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I3C- and 'H-NMR substituent-induced chemical shifts in
N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridones
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Abstract: The 13C- and '"H-NMR chemical shifts of thirteen N(1)-(4-substituted
phenyl)-3-cyano-4,6-dimethyl-2-pyridones were measured in deuterated dimethyl
sulfoxide (DMSO-dg). The correlation analysis for the substituent-induced che-
mical shifts (SCS) with g, inductive (oy) and different scale of resonance (oR)
parameters were performed using the SSP (single substituent parameter), DSP
(dual substituent parameter) and DSP-NLR (dual substituent parameter—non-li-
near resonance) methods. The results of the calculations concerning the polar
and resonance effects satisfactorily describe the substituent effects at the car-
bon atoms of interest. The mode of transmission of the substituent effects, both
inductive and resonance, in relation to the geometry of the investigated pyri-
dones is discussed.

Keywords: 3C-NMR substituent chemical shifts; linear free energy relation-
ships; N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridones.

INTRODUCTION

N(1)-(4-Substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridones are not only
important intermediates in the synthesis of dyes, pigments, fuels and oil additi-
ves, but also in the development of medicinal products having a broad spectrum
of biological activities depending on the derivative. It is worth mentioning their
analgesic and antihypertensive, anti-anaphylactic, diuretic and sodiodiuretic, anti-
oxidant, antiviral and antimicrobial properties.! Biologically degradable agro-
chemical products, plant growth regulators, pesticides, and herbicides are also
synthesized from pyridone derivatives.2~4

Chemical shifts in 13C- and 'H-NMR spectra are frequently used for the
study of the transmission of electronic effects of substituents in organic molecu-
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les. Analysis of the 13C- and !H-NMR substituent chemical shifts (SCS) is based
on the principles of linear free energy relationships (LFER) using the Equation
for single substituent parameter (SSP) or dual substituent parameter (DSP) in the
forms:
SCS=po+h €))
SCS = proy + pror + h 2)
where p is a proportionality constant reflecting the sensitivity of the 13C- and
IH-NMR chemical shifts to substituent effects, o is the corresponding substituent
constant and /4 is the intercept.

Eq. (1) attributes the observed substituent effects to an additive blend of po-
lar and m-delocalization effects, given as the corresponding o, values. In the
DSP, Eq. (2), the SCS are correlated by a linear combination of the inductive (oj)
and various resonance scales (o, OR, O'E and op), depending on the electronic
demand of the atom under examination. The calculated values p; and pR are rela-
tive measures of the transmission of inductive and resonance effects, respecti-
vely, through the investigated system.

Dual substituent parameter—non-linear resonance (DSP-NLR) analysis is a
successful method in the modeling of long-range substituent effects to the 13C-NMR
substituent chemical shifts (in substituted aromatic systems>~7), which shows de-
viations from Hammett-type correlations. The requirement for different or scales
can be better accommodated by the use of the (DSP-NLR) method developed by
Bromilow et al.,> which allows the resonance scale to vary with the electron de-
mand of the site. This was achieved by the use of the parameter &, characteristic
of the group attached to the site, and Eq. (3):

SCS = proy + pror°/(1 — goR®) + h 3)

This gave the best correlation of para-SCS in p-disubstituted benzenes,’ as
well as in eight Bsubstituted styrenes,® 3-phenyl and 3-thienyl-2-cyanoacryl-
amides’ and N-1-p-substituted phenyl-5-methyl-4-carboxy uracils.8

In this study, linear free energy relationships (LFER) were applied to the
13C- and 'H-NMR chemical shifts in N(1)-(4-substituted phenyl)-3-cyano-4,6-di-
methyl-2-pyridones, with the aim of obtaining insight into the factors determi-
ning the chemical shifts in the investigated compounds. The transmission of polar
and resonance electronic effects in the investigated compounds (Fig. 1), from the
substituent (X) in the phenyl group to the carbon atoms of the pyridone and phe-
nyl ring, as well as to the 5-H hydrogen, were studied using Eqgs. (1), (2) and (3).

EXPERIMENTAL

All the N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridone derivatives were
synthesized as described in the literature.®

The structures of the studied compounds were determined using UV, IR, 13C- and '"H-NMR
and MS data. The IR spectra were recorded on a Bomem MB 100 FTIR spectrophotometer in
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the form of KBr pellets.® The 13C- and 'H-NMR spectral measurements were performed on a
Bruker AC 250 spectrometer at 200 MHz. The spectra were recorded at room temperature in
deuterated dimethyl sulfoxide (DMSO-d;). The chemical shifts are expressed in ppm, referen-
ced to the residual solvent signal at 39.5 ppm. The chemical shifts were assigned by the com-
plementary use of DEPT, two-dimensional 'H-"C correlation HETCOR and by selective
INEPT long-range experiments. All mass spectra were recorded on a Thermo Finnigan Polaris
Q ion trap mass spectrometer, including a TraceGC 2000 (ThermoFinnigan Corp., Austin,
TX, USA) integrated GC—MS/MS system.

Geometry optimization

The reported conformation of the molecular forms were obtained by the semi-empirical
MO PM6 method, %2} with implicit DMSO solvation (COSMO) (Keywords: EF, GNORM = 0.01,
EPS = 48) using the MOPAC 2007 program package. A VEGA ZZ 2.2.0 was used as the
graphical user interface (GUI).!!

Fig. 1. General formula of the N(1)-(4-substituted phenyl)-3-cya-
no-4,6-dimethyl-2-pyridones, where (X) is H, NMe,, OH, OMe,
X Me, Et, F, Cl, Br, I, NO,, COCH; and COOH.

RESULTS AND DISCUSSION

The chemical shifts of the corresponding pyridone ring carbon atoms and the
hydrogen at 5-position of the pyridone ring, as well as the para-carbon in the
phenyl ring (C(1°-Ph)) for investigated compounds are given in Table I in terms
of the substituent chemical shifts (SCS) relative to the parent compound.

The values of the SCS in Table I indicate that the substituent at the phenyl
ring has a relatively small influence on the electron density at all the pyridone
ring carbon atoms but is considerable for the C(1’-Ph) carbon of the phenyl ring.
The chemical shifts of the C(4-Pyr), having small differences in the chemical shifts,
are of no statistical values for analysis.

The aromatic ring electron-donor substituents cause a decrease of the elec-
tron density at the C(6-Pyr) carbon atom (downfield shift, including the F substi-
tuent), indicating that a reverse substituent effect operates at the C(6-Pyr) carbon.
The opposite is true for electron-acceptor substituents. Electron-donor substi-
tuents increase the electron density at the other carbon atoms and H(5-Pyr) (up-
field shifts), including halogens for C(5-Pyr) and C(1°-Ph) carbons. From the
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comparison of the SCS values for the pyridone carbon atoms, it could be conclu-
ded that the C(5-Pyr) and C(3-Pyr) atoms are better shielded than the others, which
probably could be attributed to their position in the conjugated system of the py-
ridone ring. According to the data in Table I, it could be proposed that the geo-
metry of the investigated pyridones plays an important role, probably arising from
the out-of-plane rotation of the phenyl rings for a certain torsion angle & (Fig. 1).
Thus, a definite molecular geometry is created, which is a consequence of the
transmission modes of the substituent electronic effects (n,m- or m,m-conjuga-
tion).12:13 An aromaticity study by the NMR technique indicated that 2-pyrido-
nes have approx. 35 % of the aromatic character of benzene,!4 as defined by the
ability to sustain an induced ring current. This fact also indicates to the possibi-
lity of a definite non-planarity of the 2-pyridone moiety.

TABLE I. SCS values of H(5-Pyr), C(1’-Ph) and pyridone carbon atoms of N(1)-(4-substituted
phenyl)-3-cyano- 4,6-dimethyl-2-pyridones in DMSO-d?

X H(5-Pyr)  C(2-Pyr) C(6-Pyr) C(3-Pyr) C(5-Pyr) C(1’-Ph)
Hb 6.459 159.845 152.434 109.085 100.164 137.614
NMe, —0.051 —0.41 1.852 —-0.195 -0.214 -9.351
OH —0.05 —0.31 0.747 -0.164 -0.164 -9.012
OMe —0.018 —0.137 0.628 —0.068 —0.105 —7.494
Me —0.011 —0.082 0.246 —0.031 —0.164 —2.577
Et —0.011 —0.082 0.246 —0.031 —0.068 —2.395
F 0.003 0.155 0.191 0.115 -0.032 -3.834
Cl 0.008 0.182 -0.217 0.109 -0.022 —-1.183
Br 0.006 0.182 —0.218 0.109 —-0.020 —0.728
I 0.002 0.191 —0.227 0.133 —0.014 —0.247
NO, 0.058 0.646 —0.701 0.424 0.150 5.616
COCH; 0.042 0.355 —0.428 0.224 0.106 3.959
COOH 0.022 0.327 —0.455 0.237 0.091 3.769

al3C_Chemical shifts (in ppm) expressed relative to the unsubstituted compound; bchemical shifts of the un-
substituted compound relative to TMS (1H) and residual solvent signal at 39.5 ppm (13C)

To explain this observation, LFER analysis was applied using the SSP equa-
tion (Eq. (1)) and o} values from literature.!5 The obtained results are given in
Table II.

TABLE II. Correlations of the SCS values for the investigated compounds with the SSP
equation

SCS type p h s 5P Fe nd
SCSH(S_pyr) 0.070 (£0.006) —0.004 (£0.002) 0.959 0.009 127 13
SCSC(Z-Pyr) 0.671 (£0.040) 0.045 (£0.016) 0981 0.059 278 13
SCSC(@pyr) —1.53 (£0.132) 0.203 (£0.054) 0961 0.193 133 13

CSC(3-Pyr) 0.395 (£0.032) 0.047 (£0.013) 0.966 0.046 155 13

CSC(S—Pyr) 0.247 (£0.024) —0.047 (£0.010) 0.950 0.036 102 13
SCScirp) 10.57 (+1243)  -233(+0506) 0932 1810 72 13

3Correlation coefficient; bstandard error of estimate; “F-test for the significance of the regression; dnumber of points
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Based on the sign of the constants p in correlations from Table II, it can be
concluded that the effect of substituents on the phenyl ring have the same direc-
tion at all the carbon atoms, with the exception of C(6-Pyr), where it was the op-
posite. Much better results of the correlation coefficients (r), standard deviation
(s) and F for H(5-Pyr) atom were obtained if the hydroxy group was assigned the
0; value, while the almost unchanged value of p is 0.062 (» = 0.978; s = 0.006;
F'=243; n = 6). Separate correlations were performed for the C(3-Pyr) carbon: p =
=0.239 (r=0.997; s = 0.006; F = 713; n = 5) for the electron-donors (OH exclu-
ded) and p=0.517 (r = 0.984; s = 0.026; F' = 155; n = 7) for the electron-accep-
tors (F excluded). Electron-acceptor substituents exert larger electronic effects at
the C(3-Pyr) carbon due to the opposing electron accepting effect of the cyano
group and for these substituents, the value of p is significantly higher. The corre-
lation for the C(6-Pyr) carbon is also significantly improved if 0; values are as-
signed to N(Me),, OH, OCH3 and F (o = —0.981; » = 0.990; s = 0.101; F = 509;
n = 13), thus showing that electron-donor substituents achieved better resonance
interactions with this carbon. The substituent showed the highest influence at the
C(1°-Ph) carbon but the correlation coefficients were only moderate. Two sepa-
rate correlations, first for NMe,, Me, Et, H, COOH and COCHj3, the gave the
results: p = 10.130; r = 0.997; s = 0.434; F = 646; n = 6 and second for OH,
OCHs, F, Cl, Br and NO;, which gave: p = 12.860; » = 0.990; s = 0.745; F =
= 256; n = 7, show well the complex influence of substituents and the pyridone
ring on the chemical shifts of this carbon.

Although the SSP analysis uses an additive blend of inductive and resonance
parameters of substituents given as o, values, it presented a satisfactory descrip-
tion of the transmission of substituent effects through the investigated systems.

To measure the separate contributions of the inductive and resonance effects
of a substituent (X), regression analyses according to the DSP equation (Eq. (2))
with og, oR, 0'}{ substituent constants!®17 were carried out, and results of the
best fit are given in Table III.

The results of the correlation analysis from Table III indicate that the SCS
values of the C(6-Pyr) carbon correlate better with the Jﬁ and the SCS values of
H(5-Pyr) with the oRr substituent constants, while for the other carbon atoms ac-
ceptable results were obtained with the o values. The better correlation of the
SCS values for the C(6-Pyr) with the 0';{ values indicates a somewhat higher
contribution of extended resonance interaction for this carbon. Reversely, the
better correlations of the SCS of the other carbons with the o values indicate a
definite attenuation effect of the transmission of electronic substituent effects to
these carbons. The pp values in Table III show the dependence of the inductive
effects on the molecular geometry of the investigated compounds. The pr values
depend on the o scale used, which proves that the demand of the carbon atoms of
investigated compounds for electrons is significantly different.
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TABLE III. Correlation of the SCS values for investigated compounds with DSP equation

Scale? Pl PR h r K F n fb
SCSri(s-pyr) OR 0.066 0.093 -0.004 0931 0.012 33 13 -
(£0.016) (+0.014) (+0.006)
OR 0.061 0.076 -0.004 0957 0.009 55 13 -
(£0.013) (%0.009) (0.005)
oR 0.055 0.042 0.002 0.926 0.012 31 13 -
(£0.017)  (£0.006) (£0.006)
SCSc(2-pyr) OR 0.803 0.827 0.057  0.997 0.022 780 11¢ 0.078
(£0.030) (+0.032) (+0.012)
OR 0.770 0.594 0.011 0.993 0.036 292 11¢ 0.128
(£0.049) (+0.038) (+0.020)
oR 0.712 0.352 0.027 0.966 0.081 70 13 0.282
(£0.110)  (£0.043) (£0.044)

SCScepyy  On  —1.300 2000  0.193 0904 0311 23 13 0475
(£0.416) (+0.365) (£0.157)

ox  -L171  —1.740  0.058 0966 0.189 70 13 0.289
(£0.254)  (£0.175)  (£0.100)

of  -1016 -1.052  —0.022 0.995 0.083 361 114 0.122

(£0.122)  (+0.048)  (£0.046)
SCScapyy Ok 0.482 0.478 0.017 0994 0.020 352 11° 0.113
(£0.026)  (+0.028)  (£0.011)
or 0.464 0.335 0.018 0981 0.036 103 11° 0.208
(£0.048)  (£0.037)  (+0.020)
o 0.439 0.174 0.022 0957 0.053 44 11° 0312
(£0.073)  (£0.031)  (£0.030)
SCScspyy  on 0225 0332 -0.046 0979 0.025 92 1l¢ 0231
(£0.044)  (+0.031) (£0.018)
or 0.164 0276  -0.010 0.978 0.026 87 11°¢ 0236
(£0.047)  (£0.027)  (+0.020)
o 0.131 0.155 0.020 0.950 0.040 37 11° 0.354
(£0.073)  (£0.024)  (£0.033)
SCScarpny  On 5890 17932 0362 0994 0518 349 11° 0.116
(£0.692)  (+0.750)  (+0.283)
or 5142 12927  -0228 0989 0.717 183 11° 0.159
(£0.957)  (£0.748) (+0.393)
of 4125 6788 -0.049 0944 1.559 33  11° 0357
(£2.179)  (+0.934) (£0.910)

36i, oR, op and op are from Ref. 13 and 14; bTaft £ value, £= s/rm.s.; Swithout COOH and OH; dwithout
OCHj; and F; ®without CH3 and H

The correlations of the SCS values for the pyridone derivatives was perfor-
med according to a literature method of reference? to determine the electronic de-
mand of the carbon atoms, applying DSP-NLR analysis. The results are given in
Table IV.

The results given in Table IV show the correlations of the SCS of all carbon
atoms obtained using the DSP-NLR Equation (Eq. (3)) were as good, or much
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better. Generally, based on the above results, it can be concluded that two oppo-
sing effects, i.e., substituent electronic effects in the phenyl ring and electronic
interactions in the pyridone part of the molecules are balanced, giving an overall
effect on the chemical shifts of all the carbon atoms. The two separate m-polari-
zable systems, i.e., the substituted phenyl and the pyridone rings, are defined by
MO PM6 calculations. The optimized structures show the unambiguous perpen-
dicular orientation of these rings for all the investigated compounds, except for
the NO; substituted molecule, which is twisted by 72° from the plane of the py-
ridone ring. Transmission of the resonance effect from the substituted phenyl ring
is efficiently suppressed in this way and the optimized structure is presented in
Fig. 2 for the parent compound.

TABLE IV. Correlations of the SCS values for the investigated compounds with the DSP-NLR
equation

Pl PR h £ r s F n f

SCScp-pyry  0.805 0.775 0.007 -0.18 0.998 0.020 935 112 0.071
(£0.027)  (£0.028) (0.01)

SCSce-pyry -1.134 -0.802 0.065 -1.50 0.998 0.056 819 11 0.081
(£0.080)  (+0.024) (£0.030)

SCSc@-pyry 0480 0.510 0.016 020 0995 0.018 384 112 0.108
(£0.025) (£0.029) (£0.010)

SCSc(s-pyry  0.215 0.312 -0.038 -0.24 0982 0.023 110 11¢ 0213
(£0.040) (+0.027) (£0.017)

SCSc-pny  5.942 16.133  -0.313 -0.28 0.996 0430 510 112 0.095
(£0.573)  (£0.558) (£0.235)

aWithout OH and COOH; Pwithout OCH; and F; Swithout CH, and H

Fig. 2. Conformation of N(1)-phe-
nyl-3-cyano-4,6-dimethyl-2-pyri-
dine optimized by the MO semi-
-empirical PM6 method and im-
plicit DMSO solvation (COSMO)
using MOPAC 2007.

The calculated pp and pR values from Table IV indicate a prevalent polar (in-
ductive/field) effect on the C(2-Pyr) and C(6-Pyr) carbon atoms of the pyridone
ring. It can be noted that pr and pr are negative for the C(6-Pyr) carbon atom,
while those for the other carbon atoms are positive. A negative sign of gy is indi-
cative of a reverse SCS effect, i.e., inductive electron-acceptor substituents cause
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an upfield shift, which is considered to be due to m-polarization.!8 A similar ef-
fect has been observed in other systems, i.e., in 3-aryl-2-cyanoacrylamides,’ N-
-benzylideneanilines,!? 2-substituted-5-(-dimethylamino)phenyl dimethylcarbama-
tes,20 and in other systems containing a conjugated side chain.

As is cited in the literature, m-polarization of a distant m-system by a substi-
tuent dipole need not be transmitted via an intervening m-system,!8 and theoreti-
cal results have demonstrated that a substituent dipole acts mainly in polarizing
each of the m-units individually.2! This is defined as localized polarization. On
the other hand, the terminal atoms of a conjugated m-system show some additi-
onal polarization of the whole m-network. This component is termed extended
polarization.

Transmission of substituent electronic effects could be presented by meso-
meric structures of the investigated pyridones and the contribution of w-polari-
zation (Fig. 3).

X_
electron-acceptor (4) ©))

X+
electron-donor (6)

Fig. 3. Mesomeric structures with the contribution of n-polarization.

In structure (1), if X is an electron-acceptor substituent, a dipole on X (or
near the C—X bond) is induced (structure (3)) and interaction of this dipole through
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the space of the molecule results in polarization of the individual m-units (loca-
lized polarization). The reverse is true for electron-donor substituted compounds
(structure (5)). The polarization mechanism of small localized m-units, presented
by structures (3) and (5), is very important as well as polarization of the entire
conjugated system of the investigated compounds (extended polarization). Reso-
nance interaction in the extended conjugated system of the pyridone ring (struc-
ture (2)) has an opposing effect to the polarization caused by an electron-acceptor
substituent (structure (4)). The net result is that the electron-acceptor substituents
increase the electron density about the C(6-Pyr) carbon, hence, the increased
shielding caused an upfield shift. Reversely, electron-donor substituents support
the resonance interaction in the pyridone unit, which could be attributed to a po-
tential delocalization of the electron lone pair at the N(1) nitrogen.

