for 4 was 17 mm (P < 0.0001); for 3, 16 mm (P < 0.05); for 6, 12 mm (P <  
< 0.05); for 5, 10 mm (P < 0.0001); for 2, 8 mm (P < 0.0001) and for 1, 6 mm 
(P < 0.0015). The enhanced antibacterial activities of 1–7 as compared to the 
control (MBAP in water) was probably due to the increased liphophilicity of the 
complexes causing permeability barrier breakdown and enzyme binding inhi-
bition leading to cell death.23 

(A) 

(B) 

Fig. 4. Effect of the precursors 1a–7a and 
1–7 on the inhibition zone at a concentration 
2.5 μg mL-1 against E. coli in comparison to 
chloramphenicol, CM (A), and gatifloxacin, 
GT (B). The values of the zones of inhibition 
were obtained by subtracting control (MBAP 
in water). Statistics points are the average 
values of three independent experiments 
(mean ± standard deviation; n = 3). *: P < 
< 0.05; ns = not significant. 

The results of antibacterial activity are in agreement with MIC evaluation. It 
was shown that Ru(III) compounds 3, 4 and 7 were found to be more active to 
inhibit E. coli at MIC of 0.31 μg/mL (Table I) in comparison to respective pre-
cursors. 

TABLE I. MIC evaluation (μg/mL) of 1–7 and market drugs against E. coli 

1 2 3 4 5 6 7 Chloramphenicol (CM) Gatifloxacin (GT) 
0.62 0.62 0.31 0.31 0.62 1.25 0.31 0.25 0.25 

CONCLUSIONS 

Seven dinuclear Ru(II/III) complexes were synthesized by the reaction of a 
spacer, MBAP and the building block, ruthenium sulphoxide precursors. All 
compounds were characterized based on spectroscopic techniques and were 
found novel due to their specific structure and biological action against E. coli. 
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The use of ruthenium medicinal chemistry could be interesting as a potentially 
less toxic alternative to platinum. The results reported herein indicate that ruthe-
nium complexes show potent antibacterial action. They may find importance in 
the future due to other aspects of biological activity in the age of superbugs. 
Their characterization, chemical reactivity and inherent activity give a new look 
to ruthenium-based pharmaceuticals. 

SUPPLEMENTARY MATERIAL 

Physical, analytical and spectral data for the synthesised complexes are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  
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И З В О Д  
ИСПИТИВАЊЕ НОВИХ РУТЕНИЈУМОВИХ СУЛФОКСИДНИХ КОМПЛЕКСА: СИНТЕЗА, 

КАРАКТЕРИЗАЦИЈА И ПРИМЕНА 

RIPUL MEHROTRA, SATYENDRA N. SHUKLA и PRATIKSHA GAUR 

Coordination Chemistry Research Lab, Department of Chemistry, Govt. Model Science College 
Jabalpur (MP) 482001, India 

У овом раду, једињење који садржи две 2-аминопиридинске јединице је коришћено 
као мосни лиганд за синтезу седам нових динуклеарних комплекса рутенијума(II/III). 
Ови комплекси су окарактерисани помоћу елементалне микроанализе, кондуктометриј-
ских, магнетних, FT-IR, FAB-масених, електронских, 1H- и 13C{1H}NMR мерења. Поред 
тога, [{trans,mer-RuCl2(DMSO)3}2(μ-5,5′-метиленбис(2-пиридинамин-κN1))]·2DMSO ком-
плекс 2 је окарактерисан помоћу 1H–1H COSY NMR спектроскопије. Нађено је да пос-
тоје три различите комплексне врсте које се могу представити на следећи начин: 
[{cis,fac-RuCl2(SO)3}2(μ-MBAP)]·2SO, [{trans,mer-RuCl2(SO)3}2(μ-MBAP)]·2SO и [{trans- 
-RuCl4(SO)}2(μ-MBAP)]2- [X]2

+; где су SO = DMSO/TMSO, MBAP = 5,5'-метиленбис(2- 
-аминопиридин) и [X]+ = [(DMSO)2H]+, Na+ или [(TMSO)H]+. На основу кондуктомет-
ријских мерења и UV–Vis спектрофотометрије испитиванао је хемијско понашање 
комплекса [{cis,fac-RuCl2(DMSO)3}2(μ-5,5'-метиленбис(2- пиридинамин-κN1))]·2DMSO 
(1) и комплекса 2 у рaствору у току различитих временских интервала. Нађено је да сви 
испитивани комплекси показују значајну антибактеријску активност на Escherichia coli у 
односу на хлорамфеникол и гатифлоксацин.  

Примљено 4. јула, ревидирано 11. августа, прихваћено 31. августа 2014) 
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PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE SYNTHESISED 
COMPLEXES 

[{Cis,fac-RuCl2(DMSO)3}2(μ-5,5'-methylenebis(2-aminopyridine))]·2DMSO 
(1). Yield: 86.7 %; yellowish brown solid; m.p.: 112 °C; Anal. Calcd. for 
C27H60N4S8O8Cl4Ru2 (FW: 1169.21): C, 27.73; H, 5.17; N, 4.79; S, 21.94 %. 
Found: C, 27.69; H, 5.21; N, 4.72; S, 21.88 %; IR (KBr, cm–1): 3485 (N–H 
stretching of NH2 group), 2860, 2830 (C–H stretching of CH2), 1650, 1634, 
1552, 1490 (C=C and C=N stretching of ring), 1281 (C–N stretching of C–NH2), 
1096, 1050 (SO stretching bands of sulphoxide), 404 (Ru–S stretching), 336, 331 
(Ru–Cl stretching), 282 (Ru–N stretching); 1H-NMR (400 MHz, D2O, δ / ppm): 
7.94–6.93 (6H, m, Ar-H); 5.46 (4H, brs, NH2); 3.50 (12H, s, CH3), 3.48 (12H, s, 
CH3), 3.40 (12H, s, CH3), 2.78 (12H, s, CH3); 2.73 (2H, s, CH2); 13C{1H}-NMR 
(400 MHz, D2O, δ / ppm): 146.8–110.1 (Ar-C); 45.7, 45.3, 44.3, 37.8 (SC); 39.8 
(CH2); MS (m/z): 1170 (M+H)+; UV–Vis (MeCN) (λmax / nm (ε / mol–1 dm3 
cm–1)): 590 (100), 390 (410), 324 (550), 228 (780). Conductivity (H2O, 25 °C, 
Δm / Ω–1 mol–1 dm3 cm–1): 68.  

[{Trans,mer-RuCl2(DMSO)3}2(μ-5,5'-methylenebis(2-aminopyridine))]·2DMSO 
(2). Yield: 91.2 %; golden yellow powder; m.p.: 123 °C; Anal. Calcd. for 
C27H60N4S8O8Cl4Ru2 (FW: 1169.21): C, 27.73; H, 5.17; N, 4.79; S, 21.94 %. 
Found: C, 27.82; H, 5.20; N, 4.76; S, 21.86 %; IR (KBr, cm–1): 3490 (N–H 
stretching of NH2 group), 2842, 2835 (C–H stretching of CH2), 1651, 1626, 
1550, 1480 (C=C and C=N stretching of ring), 1283 (C–N stretching of C–NH2), 
1101, 1058 (SO stretching bands of sulphoxide), 402 (Ru–S stretching), 334, 330 
(Ru–Cl stretching), 278 (Ru–N stretching); 1H-NMR (400 MHz, D2O, δ / ppm): 
7.92–7.03 (6H, m, Ar-H); 5.43 (4H, brs, NH2); 3.49 (12H, s, CH3), 3.37 (24H, s, 
CH3), 2.71 (12H, s, CH3); 2.84 (2H, s, CH2); 13C{1H}-NMR (400 MHz, D2O, 
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δ / ppm): 147.6–112.1 (Ar-C); 46.7, 44.9, 37.6 (SC); 39.4 (CH2); MS (m/z): 1170 
(M+H)+; UV–Vis (MeCN) (λmax / nm (ε / mol–1 dm3 cm–1)): 630 (46), 472 
(620), 360 (806), 300 (705). Conductivity (H20, 25 °C, Δm / Ω–1 mol–1 dm3 cm–1): 
52.  

[(DMSO)2H]2+[{trans-Ru(DMSO)Cl4}2(μ-5,5'-methylenebis(2-aminopyri-
dine))]2– (3). Yield: 91.7 %; yellow powder; m.p.: 153 °C; Anal. Calcd. for 
C23H50N4S6O6Cl8Ru2 (FW: 1156.77): C, 23.88; H, 4.36; N, 4.84; S, 16.63 %. 
Found: C, 23.79; H, 4.34; N, 4.78; S, 16.70 %; IR (KBr, cm–1): 3485 (N–H 
stretching of NH2 group); 2860, 2843 (C–H stretching of CH2), 1671, 1620, 
1546, 1468 (C=C and C=N stretching of ring), 1278 (C–N stretching of C–NH2), 
1100, 1056 (SO stretching bands of sulphoxide); 730 [(DMSO)2H]+, 405 (Ru–S 
stretching), 337, 331 (Ru–Cl stretching), 270 (Ru–N stretching); MS (m/z): 1175 
(M+H)+; UV–Vis (MeCN, λmax, / nm (ε / mol–1 dm3 cm–1)): 476 (802), 446 
(960), 302 (706); Conductivity (H2O, 25 °C, Δm / Ω–1 mol–1 dm3 cm–1): 128; 
Magnetic moment (µeff / µB): 1.87.  

(Na)2+[{trans-Ru(DMSO)Cl4}2(μ-5,5'-methylenebis(2-aminopyridine))]2– 
(4). Yield: 88.2 %; yellowish green solid; m.p.: > 220 °C; Anal. Calcd. for 
C15H24N4S2O2Cl8Na2Ru2 (FW: 888.22): C, 20.28; H, 2.72; N, 6.31; S, 7.22 %. 
Found: C, 20.22; H, 2.68; N, 6.27; S, 7.28 %; IR (KBr, cm–1): 3480 (N–H 
stretching of NH2 group); 2860, 2847 (C–H stretching of CH2), 1646, 1630, 
1560, 1465 (C=C and C=N stretching of ring), 1286 (C–N stretching of C–NH2), 
1090 (SO stretching bands of sulphoxide), 399 (Ru–S stretching), 331, 327 
(Ru–Cl stretching), 276 (Ru–N stretching); MS (m/z): 911 (M+Na)+; UV–Vis 
(MeCN, λmax / nm (ε / mol–1 dm3 cm–1)): 482 (780), 442 (901), 301 (709). Con-
ductivity (H2O, 25 °C, Δm / Ω–1 mol–1 dm3 cm–1): 130; Magnetic moment (µeff / 
/ µB): 1.89. 

[{Cis,fac-RuCl2(TMSO)3}2(μ-5,5'-methylenebis(2-aminopyridine))]·2TMSO 
(5). Yield: 91.2 %; golden yellow powder; m.p.: 146 °C; Anal. Calcd. for 
C43H76N4S8O8Cl4Ru2 (FW: 1377.50): C, 37.49; H, 5.56; N, 4.07; S, 18.62 %. 
Found: C, 37.53; H, 5.49; N, 4.11; S, 18.59 %; IR (KBr, cm–1): 3490 (N–H 
stretching of NH2 group); 2870, 2823 (C–H stretching of CH2), 1656, 1638, 
1522, 1475 (C=C and C=N stretching of ring), 1284 (C–N stretching of C–NH2), 
1120, 1028 (SO stretching bands of sulphoxide), 403 (Ru–S stretching), 334, 330 
(Ru–Cl stretching), 282 (Ru–N stretching); 1H-NMR (400 MHz, D2O, δ / ppm): 
7.71–7.11 (6H, m, Ar-H); 5.49 (4H, brs, NH2); 4.01 (8H, m, SCH2), 3.98 (8H, m, 
SCH2), 3.57 (8H, m, SCH2), 2.54 (8H, m, SCH2); 2.99 (2H, s, CH2); 2.30 (24H, 
m, SCCH2), 2.19 (8H, m, SCCH2); 13C{1H}NMR (400 MHz, D2O, δ / ppm): 
146.4–115.9 (Ar-C); 57.8, 57.7, 55.6, 54.4 (SC); 39.6 (CH2); 27.1, 26.9, 25.7, 
24.1 (SCC); MS (m/z): 1378 (M+H)+; UV–Vis (MeCN, λmax / nm (ε / mol–1 dm3 
cm–1)): 580 (35), 410 (450), 326 (682), 230 (744). Conductivity (H2O, 25 °C, 
Δm / Ω–1 mol–1 dm3 cm–1): 62. 
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[{Trans,mer-RuCl2(TMSO)3}2(μ-5,5'-methylenebis(2-aminopyridine))]·2TMSO 
(6). Yield: 84.5 %; golden yellow powder; m.p.: 158 °C; Anal. Calcd. for 
C43H76N4S8O8Cl4Ru2 (FW: 1377.50): C, 37.49; H, 5.56; N, 4.07; S, 18.62 %. 
Found: C, 37.47; H, 5.60; N, 4.09; S, 18.57 %; IR (KBr, cm–1): 3475 (N–H 
stretching of NH2 group), 2845, 2840 (C–H stretching of CH2), 1650, 1637, 
1572, 1463 (C=C and C=N stretching of ring), 1283 (C–N stretching of C–NH2), 
1098, 1031 (SO stretching bands of sulphoxide), 407 (Ru–S stretching), 337, 331 
(Ru–Cl stretching), 286 (Ru–N stretching); 1H-NMR (400 MHz, D2O, δ / ppm): 
7.63–6.99 (6H, m, Ar-H); 5.45 (4H, brs, NH2); 3.54 (8H, m, SCH2), 3.51 (16H, 
m, SCH2), 2.55 (8H, m, SCH2); 2.32 (24H, m, SCCH2), 2.21 (8H, m, SCCH2); 
2.92 (2H, s, CH2); 13C{1H}NMR (400 MHz, D2O, δ / ppm): 149.9–114.8 (Ar-
C); 57.2, 56.3, 54.5 (SC); 40.3 (CH2); 27.4, 26.8, 24.3 (SCC); MS (m/z): 1378 
(M+H)+; UV–Vis (MeCN, λmax / nm (ε / mol–1 dm3 cm–1)): 662 (42), 480 (502), 
360 (760), 302 (880). Conductivity (H2O, 25 °C, Δm / Ω–1 mol–1 dm3 cm–1): 68.  

[(TMSO)H]2+[{trans-Ru(TMSO)Cl4}2(μ-5,5'-methylenebis(2-aminopyri-
dine))]2– (7). Yield: 83.7 %; yellow red powder; m.p.: > 220 °C; Anal. Calcd. for 
C27H46N4S4O4Cl8Ru2 (FW: 1104.66): C, 29.35; H, 4.20; N, 5.07; S, 11.61 %. 
Found: C, 29.40; H, 4.23; N, 5.11; S, 11.66 %; IR (KBr, cm–1): 3495 (N–H 
stretching of NH2 group), 2850, 2810 (C–H stretching of CH2), 1641, 1631, 
1550, 1482 (C=C and C=N stretching of ring), 1280 (C–N stretching of C–NH2), 
1136, 1029 (SO stretching bands of sulphoxide), 735 [(TMSO)H]+, 402 (Ru–S 
stretching), 338, 333 (Ru–Cl stretching), 280 (Ru–N stretching); UV–Vis 
(MeCN, λmax / nm (ε / mol–1 dm3 cm–1)): 472 (600), 430 (780), 301 (861); MS 
(m/z): 1105(M+H)+; Conductivity (H2O, 25 °C, Δm / Ω–1 mol–1 dm3 cm–1): 122; 
Magnetic moment (µeff / µB): 1.88. 

THE SPECTRA AND CHEMICAL BEHAVIOR 

Fig. S-1. 1H-NMR spectrum of 1. 
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Fig. S-2. 13C-NMR spectrum of 1. 

 
Fig. S-3. 1H–1H COSY NMR spectrum of 2. 
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Fig. S-4. 13C-NMR spectrum of 2. 

 
Fig. S-5. Chemical behaviour of 1 in aqueous solution. 

 
Fig. S-6. Chemical behaviour of 2 in aqueous solutions. 
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Solvent effect on ternary complexes formed by oxirane and 
hydrofluoric acid 
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Abstract: The solvent effect on derivatives of the C2H4O…HF…HF ternary 
complex was investigated through the PCM approach and AGOA calculations 
at the B3LYP/6-311++G(d,p) level of theory. Continuous analysis was useful 
to verify the profiles of the hydrogen bond distances in the complex, spe-
cifically the O…H, F…H, and F…Hβ contacts. From the viewpoint of AGOA, 
the configurations of the water molecules, followed by measurement of the 
discrete hydration energies, were unveiled. Through single point energy calcul-
ations, the hydration energies were determined via the supermolecule approach, 
and the values were corrected by the counterpoise correction of the basis sets 
superposition error (BSSE). In line with this, the analysis of the molecular 
electrostatic potential (MEP) revealed positive and negative regions, which 
represent the interaction sites for the water molecules regarding the oxygen and 
hydrogen, respectively. In an overview, the acid-catalyzed oxirane ring-open-
ing reaction has distinct interpretations both in vacuum and in aqueous medium 
depending on whether the most appropriate structure of the C2H4O…HF…HF 
trimolecular complex is taken into consideration. 

Keywords: hydrogen bonds; oxirane; hydrofluoric acid; PCM; AGOA. 

INTRODUCTION 

Many years ago, the solvent effect on chemical and biochemical processes 
was studied by many research groups worldwide.1,2 Even taking into account the 
polar or non-polar nature of the solvent/solute, the benchmark in solvation 
studies could be understood by the interactions of the solvent molecules sur-
rounding the solute.3 These are specific interactions with low and high concen-
trations of charge density and, although there are many types of intermolecular 
interactions,4–10 they are often recognized as hydrogen bonds.11 Nevertheless, it 
is necessary to bear in mind that the solvation process must be comprehended not 
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only by the H-bond strengths,12,13 but also by the structure or conformation of 
the solute.14 

From the theoretical viewpoint, a description of the solvent effect can be 
realized through the application either of continuous or discrete methods,15,16 or 
even by means of a combination of both. The first one is formulated based on 
quantum chemical calculations17 that are developed into a fixed reaction field 
that mimics a cavity fitted to cover the solute. This is limited because the specific 
interactions are often poorly described, in particular H-bonds. From this thres-
hold, discrete methods are useful once each molecule of solvent is aligned into a 
solvation model with a description of all specific interactions,18 which is sup-
ported by adjusted force fields instead of quantum chemical calculations. On the 
other hand, this procedure demands extensive processing time with high com-
putational effort, which restricts drastically its application, mainly in compounds 
containing site-specific solvation. 

In the past, Lynschka et al.19 and Wang and co-authors20 discussed the inf-
luence of the solvent on the H-bond regarding either its thermodynamic functions 
or spectroscopy parameters through comparison between a vacuum and an aque-
ous environment. With absence of solvent, it is well known that the H-bond 
strength varies drastically in conformity with the structure of the solute. For 
example, it could be mentioned the C2H4O…HF complex,21 the bimolecular 
configuration of which is formed by one H-bond between the lone pair of elec-
trons of oxygen and the hydrogen of the hydrofluoric acid. However, the 
trimolecular possibility must also be worthwhile of study, i.e., 
C2H4O…HF…HF,22 wherein three conformations with three possible H-bonds, 
namely O…H, F…H, and F…Hβ, (structures I, II and III, respectively) were 
assumed the most stable structures. Among these, the last one is the result of a 
secondary interaction between the fluorine and axial hydrogen atoms (Hβ) of the 
hetero-ring.  

Within this scenario, the main goal of this work was not devoted to an 
evaluation of the influence of solvent, actually water, but the manner in which 
the solvent behaves upon the formation of the three structures of 
C2H4O…HF…HF. It is of fundamental importance to compare the solute–
solvent interaction energies on these structures with the purpose of finding sys-
tematic tendencies, as well as verify whether the recently documented calcul-
ations performed under vacuum conditions corroborates with this.22 

COMPUTATIONAL METHODS 

The first step of this theoretical study was the determination of the optimized geometries 
of the three structures of the C2H4O…HF…HF complex, which was realized using Gaussian 
03W software23 at the B3LYP/6-311++G(d,p) level of theory. In the second step, the 
calculations were processed to build the solvation configurations, which were modeled 
through AGOA software24 by means of reading the cube file generated in a single point 
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calculation developed previously by the Gaussian 03W program. The computations of the 
interaction energies or hydration energies were determined based on the supermolecule 
approach.25 The surfaces of the molecular potential were generated by gOpenMol 3.0 
visualization tools.26 

RESULTS AND DISCUSSIONS 

The values in angstroms of the H-bond distances of the complexes I, II and 
III, both in vacuum or water medium, are gathered in Table I. In agreement with 
the results of Lyschka et al.,19 it could easily be seen that all H-bonds are 
shortened due the influence of the water medium simulated by the PCM 
approach. By comparing the variations of the H-bond lengths, the O…H values 
are much more reduced than those of F…H, e.g., the values of 0.1854 and 0.1725 
are longer than 0.161 and 0.1239 of the II and III complexes, respectively. 
Moreover, the larger reductions in the O…H lengths also reflect on secondary 
interactions. 

TABLE 1. Values of the H-bond distances (Å) obtained at the B3LYP/6-311++G(d,p) level of 
theory in vacuum and aqueous medium simulated through the PCM protocol; values of ∆Rs 
were computed as follows: R (vacuum) – R (PCM/water) 

H-bonds and medium 
Structures 

I II III 
RO…H (vacuum) 1.7137a (1.7144)b 1.5513 1.5372 
RO…H (PCM/water) 1.5817a (1.5824)b 1.3659 1.3647 
∆RO…H –0.132a (0.132)b –0.1854 –0.1725 
RF…H (vacuum) – 1.7035 1.6706 
RF…H (PCM/water) – 1.5425 1.5467 
*∆RF…H – –0.1610 –0.1239 
RF…Hβ (vacuum) 3.1600 – 2.7550 
RF…Hβ (PCM/water) 3.3900 – 4.6308 
∆RF…Hβ 0.2300 – 1.8758 

It was demonstrated that III is the only structure able to form the secondary 
interactions between the fluorine and axial hydrogen atoms (F···Hβ).22 This can 
be clearly seen by the H-bond length of 2.7550 Å, which even longer than the 
sum of the van der Waals atomic radii for fluorine and hydrogen (2.67 Å).27 
Regardless that this distance is outside the range of the intermolecular interaction 
profile, (F···H)β was recognized as a typical H-bond interaction. In aqueous 
medium, PCM calculations revealed that (F···H)β is drastically enhanced by 
1.8758 Å. In other words, secondary interactions do not influence the structures 
of complexes I–III in the aqueous medium, whereas the primary H-bonds O…H 
are sensitive to the influence of the solvent, which means that O protonation is 
the main route to the ring-opening reaction. Meanwhile, it is fundamental to 
know in which manner the water molecules act in these complexes, which could 
maybe be an explanation of the influence of the solvent in this type of reaction. 
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The clusters for the three structures I–III of the trimolecular 
C2H4O…HF…HF complex are illustrated in the Figs S-1–S-3 of the Supple-
mentary material to this paper. In these Figures, it can also be observed the 
punctual charges derived from the ChelpG protocol (Charges from Electrostatic 
Potentials using a Grid based method),28 within the formalism of which is a 
picture of the electrostatic potential (ESP) fields, either negative (MEPmin) or 
positive (MEPmax), which are illustrated in Fig. S-4 of the Supplementary mat-
erial. It can be seen that the water molecules are orientated towards the hydrogen 
atoms of oxirane as well as the fluorine atoms of hydrofluoric acid. These mole-
cular sites possess MEPmax and MEPmin with positive values (hydrogen ChelpG 
charges of 0.129, 0.133, 0.120, and 0.124 eu) and negative ones (fluorine ChelpG 
charges of –0.420, –0.422, –0.438, –0.473, –0.481, and –0.496 eu) respectively, 
and due to this, the interactions and solvation occur on the oxygen atoms and 
hydrogen atoms, respectively. 

The ChelpG charges of –0.420 and –0.422 eu in I indicate that the fluorine 
atoms (Fa and Fb) are equally solvated by water molecules. On the contrary, the 
fluorines in II and III are specific solvation sites. Note that the hydrogen atoms 
of the water molecules surround preferably the Fb atoms, as is observed 
especially in II. About the clusters in III, both Fa and Fb are solvated, although 
the first slightly by only four water molecules. However, the shapes of these 
clusters corroborate with two distinct circumstances regarding the chemistry of 
the three-membered rings. In one of them, the solvation on Fb is in line with the 
open ring reaction with acid (see Fig. 1), although in the present case with two 

 
Fig. 1. Ring-opening reaction of oxirane via nucleophilic 
attack. 
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molecules of hydrofluoric acid, which represents an acid-catalyzed ring-opening 
reaction (see Fig. 2). Otherwise, the nucleophilic attack of the water molecules 
on the axial hydrogen atoms indicates that a SN2 mechanism is delineated. 
Which of these two profile rules the oxirane open ring reaction was also one of 
the main goals of this work but if is not reliable, maybe in future could be. 

