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AUTHORS REVIEW
Molecular interaction studies of the volumetric behaviour of
binary liquid mixtures containing alcohols

BOJAN D. DJORDJEVIC*#S IVONA R. RADOVICY, MIRJANA LJ. KIJEVCANIN,
ALEKSANDAR Z. TASIC and SLOBODAN P. SERBANOVIC*

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
P.O. Box 35-03, 11120 Belgrade, Serbia

(Received 13 January 2009)

Abstract: An attempt has been made to relate the volumetric effects involved in
the binary mixtures of normal and branched acohols and various components
(aromatics, halo and nitroaromatics and haloaliphatics) with the molecular in-
teractions of unlike molecules. This review is a condensation of research ac-
tivities developed in recent years as results of a better understanding of volu-
metric behaviour and a stronger insight into the complex structure of those
mixtures. The influence of important contributions of a physical, chemical and
geometrical nature that change excess molar volume, VE (positive, sigmoidal,
negative) is considered and explained in detail. It appears that the balance
between these contributions is quite sensitive to the behaviour of the alcohol
molecules in contact with the chosen compounds.

Keywords: molecular interactions; volumetric properties; excess volume; alco-
hols; binary liquid mixtures.
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478 DJORDJEVIC et al.

1. INTRODUCTION

The knowledge of the structure and molecular interactions of liquid mixtures
is very important from fundamental and engineering point of view.

Fundamental thermodynamic and thermophysical properties are essentia sour-
ces of information necessary for a better understanding of the non-ideal beha
viour of complex systems because of physical and chemical effects, which are
caused by molecular interactions, intermolecular forces, etc., of unlike molecules.

From a practical point of view, these properties are necessary for the deve-
lopment of thermodynamic models required in adequate and optimized processes
of the chemical, petrochemical, pharmaceutical, and other industries. In addition,
extensive information about structural phenomena of mixtures is of essential im-
portance in the development of theories of the liquid state and predictive me-
thods. This review is focused on the qualitative explanation of the influence of
molecular structure on volumetric properties of different alcohols with some aro-
matics and halo-aromatics, nitro compounds or halo-aliphatics. In addition, this
study also provides a better insight into the nature of the molecular interaction in
the aforementioned systems. Besides their theoretical importance, these systems
were chosen since they are very interesting from a practical point of view: (i) due
to their diverse industrial applications, they are present as pollutants causing air,
water and soil contamination, and some of them have cancerous features; (ii)
alcohols and other organic compounds are employed in a variety of industrial and
consumer applications, such as perfumes, cosmetics, paints, varnishes, drugs,
fuels, explosives, fats, waxes, resins, plastics, rubber, detergents, DDT, etc.,
while chloroform is applied as a solvent in the pharmaceutical industry, the paint
industry, in the chemical production of pesticides, oils, alkaloids, etc.

Some research activities, including the modelling of volumetric properties
by various models (CEOS, CEOS/GE and empirical models) with modern mixing
rules were systematically considered in previous reviewsl2 and in other papers
particularly concerning the correlation3-8 and prediction of volumetric and other
thermodynamic properties. %15

2. VOLUMETRIC PROPERTIES

The density (p) of the binary systems, the molecular behaviours of which
were analyzed in this work, were measured by means of a DMA 5000 digital
vibrating U-tube densimeter (with automatic viscosity correction) having a stated
accuracy +5x10-3 kg-m3. The temperature in the cell was regulated to +0.001 K
with a built-in solid-state thermostat. To minimize errorsin composition, all mix-
tures were prepared by mass using the cell and the procedure described previou-
dy;16.17 presently, a Mettler AG 204 balance with a precision of 1x104 g was em-
ployed. The uncertainty in the mole fraction calculation was less than +1x104. All
molar quantities were based on the lIUPAC Relative Atomic Mass Table. The ex-
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BINARY LIQUID MIXTURES CONTAINING ALCOHOLS 479

perimental uncertainty in the density was about +1x10~2 kg-m3, while the ave-
rage uncertainty in the excess molar volume was estimated to be +3x10-2 m—3-mol-1.
The excess molar volumes, VE, were cal culated from the equation:

n
VE=3xM; (G- ®
i=1 P Pi
where n represents the number of components, x; is the mole fraction of i-th com-
ponent in the mixture, M; its molecular weight, and p and p; the measured
densities of the mixture and the pure i-th component, respectively.

Since in previous papers6-25 experimental measurements of the correspond-
ing systems were presented by VE—x; curves, in this work these graphs are plot-
ted only for the systems that are suitable for a better understanding of the com-
plex behaviour of the chosen mixtures.

The observed values of VE can be analyzed qualitatively in terms of the fol-
lowing resulting effects, which predominate in some mixtures or in a certain mole
fraction region:26-35 (i) physical, (ii) chemical and (iii) geometrical contribution.
Consequently, VE depends on the rel ative strength of these effects.

The physical interactions comprise mainly dispersion forces and non-speci-
fic interactions. The chemical contribution arises mainly due to hydrogen bond
rupture because of the breaking up of the hydrogen bond structure, and specific
interaction such as hydrogen bond formation and charge-transfer complexes. This
intention can be considered as the reaction between an alcohol, as a Lewis acid,
and an aromatic compound, as a Lewis base. It should be emphasized that the
hydrogen bond energy is determined by four components:36.37 (i) the polarization
term, (ii) the electrostatic term, (iii) the exchange repulsion term and (iv) charge
transfer or delocalisation term.

The geometrical contribution occurs due to packing effects arising from
interstitial accommodation of one component into the other due to differencesin
free volumes and molar volumes between the components.

3. ALCOHOL + AROMATIC SYSTEMS
3.1. 1-Alcohols with aromatics

Numerous articles36:38-43 have demonstrated that alcohols are strongly self-
-associated (forming clusters) through H-bonded linear chains (OH---OH interac-
tions), with restricted rotation about the H-bonds and showing variable degrees of
polymeric aggregates. The degree and strength of polymerisation decrease with
increasing chain length of the carbon atoms and with branching of an alcohol.

Mixing of alcohols with other organic components enables that some mole-
cules can dissociate from the multimers to form other kinds of H-bonds with
unlike molecules. This process will depend on the proton accepting ability of the
functional group in the molecule.
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480 DJORDJEVIC et al.

However, aromatic hydrocarbons are potential electron donors and electron
donor—acceptor interactions between benzene and the hydrogen of acohol hyd-
roxyl group are of importance here.

Figure 1 shows experimental points of VE at 308.15 K for the 1-alcohol + ben-
zene systems reported in previous papers.18:19,21,24,32,4445 These data can be ex-
plained qualitatively on the basis of different aforementioned effects predomi-
nating in certain mole fraction regions.

to ® methanol®
0.25 O ethanol™ b
A 1-propanol”
Y v 1-butanol™
0.20 4 ——RK polynomia!_
5 015 .
g
g -
S 010+ // .
N
0.05 - i
A
0.00 $ . Fig. 1. Experimental values of VE for the
z systems of 1-alcohols (1) with benzene (2)
1 a 308.15 K. The symbols refer to the ex-
0.05 -— perimental points, while the lines present the
0.0 0.2 0.4 0.6 0.8 1.0 results calculated by the Redlich—Kister po-
ol lynomial 192124

As can be seen from this Fig. 1, the VE of the mixtures of benzene with
1-alcohols show sigmoidal vs. mole fractions curves, except for the system 1-bu-
tanol + benzene for which positive VE values were observed over the whole con-
centration range. When 1-alcohol molecules are added to a large amount of ben-
zene, depolymerisation of the network of pure alcohols occurs, resulting in posi-
tive values of VE. These VE values indicate that there were no stronger specific
interactions between the components of the mixtures but that this effect was the
result of breakage of the bonds formed among the alcohol structure. This positive
contribution is a consequence of hydrogen bond rupture and stretching of the
self-associated molecules of the alcohols, which is insensitive to the chain length
of the 1-alcohols (Fig. 1). The negative values of VE in the alcohol-rich region
indicate that complex formation occurred between the alcohols and benzene,*4
resulting in predominant electron donor—acceptor type (benzene behaves as the
electron donor) of interactions between the OH group of the 1-alcohol and the ©
electrons of the aromatic ring of benzene. At higher mole composition of the
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BINARY LIQUID MIXTURES CONTAINING ALCOHOLS 481

1-propanol + benzene mixture, the VE values tend to be dightly negative, meaning
that the breaking up of the associated a cohol aggregatesis not completed and the
benzene molecules are fitted into the propanol network. This situation is also
clear for mixtures with methanol, where the tendency of interstitial accommo-
dation of its molecules into benzene leads to negative values of VE.30 As can be
seen from Fig. 1, the experimental data for the 1-butanol + benzene system were
positive over the whole composition range at all investigated temperatures. These
positive VE values can be qualitatively explained by disruptive or stretching ef-
fects on the self-associated molecular structure of 1-butanol with physical dipo-
le—dipole interactions between alcohol monomers and multimers, and by the dis-
ruption of the favourable orientation order of the aromatic component. The pos-
sible formation of weak intermolecular complexes between the OH group of
1-é)utanol and the it electron cloud of the benzene ring did not result in negative
V- values. As suggested by Assarson and Eirich,32 components of similar mole-
cular sizes, such as 1-butanol and benzene (van der Waals volumes of 52.4 and
48.4 cm3-mol—1, respectively) mix with positive values of VE.

In addition, it is evident from the plots of 1-alcohols with benzene that, at the
same temperature, the trend of increasing VE in the positive direction in the lower
alcohol region has the following order: methanol < ethanol < 1-propanol < 1-bu-
tanol. On the other hand, in the alcohal rich region, the order from negative to
positive valuesis asfollows: ethanol < methanol < 1-propanol < 1-butanol.

This behaviour of 1-alcohols can be explained in terms of the chain length of
alcohols. Namely, as the mole fraction of higher 1-alcohols increases, the rupture
of H-bonds of the acohol increases from methanol to 1-butanol, and positive va-
lues of VE become dominant. Also, interaction between the OH group of the
higher 1-alcohols and the &t electrons of the aromatic ring of benzene are weaker
because of the decrease of their polarizability with increasing length. Structural
effects leading to closer geometrical fitting of benzene into remaining structure
of the higher 1-alcohols are less important. It is clear that for higher 1-alcohols,
positive values of VE are predominant. VE measurements over a range of tempe-
rature were already performed!® and in all cases, the VE values of the 1-alcohol +
+ benzene systems increased with increasing temperature. It is clear that the rup-
ture of the H-bonds of self-associated molecules of alcohols increases with in-
creasing temperature.

1-Alcohols (methanol, ethanol, 1-propanol, 1-butanol and 1-pentanol) were
mixed with other aromatic hydrocarbons with increasing size and number of sub-
stituents on the benzene ring (toluene, ethylbenzene and p-xylene).

The results obtained in work of Munk et al.4> show that the VE values of the
mixtures with the same 1-alcohol increased with increasing of size and number of
substituents, while for mixtures with the same aromatic component, VE increased
with increasing chain length of the 1-alcohols.
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The measured values of VE for mixtures of benzene with higher 1-alcohols*
were positive over whole range of concentration. This suggests that a positive
contribution from the rupture of hydrogen bonds of alcohols as well as dipole-di-
pole interactions between alcohol monomer and polymers were dominant in all
systems. The algebraic values of VE decreased in the order: 1-decanol = 1-nona-
nol > 1-octanol > 1-heptanol > 1-hexanol > 1-pentanol > 1-butanol > 1-propanal.
In addition, it is evident that VE increased with increasing chain length of the 1-al-
cohols and van der Waals interactions increased with increasing carbon chain
length of the alcohols.

3.2. Branched alcohols with aromatics

Branched secondary and tertiary acohols reflect various degrees of steric
hindrance of the hydroxyl group, which directly influences the possibility of their
mol ecul es to self-associate.

First, the VE values for the systems of benzene with 1-propanol and 2-pro-
panol were compared.

Previously published data?l for the system benzene + 1-propanol at 298.15 K
and those of the system benzene + 2-propanol at the same temperature?’ show
that the VE values of the former were always considerably lower at all mole frac-
tions. This is a consegquence of the branching of the alkyl group in 2-propanol,
which increases the steric hindrance for the correct orientation of the benzene
molecules to fit into the alcohol network.

The 1- and 2-propanol mixtures could be compared with those of other
aromatic compound, for example alkylbenzenes. The introduction of two methyl
groups into the benzene ring, as in the case of xylene, enhances the electron-do-
nating power of aromatic hydrocarbons.

For 1-propanol + alkylbenzene mixtures, the VE values have the following
order: m-xylene > p-xylene = o-xylene > toluene, while for 2-propanol + alkyl-
benzene mixtures, the VE values decrease in the order: m-xylene > p-xylene > to-
luene = o-xylene. In both cases, the VE values in mixtures with benzene are po-
sitive over the whole composition range, having a similar magnitude as m-xylene
in mixtures with 2-propanol, and the highest values comparing to the mixtures
with 1-propanol.

From work of Singh et al.,%8 it is evident that alkylbenzene molecules are
more or less fitted into the network of 1- and 2-propanol. This is specialy the
case of toluene comparing to benzene, dueto its stronger el ectron-donating power.

On the other hand, the packing of xylene molecules is sterically hindered by
the two methyl groups placed on different sites of the aromatic ring for correct
orientation. Thus, a limitation of the interaction of the hydroxyl group of the
alcohol with the rt electron cloud of the aromatic hydrogen was realized. It is
clear that the position of the methyl groups in m-xylene results in the maximum
steric hindrance and, as a result, the maximum positive of VE.
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Finally, it can be concluded that the branching of the alkyl group in 2-pro-
panol creates a greater geometrical contribution to fit the corresponding xylene
into the alcohol network.

The VE for al mixtures of benzene with isomeric butanols? are positive and
follow the sequence: 1-butanol < 2-methyl-1-propanol < 2-butanol < 2-methyl-2-
-propanol, showing in this way that VE becomes more positive as the branching
in the alcohol molecule increases. It is the consequence of the creation of steric
hindrance near the OH-group in branched alcohols, whereby it is the prevailing
effect for 2-methyl-2-propanol.>0 Namely, this can be explained by postulating
that steric hindrance creates the presence of one propyl group at the 1° atom in
1-butanol, one iso-butyl group at the 1° carbon atom in 2-methyl-1-propanol, one
methyl and one ethyl group at the 2° carbon atom in 2-butanol and three methyl
groups at the 3° carbon atom in 2-methyl-2-propanol.

This suggests that the appearance of steric hindrance due to the branching in
an acohoal is conditioned by the strength of the interaction of unlike moleculesin
the order 1-butanol > 2-methyl-1-propanol > 2-butanol > 2-methyl-2-propanol. In
addition, bearing in mind that the molecular sizes of the unlike componentsin the
mixtures are similar, the packing of the molecules is not good, resulting also in
positive VE values.

In addition, it is of interest to compare the behaviour of toluene in mixtures
with 1-butanol and its isomers*’ (2-butanol, 2-methyl-1-propanol, 2-methyl-2-pro-
panal). It is known that the electron donating power of toluene is stronger than
that of benzene because of the methyl group added in the benzene ring and the
hydroxyl hydrogen interacts more highly with the © electron cloud of toluene
than that of benzene. This results in smaller VE values of these alcohols with
toluene than those with benzene. Finaly, the VE values of the branched alcohols
are higher than those for the 1-alcohols. This could be attributed explicitly to the
steric hindrance caused by a change in the proportion of different structural
shapes of the alcohol molecules with its changing mole fraction.

4. ALCOHOL + HALOAROMATIC OR NITROAROMATIC SYSTEMS
4.1. 1-Alcohols with haloaromatics and nitroaromatics

Methanol partially and all 1-alcohols (ethanol, 1-propanol, 1-butanol and
1-pentanol) with chlorobenzene exhibit S-shaped VE—x; curves, as can be seen in
Fig. 2.19 It is obvious that the maximum positive values of these systems are
lower and the minimum negative values are higher than the corresponding values
of 1-alcohol systems with benzene.

As in the previous cases of the systems with benzene, the positive values of
VE in the lower region of the 1-alcohols are also the result of H-bond rupture and
stretching of the self-associated alcohol molecules.
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Negative contributions predominate in the alcohol rich region because of
dipolar complexes and changes of the free volumes in the real mixtures, as well
as the geometrical fitting between unlike molecules, which are much stronger
than in the systems with benzene. Here, there is an interaction between the
ni-electronic cloud of aromatic ring and the OH group, as in the case of the ben-
zene mixtures, and the formation of OH—CI hydrogen-bonded complexes bet-
ween the OH group of the 1-alcohols and the electronegative Cl atom on the
benzene ring.19 In addition, it is evident that the maxima of the dissociation of
the polymeric aggregates of the alcohols differ dlightly, since ordinary aiphatic
alcohols are relatively poor proton donors. However, as the mole fraction of the
higher 1-alcohol increases, the rupture of the hydrogen bonds of the alcohol in-
creases from 1-propanol to 1-pentanol and positive volume changes appear at high-
er mole fraction of 1-pentanol. £

The decrease in negative values of V~ with increasing chain length of the 1-a-
cohols could suggest that the dipole—dipole interactions are weaker in the higher
1-alcohols because of the decrease of their polarizability with increasing chain
length. Bearing in mind that complexation®! is predominantly due to polarization
interaction, the trend of complex formation has the following order 1-propanol >
> 1-butanol > 1-pentanol, which causes the increase of VE from lower to higher
1-alcohols. Then, the relatively high electron donor capacity of chlorobenzene,
because of the introduction of a Cl atom into the benzene ring, interacts more
strongly with 1-propanol than with the other higher alcohals. In addition, only a

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS



BINARY LIQUID MIXTURES CONTAINING ALCOHOLS 485

smaller fraction of hydrogen bonds are ruptured in the higher alcohals, while the
steric hindrance of 1-pentanol is higher than that of 1-propanol, giving less ne-
gative values of VE,

It is possible to include mixtures of 1-alcohols with other chlorinated ben-
zenes, i.e., 1,2-dichlorobenzene,32 1,3-dichlorobenzene>3 and 1,2,4-trichloroben-
zene™ for comparison with mixtures of chlorobenzene + 1-alcohols. The experi-
mental data for binary mixtures of these haloaromatics with 1-butanol, 1-penta-
nol, 1-hexanol, 1-heptanol and 1-octanol were measured at 303.15 K .29

Asin the case of the mixtures with chlorobenzene, VE is negative in mixtures
rich in 1-alcohols and positive in the region rich in both dichlorobenzene and
1,2,4-trichlorobenzene. The trend of VE vs. the mole fraction x curve is similar for
al mixtures of chlorobenzene, dichlorobenzenes and trichlorobenzene. This could
be attributed to the dominant influence of the interactions between unlike mole-
cules and the structure-making effect, which becomes remarkable due to the in-
troduction of a second Cl atom, including its position in the benzene ring, and a
third Cl atom.

In addition, it is necessary to consider mixtures of acohols with nitroben-
zene®® and bromobenzene®® and compare the obtained results with those of chlo-
robenzene. Namely, the VE values become more negative due to the decrease in
the m-electron density on the benzene ring when a halo or nitro group is intro-
duced (nitro group deactivates the benzene ring).

When the Cl atom was replaced with a Br atom, no greater changes in VE
were observed,>” which was to be expected bearing in mind the similar values of
their dipole moments (chlorobenzene 1.6; bromobenzene 1.5) and the dipole mo-
ments of alcohols, as well as specific interactions like those of alcohol mixtures
with chlorobenzene. However, the partial accommaodation of linear alcohol mole-
cules between the nitrobenzene molecules and interactions due to the high pola-
rity of nitrobenzene (dipole moment 3.90) led to more negative VE values, com-
pared to those obtained with the halo compounds.®

The small positive values of VE in mixtures deficient in acohols are due to
the predominant H-bond stretching, as was already indicated in mixtures with
chlorobenzene.

4.2. Branched alcohols with haloaromatics

The experimental VE data of 1-butanol, 2-butanol and 2-methyl-2-propanol
with chlorobenzene at 313.15 K are shown in Fig. 3.23

As can be seen, the trend in the positive values of VE is in the order 1-bu-
tanol < 2-butanol < 2-methyl-2-propanol, which indicates that the predominant
effect is the steric hindrance due to branching. The OH group introduced at 2°
carbon atom of 2-butanol and the globular shape and relative position of OH
group on tert-butanol suggest that the structural effects of the steric hindrance are
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predominant. The influence of the methyl, ethyl and propyl groups at various car-
bon atoms in these alcohols were already considered.1® An increase of tempera-
ture leads to an increase of the distance between the chains, the breaking of asso-
ciates and sterically-hindered unlike molecules. In al cases, a positive change of
volume occurs. In addition, as a consequence, the strength of the bond interaction
H---Cl follows the order: 1-butanol > 2-butanol > 2-methyl-2-propanol, confirm-
ing the increase of VE of the branched a cohoals.

0.35 1 ' ' ' -
0.30—- _
0.25—-
0.20—-
0.15-

0.10 4

V/10° m® mol

0.00

-0.05 4

| ® 1-butano® Fig. 3. Experimental values of VE for the
010 © Zbutano® ” systems of linear or branched alcohols (1)
I ék“s:mfnz;‘;pam' | with chlorobenzene (2) at 313.15 K. The
-0.15 — symbols refer to the experimental points,

—
00 02 04 068 08 1.0 whilethelines present the results calculated
x, by the Redlich—Kister polynomial .23

5. ALCOHOL + HALOALIPHATIC SYSTEMS

The experimental VE data for the 1-alcohol + chloroform systems at 308.15 K
are shown in Fig. 4.20-22,24

The VE for methanol (1) + chloroform (2) mixtures are amost all negative
except near the end of the dilute region for methanol. The other 1-alcohol sys-
tems with chloroform exhibit S-shaped VE—x; curves with VE positive at high
mole fractions of chloroform and negative over the high mole fractions of the
1-alcohals.

For the considered systems, except methanol (1) + chloroform (2), the VE
values can be attributed qualitatively to the following contributions: (i) the posi-
tive values in the 1-alcohol lower region are caused by disruption or stretching
effects on the three-dimensional, self-associated molecular structure of the alco-
hols; (ii) the negative values are a consequence of specific interactions between
unlike molecules and (iii) the accommodation of chloroform moleculesin the in-
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termolecular space of 1-alcohol network structure leads to a more dense packing,
affecting volume reduction in the region rich in 1-alcohols, which is, hence, a
conseguence of geometric factors.

T T T T T T T T
®  methanol”

015 o ethanol” 7
A 1{-propanol”’
v 1-butano/™
0.10 - o — RK polynomial
- 005} -
©
mE Lo
E 000
=
s -0.05 g
-0.10 | -
Fig. 4. Experimental values of VE for the
015 1 systems of 1-alcohols (1) with chloroform
% 1 (2) a 308.15 K. The symbols refer to the
0.20 , L experimental points, while the lines present

00 02 04 06 08 10 theresultscaculated by the Redlich—Kister
i polynomial 20-2224

Concerning the alcohol mixtures with chlorobenzene (Fig. 2), unusua be-
haviour of the methanol + chloroform mixture was also registered. The absolute
values of VE for the same temperature at the minimum increase in the sequence
ethanol > methanol > 1-propanol = 1-butanol. A possible explanation of this be-
haviour for the system with methanol could be a dominant contribution of (ii)
over the factors (i) and (iii).

For the other 1-alcohol mixtures with chloroform, the positive VE valuesin the
1-alcohol lower region are a consequence of the rupture of the H-bonding of the
self-associated aggregates of the 1-alcohols with variable degrees of polymeri-
zation and the steric repulsion between the alkyl chain of the 1-alcohols and the
Cl atom of the chloroform increasing with increasing chain length of the acohols.

The negative VE values in the chloroform rich region arise from changes in
the free volumes in the real situation when specific interactions between unlike
molecules dominate. Namely, chloroform possesses an electron-accepting hydro-
gen atom, which is favourable for interaction with the electron-donating oxygen
atom in acohols.

Special attention was paid to other chlorinated methanes: tetrachloromethane
(CCly) and dichloromethane (CH»Cly) in mixtures with 1-alcohols. CCly is a
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non-polar molecule, while the polarity of CH>Cl» islarger than that of CHCl3. In
addition, these molecules have different sizes and shapes but are structurally re-
lated, having only one C atom.58

Comparing results for CHCI3 with those of CCl4 and CH>Clo mixtures with
the same 1-alcohols,>9 it is evident that similar S-shaped VE—x; curves were ob-
tained for both the CH>Cl> and CHCI3 systems. It could be expected that the
same three main contributions occur in the CH,Cl, system as in the case when
CHCI 3 was mixed with acohols. In the case of CCly, the presumption of a weak
H-bond from hydroxyl group to achlorine atom is acceptable.

The mixtures of CH»Cl, with 1-alcohols showed somewhat different beha-
viour bearing in mind that positive values of VE are dominant over the whole
composition range, except in the region rich in some acohols.

Two assumptions could be made for such a tendency of VE:®0 (i) in the ac-
commodation of CH>Cl» in the H-bonded network of alcohols, the interaction of
C—H--H-O-R isweaker than that of C—CI---H-O-R; (ii) it is assumed that the in-
teraction of the C atom of CH,Cl, with C—C of alcohol becomes stronger and VE
more positively increasing with increasing carbon chain length in ROH. It was
concluded: (i) interaction between chlorinated methanes and R—-OH are weak, ex-
cept for methanol; (i) the interactions with R—OH falsin the order CCl4 > CHCl3 >
> CH>Cly; (iii) the tendency of interacting with C—C in ROH ascends in the order
CCl4 << CHCI3 << CH»Cl>» and (iv) the H-bond of C—Cl---H-O is weaker than
that of O—H---O-H but stronger than the interaction of C-Cl with C—C in ROH.

Branched alcohols could be also included here. For example, mixtures of
CH2Cl2 with isomer of butanol (2-butanol, 2-methyl-1-propanol, 2-methyl-2-pro-
panol).61

The volume of VE (x = 0.5) for mixtures of 1-butanol and these isomers with
CH»Cl5 increases in order: 1-butanol < 2-methyl-1-propanol < 2-butanol < 2-me-
thyl-2-propanol. It is clear that a breaking of the hydrogen bonds leads to ex-
pansion of the mixtures. The positive values of VE for the mixtures 2-butanol +
+ chloroform2® are very explicit as opposed to the S-shape of the VE—x curve
(Fig. 4) of the mixture 1-butanol + chloroform. The positive contribution of the
break-up of the alcohol structure is responsible, asin the previous cases. Namely,
VE becomes more positive as the branching in the alcohols increases and negative
values for the secondary and tertiary alcohols caused by the geometrical fitting
into the remaining alcohol structure islessimportant.

6. CONCLUSIONS

It is evident that the excess molar volume VE in the mixtures of alcohols
with various types of compounds (aromatics, halo and nitroaromatics and halo-
aliphatics) treated in this work, showing very complex behaviour, possesses three
dominant contributions. These are: (i) the positive values are caused by the break-
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ing of H-bonds in the self-associated structure of the alcohol molecules, dipole-
—dipole interactions between monomers and polymers of the alcohols and stretch-
ing effects in the favourable orientation order of the second component; (ii) the
negative values arise from changes of the “free volumes® in these real mixtures,
the presence of electron donor—acceptor ability of acohol and the other com-
ponent, and OH---it electron H-bonded complexes between unlike molecules and
(iii) the fitting of the other component into the intermolecular space of the net-
work structure of the 1-alcohols or steric hindrance of the branched alcohols
|eads to the dense packing of the mixtures.

For the investigated mixtures, these contributions are balanced giving the cor-
responding values of VE and the explained complex behaviour of the mixtures.
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from the Research Fund of Ministry of Science and Environmental Protection, Serbia and the
Faculty of Technology and Metallurgy, University of Belgrade (Project No. 142064).

U3BOJ

CTYAUJA MOJIEKYJICKUX MHTEPAKIIMJA HA BA3U1 BOJIYMETPUICKUX
CBOJCTABA TEUHUX BUHAPHUX CMEIIA KOJE CAAPXE AJIKOXOJIE

BOJAH . BOPBEBWH, UBOHA P. PAIOBUH, MUPJAHA Jb. KWJEBYAHIH,
AJIEKCAHJAP X. TACUR u CJIOBOJIAH II. LIEPBAHOBU'R

Texnoaowko—meitianypuiku gaxyaitieini, YHusep3auitieini y beozpaoy, Kapuezujesa 4, 11120 beozpao

Y oBOM pany HCIHTaHa je Be3a m3Mel)y BONyMETpHjCKHX edekara Mellama M MOJEKYJICKHX
UHTEPaKIUja Pa3IMYMTHX MOJICKYJIa Y OMHApHUM CMellaMa HOPMAJHUX WJIM PasrpaHaTHX aJKo-
X0Jla Ca PasIMYUTHM KOMIIOHEHTaMa (apoMaTiMa, Xajlo M HHTPOapoOMaTHMa, XaJOreHHM JepUBa-
THMa yTrJbOBOAOHHKA). OBaj paj CaapKu Mperiie/l HallluX HCTPaXKUBakba MOCICABUX TONHA, Ko U
pe3ynTare HCTpaXkHBama APYTUX ayTopa y HUiby OOJbET pa3yMeBama BOIYMETPHjCKHX CBOjCTaBa U
00JBET YBHIA Y CIIOKEHOCT CTPYKTYpa UCIIUTHBAHUX CMeIIa. Y3eTH ¢y Yy 003Hp | IeTajbHO o0jar-
FeHN (DH3MUKH, XEMHjCKH M T€OMETPHjCKH yTHIaju Ha npomeny VE Bpensoctu (mosutuBHe, cur-
MOMIHE, HeraTuBHe). YTBPHEHO je 1a Ha OJHOC OBHX JOIPHUHOCA BEIMKH YTULA] MMa MOHALIAE
MOJIEKyJIa aJIKOXO0JIa Y KOHTAKTy ca JPYrMM KOMIIOHEHTaMa.

(Mpumibeno 13. janyapa 2009)
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Abstract: The kinetics of oxidation of a number of meta- and para-substituted
N, e~diphenylnitrones (nitrone) by dichloramine-T (DCT) was investigated in
the presence of alkali in aqueous acetonitrile medium. The order with respect to
DCT was one and to OH™ an inverse fractional order. The reaction was first
order with respect to nitrone. Both electron releasing and withdrawing substi-
tuents suppress the reaction rate. The observed rate constant for the substituents
were plotted against the Hammett constant, o; and a non-linear concave down-
ward curve was obtained. The electron withdrawing substituents fall on one
side of the curve, having a negative p value and the electron releasing substi-
tuents fall on the other side, with a positive p value. A mechanism is proposed
and the derived rate law is in conformity with the observed results.

Keywords: nitrones; Kinetics; dichloramine-T; non-linear concave downward curve.

INTRODUCTION

Many oxidation reactionsl-11 have been performed using dichloramine-T
(DCT). DCT is an effective oxidizing and also chlorinating agent. The kinetics
and oxidation of nitrone and substituted nitrones12-16 have already been reported.
However, there is no systematic Kinetic report on the oxidation of some substi-
tuted N, e~diphenylnitrones by N-halo compounds. In this paper, results on the ki-
netics of oxidation of some meta-and para-substituted N,o-diphenylnitrons with
dichloramine-T (DCT) in aqueous acetonitrile in the presence of sodium hydro-
xide are reported.
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EXPERIMENTAL

Dichloramine-T was prepared by the chlorination of p-toluenesulphonamide.l” N,o-di-
phenylnitrone and substituted N,o-diphenylnitrones were prepared by literature methods.!8
The purity of the nitrones were checked by their melting point, mixed melting point and the
TLC method. AnalaR grade sodium hydroxide and sodium perchlorate, and purified acetonit-
rile were used. Doubly distilled water was employed throughout this study.

Kinetic measurements

For the Kkinetic runs, a measured amount of DCT pre-equilibrated at 35 °C was rapidly
added to a thermally equilibrated mixture containing the appropriate amounts of the nitrone,
alkali, acetonitrile and water. The progress of the reaction was monitored for two half lives by
the iodometric determination of unreacted DCT in a measured aliquot withdrawn at regular
intervals of time. The first-order rate constants were reproducible within +3 %.

Stoichiometry and product analysis
Stoichiometric runs, performed with an excess of DCT in the presence of sodium hy-
droxide, revealed that one mole of the oxidant was consumed by one mole of nitrone:
Cl
PhCH=N—Ph + R_SOQ_N/ + H,0 — PhCHO + PhNO + RSO,NH,+ 2HCI
(lg_ \CI
R = CH3—CgHyg—

For identification of the product, an excess of oxidant was mixed with a substrate under
kinetic conditions. After completion of the reaction, the reaction mixture was extracted with
chloroform. The solvent was removed under reduced pressure. Two spots were obtained; pro-
ducts were identical with benzaldehyde and nitrosobenzene. The crude products were sepa-
rated by column chromatography, benzene—chloroform as the eluent (80 % benzene—chloro-
form, silica gel 60-120 mesh). The melting point of the obtained solid product was found to
be 67 °C which is almost identical to the melting point of the nitrosobenzene (m.p. 68 °C).
The other liquid product, benzaldehyde, was confirmed by its semicarbazone (m.p. 221 °C; lit.
222 °C) and 2,4-diphenylhydrazone (m.p. 237 °C; lit. 239 °C) and 2,4-diphenylhydrazone
(m.p. 237 °C; lit. 239 °C) derivatives. The recorded IR spectrum of nitrosobenzene, exhibiting
three bands at 1626, 1500 and 1019 cm-l, attributed to the stretching frequency of C-N, one
sharp band at 1452 c¢m1, due to the stretching vibration of N-O, and band at 530 cm1, due to
ring deformation and the CNO bending vibration, was similar to that of the authentic sample.1?

RESULTS AND DISCUSSION

The reaction was found to be first order with respect to the disappearance of
dichloramine-T (DCT), as evidenced by the good linearity in the plot of log titre
versus time. The pseudo-first order rate constant increased with increasing DCT
concnetration (Table I).