The correlation between the SCS values of the C(1°-Ph) atom and the sub-
stituent parameters using the DSP-NLR method (» = 0.996 and /= 0.095) shows
that the demand for electrons of this atom is £ =—0.28. Sign and value of the pa-
rameter ¢ show that the pyridone ring, according to literature data for the COOEt
group of —0.48,3 attached to the C(1’-Ph) atom has a moderate electron-acceptor
character. This fact probably could be explained by a small contribution of the
mesomeric structure (2), which has a higher electron-accepting power.

A somewhat lower demand for electrons (¢ = —0.18) was observed for the
C(2-Pyr) atom of the pyridone ring. The low polarizability of the m-carbonyl
electrons is influenced by the vicinity of an electron-accepting oxygen, which
contributes to a lower sensitivity.

The C(6-Pyr) carbon has the highest demand for an electron (& = —1.50).
Electron-acceptors cause an increased electron density at this carbon (structures
(3) and (4)), opposing the conjugation present in the pyridone unit, while electron
donors have the opposite effect (structures (5) and (6)). The C(3-Pyr) carbon has
an ¢ value of 0.20, the higher electron density being the result of the neighboring
cyano group, which increases the electron density at this carbon. A similar lite-
rature value® of ¢ for an NMe, group (0.25) proves that the electron density of
the pyridone ring is shifted to the carbonyl group. The electron demand for the
C(5-Pyr) carbon is —0.24, which indicates a significantly lower deficiency of ele-
ctron density than the C(6-Pyr) carbon.

The contribution of the individual electronic effects of substituents on the
phenyl ring to the carbon atoms of the pyridone ring and the C(1°-Ph) of the phe-
nyl ring can be analyzed based on the ratio 4 = pr/pop. Using the values of pr and
pr1 from Table IV, the calculated values A for the C(2-Pyr), C(6-Pyr), C(3-Pyr),
C(5-Pyr) and C(1’-Ph) atoms are: 0.96, 0.71, 1.06, 1.45 and 2.72, respectively.
DSP analysis and calculation of the A parameter (for the same set of carbon atoms)
gave the following results: 1.03, 1.04, 0.99, 1.48 and 3.04, respectively. Compa-
rison of the values of A from DSP (Eq. (2)) with those from DSP-NLR (Eq. (3))
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indicates a significant decrease only for the C(6-Pyr) carbon atom, which has the
highest electron demand (&= —1.50), which probably suggests that the localized
n-polarization effect is dominant in this part of the molecule.

The contributions of resonance and inductive substituent effects at the C(3-Pyr)
and C(2-Pyr) atoms are balanced, while the resonance effect is dominant at the
C(5-Pyr) atom. According to their position in the pyridone conjugated system and
the influence of substituent electronic effects, the C(5-Pyr) carbon atom is more
susceptible to the net & electron shifts caused by a substituent.

The electronic substituent effects are transmitted through the phenyl ring by
resonance and inductive/field interaction toward the C(1’-Ph) carbon by deve-
loping different charges at the phenyl carbon atoms. The electron density, accor-
ding to MO calculation, is localized at the C(2’-Ph)—C(3’-Ph) and C(5’-Ph)—C(6’-Ph)
carbons for all compounds investigated. The large attenuation effect of the elec-
tronic substituent effects transmission to N(1) atom is influenced by the geometry
of two perpendicular rings. Electron-donor substituents develop a negative charge
at the C(1°-Ph) carbon (Fig. 3, structure (6)), while the opposite is true for elec-
tron-acceptors (Fig. 3, structure (4)). Only in the compound with the NO, group,
which has strong negative inductive and resonance effects, did a decrease in the
torsion angle occur and thus, the n,m-conjugation was increased.

The net electronic effect from substituents to the n-electron of pyridone sys-
tem is transmitted mainly by inductive/field effects. Repulsion between n-elec-
trons of the carbonyl group and the electron rich phenyl ring in electron-donor
substituted compounds cause a somewhat higher interaction with the electron of
the C(6-Pyr)-C(5-Pyr) double bond through space, thus the deshielding of the
C(6-Pyr) carbon is higher. The opposite is true for electron-acceptor substituted
compounds. According to the MO calculation, the electron density of the n-pyri-
done system is localized at the C(6-Pyr)—C(5-Pyr) and C(3-Pyr)—C(2-Pyr) car-
bons for all the investigated compounds. Thus, the substituent electronic effects
are mainly reflected in the polarization of small m-polarizable units of the pyri-
done ring.

CONCLUSIONS

In summary, it can be concluded that the DSP-NLR analysis of the obtained
results revealed that the applied method was successful for the correlation of the
SCS values of the investigated compounds. All correlations were of good preci-
sion, indicating that the substituent effects on the !13C-NMR chemical shifts in
this series are due to electron transfer. The inductive/field effect is the dominant
factor for some of the observed carbon atoms of the pyridone ring. The resonance
effect is the most prominent on the C(1°-Ph) carbon, while the reverse substituent
effect was observed at the C(6-Pyr) atom, as a consequence of n-polarization.

Acknowledgements. The authors acknowledge the financial support of the Ministry of Science
of the Republic of Serbia (Project 142063).
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CVIICTUTYEHTHUMA M3A3BAHA 13C- I 'H-NMR XEMUJCKA TIOMEPAIHA
N(1)-(4-CYTICTUTYUCAHU O®EHUI)-3-1LIUJAHO-4,6-IUMETUJI-2-TTUPUJIOHA
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ii. tp. 3503, Kapnezujesa 4, 11120 beozpao

13C. u 'H-NMR xemmjcka momepama TpunaecT N(1)-(4-cymncTuTyncann (eHmn)-3-1ujano-

-4,6-muMeTHI-2-IIMpUIOHA ¢y oxpeheHa y neyrepucanom aumetmwicyiadoxcuny (DMSO-dy). Kope-
JIAIMOHA aHAJIN3a XEMHjCKHUX MOMEepama IMOjeANHIX YIJbCHUKOBIX aTOMa UCITHUTHBAHUX jeINbCHA
M3a3BaHa NPUCYTHUM CymncTutyentuma (SCS) ca o, MHIYKTUBHUM (Of) U PasinMTAM PE3OHaH-
LHOHUM (OR) KOHCTaHTaMma je m3BplieHa kopuihemem SSP (MoHomapamerapcka), DSP (aBomapa-
MeTapcka) u DSP-NLR (nBomapamerapcka HelnHeapHa) Merona. Pesynratu kopenanuoHUX aHa-
IM3a Ha 3a/10BOJbaBajyhul HauWmH OMHUCYjy e(eKTe CYNCTUTyeHATa 3a MOCMaTpaHe YIJbCHHKOBE
arome. J[MCKyTOBaH je Ha4uMH IMpEHOIICHa eekaTa CYINCTUTyeHATa, MHAYKTUBHHX M PE30HaH-
LHOHHX, Y OJJHOCY Ha T€OMETPH]jy UCITUTHBAHUX MOJIEKYJIa.
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Abstract: Rutin (1, main constituent) and two flavone C-glycosides, vitexin (2)
and vitexin 2"-O-a-rhamnopyranoside (3) were isolated from the aerial parts of
Onobrychis montana subsp. scardica. They were identified by 'H-NMR, 3C-NMR
and UV—Vis spectroscopy (procedure with shift reagents), and high resolution
ESI-MS. A relatively high content of 1 (5.27 mg/g of dry plant material), meas-
ured by HPLC, indicated O. montana subsp. scardica as a new natural source
of this biologically active compound. The isolated flavonoid compounds might
be of value as chemotaxonomic markers.

Keywords: Onobrychis scardica; Fabaceae; flavonoids.

INTRODUCTION

The Fabaceae family comprises about 12,000 species, divided into three sub-
families and 500 genera, widespread throughout the world. Onobrychis montana
DC. subsp. scardica (Griseb) P. W. Ball (Synonim Onobrychis scardica (Griseb)
Halacsy) is an endemic species growing in mountainous regions of the Balkan
Peninsula.!

No previous phytochemical studies on any subspecies of O. montana have
been reported. Chemical investigations of Onobrychis species revealed the pre-
sence of flavones, isoflavonoids,?-3 flavonoid glycosides,4~7 tannins,89 cinnamic
acid derivatives!0 and arylobenzofurans.!1.12

The isolation, identification and quantification (HPLC) of three flavonoid
glycosides as constituents of O. montana subsp. scardica are reported in this pa-
per. The chemotaxonomic significance of the isolated compounds is also discussed.

# Serbian Chemical Society member.
* Corresponding author. E-mail: smilo@chem.bg.ac.yu
doi: 10.2298/JSC0805525G
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EXPERIMENTAL
General

The 'H- (200 MHz) and *C-NMR (50 MHz) spectra were recorded on a Varian Gemini
2000 spectrometer in DMSO-dy. The UV spectra were measured on a Cintra 40 UV—Vis spec-
trometer. The high-resolution MS spectra were recorded on an Agilent 6210 LC ESI-MS TOF
spectrometer.

Silica gel, 0.008 mm (Merck, Darmstadt, Germany), and Sephadex LH-20 (Pharmacia
Fine Chemicals, Uppsala, Sweden) were used for preparative column chromatography (CC).
Silica gel F-254 (Merck, Darmstadt, Germany) was used for analytical thin layer chroma-
tography (TLC).

The HPLC separations were performed on a Hewlett-Packard Series 1100 equipped with
a DAD model G1315B, bin pump model G1312A, autosampler model G1313A, and
LiChrospher 100 RP-18e column (5 um, 250x4 mm?).

The HPLC standard of rutin was purchased from Roth, Germany. Acetonitrile and water
were of HPLC grade and all other employed solvents were of analytical grade.

Plant material

The plant material was collected in July, 2006 on the mountain Bjelasica, Montenegro. A
voucher specimen (144/06) was deposited in the Herbarium of the Biology Department, Fa-
culty of Science, University of Montenegro, Podgorica.

Extraction and isolation

The air-dried, aerial parts of O. montana subsp. scardica (240 g) were extracted with 90 %
methanol, twice (700 ml + 400 ml) at room temperature and 23 g of a crude extract was ob-
tained after evaporation of the solvent. The extract was then partitioned between 300 ml H,O
and 200 ml chloroform. The aqueous layer was re-extracted with n-butanol to yield 5.5 g of
residue after removal of the solvent. A part of the n-butanol extract (3 g) was subjected to
isocratic silica gel flash chromatography (FC) with EtOAc/MeOH/H,O/HCOOH 10/2/1/0.1,
affording 51 fractions. The combined fractions 40-50 gave 950 mg of compound 1, after
evaporation of the solvent. Further purification of the combined fractions 18—-19 on a Se-
phadex LH-20 column eluting with methanol yielded 2.0 mg of compound 2. The combined
fractions 25-30 after chromatography on a Sephadex LH-20 column with methanol yielded 3.0 mg
of compound 3.

HPLC analysis

HPLC analysis of the crude extract (90 % methanol) was realized using a linear gradient
with two solvents (0.10 % H;PO, in water as solvent A and acetonitrile as solvent B). The
injection volume was 7 pl, and the elution at 1.0 ml min"! with a gradient program (012 min:
8.0-10 % B, 12—-14 min: 10-16 % B, 14-30 min: 16 % B, 30-36 min 16-36 % B, 36—42 min:
36-60 % B, 4246 min: 60—100 % B). UV-Vis detection was performed at 254 and 320 nm.
The extracts were dissolved in methanol and the quantification was based on the measured
integration area, using the calibration equation of the corresponding standard. The concentra-
tions used for the calibration were in range 0.2-2.0 mg ml'L.

RESULTS AND DISCUSSION

The structures of the isolated compounds were established by spectrometric
and chromatographic methods: UV with shift reagents (NaOMe, NaOAc, H3BO3,
AICl3 and HCI), the NMR and HR-ESI-MS techniques; HPLC co-injection with
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authentic samples and confirmed by comparison of the spectral data with those
previously reported.!3-14 Compound 1 was identified as O-glycoside rutin, and
compounds 2 and 3 as C-glycosides vitexin and vitexin 2"-O-a~rhamnopyrano-
side and vitexin, respectively.

The HPLC analysis, carried out immediately after the extraction, revealed 1
as the dominant compound, and 2 and 3 as minor constituents (Fig. 1). According
to quantitative HPLC, the content of 1 was estimated to be 55 mg/g of extract, or
5.27 mg/g of dry plant material. Thus, O. montana subsp. scardica could be
regarded as a new source of 1, known for a variety of biological activities, such
as prevention of diabetes and anti-oxidant properties.!>
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Fig. 1. HPLC profile of MeOH extract of Onobrychis montana subsp. scardica. Compounds:
1 rutin, 2 vitexin, 3 vitexin 2"-O-a-rhamnopyranoside.
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The isolation of rutin from O. montana subsp. scardica conforms to the pat-
tern of flavonoid distribution in several species of the Onobrychis genus, such as
O. viciifolia,? O. cornuta, O. echidna, O. ferganica, O. grandis, O. amoena, O.
chorassanica, O. seravschanica,”, O. biebersteinii,® O. bobrovi,> O. tanaitical®
and O. pulchella* The minor constituent, C-glycoside vitexin, was detected
previously in only one member of the genus, i.e., O. adans from Georgia.!” This
is the first report of vitexin 2"-O-a-rhamnopyranoside in this family.

Acknowledgements. The authors acknowledge their gratitude to the Ministry of Science of
Serbia for financial support, project number 142053.

U3BOJ
DOIIABOHOUIU N3 HAJIBEMHUX JEJIOBA Onobrychis montana subsp. scardica

JIEJAH TOBEBALL!, BOPUC MEJUHZ, TOPJJAHA 3IYHIR>, KATAPUHA ILIABUKIH?, JAHUJEJIA CTEILEBURY,
BJIATKA BAIC! U CJIOBO/IAH MUJIOCABJbEBUR?
! Mncimiuimiyim 3a xemujy, exnoaozujy u meimianypzujy, lbezowesa 12, Beozpad, ° Xemujcku paxyaitiei, CiliyOenimicku
iipz 16, 11000 Beozpad, 3 Unciiudiyi 3a ipoyuasarse aexosuiioz 6uma "Jocugd Manuuh",
Tadeywa Kowhywixa I, 11000 Beozpad u *Biology Department, Faculty of Science,
University of Montenegro, 81000 Podgorica, Montenegro

W3 nagzemuux nenoBa Onobrychis montana subsp. scardica n3onoBanu cy pytuH (1, riaBan
cacrojak) u JiBa (uaBoHonaHa C-TIIHMKO3WUIa, BUTEKCHH (2) U meroB 2"-O-a-pamMHonmpanosuy (3).
HbuxoBa cTpykTypa je ompehena mpumernom 'H-NMR, C-NMR u UV crektpockommje (mporte-
nypa ca pearedcuma UV-momeparma) 1 MaceHe CrieKTpoMeTpHje Bucokor pasiarama (HR-ESI-MS).
PenatuBHO BHCOK caapikaj pyrtuna (5.27 mg/g cyBor marepujana) ogpeheH nomohy TeuHe xpoma-
torpaduje (HPLC), ykasyje Ha O. montana subsp. scardica ka0 HOB MPUPOJHU H3BOP OBOT OHO-
JIOIIKH aKTUBHOTI jelHibCHha. V30JI0BaHa je[Mbemha MOIy OUTH U OJ BPEIHOCTH Kao XEMOTaKCO-
HOMCKH MapKepH.

(ITpumibeHo 26. centembpa, peBuaupano 27. nenemopa 2007)

REFERENCES

1. N. Dikli¢, T. Cincovi¢, M. Koji¢, in Flore de la Republique Socialiste de Serbie, M.
Josifovi¢, Ed., SANU, Belgrade, 1972, vol IV, p. 254 (in French)

2. L.J. Ingham, Z. Naturforsch. C. 33C (1978) 146

3. M. Halabalaki, X. Alexi, N. Aligiannis, G. Lambrinidis, H. Pratsinis, I. Florentin, S.
Mitakou, E. Mikros, A. L. Skaltsounis, M. N. Alexis, Planta Med. 72 (2006) 488

4. A. L Kazakov, S. F. Dzhumyrko, V. A. Kompantsev, Khim. Prir. Soed. 2 (1981) 245 (in
Russian)

5. M. S. Luk'yanchikov, Khim. Prir. Soed. 2 (1982) 256 (in Russian)

6. M. S. Luk'yanchikov, A. L. Kazakov, Khim. Prir. Soed. 6 (1982) 784 (in Russian)

7. M. S. Luk'yanchikov, A. L. Kazakov, S. F. Dzhumyrko, Khim. Prir. Soed. 4 (1985) 564
(in Russian)

8. M. R. Koupai-Abyazani, A. D. Muri, B. A. Bohm, G. H. N. Towers, M. Y. Gruber,
Phytochemistry 34 (1993) 113

9. J. P. J. Marais, I. Mueller-Harvey, E. V. Brandt, D. Ferreira, J. Agric. Food Chem. 48
(2000) 3440



10.
11.

12.

13.
14.
15.
16.
17.

Onobrychis montana subsp. scardica 529

Y.Lu, Y. Sun, L. Y. Foo, W. C. McNabb, A. L. Molan, Phytochemistry 55 (2000) 67

G. B. Russell, G. J. Shaw, P. E. Christmas, M. B. Yates, O. R. W. Sutherland,
Phytochemistry 23 (1984) 1417

M. Halabalaki, N. Aligiannis, Z. Papoutsi, S. Mitakou, P. Moutsatsou, C. Sekeris, A. L.
Skaltsounis, J. Nat. Prod. 63 (2000) 1672

P. K. Agrawal, Carbon-13 NMR of flavonoids, Elsevier, Amsterdam, 1989

S. Rayyan, T. Fossen, N. H. Solheim, @. M. Andersen, Phytochem. Anal. 16 (2005) 334
S. Asgary, G. Naderi, Pharm. Acta Helv. 73 (1999) 223

M. S. Luk'yanchikov, A. L. Kazakov, Khim. Prir. Soed. 2 (1982) 256 (in Russian)

I. I. Moniava, E. P. Kemertelidze, Izvestyva Akademii Nauk Gruzinskoj SSR, Seriya
Khimicheskaya 2 (1976) 119 (in Russian).






Journal of
the Serbian
Chemical Society

$
I+
S
£
9
5
o)

www.shd.org . yu JSCS@tmf.bg.ac.yu « www.shd.org.yu/JSCS
J. Serb. Chem. Soc. 73 (5) 531-540 (2008) UDC *Hieracium pilosella L.:633.879.6:
JSCS-3734 :665.7.038.5:615.28

Original scientific paper

Anti-oxidative and antimicrobial activities of
Hieracium pilosella L. extracts

LJILJANA P. STANOJEVIC*, MIHAJLO Z. STANKOVIC,
VESNA D. NIKOLIC and LJUBISA B. NIKOLIC

Faculty of Technology, Bulevar Oslobodjenja 124, 16000 Leskovac, Serbia
(Received 28 June, revised 22 october 2007)

Abstract: The anti-oxidative and antimicrobial activities of different extracts
from Hieracium pilosella L. (Asteraceae) whole plant were investigated. The
total dry extracts were determined for all the investigated solvents: methanol,
dichloromethane, ethyl acetate and dichloromethane:methanol (9:1). It was found
that the highest yield was obtained by extraction with methanol (12.9 g/100 g
of dry plant material). Qualitative and quantitative analysis were performed by
the HPLC method, using external standards. Chlorogenic acid, apigenin-7-O-
-glucoside and umbelliferone were detected in the highest quantity in the ex-
tracts. The qualitative and quantitative composition of the extracts depends on
the solvent used. The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
effect of the extracts was determined spectrophotometrically. The highest radi-
cal scavenging effect was observed in the methanolic extract, both with and
without incubation, ECsy = 0.012 and ECsy = 0.015 mg ml'!, respectively. The
antimicrobial activities of the extracts towards the bacteria (Escherichia coli,
Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus subtilis, Salmonella
enteritidis and Klebsiella pneumoniae) and the fungi (Aspergillus niger and Can-
dida albicans) were determined by the disc diffusion method. The minimal in-
hibitory concentrations were determined for all the investigated extracts against
all the mentioned microorganisms.

