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Abstract: In this study, the synthesis of pentyl 2-methylpropanoate employing a
commercial lipase from Candida rugosa was investigated, the emphasis being
placed on analyzing the effects of various process conditions on the yield of
ester. The response surface methodology (RSM) and five-level-five-factor cen-
tral composite rotatable design (CCRD) were used to evaluate the effects of
variables, namely the initial water content, 0.0-2.0 % (w/v), the reaction tem-
perature, 35-75 °C, the enzyme concentration, 1.0-5.0 g dm™, the acid/alcohol
mole ratio, 1:2-5:2, and the reaction time, 448 h, on the yield (%) of ester.
The production of pentyl 2-methylpropanoate was optimized and an ester yield
response equation was obtained, enabling the prediction of ester yields from
known values of the five main factors. It seems that the enzyme concentration,
reaction time and acid/alcohol mole ratio predominantly determine the conver-
sion process, while the amount of added water amount had no significant in-
fluence on the ester yield. Conversion of around 92 % of the substrate to ester
could be realized using a concentration of lipase as low as 4.0 g dm™ and in a
relatively short time (26 h) at 35 °C, when a high substrate mole ratio of 2.5
was used.

Keywords: factorial design; surface response analysis; Candida rugosa lipase;
flavor esters; esterification.

INTRODUCTION

Short chain aliphatic esters play a relevant role in the food industry as flavor
and aroma constituents.! They are responsible for the particular fruity aroma or
smell of a particular flower. Current processes for the production of esters consist

* Corresponding author. E-mail: zknez@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0812139K

1139
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of the esterification of a carboxylic acid with an alcohol in the presence of non-se-
lective inorganic catalysts at high temperatures or extraction from natural sources.
Esters extracted from plant materials are often either too scarce or expensive for
commercial use while those produced by chemical synthesis are not considered
as natural products. The replacement of inorganic catalysts by lipases in the syn-
thesis of flavor esters avoids side product formation and is less polluting and
energy consuming because of the mild conditions employed.2 More importantly,
the quality of the product of so enzyme-synthesized esters is normally better than
the chemically-derived product due to the lower reaction temperature and avoid-
ance of degradation products resulting from the strong acid-catalysis. Conse-
quently, numerous attempts have been made to develop an efficient lipase system
for the synthesis of food acceptable esters.3->

Lipase from Candida rugosa (formerly Candida cylindracea) is an enzyme
of considerable physiological significance and industrial potential in that it can
catalyze numerous reactions, such as hydrolysis, transesterification, esterifica-
tion, alcoholysis, acidolysis and aminolysis.®~8 Several researchers have reported
the synthesis of short-chain esters using free or immobilized lipase in non-aque-
ous, solvent-free or biphasic organic phase reaction systems.3-%-11 In order to
maximize the yield of the esters, serious attention was given to the optimization
of the process parameters, the development of appropriate kinetic models of es-
terification and the monitoring and control of the water concentration in the re-
action mixture. However, most of the studies were based on conventional one-at-
-a-time variation of parameters, which often do not demonstrate the interactive
effects of the parameters.Moreover, the widely different substrates and reaction
systems employed led to an enormous amount of quantitative data, which,
however, cannot be directly compared. Thus, to make the enzymatic processes
competitive, they should be studied and compared in a systematic way.

It was shown that the statistical designs could be very useful tool not only in
optimizing esterification reactions, but also in explaining qualitatively and quan-
titatively the esterification behavior of the employed lipase.!2 In addition to redu-
cing the number of experiments required for optimization, this technique enables
the quantification of the individual effect of each factor and to investigate their
possible interactions. An increasing number of results published in the field of
ester synthesis in an organic solvent were based on experimental design.!3-15
Most of these studies were focused on the optimization of the conditions for the
synthesis of ethanoic acid esters with immobilized lipase from Rhizomucor mie-
hei as the catalyst. However, comparatively few have related to systematic
studies of the synthesis of butanoic acid and 2-methyl propanoic acid esters with
lipase from C. rugosa.10

The object of this study was to investigate the process conditions relevant for
the synthesis of flavor esters aiming at a better control of the enzymatic process.
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The results of previously reported investigations implied that the influence of
reaction factors varies strongly with both substrate types. Each ester synthesis
seems to be a specific problem. In this study, the synthesis of pentyl 2-methyl-
propanoate in isooctane was chosen as a model reaction because of its impor-
tance in the food industry. This short chain ester, which contributes to the natural
aroma of fruits such as pineapple and banana, is widely used in the food industry
for flavor enhancement. Lipase from C. rugosa was chosen for present work
because of its commercial availability in large quantities at relatively low cost
and the number of immobilization procedures developed with this enzyme.!7-19
Response surface methodology and 5-level-5-factor central composite rotatable
design were performed to identify the factors that influence the ester synthesis
and to verify whether any changes should be made in their settings to improve
this reaction. In spite of the importance of pentyl 2-methylpropanoate, to the best
of our knowledge, there are no reports about the use of C. rugosa for the syn-
thesis of this ester in a non-aqueous system. Moreover, this is the first time that
this system has been analyzed by the statistical approach at this level of detail.

EXPERIMENTAL

Materials

Commercial Candida rugosa lipase (EC 3.1.1.3), trizma buffer, thymolphthalein indi-
cator solution and olive oil emulsion were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The lipase was a crude preparation with 10 % protein based on the Lowry method
for protein assay.2 2-Methylpropanoic acid and n-pentanol were purchased from Merck
(Darmstadt, Germany). 2,2,4-Trimethylpentane of p.a. grade, purchased from Merck (Darm-
stadt, Germany), was dried over 0.3 nm molecular sieves for at least 24 h prior to use and, as
such, was regarded as nearly anhydrous. The solvents used in the analytical procedures, stan-
dards and other reagents were reagent grade and purchased either from Aldrich Chemical Co.
(St. Louis, MO, USA) or Sigma Chemical Co. (St. Louis, MO, USA).
Lipase activity assay

The lipase activity was estimated by the standard olive oil emulsion method.! This acti-
vity assay was performed with reaction mixtures containing 3.0 cm? of Sigma lipase substrate,
1.0 cm3 of trizma buffer, and 3.5 cm? of distilled water. Negative and positive controls were
also studied. The positive control was the reaction mixture in which investigated solution or
biocatalyst was added at the beginning of the reaction time, whereas the negative control was
one with samples added just before titration with NaOH. The reaction mixtures were agitated
and incubated for 30 min in a water bath at 37 °C. The formed fatty acids were quantified by
titration with 0.050 M sodium hydroxide. The activities are expressed as international units
(IU), where 1 IU is defined as the amount of enzyme required to produce 1 pmol min™! of free
fatty acid under the assay conditions (37 °C, pH 7.7). The determined activity of the lipase
was 1.55 IU mg™! enzyme.
Pentyl 2-methylpropanoate synthesis

The esterification reactions were performed in screw-capped 100 cm? flasks in 2,2,4-tri-
methylpentane. n-Pentanol and 2-methylpropanoic acid were added at different molar ratios
followed by different amounts of water, according to the experimental design. The reaction
mixture was then diluted up to the volume of 10 cm? with 2,2 4-trimethylpentane and incu-
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bated on a shaker at 150 rpm and at different temperatures prior to the addition of the lipase.
The various quantities of enzyme were added to the reaction mixture only after the correct
temperature had been attained and samples were taken for analysis after 4, 15, 26, 37 and 48 h
reaction time. Control experiments were also conducted without lipase under similar conditions.

Analysis

The reactions were monitored by determination of the residual acid content by titration
against standard sodium hydroxide using phenolphthalein as the indicator and methanol as a
quenching agent. The molar conversion was determined from the values obtained for the blank
and the test samples. The reactions were also monitored by measuring the concentrations of
the products by gas chromatography (model: Varian 3400) equipped with a Carbowax 20-M
column (3.0 m length, 3.175 mm internal diameter) and a flame ionization detector (FID).
Nitrogen was used as the carrier gas at a flow rate of 30 cm® min™!. The column oven, injector
and detector temperatures were at 100, 200, and 250 °C, respectively.!* The reported percent-
age yield of ester was defined as the amount of ester produced to the amount of initial sub-
strate in defect ((mol ester/mol initial substrate in defect)x100). The percentage esterification
determined by both GC analysis and titration were found to be in good agreement.

Experimental design and analysis

A five-level-five-factor central composite design was employed in this study, requiring
32 experiments, which consisted of 16 factorial points, 10 axial points and 6 central points.22
The variables and their levels selected for the study of the ester synthesis were: water content
(0.0-2.0 % (W/v)); temperature (3575 °C); enzyme concentration (1.0-5.0 g dm3); acid/alco-
hol mole ratio (1:2-5:2) and reaction time (4—48 h). These variables were chosen based on the
results obtained in a preliminary study and are the most commonly used for modeling
esterification reactions. In a preliminary study, the effects of reactant concentration on the
initial rate of production of pentyl 2-methylpropanoate were investigated with the reactants
added in stoichiometric proportions. It seems that the initial reaction rate increases rapidly
with concentration up to about 0.50 mol dm™ and thereafter becomes essentially constant be-
tween 0.50 and 0.75 mol dm= before dropping at higher concentrations (data not shown). This
appears to be caused by inactivation of the lipase by the alcohol. In separate experiments in
which an excess of 2-methylpropanoic acid was used, it was shown that the acid did not de-
activate the enzyme in concentrations up to 1.25 mol dm™. Therefore, the effect of acid/alco-
hol mole ratio was investigated fixing the initial alcohol concentration at a lower value (500
mmol dm3) at different concentrations of acid.

The actual and coded settings of each of the five experimental factors are given in Table 1.
The experiments were run at random to minimize errors due to possible systematic trends in
the variables. The ester yield was taken as the response variable. The design of experiments
employed is presented in Table II. The data obtained were fitted to a second-order polynomial
equation:

5 5 4 5
Y = fro +Z,BkiXi+ZﬂkiiXi2+z Zﬂkinin (1)
i=1 i=1 i=1 j=i+l
where Y is the response (ester yield in mol %), So,fi> i and f; are regression coefficients
for the intercept, linear, quadratic and interaction terms, respectively and X; and X are in-
dependent variables. The coefficients of the response function and their statistical significance
were evaluated by the method of least squares using Matlab software (version 6.5, Release 13,
The MathWorks, Juc, Matick, MA, USA). Only the significant terms (p < 0.05) were con-
sidered for the final reduced model. The lack-of-fit test was used to determine whether the



ENZYMATIC SYNTHESIS OF FLAVOR ESTERS 1 143

constructed model was adequate to describe the obtained data. The goodness of fit of the mo-
del was evaluated by the determination of R? and r coefficients, complemented by a graphic
plot of the values predicted by the model vs. the observed experimental values. High values of
both R? and r suggest a good fit of the model to the experimental data. Response surfaces and
contour plots were obtained using the fitted model by keeping two independent variables at a
constant value while changing the other two variables. The regression analysis, statistical
significance and response surfaces were also realized using Matlab software.

TABLE I. Coded and actual values of the variables for the design of the experiments

Coded levels of the variables

Variables

-2 -1 0 1 2
Water content, X; / % (w/v) 0 0.5 1.0 1.5 2.0
Temperature, X, / °C 35 45 55 65 75
Enzyme amount, X5 /g dm™ 1 2 3 4 5
Substrate mole ratio, X 1:2 1:1 3:2 2:1 5:2
Reaction time, X5/ h 4 15 26 37 48

RESULTS AND DISCUSSION

Response surface analysis

The response surface methodology (RSM) is an optimization technique, which
determines the optimum process condition by testing several variables simulta-
neously, uses special experimental designs to reduce the number of required de-
terminations and measures several effects by objective tests. In this study, RSM
and 5-level-5-factor central composite rotatable design were employed to optimi-
ze and understand the relationship between the important reaction parameters in
the lipase-catalyzed synthesis of pentyl 2-methylpropanoate in a non-aqueous system.

The data showing the predicted and experimental yields of ester for the 32
experiments of the statistical design are given in Table II. According to this
study, the maximum ester yield can be obtained at a low temperature, low level
of water content and high levels of lipase concentration, initial acid/alcohol mole
ratio, and reaction time. Among the various syntheses, the greatest molar conver-
sion (96.8 %) was achieved in run No. 13 (water content of 0.5 %, 45 °C, enzyme
concentration of 4 g dm3, substrate mole ratio 2:1, 37 h), while the smallest
conversion (only 11.85 %) was achieved in run No. 26 (water content of 1.0 %,
55 °C, enzyme concentration 3 g dm=3, substrate mole ratio 3:2, 4 h).

A statistical analysis was performed on the experimental data, whereby the
main effects and interaction effects of the variables were estimated. Both the #-test
and p-value statistical parameters were used to confirm the significance of factors
studied. The effects of the parameters on the ester synthesis and their significance
are shown in the Pareto chart of effects (Fig. 1). It seems that the most relevant
variables for the ester synthesis are reaction time and enzyme concentration with
estimated effects of 13.00 and 11.61, respectively. The effects of substrate mole
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TABLE II. Experimental setup for five-level, five-factor surface response design and the ex-
perimental data

Run Water content, Temperature cor]i:I;Zn);Eteion Substrate mole  Reaction time Experi-
No. X1/ % X, /°C X, /g dm3 ratio, X Xs/h mental
1 1 1 1 1 1 56.20
2 1 1 1 -1 -1 27.05
3 1 1 -1 1 -1 30.80
4 1 1 -1 -1 1 15.40
5 1 -1 1 1 -1 49.20
6 1 -1 1 -1 1 62.90
7 1 -1 -1 1 1 56.50
8 1 -1 -1 -1 -1 13.80
9 -1 1 1 1 -1 52.90
10 -1 1 1 -1 1 36.30
11 -1 1 -1 1 1 36.70
12 -1 1 -1 -1 -1 14.30
13 -1 -1 1 1 1 96.80
14 -1 -1 1 -1 -1 30.00
15 -1 -1 -1 1 -1 29.30
16 -1 -1 -1 -1 1 42.60
17 2 0 0 0 0 24.00
18 -2 0 0 0 0 36.22
19 0 2 0 0 0 13.05
20 0 -2 0 0 0 33.45
21 0 0 2 0 0 76.57
22 0 0 -2 0 0 14.25
23 0 0 0 2 0 61.75
24 0 0 0 -2 0 29.45
25 0 0 0 0 2 80.92
26 0 0 0 0 -2 11.85
27° 0 0 0 0 0 48.30
28° 0 0 0 0 0 29.10
29° 0 0 0 0 0 28.42
30° 0 0 0 0 0 41.02
31° 0 0 0 0 0 31.35
32¢ 0 0 0 0 0 35.92

*Center point

ratio, temperature, and temperature-reaction time interaction were also signify-
cant (p < 0.05). It appears that while the substrate mole ratio has a positive effect
(8.87), temperature and reaction time—temperature interaction have a significant
negative influence on the ester yield (—6.93 and —7.09, respectively) which is in
agreement with thermal stability data for this lipase in non-aqueous medium.!0.23.24
The results also indicate the importance of working at high levels of enzyme con-
centration, reaction time and substrate mole ratio. Due to the bars that extend
beyond the vertical line on the plot which correspond to effects that are stati-
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stically significant at the 95 % confidence level, quadratic terms of incubation
time, mole ratio and enzyme concentration were also significant. Interestingly,
the effect of the water content on the conversion was not significant and could be
neglected in the range tested. Perhaps, this is because a water content in this
range was sufficient to preserve the catalytic conformation of the enzyme and the
lipase itself contained sufficient water to maintain its activity. In general, it was
observed that only a very small amount of water was required to successfully em-
ploy enzymes in organic solvents.!9 However the optimal level of water should
be determined for each particular reaction system. In the present experimental
setup, the water content did not significantly influence the ester yield. Therefore,
the added water was constant at 0 level (1 %) in the following discussion.

p=0.05

Fig. 1. Pareto diagram of the effect of the re-
Xa=%5 action parameters on the ester synthesis and
- . . : . ‘ ‘ their significance calculated from the experi-
2 * ® R mental design. For abbreviations, see Table 1.

uuuﬂuﬁw

o

The multiple regression coefficients, obtained by employing a least squares
technique to predict a second-order polynomial model (Eq. (1)) for ester yield (Y,
%), after backward elimination, their significance (student's #-test and p-values)
and the results of the statistical analysis are summarized in Table III. According
to the results of the student’s ¢-test, four linear coefficients and one cross-product
term had a highly significant effect at the 99 % confidence level. Three quadratic
terms were also significant (p < 0.05). The quadratic term of temperature and
nine cross-product terms corresponding to X7 with X>, X3, X4 and X5, X, with X3
and Xy, X3 with X3 and X5 and X; with X5 were found to be insignificant
(» > 0.05). The final response equation obtained after eliminating the insignifi-
cant terms is as follows:

Y=31.959 - 6.935X; + 11.767X3 + 9.019X, + 12.849X5 — 7.093X,X5 + )
+3.207 X7 +3.254 X7 +3.451 X2

The fit of the model was checked by the R? values, which was calculated to
be 0.912, indicating that 91.2 % of the variability in the response could be ex-
plained by the model. The model also showed statistically insignificant lack of
fit, as is evident from the lower calculated F value (1.06) than the theoretical
Fo.05 value (4.58) at the 5 % level. The plot of experimental values of ester yield
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(%), versus those calculated from the above equation, indicated a good fit (Fig. 2),
with a correlation coefficient, » of 0.944. Overall, these results revealed good
agreement between the predicted and experimental values, implying that the em-
pirical model derived from RSM can be used to adequately describe the rela-
tionship between the factors and the response in the lipase-catalyzed synthesis of
pentyl 2-methylpropanoate.

TABLE III. Regression coefficients (f) and significance (student's ¢-test and p-values) of the

predicted second-order polynomial model for the response (Y) after backward elimination and
the results of the statistical analysis

Factors Coefficient () Standard error  z-Values p-Values
Average 31.9595 +3.11 11.31 0.0000
Temperature, X, —6.9348 +1.68 -4.23 0.00272
Lipase concentration, X3 11.7673 +1.68 6.93 0.0002?
Substrate mole ratio, Xy 9.0193 +1.68 5.29 0.00092
Reaction time, X; 12.8494 +1.68 7.76 0.00012
X X5 —7.0930 +2.32 -3.50 0.00642
X32 3.2070 +1.45 2.06 0.04220
Xf 3.2539 +1.44 2.10 0.0404°
XS2 3.4507 +1.45 223 0.0335b
Results of the statistical analysis

Source of variation Sum of square  Degrees of freedom  Mean square  F-test
Regression 1455.8 23 63.3 -
Lack of fit 1153.2 18 64.1 1.06
Pure error 302.6 5 60.5 -

4 <0.01; %9 <0.05

80
60 4

40

Ester yield, Cal /%

20
Fig. 2. Correlation of the calculated versus the ex-

perimental values for the synthesis of pentyl 2-

0 20 40 60 80 100 -methylpropanoate catalyzed by lipase from C.
Esteryield, Expt! %
rugosa.

Influence of process conditions on the molar conversion

The influence of the variables, reaction temperature, enzyme concentration,
substrate mole ratio and reaction time on the yield of ester is discussed using the
statistical model shown by Eq. (2).

Temperature showed an interactive effect with the reaction time of esterifi-
cation. The shape of the three-dimensional surface, representing yield of ester
versus temperature and reaction time, is shown in Fig. 3a. It appears that the
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surface is smooth showing an increase/decrease in one axis and a decrease/
/increase in the other axis, which reflects that the temperature may affect the re-
action rate in opposite ways. Specifically, as the temperature increases, the ex-
pected increase in reaction rate resulting from more productive molecule colli-
sions per unit time is offset by the increasing rate of enzyme denaturation. The
effect of temperature on the ester synthesis during the initial period was observed
to follow Arrhenius law (between 298 and 338 K) with an activation energy of
18.34 kJ mol~!, which is typical for enzymatic reactions occurring in a reaction-
-limited regime.25 At intermediate and high levels of reaction time, however, a
different behavior was observed as the surface decreased with increasing reaction
temperature. This could be the result of a negative temperature—reaction time in-
teraction, probably caused by thermal deactivation of the enzyme. The maximum
yield of ester could be obtained when working at low temperatures and a high
level of reaction time. The result suggests that the C. rugosa lipase, like some
other lipases such as Novozym SP 435 from Candida antarctica?®-27 or porcine
pancreatic lipase,!2 was inactivated when it was subjected to a high temperature
for a long period under non-aqueous conditions.

Another important parameter affecting the economic feasibility of the pro-
cess is the acid to alcohol mole ratio. Figure 3b shows the predicted percentage
of esterification as a function of the substrate molar ratio at different tempera-
tures for an enzyme concentration of 3 g dm=3 (4.5 IU cm3) and an incubation
period of 26 h. It seems that while the temperature exerted a negative influence,
excess of acid had a significant positive effect on the ester yield, indicating the
importance of using an excess of acid over the stoichiometric amount for the
maximum conversion to ester. Minimum esterification was observed at a sub-
strate mole ratio of 0.8 at 55 °C (11 %) and a maximum esterification was ob-
served at a substrate ratio of 2.5 at 35 °C (= 77 %). The beneficial effect of ex-
cess acyl donor was also observed for the synthesis of short-chain esters using
microbial lipases by several authors. For example, studying the synthesis of ethyl
butanoate with the same lipase as the catalyst, Chen verified that the mole ratio
between ethanol and butanoic acid was a critical factor for attaining a high yield
of ethyl butanoate, requiring an amount of butanoic acid of the order of 3.3 times
that of ethanol. Yadav and Lathi?7 also found that there was an increase in the
reaction rate with increasing amount of 2-methylpropanoic acid using Novozym
SP 435 lipase during the synthesis of butyl 2-methylpropanoate. The possible ex-
planation is related to reaction mechanism. Lipase is known to catalyze esterifi-
cation through an acyl-intermediate formed between the fatty acid substrate and
the enzyme. Free enzyme can either bind the fatty acid to produce this inter-
mediate or the ester product. In an excess of fatty acid, most of the enzyme is
found in the acylated form, preventing it from binding the product. In addition, a
higher concentration of free 2-methylpropanoic acid in the reaction system was
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beneficial for the incorporation of acid from the view of reaction equilibrium, but
excessive free fatty acid could also result in substrate inhibition.10-25.28 In the
present experimental setup, the substrate mole ratio had a positive influence on

the ester yield and it was found that the acid did not deactivate the catalyst at
concentrations up to 1.25 mol dm3.
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Fig. 3. Correlation of the calculated versus the experimental values for the synthesis of
pentyl 2-methylpropanoate catalyzed by lipase from C. rugosa.

The response surface plot for the predicted values for the yield of ester ver-
sus temperature and catalyst concentration after 26 h at a fixed substrate mole ra-
tio of 1.5 are shown in Fig. 3c. It appears that predicted yield of ester increased
with increasing enzyme concentration at all temperatures. For an illustration, at
55 °C, the response varied from 21.2 to 68.3 % on increasing the enzyme con-
centration from 1-5 g dm=3 (1.5-7.5 IU cm™3). A similar behavior was observed
during the Rhizopus lipase-catalyzed synthesis of 3-methylbutyl butanoate, since
an increase in yield by 32.2 % was recorded when the amount lipase was chan-
ged from 1 to 10 %.2° Therefore, to maximize the ester yield, the enzyme con-
centration must be kept at the highest tested levels.
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Similar trends were observed for the interaction of both enzyme concentra-
tion and substrate mole ratio versus reaction time. However, the most interesting
result of the part of study focused on the statistically analyzed influence of en-
zyme concentration and mole ratio in a 3-dimensional graph (Fig. 3d). In addi-
tion, the contour plot could also indicate the desirable combination of variables,
which can be selected by the manufacturer, because there were several optimal
combinations available to obtain the highest ester yield (Fig. 4). The ester pro-
duction is represented by a concave surface described by a second order polyno-
mial with a minimum at an enzyme concentration of about 1.2 g dm=3 (3.6 IU cm3)
for a mole acid/alcohol ratio equal to 0.8. Figure 4 shows the contour plot for the
predicted values for the yield of ester versus catalyst concentration and substrate
mole ratio after 26 h at 35 °C. The results indicate that high yields are possible
with small amounts of enzyme when high substrate mole ratio levels are used,
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26 hat 35 °C.

which is beneficial from the economic viewpoint since the cost of enzyme is usu-
ally higher than that of substrates. In general, for enzymatic esterification reac-
tions, the lipase concentrations required to achieve higher yields of esters are
often too high and the reaction times relatively too long for industrial application.
Welsh et al.# reported 75.8 % conversion in 48 h with 2 % native lipase from C.
cylindracea at 0.050 M substrate (the E/S ratio was 400 g mol~!). Chowdary et
al.30 reported an 85 % conversion of 3-methylbutanoic acid to 3-methylbutyl 3-me-
thylbutanoate with 0.50 M acid concentration and 1.0 % enzyme concentration
during an incubation time of 144 h in n-hexane (the E/S ratio was 20), by using
Lipozyme IM-20 lipase from R. miehei. In this study, it was shown that a high
conversion of 91.9 % could be achieved at 0.50 M alcohol concentration (sub-
strate in deficit), using amounts of enzyme as low as 4.0 g dm=3 and in a relati-
vely short time (26 h) at 35 °C at a fixed acid/alcohol mole ratio of 2.5, as can be
inferred from the contour plot in Fig. 4. Namely, under this condition (E/S ratio
of =~ 8 g mol™!), a rather high ester concentration of around 70 g dm= was
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achieved, which was in the proximity of results previously reported in related
studies?8-30 or much higher.4->-3! The feasibility of the ester synthesis by C. ru-
gosa lipase under solvent-free condition was also explored, and a reasonably high
yield of esters (62 %) was achieved under optimal conditions (data not shown).

