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AUTHORS’ REVIEW
The study of linear solvation energy relationship for the
reactivity of carboxylic acids with diazodiphenylmethane
in protic and aprotic solvents

GORDANA S. USCUMLIC*# and JASMINA B. NIKOLIC#

Department of Organic Chemistry, Faculty of Technology and Metallurgy, University of
Belgrade, Karnegijeva 4, P.O. Box 3505, 11120 Belgrade, Serbia

(Received 15 June 2009)

Abstract: Solvent effects on the reactivity of cycloalkenecarboxylic, cycloalke-
neacetic, 2-substituted cyclohex-1-enecarboxylic, 2-substituted benzoic, 2-sub-
stituted cyclohex-1-eneacetic, 2-substituted phenylacetic, 2-phenylcyclohex-1-
enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids with diazodiphe-
nylmethane (DDM) were investigated. In order to explain the kinetic results
through solvent effects, the second-order rate constants for the reaction of the
examined acids with DDM were correlated using the Kamlet-Taft solvato-
chromic equation. The correlations of the kinetic data were realized by means
of multiple linear regression analysis and the solvent effects on the reaction
rates were analyzed in terms of the contributions of the initial and the transition
state. The signs of the equation coefficients support the proposed mechanism.
Solvation models for all the investigated acids are suggested. The quantitative
relationship between the molecular structure and the chemical reactivity is also
discussed.

Keywords: carboxylic acids; linear solvation energy relationship; diazodiphe-
nylmethane; aprotic solvents; protic solvents.
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1336 USCUMLIC and NIKOLIC

1. INTRODUCTION

The effect of different solvents on the rates of chemical changes was one of
the earliest kinetic problems to be studied.1-3 The development of correlation
analysis in the area of solvent effects has proved to be a slow and difficult pro-
cess and only within the last 20 years has there been any considerable progress.
Application of the techniques of multiple regression has proved to be strikingly
successful and has greatly increased the understanding of the role of the solvent.
Over the years, two main methods for the examination of the solvent effects on
the reaction rates have been developed. First, the rate constants, either as log k or
as AG* may be correlated with a physical parameter characteristic of the solvent,
for example dielectric constant, solubility parameter, viscosity, etc., or with an
empirical solvent parameter, such as Y, Z, etc.4-6 This type of analysis has been
extended to multiple linear correlations with a number of solvent parameters,
notably by Shorter et al.” on the reaction of diazodiphenylmethane (DDM) and
benzoic acid and more generally by Koppel and Palm8 and by Kamlet and Taft
and their co-workers.%-11 In the second method, the solvent effect on log k or
AG* is dissected into contributions of the reactants (initial state) and the tran-
sition state, followed, where possible, by a comparison of solvent effects on the
transition state with solvent effects on solutes that might function as suitable
models for the transition state. This method has been applied not only to a num-
ber of standard organic reactions but also to organometallic and inorganic reactions.

Two groups of workers set out general equations for the correlations of sol-
vent effects through multiple regression analysis. Koppel and Palm8 used the
four-parameter Eq. (1):

log k = log kg + gf(e) + pf(n) + eE + bB @

in which f(¢) is a dielectric constant function, usually Q = (e— 1)/(2e +1), f(n) is
a refractive index function, (n2 — 1)/(n2 + 2), and E and B are measures of the
electrophilic and nucleophilic solvation ability of the solvent, respectively.
Koppel and Palm® and later Shorter et al.” quite successfully applied Eq. (1) to a
variety of reaction types.

The Kamlet and Taft group of workers!! used the alternative Eq. (2):

logk=Ag +sz*+aa+bf )

in which z* is a measure of solvent dipolarity/polarizability, /3 represents the
scale of the solvent hydrogen bond acceptor basicity, o represents the scale of the
solvent hydrogen bond donor acidity and Ag is the regression value of the solute
property in the reference solvent, cyclohexane. The regression coefficients s, a
and b measure the relative susceptibilities of the solvent-dependent solute pro-
perty (log k or as AG¥) to the corresponding solvent parameters. Both Eq. (1) and
Eq.(2) are general enough to be applied to almost any type of reaction. However,
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1337

as will be shown, there are considerable advantages to be gained by the use of
Eq. (2).12

This review demonstrates how the linear solvation energy relationship
(LSER) method can be used to explain and present the multiple interacting ef-
fects of the solvent on the reactivity of carboxylic acids in their reaction with
DDM. The solvent effects on the reaction rates were analyzed in terms of the
contributions of the initial and the transition state. The quantitative relationship
between the molecular structure and the chemical reactivity is discussed.

2. HYDROXYLIC SOLVENT EFFECTS ON THE KINETICS OF THE REACTION OF
CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE

The reactivity of carboxylic acids with diazodiphenylmethane (DDM) is clo-
sely related to the molecular structure of the acid and the solvent present. The
main advantage that makes this esterification convenient for examining the in-
fluence of the solvent and structure on the reactivity of the carboxylic acid is that
a catalyst is not necessary for this reaction. It may vary in rate, but it occurs
without any additional support and it follows second-order kinetics in protic and
aprotic solvents.13.14 The mechanism of this reaction has been thoroughly exa-
mined>-17 and it was established that the rate-determining step involves a pro-
ton transfer from the carboxylic acid to DDM, whereby a diphenemethane-
diazonium—carboxylate ion pair is formed, which rapidly reacts to give esters in
the subsequent product-determining step (or ethers in the case of hydroxylic
solvents):

Ph,CNj + RCOOH — Ph,CHN,* -0,CR

In previous studies, the reactivity of 2-substitutedcyclohex-1-enecarboxylic
acids,18-20 2-substitutedbenzoic acids,13.14.18-20 2_sybstitutedcyclohex-1-ene-
acetic acids,21-23 2-substitutedphenylacetic acids,21-23 cycloalkanecarboxylic
acids,24-26 cycloalkenecarboxylic acids,2%27.28 cycloalkeneacetic acids,?1,28,29
2-(4-substitutedphenyl)cyclohex-1-enecarboxylic ~ acids,30-35  2-(4-substituted
phenyl)benzoic acids35-38 and 2-(4-substitutedphenyl)acrylic acids353940 with
DDM in various alcohols were investigated. The rate data for these acids were
correlated with the simple and extended Hammett equations. The results showed
that linear free energy relationships (LFER) are applicable to the kinetic data for
the investigated acid systems. In recent papers,23.25.28 hydroxylic solvent effects
were examined on the reaction of the same carboxylic acids with DDM by means
of the linear solvation energy relationship (LSER) concept, developed by Kamlet
and Taft.9

The correlation equations obtained by stepwise regression for all the exa-
mined acids showed that the best approach, which helps the understanding of the
hydroxylic solvent effects in the reaction, lies in the separate correlations of the
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1338 USCUMLIC and NIKOLIC

kinetic data with the hydrogen bond donating (HBD) and hydrogen bond accept-
ing (HBA) ability of a solvent (Egs. (3a—3p)). The correlations are as follows:
Cyclopent-1-enecarboxylic acid:

log k =—1.93 + (1.03 £ 0.23)z* + (1.43 £ 0.53)at (3a)
R=0.977,5=0.08,n="7;
log k = —0.31 + (0.63 % 0.31)7* — (1.06 + 0.36)5 (3b)

R=0.981,5=0.072,n=7.
Cyclohex-1-enecarboxylic acid:

logk=-1.92 + (1.05 £ 0.23)z* + (1.30 £ 0.52)« (3¢)
R=0.977,s=0.077, n =7;
log k =-0.06 + (0.79 + 0.38)z* — (0.83 £ 0.46) (3d)

R=0.970,5s=0.089,n=7.
Cyclohept-1-enecarboxylic acid:

logk=-1.91+ (1.06 £ 0.22)z* + (1.16 £ 0.51)« (3e)
R=0.977,s=0.070,n=7;
log k =-0.35 + (0.98 + 0.48)z* — (0.66 = 0.44)$ (3f)

R =10.960,s=0.090,n=7.
Cyclopent-1-eneacetic acid:

log k = — 3.56 + (0.80 % 0.33)7* + (3.74 £ 0.75)a (39)
R =0.980,s=0.110,n = 7;
log k = 1.91 — (2.47 + 0.31)8 (3h)

R=0.963,5s=0.133,n=7.
Cyclohex-1-eneacetic acid:

log k = —3.33 + (0.75 % 0.41)z* + (3.91 + 0.94)« (3i)
R =0.960, s = 0.140, n = 7;
log k = 1.66 — (2.26 + 0.36)5 3j)

R =0.940,5s=0.150,n=7.
Cyclohept-1-eneacetic acid:

logk =-3.12 + (0.67 + 0.42)z* + (3.13 £ 0.96)« (3k)
R=0.950,s=0.140,n=7;

log k =1.44 — (2.06 + 0.35)8 30
R=0.930,5s=0.150,n=7.

Benzoic acid:

log k =-2.87 + (0.83 £ 0.36)7* + (3.02 £ 0.73)« (3m)
R=0.975,s=0.103,n=7;

log k =1.69 — (2.07 £ 0.29)8 (3n)

R=0.954,5s=0.124,n=7.
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1339

Phenylacetic acid:

log k = —2.48 + (0.85 % 0.31)7* + (2.59 + 0.71)a (30)
R=0.972,5=0.105n="7;
log k = 1.70 — (1.99 + 0.27)8 (3p)

R=0.950,s=0.120,n=7.

As the solvent effects on the examined reaction could not be clearly pre-
sented when all the solvent properties were taken together, an attempt was made
to separate them into those that stabilize the transition state and those that in-
fluence the ground state before the reaction starts. Taking into consideration the
reaction mechanism (Fig. 1), it can be noticed that, because of the charge sepa-
ration in the transition state, a solvent of high polarity can stabilize this state,
making the reaction faster; the electrophilic ability of a solvent can have a similar
effect, affecting the carboxylic anion which also exists in the transition state. On
the contrary, the nucleophilic solvating ability can be prominent in the ground
state, stabilizing the carboxylic proton and, hence, retarding the reaction.

i ) i |
Ph R
N _ o, P Lo—nEd ---o—|C—> N2—)C—H + O—C—»PRODUCTS
Ph 5-\‘\ | [ -
Ph 0 Ph

n i

Nucleophilic Electrophilic
solvation solvation

Fig. 1. The effects of the solvent on the mechanism of the reaction of
carboxylic acids with DDM.

Multiple linear regression analysis (MLRA) is very useful in separating and
guantifying such interactions on the examined reactivity. The first comprehensive
application of multiple linear regression analysis to kinetic phenomena was that
of Koppel and Palm8 who listed regression constants for the simple Koppel-Palm
equation for various processes. Aslan et al.14 showed that correlation analysis of
the second-order rate constants for the reaction of benzoic acid with DDM in
hydroxylic solvents did not give satisfactory results with the Koppel-Palm
mode.8 They came to the conclusion that the possibility of Koppel-Palm analysis
of data related to protic solvents depends on the fitting of the data in a regression
with the main lines being determined by a much larger number of aprotic sol-
vents.

These results point to a rather complex influence of hydroxylic solvents on
the rate constants of the reaction between carboxylic acids and DDM. In these
amphiprotic solvents, the complications can be caused by self-association type-AB
hydrogen bonding, and multiple type-A and type-B interactions. In type-A hyd-
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1340 USCUMLIC and NIKOLIC

rogen bonding, the solute acts as a HBA base and the solvent as a HBD acid. In
type-B hydrogen bonding, the roles are reversed. Type-AB represents hydrogen
bonding in which the solute acts as both a HBD acid and a HBA base, associating
with at least two molecules of amphiprotic solvent in a probably cyclic complex.
The obtained satisfactory results of the correlations of the kinetic data of exa-
mined acids by Kamlet-Taft equations with separate HBD and HBA abilities of
the solvent, presented in this review, indicate that the selected model was correct.
This means that this model gives a detailed interpretation of the solvating effects
of the carboxylic group in different hydroxylic solvents. In these circumstances
where both the solvent and solute are hydrogen bond donors, it has been proven
to be quite difficult to untangle solvent dipolarity/polarizability, type-B hydrogen
bonding and variable self-association effects from the usual multiple type-A hyd-
rogen bonding interactions.

3. THE KAMLET-TAFT METHOD FOR THE EXAMINATION OF SOLVENT EFFECTS
ON THE REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE

Kamlet et al.’ established that the effect of a solvent on the reaction rate
should be given in terms of the following properties: i) the behavior of the sol-
vent as a dielectric, facilitating the separation of opposite charges in the transition
state, ii) the ability of the solvent to donate a proton in a solvent-to-solute hyd-
rogen bond and thus stabilize the carboxylate anion in the transition state and iii)
the ability of the solvent to donate an electron pair and therefore stabilize the
initial carboxylic acid, by way of a hydrogen bond between the carboxylic proton
and the solvent electron pair. The parameter z* is an appropriate measure of the
first property, while the second and the third properties are governed by the
effects of the solvent acidity and basicity, quantitatively expressed by the para-
meters orand S, respectively. The solvent parameters (z*, evand p) for hydrogen
bond donor and non-hydrogen bond donor solvents (Eq. (2)) taken from the
literaturell are given in Table 1. The linear dependence (LSER) on the solvent
parameters were used to correlate and predict a wide variety of solvent effects, as
well as to provide an analysis in the terms of knowledge and the theoretical
concepts of molecular structural effects.®

To the best of our knowledge, the influence of aprotic solvents on the reac-
tivity of carboxylic acids with DDM using the Kamlet-Taft treatment has not
hitherto been systematically presented, except for benzoic acid.®

In recent papers,41-44 the effects of a set of 12 aprotic and 3 protic solvents
on the reaction of various carboxylic acids with DDM was examined by means of
the linear solvation energy relationship (LSER) concept developed by Kamlet
and Taft® (Eq. (2)). The correlation equations obtained by stepwise regression for
all the examined acids showed that the total solvatochromic equation can be used
in its complete form, without the separation of effects supporting the transition
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1341

state (solvent polarity and hydrogen bond donating ability) and the ground state
(hydrogen bond accepting ability).

TABLE I. Solvent parameterst!

Solvent ™ a p

Methyl acetate 0.60 0.00 0.42
Cyclohexanone 0.76 0.00 0.53
Diethyl ketone 0.72 0.00 0.45
Carbon tetrachloride 0.28 0.00 0.00
Chloroform 0.58 0.44 0.00
Ethyl acetate 0.55 0.00 0.45
Cyclopentanone 0.76 0.00 0.52
Dioxane 0.55 0.00 0.37
Acetonitrile 0.85 0.19 0.31
Acetone 0.72 0.08 0.48
Methanol 0.60 0.93 0.62
Ethanol 0.54 0.83 0.77
Ethylene glycol 0.92 0.90 0.52
Dimethyl sulfoxide 1.00 0.00 0.76
Tetrahydrofuran 0.58 0.00 0.55

The present review demonstrates how the linear solvation energy relation-
ship method can be used to unravel, quantify, correlate and rationalize the mul-
tiple interacting effects of the selected solvent set on the reactivity parameters of
carboxylic acids in their reaction with DDM.

3.1. Cycloalkenecarboxylic and cycloalkeneacetic acids

The values of the second-order rate constants for the reaction of cycloalkene-
carboxylic, cycloalkeneacetic, benzoic and phenylacetic acids with DDM in 12
aprotic solvents and 3 protic solvents are given in Tables Il and I11.

The obtained results show that the rate constants increase with increasing
solvent polarity. This is in accordance with the supposed mechanism of the re-
action.15-17.45,46

The exceptionally high value of the reaction rate constant in chloroform
could be explained by the low polarity of this solvent (z* = 0.58) and the com-
plete lack of proton acceptor effects, because of which the carboxylic acid dis-
solved in it exists in the form of dimers.4> The dimer can appear in two forms,
i.e., a cyclic (1) and an open (II) form, which is a very reactive form because it
can easily loose a proton and convert into a resonance-stabilized anion (I11) (Fig.
2). As the carboxylic anion is the reacting form in this system, it continuously
converts into products and this is the probable reason why the open chain dimer,
which stabilizes the anion, is the dominant form.

In aprotic solvents of higher polarity, where the proton-acceptor effect
exists, solvation of a dissolved acid does not allow the formation of any kind of
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1342 USCUMLIC and NIKOLIC

TABLE 1. Second-order rate constants, dm3 moll min, for the reaction of cycloalkene-
carboxylic acids and benzoic acid with diazodiphenylmethane at 30 °C in various solvents

Cyclopent-1-ene- Cyclohex-1-ene- Cyclohept-1-ene-

Solvent -carboxylic acid -carboxylic acid -carboxylic acid Benzoic acid
Methyl acetate 0.044 0.032 0.031 0.260
Cyclohexanone 0.028 0.020 0.019 0.220
Diethyl ketone 0.073 0.053 0.051 0.265
Carbon tetrachloride 0.399 0.329 0.286 0.638
Chloroform 5.373 4.335 3.378 12.30
Ethyl acetate 0.038 0.025 0.016 0.180
Cyclopentanone 0.036 0.025 0.025 0.293
Dioxane 0.088 0.065 0.062 0.058
Acetonitrile 0.430 0.318 0.199 3.730
Acetone 0.059 0.048 0.039 0.350
Methanol 1.106 0.818 0.654 2.470
Ethanol 0.534 0.417 0.332 0.995
Ethylene glycol 2.452 1.962 1.570 4.020
Dimethyl sulfoxide 0.012 0.008 0.007 0.141
Tetrahydrofuran 0.027 0.019 0.016 0.105

TABLE IlI. Second-order rate constants, dm?® mol-t min, for the reaction of cycloalkene-ace-
tic acids and phenylacetic acid with diazodiphenylmethane at 30 °C in various solvents

Cyclopent-1-ene-  Cyclohex-1-  Cyclohept-1-ene- Phenylacetic

Solvent acetic acid -eneacetic acid acetic acid acid
Methyl acetate 0.181 0.144 0.098 0.132
Cyclohexanone 0.187 0.149 0.102 0.153
Diethyl ketone 0.268 0.214 0.148 0.279
Carbon tetrachloride 2.161 1.759 1.299 6.628
Chloroform 46.06 37.84 29.02 613.0
Ethyl acetate 0.036 0.028 0.017 0.210
Cyclopentanone 0.139 0.110 0.074 0.117
Dioxane 0.319 0.255 0.177 0.169
Acetonitrile 1.535 1.294 0.972 8.919
Acetone 0.246 0.194 0.146 0.233
Methanol 2.237 1.652 1.299 2.539
Ethanol 0.828 0.659 0.614 1.139
Ethylene glycol 4.080 3.020 2.237 5.049
Dimethyl sulfoxide 0.031 0.024 0.016 0.014
Tetrahydrofuran 0.071 0.056 0.039 0.057

dimer or, therefore, of the anion (I11). Taking this into consideration, there still
remains the question of why the reaction of carboxylic acids and DDM in other
non-polar solvent, carbon tetrachloride for example (z* = 0.28) does not proceed
as fast as in chloroform. The answer could be found in the fact that the structure
of chloroform includes a hydrogen atom bonded to a carbon surrounded by three
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1343

electronegative chlorine molecules — therefore it has a proton-donating effect,
which accelerates the reaction (a = 0.44).

o—C
-H o--H~ ~R
I ~O0—C I
R"C —0. - _(I_I} R =0
I I
C
0
_— ﬁ:‘—ch
(JI_I‘ ®
R/ C_\'.::Ej
m

Fig. 2. Different forms of dimers of carboxylic acids that exist in non-polar aprotic solvents.

It is interesting to compare the differences in the rate constants for examined
acids because strain effects due to the endocyclic double bond are responsible for
prominent changes in the acid reactivity. The presence of a double bond in a five-
membered ring leads to a “tension” in the system, which is in a six-membered
ring, for example, relieved by folding of the molecule into the “half-chair”
conformation — in a five-membered one, there is no similar effect. It was found
that the cyclopentene acids have higher rate constants than the corresponding
cyclohexene acids (Tables Il and 111). Cyclohept-1-enecarboxylic and cyclohept-
-1-eneacetic acids have slightly lower rate constants than the other two men-
tioned acid systems, which is probably due to the fact that even the slight strain
present in the cyclohexene acid systems is absent from the larger seven-mem-
bered rings.

The rate constants for cycloalkeneacetic acids (Table I11) in all the employed
solvents were higher than those for cycloalkenecarboxylic acids in the corres-
ponding alcohols. This is in accordance with the fact that the resonance interac-
tion between the double bond and the carbonyl group in the cycloalkenecarbo-
xylic acids causes a decrease in the acid strength.

In order to explain the obtained kinetic results through the solvent polarity
and basicity or acidity, the rate constants were correlated with the solvatochromic
parameters 7*, r and A1 using the total solvatochromic equation, Eqg. (2). The
correlations of the kinetic data were realized by means of multiple linear reg-
ression analysis. It was found that the rate constants in fifteen solvents showed
satisfactory correlation with the z*,«z and f solvent parameters. The obtained
correlation results are as follows:
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1344 USCUMLIC and NIKOLIC

Cyclopent-1-enecarboxylic acid:

log k = -0.46 + (0.42 + 0.18) 7 + (2.04 + 0.08)cr— (2.47 + 0.19)3  (4a)
R =0.992, s =0.13, n = 15.

Cyclohex-1-enecarboxylic acid:

log k =-0.57 + (0.41 £ 0.19)7z* + (2.09 £ 0.08) x— (2.54 £ 0.16)3  (4b)
R=0.992,s=0.11, n = 15.

Cyclohept-1-enecarboxylic acid:

log k = -0.63 + (0.36 % 0.22) 7 + (2.03 + 0.09)cr— (2.47 £ 0.18) 8 (4c)
R =0.989, s =0.13, n = 15.

Cyclopent-1-eneacetic acid:

log k =0.18 + (0.76 + 0.41) 7* + (1.88 + 0.18) r— (3.22 £ 0.34)8  (4d)
R =0.968, s = 0.24, n = 15.

Cyclohex-1-eneacetic acid:

log k = 0.09 + (0.77 + 0.42) 7* + (1.86 + 0.18)— (3.25 £ 0.35) 8 (4e)
R =0.966, s = 0.25, n = 15.

Cyclohept-1-eneacetic acid:

log k=-0.02 + (0.70 £ 0.47)z* + (1.95+ 0.20)r— (3.25 £ 0.39)3  (4f)
R=0.961,s=0.27, n = 15.

Similar results were obtained by correlating the literature kinetic data for
benzoic acid2947 determined at 37 °C and the kinetic data determined previously
for phenylacetic acid44 (Table 111). The obtained correlation results are given
below:

Benzoic acid:

log k = —0.58 + (1.43 + 0.44) 7 + (157 £ 0.19)r— (2.23 £ 0.39)3  (52)
R =0.940, s = 0.26, n = 15.

Phenylacetic acid:

log k =0.82 + (0.92 £ 0.57)7* + (2.27 £ 0.25)x— (4.71 £ 0.47)3  (5b)
R=0.967,5s=0.33, n=15.

From all the equations above, it can be concluded that the solvent effects
influence the carboxylic acid-DDM reaction by two opposing effects. The oppo-
site signs of the electrophilic and the nucleophilic parameters are in accordance
with the described mechanism (Fig. 1). The positive signs of the s and « coef-
ficients prove that classical solvation and HBD effects dominate the transition
state and increase the reaction rate, and the negative sign of the f coefficient
indicate that HBA effects stabilize the initial state before commencement of the
reaction and are responsible for a decrease in the reaction rate. The degree of
success of above correlations is shown in Fig. 3 by means of a plot of log k cal-
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Fig. 3. The plot of log k observed (Tables II and III) against log k calculated from
Eq. (2) for cycloalkenecarboxylic, cycloalkeneacetic, benzoic
and phenylacetic acids in different solvents.

culated vs. log k obtained experimentally for cycloalkenecarboxylic, cycloalke-
neacetic, benzoic and phenylacetic acid in different solvents. From the values of
regression coefficients, the contribution of each parameter to the reactivity, on a
percentage basis, were calculated and are listed in Table IV. The percentage con-
tribution of solvatochromic parameters for the reaction of the examined acids
with DDM, show that most of the solvatochromism is due to solvent basicity and
acidity rather than to the solvent dipolarity/polarizability. Considering these re-
sults, the solvation models of the reactants and the transition states, separately for
cycloalkenecarboxylic and cycloalkeneacetic acids can be represented as:
Cycloalkenecarboxylic acids:

Reactants = Transition state = Products
. HBD and solvation by non-
~ 0
HBA solvation (= 50 %) -specific interactions (= 50 %)
Cycloalkeneacetic acids:

Reactants = Transition state = Products
. HBD and solvation by non-
~ )
HBA solvation (= 55 %) -specific interactions (= 45 %)

The suggested solvation models indicate that the cycloalkeneacetic acid sys-
tem is more sensitive to HBA interactions of the solvent than the cycloalkene-
carboxylic acid system (Table IV) and less sensitive to the HBD ability of the
solvent. This is in accordance with the fact that the resonance interaction between
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1346 USCUMLIC and NIKOLIC

the double bond and the carbonyl group in the case of cycloalkenecarboxylic
acids destabilizes the carboxylic anion and causes a stronger solvation of the
transition state in this system than in the case of cycloalkeneacetic acid system.

Table 1V. The percentage contributions of the Kamlet-Taft solvatochromic parameters to the
reactivity of various acids

Acid P! % P.l % Psl %
Cyclopent-1-enecarboxylic 9 41 50
Cyclohex-1-enecarboxylic 8 42 50
Cyclohept-1-enecarboxylic 7 42 51
Benzoic 27 30 43
Cyclopent-1-eneacetic 13 32 55
Cyclohex-1-eneacetic 13 32 55
Cyclohept-1-eneacetic 12 33 55
Phenylacetic 12 29 59

3.2. 2-Substituted cyclohex-1-enecarboxylic and 2-substituted benzoic acids

The obtained second-order rate constants for the examined 2-substituted cyc-
lohex-1-enecarboxylic and benzoic acids in 11 aprotic solvents (excluding chlo-
roform), and 3 protic solvents, are given in Tables V and VI, respectively.

TABLE V. Reaction rate constants, dm3 mol-t min-1, for the reaction of 2-substituted cyclo-

hex-1-enecarboxylic acids with diazodiphenylmethane at 30 °C in various solvents
2-Methylcy- 2-Ethylcy- 2-Chlorocy- 2-Bromocy-  2-lodocy-
clohex-1-ene-clohex-1-ene- clohex-1-ene- clohex-1-ene- clohex-1-ene-

Solvent carboxylic  carboxylic  carboxylic  carboxylic  carboxylic
acid acid acid acid acid
Methyl acetate 0.093 0.095 0.563 0.614 0.642
Cyclohexanone 0.044 0.099 0.531 0.583 0.603
Diethyl ketone 0.064 0.110 0.583 0.634 0.653
Carbon tetrachloride 0.359 0.256 0.795 1.006 1.036
Ethyl acetate 0.058 0.082 0.501 0.574 0.606
Cyclopentanone 0.053 0.108 0.569 0.614 0.658
Dioxane 0.077 0.046 0.554 0.646 0.684
Acetone 0.106 0.116 0.680 0.831 0.891
Methanol 0.567 0.583 2.244 2.321 2.614
Ethanol 0.264 0.278 1.130 1.279 1.470
Dimethyl sulfoxide 0.013 0.060 0.198 0.210 0.230
Tetrahydrofuran 0.027 0.055 0.179 0.191 0.204
Acetonitrile 0.420 0.347 1.580 1.623 1.782
Ethylene glycol 1.631 1.649 5.222 5.169 5.738

The obtained results show that the rate constants increased with increasing
solvent polarity. Comparison of the values of the reaction constants in protic and
aprotic solvents indicates that the examined reaction is slower in aprotic solvents,
which is in accordance with the proposed reaction mechanism.19-17,45,46
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TABLE VI. Reaction rate constants, dm3 mol-t min-1, for the reaction of 2-substituted benzoic
acids with diazodiphenylmethane at 30 °C in various solvents

2-Methylben- 2-Ethylben- 2-Chloroben- 2-Bromoben- 2-lodobenzoic

Solvent S L . . o .
zoic acid zoic acid Zoic acid zoic acid acid
Methyl acetate 0.124 0.130 1.543 1.620 1.720
Cyclohexanone 0.129 0.138 1.393 1.510 1.580
Diethyl ketone 0.157 0.160 1.510 1.690 1.760
Carbon tetrachloride 0.389 0.496 1.200 1.380 1.412
Ethyl acetate 0.094 0.106 1.479 1.480 1.590
Cyclopentanone 0.145 0.154 1.530 1.620 1.780
Dioxane 0.035 0.048 0.750 0.758 0.813
Acetone 0.152 0.170 2.087 2.440 2.680
Methanol 1.860 2.526 12.71 13.75 15.22
Ethanol 0.933 0.986 4.388 5.627 5.960
Dimethyl sulfoxide 0.079 0.072 0.512 0.522 0.586
Tetrahydrofuran 0.060 0.062 0.454 0.464 0.482
Acetonitrile 1.590 1.654 5.852 6.023 6.759
Ethylene glycol 2.590 2.680 10.69 11.08 11.84

The correlations of the kinetic data were realized by means of multiple linear
regression analysis. It was found that the rate constants in the applied set of four-
teen solvents showed satisfactory correlation with the z*, o and A solvent para-
meters together in the same equation. The obtained correlation results are given
in Table VII.

From the values of the regression coefficients, the contributions of each
parameter to the reactivity, on a percentage basis, were calculated and are listed
in Table VIII.

From these results, it can be noticed that the non-specific interactions (z*)
are less pronounced than the specific (e and /) in both carboxylic acid systems.
However, the specific interactions have more influence on the cyclohexene sys-
tem than on the benzoic system. This probably means that the carboxyl group of
the cyclohexene acids is more susceptible to proton-donor and proton-acceptor
solvent effects than the carboxyl group of the benzoic acids.

In order to obtain a complete view of the solvent interactions with the mole-
cules of the examined carboxylic acids, the solvent effects were expressed quan-
titatively for every acid, referring separately to the reactants and the transition
state and the results are given in Table IX.

Higher reaction rates and more pronounced effects of HBD solvation and
non-specific interactions (polarity/polarizability) can be noticed for the halogen-
-substituted acids in both systems. As the negative inductive effect of the halogen
at C-2 stabilizes the carboxylic anion, it supports the transition state, thus accele-
rating the reaction.
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1348 USCUMLIC and NIKOLIC

TABLE VII. The results of the correlations of the kinetic data for 2-substituted cyclohex-1-
-enecarboxylic and 2-substituted benzoic acids with Eq. (2)

Acid §* a b* R ¢ FF' n°
Cyclohex-1- 0.38+0.20 2.07+0.09 248+0.21 0.990 0.11 168 14
enecarboxylic acid

2-Methylcyclohex-1- 0.52+0.16 1.66+0.07 2.35+0.17 0.989. 0.09 162 14
enecarboxylic acid

2-Ethylcyclohex-1- 0.87+0.21 1.24+0.10 1.51+0.22 0.972 0.12 58 14
enecarboxylic acid

2-Chlorocyclohex-1- 0.75+0.21 1.07+0.10 1.42+0.22 0.960 0.12 39 14
enecarboxylic acid

2-Bromocyclohex-1- 0.64+0.22 1.04+0.10 1.42+0.23 0.954 0.13 20 14
enecarboxylic acid

2-lodocyclohex-1- 0.65+0.22 1.07+0.10 1.40+0.23 0.957 0.13 36 14
enecarboxylic acid

Benzoic acid 1.34+0.47 151+0.22 198+0.49 0915 0.26 17 14
2-Methylbenzoic acid 1.05+0.44 1.64+0.20 1.75+0.46 0932 0.25 22 14
2-Ethylbenzoic acid 0.92+0.29 1.81+0.13 1.79+0.31 0.973 010 75 14

2-Chlorobenzoic acid 093+0.19 1.28+0.09 1.33+0.20 0978 0.10 75 14
2-Bromobenzoic acid 0.83+0.19 1.28+0.09 1.25+0.20 0976 0.11 70 14
2-lodobenzoic acid 0.89+0.19 1.31+0.09 1.27+0.21 0977 011 71 14

ACalculated solvatochromic coefficient; bcorrelation coefficient; “standard deviation of the estimate; dFisher’s
test; *number of points used in the calculation

TABLE VIII. The percentage contributions of Kamlet-Taft’s solvatochromic parameters to
the reactivity for the studied cyclohex-1-enecarboxylic acids and benzoic acids

Acid P« % P,/ % Psl %
Cyclohex-1-enecarboxylic acid 8 42 50
2-Methylcyclohex-1-enecarboxylic acid 11 37 52
2-Ethylcyclohex-1-enecarboxylic acid 24 34 42
2-Chlorocyclohex-1-enecarboxylic acid 23 33 44
2-Bromocyclohex-1-enecarboxylic acid 21 34 46
2-lodocyclohex-1-enecarboxylic acid 21 34 45
Benzoic acid 28 31 41
2-Methylbenzoic acid 24 37 39
2-Ethylbenzoic acid 20 40 40
2-Chlorobenzoic acid 26 36 38
2-Bromobenzoic acid 25 38 37
2-lodobenzoic acid 26 38 36

Considering the results presented in Table IX, the solvation models of the
reactants and the transition state, considered separately for the 2-substituted cyclo-
hex-1-enecarboxylic and 2-substituted benzoic acid systems, can be represented as:

2-Substituted cyclohex-1-enecarboxylic acids:

Reactants = Transition state = Products

. HBD and solvation by non-
~ 0,
HBA salvation (= 46 %) -specific interactions (= 54 %)
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1349

2-Substituted benzoic acids:
Reactants = Transition state = Products
. HBD and solvation by non-
~ 0 e . X
HBA salvation (~ 38 %) -specific interactions (= 62 %)

TABLE IX. The solvent effects for the studied cyclohex-1-enecarboxylic acids and benzoic
acids

HBD solvation (o) +
HBA solvation (#)/ % non-specific interactions

Acid (effect on the reactants) ( 7#*)/ % (effect on the
transition state)
Cyclohex-1-enecarboxylic acid 50 50
2-Methylcyclohex-1-enecarboxylic acid 52 48
2-Ethylcyclohex-1-enecarboxylic acid 42 58
2-Chlorocyclohex-1-enecarboxylic acid 44 56
2-Bromocyclohex-1-enecarboxylic acid 46 54
2-lodocyclohex-1-enecarboxylic acid 45 55
Benzoic acid 41 59
2-Methylbenzoic acid 39 61
2-Ethylbenzoic acid 40 60
2-Chlorobenzoic acid 38 62
2-Bromobenzoic acid 37 63
2-lodobenzoic acid 36 64

The results presented here show that the proton-acceptor solvent effects are
somewhat more pronounced in the ground state for cyclohex-1-enecarboxylic
acid and its 2-substituted derivatives than for benzoic acids, supporting the fact
that the reaction rates were higher for the benzoic acids. The dominant solvent
effects for the benzoic acid type are proton-donor and non-specific interactions,
characteristic for the transition state. This fact is likely to be a consequence of the
degree of conjugation of the carboxylic group of the benzoic acids with the ring;
in other words, the charge distribution in the carboxylic group, which is the result
of the conjugation, makes the anion more stable and, therefore, the reaction fast-
er. However, a more general conclusion that arises from these results is that the
substituents at the C-2 position in both carboxylic acid types have a secondary
influence on the reaction with DDM, and seem not to cause steric hindrance be-
tween the reactants and the solvent. The principal influences on these reaction
rates are apparently the properties of the solvent and the general form of the mo-
lecule of the carboxylic acid.

3.3. 2-Substituted cyclohex-1-eneacetic and 2-substituted phenylacetic acids

The values of second-order rate constants for the reaction of the examined
2-substituted cyclohex-1-eneacetic and 2-substituted phenylacetic acids with DDM
in 11 aprotic and 3 protic solvents are given in Tables X and XI.
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1350 USCUMLIC and NIKOLIC

TABLE X. The second-order rate constants, dm3 molt min-1, for the reaction of 2-substituted
cyclohex-1-eneacetic acids with diazodiphenylmethane at 30 °C in various solvents

2-Methyl-  2-Ethyl-  2-Chloro- 2-Bromo-  2-lodocy-  2-Nitro-
cyclohex-1- cyclohex-1- cyclohex-1- cyclohex-1- clohex-1- cyclohex-1-

Solvent . . . . . .
-eneacetic  -eneacetic  -eneacetic  -eneacetic  -eneacetic  -eneacetic
acid acid acid acid acid acid
Methyl acetate 0.087 0.092 0.285 0.290 0.331 1.461
Cyclohexanone  0.092 0.097 0.286 0.289 0.329 1.357
Diethyl ketone 0.133 0.141 0.406 0.411 0.467 1.880
Carbon 1.117 1.178 3.251 3.251 3.716 14.13
tetrachloride
Ethyl acetate 0.078 0.083 0.249 0.251 0.288 1.230
Cyclopen- 0.066 0.071 0.216 0.217 0.251 1.096
tanone
Dioxane 0.077 0.081 0.229 0.229 0.262 1.020
Acetonitrile 0.803 0.849 2.469 2.472 2.841 11.57
Acetone 0.118 0.125 0.380 0.385 0.440 1.898
Methanol 0.890 0.942 2.479 2.669 3.212 9.682
Ethanol 0.350 0.362 0.963 1.080 1.269 4.230
Ethylene glycol ~ 1.550 1.607 3.775 4,197 4,932 12.36
Dimethyl 0.018 0.019 0.038 0.042 0.067 0.242
sulfoxide
Tetrahydro- 0.034 0.036 0.111 0.117 0.129 0.578
furan

In order to explain the obtained kinetic results through solvent dipolarity/po-
larizability and basicity or acidity, the rate constants were correlated with the sol-
vatochromic parameters 7z*,« and 11 using the total solvatochromic equation,
Eq. (2). The correlations of the kinetic data were realized by means of multiple
linear regression analysis. It was found that the rate constants in the 14 selected
solvents showed satisfactory correlation with the z*, «zand £ solvent parameters.
The obtained correlation results are given in Tables XII and XIII.

The percentage contribution of each solvent effect for each acid is given in
Table XIV. The specific interactions, the HBA and HBD effects, are dominant
and have a rather similar share for both acid types, but the classical solvation
effects are somewhat higher for the phenylacetic acids, especially for its halogen-
and nitro-substituted derivatives. To obtain a complete view of the solvent inter-
action with the molecules of the examined acids, the solvent effects are expressed
guantitatively for both carboxylic acid systems and the ground and the transition
state are referred to separately.

2-Substituted cyclohex-1-eneacetic acids:

Reactants = Transition state = Products
HBA solvation (= 57 %) HBD and solvation by non-
-specific interactions (= 43 %)
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1351

TABLE XI. The second-order rate constants, dm3 mol-t min-%, for the reaction of 2-substituted
phenylacetic acids with diazodiphenylmethane at 30 °C in various solvents

2-(2-Methyl- 2-(2-Ethyl- 2-(2-Chloro- 2-(2-Bromo-  2-(2-  2-(2-Nitro-
phenyl)acetic phenyl) phenyl) phenyl)  lodophe-  phenyl)

Solvent acid acetic acid acetic acid -acetic acid nyl)acetic acetic acid
acid
Methyl acetate 0.063 0.066 0.169 0.182 0.198 0.290
Cyclohexanone 0.089 0.096 0.232 0.240 0.252 0.316
Diethyl ketone 0.165 0.168 0.358 0.364 0.376 0.560
Carbon tetra- 4.041 5.153 7.816 7.880 8.126 12.86
chloride
Ethyl acetate 0.109 0.124 0.273 0.286 0.294 0.462
Cyclopentanone 0.058 0.061 0.157 0.184 0.199 0.264
Dioxane 0.102 0.140 0.239 0.248 0.259 0.342
Acetonitrile 3.802 3.955 10.57 11.03 11.16 16.28
Acetone 0.101 0.113 0.348 0.360 0.384 0.486
Methanol 2.420 2.460 3.329 3.500 3.790 5.110
Ethanol 1.010 1.020 1.440 1.559 1.670 2.470
Ethylene glycol 5.333 5.457 6.761 7.261 8.035 8.750
Dimethyl sul- 0.008 0.007 0.021 0.034 0.040 0.164
foxide
Tetrahydrofuran 0.033 0.033 0.092 0.098 0.134 0.198

TABLE XII. The results of the correlations of the kinetic data for 2-substituted cyclohex-1-
-eneacetic acids with Eq. (2)

Acid $ a? b? R ¢ FU nf
Cyclohex-1-eneacetic acid 040+£0.21 167£0.10 2.73+0.22 0.985 0.12 112 14
2-Methylcyclohex-1-eneacetic 0.50+0.25 1.61+0.12 2.71+0.28 0.977 0.14 71 14
acid

2-Ethylcyclohex-1-eneacetic 050+0.25 1.60+0.12 2.70+0.27 0.977 0.14 70 14
acid

2-Chlorocyclohex-1-eneacetic  0.38 £0.28 1.55+0.13 2.72+0.30 0.972 0.16 55 14
acid

2-Bromocyclohex-1-eneacetic  0.39+0.28 1.58+0.13 2.67+0.29 0.973 0.16 59 14
acid

2-lodocyclohex-1-eneacetic 0.46+0.26 1.57+0.12 2.60+0.28 0.975 0.15 63 14
acid

2-Nitrocyclohex-1-eneacetic 0.36+0.30 158+0.14 250+0.32 0.962 0.17 41 14
acid

4Calculated solvatochromic coefficient; bcorrelation coefficient; “standard deviation of the estimate; dFisher’s
test; “number of points used in the calculation

2-Substituted phenylacetic acids:

Reactants = Transition state = Products
HBA solvation (= 58 %) HBD and solvation by non-
-specific interactions (= 42 %)
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TABLE XIlI. The results of the correlations of the kinetic data for 2-substituted phenylacetic
acids with Eq. (2)

Acid 5 a® b? R & FU nf
Phenylacetic acid 0.66 +£0.52 2.08+0.24 3.99+0.55 0.952 0.29 32 14
;%"V'ethy'phe”y')ace"c 0.55+0.47 2.36+022 3.93+049 0966 026 47 14
2-(2-Ethylphenyl)acetic acid 0.45+0.45 2.35+0.21 4.04+0.48 0.969 0.25 51 14
zégg'Ch'orOphe”y')ace“c 0.67+049 2.03+023 3.85+052 0983 0.12 96 14
i%'BromOphe”y')ace“c 076 +0.47 1.98+0.22 3.71+050 0954 028 34 14
2-(2-lodophenyl)acetic acid 0.75+0.46 1.96+0.21 3.61+0.48 0952 0.26 35 14
2-(2-Nitrophenyl)acetic acid 0.82 +0.54 1.79+0.25 3.31+0.56 0.929 0.30 22 14

Acalculated solvatochromic coefficient; Pcorrelation coefficient; “standard deviation of the estimate; IFisher’s
test; *number of points used in the calculation

TABLE XIV. The percentage contributions of the Kamlet-Taft solvatochromic parameters to
the reactivity

Acid P! % P! % Pzl %
Cyclohex-1-eneacetic acid 8 35 57
2-Methylcyclohex-1-eneacetic acid 10 33 57
2-Ethylcyclohex-1-eneacetic acid 10 33 57
2-Chlorocyclohex-1-eneacetic acid 8 33 59
2-Bromocyclohex-1-eneacetic acid 8 34 58
2-lodocyclohex-1-eneacetic acid 10 34 56
2-Nitrocyclohex-1-eneacetic acid 8 36 56
Phenylacetic acid 10 31 59
2-(2-Methylphenyl)acetic acid 8 35 57
2-(2-Ethylphenyl)acetic acid 7 35 58
2-(2-Chlorophenyl)acetic acid 10 31 59
2-(2-Bromophenyl)acetic acid 12 31 57
2-(2-lodophenyl)acetic acid 12 31 57
2-(2-Nitrophenyl)acetic acid 14 30 56

It can be noticed that the two examined carboxylic acid types behave simi-
larly, as can be seen from the distributions of solvent effects that are practically
the same. However, the more general conclusion that arises from these results is
that the substituents at the C-2 position in both carboxylic acid types have a very
weak influence on the solvation effects during reaction with DDM. The phenyl-
acetic acids are somewhat faster than the corresponding cyclohexeneacetic ones,
which makes sense, as their structure is more approachable for the other reactant
as well as for solvent, but there seems to be no great difference. On the contrary,
in the case of the ¢,funsaturated cyclic carboxylic acids there was a conside-
rable difference between the reaction rate constants of benzoic and cyclohex-1-
-enecarboxylic acids regardless of the presence of substituents.4243 In other
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words, the ring type determines the reactivity of a carboxylic acid. For £ yun-
saturated acids, the ring is sufficiently far removed from the reaction center (the
carboxylic group) to have much influence on it, hence the steric and electronic
effects of substituents in the jposition are more visible. Regarding the geometric
properties, the 2-substituted cyclohex-1-eneacetic acids and 2-substituted phenyl-
acetic acids have similar torsion angles, as well as the reactivity, but the ¢, f-un-
saturated cyclic carboxylic acids (benzoic and cyclohex-1-enecarboxylic) have
completely a different geometry and, subsequently, behave differently in the same
reaction. The torsion angle (C»,—C3—C4) for benzoic acid is —16.60° and for cyclo-
hex-1-enecarboxylic acid 142.0°. Their values are very different and the carbo-
xylic groups are orientated in opposing directions.43

3.4. 2-Phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids

The transmission of substituent effects through three types of double bond,
i.e., in a ring, open chain and delocalized double bonds, were investigated previ-
ously in the case of 2-(4-substitutedphenyl)cyclohex-1-enecarboxylic acids,33:35
2-(4-substitutedphenyl)benzoic acids3348 and 2-(4-substitutedphenyl)acrylic
acids.33:35 The results showed that there were differences in the composition of
the electronic effect depending on the type of double bond through which the
substituent effects were transmitted. The considerable difference between the re-
action constants, p, of the investigated acids indicates that, regardless of the iden-
tical possibility of steric interactions of the phenylene and the carboxylic group,
there is probably a different interaction of the phenylene group with the rest of
the molecule. This assumption was confirmed with Dreiding models.

In the present review, the values of the second order rate constants for the
reaction of 2-phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenyl-
acrylic acids with DDM in 11 aprotic and 3 protic solvents (Table XV) were cor-
related with the solvatochromic parameters z*, « and £ using the total solvato-
chromic equation. The correlation of the kinetic data was realized by means of
multiple linear regression analysis.

It was found that the rate constants in 14 solvents showed satisfactory corre-
lation with the solvatochromic parameters z*, o and f. The obtained correlation
results were as follows:

2-Phenylcyclohex-1-enecarboxylic acid:

log k =-0.14 + (0.35 % 0.22)7* + (2.34 £ 0.10)r— (2.70 £ 0.24)3  (6a)
(R=0.991,s=0.13, F = 175, n = 14).

2-Phenylbenzoic acid:

log k = -0.34 + (0.99 + 0.41)7* + (2.11 £ 0.19)r— (1.90 + 0.44)3  (6b)
(R=0.961, s =0.24, F = 40, n = 14).
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1354 USCUMLIC and NIKOLIC

2-Phenylacrylic acid:
log k =0.24 + (0.29 £ 0.19)z* + (1.92 £ 0.09)r— (2.23 £ 0.21)  (6C)
(R=0.989,5s=0.11, F=151, n = 14).