Keywords: Hieracium pilosella L.; anti-oxidant activity; antimicrobial activity;
HPLC determination.

INTRODUCTION

Hieracium pilosella L. (family Asteraceae) is a perennial herbaceous plant.
It is widely spread in mountains and foothill pastures, in the areas of oak woods
and undergrowth. It is mainly used as a traditional medicine for bronchitis, bron-
chial asthma, edema and as an ointment for wound healing. It is especially re-
commended for intensifying urination and eliminating slime, sand and small
stones from the urinary tract and the kidneys.!

* Corresponding author. E-mail: ljiljas76@yahoo.com
doi: 10.2298/JSC0805531S
531
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Hieracium pilosella is used in traditional European medicine for its diuretic
and anti-inflammatory effects.2 Extracts obtained from Hieracium pilosella leaves
have an antibacterial effect on grown cultures of veterinary pathogens: Brucella
abortis and Brucella melitensis.3 The identification of flavonoids and phenolic
acids in this plant species was mostly carried out on the material harvested in
areas of New Zealand.# The phenolic components most frequently represented in
methanol extracts from all Hieracium species are: chlorogenic acid (3-{[3-(3,4-di-
hydroxyphenyl)-1-oxo0-2-propenyl]oxy }-1,4,5-trihydroxycyclohexanecarboxylic
acid), caffeic acid (3-(3,4-dihydroxyphenyl)-2-propenoic acid), and umbelliferone
(7-hydroxy-2H-1-benzopyran-2-one), and of these, umbelliferone is the most
active one.* ¢ The phenolic acids and flavonoids present in the plants are natural
antioxidants.”-8 They also have anti-mutagenic and anti-cancerogenic properties,’
cardio-protectivel0 and antimicrobial activity.!! Chlorogenic, caffeic and dihyd-
rocaffeic acid, which are present in many plant species, are cinnamic acid deriva-
tes. These acids have anti-inflammatory, anti-mutagenic and anti-cancerogenic
properties.12 Antioxidants are important species which have the ability to protect
the organism from the damage caused by a free radical-induced oxidative stress.!3
Phenolic acids are mainly antioxidant active due to their redox properties, which
allow them to act as reducing agents, hydrogen donors, singlet oxygen quenchers
and metal chelators. Their antioxidant activity is generally based on the number
and the location of hydroxyl groups present, as well as on the presence of a 2—3
double bond and 4-oxo function.!415

Free radicals contribute to more than one hundred disorders in humans, in-
cluding atherosclerosis, arthritis, ischemia and repercussion injuries of many tis-
sues, central nervous system injury, gastritis and cancer.16719 Due to environ-
mental pollutants, radiation, chemicals, toxins, deep-fried and spicy foods, as
well as physical stress, free radicals cause depletion of the antioxidants of the
immune system, changes in gene expression and induce abnormal proteins. Oxi-
dation processes are one of the most important routes for producing free radicals
in food, drugs, and even in living systems.16-20.21

Medicinal plants have been used for centuries as remedies for human dis-
eases because they contain components of therapeutic value.22:23 Recently, the
acceptance of traditional medicine as an alternative form of health care and the
development of microbial resistance to the available antibiotics has led the au-
thors to investigate the antimicrobial activity of medicinal plants.22-24.25 More-
over, the increasing use of plant extracts in the food, cosmetic and pharma-
ceutical industries suggests that, in order to determine the active compounds, a
systematic study of medicinal plants is very important.!3.22

The anti-oxidative and antimicrobial activity of different extracts from dried
and ground Hieracium pilosella L. (Asteraceae) whole plant material from south-
east Serbia were studied. The qualitative and quantitative compositions of the
extracts obtained were determined by HPLC analyses.
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EXPERIMENTAL
Plant material

Hieracium pilosella L. whole plant was harvested in June 2005 in the area of southeast
Serbia. The plant material was dried in the shade in an airy place and then stored in paperbags
and kept at room temperature.

Standards

Chlorogenic acid was obtained from Sigma-Aldrich (Steinheim, Germany), and apige-
nin-7-0-glucoside and umbelliferone were purchased from Extrasynthese (Genay, France).
Solvents and reagents

Methanol and acetonitrile were of HPLC grade from Merck (Darmstadt, Germany). 1,1-Di-
phenyl-2-picrylhydrazyl (DPPH) was obtained from Sigma Chemicals Co., St. Louis, MO,
USA. All other chemicals were of analytical-reagent grade (Sigma).

Extraction method

Dried, ground plant material (10 g) was extracted for 48 h at room temperature (plant
material to solvent ratio: 1:20, m/v) employing the following solvents: methanol, dichloro-
methane:methanol (9:1), dichloromethane and ethyl acetate. All the extracts were filtered
through No. 1 Whatman filter paper.

Determination of a total yield of extracted substance in Hieracium pilosella L. plant extracts

10 ml of extract was added into the vessel of a Scaltec SMO 1 apparatus (Scaltec
Instruments, Germany). After drying at 105 °C, the contents of the dry residue mass were read
on the apparatus display.

Free radical scavenger activity

The capacity of a compound to scavenge free 1,1-diphenyl-2-picrylhydrazyl (DPPH) ra-
dicals is determined by the use of the so-called DPPH test.2629 The extracts obtained using the
various solvents (10 ml) were evaporated on a rotary evaporator at 40 °C until dry, then dis-
solved in methanol and various concentrations of the methanolic extract solutions were pre-
pared. A 1.0 ml of methanolic solution of DPPH radicals (3x10 mol dm3) was added to 2.5 ml
sample. The capacity of the scavenging free radicals was calculated using Eq. (1):

100(As — Ag)
C

DPPH radicals scavenging capacity = 100 — €8
where Ag is the sample absorbance at 517 nm of the sample of a methanolic solution of the
extract treated with the DPPH radical solution, 4y is the blank absorbance at 517 nm of the
blank methanol solution of the extract not treated with the DPPH radical solution and 4 is the
control absorbance at 517 nm of the control solution of a pure, non-irradiated methanolic
solution of DPPH radical (1.0 ml of DPPH radical of 3x10"* mol dm™ concentration + 2.5 ml
of methanol).

The absorbance of the samples was measured on a VARIAN UV-Vis Cary-100 Conc.
spectrophotometer. The ECs, value (mg ml!) was determined for all the extracts. The anti-
oxidant capacities of the samples were compared with those of butylated hydroxytoluene (BHT).
A decrease by 50 % of the initial DPPH concentration was defined as the ECsy.

HPLC analysis

For the quantification of phenolic substances, the extracts of dry homogenized leaves and
roots from individual plants were analyzed by HPLC under the following conditions. Appa-
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ratus: Agilent 110 Series, Waldborn, Germany; column: Zorbax-Eclipse XDB-CN, 4.6x250 mm,
5 um; eluent: acetonitrile:water = 30:70 v/v; flow rate: 1.0 ml min’!; task volume: 20 ul;
temperature: 25 °C; detection: UV detector at 205 nm.

The quantities of chlorogenic acid, apigenin-7-O-glucoside and umbelliferone were de-
termined from calibration curves of the compounds, using external standards.
Microbiological tests

Microorganisms and substrates. The following microorganisms were used for the anti-
microbial test. Bacteria: Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 9027),
Staphylococcus aureus (ATCC 6538), Bacillus subtilis (ATCC 6633), Salmonella enteritidis
(ATCC 13076) and Klebsiella pneumoniae (ATCC 13883); fungi: Aspergillus niger (ATCC
16404) and Candida albicans (ATCC 10231). Substrates used for microorganism growth:
antibiotic agar no. 1 for microbiology for bacteria and tryptic soy agar for fungi (Merck,
Darmstadt, Germany).

Disc diffusion test. The extracts evaporated on a rotary evaporator (40 °C) were dissolved
in dimethyl sulfoxide (DMSO, BDH, Milan, Italy). The substrates were sterilized for 15 min
in an autoclave at 121 °C. 0.50 ml of microorganism was added to 50 ml of agar and a 10 ml
sample was poured into a petri dish. Filter paper discs (12.7 mm, Schleicher & Schuell) were
placed on the inoculated substrate and impregnated with 70 pl of the sample. The plates are
incubated for 18 h at 37 °C for the bacteria and 48 h at 25 °C for the fungi. All tests were
performed in duplicate and the antibacterial activity is expressed as the average value of the
inhibition zones (mm) realized by the plant extracts. The minimum inhibitory concentration
(MIC) of the extracts is defined as the smallest extract concentration causing a visible inhibi-
tion of the microorganisms.

RESULTS AND DISCUSSION

The DPPH test is based on the exchange of hydrogen atoms between the
antioxidant and the stable DPPH free radical. Practically, the reaction brings
about the reduction of DPPH radicals to the corresponding hydrazine, which is
manifested by a color change from violet to yellow, which is monitored spectro-
photometrically. The results for methanol, dichloromethane:methanol, ethyl ace-
tate and dichloromethane extracts, are shown in Fig. 1.

All the extracts show a higher DPPH radicals scavenging capacity after
incubation (20 min) with a free radical solution.

The DPPH scavenging capacity of the studied extracts at a concentration of
0.18 mg ml-! decreased in the following sequence: MeOH > EtOAc > CH,Cly:
:MeOH >> CH;Cly, the values being 95.53, 94.54, 87.62, and 19.83 % (20 min
incubation time) and 95.33, 67.7, 51.75, and 12.7 % (without incubation), res-
pectively. The methanol extract showed the highest anti-oxidative activity. The
ECsq values for all extracts and BHT are given in Table 1.

Unlike the examined extracts, the DPPH test performed without incubation
showed that the standard BHT antioxidant did not attain the ECsq value at a
concentration of 0.18 mg ml~!. In the case of DPPH test performed with a 20-min
incubation, the BHT concentration necessary for reaching ECso was 0.021 mg ml-1,
The concentrations of the dichloromethane:methanol, ethyl acetate and dichloro-
methane extracts required to attain £Csy were higher than that of BHT. In
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producing this effect, the methanol extract concentration was lower than that of
BHT. The obtained data show that the methanol extract was a better antioxidant
than the BHT standard of the same concentration.
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Fig. 1. DPPH scavenging capacity of the MeOH (a), CH,Cl,:MeOH (b),
EtOAc (¢) and CH,Cl, (d) extracts of Hieracium pilosella L.;
(-O-) without incubation; (-O-) 20 min of incubation.

0.16

The carriers of the anti-oxidative activity are phenolic acids and flavonoids
extracted from the plant material.”-8 In the DPPH test, different extracts showed
different anti-oxidative activities. This is the consequence of the different
polarities of the employed solvents, which extract different components from the
plant material and, therefore, the composition of the extracts differed.

Total quantities of substances extracted using the different solvents per 100 g
of dry plant material are given in Table II, while the retention times and cali-
bration curves of the estimated compounds in the Hieracium pilosella L. extracts

are given in Table III.
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TABLE 1. ECs; values (mg ml'!) of the different extracts

Extract
MeOH CH,Cl,:MeOH (9:1) EtOAc CH,Cl,? BHT
Without 0.015 0.167 0.079 >0.18 ECsq not
incubation achieved
20 min 0.012 0.075 0.058 >0.18 0.021

incubation

TABLE II. Total quantity of dry substance extracted by the different solvents

Solvent Total extract, g per 100 g of d.p.m.2
MeOH 12.9
CH,Cl,:MeOH (9:1) 5.2
CH,Cl, 3.7
EtOAc 4.0

4Dry plant material

TABLE III. Calibration curves and retention times of the estimated compounds in the Hiera-
cium pilosella L. extracts

Compound Chlorogenic acid Apigenin-7-O-glucoside Umbelliferone
Retention time 2.01 4.81 5.67

min

Concentration range 1-500 0.15-15 4-670

ug ml!

Calibration curve? ¢ 75.84 60.08 235.61
P=q+rc r 30891.11 79938.97 153295.95
Correlation coefficient 0.9998 0.9997 0.9998

3P, mAU: peak area; ¢, mg ml™!: concentration of the standard sample; ¢ and 7: constants

Based on HPLC analysis and the calibration curves of the standard samples,
the contents of the bioactive components were determined in all the extracts
(Table IV).

TABLE IV. The content of bioactive components in g per 100 g of the total dry extracts or the
dry plant material

Chlorogenic acid Umbelliferone Apigenin-7-O-glucoside
Extract Dry Dry plant Dry Dry plant Dry Dry plant
extract material extract material extract material
MeOH 35.45 4.58 2.54 0.32 1.20 0.150
CH,Cl1,:MeOH (9:1) 16.60 0.86 11.66 0.61 1.80 0.094
CH,Cl, 0.58 0.02 6.35 0.23 0.03 0.01
EtOAc 2.65 0.12 5.15 0.20 0.97 0.039

The highest quantities of chlorogenic acid and apigenin-7-O-glucoside were
extracted using methanol: 4.58 and 0.15 g/100 g of d.p.m., respectively, and the
highest yield of umbelliferone was obtained using dichloromethane:methanol,
0.61 g/100 g d.p.m. Chlorogenic acid is a natural antioxidant.”-823 The methano-
lic extract contained the highest quantity of chlorogenic acid and showed the
highest antioxidant activity. Such a composition results in the extracts having dif-
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ferent anti-oxidative and antimicrobial activities. Since phenolic acids are well-
-known natural antioxidants’-® and have antimicrobial properties,!! such an ex-
tract composition only confirms the good anti-oxidative properties, especially of
the extracts obtained with methanol.

The results of the microbiological tests and MIC determinations are given in

Fig. 2.
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All the tested extracts (Fig. 2) demonstrated some antimicrobial activity. All
the extracts concentrations less than 30 mg ml~! had an antimicrobial effect on
the bacteria Staphylococcus aureus and Bacillus subtilis. All the extracts showed
antimicrobial activity against Escherichia coli, whereby the ethyl acetate extract
was active at the lowest concentration. In comparison to the other extracts, the
ethyl acetate extract was active against the bacteria Pseudomonas aeruginosa and
Klebsiella pneumoniae at the lowest concentration (Figs. 2b and 2f). The dichlo-
romethane:methanol extract was active at the lowest concentration (7.44 mg ml!)
against Salmonella enteritidis (Fig. 2e). The ethyl acetate extract had the best ef-
fect on the fungus Aspergillus niger, while dichloromethane extract had no effect
at all (Fig. 2g). All the extracts studied were inactive against Candida albicans.

The MIC values of the different extracts are given in Table V.

TABLE V. MIC values (mg ml'!) of the different extracts

. . Extract

Microorganism

MeOH CH,Cl,:MeOH (9:1)  CH»CIp EtOAc
Escherichia coli 11.75 14.87 25.16 10.66
Pseudomonas aeruginosa 23.5 14.87 25.16 10.66
Staphylococcus aureus 23.5 14.87 20.12 10.66
Bacillus subtilis 23.5 7.44 20.12 10.66
Salmonella enteritidis 23.5 7.44 20.12 10.66
Klebsiella pneumoniae 23.5 29.75 30.19 10.66
Aspergillus niger 23.5 29.75 No effect 10.66

The lowest MIC values for all microorganisms was shown by the ethyl ace-
tate extract, while dichloromethane:methanol extract has a wide range of MIC
values, the lowest MIC value (7.44 mg ml-!) being for B. subtilis and S. enteritis-
dis. The activity of the obtained extracts was more pronounced against bacterial
than against fungal organisms. Some authors attribute the antimicrobial activity
to the phenolic components.30 Investigations have demonstrated the presence of
flavonoids and triterpenes in the species of the genus Hieracium, which are car-
riers of antimicrobial activity.22 The antifungal compounds of the plants are not
well known. However, the presence of flavonoids and terpenes and a certain de-
gree of lipophilicity might determine the toxicity by interactions with the mem-
brane constituents and their arrangement.22 However, it is difficult to compare
the data with the literature because several variables influence the results, such as
the environmental and climatic conditions of the plant, and the choice of the
extraction method and the antimicrobial test. Moreover, standard criteria for the
evaluation of the plant activity are lacking and therefore the results obtained by
different authors differ widely.22

CONCLUSIONS

The highest yield was obtained by extraction with methanol (12.9 g/100 g of
dry plant material). Chlorogenic acid, apigenin-7-O-glucoside and umbelliferone
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were detected in the highest quantities in the extracts. The qualitative and quan-
titative composition of the extracts depended on the solvent used. The highest ra-
dical scavenging effect was observed in a methanolic extract with and without in-
cubation, EC5p = 0.012 and 0.015 mg ml1, respectively. The lowest MIC values
for all microorganisms was shown by the ethyl acetate extract, while the dichlo-
romethane:methanol extract had a wide range of MIC values, the lowest MIC
value (7.44 mg ml~1) being for Bacillus subtilis and Salmonella enteritidis.
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N3BOJ

AHTUOKCUIOATHUBHA 1 AHTUMUKPOBHA AKTUBHOCT
EKCTPAKATA Hieracium pilosella L.

JBUJbAHA T1. CTAHOJEBU'R, MUXAIJJIO 3. CTAHKOBUWR, BECHA JI. HUKOJIMh n JbYBUIIIA . HUKOJINh

Texuoaowku gpakyaitieiti, Byaesap ocaobobersa 124, 16000 Jleckosay

HcnutuBana je aHTHOKCHAATHBHA U aHTHUMHUKPOOHA aKTHBHOCT PA3NMYUTUX EKCTpakara Jo-
Oujenux u3 nene Ownke Hieracium pilosella L. (Asteraceae). YKyITHH CyBH €KCTpakTu oxpehenn
Cy 3a CBE EKCTPaKTe, MCTAHOIHH, TUXJIOPMETAaHCKHU, CTUIALCTATHH U AUXJIOpMETaH:MeTaHOoIHH (9:1)
1 TOKa3aHo je jaa je Hajehu nmpuHoc mocturnyt ca meranoisom (12.9 g/100 g cyBor GuspHOTr Mate-
pujana). KBanuTtaTHBHYM M KBaHTUTATUBHH caapikaj je aHanmsupan nomohy HPLC merone xopui-
hemeM excrepHmX craHmapana. MneHTudukoBaHe Cy TPH Haj3acTYIUbEHHjE€ KOMIIOHEHTE y €KC-
TpaKTUMa: XJIOPOTCHCKA KUCENNHA, alluTeHUH-7-O-TIIyKo3u 1 yMOenupepoH. Y CTaHOBILCHO je Aa
KBalITaTUBHU U KBaHTUTATHBHH CAaCTaB €KCTpakaTa 3aBHCH O] BpcTe pacTBapada. CrocoOHOCT
HeyTpanucama 1,1-mudenmn-2-nukpun-xunpasun (DPPH) panukana excrpaktimMa onpelena je criek-
tpodoromerpujcku. Hajseha ciocobHOCT HeyTpanucama paiiKaia OCTBapyje Ce METaHOJIHUM eKC-
TpakToM ca MHKyOarmjoM u 6e3 me (ECsy = 0.012, ognocro 0.015 mg ml™!). ArTuMukpo6Ha ax-
THUBHOCT Ha Oakrtepuje (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Bacil-
lus subtilis, Salmonella enteritidis u Klebsiella pneumoniae) v riouBe (Aspergillus niger u Candida
albicans) oppehena je nmpumenoMm auck mudysmone merone. OxpeheHe cy MUHHMaTHE MHXUOH-
TopHe KoHUeHTpanuje (MIC) 3a cBe HCIUTUBAHE EKCTPAKTE 32 HAaBEJICHE MUKPOOPraHU3MeE.