Fig. 2. Acid-catalyzed ring-opening reac-
tion of oxirane. 

A graph with all values of the hydration energies is designed in Fig. 3. The 
profiles of the strengths of the H-bond in I, II, and III are quite different. For this 
reason, the computation of the hydration energies by means of Eq. (1) is not a 
general rule: 

 EHYDRA = E(hydrated C2H4O…HF…HF) – E(H2O + C2H4O…HF…HF) (1) 

As such, ideally each hydration energy should be appraised by the H-bond 
energies along the C2H4O…HF…HF complex, e.g., O…H, F…H, and F…Hα in 
III, for instance. As the individual measurement of the H-bond energies is unap-
proachable,29 it is not allowed in parts to use them to correct the hydration 
energies. In accordance with the different H-bond distances given in Table I, the 
complexes I–III are certainly formed through an unusual cooperative effect, i.e., 
an electronic organization derived from the energy distribution among several 
intermolecular interactions along the supramolecular structure. However, the 
computations of the H-bond energies of O…F and F…H were made based on the 
supermolecule approach as follows: 
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 CE = EO…H + EF…H (2) 

 EO···H = E(C2H4O) – 2E(HF) and EF…H = E(C2H4O…HF) – E(HF) (3) 

 
Fig. 3. Acid hydration energies of the three structures (I, II and III) 

of the C2H4O···HF···HF complex. 

In practice, the hydration energies could be used to predict accurately the 
most stable complex as well as which molecular site is the most sensitive to 
nucleophilic or electrophilic attack. Only to mention, these hydration values were 
not corrected by BSSE calculations because the counterpoise amounts are often 
very small. Through MEP analysis and after completing the calculations, the 
AGOA method suggests that the number of water molecules necessary for hyd-
ration of complexes I, II, and III are 32, 34 and 30, respectively. Regarding Fig. 
3, it can be seen that I and III are the less stable structures. On the contrary, the 
hydration energies of II are much more stable, although there is one confi-
guration located at a positive MEP or MEPmax that indicates a repulsion. This is 
to some extent surprising because III is the most stable structure in vacuum. On 
the other hand, the solvation of the water molecules on the hydrofluoric acid in II 
is the more appropriate to describe (see Fig. 2) a feasible mechanism for the acid-
catalyzed ring-opening reaction of oxirane. 

CONCLUSIONS 

The acid-catalyzed ring-opening reaction of oxirane was once again studied. 
In this work, a theoretical survey based on PCM30 and AGOA31–34 calculations 
was presented. The influence of water as solvent was examined in terms of the 
H-bond properties,62,63 in particular the distances that were reduced upon the 
formation of the C2H4O…HF…HF complex. In line with this, it was revealed 
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that the structure of this complex rules the specific configurations of the water 
molecules, and it was not necessary that such a structure was the most stable in 
the absence of solvent. Based on these evaluations, the acid-catalyzed ring-open-
ing reaction of epoxy was described with shorter H-bond distances for proton-
ation of oxirane, as well as solvation of the water molecules on the second hyd-
rofluoric acid molecule. 

SUPPLEMENTARY MATERIAL 

Hydration clusters and MEP surfaces of the complexes I, II and III are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  
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И З В О Д  
УТИЦАЈ РАСТВАРАЧА НА ТЕРНАРНЕ КОМПЛЕКСЕ ЕПОКСИДА И 

ФЛУОРОВОДОНИЧНЕ КИСЕЛИНЕ 

BOAZ G. OLIVEIRA 

Institute of Environmental Sciences and Sustainable Development, Federal University of Bahia, 
Barreiras, Brazil 

Испитиван је утицај растварача на тернарне комплексе C2H4O···HF···HF, применом 
PCM поступка и рачунањем AGOA методом на B3LYP/6-311++G(d,p) нивоу теорије. 
Тиме су проверени профили водоничних веза у комплексу, посебно O···H, F···H и F···Hβ 
контакт. Мерењем дискретне хидратационе енергије, праћени су положаји молекула 
воде. Анализом електростатичких потенцијала (MEP) утврђенe су позитивне и негативне 
области, којe одговарају интеракцији са молекулима воде преко кисеоника, однoсно 
водоника. На тај начин је интерпретирано киселином-катализовано отварање 
оксиранског прстена како у вакуму, тако и у воденом раствору. 

(Примљено 24. септембра 2014, ревидирано 7. јануара, прихваћено 8. јануара 2015) 
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Fig. S-1. Hydration clusters on the C2H4O…HF…HF complex obtained through the AGOA 

method. 
                                                                                                                    

* E-mail: boazgaldino@gmail.com 

_________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



S174 OLIVEIRA 

 

 
Fig. S-2. Hydration clusters on the C2H4O…HF…HF complex obtained through the AGOA 

method. 

 
Fig. S-3. Hydration clusters on the C2H4O…HF…HF complex obtained through the AGOA 

method. 
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Fig. S-4. MEP surfaces of the complexes I, II and III. 
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Quantitative relationships for the prediction of the vapor 
pressure of some hydrocarbons from the van der Waals 

molecular surface 
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Abstract: A quantitative structure–property relationship (QSPR) modeling of 
vapor pressure at 298.15 K, expressed as log (VP / Pa) was performed for a 
series of 84 hydrocarbons (63 alkanes and 21 cycloalkanes) using the van der 
Waals (vdW) surface area, SW / Å2, calculated by the Monte Carlo method, as 
the molecular descriptor. The QSPR model developed from the subset of 63 
alkanes (C1–C16), deemed as the training set, was successfully used for the 
prediction of the log (VP / Pa) values of the 21 cycloalkanes, which was the 
external prediction (test) subset. A QSPR model was also developed for a 
series composed of all 84 hydrocarbons. Both QSPR models were statistically 
tested for their ability to fit the data and for prediction. The results showed that 
the vdW molecular surface used as molecular descriptor (MD) explains the 
variance of the majority of the log (VP / Pa) values in this series of 84 hydro-
carbons. This MD describes very well the intermolecular forces that hold neut-
ral molecules together. The clear physical meaning of the molecular surface 
values, SW / Å2, could explain the success of the QSPR models obtained with a 
single structural molecular descriptor. 

Keywords: MD – molecular descriptor; van der Waals molecular surface; 
Monte Carlo method; QSPR. 

INTRODUCTION 

Equilibrium vapor pressure is defined as the pressure exerted by a vapor in 
thermodynamic equilibrium with its condensed phase (solid or liquid) in a closed 
system under standard conditions (298.18 K and p = 100 kPa). 
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Vapor pressure, VP, plays an important role in the study of the environ-
mental fate, transport and distribution of the compounds in water, air and soil, as 
well as for engineers designing chemical processes.1 The distribution of environ-
mental pollutants between the soil and the atmosphere is determined by their VP. 
It is also used for calculating other physicochemical properties, such as liquid 
viscosity, enthalpy of vaporization, air–water partition coefficients, rates of eva-
poration and distribution coefficients for adsorption on soil.2 

Experimental vapor pressure data are abundant for low molecular weight 
hydrocarbons, but the measurements can be difficult to realize, and even unreli-
able in certain ranges. If the experimental data are missing, the only option is to 
predict the vapor pressure of various compounds using a quantitative structure–
property relationship (QSPR).3 Another difficulty is related to the fact that expe-
rimental VP measurement of actual chemical products is both time-consuming 
and expensive. The equations of state for the calculation of vapor pressure exist, 
but these typically require experimental determinations at a minimum of two 
temperatures. Most reported QSPR studies to predict vapor pressure still depend 
on various empirical data, such as boiling points, critical pressures, and critical 
temperatures1 but, unfortunately, boiling points as well as critical properties are 
often lacking, especially for heavy hydrocarbons many of them are thermally 
unstable in the critical region.2 Therefore, QSPR is an alternative approach for 
estimating vapor pressure based on the premise that physicochemical properties 
can be correlated with molecular structural characteristics expressed in terms of 
appropriate molecular descriptors. When a quantitative structure–property rel-
ationship is found, it might also provide insight into which aspect of the 
molecular structures influences the property. Such insight may facilitate a sys-
tematic approach to the design of new molecules with more desirable properties.1 

Earlier, a QSPR study of boiling points of a series of alkanes based on 
comparative analysis of the molecular vdW space and topological space of these 
compounds with the aid of 36 molecular descriptors: 16 generalized topological 
distance matrix indices (GTDIs), 11 topological distance indices (TDIs) known 
in the literature (seven obtained from eigenvalues/eigenvectors of distance mat-
rix), and 9 van der Waals molecular descriptors has been reported.4 

Herein, it is supposed that the molecular van der Waals surfaces of hydro-
carbons are responsible of their vapor pressure values. Intermolecular forces hold 
neutral molecule to each other. These forces involve attraction of charges of 
opposite signs. The attractive forces between the molecules of a non-polar com-
pound, such as alkanes and cycloalkanes, are called van der Waals (vdW) forces. 
They are of the induced dipole–induced dipole type (dispersion forces),4 and they 
act only at very short distances, between the parts of different molecules that are 
in close contact, i.e., between the surfaces of molecules. These vdW forces hold-
ing non-polar molecules together are weak and of very short range. Therefore, 
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within the class of hydrocarbons, the larger is the molecule, the larger is its 
surface, the stronger are the intermolecular forces, and, hence, the lower will the 
VP value be. 

The aim of this paper is to propose a statistically validated QSPR model for 
vapor pressure prediction of 84 saturated hydrocarbons (63 alkanes and 21 
cycloalkanes) and to develop a QSPR model for the series 63 alkanes that will be 
used to predict the log (VP / Pa) values for the series of 21 cycloalkanes. The 
models were based mainly of the vdW molecular surface, SW / Å2, which was 
used as a unique molecular descriptor. Regression analysis5 was applied for the 
development of the QSPR models log (VP / Pa) vs. SW / Å2. The SW values of 
these hydrocarbons were estimated with IRS software.6 IRS (Investigation 
Receptor Space) implements numerical algorithms developed based on the 
Monte Carlo (MC) method for computation of various vdW molecular character-
istics – the so-called molecular descriptors (MDs) – used for the study of rel-
ationships between the molecular structure and a variety of properties of che-
mical compounds.4,7–17 

EXPERIMENTAL DATA 

The experimental data used in this QSPR study were taken from the literature.18 The 
values of experimental vapor pressures at 298.15 K were expressed as log (VP / Pa). The 
structures included 63 alkanes and 21 cycloalkanes. The data set containing the 63 alkanes 
was used as a training set (see Table S-I of the Supplementary material to this paper). In order 
to validate the predictive ability of the training set model (see, below, relation (7)), the series 
of 21 cycloalkanes (Table S-I) was used as an external prediction set. The values of log (VP / 
/ Pa) for all hydrocarbons are systematized in Table S-I, together with the corresponding vdW 
surface, SW / Å2, values calculated by means of the Monte Carlo method with IRS software.6 
Table S-I also contains the predicted log (VP / Pa) values with the linear Model (7) and the 
errors, Δ, calculated as difference between experimental and the corresponding predicted log 
(VP / Pa) values. 

Methods 

The analysis of the relationship between the vapor pressure of the hydrocarbons in Table 
S-I and their molecular structure was performed using regression analysis as a statistical tool 
for the development of reliable QSPR models.  

Below, the Monte Carlo integration algorithm implemented in IRS and used for the 
calculation of hydrocarbon surface areas (SW) in Table S-I is presented, together with some 
general aspects of the regression analysis and statistics used for the validation of the dev-
eloped QSPR models. 

Molecular van der Waals surface. The space occupied by an alkane molecule (inter-
acting with the other molecules) can be described within the frame of the “hard sphere 
approximation” as follows: each atom of a molecule is represented by an isotropic sphere 
having the centre in the equilibrium position of the atom and a radius equal to its vdW radius, 
rw. Consequently, a molecular vdW envelope, Γ, can be defined as the external surface 
resulting from the intersection of all vdW spheres. This envelope embeds a 3D space of 
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volume VW and surface SW. The points (x,y,z) disposed within the envelope Γ satisfy one and 
only one of the following inequalities: 

 2 2 2 W 2( ) ( ) ( ) ( )      1,2, ,i i i iX x Y y Z z r i m− + − + − ≤ = …  (1) 

The point (Xi,Yi,Zi) represent the center of an atomic sphere i (i = 1,…,m), and m 
represents the number of atoms in a molecule M. 

The molecular van der Waals envelope, Γ, defined by relation (1), is a surface. The 
calculation of the area of this surface should be made by means of the MC method.7,11,19 

The MC algorithm7,11 used for the calculation of the SW value for the alkanes and 
cycloalkanes in Table S-I implies the random generation of a uniform grid (composed of nt 
points) on each sphere i (i = 1,2,…,m) of the molecule M. After the generation of the total 
number of points on the surface (nt), the detection of those points (ne) that do not satisfy the 
inequalities in (1) follows. For every “hard sphere” i, the outer part of its surface, W

iS , is 
computed: 

 
( ) ( )2eW W

t
4πi

i i

n
S r

n
=  (2) 

The final surface of hydrocarbon molecules in Table S-I is computed as the sum of the 
exterior surface, W

iS , of each sphere: 

 W W

1

m

i
i

S S
=

=  (3) 

As was seen,7-10,16,17 the vdW radius is a successful concept for the computation of 
molecular size and shape descriptors, even if in a quantum chemical description the electron 
cloud has no well-defined boundary surface. The values of the surface area of alkanes and 
cycloalkanes in Table S-I were computed using the Bondi vdW radii measured from various 
physicochemical properties.20 

Regression analysis. Regression analysis is generally realized by a correlation equation 
of the following type:6 

 ( )1 1 2 2 1 1, ,n n p p n n np ny x x x z x x zβ β β β= + + + + = +   (4) 

where yn are the VP values and the matrix X = (xn1,…,xnp) contains the predictor variables, 
i.e., the structural parameters (MDs) of the compounds from the studied series. 

Linear regression provides estimates and other inferential results for the (statistical) 
parameters β = (β1, β2,…,βp)T in the model (4). In this model, the random variable yn, which 
represents the response for the case n, n = 1,2,…,N, which has a deterministic part and a 
stochastic part. The deterministic part, (xn1,…,xnp)β, depends on the parameter β and on the 
predictor or regression variables xnp, p = 1,2,…,P. The stochastic part, represented by the 
random variable zn, is a disturbance that perturbs the response for that case. The superscript T 
denotes the transpose of a matrix. 

The model for N cases can be written as follows: 

 Y = Xβ + Z (5) 

where Y is the vector of random variables represented the experimental data one may obtains, 
X is the N×P matrix of regression variables, i.e., the molecular structural parameters and/or 
the physical and chemical properties (especially for QSAR studies) and Z is the vector of 
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variables representing the disturbances; one assumes that Z is normally distributed. The 
maximum likelihood estimate β̂  is the value of β that minimizes S(β): 

 ( )
2

2

1 1

N P

n np p

n p

S y xβ β β
= =

  
  = − = −
  
   

 Y X  (6) 

This β is called the least squares estimate and can be written: β = (XTX)-1XTY. 
Once the QSPR model is built, its goodness of fit is evaluated by means of the following 

statistical parameters: the correlation coefficient (r) and the coefficient of determination (r2), 
adjusted for the degree of freedom 2

adjr , which is also called explained variance, (EV). The 
uncertainty in the model was noted as the standard error (s), and the reliability in the model 
was expressed by F- (Fisher) and t-(Student) statistics. The t-test was used to determine the 95 
% confidence limits of the developed QSPR model.7 

The statistical fit should not be confused with the ability of a model to make predictions. 
Therefore, the leave-one-out (LOO) and the leave-n-out (L-n-O) cross-validation methods to 
estimate the predictive ability of the obtained QSPR model, using the cross-validation 
coefficient (also called coefficient of predictions), q2, and the squared correlation coefficient 
between the predicted and experimental properties, R2 (see Fig. 2) was used.21,22 In the LOO 
procedure, a value of q2 > 0.5 is acceptable.21 

Finally, the chance correlation in the developed QSPR was been checked by scrambling 
the VP response values (Y-scrambling) and trying to build a model using the scrambled data. 
This procedure was then repeated, say, 100 times and the r2 values were checked against that 
for the actual QSPR: if only one of the r2 values from the scrambled data is as high as that 
from actual QSPR, then there is 1 % risk that the real QSPR is a chance correlation.23 

In this study, only SW was used as a MD of the molecular size of hydrocarbon molecules. 
Consequently, the matrix X of the predictor variables contains a single MD, X = (SW), and the 
above Eq. (4) is a simple linear model. 

RESULTS AND DISCUSSIONS 

Hitherto, the proposed vapor pressure QSPRs were limited to predicting VP 
at a constant temperature, using five or more linear correlation models based on 
topostructural, topochemical, and geometrical type descriptors.18 The interpret-
ation of these QSTRs was difficult in terms of an interaction model between the 
molecular entities because, commonly, the physical meaning of topological ind-
ices was not clear.  

Here, a simple linear model is presented, which was developed based on the 
vdW surface area of hydrocarbons, SW. It is known that vdW forces act at very 
short distances and are responsible for the intermolecular forces manifested 
between non-polar molecules, such as hydrocarbons. Consequently, it may be 
supposed that these forces act between the surfaces of molecules. SW is a mole-
cular feature that could explain the intermolecular interactions that occur in the 
physical process of the vaporization of a given chemical substance at a specified 
temperature. 
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All statistical calculations were realized by means of MobyDigs software.23 
First, the VP / Pa values for the hydrocarbons in Table S-I of the Supplementary 
material were used as experimental values in the training set. The cycloalkanes in 
Table S-I of the Supplementary material were used as an external prediction 
(test) set. The values of surface area, SW / Å2, of alkanes and cycloalkanes in 
Table S-I were calculated with in house developed IRS software.6 Secondly, the 
entire set of alkanes and cycloalkanes (in Table S-I) was used as test set, and the 
obtained QSPR model was analyzed for its predictive ability by the cross-
validation procedures described above. 

The range of vapor pressure values measured at 298.15 K was about 8 loga-
rithmic Pa units (see Table S-I). The values of vdW surface varied from 48.54 Å2 
(the smallest studied hydrocarbon molecule, methane) to 377.78 Å2 (the largest 
studied alkane molecule, n-hexadecane). The range of SW values was about 330 
Å2, and the ratio between the maximal and minimal values was also about 8. 
Consequently, one logarithmic unit corresponds to about (40 Å2). Therefore, the 
discrimination capability of the SW molecular descriptor for this QSPR study was 
good. 

The training process involves using a dataset with known values, and learn-
ing a model from that dataset. However, it is possible that models fit the training 
dataset very well, but they may fail to predict new data points. Such over-fitting 
of the training data will most likely yield a model that cannot be generalized and, 
therefore, would not be useful. Thus, an algorithm and its associated parameters 
must be validated before they are used to predict new data. This process involves 
segmenting the entire data set into two subsets. One set is used for training and 
the other for testing the model. 

By correlating the vapor pressures at 298.15 K (A = log (VP / Pa), with the 
vdW surface areas (SW / Å2) for the 63 alkanes in Table S-I, used as the training 
set, the following linear QSPR model was obtained: 

 ( ) ( ) ( ) Wlog / Pa 8.237 0.0779 0.0242 0.0004VP S= ± − ±  (7) 

 N = 63; r2 = 0.986; 2
adjr  = 0.985; s = 0.173; F = 4072.5 

The QSPR Model (7) has good statistical quality for fitting the calculated VP 
values to the experimental ones. Thus, 98.5 % of the variance of experimental VP 
values is explained by this model, the confidence limits of the model parameters 
are less than 4 %, and the standard error is less than 3 % of the domain of log (VP /  
/ Pa). The parameters of model (7) are significantly different from the zero value. 
This model was tested to evaluate its predictive ability, as shown below. 

The robustness of Model (7) and its internal predictive ability were evaluated 
by both the q2 cross validation coefficient based on the leave-one-out (LOO) and 
bootstrap procedures. In the bootstrap technique, M n-dimensional groups are 
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randomly selected from the original data set in Table S-Ia. The model obtained 
on the first selected objects is used to predict the remaining values, and then q2 is 
calculated for each model. The bootstrapping was repeated 100 times for each 
validated model. The values of cross validation coefficients for LOO ( )2

LOOq and 
bootstrapping ( )2

BOOTq  procedures are given in Table I. 

TABLE I. Statistics corresponding to the QSPR Linear Model (7); they were obtained by 
LOO ( )2

LOOq , bootstrapping ( )2
BOOTq , and Y-scrambling ( )2 2

Y-scr Y-scr,r q  procedures, and the 
standard deviations (errors) of the predicted (SDEP) and calculated (SDEC) values; the values 
were obtained by cross-validation with MobyDigs software23 

Eq. 2
LOOq  2

BOOTq  2
Y-scrr  2

Y-scrq  SDEP SDEC 
(7) 0.983 0.982 –0.037 –0.108 0.181 0.170 
(8) 0.988 0.987 –0.039 –0.106 0.144 0.140 
(9) 0.929 0.927 –0.035 –0.085 0.341 0.331 

Model (7) was also checked for reliability, robustness and chance correlation 
by applying the Y-scrambling method of the MobyDigs computer programs.23 
The basis of the Y-scrambling technique is the permutation concept, in which 
new models are recalculated for randomly reordered experimental vapor pressure 
values Ai = log (VPi / Pa), i = 1,2,…,63, and the corresponding values of the 
cross-validation coefficients, 2

Y scrq − , were computed. These new models should 
have significantly lower 2

Y scrq −  values than the proposed ones because of the 
linear relationship between the predictor variables that describe the molecular 
structure (molecular surface SW of the hydrocarbons in Table I) and the response 
A is broken. This is proof of the validity of the proposed model because it can be 
reasonably concluded that the originally proposed model was not obtained by 
chance correlation. For Model (7), the A vs. SW Y-scrambling procedure was 
performed by A scrambling with 100 iterations. The values of the statistical 
parameters obtained by applying the Y-scrambling method to the data in Table S-I 
are summarized in Table I. 

In this way, the QSPR Model (7) was statistically validated. It was then used 
to predict the log (VP / Pa) values not only for the alkanes, but also for the log 
(VP / Pa) values of the cycloalkanes in Table S-I. It is important to emphasize 
that the results of cross-validation and bootstrapping procedures presented above 
only assess the internal predictive ability of the developed Model (7), and this 
fact validates the use of this model to predict the values of alkanes (see Apred 
values in Table S-I). Analyses of the deviations of the calculated (predicted) log 
(VP / Pa) values in Table S-I allowed the consideration of the point represented 
by methane (C1) as an outlier. The linear equation resulting when this point was 
eliminated from correlation is the following: 

 ( ) ( ) ( ) Wlog / Pa 8.106 0.137 0.0236 0.0007VP S= ± − ±  (8) 
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 n = 62; r2 = 0.988; 2
adjr  = 0.988; s = 0.143; F = 5075.3 

The results of the predictive ability of the QSPR Model (8) are also 
presented in Table I. By elimination of this point, the goodness of fit, the 
reliability and the robustness of the QSPR Model (7) were not significantly 
improved. The point corresponding to the methane is not a real outlier because 
there is no reason to eliminate it from the correlation. An outlier usually indicates 
a data point that is not at all typical for the rest of the data set and/or does not 
operates by the same mechanism. In this case, methane is the first term of the 
homologous series of alkanes and all hydrocarbon molecules are hydrophobic. 
Probably methane is an outlier because it is not polar, while the other molecules 
are slightly polar. Therefore, one may suppose that the intermolecular forces 
responsible of their vapor pressure are, in essence, of the same type. 

An external predictive ability of the linear Model (7) would provide a more 
rigorous evaluation of the capability of the model to predict log (VP / Pa) values 
for chemicals with unknown VP values. In this investigation, Model (7) was 
externally validated on a series of structurally different compounds, namely the 
cyclic hydrocarbons presented in Table S-I. The predicted log (VP / Pa) values 
for the series of 21 cycloalkanes calculated with Eq. (7) are also given in Table 
S-I, together with their deviations from the corresponding measured log (VP / Pa) 
values. 

It is known that alkane molecules are characterized by staggered confor-
mations, which is most stable conformation because the carbon–hydrogen bonds 
of the vicinal non-bonded atoms are as far removed from each other as possible 
and, on the contrary, the eclipsed conformation is the least stable conformation 
because the C–H bonds are close to one another. In fact, the eclipsed confor-
mations should be viewed as transition states between the staggered conform-
ations, and they are very short lived. The supplementary energy of the eclipsed 
conformations is called torsional strain. The most stable of the staggered confor-
mers is called the ANTI (A) conformer. However, beginning with n-butane, other 
staggered conformers exist, which are called GAUCHE (G) conformers. ANTI 
and GAUCHE conformers do not have the same energy because of steric strain 
(Fig. 1). 

At room temperature, the barrier energy between staggered and eclipsed 
conformations is very small. Therefore, there is enough thermal energy in the 
surroundings to allow the conformational isomers to interconvert many times per 
second. Obviously, the more stable the conformation, the greater the number of 
molecules that will be in that conformation. 

