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REVIEW
Investigation of metal-flavonoid chelates and the determination
of flavonoids via metal-flavonoid complexing reactions*

DUSAN MALESEV and VESNA KUNTIC**

Institute of Physical Chemistry, Faculty of Pharmacy, University of Belgrade,
Vojvode Stepe 450, 11000 Belgrade, Serbia

(Received 2 June 2006, revised 4 April 2007)

Abstract: Flavonoids constitute a large group of polyphenolic phytochemicals with
antioxidant properties which are overwhelmingly exerted through direct free radical
scavenging. Flavonoids also exhibit antioxidant properties through chelating with tran-
sition metals, primarily Fe(Il), Fe(IIT) and Cu(Il), which participate in reactions ge-
nerating free radicals. Metal-flavonoid chelates are considerably more potent free
radical scavengers than the parent flavonoids and play a prominent role in protec-
ting from oxidative stress. To unravel the origin of their potent biological action ex-
tensive physico—chemical studies were undertaken to reveal the chemical structure,
chelation sites, assess the impact of the metal/ligand ratio on the structure of the com-
plexes and the capacity of flavonoids to bind metal ions. In spite of such extensive
efforts, data on the composition, structure and complex-formation properties are in-
complete and sometimes even contradictory. The aim of this paper is to give a per-
sonal account on the development of the field through a retrospective evaluation of
our own research which covers approximately 40 complexes of flavonoids from dif-
ferent flavonoids subclasses (rutin, quercetin, 3-hydroxyflavone, morin and hespe-
ridin) with several metal ions or groups and suggest directions for future research.
Special emphasis will be given to the site of the central ion, the composition of the
complexes, the role of pH in complex formation, the stability of metal-flavonoid com-
plexes and their potential application for analytical purposes.

Keywords: flavonoids, chelates, free radical scavengers, stability constants, quanti-
tative analysis.

FLAVONOIDS

The Hungarian Nobel laureate Albert Szent-Gyorgyi discovered flavonoid
compounds in 1936.! Using evidence from his own experiments, he hypothesized
that a new vitamin — vitamin P works synergistically with vitamin C in citrus ex-
tracts to strengthen capillaries.2 Although the description of flavonoids as vita-
mins was eventually found to be inaccurate, research into their beneficial poten-
tials continued and has increased dramatically over the past two decades.3~6
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Flavonoids (flavus — yellow), or bioflavonoids, are a ubiquitous group of po-
lyphenolic substances which are present in most plants, concentrated in the seeds,
fruit skin or peel, bark and flowers.3 More than 4000 different flavonoids have
been identified to date, making them the largest group of plant chemicals. Many
fruits and vegetables, especially buckwheat, apple and onion, are some of these
sources. Beverages prepared from plant extracts (beer, tea, wine, fruit juice) are
the principal source of dietary flavonoid intake.”-16

Health benefits of flavonoids

Scientific studies conducted in the last few years generated a growing interest
in the potentially important role of flavonoids in maintaining human health. A con-
siderable number of plant medicines contain flavonoids, which have been reported
by many authors as having anti-bacterial, anti-inflammatory, anti-allergic, anti-mu-
tagenic, anti-viral, anti-neoplastic, anti-thrombotic, and vasodilatory actions.!7-3!
Overwhelmingly, the pharmacological effects are related to the anti-oxidant acti-
vity of flavonoids, arising through their ability to scavenge free radicals. When ge-
nerated in excess, free radicals can damage biomolecules, and are therefore impli-
cated in the etiology of several diseases and ageing.3? Radical scavenging by flavo-
noids occurs via electron donation from the free hydroxyls on the flavonoid nu-
cleus with the formation of a less reactive flavonoid aroxyl radical, which is stabi-
lized by resonance and therefore plays only a moderate role in the propagation of ra-
dical-induced damage in biological systems. The anti-oxidant activity of flavonoids
correlates well with their physiological function in vivo, because oxidative stress is
known to participate in the initial process of atherosclerosis leading to coronary heart
disease and other patho-physiological events. A number of studies have revealed that
flavonoids act as anti-oxidants by scavenging reactive oxygen species.33~42

Specifically, flavonoids reduce the risk of stroke and heart disease (the so-cal-
led French paradox, the lack of a positive correlation between a high intake of
saturated fat and the occurrence of coronary heart disease is related at least partly
to the consumption of red wine,*3 which is rich in flavonoids), protect against
age-related vision disorders, relieve hay fever, sinusitis, asthma symptoms, alle-
viate inflammatory skin conditions, reduce inflammation in joints and muscles,
common to rheumatoid arthritis, minimize menopausal hot flushes, shrink he-
morrhoids, reduce varicose veins and battle viral infections.!7-31:44

A considerable number of pharmaceutical preparations containing flavonoids
as active substance are commercially available today. For example, Ginkgo bilo-
ba leaf extract,*> used in the treatment of symptoms in the early stages of Alz-
heimer's disease, vascular dementia and memory impairment,*© is the most wide-
ly sold phytomedicine in Europe. Some of the commercial pharmaceutical prepa-
rations which include the flavonoid rutin are widely used for curing veins disea-
ses. Quercetin, the most biologically active and common dietary flavonoid, is
generally used as a dietary supplement.
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Structure and spectral characteristics of flavonoids

The carbon atoms in flavonoid molecules are assembled in two aromatic
rings, commonly denoted as A and B, which are connected by a three-carbon
“bridge”: C—C3—Cg, thus forming a diphenyl-propane structure with the central
unit being a benzo-y-pyrone (chromone). Multiple hydroxyl groups, sugar, oxy-
gen, or methyl groups are attached to this core structure. Depending on the oxida-
tion state of the heterocyclic ring, flavonoids are classified as flavones, flavano-
nols, flavonols, flavanones or isoflavones (Fig. 1).3

. .
Flavanonol 2
\"I 5
O >

Fig. 1. The flavonoid nucleus consists of benzo-y-pyrone (ring A and ring C) and benzene (ring B).
The major classes of flavonoids are flavone, flavanonol, flavonol, flavanone and isoflavone.

Being pigments responsible for the color of leaves, herbs and petals, flavo-
noids strongly absorb ultraviolet (UV) radiation. Therefore UV—Vis spectroscopy
remains the main tool for structural analysis of flavonoids. Typically, two major
absorption maxima are observed in the UV—Vis spectrum of flavonoids. The ab-
sorption maximum observed in the range 240-285 nm is referred to as band II
and the one between 300—400 nm as band I. In general terms, absorption band II
may be considered as originating from w — w* transitions in the A ring, a ben-
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zene system, whereas the absorption band I is attributed to transitions in the B
ring, a cinnamoyl system. The position of band I in flavones is between 304-350 nm,
while flavonols absorb in the range 352—-385 nm. Highly oxygenated flavones
and flavonols tend to absorb at longer wavelengths than those with fewer oxygen
substituents. Methylation or glycosylation of the hydroxyl groups on the flavo-
noid nucleus usually results in hypsochromic shifts, predominantly of band I. The
book by Marby? provides a detailed catalogue of UV spectra of 175 flavonoids.

METAL-FLAVONOID CHELATES

Due to their specific chemical structure, flavonoids easily chelate metal ions
and create complex compounds.

Biological activity of metal—flavonoids complexes. chelates as free radical scavengers

In addition to direct free radical scavenging, flavonoids exert anti-oxidant
activity through interactions with the reduced form of transition metals, primarily
Fe(Il), Fe(I1I) and Cu(I), which participate in reactions generating free radicals.#”
Flavonoids may sequester metal ions by chelating and preventing metal-mediated
generation of free radicals and, accordingly, may protect the potential biological
targets from oxidative stress. Thus, the overall anti-oxidant action of flavonoids
appears to be a combination of a direct reaction with free radicals and chelating
the metal ions responsible for the production of reactive oxygen species.