(TTpumibeno 28. jyna, peBuaupano 22. oktodpa 2007)
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Stereospecific ligands and their complexes. Synthesis and
characterization of the s-cis-K[Ru(S$,S-eddp)Cl;]-3H,0
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Radoja Domanovica 12, P. O. Box 60, 34000 Kragujevac, Serbia
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Abstract: In the reaction of ruthenium(IIl) chloride and an edda-like ligand
ethylenediamine-N,N'-di-S,S-2-propionic acid (§,5-eddp) in aqueous solution
led to the formation of only one of the three possible geometrical isomers po-
tassium-s-cis-dichlorido-(ethylenediamine-N, N™-di-S,S-2-propionato)-ruthenate(I1I)-
-trihydrate, s-cis-K[Ru(S,S-eddp)Cl,]-3H,0. The assumed geometry of the com-
plex was based on its electronic absorption and infrared spectra.
Keywords: ruthenium(IIl) complex; S,S-ethylenediamine-N, N ’-di-S,S-propionate
ligand; electronic absorption and infrared spectra.

INTRODUCTION

The synthesis and pharmacological evaluation of new compounds bearing
metal ions other than platinum is a field of growing interest.!-2 Complexes based
on ruthenium, one of the platinum group metals, have been proposed as potential
antitumour substances,>~8 demonstrating remarkable antitumour activity and anti-
metastatic behaviour, as well as lower systematic toxicity than platinum com-
pounds.”~12 Recent biochemical studies demonstrated that the new ruthenium
compounds bind proteins in a tight covalent manner.?

Today, ruthenium complexes with polyaminopolycarboxylic chelating agents
constitute a new group of potential anticancer compounds.2-3-13 The most repre-
sentative example, cis-H[Ru(H;-pdta)Cl,], (H4-pdta = 1,3-propanediamine-tetra-
acetic acid), binds rapidly to serum proteins through surface histidines, damages
nuclear DNA, inhibits DNA recognition and DNA lysis by restriction enzymes,
alters the conformation of pHV14 DNA, stimulates NADPH oxidase and a respi-
ratory burst in phagocytic neutrophils and elicits phosphorylation of tyrosine
residues.2.%:14,15

In an effort to improve the antitumour properties of ruthenium compounds, a
series of new Ru(IIl) complexes was prepared with stereospecific ligands similar

* Corresponding author. E-mail: srecko@kg.ac.yu
doi: 10.2298/JSC0805541G
541
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to the linear quadridentate edda ligand (edda = ethylenediamine-N, N'-acetic acid
ion), such as the S,S-eddp ligand (S,S-eddp = ethylenediamine-N, N'-di-S,S-2-pro-
pionic acid ion), by changing the substituent on the chiral carbon atom.

The §,S5-eddp (S,S-eddp = S,S-ethylenediamine-N, N -di-2-propionate ion) is si-
milar to the edda ligand and it can form three possible geometrical isomers, s-cis,
uns-cis and trans (Fig. 1), when it is coordinated as a tetradentate agent together
with two additional monodentate ligands in octahedral Ru(IIl) complexes. With a
known absolute configuration, on coordination to a Ru(Ill) ion, the §,S-eddp
ligand forms complexes maintaining the S configuration of both carbon atoms,
yielding complexes with a AAA (net A) absolute configuration.!®.17 However, the
orientation of the methyl groups of the S,5-eddp ligand, in complexes can be dif-
ferent after coordination to a metal ion and two diastereoisomers can theoretic-
cally be formed for every geometric isomer.

( o ( o /JX
( N/Illh, ‘.\\‘\\\X N/I/lu,, ‘u\‘\\\\x N//Ill, .\\\\\\\0
M ( M ""M‘"
| Ny g PO -
(0] X X
S-CIS uns-cis trans

Fig. 1. Possible geometric isomers of the [Ru(S,S-eddp)Cl,]” complex.

As part of continuing studies on this important class of complexes, the syn-
thesis and characterization of the new Ru(IIl) complex, s-cis-K[Ru(S,S-eddp)Cl,]-
-3H,0, in which the chelating agent ethylenediamine-V, N-di-S,S-2-propionic acid
acts as tetradentate ligand is presented here.

EXPERIMENTAL
Materials
Ethylenediamine-N,N'-di-S,S-2-propionic acid (S,S-eddp) was prepared using a previ-
ously described procedure.!® Commercial hydrated ruthenium(IIl) chloride was dissolved in

concentrated HCI and refluxed for 30 min. After concentration to dryness, the compound was
stored under CaCl,.
Synthesis of the complex s-cis-K[Ru(S,S-eddp)Cl,]-3H,0

The new ruthenium(IIl) complex, s-cis-K[Ru(S,S-eddp)Cl,]-3H,0, was synthesized by
heating, on a steam bath (2 h), an aqueous solution of S,S-eddp with RuCl; obtained as des-
cribed above (molar ratio = 1:1). After this process, the pH of the system was adjusted to 3.0
and the mixture refluxed for 3 h, evaporated to a small volume and left overnight. After
adding acetone, a black powder of the complex formed. The complex is stable on air and
soluble in water. An aqueous solution (0.10 %) gave []p=—142° ([M]p = —663). Anal. Calcd.
(%) for s-cis-K[Ru(S,S-eddp)Cl,]-3H,0 = KRuCgH,)N,O,Cl, (M, = 467.33 g mol!): C,
20.56; H, 4.31; N, 6.00. Found: C, 20.69; H, 4.65; N, 6.16.
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Physical measurements

Electronic absorption spectra were recorded on a Perkin—Elmer Lambda 35 double-beam
UV-Vis spectrophotometer. An aqueous 1x10-3 mol dm™ solution of the complex was used
for this measurement. The infrared spectra were recorded on a Perkin—Elmer FTIR 31725-X
spectrophotometer using the KBr pellet technique. The [¢]) value was measured in a 1.0 dm
tube at 20 °C using a Perkin—Elmer SP polarimeter. Elemental microanalyses for C, H, and N
were performed by standard methods.

RESULTS AND DISCUSSION
Electronic absorption spectrum

The absorption maxima in the corresponding electronic absorption spectrum
of the isolated s-cis-[Ru(S,S-eddp)Cl,]~ complex are summarized in Table 1. The
corresponding data for the similar [Ru(edda-type)L]~ complexes are given for
comparison.

TABLE I. Electronic absorption spectra of Ru(IIl) complexes with some tetradentate ligands

Complex Ainax / DM €max / M2 mol! Ref.

[Ru(edta)H,0] 350 68.0 19
280 280.0

s-cis-[Ru(eddp)Cl,] 470 60.0 8
300 214.0

s-cis-|[Ru(Hyedta)Cl, | 470 70.0 20
300 190.0

[Ru(S,S-eddp)Cl,] 464 69.4 This work
307 232.4

The electronic absorption spectra of the ruthenium(Ill) complexes polyami-
nopolycarboxylic chelating agents contain bands that in most cases can be inter-
preted as arising from one or more of the following types of transitions: d—d, in-
terligand, metal to ligand charge transfer, ligand to metal charge transfer and li-
gand field. The electronic spectrum of an aqueous solution of the prepared
s-cis-K[Ru(S,S-eddp)Cl,]-3H,0 complex shows bands at 307 nm (¢ = 69.4 m2 mol 1)
and 464 nm (¢ = 232.4 m? mol!). The registered absorptions may be attributed
to the ligand to metal charge transfer band (¢ — mR,) and the d—d transition,
respectively.

The two symmetrical absorption bands suggest that the isolated [Ru(S,S-
-eddp)Cly]~ complex has pseudo-octahedral symmetry (Table I). Based on a
comparison of the positions of its absorption band maxima and the molar ab-
sorbances, it can be concluded that the isolated K[Ru(S,S-eddp)Cl,]-3H>O com-
plex has s-cis geometry (Fig. 1).

Infrared spectrum

The isolated complex shows a rather broad absorption band near 1600 cm™!
(a strong band at 1580 cm™! and a shoulder at about 1630 cm™!) of the asym-
metric stretching frequencies of the coordinated carboxylate groups of the §,S-



544 GLODJOVIC and TRIFUNOVIC

-eddp ligand. The lack of absorption between 1700-1750 cm™! indicates that the
carboxyl groups of S,S-eddp are coordinated to the central Ru(Ill) ion and are not
present as free acid groups. The strong asymmetric stretching band of the coordi-
nated carboxylate groups, which is less influenced by the coordination effects,
lies in the expected region at 1399 cm~1. The N-H stretching band of the s-cis-
-K[Ru(S,S-eddp)Cl,]-3H,0 complex appears at 3434 cm™!.

CONCLUSIONS

Based on the electronic absorption and infrared spectra of potassium-dichlo-
rido-(ethylenediamine-N, N'-di-S,S-2-propionato) ruthenate(Ill) trihydrate, K[Ru(S,S-
-eddp)Cl,]-3H,0, prepared by the direct synthesis from RuCls and S,S-eddp in
aqueous solution, the s-cis geometrical configuration is proposed.

Acknowledgment. This work was supported by Ministry of Science of the Republic
Serbia, Project No 142008B. The authors are grateful to Ms. Snezana Trifunovi¢ for the
elemental analyses.

N3BOJ

CTEPEOCITELIMOUYHN JIMTAHIN U IbUXOBU KOMIUIEKCH. 1. CUHTE3A U
KAPAKTEPU3AIMIA s-cis-K[Ru(S,S-eddp)Cl,]-3H,0

BEPUIIA B. TTIOBOBUH n CPERKO P. TPHOYHOBWH
Hncimuinyi 3a xemujy, [pupoono—maitiemaitivuku gpaxyaitieini y Kpazyjesuy,
Paooja lomanosutia 12, . ap. 60, 34000 Kpazyjesay,

VY peakuuju usmely pyrennjym(Ill)-xnopuna u enna-tuna Juranaa, eTuiacHauamMun-N, N'-nu-
-S,S-2-nponroncka kucenuHa (S,S-eAAm) y BOJCHOM PacTBOPY HACTAO je caMo jeraH o moryha
TPU TEOMETPHjCKa HM30Mepa KaJujyM-S-cis-TUXIOpHIo-(eTuneHauamMut-N, N'-1u-S, S-2-ponroHaTo)
pyrenar(Ill)-tpuxunpar, s-cis-K[Ru(S,S-eddp)Cl,]-3H,0. ['eomerpuja HacTanor KOMIUIEKCa je TpeT-
[I0CTaBJbEHA HAa OCHOBY €JICKTPOHCKHX alCOPILHOHUX ¥ HH(PALPBEHHUX CIIEKTapa.

(ITpumsbeno 2. aBrycra, pesuaupano 10. genem6pa 2007)
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Partitioning of w-electrons in rings of diaza-derivatives of acenes
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Abstract: A few years ago, a method was proposed for assessing the m-electron
content (EC) of rings in heteroatom-containing benzenoid molecules. In this
work, the effect of two nitrogen atoms at the opposite sides of a linear ben-
zenoid molecule on the partitioning of its m-electrons was investigated. The
results obtained can be explained by means of resonance-theoretical arguments.

Keywords: partitioning of m-electrons in rings; n-electron content of ring; aza-de-
rivatives of acenes; resonance theory.

INTRODUCTION

Recent studies! have shown that acenes and their various derivatives can be
used as organic semiconductors and are thus of great practical importance for
electronics.? This, in particular, was found3 to be the case with aza-derivatives of
acenes. In a previous work,4 the m-electron properties of monoaza acenes was
considered. Here, the studies are extended to diaza species.

In 2004, Randi¢ and Balaban>-¢ developed a method that makes it enabled
the m-electron content of rings of polycyclic conjugated molecules to be assessed.
This method was mainly applied to benzenoid and coronoid hydrocarbons.5~23
Eventually, the method was extend to heteroatom-containing molecules.24-26
The respective expression for the m-electron content of a ring R reads:24

ECR)=2 X B + X R® (1)

where INDrIS{R is the modified Ham—Ruedenberg bond order and where%and
éindicate, respectively, summation over those bonds rs belonging solely to the
ring R, and summation over the bonds rs that are shared by the ring R and
another ring. The modified Ham—Ruedenberg bond order is given by:24
PR = PR 4 S plIR 4 2 IR @
O X

* Corresponding author. E-mail: gutman@kg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0805547S
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where PUR is the ordinary Ham—Ruedenberg bond order,2’ §; and J are, res-
pectively, the degrees28 of the vertices r and s, whereas A,y and A are the cor-
responding diagonal elements of the adjacency matrix.28 In the case of nitrogen-con-
taining conjugated molecules, the following standard HMO parameterization is
employed:2?

_ f 0.5 if theatomin position risnitrogen

Arr = . . e
rr 0.0 if theatomin positionriscarbon

Recently, rules for the effect of a nitrogen atom on the partitioning of n-elec-
trons in rings of monoaza acenes were established.# The most important of these
are the following:

When the nitrogen atom is in position o (see Fig. 1), then the minimal value
of the m-electron content is in the ring Ry to which the nitrogen atom belongs.
The m-electron contents of the other rings monotonically increase as their dis-
tance from Rj increases. Therefore, the terminal ring Ry has the maximal EC
value.

If the nitrogen atom is in position 3 (see Fig. 1), then the m-electron content
of the ring Ry is maximal and of its first neighbor minimal. The n-electron
contents of the rings R3, Ry4,... monotonically increase with the distance from Ry,
becoming maximal at the terminal ring Rj,.

o 23
HOOS 0N
B p

o o
a1
N
RO GEOCTHE
N N N
a o (v
B1
N
n R @“ Ry nKi @“ Ry
B B B
B
N
Rl (=T
N N
o B a

Fig. 1. The diaza-derivatives of acenes and the labeling of the positions of the nitrogen atoms.
There are two different positions of the nitrogen atoms (o or o; and 3 or 1), but there are six
diaza-derivatives (oo, acoty, BB, PPy, of and afy).
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As seen from the above rules, the effect of a heteroatom located in a terminal
ring of an acene extends to the other terminal ring. Bearing this in mind, it seems
to be purposeful to investigate the effect of two nitrogen atoms, located at the
opposite sides of the acene molecule.

n-ELECTRON CONTENT OF RINGS OF DIAZA-ACENES

In order to best express the effects of heteroatoms on the partitioning of m-elec-
trons in polycyclic aromatic compounds, the difference between the EC value of
the heteroatom-containing molecule (h.c.m.) and the EC value of the parent hyd-
rocarbon (p.h.) is used:4

AECR) = EC(R)h.c.m. = EC(R)p h. 3)

The general forms of diaza-acenes with nitrogen atoms in the terminal rings,
as well as the labeling of their hexagons are shown in Fig. 1. As can be seen, the
nitrogen atoms can be in two different positions (a0 or o and f or Bp).
Consequently, there are six different arrangements of two nitrogen atoms (oo,
aag, BB, BR1, of and afy).

The AEC values of all rings of the six possible diaza-acenes with 4 hexa-
gons, 2 < h <10, were calculated. Some of these results (for # < 6) are collected
in Tables I, II, and III.

TABLE I. The AEC values of the rings of a.a and ooy diaza-acenes with 4 hexagons; notation
the same as in Fig. 1. Positive (resp. negative) AEC(R) means that the w-electron content of
the ring R has increased (resp. decreased) relative to the m-electron content of the same ring in
the parent hydrocarbon

h Positon ~ AEC(R;) AEC(R,) AECR;) AECR,) AEC(Rs) AEC(R)
2 oo 0.0 0.0 - - - -

oo 0.0 0.0 - - - -

3 oo —0.0146 0.0293 —-0.0146 - - -
ool —0.0182 0.0363 -0.0182 - - -

4 oo —0.0181 0.0181 0.0181 —-0.0181 - -
ool -0.0216 0.0216 0.0216 -0.0216 - -

5 oa —0.0181 0.0105 0.0152 0.0105 —-0.0181 -
ool —0.0211 0.0124 0.0174 0.0124 —-0.0211 -

6 oo —0.0166 0.0047 0.0119 0.0119 0.0047 —0.0166
ooy —-0.0191 0.0059 0.0133 0.0133 0.0059 —-0.0191

The results show similar displacements of the m-electrons in the cases aa,
a1, as well as in the cases Bp, BB1, and af, af. Therefore, attention was focu-
ed on the cases oo, BB and af. From the AEC values given in Tables I, II, and
I, the following conclusions can be reached:

If the nitrogen atoms are in positions a (or ap), then they cause a decrease of
the m-electron content of the rings Ry and Ry, (see Table I).
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TABLE II. Same data as in Table I but for B and 3f3; diaza-acenes
h Position AEC(R;) AECR,;) AECR3;) AECR,;) AECRs) AECRg)

2 Bp 0.0 0.0 - _ _ ,
BB 0.0 0.0 - - - -

3 BB 0.0546  —0.1093  0.0546 - - -
BB, 0.0515  -0.1029  0.0515 - - -

4 BB 0.0707  -0.0707  —0.0707  0.0707 - -
BB, 0.0673  —0.0673  —0.0673  0.0673 - -

5 BB 0.0770  —0.0652  —0.0234  —0.0652  0.0770 -
BB 0.0740  —0.0.633  —0.0214  —0.0633  0.0740 -

6 BB 0.0805  -0.0670  —0.0135  —0.0135  —0.0670  0.0805
BB, 0.0780  -0.0658  —0.0122  —0.0122  -0.0658  0.0780

TABLE III. Same data as in Table I but for af and a.; diaza-acenes
h Position AEC(R;) AECR,) AECR3;) AECR,;) AECRs) AEC(Rg)

2 of ~0.0873  0.0873 - - - -
apB; ~0.0851  0.0851 - - - -

3 of ~0.0431  -0.0332  0.0763 - - -
o ~0.0390  —0.0398  0.0789 - - -

4 of ~0.0296  0.0024  -0.0480  0.0753 - -
o ~0.0258  -0.0011  -0.0514  0.0783 - -

5 of ~0.0237  0.0064  -0.0020  -0.0573  0.0767 -
P, ~0.0206  0.0045  —0.0041  —0.0592  0.0795 -

6 of ~0.0200  0.0039  0.0072  -0.0062  -0.0639  0.0790
P, ~0.0174  0.0027  0.0059  —0.0075  —0.0650  0.0814

If the nitrogen atoms are in position a (or ap), the m-electron content of the
other rings monotonically increase towards the center of the molecule. In par-
ticular, if / is odd, then the maximal EC value is at the ring R(z+1)2; if /2 is even,
then the two rings Ry» and Ry p41 have greatest m-electron content.

If the nitrogen atoms are in position 3 (or 1), then (contrary to the case of
o-substitution) the greatest value of the n-electron content is in rings Ry and Ry,.

If the nitrogen atoms are in position 3 (or 1), then the minimal AEC values
are in the neighboring rings (R and Ry—1). The m-electron contents of the other
rings monotonically increase with distance from the terminal rings (see Table II).

If one nitrogen atom is in position o, and the other in position 3 (or 1), then
the m-electron contents of all rings are the result of two simultaneously, but in
opposite sense acting, effects. Thus, the ring R{, containing nitrogen in position
o, has the minimal AEC value, whereas the ring Ry, containing nitrogen in posi-
tion B (or B1), shows the maximal AEC value (see Table III).

These regularities are in agreement with the displacements of m-electrons
caused by a single heteroatom (nitrogen).#-25-26 The main differences are the con-
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sequence of the simultaneous effect of two nitrogen atoms. In the subsequent
section, it will be shown that these results are in agreement with the (qualitative)
predictions of the resonance theory.

RESONANCE-THEORETICAL ANALYSIS

In this section, a resonance-theoretical analysis of the partitioning of m-elec-
trons in the rings of acenes is described. Without loss of generality, only the case
h =5 (pentacene) will be considered. We first outline First, the resonance-theore-
tical approach to the Bp-forms is outlined.