CONCLUSIONS

The aim of this work was to evaluate the performance of lipase from C. ru-
gosa in the synthesis of pentyl 2-methylpropanoate using a reaction system of in-
terest from an industrial point of view. A surface response methodology based on
CCRD design was employed to study the effects of the five most important fac-
tors influencing the yield of ester. An ester yield response equation was obtained,
making it possible to predict the operating conditions required to obtained well-
-defined amounts of the ester. It seems that the lipase concentration, reaction time
and substrate mole ratio have positive influences on the ester synthesis while the
temperature and reaction time—temperature interaction have negative influences
on the process. It appears that high yields of esters are possible with small amounts
of enzyme when high substrate mole ratios are used, which is beneficial from the
economic viewpoint. These findings should stimulate the application of such li-
pase-catalyzed reactions for the preparation of food acceptable short chain esters.
Further studies should be concentrated on improvement of the lipase stability by
its immobilization and extension of its application to other non-aqueous and sol-
vent-free reaction systems.

Acknowledgements. The authors thank Ministry of Science and Technological Develop-
ment of the Republic of Serbia for the financial support (Project: TR-20064).

N3BOJ

CHUHTE3A MUPHUCHUX ECTAPA KATAJIM30BAHA JIMITAZAMA Y HEBOJIEHOJ
CPEJJUHI: OIITUMU3ALIUIA ITPUHOCA ITEHTUJI-2-METUJIIIPOITAHOATA
CTATUCTUYKOM AHAJIM30M

30PULIA KHE)KEBI/I"H-JY]"OBI/I"HI, JIEJAH BE3EPAZ[I/H_[A1, JKNUBAHA JAKOBII)EBI/I'ﬁZ,
CY3AHA EPAHKOBI/IT1-,Hl/lMl/lTPl/l.lEBI/IT’L1 u JYIIAH MUJUH!

! Texnoaowxo—meimianypuiiu gaxyaitieis, Yuusepauisiem y Beozpady, Kapuezujesa 4, 11120 Beozad u
’Mawuncku paxyaitieiti, Ynusepsuitieii y Beozpady, Kpanuue Mapuje 16, 11120 Beozpad

VY pamy cy UCIHTaHU YTULAjH PA3THYNTUX NPOLECHUX MapamMeTapa Ha CHHTE3Y HEHTHI-2-Me-
THITPOIaHOaTa KaTaau3oBaHy nmma3oM u3 Candida rugosa. Y by ONTAMH3AIMjE €H3UMCKE CHH-
Te3e ecrapa NPUMEHEHA je METOJ0JIOTHja O3UBHMX IOBPILIMHA Y CKJIaay ca 0fa0paHUM LIEHTpal-
HHMM KOMIO3HIIMOHMM POTaOMIHMM IUIaHOM (IIeT (hakTopa Ha 1eT HHuBoa). McnuTanu cy yTHIaju npo-
LIECHUX TTapaMeTapa Ha MPUHOC ecTpa y cienehuM naTepBamMa: modetTHor caapkaja soae (0,0-2,0 %),
Temmepatype (35-75 °C), konnenTpanuje ersuma (1,0-5,0 g dm™>), mogeTHOT MONCKOT yaema cym-
crpata (1:2-5:2) u peakuuonor Bpemena (4-48 h). JloOujeH je anekBataH MaTeMaTHYKH MOJEN Ha
OCHOBY KOTa C€ MOXC MPEIBUACTH IMOHAIIAKkE CHcTeMa Y QYHKIUjH OBUX 1eT ¢akTopa. [lokazaHo
je 1a KOHIIeHTpalLHja eH3uMa, [TOYETHH MOJICKU OJHOC CYICTpaTa M Peaki(iOHO BpeMe MMajy Haj-
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Behu yTuIaj Ha mporec, JOK calpiaj BoAe He yTHUe 3Ha4ajHO Ha mpuHOC ecTpa. [log ontumamauM
yCIOBHMa €H3UMCKE CHHTE3€ OCTBAPEH je MPUHOC ecTpa oKko 92 %.
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Abstract: The antibacterial activities of cobalt(I[) complexes with two series of
benzimidazoles were evaluated in vitro against three Gram-positive bacterial
strains (Bacillus cereus, Staphylococcus aureus, and Sarcina lutea) and one
Gram-negative isolate (Pseudomonas aeruginosa). The minimum inhibitory con-
centration was determined for all the complexes. The majority of the investti-
gated complexes displayed in vitro inhibitory activity against very persistent
bacteria. They were found to be more active against Gram-positive than Gram-ne-
gative bacteria. It may be concluded that the antibacterial activity of the com-
pounds is related to the cell wall structure of the tested bacteria. Comparing the
inhibitory activities of the tested complexes, it was found that the 1-substituted-
-2-aminobenzimidazole derivatives were more active than complexes of 1-sub-
stituted-2-amino-5,6-dimethylbenzimidazoles. The effect of chemical structure
on the antibacterial activity is discussed.

Keywords: benzimidazole derivatives; complexes; cobalt(Il); antibacterial; in
vitro studies.

INTRODUCTION

The benzimidazole nucleus, which is a useful structure for further research
and for the development of new pharmaceutical molecules, has received a great
deal of attention in the last decade. Due to their antimicrobial activities, new
benzimidazoles have been synthesized and investigated for medical applications.
The position and type of the substituents on the benzimidazole ring are respon-
sible for the variety of their biological activities. Many derivatives of benzimi-
dazole are well known as antibacterial agents.~7 This class of compounds has
been found to show antimicrobial activities against Gram-positive and Gram-ne-
gative bacteria, primarily because of the potential bio-activity of benzimidazole-
-based ligands.3-10 Hence, the incorporation of imidazole and benzimidazole
nuclei is an important synthetic strategy in drug discovery.

* Corresponding author. E-mail: sanya@uns.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0812153P
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Extensive biochemical and pharmacological activities have confirmed that
these molecules are effective against RNA viruses and inhibit the formation of
virus-induced RNA polymerase, thereby preventing or retarding RNA synthesis
of various strains of microorganisms.!!-14 Antimicrobial activity of this class of
compounds against Helicobacter pyloril> and oral Streptococcil® has also been
reported. The synthesis of benzimidazoles fused to another heterocyclic ring has
attracted widespread attention due to their diverse application as antioxidant,!7-18
antifungal, !9 antitubercular,20 anticancer,2!-22 and antiallergic drugs.2? Various benz-
imidazoles are also effective inhibitors of the growth of the HIV-virus.24.25

In the last period, possible therapeutical properties of metal complexes with
derived benzimidazoles have also excited wide interest. It was found that the
complexes of transition metal salts with benzimidazole derivatives showed greater
antimicrobial activity than the ligands applied alone.26

The development of resistance to current antibacterial therapy continues to
drive the search for more effective agents. In order to obtain more potent com-
pounds, our previous studies* prompted us to investigate the antibacterial acti-
vity of cobalt(Il) complexes containing 1-benzylbenzimidazoles against three
Gram-positive bacterial strains and one Gram-negative isolate. The effect of the
ligand and complex structure on the inhibitory activity of tested compounds was
also examined.

EXPERIMENTAL

In the present study, the antibacterial activity of cobalt(Il) complexes with the following
starting ligands: 2-amino-1-(3-chlorobenzyl)benzimidazole (L!), 2-amino-1-(3-fluorobenzyl)—
benzimidazole (L?), 2-amino-1-(3-chlorobenzyl)-5,6-dimethylbenzimidazole (L?), 2-amino-1-
-(3-fluorobenzyl)-5,6-dimethylbenzimidazole (L*) and 2-amino-5,6-dimethyl-1-(3-methylben-
zyl)benzimidazole (L), was evaluated (Table I).

TABLE I. Structural formulae of the ligands

N
Rj3 ﬁ— Ry
Ry N
N
CH;

Series |
Ry R, R; Ry
L! —m-Cl NH, H H
L2 ~m-F NH, H H
Series 11
L3 —m-Cl NH, CH, CH;
L4 —m-F NH, CH, CH,

LS —m-CH3 NH2 CH3 CH3
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All the ligands were synthesized by Vlaovi¢ et al. according to a procedure described
earlier.?” The cobalt(Il) complexes were prepared following the same procedure described in a
previous paper.’

Antibacterial investigations

All the cobalt(Il) complexes were tested for their in vitro growth inhibitory activity
against Bacillus cereus ATCC 10876, Staphylococcus aureus ATCC 25923, Sarcina lutea
ATCC 9341 and Pseudomonas aeruginosa ATCC 27853.

The antibacterial activities of the complexes were tested by the disc-diffusion method
under standard conditions using Mueller-Hinton agar medium, as described by NCCLS.28
Each of the investigated isolates of bacteria was seeded in tubes with nutrient broth (NB). 1 cm?
of seeded NB was homogenized in tubes with 9 cm3 of melted (45 °C) nutrient agar (NA).
The homogenous suspension was poured out in Petri dishes. The discs of filter paper (dia-
meter 5 mm) were ranged on the cool medium. After cooling on the formed solid medium,
0.02 cm? of the investigated compounds (¢ = 1000 pg/ml) were placed by micropipette. After
incubation of 24 h at 25-27 °C, the inhibition (sterile) zone diameters (including disc) were
measured (in mm). An inhibition zone diameter over 8 mm indicates the tested compound is
active against the microorganism. Every test was done in triplicate. Antimicrobial activities of
the free ligands against the same bacteria were tested in a previous study.?

Minimum inhibitory concentration (MIC) was determined by the agar dilution method
according to guidelines established by the NCCLS standard M7-A5.2° The MIC is described
as the lowest concentration of a compound that visibly inhibited the growth of a colony. Stock
solutions of the compounds were prepared in dimethylformamide (DMF). Further dilutions
were performed with distilled water. The concentration range of the compounds tested was
between 60—750 pg/ml in two-fold dilution steps. The inoculated plates were than incubated at
35 °C for 16-20 h. A control using DMF without any test complex was included for each or-
ganism. It was found that the solvent had no activity against any of the test micro-organisms.

RESULTS AND DISCUSSION

The results of the antibacterial studies of the cobalt(Il) complexes with the
two series of 1-benzylbenzimidazole derivatives tested by the agar disc-diffusion
method are summarized in Table II.

TABLE II. In vitro antibacterial activity of the complexes at a concentration of 1000 pg/ml

Inhibition zone diameter, mm

Complex Pseudomonas Bacillus cereus Staphylococcus Sarcina lutea
aerugmosa aureus

Co(L",Cl, 22 26 26 29

Co(L*),Cl, 17 24 24 25

Co(L*),Cl, 9 17 17 18

Co(L%,Cl, 8 16 17 17

Co(L),Cl, 5 16 17 16

It is evident that the majority of the investigated compounds displayed in
vitro antimicrobial activity against very persistent micro-organisms. The investi-
gated complexes were found to be more active against Gram-positive than Gram-
negative bacteria (P. aeruginosa). In the case of Gram-negative isolate, only com-
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plexes of ligands from Series I exhibited significant antibacterial activity. The
cobalt(I) complexes of L3, L4 and L5 were slightly active against P. aeruginosa.
In the case of B. cereus and S. aureus, the cobalt(Il) complexes of ligands L! and
L2 also expressed higher activity than the complexes of ligands from Series II.
The Gram-positive bacterium S. lutea was persistent in all investigated cases.
The cobalt(II) complexes containing L1 and L2 were very highly or highly active,
respectively. On the other hand, complexes of L3, L4 and L5 were moderately
active against the same bacteria.

In the second phase, the MIC of the tested compounds was determined by
the agar dilution method. The results are presented in Tables III-VI. The com-
pounds which are not shown in the tables had no antibacterial activity at the
tested concentration.

TABLE III. Antibacterial activities of the complexes against P. aeruginosa at different con-
centrations (inhibition zone diameter in mm)

Complex MIC / pg ml”

750 500 250 125 62.5
Co(L",Cl, 18 8 5 0 0
Co(L*),Cl, 15 6 0 0 0
Co(L*),Cl, 5 0 0 0 0
Co(LH,Cl, 5 0 0 0 0
Co(L*),Cl, 0 0 0 0 0

From the results presented in Table III, it is seen that cobalt(Il) complex
containing L! was active against P. aeruginosa with a MIC value of 250 ug/ml,
whilst Co(L2),Cl, was less toxic with a MIC value of 500 pg/ml. However,
Co(L3),Cly and Co(L4),Cl, had the same activity with a MIC value of 750 ug/ml,
but the complex of L5 had a low activity against the same bacteria.

TABLE IV. Antibacterial activities of the complexes against B. cereus at different concen-
trations (inhibition zone diameter in mm)

Complex ¢/ pg ml!

750 500 250 125 62.5
Co(L",CL, 20 16 10 5 0
Co(L%),CL 19 14 8 3 0
Co(L*),CL 14 9 4 0 0
Co(L*,CL, 12 7 4 0 0
Co(L*),Cl, 11 5 0 0 0

In the case of B. cereus and S. aureus (Tables IV and V, respectively), the
complexes containing ligands of Series I were more active (MIC = 125 pg/ml)
than the complexes of second series. Co(L3),Cl, had the same activity as
Co(L%),Cl, with a high MIC value of 250 pg/ml against the same bacteria, whilst
the complex containing L3 expressed a MIC value of 500 pg/ml.
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TABLE V. Antibacterial activities of the complexes against S. aureus at different concen-
trations (inhibition zone diameter in mm)

Complex ¢/ pg ml”!

750 500 250 125 62.5
Co(L",Cl, 20 15 9 4 0
Co(L*),Cl, 19 13 8 3 0
Co(L*),Cl, 14 9 5 0 0
Co(LH,Cl, 13 9 4 0 0
Co(L’),Cl, 12 6 0 0 0

On the other hand, the complexes of both series were more active against S.
lutea (Table VI). The complex of L3 with a MIC value of 125 pg/ml had the
same activity as Co(L#),Cl, but the complexes of Series I were more active and a
MIC value of 62.5 pg/ml was obtained. Co(L*),Cl, had the lowest activity against
this Gram-positive bacterium (MIC = 250 pg/ml).

TABLE VI. Antibacterial activities of the complexes against S. [utea at different concen-
trations (inhibition zone diameter in mm)

Complex ¢/ pg ml!

750 500 250 125 62.5
Co(L",CL, 25 20 16 8 5
Co(L*),CL 21 17 14 7 3
Co(L*),CL 14 10 7 3 0
Co(L*,CL 13 9 5 3 0
Co(L*),Cl, 11 7 3 0 0

Comparing the activities of the tested complexes, it was found that the 1-sub-
stituted-2-aminobenzimidazole derivatives (L!, L2) formed cobalt(Il) complexes
which were more active than the complexes of the 1-substituted-2-amino-5,6-di-
methylbenzimidazoles (L3, L4, L5). It can be concluded that the basic antibac-
terial activity of the benzimidazoles was produced by the presence of an amino
group at position 2 of the benzimidazole ring. Simultaneously, methyl groups at
the 5 or 6 positions decreased the general antibacterial activity of the relevant
benzimidazoles. Also, the antibacterial results show that if the benzimidazole
nucleus was substituted with a 3-chlorobenzyl group at the N1 atom, the anti-
bacterial activity was increased.

By comparing the antimicrobial activity of the ligands8 and their complexes,
it was found that the complexes were more effective against all bacteria. This is
the result of the coordinated cobalt which plays a significant role for the anti-
bacterial activity. The chelation theory explains that a decrease in the polarizabi-
lity of the metal can change the lipophilicity or hydrophobicity of complexes. These
properties are now seen as important parameters related to membrane permeation
in biological systems. Many of the processes of drug disposition depend on the
ability or inability to cross membranes and hence there is a high correlation with
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measures of lipophilicity. Moreover, many of the proteins involved in drug dis-
position have hydrophobic binding sites, further adding to the importance of lipo-
philicity.

By consideration of the structures of compounds that exhibit antimicrobial
activity, it can be concluded that substituted ligands and the metal moiety may
play a role in determining the antibacterial activity. From the results which in-
dicated that the tested compounds were more active against Gram-positive than
Gram-negative bacteria, it may be concluded that the inhibitory activity of the
studied compounds is related to the cell wall structure of the bacteria. This is pos-
sible because the cell wall is essential to the survival of bacteria and some anti-
biotics are able to kill bacteria by inhibiting a step in the synthesis of peptido-
glycan. Gram-positive bacteria possess a thick cell wall containing many layers
of peptidoglycan and teichoic acids, but in contrast, Gram-negative bacteria have
a relatively thin cell wall consisting of a few layers of peptidoglycan surrounded
by a second lipid membrane containing lipopolysaccharides and lipoproteins. These
differences in cell wall structure can produce differences in antibacterial suscep-
tibility and some antibiotics can kill only Gram-positive bacteria and is ineffec-
tive against Gram-negative pathogens.30

CONCLUSIONS

The antibacterial activity of cobalt(Il) complexes with two series of 1-ben-
zylbenzimidazole derivatives was tested against very persistent microorganisms:
Pseudomonas aeruginosa, Bacillus cereus, Staphylococcus aureus and Sarcina
lutea. All the complexes displayed in vitro inhibitory activity, but the 1-substitu-
ted-2-aminobenzimidazole derivatives formed cobalt(Il) complexes which were
more active than the complexes of the 1-substituted-2-amino-5,6-dimethylbenz-
imidazoles. The basic antibacterial activity of the benzimidazoles was produced
by the presence of an amino group at position 2 of the benzimidazole ring. Me-
thyl groups at the 5 or 6 position decreased the general antibacterial activity of
the relevant benzimidazole. Also, the results indicated that the tested complexes
were more active against Gram-positive than Gram-negative bacteria. It may be
concluded that the antibacterial activity of the compounds is related to the cell
wall structure of the bacteria. This is possible because the cell wall is essential to
the survival of many bacteria and some antibiotics are able to kill bacteria by
inhibiting a step in the synthesis of peptidoglycan.

Acknowledgement. These results are the part of the project No. 142028, supported by the
Ministry of Science of the Republic of Serbia.
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N3BOJ

AHTUBAKTEPNJCKA AKTHUBHOCT KOBAJIT(IT)-KOMIIJIEKCA CA HEKUM
JEPUBATUMA BEH3MMUNJIA3O0JIA

C. 0. [IOYHABALI-KY3MAHOBUR!, B. M. JIEOBAL? u JI. JI. IBETKOBUR'

! Texnoaowku paxyaitiei, Byaesap Llapa Jlasapa 1, 21000 Hoeu Cao u > deiiapiinan 3a xemujy, [IM®,
Tpz Hocuitieja Obpaoosuha 3, 21000 Hosu Cao

HUcnurana je in vitro antubaxrepujcka aktuBHocT kobant(Il) komruiekca ca iBe cepuje OeH3-

HMMHIa30J1a IpeMa Tpu rpam-no3uTuBHe Oakrepuje (Bacillus cereus, Staphylococcus aureus n Sar-
cina lutea) u jenHoj rpam-HeraTuBHO] Oaktepuju (Pseudomonas aeruginosa). 3a cBe KOMILICKCE
onpeljeHa je MUHMMaJIHA HHXUOUTOPHA KOHIICHTpauuja. BehrnHa HCIUTHBAHUX KOMIUICKCa MTOKa3ana
je in vitro "HXUOUTOPHY aKTHBHOCT IIpeMa BeoMa OTHOPHHMM OakTepHjama. YTBpPhEHO je ma HCIuTu-
BaHHM KOMIUICKCH II0Ka3yjy Belly akTMBHOCT IpeMa IpaM-NO3WTUBHMM HEro IpeMa rpaM-HeraTUBHO]
GakTepHju, IITO yKa3yje Ha TO J1a aHTHOAKTEePHjCKa aKTUBHOCT jeMiberba 3aBUcH o rpahe henmjckor
suna. IlopehemeM NHXHOUTOPHE aKTHBHOCTH TECTHPAHUX KOMILIEKCA JIOLLIO C€ JI0 3aKJbYUKa 1a Cy
KOMILJIEKCH JiepHuBaTta 1-CylCTUTYHCaHUX-2-aMUHOOCH3MMIIa3051a aKTHBHU)H O JiepuBaTa 1-CyIcTu-
TYHCaHUX-2-aMHUHO-5,6-InMeTmIOeH3uMI1a3oma. [IpoicKkyToBaH je yTHIIAj XeMHjCKe CTPYKType Ha
AQHTHOAKTEPHjCKY aKTUBHOCT.

*
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15.
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Abstract: The chemistry of bryophytes is not well known. The available data
indicate interesting chemical constitutions of some bryophyte species, i.e., ac-
tive and new compounds are to be found within bryophytes, especially liver-
worts. In this study, one liverwort and two moss species were studied: Lunu-
laria cruciata (L.) Dumort, Brachytheciastrum velutinum (Hedw) Ignatov &
Huttunen and Kindbergia praelonga (Hedw) Ochyra. The phenolic compo-
sitions of these bryophyte species have not hitherto been reported. Their metha-
nolic extracts were analyzed by reversed-phase HPLC, coupled to a diode-array
detector (DAD). Luteolin-7-O-glucoside and quercetin were found in the L.
cruciata extract. The extract obtained from B. velutinum contained four phe-
nolic acids (4-O-caffeoylquinic, 5-O-caffeoylquinic, caffeic and ellagic acids)
and three flavonoids (apigenin-7-O-glucoside, luteolin and apigenin). The K.
praelonga extract was characterized by the presence of several phenolic acids
and their derivatives (4-O-caffeoylquinic, 5-O-caffeoylquinic, caffeic, p-cou-
maric, ferulic and ellagic acids, and caffeic and p-coumaric acid derivatives)
and three flavonoids (apigenin-7-O-glucoside, luteolin, apigenin and an un-
identified flavanone).

Keywords: bryophytes; phenolics; Lunularia cruciata; Brachytheciastrum velu-
tinum; Kindbergia praelonga.

INTRODUCTION

Bryophytes (mosses, liverworts and hornworts) with approximately 15,000—
~25,000 species! are, after flowering plants, worldwide the most diverse plant
group. They are to be found in all ecosystems, from desert to alpine, except ma-
rine, and the bryophyte biomass productivities can vary in each ecosystem, from

* Corresponding author. E-mail: marko@bfbot.bg.ac.rs
doi: 10.2298/JSC0812161J
1161
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negligible to the most significant producers. However, the ecological role of
bryophytes in any ecosystems is significant.

The chemistry of bryophytes is poorly known and the results on are very
scattered.2# The reason for this is the difficulty in identification and small
amount of the same species available for analyses, usually by sophisticated me-
thods. Liverworts are very interesting for chemical analysis due to their oil bo-
dies containing many scientifically new compounds.

However, worldwide bryophytes are known to be used in ethno-botany and
are applied to cure diseases, threat to plants and animals, or in the household.>~7
Therefore, bryophytes are indicated as a source of chemically new and unknown
compounds.3#:8-10 Studies of the chemical constituents of bryophytes were re-
cently performed but are still inadequate and neglected.2:11-18 These data help in
the systematics of barely morphologically classified bryophytes.!® Also, some
scattered data on the biological activities of bryophyte extracts and/or chemical
constituents are available for not very many bryophyte taxa.20-23

Generally, based on the species studied to date, bryophytes are known to
possess extremely high amounts of terpenoids, phenolics (flavonoids and biben-
zyl derivatives), glycosides, fatty acids and also some rare aromatic compounds.
Bryophytes are considered as a “remarkable reservoir” of new, natural products
or secondary compounds, many of which have shown interesting biological acti-
vity. These activities of bryophytes include antimicrobial, antifungal, cytotoxic,
antitumor, vasopressin (VP) antagonist, cardiotonic, allergy causing, irritancy
and tumour effecting, insect anti-feedant, insecticidal, molluscicidal, pesticidal,
plant growth regulatory, superoxide anion radical release inhibition and 5-lipo-
xygenase, calmodulin, hyaluronidase and cyclooxygenase inhibition features.
Some latest results also predict a beneficial influence of bryophytes in AIDS
therapy (some bibenzyls of liverworts).24-36

The liverwort Lunularia cruciata, a Mediterranean Atlantic species, expres-
ses antimicrobial and, to a less extent, antifungal activities.37-3% The plant-
-growth-regulator lunularic acid was isolated for the first time from this spe-
cies.40 The chemical constituents of L. cruciata are unknown. 441

The palearctic mosses Brachytheciastrum velutinum and Kindbergia prae-
longa have hitherto not been chemically screened; nor are their bioactive effects
known.4

EXPERIMENTAL
Samples

Fresh material was collected in July 2003 in the Oporto City Park (Portugal). A voucher
of each Bryophyte sample is deposited in the Bryophyte Collection of Belgrade University
(BEOU).

The material was cleaned and dried to constant weight at room temperature.
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Extraction of phenolics

5 g dry mass of each bryophyte sample was used for the extraction of the phenolics. The
material was previously ground in an electric mill to a rough powder. The extraction consisted
of two consecutive steps employing 175 and 125 mL methanol, respectively, on a magnetic
stirrer for 10 min. These two extracts were combined and the solvent removed under reduced
pressure at 30 °C To this residue, 20 mL of 2.0 M HCI were added and the obtained solution
was passed through a C18 Bond Elut cartridge, preconditioned with methanol and 2.0 M HCIl.
The retained phenolics were eluted with methanol. This solution was taken to dryness under
reduced pressure (30 °C), dissolved in methanol and 20 puL were analyzed by HPLC-DAD.