TABLE XV. The second-order rate constants, dm3 mol-1 min1, for the reaction of 2-phenyl-
cyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids with diazodiphenylme-
thane at 30 °C in various solvents

2-Phenylcyclohex-1-

Solvent L 2-Phenylbenzoic acid 2-Phenylacrylic acid
-enecarboxylic acid
Methyl acetate 0.068 0.316 0.244
Cyclohexanone 0.038 0.246 0.151
Diethyl ketone 0.133 0.268 0.424
Carbon tetrachloride 0.873 1.010 2.001
Ethyl acetate 0.054 0.236 0.201
Cyclopentanone 0.049 0.338 0.186
Dioxane 0.142 0.110 0.447
Acetonitrile 0.839 5.500 1.937
Acetone 0.103 0.400 0.343
Methanol 2.790 11.61 5.219
Ethanol 1.279 5.000 2.743
Ethylene glycol 6.367 15.37 10.31
Dimethyl sulfoxide 0.014 0.162 0.066
Tetrahydrofuran 0.037 0.147 0.147

From all the equations above, it can be concluded that two opposing solvent
effects influence the carboxylic acid — DDM reaction. The opposite signs of the
electrophilic and the nucleophilic parameters are in accordance with the descri-
bed mechanism (Fig. 1). The positive signs of the coefficients s and a prove that
classical solvation and the HBD effects dominate the transition state and increase
the reaction rate, and the negative sign of the coefficient b indicates that HBA
effects stabilize the initial state before the reaction commences and are res-
ponsible for a decrease in the reaction rate. From the values of the regression co-
efficients, the contribution of each parameter to the reactivity, on a percentage
basis, were calculated and are listed in Table XVI. The percentage contribution
of the solvatochromic parameters for the reaction of the examined acids with
DDM show that most of the solvatochromism is due to solvent basicity and aci-
dity rather than to the solvent dipolarity/polarizability. Considering these results,
the solvation models of the reactants and the transition states, separately for
2-phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids
can be represented as:

2-Phenylcyclohex-1-enecarboxylic acids:

Reactants = Transition state = Products
HBA solvation (= 50 %) HBD and solvation by non-
-specific interactions (= 50 %)
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REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1355

2-Phenylbenzoic acids:

Reactants = Transition state = Products
HBA solvation (=~ 38 %) HBD and solvation by non-
specific interactions (= 62 %)
2-Phenylacrylic acids:
Reactants = Transition state = Products

. HBD and solvation by non-
~ 0
HBA solvation (= 50 %) specific interactions (= 50 %)

TABLE XVI. The percentage contributions of the Kamlet-Taft solvatochromic parameters to
the reactivity

Acid P/ % P,/ % Pl %
2-Phenylcyclohex-1-enecarboxylic 6.50 43.50 50.00
2-Phenylbenzoic 20.00 42.00 38.00
2-Phenylacrylic 6.50 43.50 50.00

The suggested solvation models indicate that the 2-phenylcyclohex-1-ene-
carboxylic and the 2-phenylacrylic acid systems are more sensitive to HBA sol-
vent interactions than the 2-phenylbenzoic acid system (Table XVI) and less sen-
sitive to the HBD solvent ability. The same results were obtained for a compa-
rative LSER study of the reactivity of 2-substituted cyclohex-1-enecarboxylic
and 2-substituted benzoic acids#3 and 2-substituted cyclohex-1-eneacetic and 2-
substituted phenylacetic acids#4 presented in this review.

Generally, the presence of a substituent at the C-2 position in all types of
examined acids affects the orientation of the carboxylic group. The degree of
these interactions is in agreement with the obtained kinetic data, solvation models
and characteristics of the examined carboxylic acid molecules.42-44

4. CONCLUDING REMARKS

The results of the presented investigations show that the solvatochromic con-
cept of Kamlet and Taft (LSER) is applicable to the kinetic data for the reaction
of more than 50 different carboxylic acids with diazodiphenylmethane in various
solvents, meaning that this model gives the correct interpretation of the solvating
effects on the carboxylic group in the selected solvents. For these reasons, it is
considered that the results presented in this review may be used to quantitatively
estimate and separate the overall solvent effects into the contributions of the ini-
tial and the transition state in the reaction of diazodiphenylmethane with carbo-
xylic acids, and the solvation models are proposed. The results show that substi-
tuents at the C-2 position of the ring in all types of the investigated acids have a
secondary influence on the reaction with DDM and do not seem to cause steric
hindrance between the reactants and the solvent. The reactivities of the examined
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carboxylic acids in the reaction with DDM are in agreement with their geometric
characteristics.
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U3BOJ

MMPOYUYABAKE PEAKTUBHOCTU KAPBOKCUJIHUX KUCEJIMHA CA
JUA3O0JUOEHNIIMETAHOM YV AITPOTUYHIUM U ITPOTUYHNM PACTBAPAUNIMA
TIOMORY JIMHEAPHE KOPEJIALIMJE COJIBATAIIMOHUX EHEPTUJA

TOPJAHA C. YITRYMJIMH u JACMUHA b. HUKOJIMh

Kaitiedpa 3a opzancky xemujy, Texnoaowxo—meimanypuiu paxyaiieini Ynusepsuineina y beozpaoy,
Kapnezujesa 4, ii. tip. 3503, 11120 Beozpao

VTHuaj pactBapaya Ha peaKTHBHOCT LIUKJIOAIKEHKAPOOHCKHX, IUKIOATKCHCUPHETHHX, 2-CYII-
CTHTYHCAHUX IHKIOXEKC-1-eHKapOOHCKUX, 2-CYyNICTUTYHCAHUX LUKIOXeKc-1-eHcupheTHux, 2-cym-
CTUTYUCAaHHUX OEH30€BUX, 2-CYICTHTYUCAHHX (eHHICUpheTHHX, 2-(PeHMIIUKIOXeKe-1-eHKapOoH-
cke, 2-¢penunden3oeBe U 2-heHUIAKPUIIHEe KUCEIMHE ca AUa30Au(peHIIMETaHOM je NpOoydyaBaH y
HHM3Yy MPOTHUYHMX M ANPOTHYHMX pacTBapada. Jla OM ce KMHETHYKH pe3ynraTtd objacHWIN moMohy
edekaTa pacTBapaua, JoOHjeHe KOHCTaHTe Op3WHE peakuuje APYyror pena cy KopelrcaHe moMohy
Kamier-TadroBe conBaroxpoMHe jennaunHe. Kopenanuje KMHETHYKHX I[MOJaTaka Cy HM3BpIICHE
nomolly MeToJie BHILECTPYKE JIMHEApPHE pEerpecHoHe aHanuse, a e)eKTH pacTBapada Cy HOceOHO
aQHAJIM3MPAHU Y OJHOCY Ha OCHOBHO M IIPENIa3HO CTame. APUTMETHYKH 3HAlIM ucnpe] Koeduuuje-
HaTa COJBATOXPOMHHX IapameTapa OAroBapajy HPETIIOCTaB/bEHOM MEXaHH3My HCIHUTHBAHE PEeak-
muje. I[IpenyoxeH je colBaTallMOHM MOJEN 3a CBE NPOy4YaBaHEe KHCEIMHE, KOjH je T0Ka3ao ja 1oc-
TOjH KBAHTUTATUBHH OJHOC MOJIEKYJICKE CTPYKTYpE M HbUXOBE PEaKTHBHOCTH.

(Mpumsbeno 15. jyna 2009)
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nicotinic acids with diazodiphenylmethane in aprotic solvents

SASA Z. DRMANIC**, ALEKSANDAR D. MARINKOVIC#
and BRATISLAV Z. JOVANOVIC#

Department of Organic Chemistry, Faculty of Technology and Metallurgy, University of
Belgrade, Karnegijeva 4, P.O. Box 3503, 11121 Belgrade, Serbia

(Received 26 May, revised 18 August 2009)

Abstract: The rate constants for the reactions of diazodiphenylmethane (DDM)
with 6-substituted nicotinic acids in aprotic solvents at 30 °C were determined.
The obtained second order rate constants in aprotic solvents, together with lite-
rature data for benzoic and nicotinic acids in protic solvents, were used for the
calculation of solvent effects, employing the Kamlet-Taft solvatochromic equa-
tion (linear solvation energy relationship — LSER) in the form: log k = log kg +
+ sz + aa+ bf. The correlations of the kinetic data were performed by means
of multiple linear regression analysis taking appropriate solvent parameters.
The sign of the equation coefficients (s, a and b) were in agreement with the
postulated reaction mechanism, and the mode of the solvent influences on the
reaction rate is discussed based on the correlation results. A similar contri-
bution of the non-specific solvent effect and electrophilic solvation was obser-
ved for all acids, while the highest contribution of nucleophilic solvation was
influenced by their high acidity. Correlation analysis of the rate data with sub-
stituent o, parameters in an appropriate solvent using the Hammett equation
was also performed. The substituent effect on the acid reactivity was higher in
aprotic solvents of higher dipolarity/polarizability. The mode of the transmis-
sion of the substituent effect is discussed in light of the contribution of solute—
—solvent interaction on the acid reactivity.

Keywords: pyridine carboxylic acids; diazodiphenylmethane; rate constants;
solvatochromic parameters; aprotic solvents.

INTRODUCTION

The relationship between the structure of carboxylic acids and their reacti-
vity with diazodiphenylmethane (DDM) has been studied by many authors, with
particular regard to the influence of the solvent.1-5 Related to previous studies®-9
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# Serbian Chemical Society member.
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1360 DRMANIC, MARINKOVIC and JOVANOVIC

of the transmission of substituent effects in pyridine carboxylic acids, this paper
describes the transmission of those effects in 6-substituted nicotinic acids, with
the following substituents: CI (chloro), OH (hydroxy), CH3 (methyl), Br (bromo)
and SH (mercapto). The kinetics of these acids was studied in a series of aprotic
solvents and the results were compared with the data for nicotinic and benzoic
acid in protic solvents.

The kinetic data were correlated with the solvatochromic parameters z*, o
and f corresponding to the solvents used, in the form of the following LSER
equation:

log k =log kg + sz* + ac+ b3 Q)

where 7% is an index of the solvent dipolarity/polarizability, which measures the
ability of the solvent to stabilize a charge or a dipole by virtue of its dielectric ef-
fect, the o parameter is the HBD acidity (hydrogen bond donor), and the /3 para-
meter is the HBA basicity (hydrogen bond acceptor) of the solvent in a solute to
solvent hydrogen bond and log kg is the regression value of the solute property in
a reference solvent. The regression coefficients s, a, and b measure the relative
susceptibilities of the solvent-dependent solute property (rate constant) to the in-
dicated solvent parameter. The rate data for all the compounds studied show a
satisfactory correlation with solvent parameter via the above LSER equation (Eq.
(1)). Such a correlation indicates the existence of both specific and non-specific
solute—solvent interactions in the studied reaction.

The reactivity of the investigated acids with DDM related to the electronic
substituent effects was also studied using the Hammett equation (linear free ener-
gy relationship — LFER) of the type:

log ko = po+ log ko 2

where p is a reaction constant reflecting the sensitivity of the rate constant to the
substituent effect, and o is the substituent constant. The analysis included in the
discussion concerning the contribution of the electronic substituent effects shows
that these effects have a definite influence on the reactivity of the investigated
acids. Some other factors, such as the coplanarity of nicotinyl ring and the car-
boxylic group could be significant for the reactivity and therefore geometry opti-
mization of all investigated acids in three solvents was preformed.

EXPERIMENTAL

Materials

The acids were commercial samples of p.a. quality, used without further purification.
Diazodiphenylmethane was prepared by the Smith and Howard method.1% A stock solution of
ca. 0.06 mol dm was stored in a refrigerator and diluted before use.

The solvents were purified as described in the literature.11 All the solvents used for the
kinetic studies were examined by GC and no impurities were detected.
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Kinetic measurements

The rate constants, k, for the reactions of the investigated acids with DDM were deter-
mined as reported previously by the spectroscopic method of Roberts and co-workers!? using
a Shimadzu 1700A spectrophotometer. The optical density measurements were performed at
525 nm with 1 cm cells at 30+0.05 °C.

Three to five rate determinations were made on each acid and in every case, the indivi-
dual second-order rate constants agreed within 3 % of the mean.

Geometry optimization

The reported conformations of the molecular forms were obtained by the semi-empirical
MO PM6 method,12 with implicit chosen solvent solvation (COSMO) (keywords: EF,
GNORM = 0.01, EPS = 48 (DMSO), EPS = 4.8 (CHClIy), EPS = 37.5 (acetonitrile) and NSPA
= 92) using the MOPAC2009™ program package. A VEGA ZZ 2.3.2 was used as the gra-
phical user interface (GUI).14

RESULTS AND DISCUSSION

The mechanism of the reaction between carboxylic acids and DDM, in both
protic and aprotic solvents was found to involve the rate-determining proton
transfer from the acids to DDM, thereby forming a diphenylmethanediazonium
carboxylate ion-pair (Fig. 1.).15-22 Chapman et al.23 established that the solvent
effects are best interpreted in the form of the contributions of the initial and
transition state to the specific (erand £) and non-specific (z*) solvent—solute in-
teractions (Fig. 1).

nuclleoghi]ic el::s:gik:)lg ¢
solvation
(0] 0]
i ,
e
/ e H - N,CHPhy
(6] O
| Ph,CN,

™
X N (DDM) X N

electrophilic electrophilic

solvation solvation
a) initial state b) transition state

Fig. 1. The mode of the solvent effects in 6-substituted nicotinic acids in
a) the initial state and b) the transition state.

The reaction rate constants (as log ky) for the reaction of the examined acids
with DDM in the employed solvents are given in Table I.

The results from Table | show that the influence of a solvent on the reac-
tivity is complex, due to the many types of solvent to solute interactions (dipo-
larity, HBD and HBA effects), acting not only at the electrophilic and nucleo-
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1362 DRMANIC, MARINKOVIC and JOVANOVIC

philic acid sites (Fig. 1), but also they could cause modifications of electronic
properties of a substituent. Solvents of high dipolarity/polarizability and/or high
proton-acceptor capability cause a significant decrease of the reaction rate. The
highest value of the reaction rates in chloroform could be explained by the high-
est proton-donor ability of this solvent (= 0.2), as well as by the lowest proton-
-acceptor capability (8= 0.1).24

TABLE I. Logarithm of the second order rate constants (dm3 mol-1 min-1) for the reaction of
6-substituted nicotinic acids with DDM at 30 °C in aprotic solvents (NMF: N-methylform-
amide; DMSO: dimethyl sulfoxide; DMAC: N,N-dimethylacetamide; DMF: N,N-dimethyl-
formamide; NMP: N-methylpyrrolidone)

Solvent H* 6-Cl 6-OH  6-CHj 6-Br 6-SH
Acetophenone 0.714 0.878 -0 0.350 0.920 0.790
Acetone 0.190 0.370 - 0.142 0.400 0.320
Chloroform 1.610 2.320 - 1.500 2.450 2.200
Ethyl benzoate 0.528 0.640 - 0.450 0.653 0.482
Isobutyl methyl ketone 0.143 0.550 - -0.052  0.614 0.350
NMF -0.027 0.180 -0.310 -0.117 0.150 0.008
DMSO —-0.678 -0.379  -1.200 -0.900 -0.350 -0.380
DMAC -0.940 -0.600 -1.500 -1.120 -0.560 -0.460
DMF -0.611 -0.238 -1.280 -0.780 0.200 -0.160
NMP -0.921 -0.480 -1.370 -1.070 -0.303 -0.450

2From reference 1; binsoluble

As was stated in the literature,1® carboxylic acids dissolved in chloroform
exist in the form of dimers. A dimer could appear in two forms, cyclic and open,
the latter being a very reactive form, because it can easily lose a proton and
convert into a resonance stabilized anion. As the carboxylic anion is the reacting
species in this system, it is continuously converted into the product and this is a
probable reason why the open chain dimer, which stabilizes the anion, is the do-
minant form.19 Being a solvent of low polarity, chloroform influences a weaker
stabilisation of the ion pair intermediate making it easily convertible into the final
product. Solvation of an ion-pair intermediate with a solvent of lower polariza-
bility could have a higher contribution than with one of higher polarizability to a
less negative activation entropy and thus to a more spontaneous reaction.

Generally, the results of the kinetic studies show that reaction rates for all
acids with DDM were of second order, which was confirmed by the high corre-
lation coefficients, r, which were in the range 0.95-0.99.

Solvent-reactivity relationship

In order to explain the obtained kinetic results based on the polarity, acidity
and basicity of the solvent, the log ky were correlated with the solvatochromic
parameters z*, o and g using the solvatochromic Eq. (1). The correlation of the
kinetic data was realized by means of multiple regression analysis, which is very
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REACTIVITY OF NICOTINIC ACIDS WITH DIAZODIPHENYLMETHANE 1363

useful in separating and quantifying such interactions in the examined reaction.
The correlation results are presented in Table Il. The values for z*, zand S were
taken from the literature.24

TABLE II. Statistical results for the correlations of the reaction rate constants (log k,) of
6-substituted nicotinic acids with DDM with the Kamlet—Taft solvatochromic parameters
Acid ) a(0) b(h log ko R F* sSD’ n
NA 2.05+1.08 1614039 —(4.63+0.67) 0.8040.60 0974 38 022 10
CI-NA 1.70£0.70  1.58+0.27 —(4.771£0.47) 1.48+0.41  0.990 91 0.16 10
HO-NA 2374036 1.9940.09 —(2.20£0.51) -1.9240.37 0.999 320 0.03 5%
CHs-NA 1354097 1.73#0.35 —(4.3440.61)  1.024+0.54 0.980 49 020 10
Br-NA 1.68£0.77 1.50+0.28 —(4.9110.48) 1.6410.42 0.989 92 0.16 10
HS-NA  1.89+0.77 1.40+0.28 —(4.56+0.48) 1.18+0.43 0986 72 0.16 10

%See Table l; bcorrelation coefficient; “Fischer’s test; dstandard error

The correlation equations obtained by polylinear regression for all the ex-
amined acids showed that the best approach, which aids in the understanding of
the effects of aprotic solvents in the reaction, could be the usual correlation of the
kinetic data with the contribution of the hydrogen bond donating (HBD) and hyd-
rogen bond accepting (HBA) ability of a solvent to the transition and initial
states. From the values of regression coefficients (s, a and b), the contribution of
each parameter to the reactivity of the investigated compounds on the percentage
basis was calculated and the results are listed in Table IlI.

TABLE I11. Percentage contribution of the Kamlet-Taft solvatochromic parameters (P) to the
reactivity of the investigated acids in aprotic solvent

Acid P % P,/ % Psl %
NA 27 23 60
CI-NA 21 20 59
HO-NA 36 30 34
CH-NA 18 23 59
Br-NA 21 19 60
HS-NA 24 18 58

The results from Tables 11 and 111, lead to the following conclusions:

1) The rate of the reaction is strongly influenced by specific solute-solvent
interactions, as indicated by the percentage contributions of the o« and A
parameters (P + Pp).

2) The positive sign of the coefficient of the « term suggests that the specific
interaction between the transition state and the solvent (see Fig. 1), through HBD
properties is stronger than that between the reactant and solvent, i.e., the HBD
solvent effect or electrophilic solvation increases the reaction rate.
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3) The negative sign of the coefficient of the £term suggest that the specific
interaction between the reactant and solvent, through HBA properties, is stronger
than that between the transition state and the solvent, i.e., the HBA effect or nuc-
leophilic solvation decreases the reaction rate.

4) The solvent dipolarity/polarizability, as indicated by P, also plays an ap-
preciable role in governing the reactivity. The positive sign of the coefficient of
this term proves that classical or non-specific solute—solvent interactions domi-
nate in the transition state and increase the reaction rate.

One correlation was found in the literature2® which includes all three solvent
parameters in a correlation for benzoic acid for solvents that do not possess HBD
character:

logky =0.20 + 1.217* + 2.71x- 3.708 3)
R=0.980; SD=0.171;n =44

The correlation coefficients for this equation also indicate a high contribu-
tion of the HBD solvent effect or electrophilic stabilization of the carboxylate
anion in forming. The calculated percent contributions of particular solvent ef-
fects for benzoic acid are P+ (16 %), P (35 %) and P3(49 %).

Generally, the higher contribution of the HBA solvent effect for substituted
nicotinic acids is affected by their higher acidity and the strong proton accepting
character of some aprotic solvents. Classical solvation has a higher influence on
the reactivity of 6-hydroxynicotinic acid, while the electrophilic stabilization,
respectively the HBD solvent effect, is more pronounced for benzoic acid. The
significant contribution of the HBD solvent effect, reflected in value of the coef-
ficient a for aprotic solvents, in all previous equations, and especially for benzoic
acid, indicate an important role of the HBD solvent effect. The proton donor abi-
lity of a solvent to stabilize nucleophilic sites at an acid anion in forming in-
creases the reaction rate, while stabilization of the initial state decreases it. These
results could be supported by the observation that dipolar non-HBD solvents, in
spite of their high relative permittivities and dipole moments, could favour acid
ionisation and charge separation, and the created carboxylate anion—diazodiphe-
nylmethane cation ion pair could be stabilized by aprotic solvents.

Furthermore, the significantly higher value of P, for benzoic acid leads to
the conclusion that the strong electron-accepting character of the pyridine nit-
rogen has an undesirable contribution to HBD solvent stabilization in the transi-
tion state. The small and definitely increased contribution of the HBD solvent
effect for 6-hydroxynicotinic acid could probably be a manifestation of the spe-
cific solvation of the acidic hydrogen of the hydroxy group, causing stabilization
and a definite modification of the electron-donating properties of that group.
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REACTIVITY OF NICOTINIC ACIDS WITH DIAZODIPHENYLMETHANE 1365

A better understanding of the contribution of solvent effects could be attain-
ed by comparing the results from the present study with correlation results of
data published for nicotinic and benzoic acids8 in protic solvents.

The kinetic data for nicotinic acid from a previous paper8 were correlated
with the solvent parameter for eleven protic solvents, giving the following
results:

log ko = (-0.1440.20) + (1.34+0.52) 7~ + (0.78+0.21) - (0.51+0.76) 8  (4)
R=0.960; SD=0.12; n=11

All the coefficients are in agreement with the mechanism of this reaction but
not all of them are statistically correct. The negative value of coefficient b in-
dicates that nucleophilic solvation decreased the reaction rate, which corroborates
the established reaction mechanism, but this parameter is disputable, making the
three-parameters equation useless for interpretation of the kinetic data, because
of a statistical deficiency.

Therefore, the best interpretation of solvent effects in protic solvents is des-
cribed by a simplified system of a two-parameter equation of the following type:

log ko = (-0.76x0.17) + (1.65+0.22) 7* + (0.85+0.16) & (5)
R=0.960; SD =0.11; n =11

The results of the above correlation corroborate the reaction mechanism, and
the influence of solvent by classical solvation and electrophilic solvation. It is
evident that the HBD effect increases the reaction rate, stabilizing the transition
state more than the initial state.

The calculation of the percent contribution of particular solvent effects gave
the following results: for nicotinic acid P« (66 %) and P, (34 %); for benzoic
acid the effect of electrophilic solvation is the main effect (21 and 79 %, respecti-
vely). The large differences in the contributions of the same solvent effects for
these two acids can be explained by the significant increase in the influence of
classical solvation because of the more polar structure of nicotinic acid in the
transition state, caused by the negative inductive and resonance effects of the
pyridine nitrogen.

Structure—reactivity relationship

The relationship between the molecular structure and chemical reactivity
gives additional insight into the electronic effect of substituents and the influence
of solvent on the electronic distribution in the initial and transition states. Corre-
lation results obtained using the Hammett equation (2) are given in Table IV for
aprotic solvents.

The magnitude of the obtained reaction constants indicates that the reaction
is significantly susceptible to substituent effects. Furthermore, the positive reac-
tion constant suggests that the positive charge at the reaction centre may disap-
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pear. Generally, the Hammett equation predicts2’ that the reaction constant for
this type of reaction appears to increase with decreasing relative permittivity of
the medium. In the present study, however, there is a very marked deviation from
the relationship between p and the relative permittivity of the medium (g;) (mac-
roscopic solvent parameter). This suggests that the p values are influenced by
both non-specific and specific solvent effects.

TABLE V. Hammett p values for the reaction of 6-substituted nicotinic acids with DDM in
aprotic solvents at 30 °C (o values for Cl, OH, CHs, Br and SH are from literature26)

Solvent P log kg r SD F n
Acetophenone 0.96+0.17 0.65+0.17 0.94 0.06 32 5
Acetone 1.29+0.26 0.32+0.05 0.93 0.09 26 5
Chloroform 1.91+0.42 1.84+0.08 0.92 0.16 20 5
Ethyl benzoate 1.13+0.23 0.53+0.05 0.93 0.09 24 5
Isobutyl methyl ketone 1.62+0.14 0.10+0.03 0.98 0.05 128 5
NMF 1.37£0.17 0.03+0.04 0.96 0.09 61 6
DMSO 2.0940.24  -0.66+0.05 0.97 0.12 77 6
DMAC 2.25+0.32  -0.82+0.07  0.95 0.16 48 6
DMF 2.11+0.24  -0.56x0.05 0.97 0.12 78 6
NMP 2.36%0.29  -0.83+0.06  0.96 0.15 64 6

Taking into consideration the assumption of similarity in the transmitting
cavities for 6-substituted nicotinic acids and benzoic acid, the differences in the
transmission of substituent effects through the benzene and pyridine ring depend
on the polarizability of these ring systems and also on the contribution of elec-
trons from the pyridine nitrogen. The higher sensitivity of the reaction constant to
solvent effects in aprotic dipolar solvent may be explained in the way that at high
relative permittivities of the surrounding solvent molecules, the energy necessary
to bring about charge separation in the transition state is relatively small, which
gives rise to a higher susceptibility to the electronic substituent effect. Aprotic
highly dipolar solvents (DMSO, DMF, DMAC and NMP) tend to be poor anion
solvators, while they are usually better for larger and softer anions. The extended
conjugated system of the investigated acids, considering their planarity shown by
the semi-empirical PM6 method, having delocalized electronic densities could be
more susceptible to the influence of substituents on reactivity. The classical sol-
vent effect is not necessarily only achieved through dipolar attraction but also by
the repulsion of the negative end of solvent dipole and, consequently, the n-elec-
tronic densities could have more influence on the reactivity of the acids. An ex-
ception is NMF which contributes less to the substituent influences, probably be-
cause of its possibility of hydrogen bonding and self-association. Other aprotic
dipolar solvents (acetophenone, acetone and ethyl benzoate) of lower dipolari-
ty/polarizability and HBA basicity show lower substituent influence on reacti-
vity, primarily because of their lower polarizability.25
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REACTIVITY OF NICOTINIC ACIDS WITH DIAZODIPHENYLMETHANE 1367

The consideration of the influences of solvent and substituent is based on the
macroscopic solvent and substituent characteristics, which do not separate speci-
fic reactant/solvent interaction and the contribution of substituent/solvent inter-
actions. The interaction modes presented in Fig. 1 approximate the regiospecific
interactions of the solvent with the actual electrophilic and nucleophilic sites in
an acid. The overall solvent effect is achieved by the joint interactions, presented
in Fig. 1, of the contribution of non-specific and specific solvent effects to the elec-
tron density at the site. The solvent or substituent causes electron density changes
of the most polarisable molecular orbitals, which indeed transmit these effects to
the reaction centre. The reasons why some irregularities were observed in the
correlation results may be associated with the choice and analysis of the HOMO
molecular orbitals, occupied with electrons, available for reactant/solvent inter-
actions. The optimized geometries of all 6-substituted nicotinic acids show small
or no deviation from planarity and thus electron transfer could be achieved with-
out suppression of these effects. Analysis of the three highest occupied levels
showed that only HOMO orbitals give an adequate explanation of the interaction
and transmission modes of solvent and substituent effects to the reaction centre.
The HOMO orbitals for 6-hydroxynicotinic and nicotinic acid are presented in
Fig. 2.

a) b)

Fig. 2. HOMO orbitals of 6-hydroxynicotinic (a) and nicotinic acid (b) obtained by the
semi-empirical MO PM6 method, with implicit DMSO solvation using
the MOPAC2009™ program package.

Electron densities of the most polarized HOMO orbitals in both acids show
some important differences which indeed have the highest contribution to the
transmission of the substituent effect and influence of solvent on the reactivity.
The pyridine nitrogen in 6-hydroxynicotinic acid belongs to the =-polarized
system with a Cs—Cg double bond, which is susceptive to electronic shifts, being
sensitive to substituent and solvent influences at these atoms. The electronic ef-
fects of the pyridine nitrogen, as a part of this n-polarisable system, have a signi-
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1368 DRMANIC, MARINKOVIC and JOVANOVIC

ficant contribution to the solvent and substituent effects on the reactivity of the
investigated nicotinic acids. Aprotic solvents of high dipolarity/polarizability in-
terfere with the electron-accepting capability of the pyridine nitrogen, causing
lower acidity of the investigated acids. Opposed to this, solvents of lower dipola-
rity/polarizability and higher proton-donor ability contribute to the higher elec-
trophilic solvation of the nitrogen in both the initial and transition state, en-
hancing the electron-accepting power and thus increasing the acidity of the acids.

CONCLUSIONS

The overall solvent effects on the reactivity are complicated by several pos-
sible modes of interactions between the solvent, either protic or aprotic, with se-
veral active sites on the reacting acid molecules. The results of the present invest-
tigation show that these diverse solvent effects could be generally quantified by
use of the Kamlet-Taft equation. The quantitative separation of these effects into
individual contributions in the initial and transition states is not completely pos-
sible. Secondary solvent effects are operative, causing modifications originating
from both the pyridine ring and substituent electronic effects on the reactivity of
the investigated acids. Generally, the pyridine nitrogen has a significant influence
on the reactivity of 6-substituted nicotinic acids, considering the possibilities of
different solvent interactions with this atom. Thus, for example, a stronger elec-
trophilic solvation of the pyridine nitrogen in the transition state causes a de-
crease of the electrophilic solvation of the carboxylate anion in forming. In addi-
tion, the high contribution of nucleophilic solvation of the carboxylic hydrogen in
the initial state is caused by the strong electron-accepting character of the pyri-
dine nitrogen. The substituent electronic effect on the reactivity is of greatest
influence in highly dipolar aprotic solvents which interfere with the strong elec-
tron-accepting character of the pyridine nitrogen.

Acknowledgements: Authors are grateful to the Ministry of Science and Technological
Development of the Republic of Serbia for financial support (Project 142063).

U3BOJ

YTULAJ PACTBAPAYA U CTPYKTYPE HA PEAKTHUBHOCT 6-CYIICTUTYUCAHUX
HUKOTHUHCKUX KUCEJIMHA CA TUA30AUPEHNIIMETAHOM
Y AITIPOTUYHUM PACTBAPAUNMA

CAIIA X. IPMAHUR, AJIJEKCAHJAP JI. MAPUHKOBUR n BPATHCIIAB XK. JOBAHOB'HR

Kaitiedpa 3a opzancky xemujy, Texnoaowxo-memiarypuxu axyaiiein, Ynusepsuiteini y beozpaoy,
ii. tip. 3503, Kaprezujesa 4, 11120 Beozpao
Koncranre Gp3uHa 6-CynCTUTyHCAaHMX HUKOTHHCKHX KHCEIHHA Ca IMA30AU(ECHUIMETaHOM
(IM) cy oapeheHe y pa3nu4uTAM MPOTHYHHM W anmpoTHdHuM pactBapaunma Ha 30 °C. M3pa-
YyyHaTe KOHCTaHTe Op3WHA, Kao M JUTEpaTypHHU MOAaIH, KOpUIIheHn Cy 3a H3padyHaBame eeKara
pactBapaya kopuinhemem Kamlet-Taft-ope comsaroxpomue jexHaunne. Koncrante Op3uHa Cy
KOpeJicaHe ca napamerpuma pacrsapaua kopumthemem Kamlet-Taft-ose jennaunne oGiuka: log k
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REACTIVITY OF NICOTINIC ACIDS WITH DIAZODIPHENYLMETHANE 1369

= log kg + + s7* + aa + bf. Kopenauuje m00MjeHMX KHHETHUKHX pe3yJrara ca oarosapajyhnm
napamMeTpuMa pacTBapaya Cy HM3BEJICHE NMPUMEHOM METOJIC BHILECTPYKE JMHEAPHE PErpecHOHE
aHanu3e. 3HaK KoeduimjeHara (S, & u b) y noOujeHHM Kopenamujama je y CarjacHOCTH ca
peaknnoHuM MexaHu3sMmoM. CiiyaH JONpUHOC HecnelupHIHHX edekara U eneKTpoduiIHe coi-
BaTalMje pacTBapaya je youeH 3a CBe HCIUTHBAHE KHCENHHe, a HajBelu HOIPUHOC HyKIeo(UIHe
coBaranyje MoJa3HOT CTama je MOCHCAUIa BHCOKE KHCEJIOCTH UCHUTHBAHUX KHCEIHHA. YTHIAj
pacTBapaya Ha BPEIHOCTH PEaKLMOHHX KOHCTAHTH je AMCKYTOBaH Ha OCHOBY JOOMjeHHX Kopela-
UMOHUX pe3ynrara. Kopenaluona ananusa KOHCTaHTH Op3HHA €A O KOHCTAaHTaMa CYIICTHTY€HaTa,
y MCIHMTHBAaHOM pacTBapady, W3BpIICHA je mpuMeHoM Hammett-ose jennaunne. Edextu cyncru-
TyeHaTa Ha PEaKTHBHOCT WMCIUTHBAHWUX KHCEIMHA Cy 3HAYAjHUjU Yy aNpOTHYHHM pacTBapaunMa
BHCOKE IMMONapHocTH/monapu3abminocty. Hauun mpeHoca edekata CyICTHUTYeHATa je IHCKY-
TOBAaH Yy CBETIy JONPHHOCA MHTEpaKIHja pacTBOpaK—pacTBapady Ha PEAKTHBHOCT MCHHMTHBAHHX
KHCEJIMHA.

(TTpumbeno 26. maja, peuanpaso 18. asrycra 2009)
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SHORT COMMUNICATION
Synthesis and characterization of a series of
1,3,5-trisubstituted-2-pyrazolines derivatives
using methanoic acid under thermal condition
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1Department of Chemistry, Sabzevar Tarbiat Moallem University, Sabzevar-397, Khorasan
and 2Department of Chemistry, Bu-Ali Sina University, Hamadan-65178, Iran
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Abstract: An efficient and practical synthesis of 1,3,5-trisubstituted 2-pyrazo-
line structures was achieved through cyclization of phenylhydrazine with o,
-unsaturated ketones (chalcones) using methanoic acid (formic acid) as catalyst
under thermal condition.

Keywords: 1,3,5-trisubstituted-2-pyrazoline; phenylhydrazine; chalcone; me-
thanoic acid; heterocyclic synthesis.

INTRODUCTION

Chalcones constitute an important class of naturally occurring flavonoid com-
pounds that exhibit a wide spectrum of biological activities and are well-known
intermediates for the synthesis of various heterocycles. Chalcones are useful syn-
thons in the synthesis of a large number of bioactive molecules, such as pyrazoli-
nes and isoxazoles that are well-known nitrogen-containing heterocyclic com-
pounds.1-5

The discovery of this class of compounds provides an outstanding case histo-
ry of modern drug development and also emphasizes the unpredictability of bio-
logical activity from structural modification of a prototype drug molecule. Consi-
derable interest has been focused on the pyrazoline structure, which is known to
possess a broad spectrum of biological activities, such as antitumor,® immuno-
suppressive,’ antibacterial 8 anti-inflammatory,® anticancer,10 antidiabeticl! and
antidepressant.12 Thus, the synthesis of the 1,3,5-trisubstituted 2-pyrazolines moiety
is always a great challenge.

*Corresponding author. E-mail: maleki@sttu.ac.ir
doi: 10.2298/JSC0912371M
1371
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1372 MALEKI et al.

Among various pyrazolines derivatives, 2-pyrazolines seem to be the most
frequently studied pyrazoline type of compounds. Various procedures have been
developed for the synthesis of pyrazolines.13-15 After the pioneering work of
Fischer and Knoevenagel in the 19th century, the reaction of o,f-unsaturated al-
dehydes and ketones with phenylhydrazine in acetic acid under reflux became
one of the most popular methods for the preparation of 2-pyrazolines.16-18

In continuation of our research on the synthesis of 1,3,5-trisubstituted-2-py-
razolines,19-21 a facile synthesis of a range of 1,3,5-trisubstituted-2-pyrazolines
from a,f-unsaturated ketones (chalcones) and phenylhydrazine in the presence of
methanoic acid is described herein (Scheme 1).

Arq Arz
A~ +piii, MO0 XY
Arq Ar2 N

Scheme 1. General reaction for the preparation of 1,3,5-trisubstituted-2-pyrazolines.

RESULTS AND DISCUSSIONS

Methanoic acid (HCOOH, pK, = 3.744) is a versatile organic compound. It
is well known as a natural product and as a one-carbon source in organic che-
mistry.22 Under appropriate conditions, it decomposes to carbon dioxide and hy-
drogen and the generated hydrogen can be used under transfer hydrogenation
conditions for the reduction of a wide variety of functional groups.23-25 Further-
more, methanoic acid has found extensive use as an oxidizing agent.26

First, 3-(4-chlorophenyl)-1-(2-naphthyl)prop-2-en-1-one (1.0 mmol) was
chosen as the trial substance for reaction with phenylhydrazine (2.0 mmol) in the
presence of methanoic acid. Different solvents were screened for the synthesis of
2-pyrazolines and the results are summarized in Table I, from which it can be
seen that EtOH was the best solvent in terms of reaction time and yield (Entry 1).
Then, the effect of the amount of the catalyst, methanoic acid, on the yield and
time of the same reaction was investigated. In the absence of catalyst, no product
was obtained after 2 h (Table I, Entry 4). It was found that 2.5 ml of the catalyst
was sufficient to mediate the reaction towards the formation of the 1,3,5-trisub-
stituted-2-pyrazoline in terms of time and yield (Table I, Entry 5).

Having established the reaction conditions, various chalcones (la—q),
prepared by Claisen—Schmidt condensation of aromatic ketones with aromatic
aldehydes, were treated with phenylhydrazine in the presence of methanoic acid
to investigate the scope of the reaction. The obtained 1,3,5-trisubstituted-2-
pyrazolines (2a—q) are presented in Table Il, together with their melting points
and the reaction times and yields.
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SYNTHESIS OF SUBSTITUTED-2-PYRAZOLINES 1373

TABLE 1.Optimization of the reaction conditions

(o]
HCOOH
+PhNHNH, ——M =
EtOH (9 %), 80 °C N—N
Cl
1a

Entry Catalyst amount/ ml Solvent Time/ min Yield?®/ %
1 1 EtOH 30 80

2 1 MeOH 45 60

3 1 CH3CN 50 50

4 - EtOH 120 -

5 2.5 EtOH 15 90

6 35 EtOH 15 62

7 4.5 EtOH 35 48
solated yield

TABLE I1. Synthesis of 1,3,5-trisubstituted 2-pyrazolines in the presence of methanoic acid

. o M.p./°C
a/ 0

Product Arl Ar2 Time/ min  Yield¥/ % Found Reported®
2a 2-naphthyl 4-CICgH, 15 90 128-130  129-130
2b 2-naphthyl 2-CICgH,4 10 80 123-125 124-126
2c CgHs 4-CH3CgH, 15 90 130-132  128-130
2d CeHs 2-CICgH, 15 72 134-136  134-135
2e 4-MeOCgH, CeHs 15 80 139-140  134-136
2f CeHs 4-MeOCgH, 15 75 108-110  110-112
29 CeHs CeHs 25 82 132-134  134-135
2h 4-CICgH, CeHs 15 84 140-142  143-145
2i 2-naphthyl 3-CH4CgH,4 15 90 150-151  152-154
2j 2-naphthyl 2-CH3CgH, 20 92 170-172  169-171
2k CeHs 3-BrCgH, 20 88 134-136  135-136
2l 4-MeOCgH, 2-CICgH, 15 82 149-150  148-150
2m 2-naphthyl 4-MeOCgH, 20 90 134-136  135-136
2n 4-CH3CgH,4 3-CH3CgH,4 25 80 125-126  124-126
20 4-MeOCgH,4 2-CH3CgH, 25 80 90-92 88-90

2p 4-MeOCgH, 3-CH3CgH,4 25 74 110-112  112-114
29 3-CH3CgH;  4-(CH3),NCgH, 35 80 142-144 New

Asolated yield; Biiterature datal?19-21

All the isolated products were characterized based on their physical proper-
ties and IR, IH-NMR and mass spectral data, and by direct comparison with
authentic materials. All the synthesized compounds gave the expected spectral
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data. As a representative product, the spectroscopic data for 5-[4-(dimethyl-
amino)phenyl]-3-(3-methylphenyl)-1-phenyl-2-pyrazoline (2q) are given below.

IR (KBr, cm=1): 3020 (C-H stretching of aromatic ring), 2880 (C—H stretch-
ing of aliphatic), 1614 (C=N stretching of pyrazoline ring), 1595, 1520, 1499
(C=C stretching of aromatic ring), 1219 (C-N stretching of pyrazoline ring), 745
(C—H bending).

1H-NMR (90 MHz, CDCl3, & / ppm): 2.28 (3H, s, CHz3), 2.81 (6H, s, N(CH3)y),
3.05 (1H, dd, -CHapyraz ), 3.63 (1H, dd, ~CHzpyraz ), 5.05 (1H, dd, -CHpyraz), 6.62—-
7.48 (13H, m, Ar-H).

MS (m/z, (relative abundance, %)): 355 (M*, 82.35), 235 (M-120, 16.87),
208 (M-27), 20.58), 147 (M-61, 55.88), 91 (M-56, 76.47) (see Scheme 2).

& Y,

N(Me),

m/z =355 m/z =235

=zt

NH»

.
OO
Me N(Me),

m/z= 208 m/z =147 m/'z =91
Scheme 2.

Methanoic acid is a source of H*, the following sequence of reaction appears
to afford a satisfactory explanation of the mode of formation of the products
(Scheme 3). This reaction involves the initial formation of an arylhydrazone (I) with
the subsequent attack of the nitrogen on the carbon-carbon double bond.17,19-21

EXPERIMENTAL

The IR spectra as KBr discs were recorded on a Shimadzu 435-U-04 spectrophotometer.
The *H-NMR and 13C-NMR spectra were obtained using a Jeol FT NMR 90 MHz spectro-
meter in CDCIl; with TMS as the internal reference. The melting points were determined on a
Stuart SMP3 apparatus and are uncorrected. Mass spectra were recorded on a GCMS-
-QP1100EX spectrometer.
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HCOOH == H" + HCOO-

L\ H Ar == Are H An Ary
Ar] Ary * PINHNHy ——— \<V W
,L2-addition i7at] -
N— NHPh Cyclization N N\ o
laq 1] 2a-q
Scheme 3.

General procedure for the synthesis of 1,3,5-trisubstituted-2-pyrazolines (2a-q)

To a stirred solution of chalcone (1a—g, 1.0 mmol) in 10 ml EtOH (96 %) was added
phenylhydrazine (2.0 mmol) and methanoic acid (2.5 ml) at room temperature. The reaction
mixture was heated to reflux for an appropriate time (see Table II). The progress of the re-
action was monitored by TLC (ethyl acetate/hexane, 8:2). The EtOH was removed under
reduced pressure and residue recrystalized from EtOH (2 x 5 ml) to afford the pure products

(2a—q).
CONCLUSIONS

In conclusion, a rapid, high yield, simple, practical, economic, readily avail-
able system, and convenient procedure for the synthesis of 1,3,5-trisubstituted-2-
-pyrazolines, which compares well with the similar acetic acid system under the
same conditions, has been developed.

Acknowledgments. We wish to thank the research council of Sabzevar Tarbiat Moallem
University, Sabzevar, Iran, and the Bu-Ali Sina University, Hamadan, Iran, for the financial
support which enabled this research.

U3BOJ

CUHTE3A U KAPAKTEPU3ALIMJA 1,3,5-TPUCYIICTUTYUCAHNX-2-ITMPA30JINH
JEPUBATA CA METAHCKOM KUCEJIMHOM KAO KATAJIU3ATOPOM V3 3ATPEBAIGE

BEHROOZ MALEKIl, DAVOOD AZARIFARZ, MONA KHODAVERDIAN MOGHADDAMl, SEYEDEH FATEMEH
HOJATIl, MOSTAFA GHOLIZADEH" i HAFEZEH SALEHABADI*

1Department of Chemistry, Sabzevar Tarbiat Moallem University, Sabzevar-397, Khorasan and 2Department of
Chemistry, Bu-Ali Sina University, Hamadan-65178, Iran
EdukacHa n npaktiyHa cuHTe3a 1,3,5-TpHCynCcTUTYHCAHUX 2-TIMPA30JIMH CTPYKTypa U3Bele-
Ha je IUKIU3aujoM PeHmIXuapasuta ca ¢, -aezacuhenuM KeToHuMa (XalKoHMMa) ca METAHCKOM
(MpaBJ/BOM) KHCEITHMHOM Ka0 KaTalu3aTOpPOM y3 3arpeBambe.
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Synthesis and biological activities of some indoline derivatives
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Abstract: The reaction of indoline with a substituted benzoyl chloride in the
presence of K,CO3 in THF gave compound 4. Compound 4 was subjected to
chlorosulphonation to obtain compound 5. Condensation of aromatic amines
with compound 5 led to the synthesis of indoline derivatives 6(a—f). Similarly,
5-nitroindoline was treated with a substituted benzoyl chloride to obtain the
nitro compound 9, which was reduced using stannous chloride and reacted
further with aromatic sulphonyl chloride to obtain the indoline derivatives
11(a—€). These compounds were tested for antibacterial, anti-tuberculosis and
antifungal activity. Some of them showed very good activity against some
gram-positive and gram negative bacteria, fungal strains and also Mycobacte-
rium tuberculosis. All of the synthesized compounds were subjected to anti-
oxidant activity testing using the in vitro DPPH assay and most of them show-
ed very good activity.

Keywords: indoline; antioxidant activity; antifungal; anti-tuberculosis and anti-
bacterial activity.

INTRODUCTION

Indoline and other related ring systems possess several interesting biological
activities. The indolines are also interesting structural scaffolds and have, for ex-
ample, been evaluated as 5-HToc receptor agonists for the treatment of obesity.1
Factor Xa (FXa) is well known to play a pivotal role in blood coagulation; hence,
an FXa inhibitor is a promising drug candidate for prophylaxis and treatment of
thromboembolic diseases. Some indoline derivatives have been found to show
very good FXa inhibitory activities.2 Indoline derivatives have also been found to
show an antagonistic effect on progesterone receptors.3 In addition, indolines have
been evaluated for antimicrobial activity.# Owing to the biological importance of
indolines and in continuation of our work on the synthesis of biologically im-
portant heterocyclic compounds, the synthesis of some indolines is reported herein.

* Corresponding author. E-mail: milindrode@yahoo.com
doi: 10.2298/JSC0912377R
1377
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RESULTS AND DISCUSSION

In present work, the synthesis of novel indoline derivatives is reported start-
ing with the substituted benzoyl chloride 2, which was prepared by the reaction
of 4-(aminosulfonyl)benzoic acid with SOCl, and DMF. Treatment of 2 with
indoline 3 in the presence of KoCO3 in THF afforded compound 4. Compound 4
was subjected to chlorosulphonation to obtain compound 5, which on reaction
with aromatic amines in presence of pyridine and a catalytic amount of DMAP
using THF as the solvent yielded the indoline derivatives 6(a—f). The synthetic
scheme to 6(a—f) is shown in Scheme 1 and the structural data of 6(a—f) are given
in Table I.

HO 0 Cl (0]
3, K,CO
SOCl,, DMF i’ St ©\/I\>

0oC THF,RT

0]
1N
HZN ‘6 ~ J/ © \ N
N 2 N~z -//Szo
| / Y
CISOsH
00C-R.T.

0\\ ’/0 0. O

N

R- NH2 Pyridine

o DMAP, RT 60

Sho

1
N
H
H
1
R
\

/N\/N?S§O
6 @a-f) %

Scheme 1.

Similarly, 5-nitroindoline (8) on treatment with compound 7 gave the nitro
derivative 9, which was further reduced by stannous chloride to the amino deri-
vative 10. The amino derivative on treatment with aromatic sulphonyl chlorides
gave the indoline derivatives 11(a—e€). The synthetic scheme to 11(a—e) is shown
in Scheme 2 and the structural data of 11(a—e) are given in Table II.