It was confirmed in numerous studies that flavonoids function as anti-oxi-
dants mainly by chelating metal ions.#3-60 Moreover, experimental data have
shown that the chelates are considerably more effective free radical scavengers
than the free flavonoids. Kostyuk et al.5¢ found that complexes of rutin, dihydro-
quercetin or epicatechin with Fe(I), Fe(Ill), Cu(Il) or Zn(Il) are more effective ra-
dical scavengers than the free flavonoids, due to the acquisition of additional su-
peroxide dismutating centers. These complexes show elevated efficiency in pro-
tecting red blood cells against asbestos-induced oxidative injury in vitro. Accor-
ding to the same authors, the Cu—rutin complex was found to be the most effect-
tive anti-oxidant against asbestos-induced lipid peroxidation in pulmonary tissue
in vivo.5® Moridani et al.57 found that the Fe(III) complexes of flavonoids were
much more effective than the free flavonoids in protecting isolated rat hepatocy-
tes against hypoxia—reoxygenation injury. By using the 1,1-diphenyl-2-picrylhy-
drazyl radical scavenging method, de Souza and de Giovani®® found antioxidant
activities of the quercetin, rutin, galangin, and catechin complexes more effect-
tive then free flavonoids. Afanas'ev et al.5° found that Fe(Il)- and Cu(Il)-rutin
complexes were more efficient free radical scavengers in vitro and ex vivo. These
complexes decreased the production of oxygen radicals by xanthine oxidase, rat
liver microsomes and the rat peritoneal macrophages, as well as the generation of
oxygen radicals by bronchioalveolar cell from bleomycin-treated rats by 2—30 ti-
mes compared to the parent rutin.>® The anti-oxidative activities of morin and its
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Pd(ID)- and Pt(I)-complexes were also investigated.%0 The anti-oxidative effects
(scavenging superoxide radicals) of the complexes were greater than that of mo-
rin itself, while the Pt(I[)-complex exhibited stronger scavenging efficacy than the
Pd(IT)-complex. Both the Pd(Il)- and Pt(II)-complexes showed an inhibitory ef-
fect on lipid peroxides which was greater than that of free morin.%0 Due to anti-
oxidative mechanisms, morin complexes with La(Ill), Gd(III) and Lu(III) ions
against three bacterial strains, i.e., Escherichia coli, Klebsiella pneumoniae and
Staphylococcus aureus showed inhibitory action.®! Rare earth metal(IIl) comple-
xes with quercetin can bind to DNA thereby changing its transcription and re-
pressing the growth of tumor cells.62

Complexes of flavonoids play an important role in limiting metal bioavaila-
bility and suppressing metal toxicity. For example, aluminum has been impli-
cated in neurological and bone disorder. The complexation of AI(IIl) by quer-
cetin reduces aluminum overload in the diet.%3 By forming complexes, flavo-
noids appear to be a suitable antidote for heavy metal poisoning in vivo.%4 Quer-
cetin, as an active biological ligand, might be an appropriate Mo(VI) chelator in
the case of molybdenum deficiency caused by irradiation, since the use of molyb-
denum salts is undesirable because of their high toxicity.65

Physico—chemical features of metal—flavonoid complexes

Understanding the mechanisms of chelation of flavonoids by metal ions per-
mits a better understanding of their complex anti-oxidant properties. Therefore,
many metal—flavonoid complexes have been synthesized and characterized in the
past several years.%0-74 Elemental and thermal analyses, conductivity and cyclic
voltammetry, as well as IR, Raman, 'H-NMR, "C-NMR, UV—Vis and fluores-
cence spectroscopy have been used to asses relevant interactions of flavonoids
and metal ions, the chelation sites, the dependence of the complex structure on
the metal/ligand ratio, the capability of flavonoids in binding metal ions, efc.
However, data on the composition, structure and complex-formation features are
sometimes incomplete and contradictory. The outcome largely depends on the
experimental condition and the type of assay employed.

Metal-flavonoid complex compounds are the subject of our longtime res-
earch during which their properties, composition, complex formation features,
stability constants, as well as analytical appraisal were investigated.”>-111 Start-
ing in the early 1980's until now, approximately 40 complexes of flavonoids from
different flavonoids subclasses (rutin, quercetin, 3-hydroxyflavone, morin and hes-
peridin, Fig. 2) with a number of metal ions or metal groups have been invest-
tigated. Considering the importance of metal chelation for the understanding of
the anti-oxidant behavior of flavonoids, our aim is to give a personal account on
the development of the field through a retrospective of our own research. In ad-
dition, analytical methods suitable for routine analysis involving the spectropho-
tometric determination of flavonoids via complexing reactions are also reported.
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Fig. 2. The investigated flavonoids: a) rutin

OCH, (3,3’,4’,5,7-pentahydroxyflavone-3-rhamnoglu-
coside), b) quercetin (3,3',4',5,7-pentahydroxyfla-
O.H.C. O o O ), b) q ( pentahydroxy

92112 vone), ¢) morin (2',3,4',5,7-pentahydroxyflavone),
‘ d) 3-hydroxyflavone (3-hydroxy-2-phenyl-4H-
-1-benzopyran-4-one or 3-hydroxy-2-phenylchro-
mone) e) hesperidin (hesperitin 7-rhamnogluco-
OH O side). Rutin and hesperidin are glucosides con-

e) taining sugar moiety.

UV-Vis spectra

Metal—flavonoid chelates are usually colored. In the presence of metal ions,
a bathochromic shift is typically observed in the absorption spectra of flavonoids.
The reaction with AICI3, described for the first time in 19623 is actually the
earliest presented complexing reaction of flavonoids with aluminum as the cen-
tral ion and flavone as the ligand. Already then it was observed that complex for-
mation causes a bathochromic shift in both absorption bands, I and II, and that
the shift is reversed by increasing the acidity of the medium. A similar behavior is
observed for all flavonoid subclasses possessing 5-hydroxy-4-keto, 3-hydroxy-4-keto
and/or o-dihydroxy groups, suggesting that these moieties are important for che-
lation. This red shift is caused by the increased conjugative effect when the com-
plexes are formed to give a new ring (Fig. 3).

The site of the central ion

In each flavonoid molecule, there are three domains that can likely interact
with metal ions, i.e., the 3',4'-dihydroxy group located on the B ring, the 3-hyd-
roxy or 5-hydroxy and the 4-carbonyl groups in the C ring. Generally, the chela-
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ting properties of flavonoids toward metal ions have been attributed to the pre-
sence of the 3- or 5-hydroxypyran-4-one, rather than the ortho-hydroxyl groups
in the B ring.""> Our own IR spectroscopic results the Pd(IT)—quercetin!2 (Fig. 4)
and UO,(I)-rutin!0! (Fig. 5) complexes also confirm that the benzoyl moiety is
the major site for metal chelation. There are, however, studies proposing the cate-
chol moiety as the major site for metal chelating.54:66 The results of Bodini et
al.113 indicate that coordination to the catechol group of quercetin is the strongest
for iron, even in acidic media. Cornard and Merlin70 assert the opposite, that in
acidic media the ortho-dihydroxyl groups of quercetin are never involved in com-
plexation with AI(IIT). The same authors found two binding sites in the Al(IIT)—quer-
cetin complex; the first one involved in complex formation is the 3-hydroxychro-
mone and the second one is the ortho-hydroxy groups, which are strongly depen-
dent on the medium and pH. Depending on the experimental conditions, as well
as with an excess of the metal ion, Torreggiani et al.’? also found that two chelat-
ing processes occurred consecutively, implicating two binding sites in the Cu(Il}—quer-
cetin complex. Based on '"H-NMR, DTA curves and fluorescence spectroscopy,
Tang et al.%0 proposed the site of metal ion in chelation given in Fig. 6.