The rate constant increased with increasing nitrone concentration (Table ).
The plot of log kgps versus log c(nitrone) for all the studied compounds was
found to be linear with a slope of unity, indicating a first order kinetics with
respect to nitrone. The double reciprocal plot of 1/kgps versus 1/c(nitrone) was
linear with a finite intercept on the rate axis, indicating that the complex was
formed before the rate-determining step in the reaction.
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The effect of alkali has been studied by varying the concentration of OH~ at
a given substrate concentration. The plot of log kgpg versus log ¢(OH™) showed a
fractional order with respect to OH~ (Table Il). The insignificant effects of so-
dium perchlorate on the reaction rate indicates that the reaction may be between
dipoles (Table 11) and neutral molecules.20

TABLE |. Effect of ¢(DCT) and c(nitrone) on the reaction rate at 35 °C. ¢(OH") = 5.0x103
mol dm-3; AN-H,0 =50 % (v/v); ¢(NaClO,) = 0.10 mol dm-3

¢(DCT) / 103 mol dm-3 c(nitrone) / 102 mol dm-3 Kops / 1074 571
0.50 1.00 2.4
0.75 1.00 3.5
1.00 1.00 4.8
1.25 1.00 5.3
1.50 1.00 6.4
2.00 1.00 7.4
1.00 0.50 2.7
1.00 1.00 4.8
1.00 1.50 6.5
1.00 2.00 7.6
1.00 2.50 9.9
1.00 3.00 11

TABLE II. Effect of the variation of ¢c(OH") and c¢(NaClO,) on the reaction rate at 35 °C.
¢(DCT) = 1.00x10-3 mol dm3; c(nitrone) = 1.00x102 mol dm3; AN-H,0 =50 % (v/v)

¢(OH") / 103 mol dm'3 ¢(NaClOy) / 102 mol dm-3 Kops / 104 571
2.50 10 3.6
3.75 10 4.0
5.00 10 4.8
6.25 10 5.8
7.50 10 6.4
5.00 2.5 45
5.00 8.7 4.6
5.00 10 4.8
5.00 12.5 49
5.00 15 5.0
5.00 18 5.4
5.00 20 5.7

The rate increased with increasing concentration of p-toluenesulphonamide
(PTS), indicating a shift of the free hydration equilibrium towards the left during
the production of HOCI (Table I11). The rate increased with increasing [CI~] (Table
I1). The rates of oxidation of nitrones were determined in solvents containing
differrent amounts of acetonitrile. The kgps value increased with increasing
amount of acetonitrile in the medium (Table V), which shows neutral and dipole
interaction in the activated complex. The oxidation of nitrones by DCT in an at-
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mosphere of nitrogen failed to induce polymerization of acrylonitrile. Further-
more, the addition of acrylonitrile did not affect the rate. This indicates that a one
electron oxidation giving rise to free radicals is unlikely in the present reaction.20€

TABLE Il1. Effect of p-toluenesulphonamide (PTS) and CI- concentration on the reaction rate

at 35 °C. ¢(DCT) = 1.00x10-3 mol dm3; c(nitrone) = 1.00x102 mol dm3; ¢(OH") = 5.0x103
mol dm3; AN-H,0 =50 % (V/v)

¢(PTS) / 103 mol dm™3 ¢(CI") / 102 mol dm"3 Kops / 104 571
0.00 - 4.8
2.5 - 6.0
5.0 - 7.1
7.5 - 10
10 - 15
- 2.5 7.6
- 5.0 7.8
- 7.5 9.1
- 10 20

TABLE |V. Effect of the dielectric constant on the reaction rate at 35 °C. ¢(DCT) = 1.00x103
mol dm3; c(nitrone) = 1.00x102 mol dm3; ¢(OH") = 5.0x10-3 mol dm3; ¢(NaClO,4) = 0.10
mol dm-3

AN-H,0, % (v/v) Kops / 104 571
35 2.8
40 3.6
45 4.2
50 4.8
55 5.8
60 6.7

In order to investigate the effect of temperature on the reaction rate, the
reaction was performed at 25, 30, 35 and 40 °C. The plot of In (ko/T) versus 1/T
was found to be linear.21 The rate constant and thermodynamic parameters are
tabulated in Table V.

Mechanism and rate law

The order with respect to both DCT and nitrone was unity and with respect
to OH~ was fractional. The addition of sodium perchlorate or acrylonitrile had an
insignificant effect on the rate of the reaction. The addition of toluene, PTS or
Cl= increased the reaction rate.

The observed stoichiometry for the reaction was 1:1 and the major oxidation
products are found to be benzaldehyde and nitrosobenzene. Based on the above
observations, a probable mechanism and rate law for the oxidation of N,a-diphe-
nylnitrones by dichloramine-T is given below.

The substrate (nitrone), which behaves as an iminimum salt22, exists in two
resonance forms given in Eq. (1):
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H O H O~
I |+ | | 1
Ph—C=—=N—Ph <«——> pPh—C—N—Ph (1)
®
TABLE V. The rate constant and thermodynamic parameters for the oxidation of substituted

nitrones by DCT. ¢(DCT) = 1.00x10-3 mol dm-3; ¢(nitrone) = 1.00x10-2 mol dm3; ¢(OH") =
5.0x1073 mol dm3; ¢(NaClO,4) = 0.10 mol dm-3

ko /102 dm3 mol- s

o AH? -AS* AG* E
RQW@'O T/K ki molt JK1mol?! kJmol?t ki mi)l‘1 R SD
303 308 313 318

H 417 475 5.43 6.27 19.15 208.31 83.33  29.74 0.999 0.007
p-Me 133 1.60 237 3.11 4449 134.51 85.92  47.07 0.990 0.064
p-OMe 1.18 1.38 292 291 52.88 107.73 86.00 55.46 0.922 0.218
p-F 250 298 4.07 534 38.83 147.88 84.37 41.41 0.992 0.048
p-Cl 222 286 394 508 4233 137.11 8456 45.92 0.998 0.022
p-Br 2.02 262 3.83 486 45.70 126.78 84.50 49.11 0.995 0.041
p-NO, 0.76 159 275 3.12 74.38 39.07 86.41 76.96 0.961 0.208
m-Me 250 3.45 436 5.65 40.38 142.31 84.21 4296 0.998 0.024
m-F 203 261 379 466 4355 134.47 8496 45.93 0.994 0.046
m-Cl 208 250 328 441 3752 152.72 8456  40.40 0.992 0.046
m-Br 129 246 3.15 4.42 60.72 80.06 85.38 63.30 0.978 0.126
m-NO, 1.00 145 2380 322 6227 71.15 84.18 66.85 0.974 0.146

The attack of an electrophile occurs at the nitrogen atom rather than the car-
bon atom.
- H O~
e K L]
Ph—C—N—Ph )

I | =
Ph—C—N—Ph + OH
®
O—H
H o- cl W97
. Ko Ph—C—N=—Ph
Ph—C—N—Ph + R—N\ £ @®
O—n cl O—H CI:I"'
R—N—ClI 3)
Sy
R = H3CSOZ—
H N H -
| i® slow | (ID Y
ph_C—k.?[}j—Ph ?Ph—ﬁ + N—Ph +R—NCI + HCI
1 +
OS;H,/C[+ ky ) (4)
R—NLCI

€y
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R—NCI + H,0 _fast . R—NHcI + OH (5)
o I
[
Ph—N <«<—— Ph—N 6)
+
Rate = kzc(C,) (7
o(Cy) = Ky K, ¢(St) ¢(OH™) ¢(DCT) ®
1+K; ¢c(OH™)
—dc(DCT) _ K K,k3c(S1) c(OH™) ¢(DCT) ©)
dt 1+ K c(OH™)
Kope = KiKoks c(S1) c(OH™) (10)
1+K; c(OH™)
or
1 1 1

= +
Kops K1Kokae(S7) c(OH™)  Kqks c(St)

where ¢(St) = c(nitroneT)

A double reciprocal plot of kgpg Versus c(OH-) is linear and the values of K1,
Ko and k3 are obtained from the slope and intercept, respectively. The obtained
values of K1 = 235 and Kokz = 9.33x10-2 are consistent with the rate law.

Effect of substituents on the reaction rate

As an extension of the present investigation, the kinetics of the oxidation of
some meta- and para-substituted N,a-diphenylnitrones with DCT was followed
at four different temperatures (25-40 °C). The second-order rate constant and the
thermodynamic parameters were calculated using the Eyring?! plot of log (ko/T)
against 1/T, which were linear and the obtained data are given in Table V.

As can be seen from Table V, the entropy of oxidation was not constant for
all the substituents. One of the conditions necessary for the applicability of the
linear free energy relationship is the constancy of the entropy of activation.23.24
However, in most reaction series, this is not the case. If the Hammett equation is
valid at one temperature, the condition for its validity at any other temperature is
a linear relationship between the enthalpies and entropies and this is called the
isokinetic relationship:23.24

AH# = AHg? + AAS*
A plot of AH# vs. AS* (Fig. 1) gave a straight line and the isokinetic temper-

ature (), obtained from the slope, was 326 K, which is greater than the experi-
mental temperature, indicating that the reaction is enthalpy controlled. The linear
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isokinetic correlation implies that all the nitrones are oxidized by the same me-
chanism and the changes in the reaction rate are governed by changes in both the
enthalpy and entropy of activation. This is further supported by fact that E; va-
lues are the lowest for the fastest reaction and higher for the slowest reaction.

80 -

-J
[=]
L

[s:]
o
L

H
p-Me
p-OMe
p-F
p-Cl
p-Br
p-NO,
m-Me
m-F
m-Cl

. m-Br

2. m-NO;

o
(=]
1

AH* | kJ mol-1
8 &

20 A

0 : . . . |
-250 -200 -150 -100 -50 a
~AS* [ J mol-1K-1

Fig. 1. The relationship between AH# and AS* for oxidation of nitrones by dichloramine-T.

Exner2> criticized the validity of such a linear correlation between AH# and
AS* as these quantities depend on each other. When measurements at two tempe-

ratures are made, the experimental data can be treated by the following equa-
tion:26.27

log ko(T2) = a + blog kp(T7)

where T > Ty.

The good correlation obtained when log ko(318 K) was plotted against log
ko(308 K) (Fig. 2) (R = 0.982; slope = 0.680) shows that the reactions under in-
vestigation followed the same mechanism. The constancy of the AG* values also
confirms that the reactions of all the substituted compounds followed a common
mechanism. The negative AS* values implies the formation of an ionic transition
state with an extensive charge separation, which may have a high degree of sol-
vation and hence loss of entropy.

Deviation from the Hammett relationship

Application of the Hammett equation with the usual substituent constant oto
the log kops data of the meta- and para-substituted N, a~diphenylnitrones resulted
in a concave downward curve (Fig. 3). Similar types of non-linear Hammett plots
were observed previously in some reaction kinetics.28-30

The obtained non-linear concave downwards type of Hammett plot (Fig. 3)
is a composite of two straight lines, one with a positive p value and the other with
a negative p value. A negative p value indicates the nucleophilic carbon is more
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positively charged in the transition state than in the reactant, while a positive p
value indicates dispersal of the positive charge.3 The values of the negative and
positive p values, p* and p-, respectively, at different temperature are given in

Table VI.
0.8 5
®
07
< 1. H
® 064 2 pMe
s 3. p-OMe
~ 4 pF
~ 0.5 A 7 5. ;:»Cl
6. -B
8 0.4 - ¢ 7. ;;-N;)z
+ . 28 8. m-Me
9. ml
N 10. m-Cl
034 i, m-Br
12. m-NO,
02 . . T ; . — — — ;
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 086 07
2 + log ks (303 K)
Fig. 2. Exner’s plot.
0.8
1. H
2. n-Me
e o 3, :;-(')Mu
4. pF
& 06 A 5. pCl
ux:} 6. L-Bl
7. -NO,y
% & 8. ':::-Mc
= 9. mF
.:2' 0.4 10. m-Cl
11. m-Br
S 0.3 4 12, m-NO;
+
N 0.2 4 4
0.1 4
0 Ll T L] T T T T
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
G
Fig. 3. Hammett plot.
TABLE V1. Values of p at different temperatures
t/°C o o
25 1.076 0.747
30 0.456 0.428
35 0.613 0.777
40 0.460 0.495
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The reason for a break in the Hammett plot is either a change in the reaction
mechanism or a change in the rate-determining step with change in the nature of
the substituents.

In this reaction, a non-linear Hammett plot was obtained due to a change in
the transition state in the reaction mechanism with respect to substituents because
the isokinetic plot and the Exner plot gave a good correlation.

CONCLUSIONS

The oxidation of nitrones by DTC is of fractional order with respect to OH-
and first order with respect to DTC and nitrone. Under the employed experimen-
tal conditions, nitrones are oxidized to benzaldehyde and nitrosobenzene. The
high negative entropy of activation suggests the formation of a complex in the
slow step. The isokinetic and Exner plots show that the oxidations of all the stu-
died nitrones follow a common mechanism. The obtained concave Hammett plot
indicates a change of the transition state with respect to the substituent on the
benzene nucleus under the employed experimental conditions.

U3BOJI

MEXAHUCTHUYKO ITPOYYABAKBE OKCUJALIMIE N, o- ANGEHUJIHUTPOHA IIOMO®Y
JUXJTIOPAMHUHA-T ¥ BOJEHOM PACTBOPY ALIETOHUTPUJIA:
HEJIMHEAPHU HAMMETT-OB I'PA®UK

S. MANIVARMAN?, G. RAJARAJANY, G. MANIKANDAN?, M. SEKAR?,
J. JAYABHARATHI! 11 V. THANIKACHALAM?!

!Department of Chemistry, Annamalai University, Annamalainagar-608 002, Tamil Nadu » 2Department of
Chemistry, Post Graduate Centre, Government Arts and Science College, Chidambaram-608 001, India

Kunernka okcupanuje cepuje mema- u napa-cynruryucanux N,o-audenuwnnurpona (HUT-
pon) nmomohy muxiopamua-T (DCT) nmpoyuaBaHa je BOACHOM pacTOpy alleTOHHTPHIIA y MPHCYC-
1By 0a3e. Peaknuja je npBor pena y onHocy Ha DCT, u uHBep3HOT (paKIMOHOT pefia y OJHOCY Ha
OH". Peakmyja je mpBor pefa y 0aHOCY Ha HUTPOH. Kako eeKTPOH-TOHOPCKH, TAKO M CICKTPOH-
-[IPUBJIa4YHK CYIICTHTYCHTH, CMamyjy Op3uHy peakuuje. Kaga cy koHcTaHTe Op3uHE 3a CYNCTHTY-
eHTe JaTe y omHOCy Ha Hammett-oBy koHCTaHTy O, moOHMjeHa je HEIMHEapHa CUIa3HAa KOHKaBHA
KpuBa. ENEKTPOH-TIPHBIAYHN CYIICTHTYCHTH Halla3e Ce ca jeIHe CTpaHe KPUBE Ca HEraTHBHOM O
BpeaHouthy, 0K Cy eleKTPOH-IOHOPCKU CYIICTUTYEHTHU ca APyre CTpaHe KPUBE ca MO3UTHBHOM O
penHorthy. [IpeamoxkeHn MexaHu3aM M U3BeIeHa Op3uHA peakilje Cy y CarjacHOCTH ca Jo0uje-
HHM Pe3yJITaTHMA.

(Mpumsbero 24. maja 2007, pesunupano 9. peGpyapa 2009)
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AICls-induced neuronal injury in rats
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Abstract: The present study was aimed at determining the effectiveness of nitric
oxide synthase (NOS) inhibitors: N-nitro-L-arginine methyl ester, 7-nitroinda-
zole and aminoguanidine in modulating the toxicity of AICI; on superoxide
production and the malondialdehyde concentration of Wistar rats. The animals
were sacrificed 10 min and 3 days after the treatment and the forebrain cortex
was removed. The results show that AICI; exposure promotes oxidative stress
in different neural areas. The biochemical changes observed in the neuronal
tissues show that aluminum acts as pro-oxidant, while NOS inhibitors exert an
anti-oxidant action in AICls-treated animals.

Keywords: aluminum; forebrain cortex; NOS inhibitors; superoxide production;
lipid peroxidation.

INTRODUCTION

Aluminum has the ability to produce neurotoxicity by many mechanisms. In
addition to the promotion of insoluble beta-amyloid (A beta) and hyperphospho-
rylated tau protein formation and accumulation, Al can alter neuronal signal trans-
duction pathways associated with glutamate receptors.1.2 In cerebella neurons in
culture, long term-exposure to Al added in vitro impaired the glutamate (Glu)-ni-
tric oxide (NO)—cyclic GMP (cGMP) pathway, reducing the glutamate-induced
activation of NO synthase (NOS) and NO-induced activation of the cGMP
generating enzyme, guanylate cyclase. These findings suggest that the
impairment of the Glu-NO-cGMP pathway in the brain may be responsible for
some of the neurological alteration induced by Al.3-5

Free radicals (oxidative toxins) have been implicated in the destruction of
cells through the process of lipid peroxidative damage of the cell membranes.
Aluminum has been shown to alter the Ca2* flux and homeostasis, and facilitate

*Corresponding author. E-mail: ivanav13@yahoo.ca
doi: 10.2298/JSC0905503S
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peroxidation of membrane lipids.® After exposure to Al, a statistically significant
increase in malondialdehyde (MDA), an index of lipid peroxidation, was ob-
served.”:8

Molecular oxygen is the primary biological electron acceptor that plays vital
roles in fundamental cellular functions. However, the beneficial properties of O,
are accompanied by the inadvertent formation of reactive oxygen species (ROS),
such as superoxide (O3), hydrogen peroxide (H20), and hydroxyl radicals
(OHe#).9.10 Evidence is being amassed that iron (Fe) accumulates in the brain and
catalyzes O5 formation, which reacts with NO to form the very harmful peroxy-
nitrite ion (ONOQ"), that nitrates tyrosine residues to form nitrotyrosine.11

The NO-synthesizing enzyme NOS is present in the mammalian brain in
three different isoforms, two constitutive enzymes (i.e., neuronal nNOS and en-
dothelial eNOS) and one inducible enzyme (iNOS). All three isoforms are aber-
rantly expressed after Al intoxication giving rise to elevated levels of NO, which
is apparently involved in neurodegeneration by various different mechanisms, in-
cluding oxidative stress and activation of intracellular signaling mechanisms.12

Cell death and changes in neurite morphology were partly reduced when NO
production was inhibited by NOS inhibitors.13-17 In view of the above, the pre-
sent study was undertaken to examine whether O3 production and MDA con-
centration after receiving intracerebral injections of AICIl3 can be modulated by
the co-administration with various NOS inhibitors: non-specific inhibitor NOS
(N-nitro-L-arginine methyl ester — L-NAME) and specific inhibitors: neuronal
NOS inhibitor (7-nitroindazol — 7-NI) and inducible NOS inhibitor (aminoguani-
dine - AG).18-20

EXPERIMENTAL

Materials and animals

The employed chemicals, all analytical grade, were purchased from Sigma (St. Louis,
MO, USA). All drug solutions were prepared on the day of the experiment.

Male adult Wistar rats with a body mass 500 + 50 g were used for the experiments.
Groups of two or three rats per cage (Erath, FRG), were housed in an air-conditioned room at
a temperature of 23+2 °C with 55+10 % humidity and with lights on 12 h/day (07.00-19.00
h). The animals were given a commercial rat diet and tap water ad libitum. The animals used
for the procedure were treated in strict accordance with the NIH Guide for Care and Use of
Laboratory Animals (1985).

Experimental procedure

For biochemical analysis, the rats were divided into eight basic groups (according to
drug treatment). Each basic group consisted of two different subgroups (according to survival
times — 10 min and 3 days) and each subgroup consisted of 10 animals. Animals were anes-
thetized by intraperitoneal injections of sodium pentobarbital (0.04 g/kg b.w.). Using a stereo-
taxic instrument for small animals, the chemicals were administered by a Hamilton microsy-
ringe and injected into the CAL sector of the hippocampus (coordinates: 2.5 A; 4.2 L; 2.4
V).21 The NOS inhibitors (L-NAME, 7-NI or AG) were immediately applied before a neuro-
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toxin/saline solution. In all treated animals, the injected intracerebral volume was 10 pl (Table 1)
and it was always injected into the same left side. All animals were decapitated and the heads
were immediately frozen in liquid nitrogen and stored at —70 °C until use. Then the ipsilateral
and contralateral forebrain cortex (FC) was quickly isolated and homogenized in ice-cold
buffer containing 0.25 M sucrose, 0.10 mM EDTA, 50 mM K-Na phosphate buffer, pH 7.2.
The homogenates were centrifuged twice at 1580 rpm for 15 min at 4 °C. The supernatant (crude
mitochondrial fraction) obtained by this procedure was then frozen and stored at —70 °C.22

Table 1. All the experimental animal groups with the applied dosage for the appropriate treat-
ment

Number Group Dosage

1 Control 0.9% saline solution

2 AlCl; 3.7x10" g/kg b.w. dissolved in 0.010 ml of deionizied water
3 L-NAME +AICl; 1x10 g dissolved in saline solution + AICl;

4 7-NI+AICl;4 1x10 g dissolved in olive oil + AICI;

5 AG+AICI; 1x10 g dissolved in saline solution + AICI5

6 L-NAME 1x10 g dissolved in saline solution + saline solution

7 7-NI 1x10 g dissolved in saline solution + saline solution

8 AG 1x10 g dissolved in saline solution + saline solution

Biochemical analysis

The superoxide anion content was determined through the reduction of nitro blue tetra-
zolium (Merck, Darmstadt, Germany) in a nitrogen saturated alkaline medium. Kinetic ana-
lysis was performed at 550 nm.23

The lipid peroxidation index was measured as the quantity of produced malondialdehyde
(MDA). Thiobarbituric acid reagent (TBAR-15 % trichloroacetic acid (Merck, Darmstadt) +
+ 0.375 % TBA + 0.25 % mol HCI) reacted with MDA, which had been produced from po-
lysaturated fatty acids in the process of peroxidation. The product of reaction — MDA, was
measured spectrophotometrically at 533 nm.24

The protein content in the rat brain homogenates (forebrain cortex-FC, ipsilateral and
contralateral) was measured by the Lowry method using bovine serum albumin (Sigma) as the
standard.2

Data presentation and analysis
Statistical analysis was performed using the statistical software program, Statistic 5.0 for
Windows. Descriptive data are expressed as the meanstandard deviation (SD). The statistical

significance was determined as p < 0.05 using either the Student’s t-test or ANOVA followed
by the Tukey’s t-test.

RESULTS
Superoxide production in the rat forebrain cortex (FC)

The O3 levels (uM red. NBT min—1 mg~1 proteins) bilaterally in the rat FC
homogenates at 10 min (Fig. 1A) and 3 days (Fig. 1B) after the treatment are
presented in Fig. 1. At the early tested time (10 min), AICI3 injection resulted in
higher levels of O; production in the contralateral FC, compared to the control
animals (p < 0.05). Also, 7-NI + AICI3 application, as well as L-NAME injection
and AG injection, resulted in an increase in the production of O bilaterally in
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the FC after 10 min, compared to the control groups. However, after 3 days,
L-NAME + AICl3 and 7-NI + AICI3 injection resulted in lower levels of O pro-
duction bilaterally in the same brain structure, compared to the control groups. At
10 min after 7-NI + AICI3 application, the O, levels showed increase in the
ipsilateral FC, compared with the AICls-treated animals. L-NAME application
resulted in an increase of the O levels ipsilaterally in the FC after 10 min and
bilaterally in this brain structure after 3 days, compared to the L-NAME + AICl3-
-treated groups. Also, AG injection resulted in an increase of O, production in
the ipsilateral FC after 10 min, compared to the AG + AICI3-treated group. How-
ever, 7-NI injection resulted in a decrease of O, production bilaterally in the FC
after 10 min, compared to the 7-NI + AIClz-treated groups (Fig. 1).
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Fig. 1. The effect of intrahippocampal drug injection on O3 production (uM red. NBT/min/mg
protein) in the rat ipsilateral and contralateral FC at different survival times — 10 min (A) and
3 days (B) after treatment. Data are means +SD of 10 animals. *A statistically significant
difference between the treated (AICI;-, NOS inhibitors + AICl3- and NOS inhibitors-treated)
and the control (sham-operated) animals (p < 0.05). A statistically significant difference
between the NOS inhibitors + AlCI;-treated and the AlCI;-treated animals (p < 0.05).
¢ A statistically significant difference between the NOS inhibitors-treated and
the NOS inhibitors + AICl;-treated animals (p < 0.05).
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Malondialdehyde concentration in the rat forebrain cortex (FC)

The MDA concentration (hnM MDA h-1 mg-1 proteins) in the ipsilateral and
contralateral FC homogenates at 10 min (Fig. 2A) and 3 days (Fig. 2B) after the
treatment are shown in Fig. 2. Ten minutes after the injection of AICI3 injection
and of L-NAME, the MDA concentration was bilaterally increased in the FC
compared to controls, with the difference being statistically significant (Student’s
t-test; p < 0.05). Also, in the same brain structure, after 3 days, the MDA concen-
tration was increased bilaterally after 7-NI+AICl3 and AG injection, as well as
ipsilaterally after L-NAME and 7-NI application, compared to the control groups.
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Fig. 2. The effect of intrahippocampal drug injection on the MDA concentration ("M MDA/h/mg
protein) in the rat ipsilateral and contralateral FC at different survival times — 10 min (A) and
3 days (B) after treatment. Data are means +SD of 10 animals. *A statistically significant
difference between treated (AICl5-, NOS inhibitors + AICl3- and NOS inhibitors-treated) and
the control (sham-operated) animals (p < 0.05). *A statistically significant difference between
the treated (NOS inhibitors + AICl;- and NOS inhibitors-treated) and the AICI;-treated
animals (p < 0.05). *A statistically significant difference between the NOS inhibitors-treated
and the NOS inhibitors + AICls-treated animals (p < 0.05).
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Ten minutes after L-NAME + AICIl3 and 7-NI + AICIl3 injection, lower MDA
concentrations were measured in the ipsilateral FC, and after AG + AICl3 injec-
tion in the ipsilateral and contralateral FC, compared to the AlCl3-treated group.
However, after 3 days, 7-NI + AICl3 injection resulted in a higher MDA concen-
tration bilaterally in the same brain structure, compared to the AlCl3-treated group.
At the early tested time (10 min), L-NAME application resulted in an increase in
the MDA concentration bilaterally in the FC, compared with the AICI3-treated
animals, as well as compared to the L-NAME + AICI3-treated groups (p < 0.05).
Also, AG injection resulted in an increase in the MDA concentration in the ipsi-
lateral FC after 3 days, compared to the AG + AlCls-treated group. However, 7-NI
injection resulted in a decrease in the MDA concentration bilaterally in the FC
after 10 min, compared to the 7-NI + AIClI3-treated group (Fig. 2).

DISCUSSION

The application of AICI3 to the CA1 sector of the hippocampus resulted in a
significant increase in O3 production and the MDA concentration in the FC.
This suggests that inhibition of NOS by L-NAME, 7-NI or AG can modulate
AICl3 poisoning and, therefore, may limit the retrograde and anterograde spread
of toxicity.

In this study, AICl3 application produced a rapid (within 10 min) increase in
O3 production contralaterally in the FC, compared to the control (Fig. 1A).
Literature data suggest that Al is suspected to be associated with oxidative stress,
possibly due to the pro-oxidant properties of A beta in the senile plaques.26:27
The underlying mechanism by which this occurs is not well understood although
interactions between amyloid and Fe have been proposed. The presence of low
molecular weight Fe compounds can stimulate free radical production in the
brain. Both Al and A beta can potentiate free radical formation by stabilizing Fe
in its more damaging ferrous (Fe2*) form, which can promote the Fenton reac-
tion. The rate at which Fe2* is spontaneously oxidized to Fe3* was significantly
slower in the presence of Al salts.28

There are several lines of evidence that show a key role of ROS in both
intracellular signaling and intracellular communication, processes involved in
maintaining homeostasis. Some experimental data indicate that ROS-mediated
lipid peroxidation, protein oxidation and oxidative alterations to nucleic acids are
crucial events of the unfavorable actions of ROS.29.30 Lipid peroxidation is a
measure of tissue destruction. Literature data suggest that Al may facilitate in-
creases in intracellular Ca2* and ROS, and potentially contribute to neurotoxicity
induced by other neurotoxicants.® In this study, it was shown that 10 min after
intrahippocampal AICI3 injection, the application of a neurotoxicant produced an
increase in the MDA concentration bilaterally in the FC, compared to control ani-
mals (Fig. 2A).
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Neuropharmacological data indicate that A beta toxicity is mediated by an
excitotoxic cascade involving blockage of astroglial glutamate uptake, sustained
activation of NMDA receptors and an overt intracellular Ca2* influx.31 These
changes are associated with increased NOS activity in cortical target areas that
may directly lead to the generation of free radicals. A sustained overproduction
of NO via NOS expression may be responsible, at least in part, for some of the
neurodegenerative changes caused by stress and support a possible role for NOS
inhibitors in this situation.32

Decreased O, production bilaterally in the FC at 3 days in the L-NAME +
+ AICI3 group and the 7-NI + AICIl3 group compared to the controls (Fig. 1B),
along with decreased SOD activity (results not shown) confirm the achieved anti-
-oxidative defense.

In addition, the decreased MDA concentration ipsilaterally in the same brain
structure at 10 min in the NOS inhibitors + AICl3 groups, compared to the AICls-
-treated animals, (Fig. 2A), suggests activation of the anti-oxidative system, re-
sulting in an aggressive blockage of the oxidative mechanisms initiated by neuro-
toxicant application.

The significant increase in O production after L-NAME and after AG in-
jection (at 10 min bilaterally in the FC, compared to the controls), which corre-
lates with unchanged O levels after 7-NI application in the same brain structure
(Fig. 1A), indicates the permanent and long-lasting effect of nNOS blocking at
the early tested time. These findings suggest that treatment with 7-NI leads to the
protection of brain neurons against neuronal injuries by impairment of cellular
energy metabolism and oxidative stress.33-35

The present data, which indicates an increased MDA concentration 10 min
after L-NAME application bilaterally in the FC compared to the controls (Fig.
2A), suggests that NOS inhibition exhibits protective effects for cellular mem-
brane. This only occurs during the presence of oxidative stress caused by AICls,
meaning that peroxidation after L-NAME application is not developed through
NO, but through the creation of *OH from O3 and H,0,.36

In addition, it was shown in this study that L-NAME injection after 10 min
produced an increase in the MDA concentration, compared to the L-NAME +
+ AlCls-treated group (Fig. 2A). It is known37 that glutamate excitotoxicity,
oxidative stress, and mitochondrial dysfunctions are common features leading to
neuronal death after Al intoxication. Nitric oxide, alone or in cooperation with
O; and ONOO, is emerging as a predominant effector of neurodegeneration.

CONCLUSIONS

In conclusion, the present data revealed that NO is included in the toxicity
induced by AICI3 application in the CAL hippocampal sector, resulting in both
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temporal and spatial spreading of damage to the FC, so that NOS inhibitors
(L-NAME, 7-NI, AG) could have potentially beneficial effects.

U3BO/

E®EKTU PAZJIMYUTUX NHXUBUTOPA A30T-OKCU/J-CUHTA3E HA
OLITEREWBE HEYPOHA N3A3BAHO AICI;

UBAHA CTEBAHOBURY, MAPMHA JOBAHOBUR?Y, AHKUIIA JEJIEHKOBUR?,
MUOJIPAT YOJIR! 1 MIJIML{A HUHKOBIR!

1BojH0M€()uL4ucha akademuja, MHcitiuiiyit 3a meOuyuHcka ucitipaxcusara, Liprotipascka 17, Beozpao u
214ch7uu7ym 3a buoaowka ucitipaxusarsa beozpao

VYV ekcnepumenty je onapehuBaHa eduracHOCT MHXHOMTOpa aszor-okcuia-cuHtaze (NOS):
Mmetui-ectpa N-HUTpo-L-aprunuHa, 7-HUTPOMHAA30J1a U AMUHOTBAHUMHA Y MOJYJIALU]U TOKCHY-
Hoctu AICl; Ha cTBapame cynepoKCHIHOT aHjOHa U KOHIICHTpaljy Majonananaexuaa koa Wistar
narosa. JKuBotume cy xpreoBaHe 10 Min u 3 naHa HakOH TPEeTMaHa U M30JI0BaHA j€ KOpa BETHKOT
Mosra. Pesynratu nokasyjy na uznarame AlCl3 mokpehie OKCHIATHBHHU CTpeC y pasiMYUTHM MOX-
JaHUM PErHOHMMa. BroxeMujcke MpoMeHe ONUCaHe y HEYPOHCKOM TKUBY IOKa3yjy Aa alyMHHH-
jyM Jenyje kao npo-okcuaaHt, 1ok naxubutopu NOS nmajy aHTHOKCHIATHBHO JA€jCTBO KOJ| )KHBO-
tumba Tpetupanux AlCl;.

(Tlpumibeno 1. okTo6pa, pesuauparo 9. nenembpa 2008)
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Abstract: House dust mites (HDM) represent a major source of allergens, con-
tributing to the increasing incidence of type | hypersensitivity disease world-
wide. Over 30 different IgE-binding proteins from the HDM extract were de-
tected. Although group 1 and 2 have been identified as major allergens, due to
the safety and efficacy of allergy diagnosis and immunotherapy, there is a need
to carefully evaluate the clinical relevance of other allergens present in the
HDM extract. In regard to this, a high molecular mass allergen of about 68 kD
was purified from the HDM extract using a combination of gel permeation
chromatography and reversed-phase chromatography. The IgG and IgE reacti-
vity of the purified protein were preserved during the purification process, as
confirmed by Western blot analysis with polyclonal rabbit antibodies and dot
blot analysis with a pool of sera from subjects with house dust mite allergy,
respectively. In addition, the IgE reactivity was confirmed using ELISA testing
with nine patient sera. The biological potency of the 68 kD allergen was con-
firmed by skin prick testing in five allergic subjects, suggesting that the high
molecular mass allergen is a good candidate for component-resolved diagnosis
of house dust mite allergy and eventual therapeutic treatment.

Keywords: HDM; Dermatophagoides pteronyssinus; allergens; isolation.