The SW / Å2 values of alkane molecules are calculated only for the most 
extended anti conformation. This fact could explain the small differences 
between the experimental and predicted (calculated) values of log (VP / Pa) for 
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the same alkane molecule in Table S-I. Thus, neglecting the smallest molecule, 
CH4 (C1), the maximum deviation of the predicted log (VP / Pa) values was 
–0.446, which represents less than 6 % from the range of experimentally mea-
sured log (VP / Pa) values. It could be concluded that Model (7) predicts well the 
log (VP / Pa) values of alkanes, within the limits of the accuracy and precision of 
experimental measurements. This fact may be very well observed in Fig. 2 that 
contains the linear relationship between the experimental and the predicted log 
(VP / Pa) values for the 63 hydrocarbons in Table S-Ia, calculated with Eq. (7). 

Fig. 1. Newman projection of the 
staggered and eclipsed conforma-
tion of an alkane molecule. 

Fig. 2. Experimental log (VP / Pa) 
values vs. the predicted values for 
the alkanes in the training set. 

A systematic deviation of the predicted log(VP / Pa) values of the cycloal-
kanes could be observed in Table S-I. This is, probably, due to the difference in 
the structural three-dimensional (3D) characteristics of the acyclic and cyclic 
hydrocarbons, respectively, which were reflected in the variation of their surface 
area values between the members of each homologous series. The deviations in 
the predicted log (VP / Pa) values of the cycloalkanes from the regression line 
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Eq. (7) are, obviously, greater than those for the alkanes. The regression line 
between the experimental values and predicted log (VP / Pa) values for the 
cycloalkanes, calculated using Eq. (7), is presented in Fig. 3. 

Fig. 3. Experimental values vs. pre-
dicted log(VP / Pa) values for the 
cycloalkanes in the test set. 

To explain these results, the energetic aspects of cycloalkane molecules have 
to be taken into consideration. There are three kinds of internal strain that can 
destabilize a cyclic compound: angle strain, torsional strain and steric strain. 
Deviation of bond angles from the tetrahedral bond angle (109°29′) generates 
angle strain. Torsional strain is caused by repulsion between the bonding elec-
trons of adjacent non-bonded atoms or substituents. Steric strain is produced by 
the approach of atom groups to a distance less than to their vdW distance. Cyclic 
molecules bend and twist in order to achieve a final structure that minimizes 
these strains. These steric requirements could be a reason for the observed sys-
tematic deviations of the predicted log (VP / Pa) values. A short analysis of this 
subject is given in Table II. 

The increments of a methylene group corresponding to alkane and cyclo-
alkane molecules are approximately constant, as may be seen in Table II. This is 
just the difference in the surface area between the vicinal compounds from the 
corresponding homologous series. On the contrary, the difference in the surface 
area of a methylene group (CH2) between the alkanes and cycloalkanes with the 
same number of carbon atoms in the molecule (see the corresponding values in 
Table II) varies considerably from cyclopropane 12.317 Å2 to cyclooctane 
34.812 Å2. This fact could explain the constant deviations of all the cycloalkanes 
log (VP / Pa) values predicted with the QSPR Model (7), developed based on the 
surface area of alkanes in Table S-I. The cycloalkane molecules are more com-
pact; this fact is reflected much more in their surface area, less than that the sur-
face area of alkane molecules with the same number of carbon atoms.  

Taking into consideration the entire series of alkanes and cycloalkanes in 
Table S-I, the obtained QSPR linear model was the following: 

 ( ) ( ) ( ) Wlog / Pa 7.7709 0.1309 0.0226 0.0007VP S= ± − ±  (9) 
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 n = 84; r2 = 0.933; 2
adjr  = 0.932; s = 0.3348; F = 1142.4  

TABLE II. The variation of the surface area of a methylene group (
2

W
CHS ): a) between the 

vicinal terms of the homologous series of alkanes; b) between the vicinal members of the 
homologous series of cycloalkanes; c) among the alkanes and cycloalkanes with the same 
number of carbon atoms in the molecule; 

2
W
CHS  = SW(Cn+1) – SW(Cn), n = 1,2,…,16; 

2
W
CHS  = SW(CyCn+1) – SW(CyCn), n = 1,2,...,8; 

2
W
CHS = SW(Cn) – SW(CyCn), n = 3,4,…,8 

No. Cn SW / Å2 

2

W
CHS  / Å2 No. CyCn SW./ Å2 

2

W
CHS / Å2 

2

W
CHS / Å2 

56 C1 48.541 – 1 CyC3 80.531 – 12.317 
1 C2 70.896 22.355 2 CyC4 98.905 18.374 15.926 
2 C3 92.848 21.952 3 CyC5 117.025 18.120 19.591 
3 C4 114.831 21.983 4 CyC6 135.333 18.308 23.256 
5 C5 136.616 21.785 5 CyC7 150.489 15.156 29.966 
8 C6 158.589 21.973 6 CyC8 167.417 16.928 34.812 
21 C8 202.229 21.774      
38 C9 224.104 21.875      
57 C10 246.018 21.914      
58 C11 267.742 21.724      
59 C12 289.892 22.150      
60 C13 311.469 21.577      
61 C14 333.608 22.139      
62 C15 355.375 21.767      
63 C16 377.377 22.002      

Model (9) has the ability to fit well the experimental vapor pressure values 
of both the alkanes and cycloalkanes in Table S-I (84 compounds). The predict-
ive power of this model was estimated with the statistics summarized in Table I. 
The values of the coefficients of prediction, 2

LOOq  and 2
BOOTq , are significantly 

greater than the limit value, q2 = 0.500. These facts are reflected in Fig. 4, which 
presents the regression line between the experimental vapor pressure values, log 
(VP / Pa)exp, and the corresponding predicted values, log (VP / Pa)pred, which 
were calculated using Eq. (9). 

Fig. 4. Experimental log (VP / Pa) 
values vs. predicted values for the 
entire series of hydrocarbons in 
Table S-I. 
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CONCLUSIONS 

The most important objective of this study was to investigate the usefulness 
of the vdW molecular surface area, SW / Å2, as a molecular descriptor for QSPR 
studies. 

A QSPR approach using SW values as the MD was successfully applied to a 
series of 84 hydrocarbons (alkanes and cycloalkanes) with vapor pressure values 
measured at 298.15 K, log (VP / Pa). QSPR equations with this single theoretical 
molecular descriptor of the vdW molecular space, SW, were obtained for two 
subsets comprised of 63 alkanes (training set) and 21 cycloalkanes (prediction 
set). The SW / Å2 values were calculated solely from the three-dimensional che-
mical structures of the compounds with a Monte Carlo algorithm implemented in 
in-house developed software Investigation of Receptor Space (IRS), and have a 
clear physical meaning corresponding to intermolecular interactions. All the 
developed QSPR models were tested with good results for their ability of pre-
diction and fitting the data according to the corresponding statistics. 

The log (VP / Pa) values of cycloalkanes were predicted well by the QSPR 
model developed for the subset of alkanes as the training set. The observed small 
systematic deviations of these values from the linear equation obtained for the 
training set were explained by the difference in the structural 3D characteristics 
in the series of cyclic and acyclic hydrocarbons, respectively. This difference was 
measured by the SW / Å2 values between the members of each homologous 
series. A general QSPR model for all 84 hydrocarbons was also proposed. 

This study shows that a QSPR model could be obtained by means of a single 
molecular descriptor when this MD has a definite physical meaning. 

SUPPLEMENTARY MATERIAL 

Vapor pressure data sets for alkanes and cycloalkanes are available electronically from 
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  

И З В О Д  
КВАНТИТАТИВНЕ РЕЛАЦИЈЕ ЗА НАПОН ПАРЕ НЕКИХ УГЉОВОДОНИКА ИЗ 

ПОЗНАВАЊА ВАН ДЕР ВАЛСОВЕ МОЛЕКУЛСКЕ ПОВРШИНЕ 
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Извршено је QSPR моделовање напона паре на 298.15 К, у облику log (VP / Pa), за 
84 угљоводоника (63 алкана иу 21 циклоалкана). Као молекулски дескриптор употреб-
љене су ван дер Валсове (van der Waals, vdW) површине, SW / Å2, израчунате методом 
Монте Карло. QSPR модел је развијен на подскупу од 63 алкана (C1–C16), а затим је ус-
пешно примењен за предвиђање log (VP / Pa)-вредности 21 циклоалкана. Један други 
QSPR модел је конструисан на бази свих 84 угљоводоника. Оба QSPR модела су статис-
тички тестирани. Резултати показују vdW молекулска површина може да објасни нај-
већи део log (VP / Pa)-вредности, и на тај начин да објасни међумолекулске силе које де-
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лују између неутралних молекула. Јасан физички смисао молекулске површине, SW / Å2, 
може да објасни успешност QSPR модела са једним јединим молекулским дескриптором. 

(Примљено 16. априла, прихваћено 17. маја 2014) 
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TABLE S-I. Vapor pressure data sets for: a) alkanes; b) cycloalkanes. The experimental data, 
Ae, are the values of vapor pressure, log (VP / Pa) at 298.15 K;18 the substituents: M – methyl, 
E – ethyl, IPR – isopropyl, PR – propyl, BU – butyl 

No Cn or CyCn Aexp = log (VP / Pa) SW / Å2 Acalc or pred = 
= log (VP / Pa)calc

a 
ΔA = 

= Aexp–Acalc 
a) Cn, where n represents the number of carbon atoms in an alkane molecule 

1 C2 6.62 70.896 6.522 0.098 
2 C3 5.97 92.848 5.992 –0.02 
3 C4 5.38 114.83 5.46 –0.08 
4 2M-C3 5.54 114.11 5.478 0.062 
5 C5 4.83 136.62 4.933 –0.1 
6 2M-C4 4.96 134.18 4.992 –0.03 
7 22MM-C3 5.23 134.48 4.985 0.245 
8 C6 4.3 158.59 4.402 –0.1 
9 3M-C5 4.4 153.57 4.523 –0.12 
10 2M-C5 4.44 155.89 4.467 –0.03 
11 23MM-C4 4.49 151.86 4.565 –0.08 
12 22MM-C4 4.82 152.20 4.556 0.264 
13 C7 3.78 180.46 3.873 –0.09 
14 3M-C6 3.91 175.30 3.998 –0.09 
15 2M-C6 3.94 177.74 3.939 0.001 
16 23MM-C5 3.96 170.73 4.109 –0.15 
17 33MM-C5 4.04 168.74 4.157 –0.12 
18 223MMM-C4 4.135 167.74 4.181 –0.05 
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TABLE S-I. Continued 

No Cn or CyCn Aexp = log (VP / Pa) SW / Å2 Acalc or pred = 
= log (VP / Pa)calc

a 
ΔA = 

= Aexp–Acalc 
a) Cn, where n represents the number of carbon atoms in an alkane molecule 

19 24MM-C5 4.02 174.47 4.018 0.002 
20 22MM-C5 4.14 173.79 4.034 0.106 
21 C8 3.27 202.23 3.347 –0.08 
22 3E-C6 3.428 195.35 3.513 –0.09 
23 3M-C7 3.417 197.04 3.472 –0.06 
24 34MM-C6 3.481 189.82 3.647 –0.17 
25 3E3M-C5 3.486 185.25 3.757 –0.27 
26 4M-C7 3.436 196.97 3.474 –0.04 
27 2M-C7 3.439 199.68 3.409 0.03 
28 3E2M-C5 3.503 192.53 3.582 –0.08 
29 23MM-C6 3.495 193.49 3.558 –0.06 
30 233MMM-C5 3.556 184.91 3.766 –0.21 
31 234MMM-C5 3.55 185.75 3.745 –0.2 
32 33MM-C6 3.581 190.4 3.633 –0.05 
33 223MMM-C5 3.631 186.76 3.721 –0.09 
34 24MM-C6 3.607 194.69 3.529 0.078 
35 25MM-C6 3.606 197.02 3.473 0.133 
36 22MM-C6 3.657 195.69 3.505 0.152 
37 224MMM-C5 3.818 190.77 3.624 0.194 
38 C9 2.77 224.1 2.818 –0.05 
39 3M-C8 2.921 219.05 2.94 –0.02 
40 4M-C8 2.959 218.84 2.945 0.014 
41 2M-C8 2.927 221.45 2.882 0.045 
42 2233MMMM-C5 3.103 196.87 3.476 –0.37 
43 3E24MM-C5 3.126 207.95 3.209 –0.08 
44 26MM-C7 3.094 218.95 2.943 0.151 
45 3E22MM-C5 3.177 204.41 3.294 –0.12 
46 225MMM-C6 3.347 215.04 3.037 0.31 
47 2244MMMM-C5 3.427 207.63 3.216 0.211 
48 2233MMMM-C6 2.73 218.45 2.955 –0.23 
49 22MM-C8 2.686 239.68 2.441 0.245 
50 2M-C9 2.4 243.38 2.352 0.048 
51 335-MMMC7 2.746 226.57 2.758 –0.01 
52 33EE-C5 2.988 198.61 3.434 –0.45 
53 3M-C9 2.421 240.97 2.41 0.011 
54 4M-C9 2.49 240.81 2.414 0.076 
55 5M-C9 2.468 240.83 2.414 0.054 
56 C1 7.79 48.541 7.063 0.727 
57 C10 2.27 246.02 2.288 –0.02 
58 C11 1.745 267.74 1.763 –0.02 
59 C12 1.252 289.89 1.227 0.025 
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TABLE S-I. Continued 

No Cn or CyCn Aexp = log (VP / Pa) SW / Å2 Acalc or pred = 
= log (VP / Pa)calc

a 
ΔA = 

= Aexp–Acalc 
a) Cn, where n represents the number of carbon atoms in an alkane molecule 

60 C13 0.755 311.47 0.705 0.05 
61 C14 0.27 333.61 0.17 0.1 
62 C15 –0.183 355.38 –0.36 0.173 
63 C16 –0.7 377.38 –0.89 0.188 

 
b) CyCn, where n represents the number of carbon atoms in the cycle (Cy) of a 

cycloalkane molecule 
1 CyC3 5.85 80.531 6.289 –0.439 
2 CyC4 5.195 98.905 5.845 –0.65 
3 CyC5 4.62 117.025 5.407 –0.787 
4 CyC6 4.11 135.333 4.964 –0.854 
5 CyC7 3.45 150.489 4.598 –1.148 
6 CyC8 2.876 167.417 4.189 –1.313 
7 E-CyC5 3.727 155.334 4.481 –0.754 
8 E-CyC6 3.23 176.719 3.964 –0.734 
9 IPR-CyC5 3.332 176.106 3.978 –0.646 
10 IPR-CycloC6 2.747 198.422 3.439 –0.692 
11 1,1MM-CyC5 4.006 157.207 4.435 –0.429 
12 1,1MM-CyC6 3.48 173.535 4.041 –0.561 
13 BU-CyloC6 2.243 220.344 2.909 –0.666 
14 cis-1,2MM-CyC5 3.799 156.622 4.450 –0.651 
15 trans-1,2MM-CyC5 3.931 158.805 4.397 –0.466 
16 cis-1,3MM-CyC6 3.457 177.856 3.936 –0.479 
17 trans-1,3MM-CyC6 3.371 175.33 3.997 –0.626 
18 cis-1,3MM-Cy5 3.945 158.861 4.395 –0.45 
19 trans-1,3MM-CyC5 3.934 158.507 4.404 –0.47 
20 cis-1,4MM-CyC6 3.379 175.575 3.991 –0.612 
21 trans-1,4MM-CyC6 3.481 173.064 4.052 –0.571 
aCalculated (Acalc) values of log VP with Eq. (7) for the training set; predicted values (Apred) of log VP with Eq. 
(7), developed for training set composed of alkanes in part a) 
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Unsymmetrical banana-shaped liquid crystalline compounds 
derived from 2,7-dihydroxynaphthalene 
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Abstract: The synthesis and characterization of new asymmetric bent-core 
compounds derived from 2,7-dihydroxynaphthalene with various connecting 
groups between the aromatic rings and alkyloxy terminal substituents at the end 
of the long arm are presented. Some 1,4-disubstituted phenylene rings with an 
azo or ester linkage between them have been used as calamitic pro-mesogen 
units. The synthetic strategies to obtain the final esteric derivatives involved the 
esterification of 7-(benzyloxy)naphthalen-2-ol with 4-((4-(alkyloxy)phenyl)-
azo)benzoyl chlorides or with 4-((4-(alkyloxy)benzoyl)oxy)benzoic acids in the 
presence of dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine 
(DMAP). The mesomorphic properties were assigned by optical polarizing 
microscopy and differential scanning calorimetry. All the compounds showed 
mesomorphic properties of the enantiotropic or monotropic type, the liquid 
crystalline behavior depending on the linking group between the phenylene 
rings. Thermogravimetric studies evidenced that all compounds were stable in 
the range of the existence of mesophases. 

Keywords: liquid crystals; asymmetric bent-core; 2,7-naphthalenediol. 

INTRODUCTION 

Although classical liquid crystals are widely used in a variety of applica-
tions, especially in displays, significant research has been performed on non-
conventional, bent-core liquid crystals in order to establish structure–property 
relationships. The first mention of the existence of mesogenic properties exhi-
bited by non-linear compounds was reported in 1929 by Vorländer for iso-
phthalic acid derivatives, which showed nematic phases.1 The research on bent-
core liquid crystals (BCLC) was taken and further extended by Matsunaga and 
co-workers.2–5 The field of bent-core liquid crystals has greatly advanced since 
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1996, when Niori showed that because of limitation of the rotational freedom in 
the mesophase, bent-shaped compounds are able to organize into a compact 
arrangement and exhibit spontaneous polarization, which leads to ferroelectric 
properties.6 

The bent-shaped molecular structure is provided for by proper selection of a 
central core with an adequate bent angle and by covalent connection of two 
mesogenic units to this. The positions used for a bent connection are at 1,3-, 2,6-, 
2,7- or 1,3′- for benzene, pyridine, naphthalene or biphenyl, respectively. Such 
structures induce a bent angle of about 120°. While the mesophases exhibited by 
such compounds are similar to those displayed by classical calamitic liquid crys-
tals, some characteristic B phases are usually present in such structures. Thus, 
while compounds based on 1,2-disubstituted benzene or 2,3-disubstituted naph-
thalene as the central core provide an angle of about 60° and display only 
conventional nematic and smectic phases,2,4 2,7-disubstituted naphthalenes lead 
to derivatives that exhibit typical banana phases.7–10 

The substitution of the central core could be symmetrical or non-sym-
metrical. Compared to symmetrical structures, the non-symmetrical ones induce 
a lowering of the transition temperatures. Most of the banana-shaped compounds 
contain five aromatic rings connected through various linking groups. Increasing 
of the number of phenyl rings enhances the core rigidity and tends to increase the 
transition temperatures, whereas terminal alkyl tails induce flexibility (which 
lowers the phase transition temperatures) and permits the formation of B phases.  

The presence of a 2,7-disubstituted naphthalene unit as the central core in 
banana-shaped compounds was first reported in 1999 by Shen et al.11 and Pelzl 
et al.12 While the compounds reported by Shen et al. did not show mesomorphic 
properties, those reported by Pelzl et al. showed a B1 phase. Further studies on 
such compounds focused on the introduction of azomethine linking groups, 
which exhibited smectic13–15 or nematic and B phases.16–18  

In this paper, the synthesis, structural characterization and mesomorphic 
properties of two new classes of liquid crystalline compounds based on a non-
symmetrical 2,7-disubstituted naphthalene core and containing esteric or azo 
linking groups in the pro-mesogenic moiety are reported.  

EXPERIMENTAL 

Materials, instruments and methods 

Benzyl chloride, 2,7-dihydroxynaphthalene (Aldrich), potassium iodide, potassium car-
bonate (Fluka), tetrabutylammonium hydrogensulfate (TBAHS) (Aldrich), 1,3-dicyclohexyl-
carbodiimide (DCC) (Fluka), 4-(dimethylamino)pyridine (DMAP) (Fluka) and silica gel-60 
(Merck) were used as received. Acetone and dichloromethane were refluxed over phosphorus 
pentaoxide (Merck) and distilled before use. Other solvents and chemicals were used without 
further purification. 7-(Benzyloxy)naphthalen-2-ol (1),19 4-((4-(alkyloxy)benzoyl)oxy)benzoic 
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acids (3a–e),20 4-((4-(alkyloxy)phenyl)azo)benzoic acids21 and 4-((4-alkyl)oxyphenyl)azo)-
benzoyl chlorides (2a–e)22 were synthesized according to literature procedures. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance DRX 
400 MHz spectrometer. Chemical shifts are reported in ppm relative to tetramethylsilane 
(TMS) as internal standard. The mass spectra were recorded on a quadrupole-time of flight 
mass spectrometer equipped with an electrospray ion source (Agilent 6520 Accurate Mass 
Q-ToF LC/MS). FT-IR spectra were recorded on a Nicolet Magna 550 FT-IR spectrometer 
(NaCl crystal window).  

The transition temperatures were determined using a Linkam heating stage connected 
with a Linksys 32 temperature control unit in conjunction with an Axioscop 40 Zeiss 
polarizing optical microscope (POM) and Qimaging/Retiga-1000R camera for image capture. 
The transitions were confirmed by DSC analysis (Mettler Toledo DSC1). Heating and cooling 
cycles were run at rates of 10 °C min-1 under a nitrogen atmosphere. The samples were 
measured in closed lid aluminum pans. Mesophase type was assigned by visual comparison 
(under the microscope) with known phase standards.23 

All the thermal analysis were run under the same conditions, on 2.8 – 4.3 mg samples, on 
a Mettler-Toledo TGA SDTA851 derivatograph under a dynamic N2 atmosphere, with a flow 
rate of 20 ml min-1 and a heating rate of 10 °C min-1 from 25 to 900 °C. In order to obtain 
comparable data, constant operational parameters were employed for all samples. 

The melting points were recorded using a melting point meter Krüss Optotronic KSPI-N 
and are uncorrected. 

General method for the preparation of 7-(benzyloxy)naphthalen-2-yl 4-((4-(alkyloxy)phenyl)-
diazenyl)benzoates (4a–e) 

Compounds 4a–e were prepared by adapting a literature method.24 A mixture of 
7-(benzyloxy)naphthalen-2-ol (0.20 g, 0.799 mmol), 4-((4-(alkyl)oxyphenyl)azo)benzoyl 
chloride (0.877 mmol), potassium carbonate (0.14 g, 1.00 mmol), tetrabutylammonium hydro-
gensulfate (0.006 g, 0.017 mmol) in dichloromethane (150 mL) and water (40 mL) was 
vigorously stirred for 24 h at room temperature. The organic layer was separated, washed 
several times with distilled water, dried over anhydrous magnesium sulfate and concentrated 
on rotaevaporator. The compounds were separated by column chromatography on silica gel 
using a mixture of dichloromethane:hexane 20:1 as eluent. Orange products were obtained.  

The following compounds were synthesized: 7-(benzyloxy)naphthalen-2-yl 4-((4-(hexyl-
oxy)phenyl)diazenyl)benzoate (4a) using 4-((4-(hexyloxy)phenyl)azo)benzoyl chloride 0.302 
g (0.877 mmol); 7-(benzyloxy)naphthalen-2-yl-4-((4-(heptyloxy)phenyl)diazenyl)benzoate 
(4b) using 4-((4-(heptyloxy)phenyl)azo)benzoyl chloride 0.315 g (0.879 mmol); 7-(benzyl-
oxy)naphthalen-2-yl 4-((4-(octyloxy)phenyl)diazenyl)benzoate (4c) using 4-((4-(octyloxy)-
phenyl)azo)benzoyl chloride 0.327 g (0.878 mmol); 7-(benzyloxy)naphthalen-2-yl 4-((4-(non-
yloxy)phenyl)diazenyl)benzoate (4d) using 4-((4-(nonyloxy)phenyl)azo)benzoyl chloride 
0.339 g (0.877 mmol); 7-(benzyloxy)naphthalen-2-yl 4-((4-(decyloxy)phenyl)diazenyl)-
benzoate (4e) using 4-((4-(decyloxy)phenyl)azo) benzoyl chloride, 0.352 g (0.879 mmol).  

The physical and spectral data for 4a–e are given in the Supplementary material to this 
paper. 

General method for the preparation of 7-(benzyloxy)naphthalen-2-yl 4-((4-(alkyloxy)benzoyl)-
oxy)benzoates (5a–e) 

Compounds were prepared by adapting literature data.25 A mixture of 1 equivalent of 
7-(benzyloxy)naphthalen-2-ol (0.20 g, 0.799 mmol), 1.1 equivalents of 4-((4-(alkyloxy)ben-

_________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



676 SIMION et al. 

zoyl)oxy)benzoic acid and 0.2 equivalents of DMAP (0.019, g 0.155 mmol), dissolved in dry 
dichloromethane (50 mL), was stirred for 15–20 min at room temperature, cooled to 0 °C on 
an ice bath and then 1.2 equivalents of DCC (0.197 g, 0.954 mmol), dissolved in dry 
dichloromethane (50 mL), were added dropwise. After 30 min, the ice bath was removed and 
the reaction mixture was stirred for 48 h at room temperature after which the precipitated 
N,N′-dicyclohexylurea (DCU) was filtered off. The solvent was evaporated under vacuum and 
the solid residue was chromatographed on silica gel using a 20:1 mixture of dichloro-
methane:ethyl acetate as the eluent. White products were obtained. 