It was shown elsewhere? that only ionic resonance structures need to be
taken into account. The most important of these are the ionic structures with mi-
nimal charge separation. However, these structures result in the same distribution
of m-electrons as in Kekulé structures, i.e., as in the parent hydrocarbon.4 There-
fore, only the ionic structures with greater charge separation are considered. The
relevant ionic structures of B3 diaza-pentacene are depicted in Fig. 2.

g 0
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Fig. 2. The considered ionic resonance
NS 375 3 5.375N forms of B diaza-pentacene. The nume-
rals inscribed in the rings indicate the

number of w-electrons belonging to that
<z> ring; for details see text.
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The structures Y, Y* have positive charges in the para position to the nega-
tively charged nitrogen atom. The next-significant structures are those with a po-
sitive charge at the neighboring ring (z1,..., Z4, 21 "»..., z4"). These forms are res-
ponsible for the differences between the £C values. Thus, by averaging the m-elec-
tron contents of rings Y and Y* (denoted by <Y>), it can be seen that the terminal
rings have the greatest m-electron contents. For the displacement of m-electrons
among the internal rings, one has to use resonance forms with still greater charge
separation (z1,..., 24, 2| »..., 24" ) have to be employed. The average of the n-elec-
tron contents of these species (denoted by <Z>) yields: EC(R3) > EC(R»),
EC(R3) > EC(Ry), i.e., EC(R2) < EC(R3) < EC(R}).

As can be seen, the diagrams depicted in Fig. 2 explain in a qualitative man-
ner the results given in Table II.

The analogous resonance forms of oo diaza-pentacene are depicted in Figs. 3
and 4. Their resonance-theoretical analysis proceeds in a similar manner.

Ys

4.4 0@0 4.4
N

N Fig. 3. The Y-type ionic structures of a.o
diaza-pentacene, analogous to those de-
<y> picted in Fig. 2.
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@@@
N N Fig. 4. The Z-type ionic structures of oo

diaza-pentacene, analogous to those de-
<Z> picted in Fig. 2.

Equal EC values are arrived at from Y7,..., Ys5*. However, this implies that
the EC values increase relative to the parent hydrocarbon in rings R; and Rs,
whereas they decrease in rings Ry, R3 and Ry4. By taking into account the Z-type
structures, one obtains EC(R3) > EC(Ry), i.e., EC(R3) > EC(Ry). In summary,
one obtains: EC(R1) <EC(R,) < EC(R3), which is in agreement with the calcu-
lated results (cf. Table I).

The same reasoning can be applied also to af-type diaza-acenes, the details
of which are omitted.

N3BOJ
PACIIOJEJIA =n-EJIEKTPOHA I10 [TIPCTEHOBUMA Y IUA3A-JEPUBATUMA ALIEHA
COBA CTAHKOBWR, JEJIEHA BYPHEBUH, UBAH I'YTMAH u PAIMWJIA MUJIEHTUJEBUh
IIpupoono—maitiemaitiuyiku gaxyaiteii y Kpazyjesyy

HenaBHo je mpemnoxeHa METOa 3a padyyHame T-€IEKTPOHCKOT cajpkaja MpCTeHOBa OeH-
3€HOUIHMX MOJIEKYJa KOjU CaJpiKe XeTepoaToM. Y OBOM pajy IpOydYaBaHa je pacrojena T-eek-
TPOHA y alleHUMa KOjH caZipe J[Ba aToMa a30Ta Ha CYNPOTHUM KpajeBUMa JHMHeapHOr JaHma. Jlo-
OWjeHH pe3ysITaTu 00jalImbeH: Cy TOMONY pEe30HAHIIMOHE TEOPH]e.

(ITpumsseno 17. nenembpa 2007)
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Franck—Condon factors and r-centroids for the
diatomic fluorides of germanium and silicon
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Abstract: A suitable potential energy function was found by analysing the po-
tential functions proposed by Morse, Mohammad and Rafi et al. for the A2Z*—
~X13), and B*XZ*-X2I1;/, band systems of GeF and the '=-!TI band system of
SiF. It was found that the potential proposed by Rafi ef al. is in close agreement
with the Rydberg—Klein—Rees (R—K—R) potential. Using this potential, the wave
functions were evaluated by the Wentzel-Kramer—Brillouin (W—K-B) method.
The Franck—Condon factors and r-centroids were computed by a numerical in-
tegration technique. The results are compared with available theoretical values.
The intensities of the various bands were investigated.

Keywords: Franck—Condon factor; r-centroid; potential function; GeF and SiF.

INTRODUCTION

Spectroscopic research on the intensities in molecular spectra has two main
components: (a) experimental intensity measurements in emission or absorption
and (b) theoretical studies (including ab initio quantum mechanical calculation)
of molecular potentials, eigenfunctions and the quantities derived there from, such
as Franck—Condon (F—C) factors and r-centroids.! Detailed knowledge of F—C
factors and r-centroids is essential for the calculation of many important data,
such as radiative life times, vibrational temperatures of the sources and relative
band strengths. The intensity distribution of various bands in any band system is
mainly governed by the F-C factors. Singh? analysed the vibrational translation
probabilities and r-centroids for diatomic fluorides of Si and Ge. Previously, the
F—C factors and r-centroids were evaluated with the wave function computed
using the Wentzel-Kramer—Brillouin (W-K-B) method for the SiH molecule.?
Nagarajan et al. computed the F-C factors and r-centroids for the SiF molecule.
In the previous works,2# the Morse potential> was used to find the wave function
but not all of them obey the Morse potential.> In this work, a suitable potential
energy function was found by analysing the potential functions proposed by

* Corresponding author. E-mail: rrpcaspd2003@yahoo.com
doi: 10.2298/JSC0805555K
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Morse,> Mohammad® and Rafi et al.” for the A2X*—X2I13,; and B2X™—X2II3),
band systems of GeF and the 1X-1IT band system of SiF. It was found that the
potential proposed by Rafi ef al.’ is in close agreement with the Rydberg—Klein—
Rees potential.8~10 Hence, this problem was revisited with the Rafi et al”
potential and the wave functions were evaluated using the W—K—B method. The
F—C factors and r-centroids were computed by numerical integration techniques.

F-C factors and r-centroids

The intensity of each individual transition between vibrational levels for an
allowed electronic transition is governed by F—C factors. The intensity ofa v',v"’
transition in emission is given by:

I (164/3h4c3)E3,,V..[TS”1 (VIR (1) (v")dr]? (1)
0

where c is the velocity of light, E » is the energy difference and R, is the elec-
tronic transition moment. When R, varies only slowly with », R, may be replaced
by an average value, R 5y. The quantity in the square brackets of Eq. (1) can then
be written as:

Ry v =Re [#1(V)P (V" )dr 2)
0

Eqation (2) defines the so-called vibrational transition moment. The integral in
the bracket in Eq. (2) is called the overlap integral and its square is known as the
F-C factor. Thus, the F—C factor can be written as:

Gy v =[[P1V)P2(v)d r]2 3)
0

where #(v') and ¥5(v") are the wave functions corresponding to the vibrational
states v' and v", respectively.

The r-centroid is a unique value of internuclear separation, which may be
associated with a v—v" band and is defined as:

[rrenEendr
Ve )P

4)

ry

RESULTS AND DISCUSSION

The molecular constants for the A2L*—X2I13/, and B2Z*—X2II3/, band sys-
tems of GeF and the !X-!TT band system of SiF are given in Table I. The wave
functions were obtained by the W—K-B method following the procedure of
Wu.ll Then, the F-C factors for the A2X*-X2II3,, and B2Z*—X2II3, band
systems of GeF were determined by the numerical integration technique and the
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values are given in Table Il and Table IIl. For comparison, the F—C factors
calculated by Singh? are also given in parentheses. From Table II, it can be seen
that the (0-2) band is the most intense one of the A2X™—X2II3/, band system,
although the intensities of the other bands (2-2), (1-0) and (0-1) are also
comparable with that of the (0-2) band. The results are in close agreement with
the values computed by Singh? for the (0,1) and (0,3) bands. For all the other
bands, there is a small deviation. This is because in this work the Rafi et al.”
potential function was employed, whereas Singh? used the Morse potential
function for computation of the wave function. From Table III, it can be seen that
the (0-0) band is the most intense of the A2X™X2II3/, band system. The
intensities of the other bands (3-2), (1-0), (1-3) and (4-2) are comparatively
intense. The F-C factors computed for X111 band system of SiF molecule are
given in Table IV, together with the values calculated by Nagarajan et al.# It can
be seen from Table IV that the (0-0) band is the most intense one, followed by the
bands (1-0), (1-1), (2 — 1) and (3—2) bands, which are also intense.

TABLE 1. Molecular constants of GeF and SiF molecules

Molecular constants
Molecules States

o,/ cm! D,/em? R./A B./em! a./cm! /102 gwx/ cm!
GeF X2H3/2 667.33  35343.6 1.7443  0.36659 0.00266 2.519938 3.15
AZZt 413.03  37943.46 1.8659  0.32035 0.00299 2.519938  1.124
B2Zt  796.99 4395191 1.6817 0.39440 0.00255 2.519938  3.613
SiF Iy 1011.20 53256.53 1.5500 0.62200 0.00041 1.837054 4.8
11 856.70  39039.09 1.6030 0.57950 0.00043 1.837054 4.7

TABLE II. Franck—Condon factors for the A2XZ™—X2I15, band system of GeF

VA" 0 1 2 3 4 5

0 0.1214 0.2407 0.2978 0.1413 0.0394 0.0052
(0.182) (0.258)  (0.2275)  (0.1444)

1 0.2643 0.0484 0.0049 0.0566 0.1120 0.1606
(0.334) (0.108)  (0.0155)  (0.069)

2 0.1804 0.0839 0.2681 0.0458 0.0002 0.0449
(0252)  (0.0175)  (0.162) (0.098)

3 0.0153 0.1579 0.0660 0.0349 0.0736 0.1960
(0.180) (0.128)  (0.0385)  (0.034)

4 0.0504 0.0970 0.0142 0.0375 0.0156 0.0089

5 0.0729 0.0434 0.3411 0.0001 0.0242 0.0307

For A2X*-X2I13,; and B2X*-X2I13,; band systems of GeF, the r-centroids
were computed using the wave function computed by the W-K-B method. The
evaluated values of the r-centroids are given in Tables V and VI. The r-centroid
values calculated by Singh? are also given in parentheses for comparison. From
Table V, it can be seen that the r-centroid value is high for the (4—4) band. The
values for the other bands (0—4), (0-5), (1-4) and (1-5) are comparable with that
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of the (4—4) band. From Table VI, it can be seen that the r-centroid value is high
for the (3—1) and (5-3) bands. For the !XT band system of SiF, the computed
r-centroid values are given in Table VII. For comparison, the r-centroids
calculated by Nagarajan et al.# are also given in parentheses. From Table VII, it
can be seen that the r-centroid value for the (4-0) band has a higher value
compared to the other bands. It is found that the values calculated in this study
are in close agreement with those computed by Singh? and Nagarajan et al.,* for
some bands, while there are small deviations for some other bands.

TABLE III. Franck—Condon factors for the B2X*-X2I15/, band system of the GeF molecule

vV 0 1 2 3 4 5

0 0.4872 0.0493 0.1915 0.0468 0.0141 0.0046
(0.512) (0.333) (0.1175) (0.030) (0.005) (0.020)

1 0.3639 0.0041 0.2523 0.2245 0.01378 0.0551
(0.3485) (0.0535) (0.2805) (0.2065) (0.0168) (0.002)

2 0.0955 0.0498 0.0035 0.0793 0.1768 0.1560
(0.1135) (0.3142) (0.0095) (0.1375) (0.1605) (0.4495)

3 0.0206 0.1112 0.0432 0.0015 0.1095 0.1118
(0.0235) (0.215) (0.1735) (0.0858) (0.046) (0.0355)

4 0.0085 0.1416 0.2162 0.0396 0.0819 0.0004
(0.0017) (0.1155) (0.211) (0.0675) (0.523) (0.0015)

5 0.0002 0.0725 0.1562 0.1805 0.0063 0.0102
(0.0024) (0.0015) (0.1365) (0.105) (0.002)

TABLE IV. Franck—Condon factors for the 'Z-!TI band system of SiF molecule

A 0 1 2 3 4 5

0 0.6625 0.1619 0.0809 0.0265 0.0030 0.6625
(0.602) (0.297) (0.082) (0.017) (0.602)

1 0.3211 0.3084 0.2002 0.1663 0.0932 0.3211
(0.314) (0.145) (0.316) (0.163) (0.314)

2 0.1005 0.3659 0.0676 0.1435 0.1776 0.1005
(0.074) (0.363) (0.007) (0.228) (0.074)

3 0.0185 0.1351 0.3228 0.0027 0.0912 0.0185
(0.010) (0.160) (0.293) (0.016) (0.010)

4 0.0006 0.0780 0.2077 0.1806 0.0038 0.0006
(0.000) (0.032) (0.228) (0.188) (0.000)

5 0.6625 0.1619 0.0809 0.0265 0.0030 0.6625
(0.602) (0.297) (0.082) (0.017) (0.602)

TABLE V. r-Centroids for the A2X*-X2I1;/, band system of the GeF molecule

Vv 0 1 2 3 4 5

0 1.8130 1.8460 1.8710 1.9173 1.9733 1.9914
(1.802) (1.8415) (1.877) (1.910)

1 1.7808 1.8347 1.7660 1.9031 1.9503 1.9591
(1.7745) (1.8175) (1.855) (1.890)

2 1.7401 1.8341 1.8299 1.9396 1.6953 1.9227
(1.743) (1.793) (1.833) (1.869)
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vIv" 0 1 2 3 4 5
3 1.5826 1.8153 1.8500 1.7977 1.9844 1.9393
(1.702) (1.764) (1.8085) (1.847)
4 1.8512 1.8086 1.6501 1.8889 2.0015 1.6268
5 1.7561 1.8705 1.7822 0.9156 1.9008 2.0520
TABLE VI. r-Centroids for B2Z"™—X2I15,, band system of the GeF molecule
A 0 1 2 3 4 5
0 1.718 1.680 1.645 1.593 1.541 1.537
(1.716) (1.672) (1.627) (1.5795) (1.5265) (1.4585)
1 1.767 1.747 1.681 1.655 1.621 1.590
(1.7675) (1.7245) (1.681) (1.637) (1.591) (1.5405)
2 1.832 1.8011 1.769 1.676 1.637 1.614
(1.8185) (1.7755) (1.733) (1.690) (1.647) (1.602)
3 1.787 1.872 1.791 1.459 1.697 1.612
(1.870) (1.826) (1.7835) (1.7415) (1.6995) (1.657)
4 1.832 1.845 1.853 1.811 1.766 1.641
(1.922) (1.8775) (1.834) (1.792) (1.750) (1.7085)
5 1.455 1.865 1.856 1.873 1.802 1.773
(1.9755) (1.929) (1.8845) (1.8415) (1.7995) (1.7585)
TABLE VII. r-Centroids for the 'Z-!TI band system of the SiF molecule
A 0 1 2 3 4
0 1.57812 1.66833 1.68932 1.70321 1.77614
(1.576) (1.523) (1.472) (1.420)
1 1.52432 1.57137 1.68216 1.69184 1.68393
(1.637) (1.585) (1.532) (1.481)
2 1.47979 1.51988 1.54269 1.70369 1.71522
(1.679) (1.646) (1.597) (1.541)
3 1.42256 1.45379 1.52266 1.27250 1.71479
(1.762) (1.706) (1.650) (1.599)
4 2.06379 1.45631 1.46030 1.51068 1.92671
(1.833) (1.771) (1.715) (1.665)
CONCLUSIONS

A suitable potential energy function was fitted for the AZX*—X2I13,, and
B2Xt-X2I13/, band systems of GeF and the !Z-1IT band system of SiF and the
Franck—Condon factors and r-centroids values were evaluated. It was found that,
for the 1Z-!TT band system of GeF and for the !=-!IT band system of SiF, the
(0,0) band is the most intense. However, for the AZX™X2II3,; band system of
GeF, the (0,2) band is the most intensive. The obtained results are compared with
the values computed by Singh? and Nagarajan et al.# It is found that the calcula-
ted values are in close agreement with them only for a few bands. For all the other
bands, there is a deviation. This may be because different potential functions were
employed for the computation and to the different methods adopted for the computation.
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OPAHK-KOHJJOHOBU ®AKTOPU U r-HIEHTPOUAU 3A IBOATOMCKE
OJIIYOPUJE '’EPMAHNIYMA U CUJIMITUIYMA

S. KANAGAPRABHA, R. RAJESWARA PALANICHAMY u V. SATHIYABAMA
Department of Physics, N. M. S. S. V. N College, Madurai — 625 019, Tamilnadu, India

AnanmuzoM (yHKIOWja NMOTEHIWjAHEe €Hepruje Koje cy mpemroxuwmm Morse, Mohammad n
Rafi ca capagmmmmmMa, Haljene cy moromme dymkmmje 3a A2X'-X2I13, u B2 '™—X2I15, cucreme
tpaka GeF u !SI cucrem SiF. YcranopibeHo je na je moTeHmmjan koju je mpemnoxuo Rafi ca
capagHuIMMa y 100poj cariacHocti ca Rydberg—Klein—Rees morennujanom. Kopucrehu osaj mo-
TeHLHjal u3padyHare cy tanacHe ¢ynkiuje momohy Wentzel-Kramer—Brillouin merone. ®pank—
—KoHnoHoBY (hakopy ¥ r-IIEHTPOUIM Cy U3padyHaTH HyMEPUYKOM MHTErpaiujom. Pesynraru cy ymo-
peleHn ca TOCTYITHUM TEOPHjCKUM BpeAHOCTHMA. VICIMTHBAHH CYy HHTEH3UTETH PA3JIMYUTHX TpaKa.

(ITpumsbeno 7. HoBemOpa 2006, peBuupano 9. pebpyapa 2007)
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Investigation of the pitting of aluminum induced by
chloride ions by holographic microphotography
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Abstract: Holographic microphotography was used to investigate the dynamic
processes of pitting during anodic dissolution of aluminum in a solution con-
taining chloride ions. The induction and the follow-up propagation processes of
the pitting were observed in real-time. A simple model of the propagating pro-
cess of the pitting was deduced from the result of the holograms of the Al/elec-
trolyte interface. The results prove that holographic microphotography is a use-
ful tool to study the dynamic processes of pitting.

Keywords: holography; pitting; aluminum; chloride ions.

INTRODUCTION

Passive films are easily formed on the surfaces of Al and its alloys in open
air and solutions without aggressive ions. However, aluminum and its alloys are
much more susceptible to pitting than other metals and a great variety of anions
can bring about pitting, such as C1, Br , etc.! The study of pitting corrosion is of
particular interest and importance in many scientific and technological applica-
tions. Many techniques, such as radiotracer techniques,2-3 adsorption from solu-
tion onto powders,# X-ray photoelectron spectroscopy (XPS),58 X-ray absorp-
tion spectroscopy (XAS),07 and Auger spectroscopy? are used to investigate the
pitting of Al and Al-alloys caused by chloride ions. Various theories on pitting
corrosion have been formulated. It was proposed that the first step in the pitting
process is the adsorption of chloride onto the oxide-covered surface due to at-
tractive forces, mainly coulombic ones, and the induction of the adsorbent by the
approaching ion.” In neutral solutions, the oxide film on aluminum has a positive
surface charge,!0 and the adsorption of chloride ions is most likely favored on a
positively charged oxide surface, as ion—ion forces are attractive in nature. This

* Corresponding author. E-mail: wangc@xznu.edu.cn
doi: 10.2298/JSC0805561L
561



562 Lletal

adsorption process is further enhanced under an anodic potential. According to
the point defect model (PDM) proposed by Macdonald et al.,!! defects exist in
the oxide film. The breakdown of the passivity of the Al electrode is caused by
the adsorption of the chloride ions into the surface oxygen vacancies. There are
still many problems concerning the pitting of Al and Al-alloys (such as deter-
ministic factors in pit initiation), which need to be studied further.!2 Opinions
differ on how the pitting is initially induced with the presence of aggressive ions
and how the pits propagate. Answers to the above unsettled questions can cast
light on the mechanism of the pitting. To observe in-situ the initiation and the
propagation processes of pitting, new experimental methods are required.

Based on the principles of holographic interferometry techniques for measu-
ring microsurface dissolution, Habib e al.!3 developed a mathematical model
and an optical corrosion-meter!4 to characterize the electrochemical and mecha-
nochemcial properties of metallic materials, such as localized corrosion of stain-
less steel,!> and the anodic dissolution behavior of carbon steel in seawater, with
and without inhibitor.16 It was proposed that holographs have many potential
applications in the field of electrochemistry, which are yet to be explored.