HPLC-DAD analysis of the phenolics

The extracts were analyzed on an analytical HPLC instrument (Gilson), using a Sphe-
risorb ODS2 column (25.0 cmx0.46 cm; 5 pm particle size Waters, Milford, MA, USA) with
a C18 ODS guard column. The mobile phase consisted of solvent A (water—formic acid
(19:1)) and solvent B (methanol) (Table I).

The flow rate was 0.9 mL/min and the injection volume 20 pL. Detection was performed
using a Gilson diode array detector. The phenolic compounds in each sample were identified
by comparing their retention times and UV—Vis spectra in the 200-600 nm range with in-
dividual standards. The chromatograms were registered at 280, 320 and 350 nm.

TABLE I. Gradient flow

Time, min Solvent A content, % Solvent B content, %
0.00 95 5
3.00 85 15
13.00 75 25
25.00 70 30
35.00 65 35
39.00 60 40
42.00 55 45
44.00 50 50
47.00 45 55
50.00 30 70
56.00 25 75
60.00 0 100
62.00 5 95

RESULTS AND DISCUSSION

The chromatogram of the methanol extract of Lunularia cruciata is pre-
sented in Fig. 1. Based on a comparison of the retention time (R;) and UV—Vis
spectra with standard substances, the presence of the flavonoid heteroside luteo-
lin-7-O-glucoside and the flavonoid aglycone quercetin was confirmed. The pre-
sence of these two compounds is for the first time reported in L. cruciata.

The chromatogram of the methanol extract of Brachytheciastrum velutinum
is presented in Fig. 2. The following substances were evidenced as constituents
of this species: phenolic acids, i.e., 4-O-caffeoylquinic, 5-O-caffeoylquinic, caf-
feic and ellagic acid, flavonoids, i.e., heteroside apigenin-7-O-glucoside, and fla-
vonoid aglycones, i.e., luteolin and apigenin.
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‘ extract of B. velutinum: 4-O-caffeoylquinic
Fig. 1. Chromatograms of the methanol extract acid (1), 5-O-caffeoylquinic acid (2), caffeic
of liverwort L. cruciata: luteolin-7-O- acid (3) and ellagic acid (5), apigenin-7-O-
-glucoside (1) and quercetin (2). glucoside (4), luteolin (6) and apigenine (7).

Intensity, a.u.

Fig. 3. Chromatogram of the methanol extract
of the moss K. praelonga: 4-O-caffeoylquinic
acid (1), 5-O-caffeoylquinic acid (2), caffeic
acid (3), p-coumaric acid (4), ferulic acid (5),
ellagic acid (7), caffeic acid derivative (*),
p-coumaric acid derivative (**), apigenin-7-O-
0 20 40 60 _glucoside (6), luteolin (8), apigenin (9) and un-
7/ min identified flavanone (®).

In the methanol extract of the moss Kindbergia praelonga, 4-O-caffeoylqui-
nic, 5-O-caffeoylquinic, caffeic, p-coumaric, ferulic and ellagic acid, caffeic acid
derivative, p-coumaric acid derivative, flavonoid heteroside apigenin-7-O-gluco-
side, aglycones luteolin and apigenin, as well as one unidentified flavanone were

evidenced, as shown in Fig. 3.
The chemical contents of B. velutinum and K. praelonga have not been

screened previously.
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Luteolin is present in many vascular plants, especially from the family Rese-
daceae, Genista tinctoria (Fabaceae) and Petroselinum crispum (Apiaceae).42 How-
ever, the heteroside form of luteolin-7-O-glucoside is not common and this com-
pound was not previously known from L. cruciata. This form is known from
some Mentha plants.43 The yellowish pigment quercetin is widespread in many
plants but was not detected previously in L. cruciata. Quercetin was found to be
the most biologically active of the flavonoids and many medicinal plants owe
much of their activity to their high quercetin content.**

Artichoke (Cynara scolymus) is known to have rich content of 4-O-caffeoyl-
quinic and 5-O-caffeoylquinic acids.4> Previously they were not evidenced from
mosses among the other phenolic acids.4

Caffeic acid is already known from some mosses.#0 Apigenine is a pale yel-
low pigment present in many plants from the families Apiaceac and Asteraceae
with an antitumor effect. Apigenin and its derivates are known to be present in
mosses and to have biological effects.47 In mosses, p-coumaric and ferulic acids
are known to be present in moss spores. They are precursors of lignin, which is
not common in moss gametophytes, but both p-coumaric and ferulic are present
in moss gametophytes where lignin was not detected.48

Although phenolic compounds are known to be present in bryophytes, this
knowledge is mainly based on liverworts not mosses and their presence; diversity
and distribution within different species remain for further studies.49-51

Thus, the paper presents one first approach to the identification of phenolics
in the bryophytes L. cruciata, B. velutinum and K. praelonga, until now unknown.

Acknowledgements. M. Sabovljevi¢ thanks the Serbian Ministry of Science for support
(Grant No. 143015).
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HPLC-DAD ®EHOJIA KO BPUODUTA Lunularia cruciata,
Brachytheciastrum velutinum U Kindbergia praelonga

NEBOJIIA JOI_[KOBI/ITll, PAULA B. ANDRADE?, PATRICIA VALENTAO? 1 MAPKO CABOBJLEBIR>

! Institute of Pharmaceutical Biology, Martin-Luther-University Halle-Wittenberg, Hoher Weg 8,
06120 Halle/Saale, Germany, *Requimte, Institute of Pharmacognosy, Faculty of Pharmacy,
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Xemujcku cactaB Oprodura je cnabo no3Hat. Docamanimu mogany ykasyjy Ha HHTEpPECaHTHE
XEeMHUjCKe cacTojke OprnoduTa, OMOJIONIKN aKTHBHA M HOBA jeIUbCHa, HAPOUUTO KO jeTpemada. Y
OBOM pajly U3ydaBaHe Cy jegHa jerpemada Lunularia cruciata (L.) Dumort u nse maxoBuHe Bra-
chytheciastrum velutinum (Hedw) Ignatov & Huttunen u Kindbergia praelonga (Hedw) Ochyra.
®eHosHM cacTaB OBUX BpCTa OproduTa O paHHje HUje MMo3HAT. IbHXOBH METAHOIHN EKCTPAKTH CY
ananmsupanu myteM HPLC tumna pesepcue ¢ase, mosezanor ca DAD nerekropom. U excTpakry L.
cruciata ipoHal)eHu Cy JTyTeonuH-7-O-TIIyKo3u U kKBepueTHH. Excrpakt nobujen ox B. velutinum
M0Ka3ao0 je MpHCYCTBO 4eTupu ¢eHonHe kucenuHe (4-O-kadeomnxuHa, 5-O-kapeomnxnHa, Kode-
MHCKA W €JarMHCKa KUCeNMHA) U TpU (uaBoHouaa ((IaBOHOMIHU arjMKOHM JIYTEOJIMH U aIure-
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HUH, 1 BETOB XETEPO3H] amureHnH-7-0-rayko3un). Excrpakr ox K. praelonga je okapaktepucan
MIPHUCYCTBOM HEKONUKO (PEHONHMX KHCENMHA W HUXOBHUX AepuBata (4-O-kadeomnxuHa, 5-O-ka-
(beomnnxuna, KOQEHHCKa, H-KyMapHHCKa, (epyiia U elnarnHcKa KUCeInHa, IepUBaTH KOYEHHCKE U H-
KyMapuHcKe Kucenuue) u cienehux ¢iaBoHOWza: anureHuHa, anureHuH-7-O-TIyKo3uaa, JIyTeo-
JIMHA U JeJHOT HEUACHTU(DHUKOBAHOT (i1aBaHOHA.
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Abstract: Chemical speciation of Pb(II), Cd(IT), Hg(Il), Co(II), Ni(Il), Cu(II)
and Zn(IT) complexes of L-glutamic acid was studied at 303 K in 0-60 vol. %
1,2-propanediol-water mixtures, whereby the ionic strength was maintained at
0.16 mol dm3. The active forms of the ligand are LH}, LH, and LH". The pre-
dominant detected species were ML, ML,, MLH, ML,H and ML,H,. The trend
of the variation in the stability constants with changing dielectric constant of
the medium is explained based on the cation stabilizing nature of the co-sol-
vents, specific solvent—water interactions, charge dispersion and specific inter-
actions of the co-solvent with the solute. The effect of systematic errors in the
concentrations of the substances on the stability constants is in the order alkali >
> acid > ligand > metal. The bioavailability and transportation of metals are
explained based on distribution diagrams and stability constants.

Keywords: chemical speciation; L-glutamic acid; 1,2-propanediol; bioavailabi-
lity; metals.

INTRODUCTION

Investigations of acido—basic equilibria of amino acids, their interaction with
metal ions in media varying ionic strength, temperature and dielectric constant
throw light on the mechanism of enzyme-catalyzed reactions. Although it is
known that the polarity of the active site cavities in proteins is lower than that of
the bulk, a direct measurement of the dielectric constant is not possible. Com-
paring the formation constants of acido—basic equilibria and/or metal complex
equilibria with those at biological centres offers a way to estimate the effective
dielectric constant or equivalent solution dielectric constant for the active site
cavity.! This brought a renaissance in the study of complex equilibria in aqua—or-
ganic mixtures apart from its established utility in understanding solute—solvent
interactions, increasing sensitivity of reactions of analytical and industrial impor-
tance and solubilising ligands or their metal complexes.

* Corresponding author. E-mail: gollapallinr@yahoo.com
doi: 10.2298/JSC0812169V
1169
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Chemical speciation of metals is important for an understanding of their dis-
tribution, mobility, bioavailability, toxicity and for setting environmental quality
standards.? Bioavailability of a particular metal depends on its complex chemical
reactions of dissolution, binding and complexation with the constituents of the
environmental aquatic phase.3 The activities of bacteria increase the concentra-
tion of dissolved organic carbon and decreases the pH value of water. This causes
an increase in the complexation and mobility of a metal.* Complexation signify-
cantly decreases bioavailability.>

Due to the multiple biological roles of glutamic acid,® speciation studies of
L-glutamic acid (Glu) with Co(II), Cu(Il) and Zn(II) in DMF—water mixtures and
Pb(1l), Cd(II), Hg(II), Co(Il), Ni(Il), Cu(Ill) and Zn(Il) in urea—water mixtures
were reported earlier.10-11 Tonic strength dependence of the formation constants
of Glu with uranium(VI) and beryllium(Il) and pH-metric and spectrophoto-
metric studies of oxovanadium(IV) with Glu, aspartic acid and imidazoles were
also reported.12-14 Herein, the results of chemical speciation of Glu complexes of
Pb(1l), Cd(II), Hg(1l), Co(1I), Ni(II), Cu(Il) and Zn(Il) in 1,2-propanediol-water
mixtures are reported.

EXPERIMENTAL
Chemicals

1,2-Propanediol (propylene glycol, PG), obtained from Merck, Mumbai, was used as re-
ceived. Aqueous solutions of L-glutamic acid, Pb(Il), Cd(II) and Hg(II) nitrates, Co(II), Ni(II),
Cu(Il) and Zn(IT) chlorides, nitric acid, sodium hydroxide and sodium nitrate were prepared
by dissolving GR Grade (Merck, Germany) samples in triple distilled water. To increase the
solubility of Glu and to suppress the hydrolysis of metal salts, the nitric acid concentration
was maintained at 0.050 mol dm. All the solutions were standardized by usual standard me-
thods. To assess the errors that might have entered into the determinations of the concentra-
tions, the data were subjected to analysis of variance of one way classification (Anova).!> The
strength of the alkali was determined using the Gran plot method.!®

Apparatus

The titrimetric data were obtained with a calibrated Elico (Model L1-120) pH meter
(readability 0.01), which can monitor changes in the H* concentration. The pH meter was ca-
librated with a 0.050 mol dm potassium hydrogen phthalate solution in the acidic region and
a 0.010 mol dm™ borax solution in the basic region. The glass electrode was equilibrated in a
well-stirred PG—water mixture containing an inert electrolyte. The effects of variations in the
asymmetry potential, liquid junction potential, activity coefficient, sodium ion error and dis-
solved carbon dioxide on the response of the glass electrode were accounted for in the form of
correction factors.!718

Procedure

The titrations were performed at 303+0.1 K in media containing 0-60 vol. % PG,
whereby the ionic strength was maintained constant at 0.16 mol dm™ with sodium nitrate. The
electrode was kept, usually for 2-3 days, in the required solvent system for equilibration. To
verify whether the electrode was equilibrated, a strong acid was titrated with an alkali every
day until no appreciable differences were observed between the pH values of two titrations at
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the corresponding volumes of titrant. Under the above conditions, the electrode was assumed
to be equilibrated. A calomel electrode was refilled with PG—water mixture of the equivalent
composition to that of the titrand. Free acid titrations were performed before the metal-ligand
titrations to calculate the correction factor. In each of the titrations, the titrand consisted of a
mineral acid of approximately 1 mmol in a total volume of 50 cm?. Titrations with different
ratios (1:2.5, 1:3.5 and 1:5) of metal-ligand were performed with 0.40 mol dm™ sodium hyd-
roxide. Other experimental details are given elsewhere.!®
Modelling strategy

The approximate complex stability constants of metal-Glu complexes were calculated
with the computer program SCPHD.20 The best fit chemical model for each investigated sys-
tem was arrived at using Miniquad75.2!

RESULTS AND DISCUSSION
The results of the best fit models that contain the type of species and overall

formation constants along with some of the important statistical parameters are
given in Tables I and II. A very low standard deviation in the log £ values indi

TABLE I. Parameters of the best fit chemical models of Pb(Il), Cd(II) and Hg(II)—glutamic
complexes in PG—water mixtures. Temperature 303 K, ionic strength 0.16 mol dm

3(PG) log Bun(SD) NP % Skew- 2 R Kur- pH
vol. % ML MLH ML, ML,H, 108  ness factor tosis Range
Pb(II)
00.00 6.58(14) — — — 15 3.817 -0.57 10.64 0.0137 2.79 3.7-4.7
10.00 6.81(11) - — - 13 1.778 -0.81 9.21 0.0090 3.50 3.7-4.6
20.00  6.54(9) - — - 29  0.448 -0.80 34.47 0.0091 3.73 3.8-4.7
30.00 6.78(8) - - - 36 3.332 -0.68 47.26 0.0135 2.85 3.7-4.9
40.00 6.85(8) - - - 34 3.096 -0.71 31.96 0.0129 3.39 3.8-4.9
50.00  6.70(7) - - - 28 1.267 -0.70 22.86 0.0080 3.52 4.0-4.9
60.00 6.74(8) — — — 29 1.358 -0.84 39.99 0.0082 4.23 4.0-5.0
Cd(11)
00.00 3.99(12) — 7.22(10)22.38(50) 23 0.892 026 4.16 0.0090 3.08 5.0-9.3
10.00 4.14(7) — 7.46(6) 23.21(10) 55 1.015 0.19 27.44 0.0076 5.46 3.0-9.5
20.00  4.10(8) - 7.05(8) 22.36(71) 21  0.363 -0.11 3.92 0.0061 4.24 6.0-9.5
30.00 4.33(13) - 7.69(12)2296(54) 22 0.732 0.16 16.42 0.0084 7.41 5.6-9.5
40.00 4.46(13) -  7.83(12)23.20(43) 22 0.622 0.16 1691 0.0078 6.15 5.6-9.5
50.00  4.49(9) - 7.96(9) 22.72(71) 27 0.526 0.35 6.60 0.0074 4.72 5.5-9.8
60.00 448(10) -  7.95(11)23.3933) 34 1.756 0.23 20.20 0.0127 5.14 5.0-10
He(ID)
00.00 10.96(4) 13.41(5) — — 82 7997 1.00 85.84 0.0028 6.66 1.7-2.6
10.00 11.60(4) 14.32(4) — — 48 0.365 -0.08 9.78 0.0025 4.75 2.1-2.6
20.00 11.52(8) 14.48(5) - - 31 0206 —-0.14 16.68 0.0018 5.36 2.1-2.5
30.00 12.13(2) 14.81(4) - - 29  0.059 -0.52 11.30 0.0011 6.14 2.1-2.5
40.00 12.68(3)15.02(11) - - 25 0416 0.11 2.55 0.0024 3.45 2.1-2.5
50.00 12.71(3) 15.48(4) - - 19 0.070 -0.78 7.14 0.0009 7.02 2.1-2.5
60.00 12.24(7) 15.63(3) - - 10 0.014 0.18 0.93 0.0004 3.01 2.3-2.5

* NP = number of experimental points; **U_ . = U/(NP — m), where m = number of species
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cates the precision of these parameters. The small values of Uggy (sum of the
squares of the deviations in the concentrations of ligand and hydrogen ions at all
experimental points corrected for degrees of freedom) indicate that the experi-
mental data can be represented by the model. Small values of the mean, standard
deviation and mean deviation for the systems corroborate that the residuals are
around a zero mean with little dispersion. For an ideal normal distribution, the
values of the kurtosis and skewness should be three and zero, respectively. The
kurtosis values in the present study indicate that the residuals form a leptokurtic
pattern and a few form a platykurtic pattern. The values of the skewness given in
the Tables are between —1.50 and 2.23. These data evince that the residuals form
a part of a normal distribution, hence, the least squares method can be applied to
the present data. The sufficiency of the model is further evident from the low
crystallographic R-value recorded. Thus, these statistical parameters show that
the best fit models portray the metal-ligand species in PG—water mixtures. The
stability constants of the metal-ligand species are compared with literature re-
ported values in Table III.

TABLE III. Comparison of the results of the present study with the binary stability constants
of Glu complexes reported in the literature in aqueous medium

Metal ion Species Presented values Literature reported value Ref.
Co(Il) ML, ML, 4.58,7.75 4.56,7.86 22
Ni(II) ML, ML, 5.14,9.56 5.62,9.82 22
ML, ML, 5.14,9.56 5.60,9.76 23

Cu(II) ML 7.99 7.87 23
ML, MLH 7.99,12.52 8.07,12.39 24

ML, MLH 7.99, 12.52 8.39, 12.49 25

ML, MLH, ML,, 7.99, 12.52, 14.49, 8.55,12.73, 15.22, 26

ML,H, ML,H, 19.50, 24.11 20.57,25.18
Zn(1I) ML, ML, 4.90, 8.88 4.69, 8.55 27

Effect of systematic errors on best fit model

Miniquad?75 does not provide for a study of the effect of systematic errors in
influential parameters, such as the concentrations of the reactants, on the magni-
tude of the equilibrium constant. In order to rely upon the best chemical model
for critical evaluation and application under varied experimental conditions with
different accuracies of data acquisition, an investigation was made by introducing
pessimistic errors in the concentrations of alkali, mineral acid, ligand and metal
(Table 1V). The order of the compounds that influence the magnitudes of the sta-
bility constants due to incorporation of errors is alkali > acid > ligand > metal.
Some species, such as ML, and MLyH», were even rejected when errors were in-
troduced in the concentrations of the components. This shows that any deviation
from the experimental concentrations of the components increases the standard
deviation in the log £ values and results ultimately in the rejection of the species.
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This study infers that the experimental concentrations are appropriate and the
proposed models are adequate for the experimental data.

TABLE IV. Effect of errors in the influential parameters on the metal-glutamic acid equilibria
in a 30 vol. % v/v PG—water mixture

Component Error, % Log ASD)
ML ML, ML,H,
Cd(1n)
Alkali 0 4.33(13) 7.69(12) 22.96(53)
-5 2.13(60) Rejected Rejected
-2 3.76(30) 6.15(33) 22.48(256)
+2 4.73(17) 8.78(14) Rejected
+5 6.10(69) 10.97(66) Rejected
Acid =5 5.74(36) 10.19(37) Rejected
-2 4.97(32) 8.82(31) 23.63(64)
+2 3.84(29) 6.61(26) 22.16(467)
+5 3.12(24) Rejected Rejected
Ligand -5 4.44(10) 8.28(9) Rejected
-2 4.36(12) 7.92(11) 22.64(84)
+2 4.29(20) 7.43(19) 23.16(61)
+5 4.22(33) 6.98(33) 23.34(82)
Metal -5 4.32(15) 7.81(13) 22.95(59)
-2 4.33(14) 7.74(13) 22.96(56)
+2 4.33(13) 7.64(12) 22.97(52)
+5 4.33(12) 7.56(11) 22.97(50)
Zn(1D)
Alkali 0 4.89(18) 8.88(16) 22.80(96)
-5 3.13(42) Rejected Rejected
-2 4.41(39) 7.26(43) 22.53(340)
+2 5.35(12) 9.96(11) Rejected
+5 6.31(52) 11.72(43) Rejected
Acid -5 6.06(28) 11.09(26) Rejected
-2 5.24(9) 9.69(8) Rejected
+2 4.46(16) 7.74(21) Rejected
+5 3.83(29) Rejected Rejected
Ligand -5 5.07(8) 9.46(7) Rejected
-2 4.94(14) 9.10(12) 22.38(154)
+2 4.85(25) 8.63(24) 23.03(94)
+5 4.80(38) 8.20(38) 23.27(105)
Metal -5 4.85(18) 9.00(16) 22.66(115)
-2 4.88(18) 8.93(16) 22.75(101)
+2 4.90(18) 8.82(17) 22.85(91)
+5 4.92(19) 8.74(18) 22.92(86)
Effect of solvent

The presence of PG in aqueous solutions considerably decreases the dielec-
tric constant of the medium and these solutions are expected to mimic physio-
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logical conditions where the concept of equivalent solution dielectric constant for
protein cavities is applicable. Hence, PG was selected for the biomimetic study.
The dielectric constants of PG at different percentages (0—-60 vol. %) of water
were taken from literature.28 PG is an amphiprotic and coordinating solvent. It is
a structure former and hence it enhances the structure of water in PG—water
mixtures. It also removes water from coordination sphere of metal ions, making
them more reactive towards ligands. As a result, the stability of the complexes is
expected to increase with increasing concentration of PG. On the other hand, PG
is a coordinating solvent and competes with ligands for coordination with the
metals. This decreases the stability of the complexes. Hence, variation in the sta-
bility of complex with solvent is a result of both the opposing behaviours.

The variation of the values of the overall stability constant or change in free
energy with content of co-solvent depends upon two factors, viz. electrostatic and
non-electrostatic. The Born classical treatment accounts well for the electrostatic
contribution to the free energy change.2® According to this treatment, the energy
of electrostatic interaction is related to the dielectric constant. Hence, the log £
values should vary linearly with the reciprocal of the dielectric constant of the
medium. The plots given in Fig. 1 show that the values of log £ increase linearly
with decreasing value of the dielectric constant. This trend indicates the domi-
nance of the structure forming nature of PG over its complexing ability. The
cation stabilizing nature of co-solvents, specific solvent—water interactions, charge
dispersion and specific interactions of the co-solvent with the solute (indicated by
the changes in the solubility of different species in aqua—organic mixtures) ac-
count for the small deviation from a linear relationship. Since the complex for-
mation can be viewed as the competition between pure and solvated forms of the
ligand and metal ion, solute—solvent interactions, relative thermodynamic stabi-
lities, kinetic labilities play an important role.30.31

Distribution diagrams

Glu has two dissociable carboxyl protons and an amino group that can asso-
ciate with a proton. The different forms of Glu that exist in the pH regions 2.0—
—4.0, 2.0-5.0, 4.0-9.0 and 8.0-10.0 are LH;, LH,, LH- and L2-, respectively.
Hence, the probable species existing in different systems can be predicted from
these data. The species formed in the present study for different metals, as given
in Tables I and II, are ML for Pb(Il); ML and MLH for Hg(Il); ML, ML, and
ML,H; for Cd(II), Co(II), Ni(Il) and Zn(II); ML, MLH, ML,, ML,H and ML,H>
for Cu(Il).

Distribution diagrams were drawn for various complex species using the for-
mation constants of the best fit models as shown in Figs. 2 and 3. These diagrams
indicate that the percentage of the ML species of Pb(Il) increases with increasing
PG content. With increasing percentage of solvent, the percentage of protonated
species decreases and the unprotonated species increases for Cd(1l). For Hg(II), the
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species exist at very low and narrow pH region. For Co(Il), the percentages of
ML, ML, are not affected by the solvent. For Ni(Il), the distribution of all the
species is almost the same in all proportions of the solvent. The percentages of
MLH, MLyH and ML, are greater at high solvent concentrations and that of
ML,H> is very low in all compositions of the solvent. The percentage of ML,H»
is lower when compared to ML and ML,. The formation of various binary
complex species is shown in the following equilibria:

M) + LH; < MLH%Jr +H"  (minor process) (D
MLH3" <= MLH"+H* 2)
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M(II) + LHy <= MLH* +H* 3)
MLH* == ML +H* 4)
MLH" + LHy <= MLyH, + H" 5)
M((I) + 2LH, <= ML,H; + 2H" (6)
ML,H;, <= ML,H +H" (7
M(I)+ LH- <= ML +H" (8)
ML,H- <= ML} +H* )
M(I) + 2LH- == ML} +2H" (10)
100+ :
FM (A) 100
LH,
a 7]
.§ LH .§
‘% 50 ‘%
R P
ML
0 T T r
3.96 4.40 4.84
pH
604 MLH (C)
LH,
8 40
g LA,
& FM ML
X
20
0 . . Fig. 2. Distribution diagrams of glutamic acid
2.10 2.24 2.38 complexes in 30 vol. % 1,2-propanediol-water
pH mixture; Pb(II) (A), Cd(II) (B) and Hg(II) (C).