The following compounds were synthesized: 7-(benzyloxy)naphthalen-2-yl 4-((4-(hexyl-
oxy)benzoyl)oxy)benzoate (5a) using 4-((4-(hexyloxy)benzoyl)oxy)benzoic acid (0.300 g, 
0.876 mmol); 7-(benzyloxy)naphthalen-2-yl 4-((4-(heptyloxy)benzoyl)oxy)benzoate (5b) 
using 4-((4-(heptyloxy)benzoyl)oxy)benzoic acid 0.313 g (0.878 mmol); 7-(benzyloxy)-
naphthalen-2-yl 4-((4-(octyloxy)benzoyl)oxy)benzoate (5c) using 4-((4-(octyloxy)benzoyl)-
oxy)benzoic acid 0.325 g (0.877 mmol); 7-(benzyloxy)naphthalen-2-yl 4-((4-(nonyloxy)-
benzoyl)oxy)benzoate (5d) using 4-((4-(nonyloxy)benzoyl)oxy)benzoic acid 0.339 g (0.877 
mmol); 7-(benzyloxy)naphthalen-2-yl 4-((4-(decyloxy)benzoyl)oxy)benzoate (5e) 4-((4-(dec-
yloxy)benzoyl)oxy)benzoic acid 0.350 g (0.878 mmol). 

The physical and spectral data for 5a–e are given in the Supplementary material to this 
paper. 

RESULTS AND DISCUSSION 

The synthetic approach used to prepare the intermediate and final com-
pounds is outlined in Scheme 1. The short arm compound (1) was prepared by 
alkylation of 2,7-dihydroxynaphthalene with benzyl chloride.19 Depending of the 
chemical structure, the longer arm was coupled to the remaining hydroxyl group 
of the central mono-alkylated naphthalene core by two methods, which gave two 
series of final compounds. The first series used 4-((4-(alkyloxy)phenyl)azo)-
benzoyl chlorides 2a–e in the presence of potassium carbonate as base and 
TBAHS as phase transfer catalyst to give the target compounds 4a–e. The second 
one coupled 4-((4-(alkyloxy)phenyl)azo)benzoic acids 3a–e using DCC and 
DMAP to achieve the final compounds 5a–e.  

All the obtained compounds were purified by column chromatography using 
dichloromethane:hexane 20:1 (for series 4a–e) or dichloromethane:ethyl acetate 
20:1 (for series 5a–e) as eluents. The yields were similar for both series (between 
61–79 %). The structure and purity of the obtained final compounds were 
checked and confirmed by 1H-NMR, 13C-NMR, FT-IR and mass spectrometry 
(data given in the Supplementary material to this paper). 

Thermogravimetric studies performed for both the 4a–e and 5a–e series 
evidenced very good thermal stability for all the investigated compounds, the 
Tonset values (temperatures at which the degradation processes begin) being at 
least 155 °C higher than the isotropization temperatures (the Tonset values are 
given in Tables I and II).  

The phase transition temperatures and phase transition enthalpy changes 
were determined by differential scanning calorimetry (Tables I and II). 

_________________________________________________________________________________________________________________________Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



 BANANA-SHAPED LIQUID CRYSTALS 677 

 
Scheme 1. Synthesis of bent-core liquid crystalline compounds; 4a–e, X = –N=N–, Z = –Cl, 
n = 6–10, aq. K2CO3, TBAHS, CH2Cl2, 24 h, RT; 5a–e, X = –OCO–, Z = –OH, n = 6–10, 

DCC, DMAP, CH2Cl2, 48 h, RT. 

The first compound of the series 4, compound 4a, exhibited monotropic 
behavior, visible under polarized light between 126–95 °C. The transition 
isotropic liquid–liquid crystal was a very slow process and difficult to identify on 
the DSC curve; nevertheless, it was identified from POM observations at about 
126 °C (similar behaviors were evidenced in the case of the other compounds of 
series 4 and 5, Tables I and II). The microscopic analyses highlighted an int-
eresting unidentified B type texture at 110 °C during the first cooling (Fig. 1a), 
which did not appear on the second cooling curve when only a classical B type 
texture was evidenced (Fig. 1b). The mesophase was stable in a temperature 
domain of 31 °C; the crystallization process started at 95 °C and the process was 
completed at 91 °C after a crystalline/crystalline transition. 
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TABLE I. Transition temperatures and associated enthalpy values of compounds 4a–e; Cr, 
crystalline; LC, liquid crystal; I, isotropic; MI, mesophase interval; tonset, the initial temperature at 
which the degradation processes begin 

Cmpd. 
t / °C [ΔH / J g-1] 

tonset 
°C 

Heating Cooling 
Cr1 Cr/LC LC/I MI / °C I/LC LC/Cr3 Cr3/Cr2 Cr2/Cr1 MI / °C 

4a – – 155 
[–87.60] 

– 126a 95 
[38.07]

91 
[1.55] 

– 31 308 

4b – – 143 
[–77.24] 

– 118 
[0.51]

100 
[79.23]

– – 18 315 

4c 107 
[–3.37] 

120 
[–14.06] 

150 
[–26.94] 

30 129a 118 
[0.32] 

82 
[37.52]

– 11 316 

4d – 110 
[–6.15] 

137 
[–43.12] 

27 128a 92 
[34.32]

87 
[84.54]

83 
[78.30]

36 314 

4e – 113 
[–30.04] 

148 
[–72.59] 

35 123a 89 
[36.63]

85 
[0.34] 

– 34 319 

a
Data obtained from POM 

TABLE II. Transition temperatures (°C) and associated enthalpy values (J g-1) of compounds 
5a–e 

t / °C [ΔH / J g-1] 

Cmpd. 
Heating Cooling tonset 

°C Cr1 Cr/LC LC/I MI / °C I/LC LC/Cr3 Cr3/Cr2 Cr2/Cr1 MI / °C 
5a – 122 

[–27.81] 
144 

[–63.03]
22 109 

[0.44] 
84 

[62.79]
– – 25 336 

5b 109 
[–6.74] 

116 
[–11.02] 

129 
[–37.22]

13 104 
[0.48] 

75 
[56.08]

– – 29 324 

5c – 127a 
 

148 
[–83.93]

21 107 
[0.56] 

83 
[70.12]

– – 24 331 

5d – – 146 
[–84.80]

– 108 
[0.73] 

87 
[0.66]

80 
[66.91]

– 28 334 

5e – – 136 
[–76.63]

– 108 
[0.58] 

90 
[0.72]

68 
[5.62] 

59 
[28.16]

49 318 

aData obtained from POM 

    
 (a) (b) (c) (d) 

Fig. 1. Microphotographs of the mesophase textures: a) compound 4a, first cooling, 110 °C; 
b) compound 4a, second cooling, 126 °C; c) compound 4b, first cooling, 107 °C; 

d) compound 4c, first heating, 142 °C. 
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The increasing of the number of carbon atoms in the alkyloxy tail from 6 
(compound 4a) to 7 (compound 4b) lowered the isotropization temperature and 
the domain of the mesophase stability. The mesophase changed into a nematic 
type with characteristic Schlieren texture (Fig. 1c). The mesomorphic properties 
switched significantly for compound 4c, which exhibited an enantiotropic liquid 
crystalline behavior. A nematic phase was stable for 30 °C on heating (Fig. 1d). 
However, the stability of the mesophase on cooling decreased when compared 
with the first two compounds.  

The enantiotropic behavior was maintained for the next two compounds of 
the series, 4d and 4e, and the stability of mesophases on heating increased gradu-
ally, compound 4e showing the broadest domain of about 35 °C. On cooling, 
compound 4d showed liquid crystalline properties in a 36 °C temperature 
domain, plus a rich polymorphism during the crystallization, evidenced on the 
DSC curves (Fig. 2). The microscopic analysis for these compounds evidenced 
mesophases of nematic and B types (Fig. 3a and b). 

 
Fig. 2. DSC curves for compound 4d: 1 – first heating, 2 – first cooling. 

The first compound of the second series, 5a, exhibited an enantiotropic 
behavior, with characteristic Schlieren nematic textures both on the heating and 
cooling cycles (Fig. 3c). The mesophase appeared late under the visual field of 
the microscope, the sample being extremely sensitive to any touch when it 
crystallized. A similar behavior was observed for compound 5b, the isotro-
pization point of which was lower than that of 5a (Table II). On heating, the 
mesophase was of B type, while on cooling the ordering began with Schlieren 
nematic textures that changed into a smectic one at 87 °C (Fig. 3d).  

The same behavior of the mesophase was evidenced for compound 5c on 
heating. On heating, a transition crystalline to a B type mesophase was identified 
from POM observations at about 127 °C (Fig. 4a). On cooling, the mesophase 
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was of nematic type with Schlieren texture that turned into a ribbon type one 
(Fig. 4b) near the crystallization temperature. 

    
 (a) (b) (c) (d) 

Fig. 3. Microphotographs of the mesophase textures: a) compound 4d, fourth cooling, 126 °C; 
b) compound 4e, second cooling, 122 °C; c) compound 5a, first cooling, 96 °C; d) compound 

5b, second cooling, 85 °C. 

   
 (a) (b) (c) 

Fig. 4. Microphotographs of the textures: a) compound 5c, second heating, 133 °C; 
b) compound 5c, second cooling, 95 °C; c) compound 5d, first cooling, 91 °C. 

The last two compounds of the series, 5d and 5e, changed the mesomorphic 
behavior and showed liquid crystalline properties only on cooling (Fig. 4c), with 
several crystalline to crystalline transitions evidenced on the DSC curves (Fig. 5). 

 
Fig. 5. DSC curves for compound 5d: 1 – first heating, 2 – first cooling. 
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With only one exception (compound 4d), there were significant differences 
between the isotropization temperatures and the temperatures at which the 
compounds entered into mesophase on cooling (between 21 and 41 °C, 9 °C for 
compound 4d, Fig. 6). 

Fig 6. Comparison between the iso-
tropization temperatures and LC tem-
peratures (temperatures at which the 
compounds are entering into meso-
phase on cooling): 1 – LC tempera-
tures; 2 – isotropization temperatures. 

For series 4a–e, an even/odd effect related to the number of carbon atoms in 
the tail may be evidenced (Fig. 6). In the same time, the differences between the 
isotropization temperatures and the LC temperatures on cooling for series 5a–e 
were 14–22 °C higher then those for series 4a–e. 

CONCLUSIONS 

Two new series of asymmetrical bent-core liquid crystalline compounds 
based on a 2,7–dihydroxynaphthalene core were synthesized and characterized. 
All compounds contained a benzyloxy non-mesogenic shorter flexible arm and a 
pro-mesogenic arm containing two benzenic rings connected by azo or ester 
linking groups. All the investigated compounds exhibited liquid crystalline 
properties, mainly of the enantiotropic type, as evidenced by optical polarizing 
microscopy and differential scanning calorimetry. Despite the absence of a long 
flexible tail in the shorter arm, the isotropization temperatures were relatively 
low (between 129 and 155 °C). There were no significant differences related to 
the transition temperatures and the stabilities of the mesophases as a function of 
the nature of the linking groups between the aromatic rings. The investigated 
compounds showed nematic and B type mesophases. 

Thermogravimetric studies evidenced that all compounds were stable in the 
range of the existence of mesophases, the degradation processes beginning at 
temperatures more than 155 °C higher than the isotropization temperatures. 
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SUPPLEMENTARY MATERIAL 

Physical and spectral data for the prepared compounds are available electronically from 
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  

И З В О Д  
АСИМЕТРИЧНА ЈЕДИЊЕЊА ТЕЧНИХ КРИСТАЛА У ОБЛИКУ БАНАНЕ ИЗВЕДЕНА ИЗ 

2,7-ДИХИДРОКСИНАФТАЛЕНА 

AUREL SIMION
1
, COSMIN-CONSTANTIN HUZUM

1
, IRINA CARLESCU

1
, GABRIELA LISA

1
, MIHAELA BALAN

2
 

и DAN SCUTARU
1
 

1Faculty of Chemical Engineering and Environmental Protection, Gheorghe Asachi Technical University of 
Iasi, 71 D. Mangeron St., 700050 – Iași, Romania и 2Petru Poni Institute of Macromolecular Chemistry, 

Aleea Grigore Ghica Voda 41A, 700487-Iasi, Romania 

У овом раду представљена је синтеза и карактеризација нових асиметричних једи-
њења савијеног језгра изведених из 2,7-дихидроксинафталена са различитим везивним 
групама између ароматичних прстенова и алкилокси терминалних супституената на 
крају дуге руке. Као каламитичне промезогене јединице коришћени су неки од 1,4-ди-
супституисаних фениленских прстенова повезаних преко азо или естарских веза. 
Стратегија синтезе крајњих естарских производа садржавала је естерификацију 7-(бен-
зилокси)нафтален-2-ола употребом 4-((4-алкилокси)фенил)азо)бензоил-хлорида или 
4-((4-(алкилокси)безоил)окси)бензоеве киселине у присуству дициклохексилкарбоди-
имида (DCCI) и 4-(диметиламино)пиридина (DMAP). Мезоморфна својства одређене су 
оптичком поларизационом микроскопијом и диференцијалном скенирајућом калори-
метријом. Сва једињења показују мезоморфне особине енантиотропног и монотропног 
типа, понашање течних кристала зависи од група које повезују фениленске прстенове. 
Термогравиметријска истраживања су показала да су сва једињења стабилна у опсегу 
постојања мезофаза. 

(Примљено 25. јула, ревидирано 16. децембра, прихваћено 23. децембра 2014) 
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J. Serb. Chem. Soc. 80 (5) (2015) 673–683 

PHYSICAL AND SPECTRAL DATA FOR THE PREPARED COMPOUNDS 

7-(Benzyloxy)naphthalen-2-yl 4-((4-(hexyloxy)phenyl)diazenyl)benzoate (4a). 
Yield: 69 % (0.341 g); color: orange; m.p.: 155 °C; FT-IR (KBr, cm–1): 3030 
(CH Ar-H), 2932, 2857 (CH, aliphatic), 1730 (O–C=O, ester), 1500 (N=N); 1H- 
-NMR (400 MHz, CDCl3, δ / ppm): 8.37 (2H, d, J = 8.4 Hz, Ar-H), 7.98 (2H, d, 
J = 8.4 Hz, Ar-H), 7.97 (2H, d, J = 8.8 Hz, Ar-H), 7.83 (1H, d, J = 8.8 Hz, 
Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.59 (1H, d, J = 2.0 Hz, Ar-H), 7.49 (2H, 
m, Ar-H), 7.41 (2H, m, Ar-H), 7.35 (1H, d, J = 7.5 Hz, Ar-H), 7.24–7.21 (3H, m, 
Ar-H), 7.03 (2H, d, J = 8.8 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.06 (2H, t, 
J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 6.8 Hz, –CH2–), 1.49 (2H, quint, J =  
= 7.0 Hz, –CH2–), 1.36 (4H, m, aliphatic), 0.92 (3H, t, J = 6.8 Hz, CH3); 13C- 
-NMR (101 MHz, CDCl3, δ / ppm): 164.89, 162.49, 157.38, 155.82, 149.24, 
146.86, 136.71, 135.14, 131.23, 130.50, 129.37, 129.22, 128.63, 128.06, 127.54, 
127.15, 125.31, 122.53, 118.98, 118.81, 117.75, 114.83, 107.11 (1C, ester + 22C, 
Ar-H), 70.06 (Ar-CH2–O–), 68.46 (–O–CH2–), 31.55, 29.12, 25.67, 22.58, 14.02 
(5C, aliphatic); MS (CHCl3, m/z): 559.1964 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(heptyloxy)phenyl)diazenyl)benzoate (4b). 
Yield: 68 % (0.315 g); color: orange; m.p.: 143 °C; FT-IR (KBr, cm–1): 3030 
(CH Ar-H), 2931.79, 2855 (CH, aliphatic), 1730 (O–C=O ester), 1499 (N=N); 
1H-NMR (400 MHz, CDCl3, δ / ppm): 8.37 (2H, d, J = 8.4 Hz, Ar-H), 7.98 (2H, 
d, J = 8.4 Hz, Ar-H), 7.97 (2H, d, J = 8.8 Hz, Ar-H), 7.84 (1H, d, 
J = 8.8 Hz, Ar-H), 7.79 (1H, d, J = 9.0 Hz, Ar-H), 7.59 (1H, d, J = 1.8 Hz, 
Ar-H), 7.49 (2H, m, Ar-H), 7.41 (2H, m, Ar-H), 7.36 (1H, d, J = 7.2 Hz, Ar-H), 
7.24–7.21 (3H, m, Ar-H), 7.03 (2H, d, J = 8.8 Hz, Ar-H), 5.19 (2H, s, Ar-CH2– 
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–O–), 4.06 (2H, t, J = 6.6 Hz, –O–CH2–), 1.84 (2H, quint, J = 7.0 Hz, –CH2–), 
1.49 (2H, quint, J = 7.2 Hz, –CH2–), 1.36 (6H, m, aliphatic), 0.92 (3H, t, J = 6.4 
Hz, CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.55, 162.17, 157.06, 
155.50, 148.93, 146.54, 136.40, 134.83, 130.90, 130.19, 129.05, 128.90, 128.31, 
127.73, 127.21, 126.83, 125.00, 122.21, 118.66, 118.49, 117.43, 114.52 (1C ester 
+ 21C Ar-H), 69.75 (Ar-CH2–O–), 68.14 (–O–CH2–), 31.44, 28.84, 28.72, 25.64, 
22.28, 13.76 (6C, aliphatic); MS (CHCl3, m/z): 573.2133 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(octyloxy)phenyl)diazenyl)benzoate (4c). 
Yield: 79 % (0.407 g); color: orange; m.p.:150 °C; FT-IR (KBr, cm–1): 3057 (CH 
Ar-H), 2922.15, 2855 (CH, aliphatic), 1732 (O–C=O ester), 1452 (N=N); 1H- 
-NMR (400 MHz, CDCl3, δ / ppm): 8.37 (2H, d, J = 8.4 Hz, Ar-H), 7.98 (2H, d, 
J = 8.4 Hz, Ar-H), 7.97 (2H, d, J = 8.8 Hz, Ar-H), 7.83 (1H, d, J = 9.0 Hz, Ar-H), 
7.78 (1H, d, J = 9.0 Hz, Ar-H), 7.59 (1H, d, J = 2.0 Hz, Ar-H), 7.49 (2H, m, 
Ar-H), 7.41 (2H, m, Ar-H), 7.35 (1H, d, J = 7.2 Hz, Ar-H), 7.24–7.21 (3H, m, 
Ar-H), 7.03 (2H, d, J = 8.8 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.06 (2H, t, 
J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.49 (2H, quint, J =  
= 7.0 Hz, –CH2–), 1.36 (8H, m, aliphatic), 0.90 (3H, t, J = 6.4 Hz, CH3); 13C- 
-NMR (101 MHz, CDCl3, δ / ppm): 164.87, 162.52, 157.39, 155.79, 149.25, 
146.85, 136.72, 135.14, 131.22, 130.51, 129.37, 129.22, 128.63, 128.05, 127.53, 
127.15, 125.34, 122.53, 118.98, 118.81, 117.75, 114.85, 107.13 (1C ester + 22C 
Ar-H), 70.07 (Ar-CH2–O–), 68.47 (–O–CH2–), 31.79, 29.33, 29.21, 29.15, 25.99, 
22.64, 14.08 (7C, aliphatic); MS (CHCl3, m/z): 587.2246 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(nonyloxy)phenyl)diazenyl)benzoate (4d). 
Yield: 72 % (0.381 g); color: orange; m.p: 137 °C; FT-IR (KBr, cm–1): 2956.87 
(CH Ar-H), 2872, 2852.71 (CH, aliphatic), 1728 (O–C=O ester), 1472 (N=N); 
1H-NMR (400 MHz, CDCl3, δ / ppm): 8.37 (2H, d, J = 8.4 Hz, Ar-H), 7.98 (2H, 
d, J = 8.4 Hz, Ar-H), 7.97 (2H, d, J = 8.8 Hz, Ar-H), 7.83 (1H, d, 
J = 8.8 Hz, Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.59 (1H, d, J = 2.0 Hz, 
Ar-H), 7.49 (2H, m, Ar-H), 7.41 (2H, m, Ar-H), 7.35 (1H, d, J = 7.2 Hz, Ar-H), 
7.24–7.21 (3H, m, Ar-H), 7.03 (2H, d, J = 8.8 Hz, Ar-H), 5.18 (2H, s, Ar-CH2– 
–O–), 4.05 (2H, t, J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 
1.49 (2H, quint, J = 7.0 Hz, –CH2–), 1.30 (10H, m, aliphatic), 0.90 (3H, t, J = 6.4 
Hz, –CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.87, 162.49, 157.37, 
155.81, 149.24, 146.85, 136.71, 135.13, 131.22, 130.49, 129.37, 129.21, 128.62, 
128.05, 127.53, 127.14, 125.31, 122.52, 118.98, 118.80, 117.75, 114.83, 107.10 
(1C ester + 22C Ar-H), 70.05 (Ar-CH2–O–), 68.45 (–O–CH2–), 31.86, 29.51, 
29.37, 29.24, 29.14, 25.99, 22.65, 14.09 (8C, aliphatic); MS (CHCl3, m/z): 
601.2408 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(decyloxy)phenyl)diazenyl)benzoate (4e). 
Yield: 62 % (0.335 g); color: orange; m.p.: 148 °C; FT-IR (KBr, cm–1): 2957 
(CH Ar-H), 2941, 2918 (CH, aliphatic), 1732 (O–C=O ester), 1501 (N=N); 1H- 
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-NMR (400 MHz, CDCl3, δ / ppm): 8.37 (2H, d, J = 8.4 Hz, Ar-H), 7.98 (2H, d, 
J = 8.4 Hz, Ar-H), 7.97 (2H, d, J = 8.8 Hz, Ar-H), 7.83 (1H, d, J = 8.8 Hz, 
Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.59 (1H, d, J = 2.0 Hz, Ar-H), 7.49 (2H, 
m, Ar-H), 7.41 (2H, m, Ar-H), 7.35 (1H, d, J = 7.2 Hz, Ar-H), 7.24–7.21 (3H, m, 
Ar-H), 7.03 (2H, d, J = 8.8 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.05 (2H, t, 
J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.49 (2H, quint, J =  
= 7.0 Hz, –CH2–), 1.29 (12H, m, aliphatic), 0.89 (3H, t, J = 6.4 Hz, –CH3); 13C- 
-NMR (101 MHz, CDCl3, δ / ppm): 164.88, 162.49, 157.38, 155.83, 149.24, 
146.87, 136.72, 135.14, 131.22, 130.50, 129.37, 129.22, 128.63, 128.05, 127.53, 
127.15, 125.30, 122.53, 118.98, 118.81, 117.75, 114.84, 10.12 (1C ester + 22C 
Ar-H), 70.07 (Ar-CH2–O–), 68.46 (–O–CH2–), 31.89, 29.54, 29.37, 29.30, 29.15, 
25.99, 22.66, 14.10 (8C, aliphatic); MS (CHCl3, m/z): 615.2653 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(hexyloxy)benzoyl)oxy)benzoate (5a). 
Yield: 69 % (0.350 g); color: white; m.p.: 144 °C; FT-IR (KBr, cm–1): 3030 (CH 
Ar-H), 2936, 2868 (CH, aliphatic), 1732, 1728 (O–C=O ester); 1H-NMR (400 
MHz, CDCl3, δ / ppm): 8.32 (2H, d, J = 8.8 Hz, Ar-H), 8.17 (2H, d, J = 9.0 Hz, 
Ar-H), 7.82 (1H, d, J = 8.8 Hz, Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.57 (1H, 
d, J = 2.0 Hz, Ar-H), 7.49 (2H, m, Ar-H), 7.43–7.34 (5H, m, Ar-H), 7.24–7.20 
(3H, m, Ar-H), 6.99 (2H, d, J = 8.8 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.05 
(2H, t, J = 6.6, Hz –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.49 (2H, 
quint, J = 7.0 Hz, –CH2–), 1.37 (4H, m, aliphatic), 0.93 (3H, t, J = 6.8 Hz, 
–CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.61, 164.32, 163.82, 157.36, 
155.38, 149.20, 136.72, 135.13, 132.40, 131.80, 129.35, 129.19, 128.61, 128.03, 
127.52, 127.12, 126.95, 122.09, 120.94, 118.95, 118.82, 117.75, 114.40, 107.09 
(2C ester + 22C Ar-H), 70.04 (Ar-CH2–O–), 68.36 (–O–CH2–), 31.51, 29.03, 
25.63, 22.56, 14.00 (5C, aliphatic); MS (CHCl3, m/z): 575.1825 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(heptyloxy)benzoyl)oxy)benzoate (5b). 
Yield: 78 % (0.403 g); color: white; m.p.: 129 °C; FT-IR (KBr, cm–1): 3068.74 
(CH Ar-H), 2947, 2870 (CH, aliphatic), 1734 (O–C=O ester); 1H-NMR (400 
MHz, CDCl3, δ / ppm): 8.32 (2H, d, J = 8.9 Hz, Ar-H), 8.16 (2H, d, J = 8.8 Hz, 
Ar-H), 7.82 (1H, d, J = 8.8 Hz, Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.57 (1H, 
d, J = 1.8 Hz, Ar-H), 7.49 (2H, m, Ar-H), 7.42–7.34 (5H, m, Ar-H), 7.24– 
–7.20 (3H, m, Ar-H), 6.99 (2H, d, J = 8.9 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 
4.05 (2H, t, J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.48 
(2H, quint, J = 7.0 Hz, –CH2–), 1.33 (6H, m, aliphatic), 0.91 (3H, t, J = 6.6 Hz, 
–CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.63, 164.34, 163.83, 157.37, 
155.39, 149.21, 136.73, 135.14, 132.41, 131.82, 129.36, 129.20, 128.63, 128.05, 
127.53, 127.17, 126.96, 122.10, 120.95, 118.97, 118.83, 117.76, 114.42, 107.10 
(2C ester + 22C Ar-H), 70.06 (Ar-CH2–O–), 68.38 (–O–CH2–), 31.74, 29.08, 
29.01, 25.93, 22.58, 14.06 (6 C, aliphatic); MS (CHCl3, m/z): 589.1939 
[M+Na]+.  
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7-(Benzyloxy)naphthalen-2-yl 4-((4-(octyloxy)benzoyl)oxy)benzoate (5c). 
Yield: 61 % (0.325 g); color: white; m.p.: 148 °C; FT-IR (KBr, cm–1): 3067 (CH 
Ar-H), 2926, 2851 (CH, aliphatic), 1738, 1734 (O–C=O ester); 1H-NMR (400 
MHz, CDCl3, δ / ppm): 8.32 (2H, d, J = 8.7 Hz, Ar-H), 8.16 (2H, d, J = 8.8 Hz, 
Ar-H), 7.82 (1H, d, J = 9.0 Hz, Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.57 (1H, 
d, J = 2.0 Hz, Ar-H), 7.49 (2H, m, Ar-H), 7.43–7.34 (5H, m, Ar-H), 7.24–7.20 
(3H, m, Ar-H), 6.99 (2H, d, J = 8.7 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.05 
(2H, t, J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.48 (2H, 
quint, J = 6.8 Hz, –CH2–), 1.31 (8H, m, aliphatic), 0.90 (3H, t, J = 6.4 Hz, 
–CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.62, 164.34 , 163.83, 157.37, 
155.39, 149.22, 136.73, 135.14, 132.41, 131.82, 129.36, 129.20, 128.63, 128.05, 
127.53, 127.14, 126.96, 122.10, 120.95, 118.97, 118.83, 117.76, 114.42, 107.10 
(2C ester + 22C Ar-H), 70.06 (Ar-CH2–O–), 68.38 (–O–CH2–), 31.79, 29.31, 
29.20, 29.08, 25.97, 22.64, 14.08 (7C, aliphatic); MS (CHCl3, m/z): 603.2077 
[M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(nonyloxy)benzoyl)oxy)benzoate (5d). 
Yield: 74 % (0.402 g); color: white; m.p.: 146 °C; FT-IR (KBr, cm–1): 3030 (CH 
Ar-H), 2913, 2851 (CH, aliphatic), 1730, 1722 (O–C=O ester); 1H-NMR (400 
MHz, CDCl3, δ / ppm): 8.32 (2H, d, J = 8.7 Hz, Ar-H), 8.16 (2H, d, J = 8.8 Hz, 
Ar-H), 7.82 (1H, d, J = 8.8 Hz, Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.57 (1H, 
d, J = 1.6 Hz, Ar-H), 7.49 (2H, m, Ar-H), 7.43–7.34 (5H, m, Ar-H), 7.24–7.20 
(3H, m, Ar-H), 6.99 (2H, d, J = 8.7 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.05 
(2H, t, J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.48 (2H, 
quint, J = 7.0 Hz, –CH2–), 1.30 (10H, m, aliphatic), 0.90 (3H, t, J = 6.0 Hz, 
–CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.61, 164.33, 163.82, 157.37, 
155.39, 149.21, 136.72, 135.13, 132.40, 131.81, 129.35, 129.19, 128.62, 128.04, 
127.53, 127.13, 126.96, 122.09, 120.94, 118.96, 118.82, 117.75, 114.41, 107.10 
(2C ester + 22C Ar-H), 70.05 (Ar-CH2–O–), 68.37 (–O–CH2–), 31.85, 29.49, 
29.34, 29.23, 29.07, 25.96, 22.65, 14.08 (8 C, aliphatic), MS (CHCl3, m/z): 
617.2224 [M+Na]+.  