Holographic microphotography was employed to study the dynamic process-
es during the electrodissolution of iron in sulfuric acid solutions.!7~19 Recently,
digital holography was used to study the anodic dissolution processes of an iron
electrode.20:21

In this study, holography was employed to observe in situ how the pitting is
initially induced by chloride ions and how the pits propagate on the surface of an
aluminum electrode.

EXPERIMENTAL

A three-electrode system was used. The working electrode, 1.8 mmx1.0 mm, prepared
from aluminum of industrial purity (0.031 % Mn, 0.17 % Si, 0.01 % Cu, 0.29 % Fe, 0.05 %
Zn) was carefully embedded in resin, and only the end of the Al specimen was exposed to
solution. The specimen was polished with # 600 and # 1200 emery papers to a mirror-like
surface and then washed with alcohol and double distilled water in an ultrasonic bath before
each experiment. The counter electrode was a large platinum sheet. A saturated calomel elec-
trode (SCE) with Luggin capillary tip set at 2 mm from the working electrode surface served
as a reference electrode. All potentials reported here are referred to SCE. All electrolytes were
prepared from analytical grade reagents and double distilled water. In each run, 50 ml of the
tested solution was used. The electrochemical experiments were performed at room tempera-
ture with a CHI602A electrochemical station.

The dynamic processes of the electrode/electrolyte interface during the anodic dissolu-
tion of the electrode were videotaped synchronically by a Sony digital recorder. The holo-
grams presented here were transferred from the digital videotape with the aid of a computer.
The electrochemical cell and the light path are shown in Fig. 1. The working and the counter
electrodes were placed horizontally, facing each other. For details of the procedures of holo-
graphic microphotography, previous publications can be referred to.!7-1?
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Before the experiments in which the morphology of Al electrode was observed using a
scanning electron microscope (FEI QUANT200-ESEM), the sample was first rinsed with
anhydrous ethanol and then with double distilled water.

RW | A

Fig. 1. Schematic diagram of the arran-
gement for holographic microphotography
and the configuration of the electrochemi-
cal cell. SH — shutter; BS — beam splitter;
M — mirror; C — collimator; L — imaging lens;
Q —phase filter; H —holographic plate;
MI — microscope; E — electrochemical cell;
W —working electrode; R —reference elec-
trode; A —counter electrode; I— chloride
M ion injection tube.

RESULTS

The j — ¢ curve of the Al electrode in 3.5 % NaCl solution at —0.55 Vgcf is
shown in Fig 2. The holograms of the electrode/electrolyte interface taken at
different points illustrated in Fig. 2 during the initiation and the propagation of
pits on the surface of the electrode in 3.5 % NaCl solution are displayed in Fig. 3.

0.020
0.015
g
S 0.010-
<
"~ 0.0054
o000 Fig. 2. The i —t curve of the Al
electrode in 3.5 % NaCl solution

at—0.55 Vgcp.
Initiation of pitting

Figures 3a—3f correspond to points a to f in Fig. 2. Figure 3a exhibits the
interface at the start of the electrodissolution of the Al electrode. The dark and
bright fringes are straight and parallel to each other, indicating that there are con-
centration gradients at the electrode/electrolyte interface. However, after about
15 s of anodic dissolution of the Al electrode, as shown in Fig. 3b, the fringes
bend at one point towards the electrode surface and then small trumpet-like frin-
ges appear at other points (Figs. 3c—3e). The appearance of the fringe bend and
trumpet-like fringes indicates that the concentration gradient at the electrode/
/electrolyte interface is no longer uniform. In other word, the concentrations are
higher in the areas with trumpet-like fringes than elsewhere, which was caused
by the initiation of pitting. About 4 s later than the hologram shown in Fig. 3e,
one of the trumpet-like fringes had expanded (Fig. 3f). This indicates that the
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pitting had entered the propagating process. These trumpet-like fringes appeared
in many areas near the surface of the electrode, indicating that many pits were
initiated. However, only some of the pits propagate (Figs. 3b—3e) while the
others were repassivated.

ol

b

Fig. 3. Holograms of the Al/so-
lution interface obtained at the

points a—n shown in Fig. 2.

Propagation of pitting

After the trumpet-like fringes had expanded (Fig 3f), corrosion products
emerged in the local area (Fig. 3g). As these products diffused away from the
surface of the Al electrode, more trumpet-like fringes appeared, indicating more
pits were propagating, as shown in Figs. 3h and 3i. As the products re-emerge
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(Fig. 3j), more and more pits propagate (Figs. 3k—3m), until the entire electrode
is activated (Fig. 3n). Then the object wave was blocked by the quickly accumu-
lated products, so the fringes could no longer be observed afterwards.

Surface morphology

After the electrochemical experiment (Fig. 2), an ESEM micrograph of the
electrode was taken. Figure 4 shows pits with different diameters and depths,
indicating that these pits were at different stages of the propagation processes.

L

Fig. 4. An ESEM micrograph of the
electrode after the experiment shown
in Fig. 2.

DISSCUSSION

If the dark and bright fringes are straight and parallel to the surface of the
electrode, there may be iso-concentration planes parallel to the electrode surface.
Cl1, C2 and C3 in Fig. 5 show that there is a concentration boundary layer near the
electrode surface. This concentration boundary layer caused a gradient of the re-
fraction index. The actual imaging interferes with the reconstructed one on the ho-
lographic plate and fringes appeared whenever the following condition was satisfied:1”

Qk+1)i
2d

where An is the difference in the refractive index, d is the optical length over
which the refractive index was different, A is wavelength of the light and & is an
integer representing the order of the fringe.

When light passes through different concentration planes, different An va-
lues will be produced. The dark or bright fringe is caused by different values of An.

However, if the dark and bright fringes are neither straight nor parallel to the
surface of the electrode, there was no iso-concentration planes parallel to the ele-
ctrode surface. Trumpet-like pits gradually emerged and expanded (from Fig. 3b

An
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to Fig. 3n) along the fringes towards the electrode surface, indicating different
periods of pitting. This can be explained as follows: the fringes bend because the
concentration in the area is higher than that in other areas at the electrode/elec-
trolyte interface. As the trumpet-like fringes appear (Fig. 3b), pits start to form on
the surface of the electrode. The trumpet-like fringes expand with the increase of
the concentrations in the local area, indicating that the pits propagate. As more
and more pits propagate, the Al electrode is finally activated.

Flectrode

Cl C2 3

Fig. 5. Illustration of the iso-concentration plane
during the general dissolution of the Al electrode.

In order to visualize better how the chloride ions attack the oxide film, a
small amount of chloride ions was injected into the vicinity of the electrode sur-
face during the anodic polarization of Al in neutral NaySO4 solution, in which
medium an oxide film is readily formed on the electrode surface. The j — ¢ curve
of aluminum electrodes in 0.50 M NapySQOy4 at —0.50 Vgcg is shown in Fig. 6.
After 0.50 ml 3.5 % NaCl solution had been injected towards the surface of the
electrode, the current increased rapidly.

0.004
~ 0.003-
1
O
< 0.0021 cl
0.001 + Fig. 6. The i —¢ curve of the elec-
trode in 0.50 M Na2504 at—0.50 VSCE
GH00e === after injection of 0.50 ml 3.5 %
0 100 200 300 400 500 NaCl solution near the surface of
T/s the electrode.

The anodic oxidation of aluminum in near-neutral solutions, e.g., NaySQOy,
leads to the growth of thin barrier-type oxide films, normally less than 50 nm
thick.22 The first step in the pitting process is the adsorption of chloride on the
positively charged surface.10 The adsorption of the anions leads to the gene-
ration of cation vacancies at the film/solution interface.!l The oxide film with
defects caused by chloride ions becomes mechanically stressed and damaged by
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the pores and flaws, and finally, the passive film on the surface of the electrode is
broken. As the pits on the surface of the Al electrode propagate, the current
increases (Fig. 6).

According to the obtained results, a simple model of the propagating process
of a pit was developed, as shown in Fig. 7. During the propagating process of a
pit, both its diameter and depth develop synchronously, which is verified by the
fact that there are pits with different diameters and depths shown in Fig. 4, and
the trumpet-like fringes (Fig. 3) emerge and expand during different periods of
the anodic dissolution of the electrode.

I ' Fig. 7. Schematic diagram of the propagation pro-

cess of a pit.

CONCLUSIONS

The bending of the fringes and the appearance of trumpet-like ones at the
electrode/electrolyte interface indicate the initiation of the pitting, because the
concentrations are higher in the pitting areas than elsewhere. The expansion of
these trumpet-like fringes indicates propagation of the pitting.

A simple model of the propagation process of a pit has been deduced from
the experiment results, and it was found that both the diameter and the depth of a
pit develop synchronously.
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NCITUTUBAKBE ITMTUHI" KOPO3UJE AJIYMUHWIYMA U3A3BAHE XJIOPMIHUM
JOHUMA KOPUITREIEM XOJIOTPAD®CKE MUKPODOTOI'PAGUIE
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Xonorpadceka mukpodoTorpaduja je kopuiiheHa 3a UCIUTHBAKE TUHAMHUYKUX Mpolieca Mu-
THHT KOpPO3Hje TOKOM aHOJIHOT pacTBapama aTyMHUHHjyMa Yy pacTBOPY XJIOPUAHUX joHa. [Touerak u
pa3Boj nutHHra npahenn cy y peaqHoM BpeMeHy. Ha ocHOBY Xonorpama rpaHuie ¢asza aryMHUHH-
JYM/ENEKTPONHT U3BEACH j€ jeJHOCTaBaH MOZEN pa3Boja MUTHHTA. Pe3ynraTu moTBphyjy Oa ce Xo-
norpadcka MUKpodoTorpaduja MoXKe yCISIIHO KOPUCTUTH 338 UCIHUTHBAE AUHAMHYKHX TIpoleca
MUTHHTA.
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Abstract: A highly sensitive indirect atomic absorption spectrophotometric (AAS)
method has been developed for the determination of very low concentrations of
ciprofloxacin, amoxycillin and diclofenac sodium. The method is based on the
oxidation of these drugs with iron(Ill). The excess of iron(IIl) was extracted
into diethyl ether and then the iron(Il) in the aqueous layer was aspirated into
an air—acetylene flame and determined by AAS. The linear concentration ran-
ges were 25-400, 50-500 and 60-600 ng ml"! for ciprofloxacin, amoxycillin
and diclofenac sodium, respectively. The results were statistically compared
with the official method using #- and f-test at p < 0.05. There were insignificant
interferences from most of the excipients present. The intra- and inter-day as-
say coefficients of variation were less than 6.1 % and the recoveries ranged
from 95 to 103 %. The method was applied for the analysis of these drug
substances in their commercial pharmaceutical formulations.

Keywords: ciprofloxacin; amoxycillin; diclofenac sodium; indirect atomic ab-
sorption spectrometry.

INTRODUCTION

Ciprofloxacin, chemically 1,4-dihydro-1-cyclopropyl-6-fluoro-4-oxo-7-(1-pi-
perazinyl)-3-quinolinecarboxylic acid (Fig. 1a), is a quinolone antibiotic drug
with a broad spectrum of activity against a variety of gram positive and gram-ne-
gative bacteria. It is mainly used to treat respiratory infections (Klebsiella pneu-
moniae, Pseudomonas aeruginosa, Haemophilus influenzae), urinary tract infec-
tions, for gastrointestinal surgery, typhoid fever, gonorrhoea b (enterotoxigenic
strains of Escherichia coli), and septicaemia. Ciprofloxacin acts by inhibiting the

* Corresponding author. E-mail: rafatnejem@alagsa.edu.ps
doi: 10.2298/JSC08055691
569
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bacterial enzymes DNA gyrase. Amoxycillin (Fig. 1b) is the only phenolic peni-
cillin used as an antibacterial drug. It is a moderate-spectrum S-lactam antibiotic
used to treat bacterial infections caused by susceptible microorganisms. Amoxy-
cillin is susceptible to degradation by f-lactamase-producing bacteria and so may
be administered together with clavulanic acid to decrease its susceptibility. Di-
clofenac sodium is described as the salt of 2-[(2,6-dichlorophenyl)amino Jbenzene
acetic acid (Fig. 1c). It is a non-steroidal anti-inflammatory drug of the cyclo-
-oxygenase (COX) inhibitor type. It is used for the treatment of rheumatoid ar-
thritis, osteoarthritis, and ankylosing spondylitis, and for a variety of non-rheu-
matic inflammatory conditions.

O O

OH NH; H s CHy

HN //
HO 3 4
a b
CH,COONa
NH
Cl Cl

Fig. 1. Molecular structures of ciprofloxacin (a), amo-
c xycillin (b) and diclofenac sodium (c).

Several methods have been reported for the quantitative analysis of the cited
drugs, such as spectrophotometry,! = flow injection,’ fluorimetry,® titrimetry,”-8
electrophoresis,? microbiology,!0:!! HPLC!2.13 and AAS14-16 methods.

The reduction process of iron(III) to iron(Il) by certain drugs, such as para-
cetamol,!7 diclofenac,!8 salbutamol sulphate,!® captopril,20 amoxycillin2! and ci-
profloxacin,?! was used as the basis for their quantification based on a colori-
metric method.

The present work aims to develop a highly sensitive, simple and rapid ato-
mic absorption spectrometric method for application in quality control analysis.
The proposed method is based on the reduction of iron(IIl) by the investigated
drugs (ciprofloxacin, amoxycillin and diclofenac sodium). The excess of iron(III)
was extracted into diethyl ether?? and then iron(Il) in aqueous layer was deter-
mined by AAS. The reaction method is simple since it is a single step process.
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EXPERIMENTAL
Apparatus

The atomic absorption measurements were performed using a Perkin-Elmer AAS, Model
A Analyst 100 spectrophotometer equipped with an iron hollow-cathode lamp under the
following conditions: wavelength, 302.1 nm; lamp current, 30 mA; slit width, 0.2 nm;
air/acetylene ratio, 3.5/1.5. A UV/Vis spectrophotometer (Spectro 23 Labomed Inc. USA)
with quartz cells was used for all spectrophotometric measurements.

Chemicals and solutions

Analytical grade ciprofloxacin, amoxycillin and diclofenac sodium standards were ob-
tained from the Middle East Pharmaceutical and Cosmetics Laboratories, Palestine. Various
pharmaceutical formulations of ciprofloxacin, amoxycillin and diclofenac sodium were ob-
tained commercially. These formulations contained only the investigated drug and were not in
combination with other drugs.

Ferric sulphate was purchased from Sigma. Hydrochloric acid (32 %) was supplied by
BDH and diethyl ether by Carlo Erba. Solutions of 2.60x10-> M ciprofloxacin (10 pg ml!),
2.38x103 M amoxycillin (10 pg ml'!) and 3.14x10-3 M diclofenac sodium (10 pg ml!) were
prepared in 0.10 M HCIL. A 1.00x104 M ferric sulphate solution (40 pg ml'') was also pre-
pared in 0.10 M HCI. Standard solutions were prepared by serial dilution. All the employed
chemicals were of analytical grade. Deionised water was used for the preparation of all solutions.
Procedure

Six 2.5 ml standard solutions of ciprofloxacin (25-400 ng ml!), amoxycillin (50-500 ng ml'!)
or diclofenac sodium (60-600 ng ml'!) were pipetted into a series of 10 ml volumetric flasks.
To each flask, 1.5 ml of 1.0x10> M ferric sulphate was added. The mixtures were heated
using a boiling water bath for 10 min (100 °C). After cooling, 4.0 ml of 12 M HCIl was added
and the excess iron(Ill) was extracted with three portions of 10 ml of diethyl ether using a
separatory funnel. Then the aqueous layer containing iron(II) was aspirated into an air—acetyl-
ene flame. The absorbance of iron(Il) was measured at 302.1 nm, and the iron concentration
was determined from a previously constructed calibration curve.

RESULTS AND DISCUSSION

It was found that ciprofloxacin, amoxycillin and diclofenac sodium were
very weak reducing agents at room temperature. The oxidation of these com-
pounds was non-quantitative, slow and time-consuming. However, on heating at
100 °C using a boiling water bath, the given drugs immediately reduced iron(III)
to iron(Il) in amounts which corresponded to the concentration of the drugs. The
amount of iron(Il) was determined by AAS.

Response characteristics

The equations of the calibrations describing the relation between drug
concentration and atomic absorbance measurements obtained for ciprofloxacin,
amoxycillin and diclofenac sodium are summarized as:

Ciprofloxacin: A=1.510c—0.007 (R=0.9991)
Amoxycillin: A=1.021¢—0.005 (R=0.9986)
Diclofenac sodium: 4 =0.9832¢—0.0003 (R =0.9998)
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where 4 and ¢ are the absorbance and concentration (in pg ml~!) of the drug,
respectively. R is the correlation coefficient. The linear concentration ranges
were 25-400 ng ml~! for ciprofloxacin, 50-500 ng mI™" for amoxycillin and 60—
600 ng ml™" for diclofenac sodium, based on AAS measurements. The proposed
method exhibited a high sensitivity for the three drugs, which are 3.1, 4.4 and 4.5
ng ml™' for ciprofloxacin, amoxycillin and diclofenac sodium, respectively.
Comparison of the proposed and official method using the #-test and f~test
(p < 0.05) showed the high accuracy and precision of the AAS method. The re-
sults obtained by the proposed and official method?3 are summarized in Table I.

TABLE L. Assay of commercial tablet formulations by the AAS method and the official method?3

Official method?3 Proposed AAS method

Found  rTest* fTest” Found  tTest® f-Test”
Ciprofloxacin, 500 mg/tablet ~ 498.3£2.8  1.66 2.6 496.7£3.7  1.32 2.2
Amoxycillin, 500 mg/capsule 499.6+4.2  0.64 2.9 502.4+44.4 1.78 3.1
Diclofenac, 100 mg/tablet 100.2+£2.9  1.05 23 101.54#3.1  0.78 1.7

(= 5) = 2.776; i, (5.5) = 6.390

Drug

The intraday, interday precisions and recoveries were tested (Table II).
These data indicate that the method was reproducible within and between days.
The mean percentage recovery ranged from 95 to 103 % (RSD < 6.1 %).

TABLE II. Intraday and interday assay of ciprofloxacin, amoxycillin and diclofenac sodium

Intraday assay Interday assay

Drug c¢/pgml! Found Recovery RSD Found Recovery RSD
pg ml! % % pg ml! % %
Ciprofloxacin o 16 010320006  103.0 5.8 0098£0.005 980 5.
0.40 0.39+0.01 97.5 2.6 0.406+0.01 101.5 2.2
Amoxycillin 0.20 0.19+0.01 95.0 4.7 0.196+0.01 98.0 5.1
0.50 0.48+0.02 96.0 4.2 0.490+0.03 98.0 6.1
Diclofenac 0.24 0.235+0.01 97.9 4.7 0.238+0.01 99.2 5.5
sodium 0.60 0.61+0.03 101.7 5.2 0.590+0.03 98.3 5.8

The effects of the presence of common excipients (dextrose, glucose, sac-
charine sodium, starch, talc and magnesium stearate) were tested (Table III). There
were no significant interferences due to the presence of any of these excipients.

Selecting the optimum solvent for an efficient extraction

Several organic solvents were tested to extract Fe(Ill) in the presence of
Fe(Il), i.e., 1,2-dichloroethane, chloroform and diethyl ether. To select the suit-
able solvent, atomic absorbance values caused by the presence of Fe(Il) and
Fe(Ill) were measured after extraction with each of the three different organic
solvents. The most suitable solvent for the extraction of only Fe(Ill) in the pre-
sence of Fe(Il) was diethyl ether. The amount of extracted Fe(III) metal depen-
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ded on the concentration of the acid. The maximum extraction value was attained
with = 6 M HCI, where approximately 99.99 % of the iron(III) was extracted.