The species shown in Equilibrium (1) was not detected, may be because the
process is minor or the species is unstable. Soluble metal species are more bio-
available than insoluble ones.32 Complexation of the metals by natural complex-
ing agents, such as amino acids and humic acids, alter their bioavailability.5-33
Bioavailability is also affected by pH value, composition of interfering anions
and cations, dissolved organic matter, sequestration and binding in plants, spe-
cies-dependent regulation mechanisms for the uptake, amount of metal and the
oxidation state of mineral components.3435 Thus, the distribution of the species
over the entire pH range is useful to understand the pH where a particular species
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is likely to form. By using these data, the bioavailability of a metal can be pre-
dicted. For example, in Figs. 2 and 3 the concentration of free metal ion (FM) is
very high in acidic pH values, more so with the toxic metals. Hence, in these pH
ranges the metals are more bioavailable than in higher pH ranges. Hence, the con-
centrations of the complex chemical species have more significance than the total
concentrations for the bioavailability and toxicity of trace metals in soils and water.

86+ 90 -
LH (A)
ML
8
2 FM
243 ML 45
) 2
c\e
ML.H,
0 - ; - 04
6.93 7.70 8.47 4.77 6.36 7.95
pH pH
74+ 94-
(€) (D)
LH
ML
MLH LH, LH 2
Fi FM
ML,
0
-g ML H ML
&374 47
<
ML
LH
3 MLH,
ML,H;
0 - " = 0 : ; ;
3.88 4.85 5.82 6.45 7.74 9.03
pH pH

Fig. 3. Distribution diagrams of glutamic acid complexes in 30 vol. % 1,2-propanediol-water
mixture; Co(I) (A), Ni(Il) (B), Co(II) (C) and Zn(II) (D).

CONCLUSIONS
1. The present biomimetic studies of metal ion complexes with L-glutamic
acid in PG—water mixtures indicate that all the complexes were protonated in aci-

dic pH values.
2. The predominant species detected were ML, MLy, MLH, ML,H and

ML, H,.
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3. The log g values linearly increased with 1/D values of the medium, indi-
cating the dominance of electrostatic forces over non-electrostatic forces.

4. The order of the compounds influencing the magnitudes of the stability
constants due to the incorporation of errors was alkali > acid > ligand > metal.

5. The higher concentration of free metal in low pH values make the metal
more bioavailable, more so in the case of toxic metals. At higher pH values, the
higher concentrations of complex chemical species indicate that the metals are
more amenable for transportation at higher pH values.

U3BOJ

Pb(II), Cd(II), Hg(IT), Co(II), Ni(II), Cu(Il) ¥ Zn(Il) KOMIUIEKCH CA L-TJIYTAMUHCKOM
KUCEJMHOM Y CMEIIN 1,2-ITPOTITAHJIMOJI-BOJIA IIPOYYABAHU
MO/IEJIOBAEM ITOTIIOMOTHY TUM KOMITJYTEPOM

MAHESWARA RAO VEGI, PADMA LATHA MUDDAPU, SIVA RAO TIRUKKUVALLURI
n NAGESWARA RAO GOLLAPALLI

School of Chemistry, Andhra University, Visakhapatnam-530003, India

[IpoyuaBana je xemmjcka cneunjanuja Pb(Il), Cd(1l), Hg(1l), Co(1l), Ni(Il), Cu(Il) u Zn(II)
KOMIIIEKCa ca L-TilyTaMHHCKOM KuceanHoM y 0—60 vol. % 1,2-mponaHosi—Boza cMmeliaMa IpH joH-
ckoj jaunnn o 0,16 mol dm ma 303 K. AkTHBHM 0GIHIM IHTaHAA CY LH;, LH,, LH". Ipeno-
MHHaAHTHe JeTekToBaHe cnenuje cy ML, ML,, MLH, ML,H and ML,H,. Tpenn Bapujaruje KoHC-
TaHTH CTaOMIHOCTH ca IPOMEHOM ANETIEKTPUYHE KOHCTAHTE CPEeANHE 00jalllheH je Ha OCHOBY IpH-
poxe Ko-pacTBapada KOju cTaOWIHM3yje KaTjoH, CHeMU(UYHNX MHTepaKkmdja pacTBapada M BOJE,
IICTIep3Uje HaeleKTpUCama, CIeH(PUIHNX MHTEpaKIja KO-pacTBapaya ca pacTBOPKOM. YTHIAj
CHCTEMAaTCKMX Tpellaka y KOHLEHTpalHjaMa CcacTojaka Ha KOHCTaHTe CTaOMIIHOCTH CIEIH pelo-
CJIeZl aJIKaJJHU METaJ > KHMCEJIMHA > JIMTaH]| > MeETall. TpaHHOpT MeTasia 1 OHMOJIOIIKA JOCTYITHOCT
00jalllibeHN CY TUCTPHOYIIUOHKM JHjarpaMuMa U KOHCTaHTaMa CTaOUITHOCTH.

(TTIpumubeno 25. anpruta 2007, peBuaupano 16. jyxa 2008)
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Abstract: The exchange extraction constants corresponding to the general equi-
librium M?2*(aq) + SrL2*(nb) == MLZ2"(nb) + Sr¥*(aq) occurring in the two-
-phase water—nitrobenzene system (M2" = Ca2* Ba2", Cu?', Zn?t, Cd?", Pb2",
UOZ*, Mn?*, Co?* or Ni2*; L = tetra-tert-butyl p-tert-butylcalix[4]arene tetra-
acetate; aq = aqueous phase; nb = nitrobenzene phase) were evaluated from ex-
traction experiments and j-activity measurements. Furthermore, the stability cons-
tants of the ML2" complexes in water saturated nitrobenzene were calculated;
they were found to increase in the cation order BaZ" < Mn2" < Pb2*, Co?" < Cu?",
Zn2* < Cd?*, Ni2* < UO3'< Ca?".

Keywords: divalent cations; calix[4]arene compound; extraction and stability
constants; water—nitrobenzene system.

INTRODUCTION

The dicarbollylcobaltate anion and some of its halogen derivatives are very
useful reagents for the extraction of alkali metal cations (especially Cs*), and
also, in the presence of polyoxyethylene compounds, for the extraction of Sr2*
and Ba2* from an aqueous solution into a polar organic phase, both under labo-
ratory conditions for purely theoretical or analytical purposes,! and on the tech-
nological scale for the separation of some high-activity isotopes in the reprocess-
sing of spent nuclear fuel and acidic radioactive waste.2#

Calix[n]arenes are a well-known family of macrocyclic molecules with many
potential applications in various branches of chemistry. Due to their simple one-pot
preparation, easy derivatization and unique complexation abilities, calix[n]arenes

* Corresponding author. E-mail: makrlik@centrum.cz
doi: 10.2298/JSC0812181M
1181
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are widely used as building blocks for the constructions of more sophisticated
molecular systems. Their unique three-dimensional pre-organization make them
very attractive as the receptors for the complexation of cations, anions, and even
neutral molecules. Calix[n]arenes find applications as selective binders and car-
riers, as analytical sensors, as catalysts and model structures for biomimetic stu-
dies.5:0 In the field of host-guest chemistry, many studies have focused on the
binding ability of calixarene derivatives with carbonyl groups at their lower rims
toward metal ions, predominantly alkali and alkaline-earth, but also transition
and heavy metal cations.”~15

In the present communication, the solvent extraction of Ca2", Ba2*, Cu2™,
Zn?*, Cd?*, Pb2+, UO%J’, Mn2*, Co?" and Ni* into nitrobenzene by using a syn-
ergistic mixture of strontium dicarbollylcobaltate and tetra-terz-butyl p-tert-butyl-
calix[4]arene tetraacetate (see Scheme 1), similar to a previous study!®, was in-
vestigated. Furthermore, the stability constants of the proved divalent cation com-
plexes with the mentioned calix[4]arene ligand in the organic phase of the water—
—nitrobenzene extraction system were determined.

Scheme 1. Structural formula of tetra-zert-
butyl p-tert-butylcalix[4]arene tetraacetate
(abbrev. L).

EXPERIMENTAL

Tetra-tert-butyl p-tert-butylcalix[4]arene tetraacetate was synthesized using the proce-
dure published by Arnaud-Neu et al.® Cesium 3,3'-commo-bis (undecahydro-1,2-dicarba-3-co-
balta-closo-dodecabor)ate, Cs* {[n-(3)-1,2-BoC,H;;]Co(III)}~ (also called cesium dicarbollyl-
cobaltate, Cs(DCC), was supplied by Katchem, Rez, Czech Republic. A nitrobenzene solution
of hydrogen dicarbollylcobaltate (HDCC)! was prepared from CsDCC by the method des-
cribed elsewhere.l” The other employed chemicals were of reagent grade purity (Lachema,
Brno, Czech Republic). The equilibration of the nitrobenzene solution of HDCC with stoi-
chiometric Sr(OH), yielded the corresponding Sr(DCC), solution in nitrobenzene. The radio-
nuclide 8°Sr2* (DuPont, Belgium) was of standard radiochemical purity.

The extraction experiments were performed in 10 ml glass test-tubes covered with poly-
ethylene stoppers: 2.0 ml of an aqueous solution of M(NO3), (M?* = Ca?*, Ba®', Cu?*, Zn?",
Cd?*, Pb*", UO?, Mn?2*, Co?" or Ni?") of concentration in the range from 1.0x103 to 1.0x1072
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mol/l and micro amounts of 3°Sr2" were added to 2.0 ml of a nitrobenzene solution of tetra-
-tert-butyl p-tert-butylcalix[4]arene tetraacetate and Sr(DCC),, the initial concentrations of
which also varied from 1.0x1073 to 1.0x10"2 mol/l (in all experiments, the initial concentration
of tetra-tert-butyl p-tert-butylcalix[4]arene tetraacetate in nitrobenzene, c{"nh, was always
equal to the initial concentration of Sr(DCC), in this medium, c‘S‘;’(‘S’CC) ). The test-tubes filled
with the solutions were shaken for 12 h at 25+1 °C, using a laboratory shaker. Then the phases
were separated by centrifugation. Afterwards, 1.0 ml samples were taken from each phase and
their y-activities were measured using a well-type Nal(T1) scintillation detector connected to a
y-analyzer NK/350 (Gamma, Budapest, Hungary).

The equilibrium distribution ratio of strontium, Dg,, was determined as the ratio of the
measured radioactivities of 83Sr2" in the nitrobenzene and aqueous samples.

RESULTS AND DISCUSSION
According to the results of previous papers,!-18-21 the two-phase water—
~M(NO3), (M2t = Ca2t, Ba2t, Cu2t, Zn2*, Cd2*, Pb2*, UO3" Mn2*, Co2*,
Ni2*)-nitrobenzene-Sr(DCC); extraction system can be described by the follow-
ing general equilibrium:
MZ2*(aq) + Sr2*(nb) == M2*(nb) + Sr2*(aq) (1)
with the corresponding exchange extraction constant Kex(M2",Sr2™); aq and nb

denote the presence of the species in the aqueous and nitrobenzene phases, res-
pectively. For the constant Key(M2*,Sr2"), one can write:

log Kex (M?*,817") =logK| ,, ~logK_ ,, )

T
where Ki;,, and K, are the individual extraction constants for MZ2" and Sr2,
respectively, in the water—nitrobenzene system.!8 Knowing log K (‘: a2 =1 1.2,1819
logK ., = —10.521 logK( ,, = logKl,, = —11.522 logK} , = logKi,, =
= —1_1.6,22 logKi,,, = —10.6.,22 logKl . = 118,22 logK},, = —11.1,22
log K. ,. = —11.422 and log K% ,, = —10.7,1820 the single exchange extraction

constants Ky (M2", Sr2™) were simply calculated from Eq. (2). The correspond-
ing data are given in Table I.

TABLE I. Equilibrium data for the M?* and ML?" cations in the two-phase water-nitroben-
zene extraction system at 25 °C (M2" = Ca?', Sr?*, Ba?', Cu?*, Zn?", Cd?*, Pb?", UO%*,
Mn2*, Co?*, Ni2"; L = tetra-tert-butyl p-tert-butylcalix[4]arene tetraacetate; for the meaning of
the constants, see text)

Quantity Ca2t Sr2* Ba2* Cu2* Zn** Cd** Pb2* UO3' Mn2* Co?* Ni*
logK} ,. ~11.28-10.7-10.5°-11.59-11.69-11.59-10.69-11.84-11.19-11.49-11.6¢
log Koy (M2*,Sr24F —0.50  —  0.20 —0.80 —0.90 —0.80 0.10 —1.1 —0.40 —0.70 —0.90
log Koy M2+, SIL24Y 1.0 — —0.70 —1.1 -12 -1.0 —0.30 —1.0 —1.0 —1.1 -1.1
log By (ML2+)2 86 7" 62 68 68 69 67 712 65 67 69

nferred from Refs. 18 and 19; Yinferred from Refs. 18 and 20; °Ref. 21; dRef. 22; Scalculated from Eq. (2)
using data from Refs. 18-22; fealculated from Eq. (5); 8calculated from Eq. (6) using data from Refs. 18-22;
hdetermined by the method described in detail in Ref. 23
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Previous results2426 showed that the two-phase water-M(NO3), (M2+ = Ca2*,
Ba?*, Cu?t, Zn2*, Cd?*, Pb2t, UO%’L, MnZ*, Co2* or Ni2*)-nitrobenzene-L (L =
= tetra-tert-butyl p-tert-butylcalix[4]arene tetraacetate)-Sr(DCC), extraction sys-
tem (see Experimental), chosen for the determination of stability of the ML2*
complexes in nitrobenzene saturated with water, can be characterized by the main
chemical equilibrium (3):

M2*(aq) + SrL2*(nb) == MLZ"(nb) + Sr2*(aq) 3)
with the general equilibrium extraction constant Kqy(M2", SrL2*) given by:
[ML2+ Inb [SI‘2+ ]aq

Koy M2+ SrL2+) =
ext ) [M2+ 1q [STL2* Jp

4)

It is necessary to emphasize that tetra-tert-butyl p-tert-butylcalix[4]arene tet-
raacetate is a very hydrophobic ligand, practically present in the nitrobenzene
phase only, where it forms very stable complexes ML2* with the mentioned di-
valent cations. Taking into account the conditions of electroneutrality in the or-
ganic and aqueous phases of the system under study, the mass balances of the
divalent cations studied at equal volumes of the nitrobenzene and aqueous pha-
ses, as well as the measured equilibrium distribution ratio of strontium, Dg, =
= [SrL2*]up/[Sr?*]ag, combined with Eq. (4), the final expression for Kex(M?Y,
SrL2") is obtained in the form:

) Cin,nb
Koy (M2+,SrL2+) = _SiDCC), (5)
¢ Dg (1+Dg,) in,aq _in,nb
r St)EM(NO3), ~ €Sr(DCC),

where cli\r/}’agom is the initial concentration of M(NO3), (M2+ = Ca2*, Ba?*, Cu?*,
Zn2t, Cdé+ , Pb2*, UO3*, Mn2*, Co2* or NiZ%) in the aqueous phase of the
system under consideration.

In this study, from the extraction experiments and j-activity measurements
by means of Eq. (5), the logarithms of the constants Kex(M2", SrL2") were deter-
mined and are given in Table L.

Moreover, according to previous studies,2420 for the extraction constants
Kex(M2F, Sr2t) and Key(M2*, SrL2%) defined above, as well as for the stability
constants of the complexes ML2" and SrL2* in nitrobenzene saturated with
water, denoted by SB,p,(ML2") and SB,,(SrL2"), respectively, one obtains:

log b (ML2+) = log SBab (SrL2+) + log Kex (M 2+,SrL2+) — ©)
—log Kex (M2+,Sr2+)
Finally, using the values of log Kex(M2",Sr2*) and log Kex(M2",SrL2") given

in Table I, log B (SrL2%) = 7.1, determined from the distribution of strontium
picrate in the water—nitrobenzene system containing the considered calix[4]arene
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ligand by the method described in detail previously,23 and applying Eq. (6), the
stability constants of the ML2" complexes in water-saturated nitrobenzene are
obtained. These data are also summarized in Table I. Thus, the By, (ML2") va-
lues from this table indicate that the stability of the ML2" cationic complex spe-
cies in the mentioned medium increases in the series Ba2* < Mn2* < Pb2*, Co2* <
< Cu2*, Zn2* < Cd2*+, Ni2* < Sr2t < UO3" < Ca2".

Acknowledgements. The presented work was supported by the Czech Ministry of Educa-
tion, Youth and Sports, Projects MSM 4977751303 and MSM 6076137307.

N3BOJ
EKCTPAKIIUJA Ca?*, Ba2*, Cu2*, Zn2*, Cd?*, Pb2*, UO3", Mn2*, Co?* U Ni2*
CTPOHIIMIYM JUKAPBOHUJI KOBAJITATA U TETPA-tert-BY TUI-p-tert-
-BYTWIKAJIMKC[4]APEH TETPAALIETATA Y PACTBOP HUTPOBEH3EHA

E. MAKRLIK', J. BUDKAZ, P. VANURA? u P. SELUCKY?

Faculty of Applied Sciences, University of West Bohemia, Husova 11, 306 14 Pilsen, *Institute of Chemical
Technology, Technicka 5, 166 28 Prague u 3Nuclear Research Institute, 250 68 Rez, Czech Republic

Ha ocHOBY m3MepeHnx koeduifjeHaTa akTUBHOCTH ¥, T00HjEHUX U3 EKCTPAKILHOHUX MEperba,
onpelieHa je KOHCTAaHTA EKCTPAKIMOHE PABHOTE)KE HA OCHOBY ommTe jenHaumHe M2'(aq) +
+ StL2*(nb) == ML2*(nb) + Sr?*(aq), rae cy: M>* = Ca?*, Ba?*, Cu?*, Zn?*, Cd?*, Pb?*, UO3",
Mn?*, Co?*, Ni?*; L = terpa-tert-6yTun-p-tert-6yTiikanukc[4]apen TeTpaameTar; aq = BozicHa (a-
3a, nb = ¢asza EuTpoGeH3eHa. OnpesjeHe KOHCTaHTe CTaGITHOCTH KoMItmekca ML2™ y pactBopy
HUTpOOEH3eHa 3aciheHOr BOIOM pacTy TpeMa KaTjoHy y KOMIUIeKey o cieaehem pexocieny: Ba2h <
< Mn2* < Pb2*, Co?* < Cu2*, Zn2* < Cd?*, Ni2* <UO3" < Ca?".

(ITpumsbeno 4. pebpyapa, peBuaupaso 26. maja 2008)
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Electronic structures and spectra of
conducting anthracene derivatives
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Abstract: Theoretical studies on anthracene and a series of its derivatives were
performed using the AM1 method and DFT. Based on B3LYP/6-31G(d) opti-
mized geometries, the electronic, IR and NMR spectra of anthracene oligomers
were calculated using the Indo/Cis, AM1 and B3LYP/6-31G(d) methods, res-
pectively. The energy gaps of the oligomers decreased and the main absorp-
tions in the electronic spectra of the oligomers were red-shifted, whereas the IR
frequencies for some of the C=C and C-H bonds were blue-shifted with in-
creasing chain length and in the presence of substituents. The 13C-NMR chemi-
cal shifts of the bridged carbon atoms were upfield shifted in the presence of an
electron-donating group, while the chemical shifts of the carbon atoms on the
two side rings of the anthracene moiety shifted downfield in the presence of an
electron-withdrawing group.

Keywords: anthracene; conducting polymer; energy gap; chemical shift;
B3LYP/6-31G(d).

INTRODUCTION

Many polymers possess conductive properties, which has stimulated inten-
sive interest of scientists. These conducting polymers are often classified into
polythiophene,!=3 polypyrrole,* polyheterocycles,>:¢ polyaniline’ and polyaryl
rings.8-12 Henze et al. reported that the stabilities of polythiophene assemblies
are enhanced with increasing chain length.! Methoxyl substitution in conducting
polymers containing conjugated bithiazole moieties led to an improvement of the
solubility.5 For conducting copolymers of pyridine with thiophene, n-doped states
are more stable than p-doped states.® Conducting and insulating phases are pos-
sibly located in the same polymer.” Polymers containing dimethyldihydropyene
can be designed for optoelectronic redox switching by the introduction of a pho-
tochromic unit.8 New phenanthroline dicarboxamide-based helical foldamers can
promote the polymerization of aromatics and oligoamides for potential applica-

* Corresponding author. E-mail: wushi@zju.edu.cn
doi: 10.2298/JSC0812187W
1187
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tions in biology and material science.!! Weibin et al. achieved the synthesis and
characterization of soluble oligo(9,10-bisalkynylanthrylene)s.!2

There are some reports on important properties of anthracene polymers, which
are of interest for possible applications. Many anthracene moieties are photolu-
minescent, and polymers containing such units as a part of the extended m-elec-
tron system are also likely to be electroluminescent. A film of poly(anthracene-
-2,6-diyl) was found to be electroconducting after being doped with potassium
naphthalenide polymers and ferric chloride, with conductivities of 4.0x10~2 and
0.12 S cm!, respectively. These film showed yellow-green luminescence.!3 Po-
lyanthracene is partly soluble in organic solvents and its soluble part is a strong
blue light emitter.14 On the other hand, poly(9,10-anthracene diylidene) exhibits
thermochromism and high thermal stability.!5-17

However, there are only a few theoretical reports on the electronic structure
and spectroscopy of anthracene derivatives. Herein, a series of such oligomers
were designed to explore the effects of chain length and substituents on the
energy gaps and spectra. These properties are useful to explain the conductivities
and stabilities of conducting polymers.

METHODOLOGY

A linear polymer can be considered as a one-dimensional box. Electrons are delocalized
and move over the whole system. Then, a minimum on the potential curve can be found.
Based on the monomer anthrylene (compound 1), compounds 2—4 and 5-11 were designed by
increasing the chain length and changing the substituents, respectively (Fig. 1). The chain was
elongated via 2,6-linkage and the substituents were inserted at the 9,10-positions on the an-
thrylene unit.

Fig. 1. The structures of compounds 1-11. Compound 1:
n =1, R =H; Compound 2: n = 2, R = H; Compound 3:
n =3, R=H; Compound 4: n =4, R = H; Compound 5:
n =1, R = NH,; Compound 6: » = 1, R = NO,; Com-
pound 7: n =2, R = NH,; Compound 8: n =2, R = NO,;
n Compound 9: n = 3, R = NH,; Compound 10: n = 3,
R R =NO,; Compound 11: n =4, R = NH,.

Full geometry optimization of these compounds without any symmetry restriction was
performed step by step using the AM1 method and DFT at the B3LYP/STO-3G, B3LYP/3-
-21G and B3LYP/6-31G(d) levels (the optimized geometry of compound 11 at B3LYP/6-
-31G(d) level is shown in Fig. S1 in the Supplement, available only in electronic form at
http://www.shd.org.rs/jscs).

The AMI method and DFT in the Gaussian 03 program!® were successfully employed to
study the electronic structures and spectroscopic characteristics of supramolecular com-
plexes,!9-22 intramolecular hydrogen bonding species,?3 conducting polymers2*2% and carbon
clusters.26-2° Based on the B3LYP/6-31G(d) optimized geometries of the compounds, the
configuration interaction was investigated using the Indo/Cis method.3? By exciting electrons
from the 14 highest occupied molecular orbits into the 14 lowest unoccupied orbits, this led to
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the generation of 196 configurations. Subsequently, the IR frequencies were computed using
the AM1 method. Finally, 3C-NMR chemical shifts were calculated using the Giao method at
the B3LYP/6-31G(d) level.

RESULTS AND DISCUSSION
LUMO-HOMO energy gaps

The LUMO-HOMO energy gaps of the unsubstituted compounds 1-4 gra-
dually decreased with increasing value of n (Table I); those of compounds 5, 7, 9
and 11 with R = NHj; and of compounds 6, 8 and 10 with R = NO; showed the
same regularity. With decreasing energy gap, electrons can be easily excited from
the ground state and, hence, the conductivities of the oligomers increased over those
of the monomers. It was experimentally shown that the energy gap of oligo(9,10-
-bialkynylanthrylene)s decreased from 2.60 (n = 1) to 2.31 eV (n = 5),12 support-
ing the above calculation results. The energy gaps of polyanthrylene, and its de-
rivatives substituted by amino and nitrate groups were predicted via the extra-
polation method to be 2.95, 2.38 and 2.73 eV.25 On the other hand, the energy
gaps of compounds 5 and 6 are less than that of compound 1, owing to the pre-
sence of the substituents. The electron-donating group affects the energy gap more
than the electron-withdrawing group. Comparing the energy gaps of compounds
7-10 with that of compound 1, the same conclusion as above can be drawn. The
HOMO energy of the oligomer increased, and the energy gap decreased in the
presence of the electron-donating group,3! which supports the present calcula-
tions. Therefore, the presence of substituents decreases the energy gaps, improves
the conductivities and also enhances the solubilities of the oligomers.