The compounds 6(a—f) and 11(a—e) were characterized by FTIR, *H-NMR
and mass spectroscopy.

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS

@080

EY HMC HD




BIOACTIVE INDOLINES 1379

TABLE I. Structure of the synthesized compounds 6(a—f)

e
NS
0 g )
0 R 6(a—f) /N ~.
Compound R
6a F
NH N 0
\/
6b
o
NH@N
H
6c 0
Q.0
NH N/S\©\
H
6d Br

NH
L)
o) o
6e o—

. -
crd

o O

S\ N=

6f
NN\/

Compound 6a. Yield: 89 %; white crystalline; m.p. 119 °C; Anal. Calcd. for
CogH30FN506S2: C, 54.62; H, 4.91; N, 11.37 %. Found: C, 54.61; H, 4.90; N,
11.36 %. IR (KBr, cm™1): 3452 (stretching of NH), 3047 (stretching of N=C-H),
2937, 2840 (stretching of C-H), 1634 (stretching of amide C=0), 1246 (stretch-
ing of C—F), 1050 (stretching of C-0). IH-NMR (400 MHz, DMSO-dg, &/ ppm)
2.85 (4H, t, morpholine CH>), 2.90 (3H, s, NCH3), 3.09 (2H, t, indoline CH>),
3.16 (3H, s, NCH3), 3.68 (4H, t, morpholine CH>), 4.01 (2H, t, indoline CH>),
6.53-7.88 (10H, m, aromatic protons), 8.26 (1H, s, N=CH), 10.52 (1H, s, NH).
MS (m/z): 615 (M*) with all isotopic and other peaks.
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Scheme 2.

Compound 6b. Yield: 76 %; grey microcrystalline; m.p; 146 °C. Anal. Calcd.
for CogH27N506S: C, 54.82; H, 4.78; N, 12.29 %. Found: C, 54.81; H, 4.77; N,
12.28 %. IR (KBr, cm™1): 3455 (stretching of NH), 3050 (stretching of N=C—-H),
2927, 2830 (stretching of C-H), 1632 (stretching of amide C=0). 1H-NMR (400
MHz, DMSO-dg, 6/ ppm): 2.67 (3H, s, NHCOCH3), 2.71 (2H, t, indoline CH)),
2.90 (3H, s, NCH3), 3.16 (3H, s, NCH3), 3.90 (2H, t, indoline CH5), 6.83-8.25
(11H, m, aromatic protons), 8.28 (1H, s, N=CH), 8.72 (1H, s, NHCO), 10.25 (1H,
s, NHSO5). MS (m/z): 569 (M*) with all isotopic and other peaks.

Compound 6¢. Yield: 90 %; red powder; m.p. 132 °C; Anal. Calcd. for
C33H33N50gS3: C, 54.76; H, 4.60; N, 9.68 %. Found: C, 54.75; H, 4.61; N, 9.67 %.
IR (KBr, cm=1): 3450 (stretching of NH), 3048 (stretching of N=C-H), 2929,
2832 (stretching of C—H), 1633 (stretching of amide C=0). IH-NMR (400 MHz,
DMSO-dg, &/ ppm): 2.37 (3H, s, ArCH3), 2.92 (3H, s, NCH3), 3.09 (2H, t, indo-
line CHy), 3.16 (3H, t, NCH3), 3.42 (2H, s, CH»CO), 3.98 (2H, t, indoline CH)),
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BIOACTIVE INDOLINES 1381

6.99-8.25 (15H, m, aromatic protons), 8.26 (1H, s, N=CH), 8.57 (1H, s, NHSO5),
10.52 (1H, s, CONHSOy). MS (m/z): 723 (M*) with all isotopic and other peaks.

TABLE II. Structure of the synthesized compounds 11(a—€)
H

o
o L
/ S
o 0
\

Y

S e
0 o~
N\ Y 11(a—e)

Compound

R
V
\ N
11b % :

of
Br
11d
ooy
o” ~o

1le % : ,

o
Compound 6d. Yield: 85 %; brown crystalline; m.p. 124 °C. Anal. Calcd. for
C34H29BrN40O7S5: C, 54.47; H, 3.90; N, 7.47 %. Found: C, 54.46; H, 3.89; N,
7.46 %. IR (KBr, cm™1): 3450 (stretching of NH), 3048 (stretching of N=C-H),
2929, 2832 (stretching of C-H), 1682 (stretching of Ar—C=0), 1633 (stretching
of amide C=0). 'H-NMR (400 MHz, DMSO-dg, &/ ppm): 2.51 (3H, s, ArCH3),
2.76 (2H, t, indoline CHy), 3.07 (3H, s, NCH3), 3.15 (3H, s, NCH3), 4.00 (2H, t,

indoline CHy), 7.41-8.01 (14H, m, aromatic protons), 8.26 (1H, s, N=CH), 10.52
(1H, s, NH). MS (m/z): 749 (M™*) with all isotopic and other peaks.
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Compound 6e. Yield: 88 %; brown microcrystalline; m.p. 132 °C. Anal.
Calcd. for Ca5H32N40gSo: C, 59.99; H, 4.60; N, 7.99 %. Found: C, 59.98; H,
4.59; N, 7.99 %. IR (KBr, cm~1): 3438 (stretching of NH), 3052 (stretching of
N=C-H), 2928, 2842 (stretching of C-H), 1685 (stretching of Ar-C=0), 1635
(stretching of amide C=0). IH-NMR (400 MHz, DMSO-dg, &/ ppm): 2.53 (3H,
s, ArCH3), 3.08 (2H, t, indoline CH>), 3.15 (6H, s, N(CH3)2), 3.88 (3H, s, OCH3),
4.03 (2H, t, indoline CH»), 7.10-8.05 (14H, m, aromatic protons), 8.26 (1H, s,
N=CH), 10.52 (1H, s, NH). MS (m/z): 700 (M*) with all isotopic and other peaks.

Compound 6f. Yield: 95 %; white needles; m.p. 160 °C; Anal. Calcd. for
Co7H30NgO5S,: C, 55.65; H, 5.19; N, 14.42 %. Found: C, 55.64; H, 5.18; N,
14.42 %. IR (KBr, cm~1): 3434 (stretching of NH), 3050 (stretching of N=C-H),
2927, 2852 (stretching of C-H), 1631 (stretching of amide C=0). 1H-NMR (400
MHz, DMSO-dg, ¢/ ppm): 2.94 (6H, s, N(CH3)»), 3.05 (2H, t, indoline CH)),
3.19 (4H, t, piperazine CHy»), 3.63 (4H, t, piperazine CH>), 4.06 (2H, s, indoline
CHy»), 6.89-8.45 (11H, m, aromatic protons), 8.26 (1H, s, N=CH). MS (m/z): 582
(M) with all isotopic and other peaks.

Compound 1la. Yield: 76 %; red crystals; m.p. 155 °C; Anal. Calcd. for
C3gH2gCIN307S: C, 59.06; H, 4.63; N, 6.89 %. Found: C, 59.05; H, 4.62; N,
6.88 %. IR (KBr, cm—1): 3486 (stretching of NH), 2902, 2852 (stretching of C—H),
1632 (stretching of amide C=0), 1240 (stretching of C-0O). *H-NMR (400 MHz,
DMSO-dg, 6/ ppm): 2.98 (2H, t, indoline CHy), 3.73 (6H, s, OCH3), 3.97 (2H, t,
indoline CH»), 4.22 (4H, m, OCH>), 6.83-9.03 (13H, m, aromatic protons), 10.52
(1H, s, NH). MS (m/z): 609 (M*) with all isotopic and other peaks.

Compound 11b. Yield: 65 %; white needles; m.p. 99 °C; Anal. Calcd. for
C31H29BrN>O7S: C, 56.97; H, 4.47; N, 4.29 %. Found: C, 56.96; H, 4.46; N,
4.28 %. IR (KBr, cm~1): 3488 (stretching of NH), 2922, 2852 (stretching of C—H),
1632 (stretching of amide C=0), 1246 (stretching of C-0). 1H-NMR (400 MHz,
DMSO-dg, 6/ ppm): 3.00 (2H, t, indoline CHy), 3.73 (6H, s, OCH3), 3.98 (2H, t,
indoline CHy), 4.22 (4H, m, OCH>), 6.84-7.79 (14H, m, aromatic protons), 10.25
(1H, s, NH). MS (m/z): 653 (M) with all isotopic and other peaks.

Compound 11c. Yield: 78 %; grey crystals; m.p. 106 °C; Anal. Calcd. for
C37H34N207S: C, 68.29; H, 5.27; N, 4.30 %. Found: C, 68.28; H, 5.26; N, 4.29 %.
IR (KBr, cm~1): 3488 (stretching of NH), 2922, 2852 (stretching of C-H), 1632
(stretching of amide C=0), 1246 (stretching of C-0). IH-NMR (400 MHz,
DMSO-dg, 6/ ppm): 3.00 (2H, t, indoline CHy), 3.71 (6H, s, OCH3), 3.97 (2H, t,
indoline CHy), 4.22 (4H, m, OCH>), 6.82—-7.85 (19H, m, aromatic protons), 10.52
(1H, s, NH). MS (m/z): 650 (M™*) with all isotopic and other peaks.

Compound 11d. Yield: 80 %; yellow crystals; m.p. 105 °C; Anal. Calcd. for
C34H30N20gS: C, 63.54; H, 4.71; N, 4.36 %. Found: C, 63.54; H, 4.71; N, 4.35 %.
IR (KBr, cm~1): 3486 (stretching of NH), 2902, 2852 (stretching of C-H), 1690
(stretching of coumarin CO), 1633 (stretching of amide C=0), 1245 (stretching

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS

olcle

EY HMC HD



BIOACTIVE INDOLINES 1383

of C-0). IH-NMR (400 MHz, DMSO-dg, &/ ppm): 3.00 (2H, t, indoline CHy),
3.80 (6H, s, OCHzg), 3.98 (2H, t, indoline CH>), 4.41 (4H, m, OCH>), 6.60-8.21
(15H, m, aromatic protons), 10.52 (1H, s, NH). MS (m/z): 642 (M*) with all iso-
topic and other peaks.

Compound 11e. Yield: 81 %; yellow crystals; m.p. 111 °C; Anal. Calcd. for
C33H32N20gS: C, 64.27; H, 5.23; N, 4.54 %. Found: C, 64.27; H, 5.22; N, 4.53 %.
IR (KBr, cm=1): 3445 (stretching of NH), 3198, 2935, 2842 (stretching of C-H),
1720 (stretching of COCHg), 1632 (stretching of amide C=0), 1250 (stretching
of C-0). *H-NMR (400 MHz, DMSO-dg, &/ ppm): 2.04 (3H, s, COCHz), 3.00
(2H, t, indoline CH)), 3.77 (6H, s, OCH3), 4.02 (2H, t, indoline CH>), 4.24 (4H,
m, OCHy»), 6.81-7.71 (14H, m, aromatic protons), 10.17 (1H, s, NH); MS (m/z):
616 (M*) with all isotopic and other peaks.

The compounds 6(a—f) and 11(a—e) were tested for their antioxidant, anti-
bacterial, antifungal and anti-tuberculosis activities.

Amongst the compounds screened for antioxidant activity, 6a, 6b, 6e, 6f and
11 (a—e) showed very good antioxidant activities, as shown in Table I1I.

All the screened compounds, except 6b, 6¢, 11d and 11e, exhibited very good
antifungal and antibacterial activities, as shown in Tables IV and V, respectively.

TABLE I1l. Antioxidant activity (%) of the compounds
Concentration / pg ml?

Compound 200 100 50

L-Ascorbic acid 99.2 99 98.8
6a 93.5 92.00 88.05
6b 90.00 88.05 85.00
6¢c 28.05 24.36 20.7
6d 57.9 48.0 28.2
6e 98.6 98.5 89.8
of 98.4 98.0 85.8
1lla 99.00 97.2 93.6
11b 94.2 93.2 92.6
11c 95.00 92.40 78.05
11d 94.55 92.40 85.05
1le 91.70 83.25 70.22

TABLE IV. Antifungal activity of the compounds

Concentration / pg ml-?
Compound 5 25 50 100 250 5 25 50 100 250 5 25 50 100 250
A. niger A. clavatus C. albicans
Griseofulvin 19 23 25 25 28 18 21 22 22 24 - - - - -
Nystatin 18 19 24 29 29 18 21 24 25 26 - - -
6a - 10 15 17 19 - 11 16 17 19 - 14 16 17 20

6d - 12 16 19 21 - 12 15 19 22 - 12 15 20 22
6e - 13 17 19 22 - 13 17 18 20 - 15 17 19 21
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TABLE V. Continued

Concentration / pg ml-?
Compound 5 25 50 100 250 5 25 50 100 250 5 25 50 100 250

A. niger A. clavatus C. albicans
6f - 14 16 18 19 - 13 15 18 19 - 15 17 19 20
11a - 14 16 19 20 - 11 17 18 19 - 12 17 18 21
11b - 12 15 18 20 - 12 15 18 19 - 13 15 18 19
1lc - 13 16 20 21 - 13 16 18 20 - 15 16 19 20

TABLE V. Antibacterial activity of the compounds

Concentration / pg mi-?
Compound 25 50 100 250 25 50 100 250 25 50 100 250 25 50 100 250
E. coli P. aeruginosa S. aureus S. pyogenes
Ampicillin 15 16 19 20 15 15 18 20 14 16 18 19 13 14 16 20
Ciprofloxacin 23 28 28 28 23 24 26 27 19 21 21 22 19 21 22 22
Norfloxacin 25 26 27 29 19 21 23 23 19 20 21 21 22 25 26 28

6a 13 15 17 21 12 14 18 21 12 14 17 19 11 12 15 17
6d 16 18 20 22 15 17 19 22 11 12 15 17 12 14 17 20
6e 13 13 15 17 11 12 15 16 15 18 20 22 11 14 16 18
6f 11 11 14 15 11 12 13 15 12 14 15 17 11 13 15 17
1la 11 14 16 17 11 14 17 19 12 14 15 15 11 13 14 15
11b 11 13 17 17 10 12 15 18 14 16 19 23 12 14 16 17
11c 11 13 15 15 10 13 14 16 17 19 19 24 12 15 17 19

Compounds 6a (MIC = 100 ug/ml) and 6f (MIC = 62.5 ug/ml) showed pro-
mising anti-tuberculosis activity, as shown in Table VI.

TABLE VI. Anti-tuberculosis activity of the compounds

Compound MIC / ug ml-1
Steptomycin 4
Isoniazid 0.2
Rifampicin 40
Ethambutol 2
6a 100
6d 250
6e 250
6f 62.5
1lla 500
11b 1000
11c >1000

EXPERIMENTAL

All the recorded melting points were determined in an open capillary and are uncor-
rected. The IR spectra were recorded on a Perkin-Elmer FTIR spectrophotometer in KBr
discs. The TH-NMR spectra were recorded on a 400 MHz spectrophotometer in DMSO-dg as
solvent and TMS as the internal standard. The mass spectra were obtained using a Waters
mass spectrometer.
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4-(2,3-Dihydro-1H-indol-1-ylcarbonyl)-N-[(1E)-(dimethylamino)methylene]-
benzenesulphonamide (4)

Compounds 2 (0.010 mol) and 3 (0.010 mol) were dissolved in THF together with
K,COs. The reaction mixture was stirred at room temperature for 4 h. The reaction mixture
was then poured into water and extracted with EtOAc. The organic layer was separated, dried
over Na,SO, and concentrated under vacuum.

Compound 4. Yield: 85 %, red crystalline, m.p. 161 °C. Anal. Calcd. for C;gH1gN305S:
C, 60.49; H, 5.36; N, 11.76 %. Found: C, 60.48; H, 5.35; N, 11.76 %. IR (KBr, cm1): 3047
(stretching of N=C—H), 2937, 2840 (stretching of C—H), 1634 (stretching of amide C=0). 1H-
-NMR (400 MHz, DMSO-dg, 6/ ppm): 2.94 (3H, s, NCH3), 3.09 (2H, t, indoline CH,), 3.17
(3H, s, NCH3), 3.98 (2H, t, indoline CH,), 7.07-7.87 (8H, m, aromatic protons), 8.27 (1H, s,
N=CH). MS (m/z): 357 (M*) with all isotopic and other peaks.
1-[4-({[(1E)-(Dimethylamino)methylene]amino /sulphonyl)benzoyl]indoline-5-sulphonyl
chloride (5)

Compound 4 (0.010 mol) was added in portions to a solution of chlorosulphonic acid (10
ml) at 0 °C and stirred for 30 min. The reaction mixture was cooled to room temperature and
stirred for a further 1 h. The reaction mixture was then poured into cold water and the formed
solid was separated by filtration.

Compound 5. Yield: 65 %, grey microcrystalline, m.p. 131 °C. Anal. Calcd. for
C18H18CIN3OsS,: C, 47.42; H, 3.98; N, 9.22 %. Found: C, 47.41; H, 3.97; N, 9.21 %. IR
(KBr, cm™1): 3047 (stretching of N=C—-H), 2937, 2840 (stretching of C-H), 1634 (stretching of
amide C=0). IH-NMR (400 MHz, DMSO-dg, &/ ppm): 2.94 (3H, s, NCH3), 3.09 (2H, t,
indoline CH,), 3.17 (3H, s, NCHs3), 3.98 (2H, t, indoline CH,), 7.49-8.14 (7H, m, aromatic
protons), 8.27 (1H, s, N=CH). MS (m/z): 455 (M*) with all isotopic and other peaks.

General procedure for the synthesis of 6(a—f)

Compound 5 (0.010 mol) and the required amine (0.010 mol) were dissolved in THF,
together with DMAP and pyridine (0.030 mol). The reaction mixture was stirred at room
temperature for 4 h, after which the reaction mixture was poured into dilute HCI and extracted
with EtOAc. The organic layer was washed with water, separated, dried over Na,SO, and
concentrated under vacuum. The so-obtained crude product was crystallized from a mixture of
CH,CI, and hexane.

[3,5-Dimethoxy-4-(2-phenoxyethoxy)phenyl] (5-nitro-2,3-dihydro-1H-indol-1-yl)methanone (9)

Compound 7 (0.010 mol) and 8 (0.010 mol) were dissolved in THF, together with
K,COj3. The reaction mixture was stirred at room temperature for 4 h and then poured into
water and extracted with EtOAc. The separated, organic layer was dried over Na,SO, and
concentrated under vacuum.

Compound 9. Yield: 80 %; yellow needles; m.p. 93 °C; Anal. Calcd. for C;5H,4N,07: C,
64.65; H, 5.21; N, 6.03 %. Found: C, 64.64; H, 5.20; N, 6.02 %. IR (KBr, cm'1): 2902, 2852
(stretching of C-H), 1632 (stretching of amide C=0), 1515 (stretching of NO,), 1240 (stretch-
ing of C-0). TH-NMR (400 MHz, DMSO-dg, &/ ppm): 3.20 (2H, t, indoline CH,), 3.77 (6H,
s, OCHy), 4.17 (2H, t, indoline CH,), 4.27 (4H, m, OCH,), 6.92-8.16 (10H, m, aromatic
protons); MS (m/z): 464 (M*) with all isotopic and other peaks.

(5-Amino-2,3-dihydro-1H-indol-1-yl)[3,5-dimethoxy-4-(2-phenoxyethoxy)phenyl]methanone (10)
To a suspension of the nitro derivative 9 (0.10 mol) in methanol (50 ml) were added 5
equivalents SnCl,-2H,O and the reaction mixture was heated at 70 °C for 4 h. Then the
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mixture was cooled to room temperature, poured into aqueous NH3 and filtered through celite.
The filtrate was extracted with EtOAc. The separated organic layer was dried over Na,SO,
and concentrated under vacuum. The product was recrystallized from ethanol.

Compound 10. Yield: 66 %; brown powder; m.p. 65 °C; Anal. Calcd. for Cy5H,6N,05:
C, 69.11; H, 6.03; N, 6.45 %. Found: C, 69.10; H, 6.02; N, 6.44 %. IR (KBr, cm1): 3445
(stretching of NH,), 2902, 2852 (stretching of C-H), 1632 (stretching of amide C=0), 1240
(stretching of C-0). IH-NMR (400 MHz, DMSO-dg, 8/ ppm): 2.94 (2H, t, indoline CH,),
3.75 (6H, s, OCHg), 3.95 (2H, t, indoline CH,), 4.22 (4H, m, OCH,), 4.95 (2H, bs, NH,),
6.40-7.78 (10H, m, aromatic protons). MS (m/z): 434 (M*) with all isotopic and other peaks.

General procedure for the synthesis of 11(a—€)

Compound 10 (0.010 mol) and the required aromatic sulphonyl chloride (0.010 mol)
were dissolved in THF, together with DMAP and pyridine (0.030 mol). The reaction mixture
was stirred at room temperature for 4 h, after which it was poured into dilute HCI and
extracted with EtOAc. The organic layer was washed with water, separated, dried over
Na,SO, and concentrated under vacuum. The crude product was crystallized from a mixture
of CH,Cl, and hexane mixture.

Anti-oxidant activity

The in vitro antioxidant activity of the test compounds was determined by the DPPH me-
thod®using L-ascorbic acid (an antioxidant agent) as the positive control. The compounds
were tested for antioxidant activity at concentrations of 200, 100 and 50 pg/ml.

Antimicrobial activity

The in vitro antimicrobial activity of the test compounds was assessed against 24 h cul-
tures of several selected bacteria and fungi. The employed gram positive and gram negative
bacteria were Escherichia coli, Pseudomonas aeruginosa, Streptococcus pyogenes and Sta-
phylococcus aureus and the used fungi were Candida albicans, Aspergillus niger and Asper-
gillus clavatus.

The antimicrobial activity of all the compounds was tested using Muller Hinton broth (Hi
Media M 391) as the nutrient medium for bacterial and Sabouraud Dextrose broth for fungal
growth. The media were prepared using distilled-deionized water and dispensed in 25 ml
amounts into 100-mm Petri dishes.The activity was determined by measuring the diameter of
inhibition zone in millimetres.

Anti-tuberculosis activity

All the compounds were screened for their in vitro antimycobacterial activity against
Mycobacterium tuberculosis by the broth macro dilution method. The activity of the com-
pounds was confirmed by MIC determination against M. tuberculosis. A stock solution of
each compound (1 mg/ml) was diluted in sterile distilled water to test the range. Each tube
contained 4 ml sterile Middle Brook 7H9 broth containing albumin-dextrose-catalase, Tween
80, glycerol and 4 ml of the compound solution was added to make serial double dilutions.
The tubes were incubated at 37 °C for 7 days and then read visually. The MIC was determined
as the lowest concentration of the test substance that prevented turbidity. Streptomycin,
isoniazid, rifampicin and ethambutol were used as the reference standards.

CONCLUSIONS

In conclusion, a series of novel indoline derivatives were synthesized and
subjected to various biological activity tests, viz. antioxidant, antifungal, anti-tu-
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berculosis and antibacterial activity. Most of the compounds showed very good
antioxidant and anti-infective activities, which suggest that the indoline core has
a very high therapeutic value and needs to be explored in further studies.
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U3BOJI
CHUHTE3A 1 BUOJIOIIKA AKTUBHOCT HEKUX JEPUBATA MHIOJIMHA

MILIND A. RODE?, SAHEBRAO S RINDHE! u BHAUSAHEB K KARALE?

1Depazrtment of Chemistry, New Arts, Commerce and Science College, Ahmednagar- 414001 u ZDepartment of
Chemistry, Radhabai Kale Mahila Mahavidyalaya, Ahmednagar-414001, India

Peakuujom MHIOMMHA ca CYNCTUTYHCAaHUM OeH3omn-xyopunoM, y npucyctsy K,CO3z y THF,
JOOHjEHO je jenumeme 4 Koje je, HaKOH XJIOpocyi(hOHOBaka, MPEBEICHO ¥ jeaumbeme 5. Konmen-
3alldjOM apOMaTHYHUX aMHHA ca MOJieKylIoM 5 nobujern cy uHmonuacku nepusaru 6(a—f). Cou-
YaH TPETMaH 5-HUTPOUIONUHA CYHCTHTYHCAHUM OCH30MII-XJIOPUJIOM 140 je HUTPO AepuBat 9, Koju
je npBo pexykoBan kanaj(l1)-xmopumom, a pesyaryjyhu amuH je 3aTUM KOHIEH30BaH ca apOMAaTHY-
HUM CYJI()OHII-XJIOPUIOM, TIPU 4eMy Cy I00HjeHr HHAoMuHCKY fAepuBatu 11(a—e). dunanmu mpo-
usBoa, 6(a—f) u 11(a—e) cy Tecrupanu Ha aHTHOAKTEPH)CKY, AHTUTYOEPKYJIO3HY M AHTHTJBHBHUYHY
akTUBHOCT. Heku 0/1 CHHTETH30BaHHX JiepHBaTa Cy Ce I0Ka3ajd BeOMa aKTUBHHUM IpeMa opabpa-
HHM TPaM-TIO3UTHBHUM M TPaM-HETaTHBHHM MHKPO-OparaHW3MHMa, rpema oApel)eHHM cojeBHMa
rJbuBa, Kao u npema Mycobacterium tuberculosis. TTpumenom in vitro DPPH tecra ucnurase cy
AQHTHOKCHIATHBHE OCOOMHE CBHX CHHTETH30BAHWX WHAONHMHA, NIPH YeMy je Kox BehuHe mepusara
JIEeTEeKTOBaHa 3alaKeHa aHTHOKCHIaTHBHA aKTUBHOCT.

(ITpumibeno 14. ampuna 2009)
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Flavonoids from mango leaves with antibacterial activity
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Abstract: Five flavonoids, viz (-)-epicatechin-3-O--glucopyranoside (1), 5-hy -
droxy-3-(4-hydroxylphenyl)pyrano[3,2-g]chromene-4(8H)-one ( 2), 6-( p-hyd-
roxybenzyl)taxifolin-7-O-4-D-glucoside (tricus pid) ( 3), quercetin-3- O-o~glu-
copyranosyl-(1—2)-/Aglucopyranoside ( 4) a nd (-)-epicatec hin(2-(3,4-dihyd-
roxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol) (5), were is olated from the
leaves of mango (Mangifera indica L.). The antibacterial activity of differe nt
concentrations of these flavonoids (100, 300, 500, 700, 900 and 1000 ppm) was
evaluated against four bacterial species, namely Lactobacillus sp., Escherichia
coli, Azospirillium lipoferumand Bacillus sp. All the tested concentrations of
the five flavonoids significantly reduced th e growth of all the five tested bac-
terial sp ecies. However, differences in th e antibacterial activity of the flav o-
noids were evi dent. Compound 1 ex hibited t he low est antibacterial a ctivity,
resulting in a 7-75 % reduction in the growth of the different bacterial speci es.
Compound 5 showed the gre atest antiba cterial activity and the different con-
centrations reduced the bacterial growth by 45-99.9 %. A. lipoferum and Bacil-
lus sp. showed the highe st su sceptibility to t his co mpound. Compounds 24
also depict ed pronounced an tibacterial acti vity. Different concentration s of
these co mpounds d ecreased b acterial gro wth by 52-96 %. From the pre sent
study, it can be concluded th at compound 5 is the most effective of the teste d
flavonoids against A. lipoferum and Bacillus sp.

Keywords: antibacterial, Mangifera indica; mango; flavonoids; leaves.

INTRODUCTION

Flavonoids are a major class of ox ygen-containing heterocyclic natural pro-
ducts that are widespread in green plants.! Generally, they are found as plant pig-
ments in a broad range of fruits and vegetables.2 These are C15 compounds com-
posed of two aromatic rings linked through a three-carbon bridge with a carbonyl

* Corresponding author. E-mail: arshadjpk@yahoo.com
doi: 10.2298/JSC0912389K
1389
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functional group located at one end o f'the bridge. Flavonoids have been reco-
gnized as having a protective effect in plan ts against microbial invasion by plant
pathogens.3-# Flavonoid-rich plant extr acts have been used for centuries to tre at
human disease.> Isolated flavonoids have been shown to possess a host of impor-
tant biological activities, including antif ungal and antibacterial activities.®~8 The
potential of naturally occurring flavonoids as anti-infective agents has been re-
cognized.? However, reports of activity in the field of antibacterial flavonoid re-
search are widely conflicting, probably owing to inter- and intra-assay variations
in the susceptibility testing.

Mango ( Mangifera indicaL.) is an econom ically im portant tro pical fruit
found throughout the world. It is ver y popular due to its excellent eating qualit y
(bright colour, sweet taste and luscious flavour) and nutritional com position (vi-
tamins, minerals, fibre an d other ph ytochemical compounds).!0 Mango contains
various class es of poly phenols, carote noids, and ascorbic acid, which de mons-
trate different health-promoting pr operties, mainly from their anti oxidant activi-
ties.!! The present study was aimed at investigating the antibacte rial activity of
five flavonoids isolated from mango leaves, against four bacterial species.

EXPERIMENTAL
General procedure

All the reagents and the solvents used in the present study were procured from E. Merck
Germany, Fluka Switzerla nd, BDH Chemicals England and Sig ma-Aldrich Che micals Co .
USA. The solv ents used were of analytical grade. For colu mn chromatography, silica gel 60
(Merck 23 0-400 mesh) was used and TLC was performed on sili ca gel (Merck, K eiselgel
60F256). The melting points were determined by the sealed capillary method using a Gallen-
kamp m elting point apparatus. However, the melting point s were uncorrected. The optical
rotation was measured by a polarimeter (modal wxg-4 Dise polarimeter).

The IR spe ctra of the co mpounds in K Br discs were re corded on a Fourier Transform
Shimadzu 4200 instrument. The 'H- and !3C-NMR spectra were recorded on a Bruker 14.1
TNMR spectrometer, operating at a frequenc 'y of 600 MHz. The DEPT experi ments w ere
performed using polarization t ransfer pulses of 90 and 135 °. The EI-MS spectra were mea-
sured with a JEOL JMS-AX 505 HAD mass spectrometer at an ionization voltage of 70 eV.

I solation of bioactive compounds from mango leaves

Five hundred g rams of fresh m ango leaves (equivalent to 2 20 g dry weight) were col-
lected from the University of the Punj ab, Quaid-e-Azam Campus, Lahore, Pakistan in May
2007. The leav es were w ashed with distilled water, dried in the shad e and soakedin1L
methanol for 15 min to re move chlorophy 1. The leaves we re then blended with 1.5L m e-
thanol, left overnight, filtered with Whatman No. 1 filter paper under vacuu m, centrifuged at
2000 rpm for 5 min and the supernatant was concentrated to 100 mL under vacuum at 50 °C.
The concentrated solution was diluted with water (1:1), for p recipitation to o ccur. These pre-
cipitates were filtered, washed with ether, dried in a vacuu m desiccator to y ield compound 1
(215 mg). The filtrate was then concentrated to reduce the volume to 100 mL, extracted with
100 mL of acet one, filtered and the residue w as removed. The residue wa s purified by pre-
paratory TLC ( MeOH:CHClj;, 1:99) and recry stallized in CH Cl;:MeOH (4:1) to y ield com-
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pound 2 (323 mg). The remaining filtrate was successively extracted with 150 mL CHCl; and
n-butanol each. The CHCI; extract was subjected to silica gel column chromatography using a
solvent system of ethyl acetate:MeOH:H,O (4:1:1). From this colu mn, compound 3 (1.75 g)
was 1 solated a nd sub sequently purified by preparative T ~ LC usin g the solve nt sy stem
EtOAc:MeOH (1:4). The buta nolic extract was fractionated by silica gel column (90x4 cm)
chromatography using an isocratic solvent system of MeOH:CHCl3:H,O (3:1:1) to yield com-
pounds 4 (720 mg) and 5 (1.1 g).
Acid hydrolysis

Each flavonoid glycoside (3 mg) was refluxed with2 M HC1 (3 ml) for o ne hour. The
aglycon part w as extracted wi th EtOAc and identified with the help of IR, UV and NMR
spectral analysis. The sugar part was isolated from the aqueous layer and identified by co-TLC
and comparison with authentic samples.
Antibacterial activity

Four bacterial species, viz. Lactobacillus sp. 004, Escherichia coli 019, Azospirillium
lipoferum 022 and Bacillus sp. 018, were procured from the Fungal Culture Bank, Institute of
Mycology and Plant Pathology, University of the Punjab, Lahore, Pakistan. After autoclaving
at 121 °C, LBA broth medium was cooled to room te mperature and 10 mL aliquots of the
medium w ere added to 20 mL culture tube s. Appropriate q uantities of the five flavonoid s
were added to the LBA broth medium in the culture tubes to achieve final concentrations of
100, 300, 500, 700, 900 and 1000 pp m. The test compounds were not adde d to the control
tube. One drop of overnight b roth culture of each bacterial species was add ed to the culture
tubes prior to incubation at 3 7 °C for 24 h. Each treat ment was perfor med in triplicate.
Afterwards, the optical density of ea ch suspension was recorded at 630 nm ona modal UT
2100UV spectr ophotometer (Utechproducts Inc., USA). Th e effectivene ss of the substan ces
was inversely related to the optical density of the suspension.

Satigtical analysis

All the d ata were subjected to analysis of variance followed by the Student -Newman—

—Keuls test (p < 0.05) to separate the treatment means using computer software COSTAT.

RESULTS AND DISCUSSION
Structures of the isolated compounds

Compound 1. Greenish brown powder; m.p. 202-205 °C. IR (KBr, cm 1)
3431,2923, 2922, 1650,1600. 'H-NMR (600 MHz, MeOH- dg4, 6 / ppm ): 5.10
(1H, d, J=2.2 Hz, H-2), 4.45 (1H, dtd, J=2.2, 5.0, 3.4 Hz, H-3),2.75 (2H, d,
J=3.4Hz, H-4),6.03(1H, d, J=2.2 Hz, H-6),5.89 (1H, d, J=2.2 Hz, H-8),
6.78 (1H, br s, H-2"), 6.97 (1H, d, J=10.0 Hz, H-5"), 6.60 (1H, dd, J=10.0, 1.8
Hz, H-6"), 6.54 (1H, br s, H-1"), 4.83 (1H, br s, H-2"),4.65 (1H,t, J=8.1 Hz,
H-3"),4.34 (1H, t, J = 8.2 Hz, H-4"),4.77 (1H, m, H-5"), 4.20 (1H, m, H-6" ),
4.46 (1H, m, H-6"f). 13C-NMR (MeOH-dy4, 6 / ppm): 78.9 (C-2), 68.0 (C-3),30.4
(C-4), 160.5 (C-5),99.1 (C-6), 155.1 (C-7),95.9 (C-8), 155. 8 (C-9), 104. 0 (C-
10), 132.9 (C-1"), 115.1(C-2"), 146.3 (C-3"), 146.4 (C-4'),116.0 (C-5"), 115.5 (C-
6"), 106.0 (C-1"), 73.0 (C-2"), 75.9 (C-3"), 71.8 (C-4"), 78.4 (C-5"), 62.9 (C-6").
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EI-MS (m/z): 452 (M), 256, 213, 170, 153, 125,97. UV (MeOH) ( Apax / nm):
212, 280. [a]?9 (589 nm) = -30.4° (= 0.1 g/100 ml, MeOH).

Compound 2. Brown solid ; m.p. 220-221 °C. IR ( KBr, cm~1): 3410 (br),
2923, 2916, 1670, 1650, 1600. 'H-NMR (600 MHz, CDCl3, § / ppm): 7.83 (1H, s,
H-2), 6.34 (1H, s, H-8), 7.35 (1H, dd, J= 8.6, 2.6 Hz, H-2"), 6.83 (1H, dd, J=8.3
Hz, 2.6 Hz, H-3', H-5"), 7.37 (1H, dd, J = 8.3, 2.6 Hz, H-6"), 4.72, 4.89 (2H, dd, J =
=3.5Hz, 16.4 Hz, H-2"), 6.71 (1H, m, H-3"), 5.81 (1H, d, J= 3.0 Hz, H-4"). 13C-
-NMR (CDCl3, J / ppm): 148.8 (C-2), 125.5 (C-3), 197.7 (C-4), 161.9 (C-5), 105.4
(C-6), 160.9 (C-7), 96.9 (C-8), 158.0 (C-9), 104.9 (C-10),126.2 (C-1", 132.3 (C-2"),
115.3 (C-3"), 146.2 (C-4"), 116.2 (C-5"), 132.2 (C-6"), 77.0.(C-2"), 132.6 (C-3"),
115.2 (C-4"). UV (MeOH) ( Apax / n m): 270, 256; ( NaOAC) (Amax / n m): 276.
EI-MS (m/2): 308 (M), 245, 184, 170, 153, 129, 109, 108, 107, 79, 55.

Compound 3. Yellow brown crystalline, m.p. 145 °C. IR (KBr, cm1): 2914,
2724,2357,1697, 1610, 1454, 1376, 1202, 1030. 'H-NMR (600 MHz, MeOH-
dg, 0/  ppm):4.97 (1H, d J =11.4Hz H-2),44 5(1 H, d,
J=11.4 Hz, H-3), 6.25 (1H, s, H-8), 6.90 (1H, d, J=1.82, H-2"), 6.77 (1H, d, J =
=7.4Hz, H-5"), 6.76 (1H, dd, J=7.4, 1.82 Hz, H-6"), 3.55 (2H, s H-1"), 6.62
(2H, dd, J=8.4, 2.1 Hz, H-3", H-7"), 6.61 (2H, dd, J = 8.4, 2.1 Hz, H-4", H-6"),
6.52 (1H, br s, H-1"), 4.80 (1H, br s, H-2"), 4.62 (1H, t, J=8.1 Hz, H-3"), 4.31
(1H, t, J = 8.2 Hz, H-4"), 4.73 (1H, m, H-5"), 3.55 (1H, m, H-6" ), 4.52 (1H, m,
H-6"/). 13C-NMR (MeOH-d4, 6 / ppm): 82.8 (C-2), 71.5 (C-3), 198.8 (C-4), 160.7
(C-5),110.9 (C-6), 96.4 (C-8), 162.5 (C-7), 160.7 (C-9), 104.5 (C-10), 130.7 (C-1"),
115.4 (C-2"), 146.0 (C-3"), 146.4 (C-4"), 114.9 (C-5"), 114.7 (C-6"), 31.6 (C-1"),
136.1 (C-2"), 132.8 (C-3'"") 115.8 (C-6'", C-4"), 160.7 (C-5"), 133.1 (C-7"), 102.8
(C-1"), 73.6 (C-2"), 76.4 (C-3"), 69.7 (C-4™), 77.6 (C-5"), 62.6 (C-6"). EI-MS
(m/2): 595 (M), 184, 170, 153, 134.9, 125, 109, 108, 107, 97, 79. UV (MeOH)
(Amax / nm): 228, 287. [a]?5 (589 nm) = —7.62° (¢ 0.5 g/100 ml, MeOH)

Compound 4. Reddish pi nk powder; m.p.210-214 °C. IR (KBr,cm ~!):
3332,2950, 2922, 1652, 1600, 1300, 1210, 1147, 1050, 87 8. IH-NMR (600
MHz, MeOH-dy4, 6 / ppm ): 6.32 (1H, d, J=2.1Hz, H-6), 6.51 (1 H, d, J=2.10
Hz,H-8),6.78 (1H, d, J=1.8 Hz, H-2"), 7.63 (1H, d, J=10.0 Hz, H-5"), 7.62
(1H, dd, J=10.0, 1.8 Hz, H-6"), 5.71 (1H, d, J=7.6 Hz, H- 1 "), 4.83 (1H, br s,
H-2"), 4.65 (1H, t, J=8.1 Hz, H-3"), 4.34 (1H, t, J = 8.2 Hz, H-4"), 4.77 (1H, m,
H-5"), 3.50 (1H, m, H-6"), 4.46 (1 H, m, H-6"/), 5.10 (1H, d, J= 7.8 Hz, H-1"),
428 (1H, d, J=8.2 Hz, H-2"), 4.63 (1H, br s, H-3"),4.13 (1H, t, 8.2 Hz, H-4™),
4.52 (1H, m, H-5"), 4.36,4.50 (2H, m, H-6" ¢, H-6"f). 13C-NMR (MeOH-dj,
o /ppm): 160.0 (C-2), 133.3 (C-3), 198.9 (C-4), 162.1 (C-5), 100.4 (C-6), 162.8
(C-7),96.4 (C-8), 161.1 (C-9),104.6 (C-10), 132.9 (C-1"), 115.4 (C-2"),146.4 (C-
3), 146.2 (C-4"), 115.8 (C-5"), 123.9 (C-6"), 105.6 (C-1"), 101.5 (C-1"), 72.6 (C-
4" C-4"), 62.5 (2C, C-6'", C-6") 79.9 (C-5"), 78.1 (C-5"), 77.7 (C-2"), 72.3 (C-
2"), 77.7 (C-3"), 72.8 (C-3"). EI-MS (m/2): 626 (M 1), 390, 354, 327, 302, 299,
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192, 153,125,121,93. UV (Apax / nm) (MeOH): 357, 307,256, (Anax / nM)
(NaOAc): 372, 260.

Compound 5. Off-white powder, m.p.241-245 °C. IR (KBr, cm ~1): 3331,
2923, 1650, 1240, 1070, 880. 'H-NMR (600 MHz , MeOH-dj4, §/ ppm ): 4.87
(1H, d, J=2.4 Hz, H-2), 3.98 (1H, m, H-3), 2.85 (1H, dd, J= 5.4, 16.2 Hz, H-40),
2.51(1H, dd, J=4.2, 16.2 Hz, H-43), 5.88 (1H, d, J= 2.1 Hz, H-8), 6.03 (1H, d,
J=2.1 Hz, H-6),6.89 (1H, d, J=1.7 Hz, H-2"), 6.77 (1H, d, J=7.4 Hz, H-5"),
6.73 (1H, dd, J=7.4, 1.7 Hz, H-6"). 13C-NMR (MeOH-dy, § / ppm): 74.8 (C-2),
71.8 (C-3), 31.4 (C-4), 160 .1 (C-5), 96.8 (C-6), 156. 1 (C-7),96.5 (C-8), 155.3
(C-9), 104.0 (C-10), 132.1 (C-1"), 110.1 (C-2"), 145.5 (C-3") 146.4 (C-4"), 116.0
(C-5", 1152 (C-6' ). EI-MS ( m/2): 290 (M *), 24 5,227,1 70,153, 12 6. UV
(MeOH) (Amax / nm): 280, 212. [a]?> (589 nm) = —14.90°.

Compound 1 was obtained as a greenish brown amorpho us powder having
m.p. 202-205 °C, positive to the butanol/HC] and vanillin/HCI tests. It gave a
dark greenish black colour with FeCl 3. A positive molecular i on peaks (M )
appeared at Mz 452. The IR spectrum showed bonded OH at (3431 cm™!) and an
aromatic group at 1600 and 16501, The TH-NMR spectrum showed a pair of
doublets at 0 2.7 and 2.8 ppm, assigned to the H-4 protons (coupled to each other
with J=16.7 Hz and to H-3 with J=4.5 and 2.5 Hz), a doublet at 5.10 p pm (J =
= 2.2 Hz, H-2), a dtd signal at 4.45 ppm (J = 2.2, 3.4 Hz, H-3) and a pair of meta
coupled doublets (J= 2.2 Hz) at 6.0 ppm (H-6) and 5.89 ppm (H-8). The 'H-NMR
spectrum showed a resonance due to  an anom eric proton at 6. 54 ppm (br, s
H-1"), a broad signal at 4. 80 ppm (H-2") and four other peaks, indicating that the
glucose moiety isa fD-glucopyranosyl group. The glucosidation at position 3
was also concluded from a !H-heteronuclear multiple band correlation (MBC)
correlation between the anom eric proton of glucose at 6.54 ppm and the C-3  at
68.0 ppm. Also, the 13C-NMR signals at C-2 and C-3 confirm that the compound
suggested is (—)-epicatechin with a glucose moiety at C-3.12

Compound 2 was isolated as a brown s olid having a m.p. 220-221 °C. The
molecular formula C1gH205 was deduced from elemental analysis and the EI-
~MS mass spectrum, which exhibited a (M ) at m/z 308. The compound gave a
bluish black colour with F eClz. Bands at 3410 (OH), 1670 (C=0) and 16 50 and
1600 cm! (phenyl group) were observed in the IR spectrum. The !H-NMR spec-
trum exhibited a singlet at 7.83 ppm (H-2) and the 13C-NMR spectrum, a signal
at 148.8 ppm (C-2), which are charact eristic for the isoflavone skeleton. 13 This
was further supported by the UV spectrum with Apax at 270 nm. The 'H-NMR
data indicated a doublet of doublets (J = 8.6, 2.6 Hz) at 7.35 (H-2"), 6.83 (H-3',H-5")
and 7.37 ppm (H-6'), showing the presence of a 4'-OH on ring B of isoflavonoid.
The OH at C-7 was not freeas NaOAc fail ed to produce any bathochromi ¢
shift.!4 The !H-NMR and !3C-NMR spectra showed the presence of a pyran ring
at 4.72 and 4.89 (2H, H-2"), 6.71 (H-3") and 5.81 ppm (H-4") and at 76.9 (H-2"),
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132.6 (H-3") and 115 ppm (H-4"), respectively. These data suggested that co m-
pound 2 was 5-hydroxy-3-(4-hydroxylphenyl)pyrano[3,2-g]chromene-4(8H)-one.
This compound was previously reported form Erythrina lysistemon.!3

Compound 3 was isolated as a yellow powder, m.p. 145 °C. EI-MS gave the
(M™) peak at mVz595. Its UV and IR data were si milar to that of the reported
data.!® The 'H-NMR signals at 4.97 (1H, d, J=11.4Hz,H-2) and 4.45ppm
(1H, d, J=11.4Hz, H-3)aresp ecific fortr ans stereoch emistry of the
dihydroflavonol skeleton. Two sets of doublets (J= 8.4, 2.1 Hz) at 6.62 (H-3", H-
7")and 6.61 ppm (H-4", H-6") indicat e the presenc e of a p-substituted phenyl
group. The proton !H-NMR resonance of the anomeric carbon at 6.52 ppm (1H,
br s, H-1") s uggest the glucose moiety has the S-configuration. The 13C-NMR
upfield signals of C-8 and C-6 and the dow nfield resonance of C-7 indicate that
the glucose moiety was attached with that of (C-7). Regarding the data described,
compound 3 is suggested to be 6-(  p-hydroxybenzyl)taxifolin-7-4D-glucoside.
This compound was previously identified from Cudrania tricuspidata.l”

Compound 4 was isolated as a reddish pink powder, m.p. 210-214 °C. The
UV, IR and NMR data resem bled those of a reported flavonol. '8 The IR spe c-
trum showed bands at 3332 (OH) and 1652 cm~! (C=0). The UV spectrum show-
ed a m aximum absorbance with NaOAc at 260 and 372 nm, indicating the pre-
sence of free OH groups at position 5 and 7 of ring A. 9 Inthe !'H-NMR
spectrum, two anomeric protons appeared at 5.71 ppm (1H, d, J=7.7, H-1"") and
5.10 (1H, d, J=7.8, Hz H-1"), indicating the presence of glucose moieties
having a f-configuration. The !H-NMR and !3C-NMR data of model sugars
identified that the sugar ~ moiety may be D-glucopyranoside. The 13C-NMR
upfield signal at 77.7 (C-2") and downfield signal at 105.6 ppm (C-1") confirmed
the presence of a 1 =2 interglucoside linkage. 20 This co mpound was previously
isolated from Cadaba glandulosa.?!