INTRODUCTION

House dust mites (HDM) represent a major source of aeroallergens contri-
buting to the increasing incidence of type | hypersensitivity disease worldwide.1.2
More than 50 % of allergic patients and up to 80 % of asthmatic children are
sensitized to mite allergens.3 The HDM extract used in allergy diagnosis and the-
rapy is a complex mixture of allergens and non-allergen components from mite
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bodies, fecal pellets and eggs.4 Over 30 different proteins from mite extract bind
IgE and 21 of them have been characterized.® Major IgE binding was reported for
the group 1-3, 9, 11, 14 and 15 allergens.6 One of the problems in standardiza-
tion of HDM extracts is the presence of proteolytic enzymes, which are important
allergens, the presence of which can, nevertheless, compromise the quality of the
allergen extract. Allergens with proteolytic activity which have been found in the
HDM extract are Der pl — a cysteine protease, Der p3 with trypsin activity, Der
p6 chymotrypsin, and Der p9 a collagenolytic serine protease. Group 1 and 2 re-
present the most important allergens as they are recognized by the majority of
mite-allergic patients.” Nevertheless, about 20 % of mite allergic subjects do not
produce IgE to the group 1 and 2, and given the high frequency of mite allergy,
this constitutes a respectable number of patients.6 In addition, sensitivity to one
of the major allergens can be under- or over-represented in a limited group of pa-
tients,8 and very often, it is dependent on the geographical region and environ-
mental exposure to the allergen source. Moreover, the sequence polymorphisms
of the major group 1 and 2 allergens produced by environmental mites can have
an impact on the T-cell response to peptides containing different amino acid sub-
stitutions.® Therefore, structural features, as well as immunoreactivity of all aller-
gens present in the HDM extract have to be considered and carefully evaluated.

Novel approaches based on a defined content of structurally defined indivi-
dual allergens that can be applied in diagnosis and treatment of allergies are
termed component-resolved diagnosis (CRD) and component-resolved immuno-
therapy10 (CRI), respectively. Such an immunotherapeutic approach enables pa-
tient-tailored specific allergy treatment without risk of side effects and additional
sensitization, especially in the pediatric population.11

The aim of this study was to isolate and examine the diagnostic potential of a
high molecular mass protein of about 68 kD from house dust mite Derma-
tophagoides pteronyssinus in terms of its IgE-binding properties and biological
activity in a group of Serbian HDM allergic persons.

EXPERIMENTAL

HDM allergen extract preparation

Dried house dust mites (Dermatophagoides pteronyssinus), 5 % (w/v), were extracted in
0.15 M phosphate-buffered saline (PBS), pH 7.6, by stirring overnight at 4-8 °C. After cen-
trifugation at 6000 rpm for 30 min and filtration through a 0.22 um membrane filter (Pall
Europe Limited Portsmouth, England), the extract was lyophilized and stored at —70 °C. The
protein concentration of the extract was determined by the Bradford method2 using bovine
serum albumin (BSA) as the standard.
Size-exclusion chromatography

The HDM extract was resolved by size-exclusion chromatography using a Superdex 200
column in 20 column volumes (850 mmx16 mm, Pharmacia, Uppsalla, Sweden), after equili-
bration of the column with 20 mM PBS, pH 8.0. The protein fractions were pooled and
analyzed by SDS-PAGE.
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Reversed-phase chromatography

Following size-exclusion chromatography, the pooled fractions containing a high-mole-
cular mass allergen were further purified by reversed-phase chromatography (100 mmx4.6 mm
C5 HPLC column, Supelco, Bellefonte, PA, USA), and analyzed by SDS-PAGE.

SDS-PAGE

The quality of the HDM extract was analyzed by 12 % SDS-PAGE and the resolved
proteins were stained with Coomassie Brilliant Blue R-250 (Serva, Heidelberg, Germany), as
outlined by Laemmli et al.13

Production of the polyclonal antibodies to HDM extract

Two rabbits were immunized according to the protocol described by Harlow and Lane.14
In brief, 0.25 mL of the HDM extract (0.50 mg mL1) was mixed with 0.25 mL FCA (Freund’s
complete adjuvant) for the first immunization. Every 15 days, for six months, the rabbits were
boosted with a mixture of 0.25 mL of the HDM extract and 0.25 mL of FCA. Each rabbit was
subcutaneously immunized with 0.50 mL of the emulsion. After six months, sera were collec-
ted and the antibodies were purified using Protein A Sepharose!® (Pharmacia, Uppsala, Swe-
den) according to the manufacturer’s instructions.

Patients’ sera

Patients allergic to house dust mites (n = 17; 10 male and 7 female) were selected ac-
cording to their case history, positive skin prick test and specific IgE for D. pteronyssinus
extract (CAP-FEIA System, Unicap 100; Phadia, Uppsala, Sweden). Sera from three non-al-
lergic individuals were pooled and used for control purposes.

Western blot

Proteins of the HDM (D. pteronyssinus) extract or isolated 68 kD protein were resolved
by SDS-PAGE and electro-transferred onto a nitrocellulose membrane (0.45 um Serva, Hei-
delberg, Germany).16 The pattern of the IgE reactivity was determined with individual pa-
tient’s sera (dilution 1:5, in 50 mM sodium phosphate, pH 7.4, containing 100 mM NaCl, 0.50 %
(v/v) Tween-20; 0.50 % (w/v) bovine serum albumin (BSA) and alkaline-phosphatase labeled
monoclonal anti-human IgE (Sigma Chemical Co., St. Louis, MO, USA) as the secondary
antibody. Rabbit polyclonal anti-HDM antibodies were used to evaluate the IgG reactivity
profile and alkaline-phosphatase labeled goat anti-rabbit IgG (Sigma Chemical Co., St. Louis,
MO, USA) was used as the secondary antibody. The IgE and 1gG binding patterns were
visualized with a substrate solution of 1.5 mg BCIP (5-bromo-4-chloro-3-indolyl phosphate,
Serva, Heidelberg, Germany) and 3.0 mg NBT (nitro blue tetrazolium, Serva, Heidelberg,
Germany) in 10 mL of 100 mM Tris buffer containing 150 mM NaCl and 5 mM MgCl,, pH
9.6, according to Harlow and Lane.1

Dot blot

Purified 68 kD allergen or HDM extract were dotted (2.0 pL, ¢ = 0.50 mg mL"1) onto
nitrocellulose membrane strips (0.45 um Serva, Heidelberg, Germany). Subsequently, the
membrane was blocked with buffer A (50 mM sodium phosphate, pH 7.4, 100 mM NaCl, 0.50 %
(v/v) Tween-20, 0.5 % (w/v) bovine serum albumin (BSA) and 0.05 % (w/v) sodium azide)
for one hour at room temperature and incubated with patients sera at a 1:5 dilution in buffer A
for 3 h at room temperature. The bound IgE was detected with alkaline-phosphatase labeled
monoclonal anti-human IgE antibodies (Sigma Chemical Co., St. Louis, MO, USA). The bind-
ing patterns were visualized with a BCIP/NBT substrate solution.
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IgE ELISA

A MaxiSorp ELISA plate (Sigma-Aldrich, Steinheim, Germany) was coated with the
purified 68 kD protein (10 pg mL%, 100 uL per well) in 15 mM Na,CO3/35 mM NaHCOj3, pH
9.5, overnight at 4 °C. The plate was washed (3x10 min) with TBS containing 0.010 % (v/v)
Tween 20 (TTBS). After blocking for 2 h at room temperature with 1.0 % BSA in TTBS, the
individual patient sera (1:5 dilution in 0.10 % (w/v) BSA in TTBS) were added to the plate
and incubated overnight at 4 °C. The bound IgE was detected using alkaline-phosphatase
labeled anti-human IgE (1:1000 Sigma Chemical Co., St. Louis, MO, USA). Following a 2 h
incubation, the plate was subsequently incubated for 1 h with a substrate solution (1.0 mg mL~
1 p-nitrophenyl phosphate in 100 mM diethanolamine buffer, pH 9.6), and the absorbance was
measured at 405 nm. Absorbance values were considered positive if they exceeded the mean
A5 nm Of the negative control by >3 SD. Due to the lack of sufficient sera, patients No. 7, 9,
and 17 were not tested using ELISA.

Skin prick testing

For skin prick test (SPT), the 68 kD allergen (20 pug mL™1) was prepared in PBS, as
previously described.1? Histamine phosphate at 1.0 mg mL"1 and PBS were used as the posi-
tive and negative control, respectively. The results of the SPTs were evaluated after 20 min
and a wheal of at least 3 mm was considered positive. The skin prick testing was performed
with the approval of the Ethics Committee of the University Children’s Hospital and informed
written consent was given by all patients.

RESULTS AND DISCUSSION
IgE reactivity of house dust mite extract

To examine the pattern of IgE reactivity in the Serbian population, seventeen
individuals with a positive clinical history of HDM allergy were selected. Their
clinical data are presented in Table I. A specific IgE to house dust mite allergens

TABLE I. Clinical and serological characterization of the house dust mite allergic subjects;
ND - not determined

- CAP  Symptoms and s ELISA
Patient  Sex class ydilggnosis Sensitization 68 kD allergen
1.IM M 6  Rhinoconjunctivitis Dermatophagoides, gx1 +
2.NN F 6 Asthma Dermatophagoides +
3.TS M 6 Atopic dermatitis Dermatophagoides -
4.SM F 6 Asthma Dermatophagoides +
5.SB M 6 Rhinitis Dermatophagoides, w3 +
6. TM M 6 Asthma Dermatophagoides +
7. MM M 5 Rhinitis, Asthma Dermatophagoides ND
8.Cs F 5 Rhinitis Dermatophagoides -
9.Cl F 5 Asthma Dermatophagoides ND
10.MF M 5 Rhinitis Dermatophagoides -
11.MD F 5 Rhinitis Dermatophagoides -
122KD M 5 Rhinitis Dermatophagoides, w6 +
13. Kl M 5 Asthma Dermatophagoides +
14.bB M 4 Rhinitis Dermatophagoides, gx1, wx1 ND
15.SJ F 4 Rhinosinusitis Dermatophagoides, wx1, wx3 +
16. MG M 4 Rhinitis Dermatophagoides, gx1, wx1, tx5 +
17. PS F 4 Asthma Dermatophagoides ND
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determined by ImmunoCAP was scored as: class 6 in six patients, class 5 in
seven patients and class 4 in four patients. From the seventeen HDM allergic
patients, six were co-sensitized to weed, grass and/or tree pollen. The pattern of
the IgE reactivity in Western blot analysis with individual patient sera is shown
in Fig. 1. The HDM extract showed a complex IgE-binding pattern with bands of
various molecular mass ranging from 116-10 kD. The major allergens in this po-
pulation of HDM allergic subjects with IgE reactivity by more than 50 % were
proteins with molecular mass of about 14, 27, 47, 68 and 116 kD. The band at
about 14 kD showed the strongest intensity in the IgE binding, probably repre-
senting Der p 2, and/or Der p 5.2:18 The IgE binding in the range of 20-35 kD
may represent Der p 6, Der p 7, Der p 8, and Der p 9. A strong IgE binding of the
68 kD protein was observed in four patients with a high specific IgE (patients 1,
2,5, and 6).

kD CAP class 6 CAP class 5 CAP class 4

116.0

45.0

35.0

25.0

18.4

Fig. 1. IgE reactivity profile to HDM
allergen extract obtained with HDM
patients’ sera.

144

Isolation of the 68 kD allergen

The 68 kD allergen was isolated from the HDM extract by a combination of
size-exclusion chromatography on a Superdex 200 column and subsequent rever-
sed-phase chromatography on a C5 column. The HDM proteins were resolved into
three peaks by gel permeation chromatography, pooled according to the chroma-
togram fractions: 11-12, 35-54 and 57-63 (Fig. 2a), and analyzed by SDS PAGE
and Western blot (Fig. 3). Pool A contained high molecular mass proteins of
about 60-116 kD and 30-40 kD, pool B contained a doublet of about 25-30 kD
and low-molecular mass proteins of 15-20 kD and 25-40 kD, while pool C con-
tained proteins with molecular masses of about 14 and 35 kD. Pool A was ap-
plied on the C5 column and a 68 kD protein was eluted with 79 % acetonitrile
containing 0.10 % TFA (Fig. 2b), and was analyzed by SDS-PAGE (Fig. 3a) and
Western blot (Fig. 3b). According to the literature, 21 allergens® from Der-
matophagoides pteronyssinus house dust mite, with a wide range of molecular
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masses (7-177 kD),8:19 have been identified. Recently, two recombinant house
dust mite allergens, Der p 15, with a molecular mass of about 60 kD, and Der p
18, of about 50 kD, were characterized.20 However, there is no report in the
literature on the properties of a 68 kD house dust mite protein.

350

300
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(=]

Azs0/ mAU
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100

50
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213} '-6'789
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200

150

A280 / mAU

5 |m515l1[° . ]1u|11 12[13] 14| 15 18] 17| 18] 19 | 2§ | 21}22| 23] |
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(b)

Fig. 2. Separation of the HDM extract by a) size-exclusion chromatography on a Superdex
200 column and b) reversed-phase chromatography on a C5 column.
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B T kD
kD § 116.0
116.0° :
652' " 652
4500 45.0
lad
35.0 . . _—
25.0 s .
25.0
18408 Fig. 3. Isolation of the 68 kD protein: a) SDS PAGE
14400 18.4 analysis: HDM extract (A), purified 68 kD protein (B);
14.4 molecular mass proteins (mm) and b) Western blot:
- T .. HDM extract (Ex), A pool of 11-12 fractions (A), B
mm A B

pool of 35-54 fractions (B), C pool of 57-63 fractions
©) (b) (C), A pool after C5 reversed-phase chromatography (D).

IgE and 1gG reactivity of the 68 kD allergen

IgE and IgG reactivity of the 68 kD allergen was confirmed using dot blot
analysis (Fig. 4) with a pool of patient sera and rabbit polyclonal antibodies, res-
pectively. In addition, IgE reactivity was evaluated with sera from individual
patients using ELISA (Fig. 5). These results suggest that the IgE binding epitopes
of the isolated 68 kD allergen were preserved during the purification process and
nine from fourteen tested patients (64 %) showed a specific IgE reactivity (Table I)
to the 68 kD allergen.

HDM extract 68 kD allergen

A)

e Fig. 4. 1gG (A) and IgE (B) reactivity of dot-blotted
HDM extract and 68 kD allergen.

B)

For the evaluation of the biological activity, five patients were skin prick
tested with a solution containing the 68 kD allergen (20 ug mL-1). The positive
results in all the tested patients (Table 1) suggested that the 68 kD allergen is
capable of bridging specific IgE antibodies on the mast cells and triggering the
release of preformed biologically active mediators, such as histamine. It is note-
worthy that the isolated allergen induced a larger skin prick test reaction com-
pared to the HDM extract in three patients. Taking into consideration the preva-
lence of IgE reactivity in the tested group of HDM allergic subjects, the 68 kD
allergen is a good candidate for component-resolved allergy diagnosis, or at least
for patients from the Serbian climate.
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A405 nm

1 2 3 45 6 7 8 9 10111213 14 15 16 17

patient

Fig. 5. Histogram: IgE ELISA to 68 kD allergen.
Table 11. Skin prick test reactivity (whealxflare, mm?) to HDM extract and 68 kD allergen

Patient No.
Allergen 1 > 3 2 z
HDM extract 8x20 5x10 4x15 8x30 10x35
68 kD allergen 9%30 7x10 4x0 9x30 9x30
Histamine 5x20 5x10 5x25 4x0 -

CONCLUSIONS

A high-molecular mass allergen of about 68 kD was isolated from a HDM
extract and its IgE reactivity was evaluated. Using a combination of two bio-
chemical methods, gel permeation chromatography and reversed-phase chroma-
tography, a 68 kD protein was isolated. The strong IgE binding of the 68 kD
allergen was observed in patients with a high level of specific IgE (CAP class 6).
IgE reactivity was confirmed in 64 % of the tested HDM allergic patients by
ELISA and its biological activity was confirmed in five HDM allergic subjects.
According to these results, the 68 kD allergen is a good candidate for component-
-resolved allergy diagnosis of house dust mite allergy. Further biochemical cha-
racterization, such as amino acid sequence determination, should provide more
data on its structural features. Additional clinical studies should evaluate its aller-
genic potency in HDM allergic patients with lower level of specific IgE (CAP
class < 4), as well as its diagnostic potential in the pediatric population.
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U3BO [
N30JIOBAE 1 KAPAKTEPU3ALINJA 68 kD AJIEPTEHA 13 EKCTPAKTA KYRHUX I'PUBA

KATAPUHA MI/IJ]OBAHOBI/ITll, JIMANIA BYPA3EP1, OJITA ByLlKOBl/ITml, MAPUHA ATAHACKOBHWHh-MAPKO-
BUR?, TAIbA RUPKOBUR BEHI/ILIKOBI/ITIS, PATKO M. JAHKOB® 11 MAPHJA TABPOBHB-JAHKYJIOBIR®

1anmuu7yu7 3a supycoaozujy, eayyure u cepyme, Topaak, Beozpao, ZYHusepsulEemcxa Oeuja kauruxa, Meouyun-
CKU haxyaitiein u 3Kaitiedpa 3a ouoxemujy, Xemujcxu gpaxyaiien, Ynueepsuiteii y beozpaoy

I'pume 13 kyhHe mpaiinHe npencTaBibajy jefaH Of INIaBHUX W3BOpa allepreHa Koju Cy y 3Ha-
YajHOj MepHW JONPHHENH IopacTy NpBor tuma mnpeocersbuBoctH. IIpeko 30 IgE-Besyjyhux mpo-
TenHa 13 KyhHe mpammuHe je IeTeKTOBaHO 10 JaHac. AjepreHu rpyme 1 u 2 03HaueHH Cy Kao IJIaB-
HU anepreHu kyhne npammue. Mehytum, na 6u ce moboJspinana CUTYypHOCT U e(hUKacHOCT Aujar-
HO3€ H Tepalnuje aleprujckux 00oJbea M3a3BaHHX TpHama u3 KyhiHe mpammHe, HEONXOTHO je
OJpEe/IMTH KIMHUYKH 3Hauaj CBUX ajlepreHa U3 OBOI ajepreHckor u3sopa. U oBoM pajy M30J0BaH
je anepren BHCOKe MouiekyJicke Mace o1 68 kD u3 excrpakra kyhHe mpamiiHe KOMOWHOBAbEM Tell-
-repMearone xpomarorpaduje u pesepcHo-(azne xpomarorpaduje. 1gG n IgE peaxruBHocT 1npe-
yuiheHor nporenHa je nposepena y «\Western blot»-y u «dot blot»-y ca moaukioHCKUM 3e4ujum
aHTHTEJINMa Ha eKCTpakT KyhHe mpammHe u «Pool»-om cepyma ocoba anepruvHux Ha KyhHy mnpa-
muHy, penoM. 64 % manujenata je mokasano IgE peakTuBHOCT Ha npeunmnhenu nporenH y ELISA
Tecty. buonomika peaktuBHOCT npeuniheHor aneprexa je norspheHa y KoXHUM npobaMa Ha IeT
nanujenara, ykasyjyhu aa je npeuninhen anepren qodap KaHIugar 3a Avjar€o3y anepruje na kyh-
HY TpalIyHy [0jeIMHaYHIM KOMIIOHEHTaMa 1 eBEHTYaJIHH TePaneyTCKH TPEeTMaH.

(TTpumsbero 4. HoBemGpa 2008, pesunmpano 6. GpeGpyapa 2009)
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Structural and antimicrobial studies of coordination compounds
of VO(I1), Co(I1), Ni(ll) and Cu(ll) with some Schiff bases
involving 2-amino-4-chlorophenol
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Abstract: Complexes of tailor-made ligands with life essential metal ions may
be an emerging area to answer the problem of multi-drug resistance (MDR).
The coordination complexes of VO(II), Co(ll), Ni(Il) and Cu(ll) with the Schiff
bases derived from 2-hydroxyacetophenone/2-chlorobenzaldehyde with 2-ami-
no-4-chlorophenol were synthesized and characterized by elemental analysis,
molar conductance, electronic spectra, FT-IR, ESR, FAB mass, thermal and
magnetic susceptibility measurements. The FAB mass and thermal data show
degradation of the complexes. The ligand A (2-hydroxyacetophenone-2amino-
-4-chlorophenol) behaved as tridentate and ligand B (2-chlorobenzylidene-2-
-amino-4-chlorophenol) as bidentate, coordinating through O and N donors.
The complexes [VO(A)(H,0)]-xH,0, [M(A)(H,0),]-xH,O for Co and Ni,
[Cu(A)(H,0)] and [VO(B),]-xH,0, [M(B)»(H,0),] for Co and Cu and [Ni(B),]
exhibited coordination numbers 4, 5 or 6. X-ray powder diffraction data (a =
=11.00417 A, b =11.706081 A and ¢ = 54.46780 A) showed that [Cu(CACP),(H,0),],
complex 8, crystallized in the orthorhombic system. The in vitro biological
screening effects of the investigated compounds were tested against the bac-
teria Escherichia coli, Staphylococcus aureus and Streptococcus fecalis and the
fungi Aspergillus niger, Trichoderma polysporum and Candida albicans by the
serial dilution method. A comparative study of the MIC values of the Schiff
base and their [M(B),(H,0),] complexes (Co(ll), complex 6 and Cu(ll), com-
plex 8), indicated that the metal complexes exhibited a higher or lower antimic-
robial activity than 2-chlorobenzylidene-2-amino-4-chlorophenol as the free li-
gand (B).

Keywords: Schiff base; 2-amino-4-chlorophenol; 2-hydroxyacetophenone; metal
complexes; spectral studies; antimicrobial activity.
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INTRODUCTION

Some transition metals are essential for the normal function of living orga-
nisms. Metallo-drugs are becoming an interesting research area after the disco-
very of cisplatin,! Since then, many complexes have been synthesized and tested
on a number of biological systems. Copper complexes are known to have a broad
spectrum of biological action,23 but its concentration as free metal ion inside
cells should be lower than 10-1> M (calculated)/10-12 M (observed). A concen-
tration higher than 10-9 M in the cytoplasm can be poisonous.# The chemistry of
vanadium with multidentate ligands has achieved a special status in the last de-
cade because of its catalytic®¢ and medicinal” input. Structural and functional
models for vanadate-dependent haloperoxidases and nitrogenases have further
stimulated vanadium coordination chemistry.8

The structures of the active site of the vanadate-dependent haloperoxidases
have been revealed by X-ray diffraction studies. Accordingly, the vanadate ion is
distorted towards a trigonal pyramid, thus providing a fifth coordination site to be
occupied by the >NH of a histidine, thus covalently linking the vanadate ion to
the protein.9-11

The chemistry of nickel Schiff base complexes has obtained a significant
place in bioinorganic chemistry and redox enzyme systems.1l Morrow and Ko-
lasal? reported the cleavage of plasmid DNA by square planar nickel-salen [bis-
-(salicylidene)ethylenediamine] complex in the presence of either magnesium
monoperoxyphthalic acid (MPPA) or iodosulbenzene.

In this paper, the preparation and structures of VO(II), Co(ll), Ni(ll) and
Cu(ll) complexes with some synthesized Schiff base ligands, i.e., 2-hydroxyace-
tophenone-2-amino-4-chlorophenol (HACP) (A) and 2-chlorobenzylidene-2-ami-
no-4-chlorophenol (CACP) (B), is described (Fig. 1). The antimicrobial activity
of these ligands and complexes is also reported.

cl
CH, cl cl
| H
C=N |
C=N
OH OH
OH

HACP (Schiff base) CAP (Schiff base)
Fig. 1. HACP and CAP Schiff bases.

EXPERIMENTAL
Apparatus and reagents

All the used chemicals and solvents were of Analar grade. Oxovanadium(1V), cobalt(ll),
nickel(I1) and copper (I1) chloride/sulphate were obtained from Loba Chemie. Elemental ana-
lysis and FAB (Fast Atom Bombardment) mass spectra were realised at SAIF-CDRI,
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Lucknow. Molecular weights were determined by the Rast method. Magnetic measurement
was made by the Gouy method. Electronic spectra (in MeOH), were recorded on a Perkin-El-
mer Lamba-2B-Spectrophotometer. Molar conductance (103 M) was measured using an Eli-
co-conductivity bridge at room temperature. The FT-IR spectra (in KBr) were recorded at
SAIF, IIT, Dehli. X-Ray powder diffraction analysis (CuK,, 1.54060A) was performed at
SAIF, Punjab University, Chandigarh. The ESR (electron spin resonance) spectra were re-
corded at SAIF, IIT, Mumbai. Thermal heating of the complexes was performed in a muffle
furnace at four temperatures, i.e., 100, 300, 500 and 750 °C.

Synthesis of the Schiff bases (ligands)

Two Schiff bases (HACP, CACP) were synthesized by adding a methanolic solution of
2-hydroxy-acetophenone/2-chloro-benzaldehyde (0.060 mol/0.070 mol) to a methanolic solu-
tion of 2-amino 4-chlorophenol (0.060 mol/0.070 mol). The reaction mixture was then reflux-
ed on a water bath for about 5-6 h. The condensation product was filtered, washed thoroughly
with ethanol and petroleum ether, recrystallized and dried under vacuum. The purity of the
synthesized compounds was monitored by TLC (Thin Layer Chromatography) using silica gel
(yield (A) =79.5 % and yield (B) = 87.6 %).

Preparation of the metal complexes

All the complexes were prepared by mixing a methanolic solution of MCI,/SO4 nH,O
(5.0 mmol/3.0 mmol) with the methanolic solution of Schiff bases HACP-(A)/CACP-(B) in a
1:1 or 1:2 molar ratio. The resulting mixture was refluxed on a water bath for 8-9 h. A
coloured product appeared on standing and cooling the solution. The complexes were filtered,
washed with petroleum ether and dried under reduced pressure over anhydrous CacCl, in a
desiccator. They were further dried in an electric oven at 60-70 °C.

Antimicrobial activity

The in vitro biological screening effects of the investigated compounds were tested
against Escherichia coli, Staphylococcus aureus and Streptococcus fecalis by the well diffu-
sion method?314 using agar nutrient as the medium and gentamycin as the control.

The in vitro antifungal assay was performed by the disc diffusion method.1314 The com-
plexes and ligand were tested against the fungi Aspergillus niger, Trichoderma polysporum
and Candida albicans, cultured on potato dextrose agar as the medium. In a typical procedure,
a well was created on the agar medium and nystatin as the control was inoculated with the
fungi. The well was filled with the test solution, which diffuses and the growth of the ino-
culated fungi is affected. The inhibition zone which developed on the plate was measured. The
MIC values of the complexes were determined by the serial dilution technique.

RESULTS AND DISCUSSION

All the metal chelates are coloured, solid and stable towards air and mois-
ture. They decompose at high temperatures (90-100 °C) and they are more or
less soluble in methanol, acetone, ethanol and chloroform as solvents. The analy-
tical data of the complexes are consistent with the proposed molecular formulae
(Fig. 2). All the metal chelates have 1:1 and 1:2 (metal:ligand) stoichiometry.
The molar conductance values of the complexes in methanol (10—3 M) suggest a
non-electrolytic nature, due to the low conductivity values.1®16 The analytical
results of the complexes are presented in Table I.
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Fig. 2. Structures of the synthesized complexes with Schiff base (ligand):
a)A(h=1.23;x=0,1,2)and b) B(n=0,1,2;x=0,1,2).

FAB mass spectrum

The FAB mass spectrum of the [VO(HACP)(H20)]2H>0 (1) complex was
studied as a representative case. Peaks of appreciable intensity were observed at
m/z values 391, 355, 337, 259 and 105, suggesting the fragmentation pattern
given in Scheme 1.17 The m/z value 391 corresponds to nearest composition

TABLE I. Physical characterization, analytical, molar conductance and magnetic susceptibi-
lity data of HACP (A) and CACP (B) Schiff base ligands and their metal complexes

Elemental analysis

Compound g rrl\l/lorl'l Colour Y:;;Id Found (Calcd.), % ":f“ s m'lAmol'l
C H N M B
(C14H1,NOLCI) (A) 2617 Yellow 79.5 64.15 453 529 - - -
bricks (64.19) (4.58) (5.34)
[VO(A)(H,0)]-2H,0 (1) 380.7 Black 67.7 44.08 4.17 362 1757 1.71 7.3
(44.12) (4.20) (3.67) (17.59)
[Co(A)(H,0)s] (2) 372.6 Black 69.9 4502 4.24 371 1582 5.10 16.2
(45.07) (4.29) (3.75) (15.80)
[Ni(A)(H,0)s] (3) 3724 Light 695 4506 4.25 3.69 1575 3.37 145
green (45.11) (4.29) (3.75) (15.76)
[Cu(A)(H,0)] (4) 341.2 Black 79.7 49.19 347 406 1858 1.86 193
(49.23) (3.51) (4.10) (18.61)
(C1sHsNOCI,) (B) 2655 Yellow 87.6 58.71 3.33 523 - - -
(58.74) (3.38) (5.27)
[VO(B),]-2H,0 (5) 632.1 Black 67.7 4931 3.12 436 998 1.73 14.5
(49.35) (3.16) (4.42) (10.59)
[Co(B),(H,0),] (6) 6240 Dark 72.6 4998 3.16 442 938 504 18.9
brown (50.00) (3.20) (4.48) (9.43)
[Ni(B)] (7) 588.0 Black 74.0 53.02 2.67 4.71 9.95 Diamag- 8.1
(53.06) (2.72) (4.76) (9.98) netic
[Cu(B)2(H,0),] (8) 628.6 Black 757 4959 3.1 4.39 10.08 2.29 17.4

(49.63) (3.18) (4.45) (10.10)
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[VO(A)(H20)]2H,0, 355 to [VO(A)H20], 327 to [VO(A)], 259 to the ligand
alone and 107 to VO with a chelated ligand moiety.

2H,0 - H,0 N
FU LA L LA AP /11 AAVIALT A~ Z IS TR Vale) [ ey ALY THAC YV
VO (HACF) (R,0)[2H,0 VO (HACF) (H,Q)] 1 AR )]
391(380) 355 (344) 337 (326)
\
VO (1) with
some O and N
moeity
107 (96)
Scheme 1.

Infrared spectra

A careful comparison of the spectra of the ligands with those of their com-
plexes resulted in the following information regarding various groups. The IR
spectrum of the synthesized HACP (A) Schiff base showed absorption band at
1605 cm~1 due to the azomethine group. It was shifted towards higher frequent-
cies (1617+5 cm™1) in the complexes, suggesting coordination through the azo-
methine nitrogen.18 The ligand spectrum showed bands at 3375 and 1360 cm-1
due to the deformation stretching vibration of the phenolic OH group, which
were absent in the spectra of the complexes. An intense ligand band at about 1202
cm=1 (phenolic C-0) was shifted to higher frequencies (1235+5 cm=1) in the
complexes. This suggests deprotonation of the phenolic OH group after its che-
lation with the metal ion.19.20 The appearance of a broad band around 3344+20
cm~1 in the spectra of the complexes suggests the presence of water molecules. A
band of weak intensity at 810-820 cm~1 suggests the presence of coordinated
water in all four complexes. The IR spectra of the complexes showed some new
bands in the region 52545 and 475+10 cm~1, which are probably due to the n(M-
0) and n(M-N) modes, respectively.20-23 A characteristic non-ligand sharp band
at 968 cm1 in the spectra of the VO(II) complex was assigned to (V=0), Table II.

TABLE II. IR spectral data (cm™1) of the metal complexes of HACP (A)

Compound nO-H) HC=N) HC-O0) HUC=C) Y M-0) YM-N) nVv=0)

HACP (A) 3375 1605 1202 1486 - - -
1360

[VO(A)(H,0)]-2H,0 (1) - 1618 1240 1475 520 480 968

[Co(A)(H,0)5] (2) - 1617 1235 1472 525 475 -

[Ni(A)(H,0)4] (3) - 1620 1238 1470 528 467 -

[Cu(A)(H,0)] (4) 1615 1240 1476 525 486 -
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The IR spectrum of the CACP (B) Schiff base showed a band at about 1616
cm~1 due to (>C=N) azomethine group. The complexes displayed lower fre-
quency shift of about 5-10 cm~1, suggesting coordination through the azomethi-
ne nitrogen. The ligand spectrum showed bands at 3369 and 1361 cm~! due to
the stretching deformation of the phenolic OH. These are absent in the spectra of
the complexes. A medium intensity ligand band at about 1266 cm=1 (phenolic C-O)
shifted to higher frequencies and appeared at 127945 cm=! in the metal com-
plexes. This indicates its involvement in chelation. The appearance of broad bands
around 3372420 cm~1 in the spectra of complexes may be due to water mole-
cules. A band of medium intensity at 835+10 cm~1 (OH rocking) suggests the
presence of coordinated water in the VO(II), Co(ll) and Cu(ll) complexes. This
band is absent in the Ni(ll) complex. New bands of weak intensity at 528+5 and
475+10 cm=1 in the metal complexes were tentatively assigned to the n(M-0)
and n(M-N) modes, respectively.519.24-27 A characteristic non-ligand sharp band
in the spectra of the VO(I1) complex at 984 cm~1 was assigned to (V=0), Table I1I.