TABLE I. Several variables of compounds 1-11 optimized at the B3LYP/6-31G(d) level

Compounds
1 2 3 4 5 6 7 8 9 10 11
Energy gap /eV 3.599 3.230 3.045 2.995 2.902 3.182 2.615 2.913 2.463 2.760 2.393

Variable

n/evV 1.800 1.615 1.523 1.478 1.451 1.591 1.308 1.457 1.232 1.380 1.197
x/eV 3.429 3.480 3.506 3.520 2.803 4.652 2.871 4.780 2.910 4.849 2.926
IP/eV 5.228 5.095 5.028 4.997 4.254 6.243 4.178 6.236 4.141 6.229 4.122
EA/eV 1.629 1.865 1.983 2.042 1.352 3.061 1.563 3.323 1.678 3.469 1.729

In addition to C2—C6 coupling of the anthracene units in Fig. 1, coupling at
the 9,10-positions was also considered. The energy gaps of the analogous oligo-
mers (n = 1, 2, 3) formed via 9,10-linkages were calculated to be 3.599, 2.144
and 1.158 eV at the B3LYP/6-31G(d) level, respectively. The energy gaps de-
creased with increasing chain length. Compared with those obtained for 2,6-lin-
kages in Table 1, the energy gaps of the oligomers with 9,10-linkage become
small. Since C9 and C10 are located at the middle positions of the anthracene
unit, the 9,10-lingkage is favorable for the overlapping of the electron cloud be-
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tween neighboring anthracene units. Hence, polyanthracenes formed via 9,10-lin-
kages will exhibit better conductivities than those formed via 2,6-lingkages.

Some important variables

Conducting polymers generally display poor thermodynamic stabilities due
to their expanded conjugated structures. The improvement of their stability is a
main problem. The influence of substituents on stability was investigated in this
study. The ionization potential (/P), electron affinity (EA), absolute hardness (7)
and absolute electron negativity (y) (Table I) changed linearly as the chain length
increased. The /P and 7 values of compounds 1-4 decreased with increasing ».
Thus, polyanthrylene easily looses electrons and its thermal stability becomes
worse. Simultaneously the £4 and y of compounds 1-4 grew more, leading to the
easy reduction of polyanthrylene. Then the polymer is reactive. The experimental
IP values of the substituted anthrylene decreased from 5.45 (n = 1) to 5.29 eV
(n = 5), whereas the EA values increased from 2.85 (n = 1) to 2.98 eV (n = 5),12
supporting the above calculation results. Observing the values of the four vari-
ables of compounds 5, 7, 9 and 11 and 6, 8 and 10, it can be concluded that the
polyanthrylenes substituted by electron-withdrawing and donating groups also
possess sensitive redox characteristics.

The IP and EA values of compound 5 are lower than those of compound 1,
thus it is easy inject holes into compound 5. The /P and EA values of compound
6 are higher than those of compound 1, thus compound 6 easily catch electrons.
Hence, the presence of the electron-donating group leads to easy oxidation, whereas
the electron-withdrawing group stimulates reduction of the substituted polyan-
thrylenes. The 7 values of compounds 5 and 6 are lower than that of compound
1, thus the presence of the substituents does not improve the thermal stability of
the polymer.

Intrinsic conducting materials with large £4 and y values, such as com-
pounds 6, 8 and 10, are likely to undergo n-doping. Compounds 5, 7, 9 and 11 of
lower IP have a low oxidation potential, resulting in a low resistance and good
conductivity. For example, the anthrylene pentamer with the electron-donating
group displays a large charge carrier mobility of 2.95x103 ¢cm2 V-1.s-1 12

Electronic absorption spectra

The main absorption peaks in the electronic spectrum of compound 1 were
calculated to be at 215.8, 230.6, 276.6 and 317.4 nm. The first absorption at
317.4 nm was scaled by the multiplier 1.18, although its oscillator strength,
0.0109, was small compared with the experimental result 375 nm.!4 There was a
large red-shift in the absorptions at 228.1, 267.4, 296.1, 354.4 and 364.6 nm of
compound 2 compared with those of compound 1 (Fig. 2; the electronic spectra
of other compounds are given in Fig. S2 of the Supplement). Simultaneously, the
bands of compound 2 are split and broadened due to its low symmetry because
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the two anthrylene planes are not coplanar in the presence of the large steric ef-
fect. The absorptions at 235.2 and 362.4 nm of compound 3 were red-shifted re-
lative to 228.1 and 354.4 nm of compound 2. Those at 306.5 and 366.0 nm of
compound 4 were also red-shifted in comparison with 304.3 and 362.4 nm of com-
pound 3. Thus, the main absorption bands were red-shifted as the chain length in-
creased, which is in agreement with the experimental conclusion that the first UV
absorptions of substituted anthrylene are red-shifted as n increases from 1 to 5.12

230.6 Compound 1 3.001 Compound2 [\296.1

1.64
£ £
D 1S)
C C
7] (7))
o] o]
£ 08 L
= 215.8 I
® 3
O 041 o

276.6
L 3174
0.0 0.0 . . 367.6
200 250 300 200 250 300 350
Al nm A/ nm

Fig. 2. The electronic spectra of compounds 1 and 2 calculated by the Indo/Cis method.

The first peak of compound 5 appeared at 395.2 nm, arising from the n-r*
transition of the HOMO (39) to the LUMO (40), in view of the valence electrons
of the Indo method. This absorption was red-shifted compared with that of com-
pound 1, which was caused by substitution with NH; groups. The contribution
coefficients of the P, atomic orbitals of the two nitrogen atoms to the HOMO
(39) are 0.2256 and —0.2256, and those to the LUMO (40) are both —0.1104.
Obviously, the atomic orbitals of the nitrogen atoms participate in the formation
of the molecular orbitals and play an important role in the frontier orbitals. This
effect results in a decrease of the energy gap and red-shifts of the main electronic
transitions. Similarly, the main peaks of compounds 5, 7, and 9 are sequentially
red-shifted.

The main peaks of compound 6, appearing at 257.0 and 296.4 nm, were red-
-shifted compared with 230.6 and 276.6 nm of compound 1. This is caused by the
substitution of the NO, group. These two absorptions of compound 6 are blue-
-shifted in contrast to 262.5 and 395.2 nm of compound 5. The presence of the
electron-donating group in compound 5 leads to a smaller energy gap. The strong-
est peaks at 257.0, 287.2 and 292.0 nm of compounds 6, 8 and 10 were gradually
red-shifted, which is ascribed to the lower energy gap and decrease in symmetry
with elongation of the chain length.
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IR spectra

The stabilities of polymers are related to the delocalization of electrons and
strength of the main chain bonds, which can be reflected in the IR spectra. The
main absorption peaks in the IR spectrum of compound 1 were calculated to be at
723.4, 880.7 and 3289.0 cm~1. The first two bands are assigned to the C—H out-
-of-plane deformation vibrations, which are consistent with the experimental re-
sults of 725 and 883 cm™1.14 The last one is attributed to the C—H stretching
vibration. There were large blue-shifts in the absorptions at 736.0, 903.2 and
3289.9 cm! of compound 2 relative to those of compound 1 (Fig. 3; the IR spec-
tra of the other compounds are given in Fig. S3 of the Supplement). Simultane-
ously, the number of the absorptions increased with increasing chain length. These
absorptions of compound 2 were further blue-shifted to 737.5, 908.0 and 3290.0
cm! in compound 3. This indicates that the C—H bonds were strengthened with
enlargement of the conjugation system and delocalization of the electrons.

160 160
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Fig. 3. The IR spectra of compounds 1 and 2 calculated by the AM1 method.

The main IR absorptions of compound 5 were at 846.4, 1660.8 and 3292.7
cm!, ie., blue-shifted relative to the corresponding bands of compound 1 at
880.7, 1428.7 and 3289.0 cm~!. The absorption at 1660.8 cm ™' of compound 5 is
generated by the stretching vibration of the C=C bonds, which is basically con-
sistent with the experimental frequency at 1597 cm~! of the C=C bonds in poly-
naphthylene.!0 The IR band at 1660.8 cm™! of compound 5 could be due to de-
formation vibration of the N-H bond of the primary aromatic amine. The pre-
sence of the electron-donating groups in compound 5 elevates the electron den-
sity on the anthrylene ring and strengthens the C=C and C-H bonds. The main
absorptions at 850.0, 3292.9 and 3363.8 cm™ arising from the C—H and N-H
bonds in compound 7 were blue-shifted compared with those of compound 5.
The N-H stretching vibration at 3363.8 cm™! in compound 7 is less strong than
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the O—H stretching vibration at 3383 cm~! in polynaphthylene.!0 The absorption
at 1658.8 cm™! resulting from the C=C bonds in compound 7 was red-shifted
relative to that of compound 5. The main absorptions at 853.4, 3293.3 and 3364.7
cm! in compound 9 were blue-shifted, whereas the absorption at 1658.1 cm™!
was red-shifted in comparison with the corresponding bands in compound 7. The
electron density on the anthrylene ring decreased as the chain length increased,
leading to a weakening of the C=C bonds and a strengthening of the C—H and N-H
bonds.

The main IR absorptions caused by the C—H bonds of compounds 6, 8 and
10 compared with those of compounds 5, 7 and 9 were blue-shifted, whereas
those arising from the C=C bonds were red-shifted. The absorptions near 1867
cm~! of compounds 6, 8 and 10 resulted from N=0 bonds, which were stronger
than the C=0 bonds with an experimental stretching frequency at 1743 cm1.32
The m-electron density on the anthrylene ring was delocalized in the presence of
the -NO5, which reduced the strength of the C=C bonds.

NMR spectra

The change in electron density of the carbon atoms and symmetry of the oli-
gomers can be observed in the NMR spectra, which are helpful in understanding
the stabilities of polymers. The chemical shifts o of the hydrogen atoms in the
IH-NMR spectra of compounds 1-3 were calculated to be in the ranges 5.4-9.2,
5.3-11.9 and 5.3-12.1 ppm, respectively. Thus, the range of the o values of the
hydrogen atoms was enlarged and the & data were shifted downfield with in-
creasing n. The electrons on the hydrogen atoms were delocalized and the shield-
ing effect was reduced with the increasing chain length. The ¢ data of the hydro-
gen atoms on the naphthylene ring were determined to be at 7.1-7.6 ppm,10
which supports the above calculation.

The & values of the carbon atoms in the 13C-NMR spectrum of compound 1
appeared in the range 126.2—195.9 ppm. The absorption at 126.2 ppm arose from
C(9) and C(10), whereas the absorption at 195.9 ppm is ascribed to C(11)-C(14).
The & data of C(2) and C(6) for the linkage of the two anthrylene rings in com-
pound 2 were shifted downfield to 167.1 ppm (Fig. 4; the NMR spectra of the
other compounds are given in Fig. S4 of the Supplement), and the C—C bond was
weakened because of the formation of the dimer. In the naphthylene oligomer,
the O values of the two linkage carbon atoms were also downfield shifted from
118.7 to 120.6 ppm.10 The I3C-NMR absorptions of compound 3 were split be-
cause of the decreased symmetry. The ¢ data of C(9) and C(10) in compound 5
were shifted downfield to 130.1 ppm, while those of C(11)-C(14) were shifted
upfield till 170.3 ppm. The situation was similar for compound 7. The presence
of the electron-donating group decreased the electron density on the neighboring
carbon atoms but increases that on the bridged carbon atoms. The ¢ data of C(9)
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and C(10), and C(11)-C(14) in compound 6 were shifted upfield to 87.2 and
184.4 ppm, respectively, while those of C(1), C(4), C(5) and C(8), and C(2),
C(3), C(6) and C(7) were shifted downfield to 159.6 and 169.2 ppm, respecti-
vely. A similar regularity was observed in the bands of compound 8. The pre-
sence of the electron-withdrawing group reduces the electron density on the two
side rings, but elevates that on the middle ring in the anthrylene unit.

Compound 1 ] Compound 2
1 1430 1595  195.9 , 11255 167.1 195.3
3
= z
w - —
2 . |126.2 a
2 21 9o 14
= £
14
0 T T 1 0 T 1
120 140 160 180 200 120 140 160 180 200
ol ppm s/ ppm

Fig. 4. 3C-NMR spectra of compounds 1 and 2 calculated on the B3LYP/6-31G(d) level.

CONCLUSIONS

The electronic structures and spectroscopic characteristics of the anthrylene
oligomers were affected by the chain length and substituents. The energy gaps of
the oligomers decreased with increasing number of repeating units, thus polyan-
thrylene becomes a conducting polymer. The presence of the substituents decreases
the energy gaps of the oligomers. Substitution by NO, or NH; groups and elon-
gation of the chain length lead to red-shifts of the main absorptions in the elec-
tronic spectra of the oligomers. The electron density on the bridged carbon atoms
in the anthrylene ring was elevated on substitution by amino groups; thus the
C=C and C-H bonds are strengthened. The anthrylene polymer with the amino
groups was predicted to be a better conducting material because of its lower oxi-
dation potential and energy gap.

SUPPLEMENT
Available in electronic form only (http://www.shd.org.rs/JSCS/).
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U3BOA
EJIEKTPOHCKA CTPYKTYPA U CIIEKTPU ITPOBOJJHNX NEPUBATA AHTPALIEHA

ZHONGFA WANG u SHI WU
Department of Chemistry, Zhejiang University, Hangzhou 310027, PRC

Teopujcke cTyauje aHTpalleHa W CepHje HEroBHUX AepuBara m3BeneHe cy nomohy AMI me-
tone u DFT. Ha ocroBy B3LYP/6-31G(d) onTnMn30BaHUX TeOMETpHja U3pAdyHATH CY EIEeKTPOH-
cki, IR 1 NMR cnexrpu antpanenoBux onauromepa nomohy Indo/Cis, AM1 and B3LYP/6-31G(d)
METO/Ia, PECIIEKTUBHO. Pa3nuke y eHepreTcKMM HHBOMMA OJIMTOMEpa Ce CMambyjy, a IJIaBHHU arl-
COPIILMOHU MAaKCUMYMH MM C€ TIOMepajy Ka PBEHOM JIelly CIIeKTpa, 10K cy IR ¢pekBeHuunje HeKknx
C=C and C-H Be3a momepeHe ka IUIaBOM JIey CIIEKTpa ca noBehameM IyXHHE JIaHIA U y IpH-
cycTBy cymcruryenta. 3C-NMR xeMmjcka ToMeparma YBOPHHX aTOMa yTJhEHHKA IOMEpajy ce Ka
MambHM O BPEAHOCTHMA y HNPHCYCTBY EJICKTPOH-IOHOPCKHX IPyIa, IOK ce & BPEIHOCTH YIJbCHH-
KOBUX aTOMa CIOJbAILbUX NMPCTEHOBA aHTPALICHCKHMX JAEJIOBA MOJIEKya noBehaBajy y MpUCYCTBY
eJICKTPOH-aKLENTOPCKHUX IPyMa.

(ITpumsseno 20. jyHa, peBugupaso 26. Hopem6pa 2007)
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Abstract: The electrochemical characteristics of a mixture of Pt-black and WC
powders and its catalytic activity for methanol and formic acid oxidation were
investigated in acid solution. XRD and AFM measurements revealed that the
WC powder employed for the investigation was a single-phase material con-
sisting of crystallites/spherical particles of average size of about 50 nm, which
were agglomerated into much larger particles. Cyclic voltammetry showed that
the WC underwent electrochemical oxidation, producing tungstate species. In
the case of the mixed Pt + WC powders, the tungstate species were deposited
on the Pt as a thin film of hydrous tungsten oxide. Enhanced hydrogen inter-
calation in the hydrous tungsten oxide was observed and it was proposed to be
promoted in mixed powders by the presence of hydrogen adatoms on bare Pt
sites. The determination of Pt surface area in the Pt + WC layer by stripping of
underpotentially deposited Cu revealed that the entire Pt surface was accessible
for underpotential deposition of Cu. Investigation of the electrochemical oxi-
dation of methanol and formic acid on Pt + WC and pure Pt layers did not in-
dicate electrocatalytic promotion due to the presence of WC.

Keywords: tungsten carbide; platinum; hydrogen intercalation; methanol oxi-
dation; formic acid oxidation.

INTRODUCTION

It is expected that fuel cell research and development will provide an en-
vironmental friendly power source for vehicles and portable electronic devices.
Proton exchange membrane fuel cells (PEMFC) are advantageous since they ope-
rate at low temperatures and hence do not require expensive or large containment
structures. Oxygen reduction is the cathodic reaction in PEMFCs, while the oxi-
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dation of hydrogen or some small organic molecule occurs on the anode. Me-
thanol distinguishes itself from other fuels because it is an inexpensive liquid and
easy for handling, storage and transport.! Formic acid is another example since
its oxidation commences at a less positive potential than methanol oxidation,
while the crossover of formic acid through the polymer membrane is lower than
that of methanol.2

Platinum is the most active single metal catalyst for the methanol oxidation
reaction (MOR), although the onset potential is rather far from the thermodyna-
mic value. Modification of Pt by various metals has been widely investigated, but
there is general agreement that only Pt—Ru surfaces are much more active than
single Pt. Recently, several researchers reported the use of tungsten carbide as a
support for Pt particles># because of the influence of tungsten species on the
activity of Pt for the MOR. Some earlier investigations of the MOR showed
enhancement of the reaction rate on rare earth tungsten bronze doped with Pt,5
platinum—tungsten oxide,%7 carbon-supported platinum modified with WOy8 and
high surface area tungsten oxide containing Pt centers.” However, it was also
reported that the presence of polyoxotungstates on Pt can suppress the interfacial
formation of PtOH/PtO, !0 which participates in the oxidation process of organic
molecules. On the other hand, Pt/WC exhibited a lower onset potential for CO
oxidation than Pt nanoparticles supported on high surface area carbons, but the
activities of Pt/WC and Pt/C for the MOR were similar.4

The results of an investigation of the electrochemical properties of a mixture
of Pt-black and WC powders are reported in this work. The aim of the investi-
gation was to give basic insight into the activity of the mixture in the oxidation of
small organic molecules with respect to Pt alone. This study should supply addi-
tional information whether the synthesis of Pt nanoparticles supported on tungs-
ten-based materials would be beneficial.

EXPERIMENTAL

Platinum black powder (Alfa Aesar, BET specific surface area: 24-29 m? g'!) and tungs-
ten carbide powder, provided by Woksal, Uzice, Serbia, were used as the electrocatalysts. The
powders were applied onto a glassy carbon substrate (Tacussel rotating disk electrode, 5 mm
in diameter) from the ink to form a thin layer.!! The Pt black powder was suspended in high
purity water, while WC and the mixture of WC and Pt black were suspended in 2-propanol
(Merck). In all cases, 50 pl of a Nafion® solution (5 wt. %, 1100 E.W., Aldrich) was added
per 1.0 cm? of the suspension, in order to insure adhesion of the layer. The concentrations of
Pt and WC in the suspensions were 10 and 40 mg cm™, respectively. After 1 h agitation in an
ultrasonic bath (70 kHz), 5.0 pl of the suspension was placed onto a glassy carbon electrode
by micro-pipette and left to dry overnight.

It should be noted that in preliminary experiments, WC and WC + Pt suspensions were
prepared in water, but a certain change of the suspension and data non-reproducibility were
observed. The voltammetric responses of thin layers made day by day from the same water
suspension differed, indicating a decrease in the Pt surface area.
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A three-compartment electrochemical glass cell with a large surface area Pt wire (99.998 %
purity, Aesar) as the counter electrode and a saturated calomel electrode (SCE) as the refe-
rence electrode was used. All the potentials reported in this paper are expressed on the scale of
the reversible hydrogen electrode (RHE). The supporting electrolyte of 0.10 M H,SO4 (Merck)
was prepared with high purity water (Millipore, 18 MQ cm resistivity). The electrolyte was
deaerated by bubbling with N, previously purified by flowing through an ammonium meta-
vanadate solution. Electrochemical oxidation of methanol and formic acid were investigated
in deaerated supporting electrolyte which contained 0.10 M CH;0H or 0.10 M HCOOH
(Merck). The experiments were conducted at 298+0.5 K. A Pine RDE4 potentiostat and
Philips PM 8143 X—Y recorder were employed.

WC powder was characterized by X-ray diffraction (XRD) analysis using a Siemens
D500 diffractometer with CuKo radiation over the 26 range from 10 to 90° at a scan rate of
0.04° s!. To determine the WC surface area, adsorption/desorption isotherms of N, were
registered at —196 °C by the gravimetric McBain method. The appearance of WC powder was
examined by atomic force microscopy (AFM) using a NanoScope 3D (Veeco, USA). A drop
of WC suspension in 2-propanol was placed on a mica surface and left to dry. Then the ima-
ging was performed in the contact mode using NanoProbes silicon nitride cantilevers with a
force constant of 0.060 N m!.

RESULTS AND DISCUSSION
Characterization of the WC

The XRD pattern of the WC powder (Fig. 1) indicates pure single-phase WC
of hcp symmetry with the lattice parameters ag = by = 0.29053 nm and cg =
= 0.28385 nm. The crystallite size, calculated from the width of the (101) peak
using the Scherrer equation, was found to be about 40 nm. The BET real surface
area of the WC was calculated to be 0.7 m? g-!. Assuming spherical powder
particles and taking 15.6 g cm™ for the density of WC, a particle diameter
corresponding to the BET surface area of 0.5 um was calculated. Comparison of
the XRD and BET results indicates that the particles of WC powder are compact
agglomerates of smaller crystallites. This was proved by the AFM technique. The
typical appearance of a WC agglomerate consisting of densely-packed, nearly
spherical particles of 50 to 150 nm in size is presented in Fig. 2.
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Fig. 2. The results of AFM analysis of WC powder: height image and cross section analysis.

Cyclic voltammograms of WC powder registered in 0.10 M H>SOy4 are given
in Fig. 3. When the potential was cycled between 0.050 and 0.75 V, the voltam-
mogram was stable over time, featuring a broad anodic peak and an increase in
the cathodic current at £ < 0.40 V. In the first cycle toward more positive poten-
tials (up to 1.25 V), an anodic peak at = 1.06 V, followed by a subsequent in-
crease in the anodic current was observed. In the second cycle, the peak and sub-
sequent current decreased and finally reached steady-state values after the 20th
cycle, as shown by the steady-state curve in Fig. 3. Upon resetting the positive
potential limit back to 0.75 V, a voltammetric response like the very first one was
regained.

In the presence of water and/or oxygen, WC oxidizes to surface oxide and/or
soluble W(VI) species:12:13

WC + 5Hy0 — WO3 + COp + 10H" + 10e~ (1)

WC + 6HyO — WO42~+ CO, + 12H* + 10e~ (2)

The cyclic voltammogram of WC recorded in the narrow potential range (Fig. 3,

18t curve) resembles the voltammetric behavior of WO3,14 which indicates that

the WC surface was in the oxidized state. The WO3 layer formed spontaneously

on the WC surface was partially reduced in the cathodic scan by the intercalated
hydrogen:15
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WOs3 +xH" +xe- > H,WO;  0.1<x<05  (3)

The H,WO3 species are known as hydrogen—tungsten bronzes. The cathodic
current at £ < 0.40 V should correspond to the hydrogen intercalation process,
while the broad anodic peak is very likely due to deintercalation. The anodic
peak at ~1.06 V can be assigned to further oxidation of WC.1¢ The products of
this reaction are probably insoluble and their deposition on the electrode surface
causes a decrease in the anodic current, as shown in Fig. 3.
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Fig. 3. The first, second and steady state cyclic voltammograms of the WC thin layer (1.27 mg
WC cm?) recorded in deaerated 0.10 M H,SO,4 at 50 mV s7!. Inset: reciprocal of specific
capacitance of the WC thin layer, calculated between 0.56 and 0.75 V from the
steady-state voltammograms, as a function of the square root of sweep rate.