A
Band 11
\ Band I
\
\
N
\
\ p
PHI)
\
\
HL N
\-
200 300 400 00 Fig. 3. The red shift of band I and band II in
A /nm morin (HL) after reaction with Pt(II).%
OH OH

OC,,H

12 2109

Fig. 4. Formation of uranyl-rutin complex in a 1:1 stoichiometric ratio: a) rutin, b) complex. Favored
metal site is 5-hydroxypyran-4-one, rather than the ortho-hydroxyl groups in the B ring.!0!
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Fig. 5. Composition of the Pd(IT)—quercetin complex. Favored metal site is
3-hydroxypyran-4-one, as confirmed by IR spectroscopy.'®

Fig. 6. Probable structure of M(I)-morin complexes
M = Pt(Il), Pd(Il) and Zn(Il). The structure is sug-
gested due to the fixation of ring B caused by the ef-
fect of coordination after the complex was formed.*

Composition of the complexes

Based on our research, only mononuclear complexes (with one central ion)
were formed under the investigated experimental conditions (water—alcoholic so-
lution, neutral or acidic media, maximum concentration of 0.0025 mol dm™ for
rutin, quercetin, morin and 3-hydroxyflavone and 0.0015 mol dm™ for hesperi-
din). The maximum number of flavonoids in a complex never exceeded two.
Though complexes comprising a greater number of flavonoids as ligands are
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sterically unfavorable, Zhou and co-workers®? found by fluorescence spectrosco-
py 1:3 complexes of quercetin with eight rare-earth metal ions as the central ions.
The stoichiometric composition of flavonoid complexes is typically determi-
ned by the following methods: the method of continual variation of equimolar
and non-equimolar solutions, the molar-ratio method, the Bent—French and Nach
methods. 14115 According to longtime experience, the most reliable results were
obtained by the method of continual variation of equimolar solutions, while the
method of continual variation of non-equimolar solutions is not recommended for
metal—flavonoids complexes because of low reproducibility. It was also found
that the Bent—French method is not sufficiently accurate for complexes with a 1:2
stoichiometric ratio, but is acceptable for complexes with a 1:1 composition. Ac-
cording to recent literature, these methods were not widely utilized by other au-
thors (only the molar ratio method and method of continual variation were used
by Cornard and co-authors),”””" but we find them still suitable taking into ac-
count their simplicity and inexpensiveness. The compositions of the investigated
flavonoid complexes, as well as the methods used, are presented in Table I.

TABLE 1. Composition of the metal-flavonoid complexes. MR: Mole ratio method, B-F:
Bent—French method

Flavonoid Method Metal ion Metal/flavonoid pH Ref.
Rutin Job, MR Cu(Il) 1:2 6.1 78
MR, B-F Zn(1D) 1:1 6.2 79
MR, Nach, Job Pb(II) 1:2 4.5 80
MR, Nach, Job Ni(Il) 1:2 6.2 82
MR, Nach Co(II) 1:1 5.0 83
B-F, Job, MR MoO2~ 1:1 6.3 91
MR wWO3 1:2 7.0 92
Job, MR Eu(III) 1:2 5.0 98
Job, MR UO,(IT) 1:1 6.8 101
Job Pd(ID) 1:2 8.2 103
Job, MR TiO(C,0,4); 1:2 6.4 107
Quercetin MR, Nach Ni(II) 1:1 5.0 81
MR, Nach Co(II) 1:1 5.0 84
Job, MR Pd(IT) 1:1 6.2 102
Job, MR TiO(C,0,)5" 1:2 6.4 109, 111
Morin Job, MR Cu(ID) 1:2 5.8 76
Job, MR, Nach Zn(II) 1:2 55 77
Job wOo3 1:2 5.2 97
Job Pd(II) 1:1 5.5 106
Job, MR TiO(C,0,);5" 1:2 43 110

MR, B-F Ba(Il) 1:1 42 85
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TABLE 1. Continued

Flavonoid Method Metal ion Metal/flavonoid pH Ref.
3-Hydroxyflavone Job Zn(1D) 1:1 5.8 75
Job, MR, Nach Pb(IT) 1:1 6.1 93
Job, MR Ni(II) 1:1 6.1 95
Job Co(IT) 1:1 6.2 86
Job, MR MoOj" 1:2 6.3 90
Job wOo3 1:2 8.6 94
Job Eu(1II) 1:2 5.7 96
Job, MR, B-F UO,(IT) 1:1 3.5 88
Job, MR TiO(C,0,);” 1:2 5.0 108
Job, MR Mn(II) 1:1 6.3 87
Hesperidin Job, MR Cu(IT) 1:2 5.7 105
Job, MR UO,(I1) 1:2 3.7 104
Job, MR AI(TIT) 1:1 3.7 100
Job, MR Zr(IV) 1:1 3.6 99

The role of pH in complex formation

Flavonoids are weak polybasic acids that tend to protonate.!!4 Therefore, pH
has a considerable impact on complex formation. According to our results, com-
plexes with the highest coordination number are typically formed in slightly aci-
dic or neutral pH, rarely in basic media. The optimal pH for complex formation,
although strongly dependent on the features of the metal ion, is around pH 6. Com-
plex formation at pH values lower than 3.0 is difficult because the flavonoids are
predominantly present in their undissociated form. Although high pH values fa-
vor deprotonation of flavonoids and, consequently, more complex species, at hi-
gher pH values metal ions are often involved in side reaction (hydrolysis) and
hydroxo-complexes are formed.”5~111

Complexation with flavonoids as unidentate or bidentate ligands leads to the
formation of complexes that contain protons in addition to the metal ion and li-
gand (so-called protonated complexes) which tend to dissociate at higher pH va-
lues. Thus, the bathochromic shift that can be observed in the absorption spectra
of metal-flavonoid complexes at higher pH values can be attributed to the disso-
ciation of the protonated complexes, rather than the formation of complexes with
different stoichiometric compositions.!02-109 The absorption spectra of the titanyl-
oxalato—quercetin complex at different pH values are presented in Fig. 7. The ma-
jority of the investigated metal—flavonoid complexes follow this pattern.102-109

Stability of complexes

Several methods for spectrophotometric determination of the stability cons-
tants of metal-ligand complexes have been described, such as the Sommer,
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Bent—French and Nach method, the method of continual variation of equimolar
solutions, the molar-ratio method and the Bjerrrum method.!14-115 We found the
Bjerrum method to be the most appropriate for metal-flavonoid complexes, hav-
ing satisfactory reproducibility and accuracy. The method was modified and sim-
plified by MaleSev and the adopted method (denoted with Bjerrum* in Table II),
described in detail in the literature,91.94.100,102 \ag extensively used in our re-
search. The stability constant of approximately twenty metal-flavonoid comple-
xes were calculated using this method, Table II (note that only one value for the
stability constant is presented although two or more methods were applied in the
study, but gave approximately equal results).

A
1.6

1.2+
0.8 1

0.4+

0.0

T T T T T T T T T
380 400 420 440 450 480
A/ nm

—

T
500

Fig. 7. Absorption spectra of the titanyloxalato—quercetin complex obtained at different pH values;
curves 1-12: pH: 3.6 (1), 4.3 (2), 5.0 (3), 5.6 (4), 6.8 (6), 7.2 (7), 8.2 (8) 9.2 (9), 10.0 (10), 12.2
(11), 10.6 (12). The bathochromic shift is due to dissociation of the complex.'®

In general, the majority of the investigated complexes can be characterized
as moderately (5 < logf < 10) or highly (logf> 10) stable. It is interesting to note
that in the highly stable complexes, the central ion is typically an anion, i.e., tita-
nyloxalate TiO(C,0,);” and WO, in complexes with rutin, morin and 3-hydroxy-
flavone and MoOi_ in the complex with 3-hydroxyflavone, rather than a cation.
This is in discordance with the crystal field theory, which describes bonding in tran-
sition metal complexes and states that the interactions between ligand and metal
are partly electrostatic. However, the molecular orbital theory allows overlapping
of atomic orbitals with the same symmetry between the central ion and the li-
gands. Thus, bonding in metal—flavonoid complexes probably occurs by electron
transfer from the d orbital of the metal ion to the n* orbital of the flavonoid.!!3

For several investigated rutin complexes, the values of the thermodynamic pa-
rameters for complex formation were determined and they imply that the reaction
between a flavonoid and a metal ion occurs spontaneously at room temperature.!11
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TABLE II. Stability constants of metal-flavonoid complexes. Bjerrum* denotes Bjerrum's modi-
fied method