Compound 5 was isolated as an off-white amorphous powder, m.p. 241-245
°C. The co mpound was p ositive to but anol/HCI and vanillin/HCI reagents. Th e
UV spectrum (MeOH) showed maximum absorbance at 280 and 212 nm . Its EI-
-MS mVz313 (Na+M)™ indicates a monomeric unit of m/z290. Bands at 333 1,
2923 and 1650 cm~! were observed in the IR spe ctrum. The H-NMR spectrum
showed a pair of doublets at 2.51 and 2.85 ppm, assigned to H-4 proton (coupled
to each other with J= 16.2 Hz and to H-3 with 5.4 and 4.2 Hz). A doublet at 4.87
ppm (J =2.4 Hz, H-2), asignal at 3.9 8 ppm (1H, m, H-3) and a pair of m eta
coupled doublets (J=2.1 Hz) at 6.03 ( H-6) and 5. 88 ppm (H-8) were observed.
The 'H-NMR data suggest that the compound was epicatechin, which was further
supported by 13C-NMR signals, especially at 74.8 (C-2) and 7 1.8 ppm (C-3).12
This compound was previously isolated from Adansonia digitata.2?

The structures of the five isolated compounds are given in Fig. 1.
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Fig. 1. Structures of flavonoids isolated from mango leaves.

Antibacterial activity

Analysis of variance showed that the effect of flavonoids, bacterial species,
concentration and their interaction was highly significant (p < 0.001) for bacterial
growth (Table I). The data presented in Fig. 2 indicates that all the concentrations
of the five isolated flavonoids significantl y suppressed the growt h of all the four
tested bacterial species, however, variation in antibacterial activity of the isolated
compounds was evident. Co mpound 1 exhibited the least antibacterial activit y.
Various concentrations of co mpound 1 reduced the b acterial growth by 7-75 %
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(Fig. 2A). In contrast, co mpound 5 was found to b e the most effective in co n-
trolling bacterial growth. This compound was highl y toxic t o A. lipoferum and
Bacillus sp. growth, resulting in 94-99.9 % and 73 -99 % decreases in bacterial

growth over corresponding control treatments, respectively. Lactobacillus sp. and
E. coli were comparatively less suscep tible to com pound 5 where 59-96 % and
45-83 % suppression in bacterial growth, respectively, was recor ded over the

corresponding control trea tments (Fig. 2E). Com pounds 2—4 exhibited inter me-
diate antibacterial activity between compound 1 and 5. Different concentrations
of compound 2-4 reduced the bacterial growth by 65-96 %, 52—-80 % and 68-92 %,
respectively (Figs. 2B-2D). Recently, similar antibacterial activities were also re-
ported for o ther flavonoids isolated from different plant species. 82324 Various
antibacterial mechanisms of action of different flavonoids have been propose d,
including inhibition of nucleic a cid synthesis,25 inhibition of ¢ ytoplasmic mem-
brane function2 and inhibition of energy metabolism.27 Earlier compound 2 was
known for its antimicrobial and radical scavenging activities.!> In conclusion, the
results of the present study revealed that  the flavonoids isolated from mango
leaves possess antibacterial activity. Co mpound 5 is the most effective flavonoid
against A. lipoferum and Bacillus sp.

TABLE I. Analysis of variance for the effect of different concentrations of the five flavonoids
isolated from mango leaves against four bacterial species

Sources of variation df SS MS F values?
Treatment 139 121 0.87 2285
Flavonoids (F) 4 26 6.54 17147
Bacterial species (B) 3 4.1 1.35 3554
Concentration (C) 6 77 1291 33882
FxB 12 4.2 0.35 922
FxC 24 6.2 0.26 678
BxC 18 1.0 0.06 147
FxBxC 72 1.9 0.03 70
Error 280 0.1 0.0004 —
Total 420 335 — —

Significant at p < 0.001
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m 0 ppm m100 ppm @300 ppm & 500 pp
E700 ppm 900 ppm 1000 ppm

Compound 1 A

Optical density

Lactobacillus sp. E. coli A. lipoferum Bacillus sp.

25 Compound 2

O ptical density

A. lipoferum Bacillus sp.

Compound 3

Optical density
-

Lactobacillus sp. E. coli A. lipoferum Bacillus sp.

Compound 4

Optical density

Lactobacillus sp. E. coli A, lipoferum Bacillus sp.

Compound S E

d
Kk m
Ipqrrrr 29 ¢ p

A. lipoferum Bacillus sp.

25

Lactobacillus sp.

Optical density

Fig. 2. Effect of different concentrations of five flavonoids on the growth of bacteria. In each
graph, bars with different letters show significant difference (p < 0.05)
as determined by the Student-Newman—Keuls test.
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U3BO [
AHTUBAKTEPNJCKA AKTUBHOCT ®JIABOHOMJIA JINCTA MAHI'A

QUDSIA KANWAL', ISHTIAQ HUSSAIN!, HAMID LATIF SIDDIQUI' 1 ARSHAD JAVAID?

LInstitute of Chemistry, University of the Punjab, Quaid-e-Azam Campus, Lahore « 2Institute of Mycology and
Plant Pathology, University of the Punjab, Quaid-e-Azam Campus, Lahore, Pakistan

W3 nucra manra (Mangifera indicaL.) uzonoBano je mer daBoHoua: (—)-enukaTexut-3-0-
-f-raykonmpanosun (1), 5- xuapokcu-3-(4-xuapoxkcudennn)mupano|3,2-g]xpomen-4(8H)-ou (2),
6-(p-xunpokcubensmn)rakcudoaus-7-0-F-D-rinyko3un  (3), KBepUETHH-3-O-0-IIyKOIHPAHO3UII-
-(1-2)-f-rnyxonupano3un (4) u (—)- enukarexus (2-(3,4- muxunpoxcudernn)-3,4-nuxunpo-2H-
-XpoMeH-3,5,7-tpuon) (5). AHTHOaKTepHjcKa aKTHBHOCT Pa3IMYUTHX KOHIEHTpanuja ¢raBoHonma
(100, 300, 500, 700,900 u 1000 ppm) je ompehuBana crpam detupu Oakrepujcke Bpcre: Lacto-
bacillus sp., Escherichia coli, Azospirillium lipoferum u Bacillus sp. Ceu ¢naBononau cy 3uauajuo
CMambHBall pacT TECTHPAHUX OakTepHja, Majaa je MOCTojaja pasjiuKa y HHXOBOj e(HKACHOCTH.
Jenumeme 1 je uMano HajMamy aHTHOAKTEPHjCKYy aKTHBHOCT (CMambeHhe pacTa PasInuUTHX BpCTa
6akrepuja 7-75 %). Jenumeme 5 je umano Hajehy aHTHOAKTEPHjCKY aKTUBHOCT (PEyKIlfja pacta
Oakrepuja 45-99,9 %). baxrepuje A. lipoferum u Bacillus sp. cy Guie HajoceTsbUBHje Ha OBO je-
IMBemke. Jenumema 2—4 cy, Takole, HcHosbrIa H3paXxeHy aHTHOAKTEPHjCKY aKTUBHOCT (PeLyKIHja
pacta 52-96 %). Ha ocHOBY pe3ynrara oBe CTyHj€ MOXE CE 3aKJbYyUHTH Ja je jeAnmbehe S Hajedu-
KacHHje OJl CBUX TeCTHpaHUX (aBoHOMIA U [a je edekar Hajuspaxenuju cupam A. lipoferum u
Bacillus sp.

(IIpumsbeno 18. anpuiia, pesuaupaso 1. jyna 2009)
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Abstract: A powder mixture of ¢+Bi,O5 and HfO,, in the molar ratio 2: 3, was
mechanochemically treated in a planetary ball mill under air, using zirconium
oxide vials and balls as the milling medium. After 50 h of milling, the mecha-
nochemical rea ction led to th e formation of a nanocry stalline &Bi,O5 phase
(fluorite-type solid solution Bi 7gHfj 5971 63053 1), With a crystallite size of 20
nm. The mechanochemical reaction started at a very beginning of m illing ac-
companied by an ac cumulation of ZrO , arisi ng from the milling tools. The
samples prepared after various milling times were characterized by X-ray pow-
der diffraction and DSC analysis. The electrical properties of the as-milled and
pressed Bi 7gHfj) 5021 305 61 powder were studied using impedance spectros-
copy in the tem perature range from 100 to 700 °C un der air. The electrical
conductivity was determined to be 9.43 x107% and 0.080 S cm™! for the tem pe-
ratures of 300 and 700 °C, respectively.

Keywords: bismuth(IIT) oxide; milling; X-ray diffraction; electrical conducti-
vity; fuel cells.

INTRODUCTION

In recent years, there has been considerable interest in the study of materials
based on Bi 703 owing to their ph ysical properties, such are ionic conductivit vy,
ferroelectricity, photoconductivity and photoluminescence. The ferroelectric na-
ture of so me bismuth-rich compounds, e.g., Bi4Ti301;, CaBi3Ti3O1,_x and
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# Serbian Chemical Society member.
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1401

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1402 2o UJIC etal.

SrBiy(Ta,Nb)>,Og, make them important materials for the manufacture of ferro-
electric random access memories,! while the &Bi,O3 polymorph, with a fluorite-
-type structure, has the highest oxide—ion conductivity of all known compounds,?
providing us eful properties for its application in solid oxide fuel cells and gas
sensors.3-4

Bismuth(III) oxide, BioO3, is known to appear in five polymorphs, as the o,
[, ¥, & and e-phase.>~7 The room-temperature monoclinic o~BiyO3 transforms
upon heating at 729 °C to the high-temperature cubic 6-Bi,O3, which is stable up
to the melting point at 825 °C.8 Upon cooling, two metastable phases may occur
depending on the applied thermal treatment, i.e., the tetragonal S-phase near 650
°C and the body -centered cubic jphase near 640 °C. Usually these phases trans -
form into the o~phase on further cooling.’

The structure of the &-phase is based on a face-centered cubic cation sublat-
tice and can be described as a defective fluorite structure where one quarter of the
available anion sites are vacant. %9 The disorder of the oxide ions in the structure
has been investigated in detail,!0-12 and it was found that a high concentration of
oxygen vacancies, combined with the high polarizability of the Bi3* 6s2 lone ele-
ctron pairs, increases the oxide ion mobility in this compound.!3

Pure 6-BirO3 cannot be quenched to room temperature. 14 Nevertheless, the
stability of the &BirO3 phase at low temperatures can be a chieved by substitu-
ting Bi** with different mono to pentav alent cations. !5-17 However, the stability
improvement is usually acco mpanied by a decrease in the ionic conductivit y.
Thus, the substitution of Bi3" by higher-valent cati ons, such as Ti*", Zr4* and
Hf*" should result in a reduction of the vacancy concentration.!3

Knowing that mechanochemical treatment is a process producing metastable
(amorphous, nanocrystalline, supersaturated solid solutions) m aterials, this tech-
nique has already been employed for the study of various Bi yO3-containing sys-
tems.!8:19 O ne of the recent studies showed that mechanoche ~ mical tre atment
applied to the 2Bi ,03-3ZrO; system led to the gradual form ation of a nanocry s-
talline phase which resem bles &Biy03.20 Following this line, it seemed quite
reasonable to undertake an examination of the analog ous 2Bi,03-3HfO; system.
However, after prolonged milling for 50 h, a signifi cant amount of ZrO», origin-
nating from the milling medium, accumulated in the sy stem yielding a final sam-
ple with the formula Big 78Hf( 59Zrg 6303.61. Herein, structural, thermal and elec-
trical investigations of a hafnium/zirconium-substituted bismuth oxide that adopts a
fluorite-type &-BiyO3 structure, a material with ver y promising electrical proper-
ties, are presented.

EXPERIMENTAL

A mixture of commercial Bi,O3 (> 99 % purity ) and HfO, (> 98.5 % purity) powders in
a 2:3 molar ratio was used as the starting material. By the X-ray powder diffraction (X RPD)
technique, the Bi,O3 was identified as being in the stable o~Bi,03, bismite form (JCPDS card
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41-1449), whereas the HfO, was in the monoclinic modification (JCPDS card 34-0104), but
contained about 1.5 wt. % of ZrO ,. Mechano chemical treatment was performed in a Fritsch
Pulverisette 5 planetary ball mill. Zirconia vials of 500 ¢ m> volume charged with 93 zirconia
balls of a no minal diameter of 10 mm were used a s the milling medium. The mass of th e
powder mixtures was 15 g, giving a ball-to-powder mass ratio of 20:1. The a ngular velocities
of the supportin g disc and vial s was 33.2 (317) and 41.5 rad s "! (396 rpm), respectively. The
mixtures were milled for 10 and 30 min, as well as for 1, 10, 20 and 50 h in an air atmosphere
with no addition of lubricant (dry milling). Each milling run was realized with a fresh powder
mixture and without opening the vials for the specified milling period.

The X-ray powder diffraction data were coll ected on a Ri gaku PH 1050 dif fractometer
with Cu-K o, gr aphite-monochromatized radi ation (A= 1.5418 A) inthe 2 @range 10 —80°
(step-length: 0.02° 2 6, scan time: 5 s). The program PowderCell,?! was use d for an approxi-
mate phase analysis in a Rietveld-like refinement. Unit cell parameters were obtained by the
least-squares method using the program LSUCRIPC.?2 The mean crystallite size, <D>, of the
sample milled for 50 h was calculated by the Scherrer formula.2? The sample milled for 50 h
was tested using the EDX R fluorescence technique, which confirmed the presence of Bi, H f
and Zr only. The composition of the sample was determined by EDAX and re-checked by ICP
analysis. The me an Zr content was 15.2 wt. %, yielding the formula Bi 7gHfj 50Z1( 6305 61
The particle morphology of the prepared material can be seen in Fig. 1.

The thermal behavior of th e initial mixture and powders milled for 1,2 0 and 50 h was
investigated from room temperature to 900 °C using an SDT Q600 simultaneous DSC-TGA
instrument (TA Instruments) with a heating and cooling rate of 20 °C min™! under a dy namic
(100 cm? min'!) N, atmosphere.

The electrode s for the electrical measurements were applie d to polished di sc surfac es
(diameter 8 mm, thickness 1 mm ) pressed under 1 MPa, by the screen prin ting method. The
silver paste was polymerized at 200 °C for 3 0 min. AC impedance measurements were per -
formed over the frequency range from 1072 to 3x105 Hz using a Ga mry Potentiostat EIS 300.
The amplitude of the input sine-wave signal was 10 mV. The ionic conductivity was measured
up to 700 °C under an air atmosphere. The values of grain and grain boundary resistivity were
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determined from the intersection of the semicircles with the Z’ axis, while grain capacitance
was calculated from the condition wRC = 1.

RESULTS AND DISCUSSION
Structural changes

As can be seen from Fig. 2, significant structural changes had alrea dy occur-
red after 10 min of milling. The XRPD patt ern exhibits broad low intensity peaks,
implying a very deformed and disordered structure. Both constituents mainly pre-
serve their original monoclinic structure. In addition, some peaks may be assign-
ned to A-BiyO3 in an amount of about 15 wt. %, indicating that the mechanoche-
mical reaction starts at the very beginn ing of milling. Such an early appearance
of #Biy03 is in accordance with the observed tendency for ZrO ; and HfO ; to
stabilize this phase.24-26

0h m

m
m
10 h
20 h
o
50 h 5 3 5
AW LS
L f i ) ] . i ) ] L |
10 20 30 40 50 60

20(°)
Fig. 2. XRPD Patterns of the powder mixtures after various milling times. Main maxima of

the phases present are denoted as: m — monoclinic HfO,, a, fand d— a-Bi,03,
Bi,05 and &Bi,03, respectively.
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As milling continued, the formation of the 4-BiyO3 phase progressed. Thus,
the XRPD p attern of the sam ple milled for 30 m in revealed that the strongest
maxima of 0o~BiyO3 (120 at 27.37° 2 6) and HfO, (111 at 28.34° 26) merge into
one broad peak at around 28° 26. This peak is the most pronounced in the pattern
of the sample milled for 1 h, and repr esents the main, (201) peak of the #BiyO3
phase. After 1 h of milling, the approximate ABiyO3 content was 50 wt. %.

Such a situation was maintained over a broad interval of mechanochem ical
treatment, so that differen ces in the patterns of samples milled for 10 and 20 h
were hardly visible. Finally, in the XRPD pattern of the sam ple milled for 50 h,
all peaks may be assigned to the BiyO3 phase. Therefore, mechanochemical
treatment produced and stabilized the 6-BiyOj3 structure through the formation of
a solid solution with HfO,, as well as with ZrO ; introduced into the sy stem as a
consequence of vial and ball debris during prolonged milling. The obtained com-
position, i.e., a solid solution of the formula Big 7gHf( 59Zrg 6303 61, is in a nano-
crystalline form with a crystallite size o f about 20 nm. The microstructure of this
sample (Fig. 1) ist ypical for milled ceramic materials showing sm all pri mary
particles of about 0.1 pm, as well as much larger aggregates of up to 10 um.

The high solubility of HfO, and ZrO, in Bi,0; can be explained b y structu-
ral similarity of the high -temperature, cubic HfO,/ZrO; and &-Bi,03. Cubic HfO,
and ZrO» both have the fluorite structure (space group Fm3m ) with a =5.115(10)
and 5.065(10) A, respectively. 27 In th ese phases, each cation is surrounded by
eight equidistant oxygens. As already described in the Introduction, 6-BirO3 also
has a fluorite-ty pe structure, but with partially va cant oxide positions m aking
space for the lone electro n pair on Bi 3*. High-temperature Hf |_yBixOo_y» (X =
=0.4-0.75) and Zr;_xBixOs_yn (X=0.50 —0.75) p hases with a defect fluorite
structure have already been observed. At temperatures above 750 °C, both phases
decompose giving different pro ducts.25 The unit ¢ ell para meter of the present
Big 78Hfo 59710 6303 61 sample was a = 5.221(4) A. This is bet ween the values
for HfO, and ZrO5 unit cell parameters (see above) and the unit cell parameter of
undoped &Biy03 (5.6549(9)—5.665(8) A).6:10

Thermal behavior

The DSC examination of the powders milled for various milling times gave
further understanding of the structures achieved with the progress of m echano-
chemical treatment. On heating, the starting powder mixture (before milling) ex-
hibits two endothermic heat effects (Fig. 3a): the first is at about 740 °C (with an
enthalpy change, AH, of 30.5 J per gram of the powder mixture), which arises
from the &-Bi,O3 — &-BiO3 phase transition and the second at about 8 60 °C
(AH=11.61g ~1)is assigned to the m elting of &Bi03.29 Mechanochem ical
treatment for 1 h induced significant structural changes (Fig. 2), hence during
heating, the temperature of the first heat effect was shifted to a lower temperature
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of about 713 °C ( AH=2 2.5] g -1), while during cooling, the ~&BiyO3 trans-
formed to the Bphase at about 576 °C (AH =20.7 J g 1) (Fig. 3b). The fact that
the sample milled for 1 h consisted of 4BirO3 and HfO,, as revealed by XRPD
analysis, implies that first heat effect should be attributed to the f — Jphase

transition.

[ T I T I T I T I T I T |
300 400 500 600 700 800 900
Temperature (°C)

Fig. 3. DSC Curves (full line — heating, dotted line — cooling) of the powder mixtures: before
(a) and after mechanochemical treatment for 1 (b), 20 (c), and 50 h (d).

Milling up to 20 h gradually deform ed and m ixed the constit uents on t he
atomic level, and the powder milled for 20 h was stable during heating up to 900
°C, i.e., no significant heat effect could be resolved on the DSC curve (Fig. 3c).
However, on cooling, the d — £ phase transition occurred at about 556 °C (AH =
=16.7 ] g1). Prolonged milling for 50 h, further refined and stabilized the struc-
ture, hence no recognizable heat effects may be detected during either heating or
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cooling. This finding confirms that a single 6-Bi»O3 phase had been obtained, in
agreement with the XRPD analy sis. A similar thermal behavior was observed for
the Big g5Eug.1Vo.0501 55 compound with a fluorite-type &-BiyO3 structure. !>

Electrical measurements

Impedance spectroscopy was used to deter mine the electrical properties of
the material mechanochemically synthesized for 50 h of milling. For such measu-
rements, co mpacts wer e prepared by pressing only . No heat treat ment was ap -
plied in order to preserve the structure attained after 50 h of milling, i.e., to avoid
possible phase transitions of &BiyO3, which could occur at higher temperatures.
The density of the pressed samples was about 65 % of the theoretical density ( px =
= 8.94 g cm—3). Therefore, a high porosity plausibly implies considerably higher
impedance values than if fully dense samples were used for the measurements.
Moreover, the mechanochemical treat ment cr eated highly activated powders ,
which during pressing may form specific in tergranular layers influencing, espe-
cially at low temperatures, the electrical characteristics.

Selected impedance spectra recorded in the temperature interval from 100 to
700 °C and in the frequency range from 300 kHz to 0.01 Hz are shown in Fig. 4.
As can be seen, the curves are somewhat flattened, which may indicate deviation
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Fig. 4. Selected complex impedance plots measured at different temperatures of the
Big 7gHf 5021 6303 1 solid solution (&-Bi,O3 phase) powder prepared by
mechanochemical treatment for 50 h, and compacted by pressing.
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from Debye character of the samples.28 With increasing temperature from 400 to
700 °C, the resistivity of the sample-to-electrode contact had a greater influence
on the overall sample resistivity. This was most obvious at 700 °C, where the se-
micircle arisi ng from the resistivity of the bulk sam ple material at higher fr e-
quency significantly declines.

It should be emphasized that no detectable structural changes were observed
by XRPD analysis of the sa mples after the i mpedance—temperature measure-
ments. This observation showed that prolonged heating does not cause any phase
transition up to at least 700 °C, i.e., the prepared 6-Bi,O3 samples were stable
under these conditi ons. On the other hand, after a heat treatm ent (attempting to
increase the density of the samples) at 820 °C for 24 h followed by slow (furna-
ce) cooling or quenching, such metastable solid solutions transform into complex
mixtures of either &Bi»03, #BiyO3 and monoclinic HfO»/ZrO; or &Biy03, A4BiyO3
and monoclinic HfO,/ZrO», respectively. (Monoclinic HfO 7 and ZrO, are indis-
tinguishable by XRPD analysis because of their very similar unit cell parameters.)

The bulk resistivity is equal to the sum of the grain, Rg, and grain boundary,
Rgb, resistivities. The speci fic resistivity, p, for various temperatures was calcul-
ated from the total resistivity, and the specific conductivity, o= 1/p, as a function

log (o (S cm™))

9L o 4

Fig. 5. Arrhenius plot of the 6-Bi,O3
(Big.78Hf 50210 6303 61) powder pre-
) pared by mechanochemical treatment
1000/T (K™) for 50 h, and compacted by pressing.

ol v v 1
081012141618 2022242628 3.0
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of 1000/T is presented in Fig. 5. T he obtained values of the electrical conduc-
tivity are 03090 = 9.43x10 ¢ and o799 = 0.080 S cm ~! for the tem peratures 300
and 700 °C, respectively (Table I). In c omparison with some Bi-containing pha-
ses, the conductivity of Big 73Hfg 59Z1( 630361 Was lower than the electrical con-
ductivity of pure &BiyO3 (Opuik=1 S cm~1at 730 °C), 4 and those of some
BisNb|_yZryO7_x/2 compounds (ogop = 0.114 and 0.123 S cm~! for x = 0.80 and
0.90, respectively ),16 as well as of some compositions in the of Bi ,03—Er,O3—
—PbO system (0750 = 0.49 and 0.72 S cm~! for (BiO1 5)0.80(ErO1 5)0.11(PbO)g 09
and (BiO1 5)0 85(ErO1 5)0.12(PbO)g.03, respectively).2? Moreover, it is comparable
with that for the Bi 23V4044.5 compound (og90 = 1072 S cm~1),30 or even higher
in comparison to so me other sy stems. For example, the electrical conductivities
at 800 °C of the isostructural StBi ¢V,0;5 and PbBi 4V,015 are 1.96x10-3 and
1.72x10-3 S cm™!, respectively,3! while for the Bi ¢SO14 5 compound, conducti-
vities from =103 to =102 S cm~! were found at 600 and 700 °C.32 In addition,
0690 = 3.41x1072 S cm~! was obtained for the Pb,BiVOg compound.33

For the temperature range 200—700 °C, the calculated value of the activation
energy, E; = 1.03 eV, was higher than t he values for so me other bismuth oxide
compounds with similar grain sizes, for exam ple, E, = 0.7 eV, for BigTi30;p,34
and E; = 0.78 eV for Bir3V4044 5.30

As can be seen from Table I, the grain resistivity change with temperature is
not so pronounced as it for the grain boundary resistivity. The drastic decrease of
the grain boundary resistivity from 0.19 GQ to = 6.5 kQ between 373 and 973 K
is a consequence of an activation of  defects, in first place oxygen vacancies
located in the grain boundaries and generated during the mechanochemical treat-
ment. A high am ount of oxy gen vacancies arises from the large density of the
grain boundaries of nanocrystalline structures. It is a well known that the inherent
feature of nanostructured m aterials is a significant fraction of atom s residing in
the grain boundaries.35 T herefore, it may be conc luded that m echanochemical
treatment, through the for mation of sig nificant defect structure(s), has an effect
on the ionic conductivity.

TABLE L. Grain, Rg, and grain boundary , Ry, resistivities, grain boundary capacitance, Cyy,
specific resistivity, p, and spe cific condu ctivity, o, at various te mperatures of th e pre ssed
Big 7gHfy 59Z1 6303 ¢; sample mechanochemically synthesized by 50 h of milling

t/°C

Parameter 100 200 300 400 500 600 700

R/ kQ 25245 23 225 =5 ~4 ~2

Rep/kQ  0.19x10°  1.2x10° 21.1x10°4.1 x10° =1.4x10° =16 6.5
Cap / PF 13 25 25.5 31.8 ~35 ~48 —

p/Qem  9.01x10°5.99 x10° 1.06x10°2.02 x10° 6.6x10% 62 12.5

o/Sem’  1.11x107 1.67 x107 9.43x10° 4.94x10* 1.52x10° 1.62x10%8.00 x107
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CONCLUSIONS

A nanocrystalline Big 7gHfj 59Zrg 6303 61 solid sol ution with a fl uorite-type
0-Biy03 structure was synthesized by prolonged mechanochemical treatment of a
2Bip03-3HfO; powder mixture in a zirconia medium.

The reaction co mmenced at the very beginning of milling through the for-
mation of a #BiyO3 phase, which grew with the advancement of milling and was
finely transformed to a single 6-Bi;O3 phase. The final phase transition was very
likely assisted by the accumulation of ZrO» arising from the milling tools. Thus,
contamination of the m illed materials, which in many situations must be judged
as undesirable, presents here a favorable process.

According to DSC results, the Big 78Hf 59Zrg 6303 61 solid solution was sta-
ble on heating and cooling between room temperature and 900 °C. This fact and the
relatively high value of the electrical conductivity, close to 0.1 S cm~! for a tem-
perature of 70 0 °C, m ake the mechanochemically synthesized Big 7gHfj 59Zrg 6303 61
solid solution a promising high oxide ion conductivity material.
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U3BOJI

MEXAHOXEMUMICKA CUHTE3A 1 EJIEKTPUYHA ITPOBOJIJHOCT HAHOKPUCTAJIHOI"
&Biy03 CTABUJIMCAHOT CA HfO, U ZrO,

MUHOJIPAT 3I[YJI/IT11, JEJAH HOJ'IETI/IZ, YEJOMUP JOBAJIEKUR u JbUJbAHA KAPAHOBUR®

II/IchTmmytﬂ wwexruuxux Hayka CAHY, Knes Muxauaosa 35, beozpao, 2Kau7e0pa 30 ONULTLLY U HEOPZAHCKY XeMUJY,
Texnoaowko—meitianypuiku gaxyaitieiti, YHusep3auitieiti y beozpaoy, Kapuezujesa 4, beozpao, ‘?I/Il-tcmum/vm 3a
MYATUOUCUUTAUHAPHA uctlipaxcusarsa, Kresa Buwecaasa la, Beozpao u 4J7a60palﬁopuja 3a kpucitanrozpagujy,
Pyoapcro—zeonowku axyaitieins, Ynugepauitieii y beozpaoy, beozpad

CwMmemra npaxosa 0-Bi,O3 u HfO, y MomaprOM ofHOCY 2:3 MEXaHOXEMH)jCKH je TpeTUpaHa y
IUIAaHETapHOM MJIMHY y atmocdepu Basayxa, Kopuctehu LUPKOHHMjyMCKE IOCYAE M KYIJIHLE Kao
Menujym 3a mieBeme. [locie 50 h mieBema, MexaHOXeMHjCKa peakiiyja JOBOIH A0 CTBapama Ha-
HokpucTante &-Bi)Os dase (uBperu pactop diyopurcke crpykrype Big 7sHfo 50710 6303 61), Benu-
yuHe KpuctanuTa 20 nm. MexaHOXeMHjcKa peakiifja OTIIOUHILE Y CaMOM MOYETKY MJIeBEeHa U Ipa-
hena je akymymanujym ZrO; koju IIOTHYE O MeIHjyMa 3a MJIeBemhe. Y30puu Ho0HjeHH ocie pas-
JMYATHX BpPEMEHa MJICBCHA KAapaKTEPUCAHW CY DPEHIATCHCKOM CTPYKTYPHOM M TEpPMHjCKOM
aHamu3oM. EnekTpudHa cBOjcTBa MiIeBEHHX M npecoBaHuX Big 7gHfy 59710 6303 61 paxoBa ucnutu-
BaHa Cy MMIICJAHCHOM CIIEKTPOCKONHUjoM y TemmepaTypHoMm omcery og 100 go 700 °C. Jobujena
eNeKTpHYHA mpoBoHOCT je 9,43-10° 1 0,080 S cm! 3a Temmeparypy 300 u 700 °C, pexom.

(Ilpumsbeno 13. maja, peBuaupano 22. jyxna 2009)
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Spectroscopic and biological approach in the characterization of
Cr(111), Mn(I1) and Co(ll) complexes with a novel hexaaza-
macrocyclic ligand derived from semicarbazide
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Abstract: Complexes of Cr(111), Mn(Il) and Co(ll) with a novel 5,7,12,14-te-
traphenyl-1,2,4,8,10,11-hexaazacyclotetradecane-3,9-dione macrocyclic ligand,
THTD (L), were synthesized and characterized by elemental analysis, molar
conductance and magnetic susceptibility measurements, as well as by mass,
IH-NMR, IR, electronic and EPR spectral studies. Based on the spectral stu-
dies, an octahedral geometry was assigned for the Cr(I11), Mn(ll) and Co(ll)
complexes. The ligand and its complexes were screened in vitro against some
species of bacteria and plant pathogenic fungi. The metal complexes were
found to be more active antimicrobial agents than the free ligand from which
they were derived.

Keywords: hexaazamacrocycle; Cr(l11), Mn(ll), Co(ll) complexes; characteri-
zation; antimicrobial activity.

INTRODUCTION

Enormous progress has been made in macrocyclic chemistry because of the
potential applications of macrocyclic compounds in the area of coordination che-
mistry.1.2 The macrocyclic ligands and their metal complexes play an important
role as potential catalysts. Macrocyclic ligands and their transition metal com-
plexes have a wide range of biological activities,3-10 including antimicrobial, an-
tifertility, antimalarial, anticancer, antiviral and anti-HIV activities. Such biologi-
cal activities of these compounds were associated with the formation of chelates
with essential metal ions, bonding through N as well as S/O donor atoms. Many
of these transition metal ions in living systems play the role of enzymes carriers
in a macrocyclic ligand field environment.

* Corresponding author. E-mail: schandra_00@yahoo.com
doi: 10.2298/JSC0912413C
1413
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1414 CHANDRA and GAUTAM

In this paper, the synthesis, spectral characterization and antimicrobial acti-
vities of Cr(l11), Mn(ll) and Co(ll) complexeswith a novel hexaazamacrocyclic
ligand, THTD (L) (Fig. 1) are described.

|
+ R eflux (75°C) 0= AN IJ\Czo
’ | |
H32-4
0:(%/NH2 p HN\ll\lI NI/NH
&

Fig. 1. Preparation and structure of the ligand (L).

EXPERIMENTAL

All the used chemicals were of AnalaR grade and procured from Sigma-Aldrich. The
metal salts were purchased from E. Merck and were used as received. All the used solvents
were of standard spectroscopic grade.

Synthesis of the ligand

A hot ethanolic solution (20 mL) of dibenzoylmethane (4.48 g, 0.020 mol) and a hot
ethanolic solution (20 mL) of semicarbazide (2.22 g, 0.020 mol) were mixed slowly with
constant stirring. The mixture was refluxed at 75 °C for 6 h in the presence of few drops of
hydrochloric acid. On cooling, a white solid precipitate formed. It was filtered, washed with
cold EtOH and dried under vacuum over P4,O1q. Yield: 62 %; m.p. 165 °C. Anal. Calcd. for
C3oH26NgO, (FW = 526): C, 73.00; H, 4.94; N, 15.96 %. Found C, 73.12; H, 4.87; N, 15.88 %.

Synthesis of the complexes

A hot ethanolic solution (20 mL) of the ligand (0.526 g, 0.0010 mol) and a hot ethanolic
solution (20 mL) of the required metal salt CrCl;-6H,0O, Cr(NO3)3-9H,0O, MnCl,-4H,0,
Mn(NOg),-2H,0, CoCl,-6H,0 or Co(NO3),-2H,O (0.0010 mol) were mixed together under
constant stirring. The mixture was refluxed for ~ 8 h at =~ 80 °C. On cooling, a coloured
precipitate formed, which was filtered, washed with cold EtOH and dried under vacuum over
P4O1o.

Physical measurements

The analytical data were obtained using a Carlo-Erba 1106 elemental analyzer. The mo-
lar conductance was measured on an ELICO (CM82T) conductivity bridge. The magnetic sus-
ceptibility was measured at room temperature on a Gouy balance using CuSO,4-5H,0 as the
callibrant. Diamagnetic corrections were made using Pascal constants.}1 The electron impact
mass spectra were recorded on a TOF MS ES+ mass spectrometer. The 'H-NMR spectra were
recorded on a Hitachi FT-NMR, model R-600 spectrometer using DMF as the solvent. The
chemical shifts are given in ppm relative to tetramethylsilane. The IR spectra (in KBr discs)
were recorded on a FTIR Spectrum BX-1l spectrophotometer. The electronic spectra were
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COMPLEXES WITH HEXAAZAMACROCYCLE DERIVED FROM SEMICARBAZIDE 1415

recorded in DMF on a Shimadzu UV mini-1240 spectrophotometer. The EPR spectra of the
complexes were recorded as polycrystalline samples at room temperature on an E4-EPR
spectrometer using DPPH as the g-marker.

Antimicrobial screening

The preliminary fungi-toxicity screening of the compounds at different concentrations
was performed in vitro by the agar plate technique.12-14 The chosen fungi strains were Asper-
gillus niger, A. glaucus and A. flavus. Chlorothalonil was used as the commercial fungicide.
Appropriate quantities of the compounds were mixed in autoclaved and adequately cooled
potato dextrose agar medium in order to obtain concentrations of 125 and 250 ppm. The
medium was dispensed into sterilized Petri plates. Mycelial discs (0.5 cm in diameter) of the
test pathogens were taken from 7 days old culture with the help of a sterilized cork and placed
at the centre of the Petri plates. Then, they were incubated at 27 °C until fungal growth in the
control plate was almost complete.

The mycelial growth of the fungi (mm) in each Petri plate was measured diametrically
and the growth inhibition (I) was calculated using the formula:

1=100(C-T)/C
where C is the growth of the fungus (mm) in the control plate and T is the growth in the
presence of the test compounds.

The antibacterial activity of the ligand and its metal complexes were tested using the disc
diffusion method*15-20 against Sarcina lutea (gram-positive) and Escherchia coli (gram-nega-
tive). The nutrient agar (NA) medium was prepared using peptone, beef extract, NaCl, agar-
-agar and distilled water. The NA medium (25 mL) was poured into Petri plates. After soli-
dification, 0.10 mL of test bacteria was spread over the medium using a spreader. The test
compounds in measured quantities were dissolved in DMF to obtain concentrations of 125
and 250 ppm of the compounds. Whatmann No. 1 filter paper discs, 5.0 mm in diameter, each
containing 1.5 mg cm! of the test compounds were placed at 4 equidistant places at a distance
of 2 cm from the centre of the inoculated Petri plates. Streptomycin was used as the standard
drug. The plates were kept in a refrigerator for 24 h for pre-diffusion. Finally, they were in-
cubated for 28 h at 30 °C. The zone of inhibition was carefully measured in mm. All deter-
minations were made in duplicate for each of the compounds. The average of two independent
readings for each compound was recorded.

RESULTS AND DISCUSSION

The analytical data and some physical properties of the complexes are given
in Table I. The spectral data are presented in Tables Il and III.

Based on elemental analyses, the complexes were found to have composi-
tions shown in Table I. The Cr(l1l) complexes in DMSO showed a molar conduc-
tance corresponding to 1:1 electrolytes. Thus, these complexes may be formu-
lated as [Cr(L)X2]X, whereas the complexes of Mn(ll) and Co(ll) were found to
be non-electrolytes and may be formulated as [M(L)X2], where M is Mn(ll) or
Co(Il), and X = CI-and NO;~.

Free ligand

The electron impact mass spectrum of the metal free ligand (L) (Fig. 2),
confirmed the proposed formula by showing the molecular ion peak at m/z 548
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1416 CHANDRA and GAUTAM

(i.e., an atomic mass of 526 corresponding to the macrocyclic moiety (C32HogNgO2)
+ 23 atomic mass of Na*).

TABLE 1. Molar conductance, colour, m.p., yield and elemental analysis data of the com-
plexes

M.p. Yield Found (calcd.)/ %

Complex S cm? mol™ Colour ocp % v C ( H) N

[Cr(La)CIZ]CI 108 Light 285 65 748 56.21 387 1219
CrCsH 6NO,Cls green (7.60) (56.14) (3.80) (12.28)
[Cr(L)(NOs),]NOs 105 Light 280 63 6.93 5035 351 1641
CrCsyHsNgOyy green (6.80) (50.26) (3.40) (16.49)
[Mn(L)CIy] 14 Cream 275 60 850 5897 404 1279
MnCs;,H,sNO0,Cl, (8.42) (58.89) (3.98) (12.88)
[Mn(L)(NOs),] 12 Cream 280 62 787 5438 376 1595
MnC3,H,6NgOg (7.78) (54.46) 3.68 (15.88)
[Co(L)(NOs),] 7 Pink 268 60 837 5411 372 1585
CoCs;H6NgOg (8.31) (54.16) (3.66) (15.79)
[Co(L)]SO, 208 Pink 260 58 872 5645 376 1241
C0oC3,H6Ns06S (8.64) (56.38) (3.81) (12.33)

a5,7,12,14-tetraphenyl-1,2,4,8,10,11-hexaazacycIotetradecane-3,9-dione macrocyclic ligand (THTD)

TABLE I1. Magnetic moments, electronic spectral data and extinction coefficients of the com-
plexes

Complex Hefr / Pg Jnax | €M™ ¢/ I mol*cm?
[Cr(La)CIZ]CI 3.72 13623, 18621, 32362 41, 55, 127
[Cr(L)(NOy),JNO;  3.76 13605, 18621, 32150 39, 54, 125
[Mn(L)CL,] 6.00 18621, 24272, 28011, 37453 32, 42, 67, 134
[Mn(L)(NO),] 5.97 18621, 24198, 28169, 36900 32, 41, 65, 131
[Co(L)CI,] 5.03 10775, 14814, 18621 54, 63, 121
[Co(L)(NO3),] 4.91 10341, 15360, 18621 52, 68, 121

a5,7,12,14-tetraphenyl-1,2,4,8,10,11-hexaazacycIotetradecane-3,9-dione macrocyclic ligand (THTD)

TABLE Ill. EPR spectral data and ligand field parameters of the complexes

Complex Dg/cm® B/cm® C/cm® B LFSE / kJ mol™ g

[Cr(LCLICI 1362 487 - 0.53 222 1.9493
[Cr(L)(NO,),JNO, 1361 489 - 0.53 195 1.9493
[Mn(L)CL,] 1862 534 37874  0.67 - 1.8726
[Mn(L)(NO;),] 1862 567 37056  0.72 - 2.1601
[Co(L)CL,] 1346 748 - 0.67 129 2.1649
[Co(L)(NO3),] 1292 718 - 0.64 124 2.0389

a5,7,12,14-tetrapheny|-1,2,4,8,10,11-hexaazacycIotetradecane-?,,Q-dione macrocyclic ligand (THTD)

The 1H-NMR spectrum of the ligand exhibits no signals corresponding to a
primary amine and alcoholic protons. The signal at ¢ 1.76-2.18 ppm may be
assigned to (4H, C-CH,-C) and the strong triplet at ¢ 7.89-8.21 ppm to (20H,
C—CgH5).
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Fig. 2. Electron-impact mass spectra of the ligand (L).

The main characteristic strong band in the IR spectrum of the free ligand,
appearing at 1597 cm1, is due to the >C=N group. The position of this band con-
firmed the reaction between the primary amine group, —-NHp, of the diamine and
the carbonyl group, >C=0, of the diketone. It also confirmed the elimination of a
water molecule and complete condensation. The bands appearing in the region
1662, 1597, 1272 and 785 cm~! are assignable to amide 1 v(C=0), amide I
V((C-N) + 6(N-H)), amide 111 3(N-H) and IV ( &(C=0)), respectively. The bands
at 754 and 1461 cm~1 are due to the presence of the phenyl ring in the macro-
cycle.21.22

Chromium(l11) complexes

The Cr(I11) complexes showed a magnetic moment in the range 3.72-3.76
ug. These values are close to the spin-only value, suggesting an octahedral geo-
metry around the Cr(l11) ion.23 The IR spectrum of the Cr(lll) nitrate complex
shows three bands at 1452 (15), 1315 (v1) and 1066 cm=1 (15). The difference of
two highest frequency bands (15-11) is 137 cm~1, which suggests that both the
nitrate groups are attached to Cr(lll) in a unidentate fashion. However, the pre-
sence of the band at 1367 cm~1 suggests that one nitro group is uncoordinated.24
The electronic spectra of the Cr(l1l) complexes recorded in DMF (Table Il) dis-
play three bands in the range 13605-13623, 18621, and 32150-32362 cm~1. The
first two bands may be assigned to the transitions 4Agg(F) - 4ng(F) and
4A2g(F) - 4Tlg(F), respectively, and the third band may be due to charge trans-
fer. The EPR spectra of the complexes were recorded as polycrystalline samples
at room temperature2® (Table 111). The EPR spectra of Cr(I1l) complexes show a
broad line and the g value was found to be 1.9493.
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1418 CHANDRA and GAUTAM

Various ligand field parameters for the Cr(l11) complexes were calculated,
which are listed in Table I1l. The first spin allowed transition directly gives the
value of 10Dg. The Racah interelectronic repulsion parameter B was calculated
from the equation:

B=02wn2+ 12-3rw)/ (15v-27v).
The nephelauxetic parameter fwas calculated by the relation:
= B(complex)/B(free ion)

where B(free ion) is 918 cm~1 for Cr(l11). The /8 values indicate that there is an
appreciable covalent character in the metal-ligand o bond.

Manganese(ll) complexes

The magnetic moments of the Mn(Il) complexes lay in the range 5.97-6.00
uB, corresponding to five unpaired electrons. The IR spectrum of the Mn(ll) nit-
rate complex displays three bands in the region 1404 (vs), 1294 (v1) and 1056
cm=1 (). The separation of the two highest frequency bands (15-11) is 110 cm=1,
This suggests that the nitrate group is coordinated to the metal ion in an uniden-
tate manner.24 The electronic spectra of the Mn(ll) complexes (Table I1) exhibit
four absorption bands in the range 18621, 24198-24272, 28011-28169 and
36900-37453 ¢cm~1.26 These bands may be assigned to the transitions 6A1q —
4T14(*G), 6A1g — E4(*G), bA1g — 4E4(*D) and 6A1q — 4T14(*P), respectively.
The EPR spectra were recorded as polycrystalline sample at room temperature.
The polycrystalline spectra gave one broad isotropic signal and exhibit g values
in the range 1.8726-2.1601.

The ligand field parameter values Dq, B, C and £ for Mn(11) were calculated
and are given in Table I11.

6A1g — 4Eg, 4A14(4G) = 10B + 5C
6A1g — 4T1g(4P) = 17B + 5C

The energies of these transitions are independent of the crystal field splitting
and depend only on the parameters B and C.27 The values of B and C were cal-
culated from the second and third transitions.28 The numerical value of 786 cm=1
for B for the Mn(I1) free ion was used to calculate the value of S.

Cobalt(I1) complexes

The Co(Il) complexes showed magnetic moments in the range 4.91-5.03 ug,
indicating a hexa-cooordinated octahedral geometry around the Co(ll). The IR
spectrum of the Co(ll) nitrate complex displayed three bands in the region 1448
(15), 1309 (11) and 1042 cm~1 (). The separation of the two highest frequency
bands (w-11) is 139 cm=L, indicating unidentate coordination of the nitrate
group. The electronic spectra of the Co(ll) complexes displayed three well-defi-
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ned bands in the range 10341-10775, 14814-15360 and 18621 cm-1, corres-
ponding to the 4T1g(*F) — 4T2g(*F) (v1), 4T1g(*F) — 4A2g(*F) (v2) and 4T 14(*F)
— 4T14(*P) (v3) transitions,2? respectively, characteristic of an octahedral geo-
metry.30.31 The EPR spectra of the Co(Il) complexes were recorded as polycrys-
talline samples at liquid nitrogen temperature (LNT), because the rapid spin lat-
tice relaxation of Co(ll) broaden the lines at higher temperatures. The g values lie
in the range 2.0389-2.1649.

Various ligand field parameters, viz. Dq, B, fand LFSE were calculated and
are reported in Table IlIl. The Dq values were evaluated using the Orgel dia-
gram.32 The value for B(free ion) for Co(ll) is 1120 cm~1. The values of Slie in
the range 0.64-0.67, indicating an appreciable covalent character in the com-
plexes.

Based on the above spectral studies, the structures shown in Fig. 3 may be
suggested for the complexes.

Fig. 3. Suggested structures of complexes (M = Mn(ll) or Co(ll); X = CI- or NOy).

The results of the antifungal and antibacterial activity are given in Tables IV
and V, respectively.

TABLE IV. Antifungal screening data of the ligand (L) and its complexes
Fungal inhibition / %
Aspergillus glaucus

Aspergillus niger Aspergillus flavus

Compound ¢ /g mi*

125 250 125 250 125 250
L® 29 49 - 38 35 50
[Cr(L)ClIy]CI 29 47 10 40 36 53
[Cr(L)(NO3),]NO; 31 50 - 38 35 52
[Mn(L)Cl,] 33 54 26 41 38 57
[Mn(L)(NO3),] 31 51 23 39 36 53
[Co(L)CI,] 37 58 29 45 45 59
[Co(L)(NOs),] 34 61 31 47 49 64
Chlorothalonil (standard) 52 76 48 67 61 82

a5,7,12,14—tetrapheny|—1,2,4,8,10,11—hexaazacycIotetradecame—3,9—dione macrocyclic ligand (THTD)
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1420 CHANDRA and GAUTAM

TABLE V. Antibacterial screening data of the ligand (L) and its complexes
Inhibition diameter / mm

Compound Sarcina lutea __ Escherchia coli
c/pugml

125 250 125 250
L® 6 11 — 10
[Cr(L)CI,]CI - 14 5 9
[Cr(L)(NO3),]NO; 8 15 7 10
[Mn(L)CI;] 7 16 - 9
[Mn(L)(NOs),] - 14 6 11
[Co(L)NOy),] 10 19 12 19
Streptomycin (standard) 24 28 20 o5

a5,7,12,14—tetrapheny|—1,2,4,8,10,11—hexaazacycIotetradecame—3,9—dione macrocyclic ligand (TH T)D

The antimicrobial screening data show that the metal chelates exhibit a high-
er inhibitory effect than the free ligand. The increased activity of the metal che-
lates can be explained based on the chelation theory.33:34

The ligand and its metal complexes show fungal growth inhibition in the fol-
lowing order: Co(ll) > Mn(l1) > Cr(l1l) = ligand. The bacterial growth inhibitory
capacity of the ligand and its metal complexes show the following order: Co(ll) >
> Mn(11) = Cr(111) > ligand.