Assuming that the intercalation/deintercalation processes are accomplished
at potentials above 0.55 V, the double layer capacitance of the passive film on
WC was estimated from the voltammetric charge between 0.56 and 0.75 V from
the steady-state voltammograms. As the inset in Fig. 3 shows, the capacitance
was slightly dependent on the sweep rate, due to the porous structure. Extra-
polation of the reciprocal capacitance to zero sweep ratel? gives a total double
layer capacitance of the film, Cyy, of 0.14 F g-1. Assuming the most typical value
for double layer capacitance of 20 uF cm2, a specific surface area of 0.70 m? g-!
is calculated, which coincides with the obtained BET surface area. This result
indicates that native WC spherical particles within micro-sized agglomerates, as
seen by AFM (Fig. 2) and calculated from XRD, are not accessible to the elec-
trolyte, but only the surface defined by the agglomerates through the micro-pores
of the layer.
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Voltammetry of the Pt + WC mixture

The voltammetric behavior of mixed WC and Pt black powders is illustrated
in Fig. 4. The first cycle with a positive potential limit of 0.75 V resembles the
hydrogen adsorption/desorption features of Pt sites. After extension of the posi-
tive potential limit to 1.25 V, the cyclic voltammogram features the formation of
Pt oxide and its reduction, as well as the development of a pair of peaks at 0.14
and 0.30 V, due to an intensive oxidation of WC. On cycling of the potential, the
height of the peaks increased, while the anodic current due to the oxidation of
WC decreased and eventually disappeared, similar to the behavior of pure WC
powder (Fig. 3).
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The steady-state cyclic voltammograms of the single Pt black and WC pow-
ders and the mixture of Pt and WC are presented in Fig. 5. Bearing in mind that
in the mixed layer and in the single layers, the amounts of Pt are identical and the
amounts of WC are similar, the voltammetric charges can be directly analyzed. It
is obvious from Fig. 5 that the voltammetric features of the mixture are not the
simple superposition of the voltammograms of its components. The charge under
the peaks at 0.14/0.30 V is significantly higher than the charge for the monolayer
adsorption/desorption of hydrogen on Pt particles present in the mixture and con-
siderably higher in comparison to the hydrogen intercalation/deintercalation charge
on WC. In addition, the formation of Pt-oxide is hindered in the presence of WC.
Jeon et al.# recently proposed that spillover of hydrogen from Pt to WC supplies
a fresh Pt surface, resulting in the increased charge of H adsorption/desorption on
the Pt sites. However, the peaks related to H adsorption/desorption on the Pt sites
on the voltammogram of the Pt + WC mixture are displaced with respect to those
of pure Pt or highly overlapped with the peaks at 0.14/0.30 V, related to the ca-
talyzed oxidation of WC (Fig. 4). This observation leads to the assumption that
soluble tungstate species, produced during the oxidation of WC, can be deposited
onto Pt sites. The deposited layer is subjected to intercalation/deintercalation of
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hydrogen, which results in the appearance of pronounced peaks at 0.14/0.30 V.
When WC alone was attached to the electrode surface, anodic oxidation of WC
did not produce any additional voltammetric features (Fig. 3) related to the en-
hanced intercalation/deintercalation process. This indicates that the deposition of
intercalation-active tungstates occurs preferentially on Pt.
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To calculate the pseudocapacitance of the hydrogen intercalation in the WC
and WC + Pt layers, the anodic parts of the voltammograms recorded at sweep
rates from 5 to 400 mV s~! were integrated in the potential range from 0.050 to
0.56 V. A dependence of the pseudocapacitance on the sweep rate was registered
for both the WC and WC + Pt layers. Such a behavior is due to diffusion-limited
pseudocapacitive process within the porous layer of hydrous tungsten oxide for-
med atop the WC and Pt sites. According to the model proposed by Ardizzone et
al.,'8 the mobility of the protons involved in Reaction (3) is hindered by the po-
rous structure of the layer, resulting in the following pseudocapacitance vs. sweep
rate relationships:

1 1
=tk (4)
C Ciot
kl
C = Cout +— (5)

%

where Cio is the total capacitance of the porous structure, Cyy is the capacitance
of the outer layer surface (facing the bulk of the electrolyte), while the capaci-
tance of the inner surface relates to the loose grain boundaries, Cj,, can be
calculated as Cy, = Ciot — Cout. °

The C vs. v-12 and C-! vs. v1/2 plots for WC and the mixture WC + Pt are
presented in Fig. 6. Reasonably straight lines were obtained and the total pseudo-
capacitances were calculated. From the C vs. v-1/2 plots (Fig. 6a), the pseudoca-
pacitances related to the outer layer of hydrous tungsten oxide in both the WC
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and WC + Pt layer were determined. Since the pseudocapacitances calculated in
this way include the double layer capacitance, its value of 0.14 F g1 (inset in
Fig. 3) was subtracted. In the case of the WC + Pt mixture, the pseudocapa-
citance of hydrogen adsorption/desorption on Pt sites (which was found to be in-
dependent of the sweep rate) was also subtracted from the total pseudocapaci-
tance charge. This was done assuming that hydrogen adsorption is undisturbed by
the presence of WC and the products of its oxidation. The corrected pseudoca-
pacitances of hydrogen intercalation expressed per mass of WC are given in Tab-
le I, from which it can be observed that the total pseudocapacitance is more than
doubled in the presence of Pt and that the structure of the hydrous oxide layer is
significantly changed. The Cy,/Ciot ratio shows that for the hydrous oxide for-
med on WC with no Pt in the film, only about 8 % of the electroactive sites were
on the surface, indicating a highly porous structure. However, when Pt was pre-
sent in the film, about 80 % of the electroactive sites were easily accessible sur-
face sites. This can be rationalized if the Pt was partially covered by thin hydrous
tungsten oxide layer with the majority of its active sites being surface sites facing
the electrolyte. Such a film can exhibit a higher pseudocapacitance than that on
WC without Pt in the layer only if the hydrogen atoms adsorbed on Pt sites spill-
over to the hydrous tungsten oxide and intercalate in it.!5-20
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TABLE I. Corrected values of the pseudocapacitance for hydrogen intercalation into hydrous
tungsten oxide for WC and WC + Pt thin layers, calculated per mass of WC

Electrode Ciot/ F gl Cout/ F g'! Cout/Crot
wC 2.17 0.165 0.076
Pt+WC 4.90 3.79 0.77

Determination of the Pt surface area in the WC + Pt electrode layer

The determination of the real surface area of a catalyst is a crucial point in
the assessment of its activity. The surface area of Pt can be determined from the
charge of hydrogen adsorption/desorption. In the calculation, it is assumed that a
complete monolayer is formed, which requires 210 uC cm2. However, the hy-
drogen adsorption/desorption features of Pt in the cyclic voltammogram of the
WC + Pt mixture (Fig. 4) are partly discernible only when the anodic limit is set
to before the onset of the oxidation of WC. After a substantial amount of WC had
been oxidized, large peaks of hydrogen intercalation/deintercalation mask the Pt
peaks. Therefore, some alternative method should be applied to determine Pt sur-
face area. Recently, Green and Kucernak?! reported that the surface area of Pt
alloyed with Ru can be successfully determined from the stripping of underpo-
tentially deposited (UPD) copper. This method is also applicable to the WC + Pt
system since the anodic peak of Cu stripping is more positive than the peak for
hydrogen deintercalation from the hydrous tungsten oxide. In addition, WC alone
was found to be inactive for UPD Cu.

Copper was underpotentially deposited from a solution of 0.10 M H»SO4
and 2.0x10-3 M CuSOy at a potential of 0.330 V vs. RHE, which is about 15 mV
more positive than the equilibrium potential of Cu electrodeposition in the ap-
plied electrolyte. After 2 min of deposition, which is sufficient for a complete
monolayer to be formed,2! the electrode potential was swept anodically and the
stripping voltammogram was recorded. The result obtained for a polycrystalline
Pt electrode and for a layer of Pt-black powder are shown in Fig. 7a and 7b,
respectively. For sake of comparison, the cyclic voltammograms in the support-
ing electrolyte are also given. The Cu stripping curves reveal at least three differ-
rent energetic states of Cu, which are similar for polycrystalline Pt and Pt-black
powder. The stripping curves, corrected for the background current of Pt, were
integrated and the charges were compared to the hydrogen desorption charge.
The Cu(UPD)/H(UPD) ratio was calculated to be 1.8 for polycrystalline Pt and
2.3 for Pt-black, which is close to the theoretical value of 2. These results con-
firm that the Pt surface area can be estimated using the procedure of Cu UPD and
stripping as described above. The experiment with the Pt + WC mixture show
that the Cu stripping peak is shifted anodically but the charge beneath the peak
corresponds to the surface area of Pt in the layer.
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Voltammetric experiments for the Pt + WC mixture revealed that a thin layer
of hydrous tungsten oxide was deposited on Pt (Figs. 4 and 5, Table I). However,
Cu stripping showed that the entire surface area of Pt in the film was accessible
to Cu UPD. It should also be noted that formation of Pt-oxide was hindered by
the presence of WC (Fig. 4) and that the Cu stripping peak was shifted anodically
with respect to the peak on pure Pt (Fig. 7). Thus, it can be anticipated that small
organic molecules, such as CH30H and HCOOH, would be able to approach the
Pt surface through the tungsten oxide film, but the electrocatalytic properties of
the Pt might be changed due to the presence of the film, as indicated in the li-
terature.>?

Oxidation of methanol and formic acid

The oxidation of methanol and formic acid were investigated on a layer of the
WC + Pt mixture after the steady-state voltammogram (Fig. 5) had been esta-
blished. Methanol or formic acid was added into the cell while holding the poten-
tial at 0.10 V. After 2 min, a potential sweep was applied at a rate of 1.0 mV s~!
and the polarization curve was recorded. Concerning the results of Cu stripping
on the WC + Pt mixture, the current densities were calculated with respect to the
entire surface area of Pt in the catalyst layer, assuming that the Pt sites were
equally available for UPD of Cu and the oxidation of the organics. The same
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experiments were performed on pure Pt-black layers and the results were com-
pared. The diagrams in Fig. 8 show overlapping of the results for pure Pt and the
WC + Pt mixture, meaning that hydrous tungsten oxide formed by the oxidation
of WC does not influence the activity of Pt for the oxidation of methanol and
formic acid.
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Fig. 8. Tafel plots for the oxidation of
a) 0.10 M CH;0H and b) 0.10 M
0.0 L . . . HCOOH on the thin layers of Pt and
~ oot 10° 102 10" WC + Pt in deaerated 0.10 M H,SO,.
j ! mA cm? Sweep rate: 1.0 mV s'L.
CONCLUSIONS

Cyclic voltammetry revealed that WC undergoes electrochemical oxidation,
which produces tungstate species. In the case of the mixed WC + Pt powders,
these species appeared to be deposited onto Pt in a form of a hydrous tungsten
oxide. Enhanced hydrogen intercalation in the hydrous tungsten oxide was ob-
served and it is proposed that this process was promoted by the spillover of the
hydrogen adatoms on the bare Pt sites. The presence of WC in the Pt catalyst
layer had no effect on the kinetics of methanol and formic acid oxidation, assu-
ming that the part of Pt surface covered by hydrous tungsten oxide did not hinder
the approach of the organics to the Pt beneath.
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U3BOA
EJIEKTPOXEMHICKA CBOJCTBA CMEIIE ITPAXOBA WC U Pt

MAJA JI. OBPAJIOBUR!, BWJbAHA M. BABURZ, ANDRZEJ KOWAL?,
BJIAIUMUP B. [IAHUR' 1 CHEXXAHA Jb. TOJKOBUR?

! Mncimiuiiyim 3a xemujy, iliexnoaozujy u smeimianypzujy, Yuueepauiiei y Beozpady, Bbezowesa 12, 11001 Beozpao,
2 Hnciliuiiyis 3a nykaeaphe nayke “Bunva’, ii. iip. 522, 11001 Beozpao, *Institute of Catalysis
and Surface Chemistry, Polish Academy of Sciences, Niezapominajek 8,
30-239 Krakow, Poland u *Texroaowxo—meiiaaypuiu gakyaiieid,
Ynusepsuitiei y Beozpaoy, Kapuezujesa 4, 11120 beozpao

VY pamy cy UCIIUTHBaHE €JIEKTPOXEMHjCKe KapakTepucTuke cMmenie npaxosa Pt 1 WC u meHa
KaTaIUTHYKa aKTHBHOCT 3a PEakilije OKCHIAIMje METaHOJla U MPaBJbe KHCEINHE y KHCEIOM pac-
TBOpY. AHanm3a pesynrara quppaxnuje X-3paka (XRD) u mukpockonuje aromckux cuina (AFM) no-
Kazyjy na je mpax WC jemHoda3HU MaTepHjall ca MpOCEYHOM BEIUYMHOM KPHCTAIUTA 01 OKo 50 nm,
KOju ¢y arnomepucanu y MHoro Behe wectune. L{ukianyna Boaramerprja ykasyje Ha To 1a WC noa-
JIe)Ke OKCHIALUjU KOjOM HacTajy BoiippamaTHe Bpcte. Y ciydajy cMmeure npaxosa Pt u WC, Bon-
(pamaTHe BpCTe HajBEpOBATHHUje ce Tajoke Ha Pt y 0OJMKYy TaHKOT Clloja XHIPAaTHCAHMX OKCHAA
Bondpama. [Ipumeheno je moehame nHTEpKaNanyje BOJOHNKA y CIIOjy XUAPATHCAHUX BOJIppamaTa
U IPETIIOCTaBJba Ce Ja IMPHUCYCTBO aJaToMa BOJOHHMKA Ha MOBPLIMHU Pt moTmomarxe mporec Bojxo-
HU4YHe nHTepkanamuje. Onpehusame nospmmae Pt y ciojy Pt + WC necoprjom MoHOocoja Cu
TaJIOKEHOT Ha TOTIOTEHIMjaluMa yKasyje [la je yuTaBa NoBpIIKHA Pt 1ocTymHa 3a TanoXKeme aTo-
Ma Cu. McnuTuBame eNeKTPOXEMHUJCKHUX peakiiyja OKCHAAIMje MeTaHoJIa U MPaBJbe KUCENUNHE Ha
ciojy cmere Pt + WC u cnojy uncre Pt ykasyje na npucyctBo npaxa WC He yTHue Ha elneKTpo-
KaTaJIMTH4Ka cBojcTBa Pt.

(ITpumubeHo 7. jyna, peBuaupano 28. aBrycra 2008)
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Abstract: The photoelectrochemical properties of a sol-gel prepared titanium
oxide coating applied onto a Ti substrate were investigated. The oxide coating
was formed from an inorganic sol thermally treated in air at 350 °C. The coat-
ing consisted of agglomerates of narrow size distribution around 100 nm. The
photoelectrochemical characteristics were evaluated by investigating the changes
in the open circuit potential, current transients and impedance characteristics of
a Ti/TiO, electrode upon illumination by UV light in H,SO, solution and in the
oxidation of benzyl alcohol. The electrode was found to be active for photo-
electrochemical reactions in the investigated solutions.

Keywords: photoelectrochemical activity; titanium oxide; oxide sol; sol-gel
procedure; electrochemical impedance spectroscopy.

INTRODUCTION

Owing to its good chemical stability, physico—chemical characteristics, elec-
trical and optical properties, titanium oxide is a widespread material investigated
in many fields of fundamental and applied science. The anatase crystalline form
is known for its photocatalytic properties upon UV illumination, while the rutile
form is most famous as a white pigment in dye technology.! In organic reactions,
TiO, is widely used as a photocatalyst in an aqueous (waste water treatment)? as
well as in a non-aqueous environment (organic synthesis).3~> Additionally, it can
be used as a carrier for highly dispersed heteropolyacids,® electrochemical com-
posite catalysts’ and as a stabilizing component of electrochemically active oxide
coatings on titanium.8-10 The application of titanium oxide thus envelopes dif-
ferent branches, from the white pigment industry, through sunscreen lotions, so-

* Corresponding author. E-mail: panic@ihtm.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0812211P
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lar cells and toothpastes, to electrochemistry, random access memory, outdoor air
purification and waste water treatments.!!

The photoreactivity of titanium oxide for oxidation reactions is usually ex-
plained by the excitation of valence band (vb) electrons.! When TiO; is illumi-
nated by light of energy greater than that required by the band gap, electrons are
transferred to the conduction band (cb), and positive holes (h*) remain in the vb.
The charge carriers very quickly migrate to surface traps lying within the forbid-
den gap. From there, the holes are populated by electrons from, e.g., organics (R)
adsorbed at the surface of the illuminated TiO,:12-13

TiOs + hv == TiOy|ec, + TiOy| hib (D
TiO,) h:b +R — TiO; + R® 2)

In aqueous solutions, the generated holes can also react with adsorbed water
molecules or OH~ to produce *OH radicals, which are able to react with the or-
ganics in parallel to reaction (2).12

Reversibility by the electron—hole recombination step (Eq. (1)) decreases the
reactivity of illuminated TiO;. This disadvantage can be suppressed if some sink
of excited electrons would be available in the system. For example, in oxygen-con-
taining solutions, the excited electrons can reduce O, and generate an avalanche
of free radicals:13

ep TO2—> O3 3)

Oy +2eg, +2H" — HyO) 4)
03 + H)O, > HO=+*OH + Oy %)
O3 +2H" — 2°0OH (6)

H>O, + egp — *OH + OH~ (7
H,Oy + hv— 2°OH ®)

However, if titanium oxide would be assembled to conducting materials
within a closed electrical circuit, the reactivity can be improved by a bias po-
tential, which will drive away exited electrons to the external circuit of the photo-
electrochemical (PEC) cell.14-16

The PEC activity of TiO, towards numerous organics, from methanol!” to
herbicides,!8 has been investigated intensively.!-13:16,19.20 It was found that PEC
reactivity depends strongly on the conditions of formation of TiO,, such as pre-
paration procedure,2!-22 precursor type,!8 annealing temperature,!9-23 but also on
the possible implantation of electrochemically active metals, such as Pt.2# Tita-
nium oxides prepared by different procedures can show different PEC activity,
although their crystalline structures are quite similar.2? Generally, a mixture of
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anatase and rutile crystalline forms is more active than these forms alone,!9-22
although in the case of commercial Degussa P25 TiO,, increasing the rutile con-
tent (higher annealing temperature) can lead to a considerable decrease in, e.g.,
the total organic carbon removal efficiency in phenol oxidation.!?

The aim of this work was to investigate the PEC activity of TiO, prepared
via the sol-gel route employing forced hydrolysis of titanium chloride.2> Tita-
nium oxide prepared by this procedure already showed some advantages for
chlorine and oxygen evolution and phenol oxidation2¢ on activated titanium ano-
des.10.27 The PEC activity was investigated in HSOy4 solution and for the oxi-
dation of benzyl alcohol, which is known for its simple oxidation kinetics.

EXPERIMENTAL
The synthesis of the oxide sol

Titanium oxide sol was prepared by the forced hydrolysis of titanium chloride (15 %
TiCl; in 10 % HCI, Merck) in acid solution.2> An appropriate amount of titanium chloride was
slowly added into boiling 5.0 mol dm HCI and aged for 24 h under reflux in an experimental
setup equipped with a magnetic stirrer. Vigorous agitation at the boiling temperature results in
slow hydrolysis, which results in a solid oxide phase of narrow particle size distribution.2”-28
The size of oxide particles increases with ageing time, while the TiO, sols aged more than 20 h
were found to be beneficial for good electrochemical properties of binary RuO,—TiO, coatings
of activated titanium anodes.!%-27

The concentration of the solid phase in the prepared oxide colloidal monodispersion,
evaluated by evaporation to dryness at 120 °C for 24 h, was 17 mg cm™.

Preparation of the photoelectrode

The photoelectrochemical properties of the prepared titanium oxide were examined using
an electrode assembly consisting of a titanium substrate coated with the prepared oxide sol. A
Ti plate, 1 cmx1 cmx0.7 cm in size, etched in 1:1 v/v hot 35 % HCIL:H,O mixture, was used as
the substrate. The coating was prepared by painting the oxide sol over the substrate, which
was followed by slow evaporation at 70-90 °C. The painting and evaporation steps were re-
peated until a coating mass of 3 mg per cm? of the geometric surface area was attained. The
electrode was then subjected to the thermal treatment at 350 °C for 2 h.

The coating was characterized by atomic force microscopy (AFM) technique in air at
room temperature. The structural characterization was performed with a NanoScope 3D (Veeco,
USA) microscope. The AFM observations were performed in tapping mode using etched
silicon probes with a spring constant 20-80 N m™!.

Photoelectrochemical (PEC) characterization

The PEC properties of the prepared Ti/TiO, electrode and its photovoltaic activity in the
oxidation of benzyl alcohol (BA), 0.010 mol dm™, were investigated in 1.0 mol dm™ H,SO,.
Chronopotentiometric, chronoamperometric and electrochemical impedance spectroscopy (EIS)
measurements were performed in a standard electrochemical cell equipped with a Pt wire as
the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. All
experiments were performed at room temperature.

The photoelectrode working area of 0.79 cm? faced the electrolyte/air interface at a dis-
tance of 5 mm and was illuminated directly in the PEC experiments from above using a UV
lamp (4 = 356 nm, 2x8 W, DESAGA UVIS, Germany) placed about 5 cm away from the
electrode surface.
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RESULTS AND DISCUSSION

The typical appearance of the TiO; coating surface is illustrated in Fig. 1 by
AFM images taken at two different magnifications. The spherical grains of a uni-
form size of around 100 nm are continuously distributed all over the coating sur-
face. Earlier X-ray diffraction investigations of the solid phase of prepared sol23
indicated the oxide amorphous structure, while anatase crystalline structure was
formed by thermal treatments up to 450 °C, with only a negligible presence of
the rutile phase at higher temperatures. The crystallite size, according to the
Scherrer Equation, was about 8 nm. The examination by transmission electron

4.00 250.0 nm

3.00 125.0 nm

0.0 nm
2.00

1.00 Digital Instruments NanoScope
Scan size 4.000 um
Scan rate 1.850 Hz
Number of samples 5D
Image Data Height
Data scale 250.0 rm

50.0 nm

25.0 nm

0.0 nm

Digital Instruments NanoScope

Scan size 594.9 nm
Scan rate 2.441 Hz
Number of samples 512
Image Data Height
Data scale 50.00 nm

nm

Fig. 1. Typical AFM images of the Ti/TiO, electrode surface.
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microscopy showed the presence of the 5-25 nm particles, depending on the age-
ing time.27 According to these earlier results, it can be emphasized that the grains
seen by AFM (Fig. 1) must be agglomerates of small crystallites. The structural
AFM investigations indicate that the ageing of the oxide sol under the applied
conditions of sol synthesis rather results in the sticking of the formed nanopar-
ticles into large agglomerates than in their primary growth, as is to be expected in
the forced hydrolysis process.27-28

Photoelectrochemical properties

The influence of UV light on the value of the open circuit potential (OCP) of
Ti/TiO; electrode in H»SO4 solution is illustrated in Fig. 2. [llumination with UV
light caused the OCP to take the negative values with respect to those registered
under "UV off" condition. The OCP always shifted cathodically since the number
of electrons occupying the conduction band was increased by those excited by
photons. The photon—electron interaction process appears to be not completely
reversible since the preceding "UV off" OCP value can be hardly recovered after
illumination. This also holds for the "UV on" OCP value, which shifts anodically
with every subsequent UV on/off period. Consequently, the difference between
the "UV off" and "UV on" OCP value decreases with the number of UV on/off pe-
riods, which indicates a decreasing ability of the photons to excite the electrons.

0- \\, UV on
-404
>
1S
"o -80
3
w
<
-120
g Fig. 2. The time dependence of the
; Fuv °|ff . ; . ; . ., open circuit potential of Ti/TiO, elec-
0 10 20 30 40  trode in presence and the absence of UV

t/ min light. Electrolyte: 1.0 mol dm= H,SO,.

The Nyquist and Bode plots of EIS data registered at the "UV off" and "UV
on" OCP of the Ti/TiO; electrode in H,SO4 solution are shown in Fig. 3. In the
absence and the presence of UV light, loops ascribable to capacitor and resistor
in parallel were registered (Fig. 3a). However, the impedance under UV illumi-
nation was considerably lower, as the consequence of increased conductivity due
to the presence of photon-exited electrons in the conduction band.
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Fig. 3. Nyquist (a) and Bode plots (b) of EIS data of Ti/TiO, electrode registered at the "UV
off" and "UV on" OCP and at 150 mVgcg (UV on) in 1.0 mol dm™ H,SO,.

Although the impedance data generally form a loop in the complex plane
plot (Fig. 3a), its fine structure, which depends on whether the UV light was on
or off, is clearly resolved in the Bode phase angle plot (Fig. 3b). In the absence of
UV light, two well-resolved phase angle maxima are registered at 1 kHz and 200
mHz, both related to the equivalence of a capacitor and resistor in parallel, which
indicates that the loop in Fig. 3a is actually comprised of overlapping loops. On
the other hand, in the presence of UV light, these maxima were suppressed, while
a new, more intense, maximum appeared at around 3 Hz.

In order to resolve which part of the registered impedance characteristics are
intrinsic to the presence of UV light, EIS data were registered at a potential of
150 mVgcEg, which is close to "UV off" OCP value, but in the presence of the
UV light. These data are also shown in Fig. 3. As can be seen in Fig. 3b, the EIS
characteristics at 150 mVgcg are insensitive to UV down to a frequency of 100
Hz. A new maximum is seen at 3 Hz as in the case of the EIS data at the "UV on"
OCP value, while the phase angle peak at 200 mHz is less suppressed. This com-
parison indicates that the phase angle peak at 3 Hz was completely UV light-in-
duced. On the other hand, the peaks at 1 kHz and 200 mHz, being dependent on
electrode potential, are electrochemical in nature.

The photovoltaic contribution to the current transients of the Ti/TiO, elec-
trode in HpSO4 solution can be seen in Fig. 4. The photoelectrochemical activity
was controlled at potentials close to the "UV on" (55 mVgcg) and "UV off" OCP
(150mVgcE). The illumination by UV light caused an increase in the currents
due to a positive photocurrent contribution. The photocurrent was stable during
several UV on/off periods and depended neither on the bias potential nor on the
sign of the UV light-absent current. Since oxidation of water is the only possible
anodic process in the given electrolyte, the relatively small photocurrents visible
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in Fig. 4 can be ascribed to photocatalytic oxygen evolution. The absolute photo-
voltaic effect is rather small, which can be the consequence of the stringent ki-

netic demands for the oxygen evolution reaction.

1.50 4
55mV., | 150 mv
1.00
i UV off
< 050+ Y,
0.00
AN
UV on L~
-0.50 . : : : :
0.0 2.0 4.0 6.0
t/ min

Fig. 4. The current transients of
the Ti/TiO, electrode at the poten-
tials of 55 and 150 mVgcg in the
presence and the absence of UV
light. Electrolyte: 1.0 mol dm
H,S0;,.

Photoelectrochemical activity for benzyl alcohol oxidation

The change of the OCP of the Ti/TiO; electrode, induced by UV light in the
presence of BA in the electrolyte, is shown in Fig. 5. The OCP values shifted
cathodically, as in the case of the BA-free electrolyte (Fig. 2), but in the presence
of BA the shift was considerably more pronounced. The OCP can become even

-50 4

-100

-150

AEOCP/ mV

-200

‘l/JV off
-250 !
[E—
1 :1.0MH2304+0.010MBA
T T T T T T
0 20 40 60

t/ min

Fig. 5. The time dependence of the
open circuit potential of the Ti/TiO,
electrode in presence and the absen-
ce of UV light. Electrolyte: 1.0 mol
dm?3 H,S04 + 0.010 mol dm™ BA.
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250 mV more negative with respect to the "UV off" value. It should be stressed
that the "UV off" OCP value did not change upon addition of BA.

Although the "UV off" OCP value can be hardly recovered after the very
first UV light switch, as in the case of the BA-free electrolyte, the "UV on" value
in the BA-containing electrolyte appeared to be stable and independent of the
number of UV on/off periods.