7-(Benzyloxy)naphthalen-2-yl 4-((4-(decyloxy)benzoyl)oxy)benzoate (5e). 
Yield: 67 % (0.376 g); color: white; m.p.: 136 °C FT-IR (KBr, cm–1): 3021 (CH 
Ar-H), 2914, 2849 (CH, aliphatic), 1732, 1728 (O–C=O ester); 1H-NMR (400 
MHz, CDCl3, δ / ppm): 8.32 (2H, d, J = 8.8 Hz, Ar-H), 8.16 (2H, d, J = 9.0 Hz, 
Ar-H), 7.82 (2H, d, J = 8.8 Hz, Ar-H), 7.78 (1H, d, J = 8.8 Hz, Ar-H), 7.57 (1H, 
d, J = 2.0 Hz, Ar-H), 7.49 (2H, m, Ar-H), 7.42–7.34 (5H, m, Ar-H), 7.24–7.20 
(3H, m, Ar-H), 6.99 (2H, d, J = 8.8 Hz, Ar-H), 5.18 (2H, s, Ar-CH2–O–), 4.05 
(2H, t, J = 6.6 Hz, –O–CH2–), 1.83 (2H, quint, J = 7.0 Hz, –CH2–), 1.48 (2H, 
quint, J = 7.0 Hz, –CH2–), 1.29 (12H, m, aliphatic), 0.89 (3H, t, J = 6.6 Hz, 
–CH3); 13C-NMR (101 MHz, CDCl3, δ / ppm): 164.95, 164.66, 164.15, 157.69, 
155.71, 149.53, 137.04, 135.46, 132.73, 132.14, 129.68, 129.52, 128.95, 128.37, 
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127.86, 127.45, 127.28, 122.42, 121.27, 119.29, 119.15, 118.07, 114.74, 107.41 
(2C ester + 22C Ar-H), 70.38 (Ar-CH2–O–), 68.70 (–O–CH2–), 32.20, 29.86, 
29.67, 29.62, 29.39, 26.28, 22.98, 14.42 (8C, aliphatic); MS (CHCl3, m/z): 
631.2366 [M+Na]+. 
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Abstract: The VO2(B) was synthesized via a simple solvothermal route at 160 
°C in ethanol. The initial discharge capacity of the VO2(B) anode, in saturated 
aqueous solution of LiNO3, was 177 mAh g-1 at a current rate of 50 mA g-1. 
After 50 cycles, the capacity fade was 4 %, but from 20th–50th cycle, no cap-
acity drop was observed. The VO2(B) showed very good cyclability at a cur-
rent rate of even 1000 mA g-1 with initial discharge capacity of 92 mAh g-1. 
The excellent electrochemical performance of VO2(B) was attributed to the 
stability of micro–nano structures to a repeated intercalation/deintercalation 
process, very good electronic conductivity as well as the very low charge trans-
fer resistance in an aqueous electrolyte. 

Keywords: aqueous rechargeable lithium batteries; anode materials; discharge 
capacity; electrochemical impedance spectroscopy; electric conductivity. 

INTRODUCTION  

Most of the present lithium technology is based on organic electrolytes.1 The 
most common of these electrolytes are expensive, toxic and flammable liquids 
that may cause accidents in the case of improper use.1,2 One way to overcome 
the safety issue is to use aqueous electrolytes which are environmentally benign. 
The assembly of aqueous lithium batteries is simpler and cheaper than for their 
organic counterparts because it does not demand the usage of argon-filled 
chambers in which moisture and oxygen have to be excluded. Unfortunately, 
aqueous rechargeable lithium batteries (ARLBs) cannot deliver a high voltage, 
because their voltage is restricted by the potentials of the evolution of hydrogen 
and oxygen. However, aqueous electrolytes have conductivities which are 
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typically two orders of magnitude higher than that of organic systems, which 
enables the achievement of a high rate capability. From the time when the first 
papers were published in 1994/5 by Dahn's group,3–5 interest in ARLBs inc-
reased. Numerous intercalation compounds have been tested in alkaline and neut-
ral aqueous electrolytes,5–12 especially in the last five years.12–21 Among them, 
the vanadium oxide family of compounds has attracted much attention as anodic 
materials for ARLBs. Due to a suitable electrode potential and tunnel structure, 
VO2(B), one of the polymorphs of VO2, was already used as the anodic material 
in the first ARLBs.3,5 However, this compound was neglected in subsequent 
researches compared to other vanadium oxides. Transformation from bulk to 
nano-dimensions brought new qualities to electrode materials, such as larger 
surface area, shorter diffusion lengths of Li-ion, capability for buffering large 
volume changes and possible new storage mechanisms, leading to higher specific 
capacity, faster kinetics and enhanced cycle life.1,22 This has increased the int-
erest for VO2(B) both as a cathodic and anodic material for organic and aqueous 
electrolytes based lithium batteries, respectively. In recent years VO2(B) has 
been synthesized with different micro/nano-morphologies: nanowire arrays,23 
networks of nanofilaments,24 nanobelts and nanosheets,25–28 nanorods,29,30 
ultra-thin nanowires,31 flower-like micro–nano structures,13 and hollow micro-
spheres with a nanothorn surface.32 The majority of these morphologies have 
been synthesised by more or less sophisticated hydrothermal/solvothermal 
methods. 

In this paper, the high capacity and excellent galvanostatic cyclic behaviour 
of solvothermally prepared VO2(B), in saturated aqueous LiNO3 solution and up 
to current rates of 1000 mA·g–1, is primarily demonstrated.  

EXPERIMENTAL 

Nanostructured VO2(B) was synthesized via a simple one-step solvothermal (ST) process 
that was published recently.33 Thus, without using any additives or surfactants, a mixture of 
vanadium pentoxide (Merck 99.99 %) and ethanol (Merck 96 %) was treated in a Teflon-lined 
stainless-steel autoclave at 160 °C for 24 h. The obtained blue–black powder was rinsed 
several times with ethanol and then dried at 50 °C. 

LiCr0.15Mn1.85O4, as the counter electrode (cathode) material for a two electrode cell, 
was prepared by the glycine–nitrate method (GNM).34  

The characterization of VO2(B) and LiCr0.15Mn1.85O4 by X-ray diffraction (XRD) was 
presented in previous papers.33,34 The morphological characterization of VO2(B) was 
performed on a JEOL JSM-6390 LV scanning electron microscope (SEM). The SEM images 
of LiCr0.15Mn1.85O4 corresponded to those published previouly34 and are not presented here. 

The preparation of electrodes from both materials was performed in the same way. The 
active material, carbon black and poly(vinylidene fluoride) in weight ratio 85:10:5 were 
homogeneously mixed in N-methyl 2-pyrrolidone. The slurry was treated for about 30 min in 
an ultrasonic bath, deposited on the stainless steel (SS) discs electrodes (≈6.2 cm2) and Pt foil 
(2 cm2), and dried under vacuum at 120–140 °C for at least 4 h.  
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Galvanostatic charging/discharging measurements were performed using a software-
controlled Arbin BT-2042 device, in a two-electrode arrangement within the voltage range 
0.5–1.65 V. The electrode materials applied to the SS discs were mounted in the body of a cell 
made from Plexiglas. The electrodes were separated with eight filter paper sheets (total thick-
ness ≈1 mm) soaked in saturated aqueous solution of LiNO3 as the electrolyte. The capacity 
calculations were based on the weight of the active anode material, i.e., VO2(B). 

For electrical conductivity measurements, VO2(B) powder was pressed into a pellet, 8 
mm in diameter and 1.835 mm thick. Good electrical contact was realized by coating silver 
paste onto both contact surfaces of the pellet. The conductivity was measured by means of an 
Wayne Kerr B224 AC bridge at a fixed frequency of 1 kHz. The self-made two electrode 
conductometric cell for solid conductors was placed inside a small cylindrical oven, heated up 
to 120 °C, and the measurements were performed in the cooling regime. 

Electrochemical impedance spectroscopy (EIS) measurements were performed in a three 
electrode cell (VO2(B) deposited on Pt foil – working electrode, Pt foil – counter electrode, 
SCE – reference electrode) filled with a saturated aqueous solution of LiNO3 using a Gamry 
PCI4/300 Potentiostat/Galvanostat. An AC amplitude of 5 mV was applied in the frequency 
range 100 kHz–0.1 Hz. The programme EIS Spectrum Analyzer, version 1.0, was used for 
fitting data to the equivalent circuit model. 

RESULTS AND DISCUSSION  

SEM images of VO2(B) synthesized solvothermally are shown in Fig. 1. The 
product consisted of different nano-units, such as single nanoparticles, rods and 
flat particles, mutually welded in different irregularly shaped micrometre-sized 
structures, Fig. 1A. The shape of micro–nano structures mainly resembled those 
previously described in more detail.33 Additionally, some amount of large spheri-
cal micrometre-sized particles, the surfaces of which were covered with mostly 
spherical particles of size mainly below 300 nm, was also observed, Fig. 1B. 

   
Fig. 1. SEM micrograph of VO2(B): A) irregularly shaped particles composed from welded 

nano-units; B) large spherical VO2(B) particles covered with spherical nano particles. 

The voltage range, 0.5–1.65 V, for the galvanostatic charge/discharge expe-
riments was determined based on the electrochemical performance of both 
VO2(B) and LiCr0.15Mn1.85O4 in saturated aqueous solution of LiNO3, per-
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ceived by cyclic voltammetry.33,34 Here, LiCr0.15Mn1.85O4 was used as cathodic 
material instead of most commonly used LiMn2O4, because the substitution of 
some manganese with Cr3+ gives a faster cathode in saturated aqueous solution 
of LiNO3.34 A two-fold stoichiometric excess of the cathode material 
LiCr0.15Mn1.85O4 was used in order to avoid the cathode limiting the cell per-
formance. 

Although there was no voltage plateau during discharging (Figs. S-1 snd S-2 
of the Supplementary material to this paper), the discharge capacity of the 
VO2(B) anode was very high and exceptionally stable, Fig. 2. In the first 50 
cycles, the VO2(B) anode was tested with a constant current of 50 mA g–1, Fig. 
2A, and then every next ten cycles the current was increased to 100, 150, 200, 
500 and 1000 mA g–1, Fig. 2B. The initial discharge capacity was 177 mAh g–1 
at current rate 50 mA g–1. The discharge capacity then increased to 182 mAh g–1, 
and after the 5th cycle, started to decrease. After twenty cycles, the discharge 
capacity became constant at 170 mAh g–1. The capacity fade after 50 cycles was 
only 4 %. The obtained value of the capacity exceeded the theoretical capacity of 
Li0.5VO2(B) (161.6 mAh g–1). This could mean that surface storage participates 
in the overall charge storage. Figure 2B shows that VO2(B) had a quite high 

Fig. 2. Discharge capacity of VO2(B)
anode in a saturated aqueous solution of 
LiNO3: A) at a current rate of 50 mA g-1

and B) at different current rates: 100, 
150, 200, 500 and 1000 mA g-1. 
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discharge capacity and retained very good cycling stability when the current rates 
were significantly increased. The initial discharge capacities were 161, 149, 140, 117 
and 92 mAh g–1 at current rates 100, 150, 200, 500 and 1000 mA g–1, respect-
ively. The capacity fade after ten cycles was below 4 % in all cases. These are 
much better characteristics in comparison to other intercalation anode materials 
hitherto tested in aqueous electrolytes with similar current rates.12–14,16,17,19 
Recently, Tang et al. published that a hybrid of V2O5 and MWCNTs coated with 
polypyrrole as anode for ARLB had excellent cycling performance, but its 
reversible capacity was only 60 mAh g–1 at 200 mA g–1.20 

The Nyquist plot of the lithiated VO2(B) (Li0.5VO2) electrode showed one 
depressed semicircle in the high-to-medium frequency region, which could be 
assigned to charge-transfer resistance (Rct), and a near unity-slope line at lower 
frequencies, which could be considered as Warburg impedance, Fig. 3A. The 
data were successfully fitted in the frequency range 100 kHz–1 Hz to the 
equivalent circuit model shown in the inset of Fig. 3A. The charge transfer 
resistance amounted to only 1.8 Ω, which is six times and an order of magnitude 
smaller than for NiO–LiV3O8 and LiV3O8 electrode, respectively, in the same 

Fig. 3. EIS data of lithiated VO2(B) elec-
trode: A) Nyquist plot and the equivalent 
circuit used to fit the impedance data (Re –
resistance of electrolyte, Rct – charge trans-
fer resistance, CPE – constant phase ele-
ment, W – Warburg impedance) and B) the 
Z′ vs. ω-½ plot used for determination of 
DLi+. ● represents data, line represents fit. 
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aqueous electrolyte.19 The calculated value of Rct was also approximately two 
orders of magnitude smaller than those obtained for similar anodes in some 
organic electrolytes.35,36 The diffusion coefficient of the lithium ion was cal-
culated from the equation:37,19 

 
+

2 2

2 22 4 4
WLi

2

R T
D

A n F c σ
=  (1)  

where σW is the Warburg coefficient, and according to the equation:37 

 e
½

R e ct Wσ ω−= + +Z R R  (2) 

which is valid in the low-frequency region. Equation (2) represents the slope of 
the eRZ  vs. ω–½ plot, Fig. 3B. The concentration of Li+ in Li0.5VO2 was 
obtained using unit cell parameters of this monoclinic compound: a = 12.03 Å, 
b = 4.0 Å, c = 6.42 Å and β =1 06.6°,38 bearing in mind that the unit cell contains 
eight formula-units. The crystal structure of Li0.5VO2 is very similar to the parent 
VO2(B), which is monoclinic (space group C12/m1 – ICSD 73855), having the 
unit cell 9.2 % elongated in the b-axis direction.38 By taking R = 8.314 J·mol–1 
K–1, T = 298 K, A = 2 cm2, n = 0.5, F = 96485 C mol–1, cLi+ = 0.0224 mol·cm–3 
and σW = 16.9 Ω s–½, the calculated value of the diffusion coefficient is equal to 
DLi+ = 1×10–12 cm2 s–1. This value is almost the same as the diffusion coef-
ficient of Li+ (1.69×10–12 cm2 s–1) in LiV3O8,19 determined by the same 
method, but is much smaller than the diffusion coefficients of Li+ in carbon-
coated VO2(B) nanobelts (2.6×10–10–8.6×10–10 cm2 s–1), obtained from cyclic 
voltammetry experiments in an organic electrolyte.36 

High power devices demand fast transport of electrons, therefore the elec-
tronic conductivities of cathode and anode materials for LBs is of very great 
importance. VO2(B) is a semiconductor, but there is not much data about its 
electronic conductivity.39,40 The temperature dependence of the specific con-
ductivity of the VO2(B) synthesised in this work is shown in Fig. 4. From this 
almost ideally linear, logarithmic-type plot, the activation energy for electric 
conductivity was determined to be 21.5 kJ·mol–1 or 0.223 eV. The room 
temperature electric conductivity is 4.7×10–3 S cm–1, which is in good agreement 
with the value (≈1×10–2 S cm–1) obtained by Corr. et al.40 for VO2(B) nanorods, 
pressed into a pellet, by four-probe resistivity measurements. This value is 
several orders of magnitude higher than those of some anode and cathode mater-
ials for lithium batteries, such as Li4Ti5O12 (3.5×10–8 S cm–1)41 and LiFePO4 
(10–9–10–10 S cm–1).42 

It was shown recently that electrochemical cycling stability of some 
cathode43,44 and anode45 materials for ARLBs, mostly layer-structured com-
pounds, abruptly decreases in the low-pH solutions due to the co-intercalation of 
H+ ions. Such behaviour was not observed in this study, despite the low pH 
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(around 3.2) of the saturated (≈9 M) aqueous solution of LiNO3. The tunnel- 
-structured VO2(B) and the spinel-structured LiCr0.15Mn1.85O4 used as the 
cathode are not, most probably, energetically favourable for the accommodation 
of H+ ions. This was already confirmed, at least to some extent, for spinel-type 
compounds.44 

Fig. 4. Temperature dependence of the 
specific conductivity of VO2(B). ● 
represents data, line represents fit. 

Nanostructures of VO2(B), such as nanobelts, nanorods and nanosheets, can 
offer a high initial capacity due to their large surface area and the short diffusion 
length of Li-ion. Unfortunately these nanostructures mostly suffer from signi-
ficant capacity fade. Such a loss of capacity, on the one hand, is due to pulver-
ization of the electroactive material during cycling, resulting in the loss of some 
amount of active mass. On the other hand, nano-sized materials have a large 
surface area and high surface energy that favour the formation of agglomerates 
and leads to the loss of the insertion capacity of Li+.35,46 It was already docum-
ented that 3D VO2(B) structures such as micro/nano-flowers13 and hollow micro-
spheres32 show improved electrochemical characteristics because they have col-
lective properties from the self-assembling of nano-units into micrometre-sized 
structures. The VO2(B) obtained in this study enabled the excellent performance 
of the ARLB, most likely due to both the micro–nano morphology and the use of 
a water-based electrolyte. Although the nano-units were mutually welded in irre-
gularly shaped microstructures, they were robust enough on exposure to the 
aqueous electrolyte to give a stable intercalation capacity of lithium ions. These 
micro–nano structures also had very good electronic conductivity, but the rate of 
diffusion of Li+ inside these structures, although one of the most important pro-
perties, seems not to have been a prevailing factor for the excellent electro-
chemical performance. The EIS data indicated that not only the high conductivity 
of aqueous electrolyte, but also the very low charge transfer resistance and the 
absence of resistive surface film seems to be responsible for the very fast inser-
tion/extraction of lithium ions. 
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All the presented electrochemical experiments were performed in aerated 
aqueous solution, without testing the oxygen content. The elimination of dis-
solved oxygen may significantly improve the performance of some ARLBs.47 
However, in the presence of oxygen, carbon coating of the cathode may except-
ionally improve the rate capability and cycle life, as was recently demonstrated 
for a VO2(B)/LiNO3(sat)/LiFe1–xVxPO4–C aqueous battery.48 The precise inf-
luence of dissolved oxygen on VO2(B) anodes in saturated aqueous solutions of 
LiNO3 remains to be examined in the near future. 

CONCLUSIONS 

The VO2(B) was synthesised by a simple, low-cost and environmentally 
friendly solvothermal method. It displayed exceptional characteristics during gal-
vanostatic cycling: the initial discharge capacity was 177, 161, 149, 140, 117 and 
92 mAh g–1 at current rates 50, 100, 150, 200, 500 and 1000 mA g–1, respect-
ively, with a very small capacity fade. The obtained material showed very high 
electronic conductivity and moderately fast diffusion of lithium ions. The robust 
micro–nano structures of VO2(B) in contact with the highly conductive aqueous 
electrolyte formed an electrode/electrolyte interface with fast charge transfer 
kinetics, which enabled the excellent rate performance of the anode. Further 
improvement of hydrothermal/solvothermal synthetic methods in obtaining 
strong micro–nano structures, in the first place more uniform in shape, may offer 
superior electrode materials for aqueous rechargeable lithium batteries. 

SUPPLEMENTARY MATERIAL 

Charge/discharge curves of a VO2(B) anode are available electronically from http://  
//www.shd.org.rs/JSCS/, or from the corresponding author on request.  
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И З В О Д  
ВИСОКЕ ПЕРФОРМАНСЕ СОЛВОТЕРМАЛНО СИНТЕТИСАНОГ VO2(B) КАО АНОДНОГ 

МАТЕРИЈАЛА ЗА СЕКУНДАРНЕ ЛИТИЈУМСКЕ БАТЕРИЈЕ СА ВОДЕНИМ 
ЕЛЕКТРОЛИТОМ 
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2
 

1Институт Винча, Лабораторија за материјале, Универзитет у Београду, п. пр. 522, 11001 Београд, 
2Факултет за физичку хемију, Универзитет у Београду, 11158 Београд 118 и 3Институт Винча, 
Лабораторија за тепријску физику и физику кондензоване материје, Универзитет у Београду, 

п. пр. 522, 11001 Београд 

VO2(B) је синтетисан једноставним солвотермалним поступком на 160 °С у ета-
нолу. Тестиран је као анодни материјал за секундарне литијумске батерије у засићеном 
раствору литијум-нитрата методом галваностатског пуњења и пражњења. При 
специфичним јачинама струје од 50 до 1000 mA g-1 VO2(B) је показао висок почетни 
капацитет при пражњењу од 177 до 92 mAh g-1, уз веома мали пад капацитета. Високе 
перформансе овог материјала потичу од стабилности робусних микро–нано структура 
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према великом броју интеркалација/деинтеркалација јона литијума као и од добре 
електронске проводљивости и малог отпора преносу наелектрисања.  