Flavonoid Method Metal ion Stability constant pH
logf
Rutin Sommer, Nach Cu(Il) 10.76 6.1
Nach, B-F Zn(1T) 4.68 6.2
Sommer, Nach Pb(II) 13.81 4.5
MR, Nach Ni(II) 8.95 6.2
Nach, MR Co(ID) 6.04 5.0
B-F, Bjerrum* MoO2~ 8.01 4.0
Bjerrum* wOo; 13.44 4.0
Bjerrum* Eu(III) 10.59 5.0
Bjerrum* uo,d1) 6.57 4.0
Bjerrum* Pd(II) 10.15 8.0
Bjerrum* TiO(C,0,4)5" 10.80 6.5
Quercetin MR Ni(II) 5.57 5.0
Sommer Co(II) 4.87 5.0
Bjerrum* Pd(1D) 6.05 5.0
Bjerrum* TiO(C,0,)5” 11.84 6.5
Morin Sommer Cu(Il) 4.94 5.8
Sommer Zn(IT) 6.74 5.5
Bjerrum* WOy~ 11.6 3.0
Bjerrum* Pd(IID) 4.55 4.0
Bjerrum* TiO(C,0,);" 7.35 8.0
MR, B-F Ba(II) 4.55 42
3-Hydroxyflavone Sommer Zn(IT) 8.51 5.8
Nach Pb(ID) 7.74 6.1
Nach Ni(II) 7.63 6.1
B-F, Nach Co(1D) 10.87 6.2
Bjerrum* MoO2~ 15.13 6.3
Bjerrum* WO 16.45 4.0
Bjerrum* Eu(III) 13.47 6.0
B-F, Bjerrum* UO,(IT) 8.68 4.0
Bjerrum* TiO(C,0,4);" 16.65 5.0
B-F, Bjerrum* Mn(II) 543 6.0
B-F, Bjerrum* Cddn 5.90 6.2
Hesperidin Bjerrum* Cu(Il) 5.78 7.0
Bjerrum* uo,d1) 7.00 6.0
Bjerrum* Al 4.54 5.0
Analytical appraisal

Due to their significant health benefits, sensitive analytical methods are re-
quired for the quantitative determination of flavonoids in crude plant materi-
als/extracts, plant-based beverages and pharmaceutical preparations. Until now, a
number of analytical techniques have been described for the quantification of fla-
vonoids. Liquid chromatography is currently the most commonly applied method
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for routine determination of flavonoids. Reversed phase RP-HPLC approaches
established in the late 1980s!16 aim at the separation, identification and quantiza-
tion of flavonoids in crude plant materials/extracts and plant-based beverages.!17-126

Given that metal—flavonoid chelates are usually colored and absorb at a dif-
ferent wavelength, the complexing reactions of flavonoids with metal ions can be
optimized and utilized for the quantitative determination by indirect spectropho-
tometric methods. By measuring the absorbance of the newly formed colored
complex, the amount of the complex-forming constituent (metal ion or ligand fla-
vonoid) can be quantified. Flavonoid-complexing reactions are particularly suita-
ble for analytical purpose because the solutions of the complexes show excellent
characteristics for detection by spectrophotometric techniques (intensive color,
clear, translucent and rather stable in time).”>~111 The intensity and the hue of the
color of the complexes depend strongly on the chemical properties of the flavor-
noid, in particular the number and the position of the hydroxyl groups in the
flavonoid molecules, as well as the properties of the metal ion. The length of the
conjugated m-bond system which includes the reactive groups affects conside-
rably the absorption intensity and hence sensitivity.

Several official methods for flavonoid determination recommend the emp-
loyment of complexing reactions. For example, the Romanian Pharmacopoeia X
established the usage of AICI; as a colorimetric reagent for the quantitative ana-
lysis of flavonoids in Cynarae folium,'27 and a general color test for identifica-
tion of flavonoids in extracts obtained from stems, leaves and flowers prescribes
the reaction with 5 % FeClz.128 During the late 1960s and early 70s, interactions
of flavonoids with metal ions were investigated for analytical purposes.!29-145 In
these articles, chelating reactions of flavones and flavonols were predominantly
described, emphasizing their potential for analytical determination of metal ions
in the atmosphere, natural water, biological materials and alloys. The following
detection limits for some of the metal ions were achieved: 5.5 ppm for Zr(IV),
2.8 ppm for Mo(VI), 3.7 ppm for W(IV) and 0.5 ppm for Fe(Ill) based on com-
plexing reaction with rutin.!45 To improve the sensitivity and selectivity of metal
determination, multi-ligand complexes incorporating a metal, flavone and some
other ligands (antipyrine, CIO,, SO;") were synthesized.!45 Being suitable for
metal determination, complexing reactions of flavonoids have been extensively
investigated during last ten years.!46~153 For this purpose, quercetin and morin
were the most widely used flavonoids for the determination of Al(III), Cr(III),
W(IV), Zn(ID), Ti(IV), Fe(I1I) and Mo(VI).

Determination of flavonoids via colored complexing reactions

Numerous complexing reactions have been optimized and adjusted for spec-
trophotometric determination of the parent flavonoid.88-109 Alcohol-water mix-
tures were used as the solvent. The composition of the solvent was optimized to
achieve complete dissolution of both components, and ranged typically between
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50 to 80 % ethanol (methanol for hesperidin complexes). The ionic strength and
pH were adjusted to a constant value. Parameters, such as linearity, interval
(range), specificity, estimated limit of detection (LOD), estimated limit of quanti-
zation (LOQ), recovery (R, %), precision or relative standard deviation (RSD, %)
were established.

Generally, the Beer law was obeyed in the range from 1076 to 10-3 mol dm—3
for the considered flavonoid, with excellent linearity. Among a variety of selec-
ted metal salts, potassium titanyloxalate is particularly suitable for analytical
purposes.!99 For the determination of rutin via the titanyloxalato complex, the
best detection limit LOD = 0.67 ug ml~! was obtained.107

Complexing reactions were also optimized in an attempt to develop a simple,
rapid and inexpensive method for the routine determination of flavonoids in com-
mercially available pharmaceutical preparations (Table III). Using the proposed
method, it was possible to eliminate the matrix interference since the flavonoid
molecules exclusively form the complex. A good selectivity (ability to accurately
measure an analyte in the presence of other substances that may be present in the
sample matrix) with respect to other constituents in the sample matrix (tablet ex-
cipients and diluents, other active principles) was achieved by the proposed as-
says. The low values of the obtained RSD (less then 3 %) and recovery lying in
the stated range (Ph EUR 97), indicate good application of the method for flavor-
noid determination in oral dosage forms.

TABLE III. Spectrophotometric determination of rutin and quercetin in oral dosage forms, and hes-
peridin in orange juices via the complexing reaction

Rutin Quercetin Hesperidin in orange juice
Metal ion Ref.
etal 10 Rec;;/ery R;)D Rec:;:/ery R;)D Trade name ]:I(l)grll(ll D e
AI(IID) - - - - “Happy day” 268 168 100
”Bravo” 6.79 7.88
Pd(IT) 102.5 0.57 - - - - - 103
UO,(IT) 97.9 0.75 - - - - - 101
TiO(C,04)3~ 973 0.87 104.5 2.80 - - - 107,111

However, the selectivity with respect to other compounds which are structu-
rally/chemically related to flavonoids is low in complex matrices, such as Ginkgo
biloba preparations. However, in mixtures of flavonoids and other relevant com-
ponents containing one component in a relatively large excess, the same proce-
dure can be applied. For example, the content of hesperidin in orange juice is si-
gnificantly higher than other flavonoids. Thus, using the complexing reaction
with AI(IID), it was possible to determine hesperidin in orange juice.!00 Since the
amount of hesperidin differs significantly in different species, even in one and
the same plant material, depending strongly on the region of growth and the sea-
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son, the content of hesperidin is usually not declared by producers, but the con-
centration obtained in the investigated brands of orange juice with this particular
reaction, corresponds to those found by other authors.!54

CONCLUSIONS

The overall anti-oxidant action of flavonoids is achieved through synergy
between a direct reaction with free radicals and the chelation of metal ions which
are responsible for the production of reactive oxygen species. To unravel the ori-
gin of their potent biological action, many metal-flavonoid complexes have been
synthesized and characterized. Our research in metal-flavonoid complexes co-
vers approximately 40 complexes of five flavonoids (rutin, quercetin, 3-hydroxy-
flavone, morin and hesperidin) with a number of metal ions or metal groups. Only
mononuclear complexes were formed under the employed experimental conditi-
ons. The 3- or 5-hydroxy group and the 4-carbonyl group in the C ring are main
metal complexing domains which interact with metal ions. The majority of the
investigated complexes are moderate (5 < logf < 10) or highly stable (logf> 10)
complexes. Some complexing reactions were utilized to develop simple methods
for routine determination of rutin, quercetin or hesperidin in commercially avail-
able pharmaceutical preparations or beverages.