The photoelectrochemical activity of the Ti/TiO, electrode considerably in-
creased in the presence of BA; the photocurrent was double that of the BA-free

electrolyte, as is shown in Fig. 6 by current transient at a potential close to the
"UV off" OCP value.

2.0+
| UV off 'I
1.5 "

1.0 5
<

0.5

0.0 ‘W\ W Fig. 6. Current transients of the
UV on M Ti/TiO, electrode in the presence
] T and the absence of UV light. Elec-

. . , .
0.0 2.0 4.0 6.0 trolyte: 1.0 mol dm> H,SO, +
t/ min +0.010 mol dm™ BA.

The considerably larger cathodic shift of the OCP (Fig. 5) and the increased
photocurrent (Fig. 6) in the presence of BA indicate that BA is more easily oxi-
dized at TiO, than water molecules (BA-free electrolyte) because the holes in the
TiO, generated by the excitation of electrons are easily populated by electrons
from the BA molecules. BA oxidation to benzenecarbaldehyde proceeds through
the benzyl radical as an intermediate and a tentative mechanism of PEC oxidation
could be as follows:

CH,OH CH,OH

+ TiOyhf, —> + TiO, )
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CH,OH CHOH

@ - @ . (10)
. (0) H
CHOH Sco

+ T102|h:/rb —> @ + H* + T102 (11)

The protons released from the benzyl radical-cation (Egs. (10) and (11)) are
easily adopted by O7 (Eq. (6)) generated in the reaction between the exited elec-
trons and oxygen (Eq. (3)).

The Nyquist and Bode plots for the Ti/TiO; electrode registered at the OCP
in the BA-containing electrolyte, in the presence and the absence of UV light, are
shown in Fig. 7.

As in the BA-free electrolyte (Fig. 3a), loops were registered in the presence
and the absence of UV light, although the impedance is considerably lower than
in the BA-free electrolyte (Fig. 7a). The influence of UV light is not so pronoun-
ced; only a decrease in the imaginary value can be seen in the low-frequency do-
main. Two phase angle maxima are registered (Fig. 7b) with no appearance of a
UV light-induced third one, as was registered in the BA-free electrolyte (Fig. 3b).
However, the low-frequency phase angle peak is considerably more pronounced in
the presence of BA.

8-

*
*
6 o o
X o
x ° =
g 44 o i
. % st
' % g
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Fig. 7. Nyquist (a) and Bode plots (b) of the EIS data for the Ti/TiO, electrode registered at
the "UV off" and "UV on" OCP in 1.0 mol dm3 H,SO, + 0.010 mol dm™ BA.
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CONCLUSIONS

A titanium oxide coating on a titanium substrate, prepared by the inorganic
sol-gel procedure, showed photoelectrochemical activity in HySO4 solution and
for the oxidation of benzyl alcohol.

Microscopic investigations of the coating showed the presence of agglome-
rates of narrow size distribution, around 100 nm. The agglomerates are consisted
of 8 nm-sized crystallites.

Illumination with UV light influenced the open circuit potential, current tran-
sient and impedance characteristics of the prepared Ti/TiO, photoelectrode, in a
H»SO4 solution and in a HySO4 + benzyl alcohol solution. The cathodic shift of
the open circuit potential was more pronounced in the presence of benzyl alcohol
than in its absence, while the photocurrent was doubled due to the oxidation of
benzyl alcohol. Due to UV illumination, a new phase angle peak appeared in the
Bode plot of the EIS data of the photoelectrode in HySO4 solution. However, this
peak was not registered in the HySO4 + benzyl alcohol solution.
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U3BOJ

DOOTOEJIEKTPOXEMUNJCKA CBOJCTBA TUTAH-OKCUIA
JOBUJEHOTI" COJI-TEJI [IOCTYIIKOM

BJIAJIIMUP B. TAHUR', CAFbA M. CTEBAHOBUR!, BECHA B. MUIIIKOBHUR-CTAHKOBUR?,
BPATHCIIAB XK. JOBAHOBWR? n BPAHVCIIAB XK. HUKOJIMR?
! Mncimuimiyim 3a xemujy, mexnoaozujy u meimianypzujy, Yuusepauiieiii y Beozpady, Bbezowesa 12, 11001 Beozpad u
2Texnonowiko—meiianypuiku paxyaiiieis, Ynusepauiiei y Beozpady, Kapuezujesa 4, 11120 Beozpad

DoTOETEKTPOXEMIjCKA CBOjCTBA THTAH-OKCHAA JOOUjEHOT CONI-TEN MOPTYIKOM HCIHTHBAHA Cy
Ha OKCHJIHO] NPEBJAly HAaHETO] Ha TUTAHCKY MoAyory. IIpeBnaka je TepMHUKK TPETHpaHa y BasLyXy
Ha temneparypu oz 350 °C. IIpeBnaka ce cacToju Of 3pHa yjeAHAUCHE pacIofiese MO BETHYUHH O
oko 100 nm. ®oToeneKTpOXeMHjCKe KapaKTePUCTUKE YCTAaHOBIJEEHE Cy MCIINTHBAKEM IIPOMEHA T10-
TEHIMjajla OTBOPEHOT KOJIa, BpPEMEHCKE 3aBUCHOCTH CTpYje U MMIlefaHCHUX Kapakrepuctika Ti/TiO,
enexTpone mpu ocBeribeHoctH UV cBernomthy y pactBopy H,SO,4 m npn okcumaruju OeH3MI-an-
KOXOJa. Y CTaHOBJbEHA j€ (POTOAKTHBHOCT EIEKTPO/E Y HCITUTUBAHIM CHCTEMUMA.

(ITpumbeHo 2. jyna, pesuaupano 12. oktodpa 2008)
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Determination of dimethoxyphenethylamine derivatives in urine
by deuterium labeled internal standards

YA-ZHU XU!, HUEI-RU LIN2, AHAI-CHANG LUA?3 and CHINPIAO CHEN'*

! Department of Chemistry, National Dong Hwa University, Hualien 974, *Institute of Medical
Sciences, Tzu Chi University, Hualien 970 and 3Department of Laboratory Medicine and
Biotechnology, Tzu Chi University, Hualien 970, Taiwan, R. O. C.

(Received 4 February, revised 21 June 2008)

Abstract: The use of gas chromatography—mass spectrometry (GC-MS) in fo-
rensic analysis is increasing. To exploit fully the capabilities of MS, labeled
standards, that can be used to improve the performance of the quantitative ana-
lysis, and to increase accuracy and precision, are required. A series of deute-
rated internal standards, corresponding to the 2C-series of phenethylamine
derivatives, including 4-bromo-2,5-dimethoxyphenethylamine-dq (2C-B), 4-chlo-
ro-2,5-dimethoxyphenethylamine-dg (2C-C), 4-iodo-2,5-dimethoxy-phenethyl-
amine-dg (2C-I), 4-ethylthio-2,5-dimethoxy-phenethylamine-dg (2C-T-2) and
2,5-dimethoxy-4-n-propylthiophenethylamine-dg (2C-T-7), were synthesized.
These deuterated compounds were used to analyze for the corresponding un-
labeled compounds in urine. The analysis was performed using GC-MS, with
the selected ion monitoring (SIM) technique, whereby good results were achieved.

Keywords: phenethylamine; designer drugs; 2C-C; 2C-B; 2C-I; 2C-T-2; 2C-T-7.

INTRODUCTION

The increased availability of the 2C-series of phenethylamine derivatives on
the illicit market has become a serious social problem.! Shulgin et al, in their
publication, Phenethylamines I have Known and Loved (PiHKAL), documented
179 phenethylamine derivatives, including 3,4-methylenedioxymethamphetamine
(MDMA), mescaline, 2C-B, 2C-C, 2C-I, 2C-T-2 and 2C-T-7. They also descryb-
ed relevant synthetic procedures.2 Phenethylamine derivatives are increasingly
abused psychoactive drugs, the abuse of which is well documented.3-8 The series
of homologous designer drugs continues to be explored and their widespread
consumption has led to increasing number of reports of abuse and intoxication.
The abuse of psychoactive drugs from the phenylethylamine and phenylisopro-
pylamine groups has become a very serious social problem in Taiwan over the
last decade.9-22

* Corresponding author. E-mail: chinpiao@mail.ndhu.edu.tw
doi: 10.2298/JSC0812223X
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Unknown drugs are typically detected and identified by gas chromatogra-
phy—mass spectrometry (GC—MS) because this approach is highly sensitive and
can separate organic compounds in complex mixtures.23-26 The compounds are
often derivatized on the amine to yield more specific fragmentation information.
This process seriously influences the ability to detect novel amphetamine con-
trolled substance analogs.27-28 Many studies have addressed the preparation of
deuterium-labeled control drugs as internal standards for GC-MS analysis.29-39
The synthetic routes to 2C-C-dg, 2C-B-dg, 2C-1-dg, 2C-T-2-dg and 2C-T-7-dg
have been described elsewhere.3! The present investigation explores the appli-
cations of 2C-C-dg, 2C-B-dg, 2C-I-dg, 2C-T-2-dg and 2C-T-7-dg as internal standards.

EXPERIMENTAL

Reagents

Methanol and ethyl acetate (EA) were purchased from Mallinckrodt (Paris, KY, USA).
Trifluoroacetic anhydride was purchased from Fluka (Buchs, Switzerland). Stock solutions of
the analytes (100 ug mL!) were prepared in methanol. Subsequent working solutions of cali-
bration samples were prepared by diluting the stock solutions with blank urine. An internal stan-
dard (IS) solution of 2C-C-dg, 2C-B-dg, 2C-I-dg, 2C-T-2-dg and 2C-T-7-dg, each at 20 pug mL-!,
was prepared in methanol. The preparation of 2C-B-dg, 2C-C-dg, 2C-1-dg, 2C-T-2-dg and 2C-
-T-7-dg has been described elsewhere.?! The structures of 2C-B-d,, 2C-C-dg, 2C-1-dg, 2C-T-
-2-dg and 2C-T-7-dg.are presented in Fig. 1.

D3COI>\/\/NH2 D:;COIZC\/NHZ D3C0j©(\/NH2
Br OCD; Cl OCD; I OCD;

2C-B-dg 2C-C-dg 2C-l-dg
DﬁOﬁ\/NHZ D3COI>\/\/NH2
H;CH,CS OCD3 H3;CH,CH,CS OCD;3
2C-T-2-dg 2C-T-7-dg

Fig. 1. The structures of 2C-B-dg, 2C-C-dg, 2C-1-dg, 2C-T-2-dg and 2C-T-7-dj.
Procedure

Blank urine samples, which had been collected from volunteer laboratory personnel,
were used for the development of the method. Blank urine samples were spiked with appro-
priate amounts of analytes at concentrations of 0, 50, 100, 500, 1000 and 2000 ng mL"! to
prepare calibration curves. Samples were maintained in the refrigerator at 4 °C until analysis.

Instrumentation

A Hewlett Packard 6890 gas chromatograph was coupled to a Hewlett Packard 5973 qua-
drupole mass spectrometer under EI conditions. Injection was performed in the splitless mode.
The flow rate of the carrier gas (He) was 0.60 mL min™!. An HP-5MS column (12.5 mx0.20 mm
ID, 0.33 pm film thickness; Agilent Technologies, Palo Alto, CA, USA) was used. The in-
jection port temperature was maintained at 250 °C. The GC oven temperature program started
at 70 °C, which was maintained for 0.5 min, and then increased at 30 °C min’! to 255 °C,
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which was maintained for 0.5 min. One pL was injected for GC—MS analysis in the full scan mo-
nitoring mode. The total analysis time was 12 min per sample with a solvent delay of 3.0 min.
The transfer line temperature and MS source temperature were 280 and 230 °C, respectively.
The electron energy of the MS was set to 70 eV. Full scan mass spectra of analytes and their
deuterium analogs were collected in the m/z range 50—450 at a scan rate of 3.62 scan/s. The
data were collected using Hewlett-Packard ChemStation software.

Sample preparation

To a clean 12-mL screw-cap glass tube was added 2.0 mL of urine sample and 50 pL of
IS solution. The mixture was alkalinized with 2.0 mL of 1.0 M NaOH, and extracted with 3.0 mL
of EA after vortexing and subsequent centrifugation at 3000 rpm for 5 min. The organic layer
was carefully transferred to a clean tube. The mixture was evaporated to dryness under a
stream of nitrogen gas at 50-60 °C. The dried extract was dissolved in 50 puL of EA and
derivatized with 50 pL of trifluoroacetic anhydride for 30 min at 60 °C. The samples were
then cooled to room temperature, evaporated to dryness, and reconstituted with 50 pL of EA.
One pL was injected for GC-MS analysis.

RESULTS AND DISCUSSION

The total ion current chromatogram (monitored in the full scan mode) of five
phenethylamine designer drugs and four structurally related sympathomimetic ami-
nes [amphetamine (A, AMP), methamphetamine (MA), 3,4-methylenedioxyam-
phetamine (MDA), and MDMA] are presented in Fig. 2. All compounds were
chromatographically well separated. The retention times of the drugs and their
deuterated analogues are given in Table 1. Although the retention times according
to the GCs of five sets of labeled and unlabeled compounds vary very little (0.01
min), the selected ion monitoring (SIM) technique discriminates the labeled and
unlabeled compounds. Therefore, these deuterium-labeled compounds have the
potential to be used as internal standards in GC-MS analysis. The [M]" of the
labeled and unlabeled compounds did not overlap each other and no interference
from the urine samples was observed. Accordingly, the 14 [M]" were monitored
using GC-MS with a SIM. The SIM chromatogram was obtained from 2.0 mL of
urine sample with 1.0 pg of A, MA, MDA, MDMA and IS. Although A, MA,
MDA and MDMA were not the standard samples in this study, generally these
compounds were analogous to the IS samples, and could be distinguished in the
GC-MS chromatogram.

The electron impact mass spectra of 2C-B-TFA, 2C-B-dg-TFA, 2C-C-TFA,
2C-C-dg-TFA, 2C-I-TFA, 2C-I-dg-TFA, 2C-T-2-TFA, 2C-T-2-dg-TFA, 2C-T-7-
-TFA and 2C-T-7-dg are presented in Figs. 3—7. Very high [M]" peaks were
observed for 2C-B-TFA, 2C-C-TFA, 2C-I-TFA, 2C-T-2-TFA and 2C-T-7-TFA at
m/z 355, 311, 403, 337 and 351, respectively. For 2C-B-dg-TFA, 2C-C-dg-TFA,
2C-I-dg-TFA, 2C-T-2-dg-TFA and 2C-T-7-dg-TFA, very strong [M]" peaks ap-
peared at m/z 361, 317, 409, 343 and 357, respectively.
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Fig. 2. Total ion chromatography (time in min). The concentrations of
the analytes were 0.50 pg mL-.

TABLE I. Retention times and ions monitored for GC/MS analysis

Compound Retention time, min Ions monitored?® (relative intensity, %)
2C-C-dg 5.98 204, 191 (69.4), 317 (67.8)
2C-C 5.99 198, 185 (78.7), 311 (74.2)
2C-B-dg 6.26 248, 361 (76.3), 235 (61.2)
2C-B 6.27 242,355 (75.6), 229 (77.7)
2C-I-dg 6.61 409, 296 (80.9), 283 (50.8)
2C-1 6.62 403, 290 (85.6), 277 (53.1)
2C-T-2-dg 6.66 217, 343 (82.6), 230 (26.5)
2C-T-2 6.67 211,337 (74.1), 224 (23.8)
2C-T-7-dg 6.93 231,357 (78.1), 244 (23.5)
2C-T-7 6.94 225,351 (89.6), 238 (23.9)
AMP 3.64 140, 118 (91.9), 91 (40.6)
MA 4.14 154,118 (29.9), 110 (22.7)
MDA 5.05 162, 275 (49.0), 135 (234.4)
MDMA 5.51 154, 162 (78.4), 135 (56.1)

4Quantification ions underlined

The EI mass spectrum of 2C-B-dg-TFA (Fig. 3) has a base peak ion at m/z
248. This odd electron ion was formed by a McLafferty rearrangement to elimi-
nate trifluoroacetamide (Scheme 1). The ion m/z 235 was also generated by eli-
minating an N-ethylidene-2,2,2-trifluoroacetamide from the molecular ion m/z 361.
The ion m/z 203 was formed from the ion m/z 235 by the well-known specific
six-center H-rearrangement of a y-D-atom of the methoxy-d3 (OCDj3) side chain
to the benzylic part, eliminating neutral formaldehyde-d, (CD,0). This rearran-
gement was proven by comparing the mass spectrum of 2C-B-TFA and 2C-B-dg-
-TFA (Fig. 3), i.e., the ion m/z 199 corresponds to ion m/z 203 in 2C-B-dg-TFA
and the ion m/z 203 has four deuterium atoms. 2C-B-dg-TFA contains a bromine
and thus the ions m/z 361, 248, 235 and 203 always have corresponding isotopic
ions m/z 363, 251, 237 and 205. The ion m/z 151 was generated by eliminating a
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bromomethane (BrCD3) from the molecular ion m/z 248. Compounds 2C-B, 2C-C,
2C-I, 2C-C-dg and 2C-I-dg have the same fragmentation pathway, and their cor-
responding mass spectra are shown in Fig. 3-5.

a)

Abundance
260000/ e
240000¢
220000
200000
180000
160000
140000
120000
100000 201
80000 148
60000
40000 1

200000 53 7 1()5122 171

0

229

355

) I
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440

b)
Abundance

360000 248
340000
320000
300000
280000
260000 361
240000 235

220000
200000
180000
160000
140000
120000
100000 205
80000 .
60000 i 280 Fig. 3. The mass spectra of
40000 |

20000 Wl TFA derivatives of 2C-B (a)

s 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 and 2C_B_d6 (b).

O OFel* % t
Dscojd%{ Noy o SCHy |, O@?CHZ
“~d .
. e Br 0CD, . 0CD,

miz 361 m/z 248 m/z 151
+ +

l HN YCFg Br—CDj

H H’o
N

D,CO. ~ CF.
0N oy
., o)
Br OCD,

ocD;

N
Dscoﬁ‘mz DsCO._- C(Hz D4CO CH,
- D — + 0=CD,
Br \—E‘);CD:i | ‘ :@:

B N %’CDZ Br

m/z 235 m/z 203

CH; O

Scheme 1. Spectral interpretation of N-[2-(4-bromo-2,5-dimethoxyphenyl)ethyl]-
-2,2,2-trifluoroacetamide-dg (2C-B-dg-TFA).
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The EI mass spectrum of 2C-T-2-dg-TFA (Fig. 6) has a base peak ion at m/z
217. The ion m/z 217 was generated by eliminating N-ethylidene-2,2,2-trifluoro-
acetamide from the molecular ion m/z 343. This odd electron ion m/z 230 was
formed by a McLafferty rearrangement to eliminate a trifluoroacetamide (Scheme 2).
The ion m/z 185 was formed from the ion m/z 217 by the well-known specific
six-center H-rearrangement of a y-D-atom of the methoxy-d3 (OCDj3) side chain
to the benzylic part, eliminating neutral formaldehyde-d, (CD,0). This rearran-
gement was proven by comparing the mass spectrum of 2C-T-2-TFA and 2C-T-
-2-dg-TFA (Fig. 6), i.e., the ion m/z 181 corresponds to ion m/z 185 in 2C-T-2-dg-
-TFA, and ion m/z 185 has four deuterium atoms. The ion m/z 157 was generated
by eliminating an ethylene (CH;=CH,) from the molecular ion m/z 185. Com-
pounds 2C-T-2, 2C-T-7 and 2C-T-7-dg have the same fragmentation pathway
and their corresponding mass spectra are shown in Figs. 6 and 7.
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The extraction and derivatization were performed using ethyl acetate as sol-
vent. Due to the need to heat for derivatization, a solvent with boiling point
above 60 °C was selected. The boiling point of ethyl acetate is 77 °C. The deriva-
tization time (30 min) and temperature (60 °C) were selected, because these deri-
vatization conditions are well established.!©

The linearity of the quantification method was determined using calibration
standards at 0, 50, 100, 500, 1000, 2000 ng of analyte. The selected ion moni-
toring (SIM) mode was employed throughout the study. Linear regression of the
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Scheme 2. Spectral interprettation of N-[2-(4-ethylsulfanyl-2,5-dimethoxyphenyl)
ethyl]-2,2,2-trifluoroacetamide-dg (2C-2-T-d6-TFA).
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calibration curves gave 2 values between 0.9946 and 0.9999, with most values
> 0.9990. The limit of detection (LOD) was defined as the signal noise ratio,
equal to 3. The LOD values of the target compounds are given in Table II, from
which it can be seen that the calibration curves for the studied compounds gave
excellent straight lines over the range of 0-2000 ng mL-!. Thus, excellent ac-
curacy and precision could be obtained by this method.

Table II. Linear regression of the calibration curves
Coefficient of LOD (S/N =3)

Compound correlation (%) Regression line ng mL-!
2C-C 0.9998 »=0.0026x —0.0084 5.1
2C-B 0.9946 y=10.0023x + 0.0259 8.0
2C-1 0.9999 »=0.0015x - 0.0061 6.7
2C-T-2 0.9991 »=0.0018x—-0.0128 1.6
2C-T-7 0.9999 »=0.0015x - 0.0061 29

CONCLUSIONS

This study demonstrates the applications of 2C-B-dg, 2C-C-dg, 2C-I-dg,
2C-T-2-dg and 2C-T-7-dg as internal standards in GC-MS. Although the GC re-
tention times of the five sets of labeled and unlabeled compounds vary very little
(0.01 min), quantification by MS with the selected ion monitoring (SIM) tech-
nique enhances the performance of the quantitative analysis. Therefore, five de-
uterium-labeled compounds possess the potential to be used as the internal
standard for GC-MS analysis.
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U3BOJ

OJPEBUBABE NEPUBATA IUMETOKCUDEHETUJIAMHWHA YV YPUHY
IMPUMEHOM JIEYTEPUCAHNX MHTEPHUX CTAHJIAPIA

YA-ZHU XU, HUEI-RU LIN?, AHAI-CHANG LUA2 u CHINPIAO CHEN!

! Department of Chemistry, National Dong Hwa University, Hualien 974, 2Institute of Medical Sciences, Tzu Chi University,
Hualien 970 u> Department of Laboratory Medicine and Biotechnology, Tzu Chi University, Hualien 970, Taiwan, R. O. C.

VY dopeH3nukoj aHaIM3UW NpPHMEHA racHe XpomaTorpaduje ca MaceHOM CIEKTPOMETPUjOM
(GC-MYS) je cBe Beha. Yrorpeba obenexxeHUX CTaHAApAa MOXKe MoOoJpIIaTH epopMaHce KBaH-
THTAaTHBHE XEeMHjCKe aHal3e, moBehameM TaYHOCTH M Ipelu3HocTH oapehuBama MerogoM GC-MS.
CuHTeTHCaHa je cepHja NeyTepHCAaHUX MHTEpHHUX CTaHIapia, koja oxromapa 2C cepuju JepuBara
¢denernnamuna, ykipyayjyhu 4-6pom-2,5-nmumerokcudenerunamun-dg (2C-B), 4-xmop-2,5-aumero-
keugpernermwamud-dg (2C-C), 4-jon-2,5-numerokcu-penermnamun-dg (2C-I), 4-etunruo-2,5-mumer-
okcu-(penerunaMut-dg (2C-T-2) u 2,5-numerokcu-4-n-npormmntunodenerunamun-dg (2C-T-7). [ey-
TEpUCaHa jeIubemka cy KopumheHa y aHaIu3H OAroBapajyhnx HEOOeTIeKEHUX jeAUmBeHmha Y y30p-
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muMa ypuHa. AHanusa je uzBeznena npumeHoM GC-MS y SIM (TexHnka MOHUTOpPHHTA OJabpaHnX
jOHa) Mozy, IIPH YeMy Cy HOOMjaHH aHAJIMTHYKHU NOY31aHHU PE3YJITATH.
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Abstract: The apparent molar volumes, ¢y, and viscosity B-coefficients, B, for
nicotinic acid (NA) and benzoic acid (BA) in mixed solvents containing 10, 20,
30 mass % of n-amyl alcohol (n-AmOH) or isoamyl alcohol (i-AmOH) in me-
thanol and in pure methanol (MeOH) were determined from the solution den-
sity and viscosity measurements at 298.15 K as function of concentrations of
NA and BA. These results were, in conjunction with the results obtained in pure
methanol, used to deduce the partial molar volumes of transfer, A¢,9 , and vis-
cosity B-coefficients of transfer, AB, for NA and BA from methanol to diffe-
rent mixed methanol solvents, in order to rationalize various interactions in the
ternary solutions. An increase in the transfer properties of NA and BA with in-
creasing mass % of n-AmOH and i-AmOH in methanol was observed and ex-
plained by the effect of structural changes and preferential solvation. Also, the
free energies of viscous flow, Az* and Az , per mole of solvent and solute,
respectively, were calculated and analyzed on the basis of the transition state
theory of relative viscosity.

Keywords: apparent molar volumes; viscosity B-coefficients; nicotinic acid;
benzoic acid; solute—solvent interactions.