(Примљено 22. септембра, ревидирано 3. децембра, прихваћено 25 децембра 2014) 
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The charging/discharging curves of VO2(B) anode are shown in Figs. S-1 
and S-2. The difference between the first and the second charging at a current 
rate of 50 mA g–1 indicates a large initial irreversible capacity loss, Fig. S-1. The 
charging and discharging become very stable after twenty cycles, which is ref-
lected in the almost overlapping overall curves in the following cycles. The 
change in the profile of the charge and discharge curves due to the increase in the 
current rate is shown in Fig. S-2. 

 
Fig. S-1. Charge/discharge curves of a VO2(B) anode in saturated aqueous solution of LiNO3 

at a current rate of 50 mA g-1. 
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Fig. S-2. Charge/discharge curves of a VO2(B) anode at different current rates: 50 mAg-1 (the 

last cycle) and 100, 150, 200, 500 and 1000 mA g-1 (the first cycle). 
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Solubility of atenolol in ethanol + water mixtures at various 
temperatures 
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of Chemical Engineering, College of Engineering, University of Tehran, P. O. Box 
11155/4563, Tehran, Iran  

(Received 17 June, revised 17 September, accepted 18 September 2014) 

Abstract: The experimental solubility of atenolol in ethanol + water mixtures at 
different temperatures (298.2, 303.2, 308.2 and 313.2 K) was reported. The 
solubility was calculated using five numerical methods. First, the Jouyban– 
–Acree model (method I), its combination with the van't Hoff equation (method 
II) and the extended version of the Jouyban–Acree model with Abraham para-
meters (method III) were employed. The minimum number of data points (N) 
were used to train the Jouyban–Acree model (N = 11) and its combination with 
the van’t Hoff equation (N = 22), then the obtained parameters of the models 
were used to calculate the solubilites at other temperatures (methods IV and V). 
The accuracies of the calculated solubilites were evaluated by computing mean 
percentage deviation (MPD). The obtained MPDs (±standard deviation) for 
methods I–V were 5.6±7.1, 5.1±4.6, 34.1±28.0, 10.0±9.6 and 6.6±4.8 %, res-
pectively. 

Keywords: mixed solvent; simulation; Jouyban–Acree model. 

INTRODUCTION 

Drugs are mostly hydrophobic compounds therefore their limited aqueous 
solubility is the most challenging problem in drug development that causes their 
poor bioavailability. Many published works could be found regarding the imp-
rovement of the low bioavailability of poorly soluble drugs including solubil-
ization techniques. Among the broad variety of methods proposed for enhancing 
drug solubility, the addition of pharmaceutical cosolvents is the most widely used 
technique for drugs in aqueous media.1–3 Furthermore, the solubility enhance-
ment of poorly soluble drugs can be achieved by the changes of temperature,4 
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which is a useful technique in recrystalization studies. Several methods have 
been proposed to explain the solubility enhancement of organic compounds as 
well as its temperature dependence.5,6 

Atenolol (Fig. 1) is a well-known drug used in pharmacotherapy of cardio-
vascular diseases, such as hypertension and stable angina pectoris. Furthermore, 
it reduces mortality in patients with hypertension and is prescribed in the 
treatment of patients with myocardial infarction.7 On the other hand, the poorly 
aqueous soluble drug needs a high dose to reach therapeutic plasma concen-
trations. It is well recognized that an injectable liquid formulation provides high 
doses of drugs in small volumes.8 Although atenolol is one of the most fre-
quently used anti-hypertensive drugs, information on its solubility, which is one 
of the important physicochemical properties, is not abundant. 

Fig. 1. Chemical structure of atenolol. 

Solubility data are acquired in the pharmaceutical industry as well as in for-
mulation processes. Concerning variations of solubility with cosolvent concen-
tration and temperature, as the most important variables, the experimental mea-
surements of solubilities become a laborious and time-consuming procedure. 
Several mathematical models were developed to predict the solubility of drugs 
beside their experimental measurements in mixed solvents.2,5,9 The Jouyban–
Acree model is one of the well-established models that provides the most accu-
rate computations for the solubility of drugs concerning temperature and solvent 
composition. It is represented as:10  

 
2

1 2sat sat sat
1 2 1 2m, 1, 2,

0

log log log ( )
=

= + + − i
iT T T

i

w w
C w C w C J w w

T
 (1) 

in which sat
m,TC

 
is the solute solubility in the solvent mixtures at temperature T, 

w1 and w2 are the mass fractions of solvent 1 and solvent 2 in the absence of 
solute, sat

1,TC
 
and sat

2,TC  imply the solubility of the solute in the neat solvents 1 
and 2, respectively, and Ji denotes the constants of the model, which are com-
puted by regression analysis. 

Solubility data at different temperatures in a mono-solvent can be predicted 
using the van't Hoff equation.11 The required data are solubilities at the lowest 
and highest temperatures ( satlog TC ): 

 satlog T
B

C A
T

= +  (2) 
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where A and B are model constants calculated using the least square method. 
A combination of the Jouyban–Acree model and van't Hoff equation12 was 

used to calculate the solubility of pharmaceuticals in solvent mixtures at different 
temperatures without employing any further experimental values as independent 
variable. Thus: 

 
2

1 2 1 2sat
1 1 2 2 1 2m,

0

log ( ) ( ) ( )
=

= + + + + − i
iT

i

B B w w
C w A w A J w w

T T T
 (3) 

The solubility of drugs is influenced by the interactions in the solutions 
between the solvents and the solute, represented by physical and chemical para-
meters similar to those proposed by Acree and Abraham.13 The Abraham model 
includes five parameters for each solute and six solvent coefficients, which were 
previously calculated for a number of solvents.14 The general Abraham model is: 

 s

w
log

 
= + + + + + 

 

C
c eE sS aA bB vV

C
 (4) 

where Cs and Cw are the solubilities of the solute (in molarities) in the organic 
solvent and water, respectively. E is the excess molar refraction, S is the dipol-
arity/polarizability of the solute, A denotes the hydrogen-bond acidity of the 
solute, B indicates the hydrogen-bond basicity of the solute and V is the 
McGowan volume of the solute. Thus, E, S, A, B and V are the Abraham solute 
parameters and c, e, s, a, b and v are the Abraham solvent coefficients. The 
Abraham solute parameters for atenolol which were used in the following com-
putations are 1.45, 1.89, 0.55, 1.75 and 2.18 for E, S, A, B and V, respectively.15 

The Jouyban–Acree model and the Abraham solvation parameters could be 
combined for predicting the solubility of drugs in mixed solvents. The trained 
version of the model for the solubility of drugs in aqueous binary mixture of 
ethanol is:16 

 
( )
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log log log
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(5) 
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This extended version provided another prediction tool for computing the 
solubility of drugs in aqueous binary mixtures of ethanol. The first two terms of 
Eq. (5) represent the ideal mixing behaviors of saturated solutions of the analyte 
in the mono-solvents, and the other model constants and variables present the 
effects of solvent composition and temperature on the non-ideal mixing behavior 
of the saturated solution and the interactions between solvent 1–solvent 2 and the 
solute in the mixed solvent system. These model constants for a single analyte 
were explained in more detail in earlier reports.17,18 Concerning the modeling of 
the solubility of different solutes in ethanol + water mixtures at various tempe-
ratures, the Abraham solute parameters for representing the effects of different 
chemical structures of drugs on their solubilities were included. Although it 
might be possible find some theoretical justifications for this numerical treat-
ment, we consider it preferable to consider Eq. (5) as a semi-empirical one, since 
there are 18 model constants and it is very hard to explain this number of curve- 
-fitting parameters as theoretical parameters. 

Therefore, the objectives of this work are:  
– To report the experimental solubility of atenolol in binary mixtures of 

ethanol and water at 298.2, 303.2, 308.2 and 313.2 K. 
– To predict the solubility of atenolol in ethanol + water mixtures at different 

temperatures by means of the Jouyban–Acree model. 
– To predict the solubility of atenolol in ethanol + water at different tempe-

ratures using a combination of the Jouyban–Acree model and the van't Hoff 
equation.  

To predict the solubility of atenolol at different temperatures using the Jouy-
ban–Acree model combined with the Abraham solute parameters. 

To predicting the solubility of atenolol using a minimum number of experi-
mental data points. 

EXPERIMENTAL 

Materials 

Atenolol (MW = 266.3 g·mol-1) was purchased from the Daru Pakhsh Company (Tehran, 
Iran) and used without further purification. The claimed value for the purity of the solute in its 
certificate was 0.993 (in mass fraction). Its purity was also verified by determination of its 
melting point (425–427 K). Distilled water was used throughout this work. Ethanol (mass 
fraction purity of 0.995 in mass fraction) was obtained from the Scharlau Chemie Company 
(Sentmenat, Barcelona, Spain). 

Solubility determination procedure 

Various solubility determination methods used in the literature were reviewed in a recent 
work.19 The solubility of atenolol was determined using the saturation shake-flask method of 
Higuchi and Connors.20 Briefly, ethanol + water binary mixtures were prepared by mixing 
appropriate masses of solvents (0.00 to 1.00 in mass fractions) varying by 0.10, in order to 
study 9 mixtures and two mono-solvents. The solvent masses were measured using an 
electronic balance (Sartorius, Germany) with an uncertainty of 0.01 g. Excess amount of drug 
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was added to each flask and the flasks were placed in an incubator-shaker (Heidolph Unimax 
1010, Germany) with a temperature controlling system having an uncertainty of 0.1 K. All the 
experiments were performed at temperatures ranging from 298.2 to 313.2 K. The solutions 
were shaken until the solubility equilibrium was reached and the saturation is verified by the 
presence of undissolved drug. The saturated mixtures (after 3 days) were centrifuged (Epen-
dorph Centrifuge 5810R, Germany) and the solid phase was removed. In order to determine 
the concentrations, aliquots of the solutions were diluted with distilled water. Both the 
centrifuging and dilution steps were performed under the same temperature. The absorbance 
of the diluted solutions was recorded at 275 nm using a UV–Vis spectrophotometer (Cecil CE 
7250, UK) and the molar concentrations were determined using UV absorbance calibration 
curve. Each experimental solubility datum indicates an average of at least three repeated 
measurements. 

Computational method  

The Ji constants of Eq. (1) for the solubility of atenolol in ethanol + water mixtures at 
various temperatures were obtained using a no intercept least square analysis (method I). The 
same procedure was used to compute the model constants of Eq. (3) (method II). The 
computed constants were used to back-calculate the solubility using Eqs. (1) and (3). The 
previously trained version of Jouyban–Acree model employing the Abraham solvation para-
meters (i.e., Eq. (5)) was used to predict the solubility of atenolol in ethanol + water mixtures 
(method III). The experimental solubility data at 298.2 K was used to train Eq. (1), and the 
solubilities at other temperatures were predicted using the model (method IV). The experi-
mental solubility data at the lowest and highest temperatures were fitted to Eq. (3) and the 
model constants, i.e., A, B and Ji values were correlated using a no intercept least square 
analysis. Then the solubilities at the other temperatures were predicted using an interpolation 
technique (method V).  

The mean percentage deviations (MPDs) were calculated as an accuracy criterion of the 
computations using: 

 

ExprimentalCalculated
m, m,

Exprimental
m,

100 T T

T

C C
MPD

N C

 − =   
 

  (6) 

where N is the number of data points in each set. 

RESULTS AND DISCUSSION 

The mass fractions of the binary solvent mixtures, the experimental and 
back-calculated solubilites using numerical methods I and II at four investigated 
temperatures 298.2, 303.2, 308.2 and 313.2 K are listed in Table I. The solu-
bilites of atenolol increased with increasing temperature, as was expected and the 
solubilites at a given temperature first increased with the addition of ethanol, 
reached a maximum value and then decreased with further addition of ethanol, 
which is the usual pattern for the solubility of drugs in ethanol + water mixtures. 
The measured aqueous solubility of atenolol was 0.072 mol·L–1 at 298.2 K, 
which is in agreement with literatures data (i.e., 0.07721 and 0.075 mol·L–1(22)). 
Equation (1) was used to fit the experimental data points and the obtained model  
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TABLE I. Experimental (Exp.) and calculated molar solubility of atenolol in ethanol (1) + 
water (2) mixtures at different temperatures using methods I to V 

w2 T / K Exp. 
Method 

I II III IV V 
1.00 298.2 0.07264 0.07264 0.06265 – – – 
0.90 298.2 0.10000 0.12101 0.10526 0.07396 – – 
0.80 298.2 0.13998 0.19556 0.17211 0.09663 – – 
0.70 298.2 0.26726 0.30275 0.26981 0.14321 – – 
0.60 298.2 0.44943 0.44074 0.39750 0.21728 – – 
0.50 298.2 0.59798 0.58859 0.53659 0.31098 – – 
0.40 298.2 0.64000 0.69921 0.64370 0.39490 – – 
0.30 298.2 0.68378 0.71209 0.66204 0.42729 – – 
0.20 298.2 0.56489 0.59552 0.56027 0.38620 – – 
0.10 298.2 0.38094 0.38938 0.37245 0.29182 – – 
0.00 298.2 0.18835 0.20743 0.18471 – – – 
1.00 303.2 0.07518 0.07518 0.07442 – – 0.07777 
0.90 303.2 0.13184 0.12516 0.12392 0.07713 0.10187 0.12298 
0.80 303.2 0.19105 0.20224 0.20088 0.10111 0.16098 0.19836 
0.70 303.2 0.32027 0.31328 0.31246 0.15004 0.26696 0.31399 
0.60 303.2 0.45912 0.45678 0.45721 0.22785 0.42553 0.46970 
0.50 303.2 0.61284 0.61186 0.61388 0.32671 0.60782 0.64010 
0.40 303.2 0.68041 0.73046 0.73389 0.41648 0.73833 0.76684 
0.30 303.2 0.78176 0.74950 0.75412 0.45356 0.73671 0.78010 
0.20 303.2 0.57905 0.63358 0.63967 0.41383 0.59371 0.65158 
0.10 303.2 0.44662 0.42043 0.42793 0.31660 0.38674 0.43250 
0.00 303.2 0.20743 0.20743 0.21460 – – 0.22103 
1.00 308.2 0.07804 0.07804 0.08791 – – 0.09250 
0.90 308.2 0.14844 0.13009 0.14510 0.08080 0.10623 0.14502 
0.80 308.2 0.22378 0.21057 0.23329 0.10646 0.16823 0.23185 
0.70 308.2 0.35277 0.32698 0.36013 0.15848 0.27936 0.36386 
0.60 308.2 0.51132 0.47840 0.52349 0.24134 0.44618 0.54014 
0.50 308.2 0.68138 0.64390 0.69923 0.34733 0.63972 0.73158 
0.40 308.2 0.75199 0.77385 0.83315 0.44525 0.78205 0.87289 
0.30 308.2 0.82259 0.80130 0.85539 0.48887 0.78785 0.88673 
0.20 308.2 0.68138 0.68572 0.72720 0.45099 0.64325 0.74197 
0.10 308.2 0.51898 0.46246 0.48946 0.34985 0.42598 0.49522 
0.00 308.2 0.23301 0.23301 0.24811 – – 0.25557 
1.00 313.2 0.09814 0.09814 0.10329 – – – 
0.90 313.2 0.18000 0.16226 0.16906 0.10154 0.13293 – 
0.80 313.2 0.29492 0.26061 0.26964 0.13320 0.20895 – 
0.70 313.2 0.45767 0.40181 0.41319 0.19702 0.34415 – 
0.60 313.2 0.57386 0.58427 0.59681 0.29799 0.54553 – 
0.50 313.2 0.80000 0.78262 0.79315 0.42634 0.77762 – 
0.40 313.2 0.95110 0.93774 0.94202 0.54433 0.94751 – 
0.30 313.2 1.01324 0.97038 0.96635 0.59672 0.95435 – 
0.20 313.2 0.82259 0.83242 0.82332 0.55115 0.78166 – 
0.10 313.2 0.60098 0.56490 0.55743 0.42925 0.52101 – 
0.00 313.2 0.28773 0.28773 0.28553 – – – 
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for representing the solubility of atenolol in ethanol + water mixtures at various 
temperatures was: 

 

1 2sat sat sat
1 2m, 1, 2,

2
1 2 1 2 1 2 1 2

log log log 837.039

( ) ( )
365.522 82.325

 = + + + 
 

 − − + +   
   

T T T
w w

C w C w C
T

w w w w w w w w

T T

 (7) 

Equation (7) is a significant correlation with an F value of 2540 and a p 
value of <0.0005 and the MPD of the back-calculated solubilities was 5.6±7.1 %. 
The main limitation of Eq. (7) for predicting the solubility of atenolol in ethanol 
+ water mixtures at other temperatures is that it requires two experimental data 
points for each temperature of interest, i.e., sat

1,TC  and sat
2,TC . To cover this limit-

ation, Eq. (3) could be used. When Eq. (3) was trained using the generated data, 
the obtained model was: 

 

sat
1 2m,

21 2 1 2 1 2 1 2 1 2

1177.800 1351.781
log (3.216 ) (3.330 )

( ) ( )
832.494 358.568 70.961

= − + − +

− −     + + +     
     

TC w w
T T

w w w w w w w w w w

T T T

 (8) 

which is a significant correlation with F and p values of 1900 and <0.0005, 
respectively, and with an MPD of 5.1±4.6 %. 

In practical applications of the solubility data of drugs in mixed solvents at 
various temperatures, it would be preferred to predict the data using in silico 
models without using any experimentally measured data points. However, to the 
best of our knowledge, there are no such models in the literature. As an alter-
native, a number of attempts were made to predict the solubility of drugs using a 
minimum number of experimental data points, including the discussed numerical 
methods III–V. The predicted solubilities of atenolol in ethanol + water mixtures 
at various temperatures along with the corresponding experimental values are 
reported in Table I. In method III, two experimental solubility data points at each 
temperature are required as input experimental data and the rest of data points 
could be predicted using a globally trained version of the model, i.e., Eq. (5). The 
MPD for the predicted data points was 34.1±28.0 % (N = 36). When Eq. (1) was 
trained using the solubility data of atenolol in ethanol + water mixtures at 298.2 
K, and the solubilities at the other temperatures were predicted, (i.e., the numer-
ical method IV), the obtained MPD was 10.0±9.6 % (N = 30). The corresponding 
MPD for the numerical method V was 6.6±4.8 % (N = 22). The main advantage 
of trained version of Eq. (3) is that it does not require any further experimental 
data as input values. The MPD values of the different numerical methods are 
listed in Table II. As is evident, the more data point used as input values, the 
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more accurate were the predictions made. In practice, one must decide on a 
balance between the demanded accuracy of the solubility data and the time and 
cost that has to be spent on the project. The experimental and simulated solubility 
data of atenolol in various mass fractions of ethanol using the numerical methods 
I to V are illustrated in Fig. 2. As shown in this figure, the most accurate simul-
ations were made when more experimental data were employed in the simulation 
process, i.e., numerical methods I and II, but with the cost of requiring more 
experimental data points. 

TABLE II. Mean percent deviations ± standard deviations (MPD±SD) for the solubility of ate-
nolol in ethanol + water mixtures at different temperatures for correlative (methods I and II) 
and predictive (methods III–V) along with the number of correlated and/or predicted data points 

Method  MPD±SD N 
I 5.6±7.1 44 
II 5.1±4.6 44 
III 34.1±28.0 6 
IV 10.0±9.6 11 
V 6.6±4.8 22 

 

 
Fig. 2. Experimental and simulated molar solubility data of atenolol ( sat

m,TC ) in various mass 
fractions of ethanol (w1) at four investigated temperatures using numerical methods I–V. 
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CONCLUSIONS 

The experimental solubilities of atenolol in aqueous mixture of ethanol at 
four temperatures were reported. The generated data was mathematically repre-
sented using numerical methods I and II. These sorts of numerical analyses could 
be used for screening the measured solubility data for detecting possible outliers. 
In addition, they provide the most accurate predictions using the interpolation 
technique. The expected MPDs for these analyses are < 6 %. Some data points 
are predicted employing numerical methods III, IV and V and reasonably accu-
rate predictions are provided. These predictive methods could be employed in the 
early stages of drug development investigations, when solubilization of a drug 
candidate is required and only a small quantity of the drug powder is available. 
The expected MPDs for these analyses are between 6 to 35 % depend on the 
number of experimental input data in the prediction procedure. 

И З В О Д  
РАСТВОРЉИВОСТ АТЕНОЛОЛА У РАСТВОРУ ЕТАНОЛ + ВОДА НА РАЗЛИЧИТИМ 

ТЕМПЕРАТУРАМА  

SAMIN HAMIDI
1
 и ABOLGHASEM JOUYBAN

2,3
 

1Liver and Gastrointestinal Diseases Research Center, Tabriz University of Medical Sciences, Tabriz, Iran, 
2Drug Applied Research Center and Faculty of Pharmacy, Tabriz University of Medical Sciences, Tabriz 

51664, Iran и 3Pharmaceutical Engineering Laboratory, School of Chemical Engineering, College of 
Engineering, University of Tehran, P. O. Box 11155/4563, Tehran, Iran 

Добијене су експерименталне растворљивости атенолола у смеши етанол + вода на 
различитим температурама (298,2, 303,2, 308,2 и 313,2 K). Растворљивости су израчу-
нате коришћењем пет метода, тј. Jouyban–Acree моделом (метод I), његовом комби-
нација са van't Hoff једначином (метод II), проширеном верзијом Jouyban–Acree модела 
са Abraham параметрима (метод III), коришћењем је минималаног број експеримен-
талних тачака (N) за Jouyban–Acree модел (N = 11), као и његова комбинација са van't 
Hoff једначином (N = 22), а затим су добијени параметри модела коришћене за израчу-
навање растворљивости на другим температурама (методи IV и V). Тачност израчунатих 
растворљивости су оцењене израчунавањем средњег процентуалног одступања (MPD). 
Добијене MPD вредности (± стандардна девијација) за методе I–V су: 5,6±7,1; 5,1±4,6; 
34,1±28,0; 10,0±9,6 и 6,6±4,8 %, редом. 

(Примљено 17. јуна, ревидирано 17. септембра, прихваћено 18. септембра 2014) 
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Antibacterial and UV protective properties of polyamide fabric 
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Abstract: The possibility of in situ photoreduction of Ag+ using colloidal TiO2 
nanoparticles deposited on the surface of polyamide fabric in the presence of 
the amino acid alanine and methanol is discussed. The presence of TiO2/Ag 
nanoparticles on the polyamide fabric was confirmed by FESEM and ICP 
analyses. The antibacterial activity of the fabric was tested against the Gram- 
-negative bacterium Escherichia coli and the Gram-positive bacterium Staph-
ylococcus aureus. The TiO2/Ag nanoparticles fabricated on the surface of the 
polyamide fabric provided maximum bacterial reduction and thus, excellent 
antibacterial activity. In spite of silver leaching from the fabric during washing, 
the impregnated polyamide fabric preserved the maximum reduction of E. coli 
colonies. The antibacterial activity against S. aureus was slightly decreased 
after ten washing cycles, but still the antibacterial activity could be considered 
as satisfactory. In addition, the presence of TiO2/Ag nanoparticles ensured 
better UV protection efficiency, which belonged to the UV protection category 
very good. 

Keywords: TiO2/Ag nanoparticles; polyamide; photoreduction; antibacterial 
activity; UV protection. 

INTRODUCTION 

Growing interest for the exploitation of silver nanoparticles (Ag NPs) in the 
production of medical and healthcare textiles due to their extraordinary anti-
microbial activity has initiated broad research in this field.1–4 Many efforts have 
been made to develop simple routes for the manufacture of stable and durable 
antimicrobial nanocomposite textile materials with Ag NPs.4 Hitherto, major 
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research was focused on the application of Ag NPs to cotton and polyester 
fibers.4–16 Polyamide (PA) fibers were less investigated despite their share in the 
production of healthcare and non-implantable medical textiles.10,17–24 In addi-
tion, good biocompatibility with different human cells and tissues make PA a 
very attractive material for implants.24 Dip-coating techniques were the most 
commonly employed methods for the impregnation of PA materials with Ag 
NPs.10,19–23 Dubas et al. proposed an interesting approach based on layer-by-
layer deposition whereby a thin film with antibacterial properties was formed on 
PA fibers by the sequential dipping of the fibers into solutions of poly(diallyl-
dimethylammonium chloride) (PDADMAC) and Ag NPs caped with poly(meth-
acrylic acid) (PMA).18 Sonochemical coating of Ag NPs onto PA fabrics was 
also reported as an alternative method for the impregnation of PA fabrics with 
Ag NPs.13 However, to the best of our knowledge, in situ fabrication of Ag NPs 
on the PA fabrics has not been reported. 

The use of various reducing agents and organic compounds that control the 
formation, size, shape and stability of Ag NPs seems to be great disadvantage of 
conventional procedures for the fabrication of colloidal Ag NPs. These organic 
compounds can diminish or even inhibit the antimicrobial action of Ag NPs and 
they often have a negative environmental impact. The problematic use of strong 
reducing agents and stabilizers could be overcome by a previously proposed pro-
cedure.25,26. 