Acknowledgments: We gratefully acknowledge the partial financial support in grants No. 143012
and No. 142013 of the Ministry of Science of the Republic of Serbia.

NU3BOJ

NCIINTUBABE METAJI-OGJIABOHOU/] XEJIATA 1 OAPEBUBAIE ®JIABOHOUJA
TTPEKO KOMIUJIEKCHUPAJYRE PEAKIIMJE METAJI-®JIABOHOU ]

JYIIAH MAJIEIIEB u BECHA KYHTWUR

Institutza Fizi~kuhemiju, Farmaceitski Fakultet, Univerzitet uBeogradu,
Vojvode Stepe 450, 11000 Beograd

OJ1aBOHOMAN MIPE/ICTaBIbA]y BEJHKY IPYITy MOMHU(EHONIHHUX jeIHbCHha OUBHOT HOPEKIIa, KOjU
MMajy aHTHOKCHIAHTHa CBOjCTBa 300T IHPEKTHOI «XBaTama» CI000MHUX pajukaia. AHTHOKCH-
JAHTHO J1€jcTBO (hTaBOHOHMIM Takohe OCTBapyjy CTBapameM XelaTa ca jOHMMa Mpesla3HUX MeTaja,
npBerctBeHo ca jounma Fe(Il), Fe(Ill) u Cu(Il), koju camu y4ecTByjy y peakuuju cTBapama Cio-
OoIHMX paaMKana. XenaTd MeTan—(IaBoOHOUI Cy MHOTO e(DUKACHHjU «XBaTaunm» CIOOOTHHUX Pajy-
Kajia 0 MAaTHYHUX (HIIABOHOM/A U MOTY 3alITHTUTH HNOTCHIMjAJIHE METE y OpPraHu3My OJf OKCH[a-
THBHOT cTpeca. Jla 6K ce pasjacHHO MeXaHHM3aM OHOJIOLIKOT JIeNOBaka KOMILIeKca MeTan—(hiiaBo-
HOMJI, UCITUTHBAHE CY (DU3MYKO—XEMHUjCKE KapaKTEePUCTHUKE KOMILIEKCA: MECTO BE3UBamba jOHA Me-
Taja, 3aBUCHOCT CTPYKType KOMILIEKCa O] OJHOCA MeTall/Turan, ahuHuTeT (hJ1aBOHOUIA 32 BE3U-
BamkE€ METAIHOT joHa, UTA. MehyTum, nmopaum o cacraBy, CTPYKTYPH M OCOOMHAMa KOMIUIEKCA Cy
HEKOMIUIETHH U TIOHEKaJa KoHTpaaukTopHu. CTora je Hamepa OBOT' paja Ja KPO3 PETPOCIEKTHUBY
HAlIUX pe3yiTara 1aMo JINYHHU JOTNPUHOC Y HCIUTHBAKY MeTal—(IaBOHOM KOMIUIEKca. Y MpHKa-
3aHOM PEBHjaTHOM pajlly CaKyIlJbCHH Cy CBH HAIlM pe3yJTaTu o npuommkHo 40 KoMIuiekca oopaso-
BaHMX H3Mely mer ¢uraBoHOMIA (PYTHH, KBEPIETHH, 3-XUAPOKCH(IABOH, MOPHH U XECIICPHIUH) H
Beher Opoja MeTaTHHUX jOHA WJIM METAHHX rpymna. VICTakHyTH Cy TOAaIy O MECTY Be3HBama LICH-
TPAJIHOT jOHa y KOMIUICKCY, CTEXHMOMETPHjCKOM OAHOCY MeTan—jurasn, yrtunajy pH Ha dopmu-
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pame KOMIDIEKCa U KOHCTaHTaMa CTa0MITHOCTH KoMIuiekca. Takole, y OBOM paly MpHKa3alu cMO U
MIPUMEHY MeTan—()IaBOHOM KOMITIEKCa y aHATUTHYKE CBPXE.

(Ilpumibeno 2. jyna 2006, pesuupano 4. anpuia 2007)
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A mild and effective method for the conversion of alkenes into
alcohols in subcritical water
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Abstract: Alkenes were oxidized to alcohols in subcritical water. A number of alke-
nes were oxidized directly to their alcohols in excellent yields. The syntheses were
performed in 215 cm® stainless steel high pressure reactor at 120 °C in 150 cm’
water. The yields of alcohols increased with the nitrogen pressure.

Keywords: alkene, alcohol, subcritical water, oxidation.

INTRODUCTION

Several methods such as oxymercuration, hydroboration, treatment with
water in the presence of an acid catalyst and addition of water to olefins in the
presence of a transition metal catalyst as well as strong acid catalyzed reactions
in subcritical water have been introduced in the literature for the hydration of
alkenes.! Although the conversion of alkenes to alcohols have been known in sub-
critical media (Fig. 1),2 many of the methods3 employ strong acids and metal ca-
talysts which are not environmentally friendly. The use of subcritical water as a
medium for chemical reactions has recently received a great deal of attention.4->
In contrast to many other solvents, water not only provides a medium for solution
chemistry but also often participates in chemical events. Water also offers practi-
cal advantages over organic solvents as it is inexpensive, readily available, non-
toxic and non-flammable. A previous study,® the oxidation of toluene to aromatic
aldehydes with molecular oxygen in subcritical water was reported. In
continuation of our recent work, oxidative coupling of thiols with molecular
oxygen in subcritical water was performed’ and an alternative procedure for the
conversion of alkenes into alcohols was reported.©

OH

Subcritical water

120°c, H

Fig. 1. Conversion of alkenes to alcohols.

* Corresponding author. E-mail: rozen@mersin.edu.tr
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EXPERIMENTAL

IR spectra were recorded on a Win First Satellite® model spectrophotometer. 'H-NMR
spectra were obtained using a 400 MHz Bruker DPX® instrument.

General Procedure

The reactions were performed at 120 °C and in a 215 cm? stainless steel pressure reactor
equipped with a N, pressure gauge, safety valve, digital temperature reader, heater and magnetic
stirrer. The pressure was kept at 50 bar with N,. A glass vessel was inserted into the reactor to
avoid the catalytic effect of steel and corrosion. The reactor was charged with alkene (1 g) and
150 cm3 H,0. N, was supplied through a tube directly into the liquid phase. After completion of
the reaction, the reactor mixture was cooled to room temperature and extracted with ethyl acetate
(3x25 cm?). The combined organic extracts were dried (MgSO,4) and evaporated on a rotary
evaporator under reduced pressure. Then the desired products were chromatographed over silica gel
using ethyl acetate as the eluent. Evaporation of the solvent gave fairly pure alcohols, which were
identified by IR and 'H-NMR spectroscopy.