INTRODUCTION

Many enzymes require a non-protein co-factor for their catalytic activities.
Vitamins are essential precursors for various co-enzymes. These co-enzymes are
therefore required in almost all metabolic pathways.! Nicotinic acid (pyridine-3-
-carboxylic acid) is an essential micro-nutrient, a reactive moiety of the co-en-
zyme nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinuc-
leotide phosphate (NADP).2 NAD is involved in the catabolism of carbohydrates,
fats, and proteins with simultaneous energy production. The NADP functions con-
sist especially of anabolic processes of fatty acids and cholesterol synthesis.3—>
Sometimes nicotinic acid is referred to as nothing more than vitamin PP (Pellagra
Preventive),2:0:7 since its deficiency in human diet causes pellagra.

* Corresponding author. E-mail: mahendraroy2002@yahoo.co.in
doi: 10.2298/JSC0812235R
1235
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Benzoic acid is a good adsorbing reagent for insulin89 and is used in
medicine as a urinary antiseptic and in the vapor form for disinfecting bronchial
tubes. 10 This acid also finds many important applications in the manufacture of
alkyl resins, plasticizers and pharmaceuticals.!!

Volumetric properties of the binary or ternary mixtures have recently been
studied extensively. In particular, much effort has gone into the determination of
partial molar volumes at infinite dilution, as they are the key to solvation pheno-
mena. Although there are studies on various properties of nicotinic acid (NA)
7,12-17.20 and benzoic acid (BA) %18-22 in the literature, studies on partial molar
volumes and viscosities of these compounds in mixed solvent systems are still
scarce. Hence in this study an attempt was made to study these properties for NA
and BA in binary mixtures of methanol with n-amyl (n-AmOH) and isoamyl al-
cohol (i-AmOH) at 298.15 K to unravel the various interactions prevailing in the
ternary systems under investigation.

EXPERIMENTAL

Nicotinic acid and benzoic acid were purchased from the Sigma Chemical Company,
USA and used as received. Their purity as supplied by the vendor was 99 %. A. R. Grade
methanol, n-amyl alcohol and isoamyl alcohol were purchased from Merck, India. The purity
of the alcohols as given by the vendor was also 99 %. The purification of methanol was cited
in an earlier paper.23 Both n-AmOH and i-AmOH were dried with anhydrous K,CO; and frac-
tionally distilled. The middle fraction was collected and kept free from humidity with 3 A mo-
lecular sieves.2# The physical properties of the different pure liquids and mixed methanol sol-
vents are listed in Table 1.

TABLE I. Physical properties of different pure and mixed methanol solvents at 298.15 K

Solvent - rle Cm_3. - 7/ mPa s,
Experimental = Literature =~ Experimental  Literature

Methanol 0.7869 0.786926 0.547 0.54726
n-Amyl alcohol 0.8115 0.8110% 3.350 3.350%
Isoamyl alcohol 0.8071 0.807124 3.475 3.480%4
10 mass % of n-amyl alcohol 0.7883 - 0.569 —
20 mass % of n-amyl alcohol 0.7898 - 0.645 —
30 mass % of n-amyl alcohol 0.7923 - 0.732 -

10 mass % of isoamyl alcohol 0.7882 - 0.574 -
20 mass % of isoamyl alcohol 0.7900 - 0.648 -
30 mass % of isoamyl alcohol 0.7911 - 0.720 -

Stock solutions of NA and BA in different mixed methanol solvents and in pure metha-
nol were prepared by mass and the working solutions were prepared by mass dilution. The
conversion of molality into molarity was accomplished using the experimental density values.
Great care was taken in minimizing evaporation losses and preventing moisture pick-up. The
uncertainty in the molarity of the nicotinamide solutions was evaluated to =0.0001 mol dm™3.

The densities were measured with an Ostwald—Sprengel type pycnometer having a bulb
volume of 25 cm? and an internal diameter of the capillary of about 0.1 cm. The pycnometer
was calibrated at 298.15 K with doubly distilled water and purified benzene. The pycnometer
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with the test solution was equilibrated in a water bath maintained at £0.01 K of the desired
temperature. The pycnometer was then removed from the thermostatic bath, properly dried,
and weighed. The mass measurements accurate to +£0.01 mg were made on a digital electronic
analytical balance (Mettler Toledo, AG 285, Switzerland). The total uncertainty in density
was estimated to be £0.0001 g cm™ and that of the temperature +0.01 K.

The viscosity was measured by means of a suspended Ubbelohde type viscometer, which
had been thoroughly cleaned, dried and calibrated at 298.15 K with triply distilled water and
purified methanol. It was filled with experimental liquid and placed vertically in a glass sided
thermostat bath maintained constant to +0.01 K. The efflux times of flow of the liquids were
recorded with a stopwatch correct to 0.1 s. The viscosity of a solution, 7, is given by the
following equation:

n=(kr—§)p (1)

where k and L are viscometer constants and ¢ and p are the efflux time of flow and the density
of the experimental liquid, respectively. The uncertainty in the viscosity measurements was
within £0.003 mPa s. Details of the methods and techniques of density and viscosity measure-
ments were described elsewhere.2%26 The experimental values of concentrations c, densities vis-
cosities, and derived parameters of the studied ternary solutions at 298.15 K are reported in Table II.

TABLE II. Concetration, density, viscosity, apparent molar volume, ¢y, and (77, —1)/ \/Z for
nicotinic acid and benzoic acid in methanol and mixed methanol solvents at 298.15 K

¢/ mol dm™ p/gem3 n/mPas ¢y / cm3 mol! (i, —1) /e
Nicotinic acid
In methanol

0.0197 0.7880 0.551 88.32 0.0521
0.0320 0.7886 0.553 87.09 0.0613
0.0517 0.7898 0.559 85.57 0.0965
0.0690 0.7908 0.563 84.28 0.1113
0.0779 0.7913 0.565 83.91 0.1179
0.0821 0.7916 0.566 83.70 0.1212
In 10 mass % of n-AmOH + MeOH
0.0200 0.7893 0.575 93.55 0.0746
0.0325 0.7900 0.579 92.20 0.0975
0.0524 0.7910 0.584 90.45 0.1152
0.0699 0.7920 0.590 89.08 0.1396
0.0874 0.7930 0.596 87.95 0.1605
0.0901 0.7932 0.597 87.80 0.1639
In 20 mass % of n-AmOH + MeOH
0.0200 0.7908 0.647 92.90 0.0219
0.0325 0.7915 0.651 90.04 0.0516
0.0524 0.7927 0.656 86.29 0.0745
0.0699 0.7938 0.662 83.76 0.0996
0.0874 0.7949 0.668 81.67 0.1206

0.0900 0.7951 0.669 81.31 0.1240
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TABLE II. Continued

¢/ mol dm™ o/ gcm3 n/mPas @y / cm3 mol'! (-1 /e

Nicotinic acid

In 30 mass % of n-AmOH + MeOH

0.0199 0.7931 0.737 104.64 0.0484
0.0325 0.7937 0.742 101.01 0.0758
0.0524 0.7948 0.752 95.17 0.1194
0.0698 0.7957 0.760 93.90 0.1448
0.0812 0.7964 0.765 91.65 0.1582
0.0815 0.7964 0.765 91.89 0.1579
In 10 mass % of i-AmOH + MeOH
0.0198 0.7893 0.579 83.32 0.0619
0.0321 0.7900 0.582 83.12 0.0778
0.0519 0.7912 0.589 82.85 0.1147
0.0692 0.7922 0.595 82.68 0.1391
0.0865 0.7932 0.601 82.50 0.1599
0.0878 0.7933 0.601 82.49 0.1587
In 20 mass % of i-AmOH + MeOH
0.0197 0.7909 0.651 98.01 0.0330
0.0321 0.7916 0.655 92.74 0.0603
0.0518 0.7927 0.662 89.86 0.0949
0.0690 0.7938 0.668 86.12 0.1175
0.0780 0.7943 0.671 86.05 0.1271
0.0822 0.7946 0.673 85.00 0.1346
In 30 mass % of i-AmOH + MeOH
0.0197 0.7920 0.729 97.87 0.0891
0.0321 0.7927 0.738 92.61 0.1395
0.0518 0.7941 0.754 82.41 0.2075
0.0691 0.7954 0.765 76.96 0.2378
0.0839 0.7967 0.777 72.00 0.2733
0.0849 0.7967 0.778 71.70 0.2765

Benzoic acid

In methanol

0.0200 0.7885 0.553 88.60 0.0776
0.0320 0.7890 0.556 88.45 0.0920
0.0519 0.7898 0.560 88.25 0.1043
0.0719 0.7907 0.564 88.11 0.1159
0.0878 0.7915 0.567 88.01 0.1234
0.0999 0.7919 0.569 87.96 0.1272
In 10 mass % of n-AmOH + MeOH
0.0204 0.7894 0.573 86.51 0.0492
0.0325 0.7901 0.576 84.66 0.0682
0.0528 0.7913 0.580 82.84 0.0841
0.0732 0.7926 0.585 80.40 0.1039
0.0894 0.7936 0.588 79.71 0.1117

0.0996 0.7943 0.591 78.50 0.1225
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TABLE II. Continued

¢/ mol dm™ o/ gcm3 n/mPas @y / cm3 mol'! (-1 /e
Benzoic acid
In 20 mass % of n-AmOH + MeOH

0.0200 0.7906 0.648 101.50 0.0329
0.0320 0.7912 0.650 99.46 0.0433
0.0521 0.7922 0.656 97.10 0.0747
0.0722 0.7932 0.661 95.06 0.0923
0.0883 0.7941 0.665 93.60 0.1043
0.0983 0.7946 0.668 92.79 0.1137
In 30 mass % of n-AmOH + MeOH
0.0200 0.7931 0.734 103.65 0.0193
0.0320 0.7938 0.738 100.59 0.0458
0.0520 0.7947 0.743 97.13 0.0659
0.0719 0.7957 0.749 94.19 0.0866
0.0879 0.7968 0.755 91.73 0.1060
0.0999 0.7971 0.759 90.57 0.1167
In 10 mass % of i-AmOH + MeOH
0.0199 0.7891 0.577 95.84 0.0370
0.0318 0.7897 0.579 94.86 0.0488
0.0518 0.7907 0.583 93.57 0.0689
0.0716 0.7917 0.587 92.55 0.0846
0.0876 0.7926 0.590 91.67 0.0942
0.0995 0.7932 0.593 91.14 0.1049
In 20 mass % of i-AmOH + MeOH
0.0199 0.7910 0.650 104.64 0.0219
0.0318 0.7914 0.652 102.54 0.0346
0.0516 0.7924 0.657 99.67 0.0611
0.0716 0.7933 0.662 97.32 0.0807
0.0874 0.7941 0.666 95.69 0.0940
0.0994 0.7945 0.670 94.75 0.1077
In 30 mass % of i-AmOH + MeOH
0.0199 0.7918 0.725 109.90 0.0492
0.0319 0.7923 0.729 106.82 0.0700
0.0517 0.7932 0.736 103.02 0.0977
0.0716 0.7944 0.743 96.11 0.1194
0.0875 0.7950 0.749 98.03 0.1362
0.0994 0.7956 0.755 97.14 0.1542
RESULT AND DISCUSSION

For the analysis of the solvation state of NA and BA in mixed methanol sol-
vents and the interactions existing between different components in the studied
solutions, the apparent molar volumes (¢@y) were determined from the solution
densities using the following equation:25-27
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M 1000(p — po)

£0 poc

where M is the molar mass of the solute, ¢ is the concetration of the solution and
po and p are the densities of the solvent and solution, respectively. The experi-
mental @y values were fitted to Masson Equation:28

#y +Spe 3)

where ¢V is the part1a1 molar volume at infinite dilution and SV is the experi-
mental slope. The ¢V values were determined by ﬁttlng the dilute data (¢ < 0.1)
to Eq. (3) using the least-square fit. The values of ¢V and SV at the experlmental
temperature are reported in Table III. The estimated uncertainties in ¢V are equal
to standard deviation, o, the root mean square of the deviations between the ex-
perimental and calculated ¢y for each data point. Table III shows that the ¢[9 va-
lues are generally positive and increase with increasing amount of n-AMOH/i-AmOH
in the ternary solutions. This indicates the presence of strong solute—solvent in-
teractions which are further strengthened at higher amounts of #7-AMOH/i-AmOH
in the ternary solutions. Also, the ¢[9 values are comparatively more positive for
the solutions containing BA than for those containing NA. This is a clear mani-
festation that solute—solvent interactions are more prominent in BA solutions.
The negative SV values indicated that the investigated solutions are characterized
by weak solute—solute interactions.

t = 2)

TABLE III. Limiting partial molar volume (¢,) and experimental slope (S;) for nicotinic
acid and benzoic acid in methanol and different mixed methanol solvents with standard de-
viations (o) at 298.15 K

Solute Solvent ¢ /em3mol! Sy /em?dm!Zmol3? o

NA MeOH 92.81 -31.99 0.01
10 mass % of n-AmOH+MeOH 98.74 -36.46 0.01
20 mass % of n-AmOH+MeOH 103.17 -73.07 0.01
30 mass % of n-AmOH-+MeOH 116.75 —88.25 0.22
10 mass % of i-AmOH+MeOH 84.07 -5.35 0.02
20 mass % of i-AmOH+MeOH 108.99 —-84.42 1.74
30 mass % of i-AmOH+MeOH 123.23 —175.74 0.45

BA MeOH 89.11 -3.70 0.01
10 mass % of n-AmOH+MeOH 92.97 —45.35 1.21
20 mass % of n-AmOH+MeOH 108.55 -50.28 0.02
30 mass % of n-AmOH+MeOH 114.16 —74.96 0.02
10 mass % of i-AmOH+MeOH 99.66 -26.87 0.01
20 mass % of i-AmOH-+MeOH 112.73 -57.38 0.01
30 mass % of i-AmOH+MeOH 120.69 -79.33 0.02

Partial molar volumes of transfer from methanol to different mixed methanol
solvents, A¢I9 , were determined using the relation:29-30
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AgY = ¢ (mixed methanol solvent) — @ (methanol) 4)

The Agzig value is, by definition, free from solute—solute interactions and
therefore provides information regarding solute—co-solute interactions.29 Alco-
hols are characterized by the presence of extensive intermolecular hydrogen bond-
ing in the pure state,3! as well as in their mixtures. However, the strength of hy-
drogen bonding depends on the position of the —OH group and molecular shape.
Due to the branched structure of i-AmOH, intermolecular hydrogen bonding is
less32:33 in i-AmOH + MeOH mixtures than in the n-AmOH + MeOH system.
This fact may also be due to the order of the +I-effect: MeOH < n-AmOH <
<i-AmOH and thereby decreasing the polarity of the alcoholic O-H bonds. This
decreased polarity of the alcoholic O—H bonds decreases the degree of intermole-
cular hydrogen bonding in the mixtures but increases the solvation of the studied
solutes, predominantly by hydrophobic—hydrophobic group interactions.>4 As can
be seen from Table IV, the value of A¢8 is positive and increases monotonically
with the amount of #-AmOH/i-AmOH in the ternary mixtures, indicating increas-
ed solute—solvents interactions in the mixed methanol solvents. Also, it is evident
that this increasing trend is, on average, greater for the i-AmOH + methanol sys-
tem than for the n-AmOH + methanol system. This suggests that NA and BA are
preferentially more solvated by n-AmOH/i-AmOH than by methanol and the
branched structure of i-AmOH renders it a more efficient solvent for the studied
solutes. Also, the A¢,9 values are generally more positive for mixtures contain-
ing BA, i.e., the solute—solvent interactions are comparatively more prominent
for the BA mixtures than for the NA mixtures. This may be attributed to their
structural difference and, inasmuch as the local structure in solutions depends on
the forces between molecules and on the form and volume of the molecules, it
will change with the composition. The A¢V0 values are depicted graphically in
Figs. 1 and 2 as a function of mass % of n-AmOH/i-AmOH in the solutions for
the studied solutes at 298.15 K.

A perusal of Table V shows that the values of the 4 coefficient are generally
negative for all the investigated solutions at the experimental temperature. These
results indicate the presence of weak solute—solute interactions and that these in-
teractions further decrease with increasing mass % of n-AmOH/i-AmOH in the
solutions. The viscosity B-coefficient3¢ reflects the effects of solute—solvent in-
teractions on the solution viscosity. Table V illustrates that the values of the vis-
cosity B-coefficient for selected solutes in the studied solvent systems are posi-
tive, thereby suggesting the presence of strong solute—solvent interactions and
these interactions are further strengthened with increasing mass % of n-AmOH/i-
-AmOH in the ternary solutions.

The viscosity B-coefficients of transfer (AB) from methanol to different mixed
methanol solvents were determined using the relation:29-30
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AB = B(mixed methanol solvent) — B(methanol) (6)

The AB values, shown in Table IV, and depicted graphically in Figs. 1 and 2
as a function of mass % of n-AmOH/i-AmOH in solutions at 298.15 K, support
the results obtained from the A¢8 values discussed above.

TABLE 1V. Values of A¢} and AB of transfer from methanol to different mixed methanol
solvents for NA and BA at 298.15 K. The viscosity data of the studied non-aqueous solutions
of NA and BA were analyzed using the Jones—Dole Equation:-”5

e )
0

where 7, = 1/ny; 1o and 7 are the viscosities of the solvent and solution, respectively. 4 and B

are constants estimated by the least-squares method and reported in Table V

Solute Solvent A@? / cm3 mol! AB / cm?® mol'!

NA 10 mass % of n-AmOH 5.93 0.052
20 mass % of n-AmOH 10.36 0.127
30 mass % of n-AmOH 23.94 0.270
10 mass % of i-AmOH -8.74 0.152
20 mass % of i-AmOH 16.18 0.183
30 mass % of i-AmOH 30.42 0.721

BA 10 mass % of n-AmOH 3.86 0.127
20 mass % of n-AmOH 19.44 0.202
30 mass % of n-AmOH 25.05 0.259
10 mass % of i-AmOH 10.55 0.106
20 mass % of i-AmOH 23.62 0.213
30 mass % of i-AmOH 31.58 0.304

TABLE V. Values of viscosity 4 and B coefficients with standard errors in parenthesis for NA
and BA in methanol and different mixed methanol solvents at 298.15 K

Solute Solvent A/ cm3?2 mol12 B/ cm?® mol!

NA McOH 20,022 (£0.007) 0.502 (£0.031)
10 mass % of n-AmOH 0.005 (£0.011) 0.554 (£0.030)
20 mass % of n-AmOH —0.066 (0.006) 0.629 (£0.022)
30 mass % of n-AmOH ~0.061 (£0.002) 0.772 (£0.007)
10 mass % of i-AmOH ~0.034 (+0.006) 0.654 (+0.010)
20 mass % of i-AmOH ~0.063 (£0.004) 0.685 (£0.015)
30 mass % of i-AmOH ~0.080 (+0.007) 1223 (+0.018)

BA McOH 0.040(0.000) 0.281 (£0.001)
10 mass % of n-AmOH ~0.008(0.007) 0.408 (£0.015)
20 mass % of n-AmOH —0.038(0.001) 0.483 (£0.013)
30 mass % of n-AmOH —0.055(0.002) 0.540 (£0.007)
10 mass % of i-AmOH ~0.019(0.001) 0.387 (£0.002)
20 mass % of i-AmOH ~0.051(0.006) 0.494 (+0.017)

30 mass % of i-AmOH

~0.035(+0.012)

0.585 (£0.040)
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Fig. 1. Plots of partial molar volume of transfer, Ag_ , and viscosity B-coefficient of transfer,
AB, from methanol to methanol + n-AmOH (m)/i-AmOH (o) solvents for nicotinic acid and

benzoic acid at 298.15 K; Solid and dotted lines are for Ag? and AB, respectively.
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Fig. 2. Plots of partial molar volume of transfer, Ag_ , and viscosity B-coefficient of transfer,
AB, from methanol to different mixed methanol solvents for nicotinic acid (m) and benzoic

acid () at 298.15 K; Solid and dotted lines are for Ag for AB, respectively.
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The viscosity data were also analyzed on the basis of the transition state
theory of relative viscosity as suggested by Feakings et al.37 using the following
equation:

=0 0
RT(000B+V,—V{)
A,ug;é = A,ug;‘6 + —0 2 1 (7
Vl
where A,u is the contribution per mole of the solute to the free energy of
0

activation of viscous flow of the solutions. Vl and V', are the partial molar vo-
lumes of the solvent and solute, respectively. A/l of the solutions was deter-
mined from the above relation. The free energy of activation of viscous flow for
the pure solvent/solvent mixture, Au)” , is given by the relation:37-38

AuY* = AG™ =RTIn (ZB\Z/I
A

where Ny is the Avogadro constant, 4 the Planck constant, 77y the viscosity of the
solvent, R the gas constant and T the absolute temperature. The Values of the
parameters A,ul andA,u2 are given in Table VI. They show that A,ul is al-
most constant at all the solvent compositions, implying that A,u2 is dependent
mamly on the viscosity B-coefficients and the V2 V1 terms. However, the
A,u * values were found to be positive at the experimental temperature and this
suggests that the process of viscous flow becomes more difficult as the amount of
n-AmOH/i-AmOH increases in the ternary solutions. Thus, the viscous behavior
of the studied solutes reinforces the earlier contention that strong solute—solvent
interaction exists in the present systems. According to Feakings et al.,3” Auo;‘t >

) (8)

TABLE VL. Values of V2-V71, A and Aw)”* for NA and BA in methanol and different
mixed methanol solvents at 298.15 K

Solute Solvent (75-71)x10°/ m3 mol”! Az /kJ mol!  Aud* /kJ mol!

NA MeOH 52.09 9.97 43.72
10 mass % of n-AmOH 55.33 10.23 45.02
20 mass % of n-AmOH 56.69 10.71 47.27
30 mass % of n-AmOH 66.77 11.20 52.80
10 mass % of i-AmOH 40.65 10.25 4991
20 mass % of i-AmOH 62.52 10.72 50.59
30 mass % of i-AmOH 73.17 11.16 75.35

BA MeOH 48.39 9.97 30.02
10 mass % of n-AmOH 49.56 10.23 36.35
20 mass % of n-AmOH 62.07 10.71 39.77
30 mass % of n-AmOH 64.18 11.20 41.16
10 mass % of i-AmOH 56.24 10.25 35.55
20 mass % of i-AmOH 66.26 10.72 40.60

30 mass % of i-AmOH 70.63 11.16 43.58
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> A,u{)i for solutes with positive viscosity B-coefficients indicates stronger solu-
te—solvent interactions, thereby suggesting that the formation of the transition state
is accompanied by the rupture and distortion of the intermolecular forces in the
solvent structure.3” In the present study, the found relation A,ug;é > A,ulo * sug-
gests an increase in the bulk structure of methanol in the presence of NA and BA
due to the preferential solvation of the said solutes by n-AmOH/i-AmOH,
releasing some methanol molecules to the bulk structure. In fact, Feakings et al37
showed A,u20¢ > A,ulo * for solutes that are structure promoters.

CONCLUSION

In summary, the A(/ﬁg and viscosity B-coefficient values for nicotinic acid
and benzoic acid indicate the presence of strong solute—solvent interactions and
these interactions are further strengthened at higher amount of n-AmOH/i-AmOH
in the ternary solutions. Also, they were found to act as methanol-structure pro-
moters and their solvation behavior towards the mixed alcoholic solvents were
more or less similar to in nature.
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U3BOJ

N3YYABABE MHTEPAKIIMJA PACTBOPEHA CYCIICTAHIIA-PACTBAPAY V
PACTBOPUMA HUKOTHUHCKE U BEH30EBE KNCEJIMHE Y METAHOJIY U
BMHAPHOJ CMEIIINU PACTBAPAYA

MAHENDRA NATH ROY, LOVELY SARKAR u BIPUL KUMAR SARKAR
Department of Chemistry, University of North Bengal, Darjeeling-734013, India

Ha ocHOBY 3aBHCHOCTH I'yCTHHE M BUCKO3HOCTH O KOHIIeHTpauuje HukoTuHcke (NA) u Oen-
30eBe (BA) kucenune y OuHapHOM pactBapady, koju caapxu 10, 20 u 30 mass % n-amui ankoxosna
(n-AmOH) nnm n3oamu ankoxoia y mMeranoiy (i-AmOH), 1 uucToM MeTaHOJy, Ha TEMIEPaTypu
298,15 K, oxmpehene cy BpeAHOCTH NPHBHAHMX MOJIAPHHX 3alpeMuHa, ¢y, U B koepunujeHTa
BHCKO3HOCTH. OBH pe3yiTaTH cy HcKopHuinheHH 3a onpehuBame MapuujaIHe MONapHe 3allpeMHHE,
A¢¢9, u B xoedunmjerra BuckozHocTH, AB, peHoca 32 NA u BA on MeraHOma Ka pa3IHyuTAM
OMHApHUM METAHOJCKHM pacTBapaynmMa, Aa OM ce PalMOHAIM30BAJIC PA3IMYUTE MHTEPAKLMjEC Y
TepLMjapHAM pacTBopuMa. YoueH je mopacT BenuyuHa npeHoca NA u BA ca mopactom caapikaja
n-AmOH wimm i-AmOH y wmeraHony, koju je ofjammeH edexTHMa CTPYKTYpHHX HpPOMEHA H
npedepeHnyjagHe conBarandje. Takohe, u3padyHare Cy M MOJIapHE IIPOMEHE XEMMHjCKOT
MIOTEHIMjaJIa 3a pacTBapad U pacTBOPEHY CyCTaHILy, A,uf# u A,ug¢ , PECIIEKTHBHO, U aHAJIM3UpPaHEe
y CKJIa[y ca TEOPHjOM IIPETa3HOT CTama U PelaTUBHOM BHCKO3HOMINY.

(ITpumsbeno 22. HoBem6pa 2007, peBuanpano 23. anpuna 2008)
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-TEJITIOCTYIIKOM...”
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