CONCLUSIONS

In the present study, a novel 5,7,12,14-tetraphenyl-1,2,4,8,10,11-hexaazacyc-
lotetradecane-3,9-dione macrocyclic ligand, HTTD (L), derived from dibenzoyl-
methane and semicarbazide, was synthesized. Based on the above-described
spectral studies, the ligand was found to be tetradentate and an octahedral geo-
metry was assigned for the Cr(111), Mn(l11) and Co(ll) complexes. The antimicro-
bial screening indicated that the metal chelates showed greater inhibitory effects
than the metal free ligand. It is also proposed that concentration plays a vital role
in increasing the degree of inhibition, i.e., as the activity increased with in-
creasing concentration of the compounds.

Acknowledgement. The authors are grateful to the UGC (New Delhi) for financial sup-
port.

U3BOA

CITEKTPOCKOIICKU 1 BUOJIOIIKU ITPUCTVYIT Y KAPAKTEPU3AITUIA Cr(lI1), Mn(Il) 1
Co(Il) KOMITJIEKCA CA HOBUM XEKCAA3AMAKPOLIMKIIMYHVIM JIMTAHAOM
N3BEJEHNM N3 CEMUKAPBA3UIA

SULEKH CHANDRA* n ARCHANA GAUTAM
Department of Chemistry, Zakir Husain College, University of Delhi, J.L.N. Marg, New Delhi — 110002, India

Cunrerucanu cy xomriekcu Cr(111), Mn(Il) u Co(ll) ca HOBUM MakpOLHUKINIHAM JTUTAHIOM
5,7,12,14-terpadennn-1,2,4,8,10,11-xekcaazanukiaorerpaaekad-3,9-mmorom, THTD (L). Onu cy
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OKapaKTepHCaHHU EIEMCHTAJIHOM aHaJIW30M, MOJIADHOM IPOBOJbUBOIINY M MepemHMa MarHeTHe
CYCIIeTITHOUTHOCTH, MaceHoM criekTpockomrjom, "H-NMR, IR, enektporckuM n EPR crektpo-
CKOINCKUM TpoydaBamuMma. Ha oCHOBY crekrtapa, OKTaemapcka reomerpuja je mpunucana Cr(lll),
Mn(I1) u Co(ll) komruiekcuma. JIurana U KOMILUICKCH Cy TECTHpaHH in Vitro mpema HEKHUM cojeBUMa
OakTepja W OMJPHMX NATOreHUX IUbMBHIA. HaljeHo je ma cy MeTajlHM KOMIUIEKCH aKTHBHHjU
AQHTHMUKPOOHU areHcH y nopehemy ca 000 HIM JIMTaHAOM U3 KOTa Cy H3BE/ICHH.
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Obtaining the Varshni potential function using
the 2-body Kaxiras—Pandey parameters
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Abstract: A generalized version of the Varshni potential function was adopted
by Kaxiras and Pandey for describing the 2-body energy portion of multi-body
condensed matter. The former’s simplicity and resemblance to a Morse poten-
tial allows faster computation while the latter’s greater number of parameters
allows better curve-fitting of spectroscopic data. This paper shows one set of
parameter conversion from the Varshni function to the 2-body portion of the
Kaxiras—Pandey function, and vice versa two sets of parameter conversion. The
latter two sets reveal good correlation between plotted curves, and were ve-
rified by the imposition of equal energy curvatures at equilibrium and equal
energy integral from equilibrium to dissociation. These parameter conversions
can also be attained more easily by equating the product of indices (for short
range) and the summation of index reciprocals (for long range).

Keywords: derivative; integral; Kaxiras—Pandey; parameter conversion; poten-
tial function; Varshni.

INTRODUCTION

The simulation of mechanical properties (such as modulus and strength),
fluid flow (such as flow rate and flow profile), mass transport (such as particle
diffusion), heat transfer (such as convection), or novel properties at the nano-
-scale would require molecular modeling®-3 that is either based on the molecular
dynamics method4-6 or the Monte Carlo method.”=2 In both approaches, the in-
teraction energy between bonded atoms (including bond stretching, bending and
torsion), non-bonded energy of interaction (for both van der Waals and Coul-
ombic interactions), and between molecules are described in terms of potential
energy functions. A comprehensive review of the classical potential energy func-
tions of diatomic molecules was written by Varshni.10 In addition, Varshnil0

*Corresponding author. E-mail: alan_tc_lim@yahoo.com
doi: 10.2298/JSC0912423L
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proposed seven potential energy functions of his own, whereby the first one is
written as:

Uy =D(l-exp(-b(r2-R?)))> 6

where D, r and R are the dissociation energy, the internuclear distance and the
equilibrium bond length, respectively. The parameter b controls the shape of the
potential energy curve. One may note that (Uy)r=r = 0 and (Uy)r_« = D. The
Varshni function can also be alternatively written in a modified form:
2 2
r r
Unv=Uny ~D=D(exp(20R* (—7))-2exp(oR (1)) )

so that (Umv)r=r = -D and (Umv)r—« = 0. It can be shown that the Varshni
function is a special case of the Kaxiras—Pandeyl! potential energy function for a
multi-body condensed matter system. The 2-body portion of the Kaxiras—Pandey
function:

2 2
Ukp=Aexp(-oar)—Azexp(—apr©) ©)
can be converted to an equivalent form that allows comparison to be made with
the Varshni potential. Suppose one lets:

(Ukp)r=R =-D (4)
and
(M) =0 (5)
I g
then Eq.(3) can be recast as:
o 2 r? 2 r’
Ukp=D (exp(R* (1-—))-exp(2R"(1-—))) (6)
o —-t R R

Comparing the indices of Egs. (2) and (6) gives:
oi=jb, (ij=12) (1)
and
Aj = iDexp(jbR2), (i,j = 1,2) (8)

Hence, extraction of the Kaxiras—Pandey 2-body parameters from the Var-
shni parameters can be easily obtained from Eqgs. (7) and (8). However this con-
version is meaningless because the former is more flexible and, hence, more ac-
curate than the latter. The next section proposes three approaches for reducing a
2-body Kaxiras—Pandey function into a Varshni potential. Two of the methods
give good correlation and are elucidated in the discussion section.
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VARSHNI POTENTIAL FUNCTION 1425

COMPARISON OF INDICES

The extraction of the Varshni parameter from the Kaxiras—Pandey function
is not straightforward due to the former’s fewer number of parameters compared
to the latter’s. One possible way of obtaining the Varshni parameter is to take the
average, or mean, value from Eq. (7), i.e., by using:

2b=om 9)
and
b=m (10)
Taking the arithmetic average of Egs. (9) and (10) gives:
2b+b=o+m=>b=(cq + )3 (1)

while taking the geometric mean leads to:

2bxb=a1xa2:>b=‘/% (12)

It can be seen that taking the arithmetic average of the reciprocals yields:

i+£—1¢ 1 :>b:3 oq0

2b b o o 20+,

(13)

Taking the geometric mean of the reciprocals also leads to Eq. (12). It is of
interest to note that dividing the square of Eq. (12) with Eqg. (11) also gives Eq. (13).
RESULTS

The Kaxiras and Pandey parameterized valuesl! for silicon are: A; =
=57.316072 eV, A, = 6.4373054 eV, o = 0.8233523 A-2 and o, = 0.19061589
A-2. Based on the imposition of zero slopes at the minimum well-depth, i.e., Eq.
(5), the equilibrium bond length can be calculated from:

R=\/ L on (@A (14)

on+oH (07) A2

to give R = 2.401656627 A. From this value of R, the dissociation energy can be
easily calculated using either:

D=%"% p exp(-e4R?) (15a)
2%
or
D=A"% p exp(~a,R?) (15b)
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to give D = 1.6475939 eV. Using Egs. (11)—(13), the VVarshni shape parameter, b,
was calculated as 0.33798940, 0.28012857 and 0.23217301 A-2, respectively.
With the obtained potential function parameters, the Varshni and the 2-body
portion of the Kaxiras—Pandey potential functions, as depicted in Egs. (2) and
(6), respectively, can be plotted. For the purpose of comparison, the dimension-
less interatomic energy, (U/D) was plotted against the dimensionless bond length,
(r/R). Figures 1-3 show the 2-body energy portion of the Kaxiras-Pandey

function, as bold curves, while the Varshni potential energy curves are based on
the parameters obtained from Eqgs. (11)-(13).

0.2 , ,
Y —2bKP 02 —2bKP
i Varshni — Varshni
0 \“ T T T 0
il o T
I e
02 B Y 02 |
=) “ // / a
3-0.4 i / /’ 5-0.4 1
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1 i/
0.6 // 0.6 1
i {/
i I
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L
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05 1 1.5 2 25 0.5 1 1.5 2 25
R
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Fig. 1. The 2-body energy portion of
silicon according to the Kaxiras—Pandey
potential and the Varshni approximation

using Eqg. (11).

Fig. 2. The 2-body energy portion of
silicon according to the Kaxiras—Pandey
potential and the Varshni approximation

using Eq. (12).
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081 \\ Vi Fig. 3. The 2-body energy portion of silicon
”\ /// according to the Kaxiras—Pandey potential
1 and the Varshni approximation using Eq.
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/R

(13).
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DISCUSSION

It is clear that good correlations were found in Figs. 2 and 3, but not in Fig.1.
Why? To answer this question, let:

PUny | _[9Ukp (16)
or2 or?
r=R r=R
and
J.U Mvdr=.[U Kpdr (17)
R R

analogous to references2-15 and,16-20 respectively. It is clear that Eq. (16)
imposes equal curvatures for both potential functions, while Eq. (17) imposes an
equal area between the potential energy curves with the bond length axis from
equilibrium to dissociation. The impositions laid down by Egs. (16) and (17) lead
to Egs. (12) and (13), respectively. For this reason, the Varshni curve agrees well
with the 2-body portion of the Kaxiras—Pandey energy near the minimum well-
-depth, i.e., from 0.8 < (r/R) < 1.2 (see Fig. 2) on the basis of Eq. (12). The im-
position of equal energy integral in Eq. (17) gives a generally good approxi-
mation for (r/R) > 1 (see Fig. 3) due to the integral range from r = R to r —-co.
The correlation in Fig. 1 is unsatisfactory due to the lack of a mathematical basis
for Eq. (11), unlike Egs. (12) and (13). The conversion of the 2-body Kaxiras—
—Pandey parameters into the Varshni shape parameters, excluding the common
initial conversion of A; and A, to R and D, as denoted by Egs. (14) and (15), is
summarized in Table I.

TABLE 1. Conversion of 2-body Kaxiras—Pandey parameters? into Varshni parameter!

Range Rigorous approach Simplified approach Conversion
Short range [azu " J =[82U . ] 2bxb=cyxar, b | %1%
o’ ) o Lot ) o 2
Long range J-°°U L dr= I"“U odr 1.1 bzﬁﬂJ
R R 2b b o o 2\ y+a,

CONCLUSIONS

The 2-body energy portion of Kaxiras—Pandey function is a generalized
version of the Varshni potential function. While the former possesses better
flexibility for curve-fitting of spectroscopic data and higher accuracy, the resem-
blance of the latter to the Morse potential suggests its ease of execution in com-
putational chemistry software. Hence the conversion of the 2-body parameters of
the Kaxiras—Pandey function into Varshni parameters. Although rigorous under-
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standing for converting the 2-body Kaxiras—Pandey parameters into Varshni pa-
rameters can be approached using equated minimum well-depth curvatures (for
short range) and equated energy integral from equilibrium to dissociation (for
long range), a more convenient approach can be performed by assuming 2bxb =
= ogxa (for short range) and (2b)~1 + b1 = gq~1 + a1 (for long range).

M3BOJ

N3PAUYHABAIE ITOTEHIIMJAJIHE ®YHKIIUJE BAPIITHUJEBOI” TUITIA IIOMO®RY
JBOYECTUYHUX KAKCUPAC-TIAHJIEJEBUX [TAPAMETAPA

TEIK-CHENG LIM
School of Science and Technology, SIM University, 535A Clementi Road, S 599490, Republic of Singapore

Kaxiras u Pandey cy npumenniu jenHy reHepain3oBany Bepsujy Varshni-jeBe noreHuujaite
GbyHKIMHje qa OU oIMcaiu IBOYCCTHYHE JOMPHHOCE CHEPTHjH MHOTOYECTHYHE KOHIICH30BaHE Ma-
tepuje. JenHocraBHoCcT Varshni-jeBor moreHuujana u BHEropa CIMYHOCT ca MOpP3COBUM MOTCHIH-
jamom omoryhyje Opske pauyname, 1ok Kaxiras—Pandey-es mocrynak omoryhyje nakmre ycknahu-
BamE Ca CHEKTPOCKOIICKUM ToauMa. Y OBOM pajy je TmokaszaHo kako ce Varshni-jesa Gpynkimje
MO’Ke KOHBEPTOBaTH y JBodYecTHunH neo Kaxiras—Pandey-ese dyHkuuje, u o6parHo.

(Mpumsbeno 23. jyna 2009)
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Abstract: Using sulfuric acid as the sulfating agent, two cata lyst series wer ¢
obtained from hydroxide and nitrate precurso r with a sulfate loading identic al
to commercial sulfated hy droxide, i.e., 4.2 mass %. After ¢ alcination at 500,
600 and 70 0 ° C, all nine samples h ad vari ous co ntents of residual sulfates
depending on the origin of the cataly st. Accordingly, their surface properties
were different, which, together with various textural properties, govern the for-
mation of the active phase and their cataly tic activity in the n-hexane isomeri-
zation reaction. The do minant activity and yield of mainly mono-branched
isomers were attained in rea ction at 200 °© C with a co mmercially sulfated
zirconia catalyst calcined at 500 °C. Among the SZ cataly st series synthesized
from hy droxide and nitrate, th e se cond a ccording to its acti vity profile was

similar to that of the co mmercially sulfated one, while sa mples originating
from hydroxide showed some activity only after calcination at 600 °C. This i s
due to the poo rer textural properties of the hydroxide serie s, nece ssitating a
higher cal cination te mperature in order to pr omote the simultaneous d ecom-
position of S-containing species and their re-adsorption into the zirconia matrix
following interaction and active phase formation. It se ems that the tetragonal
zirconia phase was not re sponsible for the ca talytic activity but a sy nergistic
effect of the te xtural properties of the sa mples and the sulfate loadings, which
determine different acid strengths on the catalyst surface.

Keywords: active phase formation; calcination temperature; isomerization acti-
vity; sulfated zirconia catalyst; synergism of textural and surface properties.
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INTRODUCTION

Strong legislative restrictions elim inated harm ful but at the same time high
octane nu mber (O N) subs tances, making the production of m otor gasoline of
required quality a challenging task for r efineries. Hydro-isomerization of straight
C5—C7 paraffins, thereby producing hi gh-ON iso mers for gasoline blending, is
one possibility of solving the ON-issue.! The reaction requires a b ifunctional ca-
talyst: a noble metal on an acidic supp ort, i.e., chlorinated alum ina or zeolites.
The former, however, faces environmental and expense drawbacks, while the lat-
ter, although resistant to impurities, are not satisfactory due to their relatively low
activity.? Therefore, for the near future, an important challenge is to develop a
new environmental friendly and active catalyst.

Solid acids, s uch as sulfated zirconia ( SZ), are potential candidates for th e
isomerization of light alkanes. 3 Zirconia modified with sulfates exhibits superi or
catalytic activity. The presence of sulfates increases the st ability of zirconia as
well as the content of the tetragonal crystal phase, which is the one believed to be
catalytically active.4 Several detailed i nvestigations indicated, however, that the
type of zirconia phase is only of secondary im portance and em phasized the sig-
nificance of labile sulfate groups for catalytic activity.5—8 Generally speaking, the
properties of SZ depend on the preparation method, the type of precursor and the
activation procedure.8-12 Although a n umber of methods and various zirconiu m
compounds have been sug gested for the preparation of SZ, there is still no con-
sensus on the correlation of activity with the fraction of tetragonal phase, the qua-
lity and content of sulfates or textural and surface properties.

In the present study , three series of SZ catalysts were synthesized from dif-
ferent precursors by suitable preparation methods, followed by calcination at dif-
ferent temperatures. The c atalytic activities of the prepared cat alysts were mea-
sured in the iso merization of n-hexane, as a model reaction, and the results were
correlated with their phy sico-chemical properties, which e mphasized the i mpor-
tance of the t extural environment for the utilization of their surface properties in
the formation of the active phase.

EXPERIMENTAL
Catalysts preparation and characterization

Three types of SZ catalysts were prepared, two as self- made from materials of different
origin and th e third from a commercial sulfated zirconia. The sa me proc edures required to
obtain SZ samples with the same te mperature history were applied using the following pre-
cursors: sulfated zirconium hy droxide, SO4~Zr(OH), (Aldrich); zir conium hydroxide, Zr(OH),4
(97 %, Aldrich ) and zirconium oxy nitrate, ZrO(NO 3),-XH,O (Aldrich). Dif ferent steps were
performed for each particul ar precursor: a) lo ne calcination of the co mmercially sulfated Zr
hydroxide; b) sulfation and cal cination when starting fro m the Zr hydroxide precursor and c)
precipitation of the nitrate precursor (with 25 % NH4OH) to Zr hydroxide, followed by its sul-
fation and calci nation in order to obtain the third cataly st. The sulfating proc edure was re a-
lized by wet-impregnation using 0.50 M H ,SO, for the intended content of sulfates (4.2 mass
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%). The subsequent calcination was performed at different tem peratures for 3 h in a sy nthetic
air flow of 25 ¢ m3/min. Consequently, a total of nine SZ-cataly st samples were obtained, de-
noted as: SZ-C-X, SZ-H-X or SZ-N-X, wher ¢ C, Hand N reveal the catalyst origin, i.e.,
commercially sulfated hy droxide, hy droxide and ni trate, respectively, and X (X=5,60r7 )
stands for the applied calcination temperature: 500, 600 or 700 °C, respectively.

The specific surface area of the cataly sts was investigated by the BET procedure follow-
ing low temperature N, adsorption on a Micro meritics ASAP 2010 apparatus. X-Ray diffrac-
tion analysis (XRD, Philips APD-1700 diffractometer with a Cu-anticathode and monochro-
mator) was used for the zirconia determination of the crystal structure. The fraction of sulfates
removed during the calcinati on was measured by thermogravimetric analysis (TG) in a man-
ner explained previously.!3 The density of sulfates was calculated from the amount of remain-
ing SO 42" obtained by TG and BET dat a, assuming a surface area of 0.25 nm? for a sulfate
group.!* The related acid strength properties of the cataly sts were evaluated by following the
change of color of Hammett indicators in contact with the surface of the catalyst samples. The
following indic ators w ere use d: p-dimethylaminoazobenzene, 2-a mino-5-azotoluene, b enze-
neazodiphenylamine and cry stal violet, ¢ overing the range of pK, values from 3.3 to 0.8.13
The nature of acidic sites present was studied by Fourier transfor med infr ared sp ectropho-
tometry of the cataly st samples with previously adsorbed py ridine by means of a Th ermo
Nicolet Nexus 670 FTIR spectrophotometer. Preceding the IR analysis, the samples were eva-
cuated in order to remove physically adsorbed pyridine.

Catalysts activity measurements

The iso merization of n-hexane was used as t he test reactio n to probe the activity and
selectivity of the catalysts. The reaction conditions were as follows: 200-300 °C, atmospheric
pressure, the molar ratio of H e, as the ¢ arrier gas, and n-Cqwas 1 5.5 ata constant partial
pressure of N-Cg of 60.5 mbar and a space velocity of 6x10-2 mmol n-Cg/g,,-min. As a rule,
0.50 g of a fresh catalyst sample was loaded into a quartz microreactor and in situ activated at
500 °C for 1 h in a synthetic air flow of 20 cm3/min. By switching the carrier gas stream to the
saturator with n-hexane, the re action commenced and the pro ducts were analyzed in the G C
jetafter 5 min (initial activity ). The procedure provided cata lyst activity testing free of de-
activation, which usually occurs under similar conditions due to inten sive coking.!® The re-
action products were separated on the 30 m long PONA GC-capillary column and analyzed by
gas chromatograph (GC-HP 5 890, Series II) equipped with an FID d etector. Conversion o f
n-hexane was measured to ea ch of the indivi dual gas-phase products an d normalized by the
number of C-at oms in both th e reactant an d product. The corresponding selectivity for the
formation of an individual product was calculated by dividing the nor malized conversion of
n-hexane to the particular product with the total n-hexane conversion. Finally, the cataly sts
were classified by their yields, calculated by means of the product of the conversion and th e
selectivity.

RESULTS

The basic t extural properties of the sulfated zirco nia cataly st s amples are
given in Table I. Obviously, these properties are functions of the precursor of the
catalysts and the thermal history of the samples. Catalysts of SZ-C and SZ-N se-
ries were characterized with high BET s urface areas, while the series of cataly st
samples from hydroxide (SZ-H) showed significantly lower surface ar eas. Very
high specific surface areas (far above 100 m2/g) are due to the pres ence of mic-

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1432 z ARUBICA et al.

ropores in the case of the samples from SZ-C and SZ-N series calcined at 500 °C.
Moreover, the latter is characterized with a bim odal pore distribution, having, si-
multaneously, a substantial fraction of mesopores, which are resp onsible for the
considerable pore volume of the sample. Samples of SZ-H series had the lowest
total pore volume compared to their counterparts from different o rigins. The ge-
neral feature of the textural characteristics of all samples is that the surface areas
were not proportional to the total pore volumes, since the porosities and the pore
size distributions were different among the series. The mean pores size decreased
with increasing calcination tem perature, transfor ming the pores with diam eters
close to those of micro- to the meso-pore size. This was followed by an increase
in the pore volume and a decrea se in th e specific surface are a; this trend was,
however, the slowest in the SZ-H series.

TABLE I. Specific surface are a (BET), total pore volume and mean pore di ameter of the SZ
samples as a function of their origin and calcination temperature

Sample Surface area, mz/g Pore volume, cm’/ g Mean pore diameter, nm
SZ-C-5 130 0.059 <2.0%

SZ-C-6 103 0.096 33

SZ-C-7 69 0.105 5.7

SZ-H-5 82 0.053 2.6

SZ-H-6 68 0.064 3.9

SZ-H-7 67 0.089 5.0

SZ-N-5 144 0.139 <2.0;3.2
SZ-N-6 117 0.139 44

SZ-N-7 89 0.141 6.0

Pores smaller than 2 nm were beyond the limit of the equipment

The sim ilar properties were found b y Matsuhashi et al.,!12 wh o rep orted
values of the specific surface area and mean pore dia meter in the range of 60-90
mZ/g and 2-20 nm, respectively, for SZ samples differing in origin, as well as in
sulfating agent and sulfation procedure.

From Table I 1, it can be ¢ oncluded that all the sam ples calcined at 500 °C
were characterized by only the tetrag onal zirconia phase, while increasing the
calcination temperature resulted in an increasing fr action of the monoclinic crys-
tal phase. The latter phase prevailed in the catalysts pretreated at the highest tem-
perature; the highest value of 72. 7 % was in the cata lyst sample prepared from
the hydroxide precursor.

The range of acid strength, Hy, of the catalyst samples relative to color chan-
ges of applied Hammett indicators are given in Table II. Although quite a modest
range of p K, values was covered with the available indicators, all the sa mples,
except SZ-C-5, were within the acidity range 3.3 > Hg > 0.8. The sample SZ-C-5
possessed a higher acid strength, characterized with Hg < 0.8. For am ore accu-
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rate acidity categorization, probes with indi cators of basicity higher than that of
the most basic available crystal violet would be required.!®

TABLE II. Crystal pha se composition, content of re maining sulfates, sulfates density and H
values of the SZ samples as a function of their origin and calcination temperature

Fraction of sulfates Sulfates re- Sulfate Volume fraction
Sample removed during the maining  density (per H of tetragonal/
calcination step®  after calci- nm” of 0 /monoclinic

% nation, % surface) phases, %
SZ-C-5 0 4.2 2.03 Hy<0.8 100
SZ-C-6 7.2(7.2) 39 2.38 33>H;>0.8 93.3/6.7
SZ-C-7 55.9 (48.7) 2.0 1.81 Hy>3.3 48.3/51.7
SZ-H-5 452 23 1.76 33>Hy>>0.8 100
SZ-H-6 45.2 (0) 2.3 2.12 33>H,>0.8 71.9/28.1
SZ-H-7 66.9 (21.7) 1.8 1.69 33>>H>>>>0.8  27.3/72.7
SZ-N-5 28.6 3.0 1.31 33>Hp>0.8 100
SZ-N-6 31.9 (3.3) 2.9 1.55 33>H;>>0.8 80.3/19.7
SZ-N-7 42.2 (10.3) 2.6 1.83 3.3>>H,>>>0.8 37.5/62.5

#Calculated based on the identical initial sulfates loading of 4.2 mass % for all samples determined by T GA;'?
the fraction of sulfates released f or the applied calcina tion tem perature gradient of 100 °C are given in pa-
rentheses

The initial activity and selectivity to total isomers of the cat alysts are given
in Table III as a function of the origin of the SZ samples and of both calcination
and reaction temperatures. Cataly st SZ-C-5 showed t he maximal initial activity
of all the prepared cataly sts at both applied reaction temperatures. The selectivity
to i-Cg of the sa me catalyst was also considerable; altogether resulting in the
highest isomer yield, Fig. 1. The s amples from the SZ-N and SZ -C series exhi-
bited similar catalytic properties when exposed to the most favorable calcination
and reaction temperatures, i.e., 500 and 200 °C, respectively , resulting in a more
or less comparable isomer yield, given in Fig. 1. Increasing the calcination tem-
perature generally led to a decline in th e catalyst activity, except for the sa mple
SZ-H-6, for which a cons iderable increase in the yield relative to the sa me sam-
ple calcined at 500 °C was registered, Fig. 1. However, the substantially lower
activity of the samples of the SZ-H series relative to other two cataly st series of
different origin should be emphasized. The product distribution was similar for
all tested c atalysts regardless of their o rigin, showing a lack of the highly desi-
rable di-branched isomers, i.e., 2,2- and 2, 3-dimethylbutane, with methylpenta-
nes as the major isomers. In the absence of a metallic dehydrogenation function,
which produces olefins as intermediates of isoparaffins, direct isomerization of
paraffins is p ossible on acidic sites thro ughout a carb onium ion, which addition-
ally requires higher reaction temperatures.!’
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TABLE III. Initial activity and s electivity of th e catalysts as a function of the precurs or and
both the calcination and reaction temperatures

Conversion of n-hexane (%)/selectivity to i-Cg (%)

Sample 200 °C 300 °C
SZ-C-5 14.0/45 8 50.4/11.9
S7-C-6 13.8/36.8 22.1/13.6
SZ-C-7 0 0
SZ-H-5 0 2.2/90.9
SZ-H-6 4.4/66.4 11.5/26.0
SZ-H-7 0 3.7/87.5
SZ-N-5 20.0/15.4 40.0/22.5
SZ-N-6 3.1/89.8 10.5/21.5
SZ-N-7 6.2/39.4 8.5/38.6

Yield, %

0
]

‘s.
= I3
£

L]
e
Calcinatig, Te s 495 catalyst samples as a fun ction of both the cal-

Fig. 1. Initial yield of SZ-C, SZ-H and SZ-N

MPenture, cination and reaction temperatures.
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DISCUSSION

All the catalyst sa mples of series SZ-C and SZ-N calcined at the two lower
temperatures had high BET surface ar eas, greater th an usually reported in the
literature for SZ with the sam e temperature history.4-7-9:10,12,14,17.18 Samples of
the series SZ-H had a low surface area range which was not affected significantly
by the pretreatment temperature, Table I. Transformation of the pore structure a s
a function of calcination temperature is predictable; the mean pore diameter was
doubled when the tem perature was increased f rom 500 to 700 °C, indicating a
broadening of the pores openings for a 1l the investigated sa mples regardless of
their origin. This, coupled with the decr ease in the specific surface area, usually
indicates the sintering process occurring at higher temperatures.

The volume fraction of the cry stal phases of all samples calcined at 500 °C
showed the presence of only the tetragonal zirconia phase, the one which is wi-
dely referred to as the a ctive catalytic phase in the scientific literature,45,18-20
Table II. When higher calcination temperatures were applied, both tetragonal and
monoclinic phases existed, the last final ly prevailing at 700 °C reg ardless of the
catalyst precursor type. This phase tra nsformation was the fastest with the S Z-H
catalyst series, showing it s lowest stab ility among all the cataly st samples. For
example, the SZ sample originating from hydroxide when calcined at 700 °C was
left with the lowest tetrag onal phase frac tion, which coincided with its lowest
content of sul fates, Table II. This is in agreement with claims that the tetragonal
zirconia phase aids the for mation of labile sulfates gi ving the active sites respon-
sible for a high n-butane isomerization activity.” The phase structure of the SZ-H-7
sample, i.e., with the monoclinic phase dom inant, might be responsible for the
abundant release of sulfate, which gives no chance f or the sulfates to react wit h
the zirconia matrix and consequently provide active sites, Tables I and III. Cor-
respondingly, the prevailing tetragonal phase struct ure of the SZ sy nthesized
from the other two precursors (SZ-C and SZ-N) demonstrated values which seem
to be fully utilized in terms of cataly tic activity. Quite opposed to this, there was
no registered activity for the SZ-C-7 sample that still had a consi derable fraction
of the tetrag onal phase, im plying that so me other characteristics other than t he
SZ phase structure governs the catalytic activity, Tables I-III.

Comparing surface, textural and structural properties of the catalysts, Tabl es
I and I, wit h their cataly tic efficiency, Table III and Fig. 1, some correlations
might be imposed. Firstly, it is obvious that there is a direct propor tion between
the fraction of the tetragonal zirconia p hase and cat alyst activity, however, this
property may not be sufficient to deliver activity, as can be seen from the case of
sample SZ-C-7. Nam ely, this sam ple, having t he hi ghest fraction of t he tetra-
gonal phase relative to the other samples calcined at the same temperature never-
theless exhibited no catalytic activity, Table II. Thus, so me other factors, such as
the am ount and qualit y of sulfates remain ing on the sam ples after calcination,
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might be equally or even more responsible for the efficiency of the cataly sts.
After calcination, the remaining sulfate groups stay embedded in the zirconia ma-
trix and form certain densities of sulfates on the surface, 13 which might require a
minimal value to act as catalytically active sites. Finally, the surface acid strength
may also play a vital role in determining the catalytic efficiency of the samples.

It was recently found that the acidic strength of residual Lewis acidic sites
(coordinative unsaturated site Zr 4* in the vicinit y of sulfate groups) was signifi-
cantly en hanced by sulfation, provided that the sample had been calcined at a
proper temperature.2! In fact, active sites are claimed to have been created throug h
the selective elimination of sulfates loc ated on the side ter minations of the cry s-
tallites following tetragonal phase formation only as a coincidence. 2 Other a u-
thors also indicated the importance of labile sulfate groups for activity. However,
they assum ed the formation of active s ites on both monoclinic and tetragonal
phases of SZ, the latter case resulting in pr eferentially higher concentrations of
such sites. 7 In addition, t he procedure of the calcination step seems to be im-
portant. Thus sulfate decomposition providing an adequate contact time between
the released SO3 and zirconia is a necessity for the formation of active sites.22

Contrary to some zirconia samples, sul fated by a procedure si milar to that
applied in this work, in which the am ount of incorporated sulfates were directly
proportional to the surface area of the SZ, 20 all the samples investigated in this
study had the same amount of sulfates, i.e., 4.2 mass % , Table II. This and the
dynamics of sulfate removal during calcination at a particular temperature were
calculated from TG data reported earlier. 13 In contr ast to the same am ount o f
initial sulfates, their stabil ity was quite different, which, togethe r with textural
and structural properties, as w ell as th e magnitude of the applied calcination
temperature determined the formation of the active phase resulting in catalyst ac-
tivity, Tables I-III. The loss of a significant fraction of the sulfates in a single
calcination step at the lower te mperature may not re sult in the same activity , as
can be s een from the c ases of the SZ- N-5 and SZ-H-5 sa mples. Obviously, sul-
fates of similar stability behave differently depending on their environm ent defi-
ned by its textural rather than its stru ctural characteristics. Namely, the presence
of the full amount of tetragonal zirconia phase in both samples calcined at 500 °C
did not guarantee the same activity output, as seen fr om Tables II and III. Thus,
the superior activity perfo rmance of the SZ-N-5 sam ple might be the conse -
quence of its good textural properties (high specific surface area), providing con-
ditions for the re-adsorption of S-containing species on the zirconia matrix, their
interaction and active sites formation. The textural properties of the samples from
the SZ-H series required, however, higher te mperatures for the same mechanism
of active sites formation. Since there was no extra s ulfate removal when the cal-
cination temperature differed by 100 °C (co mparison of the sample SZ-H-6 an d
SZ-H-5), as shown in Table II, a question arises as t o the origin of the cataly tic
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activity of the SZ-H sa mple exposed to the higher te mperature. Obviously, the
magnitude of the calcination tem perature has to be a co mpromise between the
dynamics of sulfate deco mposition and the rate of interaction of the released
S-containing species and the zirconia host. While for the SZ-N series 500 °C was
the preferential tem perature, for their ¢ ounterparts from the hy droxide series, a
minimum of 600 °C was required for  both processes to occur si multaneously.
Thus, the same fraction o f sulfates was liberated at 600 an d 500 °C, however, at
the higher temperature, the sulfates underwent interaction with the zirconia h ost,
formed active sites and the SZ-H-6 sam ple performed with satisfactory activity
for this particular series, T able III. The behavior of SZ-C-5, showing at the same
time no sulfate release and the maximal activity, casts doubts on the association
of the release of labile sulfate groups  with the formation of the active phase.
However, the sulfating procedure and,  possibly, s ome additional stabilizati on
process during sulfation re main unrevealed by the manufacturer of the SZ-C
series. This fact makes comparison with samples of this series partly impossible,
at least when the sulfating agent and sulfating proc edure are concerned. How-
ever, the same original sulfate loading as in the cases of the cataly sts of other
origin makes all of them interesting for co mparing the impact of tem perature on
the dynamics of sulfate release. It has to be understood, however, that the release
of a s mall fraction of the sulfates, as i n the favorable cas es of the SZ-N serie s,
does not necessarily mean the presence of inactive sulfates. Again, it is a conse-
quence of the sy nergistic effect of the calcination te mperature and prefera ble
textural properties allowing the released sulfates to interact with the zirconia host
thereby forming active centers for iso merization. The magnitude of the calcina-
tion temperature is nevert heless one of the main factors determining the forma -
tion of t he active phase; thus 700 °C i s too high tem perature regardless of the
sample origin, leaving in all cases, exce pt in the case of SZ-N-7, amounts of sul-
fates lower than the critical value necessary to contribute to the activity.

The sulfates density has been considered in the past as a clue for the expla-
nation of t he activity of SZ.23 Considering this characteristi ¢ in the case of the
SZ-N series, it seems, however, that the sulfate density is not a cr ucial factor for
SZ-catalyst activity, at lea st not in a w ay the density of sulfates was defined !4
and calculated in the present work, Tabl es I and III, Fig. 1. Namely , from the
textural characteristics of the whole series of SZ-N s amples, it se ems that so me
fraction of sulfates located within the zi rconia matrix can participate in the cata-
lytic reaction once there are pores of certain openin gs and volume providin g the
environment for the operation of the active sites. Indeed, the mean pore diameters
and total pore volumes of the series of SZ-N samples leave room for such a spe-
culation, giving recognition to the textural characteristics of a catalyst as the pre-
vailing factor in determ ining its catalytic properties.!! Accordingly, the consid e-
rable sulfate density obtained for the only active catalyst in hydroxide series, i.e.,
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the SZ-H-6 s ample, is just a coincidenc e due to the low surface area of all the
SZ-H series. The previously mentioned mechanism of sulfate release at a certain
temperature preceding the interaction is equally valid, requiring a critical mini-
mal amount of sulfate to react with the zirconia host and form active sites. From
Fig. 2, a d irect correlation between sulfate loading and the am ount of tetragon al
SZ phase can be assumed, while the sulfate density function is ambiguous. Given
the fact that t he specific s urface area directly contributes to the sulfates density
calculation, the latter indi cates that the textural properties of SZ, although f ol-
lowing the same tem perature dependence, are not directly correlated to its phase
structure.
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Fig. 2. Sulfate loading (filled patterns) and sulfate density (empty patterns)
as a function of the fraction of tetragonal phase in the SZ.

From the ap plied Hammett indicators, althou gh c overinga quite m odest
range of acidity, some interesting points can be extracted. First of all, there is the
peculiar behavior of the S Z-C series of samples exhibiting two extremes: sample
SZ-C-5 showing the highest and sam ple SZ-C-7 the 1 owest acid strength am ong
all the sa mples.!> Simultaneously, the dynamics of sulfates rem oval during cal-
cination showed the full amount of remaini ng sulfates in the sample calcined at
500 °C and one of the lowest sulfate loading for its counterpart exposed to 700 °C.
While the dynamics of sulfate removal relative to the acid-base properties is dif-
ficult to discuss due to th e unknown ( post)sulfating procedure in this particular
series, the acid strength of the SZ-C samples directly reflects the am ount of re-
maining sulfate. The acid s trength correlation for the other series is rather diffi-

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




ISOMERIZATION ACTIVITY OF SULFATED ZIRCONIA CATALYST 143 9

cult. Thus, the nitrate and hydroxide samples calcined at 600 °C exhibited similar
activities and had m ore or less equal a cid strength, the first, however, having a
significantly higher am ount of rem aining sulfates and simultaneously the lowest
sulfate density.

The quite irregular catalytic behavior of the applied samples in terms of their
structural, te xtural and surface properti es imposes the consideration of the pre-
sence of acid sites of different nature as being partly responsible for differences
in cataly tic activity . The results of so me investigat ions advocate the pres ence
both Brensted (BAS) and Lewis a cid site (LAS) o n SZ. These sites being of
different acid strength would, consequently, have different abilities for the isome-
rization of linear or branched alkanes. 24 The FTIR spectra of several samples are
given in Fig. 3, which sh ow different bands of previousl y adsor bed p yridine.

SZ-C-5

SZ-C-6

Sz-C-7

SZ-H-7

SZ-N-7

Relative intensity, a.u.
1450

————— Fig. 3. FTIR Spectra of py ridine pre-adsorbed
1700 1500 1300 1100 900 on the SZ samples as a function of origin and
calcination temperature: a) ZS-C-5; b) SZ-C-5;

Wavenumbers, em” ¢) SZ-C-5; d) SZ-H-7 and ) SZ-N-7.
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From the literature, in most instances, the band around 1540 cm ~! is assumed to
be characteristic for a py ridinium ion sitting on BAS, while bands between 1445
and 1460 cm™! are attributed to pyridine coordinative adsorbed on a LAS. 25 Ac-
cording to literature dat a,26:27 the formation of both BAS and LAS is connected
to surface bonded sulfate groups imposing electron shifts and changes in the elec-
tron densities in the proxi mity of Z 4, as shown in Fig. 4. Inc  ontrast, other
authors see LAS not sitting on the zirconia m atrix but on S-additive, com prising
both ion ic, S-O-Zr, and coordination , S=0O, bonds. 28 According to the FTIR
spectra shown in Fig. 3, there is a dir ect correlation between the activities of the
catalyst samples and presence of acidic centers of different nature, as well as the
acid strength of the sam ples given in T able II. Namely , the band at 1450 cm !
witnesses the presence of BAS in the sample with the highest acid strength, Table
11, while the band at 146 6 cm~! indicates the presence of LAS, the concentration
of which rapidly decrease with increasing calcination te mperature. Other resul ts
from the literature clai m, however, that the acid strength of BAS is lower than
that of LAS, 29 but t he tem perature history of the catalysts was quite different
from that applied in the present investi gation. Some other studies, nevertheless ,
do report on the importance of the presence of strong BAS in SZ in order to ob-
tain high catalytic activity in reaction with n-heptane.30 In any case, the obtained
distribution o f the isomeric products, i.e., mainly mono-branched hydrocarbons
at the expense of the more desirable 2,2- and 2,3-dimethylbutane, indicates a mo-
nomolecular isomerization mechanism, including the carbenium ion.24

0 O
\ A7
oo
BAS \
| ) r 4
i-_i\ O/ “ O/ \O/
/ Fig. 4. Model of the BAS and LAS formed upon sul-
H fate incorporation into the zirconia matrix.26-27

CONCLUSIONS

The presence of the tetragonal phase of zirconia probabl  y only coincides
with the re al formation of the a ctive phase as a consequence of zirconia pha se
transformation at the calcination tem perature being r esponsible for the develop -
ment of the active phase at the first pl ace. The existence of ther mally labile
sulfates in the zirconia matrix is a necessity for active phase formation; however,
it must be coupled with pr eferable textural properties. A large surface area and
total pore volume, as well as larger pore openings, p rovide the environm ent for
the formation and operation of effective active sites. The magnitude of the calci-
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nation temperature has to be a co mpromise between the dy namics of sulfate de-
composition and the rate of interaction of the rel eased S-containing species and
the zirconia host in order for an active phase to be formed. The active phase might
partly include acidic cent ers of Bronsted and Lewis nature initiated by incorpo-
ration of S-c ontaining species into the zi rconia host. However, some critical su 1-
fate loading above 2 mass % is required for catalytic activity in the n-hexane iso-
merization reaction under the conditi ons a pplied in this work. Nonetheless, it
seems difficult to correlate sulfate density with catalytic activity, indicating that
the catalytic activity is a complex function of textural and surface (acid strength)
characteristics of the samples.
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U3BO/

CUHEPI'MI3AM TEKCTYPAJIHUX U [TOBPIIMHCKUX CBOJCTABA CYJI®OHOBAHOI'
KATAJIM3ATOPA HA BA3U IUPKOHUJYM-OKCUJA ITPOY3POKOBAH TEMIIEPA-
TYPOM U BbET'OB YTULIAJ HA AKTUBHOCT KATAJIU3ATOPA
Y PEAKLININ U30OMEPU3ALINIE

AJIEKCAHJIPA 3APYBHIIA', BPAHUCIIAB JOBIR, AJIEKCAHJIAP HUKOJIIR,
MAVJIA TIYTAHOB> 1 TOPAH BOCKOBU !

! Texnonowru hakyaitieini, Ynusep3uitieiti y Hosom Cady, 21000 Hosu Cao, 2Hpupoc)n0—mau7.emau7uw<u ¢hakyaitieit,
Heiiapitiman 3a xemujy, Yuusep3uitieiti y Hosom Caoy, 21000 Hosu Cao u
34 . o -
Cpiicka akademuja nayka u ymeimnociiu, 11000 beozpao

KopunrhemeM cymIopHe KHCEIUHE Kao areHca 3a Cyi()OHOBambe, CHHTETUCAHE CY JIBE CepHje
KaTaJIM3aTopa U3 XHIPOKCUIHOT U HUTPATHOT MIPEKypcopa ca UICHTUYHUM cajpikajeM cyndara o1
4,2 mas. %. Wctu cagpxaj cyndara yCTaHOBJbEH je W y Cyn(OHOBAHOM IIMPKOHH)jYM-OKCHIY
KOMEPIIHjaTHOT TTOPEeKIa, KOjU je YMHHO OCHOBY 3a Tpehy cepujy y3opaka. HakoHn kannnHanuje Ha
500, 600 u 700 °C, neBeT y3opaka KaTaiu3aTopa Cagp)Kalld Cy pa3iMyuTe KOJM4YHHE cyidara y
3aBUCHOCTH OJI IPUMEHCHE TEMIepaType M Mopekia karanusaropa. Kao pesynrar, mHXoBa MOBp-
IIMHCKA CBOjCTBA C€ PA3NHKYjy, U 3ajeqHO ca TEKCTYpaJHHM CBOjCTBHMa Bone (opMmupamy ak-
THBHE (Dase y pasiHuuTOM CTEIICHY, & CAMHM THUM M Pa3JHYUTOj aKTHBHOCTH y TECT PEaKIHjU H30-
Mepu3anyje HopMaHOT XekcaHa. HajBeha akTuBHOCT U HajBehu mpuHOC, MpeBacXOIHO MOHO-Pa3-
rpaHaTux u3oMepa, moctTmwxe ce Ha temmneparypu o200 °C y ciydajy mpuMeHe KOMEpPLHjaIHO
CUHTEeTHCAHOT cyiipoHoBaHoT ZrOQ, kannuHucaHor Ha 500 °C. Y3umajyhu y o63up crnenehe nse
cepHje KaTanu3aropa, Jo0HjeHe U3 XUAPOKCHAa U HATpaTa, OBa APYyra je Mo CBOM MPOQHIy aKTHUB-
HOCTH OJNMXKa KOMEpLHjalIHO CyJI(OHOBAHOM Y30DPKY, JOK y30pIH KOjU 33 IPEKypCOp MMajy XHI-
POKcHA TIOKa3yjy BeoMa HHUCKY aKTHBHOCT, alld TeK HakoH KanmuHanuje Ha 600 °C. OBa HHCKa
aKTHBHOCT OJTrOBapa HajHENOBOJEHHJUM TEKCTYPAIHMM CBOjCTBHMAa OBE CEpHje KaTaiu3aropa, a
nocieauna je Behe Temmeparype KalluHalWje HOTpeOHE 3a CHMYITaHy pasrpaimy CyJIhaTHHX
BPCTa, (bUXOBE PeaJICOPILIje Ha MaTPULIM LIMPKOHU]YM-OKCH/I, U HA KPajy MHTEPAKIH]je Ca oM U
HacTaHak aktuBHe (ase. Hamehe ce 3aksbyuak na TeTparoHaiHa dasza cama mo ceOu HHje Oaro-
BOpHA 3a KaTAIMTHYKY aKTHBHOCT, Beh Ja CHHEpruja TEeKCTypalHHMX M IOBPLIMHCKHX CBOjCTaBa,
onpehenux caapkajem cyndara, ompeljyje jaurHy akTHBHUX ILICHTapa Karaiu3aTopa, a THME U
MHTEH3HUTET HEroBe aKTHBHOCTH.

(ITIpumubeHo 15. okTo6pa, peBuaupano 29. okrobpa 2009)
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Electrochemical detection of carbidopa using a
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Abstract: A chemically modified carbon paste electrode (MCPE) containing
ferrocene (FC) and carbon nanotubes (CNT) was constructed. The electroche-
mical behavior and stability of the MCPE were investigated by cyclic voltam-
metry. The electrocatalytic activity of the MCPE was investigated and it showed
good characteristics for the oxidation of carbidopa (CD) in phosphate buffer
solution (PBS). A linear concentration range of 5 to 600 uM CD, with a detec-
tion limit of 3.6+0.17 puM CD, was obtained. The diffusion coefficient of CD
and the transfer coefficient () were also determined. The MCPE showed good
reproducibility, remarkable long-term stability and especially good surface re-
newability by simple mechanical polishing. The results showed that this elec-
trode could be used as an electrochemical sensor for the determination of CD in
real samples, such as urine samples.

Keywords: carbidopa; ferrocene; carbon nanotube; modified electrode; voltam-
metry.