Recent research indicated that in situ photoreduction of Ag+ using TiO2 NPs 
deposited on the surface of polyethylene terephthalate (PET), cotton and cot-
ton/PET fabrics in the presence of the amino acid alanine and methanol could be 
a viable alternative to conventional routes for the fabrication of Ag NPs.25,26 The 
proposed treatment is acceptable from the environmental point of view as it does 
not involve any aggressive chemicals or reducing agents. On the other hand, it 
provides large amounts of evenly distributed Ag NPs on the fiber surface and 
thus, excellent antimicrobial efficiency. The approach relies on the fact that sur-
face modification of TiO2 NPs smaller than 20 nm with alanine results in the 
replacement of hydroxyl groups on the surface of TiO2.27,28 This further facil-
itates the coordination of surface Ti atoms with a carboxyl group and the simul-
taneous binding of Ag+.27,28 When TiO2 is exposed to UV light with an energy 
that matches or exceeds its band gap, the formation of electron/hole pairs occurs. 
These charges can participate in different oxidation and reduction processes on 
the TiO2 NPs surface, but their fast recombination appears as a serious limitation. 
In addition to improved adsorption of Ag+ before UV illumination, surface modi-
fication of TiO2 NPs with amino acids results in enhanced charge separation and 
thus, elevated photocatalytic activity of photogenerated electrons.27,28 Photo-
generated electrons are utilized for the photoreduction of adsorbed Ag+ and 
hence fabrication of TiO2/Ag NPs.  
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Methanol has been exploited as an efficient hole-scavenger 
(E (CH3OH/•CH2OH) = 1.2 V), which ultimately provides an increase in the 
yield of trapped electrons.29 Electrochemical oxidation of methanol results in the 
formation of the electron-donating methanol radical (E (•CH2–OH/CH2O) = 
= –0.95 V), meaning that from one photon of absorbed light, two electrons are 
generated.30 This phenomenon, known as a current-doubling effect, brings about 
an enhanced photoreduction rate of Ag+.31 The methanol radical is also able to 
reduce Ag+ (•CH2OH, –0.95 V). 

The current study was aimed at highlighting whether the proposed method 
could be efficient in the impregnation of PA fabric with TiO2/Ag NPs. The PA 
fabric impregnated in this manner was characterized by field emission scanning 
electron microscopy (FESEM) and ICP atomic emission spectroscopy analyses. 
The antibacterial activity of the deposited TiO2/Ag NPs was tested against the 
Gram-negative bacterium Escherichia coli and the Gram-positive bacterium Sta-
phylococcus aureus. In order to explore the stability of the fabricated nanocom-
posite system, washing fastness and perspiration fastness in artificial sweat under 
acidic and alkaline conditions were examined. The release of silver during wash-
ing and 24-h long incubation in artificial sweat was also monitored. The presence 
of TiO2 NPs on the PA fabric surface was the essential motive to evaluate the 
UV protection efficiency of the impregnated PA fabric. 

EXPERIMENTAL 

Materials and methods 

Desized and bleached polyamide (PA 6.6, 150 g m-2) fabric was cleaned in a bath con-
taining 0.5 % the nonionic washing agent Felosan RG-N (Bezema) at a liquor-to-fabric ratio 
of 50:1. After 15 min of washing at 50 °C, the fabric was rinsed once with warm water (50 
°C) for 3 min and three times (3 min) with cold water. The fabric was then dried at room 
temperature. 

The colloid consisting of TiO2 NPs was synthesized by acidic hydrolysis of TiCl4 in a 
manner already described in detail in the literature.28 Most of the synthesized TiO2 NPs were 
single crystalline and irregularly shaped with average dimensions of 6 nm.32 The electron 
diffraction pattern and Raman spectroscopy measurements indicated the formation of the 
anatase crystal structure.32 

Impregnation of PA fabric with TiO2 NPs (PA+TiO2) was performed by immersion of 
the sample in 0.1 M TiO2 colloid at a liquor-to-fabric ratio of 30:1 for 30 min. After squeezing 
at a pressure of 2 kg cm-2, the sample was dried at room temperature. Subsequently, the 
sample was cured at 100 °C for 30 min, double rinsed with deionized water and dried at room 
temperature. 

Alanine (0.1333 g) was dissolved in 40 mL of Milli-Q deionized water. PA fabric imp-
regnated with TiO2 NPs was immersed in this solution for 10 min. AgNO3 solution (1.5 mL, 
c = 0.015 mol L-1) and methanol (0.4 mL) were added into 58 mL of HNO3 solution (1×10-3 
M, pH 3). This solution was added to the alanine solution and mixed. After purging with 
argon for 30 min, the system was illuminated with an Ultra-Vitalux lamp (300 W, Osram) for 
30 min under exclusion of air. The applied lamp simulated sun-like irradiation with a spectral 
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radiation power distribution at wavelengths between 300–1700 nm. The PA fabric was 
removed from the solution, dried at room temperature, rinsed in Milli-Q deionized water for 
15 min and dried at room temperature. The fabricated textile nanocomposite was denoted as 
PA+TiO2/Ag. 

The morphology of the PA fibers was analyzed by a Mira3 Tescan field emission scan-
ning electron microscope (FESEM). The samples were coated with a thin layer of Au/Pd 
(85/15) prior to analysis. 

The total content of Ag and Ti in the impregnated PA fabrics was determined using an 
ICP Emission Spectrometer: ICAP 6000 series (Thermo Electron Corporation). 40 mg of 
sample immersed in 60 mL of concentrated sulfuric acid was moderately heated for 5–10 min. 
Subsequently, 2 mL of nitric acid (1:1) was added and after short heating, a clear solution was 
obtained.  

The reflectance spectra of the PA fabrics were recorded using a Datacolor SF300 
spectrophotometer. The color coordinates of untreated PA fabric, PA+TiO2 and PA+TiO2/Ag 
fabric (CIE L*, a*, b*) were determined under illuminant D65 using a 10° standard observer. 
Based on the measured CIE color coordinates, the color difference (ΔE*) was calculated as: 

 ( )2 2 2* * ( *) ( *)E a b LΔ = Δ + Δ + Δ  (1) 

where: ΔL* is the color lightness difference between the PA+TiO2/Ag fabric and the control 
PA fabric; Δa* is the red/green difference between the PA+TiO2/Ag fabric and the control PA 
fabric and Δb* is the yellow/blue difference between the PA+TiO2/Ag fabric and the control 
PA fabric. 

Transmission spectra of the samples were measured using a Cary 100 Scan UV–Vis 
spectrophotometer (Varian). The UV protection factor (UPF) values were automatically 
calculated based on the recorded data in accordance with the Australia/New Zealand standard 
AS/NZS 4399:1996 using a Startek UV fabric protection application software version 3.0 
(Startek Technology). 

The antibacterial activity of impregnated PA fabrics was assessed against Gram-negative 
bacterium E. coli ATCC 25922 and Gram-positive bacterium S. aureus in accordance with the 
standard test method ASTM E 2149-01.33 The percentage bacterial reduction (R / %) was 
calculated using the following equation: 

 0

0
100

−= C C
R

C
 (2) 

where C0 (CFU – colony forming units) is the number of bacterial colonies on the control PA 
fabric (untreated PA fabric without TiO2/Ag NPs) and C (CFU) is the number of bacterial 
colonies on the PA fabric loaded with TiO2/Ag NPs. 

Washing fastness of impregnated PA fabrics was tested after five and ten washing cycles 
in Polycolor (Werner Mathis AG) laboratory beaker dyer at 45 rpm. The samples were 
washed in the bath containing 5 g L-1 Society of Dyers & Colourists (SDC) standard detergent 
and 2 g L-1 Na2CO3 at a liquor-to-fabric ratio of 80:1. After 30 min of washing at 40 °C, the 
fabrics were soaked twice in cold distilled water. The samples were afterwards held under the 
tap water for 10 min, squeezed and dried at 70 °C. The percentage of bacterial reduction after 
five and ten washing cycles was calculated according to Eq. (2). The concentration of silver 
released from the PA fabrics into washing bath after each washing cycle was measured using 
a Spectra AA 55 B (Varian) atomic absorption spectrometer (AAS).  
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The perspiration fastness of the impregnated PA fabrics was analyzed in artificial sweat. 
The artificial sweat at pH 5.5 and 8.0 were prepared according to ISO 105-E04:1989E.34 The 
acidic artificial sweat (pH 5.5) contained: 0.5 g L-1 of L-histidine monohydrochloride mono-
hydrate, 5 g L-1 of sodium chloride and 2.2 g L-1 of sodium dihydrogen orthophosphate dihyd-
rate. The alkaline artificial sweat (pH 8.0) contained: 0.5 g L-1 of L-histidine monohyd-
rochloride monohydrate, 5 g L-1 of sodium chloride and 5 g L-1 of disodium hydrogen ortho-
phosphate dodecahydrate. The solutions were brought to pH 5.5 and 8.0 with a 0.1 M solution 
of sodium hydroxide. PA fabric (0.300 g) was rinsed in artificial sweat at a liquor-to-fabric 
ratio of 50:1. The samples were incubated in a water bath at 37 °C for 24 h. The artificial 
sweat was collected and the concentration of released silver was determined by AAS. 

RESULTS AND DISCUSSION 

The presence of Ag and Ti on the PA+TiO2/Ag fabric was confirmed by ICP 
measurements. It was found that one gram of impregnated PA fabric contained 
0.49±0.01 mg of Ag and 3.40±0.04 mg of Ti. These results clearly indicate that 
three times larger amount of Ag was detected on PA fabric than on PET fabric 
impregnated in the same manner.25 EDX analysis of a single TiO2/Ag nano-
particle deposited on the cotton and cotton/PET fibers in a previous study implied 
that metallic silver was formed exactly on the deposited TiO2 NPs.26 This was 
also confirmed by XPS mapping.26 A thorough analysis of he FTIR spectra of 
pure alanine, alanine after binding to Ag+, after adsorption on the surface of TiO2 
NPs, and after adsorption on TiO2 NPs and binding to Ag+ suggested that an 
interaction between TiO2, alanine and silver was established, i.e., the carboxyl 
group of alanine bridges the surface Ti and Ag+.26 Therefore, this is the argu-
ment to denote the PA fabric impregnated in described manner as a PA+TiO2/Ag 
fabric in the further text. 

The morphology of PA fibers was analyzed by FESEM. A characteristic 
smooth surface of untreated PA fibers could be observed in Fig. 1a. On the other 
hand, Fig. 1b reveals that after the photoreduction process, the surface of the PA 
fibers became impregnated with TiO2/Ag NPs. It is evident that agglomerates 
ranging from approximately 80 to 230 nm were randomly grouped over the sur-
face of PA fibers (inset in Fig. 1b). 

Antibacterial efficiency of PA+TiO2/Ag fabrics was tested against E. coli 
and S. aureus bacteria. The results presented in Table I demonstrate that maxi-
mum bacterial reduction (R = 99.9 %) was obtained for both bacteria. It is well 
established that TiO2 NPs exhibit antibacterial properties but only when they are 
exposed to UV light.32,35,36 Taking into account that these tests were conducted 
in the dark, the excellent antibacterial activity of the impregnated PA fabric are 
attributable only to the generated Ag NPs on the surface of the deposited TiO2 
NPs. Maximum reduction of bacteria E. coli was preserved after 10 washing 
cycles, indicating good washing fastness. In contrast, although the maximum 
reduction of S. aureus colonies remained after five washing cycles, after 10 
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washing cycles, bacterial reduction slightly decreased (R = 99.5 %). Still, the 
obtained antibacterial activity could be considered as satisfactory. 

   
 (a) (b) 

Fig. 1. FESEM images of: a) untreated PA and b) PA+ TiO2/Ag fabrics. 

TABLE I. Antibacterial activity of the PA+TiO2/Ag fabric before and after washing 

Sample Bacterium Number of bacterial colonies, CFU R / % 
Before washing 

Control PA E. coli 1.6×105  
PA+TiO2/Ag <10 99.9 
Control PA S. aureus 2.1×105  
PA+TiO2/Ag <10 99.9 

After 5 washing cycles 
Control PA E. coli 2.5×105  
PA+TiO2/Ag <10 99.9 
Control PA S. aureus 8.0×103  
PA+TiO2/Ag 10 99.9 

After 10 washing cycles 
Control PA E. coli 1.9×105  
PA+TiO2/Ag 140 99.9 
Control PA S. aureus 2.1×105  
PA+TiO2/Ag 1.0×103 99.5 

The growth of bacterial colonies on the PA+TiO2/Ag fabric after 10 washing 
cycles is suggested to be due to a decrease in Ag content after washing. AAS 
measurements of the Ag content in the washing bath after each washing cycle 
indicated that, particularly in the first four washing cycles, large amounts of 
silver had been released from the PA+TiO2/Ag fabric. The results from Table II 
demonstrated that in each subsequent washing cycle, leaching of silver was less 
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pronounced. After the first washing cycle, the amount of silver was halved. 
However, in the last three washing cycles, the content of silver in washing bath 
was below the detection limit. Bearing in mind that initial silver content was 
around 490 μg g–1 as well as that approximately 413 μg g–1 of silver was 
released during washing, obviously sufficient amount of silver remained on the 
PA fabric surface to provide the desired level of antibacterial efficiency. 

TABLE II. Silver release from the PA+TiO2/Ag fabric during washing 

Number of washing cycles Silver release, μg g-1 

1 254.4±22.6 
2 100.8±6.8 
3 33.6±3.4 
4 10±1.7 
5 4.4±1.7 
6 6.8±2.8 
7 2.8±0.6 
8 Below the detection limit 
9 Below the detection limit 
10 Below the detection limit 

The photoreduction of Ag+ was followed by the color change of PA fabric, 
which turned from white to yellowish/gray. However, the color was paler after 
washing due to silver leaching. The reflectance measurements in the visible 
region of the spectra revealed that there was no significant difference in the ref-
lectance intensity between untreated PA fabric and PA fabric impregnated with 
TiO2 NPs (Fig. 2). However, after generation of TiO2/Ag NPs, the reflectance 

 
Fig. 2. Reflectance curves of the PA fabric, PA+TiO2 fabric and PA+TiO2/Ag fabrics 

before and after washing. 
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curve changed its shape, which was preserved after five and ten washing cycles, 
but the reflectance intensities decreased due to silver release. The color differ-
ences between PA fabrics impregnated with TiO2/Ag NPs and control fabric 
(untreated PA fabric), expressed via ΔE*, ΔL*, Δa* and Δb* values, are pre-
sented in Table III. In general, the color differences (ΔE*) greater than one can 
be visually detected. It is evident that after impregnation of PA with TiO2/Ag 
NPs, ΔE* drastically increased indicating a large color change, which declined 
after five and particularly after ten washing cycles. 

TABLE III. Color change of the PA+TiO2/Ag fabric after washing 

Sample L* a* b* ΔL* Δa* Δb* ΔE* Description 
PA 90.91 –0.66 2.02 – – – – – 

PA+TiO2/Ag 
71.40 1.35 9.41 –19.51 2.01 7.39 20.98 Darker, less 

green, yellow 
PA+TiO2/Ag 
(after 5 washing cycles) 

78.34 2.27 9.23 –12.57 2.93 7.21 14.79 Darker, less 
green, yellow 

PA+TiO2/Ag 
(after 10 washing cycles) 

81.47 2.43 6.65 –9.44 3.09 4.63 10.98 Darker, less 
green, yellow 

The perspiration fastness of the PA+TiO2 fabric in acidic and alkaline arti-
ficial sweat was also evaluated. The results showed that silver release occurred at 
both pH. Namely, 9.25 and 20.2 μg g–1 of silver leached from the PA+TiO2/Ag 
fabric at pH 5.5 and 8.0, respectively. Several reports revealed that silver is 
released to a larger extent under alkaline conditions.25,26,37,38 

Bearing in mind the ever-increasing warning on ozone layer depletion and 
potential health risks, much more attention has recently been paid on UV pro-
tective finishing of textile goods. Although many organic finishing agents have 
been conventionally used for UV protection of textiles, lately TiO2 NPs appeared 
as a very attractive alternative since a small amount of TiO2 NPs efficiently 
imparts the desired levels of UV protection.32,35,36,39,40 The present study also 
confirmed that TiO2/Ag NPs could significantly enhance the UV protective pro-
perties of PA fabric. The UPF values and UPF ratings of untreated and impreg-
nated PA fabric before and after washing are given in Table IV. As expected, the 
PA fabric exhibited poor UV protection with a UPF rating of only 10. The 
deposition of TiO2 NPs on the PA fabric led to an increase in the UPF value from 
12.76 to 28.13. Consequently, the UPF rating of the PA+TiO2 fabric rose to 25, 
indicating very good UV protection. The presence of silver on the surface of 
TiO2 NPs and corresponding color change of the PA fabric into yellowish 
brought about a further elevation of the UPF rating to 30. However, after wash-
ing, UPF rating decreased to 25, very likely due to silver release. There was no 
significant difference between UPF values of the PA+TiO2/Ag fabric after five 
and ten washing cycles. The UPF values measured after washing were almost 
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equivalent to the one corresponding to the PA+TiO2 fabric. These results are in a 
good correlation with a fact that approximately 85 % of silver had been released 
after ten washing cycles. 

TABLE IV. UV protection properties of the PA fabric, PA+TiO2 fabric and PA+TiO2/Ag 
fabrics before and after washing 

Sample UPF UPF rating 
PA 12.76 10 
PA+TiO2 28.13 25 
PA+TiO2/Ag 38.24 30 
PA+TiO2/Ag (after 5 washing cycles) 28.22 25 
PA+TiO2/Ag (after 10 washing cycles) 27.59 25 

CONCLUSIONS 

The results of this study indicated that colloidal TiO2 nanoparticles deposited 
on PA fabric could be efficiently exploited for the photoreduction of Ag+ ions in 
the presence of the amino acid alanine and methanol. The fabricated TiO2/Ag 
nanoparticles could be utilized for imparting antibacterial and UV protective 
properties to PA fabric. PA fabric impregnated with TiO2/Ag nanoparticles pro-
vided the maximum reduction of E. coli and S. aureus bacterial colonies. Maxi-
mum bacterial reduction was preserved after ten washing cycles in the case of E. 
coli, whereas the antibacterial activity of the fabric slightly decreased against S. 
aureus. This was suggested to be due to leaching of silver during washing and 
thus, a smaller amount of retained silver on the surface of the fabric. The leach-
ing of silver occurred to a much smaller extent in artificial sweat, particularly 
under alkaline conditions. In addition, the impregnated PA fabric had a UPF 
rating of 30, which could be classified as very good UV protection. 

Excellent antibacterial activity and good washing fastness of PA impreg-
nated with TiO2/Ag nanoparticles could be utilized in the production of medical 
and protective textiles, which show an ever-increasing demand. 
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И З В О Д  
АНТИБАКТЕРИЈСКА И UV-ЗАШТИТНА СВОЈСТВА ПОЛИАМИДНЕ ТКАНИНЕ 

ИМПРЕГНИРАНЕ НАНОЧЕСТИЦАМА TiO2/Ag 
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Карнегијева 4, 11120 Београд 

У овом раду је дискутована могућност in situ фоторедукције Ag+ помоћу колоидних 
наночестица TiO2 депонованих на површину полиамидне тканине у присуству амино 
киселине аланина и метил-алкохола. Присуство наночестица TiO2/Ag на полиамидној 
тканини потврђено је FESEM и ICP анализама. Антибактеријска активност тканине је 
тестирана према грам-негативној бактерији Escherichia coli и грам-позитивној бактерији 
Staphylococcus aureus. Генерисане наночестице TiO2/Ag на површини полиамидне тка-
нине обезбеђују максималну бактеријску редукцију и тиме одличну антибактеријску 
активност. Упркос ослобађању сребра са тканине током прања, импрегнирана поли-
амидна тканина је очувала максималну редукцију колонија E. coli. Антибактеријска 
активност према бактерији S. aureus је смањена након десет циклуса прања, али се још 
увек може сматрати задовољавајућом. Присуство наночестица TiO2/Ag такође обез-
беђује бољу ефикасност UV заштите која се може класификовати као врло добра. 

(Примљено 4. новембра, ревидирано 15. децембра, прихваћено 19. децембра 2014) 
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Abstract: In this work, different metal oxides (MO) supported on two types of 
zeolites: 1) natural clinoptilolite (NZ) and 2) synthetic zeolite, ZSM-5 were 
prepared and tested as catalysts in the fast pyrolysis of hardwood lignin. NZ 
was modified with the CaO and MgO by a simple two steps procedure con-
sisting of an ion exchange reaction and subsequent calcination at 773 K. The 
synthetic ZSM-5 was modified with several MO species (Ni, Cu, Ca, Mg) by 
wet impregnation and calcination at 873 K. The prepared catalysts were char-
acterized by X-ray diffraction analysis (XRD), scanning electron microscopy 
and energy dispersive X-ray analysis (SEM/EDS), and measurement of their 
specific surface area (BET method). Acid sites were characterized and quan-
tified by pyridine (py) absorption using Fourier transform infrared spectro-
scopy (FTIR). The catalysts exhibit catalytic activity depending on modific-
ation, reaction temperature and of the MO contents. The highest yield of useful 
phenol in bio-oil was obtained with NiO/ZSM-5 (34.8 wt. %) which exhibits 
the highest specific surface area and the highest concentration of Brönsted and 
Lewis acid sites. The studied catalysts did not increase significantly the content 
of polycyclic aromatic hydrocarbons (PAHs) and ‛heavy’ compounds (phenols 
with Mr > 164 g mol-1) compared to non-catalytic experiment.  

Keywords: lignin; catalysts; natural zeolite; ZSM-5; bio-oil; phenol. 

INTRODUCTION 

Lignocellulose is the cheapest and most abundant source of biomass that is 
considered as a green and renewable energy source for potential replacement of 
fossil fuels. Lignin is the second most important component of lignocellusosic 
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biomass, exceeded only by cellulose, representing about 4–35 wt. % of most 
biomass, 16–25 wt. % of hardwoods and 23–35 wt. % of softwoods.1 Lignin is 
an amorphous, aromatic biopolymer that is a byproduct of the pulp and paper 
industries and is conventionally regarded as a waste material having low 
economic usage. However, its structural feature being comprised of variously 
linked phenylpropane units indicates that lignin could be considered as a 
potential source of some value-added chemicals, such as phenolic compounds. 

In the last decade, fast pyrolysis is considered as the method of choice for 
biomass conversion to bio-oils.2–7 Pyrolysis is the thermal decomposition of 
biomass in the absence of oxygen performed at moderate temperatures (723–873 
K) and at high heating rates. Since lignin is the most heat-resistant component in 
lignocellulosic biomass, its pyrolysis is regarded as a challenge because of the 
high amount of residual char. Accordingly, the aim of this study was to examine 
the direct conversion of hardwood lignin into useful chemicals by catalytic fast 
pyrolysis. For this purpose, two catalytic systems based on zeolites were exp-
lored.  

Zeolites are open-framework aluminosilicates that are widely used in various 
applications. Their high concentration of active sites, high thermal/hydrothermal 
stability and enhanced shape selectivity make them perspective candidates for the 
design of catalysts for lignin pyrolysis. In a previous investigation, it was found 
that pyrolysis of hardwood lignin in the presence of natural clinoptilolite 
modified with nano-oxide particles (NiO and Cu2O) yielded a pyrolysis oil with 
a high amount of phenols.8 This results suggest that natural clinoptilolite, as an 
important mineral resource in Serbia, could be used as a cheap, available and 
environmentally friendly precursor for the design of a catalytic system for lignin 
pyrolysis. 

In the present study two types of zeolites were investigated for catalyst 
design: natural clinoptilolite (NZ) and synthetic ZSM-5. The natural clinoptilolite 
was modified with CaO and MgO (CaO–NZ and MgO–NZ, respectively) 
whereas ZSM-5 was modified with CaO, MgO, Cu2O and NiO (CaO/ZSM-5, 
MgO/ZSM-5, Cu2O/ZSM-5 and NiO/ZSM-5, respectively). 

EXPERIMENTAL 

Materials and methods 

Natural clinoptilolite modified with oxide particles. Zeolitic tuff (from the Zlatokop 
deposit in Serbia) containing about 72 % of clinoptilolite, 13 % of quartz and 15 % of feld-
spars was previously investigated in detail.9 Samples with a grain size of 65–100 μm were 
modified into MgO- and CaO-containing catalysts by a procedure slightly altered from that 
described in the literature.10 Suspensions containing MCl2 (M = Mg or Ca), NaOH and NZ 
were evaporated to dryness during approximately 5 h at 423 K on a sand bath. The obtained 
products were further calcined at 773 K for 3 h, cooled to room temperature and washed 
several times with distilled water until the filtrate was Cl-free.  
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ZSM-5 modified with oxide particles. ZSM-5 was synthesized using a procedure reported 
in the literature.11 Aluminum sulfate octadecahydrate (Acros Organics), sodium hydroxide 
(Lach-Ner), and tetrapropylammonium bromide (TPABr, 98 %, Aldrich) were of analytical 
grade, whereas the colloidal SiO2 solution (30 wt. %, Ludox AS, Aldrich) was of technical 
grade. From a reaction mixture containing reagents in the following molar oxide ratio: 
7Na2O–0.25Al2O3–100SiO2–3TPABr–3500H2O, a white highly crystalline product crystal-
lized the XRD analysis of which confirmed it to be pure ZSM-5. 