Table I11. IR spectral data (cm™1) of the metal complexes of CACP (B)

Compound NO-H) HC=N) HC-0) HNC=C) VM-0) UM-N) 1V=0)
CACP (B) 3369 1616 1266 1480 - - -
1361 - - -
[VO(B).]-2H,0 (5) - 1610 1279 1475 528 475 984
[Co(B), (H20),] (6) - 1605 1282 1476 525 470 -
[Ni(B),] (7) - 1602 1278 1473 530 482 -
[Cu(B), (H20),] (8) - 1608 1277 1473 530 480 -

Electronic spectra

The electronic spectra of the [VO(A)(H20)]-2H>0 (1) and [VO(B)2]-2H5,0
(5) complexes were recorded in methanol as solvent. They displayed three bands
at 666.6-657.8 nm, 588.2-555.5 nm and 454.5-416.6 nm, assignable to the tran-
sitions 2By — 2E (ng), 2B, — 2B4 (ny) and 2B, — 2Aq (n3), respectively. The
suggested geometry for these complexes may be trigonal bipyramidal based on a
coordination number five.2” The values of the magnetic moments for these com-
plexes are 1.71 and 1.73 ug, respectively, indicating the presence of one unpaired
electron.27.28

The electronic spectra of the [Co(A)(H20)3] (2) and [Co(B)2(2H20)] (6)
complexes displayed two main bands at 666.6-625.1 and 526.3-476.1 nm. These
were assigned to 4T1g(F) — 4A.g(F) (n2) and 4T1g(F) — 4T19(P) (n3) transi-
tions, respectively. The various ligand field parameters: 10 Dq, B, g, %, w/vi A
and LFSE were calculated to be: 8612 and 8748 cm=1; 1029 and 957 cm~1; 0.91
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and 0.85; 8.1 and 14.55; 2.2 and 2.2, (-)669 and (-)646 cm~1, 82.31 and 83.61 kJ
mol-1, respectively. The v; transition was expected to appear at larger A (below
10000 cm—1) and hence it could not be observed. The magnetic moment values of
the complexes were 5.10 and 5.04 ug. The observed transitions are consistent
with an octahedral geometry.29-31

The electronic spectrum of the [Ni(A)(H20)3] (3) complex, recorded in me-
thanol, showed two bands at 490.0 and 420.0 nm. These bands were tentatively
assigned to 3Aog — 3T1g (F) (ny) and 3Aog — 3A;g (P) (n3) transitions, respect-
tively, which are characteristic for hexa-coordinated Ni(ll). The value of the va-
rious ligand field parameters 10 Dq, B, 5, v»/v1, A and LFSE were calculated to
be: 11337 cm-1, 680 cm-1, 0.62, 1.8, (-)540 cm~1 and 162 kJ mol-1. Since the
value of the magnetic moment is 3.37 ug, a high-spin octahedral geometry for
Ni(I1) is proposed.32-34

The electronic spectrum of the [Ni(B)2] (7) complex displayed two bands at
710.0 and 460.0 nm, which are assignable to 1A1g — 1Eg (n1) and 1A1g — 1Bog
(no) transitions, respectively. This complex is diamagnetic in nature. Therefore, a
square-planar geometry is suggested.29.35-37

The electronic spectrum of the [Cu(A)(H20)] (4) complex exhibited two
bands at 520.0 and 440.0 nm, assignable to 2B;g — 2B,g and 2B1g — 2Eg
transitions, respectively. Since the value of the magnetic moment was 1.86 ug,
square planar geometry is suggested.29:35-37

The electronic spectrum of a methanolic solution of the [Cu(B)(H20)2] (8)
complex exhibited a broad band at 490.0 nm, which was assigned to the 2Eg —
— 2T,g transition. The various ligand field parameters, viz.: 10 Dg, A and LFSE
were calculated to be 14492 cm-1, (-)670 cm~1 and 103.88 kJ mol-1, respecti-
vely. The magnetic moment value was 1.89 ug. Based on this, an octahedral geo-
metry is suggested for this Cu(ll) complex.27,35

ESR spectra

Based on hyperfine and superhyperfine structures, the ESR spectrum of me-
tal complexes provides information about the environment of the metal ion with-
in the complexes, i.e., the geometry and nature of the ligating sites of the Schiff
base and the metal. The ESR spectra of the Cu(ll) (4) and VO(II) (5) complexes
were recorded at room temperature. The Cu chelate showed two peaks, one in the
low field region and the other in the high field region, from which g and g, were
calculated. The g) value (< 2.3) indicates a covalent character of the metal-ligand
bond.38 The covalent nature of the metal-ligand bond in the complex is further
supported by the G value,3 which was < 4.0. The value g) > 9. is well consistent
with a primarily dy._y» ground state having an elongated tetragonal or square pla-
nar structure, Table 1\V/.40.41
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TABLE IV. ESR parameters of the Cu(ll) (4) and VO(II) (5) complexes

Metal complex g G, Oav Ag G
4 2.2147 2.1206 2.1520 0.0941 1.7934
5 1.9387 1.9665 1.9572 0.0278 -

The x-band ESR spectra of the oxovanadium(1V) (5) (d’, 51V, | = 7/2) com-
plex was not resolved enough at room temperature to exhibit all eight hyperfine
lines. The calculated values of g, 9., gay and Ag for the VO(II) (5) complex are
given in Table IV. The gay value is one-third of (29, + gj) value. The values are
typical of the spectrum displayed by the square pyramidal VO(II) (5) complex
with one unpaired electron in an orbital of mostly dy, character. The g,y values
determined from the spectra are nearer to the spin only value. A slight variation
may be the result spin-orbit coupling. In square pyramidal complexes with C4V
symmetry, the V=0 band is along the z and the other four donor atoms (O2N>)
are along the x, y axes. An anisotropic ESR spectrum is expected, exhibiting two

g values (g; = g) < g1 = gx = gy).424
Powder X-ray diffraction analysis

The X-ray powder diffractogram of the [Cu(B)2(H20)>] (8) complex was
recorded using CuK,, as the source in the 26 range 5-74°. The data reveal that the
complex had crystallized in the orthorhombic system (Table V). Eight reflections
of 26 between 16.10 to 57.53° with a maximum 26 = 16.10° and d = 5.50 A were
observed. Sin2¢ and hkl values for different lattice planes were calculated. The
crystal data for the [Cu(B)2(H20)] (8) complex are: a = 11.004173 A, b =
= 11.706081 A, ¢ = 54.46780 A, Dops = 1.49680 gm/cm3 and D¢y = 1.496015
gm/cm3. The observed and calculated values of the density and sin’d show good
agreement. The calculated values of the cell volume and particle size are 7016.30 A3
and 1.324 nm, respectively. The number of molecules (n) per unit cell was also
calculated using the equation D = nM/NV; the value is 10 molecules per unit cell

(Fig. 3).
TABLE V. XRD data of the [Cu(B)»(H,0),] (8) complex

Peak No. d-Sp;cing Relative intensity Sin’6

1/1;x100 Observed Cald. hkl
1 5.504 100.00 0.0916 0.0196 200
2 4011 59.16 0.0369 0.0369 220
3 3.104 60.02 0.0616 0.0616 320
4 2.752 51.62 0.0784 0.0784 400
5 2.685 96.99 0.0825 0.0827 410
6 2.229 28.90 0.1195 0.1191 433
7 2.000 30.02 0.1485 0.1484 442
8 1.600 22.32 0.2316 0.2314 522

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS



SCHIFF BASE-METAL COMPLEXES WITH 2-AMINO-4-CHLOROPHENOL 531

Intensity, counts

TT T T T T T ] T
10 20 30 40 50 60 70

201/°
Fig. 3. X-Ray powder diffractogram of the [Cu(B)»(H»0),] (8).

Thermal decomposition

The complexes 1-4 of HACP (A) and the complexes 5-8 of CACP (B) were
heated at four temperatures (100, 300, 500 and 750 °C) in a muffle furnace for
20-30 min. The resulting weights were measured. The weight loss at 100 °C cor-
responds to the loss of lattice water molecules from the complexes.17.46.47 The
weight measured after heating at 300 °C indicates the loss of coordinated water
molecules from the complexes. On heating at 500 °C, the remaining weight indi-
cates the loss of parts of the ligand moiety. The weight of the pyrolysis product
after heating at 750 °C corresponds to metal oxide.

Antimicrobial activity

The in vitro anti-microbial activity of the investigated compounds was, tested
against the micro-organisms E. coli, S. aureus, S. fecalis, A. niger, T. polysporum
and C. albicans by the serial dilution method. The minimum inhibitory concen-
tration (MIC) values of the compounds against the growth of the micro-organisms
are summarized in Table VI. A comparative study of the ligand and its cobalt(ll)
and copper(ll) complexes (MIC values) indicated that both complexes 6 and 8
exhibited either higher or lower antimicrobial activity than the free ligand A.48.49

The complexes 6 and 8 exhibited better antibacterial activity than their SB-li-
gand A against E. coli and S. aureus. Against S. fecalis, complex 6 showed better
activity than its SB-ligand A while complex 8 was less active.

The complexes 6 and 8 exhibited better antifungal activity in comparison to
SB-ligand A against all three fungi, Table VI.

These observations showed that the majority of the complexes were more
active than their respective Schiff base ligands. In some cases, Schiff bases are
more active than their metal complexes against bacteria. The chelation either en-
hances or reduces the antimicrobial activity; sometimes it remains neutral. Thus,
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metal chelation may increase or decrease/suppress the therapeutic value of orga-
nic compounds (drugs). It may maintain the property intact by further stabilizing
the drug and/or reducing the biodegradability/metabolic decay of the organic
ligands through chelation.

CONCLUSIONS

The coordination complexes of VO(II), Co(Il), Ni(ll) and Cu(ll) with two
new tridentate and bidentate Schiff base ligands, i.e., 2-hydroxy acetophenone-2-
-amino-4-chlorophenol (A) and 2-chlorobenzylidene-2-amino-4-chlorophenol (B),
were synthesized and characterized. The ligands coordinated with the metal ions
through N or O donors. The complexes exhibited a geometry based on the coor-
dination numbers 4, 5 or 6. A comparative study of the MIC value of the ligands
and their complexes indicated that the chelation might be helpful in tailoring the
structure and monitoring the antimicrobial activity and therapeutic potential of a
drug; thus giving a new thrust area in the field of metallo-drugs (bio-inorganic
chemistry) through molecular biology. The synthesized metal complexes may
also function as single molecule nanoprecursors.

N3BOJI

CTPYKTYPHO U AHTUMUKPOBHO TTPOYYABAE KOOPIMHAIIMOHNX JEJAULELA
VO(II), Co(I), Ni(I1) ¥ Cu(ll) CA HEKUM III®OBUM BA3AMA
KOIE YKJbYUYJY 2-AMUHO-4-XJIOPODEHOJI

A.P. MISHRA, R. K. MISHRA u S. P. SHRIVASTAVA
Bio-coordination Laboratories, Department of Chemistry, Dr. H. S. Gour University Sagar-470003, India

Komriutekcn ca eceHIMja HUM METaJHUM jOHHMMa MOTY JaTH OArOBOp Ha MpoOJieM OTIOp-
HocTH Ha Buue jekoBa. KoopauHaimona jenummerma VO(II), Co(ll), Ni(ll) u Cu(ll) ca HIndosum
6a3zaMa M3BEJCHUM U3 2-XUApOKcHaleTo(eHoH/2-xmopobeH3anaexuia ca 2-aMuHO-4-x10podeHu-
JIOM Cy CHHTETHCaHa M OKapaKTepHCaHa CIEMCHTAIHOM aHAJM30M, MOJAapHOM HPOBOAJbHBOILINY,
enekTpoHckuM criektpuma, FT-IR, ESR, FAB mMacernnm criektprma, TEpMHUYKAM MEpEeHUMa U OJp-
ehuBameM MaraetHe cycuentuOmWIHOCTH. FAB MaceHN U TEpMHYKY ITOAIN TTOKA3Yjy AeTpajalii]jy
komriutekca. Jlurang A, 2-xunpokcnaneTodeHoH-2-aMHHO-4-XI0podeHO, TIOHAIA Ce Kao TPHUACH-
Tat, a aurasg B, 2-xnopOeH3unuaeH-2-aMuHo-4-x510podeHo, ka0 OUICHTAT KOjU Ce KOOPIUHHUPA
npeko O u N monopa. Kommiekcu [VO(A)(H,0)]-xH,0, [M(A)(H20),]-xH,O 3a Co u Ni,
[Cu(A)(H,0)] u [VO(B),]-xH,0, [M(B)2(H,0),] 3a Co u Cu, [Ni(B),] umajy xoopanHauuone
6pojese 4, 5 nu 6. Pesynrarn andpaximje X-3paka 3a npax (a = 11.00417 A, b =11.706081 A n c =
= 54.46780 A) nokaszyjy ma [CU(CACP),(H,0),] kpucranume y opropoMGianoM crctemy. In vitro
OuoJIolIKa MpoyyYaBarma W3yvaBaHUX jeAHI-CH-a BpIICHA Cy npema Gakrepujama Escherichia coli,
Staphylococcus aureus u Streptococcus fecalis u risuBrnama Aspergillus niger, Trichoderma polysporum
u Candida albicans cepujckom Meroom pasbnaxkerma. Ynopeaso npoydasatme MIC speanoctu [In-
¢bose 6aze u wenux [M(B)y(Ho0),] (M = Co(ll) miu Cu(ll)) xomiuiekca, ykasyjy Aa MeTalHH
KOMILJICKCH UMajy Behy WM Malky aHTUMUKPOOHY aKTUBHOCT Y OJHOCY Ha 2-XJIOpOOSH3MIHICH-2-
-amuHO-4-x1mopodeHon kao cioboanu urauz (B).

(MTpumsseno 5. aBrycra, peBuaupano 9. neuemopa 2008)
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Preparation, characterization and antibacterial effect of
2-methoxy-6-(5-H/Me/CIl/NO,-1H-benzimidazol-2-yl)phenols
and some transition metal complexes

AYDIN TAVMANY*, SERKAN IKIZ2, A. FUNDA BAGCIGIL?,
N. YAKUT OZGUR? and SEY YAL AK?

Listanbul University, Faculty of Engineering, Department of Chemistry, 34320 Avcilar,
Istanbul and 2Istanbul University, Veterinary Faculty, Department of Microbiology,
34320 Avcilar, Istanbul, Turkey
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Abstract: 2-Methoxy-6-(5-H/methyl/chloro/nitro-1H-benzimidazol-2-yl)phenols
(HL,; x = 14, respectively) ligands and HL ; complexes with Fe(NO3)3, Cu(NOx),,
AgNO3 and Zn(NOs3), were synthesized and characterized. The structures of
the compounds were confirmed based on elemental analysis, molar conducti-
vity, magnetic moment, FT-IR, *H- and 13C-NMR. The antibacterial activity
and minimum inhibitory concentration (MIC) of the free ligands, their hydro-
chloride salts and the complexes were evaluated using the disk diffusion me-
thod in dimethyl sulfoxide (DMSO) and the dilution method, respectively,
against 9 bacteria. HL; and HL 3, as well as the Cu(ll) and Zn(ll) complexes,
showed antibacteria activity against Gram-positive bacteria.

Keywords: benzimidazolylphenols; complexes; antibacterial activity.

INTRODUCTION

Benzimidazole and its derivatives possess a wide variety of useful biological
properties due to their structural similarities with the common nucleobases.14
While some are important potent antiviral agents,>6 many are the active com-
ponents of biocides, such as fungicides, and insecticides.” For instance, 2-(4-thi-
azolyl)benzimidazole, known as thiabendazole, and several of its coordination
compounds aroused considerable interest in medicine due to their strong antimic-
robial activity.89 Also in this range, 5-methoxy-2-{[(4-methoxy-3,5-dimethylpy-
ridin-2-yl)methyl]sulphinyl} - 1H-benzimidazole (omeprazole) is used as the pro-
totype antisecretory agent.10 The compounds albendazole, mebendazole and flu-
bendazole are effective anthelmintics.11.12 Others, such as astemizole, are non-
sedating antihistamines!3 and fenbendazole is effective against gastrointestinal
nematode parasites,14

* Corresponding author. E-mail: atavman@istanbul .edu.tr
doi: 10.2298/JSC0905537T
537

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS



538 TAVMAN et al.

Investigation of the biological activity of complex compoundsis a field that
has developed over the years. When the ligands coordinate to transition metals, it
is believed that the selectivity towards certain biological systems isimproved.15-18
In this work, 2-methoxy-6-(5-H/methyl/chloro/nitro-1H-benzimidazol-2-yl)-phe-
nols (Fig. 1) ligands and the iron(l11), copper(ll), silver(l) and zinc(ll) nitrate
complexes with 2-methoxy-6-(1H-benzimidazol-2-yl)-phenol are reported. The
antibacterial activities of the ligands and the complexes were evaluated by the
disk diffusion method against nine bacteria.

Fig. 1. Schematic view of the structure of the ligands;
R=HinHLy; R=CHzinHLy; R=ClinHL3 R=NO,
HO OCH; inHL,.

EXPERIMENTAL
Materials and apparatus

All chemicals and solvents were of reagent grade and were used as purchased without
further purification. Melting points were determined using a Gallenkamp melting point appa-
ratus. The C,H,N content was determined on a Thermo Finnigan Flash EA 1112 analyzer (Is-
tanbul University, Advanced Anayses Laboratory, Istanbul). The molar conductivity of the
complexes was measured on a WPA CMD750 conductivity meter in dimethyl sulfoxide
(DMSO, ¢ = 103 mol/L) at 25+1 °C. The H- and 13C-NMR spectra were recorded on a Va-
rian Unity Inova 500 NMR spectrometer (in DMSO-dg, ¢ = 104 mol/L). The residual DMSO-dg
signal was used as an internal reference. The FT-IR spectra were recorded in KBr disks on a
Mattson 1000 FT-IR spectrometer. The electronic spectra were recorded on a Perkin Elmer
Lambda 25 UV /Visible Spectrometer. The magnetic measurements were performed on a Sher-
wood Scientific apparatus at room temperature by the Gouy method using CuSO,-5H,0 as the
calibrant and were corrected for diamagnetism by applying Pascal’ s constants.19

Syntheses of the ligands

The ligands were prepared according to literature procedures.2021

2-Methoxy-6-(1H-benzimidazol-2-yl)phenol (HL4) was prepared by reacting 2-hydroxy-
-3-methoxybenzaldehyde (1.52 g, 10.0 mmol) and an equivalent amount of NaHSO; (1.04 g,
10.0 mmol) at room temperature in ethanol (25 ml) for 4-5 h. The mixture was treated with 1,2-
-phenylenediamine (1.08 g, 10.0 mmol) in dimethylformamide (15 ml) and gently refluxed for
2 h. The reaction mixture was then poured into iced water (500 ml), filtered and crystallized
from ethanal. Yield: 1.9 g; = 80 %.

2-Methoxy-6-(5-methyl-1H-benzimidazol-2-yl)phenol (HL,) was synthesized by a pro-
cedure similar to that employed for HL 4 but using 2-hydroxy-3-methoxybenzal dehyde (305
mg, 2.00 mmol), NaHSO; (210 mg, 2.00 mmol) and 4-methyl-1,2-phenylenediamine (250
mg, 2.00 mmol). Yield: 355 mg; ~ 70.0 %.

2-Methoxy-6-(5-chloro-1H-benzimidazol -2-yl)phenol (HL3) was synthesized by a proce-
dure similar to that employed for HL; but using 2-hydroxy-3-methoxybenzal dehyde (305 mg,
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2.00 mmol), NaHSO; (210 mg, 2.00 mmol) and 4-chloro-1,2-phenylenediamine (285 mg,
2.00 mmol). Yield: 360 mg; = 65.0 %.

2-Methoxy-6-(5-nitro-1H-benzimidazol-2-yl)phenol (HL4) was synthesized by a proce-
dure similar to that employed for HL; but using 2-hydroxy-3-methoxybenzal dehyde (305 mg,
2.00 mmol), NaHSO5 (210 mg, 2.00 mmol) and 4-nitro-1,2-phenylenediamine (306 mg, 2.00
mmol). Yield: 430 mg; = 75.0 %.

Syntheses of the complexes

[Fe(L1)(OH)(H,0),]NOs was prepared by treating a hot solution of the ligand HL; (120
mg, 0.500 mmol) in iso-propanol (10 ml) with Fe(NO3)3-9H,0 (222 mg, 0.550 mmal) in iso-
-propanol (5.0 ml) at ~ 60 °C for 3—4 h. The solution mixture was allowed to stand at ~ 4 °C
for several days whereby black solid products precipitated, which were collected by filtration
and dried under vacuum over anhydrous calcium chloride. Yield: 180 mg; ~ 95.0 %.

[Cu(Lq)7]-2H,O was prepared by reacting 120 mg HL; (0.500 mmol) and 133 mg
Cu(NO3)5-3H,0 (0.550 mmol) in 10 ml methanol. After 4 h-reflux, the formed precipitate
was filtered and dried at = 80 °C. Yield: 150 mg; = 65.0 %.

[Ag(L,)] was synthesized by reacting 120 mg HL; (0.500 mmol) and 94 mg AgNO;
(0.550 mmoal) in 10 ml ethanol at room temperature for 6 h with stirring. The obtained pre-
cipitate was filtered and dried at ~ 80 °C. Yield: 135 mg; ~ 80.0 %.

[Zn(L1)(H,0),]NO3 was prepared by adding 164 mg Zn(NOs),-6H,0 (0.550 mmol) in
15 ml ethyl acetate to 120 mg HL; (0.500 mmol) suspended in ethyl acetate and refluxing the
mixture for 2 h. The obtained dark yellow precipitate was filtered and dried under vacuum
over calcium chloride. Yield: 145 mg; = 75.0 %.

Determination of antimicrobial activity

The antimicrobial activities were evaluated against Gram-positive (Staphylococcus au-
reus, ATCC 29213, Bacillus cereus, ATCC 11778, Bacillus subtilis, ATCC 6633, Staphylo-
coccus epidermidis, ATCC 12228) and Gram-negative (Escherichia coli, ATCC 25922, Kleb-
siella pneumoniae, ATCC 4352, Pseudomonas aeruginosa, ATCC 27853, Salmonella enteri-
tidis, KUEN 349, Proteus mirabilis, CCM 1944) bacteria. The strains were provided by the
Centre for Research and Application of Culture Collections of Microorganisms, Istanbul Uni-
versity (KUKENS).

Mueller—Hinton Agar (Fluka 70191) was used for the detection of the qualitative anti-
bacterial effect and to maintain the strains. For the detection of the quantitative antibacterial
effect, Mueller—Hinton broth (Fluka 70192) (CAMBH) with MgCl,-2H,0 (10 mg Mg?*/L)
and CaCl,-6H,0 (20 mg Ca?*/L) was used as the medium.

The disc diffusion method was used for the detection of the qualitative antibacterial ef-
fect of the chemical agents.22 For this purpose, filter papers (Whatman, No:1) with 6 mm dia-
meter were autoclaved and dried at 37 °C overnight. Each chemical agent (21.27 mg) was dis-
solved in DM SO and 23.5 pl of this solution (containing 500 g chemical agent) were soaked
onto the sterile discs. Bacterial suspension with 1-2x108 cfu/ml (McFarland 0.5) were pre-
pared from each bacterial strain and streaked onto the agar. The discs impregnated with the
chemical agents were placed onto the agar surface and incubated at 37 °C for 24 h. Chemical
agents with growth inhibition zones were used for the further examinations.

For the detection of the antibacterial effect of the chemical agents, quantitatively, the
macro-dilution broth method according to clinical and laboratory standards institute (formerly
NCCLS) was performed.23 Serial dilutions of the chemical agents between 531.75-0.26 pg/mi
with CAMBH were prepared in sterile tubes. A bacterial suspension with 107 cfu/ml final
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concentration was inoculated. Positive (without tested chemical agent) and negative (without
bacterial suspension) tubes were used at the end of each organism tested. The tubes were in-
cubated at 37 °C for 24 h. The minimum inhibitory concentration, MIC, value was defined as
the lowest concentration of the chemical agent giving complete inhibition of visible growth.

RESULTS AND DISCUSSION
Physical properties
The analytical data and physical properties of the ligands and the complexes
are summarized in Table |. The melting points of the ligands HL >—HL 4 suggest
that a methyl substitution on the 5-position of the benzimidazole moiety de-

creases the melting point and a chloro or nitro group increases it with respect to
the HL 1 ligand.

TABLE I. The analytica data and physical properties of the HL,—HL,4 ligands and the com-
plexes

Found (Calcd.), % .p. a
Compound c (H ) N I\QC‘:) Color Scm/zlmol'l
HL, (CH1:N,0,) 70.3(70.0) 4.8(5.0) 11.4(11.7) 278 White -
HL, (CisH14N505) 70.5(70.8) 5.8(5.6) 10.6 (11.0) 259 White -
HL 3 (C14H1:CIN,,O5) 61.5(61.2) 3.9(4.00 9.9(10.2) 304 Dirty -
white
HL, (C4H11N30,) 59.2(58.9) 4.1(3.9) 14.4(14.7) 329 Greenish -
yellow
[Fe(L)(OH)(H,0),JNO® 40.7 (41.0) 3.6 (3.9) 9.9(10.2) 227 Black 37
CusH16FEN;Og
[Cu(Ly),]-2H,0P 57.8(58.2) 3.9(4.5) 10.3(9.7) 212 Khaki- 12
ngHgGCUN4OG -green
[Ag(L)] 488(484) 32(3.2) 85(81 184 Grey 9
CH1AgN3Os
[Zn(L1)(H20)2]NO; 415(41.8) 3.2(3.7) 10.8(10.4) 322 Dark- 35
Ci14H13N306Zn -yellow

&n DMSO, t = 25+1 °C; b,ueff values for [Fe(L1)(OH)(H20)2]NO3 and [Cu(L 1)2] - 2H20 are 3.85 and 1.61 up,
respectively

The molar conductivity values of the complexes were 37 and 35 S cm2 mol—1
for the Fe(111) and Zn(l1) complexes, respectively. These results are indicative for
1:1 electrolyte complexes. The Cu(ll) and Ag(l) complexes had a non-ionic cha-
racter according to the molar conductivity measurements.2425

The magnetic moment value of the [Fe(L 1)(OH)(H20)2](NO3) complex was
3.85 ug, which is lower than the spin only value of =~ 5.90 ug for Fe(lll) d® with
s = 5/2 (high spin under aweak field) and higher than the spin only value of = 2.0
g in the case of s = 1/2 (low spin in the presence of a strong field). The inter-
mediate value of the magnetic moment indicates stabilization of the species hav-
ing an intermediate ferric spin (s = 3/2) state for this complex. The occurrence of
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such an intermediate spin state is typical for five coordinated Fe(lll) d® ferric
complexes.2627 The magnetic moment value of the [Cu(L1)2]-2H,0 complex
was 1.63 ug, which isto be expected for atypical d® Cu(ll) complex.

Electronic spectra

UV-visible spectral data of the ligands and the complexes are given in Table
I. The electronic spectra of the ligands and the complexes exhibit intense bands
in the 220-310 nm region, which may be assignable to n — p* and p — p* tran-
sitions.
TABLE II. UV—-visible spectral data of the HL,—HL 4 ligands and the complexes (in methanol)

Compound Wavelength, nm

HL, 245, 283, 306, 361
[Fe(L1)(OH)(H20)2]NO; 258, 318, 367, 381, 575
[Cu(L4),]-2H,0 251, 298, 305, 357, 456, 645
[Ag(Ly)] 285, 293, 303, 341
[ZNn(L1)(H,0),]NO; 274, 302, 335, 390, 445
HL, 236, 265, 290, 371

HL; 221, 300, 310, 352

HL, 265, 295, 345, 363, 401, 415

The electronic spectra of the Fe(l11) complex is of little help in the present
case, since the d — d transitions are masked by broad strong charge-transfer
bands (575 nm, L — Fe, charge transfer).28 The broad band at 445 nm in the
spectrum of the Zn(l1) complex is a charge-transfer band.

The electronic spectra of the Cu(ll1) complex showed three bands at 645, 456
and 357 nm. The 357 nm-band is assigned to a metal-ligand charge transfer. The
other two bands are assigned to a 2B1g — 2A1g and 2B1g — 2Egq transition, res-
pectively. These assignments are typically characteristic for a square-planar geo-
metry of Cu(ll) complexes (Fig. 2).29.30

FT-IR spectra

FT-IR spectral data of the ligands and the complexes are given in Table Il1.
The characteristic v(O—H) and v(N-H) vibrations of the ligands exhibit only a
single strong band at ca. 3290 cm1 in the IR spectra, which is probably caused
by doubly intramolecular hydrogen bonding between the phenoxyl hydrogen
atom and one of the imine nitrogen atoms (Table |11, Fig. 2).153132 The 3295
cm1 band in HL 1 changed significantly upon metal complexation, indicating de-
protonation and subsequent involvement of the phenoxyl group in metal coordi-
nation. The coordination of the phenolic oxygen atom could aso be supported by
the appearance of medium-to-strong bands at a lower frequency region, ca. 500
cm1, assignable to v(M—-OC) vibration.33
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The appearance of a strong broad band at ca. 3400 cm1 in the Fe(l11), Cu(ll)
and Zn(I1) complexes strongly supports the presence of coordinated water mole-
cules (Fig. 3). The characteristic v(C-H) and 8(C-H) modes of the ring residues
and aliphatic groups (methyl and methoxy substituents) are observed in the wa
velength region between 3100-2940 cm1 and 1500-800 cm1 (Table I11). The
C=C) frequencies of the ring residue are expected to appear at ca. 1630 cm—1
with their own characteristics for the ligands in the IR spectra. These frequencies
are expected to shift to lower frequencies upon complex formation. Similarly, the
(C=N) asymmetric stretching frequencies are expected to appear at ca. 1590 cnr1,
Thus, the IR band at 1593 cmr1 in the spectrum of the HL1 ligand shifts to ca.
1600 cm~1 upon complex formation. These frequency changes may support the
argument that coordination possibly occurs via an imine nitrogen atom.

H R H
YA U N _ _
P o - N/ o Fig. 2. Schematic presentation of
R - N N N the isomeric structures for the HL ,
H—0 0CH; H—0 OCHs  (isomer A) and HL 4 (isomer B) li-
Isomer A Isomer B gands (R = CH3, NO,).

Fe(I11) and Zn(I1) complexes show strong bands at 1386 cm? in their IR
spectra, supporting the presence of an uncoordinated nitrate ion, which was also
confirmed by conductivity data.28:34

TABLE I11. Prominent IR bands for the HL ;—HL 4 ligands and the complexes

Compound Frequency, cml
HL, 3295 s, 3068 w, 2930 w, 1628 m, 1593 m, 1478 s, 1424 m, 1255 s,
1062 m, 781 m, 743 m, 605 m, 502 w, 433 w
[Fe(L)(OH)(H20),]JNO; 3411 m,br, 3276 m, br, 2933 w, 1621 m, 1605 sh, 1562 m, 1547 m,
1493 m, 1478 m, 1386 s, 1305 m, 1278 m, 1066 w, 793 w, 746 m,
589 m, 508 w, 458 w
[Cu(Ly),]-2H,0 3423 m, br, 3254 m, br, 2946 m, 1623 m, 1608 m, 1538 w, 1485 s,
1462 m, 1315 m, 1246 m, 1208 m, 1069 m, 854 w, 746 m, 572 m,
517 m, 445w
[Ag(L)] 3434 m, br, 3361 m, br, 3280 m, br, 3049 w, 2934 w, 1621 m, 1594
m, 1532 m, 1497 m, 1447 m, 1255 s, 1070 s, 750's, 735 m, 654 m,
604 m, 445w
[Zn(L1)(H20)2]NO;5 3449 m, br, 3307 m, br, 2941 w, 1624 m, 1605 w, 1497 s, 1482 s,
1386s, 1312 s, 1286 m, 1243 m, 1197 m, 1112 m, 1066 m, 793 m,
743 m, 572 w, 517 m, 445 w

HL, 3291 s, 3076 w, 2933 w, 1632 m, 1593 m, 1482 s, 1424 m, 1255 s,
1062 m, 789 m, 735 m, 604 m
HL; 32955, 3072 w, 2937 w, 1628 w, 1594 m, 1482 s, 1424 m, 1386 m,
12555, 1058 m, 935 m, 739 m, 735 m, 608 m
HL, 3291 s, 3087 w, 2941 w, 1632 m, 1593 m, 1520 s, 1478 m, 1424 m,

1336's, 1255 s, 1055 m, 843 m, 792 m, 739 s, 608 m
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Fig. 3. FT-IR spectra of HL, and its complexes in the

Transmittance
; U< |

37502750 cm? region.
a, HLg;
b, [Fe(L 1)(OH)(H20),INOs;
3600 3000 ¢, [Cu(Ly),]-2H,0; d, [Ag(Ly)];
Wavenumber (cm'1) e, [Zn(L1)(H20),]NOs.

NMR spectra

The 1H- and 13C-NMR spectral data are given in Tables IV and V, respect-
tively. The ligands HL> and HL4 have two isomeric forms according to their
IH-NMR spectra (Figs. 2 and 4, Table 1V). The isomer structures are observed
for the benzimidazole protons only. The OH and NH protons show only a broad
single band in the spectra of HL 1. This observation results from strong hydrogen
bonding between the imine nitrogen with a double bond and the phenolic hydro-
gen atoms (Fig. 2).3536 The other ligands, HLj, HL3 and HL4 give two broad
bands for the OH and NH protons, probably because of the 5-position substitu-
tions (Fig. 4). This means that these ligands have weaker hydrogen bonding than
HL1in DMSO-dg.

In the IH-NMR spectra of the Ag(l) and Zn(ll) complexes, considerable
changes are observed. The broad signal in the IH-NMR spectrum of HL 1 at 13.15
ppm, due to the NH and OH protons sharpens on complexation and its intensity
changes to only single proton, namely the NH proton (Fig. 5). The OH proton
signal is absent in the IH-NMR spectra of the complexes. This is evidence that
the phenolic oxygen is coordinated to the metal ions and that the phenolic hydro-
gen is eliminated on complexation (Fig. 6).

The benzimidazole moiety protons of the Ag(l) and Zn(I1) complexes show
broad signals in the IH-NMR spectra because of the perturbing effect of the me-
tal ion. On complexation, the acidic character of the benzimidazole moiety pro-
tonsisincreased.
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TABLE IV. IH-NMR spectral data of the HL;—HL, ligands, and the Ag(l) and Zn(Il) com-
plexes (in DM SO-d6)

Benzimidazole protons Phenolic protons
Compound
H4 H5 H6 H7 NH H3 H4 H5 OH OCH;
HL, 765 729 729 765 1315 765 6.95t 7.08d-d 13.15 3.84s
m m m m s, br m J&=78, J=83, s,br
8.3 15
Ab 764d 729 729 7.64d 1316 7.10d 6.96t 7.10d - 3.84s
J=78 s,br sbr J=78 sbr J=82J=82, J=82
7.8
B¢ 873 722 722 798 1349 7.61s 7.30d,br 7.56d - 3.85s
S s,br s,br s,br s, br J=73 J=73
HL,, 748 712 2469 752s 1330 7.61d 694t 7.08m 13.04 3.83s
Isomer A d d S s,br J=78 J=7.8, s, br
(54 %) J=78J1=78 8.3
HL,, 738s 2439 7.08m 759 1334 7.61d 694t 7.08m 13.07 3.83s
Isomer B S d,br sbr J=78 J=738, s, br
(46 %) J=6.8 8.3
HL, 7.68 - 766 730 1326 7.63 697t 711 1288 3.84s
s, br dbr dd sbr dd J=78, d-d s, br
J=8.3, J=78, 78 J=17.58,
19 15 15
HL,, 7.79 8.17 - 845 13.63 7.68d 7.00t 7.16d 1240 3.86s
Isomer A s,br s, br s,br s,br J=747J=78 J=78 s,br
(60 %) 7.8
HL,, 8.61 - 8.17 7.87 1356 7.68d 7.00t 7.16d 1229 3.86s
Isomer B s, br s,br s,br s,br J=743=78 J=78 sbr
(40 %) 7.8

3n Hz; P[AG(LY)]; S[Zn(L1)(H20)2INOg; 93H (CHg)

TABLE V. 13C-NMR spectral data of HL4 and its Ag(l1) and Zn(I1) complexes

Compound Chemical shiftin DMSO-dg (Jc / ppm)
HL, 152.64, 149.30, 149.09, 124.62, 119.39, 118.35, 114.69, 113.24, 56.45
[Ag(L)] 152.95, 149.05, 148.85, 124.30, 119.20, 118.50, 114.20, 113.40, 56.35

[Zn(L1)(H,0),JNO;  155.70, 148.60, 148.10, 124.20, 122.40, 120.75, 115.50, 114.12, 57.85

In the 13C-NMR spectra of HL1 and its Ag(l) and Zn(ll) complexes, the
signal around 152.64, 152.95 and 155.70 ppm, respectively, belongs to the imi-
dazole C=N (C-2) carbon atom. The low ppm signal, 56.45, 56.35 and 57.85
ppm, respectively, is due to the methoxy carbon atom in HL1 and its Ag(l) and
Zn(l1) complexes. The signals around 149 ppm are due to C-8, C-9, C-2', C-1'
carbon atoms of the HL ligand and the complexes. The other signals belong to
the benzimidazole benzene and phenol ring carbon atoms (Table V).
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7 H 5 g o 4 H 54
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Fig. 4. TH-NMR spectra of the HL 4 isomers (A and B) in the 6.5-14 ppm region.