INTRODUCTION

Carbon nanotubes (CNTSs) are new kinds of porous nanostructured carbon
materials, which are promising as immobilization substances because of their sig-
nificant mechanical strength, excellent electrical conductivity, high surface area
and good chemical stability.l CNTs can be used to promote electron transfer re-
actions when used as electrode materials in electrochemical devices, in electroca-
talysis and electroanalysis processes due to their significant mechanical strength,
high electrical conductivity, high surface area, good chemical stability, as well as
relative chemical inertness in most electrolyte solutions and a wide operation po-
tential window.2-> Both redox mediators and CNTs exhibited excellent electro-
chemical performance for the fabrication of sensors or biosensors. Synergistic ef-
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fects in the enhanced current response were observed when both CNTs and redox
mediators were employed.6.7

Parkinson’s disease victims show a significant depletion of dopamine in the
brain. Since this neurotransmitter can not cross the blood-brain barrier into the
central nervous system and it can not be employed to restore its normal level, le-
vodopa (LD) (a precursor of dopamine) has been successfully used and is the
most widely prescribed drug for the treatment of such patients.8 After its adminis-
tration, LD is converted into dopamine via an enzymatic reaction catalyzed by
dopa-decarboxylase.

However, since the metabolism of LD is also extra cerebral, several side ef-
fects of systemic dopamine can arise if LD is administered in high dosages. In or-
der to achieve better a therapeutic effect and lower toxicity, CD is administered
in association with LD in pharmaceutical preparations, which contain10-25 % CD.
This catecholamine acts as an inhibitor for the decarboxylase activity.8 Hence, a
combination of LD with CD leads to a control of the dopamine concentration at
suitable levels, reducing the side effects and improving the efficiency of the therapy.

Accordingly, the development of an analytical method is very important to
control the content of these catecholamines in pharmaceuticals. Different techni-
gues have been employed for the determination of CD in pharmaceutical formu-
lations.®-15 Long analysis times, the use of organic solvents and high costs are
some of the drawbacks associated with these techniques. Voltammetry is consi-
dered an important electrochemical technique utilized in electroanalytical che-
mistry because it provides low cost, sensitivity, precision, accuracy, simplicity
and rapidity.16-18

To the best of our knowledge, no study has reported the electrocatalytic de-
termination of CD using carbon nanotube paste electrodes. In addition, no paper
has reported FC as a catalyst for the electrocatalysis of CD. Thus, in continuation
of studies concerning the preparation of chemically modified electrodes,19-22 in
this paper, initially the preparation and suitability of a FC modified carbon nano-
tube paste electrode (FCMCNPE) as a new electrocatalyst in electrocatalysis and
the determination of CD in an aqueous buffer solution are described. Finally, in
order to demonstrate the catalytic ability of the modified electrode in the electro-
-oxidation of CD in real samples, this method was examined for the voltammetric
determination of CD in urine samples.

EXPERIMENTAL
Apparatus and reagents
All the cyclic voltammetric measurements were performed using a BHP 2063* electro-
chemical analysis system, Behpajooh, Iran, comprising the potentiostat/galvanostat coupled
with a Pentium IV personal computer connected to a HP laser jet 6L printer.
An Ag/AgCl/3 M KCI, a platinum wire, and a FCMCNPE were used as the reference,
auxiliary and working electrodes, respectively. A digital pH/mV-meter (Metrohm model 710)
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ELECTROCHEMICAL DETECTION OF CARBIDOPA 1445

was applied for pH measurements. Graphite fine powder, paraffin oil and reagents were ana-
Iytical grade from Merck. CD was purchased from Merck. Multi-walled carbon nanotubes
(purity more than 95 %) with o.d. between 10 and 20 nm, i.d. between 5 and 10 nm and tube
length from 0.5 to 200 nm were prepared by Nanostructured & Amorphous Materials (USA).
The buffer solutions were prepared from orthophosphoric acid and its salts in the pH range
2.0-11.0.
Preparation of the electrode

Modified carbon nanotube paste electrodes were prepared by dissolving 0.010 g of FC in
diethyl ether and hand mixing with 89-times its weight of graphite powder and 10-times its
weight of carbon nanotubes with a pestle and mortar. The solvent was evaporated by stirring.
A 70:30 (w/w) mixture of FC spiked carbon nanotube powder and paraffin oil was blended by
hand mixing for 20 min until a uniformly-wetted paste was obtained. The paste was then
packed into the end of a glass tube (ca. 2 mm i.d. and 10 cm long). Electrical contact was
made by inserting a copper wire into the glass tube at the back of the mixture. When neces-
sary, a new surface was obtained by pushing an excess of paste out of the tube and polishing it
on a weighing paper. Unmodified carbon paste, prepared in the same way but without the
addition of FC and carbon nanotubes to the mixture, was used for comparison purposes.
Preparation of a real sample

The urine sample was stored in a refrigerator immediately after collection. Ten milliliters
of the sample was centrifuged for 10 min at 1000 rpm. The supernatant was filtered through a
0.45 pm filter and then diluted 10-times with 0.10 M phosphate buffer solution (pH 7.0). The
solution was transferred into a voltammetric cell to be analyzed without any further pretreat-
ment. The standard addition method was used for the determination of CD in real samples.

RESULTS AND DISCUSSION
Electrochemical behavior of the FCMCNPE

Cyclic voltammetry was employed for the investigation of the electroche-
mical properties of the FCMCNPE in a pure buffered aqueous solution (pH 7.0).
The cyclic voltammogram (Fig. 1) exhibits an anodic and corresponding cathodic
peaks with Epa = 0.370 V and Epc = 0.265 V vs. Ag/AgCI/3 M KCI. The expe-
rimental results showed well-defined and reproducible anodic and cathodic peaks
related to the FC/FC* redox couple with quasi-reversible behavior, because the
peak separation potential, AEp = (Epa — Epc), Was greater than the 59/n mV ex-
pected for a reversible system. In addition, the result obtained from cyclic vol-
tammetry of this modified electrode in various buffered solutions did not show
any shift in the anodic and cathodic peak potentials. Therefore, the electrochemi-
cal behavior of the redox process of FC/FC* in the FCMCNPE is independent of
the pH of the aqueous solution.

The capability of the electrode for the generation of a reproducible surface
was examined by cyclic voltammetric data obtained in the optimum solution pH
from five separately prepared FCMCNPEs (Table 1). The calculated RSDs for
various parameters accepted as the criteria for a satisfactory surface reproduce-
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bility were 1-4 %. This degree of reproducibility is virtually the same as that ex-
pected for a renewed or ordinary carbon paste surface.

5 —
a
E b
-3.6 r |
-100 430 960

ElmVv

Fig. 1. Cyclic voltammograms of a) FCMCNPE and b) bare CPE in 0.1 M PBS (pH 7.0)
at a scan rate 20 mV s'1,

In addition, the long term stability of the FCMCNPE was tested over a three-
-week period. Cyclic voltammetry of the CD at the surface of the FCMCNPE
after the modified electrode had been stored under ambient conditions showed
that the oxidation peak potential of the CD was unchanged and the anodic peak
current was only decreased by less than 2.1 % of the initial oxidation peak cur-
rent. The antifouling properties of modified electrode toward CD and its oxide-
tion product were investigated by recording the cyclic voltammograms of this
modified electrode before and after using in the presence of CD.

TABLE I. Cyclic voltammetric data obtained for the constructed FCMCNPE in 0.10 M PBS

(pH 7.0) at 20 mV s([a]: vs. Ag/AgCI/3 M KCI as the reference electrode; [b]: the values in

parenthesis indicate the calculated RSD)

Ea/V[a] Exc/V[a] Eip/V[a] AE,/V[A] lpa/pA N/ pA I,/ mol cm? I,/ mol cm™
0.370 0.265 0.3175 0.105 455 327  185x10°  1.45x10°

(0.75) [b] (0.67) [b] (0.78) [b] (0.81) [b] (2.45)[b](2.12) [b] (3.4) [b] (2.8) [b]

The cyclic voltammetry of the CD at the surface of the FCMCNPE after 10
repetition cycles at a scan rate of 20 mV s~1 showed that the oxidation peak po-
tential of CD was not changed and the anodic peak current was decreased by less
than 3.3 %. However, it should be emphasized that the surface of the FCMCNPE
was regenerated before each experiment.
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Optimization of the pH of the solution

The electrochemical behavior of CD is dependent on the pH value of the
aqueous solution, whereas the electrochemical properties of the FC/FC* redox
couple are independent of pH. Therefore, pH optimization of the solution seemed
to be necessary in order to realize the electrocatalytic oxidation of CD. Thus, the
electrochemical behavior of CD in 0.10 M phosphate buffer solutions of different
pH values (2.0 < pH < 11.0) at the surface of the FCMCNPE by cyclic voltam-
metry was examined. It was found that the electrocatalytic oxidation of CD at the
surface of the FCMCNPE was more favored under neutral conditions than in aci-
dic media. This appears as a gradual growth in the anodic peak current and a si-
multaneous decrease in the cathodic peak current in the cyclic voltammograms
recorded at the surface of the FCMCNPE. The results showed that the anodic
peak potential of CD at the surface of the FCMCNPE was shifted to a less-posi-
tive potential. In addition, the anodic peak current and the shifted potential value
for the electro-oxidation of CD are high at physiological pH values. Thus, pH 7.0
was chosen as the optimum pH for electrocatalysis of CD oxidation at the surface
of the FCMCNPE.

Electrochemistry of CD at the FCMCNPE

The cyclic voltammetric responses from the electrochemical oxidation of
250 uM CD at the FCMCNPE (curve f), the FC modified CPE (FCMCPE) (cur-
ve e), CNPE (curve d) and the bare CPE (curve a) are depicted in Fig. 2. As can
be seen, the anodic peak potentials for the oxidation of CD at the FCMCNPE
(curve f) and the FCMCPE (curve €) are about 370 mV, while at the CNPE (cur-
ve d), the peak potential is about 720 mV and at the bare CPE (curve b), the peak
potential is about 750 mV for CD. From these results, it was concluded that the
best electrocatalytic effect for CD oxidation was observed at the FCMCNPE
(curve ). For example, the results showed that the peak potential of CD oxida-
tion at the FCMCNPE (curve f) shifted by about 350 and 380 mV toward nega-
tive values compared with that at the CNPE (curve d) and the bare CPE (curve
b), respectively. Similarly, when the oxidation of CD at the FCMCPE (curve ¢)
and the FCMCNPE (curve f) are compared there is a dramatic enhancement of
the anodic peak current at the FCMCNPE relative to the value obtained at the
FCMCNPE. In the other words, the obtained data clearly showed that the combi-
nation of carbon nanotubes and mediator (FC) definitely improve the character-
ristics of CD oxidation. The FCMCNPE in 0.10 M phosphate buffer (pH 7.0)
without CD in the solution exhibited a well-behaved redox reaction (curve c) upon
the addition of 250 uM CD, the anodic peak current of mediator was greatly in-
creased, while the corresponding cathodic peak disappeared on the reverse scan
of the potential (curve f). This behavior is typical of that expected for electroca-
talysis at chemically modified electrodes.23
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Fig. 2. Cyclic voltammograms of a) CPE in 0.1M PBS (pH 7.0) at a scan rate 20 mV s1 and
b) as a) + 250 uM CD; c) as a) and d) as b) at the surface of the FCMCNPE and CNPE, res-
pectively; ) and f) as b) at the surface of the FCMCPE and FCMCNPE, respectively.

The effect of scan rate on the electrocatalytic oxidation of 250 uM CD at the
FCMCNPE was investigated by cyclic voltammetry. The oxidation peak poten-
tial shifted with increasing scan rate towards more positive potentials, confirming
the kinetic limitation of the electrochemical reaction. In addition, a plot of peak
height (lp) against the square root of the scan rate (v1/2) was linear in range of
10-90 mV s~1 (Fig. 3A, curve a), suggesting that at a sufficient overpotential, the
process is diffusion rather than surface controlled. A plot of the sweep rate nor-
malized current (Ip/v1/2) vs. sweep rate (Fig. 3A, curve b) exhibited the charac-
teristic shape typical of an ECcqt process.

From the slope of the Ep vs. log v curve, as shown in Fig. 3B, curve b, the
Tafel slope can also be obtained from the following equation:24

Ep = (b/2) log v + constant @

The slope of Ep vs. log v plot is b/2, where b indicates the Tafel slope. The
slope of the Ep vs. log v plot is 0Ey/6(log v), which was found to be 0.050 V in
this work; hence, b = 2x0.050 = 0.100 V. The value of Tafel slope indicates that
a one-electron transfer process is the rate limiting step assuming a transfer coeffi-
cient, ¢, of about 0.41.
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ELECTROCHEMICAL DETECTION OF CARBIDOPA 1449

A Tafel plot constructed from data of the rising part of the current-voltage
curve recorded at a scan rate of 20 mV s~1 is shown in Fig. 3B, curve a. This part
of the voltammogram, known as the Tafel region, is affected by the kinetics of
the electron transfer between CD and FC, assuming deprotonation of the sub-
strate is a sufficiently fast step. Under this condition, the number of electrons in-
volved in the rate determining step can be estimated from the slope of the Tafel
plot. A slope of 0.100 V dec~! was obtained, indicating that a one electron trans-
fer is rate limiting assuming a transfer coefficient of o= 0.41.

v/imvs”'
0 50 100
32 L 5.2
b = a d
y=2.599x +6.762 =
R?=0.999 N
! 2
o 28 L 4.2 z
—_
N
2
14 4 . Al3p =
3 65 10
v 1/2 / (mVs'1) 12
log // pA
2 0.45 141
0.4 . 0.33
L
y = 0.050x +0.300
R?= 0.999
>
Z 037 - [ 0242
& w
y=0.100x +0.229
. R2=0.999
0.34 r B 0.15
08 1.65 25

log (v/mvs™)

Fig. 3. A) Curve a, variation of the electrocatalytic current (I;) with the square root of scan
rate and curve b, variation of the scan rate- normalized current (Ip/vl’z) with scan rate;
B) curve a, Tafel plot derived from the rising part of the voltammogram recorded
at a scan rate 20 mV st and curve b, plot of Epvs. log v.

Chronoamperometric studies

The catalytic oxidation of CD by a FCMCNPE was also studied by chrono-
amperometry. Chronoamperometric measurements of different concentrations of
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CD at the FCMCNPE were performed by setting the working electrode potential
at 450 mV. From the chronoamperometric studies, we have determined the dif-
fusion coefficient, D, of CD was determined. The experimental plots of I vs. t1/2
with the best fits for different concentrations of CD were employed. The slopes
of the resulting straight lines were then plotted vs. the CD concentration. From
the slope of the resulting plot and using the Cottrell Equation:20

| = nNFADY2¢n-1/2t-1/2 2
a diffusion coefficient of (2.65+0.4)x10-6 cm2 s~ was determined for CD.

Calibration plot and limit of detection

Differential pulse voltammetry was used to determine the concentration of
CD (Fig. 4A). The responses were linear with CD concentration in the range
from 5.0x10-% to 6.0x10~4 M and the current sensitivity was 0.0414 uA/uM (Fig.
4B). The detection limit (30) was 3.6+0.17 uM.

180 351 522

y = 0.0414x + 1.9226
R?=0.9993

0 310 620

[CD] | uM
Fig. 4. A) Differential pulse voltammograms of the FCMCNPE in 0.10 M PBS (pH 7.0) con-
taining different concentrations of CD, from inner to outer corresponding to 5, 15, 50, 75, 125,

170, 225, 275, 320, 420, 500 and 600 uM of CD; B) plots of the electrocatalytic peak
current as a function of CD concentration.
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Interference studies

The influence of various substances as compounds potentially interfering
with the determination of CD was studied under optimum conditions with 10 pM
CD at pH 7.0. The potentially interfering substances were chosen from the group
of substances commonly found with CD in pharmaceuticals and/or in biological
fluids. The tolerance limit was defined as the maximum concentration of the in-
terfering substance that caused an error of less than £5 % in the determination of
CD. According to the results, neither an 800-fold excess of glucose, sucrose, lac-
tose, fructose or citric acid, nor a 600-fold excess of methanol, ethanol, Ca2*,
Mg2*, SO,2-, AI3*, NH,*, Fe2*, Fe3*, CO42-, CI- or F~, nor a 200-fold excess of
alanine, methionine, phenylalanine, glycine, or folic acid (vitamin Bg) affected
the selectivity. In addition, neither a saturated starch solution nor a 50-fold excess
of urea interfered with the determination of CD. Although ascorbic acid showed
interference, this interference could be minimized, if necessary, by using ascorbic
oxidase enzyme, which exhibits a high selectivity to the oxidation of ascorbic
acid. Also, LD interfered with the determination of CD.

Determination of CD in a real sample

To evaluate the applicability of the proposed method to real samples, it was
applied to the determination of CD in urine samples. The CD contents were mea-
sured after sample preparation using the standard addition method. The results
are given in Table II.

TABLE II. Concentration values obtained from the proposed and the reference method
(spectrophotometric method) for CD analysis of urine samples using the proposed method
under optimum conditions (n = 3)

Sample Added, uM Proposed method®, uM Standard method®, uM  Fo, Fiar® tex tianes )

Urine® 10.0 10.1+1.2 10.3+1.5 42 19 28 33
Urine® 10.0 10.2+1.4 10.5+1.8 37 19 25 33
Urine® 10.0 10.6+1.5 10.8+2.1 43 19 29 33
Urine® 10.0 10.4+2.1 10.5+2.2 39 19 27 33

%+Standard deviation; thab(o‘%),(z,z); ®a man who is safe; % woman who is safe

CONCLUSIONS

This work demonstrates the construction of an FCMCNPE and its applica-
tion in the determination of CD. The results showed that the oxidation of CD was
catalyzed at pH 7.0, whereas the peak potential of CD was shifted by 380 mV to
a less positive potential at the surface of the FCMCNPE. The catalytic peak cur-
rents obtained using DPV, were linearly dependent on the CD concentrations and
the detection limit for CD was 3.6+£0.17 pM. The high current sensitivity, low
detection limit and high selectivity of the FCMCNPE for the detection of CD
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proved its potential as a sensor. In addition, the FCMCNPE was employed for the
determination of CD in some urine samples.

U3BO/

EJIEKTPOXEMUJCKA NETEKIIUJA KAPBUIOIIE KOPUIITREBEM EJIEKTPOIE O
MMACTE YI'JBEHMYHUX HAHOLIEBU MO ®VKOBAHNX ®EPOLIEHOM

HALIMEH YAGHOUBIANl, HASSAN KARIMI-MALEHZ, MOHAMMAD ALI KHALILZADEH % 11 FATEMEH KARIMI?

Lislamic Azad University, Branch of Bam, Bam u 2Department of Chemistry,
Islamic Azad University, Qaemshahr, Iran

HamnpassbeHa je xemujcku MOAM(HUKOBAHA €IEKTPOIa Ha 6a3u yribeHHYHE MacTe KOja CaapKu
yIJbEHUYHE HAHOLEBH U (heporieH. EIeKTpOXeMHjCKO MOHAIIAKE W CTAOUITHOCT OBE EJIEKTPOJIE Cy
WCIIMTHBAHU LUKIMYHOM BostamerpujoM. ITokas3aHa je 1o0pa aKTHBHOCT €NICKTPOJIE 33 eNCKTPO-
XEMHjCKy OKCHIalMjy Kapoumomne y ¢ocdataom mydepy. JoOujeHa je nuHeapHa 3aBUCHOCT y OII-
cery KoHneHnrpamnuja ox 5 mo 600 uM kap6uorne ca rpanumnoM ocetspuBocTr ox 3,6+0.17 pM. Ta-
kohe cy oapehenu koedurmjent qudysuje kapoumone u KoeuimjeHt npenasa (@) 3a HEroBy Ok-
cuganujy. Enexkrposa je mokasana 100py penpoayKTHBHOCT, W3Y3€THY CTAOMIIHOCT TOKOM JYTHX
BpEMEHa U TI0CeOHO J0OPY PEnpoAYKTHBHOCT MOBPIIMHE HAKOH MEXaHHYKOT TOJHpama. Pesyi-
TaTH Cy MOKA3allk JIa CE UCIIUTHBAHA ENICKTPO/Ia MOXE KOPHCTUTH Ka0 EJICKTPOXEMHU]CKH CEH30p 32
oapelhuBarbe KapOU/IOIe Y PeaTHUM CHCTEMHMA, KA0 LITO CY Y30PIH ypHHA.

(Ipumsbeno 1. maja, pesuaupano 6. aBrycra 2009)
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Abstract: A simple first-order derivative spectrophotometric method was deve-
loped for the simultaneous determination of imidacloprid and 6-chloronicotinic
acid (6-CNA). By using the zero-crossing approach, imidacloprid was deter-
mined at 249 nm and 6-CNA at 236 nm with detection limits of 0.32 and 0.17
ug mL1, respectively, and relative standard deviations not exceeding 1.2 % in
the case of model systems. The proposed method was applied for the deter-
mination of imidacloprid and 6-CNA in commercial formulations. A conven-
tional spectrophotometric method (at 270 nm) was also employed for the deter-
mination of the content of imidacloprid in the same commercial formulations.
The results of the developed spectrophotometric methods were in good agre-
ement with those obtained by the high-performance liquid chromatographic
method.

Keywords: derivative spectrophotometry; imidacloprid; 6-chloronicotinic acid;
insecticide formulations.

INTRODUCTION

Imidacloprid ((EZ)-1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-yli-
deneamine, Fig. 1a) belongs to the most efficient class of insecticides nowadays,
called neonicotinoids, which account for about 17 % of the total insecticide mar-
ket.1.2 Since its launch in 1991, products containing imidacloprid have gained
registration in about 120 countries and are marketed for use in agriculture (for over
140 agricultural crops), on turf, on pets and for household pests.2 The mechanism
of imidacloprid action has been extensively studied and is relatively well known.
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It acts as an agonist by binding to nicotinic acetylcholine receptors in the nervous
system of insects. This leads to an accumulation of acetylcholine, resulting in the
paralysis and death of insects.1~3 Imidacloprid is marketed under variety of names,
including Gaucho, Merit, Admire, Confidor, Macho and Winner. Although imi-
dacloprid has been in use for a relatively short period compared to other common
pesticides, it is now considered to be the most widely used insecticide globally.1.2

One of the synthetic precursors, and also an intermediate of imidacloprid de-
composition, is 6-chloronicotinic acid (6-CNA), Fig. 1b.4> Recent investigations
showed positive effects of imidacloprid on the stress resistance of several plants,
which was probably due to 6-CNA. This substance is known to stimulate the de-
fense systems of plants and thus protect them against disease.®

Cl. N
7~ | l\{NOZ Cl N
\\ HZC\N% \ ‘
N COOH
a b

Fig. 1. Structure of imidacloprid (1) and 6-CNA (2).

All the above facts impose the necessity for reliable analytical methods for
the determination of these two compounds in their mixtures. Analytical tech-
niques used for imidacloprid determination include high-performance liquid
chromatography (HPLC) with diode array (DA),6-8 mass spectrometric (MS)9:10
and thermal lens spectrometricl! detection. Some alternative techniques, such as
an enzyme-linked immunosorbent assay,12:13 fluorimetry,14 Fourier transform
infrared spectroscopyl® and voltammetry,16-20, have also been employed to anal-
yze different imidacloprid-containing samples.

Several methods were developed to determine both imidacloprid and 6-CNA.
Thus, capillary electrophoresis with DAZ! and LC with DA,22:23 pulsed reductive
amperometric24 and MS25 detection are used for this purpose. Matrix solid phase
dispersion combined with LC-APCI-MS26 and column switching LC with post-
-column photochemical fluorescence detection2” was also applied for the simul-
taneous determination of imidacloprid and 6-CNA. Monitoring of 6-CNA in hu-
man urine by GC-MS, as indication of exposure to the pesticide imidacloprid,
was also described.28

Due to common availability of the instrumentation, simplicity of procedures,
speed, precision and accuracy, spectrophotometric methods enjoy wide popula-
rity. In addition, they are more economic and simpler, compared to methods such
as chromatography and electrophoresis.2® Hitherto, no spectrophotometric me-
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thods have been reported for the simultaneous determination of imidacloprid and
6-CNA. Namely, highly overlapped spectra of these compounds in the UV range
complicate their determination in mixtures.

Several technigues have been proposed for the treatment of spectrophoto-
metric data, with the objective of extracting a largest amount of analytical infor-
mation from spectra composed of unresolved bands. Undoubtedly, a major suc-
cess was achieved by derivative treatment of the absorbance curves, in which the
first- or a higher-order mathematical derivative of the absorbance is plotted
against the wavelength (dA/dA). Derivative spectrophotometry offers a conve-
nient solution to a number of analytical problems, such as resolution of multi-
component systems, removal of sample turbidity, matrix background and enhan-
cement of spectral details. Due to this, it was applied in the analysis of different
pharmaceuticals, foods, cosmetics, and environmental samples.29.30 The same
method was also applied for the simultaneous determination of pesticides or pes-
ticides and their degradation products.31-37

In this work, a rapid, environmentally acceptable and inexpensive first-order
derivative spectrophotometric method was developed for the determination of
imidacloprid and 6-CNA in their mixtures, both in model solutions and com-
mercial formulations (Macho 200 SL and Confidor 200 SL). The conventional
spectrophotometric method was also tested for the determination of imidacloprid
in these two formulations. The results of the spectrophotometric methods develo-
ped were compared with those obtained by HPLC with DA detection, HPLC-DAD.

EXPERIMENTAL
Chemicals and solutions

All employed chemicals were of the analytical reagent grade. The analytical standard of
imidacloprid and 6-CNA was of Pestanal quality (Riedel de Haén, Germany). Stock solutions
were prepared by dissolving the compounds in doubly distilled water to obtain a concentration
of 0.50 mg mL%, which did not change over a long period when the solutions were kept in the
dark at 4 °C. Britton—Robinson buffer solutions were prepared from a stock solution con-
taining 0.040 mol L1 phosphoric (Merck, Darmstadt, Germany), boric (Merck) and acetic
(Merck) acids by adding 0.20 mol L1 sodium hydroxide (Merck) to the required pH values,
covering the pH range of approx. 2.0-10. Commercial formulations of imidacloprid were
Confidor 200 SL (Bayer CropScience, Germany) and Macho 200 SL (Hemovet, Serbia), both
with a declared imidacloprid content of 200+12 g L-1. The amount of 6-CNA in spiked com-
mercial formulations was 115.0 g L.

Apparatus

The spectrophotometric measurements were performed on an Anthelie Data UV-visible
single-beam spectrophotometer (SECOMAM, France) with a fixed slit width (2 nm) operated
via Anthelie Data software. The chromatograms were recorded on an Agilent 1100 liquid
chromatograph (Agilent Technologies Inc., USA) furnished with an Agilent Hypersil ODS-
-C18 column (2.0 mmx250 mm, 5 um). A digital pH-meter (PHM 62, Radiometer, Denmark)
and a combined glass electrode were used for pH measurements.
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1458 GUZSVANY etal.

Procedures

Spectrophotometry. Characterization of the individual optical behavior of imidacloprid
and 6-CNA was performed at the same molar concentration (1x104 mol L™), i.e., 25.57 pg
mL1 and 15.76 pg mL-1, respectively, in the pH range 2.0-10 and in the wavelength range
200-400 nm. Standard solutions for the calibration curves were prepared by the stepwise
dilution of the stock solution to obtain concentrations in the 1.6-22.5 pg mL"! for both com-
pounds. The conventional spectrophotometric determination of imidacloprid was performed at
a working wavelength of 270 nm, while the simultaneous derivative spectrophotometric
determination was realized at 249 nm (imidacloprid) and 236 nm (6-CNA).

Chromatography. The mobile phase was 80:20 v/v water (containing 0.2 % phosphoric
acid):acetonitrile. The wavelength of the DA-detector was 270 nm for imidacloprid and 224
nm for 6-CNA, with a reference wavelength of 360 nm. Other parameters were: flow rate 0.8
mL min-1, column temperature 25 °C and injection volume 20.0 uL. The linearity of the de-
tector response was checked in the concentration range 1.61-22.5 pug mL"1 for both analytes.

Procedure for the commercial formulations. For both the spectrophotometric and HPLC
measurements, 0.25 mL of the commercial formulation was diluted stepwise to 1:50000 with
doubly distilled water. The standard addition method was used for the determination in order
to eliminate the matrix effect. In the case of the HPLC measurements, the solutions were fil-
tered through Millex 0.22 pm syringe filters.

Validation of the analytical method. The linearity of both the spectrophotometric and
comparative chromatographic method was checked in the concentration range 1.6-22.5 ug
mL-1. The limit of detection (LOD) and the limit of quantification (LOQ) were calculated
using the following equations: LOD = 3s/m and LOQ = 10s/m, where s is the standard de-
viation of the blank and m is the slope of the calibration curve.

RESULTS AND DISCUSSION
Optimization of the conventional and derivative spectrophotometric methods

To study the optical characteristics of the investigated compounds, the cor-
responding spectra were recorded in Britton—Robinson buffers (pH 2.0-10.0) in
the wavelength range 200-400 nm. Representative spectra of imidacloprid and
6-CNA obtained at pH 7.0 are shown in Fig. 2a. The spectra of imidacloprid have
two discrete absorption bands with maxima at 212 and 270 nm, whereby the lat-
ter is much more intense. No significant changes in the absorption spectra were
observed in dependence on the pH of the solution. The spectra of 6-CNA also
have two discrete, well-defined absorption bands with maxima at 224 and 269
nm, the former band being more intense. The shape of the spectra and their ma-
xima depended significantly on the pH, especially at pH < 4.0. At higher pH va-
lues, no significant changes were observed. In this context, pH 7.0 was selected
for the further investigations. As can be seen from Fig. 2a, the strong overlapping
of the spectra of the investigated compounds hindered their conventional spectro-
photometric determination in the mixture. Hence, derivative spectrophotometry
was investigated to develop a method for their simultaneous determination. The
derivative spectra of solutions containing the individual analytes were investiga-
ted in order to optimize the derivative order. As can be seen from Fig. 2, the first-
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SPECTROPHOTOMETRIC DETERMINATION OF IMIDACLOPRID 1459

-order derivative spectrum (b) showed a high sensitivity and a good resolution for
the simultaneous determination. Higher derivative orders (c, d) were discarded
because the noise attenuation was less effective and the signal became distorted.

2.0 1 0.08- 1
1.6 0.04
1.2 0.00+
< 3
0.8 . |
% 0.04
0.4 g -0.08. b
0.0 012 2
200 250 300 350 400 " 200 250 300 350 400
Al nm Al nm
0.02-
0.01
. 0.00;
i
< 0.01
& 1
0.02 2
C
-0.031— : r . ) . r . . :
200 250 300 350 400 200 250 300 350 400
Alnm Alnm

Fig. 2. Absorption spectra (a), first- (b), second- (c) and third-order (d) derivative spectra of
imidacloprid (1) and 6-CNA (2). Measurement parameters:
¢(1) = 16.9 pg mLL, ¢(2) = 11.6 ug mL-1, pH 7.0.

The main disadvantage of the derivative technique is that the signal-to-noise
ratio worsens with increasing order of the derivative. Therefore, the practical de-
rivative technique includes a certain degree of low-pass filtering or smoothing, to
control the noise increase, which is an inevitable consequence of the noise signal
differentiation. The effect of smoothing a peak-type signal is that the noise is re-
duced, which is desirable. However, it distorts the signal, which is undesirable
but unavoidable. Thus, optimization of the smoothing factor is very important in
order to obtain appropriate signals.38 In the present study, the adjacent averaging
method was tested, using smoothing factors of 2, 5 and 8 (Fig. 3). The obtained
curves were then compared with unsmoothed ones (Fig. 2b). The smoothing
factor 5 was selected because this yielded good sensitivity without a significant
sacrifice of the signal to noise ratio.
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Fig. 3. Effect of smoothing on the first-order derivative spectra of imidacloprid (1) and
6-CNA (2). Measurement parameters: ¢(1) = 16.9 ug mL, ¢(2) = 11.6 pg mL™1,
pH 7.0, smoothing factors: 2 (a), 5 (b) and 8 (c).
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The smoothed first derivative spectrum of both compounds have more zero-
crossings, of which those at 236 nm in case of imidacloprid and 249 nm in case
of 6-CNA offer better sensitivity for the determination of the second compound
(Fig. 3b). At these wavelengths, all the absorption is attributed to a single
compound. The effect of the concentration of the analytes on both zero-crossing
points was studied in the concentration range 1.61-22.5 pg mL-1. The selected
zero-crossing values were independent of the concentration.

In the case of the conventional spectrophotometric determination of imida-
cloprid, the absorbance was measured at the absorption maximum (270 nm).

Determination of imidacloprid in a model solution and commercial formulations

The simultaneous determination of imidacloprid and 6-CNA in the model
solution is demonstrated in Fig. 4a. Using the selected conditions, linear graphs
of dA/dA versus the analyte concentration were obtained in the concentration
range of 1.6-22.5 pug mL-1 for both analytes. The calculated values of the LOD
were 0.32 and 0.17 pg mL-1 for imidacloprid and 6-CNA, respectively. The re-
lative standard deviations (RSDs) did not exceed 1.2 %. The results of the first-
-order spectrophotometric method were compared with those of the HPLC-DAD
method. The retention times of 6-CNA and imidacloprid were 7.85 and 9.04 min,
respectively. The repeatability of the retention times and peak areas were check-
ed by injecting the standard mixture solution six times and the RSD of the re-
tention times and that of the peak areas were less than 0.1 and 1.1 %, respec-
tively. The analytical parameters for both methods are presented in Table I.

Preliminary HPLC analysis did not confirm the presence of 6-CNA in the
investigated commercial formulations (Confidor 200 SL, and Macho 200 SL).
Hence, before applying the developed derivative spectrophotometric method for
the determination of imidacloprid and 6-CNA (Fig. 4c), the formulations were
spiked with a defined amount of 6-CNA. The standard addition method was used
for the determination in order to eliminate the matrix effect. As can be seen from
Table 11, the determined amounts of imidacloprid and 6-CNA agreed well with
the supplier’s data (imidacloprid) or with the added amount (6-CNA). The
HPLC-DAD measurements confirmed the results of the spectrophotometric mea-
surements. On the other hand, the conventional spectrophotometric analysis of
imidacloprid in commercial formulations by the standard addition method (205.0
g L1, 2.27 % RSD in case of Confidor 200 SL (Fig 4b) and 194.5 g L1, 3.93 %
RSD in case of Macho 200 SL) agreed well with the derivative spectrophotomet-
ric and HPLC data (Table 1), confirming that simple conventional spectrophoto-
metry can also give valuable insight into the content of the active compound of
some commercial formulations.

The sufficiently good recoveries and low RSDs reflect the high accuracy and
precision of the proposed derivative spectrophotometric method. The method is sen-
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Figure 4. Simultaneous derivative spectrophotometric determination of imidacloprid and
6-CNA in a model solution (a), conventional spectrophotometric determination of
imidacloprid in Confidor 200 SL (b) and derivative spectrophotometric
determination of 6-CNA in spiked Confidor 200 SL (c).
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sitive, simple, relatively rapid and inexpensive, thus making it a convenient al-
ternative tool for the fast determination of imidacloprid in commercial formula-
tions, even in the presence of 6-CNA.

TABLE I. Analytical parameters for the derivative spectrophotometric and HPLC-DAD de-
termination of imidacloprid and 6-CNA in model systems

Method of determination
Parameter Derivative spectrophotometry HPLC-DAD
Imidacloprid 6-CNA Imidacloprid 6-CNA
Concentration interval, pgmL™  1.1-22.5 0.58-22.5 0.19-22.5 0.24-22.5

Slope? 0.0024 -0.0031 0.688 0.528
Intercept® 0.001 —0.0006 0.032 -0.07
Correlation coefficient® 0.999 0.999 0.999 0.999
LOD / ug mL™ 0.32 0.17 0.05 0.06
LOQ/ugmL™ 1.07 0.58 0.19 0.24
RSD / % 1.2 1.0 1.1 1.1

%Y = a + b, where ¢ is concentration in pug mLtand Y is dA/dA

TABLE Il. The content of imidacloprid and 6-CNA in commercial formulations spiked with
6-CNA (n =6)

Method of determination
Commercial Derivative spectrophotometry HPLC-DAD
formulation Imidacloprid 6-CNA Imidacloprid 6-CNA

c/gL*RSD/% c/gL" RSD/% c/gL" RSD/% c/gL™" RSD/%
Confidor 200SL  202.14 322 116,60 215 20515 213 11791 175
Macho 200 SL 196.68 254 11581 3.12 19430 140 11580 2.85

CONCLUSIONS

A simple and rapid derivative spectrophotometric method, based on the zero-
-crossing approach, was developed for the simultaneous determination of imida-
cloprid and 6-CNA at pH 7.0. The first derivatives of the absorption spectra were
used in the case of both compounds. Imidacloprid was determined at 249 nm, and
6-CNA at 236 nm. The method, tested by determining imidacloprid and 6-CNA
in commercial formulations of imidacloprid, requires no sample clean-up, which
saves time, money and the environment. Conventional spectrophotometry was
successfully employed for the determination of imidacloprid in commercial for-
mulations. The results of both the conventional and derivative spectrophoto-
metric methods were in good agreement with the comparative HPLC-DAD pro-
cedure, and also with the composition declared by the manufacturer.

Acknowledgements. Authors acknowledge the financial support of the Ministry of Sci-
ence and Technological Development of the Republic of Serbia (Project No. 142029 and Pro-

ject No. 20135) and the Secretariat for Science and Technological Development of AP Vojvo-
dina, Republic of Serbia (Grant No. 114-451-00663/2009-01).

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1464 GUZSVANY et al.

U3BOJ

BP30 CIIEKTPO®OTOMETPUIJCKO OAPEBUBAKBE UMHUJTAKIJIOIIPUIA Y
OIJABPAHUM KOMEPIIUJAJIHUM ITPEITAPATUMA V ITPUCYCTBY
6-XJIOPHUKOTUHCKE KHCEJIMHE

VALERIA J. GUZSVANY?, ZSIGMOND J. PAPPY, CATbA JI. TA3WR?, FERENC F. GAALY,
JIVKA J. BIEJTULAY 1 BUJbAHA ®. ABPAMOBIR®

Iﬂeﬁapu_man 3a xemujy, Ouoxemujy u 3auiiuiny xusoiine cpeoune, IIpupooHo—maitiemaiuiusxu gaxyaitieit,
Ynueepauitieii y Hosom Caoy, Tpz /1. O6padosuhia 3, 21000 Hoeu Cao u Zﬂomoapztepeauu pakyaitieis,
Ynusepsuitein y Hosom Caody, Tpz 1. O6paoosutia 8, 21000 Hosu Cao

[pemnosxkeHa je jexHocTaBHA CIEKTPO(OTOMETPHjCKa METOAa Ha 6a3u IPBOT H3BOJA 33 UCTO-
BpeMeHO onpehuBame uMupakionpuaa u 6-xmopHukoruHcke kucenune (6-XHK). Ipumemnyjyhu
MIPUCTYII HyJITOT IIpeceka NMHUIAKIONpPHA je oxpehusan y Monen cucremy Ha 249 nm a 6-XHK na
236 nm, ca rpanmmama gereknmje on 0,32 m 0,17 pg mML™, pecneKTHBHO M penaTHBHOM
CTaHJApAHOM JIeBHjalijoM MamoM of 1,2 %. IlpemnokeHa MeToa je IpUMEHkeHa 3a oapehuBame
nmupakitonpuaa U 6-XHK y xomepuujannuM npenapatnma. KoHBeHIMOHAMHA CTIEKTPOGOTOMET-
pujcka Metona (Ha 270 Nm) je Takohe nmpuMereHa 3a ojapehuBame cajpikaja MMUAAKIONPUAA Yy
HCTUM KOMEpLHUjaJHUM IpenapatiMa. Pesynrtatu npeanoxkeHe ceKTpopoToMeTpHjcKe METoAe Cy
y mo0poj cariacHOCTH ca pe3ynTatiMa RoOHjeHHMM MeTOJOM TedHe Xpomartorpaduje BHCOKe
e(pUKaCHOCTH.

(MTpumsbeno 15. okrobpa 2009)
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Abstract: Voltammetric studies of the interaction of yeast RNA (y-RNA) with
Victoria Blue B (VBB) are described in this paper. Furthermore, a linear sweep
voltammetric method for the detection of y-RNA was established. The reaction
conditions, such as acidity and amount of buffer solution, the concentration of
VBB, the reaction time and temperature, etc., were carefully investigated by
second order derivative linear sweep voltammetry. Under the optimal con-
ditions, the reduction peak current of VBB at —0.75 V decreased greatly after
the addition of y-RNA to the solution without any shift of the reduction peak
potential. Based on the decrease of the peak current, a new quantitative method
for the determination of y-RNA was developed. The effects of co-existing sub-
stances on the determination were carefully investigated and three synthetic
samples were determined with satisfactory results. The stoichiometry of the
VBB-y-RNA complex was calculated by linear sweep voltammetry and the in-
teraction mechanism is discussed.

Keywords: interaction; linear sweep voltammetry; Victoria Blue B; yeast RNA.

INTRODUCTION

Nucleic acids (NAs) are very important for their specific functions in life
science. The determination of the content of NAs is very useful in mutation de-
tection and clinical diagnostics. Hitherto, many methods have been proposed for
the determination of NAs, including UV-Vis spectrophotometry,1-3 fluorescen-
ce,* the light-scattering technique,58 etc. However, spectrophotometric methods
are limited by their low sensitivity, while fluorometric methods often suffer from
inherent interference from proteins and other compounds present in biological
samples. Recently, the light-scattering technique was extensively studied and ap-
plied to the determination of deoxyribonucleic acid (DNA).”:8 Compared with
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these analytical methods, electrochemical methods have some advantages, such
as cheaper and smaller devices, a wider linear range and a lower detection limit.
Electrochemical methods have been widely used to study the interaction of NAs
in solution with molecules such as metal chelates,® dyes!0 and drugs.1l Most of
these studies were, however, focused on investigations with DNA because of its
importance in relation to replication and transcription, mutation of genes, action
mechanisms of some DNA-related diseases and DNA-targeted drugs, specific se-
guence gene detection, etc. Otherwise, to the best of our knowledge, reports con-
cerning interactions with ribonucleic acid (RNA) are seldom. RNA also plays im-
portant roles in the process of transcription and some gene information is con-
cerned with RNA. Proteins can also take advantage of conformational polymer-
phism in the RNA backbone. Thus, it is also important to study the electroche-
mical behavior of RNA. Palecek investigated the voltammetric behavior of RNA
on hanging mercury working electrodes using cyclic voltammetry12 and differen-
tial pulse voltammetry.13 The results indicated that, in a weakly alkaline elec-
trolyte, RNA produced a cathodic peak at -1.36 V (vs. SCE). The interaction of
some metal chelates, such as rhodium(l11) phenanthroline,14.15 ruthenium(ll) po-
lypyridine,16.17 Jead(11),18 etc., with RNA have been reported for recognition or
hydrolysis reactions. Sun et al. investigated the interaction of pyronine B with
RNA by an electrochemical method and further applied it to the quantitative
detection of RNA.19 Zhang et al. studied the interaction of a ciprofloxacin-cop-
per complex with RNA by linear sweep voltammetry and established a new ap-
proach for RNA determination.20 Jia et al. developed a method for detecting
RNA by the resonance light scattering quenching technique.2!

In this work, the electrochemical behavior of Victoria Blue B (VBB) in the
absence and presence of yeast RNA (y-RNA) was examined. VBB is a cationic
dye, the structure of which is shown in Fig. 1. It is a commonly used as a cheaper
price indicator. In pH 3.5 Britton—Robinson (B—-R) buffer solution, VBB has a
sensitive linear sweep voltammetric reduction peak at a potential of —0.75 V (vs.
SCE) and the addition of y-RNA into a VBB solution resulted in changes of the
reduction peak current, which could be further used for the detection of y-RNA.

= #
\ /%J

(CH3z)2

Fig. 1. The molecular structure of Victoria Blue B.
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VOLTAMMETRIC DETECTION OF YEAST RNA 1469

The optimal conditions for the interaction were selected. Under the optimal con-
ditions, the binding number and the binding constant were calculated from the
electrochemical data.

EXPERIMENTAL

Apparatus

All the electrochemical experiments were performed using a JP model 303 polarographic
analyzer (Chengdu Apparatus Factory, China) with the traditional three-electrode system
using a dropping mercury electrode (DME) as the working electrode, a platinum wire counter
electrode and a saturated calomel reference electrode (SCE). All the potentials given in this
paper are related to the SCE. A Cary 50 probe UV-Vis spectrophotometer (Varian Company,
Australia) was used to record the UV-Vis absorption spectra. A pHS-25 acidimeter (Shanghai
Leici Instrument Factory, China) was used for measuring the pH of the solutions. All the ex-
periments were performed at 25+2 °C, except when otherwise stated.
Reagents

Stock solutions of yeast RNA (y-RNA, Tianjin Damao Chemical Reagent Company,
China) and fish sperm DNA (fs-DNA, Beijing Jingke Biochemical Reagent Company, China)
(1.0 g LYy were prepared by dissolving them in doubly distilled water. The 1.0x10- mol L1
solution of Victoria Blue B (VBB, Tianjin Kermel Chemical Reagent Company, China) was
obtained by dissolving 0.0506 g VBB into 100 mL water. A Britton—-Robinson (B-R) buffer
solution (0.20 mol L-1) was used to control the acidity of the interaction system. All other
reagents were of analytical reagent grade and doubly distilled water was used throughout this
study.
Procedure

Solutions of VBB (0.40 mL, 1.0x10-3 mol L"1), pH 3.5 B-R buffer (2.5 mL) and an ap-
propriate amount of y-RNA (or samples) were mixed in a 10 mL volumetric flask, diluted to
the mark and mixed thoroughly. After reacting at room temperature for 15 min, the second
order derivative linear sweep voltammetric curve was recorded in the potential range from
-0.3 V to -1.0 V. The peak current of VBB reduction at a potential of —-0.75 V (vs. SCE) was
recorded as the blank response (Ipy”) and the peak current of the VBB-y-RNA mixture was
recorded as Ip”. The difference of the peak current (Alp” = Ipy” — Ip”) was used for quan-
titative analysis.

RESULTS AND DISCUSSION
Absorption spectra

The UV-Vis absorption spectra of VBB in the absence and presence of dif-
ferent amounts of y-RNA are shown in Fig. 2. In pH 3.5 B-R buffer solution and
in the scanning range from 350 to 800 nm, VBB had an absorption peak maxi-
mum at 612 nm (curve 1) and y-RNA had no absorption (curve 4). When y-RNA
was mixed with VBB, the absorbance of VBB at 612 nm decreased (curves 2 and
3), with an isobestic point appearing at 646 nm. The more the y-RNA was added,
the greater was the absorbance decrease, which indicates that a binding reaction
between VBB and y-RNA had occurred in the mixture solution and a new bio-
supramolecular complex was formed under these experimental conditions.
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Fig. 2. UV-Vis Absorption spectra of the interaction of VBB with y-RNA. Reaction
conditions: 1) pH 3.5 B-R buffer + 4.0x10> mol L1 VBB; 2) and 3) pH 3.5 B-R buffer +
10.0 and 50.0 mg L1 y-RNA, respectively; 4) pH 3.5 B-R buffer + 20.0 mg L1 y-RNA.

Linear sweep voltammograms

Second order derivative linear sweep voltammetry can give a peak shape
curve with high sensitivity; hence it was employed in this study. The second or-
der derivative linear sweep voltammograms of VBB with different amounts of
y-RNA are shown in Fig. 3. It can be seen that the B-R buffer did not have any
electrochemical response (curve 1) and VBB had a sensitive second order deri-
vative linear sweep voltammetric reduction peak at —0.75 V (vs. SCE) (curve 2),
which was due to the electrochemical reduction of VBB on the mercury elec-
trode, while y-RNA showed no electrochemical response in this potential range.
After the addition of y-RNA into the VBB solution, the reduction peak current at
the potential of —0.75 V decreased gradually with increasing y-RNA concen-
tration (curves 3 and 4). The phenomena indicated that an interaction occurred in
the mixture solution, which resulted in a decrease of free concentration of VBB

1
6000
5000 ,_/_\4/\/\
3
By 4000} Fig. 3. Second order derivative li-
= near sweep voltammograms of the
3000 interaction of VBB with y-RNA. Re-
2000} action conditions: 1) pH 3.5 B-R
buffer; 2) pH 3.5 B-R buffer +
1000} 4.0x10" mol L1 VBB; 3) and 4)
. . . . . pH 3.5 B-R buffer + 4.0x10° mol

02 04 06 08 10 1.2 L'VvBB++100and200mgL*
-E/V y-RNA, respectively.
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VOLTAMMETRIC DETECTION OF YEAST RNA 1471

in the solution and a decrease of the reduction peak current. Since the isoelectric
point (pl) of y-RNA is in the range of 2.0 to 2.8 and the value of the pK, of VBB
is 8.25, in the selected pH 3.5 buffer solution, the phosphate in the backbone of
y-RNA was highly negatively charged, while the VBB molecules were positively
charged. Thus a strong electrostatic attraction reaction between VBB and y-RNA
occurred in the solution to form a supramolecular complex. Based on the de-
crease in the peak current, a new voltammetric method for the quantification of
NAs was further established.