In order to prepare MgO/ZSM-5 and CaO/ZSM-5, a suspension containing MCl2 (M = 
Mg or Ca), NaOH and ZSM-5 was heated to dryness on a sand bath. Cu2O/ZSM-5 and 
NiO/ZSM-5 were prepared in a manner similar to that described in the literature12 using 
CuSO4·5H2O (Aldrich) or NiSO4·6H2O (Aldrich), NaOH, NH4OH (25 %) and ZSM-5. All 
the obtained products were calcined at 873 K for 2 h. All the used chemicals were of anal-
ytical grade. 

Prior to catalytic test, the prepared catalysts were characterized by the XRD, SEM/EDS, 
FTIR and BET methods.  

Pyrolysis test 

The lignin pyrolysis experiments were carried out in a bench-scale, fixed-bed reactor 
under nitrogen atmosphere at different temperatures (723, 773 and 823 K) for about 15 min.  

The body of the reactor, made of a beryllium–copper alloy, was filled in the following 
order with: 0.06 g of quartz wool (in order to hold the reactants), 0.70 g of the catalyst and 
1.50 g of hardwood lignin (obtained from Innventia, Sweden) 

The liquid products were collected in a liquid bath (256 K) and quantitatively measured 
in a pre-weighed glass receiver. The bio-oil consisted of two phases, i.e., liquid-organic and 
aqueous phase. The organic fraction was separated by extraction with dichloromethane and 
the samples were stored immediately in a refrigerator. The gaseous products were collected 
and measured by water displacement, while the amount of the solid residue was measured by 
direct weighing.  

The pyrolysis products were analyzed by GC, GC–MS and TG–MS.  

Instrumentation 

Elemental analyses of the parent and modified zeolitic samples were performed using an 
SEM/EDS microscope JEOL JSM-6610LV. Samples based on natural zeolite were prepared 
by embedding grains in an epoxy film, polishing the crystallites, cutting with a fine-grid 
diamond cut and coating with gold. The samples based on ZSM-5 were coated with gold. An 
average elemental composition of the samples was obtained by a data collection at 10 differ-
ent mm2-sized windows on the pellet surface. 

The XRD patterns of the samples were recorded using an Ital Structure APD2000 
diffractometer operating with CuKα radiation in the 2θ range 5–65°. The Rietveld method13 
was used for quantitative analysis of CaO–NZ and MgO–NZ. The estimated errors for the 
phase composition were under 5 % for clinoptilolite and feldspars, and under 2 % for the other 
phases.8 

The BET specific surface areas (SBET) of all samples were measured by a Micrometrics 
ASAP 2020. The samples were previously out-gassed under vacuum for 10 h at 423 K. The 
specific surface area was determined from the desorption isotherm at a relative pressure of 
0.998. 

The acid sites were characterized and quantified by pyridine (py) absorption using FTIR 
spectroscopy. The FTIR spectra were recorded with a resolution of 4 cm-1 on a Nicolet 
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spectrometer equipped with a MCT detector. The samples were pulverized and pressed into 
self-supported disks (20 mg; area of 2 cm2) and placed in a quartz IR cell with KBr windows. 
Thermal treatment for 2 h at 673 K (277 K min-1) was performed under vacuum in order to 
remove physisorbed water. After cooling to room temperature, an IR spectrum was recorded 
as the reference sample. Adsorption of py was then realized, dosing 0.133 kPa at equilibrium 
for 15 min followed by a thermal treatment at 373 K for 15 min to promote py diffusion. A 
second spectrum was recorded after removal of physisorbed py by out-gassing at 423 K for 15 
min. The characterization of acid sites was effectuated on the difference spectrum obtained by 
subtraction of the background from the spectrum recorded after py adsorption. 

Interaction of py with the Brönsted and Lewis acid sites in the samples gives rise to 
bands in the 1575–1525 cm-1 and 1470–1435 cm-1 range, respectively. Concentrations of the 
sites were calculated using the integrated absorbance of the bands and the molar extinction 
coefficients as measured by Emeis et al., i.e., 2.22 cm mol-1 for Lewis sites and 1.67 cm mol-1 
for Brönsted sites. The weight and surface area of the disk was also considered.  

The gaseous products of the pyrolysis test were analyzed using an Agilent 7890A 
instrument equipped with an FID and two TCD detectors, and an HP-PONA silica capillary 
column from Agilent, 50 m × 0.20 mm. The liquid products were analyzed by Agilent 5975C 
Inert MSD with a Triple-Axis detector. A combination of two silica capillary columns was 
used for the separation: a slightly polar DB-17 from J & W Scientific, 30 m×0.32 mm, and a 
nonpolar HP-5 from Agilent, 30 m×0.25 mm. Helium at a flow rate of 2.5 cm3 min-1 was used 
as the gas carrier. Thermogravimetric analyses (TGA) were performed on the solid products in 
order to verify the inorganic carbon content. The outlet gas from the TGA was analyzed using 
a HPR-20 quadrupole mass spectrometer (Hiden Analytical) with regard to CO2. 

RESULTS AND DISCUSSION 

Characterization of the obtained catalysts  

Representative SEM micrographs of NZ and ZSM-5 are shown in Fig. 1. 
ZSM-5 consisted of prismatic, twinned crystals, typical for the MFI phase. Some 
of the crystals were sprinkled with small flower-shaped crystals (marked with “a” 
in Fig. 1a), which were reported to belong to ZSM-5 with a different Si/Al mole 
ratio than that of the bulk sample.15 The shape and color contrast in the SEM 
image of NZ indicates the presence of different mineral phases. The phase in 
which the Si/Al molar ratio was higher than 4 corresponds to the zeolite – clino-
ptilolite, which was examined in detail by EDS (Fig. 1b). 

 
Fig. 1. SEM images of a) ZSM-5 and b) NZ. 
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The results of EDS analysis of the parent and the MO-loaded samples are 
given in Table I. The increase in the Ca and Mg content in CaO–NZ and MgO–NZ, 
respectively, in comparison to the parent sample (NZ) confirmed that the clino-
ptilolite was enriched with Ca, i.e., Mg. 

TABLE I. Average chemical composition of the parent (NZ and ZSM-5) and the МО-loaded 
zeolites obtained by EDS (wt. %) 

Oxide ZSM-5 
CaO/ 

ZSM-5 
MgO/ 

ZSM-5 
NIO/ 

ZSM-5 
Cu2O/ 
ZSM-5 

NZ CaO–NZ MgO–NZ 

SiO2 97.8 85 54.6 96.8 95.8 72.2 61.2 66.0 
Al2O3 1.2 0.6 0.7 1.2 0.8 12.2 10.7 11.1 
Na2O 1 0.2 0.8 0.1 0.7 0.5 0.5 0.6 
CaO  14.2    5.0 13.9 4.8 
MgO   44   1.0 1.1 9.0 
NiO    1.8     
Cu2O     2.7    
Cl2O      0.0 5.4 1.8 
K2O      2.5 1.6 2.1 
TiO2      0.9 0.9 1.3 
Fe2O3      5.7 4.7 3.3 

Decreases in the SiO2, Al2O3 and Na2O contents in favor of the metal oxide 
content, in comparison to the parent sample (ZSM-5), was observed for all modi-
fied samples. 

XRD data were used for qualitative and quantitative analysis of CaO–NZ 
and MgO–NZ samples. Qualitative analysis showed the presence of anorthide, 
biotite, quartz, clinoptilolite, MgO in MgO–NZ, and CaO in CaO–NZ. The first 
three mineral phases are usually present in zeolitic tuffs.16 Quantitative analysis 
by the Rietveld method revealed 0.42 wt. % of CaO (JCPDS 37-1497) in CaO– 
–NZ and 3.66 wt.% of MgO (JCPDS 89-7746) in MgO–NZ (Fig. 2).  

On comparing the results of Rietveld and SEM/EDS analyses, it is evident 
that the Rietveld analysis gave lower values for the CaO and MgO contents in the 
MO-modified NZ samples than that obtained by elemental analysis (SEM/EDS). 
This could be explained by the facts that not only crystalline but also amorphous 
oxides form during the modification and/or by the incomplete transformation of 
Ca/Mg into the corresponding oxides. It seems likely that not all the crystallo-
graphic sites in the clinoptilolite lattice are available for the transformation of 
hydrous cations into oxide species. 

Moreover, the XRD patterns of ZSM-5 samples (given in Fig. S-1 of the 
Supplementary material to this paper) showed that the modification affected the 
ZSM-5 crystal structure in different manner depending on the oxide type. Thus, 
the crystal structure of ZSM-5 collapsed during modification with CaO and 
MgO. The XRD patterns of CaO/ZSM-5 and MgO/ZSM-5 (not shown) display 
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only diffraction lines corresponding to CaO/MgO. The modification with NiO 
did not influence the crystallinity of ZSM-5, whereas the modification with Cu2O 
led to a transformation of ZSM-5 into to a novel unknown crystal phase. 

 

 
Fig. 2. Final Rietveld plot of: a) CaO–NZ and b) MgO–NZ. Observed – blue line; calculated – 

red crosses; difference – black line; calculated reflection positions for each phase are 
represented with different colored tick marks. 

The results of specific surface area measurements are summarized in Table 
II. The results showed that the modification of NZ with CaO decreased the 
specific surface area of NZ, which could be attributed to the size of CaO particles 
that blocked the pore openings of the clinoptilolite lattice. On the other hand, the 
specific surface area of MgO–NZ was larger than that of NZ, indicating that 
MgO particles could be smaller than the CaO particles. Furthermore, the specific 
surface areas of CaO/ZSM-5 and MgO/ZSM-5 were significantly smaller than 
that of ZSM-5, confirming that the crystal structure of ZSM-5 had collapsed. The 
modification of ZSM-5 with NiO increased the specific surface area, indicating 
that the size of the NiO particles could be nano-metric.8 Finally, the specific 
surface area of Cu2O/ZSM-5 was smaller than that of ZSM-5, which could be 
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explained by structural transformation of ZSM-5 and the formation of a novel 
crystalline product. 

TABLE II. BET specific surface area of the zeolite materials 

Sample SBET / m2 g-1 
NZ 30.9 
CaO–NZ 17.5 
MgO–NZ 45.4 
ZSM-5 229.8 
CaO/ZSM-5 99.8 
MgO/ZSM-5 53.4 
NiO/ZSM-5 311.4 
Cu2O/ZSM-5 135.8 

The acid sites of the zeolite samples were characterized and quantified by py 
absorption using FTIR spectroscopy. Interaction of py with the Brönsted and 
Lewis acid sites of the samples gave rise to bands in the 1575–1525 cm–1 and 
1470–1435 cm–1 range, respectively. For CaO– and MgO–NZ, the concentration 
of Brönsted sites was practically negligible (1 µmol g–1). Both the samples 
showed the presence of the Lewis acid sites with concentrations that were higher 
on MgO–NZ than on both CaO–NZ and NZ. Two IR vibration bands at 1449 and 
1456 cm–1, marked in Fig. S-2a of the Supplementary material, can be clearly 
observed and assigned to the interaction of lattice Al3+ and py.  

The concentrations of the acid sites on the catalysts are summarized in Table 
III. It is evident that the unmodified NZ contained both Brönsted and Lewis sites, 
which were ascribed to the presence of extra-framework cations (Lewis sites) or 
to silanol groups (Si–OH) (Brönsted sites) formed on the surface of the zeo-
lites.17 The presence of MgO (MgO–NZ) significantly increased the concentra-
tion of Lewis acid sites on clinoptilolite, whereas the presence of CaO generally 
decreased the acidity (CaO–NZ). 

TABLE III. Quantitative evaluation (μmol g-1) of the Lewis and Brönsted acid sites on the 
zeolite samples; n.d. – no data 

Sample Brönsted sites Lewis sites (1456–1448 cm-1) 
ZSM-5 n.d. 65 
CaO/ZSM-5  n.d. 51 
NiO/ZSM-5  17 53 
Cu2O/ZSM-5  n.d. 33 
NZ8 7.9 14.2 
MgO–NZ 1.6 38 
CaO–NZ 1.4 11 

It can be noticed that the modification of ZSM-5 with the metal oxides 
changed the acidity (Fig. S-2b of the Supplementary material). The presence of 
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NiO introduced Brönsted acid sites on ZSM-5. These sites were referred to as the 
bridging hydroxyl groups consisting of protons bonded to the zeolite lattice in the 
micropores (Si–O(H)–Al).17 The modification of ZSM-5 with the other oxides 
decreased the acidity of ZSM-5. 

Results of the catalytic test 

The prepared catalysts were tested in the fast pyrolysis of hardwood lignin 
using the pyrolysis unit schematically shown in Fig. S-3 of the Supplementary 
material.  

The pyrolysis products consist of a liquid product (i.e., bio-oil), a gas mix-
ture and a solid residue. Since the bio-oil has the highest industrial impact, this 
product was analyzed in detail in the present work. 

The compounds identified in the bio-oil were classified into eight groups: 
hydrocarbons, phenols, acids/esters, alcohols/ethers, carbonyls/aldehydes, poly-
cyclic aromatic hydrocarbons (PAHs), phenylpropanoid and heavy compounds 
(phenols with Mr > 164). These groups were then classified into desirable and 
undesirable,18 according to their impact on the effective and the environmentally 
friendly use of the bio-oil. For example, phenols and hydrocarbons are desirable 
fractions as they have a high commercial value as industrial chemicals. Acids are 
undesirable since acidic bio-oils are corrosive for engines. Furthermore, carbo-
nyls and heavy compounds are undesirable since they reduce the chemical stab-
ility of the bio-oil. PAHs are hazardous for the environment due to their muta-
genic and carcinogenic properties. 

The effects of the type of catalysts, the reaction temperature and the metal-
oxide content on the yield and composition of the bio-oil were investigated.  

The types of the catalysts had different influences on the yield of bio-oil as 
can be seen from Table IV. In the table, the results from the pyrolysis expe-
riments (under similar conditions) using an inert solid material (silica) and sys-
tem without catalysts are also given. In this manner, the results of the catalytic 
pyrolysis process with the prepared catalysts could be compared with those from 
a conventional (non-catalytic) pyrolysis process. 

TABLE IV. Product yields (wt. %) from the pyrolysis of hardwood lignin 

Sample Solid phase Liquid phase Gas phase 
Without catalyst 62.2 27.2 10.6 
Inert 70.5 21.4 8.2 
MgO–NZ 59.3 27.7 12.9 
CaO–NZ 59.2 26.7 14.1 
MgO/ZSM-5 61.4 23.8 14.9 
CaO/ZSM-5 60.8 25.5 13.6 
Cu2O/ZSM-5 57.4 25.0 17.6 
NiO/ZSM-5 55.1 34.8 10.1 
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The highest yield was obtained in the presence of NiO/ZSM-5 (34.8 wt. %) 
whereas other catalysts gave lower liquid yield then that obtained for the non-
catalytic pyrolysis (27.2 wt. %). On the other hand, all catalysts except NiO/  
/ZSM-5 led to an increase in the gas production, which reached 17.6 wt. % for 
Cu2O/ZSM-5. The results are given in Table V and shown in Fig. 3. 

TABLE V. Composition of the organic phase (wt. % of the organic fraction) in bio-oil; 
M > 164 g mol-1 phenols were not found 

Catalyst Phenol HC 
Acids/ 
esters 

Alcohols/ 
ethers 

Carbonyls/ 
aldehydes 

PAHs 
Phenyl-

propanoid 
Without catalyst 66.6 11.5 0.0 12.9 1.3 0.0 0.0 
Inert 66.8 2.4 0.0 21.6 0.0 0.0 0.0 
MgO–NZ 77.6 14.5 0.0 6.2 0.0 0.0 0.0 
CaO–NZ 77.8 14.8 0.5 5.7 1.2 0.0 0.0 
MgO/ZSM-5 79.7 0.5 1.8 15.4 0.0 0.6 0.0 
CaO/ZSM-5 84.1 4.2 4.9 1.9 0.0 1.2 0.5 
Cu2O/ZSM-5 77.2 15.0 0.0 7.2 0.0 0.0 0.0 
NiO/ZSM-5 68.7 12.2 7.4 3.5 2.3 0.0 0.0 

The results in Table V and Fig. 3 clearly indicate that the presence of the 
catalysts led to an increase in the yield of phenol and the increase was most 
noticeable in the presence of CaO/ZSM-5 (84.1 wt. %). Moreover, the catalysts 
did not increase significantly the content of PAHs and heavy compounds 
compared to the non-catalytic experiment. The catalysts exhibited small changes 
in the acids/esters and carbonyls/aldehydes production with the exception of 
CaO/ and NiO/ZSM-5, which produced a significant amount of acids/esters (4.9 
and 7.4 wt. %, respectively). 

The influence of the reaction temperature on the liquid yield was examined 
for catalysts that gave the highest liquid yield (NiO/ZSM-5) and the highest 
amount of phenols (CaO/ZSM-5). The results are summarized in Table S-I of the 
Supplementary material. 

An increase in the temperature also affected the yield of bio-oil. Both 
catalysts gave the highest amount of bio-oil at 773 K. In addition, an increase in 
temperature affected the composition of the bio-oil. The results are summarized 
in Table S-II of the Supplementary material. 

It is evident that the influence depends on the catalyst type. The presence of 
CaO/ZSM-5 led to an increase of the desirable and a decrease of the undesirable 
fractions at higher temperatures, whereas the trend was opposite in the presence 
of NiO/ZSM-5.  

The influences of the MO content on the liquid yields are summarized in 
Table S-III of the Supplementary material.  

It is evident that an increase in the CaO amount on ZSM-5 slightly decreased 
the yield of bio-oil. On the other hand, an increase in the NiO amount on ZSM-5  
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Fig. 3. Product yields (wt. % of the org-
anic phase): a) hydrocarbons, PAHs and 
heavy compounds; b) phenols and alco-
hols/ethers and c) acids/esters and carbo-
nyls/aldehydes. 
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increased the yield of the bio-oil. At this moment, an explanation for the opposite 
trend could not be offered since the structure of ZSM-5 collapsed during the 
modification with CaO. However, it seems likely that the type of metal oxide 
affects the mechanism of pyrolysis and it could not be excluded that the oxide 
carrier (i.e., ZSM-5) also influenced the pyrolysis process. 

Table S-IV of the Supplementary material shows that not only the yield, but 
also composition of the bio-oil was influenced by the MO amount. An increase of 
the MO content increases the amounts of phenols and undesirable acids/esters, 
and decreases the amounts of both hydrocarbons (HCs) and alcohols/ethers. 

Preliminary analysis of solid residues analyzed by GC–MS showed that the 
residues are C-rich and that amount of liberated CO2 depended on the catalyst 
(31.7 wt. % CO2was obtained with CaO/ZSM-5 and 52.3 wt. % with NiO/ZSM-5). 

Finally, the GC analysis of the gas products indicated that there was no sig-
nificant difference between catalytic and non-catalytic experiments.  

CONCLUSIONS 

Natural clinoptilolite and synthetic ZSM-5 were studied as carriers for 
several metal oxides in order to test their catalytic activity in fast pyrolysis of 
hardwood lignin. The studied catalysts affected the pyrolysis mechanism in 
different manners depending on the zeolite type and type and amount of metal 
oxide. The highest bio-oil yield was obtained in the presence of NiO/ZSM-5 
(34.8 wt. %), while the highest content of phenols in bio-oil was obtained in the 
presence of CaO/ZSM-5 (84.1 wt. %). For CaO/ZSM-5, it was found that the 
crystal structure of ZSM-5 collapsed during the modification with CaO.  

Increasing the amount of NiO on ZSM-5 increased the yield of the bio-oil 
while increasing the CaO amount decreased it. This was explained by acidity and 
specific surface area, considering that the presence of NiO on ZSM-5 changed 
the concentration and type of the acid sites on the ZSM-5, and increased its spe-
cific surface area. The reaction temperature also influenced the pyrolysis mecha-
nism, showing the highest bio-oil and phenol yields at 773 K.  

All the obtained results indicated that NiO/ZSM-5 could be considered as a 
perspective catalyst for further optimization and use in fast pyrolysis of hard-
wood lignin. Since the crystallinity of the catalyst did not change during the 
catalytic test, one of the important objectives of future investigation would be 
performing long-term stability tests. 

SUPPLEMENTARY MATERIAL 

XRD patterns, FTIR spectra, the scheme of experimental pyrolysis unit, the influence of 
temperature and the MO content on bio-oil yield and composition of the organic phases are 
available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author 
on request.  
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ПИРОЛИЗА ЛИГНИНА У ПРИСУСТВУ КАТАЛИЗАТОРА НА БАЗИ ПРИРОДНОГ 

ЗЕОЛИТА И ZSM-5 
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Припремљени су и тестирани различити оксиди метала везани за две врсте зеолита: 
1) природни клиноптилолит (NZ) и 2) синтетички зеолит, ZSM-5, као катализатори у 
брзој пиролизи тврдог лигнина. NZ је једноставним двостепеним поступком који се сас-
тојао од јонске измене и накнадне калцинације нa 773 K модификован оксидима кал-
цијума и магнезијума. Претходно синтетисан ZSM-5 је такође модификован са неколико 
врста оксида (Ni, Cu, Ca и Мg) коришћењем влажне импрегнације и калцинације нa 873 
K. Припремљени катализатори су окарактерисани рендгенском дифракционом анали-
зом, скенирајућом електронском микроскопијом спрегнутом са симултаном енерго-дис-
перзивним спектрометријом (SEM/EDS) и мерењем специфичне површине (BET мето-
да). Кисела места на катализаторима окарактерисана су и квантификована адсорпцијом 
пиридина уз инфрацрвену спектроскопију са Фуријевом трансформацијом (FTIR). При-
премљени катализатори испољавају каталитичку активност у зависности од начина 
модификације зеолита, реакционе температуре и садржаја оксида на зеолиту. Највећи 
принос корисног фенола у био-уљу добијен је са NiO/ZSM-5 (34,8 мас. %) који има нај-
већу специфичну површину и највећу концентрацију Бренштедових и Луисових киселих 
места. Присуство испитиваних катализатора током пиролизе не доприноси значајно 
повећању садржаја полицикличних ароматичних угљоводоника нити једињења са вели-
ком моларном масом у односу на не-катализован процес. 

(Примљено 31. јула, ревидирано 17. октобра, прихваћено 6. новембра 2014) 
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Fig. S-1. XRD patterns of ZSM-5, NiO/ZSM-5 and Cu2O/ZSM-5. 
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Fig. S-2. FTIR spectra of: a) NZ and b) ZSM-5 samples after pyridine adsorption. B – 

pyridine adsorbed on Brönsted sites, L – pyridine adsorbed on Lewis sites, B+L – common 
bands. * – distinct Lewis sites. 

 
Fig. S-3. Experimental pyrolysis unit. 
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TABLE S-I. The influence of temperature on bio-oil yield 

Temperature, K Solid phase Liquid phase Gas phase 
CaO/ZSM-5 

723  66.1 22.8 11.1 
773  60.8 25.5 13.6 
823 59.5 20.8 19.7 
 NiO/ZSM-5 
723 69.7 24.8 5.5 
773 55.1 34.8 10.1 
823 53.3 33.4 13.3 

TABLE S-II. Composition of the organic phases (wt. % of the organic fraction) in bio-oil; 
M > 164 g mol-1 phenols were not found 

Temp., K Phenols HCs 
Acids/ 
esters 

Alcohols/ 
ethers 

Carbonyls/ 
aldehydes 

PAHs 
Phenyl 

propanoid 
 CaO/ZSM-5 
723  71.5 3.2 14.5 0.0 0.6 0.0 0.0 
773  84.1 4.2 4.9 1.9 0.0 1.2 0.5 
823 85.6 3.5 2.6 0.8 0.0 0.0 0.0 

NiO/ZSM-5 
723  65.6 21.8 0.8 8.0 2.1 0.0 0.0 
773  68.7 12.2 7.4 3.5 2.3 0.0 0.0 
823 71.2 9.3 15.9 0.0 2.6 0.0 0.0 

TABLE S-III. The influence of the MO content on bio-oil yield 

Metal-oxide content, wt. % Solid phase Liquid phase Gas phase 
CaO/ZSM-5 

1 51.7 33.3 15.0 
3 56.0 29.4 14.6 

NiO/ZSM-5 
1 56.3 25.6 18.1 
3 51.2 27.0 21.8 

TABLE S-IV. Composition of the organic phase (wt. % of the organic fraction) in bio-oil; 
M > 164 g mol-1 phenols and PAHs were not found 

Metal-oxide 
content, wt. % 

Phenols HCs 
Acids/ 
esters 

Alcohols/ 
ethers 

Carbonyls/ 
aldehydes 

Phenyl 
propanoid 

CaO/ZSM-5 
1 60.5 30.9 0.0 5.8 1.8 0.0 
3 69.5 6.7 14.4 3.0 1.7 0.4 

NiO/ZSM-5 
1 56.8 21.7 6.7 8.7 1.0 0.0 
3 61.4 16.3 7.4 6.2 1.2 0.0 
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