TABLE III. Recovery of ciprofloxacin, amoxycillin and diclofenac sodium in the presence of
common excipients (10 pg ml'!) using the proposed method

. . Drug recovery, ¢
Interfering material g very, %

Ciprofloxacin Amoxycillin Diclofenac sodium
Sucrose 99.9+1.7 103.0£1.1 100.4£2.2
Glucose 101.0+2.2 101.0+1.8 101.0+1.4
Saccharin sodium 98.5+1.2 99.612.1 102.0£1.7
Starch 102.0£1.6 100.2£1.3 99.20+2.1
Talc 99.8+2.0 99.612.1 100.1+1.7
Magnesium stearate 97.2+2.8 100.5+1.7 100.8+£2.2

Effect of temperature

The effect of the temperature was investigated by heating the reaction mix-
tures of these drugs in a water bath at different temperatures for 10 min. The ab-
sorbance was found to increase with increasing reaction temperature. The maxi-
mum absorbance was observed at 100 °C, as shown in Fig. 2. The time of heating
is important to ensure complete reaction. Different heating time intervals were
investigated at a constant temperature (100 °C); 10 min was found to be the opti-
mal interval time to achieve complete reaction, as is shown in Fig. 3.

0.8
0.7
0.6
0.5
~ 04
0.3
0.2 .
o1 4 Fig. 2. Effect of temperature on the
' oxidation reactions of the drugs,
0 ' ' ' ‘ " ciprofloxacin 0.4 pg ml'!, amoxy-
0 20 40 60 80 100 ... _1 ;
(/°C cillin 0.5 pg ml”, and diclofenac
—e— Diclofenac sodium —s— Amoxycillin —— Ciprofloxacin sodium 0.3 pg mlL,
0.8 -
0.7 A
0.6 A
0.5
= 0.4 A
0.3 A
0.2 Fig. 3. Effect of heating time on the
011 oxidation reactions of the drugs,
g ' ' ' ‘ ciprofloxacin 0.4 ug ml!, amoxy-
0 5 10 15 20 25 30

cillin 0.5 pg ml!, and diclofenac
sodium 0.3 pg ml-!,

Heating time , min

—e— Diclofenac sodium —s— Amoxycillin —— Ciprofloxacin
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Effect of pH

The effect of pH on the response of the oxidation reactions was determined by
recording the absorption of ciprofloxacin (400 ng mI~!), amoxycillin (500 ng mI~1)
and diclofenac sodium (300 ng ml~1) at different pH values. The absorption vs.
pH graph, Fig. 4, showed the absorbance was almost independent of pH in the
range 1.0-2.5 for ciprofloxacin, amoxycillin and diclofenac sodium.

0.6
0.4 -
=

0.2 -

Fig. 4. Effect of pH on the oxi-

) . ’ ' : . dation reactions of the drugs, ci-

0 I > 5 p s profloxacin 0.4 ug ml!, amoxy-

pH cillin 0.5 pg ml!, and diclofenac

—e— Ciprofloxacin —=— Amoxycillin —— Diclofenac sodium sodium 0.3 pg ml-!.

Iron(1ll)/Drug mole ratio

For the stoichiometric relation of the oxidation reaction of the drugs, differ-
ent amounts of iron(III), 0.2-2.5 ml aliquots (1.0x107> M ferric sulphate) were
added to 2.5 ml aliquots of solutions of the drugs, 1.19x107® M ciprofloxacin,
1.04x1076 M amoxycillin and 1.88x107¢ M diclofenac sodium. The maximum
absorbance was attained with a five-fold, ten-fold and two-fold amount of iron(III)
for ciprofloxacin, amoxycillin and diclofenac sodium, respectively (Fig. 5). Thus,
1.5 ml of a 1x1076 M ferric sulphate solution was employed to achieve a constant
and maximum absorbance for the three drugs.

0.6
0.5 1
0.4 4
03 4 —e— Diclofenac sodium
= —=— Ciprofloxacin
02 4 —a— Amoxycillin ) )
Fig. 5. Effect of iron(III) concen-
LS tration on the drugs, ciprofloxacin
0 , ; , ; ; 0.4 pug ml”!', amoxycillin 0.5 pg
0 3 6 9 12 15 ml!, and diclofenac sodium
Fe/drug mole ratio 0.3 pg mll,
CONCLUSIONS

The AAS method is highly sensitive and, moreover, it can be used for rou-
tine analysis of the investigated drugs in raw materials and pharmaceutical for-
mulations. The method is simple and rapid since it is a single step process. The
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statistical parameters and the recovery tests data clearly indicate the reproduci-
bility and accuracy of the method. The results demonstrate that the method has an
equivalent accuracy and precision as the official methods, as found from the ¢-
and f-tests.

M3BOJ
MHAWPEKTHO OAPEBUBAILE LIUTIPODJIOKCALIMHA, AMOKCUIIWMJIIMHA U
HATPUIYM-IUKIIOOEHAKA V ®DAPMALEYTCKUM ®OPMVYIJIALITMJAMA ATOMCKOM
AIICOPIIIIMOHOM CIIEKTPOMETPUIOM

MAHMOUD MOHAMED ISSA!, R>AFAT MAHMOUD NEJEM!, MONZER AL-KHOLY!, NASER SAID EL-ABADLAZ,
RAFIK SOBHI HELLES' u AKILA AMIN SALEH?

! Analytical Chemistry, °Organic Chemistry, Department of Chemistry, Alagsa University, Gaza, Palestine u
3 Analytical Chemistry, Ain Shams University, Cairo, Egypt

PazBujena je BHCOKOOCETIbHMBA HHACPEKTHA aTOMCKA allCOPIIIMOHA CIIEKTPOMETPHjCKa METOIA
(AAS) 3a ogpehuBarbe BeoMa HUCKHX KOHICHTpaLja IAIPOQIIOKCANHA, aMOKCHIIMIIMHA U HATPH-
jym-pukiodenaka. Metona ce 3acHuBa Ha okcunmauuju sexosa nmomohy Fe(Ill). Tocne yxnamama
Buiuka Fe(Ill) nuernn-erpom, Fe(I) ce mo acnmpupamy BoneHe ¢ase y IiamMeHy Ba3IyX—aleTHICH
onpehyje momoliy AAS. JluneapHocT je moTBpljeHa y omcery kommenTpanmja 25-400 ng-ml! 3a
mmpodmokcanuH, 50-500 ng-ml! 32 amoxcummmH 1 60-600 ng-ml™! 3a maTpujyM-THKITOdEHAK.
Pesynratu cy ymopeheHn ca opuuMHAIHOM METOAOM NpPUMEHOM f- H f-Tecta 3a p < 0.05. Hucy
yrBpheHe 3HauajHe nHTephepeHiuje ca Hajueimhe kopuiheHnM ekcuunujeHcuMa. KoeduimjeHr
BapHjalLyje je y CBUM CllyuajeBuMa Mawu of 6,1 %, a nmporeHaT npuHoca y omcery oz 95 no 103 %.
MeTtoa je MpUMEHmEeHa Y aHaJINW3H MOMEHYTHX JICKOBHUTHX CYIICTAHIM Yy KOMepUujaiHuM (apma-
LIEYTCKUM IIperapaTumMa.

(ITpumubeno 23. maja, peBuaupano 7. nerembdpa 2007)
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Abstract: The experiment of ex situ soil bioremediation was performed at the
locality of the Oil Refinery in Pancevo (alluvial formation of the Danube River,
Serbia) polluted with an oil type pollutant. The experiments of biostimulation,
bioventilation and reinoculation of an autochthonous microbial consortium
were performed during the six-month period (May—November 2006). The chan-
ges in the quantity and composition of the pollutant, or the bioremediation ef-
fect, were monitored by analysis of the samples of the polluted soil taken in
time spans of two weeks. In this way, from the beginning until the end of the
experiment, 12 samples were collected and marked as P;—P;, (Pan¢evo 1-Pan-
¢evo 12). The results obtained showed that more significant changes in the
composition of the oil pollutant occurred only during the last phases of the
experiment (Pg—P;,). The activity of microorganisms was reflected in the in-
crease of the quantity of polar oil fractions, mainly fatty acid fractions. In this
way, the quantity of total eluate increased, and the quantity of the insoluble
residue was reduced to a minimum, whereby the oil pollutant was transformed
to a form that could be removed more efficiently and more completely from the
soil, as a segment of the environment.

Keywords: bioremediation; oil type pollutant; soil; Pancevo Oil Refinery;
alkanes; fatty acids.

INTRODUCTION

The fate of an oil type pollutant in the environment can be monitored most
accurately by determining its quantity and studying its composition in polluted
samples from the same or a neighbouring locality during different time periods.
For example, in this way, oil microbiological transformations were monitored in

* Corresponding author. E-mail: bjovanci@chem.bg.ac.yu
# Serbian Chemical Society member.
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577



578 JOVANCICEVIC et al.

samples of ground waters during a period of almost three years in the locality of
the Oil Refinery in Pancevo (Serbia), which belongs to an alluvial formation of
the Danube River.™* The samples of ground waters were taken from the same
piesometer. An identical method was applied for determining the quantity of hyd-
rocarbons and the composition at the molecular level was defined using the in-
strumental techniques, gas chromatography (GC) and gas chromatography com-
bined with mass spectrometry (GC—MS). However, these studies obviously lasted
too long.

Simulation of natural conditions in the laboratory with the simultaneous in-
tensification of only specified factors affecting the intensity and rate of transfor-
mation enabled time saving and relevant conclusions to be reached. Thus, the
course of the biodegradation of an oil pollutant in a sample of surface water (allu-
vial formation of the Danube River, Serbia) was accelerated under the laboratory
conditions during ninety days by exposing the pollutant to the influence of those
microorganisms identified in the natural environment but at a much higher con-
centration.> There are also numerous other examples. Rosa and Trigiiis® assessed
the behaviour of oil pollutants during a laboratory investigation of bioremedi-
ation (using nutrients) in tropical coast sediments. Bioremediation experiments
on oil polluted soils were also performed using white rot fungus, Pleurotus tu-
berregium (Fr.) Sing.” A similar method was used to monitor the fate of other
non-oil organic pollutants, e.g., polycyclic aromatic hydrocarbons (PAHs),89
polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-para-dioxins
(PCDD/Fs).10.11

The mentioned experiments of bioremediation offered the opportunity to not
only gain fundamental knowledge of the fate of pollutants in the environment,
but also to asses to what extent bioremediation as a technique may be applied to
refine polluted water, soil or sediments.

In this paper, the results of a study of the decomposition of an oil-type pol-
lutant during ex situ bioremediation of soil from the pilot heap (halde) of appro-
ximately 150 m3 at the Petroleum Refinery Pancevo (Serbia) are presented. Ex-
periments of biostimulation, bioventilation and re-inoculation of autochthonous
microbial consortium were performed during a period of six months.

EXPERIMENTAL

The experiment of soil bioremediation was performed at the locality of the Oil Refinery
in Pancevo (alluvial formation of the Danube River, Serbia) polluted with an oil type pollu-
tant. It lasted for 6 months (May—November 2006). The changes in the quantity and composi-
tion of the pollutant, i.e., the bioremediation effect, were monitored by analysis of the polluted
soil samples taken in time spans of two weeks. In this way, from the beginning until the end of
the experiment, 12 samples were collected and denoted as P1—P;, (Pan¢evo 1-Pancevo 12).

Approximately, a quantity of 150 m3 of polluted soil was collected from five locations
from the refinery’s property. The samples were mechanically homogenized. Poplar cutting
was added to the soil (10 % of total volume) in order to increase its aeration. Esters of long
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chain alcohols and fatty acids were added as biodegradable substrates active at the surface
(0.20 kg m3), and manure from poultry farms as a source of nitrogen and phosphorus for
biostimulation (approx. 5 %). Thereafter, the soil was formed into a halde shape and aeration
pipes and a gutter system for collecting seepage water were installed. Manual stirring of the
soil material every two weeks ensured homogenization and additional aeration of the halde
content. The halde was protected from direct external influences by a green house.

The titre of microorganisms was determined by serial dilution on agar plates incubated at
26 °C. Nutrient agar was used for bacteria, Sabouraud glucose agar with chloramphenicol for
yeasts and moulds and a mineral base medium with 2000 ppm diesel fuel was used for
hydrocarbon-degrading microorganisms.

The population growth of the microorganisms and intensification of the biodegradation
process in addition to biostimulation was achieved by re-inoculation of zymogenous micro-
organisms. Bacteria strains which are able to decompose hydrocarbons were spawned in the
laboratory bioreactor. 10 dm3 of biomass of high density (up to 10 CFU c¢m™3) of activated
microorganisms were deposited on the experimental halde once a week during the monitoring
of the bioremediation.

The organic substance from samples P;—P;, was Soxhlet extracted with chloroform for
36 h and quantified. The group composition in the extracts was determined and fractions of
saturated hydrocarbons, aromatic hydrocarbons, alcohols and fatty acids were isolated by co-
lumn chromatography. GC—MS was applied for analysis of some of the compounds in frac-
tions. Fatty acids were detected as methyl esters formed during the elution step. Detailed des-
criptions of the analytical procedure and applied analytical techniques were discussed in pre-
vious papers.3-12

RESULTS AND DISCUSSION
The contents of the organic substance in the samples P;—P13, as well as the

results obtained by chromatographic separation of the isolated extracts are given
in Table I.

TABLE 1. Extracted content of organic matter in samples P;—P, and the results obtained by
column chromatography of the isolated extracts

Sample Date of Organic substance Saturated HC Aromatics Alcohols in Fatty acids

sampling from soil, % in eluate, % in eluate, % eluate, % in eluate, %
P, 10/05/2006 5.9 46.4 9.5 27.4 16.7
P, 24/05/2006 4.8 53.3 13.0 26.0 7.8
Ps 12/06/2006 5.9 45.9 10.8 324 10.8
Py 28/06/2006 5.7 54.4 14.4 21.1 10.0
Ps 12/07/2006 5.5 51.2 12.8 24.4 11.6
Pg 26/07/2006 4.6 45.5 17.0 26.1 11.4
P 14/08/2006 42 53.2 13.9 21.5 11.4
Pg 30/08/2006 6.6 58.1 6.5 25.8 9.7
Py 13/09/2006 4.5 53.6 10.1 21.7 14.5
Pyg 04/10/2006 6.1 494 19.5 234 7.8
Py 19/10/2006 5.3 39.2 19.6 26.8 14.4
Py 10/11/2006 4.1 333 17.1 324 17.1

The extractable contents of organic substance ranged from 4.1 to 6.6 %.
However, although the last analyzed sample contained the least amount in the
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extract, a regular decreasing trend in the total extract amount with the increasing
time of bioremediation was not observed.

Changes in the contents of the four isolated fractions of P; to Py also
showed no significant regularity. Only for the content of saturated hydrocarbons
was perhaps an evenly decreasing trend from 58.1 = 33.3 % for Pg (sample
taken on 30/08/2006) to Py (10/11/2006) observed (Table I). Based on this ob-
servation, it may be concluded that the microbiological decomposition of the
alkane fraction occurred in the second part of the bioremediation experiment. It is
very well known that saturated hydrocarbons, compared to other fractions in oil,
are the least resistant to biodegradation.!3 Therefore this reduction in the contents
of the alkane fraction may be considered as an expected and logical result.

The results of the group composition of the extracts given in Table I repre-
sent the quantities of some fractions recalculated to the total eluate. However, a
much more realistic picture on the changes in composition of the oil pollutant
during the performed bioremediation experiment (especially for samples Pg to
P17) can be obtained if the calculation includes also the residue remaining on the
column during the chromatographic separation. Then the results of the contents
of the four isolated fractions in the 12 examined samples become obviously dif-
ferent (Table II).

TABLE II. Results obtained by column chromatography of the isolated extracts (including the
column residue)

Sample Saturated HC in ~ Aromatics in Alcohols in Fatty acids in Column
extract, % extract, % extract, % extract, % residue, %
P, 37.1 7.6 21.9 13.3 20.0
P, 38.7 9.4 18.9 5.7 27.4
Py 32.7 7.7 23.1 7.7 28.8
Py 47.6 12.6 18.4 8.7 12.6
Ps 41.5 104 19.8 9.4 18.9
Pg 38.8 14.6 22.3 9.7 14.6
P, 40.8 10.6 16.5 8.7 23.4
Pg 353 3.9 15.7 5.9 39.2
Py 33.3 6.3 13.5 9.0 37.8
Pyg 349 13.8 16.5 5.5 29.4
Py 35.0 17.5 23.9 12.9 10.7
Py 324 16.7 31.5 16.7 2.8

This calculation avoids the detected reduction of the alkane fraction from Pg
to Pqp. In this phase of the bioremediation process, an obvious increase in the
content of the fatty acid fraction (5.9 = 16.7 %, Table II) occurred. GC-MS
analysis confirmed that these fractions were dominated by n-fatty acids (Fig. 1).

The quantities of the aromatic and alcohol fractions increased, with certain
deviations, from sample Pg to sample Pi». If, however, the values for these two
fractions are summed, the increasing trend was even more obvious. The detected
regularities are very clear if the values are presented as a histogram (Fig. 2).
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Fig. 1. Total ion chromatogram (TIC) of the fatty acid fraction and related chromatogram of mass
m/z 74 (typical for fatty acid esters) of the Py extract, characteristic for all the investigated
samples. As additional proof of the presence of fatty acids (or their esters), the entire
mass spectrum which matches the peak of n-C, g fatty acid esters is also given.

For the part of the bioremediation experiment covered by samples Pg to Py»,
the most obvious results are the reduction of the amount of residue remaining on
the column (39.2 — 2.8 %) and the increase in the total amount of eluate (60.8 —
— 97.2 %, Table II; Fig. 2). Based on this observation, it may be concluded that
the activity of the microorganisms contributed to the minimization of the inso-
luble part in the oil pollutant. The results of the group composition of the extracts
showed that this activity also resulted in an increase of all polar fractions (aro-
matics, alcohols and fatty acids) and that the quantity of the saturated hydro-
carbon fraction remained approximately constant. The detected reduction in the
quantity of this fraction for samples Pg—P1, based on the results presented in
Table I (calculated only for the eluate mass) is only apparent and is the conse-
quence of the increased quantities of the other fractions.
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Fig. 2. Contents of total aromatics and alcohols, fatty acids, total eluate and
the column residue for samples Pg — Py5.

CONCLUSIONS

An ex situ experiment of the bioremediation of oil polluted soil from the lo-
cality of the Oil Refinery in Pancevo (alluvial formation of the Danube River,
Serbia) was performed during a period of 6 months (May—November 2006). The
effect of the bioremediation was monitored by analysis of samples of the polluted
soil taken in time intervals of two weeks (12 samples in total; samples P;—P15). The
obtained results showed that significant changes in the composition of the oil
pollutant occurred only during the last phases of the experiment (samples Pg—P1»).
The activity of the microorganisms was reflected in an increase in the quantity of
the polar oil fractions, most obvious for the fatty acid fractions. In this way, the
quantity of the total eluate increased (60.8 = 97.2 %) and the quantity of the
insoluble residue diminished (39.2 — 2.8 %). Thus, the oil pollutant was trans-
formed into a form which could be removed more efficiently and more comple-
tely from the soil, as a segment of the environment.
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ence of the Republic of Serbia are thanked for supporting this research.
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NU3BOJ

TPAHCOOPMAILMJE 3ATABUBAYA HAOTHOI" THUIIA 3A BPEME
EKCIIEPUMEHTA BUOPEMEJIMJALINJE
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W3Bohenn cy excriepuMeHTH ex situ GnopeMenujanyje 3eMJBUINTA Ha JIOKIUTeTy Padunepuje
HagTe [lanueBo (amyBujamHa ¢opmanmja pexe yHaB). Excriepumentn cy u3BoheHH y TOKy Iie-
puona ox mect Meceuu (Maj—HoBemOap 2006. roxune). [IpoMeHe y KOJIMYUHU U cacTaBy HaQTHOT
3arajuBaya (Onopemenuanonu edekar), npaheHe cy aHanIM30M y30paka KOju Cy Y3UMaHH Yy Bpe-
MCHCKHMM pa3MaliuMa oj JBe Henesbe. Ha Taj HaumH, y TOKY HIECT MECEUH CaKymbeHo je 12 y30-
paxa o3Hauenux ca P—P;, (Pancevo 1-Pancevo 12). Jlobujenn pe3ynratu mmokasajiy Ccy 3HadajHe
IIpOMeHe y cacTaBy HaTHOT 3arahuBada camo y mocienmoj da3n excriepumenra (Pg—P,). AkTus-
HOCT MHUKPOOpraHH3aMa orjiefjajia ce y roBehamy KOJIMYMHE MOJIApHUX HAQTHUX KOMIIOHEHATa, Ha
MPBOM MecTy (pakiije MacHUX kuceinHa. Ha Taj HaunH, y 0BOj (a3u ekcriepuMenTa, nosehana je
KOJIMYMHA YKYITHOT €lyaTa, a KOJMYMHA HepacTBOPHOI OCTATKA CBE/ICHA j€ HA MMHHMMAJHY Bpes-
HOCT, YMMe je HaTHH 3araljiBay goBeeH y 00JIMK KOju ce euKacHHje MOXKe YKIOHUTH U3 3eMJbH-
Ta, Ka0 CerMEHTA )KUBOTHE CPANHE.