Fig. 5. IH-NMR spectra of HL; and its Ag(l) and
Zn(I1) complexes in the 12-14 ppm region. a, HL4;
13 12 ppm b, [Ag(L1)]; ¢, [Zn(L1)(H20)2]NOs.
In conclusion, the optimized structures for the complexes presented in Fig. 6 are
in best accord with the experimental data obtained from the analytical data, molar
conductivity, magnetic moments, FT-IR and NMR spectroscopic measurements.

H M +
N
N —
7\ —
N - NO, N/ NO,
4
Fe-O OCH 71—
- n-0 OCH
Ho § H,0 ’
OH, O

0
e Salvcee

Fig. 6. Schematic view of the proposal structures of the studied complexes.
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Antibacterial activity

The results concerning the in vitro antibacterial activity of the ligand and
their complexes, together with the inhibition zone (mm) and MIC values, are pre-

sented in Tables VI and VII.

TAVMAN et al.

TABLE VI. In vitro antimicrobial activity of the compounds (inhibition zone, mm)

Microorganisms?

Compound

1 2 3 4 5 6 7 8 9
HL, - - - - - 8 - - 8
HL,-HCI - - - - - 8 - - -
HL3 14 - - - - - 10 8 -
HLs-HCI 12 - - - - - - - -
HL, 14 - - - - - - - -
[Fe(Ly)(OH)(H0)2]NOs 14 - >0 - - - - - -
[Cu(Ly)3]-2H0 - - - - - - 8 8 -
[Ag(L)] 10 - 10 - 12 - 12 8 -
[Zn(L1)(H20)5]NOs - - - - 8 - 8 10 10
Fe(NOs)3-9H,0 - - - - 7 - - - -
Cu(NOs),-3H,0 10 7 7 7 - 7 7 10 12
AgNO; - - 10 - 10 - - 8 8
Zn(NOs),-6H,0 - 12 7 10 7 - 12 16

81 — P. aeruginosa, 2 — S. enteriditis, 3 — E.
dermidis, 8 —S. aureus, 9 — B.subtilis; °zone did not form

TABLE VII. In vitro antimicrobial activity of the compounds (MIC / pg mi-1)

coli, 4 — P. mirabilis, 5 — K. pneumoniae, 6 — B. cereus, 7 —S. epi-

Compound

Microorganisms

1 2 3 4 5 6 7 8 9
HL, -a - - - - 532 - - *b
HL,-HCl - - - - - 532 - - -
HLs * - - - - - 665 665 -
HL3-HCl * - - - - - - - -
HL, 532 - - - - - - - -
[Fe(L1)(OH)(H;0),JNO; 532  — * - - - - - -
[Cu(L,);]-2H,0 - - - - - - *  Bb32 -
[Ag(Ly)] 665 - 332 - 665 - 332 665 -
[ZNn(L1)(H,0);]NO; - - - - * - * 133 *

8o antibacterial activity qualitatively; BMIC value was not detected in the test concentrations (<532 ug/ml)

The chloride substituted ligand, HL 3, and the [Ag(L1)] and [Zn(L 1)(H20)2](NOs)
complexes exhibit moderate antibacterial activity. Of all the compounds tested,
the ligands and some complexes show antibacterial activity against Gram-posi-
tive bacteria. As an example, the inhibition zone and MIC values of HL4, HL3,
[Cu(L1)2]-2H20 and [Zn(L1)(H20)2]NO3 for the B. cereus, S. epidermidis, S.
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aureus and B. subtilis (Gram+) organisms are exceptionally effective compared
with the other compounds (Tables VI and VI, microorganisms 6-9).

A noteworthy result is that the Cu(ll), Zn(l1) and Ag(l) complexes show an-
tibacterial activity toward S. epidermidis and S. aureus while the HL 1 ligand has
no activity on them. On the other hand, it was observed that AQNO3 has no acti-
vity on P. aeruginosa and S. epidermidis; however the [Ag(L1)] complex has con-
siderable antibacterial activity toward these two bacteria. The Fe(l11) complex ex-
hibited antibacteria activity againgt P. aeruginosa and E. coli while Fe(NO3)3-9H>0
itself did not show any antibacterial effect on them.

Acknowledgement. This work was supported by Istanbul University Research Fund, Pro-
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N3BOJI

JOBUJABE, KAPAKTEPU3AIIUIA U AHTUBAKTEPMICKU EGEKAT
2-METOKCH-6(5-H/Me/Cl/NO,-1H-BEH3UMHNJIA30JI-2-UJT)-OEHOJIA
1 KOMIIJIEKCA HEKUX ITPEJTABHUX METAJIA

AYDIN TAVMANY, SERKAN IKIZ2, A. FUNDA BAGCIGILZ, N.YAKUT OZGUR% u SEYYAL AK?

Listanbul University, Faculty of Engineering, Department of Chemistry, 34320 Avcilar, Istanbul « 2Istanbul
University, Veterinary Faculty, Department of Microbiology, 34320 Avcilar,Istanbul, Turkey

JloGujeHu cy M oKapakTepucaHu 2-MeTokcu-6-(5-H/mernn/xnopo/aurpo-1H-6en3nmunazon-
-2-un)-enonuu (HL,; X = 1-4, penom) nmurasgu U HL, kommiekcu ca FE(NOsg)s, Cu(NOg),,
AgNO3, Zn(NO3),. CtpyKkType KOMIUIEKCa Cy MOTBpeHEe Ha OCHOBY €IEMEHTAIHE aHAlH3e, MO-
NapHe MPOBOBHBOCTH, MarkeTHor MoMenta, FT-IR, TH- u 13C-NMR. Autu6axrepujacka akTus-
HOCT CJIOOOJHUX JIMTaHa/a, BUXOBUX XUJIPOXJIOPUAHHUX COJIM U KOMIUIEKCA je MPOBEpPEHa KOPHIL-
hemem quck audysuone merone y aumermi-cyipokenay (DMSO) kao u MuHHMaIIHA HHXHOHTOP-
cka koHuenrpanuja (MIC) meromom pasbnaxema, nmpema 9 cojea 6akrepuja. HL1, HL3, Cu(ll) u
Zn(ll) xoMIuIeKcH MoKa3yjy aHTHOAKTEpHjCKy aKTHBHOCT rpeMa I'paM-1o3UTHBHIM OakTepujama.

(IMpumssero 10. jyna, peumupano 28. HoemGpa 2008)
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Verifying the PCP-rule by five-center bond indices
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Abstract: According to the recently discovered PCP-rule, the (stabilizing) ener-
gy-effect of the cyclic conjugation in the 5-membered ring of acenaphthylene-
and fluoranthene-type polycyclic conjugated hydrocarbons increases with the
number of phenyl-cyclopentadienyl (PCP) fragments present in the molecule.
It is now shown that the validity of the PCP-rule is also supported by the 5-cen-
ter bond indices, an independent quantitative theoretical measure of cyclic con-
jugation in 5-membered rings.

Keywords: acenaphthylene-type hydrocarbons; fluoranthene-type hydrocarbons;
PCP-rule; multicenter bond index; cyclic conjugation.

INTRODUCTION

The theory of benzenoid hydrocarbons!:2 is nowadays one of the best deve-
loped areas of theoretical organic chemistry. Motivated by recent progress in this
field (see the papers3-7 and the references quoted therein), a systematic study8-10
of a class of polycyclic conjugated systems closely related to benzenoid hydro-
carbons, the acenaphthylenes and fluoranthenes, was undertaken. These differ from
“true” benzenoids by possessing a five-membered ring; for examples see Fig. 1.
A more formal definition of acenaphthylenes and fluoranthenes can be found in
the literature.8

The PCP-rule

According to classical theories of benzenoid and similar polycyclic conju-
gated molecules,12 there is no cyclic conjugation in the 5-membered ring of
acenaphthylenes and fluoranthenes. Investigating the energy-effect of cyclic con-
jugation using the method described in detail in a review!! and elsewhere,37 it
was found that a weak cyclic conjugation exists in the 5-membered ring of acena-

*Corresponding author. E-mail: gutman@kg.ac.rs; **ponec@icpf.cas.cz
# Serbian Chemical Society member.
doi: 10.2298/JSC0905549D
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Fig. 1. Acenaphthylene (1) and some of its congeners (2-4), and fluoranthene (5) and some of
its congeners (6—14). Data on the cyclic conjugation in the 5-membered ring of these

TABLE 1. The number of PCP fragments (#PCP), the five-center bond index (5-CBIl) of the
five-membered rings and the energy-effect (ef, in funits) of the same rings of the acenaph-

PURDEVIC, GUTMAN and PONEC
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compounds are given in Table I.

thylenes and fluoranthenes depicted in Fig. 1

Compound #PCP 5-CBI ef

1 0 0.5250 0.0026
2 1 0.6124 0.0206
3 1 0.6394 0.0255
4 2 0.7281 0.0390
5 0 0.2685 0.0031
6 1 0.3062 0.0054
7 1 0.3096 0.0043
8 2 0.3566 0.0105
9 2 0.3559 0.0079
10 2 0.3558 0.0080
11 2 0.3457 0.0056
12 3 0.4181 0.0159
13 3 0.3994 0.0105
14 4 0.4716 0.0211
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phthylenes and fluoranthenes. In addition, it was established!0 that this (weak)
cyclic conjugation effect is amplified by the presence of 6-membered rings con-
nected to the 5-membered ring by a single carbon—carbon bond. This effect was
named the PCP-rule, where PCP is the abbreviation for “Phenyl-CycloPentadi-
enyl”. According to the PCP-rule, the extent of the energy-effect due to cyclic
conjugation in the 5-membered ring is proportional to the number of PCP frag-
ments present in the respective acenaphthylene and fluoranthene. These PCP fra-
gments are indicated for two selected examples in Fig. 2.

oo 2o

&, & &

Fig. 2. The compounds 4 and 13 from Fig. 1 have two and three PCP fragments, respectively;
these are indicated by thick lines.

A simple example illustrating the validity of the PCP-rule is provided by the
two isomeric acenaphthylenes 3 and 4. Whereas 3 has one PCP fragment, its iso-
mer 4 has two PCP fragments. The energy-effects of their 5-membered rings are
0.0255 and 0.0390 Aunits, respectively. Further examples are found in Table I. It
should be noted that until now not a single violation of the PCP-rule has been
observed.10

In view of the fact that the PCP-rule was established by studying the energy-
-effects of the 5-membered rings, it was thought purposeful to check it by other
measures of cyclic conjugation. In this paper, the PCP-rule was tested by means
of multicenter bond indices.

Multicenter bond indices

Multicenter bond indices are quantities specifically designed to detect and
quantify the presence of delocalized multicenter bonding in molecules such as
non-classical carbocations, electron deficient boranes, lithiated hydrocarbons,
etc. The respective theory was developed in the 1990s12-18 and was then suc-
cessfully applied to a variety of types of molecules.1%-23 In view of the capability
of these indices to describe non-classical three-center bonding, the idea of the
multicenter bond index was recently generalized so as to be also applicable for
the description of cyclically conjugated bonding extended over any number of
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centers. In the general case of k-center bonding, the corresponding index was
defined as the permutation-unique k-center term resulting from the partitioning of
the total number (N) of electrons:

{k}
N :%—ZA@+ YA yaAk) sy oyaAKL
2 A<B A<B<C A<B<C<---<K

where P is the charge/bond-order matrix and S the overlap matrix. In this work,
the 5-center bonding index (5-CBI), pertaining to the five carbon atoms (labeled
by A,B,C,D and E) of the 5-membered ring in the acenaphthylene and fluoran-
thene species, was employed. This index, characterizing the extent of the cyclic
conjugation within the particular 5-membered ring, is defined as:

5
5CBI = 24AQL e =

=2 2 X X 2 ZIil(PS),, (PS),;(PS) 1, (PS) £ (PS)g,]

ue A veB AeC xeD &eE i

where 1,v, A4, K,f refer to the basic functions and 7”is the permutation operator
that takes into account all possible (= 5!) permutations of the atomic labels. For
the sake of straightforward comparability with ef-values, which are calculated
using a generalized version of the Coulson formulall at the level of the simple
HMO theory, the calculation of 5-center bond indices was also performed at the
same level. Within such an approach, the overlap matrix is a unit matrix and the
formula reduces to:

5-CBI =24 AQcpe =
PIEDINDINDINDY Zri[PﬂVPleﬂkpkfpfﬂ]

HeAveB 1eC xeD £eE i

NUMERICAL WORK

The 5-CBI-values were computed for the 5-membered rings of all acenaph-
thylenes and fluoranthenes depicted in Fig. 1. These data, together with the (ear-
lier studied10) energy-effects, are given in Table 1.

An inspection of the 5-CBIl-data from Table I reveals that these perfectly
agree with the PCP-rule. For understandable reasons, the acenaphthylenes have
to be considered separately from the fluoranthenes. Within each of these two
classes, when the counts of PCP fragments are equal, then the respective 5-CBI-
-values are nearly the same. When a molecule X has greater number of PCP
fragments than another molecule Y, then, without a single exception, 5-CBI(X) >
> 5-CBI(Y). For instance, for the isomers 3 and 4 (possessing, respectively, one
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and two PCP fragments), 5-CBI(3) = 0.64 and 5-CBI(4) = 0.73. Among the fluor-
anthenes shown in Fig. 1, the minimum and maximum 5-CBI have, respectively,
fluoranthene (5, no PCP fragment) and tetrabenzofluoranthene (25, four PCP
fragments); 5-CBI(5) = 0.27, 5-CBI(25) = 0.47. For more examples of this kind,
see Table I.

CONCLUSIONS

The PCP-rule is a peculiar property of acenaphthylenes and fluoranthenes,
having no counterpart in the classical theory of polycyclic conjugated molecules.
It was discovered by studying the energy-effects of the 5-membered rings con-
tained in these molecules.19 The obvious question that emerged at this point was
whether the PCP-rule is an artifact of the graph-theory-based method used for
computing the energy-effects or if the PCP-rule reflects some real feature of the
n-electron distribution in the respective molecules. The analysis performed by
employing a completely independent approach, based on multicenter bond in-
dices, clearly indicates that the latter might be the case.

A reasonably good linear correlation between the five-center indices and the
energy-effects of the five-membered rings exists, as seen in Fig. 3. Of course, the
data-points for acenaphthylenes and fluoranthenes lie on two different lines. This
implies that not only is the PCP-rule convincingly corroborated by multicenter
bond indices, but also so is the molecular-structure dependence of the extent of
cyclic conjugation, predicted by two different methods, in quantitative agreement.

0.81
0.71
0.61

0.51

5-CBI

0.41 Y

0.31

0 0.01 0.02 0.03 0.04 0.05
ef

Fig. 3. The five-center bond indices (5-CBlI) vs. the energy-effects (ef) for the acenaphthylenes
(triangles) and fluoranthenes (circles) depicted in Fig. 1.

The quantum-chemical origin of the PCP-rule remains obscure, but the real
existence of such a rule seems to be now additionally verified.
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U3BO/
IMTPOBEPA PCP-ITIPABUJIA IIOMORY IHETOLEHTPUYHUX NHJIEKCA BE3E

JEJIEHA BYPBEBURY, UBAH I'YTMAH! 1 ROBERT PONEC2

Ypupodno—maiienaimiuuiu axyaiein Ynusepsuigeiia y Kpazyjesyy u ?Institute of Chemical Process
Fundamentals, Czech Academy of Sciences, Prague 6, Suchdol, 165 02, Czech Republic

Ha ocHoBy HemaBHO oTkpuBeHOr PCP-mpaBmia, (crabuinsyjyhin) eHeprercku eekar LUK-
JIMYHE KOHjyralyje y MeTOWIAHOM IPCTEHY MONUIUKINYHUX KOHjYrOBaHMX YIJbOBOJOHHKA alie-
HadTHICHCKOT U (pIyopaHTeHCKOTr THma pacte ca Opojem (enun-muknonentaauenmiaux (PCP)
(parMeHara cagpkaHuX y MOJISKyily. Y pafy mokasyjemo na je Baxkeme PCP-mpaBuia notpheHo
u nomohy TMETOLEHTPUYHMX HHJIEKCAa Be3e, KOjU Cy jeJHO HE3aBHCHO TEOPHjCKO KBaHTHTATHBHO
MEpHJIO IUKJIMYHE KObYTaltje y NeTOYIaHHM IIPCTCHOBUMA.

(TTpumibeno 21. HoBemGpa 2008)
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Theoretical and experimental investigations on the structure and
vibrational spectra of 6-amino-3-methyl-1-phenyl-1H-pyrazolo-
[3,4-b]pyridine-5-carboxylic acid and 6,7-dihydro-3-methyl-6-
-0x0-1-phenyl-1H-pyrazolo[3,4-b]pyridine-5-carbonitrile
KHALED BAHGATY, NAZM AL-DEN JASEM?2 and TALAAT EL-EMARY3

1Chemistry Department, Faculty of Petroleum and Mining Engineering, Suez Canal
University, Suez, Egypt, 2Chemistry Department, Faculty of Sciences, Aleppo University,
Syria and 3Chemistry Department, Faculty of Science, Assiut University, Assiut, Egypt

(Received 22 October 2008, revised 12 February 2009)

Abstract: The solid phase FT-IR and FT-Raman spectra of 6-amino-3-methyl-
-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carboxylic acid (PYRPCA) and 6,7-di-
hydro-3-methyl-6-oxo-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carbonitrile (PYR-
PCN) were recorded in the region 4000400 cm. The spectra were interpreted
with the aid of normal coordinate analysis following full structure optimization
and force field calculations based on the density functional theory (DFT) using
standard B3LY P, BLYP and ab initio RHF methods with 6-31G* basis set and
were scaled using a recommended set of scaling factors yielding fairly good
agreement between the observed and cal culated frequencies. Based on the pre-
sent good quality, the scaled quantum mechanical (SQM) force field, areliable
description of the fundamentals of PYRPCA and PY RPCN, was provided. The
calculations predicated a predominance of different tautomersin PYRPCA and
keto-enol tautomers in PYRPCN. For PYRPCA, the most stable conformer is
stabilized by intramolecular hydrogen bonding. The characteristic of the hy-
drogen bonding is its strengthening effect on the conjugation of the NH, and
COOH groups with the pyridine ring.

Keywords: DFT calculations; vibrational spectra; 6-amino-3-methyl-1-phenyl-

-1H-pyrazol o[ 3,4-b]pyridine-5-carboxylic acid; 6,7-dihydro-3-methyl-6-oxo-1-
-phenyl-1H-pyrazol o 3,4-b] pyridine-5-carbonitrile.

INTRODUCTION
In the past two decades, quantum chemica computational methods have pro-
ven themsealves to be essential tools for interpreting and predicting vibrational spec-

tral2 A significant advance in this area was made by combining empirical and
ab initio information in the scaled quantum mechanical (SQM) force field me-

* Corresponding author. E-mail: khabahgatl@hotmail.com
doi: 10.2298/JSC0905555B
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thod.37 In the SQM method, the computed harmonic force field is improved
usually by a few scale factors, obtained by fitting theoretical vibrational frequen-
cies to experimental data. These scale factors were generaly found to be well
transferable between chemically related molecules, nibbling to obtain reliable vi-
brational information for a large variety of organic compounds.8-12 For organic
molecules containing a hydrogen bonded system, the scaled B3LYP/6-31G*
force field, using unscaled factors recommended by Rauhat and Pulay for large
scale studies,8 also provided a proper description of the vibrational properties of
these molecules. However, few publications are devoted to the chemistry of py-
razolo pyridines derivatives.13 The UV absorption spectra for several bis-pyra-
zolopyridine derivatives were provided using the TDDFT method.14

6-Amino-3-methyl-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carboxylic acid
(PYRPCA) and 6,7-dihydro-3-methyl-6-oxo-1-phenyl-1H-pyrazol o 3,4-b] pyridi-
ne-5-carbonitrile (PYRPCN) are interesting representatives of pyrazolo pyridine
derivatives. Due to conjugation with the = system of the pyridine ring and a pos-
sible intermolecular hydrogen bond formation, the carboxylic group in PY RPCA
may play an important role in pyrazolo—pyridine tautomerism. Also, 6,7-dihydro-
3-methyl-6-oxo-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carbonitrile  (PY RPCN)
carrying an NH at the peri position to a carbonyl group is a characteristic repre-
sentative of keto-enol formswith a strong HB.

The aim of the present study was to determine the structure (tautomerism
and hydrogen bonding) and subsistent effect on the vibrational spectra of 6-ami-
no-3-methyl-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carboxylic acid (PYRPCA)
and 6,7-dihydro-3-methyl-6-oxo-1-phenyl-1H-pyrazol o 3,4-b] pyridine-5-carbo-
nitrile (PYRPCN) by the concentrated application of quantum chemical calcula-
tions and vibrational spectroscopy. Based on experimental FT-IR and FT-Raman
data, a complete vibrational analysis of the molecules was performed using the
Pulay DFT-based SQM method.# The ground state geometries were optimized
using DFT with B3LY P and BLY P and ab initio restricted Hartree-Fock methods
with the 6-31G* basis set, and comparing the effect of simpler and more ela
borate versions of scaling, while paying attention to ensuring correct band assign-
ment. The calculated infrared and Raman spectra of the title compounds were
simulated utilizing the computed dipole derivatives for IR intensities and pola
rizability derivatives for Raman intensities.

EXPERIMENTAL

6-Amino-3-methyl-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carboxylic acid and 6,7-di-
hydro-3-methyl-6-oxo- 1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carbonitrile were obtained as
previously described in the literature. 1516

The infrared spectra were recorded with a Nicolet Magna 750 FT-IR spectrometer equip-
ped with a room temperature DTGS detector. The spectra of the solid (in the 4000-400 cm-1
spectral region) were recorded in the form of KBr pellets at a 2 cm! spectral resolution accu-
mulating 128 scans.
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The Raman spectra were measured with a Nicolet 950 FT-Raman spectrometer equipped
with a liquid nitrogen cooled Ge detector. An Nd:YAG laser (1064 nm) was used for exci-
tation at 30-150 mW output power at a spectral resolution of 4 cml,

Computational details

The molecular geometry optimization, energy and vibrational frequency calculations
were performed with the GAUSSIAN 94W software package,1” using the B3LY P functionals
BLYP and RHF,1819 combined with the standard 6-31G* basis set. The cartesian represent-
tation of the theoretical force constants were computed at the optimized geometry by as-
suming C1 point group symmetry. Scaling of the force field was performed according to the
SQM procedure,*8 using selective scaling in the natural internal coordinate representation.520
Transformations of the force field and subseguent normal coordinate analysis, including the
least square refinement of the scaling factors, calculation of potential energy distribution
(PED) and the prediction of IR and Raman intensities, were realized on a PC with the
MOLVIB program (version 7.0 — G77) written by Sundius.?1-23 For the plots of the simulated
IR and Raman spectra, pure Lorentzian band shapes were used with a bandwidth (FWHM) of
6 cmrl. The symmetry of the molecules was also helpful in making the vibrational assign-
ments. The symmetries of the vibrational modes were realized using the standard procedure.?4
The symmetry analysis for the vibrational modes of the title molecules are presented in some
detail in order to describe the basis for the assignments.

RESULTS AND DISCUSSION
Tautomerization and conformation

The molecular structures of PYRPCA and PYRPCN are shown in Figs. 1
and 2, respectively. The bond lengths and bond angles determined at the DFT
level of the theory for the title compounds are listed in Table |. The global mini-
mum energy obtained by DFT structure optimization for the title compound is
presented in Table Il. The geometrical optimization studies of PYRPCA and
PYRPCN revealed that the molecules belong to the C1 symmetry point group, in
which the phenyl ring make a dihedral angle of 26.23° with the adjacent pyrazole
ring. The conformational variation of PYRPCA compound involve four tauto-
mers/conformers, due to the different substitution in position 8 and 7 of the pyri-
dine ring (numbering as in Fig. 1), and conformational variation, evolving from
H-proton transfer and the relative orienttation of the amino and carbonyl groups.
PYRPCN involves three tautomers, in which conformational variation evolves
from keto—enol tautomerization, and constitutes an intriguing set of compounds
that form strong intra-molecular hydrogen bonds. The energies for the possible
tautomers/conformers of the title compounds were calculated at the 6-31G* basis
sets and they are listed in Table 1. The energy obtained for la and Ib tautomers
of the studied compounds at B3LYP, BLYP and RHF at 6-31G* bases set were
found to be the global minimum. The large stability of the conformers la results
from a shortening of the O14---H11 (1.935 A) contact with respect to the Ila
conformer (2.547 A), aswell as to its non-hydrogen-bonded counterpart.
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Fig. 1. The conformers considered and the numbering of the atomsin the PY RPCA molecule.
Geometric structure and hydrogen bonding

Structural analysis reveaed the presence of intramolecular hydrogen bond
interactions in PYRPY CA and intermolecular hydrogen bond in PYRPCN. The
CO:---NH hydrogen bond in the la tautomer of PYRPCA and the N-H---O hyd-
rogen bond in the Ib tautomer of PYRPCN are very similar in their charac-
teristics to analogous compounds,2>-27 in which NH», NH and C=0 groups par-
ticipate in several inter-molecular and intra-molecular hydrogen bonds.28-31 The
strength of the interactions can be related to the length of the hydrogen bond. The
shorter O---H contact is in agreement with the large stability of la with respect to
the non-hydrogen-bonded counterpart (cf. Figs. 1 and 2). The strength of hydro-
gen bond is aso supported by the geometrical characteristics, most significant of
which are the large elongation of C13—-014 and N10-H11 (in PYRPCA) and the
large tilt of the NH2> group towards the carbonyl group and rotation by 90° of the
COOH group as compared to the other non-hydrogen-bonded isomers. Moreover,
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Fig. 2. The conformers considered and the numbering of the atoms of the PY RPCN molecule.

the computed C13-014 and N10-H11 bond lengths in PYRPCA are too large
compared with similar compounds.2> Also, the computed C8—C13 and C7-N10
bond distances seem to be somewhat short. These geometrical parameters are
sensitive to hydrogen bonding.26 The hydrogen bonding interaction in la has a
strong promoting effect on the conjugation of the NH,> and COOH groups with
the pyridine ring. A strengthening of the double bond character of C7-N10 and
C8-C13isindicated by a shortening of these bonds by 0.12 and 0.03 A, respec-
tively (cf. Table I). The intraamolecular hydrogen bond in PYRPCN affects the
N—H and C=0 bond lengths; thus in the case of the Ib tautomer, this lengthening
amounts to 0.09 A for the N-H and 0.04 A for the C=0 bonds, compared with
similar compounds.2’ These changes are in agreement with the resonance charac-
ter of this tautomeric system.

Vibrational spectra

The PYRPCA and PYRPCN molecules are not planar, with the phenyl ring
making a dihedral angle of 26.230° with the adjacent pyrazole ring. As aresult of
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TABLE |. Optimized geometrical parameters of PYRPCA and PYRPCN (values for PY RPCN
in parentheses); for the numbering of the atoms, see Figs. 1 and 2

Bond length, A Bond angle, deg.
Bond B3LYP BLYP RHF Bond B3LYP BLYP RHF
N1-C2 1388 1408 1374 N1-C2-C3 107.667 107.170 108.340
(1.391) (1.413) (1.373) (106.420) (106.040)  (106.990)
N2-C3 1313 1330 1.280 N2-C3-C4 110.437 110.720 110.060
(1.332) (1.330) (1.290) (110.980) (111.460) (110.560)
Cc3-ca 1433 1440 1430 C3-C4-C5 105.170 105.480 104.920
(1.434) (1.440) (1.430) (104.240)  (104.350) (103.750)
cacs 1420 1.430 1.400 C4-C5-N6 126.014 126.150 125.760
(1.380) (1.410) (1.370) (122.740)  (121.900) (122.670)
C5-N6 1333 1340 1.320 C5-N6-C7 116.095 115.870 116.640
(1.360) (1.370) (1.350) (122.750) (122.900) (122.290)
N6-C7 1344 1350 1.320 N6-C7-C8 122.965 123.150 122.780
(1.410) (1.430) (1.390) (114.220) (114.130) (114.710)
c7-C8 1449 1460 1.440 C7-C8-C9 118.577 118.460 118.250
(1.435) (1.480) (1.470) (122.400) (122.430) (122.110)
C8-C9 1396 1.340 1.380 N10-C7-NG6 116.332 116.210 115.820
(1.380) (1.390) (1.350) (119.760) (110.970) (119.710)
N10-C7 1.350 1.360 1.330 C8-C7-N10 120.704 120.530 121.280
N10-H11 1.012 1.020 0.990 C7-N10-H11 119.439 118.930 121.050
N10-H12 1.008 1.010 ©.990 C7-N10-H12 118.180 118.270 117.900
C13-C8 1466 1470 1.460 C7-C8-C13 120.678 120.560 121.310
C13-014 1227 1240 1.190 C8-C13-014 126.243 126.243 126.180
C13-015 1359 1370 1.330 C8-C13-015 113.491 113.470 113.380
O15-H16 0.974 0.980 0.950 | C13-0O15-H16 105.349 104.420 107.450
014-H11 1935 1930 2.006 N2—-C3-C17 121.008 120.490 121.690
Cl7-C3 149 1500 1.490 N2-N1-C21 118.621 118.560 118.470
C17-H18 1.093 1010 1.080 | C24-C25-C26 121.027 121.040 121.100
C17-H19 1.097 1.010 1.080 | N2-N1-C21-C22 26.32 26.41 26.89
C17-H20 1.097 1.010 1.080 | N10-C7-N6-C5 179.84 179.980 180.00
C21-N1 1421 1430 1410 |014-C13-C8-C9 17948 179.960 179.980
C22-C21 1403 1410 1390 |015-C13-C8-C7 179.97 179.960 179.970
C23-C22 1392 1400 1380 | N6-C7-O10  (119.710) (119.400) (119.880)
C24-C23 1396 1400 1.380 C7—C8-C11 (109.85) (110.880) (110.180)
C25-C24 1395 1400 1380 |N2-N1-C19-C20 (37.880) (36.290)  (38.910)
C26-C25 1.381 1400 1.380 |N2-N1-C19-C24 (141.757) (143.240) (143.870)

the C1 symmetry, the 90 and 81 fundamentals for PY RPCA and PYRPCN, res-
pectively, are active in both the infrared absorption and Raman scattering. The
FT-IR and FT-Raman spectra of PY RPCA and PYRPCN molecules are shown in
Figs. 3-6, respectively. The absence of definite bands in the OH stretching region
of the experimental IR and Raman spectra of PY RPCN suggests that no enol tau-
tomer is present in the solid phase of the PY RPCN molecule. The absence of this
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TABLE Il. Total energies (in hartrees) of PYRPCA obtained from B3LY P/6-31G* calcula-

tions
Conformers PYRPCA PYRPCN
| -910.2061372 —833.7311
11 -910.166388 —833.6541
1 -910.150738 -833.7132
(\Y -910.111532
8Global minimum energy
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Fig. 3. FT-IR spectra of PYRPCA; a) observed, b) calculated.
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Fig. 4. FT-Raman spectra of PYRPCA; a) calculated, b) observed.
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band is a general spectral feature of enolized Adiketones, attributed to the elec-
tron configuration of the chelate ring.28 The results of the present vibrational ana-
lysis, viz., calculated unscaled vibrationa frequencies, IR and Raman intensities,
SQM freguencies; potential energy distribution (PED) and assignment of the fun-
damentals, are shown in Table V-SM (Supplementary material). The well-known
good performance of the density functional theory for the estimation of the
vibrational spectra of organic compounds can be observed also in case of the la
and Ib conformer. The interpretation of the experimental spectra was based on
the scaled computed B3LY P/6-31G* force field utilizing additional information
from computed (unscaled) IR intensities and Raman activities. The choice of the
B3LYP force field was reasoned by the found good agreement between the
B3LYP results for the HB interaction and geometrical parameters of the la and
Ib conformers. In fact, a rough assignment can aready be performed based on the
unscaled computed results. However, for reliable information on the vibrationa
properties (e.g., good quality force field), the use of selective scaling is necessary.
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SQM analysis, assignment

The effect of scaling was studied using the DFT force fields of the title com-
pounds. Several calculations were performed with different kinds of scaling. Cal-
culations A performed with the unscaled (raw) DFT force field transformed to
the natural internal coordinates; calculation B, labeled Cp, was performed with
selective scaling according to the SQM scheme, using 9 transferable scale factors
from the recommended set? without refinement. In calculation of Cyef, the num-
ber of distinct scale factors was increased to 15 (as shown in the last columns of
Tables |1l and V) and 14 of these were refined in a least-squares procedure to
achieve a better frequency fit. Special attention was paid to the vibrations of the
OH, NH», NH and C=0 groups, whether the errors of the B3LY P/6-31G* level
for hydrogen bonding were not sufficiently corrected by the original scale fac-
tors. This SQM treatment resulted in a weighted mean deviation of 81.81 cm1
for PYRPCA and 73.21 cm for PYRPCN. The largest deviations between the
experimental and SQM freguencies were observed for the vibration of the NH»,
OH, NH and CO groups. The following were registered:

— OH stretch, an overestimation of ca. 114 cm™L;

— NH stretch, an overestimation of ca. 158 cm™L;

— CN stretch, an overestimation of ca. 121 cm™1;

— NH>, stretch, an overestimation of ca. 152 cm™1;

— C=0 stretch, an overestimation of 80 cm1 by the scaled B3LY P/6-31G*
forcefield.