RESULTS AND DISCUSSION

In the present work, four monocyclic and four bicyclic olefins were conver-
ted into the corresponding alcohols in excellent yields. The reactions were perfor-
med at 120 °C under various pressures of nitrogen. The reactor was heated slight-
ly before the reactions were commenced. Air oxygen and oxygen dissolved in
water was removed from the reactor by bubbling nitrogen gas. Then, nitrogen gas
was introduced into the reactor and the temperature was maintained at 120 °C.
The reactions were monitored by TLC. In order to investigate effect of pressure
on the yields, the reactions were carried out at different pressures. The yields
were shown to depend on the nitrogen pressure. Reactions were performed at 20,
30, 40 and 50 bar of nitrogen. When the pressure was greater than 50 bar, the ole-
fins polymerized. On the other hand, when the pressure was decreased below
20 bar, the reactions were incomplete. The ideal pressure was 50 bar of nitrogen.
Similarly, different temperatures were examined. The best temperature was
found to be 120 °C. All the products were characterized by their spectral data and
comparison with reported data.8-10

As can be seen from Table I, the yields of alcohols from bicyclic olefins
were slightly higher than from monocyclic olefins. The reactions times of the
bicyclic olefins were shorter than those of the monocyclic olefins. It is assumed
that these conversions proceeded via a radical mechanism, because the behavior
of subcritical water as a radical oxidant in the presence of a metal catalyst has
been known for a long time.2 However, hitherto alkenes have not been converted
to the corresponding alcohols in subcritical water without a metal catalyst. Oxa-
benzonorbornadiene (entry 8) was converted to 1-naphthol by the opening of the
oxygen bridge, because the oxygen bridge is weaker than the methylene bridge.
This result was to be expected.

The presented method is a simple, economic, environmentally friendly me-
thod for the transformation of olefins to alcohols.
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Table 1. Conversion of olefins into alcohols in subcritical water

Yield / %
Entry Substrate Product r/h p(N,) / bar
20 30 40 50
OH
1 @ O/ 88 70 75 80 80
OH
2 O O/ 78 75 80 85 85
OH
3 Q O/ 88 80 83 83 90
OH
4 98 78 85 82 85
5 Ab AX\\//OH 48 87 90 95 90
6 @X\\//OH 39 73 78 80 85
OH
7 @6 38 80 85 85 85
1) OH
8 @b 210 75 80 83 85

Reactions conditions are exemplified in the general reaction procedure. Isolated yields obtained after
chromatography. All products were characterized by "H-NMR and IR spectroscopic data and their physical data
compared with literature data.

Acknowledgments: We are grateful to the Mersin University Research Council and TUBITAK (The
Scientific and Technical Council of Turkey) for the supporting this work (Grant No: TBAG-2235).
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Do altered activities of superoxide dismutases and
the level of NF-xB modulate the effects of
gamma radiation in HeLaS3 cells?
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Abstract: Most experimental models, including cell culture studies, have demon-
strated that over-expression of manganese superoxide dismutase (MnSOD) in cells
bearing a carcinoma phenotype has anti-proliferative and tumour suppression chara-
cteristics. In contrast, when cervical carcinoma biopsies express MnSOD, there is a
poor prognosis and resistance to radiation therapy. The results herein indicate that
human cervical adenocarcinoma (HeLaS3) cells have increased MnSOD activity
(up to 50 % of the total SOD activity) due to low expression of its repressor p53
and a high level of oxidative stress arising from the cell culture conditions. High
MnSOD activity may be related to HeLaS3 cell radioresistance, illustrated by a
high ICsy of 3.4 Gy and by a relatively high level of cell viability after gamma
irradiation. In contrast to MnSOD activity, cytosolic CuZnSOD activity decreased
after ionising radiation. The catalase (Cat) activity was unchanged. IR also increa-
sed the nitric oxide synthase (NOS) activity. Such conditions lead to increased con-
centrations of the superoxide radical, hydrogen peroxide and NO', which together
may be responsible for the decreased expression of NF-kB and unaltered Cat ac-
tivity. Therefore, the disturbed redox balance within HeLaS3 cells may be respon-
sible for the cytotoxicity observed at higher irradiation doses. It could be concluded
that inhibition of the CuZnSOD activity may be an important target for the selective
killing of radioresistant cancer cells.

Keywords: gamma irradiation, antioxidant enzymes, NF-xB, p53, HeLaS3 cells.

INTRODUCTION

Carcinoma of the uterine cervix is one of the most frequent malignancies in
the human population with 500,000 newly diagnosed cases annually.!-2 It is usu-
ally treated by surgery in combination with subsequent ionising radiation (IR)
therapy.3=5 Cervical carcinomas are characterised by the fact that approximately

# Serbian Chemical Society member.
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half of the biopsies express manganese superoxide dismutase (MnSOD) and there
is significant association between MnSOD expression, poor prognosis and resis-
tance to IR therapy.® A cervical carcinoma cell culture model (HeLaS3 cells)
constitutively possesses enhanced MnSOD activity, probably due to the inserted
human papilloma virus E6 protein causing ubiquitination and degradation of p53.7
In p53-deficient cervical carcinoma cells, resistance to irradiation correlates with
an increased expression of MnSOD and this enzyme is negatively regulated at the
transcriptional level by p53.8 Adaptation of these cells grown in culture may lead
to up-regulation of the antioxidant defence enzymes.’ Thus, induced over-expres-
sion of MnSOD in HeLaS3 cells could further influence their response to a free
radical challenge.!0

Elevated MnSOD activity represents a survival factor which is required for
the maintenance of mitochondrial integrity in cells exposed to adverse conditi-
ons.!1.12 Tt seems that there is an established molecular basis for the correlation of
MnSOD expression in cervical carcinoma and resistance to IR therapy. As MnSOD
is predominantly anti-apoptotic,!3:14 MnSOD over-expression in tumours could
offer a survival advantage to tumour cells, leading to their radioresistance due to
their low apoptotic potential.l> High MnSOD activity leads to an increased am-
ount of hydrogen peroxide (HyO;) which could via NF-xB activation and trans-
activation of the MnSOD gene build up a positive feed-forward loop.16

NF-kB is considered to be a primary oxidative stress-responsive transcript-
tion factor which plays a critical role in balancing pro- and anti-apoptotic activi-
ties.17-18 NF-«B is sensitive to concentrations of ROS and can be activated by
H,0; in a cell type-specific manner.!? Increased activity of NF-kB may promote
the survival of mutated cells.20 In contrast, other studies have indicated that over-
expression of MnSOD is closely associated with tumour regression in vivo and
loss of malignant phenotype in vitro.21723 The current prevailing theory of the tu-
mour-suppressing ability of MnSOD is that an imbalance in the redox state of the
cell leads to an inhibition of cell proliferation. One explanation for these growth-
suppressive effects of MnSOD could be the resulting imbalance of the anti-
oxidant enzymes, which favours HyO, accumulation.24 Possible mechanisms for
the suggested tumour-suppressive consequences of MnSOD over-expression
could be the modulation of specific oncogenes,?5 up-regulation of protease
inhibitors2® and inhibition of the transcription factors AP-1 and NF-kB.27

In the present study, alterations in the expression of NF-kB and p53 and
alterations in the activity of the major anti-oxidant enzymes MnSOD, CuZnSOD
and catalase (Cat), and inducible nitric oxide (NO°) synthase activity (iNOS) in
HeLaS3 cells exposed to IR were explored. The obtained data offer practical
information concerning the therapeutic effects of IR when biopsies of human
uterine cervical carcinoma express MnSOD.
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EXPERIMENTAL

Cell culture. The human uterine cervical adenocarcinoma cell line HeLaS3 was obtained from
the American Type Culture Collection (Rockville, MD, USA). The cells were maintained in 95 %
Ham’s F12 supplemented with 5 % heat-inactivated foetal calf serum, 100 IU mI"! penicillin and
streptomycin and 2 mM L-glutamine (all obtained from Sigma—Aldrich, Taufkirchen, Germany). The
cells were grown as a monolayer in a humidified atmosphere of 95 % air and 5 % CO, at 37 °C.
Asynchronous cultures were chosen for all the experiments because techniques for the synchroni-
sation of mammalian cell lines often lead to perturbation of cell cycle checkpoint mechanisms.28

Cell irradiation. IR (2, 5 and 10 Gy of gamma-rays) was delivered during the exponential
phase of cell growth using a ®®Co source at a fixed dose rate of 20 Gy h'l.