Optimization of experimental conditions

The influence of pH on the difference of peak currents was examined in the
pH range from 1.5 to 6.0 and the results are shown in Fig. 4, from which it can be
seen that the Alp value reached its maximum at pH 3.5, hence this pH value was
employed in the following experiments. Additionally, the experiments indicated
that the response to the VBB-y-RNA reaction was larger in B-R buffer solution
than in other buffers, such as NH3—NH4Cl, HOAc-NaOAc, etc. Hence, a B-R
buffer solution of pH 3.5 was selected as being optimal. The effect of the concen-
tration of the B-R buffer solution on the peak current difference was also studied
in the range from 0.010 to 0.20 mol L1 and the results showed that the Alp”
value reached a maximum when the concentration of the B-R buffer solution was
0.05 mol L1,

3000 ¢ 13000
?. 2500 F \..__.___,.\ 1 4 2500E
2. 2000 ~N
. A3 . 12000
1500 } B \
. . {1500
1000 } \
500 N ) = 11000
\_‘ -
M.—-__.\.\-
T s 4+ 5 8 0
pH

Fig. 4. The influence of buffer pH on the peak current (1 and 2) and the difference of peak
currents (3). Reaction conditions: ¢(VBB) = 4.0x10° mol L; 1) c(y-RNA) = 0;
2) ¢(y-RNA)=20.0 mg L1; 3) Alp” = Ip1" - Ip2".

The influence of the VBB concentration on the difference in the reduction
peak current was measured using 20.0 mg L-1 y-RNA. As shown in Fig. 5, the
Alp” value increased with increasing VBB concentration and then decreased gra-
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dually. The maximal value of Alp” was obtained at a concentration of VBB of
4.0x10-5 mol L-1; hence a 4.0x10-° mol L-1 concentration of VBB was selected
for use. Since the y-RNA concentration was fixed at 20.0 mg L~1, when the VBB
concentration was smaller than 4.0x10-5 mol L1, the interaction of VBB with
y-RNA did not reach equilibrium, hence the value of Alp” value increased gra-
dually. When the VBB concentration was more than 4.0x10-5 mol L™, the reac-
tion reached to the equilibrium and all the y-RNA was bound to VBB; hence any
further increase of the VBB concentration in the reaction solution increased the
concentration of free VBB in the reaction solution and then the Alp” value de-
creased gradually.

3500
< 3000} e
5 2500
2000
1500 7/ -

AN

1000} / . .
- Fig. 5. The influence of the VBB
5001 / concentration on the difference of
ok peak currents (Alp”). Reaction con-
2 , 2 : s : ditions: 20.0 mg L1 y-RNA and dif-
0 1 2 \ 3. 5 4 1 5 ferent concentrations of VBB in pH
Cyps10 " mol L 3.5 B-R buffer solution.

The binding reaction occurred rapidly after y-RNA was mixed with VBB.
The Alp” value reached its maximum within 15 min and remained constant for at
least 2 h. Therefore, this system gave ample time to measure the reduction cur-
rent of a large number of real samples. In the reaction temperature range from 10
to 40 °C, no great differences were observed for the determination. When reac-
tion temperature was more than 40 °C, y-RNA may be denatured. Hence, a tem-
perature of 25 °C was used throughout in the following procedure.

The instrumental conditions of the polarographic analyzer, such as the scan
rate and the dropping mercury standing time (lifetime of the mercury drop) were
also selected. With increasing scan rate, the peak current increased, which is in
accordance with the Ilkovic equation. The maximal Alp” value was obtained at a
scan rate as 900 mV s-1, hence this scan rate was selected. The reduction peak
current also increased with increasing standing time of the dropping mercury.
However, when the dropping mercury standing time was more than 13 s, the
mercury drop fell down naturally. Hence, a 12-second standing time of the drop-
ping mercury was selected.
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Generally speaking, biosamples are often diluted with NaCl solution to keep
the bioactivity and biomicroenvironment of the target. Hence, the influence of io-
nic strength was also investigated by the addition of 1.0 mol L-1 NaCl to the
mixture. As shown in Fig. 6, the peak current decreased greatly with increasing
ionic strength, which was due to a decrease of the electrostatic force between the
VBB anion and y-RNA. With increasing ionic strength, the shielding effect of the
charges on the y-RNA was unbeneficial to the formation of the VBB-y-RNA
complex.

4000
3
-, 3000}
g b
2000 \
1000 F \
Fig. 6. The influence of ionic strength
0 \_/-'--.... on the difference of peak currents
[ 1 1 : : : (Alp"). Reaction conditions: 4.0x10°
00 0.1 0.2 0‘.3 __ 0'44 0.5 mol L1 VBB + 20.0 mg L y-RNA
Chae/mol L in pH 3.5 B-R buffer solution.
Interferences

The interferences of some co-existing substances, such as amino acids, metal
ions, glucose, etc., on the determination of y-RNA were studied and the experi-
mental results are shown in Table 1. As can be seen, most of the investigated
substances could be tolerated at higher concentrations without interference.

TABLE I. Tolerance to co-existing substances on the determination of 20.0 mg L1 y-RNA in
pH 3.5 B-R buffer solution with a VBB concentration of 4.0x10-> mol L1

Coexisting Concentration Relative error | Coexisting Concentration Relative error
substance mg L1 % substance pmol L1 %
L-Serine 0.5 4,99 Cu® 05 -4.98
L-Tyrosine 0.5 -3.17 Mn?Z+ 0.5 -0.29
L-Valine 0.5 2.08 Ca?* 0.5 -0.06
L-Arginine 0.5 -2.28 Sn2* 0.5 0.61
L-Leucine 05 1.25 Zn2* 0.5 -3.19
L-Glutamine 0.5 -1.42 Mg2* 0.5 -2.72
Glycine 0.5 -3.19 Co?* 0.5 -2.36
Citric acid 0.5 2.92 Urea 05mgL™? 1.01
6-Amino caproic 0.5 12.02 Glucose 05mgL™? —2.46
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Calibration curves

Under the optimal conditions, calibration curves for the determination of
NAs were constructed. As shown in Table I, the differences of the reduction
peak current in the absence and presence of the two examined NAs were propor-
tional to the concentration of the NA with a good linear relationship. The detec-
tion limit was calculated according to the equation of LOD = KSgp/S, where K is a
constant related to the confidence level. According to the suggestion of the IUPAC,
the value of K is 3 at the 99 % confidence level. Sy is the standard deviation of
ten blank-solution measurements (no added y-RNA) and S is the slope of the ca-
libration graph. The relative standard deviation (RSD) for 11 parallel determi-
nations of 20.0 mg L~1 y-RNA was 1.98 %.

TABLE II. Analytical parameters for the determination of different nucleic acids in pH 3.5
B-R buffer solution with a VBB concentration of 4.0x10° mol L1

Linear range . . Detection limits ~ Regression
NAs mg L Standard regression equation (30), mg LT coefficient ()
y-RNA 6.0-20.0 Alp” =190.08c — 889.72 1.34 0.993
fs-DNA 6.0-16.0 Alp” = 287.68c — 1509.00 0.57 0.991

Sample determinations

Acrtificial y-RNA samples containing metal ions and amino acids, etc., were
determined and the results are listed in Table I11. It can be seen that y-RNA in the
artificial samples could be determined with satisfactory results and the recoveries
were in the range of 99.67-100.80 %, which indicates that this method is practi-
cal and reliable.

TABLE IIl. Results of the determination of y-RNA in synthetic samples (n = 5) in pH 3.5 B-R
buffer solution with a VBB concentration of 4.0x10-° mol L1

Added Found RSD  Recovery

Sample Coexisting substance?

mgL? mgL? % %
1 Glycine, citric acid, Zn2+, Mn2+ 10.00 10.08 1.67 100.80
2 L-Arginine, urea, Ca2+, Mg2+ 15.00 14.97 0.89 99.67
3 L-Valine, L-glutamine, Cu2+, Co2* 20.00 20.08 0.76 100.40

aConcentration of coexisting substances: 0.50 umol Lt

Stoichiometry of the VBB—y-RNA complex

In the selected pH 3.5 buffer solution, the VBB molecules were positively
charged, while deprotonation of the phosphate groups resulted in negative char-
ges on the y-RNA chains. Hence, the interaction of VBB with y-RNA was caused
by electrostatic attraction. The stoichiometry of the VBB-y-RNA complex was
calculated from the voltammetric data. According to a proposed method,22:23 it
was assumed that only a single complex of y-RNA-mVBB was formed when
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VBB interacted with y-RNA. The binding number (m) and the equilibrium
constant (/%) of the binding reaction can be deduced as follows:

y-RNA + mVBB <> y-RNA-mVBB (1)
The equilibrium constant is deduced as follows:
_[y-RNA-mVBB]

A - )
[y-RNA]VBB]
as:
Almax = KCy-RNA 3)
Al = k[y-RNA-mVBB] 4)
[y-RNA] + [y-RNA-mVBB] = ¢y.rNA (5)
Therefore:
Almax — Al = k(cy.rnA — [Y-RNA-mVBB]) = k[y-RNA] (6)
Introducing Egs. (2), (4) and (6) gives:
log [Al/(Almax — Al)] = log S + m log [VBB] @)

where Al is the difference between the peak current of the sample and blank,
Almax corresponds the maximum value of difference of peak currents, cy.rnA,
[y-RNA-mVBB] and [y-RNA] correspond to the total, bound and free concentra-
tions of y-RNA in the solution, respectively.

From Eq. (7), the relationship of log (Al/(Alnax — Al)) with log [VBB] was
calculated and a linear regression equation was obtained as:

log (Al/(Alpax — Al)) = 2.48log [VBB] + 11.97 (n =6, y=0.992)

From the intercept and the slope, the values m = 2.5 and £ = 9.33x1011 were
deduced, which indicated that a stable 2:5 complex of 2y-RNA-5VBB was form-
ed under the selected conditions.

CONCLUSIONS

The linear sweep voltammetric method was shown to be a useful method for
bioanalysis with the advantages of a low detection limit, wide dynamic range and
instrumental simplicity with moderate costs. Since the electrode reaction occur-
red at the electrode/solution interface, it can be applied to small amounts of sam-
ples. Based on the decrease of the reduction peak current of VBB after the ad-
dition of y-RNA under the selected conditions, a new voltammetric method for
the determination of y-RNA was developed. The method is sensitive, reprodu-
cible and not affected by commonly co-existing substances. The stoichiometry of
the VBB-y-RNA complex was calculated from the voltammetric data.
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U3BOA

OCETJbMBA BOJITAMETPUICKA JETEKLIMJA PHK KBACIHA FASUPAHA
HA MHTEPAKIIUIN CA BUKTOPUJAITJIIABUM b

WEILI ZHANG?, XUELIANG NIUY, NA ZHAO? 1 WEI SUN?

1Department of Basic Medicine, Shandong Wanjie Medical College, Zibo 255213 u 2College of Chemistry and
Molecular Engineering, Qingdao University of Science and Technology, Qingdao 266042, P. R. China

V pany je ommcana Bonrtamerpujcka aHanmsa uHtepakiuje PHK kBacua (PHKk) ca BukTo-
pujariaBuM b kao u MeTosa uHeapHe npoMeHe noteHnujana 3a gerekunjy PHKk. Peakiponu yc-
JIOBH, Ka0 IITO CYy KHCEJOCT, KOJIMYHHA Iydepa, KOHICHTpallija BUKTOPHjAIUIaBor b, peakiuoHo
BpeMe U TeMIlepaTypa, UCIIUTHBAHU Cy JU(EepLUjaTHOM JIHMHEApHOM IPOMEHOM MOTEHIHjalla Ipy-
ror pena. Ilox onTHManHMM yCIOBHMA, CTPYjHH BpX pemyknuje BukropujamuiaBor b ma —0,75 V
cMmamyje ce Hargo o nogatky PHKk y pactBop, 6e3 mpomeHe moTeHnrjana cTpyjHoOr Bpxa. Mero-
na 3a onpehuBame PHKk je GasupaHa Ha cMamemy cTpyjHOr Bpxa. McmuTaH je edekar yruuaja
CIOpeAHUX KOMIOHeHTH Ha oxpehuBame PHKK M Tpu cHHTETHUKa y30pKa Cy YCHEIIHO aHaJIU3HU-
paHa. CTpeXHOMETPHUjCKH cacTaB KoMIuiekca BukropujamiaBo b—PHKk je uspadyHar Ha OCHOBY
BOJITAMETPH]CKHX IT0J]aTaKa, a MEXaHH3aM HHTEPaKIIKja IUCKYTOBaH je y pay.

(TTpumsbeno 7. janyapa, pesuaupano 25. maja 2009)
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Abstract: Geochemical analysis for Fe was made on a representative sample of
dickite-rich hydrothermal clay from Jedlina Zdroj. The mineralogy of the sam-
ple is comparatively simple, dickite being the principal component (>95 wt. %
of the total sample), with lesser amounts of goethite and barite. Geochemical
fractionation and inductively coupled plasma—optical emission spectrometry in-
dicated that most of the Fe (ca. 97 wt. % of the total metal) resides in the dicki-
te. Electron spin resonance showed that some of the Fe in the dickite structure
is in the form of Fe3*. A substantial proportion of these ions (as well as Fe) in
the dickite matrix were probably contained in the original hydrothermal dicki-
te-forming solution. From the geochemistry of Fe3*, it was deduced that the
oxidation potential (Eh) and pH of the solution during the formation of dickite
from the Jedlina Zdroj were approximately 0.45-0.95 V (highly oxygenated)
and 0-4 (highly acidic), respectively.

Keywords: kaolinite; dickite; iron.

INTRODUCTION

The kaolinite group of minerals includes kaolinite, dickite, nacrite and hal-
loysite. Kaolinite minerals are widespread in crustal rocks, particularly where
there hydrothermal acid waters flow existed.l Hydrothermal dickites were mainly
formed in situ through alteration of source minerals (mainly potassium-rich feld-
spars and other Al-rich silicates) by hydrothermal acid waters.2:3 In Lower Sile-
sia, hydrothermal dickite has been recognized for a long time and was named
“pholerite” by researchers (e.g., Kowalski and Lipiarski).# The Polish literature
concerning hydrothermal dickite in Lower Silesia is, however, relatively scarce
and this type of clay minerals is generally considered rare.#® This report is a part

*Corresponding author. E-mail: pavle.premovic@yahoo.com
doi: 10.2298/JSC0912477P
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of a larger study that attempts to evaluate the nature and origin of hydrothermal
dickite in volcanic rocks recovered from Lower Silesia.

In recent years, considerable attention has been given to the genesis of dicki-
te in sedimentary conditions. However, its origin and genesis is still a matter of
debate. Dickite is generally considered to be a relatively high-temperature poly-
type, although many other occurrences have been reported in hydrothermal and
diagenetic environments, indicating that the genetic conditions are less restrictive
than were initially envisaged.

Geochemical studies indicate that iron occurs in natural aquatic environ-
ments in two oxidation states, Fe(lll) and Fe(ll). In low (suboxic/anoxic) Eh
natural environments, the main aqueous Fe(ll) species are Fe2* and Fe(OH)*. In
oxygenated (aerated) natural waters, Fe is predicted to occur in the +3 oxidation
state, primarily as highly soluble and mobile ions. These ions have a strong ten-
dency to interact with the surface of Al and other metal hydrous oxides and are
thus capable of becoming specifically bound within colloidal clay particles.

Physicochemical conditions during the formation of non-hydrothermal kaoli-
nites are usually deduced from field data as well as experimental/thermodynamic
data. The stability of these mineral is often expressed in plots using pH and ion
activities. The hydrothermal kaolinites/dickites are not frequently studied and
knowledge of the physicochemical conditions necessary for their formation is
still obscure.

One way to obtain an objective evaluation of the nature of a solution during
the formation (precipitation) of hydrothermal dickite (or kaolinite) is to examine
components that undoubtedly were introduced into its lattice by this solution.
Such a component is, for certain, Fe3*. On the other hand, chemical conversions
of Fe3* into Fe2* in natural aquatic environments are characterized almost enti-
rely by the pH and oxidation reduction potential (Eh) of the environment. These
two parameters also have a strong influence on the mobility and complexation of
Fe3*. Thus, Fe3* is a sensitive geochemical indicator of the geochemistry of di-
ckite-forming waters and it may provide clues to the origin of hydrothermal clay
deposits of the past. These facts led us to study Fe3* in a well-ordered dickite, a
hydrothermal mineral enriched with Fe, in a dickite-rich sample from Jedlina
Zdroj. In addition, selective leaching procedures were used to establish geoche-
mical associations and specific mineralogical residences for Fe and Fe3* in this
clay. As far as we are aware, this is the first time that this approach has been em-
ployed to describe the physicochemical conditions of formation of any clay mineral.

EXPERIMENTAL
Sample location and description

Jedlina Zdroj is a town situated in Lower Silesia (southwestern Poland) in the region of
Walbrzych, the Sudetes Basin. The geographical location of the Jedlina Basin is shown in Fig. 1.

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS

olcle

EY HMC HD



GEOCHEMISTRY OF DICKITE FROM JEDLINA ZDROJ 1479

Fig. 1. Geographical location of Jedlina Zdroj and Nowa Ruda.

The blue-green dickite-rich clay at Jedlina Zdroj occurs mainly as veins of hydrothermal
origin within volcanic (rhyolitic) rocks. This clay occurs also as small white nodules in late
Paleozoic volcanic rocks.> A set of 11 samples were collected from the outcrop site at Jedlina
Zdroj, in which dickite-rich veins are abundant; dickite is primarily associated with dark-grey
kaolinitic shales, Fig. 2. Sub-samples were hand picked for analysis in order to minimize the
inclusion of impurities. The present detailed study of dickite was performed on one of these

Fig. 2. Example of blue-green dickite filling the
. veins within black shales/slates from Jedlina
l—"  Zdroj. Sample size: ca. 12x11 cm.
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subsamples (hereafter JDS), which contained predominantly dickite. Powdered samples for
analyses were obtained by scraping the dickite-rich clay surface with a razor blade.

Dickite-rich clay is also found throughout the abandoned coal mine Piast near the town
of Nowa Ruda (about 20 km from Jedlina Zdroj, Fig. 1). According to Kowalski and Li-
piarski,* dickite from Jedlina Zdroj and Nowa Ruda may have originated in hydrothermal so-
lutions genetically related to the magmatism of the Late Carboniferous.

Analytical methods

Chemical analysis. Chemical analyses were realized using standard methods for silica
and alumina, and colormetric methods for Fe and Ti.

Inductively coupled plasma—optical emission spectroscopy (ICP—OES) analysis. The Fe
contents of the various fractions of JDS (see below) were analyzed by a Spectroflame ICP-
—OES instrument using Ar as the plasma gas.

X-Ray diffraction (XRD) analysis. XRD Patterns were obtained with a Philips PW 1729
vertical goniometer using CoKa radiation (35 kV, 30 mA). Powder diffractograms were ac-
quired in the 3-90° 260 range, with 7-20 s counting per 0.04° 26 step. The samples were pre-
pared using the back-loading procedure according to Moore and Reynolds,® which provides
significant disorientation of the clay layers.

Fourier transform infrared (FTIR) spectrometry. FTIR Spectra were recorded in the ab-
sorbance mode using a BOMEM Michelson Series MB FTIR spectrometer set to give unde-
formed spectra. The resolution was 4 cm? in the 400-4000 cm™ analyzed range. The spectra
were obtained at room temperature from KBr pressed pellets prepared by mixing 1.5 mg of a
dickite fraction (see below) sample with 150 mg of KBr.

Scanning electron microscopy (SEM)/energy-dispersive spectrometry (EDS). The mor-
phology and the semi-quantitative chemical analyses of polished thin sections of JDS-s were
performed by scanning electron microscopy (SEM; Philips XL 30 ESEM/TMP scanning mic-
roscope) coupled to an energy-dispersive spectrometer (EDAX type Sapphire). The analytical
conditions were as follows: accelerating voltage 15 or 25 kV, probe current 60 nA, working
distance 25 mm and counting time 100 s. The individual parameters are printed on the mic-
rophotographs: acceleration of electron beam, magnification, type of detector: SE (secondary
electrons), CEN (BSE-backscattered electrons). The samples were coated with gold.

Electron spin resonance (ESR) spectrometry. The ESR measurements were performed on
finely-ground powders of the dickite samples that were transferred to an ESR quartz tube. The
spectra were recorded on a Bruker ESP 300E spectrometer at X-band (9.4 GHz) using stan-
dard 100 kHz field modulation. The spectra were recorded at room temperature. Additional
experimental parameters were as follows: 100 mW microwave power and 1 mT modulation
amplitude. The ESR spectra were recorded in the 0 to 6 mT magnetic field range.

Analysis and fractionation

The fractionation procedure was similar to that used by Premovi¢.” The flow chart in Fig. 3
outlines the major steps in preparing the four fractions of JDS.

Thus, powdered rock (1 g) was treated (room temperature, 12 h) with acetate buffer (ace-
tic acid/sodium acetate, 1 M, pH 5.0) to remove most of the carbonates. The soluble material
constitutes the carbonate fraction. Carbonate removal was checked by FTIR/EDS analyses.

The insoluble residue (1) was demineralized further by repeated treatment with cold HCI
(6 M). This acid solution removed mostly metal oxides, including Fe oxides. The soluble part
constitutes the cold HCI-fraction.
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Fig. 3. Flow chart of the fractionation procedure.

The insoluble residue (I1) was demineralized with boiling HCI (6 M, 80 °C, 12 h). This
treatment removed most of the soluble silicates. The soluble part constitutes the boiling HCI-
-fraction.

The insoluble residue (111) was demineralized with boiling hydrofluoric acid HF/HCI (22
and 12 M, 3:1 vlv, respectively, 80 °C, 12 h). This acid mixture removes SiO, and A1,0x.
The removal of SiO, and Al,03 was checked by FTIR/EDS analyses. The soluble part consti-
tutes the dickite fraction or phase.

The residue from (I11) is the acid insoluble fraction.

RESULTS

Chemical and ICP-OES analyses

The acetate buffer/HCI demineralization steps removed only 9 wt. % of JDS.
The mass loss was due to the total dissolution of carbonates (acetate buffer: 2 wt.
%), the dissolution of metal oxides, including Fe-oxides (cold-HC1: 5 wt. %) and
the destruction of some silicate minerals (boiling HCI: 2 wt. %), Table I. SiO;
and Al,03, the dominant constituents of JDS, seem to have been unaffected by
the demineralization steps. Geochemical analysis also indicated that more than
91.5 wt. % of the dickite fraction was removed by the HF/HCI step. Chemical

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS

EY HMC HD



1482 PREMOVIC et al.

analysis showed that the major components were 43.3 wt. % SiOy, 40.0 wt. %
Al»O3, 1.5. wt % TiO and 1.0 wt. % Fe,Oa3.

The distribution of Fe among the four components of JDS is given in Table
I, which shows that Fe was relatively abundant (2130 ppm) in JDS and that about
97 wt. % of this metal was associated with the dickite phase. A survey of the lite-
rature showed that the total Fe content in hydrothermal dickites was about 1 wt. %.

TABLE I. Geochemical distribution of Fe (ppm) from selective leaching experiments of JDS

Fraction Sediment (5 wt. %) Fe

Acetate buffer 2.0 <12
Cold-HClI 5.0 3750
Boiling-HCI 2.0 5200
Dickite 91.5 1900
Insoluble residue 0.0 -

Total sampleb 100.5 2130

@Detection limit of the ICP-OES employed; bthe total Fe content obtained by summation of the Fe concen-
trations determined in the fractions by ICP-OES

FTIR Analyses

An accurate distinction between kaolinite and dickite can be achieved em-
ploying FTIR spectroscopy, by assessing the position and relative intensity of the
OH-stretching bands in the 3600-3700 cm~1 region of an IR spectrum.8 The FTIR
spectrum of the dickite fraction of JDS, which is characteristic for dickite, is shown
in Fig. 4a and, for comparison, the FTIR spectrum of a KGa-I reference sample is
given in Fig. 4b. The KGa-l1 sample exhibited a strong absorption at 3697 cm!, a
band of medium-strong intensity at 3620 cm=! and two relatively weak absorp-
tions at 3669 and 3652 cm~!. On the other hand, the dickite sample showed a
strong absorption at 3621 cm=! and two medium-strong absorption bands at 3704
and 3654 cm-1,

XRD Analyses

The XRD pattern of powdered JDS is shown in Fig. 5. The bulk samples
showed dickite as the predominant mineral.

SEM/EDS Examination

The SEM results showed that the dickite phase of JDS had the morphology
of well-formed, uniform aggregates of dickite particles (Fig. 6). EDS Analyses
showed that this mineral mainly consists of O, Al and Si (Fig. 7a); minor amounts
of K, Fe and Ti were also detected. In addition, the presence of minor amounts of
goethite (Fig. 7b) and barite (Fig. 7c) was evidenced in JDS by the combined use
of SEM/semi-quantitative chemical analysis of EDS. Apparently, dickite and go-
ethite, (o~(FeO(OH)), precipitated simultaneously in JDS.
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Fig. 6. Scanning electron micrographs of bulk JDS.

ESR Analyses

Untreated JDS showed only a complex ESR signal around g = 4 and a sharp
isotropic ESR signal around g ~ 2, superimposed on a broader one (Fig. 8). The
high g-pattern of JDS was often found for isolated Fe3* in the structure of well-
-ordered kaolinites (e.g., KGa-1), substituting for A13* in the octahedral sheets.%
The Fe3* signals of JDS remained after chemical treatment with cold/boiling
HCI, but they disappeared after treatment with HF/HCI solution. This means that
Fe3* are probably within the structure of the host dickite. The sharp ESR signal
at around g = 2 is characteristic for a relatively stable paramagnetic defect within
the structure of dickite.

DISCUSSION

The oxygenated dickite-forming solution

Kraynov and Ryzhenko,10 who made a thorough study of the Eh/pH values
in many geochemical water types, reported that the acidity of hydrothermal acid
waters (in areas of contemporary magmatism) is within the pH range of ca. 0-4
and the Eh values vary from 0.6-0.9 V. The field of these waters in Fig. 9 is
presented by the shaded area.

The fact that ca. 97 wt. % of the Fe of JDS (Table I) resides within the dicki-
te structure indicates that some of the Fe in the dickite-forming hydrothermal so-
lution was in a dissolved form. It is suggested that most of this metal was intro-
duced into the dickite by this solution already enriched in Fe. This process occur-
red during mineral formation but not after afterwards.
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Fig. 9. En—pH diagrams for Fe3* at 300 K
iy _| and I atm of the forming solution (en-
riched with Fe3*) of the dickite from Jed-

lina Zdroj. The assumed total Fe concen-
tration was 200 ppm. The shaded area re-
presents the Eh/pH region of hydrother-
L T mal waters defined by Kraynov and
0 2 4 ¢ Ryzenko.!® The probable physicochemi-
cal conditions of the dickite from Jedlina

pH Zdroj are represented by the dashed area.

The ESR investigation showed that a high amount of the Fe3* are incorpo-
rated into the structure of dickite. This indicates that these ions were present in
relatively high concentrations in the precipitating solution at the time when this
mineral was formed. It is also reasonable to suggest that this solution was oxy-
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genated. Indeed, under anoxic conditions, Fe would precipitate mainly as pyrite
(FeSy), as both Fe2* and Fe3* are unstable with respect to pyrite in anoxic aqua-
tic environments.11

The presence of authigenic goethite associated with JDS (Fig. 7b) is consis-
tent with its formation occurring under highly oxygenated conditions, as goethite
occurs only in a natural aqueous milieu under these conditions, with an Eh value
above 0.15 V.12 Note that formation of goethite and other Fe-hydroxides be-
comes predominant at pH > 3.11

Source of Fe

In general, all hydrothermal waters are brines and Fe is commonly present at
levels of up to a few tens or hundreds ppm. The source(s) of this metal in a hyd-
rothermal water can rarely, if ever, be identified with certainty.13 Waters within a
shallow-water hydrothermal system (such as Jedlina Zdroj) may be derived from
any one or combination of the following sources: meteoric and juvenile (connate
and magmatic) waters (e.g., Nicholson14). On-land hydrothermal systems derive
most of their waters from meteoric sources along with possible magmatic contri-
butions (e.g., Giggenbach1®). A survey of the literature showed the magmatic wa-
ters usually contain very high concentrations of dissolved Fe (>1000 ppm). In
contrast, meteoric waters are usually Fe-poor (about 10 ppm or so). Thus, it is
speculated that the dickite-forming hydrothermal solution at Jedlina Zdroj was
probably generated by the mixing of ascending magmatic Fe-rich waters and
oxygenated Fe-poor meteoric water.

Eh-pH diagram

Employing the FactSage thermochemical software/Fact compound databa-
ses, stability diagrams of Fe3* for physicochemical conditions close to natural
hydrothermal conditions as defined by Kraynov and Ryzhenkol0 were construc-
ted, Fig. 9. For the sake of simplicity, only a part of the diagram is shown. A total
Fe concentration of 200 ppm was assumed in this construction. The critical bound-
ary between the stability fields of Fe3* is not significantly affected by modifying
this value even 10-fold in either direction.

It is apparent from Fig. 9 that the Fe3* is only thermodynamically stable
under oxic conditions (Eh from 0.45 to 0.95 V) and at low pH values (0-4);
accordingly, the relatively high concentration of Fe3* within the dickite from
Jedlina Zdroj is only consistent with a highly acidic (pH 0-4) and oxygenated
(Eh ca. 0.45-0.95 V) dickite-forming solution. The above Eh—pH diagram was
calculated for atmospheric pressure and a temperature of 25 °C. A thermoche-
mical calculation indicated that no significant variations in the thermodynamic
parameters on the scale of the diagram are to be expected up to a pressure of 10
bar. This is because pressure affects only slightly the chemistry of both ionic spe-
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cies and solids of Fe within the O—H geochemical system. A similar calculation
also showed that in a dickite-forming solution with temperatures reaching up to
ca. 150 °C, the vertical line which represents the boundary between Fe3* and
FeoO3 would be shifted only slightly.

Of course, the Eh—pH diagram presented in Fig. 9 it is not an accurate repre-
sentation of the dickite-forming solution and it undoubtedly is highly variable in
its approach to ideal. Yet, because it represents a quantitative estimate based on
the available thermodynamic data, it should be a helpful tool, if used within its li-
mitations.

CONCLUSIONS

Examination of a representative dickite-rich sample from Jedlina Zdroj by
X-ray diffraction, scanning electron microscopy, energy dispersive X-ray and Fourier
transform infrared analyses showed that dickite predominates with associated mi-
nor quantities of goethite and barite. Geochemical analysis showed a relatively high
concentration of dissolved Fe which was present in the precipitating solution at
the time when this hydrothermal mineral was formed. The abundant presence of
Fe3* (detected by ESR spectroscopy) within the dickite structure and the associa-
ted authigenic goethite indicates that this solution was highly oxygenated with an
oxidation potential Eh and pH of ca. 0.45-0.95 V and 0-4, respectively.
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U3BOJI

TEOXEMUIJA Fe ¥ XUJJPOTEPMAJIHOM JUKUTY U3 JEAJIMHE 31POJ
(IOBA IIJTE3UJA, TIOJbCKA)

TIABJIE 1. TIPEMOBHT, JUSTYNA CIESIELCZUK?, BPATHCIIAB . TOJOPOBUE®,
JIPATAH M. BOPBEBIR® 1 HEHAJT C. KPCTHR®

Iﬂaﬁopamopuju 3a zeoxemujy, Kocmoxemujy u actapoxemujy, IIpupoono—maitiemaiiuyiku paxyaitiei, YHusep3uitiei
y Huwy, ii. @ip. 224, 18000 Huw, *Department of General Geology, Faculty of Earth Sciences, University of Si-
lesia, Sosnowiec, Poland u 3/Ta6opaitiopuja 3a oty xemujy, Texnonouiku axyaitieid,
Ynuueepauiteii y Huwy, @i. iip. 79, 16000 Jleckosay, Cpbuja

VYpaljena je reoxemujcka aHanusa Fe Ha penpe3cHTaTHBHOM Y30pPKY XHAPOTEPMATHE TIIMHE
Oorare IMKUTOM ca Jokanuje Jemmna 31poj. MuHepanoruja y3opka je BeoMa jeHocTaBHa. JJukur
je ocHoBHa KoMmmoHeHTa (>95 % o1 LeOKYIHOT Y30pKa), ca MambiM KOJIHYHHAMA I'eTHUTa U GapuTa.
TeoxeMujcka (ppaknUHANN]a ¥ WHIYKTHBHO CIIPETHYTA MJIA3Ma—ONTHYKO €MHCHOHA CIIEKTPOMET-
puja mokasyjy na je uajsehu neo Fe (oxo 97 % ox mpucytHOr merana) yrpaljeH y CTpyKTypy Au-
kuTa. ENeKTpOHCIIMHCKA pe30HaHIIMja oKasyje a ce aeo Fe y cTpykTypu qukuTa Hanasu y o0im-
Ky Fe3*. 3nauajan seo Fe3* (kao u Fe) y JMKMTHOj CTPYKTYpPH ce, BEPOBATHO, HAlA3H Y IPBOOUT-
HOM XHIPOTEPMAIIHOM PACTBOPY H3 Kora ce (popmupao aukut. Ha ocHOBY reoxemuje Fe3* 3axsmy-

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




GEOCHEMISTRY OF DICKITE FROM JEDLINA ZDROJ 1489

4eHO je Ja cy okcumanuonu noteHuujan (Eh) u pH pactBopa 3a Bpeme Qopmupama XuIAPOTEpP-
MAJTHOT AUKUTA ca jokauuje Jemmua 3apoj y omcery 0,45-0,95 V (u3pasuro oxcupaumonu) u 0—4
(13pasuTo Kuceno).
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(Mpumsbeno 20. mapra, pesuaupano 20. maja 2009)

REFERENCES

G. lzquierdo, V. M. Arellano, A. Aragon, E. Portugal, I. Martinez, in Proceedings of the
World Geothermal Congress, (2000), Kyushu — Tohoku, Japan, (2000), p. 1301

H. H. Murray, W. Bundy, C. Harvey, Kaolin genesis and utilization, The Clay Minerals
Society, Special Publication 1, Clothbound, 1993

N. Malengreau, J.-P. Muller, G. Calas, Clays Clay Miner. 42 (1994) 137

W. M. Kowalski, I. Lipiarski, Geol. T. 78 (1973) 7

K. Lydka, Arch. Mineral. 26 (1966) 501

D. M. Moore, R. C. Reynolds Jr., in X-ray Diffraction and the Identification and Analysis
of Clay Minerals, D. M. Moore Jr., R. C. Reynolds, Eds., Oxford University Press,
Oxford and New York, 1989, p. 179

P. I. Premovi¢, Geochim. Cosmochim. Acta 48 (1984) 873

J. D. Russell, in Infrared methods, M. J. Wilson, Ed., Blackie, Glasgow, 1987, p. 133

J. M. Gaite, P. Ermakoff , J. P. Muller, Phys. Chem. Minerals 20 (1993) 242

S. R. Kraynov, B. N. Ryzhenko, Geochem. Int. 29 (1992) 1

R. M. Garrels, C. L. Christ, Solutions, Minerals and Equilibria, Harper and Row, New
York, 1965, p. 453

W. C. Krumbein, R. M. Garrels, J. Geol. 60 (1952) 1

Geochemistry of Hydrothermal Ore Deposits, 3™ ed., H. L. Barnes, Ed., Wiley, 1997

K. Nicholson, Geothermal Fluids, Springer-Verlag, Heidelberg, 1992, p. 266

W. F. Giggenbach, Econ.Geol. 87(1992) 1927.

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS







san Chem,
ROHT] [ 119554

Journal of
e the Serbian
39;.5 Chemical Society

3 \ )¢
%“Ouu.uﬁ\k\"ﬁw JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 74 (12) 1491-1501 (2009)

Contents of Volume 74

NUMBER 1

Biochemistry

M. L. Mihajlovi¢ and P. M. Mitradinovi¢: Some novel insights into the bi nding of oselta-
mivir and zan amivir to HSN1 and N9 influen za virus neuraminidases: a ho mology

modeling and flexible docking StUAY .........ccevueeiiiriieiieiiree e 1
S. S. Stajkovié, S. Z. Borozan and G. Gadanski-Omeovic¢: The effect of toluene on oxida-
tive processes in 1at blood .........coccoiviririnininininineee e 15

B. M. Mandié, D. N. Godevac, V. P. Beskovski, M. R. Simié, S. S. Trifunovié, V. V. TeSe-
vié, V. V. Vajs and S. M. Milosavljevi¢: Pyrrolizidine alk aloids from seven wild-
-growing Senecio species in Serbia and MONtENEZIO .......ccveeveeveeverrerrerrenierieriesieneenaenns 27
N. S. Radulovié, P. D. Blagojevi¢, R. M. Pali¢, B. K. Zlatkovi¢ and B. M. Stevanovi¢:
Volatiles from vegetative organs of the palacoendemic resurrection plants Ramonda
serbica Pan¢. and Ramonda nathaliae Pan¢. et Petrov. .........c.occeevnevecnnnrccccnnnnen 35

Theoretical Chemstry

M. R. Darafsheh and A. Moghani: Q-conjugacy character table for the non-rigid group of
2,3-diMEthyIDULANE ......ooviiviiiiiiitiiciee e 45

Physical Chemstry

M. Jovié, M. Dasié, K. Holl, D. lli¢ and S. Mentus: Gel-combustion synthesis of CoSb,0g

and its reduction to powdery SbyCo alloy .....ccvevuieiiriiiieieeieeee e 53
Materials
S. Kostié, A. Golubovi¢ and A. Valéié: Primary and secondary dendrite spacing of Ni-ba-

sed superalloy SINGIEe CrYStals ......ccc.ovierieiiiiieieieeeeee e 61
B. Babi¢-Stoji¢, D. Milivojevi¢ and J. Blanusa: Ferromagnetic behaviour of the Zn—-Mn—O

)11 1 E USROS 71
Environmental
M. Simoni¢: Removal of inorganic As>* from a small drinking water system .................... 85
M. Kresovi¢, M. Jakovljevié, S. Blagojevi¢ and S. Maksimovié: Specific transformations

of mineral forms of nitrogen in acid SOILS........cecevveirriiieieeeee e 93

NUMBER 2

Organic Chemistry and Biochemistry

A. Husain, M. Mumtaz Alam and N. Siddiqui: Synthesis, reactions and biol ogical activity
of 3-arylidene-5-(4-methylphenyl)-2(3H)-furanones .............cccoecveeievenienieeienieenene 103

1491

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1492 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

V. TeSevié, N. Nikicevié, S. Milosavljevié, D. Baji¢, V. Vajs, I. Vuckavié, Lj. Vujisié, .
Dordevié, M. Stankovi¢ and M. Velickovié¢: Characterization of volatile compounds
of “Drenja”, an alcoholic beverage obtained from the fruits of cornelian cherry .......

M. Arfan, N. Raziqg, I. Aljanci¢ and S. Milosavljevi¢: Secondary metabolites of Hyperi-
cum monogynum from Pakistan (Short communication) ...........ccccceceveevieniienenieenens

P. M. Mishra and A. Sree: Comparison of th e antibacterial activity, volatiles and fatty
acid composition of lipids of Phycopsis species collected at different locations from
the Bay of Bengal (OriSSa COASL) ....eeruiriiruieieeiieniieie ettt

Inorganic Chemstry

K. Shahid, S. Shahzadi and S. Ali: Synthesis, coordination and biological aspects of organo-
tin(TV) derivatives of 4-[(2,4-dinitrophenyl)amino)]-4-oxo-2-butenoic acid and 2-{[(2,4-
-dinitrophenyl)amino]carbonyl }benzoic acid .........ccccevveierieniiieniee e

Theoretical Chemstry

S. Radenkovié and I. Gutman: Stability order of isomeric benzenoid hydrocarbons and Ke-
kul€ structure count (Short COMMUNICAION).......cc.eerueriereieieeiiereeie e eie e see e seens

Physical Chemistry

M. Mazloum-Ardakani, S. Lotfi, J. Ghasemi, A. Shababi and M. Noroozi: Spectrophoto-
metric determination of the acidity constants of calcon in w ater and mixed water—or-
ANIC SOIVEIIES ..vtieieiieiieetietieteete st ete et e st esteettesseesseessenseesseessesseensesssenssenseessenseensensnan

G. Rajarajan, N. Jayachandramani, S. Manivarman, J. Jayabharathi and V. Thanikacha-
lam: Kinetics and mechanism of the oxi dation of so me sub stituted al donitrones by
quinolinium chlorochromate in aqueous DMF medium in the absence and presence of
OXALC ACIA ...

Electrochemistry

B. Bogdanovié, M. Felderhoff and G. Streukens: Hy drogen storage in co mplex metal
hydrides (REVIEW) .....ccueeiuieiieiieiieieeiesie et ettt ste et saaesbe e s e saeeseessessaesesssessaenseas
H. Jia, S. Chen, B. Yuan, C. Wang and L. Li: Mapping the concentration changes during
the dy namic processes of crevice corrosion b y digital holographic reconstr uction
(ShoTt COMMUNICATION) ....vvevevietietiteeteieeeeteeteetesteteseeseereesessessessesaesaeseesessessesseseesessessassans

Metallurgy

M. Britchi, N. Ene, M. Olteanu and C. Radovici: Titanium diffusion coatings on austeni-
tic steel obtained by the pack cementation method..........c.cooeeviriininiinincniccene
V. B. Cvetkovski, V. T. Conié, M. Vukovi¢ and M. V.Cvetkovska: Mesophilic leaching of
copper SUIPhIde STUAZE ... ...vevuieiieieciiee et

NUMBER 3

Organic Chemistry and Biochemistry

A. D. Marinkovié, T. M. Vasiljevié, M. D. LauSevi¢ and B. Z. Jovanovié: ESI-MS spectra of
3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinones ..........c.ccocceeveveeiennnne.
N. Popovié, A. Niéiforovié, M. AdZié, M. B. Radojci¢, C. Demonacos and M. Krstié-De-
monacos: Western blot analysis of glucocorticoid receptor phosphoisoforms by one-
and two-dimensional electrophoretic aSSays .......cevveererierierierieieeieieeie e
A. B. Ini¢-Kanada, M. M. Stojanovié, I. P. Zivkovié, V. Z. Petrudi¢ and Lj. A. Dimitri-
jevié: The monoclonal antibody 26 raised against tetanus toxoid also recognizes te-

Available online at www.shd.org.rs/JSCS/

117

129

133

141

155

159

171

183

197

203

213

223

237

2009 Copyright (CC) SCS




VOLUME 74: CONTENTS 1493

tanus toxin and /h-glycoprotein I —its binding properties in vitro and potential ap-
PLHICALIONS ..vvieiiieiie ettt ettt ettt et e et esteebeesbesteesseesaeeseenseesseessensesssesseenseessanseensen

Inorganic Chemstry

M. B. Ummathur, K. Krishnankutty and S. Balagopal: Unsaturated S-ketoesters and their
Ni(II), Cu(IT) and Zn(I1) COMPIEXES ....eevvermreruieieeieniieieeieeieeie ettt

B. Drazi¢, G. Popovié, R. Jeli¢, D. Sladi¢, D. Miti¢, K. Andelkovi¢ and Z. TeSi¢: Acid-base
equilibria of the Zn(II) and Fe (IIT) complexes with condensation products of 2-ace-
tylpyridine and the dihydrazide of oxalic and malonic acid ..........c.cccevvevirrreneennnnen.

Electrochemistry

A. T. Dimitrov, P. Paunovi¢, O. Popovski, D. Slavkov, Z. Kamberovi¢ and S. HadZi Jor-
danov: Effect o f non-stationary current regi mes on the morphology of silver elec-
TTOAECPOSIES +nveetetienteenteette ettt et ettt et et et e e st e et e et e e s e eaeesaeenbeeste bt enbesseenaeenseennenseenseas

P. M. Zivkovié, N. D. Nikoli¢, M. Gvozdenovié and K. I. Popov: The effect of the concen-
tration of the reacting ion on the control of the electrodeposition process......................

Analytical Chemistry

D. Zarkovié, Z. Todorovi¢, M. Krgovié and Lj. Rajakovi¢: Determination of inorganic an-
ions in papermaking waters by ion chromatography..........cccceeeeveevinieieeienieeeene
H. Tavallali and M. G. Pisheh Jahromi: A novel optode sen sor for the determ ination of
palladium(II) in water and a hydrogenation catalyst (Short communication) .............

Thermodynamics

O. Ciocirlan and O. lulian: Density, viscosity and refractive index of the dim ethyl sul-
fOXIde + 0-XYIENE SYSTEIM ....ieviiiieiieieeiieeit ettt ettt et e et e teebeesaesteenbeesnesseens

Chemical Engineering

S. Mileti¢, M. Djurié, A. Mihajlov, Dj. BaSi¢ and Dj. Janackovié: (NH4)2SO4 corrosion
of cement in concrete analyzed by an improved mathematical model........................

Materials

V. lli¢, Z. Saponji¢, V. Vodnik, D. Mihailovié, P. Jovancié, J. Nedeljkovié and M. Radetié:
A study of the antibacterial efficiency and col oration of dy ed polyamide and poly-
ester fabrics modified with colloidal Ag nanoparticles ............cecevvevereeieieieeerenenne.

NUMBER 4

Biochemistry

D. Stani¢, L. Burazer, M. Gavrovi¢-Jankulovi¢, R. M. Jankov and T. Cirkovié¢ Velickovic:
Chemical modification of Art v 1, a major mugwort pollen allergen, by cis-aconity-
lation and CItraCONYIAtION. .....cc.iiviiieriiiiereeie e et

D. Dekanski, S. Janicijevic-Hudomal, V. Tadié, G. Markovié, I. Arsi¢ and D. M. Mitro-
vi¢: Phytochemical analysis and gastroprotective activity of an olive leaf extract.........

O. M. Bosnié, K. R. Gopcevi¢, M. M. Vrvi¢ and |. M. KaradZi¢: Inhibition o f trypsin by
heparin and dalteparin, a low molecular weight heparin ..........ccccoocoevevieiiicennnnnnn.

Inorganic Chemstry

B. B. Krajcinovié, G. N. Kaluderovié¢, D. Steinborn, H. Schmidt, C. Wagner, K. Merzweiler,
S. R. Trifunovié and T. J. Sabo: Palladium(IT) complexes with Ryedda derived ligands.