(TTIpumubeHo 24. okTo6pa 2007)
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Abstract: This paper presents the experimental results of the extraction of lead
and silver from a lead—silver waste cake obtained in the process of hydrometal-
lurgical zinc production. While controlling the pH value, the lead—silver cake
was leached at a temperature close to boiling point in different concentrations
of aqueous calcium chloride solutions. The experiments were performed apply-
ing different ratios between the mass of cake and the volume of the leaching
agent under different durations of the process. It was concluded that at the opti-
mal process parameters (pH 2.0-2.5; CaCl, concentration, 3.6 mol dm3; tem-
perature, 95 °C; solid/liquid ratio, 1:5), the leaching efficiency of lead and sil-
ver could reach the approximate value of 94 %. Applying the same optimal
process parameters, the method was applied to the leaching of a lead-silver
cake in a magnesium chloride solution, but with significantly lower efficien-
cies. The results show that leaching of lead and silver in a calcium chloride so-
lution could be a prospective method for increasing the recovery of lead and
silver during hydrometallurgical zinc production.

Keywords: lead—silver cake; chloride solutions; leaching; metal recovery.

INTRODUCTION

All over the world, more than 85 % of super high grade quality zinc (min.
content, 99.995 %) is produced by the hydrometallurgical process.!-2

In contemporary hydrometallurgical zinc production, greatest importance is
given to the maximum possible extraction of present other metals present in the
raw materials, especially, zinc, cadmium, copper, lead and silver. This has been
confirmed through the number of procedures (jarosite, hematite, goetite, etc.) ap-
plied in the production practice for the last several decades.3~7 The aim of the

* Corresponding author. E-mail: ducca@sbb.co.yu
doi: 10.2298/JSC0805585S
585



586 STANOJEVIC et al.

previously mentioned procedures is to obtain a more economic process by increa-
sing the efficiency of leaching, as a major production phase of metal extraction.
An increased leaching efficiency is obtained by prolonged leaching time in a
solution with higher sulfuric acid concentrations and at higher temperature. Si-
multaneously, however, in addition to zinc and other useful metals, useless iron
is also extracted. The dissolved iron must be eliminated from the process, which
is realized by transferring it into some poorly soluble iron compounds (jarosite,
hematite, goetite, efc.).® The leached residue in the jarosite technology of iron
elimination is called lead—silver cake (Pb—Ag cake), containing lead, zinc, cop-
per, cadmium, silver and other metals.8 A lead-silver cake can sometimes con-
tain up to 25 % lead and more than 500 g t-1 of silver, representing an important
economic by-product of the jarosite technology which can be valorized by con-
ventional pyrometallurgical methods in lead smelters, while the jarosite precipi-
tate has never had commercial importance.9~13

Under real industrial conditions and for different technological reasons, a
Pb—Ag cake can contain higher quantities of iron, and less lead and silver. Such a
Pb—Ag cake is not appropriate for pyrometallurgical treatment as the process is
difficult. Due to the possible appearance of low metal content Pb—Ag cakes, as
well as other similar wastes in hydrometallurgical zinc production, it is very im-
portant to define an appropriate procedure which will enable, as much as pos-
sible, the lead and silver present to be valorized from these wastes.!4~16

The process of leaching in aqueous calcium and magnesium chloride solu-
tions was selected and examined by choosing possible procedures in order to
attain effective valorization of the metals present in Pb-Ag cakes.9~11,14.17.18 A
leaching medium convenient for such a purpose should effectively dissolve lead
and silver compounds but not iron(III) compounds.!0. Bearing in mind the che-
mical composition of Pb—Ag cakes, as well as the properties of the metal com-
pounds present, it can be assumed that lead is present predominantly in the form
of PbSO4 and silver in the form of AgCl. Complex soluble chlorides, such as of
[PbCl3]~ and [PbCl4]?", i.e., [AgClh]~, [AgCl3]?~ and [AgCl4]3~ types, are ob-
tained from these compounds by leaching in concentrated solutions of alkaline
and earth-alkaline chlorides.!1:12 Thermodynamic analysis of the formation of
lead and silver complex chlorides shows that CaCl, and MgCl; solutions could
possibly be used as effective leaching agents for lead and silver from their com-
pounds in Pb—Ag cakes.!4.15,17.18

EXPERIMENTAL

Regarding the influence of temperature on transfer of silver and lead from their sparingly
soluble compounds into readily soluble complex chlorides, it was experimentally shown that
the efficiency of this process increases with increasing temperature.'*!> Due to significant
water evaporation from the reaction pulp at temperatures close to the boiling point, the work-
ing temperature in the conducted experiments was limited at 95 °C. The leaching experiments
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were conducted in a tightly closed apparatus consisting of a five-necked one-liter glass flask.
A stirrer with a water-valve, thermometer, condenser, dropping funnel for introduction of the
Ca(OH), suspension and a pH electrode were introduced through the upper necks. Such an
equipped vessel was placed into a heating mantel with an automatic regulator, providing the
required temperature in the vessel.

Figure 1 illustrates a schematic drawing of the reaction vessel employed in the leaching
experiments with chloride solution.

Fig. 1. Schematic presentation of the reaction flask employed
for the leaching experiments. 1 — Flask filled with reaction
mixture; 2 — propeller stirrer with a water-seal; 3 — dropping
funnel for Ca(OH),; 4 — electrode for measurement of the
pH; 5 — thermometer; 6 — condenser; 7 — heating mantel.

A CaCl, solution was initially used as the leaching agent whereas later an MgCl, was
used. Both solutions were prepared from analytical grade reagents.!?

The chemical composition of the Pb—Ag cake was as follows: Pb, 6.1 %; Cu, 0.32 %; Cd,
0.15 %; Ag, 0.016 %; Zn, 6.0 % and Fe, 23.6 %. It was obtained from an industrial hydrome-
tallurgical production of zinc.!2-20:21

These experiments were performed in a number of series. The concentrations of lead, sil-
ver and iron in the liquid phase formed by leaching and in the solid residue from which the
leaching was performed were determined in all cases. Based on these data and according to
mass balance in solid and liquid phase, extraction of these metals in relation to their content in
Pb—Ag cake was calculated.

Leaching into a CaCl, solution

The process of leaching of the Pb—Ag cake into calcium chloride solution was examined in
order to check the efficiency of the leaching of lead and silver in the form of complex chlori-
des, as well as to determine the effects of the following parameters on the leaching process: pH
value; solid-liquid ratio in reaction pulp (ratio between the mass of the Pb—Ag cake and the
volume of leaching agent); concentration of the leaching agent and the duration of the leaching.

Before the start of a leaching experiment, the appropriate quantity of CaCl, solution was
added to measured amount of dry Pb—Ag cake in the reaction flask. Water vapor was conden-
sed in the reflux condenser in order to prevent a change in the composition of the reaction
mixture during heating. A water seal was used to prevent the evaporation of water vapor near
the spindle of the stirrer. A decrease of the pH of the reaction mixture during the leaching
process was prevented by the addition of Ca(OH),. Under these conditions, Fe(IlI) remained
as sparingly soluble hydroxide.
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Leaching into MgCl, solution

The series of experiments on leaching into MgCl, solution were performed under the op-
timized operation procedures determined during leaching into CaCl, solution, using the same
Pb—Ag cake and apparatus.

Two series of experiments were performed in order to determine the influence of tempe-
rature and time on the leaching process. In both series, the other relevant process parameters
remained constant with values previously defined as optimal in the process of leaching into
CaCl, solution, i.e., pH of the reaction pulp 2.0-2.5, ratio between the mass of the cake and
the volume of the leaching agent , S:L = 1:5, concentration of the leaching agent 400 g dm™
and stirring rate of the reaction pulp 400 rpm.

After each experiment, the solid phase was separated by filtration, and then the cake was
rinsed with hot water in order to extract the maximum amount of leached metals.

RESULTS AND DISCUSSION
Leaching into CaCl, solution
In the first series of experiments, the influence of the pH value on leaching
efficiency of lead and silver was examined. The obtained results are shown in

Fig. 2, which shows that the efficiency of lead and silver extraction decreased
with increasing pH value.
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- 55 1 e
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= 35 ] . Fig. 2. Influence of pH on the
E 3] efficiency of Pb and Ag leaching
f;" 25 ] Ag from the Pb—Ag cake. Leaching
20 _ - . conditions: ¢ = 95 °C; solid:liquid
15 4 h‘“x._\_. ratio, 1:2; duration of leaching,
10 ] 12 h; ¢(CaCly) = 3.0 mol dm™.
10 15 20 25 an The solid residue after leaching
pH-Value was not rinsed with water.

However, since conditions of low pH values enabled the undesirable transfer
of iron into the solution, the optimal pH value for leaching was determined to be
between 2.0 and 2.5. Under such conditions, iron was not extracted while the
efficiency of lead and silver extraction was approximately 51-55 % for lead and
17-18 % for silver.

In the second series of experiments, the ratio of S:L in the reaction pulp was
examined (the ratio of the mass of dry Pb—Ag cake to the volume of leaching
solution, kg dm3). The solid:liquid ratio was changed from 1.0 kg:2.0 dm3 to
1.0 kg:7.0 dm=3. The same leaching process parameters as in the first series of
experiments were employed. The results of the second series of experiments are
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presented in Fig. 3, which shows that the efficiency of lead and silver extraction
first increased and then decreased with decreasing S:L ratio. At an S:L ratio 1.0
kg:5.0 dm3, the highest efficiency of extraction detected for lead was 75.9 and

for silver 67.2 %.
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Fig. 3. Influence of the S:L ratio
in the leaching pulp on the ef-
ficiency of Pb and Ag leaching
from the Pb—Ag cake. Leaching
conditions: ¢ = 95 °C; duration of
leaching, 12 h; ¢(CaCl,) = 3.0
mol dm3. The solid residue after
leaching was not rinsed with
water.

In the third series of experiments, the influence of the CaCl, concentration
on the efficiency of lead and silver extraction from the Pb—Ag cake was exami-
ned. The results of the third series of experiments are shown in Fig 4, which
shows that the efficiency of lead and silver extraction increased with increasing
concentration of CaCly. The best results were obtained when a CaCly concen-
tration of 3.6 mol dm=3 was employed. Under these conditions, the extraction of
lead was approximately 75 % and that of silver 78 %.
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Fig. 4. Influence of the CaCl,
concentration on the efficiency
of Pb and Ag leaching from the
Pb—Ag cake. Leaching conditi-
ons: ¢t = 95 °C; solid:liquid ratio,
1:5; duration of leaching, 12 h.
The solid residue after leaching
was not rinsed with water.

In the fourth series of experiments, the influence of the duration of leaching
on the efficiency of lead and silver extraction was determined. Since the results
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of the previous series of experiments indicate that the duration of leaching should
not be shorter than 8 h, duration times of 8, 12 and 14 h were chosen. The results
of the fourth series of experiments are shown in Fig. 5, from which it can be seen
that the optimal duration of leaching was 12 h since prolonging the time to 14 h
led to no further improvement in the extraction efficiency. The extraction
efficiency after 14 h for both lead and silver was 94 %.

95 o .::F——-l
1 L]
50 Pb
# ss_- Ag
z
5 80
£ 15
5 7 Fig. 5. Influence of the leaching
= b duration on the efficiency of Pb and
£ es Ag leaching from the Pb—Ag cake.
i Leaching conditions: ¢t = 95 °C;
1 solid:liquid ratio, 1:5; ¢(CaCly) =
s = 3.6 mol dm. The solid residue
8 5 10 " 12 13 1+ after leaching was not rinsed with
Leaching duration, hours water.

Leaching into MgCl; solution

In the first series of experiments of leaching into MgCl, solution, the in-
fluence of the leaching temperature on the efficiency of lead and silver extraction
was investigated. The results of the first series of experiments on leaching into
MgCl; solution are shown in Fig. 6, from which it can be seen that increasing the
temperature did not result in an essentially higher leaching efficiency, i.e., the
maximum leaching efficiency did not exceed 45 % and 22 % for lead and silver,
respectively.

In the second series of experiments, the influence of the duration of the
leaching on the efficiency of the extraction of lead and silver was examined.
These results are shown in Fig. 7, from which it can be seen that prolonging the
time of leaching did not significantly improve the leaching efficiency. The maxi-
mal obtained values were 40—45 % and 20-25 % for lead and silver, respectively.

In order to compare the efficiency of CaCl, and MgCl; solutions for leach-
ing lead and silver from Pb—Ag cake of the same chemical composition, a CaCl,
solution and a MgCl, solution with the same mass concentrations of 400 g dm—3
(3.6 mol dm=3 CaCl, and 4.2 mol dm—3 MgCl,) were used as the leaching agents
with the leaching parameters: temperature, 95 °C; duration of leaching, 7 h, pH
value from 2.0 to 2.5; ratio S:L, 1:5. The residue after leaching was not rinsed
with hot water. A diagram comparing the efficiency of leaching of Pb—Ag cake
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by CaCl, and MgCl, solution is shown in Fig. 8, from which it can be seen that
the efficiencies of leaching lead and silver with the CaCl, solution were 80.5 and
72.0 %, respectively, while those of the same metals with the MgCl, solution

were 39.0 and 24.6 %, respectively.
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Fig. 6. Dependence of leaching efficiency
of Pb and Ag from Pb—Ag cake by MgCl,
solution, on the temperature of leaching.
Leaching conditions: leaching duration,
3 h; pH of the reaction pulp, 2.0-2.5; S:L
ratio, 1:5; ¢(MgCly) = 400 g dm3; stir-
ring speed, 400 rpm.

Fig. 7. Dependence of the efficiency of
Pb and Ag leaching from the Pb-Ag
cake by MgCl, solution on the duration
of leaching. Leaching conditions: ¢=
= 60 °C; pH value of the reaction pulp,
2.0-2.5; S:L ratio, 1:5; ¢((MgCly) = 400 g
dm3; stirring speed, 400 rpm.

Fig. 8. Comparison of the efficiency of
Pb and Ag leaching in CaCl, and MgCl,
solutions under identical conditions.
Leaching conditions: ¢ = 95 °C; leaching
duration, 7 h; pH value of the reaction
pulp, 2.0-2.5; S:L ratio, 1:5; c(MgCl,) =
= ¢(CaCly) = 400 g dm?; Stirring speed,
400 rpm. The solid residue after leach-
ing was not rinsed with hot water.
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CONCLUSIONS

The experimental results of leaching Pb—Ag cake in CaCl; and MgCl, solu-
tions show that the CaCl; solution enabled a significantly better leaching effici-
ency of lead and silver than the MgCl; solution.

Optimal conditions for lead and silver leaching in CaCl, solution are: a 3.6
mol dm (400 g dm3) solution of leaching agent; pH value of leaching 2.0-2.5;
temperature of leaching 95 °C; S:L ratio, 1:5 in the reaction mixture and rinsing
the solid residue after leaching with hot water.

Under these conditions, the efficiency of lead and silver extraction from Pb—Ag
cake was approximately 94 %, whereby iron was not extracted but remained in
the solid residue.

Acknowledgements. The authors are grateful to Ministry of Technology of the Republic
of Srpska and “Zorka — Non-Ferrous Metallurgy” from Sabac, for giving support and financial
participation in the completion of the research which resulted in this scientific paper.

U3BO/J

EKCTPAKLMJA CPEBPA U1 OJIOBA U3 OTIIAJJHOI TAJIOT'A TIP1
XUJAPOMETAJIYPHIKOJ ITPOU3BO ALY ITMHKA

JIYUIAH JI. CTAHOJEBUR!, MIJTOLII . PAJKOBURZ, IPATAH B. TOLIKOBUR! 1 MUJIAHA A. TOMUR3

! Texnonowxu paxyaeii Yuusepsuiwieiia y Heimiounom Capajesy, Kapaxaj 6.6., 56000 36oprux, Peiiy6auxa Cpiicka,
Bocra u Xepuezosuna, *Hnciiuitiyi 3a iipexpanbeny iiexnonozujy u 6uoxemujy, Iomoipuspednu daxyitieid
Yuusepsuitieiiia y Beozpady, Hemarsuna 6, 11080 3emyn 13 Bucoka fiexnonowika citipykosna wikoaa labay,
Xajoyx Bemwkosa 10, 15000 Hlabay

VY pany cy mpHKa3aHU pe3yJITaTH HCIIUTHBama M3BIAadeHa 0JI0Ba U cpedpa M3 OJIOBHO—Cpe-
OpHOT OTIAIHOT TAJIOTa IMPU XUAPOMETATYPIIKOM IIPOIECY HNPOU3BOAKC NUHKA. IIpu KOHTpOIH-
caHoj pH BpeoHOCTH, OJIOBHO—CPEOPHHU TAJOT je JIy>)KeH Ha TeMIlepaTypu OJHCKO] TeMIlepaTypu
KJby4Yara Y BOJEHOM PAaCTBOPY KaJILHjyM-XJIOPHAA PA3IMYUTUX KOHLEHTpALHja, IIPU Pa3IndUuTOM
OJJHOCY Mace Tajlora M 3allpeMHUHE CPECTBa 3a JIy)KEeHe, Y3 PasInuuTO Tpajame rnpoueca. JJokazaHo
je Ja mpuM ONTHMalIHMM W3a0paHUM BpeAHOCTHMA mapamerapa mpoueca (pH 2,0-2.5;
xormenTpamuja CaCl,y: 3,6 mol dm™3; Temmepatypa: 95 °C; omHOC 4BpCTO:TeuHO, 1:5), MOKe GHTH
H3ITy)KeHo oko 94 % cpebpa u onosa. IIpy UCTHM mapamMeTpuMa METOJ je IPHMEHEH 32 JIyXKermhe
OJIOBHO—CPEOPHOT Tajlora y pAacTBOPY MAarHe3WjyM-XJOpHAa, alu Cy e(QeKTH IyXKema Owin
3HauajHo ciabuju. JoOujeHu pesynaraTu MoOKasyjy JAa JIyKeme oJoBa M cpebpa y pacTBOpy
KaJILHjyM-XJIOpHIa MOKe OUTH mepcrekTiBaH Meto/ nosehama nckopunihema ooBa u cpedpa y
IIpoLecy XUAPOMETATYPILIKE IPOU3BOIE LIMHKA.

(ITpumsbeno 30. oktobpa, peBuaupano 7. neremdpa 2007)
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Errata

1. Issue No. 4 (2008), Vol. 73, page 396:
— Column “Source” of the Table II should read:
26
26
17
18
27
27
27
28
28
28
29
30
30
31
32
16
16
33
27

2. Issue No. 4 (2008), Vol. 73, page 397:
— Scheme 1 caption should read:

Catalytic cycle of chymotrypsin, drown according to Fray35 and Cle-
land.8
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