Cell viability. Cell growth and viability were determined using the Trypan Blue exclusion assay.

Sample preparation and Western blot analyses. Trypsinised and washed cells were lysed us-
ing a buffer containing 10 mM Tris—HCI pH 7.4, 0.32 M sucrose, 5 mM MgCl,, 1 % Triton X-100
and a protease inhibitor cocktail. The protein concentration in the cell lysates was determined by
the Lowry method.2 Aliquots of lysates were mixed with denaturing buffer according to Laem-
mli,3? boiled (100 °C, 2 min), separated by SDS—polyacrylamide gel electrophoresis (60 pg of cell
protein per gel lane) and transferred to nitrocellulose membranes. The membranes were blocked
using 10 mM Tris buffer pH 7.4 supplemented with 150 mM NaCl, 1 % BSA and 0.1 % Tween-20.
The membranes were separately incubated with rabbit anti-actin antibody (CSA-400), anti-mouse
p53 antibody (KAM-CC002), both from Stressgen Biotechnologies, Victoria, BC, Canada, and rab-
bit anti-NF-kB antibody (NF-xB p65, C-20; SC-372, Santa Cruz Biotechnology, CA, USA). A se-
condary goat anti-rabbit IgG HRP conjugate (SAB-300) and an anti-mouse IgG HRP conjugate
(SAB-100) (Stressgen Biotechnologies, Victoria, BC, Canada) were used for detection. The quanti-
fication of the specific antigen bands was performed using an UltroScan XL scanning laser densito-
meter and computer image processing. The level of detected proteins by Western blotting was ex-
pressed in arbitrary units (AU mg'! of protein).

Determination of enzyme activities. SOD activity in cell lysates was determined according to
McCord and Fridovich as the percentage inhibition of superoxide (Q,) formation induced by the
xanthine—xanthine oxidase system.3132 The results are expressed as units mg! of total cellular pro-
tein. Cat activity was determined according to Claiborne.?3 One unit of Cat activity is defined as
the amount of enzyme that degrades 1 umol of HyO, min™! mg™! of protein.

Citrulline assay. The L-citrulline assay was used to measure the inducible NOS activity by a
colorimetric assay of deproteinised samples, as previously described by Boyde et al.3* In parallel,
L-citrulline was used as a standard and taken through the full assay procedure. All assay reagents
were purchased from Sigma—Aldrich.

Statistical analysis. The values are presented as mean + standard deviation (SD) calculated
from four individual experiments. Statistical significance was evaluated using the one-way analysis
of variance and the Tukey post-hoc test; p < 0.05 was considered to be statistically significant.

RESULTS AND DISSCUSION

To investigate the effect of IR on cell viability and cell growth, HeLaS3 cells
were irradiated with 2, 5 and 10 Gy, returned to normal culture conditions and
then analysed 24, 48 and 72 h after irradiation. Cell growth inhibition, expressed
as the cell viability index, Vj, was significantly reduced after IR treatment. This
reduction was both time- and dose-dependent (Fig. 1B). The greatest effect of IR
was observed after a dose of 10 Gy, which inhibited cell proliferation by 80 % (at
72 h after irradiation, p < 0.001). The calculations indicated that the Vj was 18.1£3.0,
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whilst the IR dose that decreased cell growth from 100 to 50 % (ICsg) was
3.4%0.2 Gy. This relatively high ICs classifies HeLaS3 as a radioresistant cell li-
ne. This was confirmed with the high cell viability, which decreased to only 60 %
after 10 Gy at 72 h post irradiation (Fig. 1A). The results indicated that IR-medi-
ated HeL.aS3 tumour suppression occurred via a non-cytotoxic mechanism.

A - Viability B - Viability index
O control o2 Gy |5 Gy |10 Gy
x ¥ ¥ * 4
« 100 2% i * £, Fig. 1. The time- and the dose-de-
E L, R pendence of cell viability (panel A)
ks ¥ 3 and cell viability index (panel B) of
E U *: irradiated HeLaS3 cells. The results
g ©  are presented as mean £SD, n=4.
Z % *p <0.05, **p <0.01 and ***p <0.001,
24 48 72 24 48 72 refer to differences between irradia-
t/h ted samples vs. the respective control.

In order to investigate the molecular basis of the anti-proliferative action of
IR, the activity of the three anti-oxidant enzymes MnSOD, CuZnSOD and Cat, as
well as of inducible NOS, was determined. It is known that selective elevation of
MnSOD activity increases the resistance of both non-malignant and malignant
cells to oxidants and oxidant-generating events such as IR35737 but may, under
unbalanced conditions culminate in increased sensitivity. The high constitutive
MnSOD expression in HeLaS3 cells, potentiated with mild oxidative stress under
the cell culture conditions,” may be related to their observed radioresistance, illu-
strated by their high ICsg and V. However, IR caused a further increase in the
MnSOD activity (which is in agreement with observations of other authors)38 si-
multaneously with a decrease in the CuZnSOD activity (Fig. 2). Cytosolic CuZnSOD
activity has generally not been found to be elevated in tumours. Furthermore, its ex-
pression is not dependent on the generation of reactive oxygen species (ROS).39
This is in accordance with reports indicating that conditions generating O, such
as IR, could induce the synthesis of MnSOD but not of CuZnSOD.40 The present
observations concerning SOD activities were similar to those previously found in
HTE epithelial cells and MCF-7 human breast adenocarcinoma cells.#! As the
Cat activity remained unchanged (Table I), such a situation led to unbalanced
conditions with a high pro-oxidative potential of endogenously formed HyO,. The
high H>O» concentration could also have been the reason for the inhibition of
CuZnSOD activity, but not of MnSOD activity. Decreased CuZnSOD activity
can contribute to decreased cell proliferation, as fibroblasts derived from CuZnSOD
knockout animals proliferate more slowly (25 % less) than control cells, empha-
sising the importance of CuZnSOD activity in cell growth and survival.#2 Inhibition
of CuZnSOD activity may cause accumulation of endogenous O, and lead to free
radical-mediated mitochondrial membrane damage, release of mitochondrial
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cytochrome ¢ and increase apoptosis of cancer cells.#> The present results also
indicate that targeting CuZnSOD activity may be a promising approach to the se-
lective killing of cancer cells.43 Untoxified HyO, may be related to cell cycle
arrest in the S phase via Cipl (p21) and cyclin D3 inhibition.* IR induces a late
S phase arrest in HeLaS3 cells. This latter observation was noted in a previous
study#S as well as in an independent study.#6

O MnSOD 3 CwZnSOD

&,
g 0,3 x E i
© 02 i

f" . Fig. 2. IR-induced changes in MnSOD and
o 01 % ¥ % CuZnSOD activity in irradiated HeLaS3
g 0.0 E. _ * cells (analysed 72 h after irradiation). The
L results are presented as mean £SD, n=4.
control 2 5 10 #+kp < (0,001 refers to differences between

Irradiation dose, Gy irradiated samples vs. the respective control.

TABLE I. Antioxidant enzyme activity and expression level of transcription factors in irradiated
HeLaS3 cells (analysed 72 h after irradiation). The results are presented as mean £SD, n=4.
**p < (.01 and ***p <0.001 refer to differences between irradiated samples vs. the respective control

Catalase L-Citrulline NF-xB p53
U mg" % of control AU mg! AU mg!
Control 122+1.0 100.0 £ 1.7 100.0 £2.9 100.0 £0.7
2 Gy 128+ 1.8 107.5£2.5 89.8 £4.6 99.5+1.2
5 Gy 133+£22 112.9 £2.6%* 82.1 £ 6.9%** 945+ 6.4
10 Gy 139+ 1.6 115.2 £ 0.8%** 75.1 £ 4.7 94.1+3.7

Key signalling networks which regulate the response to IR also involve the
redox-sensitive transcriptional factors p53 and NF-kB. In the current HeLaS3
cell study, in contrast to some other cell lines,*’ IR did not induce expression of
p53.8 However, it led to a decreased expression of NF-kB, by approximately 25 %
(Table I). It is well established that NF-xB may protect against a variety of apo-
ptotic signals. In addition, its decreased expression has been shown to enhance
the sensitivity of tumours to apoptosis induced by IR. Furthermore, there is corre-
lation between increased NO™ production after IR, NF-kB inhibition by NO' and
induction of apoptosis in several cell lines. These findings could explain the IR-me-
diated down-regulation of NF-kB observed in this study. Increased activity of iNOS,
measured by the citrulline assay (Table I), could be one of the reasons for the
decreased NF-kB expression. Another reason may be a mechanism involving
over-expression of MnSOD. Such a signalling pathway linking MnSOD over-ex-
pression with down-regulation of NF-«xB has been described in MCF-7 cells.#!