TABLE I1l. Definition of the local symmetry coordinates for 6-amino-3-methyl-1-phenyl-1H-

-pyrazol o[ 3,4-b] pyridine-5-carboxylic acid and the values of the corresponding scale factors
used to correct the B3LY P/6-31G* (Cy, C,¢) force fields

. I Scale factors used
No(i) Symbol Definition Notal c, Cu
1-6 CHar Ry, Ry, Ra,Rs, Rs, Rs S1-S6 0920 0.931
7 CHass (R+Rg+ Ro)\3 S7 0.920 0.920
8 CHsips (2Rs- Rg- Ry)/N6 S8 0920 0.920
9 CHsops (Rg- Ry)/N2 9 0920 0.920
10 CCHjs Two S10 0922 0922
11-15 CN O11, Q12 Q13 G14r Qs S11-S15 0.922 0.922
16-26 CCar  RysR17,R18,R10,Ro0,Ro1,R2 \Ro3,Ros,Ros,Ros S16-S26 0.922  0.984
27 NN Py 27 0922 0922
28 CNH, Pog S28 0922 0922
29-30 NH, Pao,P30 S29-S30 0.922  0.965
31 CCO, Py S31 0922 0984
32-33 Cco2 Py, Pss S32-S33  0.922 0.896
34 OH Py, S34 0920 0.920
35-40  bCH4 (0tg5-0ta6)N2, (a1z7-038) N2, (ctag-trg)/ N2 S35-S40  0.950  0.950

(0taz-0a2)N2, (0az- 0tas)/N2,(0u5-0tag) N2 0950  0.950
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TABLE I1l. Continued

. I Scale factors used
No(i) Symbol Definition Notat C, Cu
41 CHasb (~0a7-Olag~ Oag* Bo+ Psrt+ Bs2)/ V6 S41 0915 0915
42 CHipb (-Bso-Bs:+2Bso)/ V6 $42 0915 0915
43 CHsopb (-Bso-Bsn)/2 $43 0915 0915
44 CCH, (ase- 0sa)/N2 S44 0950 0.950
45 bR1 Bss+a(Bss*Pss)+0(Bs7+Bs0) AS 0.990 0.990
46 bR1 (@— b)(Bse~Psa)+ (1 — &)(Bsr+Pso) $46 0990  0.990
47 thngd (0'60' Og1t Olgp- Olgzt0les (l65)/\/6 A7 0.990 0.990
48 szm ('aeo' o 61+2a62' Olg3~ U~64+2a65)/\/12 48 0.990 0.990
49 R2asym (oig0- 0ty +20163+ 0lga)/2 49 0.990 0.990
50 bCNH, (866-867)/2 S50 0950 0.950
51 bNH, (8eg-Oge)/N2 S51 0915 0915
52 bNH, (2870-6g-060)/ N6 S52 0915 0915
53 bCCO, (871-87)N2 S53 099  0.99
54 bCO, (875-872)N2 S54 0990 0.876
55 bCO, (2675 G175~ 674)IN6 S55 0990 0.876
56 bOH Oz S56 0.990 0.990
57-58  bCN1 (077~ 028)/N2,( 07g- Bg0)/N2 S57-S58  0.990  0.990
59 R3tl’|gd (0'81_ Ogot Olgz~ Oggt Olgs- (Xge)/\/G S59 0.990 0.990
60 R3Wm ('0'81' 0.82+2(lg3' Olgg~ 0.35"'2(186)/\/12 S60 0.990 0.990
61 R3asym (091~ Olgr+ 2085+ 0ige)/2 S61 0990 0.990
62-67 oCH4 g7, Wgg, Mgy, Dgo, Dg1, Mg2 S62-S67 0.976 0.976
68-69 0CCx g3, Mgg $68-S69 0.976  0.976
70 gCCo, ©os S7T0 0976 0.976
71-72 gCN1 ®96, ®97 S71-S72 0976  0.976
73 gCNH, ®98 S73 0.976 0976
74 ogNH, ®99 S74 0.806  0.806
75 gCCHj; ®»100 S75 0.976 0984
76 gCo, ®»101 S76 0.976 0976
77 tR1 1102 + b(t103+1105) + a(t104-t106) S77 0.935 0935
78 tR1 (a— b)(1103- 7105) + (1- a)( t104- t106) S78 0935 0.935
79 tR2trigd  (t107+ 1108+ 1109+ 1110+ 1111+ 1112)N6 S79  0.935 0.935
80 tR2sym (t107+ 1108+ 1110+ 1111)/N2 S80 0935 0.935
81 tR2asym (-1107+ t108+21109- 1110- 81 0.935 0935
82 1111+21112)N12
83 tR3trigd (t113+ 1114+ 1116+ 1117)/N2 S82 0935 0.935
84 tR3sym (t113+ 1114+ 1116+ t117)N2 83 0.935 0935
85 tR3asym (-t113+ 1114+27115- 1116- 1117+2 S84 0.935 0935
86 1118)/V12
87 tCH; 7119 S85 0.831 0.831
88 tCCO, 1120 S86 0.831 0.678
89 tCNH, 121 S87 0.913 0910
90 tCN1 1122 S88 0.831 0.831

tCO, 1123 S89 0.831 0.831
Butterfly 1124 S90 0.913 0913
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In the second step of the SQM analysis, the scale factors for selected vibra-
tions: C=0, NH», OH stretch, COH bend, CO wag, OH and ring torsion, were
released and optimized using the experimental data. Comparing the experimental
and the newly obtained scaled frequencies, some additional systematic deviations
could be observed which were smoothed before due to the coupling between the
interna coordinates. These were: an overestimation for C=0, NH», and CC-O
bond. Satisfactory agreement was obtained for C=0 and NH stretching in
PYRPCN. The final SQM force field (see the column headed C,¢ in Tables IV
and V-SM) reproduced the experimental spectra with a weight mean deviation of
13.9 cm™1 for PYRPCA and 10.12 cm~1 for PYRPCN between the experimental
and the scale frequencies. The frequencies of 14, o, v3 and vy in PYRPCA were
excluded from this comparison because of the obvious large effect of intermole-
cular hydrogen bonding in the solid phase.

TABLE 1V. Definition of the local symmetry coordinates for 6,7-dihydro-3-methyl-6-oxo-1-

-phenyl-1H-pyrazol o[ 3,4-b] pyridine-5-carbonitrile (PYRPCN) and the values of the corres-
ponding scale factors used to correct the B3LY P/6-31G* (C,, C,) forcefields

. — Scale factors used
No(i) Symbol Definition Nott C, G
1 N1H R, St 0.920 0.914
2—7 CH, Ry, I3, 14, I5, I, 17 s.,S 0920 0914
8 CHas (rg + ro + )6 s 0920 0914
9 CHaips (2rg —rg —10)\6 s 0920 0914
10 CHaops (rg —T10)/N2 S 0922 0.922
11 CCH3 T Sit 0.922 0.922
12-16 CN Q12, Qu3, Qus, Q15, Q16 S12. S 0.922 0.926
17271 CCy Ri7, Rig, Rig, Roo, R21, Rooy Rosy Rosy Ros, Ros,Ror S1i7, 57 0.922 0.922
28 NN Pog Sy 0.920 0.920
29 C=0 Pag Sy 0.922 0.830
30 CC(N) P Sz0 0.922 0.922
31 C=N Ps1 Sa1 0.922 0.897
32-37 bCHar (ot32 - CL33)/\/2, ((134 - (135)/\/2, ((136 - a47)/\/2 Sz, Sz7 0.950 0.950
38 CH35b (a33 - (X3g)/\/2, ((140 - (141)/\/2, ((142 - a43)/\/2 Szg 0.950 0.950
39 CHBipb (—(144—(145 —Oyst B47 + B48 + B49)/\/6 Sz9 0.915 0.915
40 CHaopo (—Baz—Pas + 2[349)/\/6 Sio 0.915 0.915
41 CHgipr Ba— B48)/\/2 Sut 0.915 0.915
42 CH30pr (20,44—(145 - 0.46)/\/6 Sy 0.915 0.915
43 bR1 (050 — 0i51) N2 Su3 0.915 0.915
44 bR1 Bsz + @(Bss + Pss) + 0(Bss + Pse) S 0.990 0.990
45 R2trigd (@=b) (Bss —Pss) + (1 —3) (Bsa—Pso) S5 0990 0.990
46 stym ((157 — Osg + Olsg — Olgp + Olgy — (162)/\/6 Sy 0.990 0.990
47 R2asym (—01s7 — Oisg + 2059 — Olgp — et + 20te2)/N12 sz 0.990 0.990
438 bC=0 (0157 — Oisg + Olgp — Olg1)/2 Sug 0.990 0.990
49 bN1H (863 — 8 62)N2 s 0950 0.913
50 bCC(N) (865 — 8 66)/N2 s, 0950 0.915
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TABLE IV. Continued

. - Scale factors used
No(i) Symbol Definition Noek C, Cog
51 bC=Ninp (B66 — 3 6)/N2 s 0.915 0.950
52-53 bC=Nop g S, S5 0.915 0.913
54 bCN1 o7 s, 0915 0913
55 R3trigd (071 —072)/\2, (875 — 070)N2 ss 0915 0.913
56 R3sym ((175 — Oz + 077 — O7g + 079 — (180)/\/6 S5 0.990 0.990
57-62 stm (—0.75 — Ozt 2(!77 — 078 —O79 20*80)/\/12 S7.,Se2 0.990 0.990
63-64 gCHa,- ((175 — Oz + O7g — a79)/2 Ss3_ Ses 0.990 0.990
65 gCCar g1, Wgp, g3, g4, Vg5, Wgs Se5 0.990 0.934
6667 gC=0 g7, Ogg Sss Se7 0.976 0.934
68 gCN1 g9 Ss 0.976 0.976
69  gCC(N) o0, Do s 0976 0.976
71 tR1 g3 sn 0976 0.976
72 tR1 Tgs + b (‘Ege + ng) +a (Tg7 - ng) S 0.831 0.831
73 tRZ’[I’Igd (a— b) (Tge - ng) + (1'a) (T97 - ng) Sr3 0.831 0.831
74 tRZWm (T100 + Ti010 + T100 + T103 + T1w + T105)\/6 Sy4 0.831 0.831
75 tR2asym (100 + T101 + T103 + T104)/2 ss  0.831 0.831
76 tRStI’Igd (_TlOO_ Ti03 T 2’[102 - T103— Ti4 T 2’[105)\/12 Sr6 0.831 0.831
77 tR3sym (T106 + Tyg7 + T10g + T109 + T110 + '5111)\/6 Sy 0.831 0.831
78 tRSasym ('[106 + Tyg7 + T109 + '[110)/2 Srg 0.831 0.831
79 tCH3 (—T]_OG— T107+ 2’[108 —Ti09—T110 + 2‘5111)\/12 Sy 0.831 0.831
80 tC19N Ti12 So 0.831 0.831
81 Butterﬂy T113 Sg1 0.831 0.935

T114 0.935 0.935

COOH vibrations

Hydrogen bonding alters the frequencies of the stretching and bending
vibrations. The O—H stretching bands move to lower frequencies, usually with
increased intensity and band broadening in hydrogen bonded species. In the pre-
sent study, the O—H stretching frequency was observed at 3407 cm~1.28 How-
ever, the wave number calculated by the B3LY P method showed a strong nega-
tive deviation of 214 cm~1. The C-O stretching is a characteristic frequency of
carboxylic acid.2® The strong band appearing at 1697 cm™1 in the FT-IR spec-
trum was assigned as the C=0 stretching vibration. The theoretical value of 1721
cm~1 computed by the B3LY P method showed a negative deviation of 24 cm™1
because of mixing with the pyridine ring vibrations.30.32 The O—H in-plane bend-
ing occurred between 1440 and 1395 cm~1 and the out-of-plane bending vibration
at between 970 and 875 cm~1.33 The medium band at 1419 cm™1 in FT-IR spec-
trum was assigned as the O—H in-plane bending vibration and frequency at 935
cm* to the O—H out-of-plane bending vibration for the present molecule. The
theoretically computed value of 1382 cm™1 is in very good agreement for the
O—H in-plane bending vibration. However, the calculated value of OH out-of-pla-

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS



STRUCTURE AND VIBRATIONAL SPECTRA OF PYRAZOLO PYRIDINE DERIVATIVES 567

ne bending deviates positively by about 200 cm™L. This shift in the O—H out-of-
-plane bending vibration reflects on the strength of the hydrogen bond. The band
observed at 1186 cm™1 in FT-Raman spectrum of PYRPCA corresponds to the
C—COOH stretching vibration. The calculated result at 1182 cm™1 isin excellent
agreement with the experimental data.

C=N vibrations

The assignment of the highly characteristic nitrile stretching mode (v(C=N))
to the band at 2224 cm~1 is quite obvious in all calculations. The degenerate pair
of linear bending vibrations of the C—-C=N moiety is split into in-plane and out-
-of-plane components, both strongly mixed with several other in-plane and out-
-of-plane vibrations, respectively. They contribute to several normal modes in the
600-100 cm™1 range (see Table V-SM). In the fina force field, the in-plane
linear bend has a smaller force constant (0.319 N/cm) than the out-of-plane
counterpart (0.399 N/cm), which may be due to a stronger interaction of the latter
with the p-electrons of the pyridine ring.

Amino group vibrations

The frequencies of the amino group appear at around 3500-3300 cm~1 for
the N—H stretching, 1700-1600 cm~1 for the scissoring and 1150-900 cm~1 for
the rocking deformations.34 In the present study, the NH, asymmetric and sym-
metric stretching modes move to lower frequencies, usually with increased inten-
sity and band broadening in the hydrogen bonded species. The FT-IR bands at
3407 and 3301 cm~1 in the infrared spectrum and at 3413 and 3311 cm1 in the
Raman spectrum of PYRPCA were assigned to NH, asymmetric and symmetric
stretching, respectively. The bands observed at 1597 cmi1 in the infrared and Ra-
man are assignhed undoubtedly to the scissoring modes of the NH» group. Accor-
ding to PED, this band is strongly mixed with the NH»> rocking mode. According
to NCA calculations, the medium and weak IR bands at 1027 and 796 cm1 are
assigned to NH> rocking and NH> out-of-plane bending, respectively.

Methyl group vibrations

For the assignments of CH3 group frequencies, basically nine fundamentals
can be associated to each CH3 group, namely: CH3 ss, symmetrical stretch; CH3
ips, in-plane stretch (i.e., in-plane hydrogen stretching modes); CH3 ipb, in-pla-
ne-bending (i.e., hydrogen deformation modes); CH3 sb, symmetric bending;
CHs ipr, in-plane rocking; CH3 opr, out-of-plane rocking and CH3 t, twisting hy-
drogen bending modes, as well as, CH3 ops, out-of-plane stretch and CH3 opb,
out-of-plane bending modes of the CH3 group. For PYRPCA, the CH3 ss fre-
quency was established at 2921 cm1 in the IR spectrum of both compounds and
CH3 ips was found at 3045 and 3042 cm™1 in the IR and Raman, respectively.
These bands were also observed at 3022 and 3017 cm1 in the IR and Raman
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spectrum, respectively, of PYRPY CN. These assignments are also supported by
the literature.35 The two in-plane methyl hydrogen deformation modes are also
well established. The symmetrical methyl deformation was observed at 1354 and
1356 cm™1 in the infrared and Raman spectrum of PYRPCA, and the in-plane-
-bending methy! deformation mode at 1455 cm™1 in the Raman spectrum. These
bands were observed at 1378 and 1381 cm1 in the infrared and Raman spectrum
of PYRPCN and at 1446 cm~1 for the methyl in-plane-bending. The bands at
3027 and 1432 cm 1 in the infrared spectrum of PY RPCA were attributed to CH3
ops and CH3 opb, respectively. These bands were observed at 3047 and 1455
cm 1 in the infrared spectrum of PYRPCN. The methyl deformation modes
mainly coupled with the in-plane bending vibrations. The bands obtained at 1020
and 651 cm~1 in IR and Raman spectrum of PYRPCA and at 1028 and 654 cm™1
in the IR and Raman spectrum of PYRPCN were assigned to CH3 in-plane and
out-of-plane rocking modes. The band at 399 cm™1 in the IR spectrum of
PYRPCA and at 404 cm~1 in the IR spectrum of PYRPCN is attributed to the
methyl twisting mode.

Pyrazole—pyridine ring vibrations

Many ring modes are affected by substitutions to pyrazole and pyridine
rings. The pyridine ring absorb strongly in the region 1630-1300 cm~1.36 In the
present study, for the PYRPCA molecule, the peaks absorbing at 1614, 1562,
1530, 1497 and 1372 cm~Lin the IR spectrum and at 1623, 1563, 1525, 1493 and
1362 cm~1 in the Raman spectrum (cf. Table V-SM) were assigned to ring stretch-
ing vibrations. For PYRPCN, peaks absorbing at 1616, 1595, 1536, 1481 and
1308 cm~1 in the IR spectrum and at 1605, 1592, 1535, 1479 and 1304 cm1 in
the Raman spectrum were assigned to the pyridine ring. The pyrazole ring has
several bands of variable intensities in the range of 1530-1013 cm~1 due to ring
stretching vibrations.37 In the present study, the IR peaks observed at 1429, 1342,
1237 and 1060 cm™1 and the Raman bands at 1419, 1342, 1232 and 1057 cm™1
were assigned to ring stretching vibrations. Pyrazole ring deformations were ob-
served at 1016, 694, 515 and 487 cm1 and the pyridine ring deformation vibra-
tions at 900, 674, 515 and 487 cm~1. These bands are also observed at the same
wave number in the IR and Raman spectra of the PYRPCN molecule. For most
of the remaining ring vibrations, the overall agreement was satisfactory. Small
changes in frequencies observed for these modes are due to changes in the force
constant/reduced mass ratio, resulting mainly due to the extent of mixing bet-
ween the rings and substituent group vibrations.38

CONCLUSIONS

Presently, the DFT-based SQM approach provides the most reliable informa-
tion on the vibrational properties of large-size molecules. This method, using the
Pulay standard scale factors, performed well for pyrazolo-pyridine derivatives.
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Based on the SQM force field, complete vibrational analyses of the title com-
pounds were performed, resulting in the assignment of all the fundamentals. The
overal good quality of the SQM force field was confirmed by the achieved root
mean square deviation of 13.9 and 10.12 cm1 between the experimental and
scale frequencies for PYRPCA and PYRPCN, respectively. The assignment of
most of the fundamentals provided in the present study is unambiguous taking
advantage of selective scaling (correcting effectively the different systematic er-
rors of the computed force field) and the fairly good information on the IR and
Raman intensities from the density functional theory. It is remarkable that all the
vibrations affected by the strong hydrogen bonding were described satisfactorily
by the scaled DFT force field with modification of the original scale factors of
C=0, NH, C=N and NH> stretching and bending. From the view of an extension
of the Pulay DFT-based SQM method for the strongly hydrogen-bonded systems,
the above results are very promising. Vibrations of the OH and CO and NH» and
NH groups reflect the effect of the strong inter-molecular hydrogen bonding. In
addition, the intermolecular hydrogen bonding interaction strengthens the con-
jugation of the NH» and COOH groups with the pyrazolo-pyridine rings.

SUPPLEMENTARY MATERIAL

TABLE V-SM: Comparison of the observed and calculated frequencies (in cm'l) of the
fundamental vibrations of 6-amino-3-methyl-1-phenyl-1H-pyrazol o[ 3,4-b]pyridine-5-carbo-
xylic acid (PYRPCA) and 6,7-dihydro-3-methyl-6-oxo-1-phenyl-1H-pyrazol o[ 3,4-b] pyridine-
5-carbonitrile (PYRPCN) obtained by DFT force fields by B3LYP/6-31G*, is available
electronically from http://www.shd.org.rs/JSCS or from the corresponding author on request.

U3BO/

TEOPUJCKA 1 EKCITEPUMEHTAJIHA UCTPAXXUBAIBA CTPYKTYPE U BUBPAITUOHUX
CIIEKTAPA 6-AMHHO-3-METWJI-1-®EHWJI-1H-TTNPA30J10[ 3,4-b] ITNPUIH-5-
-KAPBOKCHWJIHE KUCEJIMHE U 6,7-IUXUAPO-3-METNJI-6-OKCO-1-OEHNII-
-1H-TTMPA30JI0[3,4-b]ITMPUANH-5-KAPEOHUTPUIIA

KHALED BAHGATZ, NAZM AL-DEN JASEM? u TALAAT EL-EMARY®
IChemistry Department, Faculty of Petroleum and Mining Engineering, Suez Canal University, Suez, Egypt,

2Chemistry Department, Faculty of Sciences, Aleppo University, Syria  3Chemistry Department,
Faculty of Science, Assiut University, Assiut, Egypt

FT-IR u FT-pamancku criektpu uBpere ¢ase 6-amuno-3-merui-1-dennn-1H-nmupasosol 3,4-b]nu-
punun-5-kapookcuwine kucenune (PYRPCA) u 6,7-muxuapo-3-merun-6-okco-1-dermi-1H-mpaso-
10[3,4-b]mupuun-5-kapGonurpuna (PY RPCN) caumibenu cy y o6nactu 4000-400 cml, Cnexrpu
Cy TyMa4eHH rnomolly HOpMallHe KOOpJIHHATHE aHaiu3e, palicHe MOTIIyHOM ONTHMH3ALHjOM CTPYK-
Type U MpOpadyHOM M0Jba CHJIA, KOjH Cy 3aCHOBaHU Ha (yHKUHOHATHO] Teopuju rycture (DFT) y3
kopuniheme crangapaanx metona B3LY P, BLYP u ab initio RHF, 3acnosanux na 6-31G* nocras-
1y, y3 oapehuBame pazmepe nmomohy MpeaioKeHOr CKyna pasMepHHX (akTopa, 4nme ce A00HI0
3a70BoJbaBajyhe cnarame u3Mel)y youeHUX M M3pauyHaTHX ydectaHocTH. Ha ocHOBy oBora, moc-
TaBJHCHO j€ TPHIIArojeHO KBAHTHO-MEXaHHYKO HoJbe cria (SQM) kao noysnas Temesbru omvc PY RPCA
n PYRPCN. UspauyHaBama cy npeasuiena npeosiahusame pa3muautux tayromepa 3a PY RPCA
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1 Keto-eHonmHuX TayTomepa 3a PY RPCN. dopmupame Mel)yMoneKkynckux BOZOHUYHUX Be3a JOBO-
i 1o Hajerabmiauje koHpopmanuje PY RPCA. Kapakrepuctrka OBOT BOJOHHYHOT HOBE3UBamba
jecre edekar jayama y ogHocy Ha komyrauujy NHp 1 COOH rpyna ca mUpHIHHCKEM IPCTEHOM.
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TABLE V-SM. Comparison of the observed and calculated frequencies (in cm1) of the fundamental vibrations of 6-amino-3-methyl-1-
-phenyl-1H-pyrazolo[3,4-b]pyridine-5-carboxylic acid (PYRPCA) and 6,7-dihydro-3-methyl-6-oxo-1-phenyl-1H-pyrazolo[3,4-b] pyridine-5-
carbonitrile (PYRPCN) obtained by DFT force fields by B3LYP/6-31GX

i No . . li, PED No . . li, PED
No.i IR Raman caling Scaling® Ai, IR” Raman % IR Raman scaling Scaling® Ai, IR Raman %
1 3407 3413 3711 3559 62.78 203.60 OH(98) 3435 - 3593 3436 56.38 50.46 N1H(100)
2 3337 3339 3702 3551 123.89 83.69 NHas(92) 3088 3079 3237 3095 0.64 120.76 CH.(99)
3 3301 3311 3552 3408 175.57 164.02 NHs(92) 3073 3065 3218 3077 15.36 203.77 CH.(99)
4 3141 - 3263 3130 8.07 60.67 CH.(90) - - 3211 3071 3.597 69.70 CH,(99)
5 3114 - 3254 3122 6.81 62.34 CH.(99) - - 3208 3068 19.17 68.21 CH,(99)
6 - - 3231 3100 0.45 107.67 CH,(99) - 3200 3060 4,71 106.00 CH,(99)
7 3078 3072 3208 3077 38.41 215.86 CH,(99) - - 3193 3053 231 26.55 CH,,(100)
8 - - 3191 3062 24.55 139.59 CH,(99) 3047 3047 3154 3016 5.90 82.58 CH3ops(72),
CHaiasym(23)
9 - 3182 3053 071 5659  CH,(99) 3022 3017 3105 2969 1197 8158  CHsips(75),
CHs0ps(25)
10 3045 3042 3149 3044 7.39 80.79 CHsips(95) 2920 2921 3052 2918 18.59 150.16 CHsss(95)
11 3027 3031 3098 3030 1564 9202 CH,ops(100) 2226 2224 2347 2227 4821 476.72 CN'(87), CC*(12)
12 20921 2926 3047 2923 26.08 206.86  CH,ss(94) 1655 1665 1792 1658 527.63 26.32 CO(66), CCu(1l)
13 1697 1699 1777 1721 416.13 190.17 CO(65), CC, (8), 1616 1605 1663 1606 81.38 153.91 CC,(47), CO(19),
bCO (10) CN(13)
14 1654 1648 1677 1650 527.77 525.65 CC4(46), 1595 1592 1657 1601 171.96 81.97 CC.(49),
bCH,(16), bCHar(20), CN(14)
CN(12)
15 1614 1633 1660 1638 236.71 4.15 CC.(62), - - 1645 1589 103.48 12.71 CC,(60), bCH,(22)
bCH,(20)
6 - - 1652 1626 220.66 6.70 CC.(77), 1567 1565 1613 1564 288.66 19.63 CN(35), CC,(34),
bCH,(17) bN1H(8)
17 1597 1596 1646 1602 29.19 80.07  bNHs(46), 1536 1535 1587 1531 55.14 303.41 CC,(41), CO(31),
CN(H2)(24), bCH,(13)
CC.(16)
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. . . li, PED . . li, PED
No.i IR Raman scaling Scaling® Ai, IRbRaman % IR Raman scaling Scaling® Ai, IR® Raman %
18 1562 1563 1600 1565 144.34 30.31 CN(37), CCar(25), 1500 1494 1547 1504 114.90 39.29  bCH.(57),
bNH(14) CC.(26), CN(13)
19 - 1525 1582 1531 23.46 135.59CN(59), CCH3(19), 1481 1479 1530 1477 1537 6.56 CN(33), CC,(17),
R1b(11) CH,0pb(12),
CCHs(10)
20 1516 1509 1548 1516 200.26 50.46 bCH(54), CC,(20), 1461 - 1510 1462 7.97 34.40 bCH,(57), CC.(35)
CN(15)
21 1497 1493 1525 1491 16.15 2.66 CCar(45), 1455 - 1507 1449 12.70 19.76 CH3opb(36),
bCH(19), bNH(15) CC.(19),
CHipb(16),
CCH,(13)
22 1461 1471 1509 1478 8.64 22.48 bCH(35), CC,(34) 1446 — 1503 1445 1335 426  CHaiph(72),
CH.0pb(28)
23— 1455 1509 1446 37.63 4302  CHlpb(80) 1429 — 1474 1422 3636 44.26 CN(25),
CHsopb(21),
CCu(21), R1b(11)
24 1432 1432 1504 1444 18,57 93.28 CH30pb(100) 1378 1381 1438 1378 413 15.23 CHssh(86)
25— 1462 1425 117.18220.96 CC,(45), CN(19), -  — 1406 1353 11.37 39.88 CN(32), bN1H(29),
CN(Hy)(12) CH,(18), CC,(14)
26 1429 1419 1458 1421 5376 27.61 CN(49), CC,(21), 1339 1339 1369 1330 28.93 4.76 bCH,(63), CC,(16)
CN(H)(11)
27 1382 1386 1432 1377 131.43 52.87 bOH(59), CC.(26), 1308 1304 1364 1319 1823 3.58 CC,(51), bCH,(26)
CN (17)
28 1372 1362 1410 1372 6853 2271 CN(51), CCy(24) - - 1345 1299 23.23 141.67 CC(68), bCHy(21)
29 1354 1356 1390 1354 47.14 2373  CH3sh(65), 1270 1264 1322 1280 22.63 866  bCH,(3L),

CN(14)

CC.(30), bN1H(23)
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Noi IR Raman MO Scaling® Ai, IR” IR Raman O Scaling® Ai, IR® i, PED
scaling scaling Raman %
30 1342 1342 1373 1348 144.83119.64 CC,(72),bCH(23) 1241 - 1278 1232 1144 585 bN1H(27),
CC.(17), CN(12),
CC*(11)
31 1338 1339 1371 1338 12.43 33.27 bCH,(30), CN(15), 1186 1199 1220 1182 29.36 bCH,/(43), CN(19),
CC4(13), bOH(11) CC.(19)
32 - - 1354 1331 1179 1207 1172 6.47 bCH,(70), CC,(16)
33 1306 1303 1324 1296 16.77 49.22 1156 1195 1162 2.13 bCH,(83), CC,4(17)
34 1237 1232 1239 1211 20.18 71.22 CN(28), bCH,(25), 1094 1091 1188 1095 45.86 CN(36), hCO(14),
CCa(13),
R2trigd(13)
35 - 1216 1215 1190 83.96 59.49 - 1125 1092 22.31 bCH,(51),
CCa4(32), NN(11)
36 - 1186 1208 1182 426.59 34.98 CC’(45), bCH(19), 1058 1064 1098 1053 11.54 NN(36), CN(18),
CC,(16), bCH,(15)
37 - 1172 1193 1166 1051 1079 1046 0.88 CC,(30),
bCH,,(18), CN(11),
CC*(11), NN(10)
38 - 1159 1177 1147 14.14 47.37 CN(20),bNH(17), 1028 1028 1075 1033 9.43 CHsipr(47),
NN(17), bCH,(16) CHs,iph(26),
tR1(10), CH3z0pb(9)
39 1103 1097 1123 1101 28.78 31.11 - 1052 1023 1.09 CC.(47),
R3trig(20),
bCH,(19)
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. .2 Aj li, PED No .2 Aj li, PED
No.i IR Raman scaling Scaling IR Raman % IR Raman scaling Scaling IR® Raman %
40 1078 1073 1110 1081 46.73 16.16 R2trigd(31), 1008 1001 1031 995 529 9.79 CC.(47),
bCH,(13), CC4(13) R3trigd(20),
bCH,(19)
42 1049 1050 1074 1047 1.16 74.36 CC4(50), bCH,(28) - - 1001 982 018 0.31 gCH, (97)
43 - 1020 1064 1032 2.69 2.69 CH3ipr(45), 948 961 973 950 0.63 7.54 gCH,(96)
CH3opb(43)
44 1027 - 1050 1026 70.03 12.92 NH,ipr (36), - 945 959 934 9.24 42.09 gCH,(94)
CO(24), CC4(19)
45 1016 - 1033 1008 16.15 8.21 R3trigd(58), 911 907 932 908 535 193 gCH,(80)
CCa(41)
46 1000 100 1018 996 0.62 94.90 CN(47), - - 924 900 1.48 3.08 gCH,(26), CC,(16),
CH,iph(25), R1b(12), R2trig(12),
bCN1(13) CCH35(10)
47 - - 997 991 1.23 1251 gCH,/(98) 854 848 857 829 27.73 3.41 (CH,(54), CC,(24)
48 - 971 977 970 0.02 0.97 gCH.(93) 821 816 854 826 29.44 1.31 (CH,(74), CC,(10)
49 959 955 957 948 6.55 0.28 gCH.(93) 764 753 778 759 38.98 5.69 gCO(62), gCC*(19),
gN1H(11)
50 916 - 930 922 6.04 1.03 gCH,(86), gCN1(7) 752 733 769 750 24.68 1.46 gCH,(76),
gC12N(16)
51 - 900 919 903 1.33 1.03 R2trigd(19), 729 - 740 714 220 1.08 CC,(37), gCH,(21),
CC,(18), R2trig(11), CN(10)
CCHa;(14),
Rlasym(13)
52 849 847 860 850 0.01 0.57 gCH,(100) 692 676 735 689 1.97 18.63 gCC,(42), tR1(20),
gCCHs(17),
tR2asym(10)
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TABLE V-SM. Continued

. No .. Al li, PED No .. Al li, PED

No.i IR Raman scaling Scaling IR Raman % IR Raman scaling Scaling IR® Raman %

53 820 824 853 835 12.44 4.62 CCax(29), 680 - 712 680 11.81 1.91 R3sym(40),R1b(18),
R2asym(15), CN(14),CC4(12),bC

CN(8), CC*(7) C*(10)

54 796 792 799 766 42.15 3.01 gNH2 (52), 668 662 694 663 19.23 1.87 gCH,(30),gC12N(26
gCC*(24), ),CC4(12)
gNH,(14)

55 769 759 774 763 38.28 0.75 gCH,(75), 654 649 671 644 437 3.63 CHsopr(33),gCH,(27
gCN1(19) ),gC12N(18)

56 746 743 764 744 274 0.14 bR1 (43), 633 629 658 637 14.45 1.81 bCO(38), gCH(23),
gCC4(12), gC12N(18),
tR2sym(11), bCC*(12), gN1H(10)
tR2asym(10)

57 720 717 753 740 416 0091 R2asym(57), - - 649 628 29.76 4.65 gN1H(54),

CN(17), tCCO,(11) gCC*(18),
gCCHS,(10)

58 694 696 720 690 11.52 35.99 bhCO,(22), - 608 628 618 15.26 3.31 R3asym(56),
R2trigd(13), gN1H(34)

CCy(11), CO,(10)
59 686 676 707 683 58.87 1.06 gCH,(60), 551 541 623 589 20.24 4.01 gCCHj;(30), tR1(26),

gCN1(37) gC12N(23),

gN1H(19)

60 - - 705 674 16.12 264 R3sym(34), - - 556 532 384 141 bC12N(22),

R1trigd(13), gCH,(20),

CN(13), bCH,(11) bCCH,(13),

tR3asym(10)

61 674 - 684 671 19.08 5.87 gCO,(53), 517 516 530 509 11.67 6.68 bCN'op(51),
tR2asy(15), gCC*(20), gCO(18)

gCC*(10)
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. 0 < aas o PED 0 .2 Al li, PED

No.i IR Raman scaling Scaling® Ai, IR Raman % IR Raman scaling Scaling IR® Raman %