Available online at www.shd.org.rs/JSCS/

245

259

269

279

291

301

311

317

331

349

359

367

379

2009 Copyright (CC) SCS




1494 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

Part I. Reaction of di isopropyl ( S,S)-2,2'-(1,2-ethanediyldiimino)dipropanoate wi th

KOIPACIS] cvveiieiieiieiteteit ettt ettt ettt ettt ettt ettt ettt eteeaeeaeebeeaeeteebeebeebeeaeebeeteeaeenas 389
M. Yazdanbakhsh, I. Khosravi and H. Tavakkoli: Synthesis and characterization of novel
oxo-bridged, trinuclear mixed-metal complexes of Cr(III) and Fe(III) ............cc....... 401

Electrochemistry

Z. Zhang, S. Chen, Y. Feng, Y. Ding, J. Zhou and H. Jia: Electrochemical and molecular
simulation studies on the corrosion inhibition of L-glutamine monolayers on an iron
SUTTACE ..ttt ettt ettt ettt et et ettt et e st et e st et e st e st entententent et e st eneeneene 407

Chemical Engineering

Z. Zekovi¢, Z. Lepojevi¢, S. Mili¢, D. Adamovi¢ and |. Muji¢: Supercritical CO , extrac-

_ tion of mentha (Mentha piperita L.) at different solvent densities ..........ccocovevneinnnn. 417
E. Zivkovié, S. Kabelac and S. Serbanovié: L ocal heat tran sfer coefficients during the
evaporation of 1,1,1,2-tetrafluoroethane (R-134a) in a plate heat exchanger .................... 427
Materials
V. Srebrenkoska, G. Bogoeva-Gaceva and D. Dimeski: Composite material based on a n
ablative phenolic resin and carbon fIDErs ..........ccocvevviicierieiieieciec e 441

Environmental Chemistry

J. S. Milié, V. P. BeSkoski, M. V. lli¢, S. A. M. Ali, G. B. Gojgicé-Cvijovi¢ and M. M. Vrvi¢:
Bioremediation of soil heavily contaminated with crude oil and its produ cts: com-
position of the microbial CONSOTTIUM ......cccuiriirieririeiieie et 455

M. B. Radenkovi¢, S. M. Alshikh, V. B. Andri¢ and S. S. Miljanié: Radioactivity of sand
from sev eral renowned publi ¢ beache s and a ssessment of the correspon ding en-
VIFONMENTAL TISKS ..ouviutintiiititet e e e 461

EuCheMS News

B. Karlberg, M. Grasserbauer and J. E. T. Andersen: European analytical column No. 37
from the Division of Analytical Chemistry (DAC) of the European A ssociation for
Chemical and Molecular Sciences (EUCheMS) ........ccoociiiieiiiiiiieieeeeeee e 471

NUMBER 5

Thermodynamics

B. D. Djordjevié, 1. R. Radovi¢, M. Lj. Kijevcanin, A. Z. Tasi¢ and S. P. Serbanovi¢: Mole-
cular interaction studies of the volumetric behaviour of binary liquid mixtures con-
taining alcohols (AUthOTS’ TEVIEW) ..eevirieriieieeieiteie ettt ee e ee 477

Organic Chemistry and Biochemistry

S. Manivarman, G. Rajarajan, G. Manikandan, M. Sekar, J. Jayabharathi and V. Thanika-
chalam: A mechanistic i nvestigation of the o xidation of N,o~diphenylnitrones by

dichloramine-T in aqueous acetonitrile medium — a non-linear Hammett plot........... 493
I. Stevanovi¢, M. Jovanovié, A. Jelenkovi¢, M. Coli¢ and M. Ninkovié: Effects of various
nitric oxide synthase inhibitors on AlCl;-induced neuronal injury in rats .................. 503

K. Milovanovié¢, L. Burazer, O. Vuckovi¢, M. Atanaskovié-Markovié, T. Cirkovié Velic-
kovié, R. M. Jankov and M. Gavrovié-Jankulovié: Isolation and characterization of
the 68 kD allergen from house dust mite Dermatophagoides pteronyssinus.............. 513

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS



VOLUME 74: CONTENTS 1495

Inorganic Chemstry

A. P. Mishra, R. K. Mishra and S. P. Shrivastava: Structural and antimicrobial studies of
coordination compounds of VO(II), Co(II), Ni(IT) and Cu(Il) with som e Schiff bases
involving 2-amino-4-chlorophenol .............cccoocieiieiiiienieeeeee e 523

A. Tavman, S. Ikiz, A. F. Bagcigil, N. Y. Ozgiir and S. Ak: Preparation, characterization and
antibacterial eff ect of 2-methoxy-6-(5-H/Me/CI/NO,-1H-benzimidazol-2-yl)phenols
and some transition metal COMPIEXES.......c.eevuiiriieriieiiierie et 537

Theoretical Chemstry
J. Burdevié, . Gutman and R. Ponec: Verifying the PCP-rule by five-center bond indices ...... 549

Physical Chemstry

K. Bahgat, N. A.-D. Jasem and T. EI-Emary: Theoretical and experimental investigations
on the structur e and vibratio nal spe ctra of 6-a mino-3-methyl-1-phenyl-1H-pyra-
zolo[3,4-b]pyridine-5-carboxylic acid and 6,7- dihydro-3-methyl-6-0oxo-1-phenyl-1H-
-pyrazolo[3,4-b]pyridine-5-carbonitrile ..........cccevveveerierierierieieieieeeeeeee e 555

Electrochemistry

A. V. Tomasevi¢, M. L. Avramov lvi¢, S. D. Petrovié, M. B. Jovanovi¢ and D. Z. Mijin: A
study of the electrochemical behaviour of methomyl on a gold electrode in a neutral
CLECITOLYLC. ..vvt ettt ettt ettt ettt et et e et e e et e teesseeaaeeteesseessesseesseessessaenseensanseans 573

G. Karim-Nezhad, M. Hasanzadeh, L. Saghatforoush, N. Shadjou, B. Khalilzadeh and S.
Ershad: Electro-oxidation of ascorbic acid cata lyzed on cobalt hy droxide-modified

21assy carbon €lECtIOAE ..........eeuieiiieieiieie ettt 581
Metallurgy
V. Rajkovié, D. BoZi¢ and M. T. Jovanovié: Characteristics of Cu—Al,O3 composites of
various starting particle size obtained by high-energy milling..........cccccoccevveninnncne 595
NUMBER 6

Organic Chemistry and Biochemistry

Mira D. Milisavljevié, DraZen R. Papié, Gordana S. Timotijevi¢ and Vesna R. Maksimovi¢:
Successful production of reco mbinant buckwheat cysteine-rich aspartic protease in
ESCRErIChia COlI ... 607

Zeliha Demirel, Ferda F. Yilmaz-Koz, Ulku N. Karabay-Yavasoglu, Guven Ozdemir and
Atakan Sukatar: Anti microbial and antioxida nt activity of brown algae fro m the
ACZEAN SCA ..ottt et sttt et ettt e e 619

Inorganic Chemistry

Gordana Vuckovi¢, Sladana B. Tanaskovi¢, Mirjana Antonijevi¢-Nikoli¢, Vukosava Ziv-
kovi¢-Radovanovié and Gordana Gojgié-Cvijovié: A study of novel cobalt(I) octa-
azamacrocyclic complexes with aminocarboxylates or their derivatives .................... 629

Ashok F. Dodamani, Mohammedshafi A. Phaniband and Shreedhar D. Dhumwad: Esti-
mation of the d ipole moments of the excited state of di(2- methyl-6-chlorophenyl)-
carbazone and its Co(II), Ni(II) and Zn(II) co mplexes from the effect of solvent on
their ultraviolet abSOTPHON SPECLIA .....ecvieviiiieriieieeiieetieie et ere ettt eae e sreeaeseaesreens 641

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1496 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

Physical Chemistry

Marko Dakovié, Milo§ Mojovié and Goran Bacié: EPR stud y of the production of OH
radicals in aqueous solutions of uranium irradiated by ultraviolet light ...................... 651

Ana A. Cuculovié, Dragan S. Veselinovi¢ and Séepan S. Miljanié: Desorption of 137Cs
from Cetraria islandica (L.) A ch. using soluti ons of acid s and their salts mixtures
(Short COMMUNICALION) «..euvieiieiieiieiie ettt ettt et e sttt saee st et satenbeeneesaeebeeas 663

Analytical Chemistry

Manuela M. Mincea, loana R. Lupsa, Dan F. Cinghi¢a, Ciprian V. Radovan, loan Talpos
and Vasile Ostafe: Determination of methylparaben from cosmetic products by ultra
performance liquid chromatography ............ccoceeierieiiieieieieeeee e 669
Jadranka Odovi¢, Mirjana Aleksié, Biljana Stojimirovi¢, DuSanka Milojkovié-Opsenica
and Zivoslav Tesi¢: Normal-phase thin-lay er chro matography of so me an giotensin
converting enzyme (ACE) inhibitors and their metabolites ...........ccccecereerienieneniene 677

Electrochemistry

NebojSa D. Nikoli¢, Vesna M. Maksimovi¢, Miomir G. Pavlovi¢ and Konstantin 1. Popov:
Cross-section analysis of the morphology of electrodeposited copper obtained in the
hydrogen co-depOSItiON TANGE ........cc.eeveerieeierierieeieeeeieeteeteereeeaesseeseessesseesseeseenseenns 689

Environmental Chemistry

Mirjana D. Marjanovié, Marija M. Vukcevi¢, DuSan G. Antonovié, Suzana I. Dimitrije-
vié, Porde M. Jovanovié, Milan N. Matavulj and Mirjana D. Risti¢: Heavy metals
concentration in soils from parks and green areas in Belgrade ............ccccooveineennne. 697

NUMBER 7

Organic Chemistry and Biochemistry

R. Masnikosa, B. Zivkovi¢ and O. Nedi¢: IGF BP-1 forms associated with pl acental cell
TTICITIDTATIES ....eovtututiteatenteateat ettt ettt et et e et et e b e e et et et et et et et et et esbe b e sbeneenae e 707

J. Ilvanovi¢, S. Pilas, M. Jadranin, V. Vajs, N. Babovi¢, S. Petrovi¢ and |. ZiZovié:
Supercritical carbon dioxide extraction of antioxidants from rosemary (Rosmarinus
officinalis L.) and sage (Salvia officinaliS L.) ........cccooivviviiiiiriiieeceeeeeee 717

T. Karabasanagouda, A. V. Adhikari and G. Parameshwarappa: Synthesis of some bio-
logically active 2,4’-bipyridine-5-carbonitrile s carry ing the 4-hy droxyphenylthio
TTMOTELY .vtitettente ettt ettt ettt ettt ettt e bt e st s ae e bt eabesh e e bt et e s atesb e et e sht e bt eabeebte bt enbeebeenn 733

Inorganic Chemistry

B. Srikanth, P. S. Rao, V. S. S. Rao, C. K. Sastry and G. N. Rao: Effect of micelles on the
chemical speciation of binary com plexes of Co(II), Ni(I 1), Cu(Il) and Zn(I I) with
SUCCINIC ACTA 1.envieiieiieieeiie ettt ettt ettt ettt et et e st e b e eneeeaeesbeennesneeneean 745

W.-T. Chen, X.-N. Fang, Q.-Y. Luo and Y.-P. Xu: Synthesis, structure, semiconductive
and photoluminescent properties of [ {EuNCsH4,COOH);(H,0),}(1.5ZnCly)-(2H,0)],. 755

Theoretical Chemistry

I. Gutman and J. Purdevié: On m-electron conjugation in the five-membered ring of fluo-
ranthene-type benzenoid hydrocarbons .............ccecevierieienienieeieeee et 765

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS



VOLUME 74: CONTENTS 1497

Physical Chemistry

G. S. Risti¢, M. S. Trtica, Z. D. Bogdanov, Z. Lj. Rakocevi¢ and S. S. Miljanié: Laser re-
flection spot as a pattern in a diamond coating — a microscopic study..............c.o....... 773
E. Makrlik, P. Vasura, P. Selucky, V. A. Babain and I. V. Smirnov: Distribution of micro-
-amounts of eu ropium in th e t wo-phase wate r—HCl-nitrobenzene—N,N’-dimethy1-
-N,N’-diphenyl-2,6-dipicolinamide—hydrogen dicarbollylcobaltate extractio n sy s-
tem (Short COMMUNICATION) ....ceviiiiieiiieiieeiee et e et eieeebeeereesbeeteeesbeesaseesaneesseeenseens 781

Analytical Chemistry

K. Asadpour-Zeynali, M. R. Majidi and M. Tahmasebpour: Net an alyte signal standard
addition method for the simultaneous determination of cadmium and nickel ............. 789

Polymers

D. D. Vasiljevi¢, J. V. Parojci¢, M. M. Primorac and G. M. Vuleta: Rheol ogical an d
droplet size analysis of W /O/W multiple emulsions containing low conc entrations

Of POLYMETiC EMUISITIETS ...ecueieieiieiieiieeee e 801
Materials
J. Lamovec, V. Jovié, R. Aleksi¢ and V. Radojevi¢: Micromechanical and structural pro-
perties of nickel coatings electrodeposited on two different substrates ....................... 817

Environmental Chemistry
H. Faghihian and M. Nejati-Yazdinejad: Sorption performance of cysteine-modified ben-
tonite in heavy metals UPLAKE .........ccveveieiiiiieiieie e 833

Erratum (printed VErSION ONIY) ...c.ooveouieiieiieieeieeeeeeeeese ettt 845

NUMBER 8-9

Organic Chemistry and Biochemistry

I. M. C. lenagcu, A. X. Lupea, I. M. Popescu, M. A. Padure and A. D. Zamfir: The synthesis
and characterization of so me novel 5-chloro-2-(substituted alkoxy)-N-phenylbenz-

AMIAE dETTVALIVES ..ottt 847
S. E. KevreSan, B. R. Malenci¢, M. T. Popovié¢, K. N. Kuhajda and J. E. Kandrac: The

effect of cholic acid treatment on the oxidative status of soybean plants ................... 857
J. M. Aé¢imovié, B. D. Stanimirovi¢ and Lj. M. Mandi¢: The role of the thiol group in

protein modification with methylglyoXal ..........cccooeiiiiiiiiniiniieeeeeee 867

J. P. Markovié, J. B. Radovié, R. T. Strbanovié, D. S. Baji¢ and M. M. Vrvié: Changes in
the infrared att enuated total re flectance (ATR) spectra of lignins from alfalfa stem

with growth and develoPmeNt ............ccieiiiiiiiiiiiiieee e e 885
V. Doubnerovd, L. Potiickova, K. Miller and H. RySlava: The regulation a nd cataly tic
mechanism of the NADP-malic enzyme from tobacco leaves..........ccocevererieieeenene. 893

Inorganic Chemistry
S. Chandra, M. Tyagi and M. S. Refat: Spectroscopic, thermal and antibact erial studies

on Mn(II) and Co(II) complexes derived from thiosemicarbazone .............cccccoecvennene 907
N. Kurtoglu: Synthesis, characterization, chelation with transition metal ions, and antibacterial

and antifungal studies of the 4-[(E)-phenyldiazenyl]-2-[(E)-(phenylimino)methyl]phenol

QY€ ettt ettt h et h et ea e bt e bt et she e b e e e 917

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1498 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

P. Tharmaraj, D. Kodimunthiri, C. D. Sheela and C. S. S. Priya: Synthesis, spectral studies
and antibacterial activity of Cu(II), Co(I) and Ni(I[) complexes of 1-(2- hydroxyphe-
nyl)-3-phenyl-2-propen-1-one, N*-[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]hydrazone .... 927
F. Firdaus, K. Fatma, A. U. Khan and M. Shakir: Metal ion controlled synthesis of 16- and
18-membered binuclear octaazamacrocyclic complexes with Co(II), Ni(I), Cu(Il) and
Zn(II): a comparative spectroscopic approach to DNA binding to Cu(Il) complexes ........ 939

Physical Chemistry

C. Balan, D. Bilba and M. Macoveanu: Studies on chromium(III) removal from aqueous
solutions by sorption on SPhagnum moss Peat .........cccevververeerierierierieierieieieieieiennns 953

Electrochemistry

K. Dj. Popovié, J. D. Lovié, A. V. Tripkovi¢ and P. K. Olszewski: Activity of carbon sup-
ported Pt;Ru, nanocatalyst in CO 0Xidation ..........ccceveevieriereenienieneeiceieseeeie e 965

Analytical Chemistry

S. M. Ranci¢ and S. D. Nikolié-Mandi¢: Kin etic sp ectrophotometric deter mination o f
Bi(III) based on its catalytic effect on the oxidation of phenylfluorone by hydrogen
peroxide (Short COMMUNICALION) ...ec.veuieiiriieriieieeiienteete ettt 977

H. Z. Mousavi and H. Shirkhanloo: Spectrophotometric determination of nitrite based on
its catalytic effect on the reaction of nuclear fast red and potassium bromated (Short
COMIMUNICATION) 1..tteutieuiieeietteteeetesteetesetesseeseestesseessesseesseessesssenseensesssesssensesssesseensenses 985

Chemical Engineering

Z. J. Predojevi¢ and B. D. Skrbi¢: Alkali-catalyzed production of biodi esel from waste
FTYING O1LS Lottt 993

Environmental Chemistry

B. M. Zarkovi¢ and S. D. Blagojevié: The effects of some agrotechnical measures on the

uptake of nickel by maize Plants ..........cooceiviiriiiiniene e 1009
Errata (Printed VEISION) ....c.ccveieieieieieieeetete ettt ettt ss b essesaessessensennes 1019
NUMBER 10

K. Vytras, |. Svancara and R. Metelka: Carbon paste electrodes in el ectroanalytical che-
MISETY (AULNOTS’ TEVIBW) ..iiiiiieiieiieeie ettt ettt ettt ettt et e s saeenaesneeseenneenas 1021

Organic Chemistry and Biochemistry
V. TeSevié, S. Milosavljevié, V. Vajs, I. Pordevié, M. Sokovié, V. Lavadinovi¢ and M. No-
vakovié: Chemical composition and antifungal activity of the essential oil of Douglas
fir (Pseudosuga menziesii Mirb. Franco) from Serbia ............cccccoeeveeieeiicieiiecicienen, 1035
S. F. Barbuceanu, G. L. Almajan, I. Saramet, C. Draghici, R. Socoteanu and F. Barbuce-
anu: New S-alkylated 1,2,4-triazoles incorporating dipheny1 sulfone moieties with
potential antibacterial ACTIVILY .......cccuevieriiriieriiiiiiiert ettt 1041
M. V. Zlatovié, V. V. Sukalovié, G. M. Roglié, S. V. Kostié-Rajaci¢ and D. B. Andri¢: The
influence of dispersive interactions on the binding affinities of ligands with an aryl-

piperazine moiety to the dopamine D2 receptor ..........cccooevevienievienieiieiiiicicicieeeee 1051
M. A. Nasar, A. Jarrari, M. A. Naseer, T. F. Subhani, B. V. Shetty and F. Shakeel: Anti-
oxidant status of atorvastatin in hypercholesterolemic patients ............cccccecveeenennne 1063

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




VOLUME 74: CONTENTS 1499

Inorganic Chemistry

L. Mitu, N. Raman, A. Kriza, N. Stanica and M. Dianu: Template synthesis, characteri-
zation and a ntimicrobial acti vity of so me new co mplexes with iso nicotinoyl

hydrazone HZAndS ........cceeoiiieriiie ettt 1075
G. N. Krishnamurthy and N. Shashikala: Synthesis of ruthenium(II) carbonyl complexes
with 2-monosubstituted and 1,2-disubstituted benzimidazoles ..........cc.ccccovvvveevvrrenne. 1085

C. Zhuang, X. Tang, D. Wang, A. Xia, W. Lian, Y. Shi and T. Shi: An unsymmetrical por-
phyrin and its metal complexes: synthesis, spectroscopy, thermal analysis and liquid

CIYSEAL PIOPETLIES ..evvevieiieiiesiieteete et eteete st eteeeaesteebeeaaesseesseesaesseessesssesseensesssesseensenns 1097
R. Ghiasi: Theoretical insights into the properties of the borazine:-X complexes (X =H,
F, CL, CN, NC OF NCO) .ttt st neenes 1105

Physical Chemistry

S. Mentus, Z. Mojovi¢ and V. Radmilovié: The use of NaX zeolite as a template to obtain
a mono-atomic Pt dispersi on by im pregnation with Pt(Il) acety lacetonate/acetone

SOIUTION .ttt ettt b e eee 1113
D. R. Sekuli¢, B. M. Babi¢, Lj. M. Kljajevié¢, J. M. Stasi¢ and B. V. Kaludjerovi¢: The ef-
fect of gamma radiation on the properties of activated carbon cloth .......................... 1125

Analytical Chemistry

Z. J. Huang, X. G. Wang and J. Zhang: Solid phase extraction and a spectro photometric
method for the determination of trace amounts of gold with 4-rhodanineazo benzoic
ACTA Lttt ettt ebeebe b ens 1133

Z. B. Todorovié¢, M. L. Lazié, V. B. Veljkovi¢ and D. M. Milenovié: Validation of an
HPLC-UV method for the deter mination of digoxin residu es on the surface of ma-
NUFACTUTING EQUIPINCIIL ..ottt ettt sttt et e st ettt e bt ebeeeeesaeeneesneenee 1143

NUMBER 11
D. M. Opsenica and B. A. Solaja: Antimalarial peroxides (REVIEW) ...........ccccoeveerverrrrennenes 1155

Organic Chemistry
N. D. Divjak, N. R. Banjac, N. V. Valenti¢ and G. S. USéumli¢: Sy nthesis, structure and

solvatochromism of 5-methyl-5-(3- or 4-substituted phenyl)hydantoins....................... 1195
V. I. Miéovié, M. D. Ivanovi¢ and Lj. DoSen-Midovié¢: Structural requirements for ligands
Of the -0PI01d TECEPLOT ....veeeiiiieieeiieeieee ettt sttt ettt eee e e e eees 1207

V. V. Dabholkar and F. Y. Ansari: Synthesis and characterization of selected fused isoxa-
zole an d py razole derivativ es and th eir anti microbial a ctivity (Short co mmuni-
CALIOML) Lueivvieerieteeeteeeteeseteesteeesteeesbeeeabeessseesteeesbeessseesaseessaeessaessseessseesseesseessseesaseensnenns 1219
Biochemistry and Biotechnology
D. I. Batovska, I. T. Todorova and S. S. Popov: Seasonal variations in th e 1 eaf surface
composition of field grown grapevine plants ............cecceeeeeririierieneniienieneeeseeeeeen 1229
P. M. Mishra, A. Sree, M. Acharya and A. P. Das: Fatty acid profile, volatiles and anti-
bacterial screening of lipids of the spong e Fasciospongia cavernosa (Schmidt) col-
lected from the Bay of Bengal (Orissa Coast) .......coceevverieneenienienenienienieeieneenieeenens 1241
Inorganic Chemistry

B. B. Zmejkovski, G. N. Kaluderovi¢, S. Gémez-Ruiz and T. J. Sabo: Palladium(II) com-
plexes with R,edda derived lig ands. Part III. Diisobutyl (S,S)-2,2’-(1,2-ethanediyl-

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1 500 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

diimino)di(4-methylpentanoate) and its pa lladium(Il) complex: synthesis and cha-

TACTETIZATION ..vivveeieniieereetieteeete it eteetesteeteesbesteesseesaesseenseessesseenseessesseansesnsesseensennnessean 1249
Z. K. Jadimovi¢, G. A. Bogdanovié, B. Hollg, V. M. Leovac and K. M. Szécsényi: Tran-

sition metal complexes with p yrazole-based ligands. Part 29. Reacti ons of zi nc(Il)

and mercury(I) thiocyanate with 4-acetyl-3-amino-5-methylpyrazole ...................... 1259
K. Krishnankutty, M. B. Ummathur and P. Ummer: 1-Naphthylazo derivatives of some
1,3-dicarbonyl compounds and their Cu(II), Ni(IT) and Zn(II) complexes ................. 1273

Physical Chemistry
A. Dakovié, Z. Sekuli¢, G. E. Rottinghaus, A. Stojanovié, S. Milicevié and M. Kragovié:
T-2 toxin adsorption by NECLOTIL .........cecuerieriiriiiriieiieie et 1283
Electrochemistry
X. Yu, S. Chen and L. Wang: Effect of solution treatment conditions on the sensitization

Oof auStenitic StAINIESS STEEL......vviiiiieiiieieee et e 1293
Thermodynamics
. R. Radovi¢, M. Lj. Kijevcanin, A. Z. Tasi¢, B. D. Djordjevi¢ and S. P. Serbanovi¢: Den-
sities and excess molar volumes of alcohol + cyclohexylamine mixtures .................. 1303

Environmental Chemistry

J. D. Joksi¢, M. JovaSevié-Stojanovié, A. Bartonova, M. B. Radenkovi¢, K.-E. Yttri, S.
Mati¢-Besarabi¢ and Lj. Ignjatovi¢: V alidation of an HPLC-UV method for the
determination of digoxin residues on the surface of manufacturing equipment.......... 1319

NUMBER 12

G. S. US¢umli¢ and J. B. Nikoli¢: The study of linear solvation energy relationship for the
reactivity of carboxylic acids with diazodiphenylmethane in protic and aprotic sol-
VEnts (AUhOTrS” REVIEW) ...c.iiieiiieiiiieiiieie ettt ettt sbe e saaenneas 1335

Organic Chemistry

S. Z. Drmanié¢, A. D. Marinkovi¢ and B. Z. Jovanovié: Effects of solvent and structure on
the reactivity of 6-substituted nicotinic acids with diazodiphenylmethane in aprotic
SOLVEIIES ..ottt 1359

B. Maleki, D. Azarifar, M. K. Moghaddam, S. F. Hojati, M. Gholizadeh and H. Salehabadi:
Synthesis and c haracterization of a series of 1,3,5-trisubstituted-2-pyrazolines deri-
vatives using methanoic acid under thermal condition (Short communication).......... 1371

Biochemistry and Biotechnology

M. A. Rode, S. S. Rindhe and B. K. Karale: Synthesis and biological activities of some

INAOLINE AETIVALIVES ..ottt 1377
Q. Kanwal, I. Hussain, H. L. Siddiqui and A. Javaid: Flavonoids from mango leaves with
ANUDACTETIAl ACHIVILY ...veetieiiiieieii ettt et saeense e 1389

Inorganic Chemistry

M. Zduji¢, D. Poleti, C. Jovaleki¢ and Lj. Karanovi¢: Mec hanochemical synthesis and
electrical conductivity of nanocrystalline &Bi,Oj3 stabilized by HfO; and ZrO; ....... 1401

S. Chandra and A. Gautam: Spectroscopic and biological a pproach in the ¢ haracteriza-
tion of Cr(IlI), Mn(II) and Co(II) com plexes with a novel hexaazam acrocyclic li-
gand derived from semicarbazide ............ccoceereriirieniiiiiinieee e 1413

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




VOLUME 74: CONTENTS 1 50 1

Theoretical Chemistry

T.-C. Lim: Obtaining the Varshni potential function using the 2-body Kaxiras—Pandey
PATAIMEGLELS ...eneieetiientie ettt ettt et ettt e sttt et e et e esab e e e bt e e bt e eabeessbeessbeebeeenbeeenbeenaseeaees 1423

Physical Chemistry

A. Zarubica, B. Jovié, A. Nikoli¢, P. Putanov and G. BoSkovi¢: Te mperature i mposed
textural and surface synergism affecting the isomerization activity of sulfated zirco-

THA CALALYSES ..ttt ettt ettt sttt et a et ettt et nae e 1429
Electrochemistry
H. Yaghoubian, H. Karimi-Maleh, M. A. Khalilzadeh and F. Karimi: Electrochemical de-
tection of carbidopa using a ferrocene-modified carbon nanotube paste electrode ..... 1443

Analytical Chemistry

V. J. Guzsvany, Z. J. Papp, S. D. Lazi¢, F. F. Gadl, L. J. Bjelica and B. F. Abramovi¢:
A rapid spectro photometric det ermination of im idacloprid in select ed commercial

formulations in the presence of 6-chloronicotinic acid ..........ccccevevereeveiienieniieneenenne 1455
W. Zhang, X. Niu, N. Zhao and W. Sun: Sensitive voltammetric detection of y east RNA

based on its interaction with Victoria Blue B.........c.ccocooiiinininininiceee 1467
Geochemistry

P. I. Premovié, J. Ciesielczuk, B. Z. Todorovi¢, D. M. Djordjevi¢ and N. S. Krsti¢: Geo-
chemistry of F €3* in the hy drothermal di ckite from Jedlina Zdroj (Lower Silesia,

POIANA) 1ottt ettt b et e eseeseenean . 1477
ContentS OF VOIUIME T4 ..ottt ettt st e et 1491
SUDJECE INACK ..vvivieiieiieiieie ettt ettt et e et et e et et e e b e ssbesseesseessesseassesssasseessesssesenssemsenns 1503
PN 11 0 T0) 1T L. QO URROU PR 1511

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS







7 0ogrr s iy

J. Serb. Chem. Soc. 74 (12) 1503-1509 (2009)

Journal of
the Serbian
Chemical Society

JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS

Subject index

1-(2-Pyridylazo)-2-naphthol, 311
1,2,4-Triazole-3-thione, synthesis of, 1041
1,3,5-Trisubstituted-2-pyrazoline, synthesis
of, 1371

2-Acetylpyridine, 269
2-Amino-4-chlorophenol, as ligand, 523
2-Mono and 1,2-disubstituted benzimida-
zoles, as ligands, 1085
2,2-Diphenyl-1-picrylhydrazyl free
radicals, 717

2,3-Dimethylbutane, non-rigid group of, 45
2,4’-Bipyridine-5-carbonitriles, synthesis of,
733
3,5-Dimethyl-1-(hydroxymethyl)pyrazole,
927

4-Acetyl-3-amino-5-methylpyrazole, as
ligand, 1259

4-Rhodanineazo benzoic acid, in
determination of gold, 1133
5-(Diethoxyphosphoryl)-5-methyl-1-pyrro-
line-N-oxide, as spin trapping agent, 651
5-Chloro-2-(substituted alkoxy)-N-phenyl-
benzamide derivatives, synthesis of, 847
6-Chloronicotinic acid, determination of,
1455

Ab initio RHF methods with 6-31G* basis
set, 555

Acenaphthylene-type hydrocarbons, 549
Acid detergent lignin, 885

Acid soils, 93

Acidity constants, 159

cis-Aconitylation, 359

Activated alumina, 85

Activated carbon cloth, 1125

Active phase formation, in catalysis, 1429
Adsorption, of As>* at a-FeOOH, 85

Advanced glycation end products, 867
Aerosols, as pollutants, 1319
AFM Imaging, 773
Agrotechnical measures, 1009
Alanate, sodium, 183
AICl3-Induced neuronal injury, 503
Alcoholic beverage, from the fruits of
cornelian cherry, 117
Aldonitrones, oxidation of, 171
Alfalfa stem, 885
Alkaline two-step transesterification, 993
Alkylation, 1041
Allergoid, 359
Aluminohydride, sodium, 183
Aminocarboxylates and derivatives, 629
Analgesic activity, of furanones, 103
Angiotensin converting enzyme inhibitors,
677
Antibacterial activity,
of S-alkylated 1,2,4-triazoles, 1041
of benzimidazolylphenols, 537
of complexes with isonicotinoyl
hydrazone ligands, 1075
of complexes with pyrazole ligand, 927
of extracts of Mangifera indica, 1389
of fatty acids from Fasciospongia
cavernosa, 1241
of furanones, 103
of fused isoxazole and pyrazole deriva-
tives, 1219
of hexaazamacrocyclic ligand derived
from semicarbazide, 1413
of indulines, 1377
of Phycopsis species, 133
of thiosemicarbazone complexes, 907
Antibacterial efficiency, of dyed fabrics,
349

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1504 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

Antifungal activity,
of essential oil of Douglas fir, 1035
of indulines, 1377
Antifungal screening, 733
Antimalarial, 1155
Antimicrobial activity, 27
of azo-azomethine dye, 917
of brown algae from the Aegean sea,
619
of carbonitriles, 733
of coordination compounds of VO(II),
Co(Il), Ni(Il) and Cu(ll) with Schiff
bases, 523
Antioxidant activity,
of essential oils of brown algae
(Phaeophyta), 619
of indulines, 1377
Antioxidant enzymes, 15
Anti-inflammatory activity, of furanones, 103
Anti-tuberculosis, 1377
Antitumor activity, 27
Aprotic solvents, 1335, 1359
Arsenic, in drinking water, 85
Arylpiperazine moiety, in ligands, 1051
Ascorbic acid, electrooxidation of, 581
Aspartic protease, production of, 607
Astilbin, 129
Atom in molecules methodology, of Bader,
1105
Atorvastatin, antioxidant status of, 1063
Austenitic steel,
316L, 203
stainless, corrosion of, 1293
Azo-azomethine dye,
antifungal studies on, 917
as ligand, 917

Bentonite, sorption performance of, 833
Benzenoid hydrocarbons,
n-electron conjugation in, 765
stability order of, 155
Benzimidazolylphenols, preparation of,
537
Bi(l11) Determination, 977
Binary liquid mixtures, 477, 1303
Binding affinities, of ligands, 1051

Biodiesel, production of, 993
Bioleach amenability test, 213
Biological activity, of organotin(IV)
derivatives, 141

Bioremediation, of soil, 455
Biosensors, 1021

Bismuth(l11) oxide, in mechanochemical
synthesis, 1401

Borazine complexes, 1105
Borohydride, sodium, 183

Bornyl acetate, in essential oil, 1035

Cadmium and nickel, simultaneous
determination of, 789

Calcon, 159

Carbazone, as ligand, 641

Carbon fibers, as molding compound, 441
Carbon nanotube, 1443

Carbon paste electrodes, 1021, 1443
Carbonyl complexes, 1085
Carboxylates, as ligands, 401
Carboxylic acids, reactivity with
diazodiphenylmethane, 1335
Carbidopa, detection of, 1443

Cellular automaton, in corrosion, 1293
Chalcone, cyclization of, with
phenylhydrazine, 1371

Chemical speciation, 745
Chemoautotrophic nitrification, 93
Chemodenitrification, 93

Chimeras, hybrid molecules, 1155
Cholic acid, 857

Chromium(I11) removal, from aqueous
solutions, 953

Chronoamperometry, 581
Citraconylation, 359

Cleaning validation, 1143

Clusiaceae, 129

CO Oxidation, 965

CO, Laser, 773

Coal fly ash, 331

Cobalt hydroxide-modified glassy carbon
electrode, 581

Coats—Redfern equation, 907
Complex hydrides, 183

Composite hardness models, 817

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




VOLUME 74: SUBJECT INDEX 1505

Composite powders, Cu-Al,03, 595
Copper sulphide sludge, 213

Cornus mas (cornelian cherry), 117
Cosmetic products, 669

Crevice corrosion, of steel, 197
Cross-section analysis, of copper deposits,
689

Crude oil contamination, 455

Crystal growth, 61

Cr(111), Mn(l11), Co(Il) complexes, 1413
Cu(ll), Ni(ll) and Co(ll) complexes, 1075,
1273

Cuticular plant wax, 1229

Cyclic conjugation, 549

Cyclic voltammetry, 581, 573, 927, 965,
1021, 1443, 1467

Cyclohexylamine, in mixtures with
alcohols, 1303

Cysteine, bentonite modified by, 833

D2 Receptor, of dopamine, 1051
Dalteparin, 379
Datan, data analysis program, 159
Degree of sensitization, in corrosion of
austenitic stainless steel, 1293
Dendrites, of Ni-based alloy, 61
Derivative spectrophotometry, 1455
Dermatophagoides pteronyssinus, as
allergen, 513
Desorption of 137Cs, from Cetraria
islandica (L.) Ach. lichen, 663
DFT Calculations, 389, 555
Diamond coating, 773
Diazodiphenylmethane, in reaction with,
carboxylic acids, 1335
pyridine carboxylic acids, 1359
Dichloramine-T, as oxidant, 493
Dickite, 1477
Differential pulse polarography, 789
Digital holography, 197
Digoxin, determination of, 1143
Dimedone, 1219
Dimethyl sulfoxide, 317
Dispersive interactions, in complexes,
1051
DNA Binding studies, of complexes, 939

Docking simulation, 1207
Dot blot analysis, 513
Douglas fir, essential oils of, 1035
Dressing material, 1125
Drinking water, 85
Droplet size analysis, 801
Dubinin—Radushkevich sorption isotherm,
953
EDDP ligands, 389
Electric dipole moment, 641
Electrocatalysis, 581
Electrochemical impedance spectroscopy,
407
Electrodeposition,
control of the process, 291
of copper, 689
Electron paramagnetic resonance, 651
Electrophoretic assay, 237
Electrorefining, 279
Electrospray ionization, 223
Elicitor of defence responses in plants, 857
Environment pollution with 137Cs, 663
EPR Spin trap method, 651
Escherichia coli, recombinant buckwheat
cysteine-rich aspartic protease in, 607
EU Air quality regulations, 1319
Europium,
distribution of micro-amounts of,
between two phases, 781
hybrid complex of, as semiconductor,
755
Excess Gibbs energy, of activation of
viscous flow, 317
Excess molar volume, 317, 477, 1303
Extraction and stability constants, 781

Fasciospongia cavernosa, fatty acids from,
1241
Ferrocene, in modification of carbon
nanotube paste electrode, 1443
Ferromagnetism, of Zn—-Mn-0 system at
room tempera-ture, 71
Flavonoids,

in mango leaf extract, 1389

in olive leaf extract, 367
Flow injection analysis, 1021

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




1506 JOURNAL OF THE SERBIAN CHEMICAL SOCIETY

Fluoranthene-type hydrocarbons, 549, 765
Forebrain cortex, injury of, 503

Fuel cells, 1401

Furanones, synthesis of, reaction of,
biological activity of, 103

Gamma radiation, effect of, on material
properties, 1125
Gamma spectrometry, 461
Gas chromatography/mass spectrometry,
of fruit spirit volatiles, 117
of sea sponge volatiles, 133
Gastroprotection, 367
Gel-combustion, in synthesis, 53
Glucocorticoid receptor, 237
L-Glutamine, as iron corrosion inhibitor,
407
Goethite, 85
Gold, determination of trace amounts of,
1133
Gold electrode, 573

H5N1 avian influenza virus, 1
Hammett constant, 493
Heat transfer coefficient, 427
Heavy metals,
concentration of, in urban soils, 697
determination of, 1021
Hectorite, as sorbent, 1283
Heparin, 379
Heterocyclic synthesis, 1371
Heterotrinuclear p-chlorobenzoates, 401
Hexaazamacrocycle, as ligand, 1413
High-energy milling, 595
HfO,, as stabilizing agent, 1401
Horowitz—Metzger equation, 907
Hot filament CVVD method, 773
House dust mites, as allergen, 513
HPLC-UV method, validation of, 1143
HRTEM Imaging, 1113
Hybrid DFT, 1051
Hydantoins, synthesis of, 1195
Hydrazides, 847
Hydrazones, 269, 847
Hydrogen dicarbollylcobaltate, 781
Hydrophobicity parameters, 677

Hydrogen storage, in hydrides, 183
Hydrogenation catalyst, 311
Hypercholesterolemic patients, 1063
Hypericum monogynum, secondary
metabolites of, 129

Imidacloprid, determination of, 1455
Immunosorbent assays, 245
Impregnation technique, 1113
lon chromatography, 301
Inclusion bodies, 607
Incubation experiments, in soils, 93
Indoline derivatives, synthesis of, 1377
Infrared attenuated total reflectance
spectra, 885
Insecticide formulations, 1455
Insulin-like growth factors, dimerization
of, 707
Intergranular corrosion, 1293
Intermetallic compound, 53
Iron,
corrosion inhibition of, 407
geochemistry of, 1477
Isocratic conditions, for anions determi-
nation, 301
Isomerization activity, for n-hexane
reaction, 1429
Isonicotinoyl hydrazone ligands, 1075
Isoxazole derivatives, synthesis of, 1219

Kaolinite, 1477

Kaxiras—Pandey parameters, 1423
Kekulé structures, 155

[Ketoesters, unsaturated, as ligand, 259
Klason lignin, 885

Leaf surface metabolites, of Vitis vinifera,
1229

Levich dependence, 291

Ligand-receptor interactions, 1207
Lignin, 885

Limiting diffusion current density, 291
Linear solvation energy relationship, 1195,
1335

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS




VOLUME 74: SUBJECT INDEX 1507

Liquid crystal properties, of complexes,
1097

Lipid peroxidation, 503

Lipophilicity parameter, 1195

Macroergic compounds, 893
Magnetic semiconductors, 71
Mangifera indica, extracts of, 1389
Markaracter table, 45
Matrix metalloproteases, 707
Mentha piperita L., essential oil of, 417
L-Menthon, 417
Mercury(1l) complex, 1259
Mesophilic leaching, of copper sulphide
sludge, 213
Metal—-isonicotinic acid complex, 755
Metal complexes,
of 2-amino-4-chlorophenols, 523
of di(2-methyl-6-chlorophenyl)car-
bazone, 641
Methanoic acid, as catalyst, 1371
Methomyl, electrochemical behaviour of,
573
Methylglyoxal, protein modification
with, 867
Methylparaben, determination of, 669
McAllister equation, 317
Micelles, in binary complexes, 745
Microbial consortia, 455
Milling, as preparation procedure, 1401
Mn(11) and Co(ll) complexes, 907
Monoclonal antibodies, 245
MS? Fragmentations, 223
Mugwort pollen, allergen of , 359
Multicenter bond index, 549
Multinuclear NMR, 141
Mycotoxins, adsorption of, 1283

NADP-Malic enzyme, catalytic mechanism
of, 893

Naltrindole derivatives, as ligands, 1207
Naphthylhydrazones, as ligands, 1273
Natural bond orbital analysis, 1105

NaX zeolite, as template for catalyst, 1113
Net analyte signal standard addition
method, 789

Neuraminidase,

docking of, 1

homology modeling of, 1
Nickel electrodeposition, 817
Nickel uptake by maize plants, 1009
Nicotiana tabacum L., enzyme from, 893
(NH,)»,SO4 Corrosion, of concrete, 331
Nitric oxide synthase inhibitors, 503
Nitrites, spectrophotometric determination
of, 985
Nitrogen,

adsorption of, for material charac-

terization, 1125

in acid soils, 93
Nitrones, oxidation kinetics of, 493
Non-linear Hammett plot, 493
Nuclear fast red, reaction of, with
potassium bromated, 985
Nucleus-independent chemical shift, 1105

Octaazamacrocyclic complexes,
preparation of, 629, 939

Olive leaf extract, 367

0-Opioid receptor, 1207

Optode sensor, for Pd determination, 311
Organotin(IV) carboxylates, 141
Oseltamivir, 1

Oxidative decarboxylation, of L-malate,
893

Oxo-bridged complexes, 401

Pack cementation method, 203
Palladium complexes, 389, 1249
Papermaking waters, 301
Parabens, 669

Particle size effect, on Cu-Al,03
composite powder, 595
Particulate matter, in air, 1319
PCP-rule, 549

Pendant octaazamacrocycle, 629
Peroxides, as antimalarials, 1155
Permanganate lignin, 885
Petroleum contamination, 455
Pharmacological activity, of hydantoins,
1195

Phenol-formaldehyde resin, 441
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Phenyl-cyclopentadienyl constellation, 765
Phenylacetaldehyde, in essential oils, 35
Phenylfluorone, oxidation of, by hydrogen
peroxide, 977
Phenylhydrazine, cyclization of, with
chalcone, 1371
Phosphoisoforms, 237

of IGFBP-1, 707
Phosphorylation, 237
Photoluminescent properties, of Eu hybrid
complex, 755
Phycopsis species, lipids of, 133
Placental develpment,707
Plate heat exchanger, 427
Platinum-modified zeolite, 1113
Polarization curve equation, Newman
form, 291
Pollution,

in playground soil, 697

of plants, 1009
Polyamide fabrics, coloration of, 349
Polyester fabrics, coloration of, 349
Polyhistidine, as tag, 607
Polymeric emulsifiers, 801
Porphyrin, as ligand, 1097
Portland cement, 331
Pyridinones, fragmentation of, 223
Pyrrolizidine alkaloids, 27
Pyrrolone, 103
Pyruvate, as product of oxidative
decarboxylation, 893
Protein thiol group reaction, 867
Proteins,

cross-linking of, 867

modification of, 15, 867
Protic solvents, 1335
Pt3Ru,/C Nanocatalyst, activity of, in CO
oxidation, 965
Pt(Il)-acetylacetonate, 1113
Pulsating overpotential regime, 689
Pyrazole derivatives, synthesis of, 1219
Pyridine carboxylic acids, reactivity with
diazodiphenylmethane, 1359

Q-Conjugacy character table, 45
Quantimeter, 61

Quercitrin, 129
Quinolinium chlorochromate, 171

Roedda-Type ester, as ligand, 1249
R-134a refrigerant, 427
Radioactivity, of sand from public beaches,
461
Radiological hazard indices, 461
Ramonda species, leaves and roots
essential oils of, 35
ether extract of, 35
Rat paw edema test, 103
Rate constants, 1335, 1359
Redlich—Kister equation, 317
Recombinant protein, 607
Rheological analysis of multiple
emulsions, 801
Remedy strategy, for air pollution, 1319
Reverse current, in electrodeposition, 279
Rosemary, extracts of, 717
Rotating disk electrode method, 965
Ruthenium(I1) carbonyl complexes, 1085

Sh,Co Alloy, powdery, 53
Senecio, wild-growing species, 27
Serine proteases, 379
Scatchard plots, 245
Silver,
electrodeposition of, 279
nanoparticles, 349
Skin prick testing, 513
Smectite, as sorbent, 1283
Solid phase extraction, 1133
Solvatochromic parameters, 1359
Solvent dipolarity/polarizability, effect of,
1195
Solvent/solute hydrogen bonding
interactions, 1195
Sorption capacity, 833
Soybean, oxidative status of, 857
Squalene, 35, 417
Sphagnum moss peat, as sorbent, 953
O-Substituted salicylanilides, 847
Succinic acid, as ligand, 745
Superalloy, Ni-based, 61
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Supercritical carbon dioxide extraction,
717

Supercritical fluid extraction, 417
Superoxide dismutase activity, 857
Synergism, of textural and surface
properties, 1429

Swab analysis, 1143

T-2 toxin, adsorption of. 1283
Tandem mass spectrometry, 22, 22
Tannins, 367
Template condensation, of metals in
complex preparation, 939
Thermocompression, 441
Thermogravimetry, 53

of Sb,Co alloy, 53

of Zn-Mn-0 system, 71
Thin-layer chromatography, 677
Thiohydantoin, 1219
Thiosemicarbazone, as ligand, 907
Template synthesis of complexes, 1075
Tetanus toxin, 245
Tetanus toxoid, 245
Tetraoxanes, as antimalarials, 1155
Titanium diffusion coatings, 203
Toluene, effect on oxidative stress in blood,
15
Total n-electron energy, 155
Transition metal complexes,

of benzimidazolylphenols, 537

of unsymmetrical porphyrin, 1097
Triacetylcelluose membrane, 311
Trioxanes, as antimalarials, 1155
Trioxolanes, as antimalarials, 1155
Trypsin, inhibition of, 379

Ultra-performance liquid chromatography,
669
Uranium fluorescence, 651

Varshni potential function, 1423

Vickers microhardness, 817

Victoria Blue B, in detection of yeast
RNA, 1467

Vibrational spectra, of 6-amino-3-methyl-
-1-phenyl-1H-pyrazolo[3,4-b]pyridine-5-
-carboxylic acid and 6,7-dihydro-3-methyl-
6-o0x0-1-phenyl-1H-pyrazolo[3,4-b]pyri-
dine-5-carbonitrile, 555

Volumetric properties, of mixtures
containing alcohols, 477

Waste frying oil, 993
Water—nitrobenzene system, 781
Well diffusion method, 927
Western blot analysis, 237, 245, 513
Wistar rats, 15, 237, 503

W/O/W Emulsions, 801

X-Ray diffraction, 53, 71

of Sh,Co Alloy, 53

of Zn-Mn-0 system, 71
0-Xylene, 317

Yeast RNA, detection of, 1467

Zanamivir, 1
Zinc(I1) complexes, 1259, 1273
Zn0, 71
Zr0y,
as catalyst, sulfated, 1429
as stabilizing agent, 1401
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