62 - - 657 644 61.94 1.19 bCO,(27), 498 495 503 482 8.90 1.33 gC12N(24),
bCNH,(15), tR3asym(20),
CCH,(15), bCCH3(11),
bCC*(11) gCH,(10)

63 651 651 653 633 260 0.19 CH.opr(48), 469 468 483 465 355 0.71 gC12N(21),
tCNH,(17), bCO(13),
tR1asym(15) tR3asym(13),

gCH,(10)

64 626 623 644 625 265 1.26 tCNH,(28), 448 - 466 452 737 8.25 bCN'inp(31),
gCCH5(18), R2asym(21),

tR1(16), gCN1(15) bCC*(8)

65 - 608 631 623 5.02 5.38 R3asym(66), 403 418 425 395 1.17 052 gC12N(26),
bCN1(10) gCC*(22),

gCCH,;(20)

66 - - 624 611 1221 1.22 bCO,(35), 388 - 418 383 181 081 bCO(43),
R2sym(18), R2sym(22),
bCN1(13) bCN'inp(10)

67 553 522 588 541 106.19 6.29 t2R(85) - 404 402 380 289 181 tR3asym(47),

gCH,(39)

68 524 506 526 514 538 281 gCN1(41), 370 - 394 376 7.08 1.66 gCC,(44), bCO(33),
tR3asym(28), tR3asy(22)
gCH,(15)

69 515 486 510 503 740 237 R2asym(25), - 320 317 304 1.60 2.26 bC12N(37), CN(34),
bCCH3(18), bCO(10)
bCN1(11)

70 487 435 485 477  1.04 2.03 R2asym(38), - 302 299 289 0.35 3.41 CN(36), bC12N(25),
bCN1(18), R2sym(19)
bCO,(11)
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TABLE V-SM. Continued

. No P R PED No .o Al li, PED

No.i IR Raman scaling Scaling® Ai, IR e % IR Raman scaling Scaling IR® Raman %

71 431 423 439 424 003 7091 bCO,(25), - 267 267 257 154 2.06 gCC*(39),
bCNH,(23), gCCa(23),
bCN1(11), bCN'op(22)
CC*(10)

72 421 415 431 423 356 228 gCC*(35), - 248 239 225 155 234 tR3asym(37),
gNH,(20), bCCH3(25),
tR2sym(20) gCH,(13)

73 - 390 417 403 0.04 441  tR3sym(61), - 220 205 199 0.73 0.57 bCCH3(53),
gCH.(19), tR3asym(23)
tR3asym(19)

74 399 371 410 399 584 0.36 tCH,(83) - 159 204 192 121 048 gN1H(49),

gCCHj5(30), t2R(16)

75 - 326 387 380 3.38 133  bCNH,(29), - 133 134 129 277 4.73 bCC*(43),
R2sym(16), bCN'inp(35)
CN(11)

76 - - 338 332 778 159 bCN1(30), - 121 121 114 272 0.33 tCH3(30), gCC*(15),
CN(15), gN1H(13),
bCNH,(12), gC12N(11)
bCC*(10)

77 - 294 310 306 17.28 1.39 gCC*(29), - - 109 101 4.06 0.92 tCH3(56), gN1H(18),
gCCy(20), gCC*(12)
gCNH,(15)

78 - 280 287 282 177 382 bCN1(41), - - 92 86 0.18 0.25 gN1H(25),
bCCH,(17), tR2asym(21),
CN(15) gC12N(20)

79 - - 280 276 14143 0.41  gCNH,(48), - - 76 72 135 5.60 bC12N(36),
tCNH,(11), gC12N(22),
tR2sym(11) tR2asym(14)




S8 (02) 1ybriddo) 600z
SDHS[/SI3I0°pYS' MMM Je SUI[UO d[]e[leAY

©)

X

aN_aM

OO®

STRUCTURE AND VIBRATIONAL SPECTRA OF PYRAZOLO PYRIDINE DERIVATIVES

TABLE V-SM. Continued

S9

. No c s op PED No .o Al li, PED
No.i IR Ramanscaling Scaling® Ai, IR Raman % IR Ramanscaling Scaling IR® Raman %
80 - 221 239 234 052 4.66 bCC*(28),bCCH3(21), - - 51 47 028 245 tC12N(58),
R2sym(11), CN(11) gC12N(14),
bC12N(12)
81 - 197 232 226 310 051 tR3asym(49), - - 41 39 034 838 tC12N(40),
gCCH;(18), gCH,(13) gC12N(26)
82 - 165 205 199 4848 4.62 gCNH,(48),
tR3asym(19), gCC*(11)
83 - 131 178 175 036 051 bCCH,(34),
bCC*(25),bCN1(17)
84 - - 132 128 0.01 4.62 gCC*(24), gCCHs(15),
gCCa(13)
85 - - 119 110 133 6.31 gCN1(21), tR3asym(16),
tR2sym(11)
86 - - 104 103 0.37 0.76 bCN1(61), bCC*(15)
87 - - 88 86 0.36 0.66 gCN1(27), gCNH,(25),
tR2asym(22)
88 - - 68 63 5.46 1.26 gCNH,(48), tCCO,(44)
- - 39 38 156 0.35 tR2asym(22),
89 gCNHy(21), tR2sym(19),
gCN1(15)
90 - - 8 8 0.15 2.83 tCN1(52), gCN1(15),

gCNH,(13), gCH,(11)

Abbreviations used: R, ring; ss, symmetric stretching; as, antisymmetric stretching; ips, in-plane stretching; ops, out-of-plane stretching; b, bending; ipb, in-plane
bending; opb, out-of-plane bending; ipr, in-plane rock; opr, out-of plane rock; asy, asymmetric; sym, symmetric; symd, symmetric deformation; asymd, antiS)émmetric
deformation; g, wagging; t, torsion; trig, trigonal; trigd, trigonal deformation; For optimized values of the scale factors applied, see Tables Il and IV; "Relative

absorption intensities normalised with the highest peak absorbance
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Abstract: A gold electrode was used for the qualitative and quantitative electro-
chemical determination of analytical methomyl in a neutral electrolyte (0.050
M NaHCO3) using cyclic linear sweep voltammetry. In the potential range
from —800 mV vs. SCE to 1000 mV vs. SCE the analytical methomyl was
quantitatively determined in the concentration range 4.0-16 mg L1, In the po-
tential range from —1300 mV vs. SCE to 1300 mV vs. SCE, methomyl was
qualitatively determined by two anodic and four cathodic reactions. Cycling the
potential in this range for 150 min caused the degradation of the molecule, which
was confirmed by HPLC analysis. On the other hand, technical methomy! exhi-
bited an inhibition of the gold electrode surface due to the impurities.

Keywords: insecticide; methomyl; gold electrode; cyclic voltammetry.

INTRODUCTION

Methomyl (Fig. 1) is a broad-spectrum thiocarbamate insecticide, which was
introduced in 1966.1 It is also used as an acaricide to control ticks and spiders,
for foliar treatment of vegetable, fruit and field crops, cotton, commercial orna-
mentals, and in and around poultry houses and dairies. Furthermore, it is used as
a fly bait.2 Methomyl is effective in two ways: a) as a “contact insecticide” be-
cause it Kills the target insects upon direct contact and b) as a “systemic insec-
ticide” because of its capability to cause overall “systemic” poisoning of the tar-
get insects, after it is absorbed and transported throughout pests that feed on the
treated plants. It is capable of being absorbed by plants without being “phyto-
toxic” or harmful to the plant. It is a very toxic and hazardous compound and an

*Corresponding author. E-mail: milka@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0905573T
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environmental pollutant of concern because of its high solubility in water (57.9
g/L at 25 °C).3
S——CH,

Hy,C——NH N

) CH
// 3 Fig. 1. Structure of methomyl; IUPAC name:
S-methyl-N-(methylcarbamoyloxy) thioacetimidate.

Different thiocarbamate herbicides were the subject of electrochemical stu-
dies using different electrodes.4° Methomyl and aldicarb were detected by fast
scan differential voltammetry with a hanging Hg drop electrode.# Later, the elec-
trochemical behaviour of methomyl was studied using d.c. and a.c. polarography,
differential pulse polarography and cyclic voltammetry in ethanol-water mixtu-
res. It was found that methomy! undergoes irreversible four-electron reductions.®
Mogyorody5-8 published the results of studies of the electrochemical degradation
of several thiocarbamates in NaCl solution using a Pt electrode. Pulsed ampero-
metric detection at a gold electrode was used for the separation of eight pestici-
des in reversed-phase liquid chromatography, including methomyl.® Current—po-
tential curves were obtained by cyclic voltammetry at a gold, rotating-disc elec-
trode in 50 % (v/v) acetonitrile in acetate buffer.

In studies of the degradation of organic compounds0 and the electrochemi-
cal behaviour of physiologically active compounds,11-13 a study the electroche-
mical behaviour of methomyl was included. Analytical and technical methomyl
were used in order to develop an electrochemical method for the qualitative and
guantitative determination of methomyl. Methomyl was examined at a gold elec-
trode in a neutral electrolyte using cyclic linear sweep voltammetry. HPLC was
used for analysing the bulk electrolyte during the electrochemical reactions.

EXPERIMENTAL

Analytical methomyl (99.8 %, analytical standard) and technical methomyl (98 %) were
obtained from DuPont. Before each experiment, a fresh solution of methomyl in 0.050 M
NaHCO; (methomyl concentration = 16 mg L1) was prepared. The solution was added direct-
ly into the cell and than purged with nitrogen during each experiment.

The NaHCO; used as the supporting electrolyte was of analytical grade (Merck). The
solutions were prepared with 18 MQ water. Standard equipment and a three electrode electro-
chemical cell were used for the cyclic voltammetry measurements, as previously described in
detail.12-13 Polycrystalline gold (surface area 0.50 cm?), which served as the working elec-
trode, was polished with diamond paste and cleaned with a mixture of 18 MQ water and sul-
phuric acid. A platinum wire was employed as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode. All the potentials are given vs. SCE. The electrode
surface was controlled by cyclic voltammetry before each experiment. Prior to the control of
the electrode surface and before the addition of methomyl, the electrolyte was purged with
nitrogen. All the experiments were performed at room temperature.
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The characteristics of the HPLC instrument were as follows: HPLC Instrument GBC,
pump LC 1120, UV-Vis detector LC 1205, operating at 234 nm, manual injector RHEO-
DYNE 7725i, column ZORBAX Eclipse XDB-C8 (4.6 mmx150 mm, 5 um), mobile phase
acetonitrile-water (25:75, flow rate 1.0 cm3 min2),

RESULTS AND DISCUSSION

The reactivity of methomyl (analytical and technical) was investigated on a
gold electrode in 0.050 M NaHCOg3 by cyclic voltammetry. On a gold electrode,
in the potential range from —800 mV vs. SCE to 1000 mV vs. SCE, the analytical
methomy! exhibited one anodic and two cathodic reactions and the observed ano-
dic reaction was later used for its quantitative determination. In the potential
range from —1300 mV vs. SCE to 1300 mV vs. SCE, methomyl exhibited two
anodic and four cathodic reactions (Fig. 2). The potential was cycled in this range
for 150 min in order to follow any possible changes of these anodic and cathodic
reactions with time. It is obvious from Fig. 2 that the anodic peak at 1200 mV vs.
SCE increased with time from 0.46 mA cm=2 (first cycle) to 0.80 mA cm~2 at the
end of the cycling. The anodic peak, which appeared at the beginning of oxide
formation at the gold electrode, at 600 mV vs. SCE was slightly higher and shift-
ed 30 mV to more negative potential values at the end of the cycling. The four
cathodic peaks remained unchanged during the cycling.

08

i/ mAcm~?

0.6

04

0.2

-0.2 o e
-1200 -800 -400 0 400 800 1200
E/mV

—

Fig. 2. Cyclic voltammogram of an Au electrode in 0.050 M NaHCO; (dashed line) and in the
presence of the methomyl solution (concentration 16 mg L"1) in 0.050 M NaHCOj (full line;
a, 0; b, 30; ¢, 60; d, 90; e, 150 min of continuous cycling);sweep rate: 50 mV s'L,
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The observed reactions presented in Fig. 2 indicate the degradation of the
methomyl molecule in 0.050 M NaHCOs. In order to check this assumption,
HPLC analysis was performed before the electrochemical experiment and after
30, 60, 90 and 150 min of potential cycling under the conditions presented in Fig.
2. The results of the HPLC analysis are presented in Figs. 3 and 4. Fig. 3 shows
the change in the methomyl concentration given as normalized concentrations
(c/co, where ¢ is the methomyl concentration at time t and cq is the initial me-
thomy! concentration) vs. time, while Fig. 4 represents the HPLC chromatogram.
As can be seen, the starting molecule, which represents the analytical product,
contained only small amounts of impurities. The HPLC analysis showed a small
decrease in the methomyl concentration after the electrochemical reactions (less
than 6 %).

As mentioned previously, pulsed amperometric detection at a gold electrode
was used for the separation of eight pesticides, including methomyl, in reversed-
-phase liquid chromatography, and the anodic reaction at the beginning of oxide

CiCo

. , , , : Fig. 3. Change in the methomyl
0 30 60 90 120 150 180  concentration during potential
time / min cycling.

0.34 -
0.33 4
0.32 A
0.31 1
0.3
0.29 4

mAU

0.28 4
0.27 4
0.26 A
0.25 4

0.24

time Imin Fig. 4. HPLC chromatogram of
the methomyl solution during
—— 0 min 30 min —— 80 rmin —— 90 min —— 150 min | potential cycling.
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formation was used for the quantitative determination.® The limit of detection for
methomy! was found to be below 80 pg cm=3 (80 mg L-1).

On the gold electrode, in the potential range from —800 to 1000 mV vs. SCE,
the anodic reaction which commences at the beginning of oxide formation was
used for the quantitative determination of the analytical methomy!. This range of the
potential was selected in order to avoid apparent methomyl degradation at 1200
mV and two cathodic reactions in the potential range from —800 to —1300 mV.

The voltammogram presented in Fig. 5 shows that each investigated metho-
myl concentration gives only one very clear, wide and reproducible anodic peak
in the concentration range 4-16 mg L=, which followed a linear relationship cor-
responding to the equation:

ipa/ MA cm~2 = 183.8+2.9x10-3 + 3.9+0.2x10-3 ¢ / mg cm~3 (1)
r =0.9953
This type of the equation was successfully applied for the quantitative deter-

mination of different small concentrations of macrolide antibiotics on a gold14.15
and on a glassy carbon electrode.15-17

3

0.3

i/ mAcm—2

0.2

0.1

st trd
-800 -400 0

E{mV

Fig. 5. Cyclic voltammogram of an Au electrode in 0.050 M NaHCO5 (dashed line) and in the
presence of the methomyl solution (4-16 mg L1) in 0.050 M NaHCO4
(full line; a, 4; b, 8; ¢, 12; d, 16 mg L™1); sweep rate: 50 mV s,

The obtained relationship can be used for the quantitative determination of
analytical methomy! at lower concentrations in comparison to the literature va-
lue.9 The selected concentration range was based on the methomyl concentra-
tions used in a previous study,19 in which the reaction of methomyl photodegra-
dation was followed by UV spectroscopy. The standard error of the correlation
was found to be 2.37x10-3, while the standard deviation and the error of the
measurements were 2.13x10-3 and 6.15x10~4 mA cm~2, respectively. This rela-
tionship is also given in Fig. 6.
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03 -
025 |
02 | /
k-
g 0751 Fig. 6. Dependency of the peak
= current value of the oxidation
0.1 1 peak of the analytical methomyl
at 600 mV vs. SCE in 0.050 M
0.05 1 NaHCO; at a scan rate of 50
mV s, from the data presented
0 T T T +in Fig. 5, as a function of the
0 5 10 15 20 concentration in the range of 4—
ClmgL? -16 mg L1,

On the other hand, when technical methomyl was subjected to the same ex-
perimental conditions, an inhibition was observed due to the presence of impurities.

CONCLUSIONS

A gold electrode was successfully employed for the qualitative and quanti-
tative electrochemical determination of analytical methomyl in a neutral electro-
lyte (0.050 M NaHCO3) using cyclic linear sweep voltammetry. In the potential
range from —800 to 1000 mV vs. SCE, the analytical methomyl was quantitati-
vely determined in the concentration range 4-16 mg L-1. In the potential range
from —1300 to 1300 mV vs. SCE, methomyl exhibited two anodic and four catho-
dic reactions and its electrochemical treatment for 150 min showed the disap-
pearance of the molecule. HPLC analysis of the bulk of electrolyte showed a de-
crease of the methomyl concentration because of the electrochemical reactions
which had occurred. The same experiments could not be performed with the tech-
nical methomy! due to the inhibition effect of impurities present in such a product.

Acknowledgments. The authors are grateful to the Ministry of Science and Technological
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M3BOJ

TMTPOYYABAE EJIEKTPOXEMUMICKOI' TIOHAITAKBA METOMMJIA
HA EJIEKTPOJU O[] 3JIATA Y HEYTPAJIHOM EJIEKTPOJIUTY

AHBEJIKA B. TOMAILEBARY, MUJIKA JI. ABPAMOB UBWRZ, CJIOBOJIAH JI. [TETPOBURS*,
MIRA B. JOBAHOBITR® u JIYIIIAH JK. MYJAHS

Ylenimiap 3a fieciiuyude u sawimiuiiy xusoiine cpedune, Banaiicia 316, Beozpad-3emyn, *UXTM — Lenitiap 3a
eaekiupoxemujy, thezowesa 12, beozpao, 3Texl-tom)umo—melim/lypumu pakyaitein, Kapnezujesa 4, beozpao u
X emocpapm zpyiia, Papmayeyiticka u xemujcka uHoyciipuja, Bpuay

VY pamy cy nmaté pesyiTaTH MCIHTHBAama €IEKTPOXEMHjCKOT IIOHAIama aKTHBHOCTU METO-
MiIa (aHAITUTHYKOT ¥ TEXHHYKOT IIPOM3BO/IA) Ha CJICKTPOIHM OJf 3J1aTa Y HEYTPATHOM EJIEKTPOIUTY
(0,050 M NaHCO3). HPLC je xopumhena 3a aHanu3y eIeKTPOJIHTA y TOKY €IEKTPOXEMHjCKe pe-
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akuje. MakciuManHa BpeIHOCT BUCHHE CTPYJHOT BpXa OKCHIalHje YHCTOr MeTommia Ha 600 mV
npema 3KE y 0,050 M NaHCO3 ma 50 mV s je nuneapna ¢ynkumja meroBe KoHIEHTpammje y
oncery 4-16 mg L1 wrro je omoryhnno paseujame Metose 3a HEroBO KBAHTHTATHBHO oxpeljiBa-
Be. AHAINTHYKA METOMIJI je KBaIUTaTHBHO oJpeheH AeTeKI1joM penpoayKTHBHE YETHPH aHOHE
U jenHe KaTojHe peakiyje y orcery norenuujana ox —1300 xo 1300 mV npema 3KE. Tlorenmmjan
je umkimupan 150 Min y HaBeeHOM OICery W aHaju3a aHOJHUX M KaTOJHHX peakiuja Ha Mover-
Ky, Y TOKY ¥ Ha Kpajy OUKIN3Mpamka MOTEHIHjalla je yKa3aia Ha JAerpaalijy MOJIEKyIa METOMHIIA.
Toxom nuknm3upama norernrjana, HPLC ananmsa enekTponmTa je mokas3aja CMameme KOHIICH-
Tpauuja MeToMUIIa Kao MOCJIEIUIlY HheroBe aerpajanuje. TeXHHUYKH METOMMII HHje TOTOJaH 3a Uc-
MIUTUBAE M0/ HABE/ICHUM YCJIOBHMA jep NMPUCYTHE HeuncTohe NHXUONPAjy MOBPILIMHY eIeKTPOJIE.

(Mpumibero 9. nenemGpa 2008, pesuaupano 16. janyapa 2009)

REFERENCES

1. W. J. Hayes, Handbook of Pesticide Toxicology, Classes of Pesticides, Vol. 3, E. R.
Laws, Ed., Academic Press Inc., NY, 1990
2. R. E, Gosselin, R. P. Smith, H. C. Hodge, Clinical toxicology of commercial products, 5t
Ed., MD Williams and Wilkins, Baltimore, PA, 1984
3. C.D.S. Tomlin, The Pesticide Manual, 13t ed., BCPC Publications, Alton, 2003, p. 650
4. V. Stara, M. Kopanica, Coll. Czech. Chem. Comm. 49 (1984) 1282
5. M. Subbalakshmamma, M. Sreedhar, N. V. Jyothi, J. Damodar, S. J. Reddy, Trans.
SAEST 34 (1999) 35; CAN 131: 239094
6. F. Mogyorody, J. Appl. Electrochem. 36 (2006) 635
7. F. Mogyorody, J. Appl. Electrochem. 36 (2006) 765
8. F. Mogyorody, J. Appl. Electrochem. 36 (2006) 773
9. A. Ngoviwatchai, D. C. Johnson, Anal. Chim. Acta 215 (1988) 1
10. A. TomaSevi¢, G. BoSkovi¢, D. Mijin, E. Kiss, React. Kin. Catal. Lett. 91 (2007) 53
11. M. L. Avramov lvi¢é, S. D. Petrovié, D. Z. Mijin, J. Serb. Chem. Soc. 72 (2007) 1424
12. M. L. Avramov lvi¢, S. D. Petrovié, F. Vonmoos, D. Z. Mijin, P. M. Zivkovi¢, K. M.
Drljevi¢, Electrochem. Comm. 9 (2007) 1643
13. M. L. Avramov lvi¢, S. D. Petrovi¢, D. Z. Mijin, F. Vanmoos, D. Z. Orlovi¢, D. Z.
Marjanovi¢, V. V. Radovi¢, Electrochim. Acta 54 (2008) 649
14. M. L. Avramov lvi¢, S. D. Petrovi¢, D. Z. Mijin, P. M. Zivkovi¢, I. M. Kosovi¢, K. M.
Drljevi¢, M. B. Jovanovi¢, Electrochim. Acta 51 (2006) 2407
15. R. Greaf, R. Peat, R. L. Peter, D. Pletcher, J. Robinson, Instrumental Methods in
Electrochemistry, Ellis Horwood, Chichester, 1985, p. 178
16. B. Nigovi¢, Analyt. Sci. 20 (2004) 640
17. B. Nigovi¢, B. Simuni¢, J. Pharm. Biomed. Anal. 32 (2003) 97.

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS






; 00017+ /%™
J. Serb. Chem. Soc. 74 (5) 581-593 (2009)
JSCS-3857

Journal of
the Serbian
Chemical Society

JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
UDC 547.475.2+546.73-36+66.087.3+
541.135.5-039.26

Original scientific paper

Electro-oxidation of ascorbic acid catalyzed on cobalt
hydroxide-modified glassy carbon electrode

GHASEM KARIM-NEZHAD*, MOHAMMAD HASANZADEH?,
LOTFALI SAGHATFOROUSH?, NASRIN SHADJOU?,
BALAL KHALILZADEH? and SOHRAB ERSHAD?

1Department of Chemistry, Faculty of Science, Payame Noor University,
P.O. Box 58168-45164, Khoy, 2Department of Chemistry, Faculty of Science,
Arak University, Arak and 3Department of Chemistry, Faculty of Science,
Payame Noor University, Marand, Iran

(Received 15 July, revised 8 December 2008)

Abstract: The electrochemical behavior of ascorbic acid on a cobalt hydroxide
modified glassy carbon (CHM-GC) electrode in alkaline solution was investi-
gated. The process of the involved oxidation and its kinetics were established
using the cyclic voltammetry, chronoamperometry techniques, as well as by
steady state polarization measurements. The results revealed that cobalt hyd-
roxide promotes the rate of oxidation by increasing the peak current; hence as-
corbic acid is oxidized at lower potentials, which is thermodynamically more
favorable. The cyclic voltammograms and chronoamperometry indicate a cata-
lytic EC mechanism is operative with the electrogeneration of Co(IV) as the
electrochemical process. Also, the process is diffusion-controlled and the cur-
rent—time responses follow Cottrellian behavior. This result was confirmed by
steady state measurements. The rate constants of the catalytic oxidation of as-
corbic acid and the electron-transfer coefficient are reported.

Keywords: ascorbic acid; electrocatalysis; modified electrode; alkaline media;
cyclic voltammetry; chronoamperometry.

INTRODUCTION

The electrochemical modification of electrodes with a suitable reagent has
been widely used for analytical applications. The resulting electrodes were de-
signed to provide the desired selective sites towards the analytes. Electro-
chemically modified electrodes have played an important role in the studies of
electrocatalysis,1~# electron transfer kinetics,>8 membrane barriers.”:8 electro-or-
ganic synthesis,® etc. One of the most important electrode modification techni-
ques involves the formation of an electrocatalytic system on to the electrode sur-

*Corresponding author. E-mail: g.knezhad@gmail.com
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582 KARIM-NEZHAD et al.

face in which redox species are capable of undergoing a rapid and reversible
electrode reaction are incorporated. These electrodes reduce the overpotential
required for either oxidation or reduction of compounds. Many mixed valent com-
pounds, such as oxides, complexes, or alloys of copper,10-12 cobalt 13-15 and ru-
thenium16-18 exhibit electrocatalytic properties.

Ascorbic acid (AA) is a powerful antioxidant naturally present in many
foods, especially fruits and vegetables, and plays an important role in the pre-
vention of infectious diseases. Apart from its vitamin activity, ascorbic acid is
frequently used in the food industry as an antioxidant to prevent undesirable
changes in color, taste and odor. Due to its biological and technological impor-
tance, it is of great interest in the food field to have rapid and sensitive methods
for its routine and reliable determination.

The direct electrochemical oxidation of ascorbic acid is possible but requires
high overpotentials, the equilibrium potential of the couple is —0.185 V vs. SCE19
but its oxidation at bare glassy carbon or platinum electrodes requires potentials
of 0.40 and 0.60 V vs. SCE, respectively. These high overpotentials result in
electrode fouling, poor reproducibility, low selectivity and poor sensitivity and
thus this technique is rarely employed analytically. The poor reproducibility of
direct electrochemical oxidation of ascorbic acid has led to interest in the use of
mediators and modified electrodes to catalyze the electrochemical oxidation of
ascorbic acid.

Recently, a cobalt hydroxide modified glassy carbon (CHM-GC) electrode
was used for the electrocatalytic oxidation of carbohydrates20 and hydrazine.2!
The present study is an attempt aimed at inspecting the kinetics and mechanisms
of electrochemical processes on application of modified electrodes. The findings
of this study show the results of the anodic oxidation of ascorbic acid on a glassy
carbon surface on which catalytically active cobalt hydroxide had been depo-
sited. The studies were performed in 100 mM sodium hydroxide solution.

EXPERIMENTAL

All employed chemicals were of analytical grade from Merck (Darmstadt, Germany) and
used without further purification. All solutions were prepared with doubly distilled water. The
electrochemical measurements were performed in a conventional three-electrode cell powered
by an electrochemical system comprising an Autolab system with PGSTAT12 boards (Eco
Chemie, Utrecht, The Netherlands). The system was run on a PC using GPES 4.9 software. A
saturated calomel electrode (SCE) was the reference electrode. All potentials were measured
with respect to the SCE, which was positioned as close to the working electrode as possible by
means of a luggin capillary. Films of cobalt hydroxide were formed on the GC electrode with
surface area 0.125 cm? by the method previously reported by Casella.?2 The modified
electrodes were prepared by cycling the potential of the working electrode in the range of —
250 to 750 mV vs. SCE at a scan rate of 100 mV s1 for 70 cycles. The surface concentration
of cobalt hydroxide which was controlled by the number of cycles applied to the deposition
process was electrochemically evaluated in 100 mM NaOH solution. Prior to the modification,
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the GC electrode was polished with a 0.05 pm alumina suspension on a polishing micro-cloth
and rinsed thoroughly with doubly distilled water. Working standard solutions were obtained
by appropriate dilution of the stock standard solution in an appropriate volume of 100 mM
sodium hydroxide solution (which was also used as the supporting electrolyte), and then sto-
red in the dark at 4 °C. All experiments were performed at ambient temperature 22+3 °C.

RESULTS AND DISCUSSION
Cyclic voltammetry

Seventy-five consecutive cyclic voltammograms (CV) of a GC electrode in
the presence of 100 mM Na>CO3 + 40 mM NaK tartrate + 4.0 mM CoCl; at pH
11.6, recorded at a potential sweep rate of 100 mV s-1, are presented in Fig. 1A.
The voltammograms are similar to those reported in literature.22:23 A cyclic vol-
tammogram of the CHM-GC electrode in 100 mM NaOH solution in the range
of —200 to 690 mV, recorded at a potential sweep rate of 100 mV s1, is shown in
Fig. 1B. It consists of anodic peaks located at 225 and 550 mV vs. SCE, which
were attributed to Co(I1)/Co(l11) and Co(l11)/Co(IV) redox transitions associated
with different cobalt oxide species on the electrode surface?425, The cathodic

70

60 A
50 |
40 |
< %
= 20
10
0 B
-10
20
-30 ‘ ‘ , ‘ ; ‘
04 02 0 02 04 06 08 1
E/V vs. SCE
140 -
120 - B
100 -
80
60 -
<
2 404 Fig. 1. Cyclic voltammograms for 4.0
T 20 mM CoCl, + 40 mM NaK tartrate + 100
0 mM Na,CO3 using a GC electrode. The
potential was scanned continuously at
-20 100 mV s between —250 and 750 mV
-40 (A); cyclic voltamogram of CHM-GC
60 ‘ ‘ in 100 mM NaOH solution in the range
03 0 0.3 0.6 0.9 0f =200 to 690 mV at a sweep rate 100
E/V vs. SCE mV s (B).
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584 KARIM-NEZHAD et al.

peaks at 186 and 522 mV correspond to the reduction of various cobalt oxide
species formed during the positive sweep.

Typical CVs of a CHM-GC electrode in 100 mM NaOH solution at various
potential sweep rates from 2.0-150 mV s-lare presented in Fig. 2A. The peak
currents were proportional to the sweep rates in the range 2.0-75 mV s-1, as

100

80
60 |
< 40
Z
- 20 |
04
220 |
-40 A
-60 -
0 0.1 0.2 03 0.4 05 06 07 0.8
E/Vvs. SCE
45 250
40 | y =0.5265x - 1.1657 b4
35 | Re=099 200] y=9.3217x-56.285
Re = 0.9917
< 30 {
£ 3 150
£ 5] £
100
15 |
10 50 b’
5 4
0 0 : : : : |
0 20 40 60 80 8 13 18 23 28 33
v/imVst (v/mVvs1)0s
5 4 0
50 y =-11.518x +104.52
01 y =-0.2898x + 1.6724 Re =0.9945
R = 0.9971
5 100
=10 < 150
P -~
g
15 | ~*.200
20] ¢ -250
¢
25 -300
0 20 40 60 80 8 13 1 23 28 33
v/imyst (v/imVsT)0s

Fig. 2. Typical cyclic voltammograms of a CHM-GC electrode in 100 mM NaOH at potential
sweep rates of 2, 5, 7, 10, 20, 30, 40, 50, 75, 100, 150 mV s (A); the dependence of the
anodic (b) and cathodic (c) peak currents on the sweep rate at lower values
(2.0-75 mV s1) and the proportionality between the anodic (b') and cathodic (c')
peak currents and the square root of sweep rate at higher values (100-900 mV s1).
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shown in Figs. 2b and 2c, indicating the electrochemical activity of the surface
redox couple. From the slope of both lines and using:

n2F?2 x
I, = VAT 1
P (4RTJ @)

where I™* is the surface coverage of the redox species and v the potential sweep
rate26, and taking the average of both the cathodic and anodic results, 7* values
of around 1.98x10% mol cm=2 were derived. In all the range of sweep rates, this
dependency is of square root form, as shown in Figs. 2b” and 2c’, signifying the
dominance of diffusion controlled processes.

The CVs of a freshly prepared CHM-GC in 100 mM NaOH solution in the
presence of ascorbic acid at various potential sweep rates in the range 2-300 mV s-1
are shown in Fig. 3A. As the scan rate increases, the anodic peak potentials shift
to positive and the cathodic peak potentials are converted to a slightly negative

250
200
150 -

100 -

y =9.4381x -13.078
R? =0.997

Fig. 3. Cyclic voltammograms of the
CHM-GC electrode in 100 mM NaOH
solution in the presence of ascorbic acid
at various potential sweep rates: 5, 10,
20, 50, 75, 100, 150, 200 and 300 mV s
B (A); dependence of anodic peak current

-20 ; ‘ during the forward sweep on the square
0 5 10 15 2 % 30 root of the potential sweep rate (5-800
v/ mV g3 mV s71) (B).
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direction. Figure 3B indicates the plot of the anodic peak current against the
square root of the scan rate. As can be seen, the anodic peak current is linearly
proportional to v, showing the dominance of a diffusion-controlled process.

Upon increasing the ascorbic acid concentration, its irreversible oxidation
developed in the region of the electrochemical formation of Co(IV), as can be
seen from Fig. 4. Thus, it is likely that electro-generated Co(1V) species is the
active moiety, which efficiently accelerate the oxidation of ascorbic acid. Any in-
crease in the concentration of ascorbic acids causes a proportional and almost li-
near enhancement of the anodic wave. It is worth emphasizing that the anodic
formation of Co(lV) seems to be an irreversible process. Also, plotting the cur-
rent function (peak current divided by the square root of the potential sweep rate)
against the square root of the potential sweep rate (Fig. 5) revealed a negative
slope, confirming the electrocatalytic nature of the process.

Based on the reported results, the following mechanism can be proposed for
the mediated oxidation of ascorbic acid on the modified surface. The correspond-
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Fig. 4. Cyclic voltammograms of the CHM-GC
electrode in 100 mM NaOH solution in the
40 presence of different concentrations of ascor-

bic acid: (a), 0.1; (b), 0.3; (c), 0.6; (d), 3; (e), 5
20 B and (f), 10 mM, respectively (A). The poten-
tial sweep rate was 50 mV s'1. Dependency of
6 the anodic electro-oxidation peak current on
c/mM the ascorbic acid concentration (B).
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ing kinetics is also formulated. The redox transition of the cobalt species,

ky(£)
CO(I“) m CO(IV) + e (2)
—1
Co(IV) + Ascorbic acid M Intermediate + Co(lll) 3

where the intermediate is further oxidized to the product through a similar elec-
tro-oxidation process:

Co(IV) + Intermediate 5E) product + Co(lll) (@)
0.07
0.06 |
v, 005
2 0.4
> 0.03
= 0.02
T M
Z o0
N
T~ 0 *—o o —o0
~ oo
-0.02 ‘ ‘ CEi -1/2 05
0 01 0.2 03 04 Fig. 5 Iv_ vs. v¥= for 100 mM NaOH
solution in the presence of 0.20 mM
(v/mV s1y03 ascorbic acid.
Chronoamperometry

Chronoamperograms were recorded by setting the working electrode poten-
tial to the desired values and measuring the catalytic rate constant on the CHM-GC
electrode surface. The chronoamperograms for the CHM-GC electrode in the ab-
sence (curve a) and presence (curves b—f) of ascorbic acid over the concentration
range of 0.20-10 mM are shown in Fig. 6A. The applied potential step was 586
mV. Plotting the net current vs. the minus square root of time gives a straight line
(Fig. 6B). This indicates that a diffusion-controlled process is dominant for
electro-oxidation of ascorbic acid, as was demonstrated previously using cyclic
voltammetry (Fig. 3).

The rate constants of the reactions of ascorbic acid and the ensuing interme-
diates with the redox sites of the CHM-GC electrode can be derived from the
chronoamperograms according to:2/

lcatal _ 112 411215 (j1/2) 4+ EPEA) (5)
|d Yy

where l¢atq) IS the catalytic current in the presence of ascorbic acid, 1q the limiting

current in the absence of ascorbic acid and A = kct (where k, ¢ and t are the

catalytic rate constant, the bulk concentration of ascorbic acid and the elapsed
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time, respectively) is the argument of the error function. For 4 > 1.5, erf (41/2)
almost equals unity and Eq. (5) reduces t0:2°

| catay = 127112 = 7112 (et)l/ 2 (6)
lg

From the slope of the lcatai/l4 Vs. t2 plot, as shown in Fig. 6C, the value of k was

estimated as 2.36x106 cm3 mol-1 s=1. It should be pointed out that k is either k

or k3 (see reactions (3) and (4)), whichever is smaller.
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Fig. 6. Chronoamperograms of the CHM-GC electrode in the absence (a) and the presence of
(b), 0.20; (c), 0.60; (d), 1.0; (e), 5.0 and (f), 20 mM ascorbic acid in 200 mM NaOH solution
(A). The potential step was 586 mV; dependency of the transient current on 05 (B).
Dependence of I, / 14 on t%5 derived from the data of the chronoamperograms of
(a) and (e) in the main panel (C).
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Steady state polarization28
The rate laws for the reactions (2) and (3) have the forms:
vy =k IOy —k 416y (7)
Vo = k2F0|VC (8)
where 7" is the total number of adsorption sites per unit area of the electrode sur-
face, the @ represents the fractional surface coverage of different cobalt valence

states and c is the bulk concentration of ascorbic acid. With only the 3 and 4
valence states of cobalt prevailing, then:
9|||+H|V:1 (9)
and the rates of changes of their surface coverage, as well as that of the interme-
diate compounds are:
deo de
% = —d—ltv =k + K16 + K20\ /C + K30\ Ci (10)

dc;
—t'z ka8vC —K3b\Ci (11)

where c; is the concentration of the intermediate.
Assuming that the steady state dominates:

dby __d6v _

12
dt dt (12)
d Ci
B I 13
Tt (13)
the values of the coverage are given by'
k_1 +2koC
O = c -2 (14)
1+ k g+ 2k2C
6 15
V= (k]_ +k_1+2k2CJ ( )
and subsequently:
vy = _ 2kglkpC (16)
kl + k—l + 2k2C

Based on this rate equation, the Faradic current will be:

if _ 2FAk1[k2C (17)
kl + k_]_ + 2k2C
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where A is the surface area of the electrode and the rate constants kq and k_1 are
obviously potential-dependent and are of the forms:

FE
ki (E) =k exp[m;—_r} (18)
L0 (x-1)nFE
k_1(E)=kZ; exp[—RT } (19)

where k10 and k91 are the chemical rate constants measured at E vs. SCE =0, o
is the anodic transfer coefficient and the other parameters have their usual mean-
ing. Equation (17) is well suited for the calculation of rate constants and is the
validity test of the kinetics and mechanism of the oxidation process.

The pseudo-steady state polarization curves of the electro-oxidation of ascor-
bic acid on the CHM-GC electrode at a number of ascorbic acid concentrations
are presented in Fig. 7. The oxidation process was found to begin at nearly 520
mV vs. SCE and reach a plateau at 590 mV vs. SCE, while oxygen evolution
commenced at still higher potentials. In the course of reaction, the coverage of
Co(IV) increases and reaches a saturation (steady state) level and the oxidation
current follows accordingly. According to Eq. (17), plots of the inverse of current
against the inverse ascorbic acid concentration should be linear:

i = (Fak )L K (20)
2FAkiky I

30

20

I/ pA

Fig. 7. Typical pseudo-steady

state polarization curves of the

CHM-GC electrode obtained in

10 ‘ ‘ _ (8, 10; (b), 5.0; (c), 3.0; (d), 1.0;

0.23 0.38 0.53 0.68 (e), 0.40 and 0.10 (f) mM as-
E/V corbic acid.

The if 1 vs. ¢! dependencies are presented in Fig. 8A, from which it can
be seen that straight lines at various potentials were obtained. Both the intercepts
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and slopes of the straight lines appearing in this figure were potential dependent.
The slopes were plotted against exp (-nFE/RT) with n = 1 and the obtained graph
is presented in Fig. 8B. Using this graph together with Eg. (20), it was found that
the rate constant of reaction 3, ko/”, and the ratio of k£)1/k10 are 4.13x10-11 and
2.01x1010 cm s-1, respectively. The variation of the intercepts of the lines in Fig.
8A with the applied potential on a semi-log scale is presented in Fig. 8C. Using
this graph and Eg. (20), the magnitudes of k{1, 2.26x107° mol s~1 cm2, and the
anodic transfer coefficient, 0.64, were obtained. From the above findings, the va-
lue of k9, I"was calculated to be 4.54x10-6 mol s-1 cm2.

6.00E+05 |
- ‘ f
5.00E+05 - R
- ,.me
4.00E+05 - e
—_— - ’- - - " e )
< 3.00E+05 . e® e .-od
- L4 g L
- m -
: e ol --AC
§ - ¥ -
~ 200E+05 . m R e
e AT ..--2Db
1,00E+05-.:.:_.‘::_‘__.:::: _______ e a
UH L SR *
0.00E+00
A
-1.00E+05
0 20 40 60 80 100
ol IV
15
4.50E+03 - y=-26.128x+ 26.041
4.00E+03 | ¥ = 2E+13x +938.42 14 | R?=(0.9624
R =0.9971 § 4
3.50E+03 - g 13
3.00E+03 L’ ’ = e
. 12 .
2.50E+03 - . § *.
g . e =
S 2.00E+03 . g i .
©n X J = o .,
1.50E+03 ..‘ E 10 ¢ - °
1.00E+03 | )
5006+02 | B °1 C
0.00E+00 ‘ : 8 : ; ‘ ‘ ‘ :
-3E-11 2E11 7TENM 1.2E-10 056 058 06 062 064 066 068 07
exp(-nfFIRT) E/V

Fig. 8. Plot of i (from the polarization curves in Fig. 6) against C,,"! at various potentials:
574, 559, 616, 638, 659 and 680 mV vs. SCE, curves a—f, respectively (A); plot of the slopes
of the curves in (a) vs. exp (-nFE/RT) (B); plot of the In (intercepts)
of the curves in (a) vs. the applied potential (C).

The results obtained for ascorbic acid on a cobalt hydroxide modified glassy
carbon electrode are compared in Table | with those previously reported for
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cyclohexanol on a copper electrode.28 It can be seen that the catalytic properties
are comparable.

TABLE I. Comparison of the catalytic properties of Co(IV) on the cobalt hydroxide-modified
electrode with the catalytic properties of Cu(l11) species on a copper electrode

P ; Electrode
roperty Copper Cobalt hydroxide modified glassy carbon electrode
Mediator Cu(ln Co(1V)
Compound Cyclohexanol Ascorbic acid
koI'/ cm st 8.74x10™ 4.13x10™
kO_,/KO, 2.10x10’ 2.01x10"
K% /molstem?  1.91x10™ 2.26x10™
kO, /molstem?  4.01x10° 4,54x10°

CONCLUSIONS

A cobalt hydroxide film was formed electrochemically in a regime of cyclic
voltammetry on a glassy carbon electrode and checked for the electro-oxidation
of ascorbic acid in alkaline media. The modified electrode showed electrocataly-
tic activity for the oxidation of ascorbic acid at around 565 mV vs. SCE. Using
the cyclic voltammetry and chronoamperometry techniques and also steady-state
polarization measurements, the kinetic parameters, such as charge transfer coef-
ficient («) and the catalytic reaction rate constant (k) for oxidation of ascorbic
acid were determined. Moreover, the cobalt hydroxide glassy carbon electrode
can be used for the determination of real samples. The kinetics of the reaction
based on the reported mechanism was developed and the magnitudes of the rate
constants and anodic transfer coefficient of the electro-oxidation reaction were
obtained.

U3BOJ

KATAJIM3A EJIEKTPOXEMUICKE OKCUJAIIMIE ACKOPBMHCKE KUCEJIMHE HA
CTAKJIACTOM VYT'JbEHUKY MOJNOPHNKOBAHOM KOBAJIT-XUPOKCHUAOM

GHASEM KARIM-NEZHADY, MOHAMMAD HASANZADEH?, LOTFALI SAGHATFOROUSH?,
NASRIN SHADJOUY, BALAL KHALILZADEH? 1 SOHRAB ERSHAD?®

!Department of Chemistry, Faculty of Science, Payame Noor University, P.O. Box 58168-45164, Khoy,
2Department of Chemistry, Faculty of Science, Arak University, Arak  *Department of Chemistry,
Faculty of Science, Payame Noor University, Marand, Iran

HcnuTyBaHO je eNeKTPOXEMHjCKO ITOHAIIAme aCKOPOHHCKE KHCEINHE Y alKallHOj CPeMHU Ha
SJISKTPOJHU OJl CTAKJIACTOI yIJbeHHKa MOAU(PHKOBAHOj KoOanT-xuapokcuaoM. Kunetnuka peakimje
je oxpehena kopumhemeM HUKIMYHE BOITAMETPH]E, XPOHOAMIIEPOMETPH]jE M CTALIHOHAPHHUX I10J1a-
pu3anMoHUX Mepema. Pedynrati mokasyjy na koOanT-xuapokcun yOp3aBa peakuujy OKCHAAIH]je
TaKo Jia Ce OHa OAMIPaBa Ha HIKMM INOTEHUHMjanuMa. L[MKIMYHA BOJATAMETpHja U XPOHOAMIIEPO-
MeTpHja Cy ToKasaje Ja ce peakuuja oqurpasa mo EC mexanusmy ca renepucamem Co(IV) Bpere
Kao eJIeKTPOXEMHUjCKUM cTymmeM. [Iponec je 1iudy3uoHO KOHTPOIUCAH U 3aBUCHOCT CTPY]je OJl Bpe-
meHa npatu KorpenoBy jennaunty. OBaj pe3yirar je Takohe HOTBpheH cTalioHapHUM Iojapu3a-
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nnoHuM MepemeM. OxppeleHe cy BpegHOCTH KOHCTaHTe Op3MHE KaTATUTHYKE OKCHIAIMje acKop-
OMHCKE KHCEeNMHE U KOe(pHINjeHTa Tpeasa.

ook wpnE

20.

21.

22.
23.

24.
25.
26.
27.
28.

(Mpumsseno 15. jyna, pesunupano 8. neuemtpa 2008)

REFERENCES

Y. Xie, S. Dong, Electroanalysis 6 (1994) 119

B. Nalini, S. S. Narayanan, Anal. Chim. Acta 405 (2000) 93

D. Leech, J. Wang, M. R. Shysmth, Analyst 115 (1990) 1447

S. Dong, G. J. Che, J. Electroanal. Chem. 309 (1991) 103

F. M. Hawdridge, I. Taniguchi, Comm. Inorg. Chem. 17 (1995) 163

A. S. Praximos, H. Ginther, D. J. M. Schoneddings, H. Simon, Bioelectrochem.
Bioenerg. 25 (1991) 425

A. Nelson, Anal. Proc. 28 (1991) 64

J. Wang, T. Golden, Anal. Chem. 61 (1989) 1397

K. K. Shiu, O. Y. Chan, S. K. Pang, Anal. Chem. 67 (1995) 2828

V. E. M. Filho, A. L. B. Marques, J. J. Zhang, G. O. Chierice, Electroanalysis 11 (1999) 1130
N. Chebotareva, T. J. Nyokong, Appl. Electrochem. 27 (1997) 975

. Y. Lei, F. C. Anson, Inorg. Chem. 34 (1995) 1083
. Q. Xiaohe, R. P. Baldwin, J. Electrochem. Soc. 143 (1996) 1283

J. Wang, P. V. A. Pamidi, C. Parrade, D. S. Park, J. Pingerron, Electroanalysis 9 (1997) 908

. S. A. Wring, J. P. Hard, B. J. Birch, Anal. Chim. Acta 229 (1990) 63

. M. E. G. Lyons, C. A. Fitzgerald, Analyst 119 (1994) 855

. B. Nalini, S. S. Narayanan, Electroanalysis 10 (1998) 779

. E. G. Cookeas, C. E. Efstathiou, Analyst 125 (2000) 1147

. R. M. C. Dawson, D. C. Elliott, W. H. Elliott, K. M. Jones, Data for Biochemical

Research, Oxford Science Publications, Clarendon Press, Oxford, 1986

G. Karim-Nezhad, M. Hasanzadeh, L. Saghatforoush, N. Shadjou, S. Earshad, B.
Khalilzadeh, J. Brazilian Chem. Soc. 20 (2009) 141

M. Hasanzadeh, G. Karim-Nezhad, N. Shadjou, B. Khalilzadeh, L. Saghatforoush, S.
Earshad, I. Kazeman, Chinese J. Chem., in press

I. G. Casella, J. Electroanal. Chem. 520 (2002) 119

M. Jafarian, M. G. Mahjani, H. Heli, F. Gobal, H. Khajehsharifi, M. H. Hamedi,
Electrochim. Acta 48 (2003) 3423

C. Barbero, G. A. Planes, M. C. Miras, Electrochem. Commun. 3 (2001) 113

S. Bruckenstein., M. Shay, Electrochimica Acta 30 (1985) 851

A. J. Bard, L. R. Faulkner, Electrochemical Methods, Ch. 12, Wiley, New York, 2001
A.J. Bard, L. R. Faulkner, Electrochemical Methods, Wiley, New York, 2001, p. 503

M. Hasanzadeh, G. Karim-Nezhad, M. G. Mahjani, M. Jafarian, N. Shadjou, B. Khalil-
zadeh, L. A. Saghatforoush, Catal. Commun. 10 (2008) 295.

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS






jan Che %
SO Journal of
£ .
the Serbian
. f: . .
g Chemical Society
e W
%%:wm A mf\k\"'\ﬁ'&‘& JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 74 (5) 595-605 (2009) UDC 539.121.62:546.62' 56:66.014
JSCS-3858 Original scientific paper

Characteristics of Cu—Al,O3 composites of various starting
particle size obtained by high-energy milling
VISESLAVA RAJKOVIC*, DUSAN BOZIC and MILAN T. JOVANOVIC
Institute of Nuclear Sciences* Vinca” , P.O. Box 522, 11001 Belgrade, Serbia
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Abstract: The powder Cu-Al,O3; composites were produced by high-energy
milling. Various combinations of particle size and mixtures and approximately
constant amount of Al,O3; were used as the starting materials. These powders
were separately milled in air for up to 20 h in a planetary ball mill. The copper
matrix was reinforced by internal oxidation and mechanical aloying. During
the milling, internal oxidation of pre-alloyed Cu-2 mass %-Al powder genera-
ted 3.7 mass % Al,O3 nano-sized particles finely dispersed in the copper mat-
rix. The effect of different size of the starting copper and Al,O3 powder par-
ticles on the lattice parameter, lattice distortion and grain size, as well as on the
size, morphology and microstructure of the Cu—Al,O3 composite powder par-
ticleswas studied.

Keywords: Cu-Al,03 composite powders; high-energy milling; size of the star-
ting powder particles.

INTRODUCTION

The copper-based matrix obtained by powder metallurgy (PM) techniques
and reinforced applying the process of mechanical alloying has been extensively
studied in recent years.14 The application of mechanical alloying as a method
for obtaining a uniform distribution of dispersoids in a copper matrix accom-
panied with afine-grained microstructure greatly improves the properties of such
copper-based composites. The particle size of both the matrix alloy and the
strengthening powders determines to a large extent many of the final properties
of the produced PM compacts.

In this study, the copper matrix was reinforced with Al,O3 particles by
internal oxidation and mechanical alloying. The effects of both the copper and
Al>03 particles size on the lattice distortion and grain size, as parameters with a
considerable effect on the process of the sintering of copper-based composites,4
were the subject of this investigation. At the same time, the influence of these

* Corresponding author. E-mail: visnja@vincars
doi: 10.2298/JSC0905595R
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596 RAJKOVIC, BOZIC and JOVANOVIC

parameters on the evolution of the morphology and the microstructure of the Cu-
based composite powder particles was also studied.

EXPERIMENTAL

Inert gas-atomized, pre-alloyed copper powder containing 2 mass %-Al and different
mixtures of electrolytic copper powders and Al,O5 particles served as the starting materials
for this investigation. The characteristics of the pre-alloyed copper powder and the powder
mixtures used in this study are given in Table I. The starting powders are characterized by the
same or different copper and Al,O3 powder particle size. These powders were separately
milled in air for up to 20 h in a planetary ball mill. The weight ratio of the powder to steel
balls was 1:35.

TABLE |. Size of the starting copper and Al,O3 powder particles

Size of pre-alloyed copper

Material particles and size of copper Sizeof Al2Os gnation
. particles, um
particles, um
Pre-alloyed Cu—2 mass %-Al 30 0.010 Cu-2Al
Cu-4 mass %-Al,03 30 0.75 Cu-4Al1,03
Cu*-4 mass %-Al,03 15 0.75 Cu*-4Al1,03

* After internal oxidati on8

The milled powders were characterized by X-ray diffraction analysis (XRD) using a Sie-
mens D-500 X-ray powder diffractometer with CuK,, Ni-filtered radiation. The lattice parame-
ters were determined using the least square root method. The average lattice distortion, i.e.,
the relative deviation of the lattice parameters from their main value (Ad/d)® and the grain size
(D) were determined from the broadening () of the first four diffraction lines (111, 200, 220
and 311) using the approach devel oped by Williamson and Hall:8

pcos 0= %+% sin @ 1)

where the shape factor k = 0.9 and the radiation wave length, 4 = 0.15405 nm.

The microstructure of the treated powders was characterized by light microscopy using a
Zeiss Axiovert 25 microscope and scanning electron microscopy (SEM) using a Philips XL 30
instrument. Samples for light microscopy were mounted in an acrylic resin. Polishing was
performed using the standard procedure and a mixture of 5 g FeCl; and 50 ml HCI in 100 ml
distilled water was used for etching.

RESULTS AND DISCUSSION
Change of powder particles parameters

During milling of the pre-alloyed Cu-2Al powder, the lattice parameter
decreased with milling time, whereas the lattice parameters of the other starting
powder mixtures slightly increased (Fig. 1). The decrease in the Cu-2Al lattice
parameter results from the oxidation of the aluminum during internal oxidation,
which precipitates from pre-alloyed copper forming a fine dispersion of Al>Os.
The decrease in the lattice parameter was rapid during the first 10 h of milling
but become slower with prolonged milling. This indicates that the most of au-
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minum precipitates from the copper matrix at the beginning of the milling pro-
cess due to facilitation of the oxidation process through the severe deformation of
the copper matrix in this period of milling. The difference in the lattice parameter
of the pre-alloyed Cu—2Al powders before (acy.2a) = 0.3624 nm) and after 20 h
of milling (acy-2a1 = 0.36167 nm) is 0.20 %. This difference is similar to the
difference (0.24 %) in the theoretical lattice parameters of the pre-alloyed powder
(acu-2a1 = 0.36210 nm) and the copper powder (acy = 0.36150 nm), indicating
that after 20 h of milling amost all the aluminum had been precipitated from the
copper matrix. Assuming that the complete amount of aluminum was oxidized, it
was calculated that 3.7 mass % of Al,O3 was generated by internal oxidation of 2
mass % Al in the copper matrix. This result shows that the amount of the
strengthening particles was kept nearly constant in pre-alloyed copper and the
powder mixtures, being around 4 mass % Al,O3. On the other hand, the slight
increase of the lattice parameters of the mixtures containing Al,O3 particles
might be the result of contamination of the copper matrix with steel balls debris
during milling.”

0.3626
A - Cu-2 wt.%Al

O - Cu-4 wt.%AL,0;
O- Cu'-4 wt.%AlL,0;

0.3624-

0.3622

0.3620

0.3618+

0.3616+

Lattice parameter, nm

0.36141 Fig. 1. Lattice parameter vs. milling

A e 20 time for pre-alloyed copper powder and
Milling time, h copper Al,O3 powder mixtures.

The full width at half maximum (FWHM) height measured from X-ray the
diffraction patterns of the examined powders showed a progressive line broad-
ening with milling time (Figs. 2a-2c). From Figs. 2a and 2b, it may be seen that
the FWHM of the pre-alloyed Cu—2Al powder strengthened with 0.01 um Al>O3
particles (Fig. 2a) were higher than those of a mixture of Cu—4Al>0O3 with an
average AloO3 particle size of 0.75 um (Fig. 2b; the size of the copper powder ~
~ 30 um). The FWHM of the Cu*—4AIl>03 mixture (Fig. 2c; size of copper pow-
der = 15 um) were significantly higher than the FWHM of Cu—4Al>O3. The
higher FWHM of the Cu*—4Al,03 sample implies that the starting size of copper
powder particles had a great influence on the FWHM during the milling process.
The separate diagram (Figs. 3a and 3b) shows that the values of the FWHM of
Cu*—4 Al>,O3 were dightly higher than those of Cu-2Al. These results suggest
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that the influence of the smaller starting copper powder particles (15 pm) on the
FWHM prevails over the effect of the Al,O; particles size.
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Fig. 2. Full width at half maximum height of:
a) Cu—2Al; b) Cu—4Al,03 and ¢) Cu*—4Al,03

vs. milling time.

The progress in the broadening of the FWHM with milling timeis a result of
a severe lattice distortion and grain size refinement.® Lattice distortion and grain
size are important parameters of milled powders since they have a significant

properties of the finely dispersed strengthened copper matrix. Lattice distortion
normally increases with milling time. However, there are exceptions to this be-

havior and some literature results claim that the lattice distortion may decrease

during milling.® The results of this study show that the lattice distortion increased
with time of milling (Fig. 4), being the highest in the powder mixture Cu-2Al
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strengthened with very small Al>O3 particles, whereas the lowest lattice distor-
tion was observed in the powder mixture Cu*—4Al>03. According to the results
in Fig. 4, it is obvious that the lattice distortion decreased with decreasing
particle size of the starting copper powders. The presence of smaller Al>O3
strengthening particles increased the lattice distortion, i.e., very small (0.01 pm)
Al>O3 particles caused higher lattice distortion than the coarse (0.75 um)
particles. These changes of lattice distortion are probably due to polygonized
dislocation structures of the highly deformed small particles during high-energy
milling.10 The smallest distortions in the Cu*—4Al,03 powders suggest that the
dislocations formed during milling of small copper powder particles due to the
very low amount of stored elastic energy are arranged in configurations that
reduce the strain energy. However, in the case of such small-sized powders, a
contributing factor to the low strain energy due to partial amorphization of the
powderslO cannot be excluded, in spite of the fact that the diffraction peaks
remained sharp up to 20 h of milling, asin the present case.

=

o
1

=

o
1

7
Z

=

N}
1

=

[N}
1

o
©
]

o
i
1

Full width at half maximum height (26/°)
= &
Full width at half maximum height (26/ °)

o

o
o
o

111 200 220 31 ' 11 20 20 3u
Reflection Reflection

(a (b)

Fig. 3. Full width at half maximum (FWHM) height of: a) Cu—2Al and
b) Cu—4 Al,O3 after 20 h of milling.

In view of these facts, the results presented in Figs. 3a and 3b and Fig. 4
should not be regarded as contradicting. Namely, the slightly higher values of the
FWHM of the Cu*—4Al>0O3 powders compared to those of Cu—2Al may be con-
sidered from the view that the influence of grain refinement on the FWHM sur-
mounts not only the effect of the Al,O3 particle size, but also the decreasing in-
fluence of the elastic strain energy on the lattice distortion of Cu*—4Al,03 powders.

The size of the grains, i.e., the crystalites, formed inside the powder par-
ticles during milling abruptly decreased with milling time (Fig. 5). This decrease
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was the highest up to 5 h of milling, when the grain size was between 30 and 40
nm. After 20 h of milling, the grain size was dightly changed, ranging between
20 and 30 nm, except for the grain size of Cu*—4Al,0O3 powders, for which the
grain size was somewhat smaller, i.e., 15 nm. This result is in accordance with
the FWHM results (see Figs. 3a and 3b). Generally, the smallest grain size found
in the Cu*—4AIl>O3 mixture may be ascribed to the fact that smaller powder
particles are more easily subjected to higher deformation during milling than
coarser particles.

0.454

0.40
-SQ 0.354
g‘ 0.30
E o2
£ A - Cu-2 wt.%Al,
g %% B - Cu-4 wt.% AL,O;
8 o5 A - Cu'-4 wt.% Al,O,
E 0.104
0.054
0.00+4% : : . . . - .
0 5 R 20 Fig. 4. Effect of milling time on
Milling time, h the lattice distortion.
540
1804
1604
E 140_‘ A - Cu-2 wt.% Al,
43 120_‘ B - Cu-4 wt.% Al;O3
8 A - Cu'-4 wt.% Al,O,
w
R=
0 5 015 20 Fig. 5. Effect of milling time on
Milling time, h the grain size.

Sze, morphology and microstructure of the composite powders

The composite powder particles formed from the starting powders change
their morphology, size and microstructure during high-energy milling as a con-
sequence of repeated deformation, fracture and welding processes. Generally, at
the beginning of milling, the average particle size of composite powders in-
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creases until welding of the particles powders dominates the milling process, but
the size of particles starts to decrease when the fracture process prevails. In the
case of balance of fracture and welding processes, the particles are rather uniform
in size and similar in shape.

SEM microphotographs showing the morphology of the composite powder
particles after 5 and 20 h of milling are presented in Figs. 6a—6c¢ and Figs. 6d-6f,
respectively. Detailed observations of the morphology and particle size showed
that the composite powders based on pre-alloyed powders and mixtures had a
different size and morphology after 5 h of milling, Figs. 6a—6¢. The composite

" "'.:g,"é,l : - oy I T SRR S e T T Y

Fig. 6. SEM microphotographs. Morphology of Cu—2Al, Cu—4Al,03 and Cu*—4AIl,03
composite powder particles after 5 (a—c) and 20 h (d—) of milling.
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Cu-2Al particles (Fig. 6a) are flattened, whereas the Cu—4Al>0O3 and Cu*—4Al>03
composite particles are more rounded (Figs. 6b and 6c¢, respectively). The flat-
tened shape of the Cu-2Al composite particles is a consequence of the fact that
the nano-sized AloO3 particles formed by interna oxidation generate a higher
resistance to the strong plastic deformation occurring at the beginning of the
milling than the micro-sized commercia Al,O3 particles. During prolonged mil-
ling (20 h), the size of Cu—2Al particles (Fig. 6d) significantly decreased, becom-
ing more rounded in shape. On the other hand, the size of Cu—4AIl>O3 particles
(Fig. 6e) increased to some extent and they had a completely rounded shape. No
significant change in the size and morphology could be detected in the Cu*—4AI>03
particles (Fig. 6f). The results presented in Fig. 6 suggest that the size of the start-
ing copper particles, as well as the Al,Og particle size, has an influence on the dif-
ferent morphologies and particle sizes of the composite powders during milling.

Since the particles of the milled composite powders Cu—2Al and Cu—4AIl>03
were neither similar nor uniform in size, it is obvious that the balance of the frac-
ture and welding processes of the powder particles has not been attained during
20 h of milling. Concerning this aspect, the situation with the Cu*—4Al,0O3 com-
posite powdersis not quite clear.

The microstructure of the composite powder particles after 5 h of milling are
illustrated in Fig. 7. Thereby, it was confirmed that the milled composite powder

(b)

o, Fig. 7. Light microscopy pictures. Microstruc-
ture of: @ Cu-2Al; b) Cu—4Al,03 and c) Cu*—
—4Al,03 (etched) composite powder particles
after 5 h of milling.
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particles, except the Cu*—4Al,03 particles, exhibit a lamellar structure (Figs. 7a
and 7b), typical for high-energy milled powders. The lamellae represent indivi-
dua plasticaly deformed starting pre-alloyed copper (Fig. 7a) and copper pow-
der particles (Fig. 7b). Applying higher magnification, the uniform distribution of
the commercial Al,O3 particles embedded in a matrix of agglomerated copper
particles may be seen in the microstructure of the Cu*—4Al>O3 composite pow-
der particle (Fig. 7¢). In these milled powder particles, lamellae are not visible,
probably due to very small powder particle size.

The structural observations showed that a very homogenous distribution of
Al,0O3 was achieved after 5 h of milling in the majority of the mechanicaly al-
loyed copper particles and that this distribution improved with increasing milling
time. The distribution of Al,O3 particles in the Cu—4Al,03 particles after 5 and
20 h of milling isillustrated in Figs. 8 a and 8b, respectively. In this case, when
the size of the starting copper and Al,O3 particles were higher, the uniform dis-
tribution of Al>O3 particles between deformed copper particles, typical for com-
posites obtained by high-energy milling, may be clearly seen.

Fig. 8. Light microscopy pictures of Cu—4Al,O3 after: d) 5 and b) 20 h of milling (polished).

CONCLUSIONS

Powders composites of Cu-Al>O3 were obtained using high-energy milling
in air. Inert gas-atomized pre-alloyed copper powder containing 2 mass % Al and
mixtures of various combinations of particle size with an approximately constant
content of AloO3 were used as the starting materials. Depending on the charac-
teristics of the starting powders, the milled powders possessed different properties.

The decrease of the Cu—2Al lattice parameter with milling time was the re-
sult of oxidation of aluminum, which precipitated from the pre-alloyed copper
forming a fine dispersion of Al>O3 particles. Assuming that the all the aluminum
was oxidized, it was calculated that 3.7 mass % of Al>O3 was produced in the
copper matrix by internal oxidation of 2 mass % Al.
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The full width at half maximum (FWHM) height of the peaks in the X-ray
diffraction patterns of the examined powders showed a progressive line broaden-
ing with milling time. The effect of the smaller copper particles had a more pro-
nounced affect on the FWHM than the larger Al>O3 particles.

The lattice distortion was found to increase with increasing milling time. The
lattice distortion was highest in the Cu—2Al sample strengthened with very small
Al>03 particles, i.e., nano-sized (0.01 um) Al>O3 particles caused a higher lattice
distortion than the coarser micro-sized (0.75 um) particles. The crystal lattice of
the smaller (15 um) starting copper powder was distorted to a lesser extent than
the lattice of the coarser (30 um) particles.

The Cu-Al,O3 composite powder showed high grain size refinement. The
most intensive grain refinement occurred in the early stage (up to about 5 h) of
milling. In the period from 5 to 20 h of milling, the grain size of the powders
remained practically constant (between 20 and 30 nm), except for the powders
with 15 um copper powder particles, in which case the grain size was 15 nm.

The starting copper particles size and size of the Al>O3 particles affected the
morphology, size and microstructure of the composite powders formed during
milling.

The Cu*—4Al>03 composite powder particles did not exhibit a characteristic
lamellar structure, due to the small starting copper powder particles (15 um).

Acknowledgement. Authors are indebted to the Ministry of Science and Technological
Development of the Republic of Serbia for financial support of this investigation realized
through the Project No. 142027.

N3BOJI

KAPAKTEPUCTHUKE KOMITO3UTA Cu-Al,03 CA PA3JIMYUTUM ITOYETHUM
YECTUIIAMA ITPAXA JOBMJEHOI' MJIEBEELbEM YV BUCOKO-EHEPI'ETCKOM MIJIMHY

BUIIECJIABA PAJKOBUR, JYIIAH BOXXWH u MUJIAH T. JOBAHOBU'h
Hncmuiiyi 3a Hykaeapre Hayke “Bunya”, ii. ip. 522, 11001 Beozpao

IMpaxoBu kommo3uTa Ha 6a3u Cu—Al203 106HjeHH CY MIICBEHEM Y BUCOKO-CHEPIeTCKOM MITH-
Hy. [loueTHn Martepujan mpencraBibaie Cy KOMOWHAIMje MpaxoBa Pa3IMYNTHX BEJIMYMHA Kao U
CMellle Pa3IMYUTOr cacTaBa. [IpaxoBH Cy 0J[BOjeHO MIIEBCHH Yy IUIAaHETApPHOM MIIMHY ca Kyrjiama u
TO Ha Ba3AyXy IpHU 4eMy je BpeMe miieBera 0o 20 h. 3a ojayaBame 0CHOBE Gakpa MPHUMEHEHH Cy
YHYTpallllha OKCHAALHMja ¥ MEXaHHYKO JICTHpathe. 3a BpeMe MIICBCH:A O] YTHIAjeM YHYTpPallbe
okcupanmje y npeaierupadom npaxy Cu—2 mas %-Al vacrano je 3,7 mas % ¢duno qucneproBanmnx
HaHo-yectua Al2O3. IcuTHBaH je yTHIaj MoYeTHe BeNnuurHe yecTriia 6akpa u yectuna Al,O3 Ha
rapaMeTap KpUCTaHe PelIeTKe ¥ eHy TUCTOP3Hjy, Kao U Ha BEJIMYMHY KpucTaiHor 3pHa. Takohe
CYy MCTIUTHBAHU BEJIMYMHA YECTHUIIA [Ipaxa, MOP(OIIOTHja U MHKPOCTPYKTypa kommosuta Cu—Al203.

(Mpumsbero 9. neriem6Gpa 2008)
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