CONCLUSIONS

In conclusion, IR-induced cellular perturbations in HeLaS3 cells involve
down-regulation of NF-kB (p65) expression, increased activity of mitochondrial
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MnSOD and unchanged Cat activity. Such a situation leads to an increase in the
endogenous level of HyO», which may be related to cell cycle arrest in the S phase
via Cip1 (p21) and cyclin D3 inhibition.3 The present results also indicated that cy-
tosolic CuZnSOD activity decreased upon IR treatment, which could have been a
consequence of a high endogenous concentration of HyO,, leading to decreased
cell proliferation. Therefore, it is proposed that targeting CuZnSOD with an inhi-
bitory adjuvant drug may be a promising approach to the selective killing of can-
cer cells.

Acknowledgement: The work was supported by a project grant (number 143042B) from the Serbian
Ministry of Science.
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Hajsehu Opoj excriepuMeHTaTHIX MOJIeNa, KOjU YKJbYUYjy H CTyAdje Ha henujama y KyATypH,
nokasyje 1a nosehana ekcripecuja MaHraH-cynepokcua-aucmyrase (MnSOD), y henujama koje umajy
MaJHTrHU (EHOTHII, UMa aHTHIPONIN(EepaTHBHE U TyMOP-CYIPECOPCKE KapaKTEPUCTUKE. 3a Pa3IHKy
o]l Tora Kajia cy OuorcHje KapiuuHoMa LepBrkca yrepyca MnSOD no3uTHBHE, IIOCTOjH JIOIIA [POT-
HO3a U PEe3UCTEHINja Ha Tepamujy 3pademeM. Hamm pesynaratn mokasyjy xa henumje xymasor ajne-
HOKapIHOMa nepBuKca yrepyca (HeLaS3) mmajy nosehany MnSOD axrusHOCT (710 50 % ox yky-
mHe SOD akTUBHOCTH) 300T HUCKE €KCIIPECcHje HBeHOT pernpecopa pS3 1 BUCOKOT HUBOA OKCHIATHB-
HOT CTpeca, KOju MporcTHYe U3 ycioBa y henujckoj kyntypu. Bucoka aktusHocT MnSOD modxke ce
MOBE3aTH ca HUXOBOM PaJMOPE3UCTEHIMjOM, Koja ce orena y BucokoM ICsy ox 3,4 Gy u pena-
THUBHO BHCOKO]j BUjaOMIIHOCTH HAaKOH 03payMBama. 3a pa3nuky o MnSOD akTHBHOCTH, aKTHBHOCT
nutocomHe CuZnSOD ce cMmamyje HakOH O3padyrBama. AKTHBHOCT KaTajla3e ce He Mema. JOHH-
3yjyhe 3paueme Takohe moBehaBa aKTHBHOCT a30T-MOHOKCHA-CHHTa3e. TakBU yCIOBH BOJE MOBeE-
hamy KOHIIeHTpanuje cynepoKCHIHOT paanKala, BOJOHHK IIEPOKCHAA U a30T MOHOKCHA, KOjH 3a-
jeaHo Mory OMTH OATrOBOPHU 3a cMambeHy excripecHjy NF-kB u Hen3MemeHy akTUBHOCT KaTaase.
Osako nopemehena penokc paBaorexxa y HeLaS3 henujama Moxxe OUTH OArOBOpHA 332 LUTOTOK-
CHYHOCT 3anaxkeHy npu BehuM Jo3ama 3pauersa. CTora ce MOXKe 3aKJbyUUTH J]a THXUOUIIHja aKTHB-
Hoct CuZnSOD en3uMa npezncTaBiba 3Ha4ajaH (AKTOP Y CENICKTUBHO] IIUTOTOKCHYHOCTH PajHo-
pe3ucteHTHHX hennja kaHLepa.

(ITpumsbeno 21. ¢pebpyapa 2007, peBuanpano 31. maja 2007)
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Abstract: Naphthenic acids were isolated from gas oil fractions (distillation interval
168-290 °C) of Vojvodina crude oil “Velebit”, characterized and their biological
activity evaluated by the biochemical changes in cuttings of Robinia pseudoacacia
after treatment with naphthenate. The activities of IAA peroxidase, total peroxida-
ses and amylase, as well as the contents of reducing sugars and total proteins, were
determined in the basal parts of soft wood cuttings of black locust after treatment
with sodium naphthenate or the sodium salt of 1-naphthaleneacetic acid (NAA),
concentration 10”7 mol dm™ for 3 or 6 h. High activities of ITAA oxidase and amy-
lase, together with a low activity of peroxidase (which is known as being stimula-
tory for the initiation and activation of primordia) were obtained after the three-hour
treatment with sodium naphthenate. Six-hour treatment had an inhibitory effect on
the examined biochemical markers. The effects of three- and six-hour treatments
with NAA were between those of the corresponding treatment with naphthenic acids.

Keywords: naphthenate, rooting, biochemical markers, black locust.

INTRODUCTION

Naphthenic acids represent a complex mixture of cycloalkyl and alkyl carbo-
xylic acids which are found in raw oil and fractions obtained by its distillation. In
previous studies, it was shown that naphthenic acids from the fraction boiling in
the temperature range 168-290 °C during the atmospheric distillation tempera-
tures of Vojvodina crude oil “Velebit” exhibited certain biological activity in
respect of the uptake of various ions,!-2 as well as an activity similar to that of the
plant hormones auxin and gibberelline.3 Naphthenic acids from this oil fraction
stimulate the rooting of cuttings and the lateral branches of sunflower,* as well as
of poplar hardwood cuttings.’

* Corresponding author. E-mail: kevresan@polj.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0710953K
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On the other hand, in higher concentrations, naphthenic acids and their salts
show harmful effects on plants, for example, they inhibit leaf growth, stomatal
conductance and net photosynthesis in aspen (Populus tremuloides) seedlings.®

The effect on rooting could be also examined by the activity of some enzy-
mes, such as IAA oxidase, amylase and peroxidase,” 10 as well as by the dyna-
mics of glucose and myoinositol.!!

The aim of this study was to investigate the biochemical changes occurring
in softwood cuttings of black locust in the presence of sodium naphthenate.

Naphthenic acids from Vojvodina crude oil “Velebit” have the general che-
mical formula C,H,,..0,, where n represents the carbon number and z is the
homologue series number related to the number of five- or six-carbon atom rings
within the structure (Fig. 1).12

CH3(CH2)mCOOH R—  ——(CHy)nCOOH R_\/_(CHZ)mCOOH

.

Z=0 =2

——(CHy),,COOH
R{I}—(CHZ),“COOH
R_
——(CH,),COOH
R@ (CH2)m R{m—(CHz)mCOOH

Z=-4 7=-6

\_(CH2)mCOOH
R R— ——(CH3)mCOOH
Z=-8

Fig. 1. Typical structures of naphthenic acids in the z homologue series. R represents an
alkyl group and m represents the length of the alkyl chain.

EXPERIMENTAL
Isolation and structural analysis of naphthenic acids

The naphthenic acids were isolated from the atmospheric gas oil fraction distilling in the
temperature interval 168—290 °C of Vojvodina crude oil “Velebit” by an optimized alkaline extrac-
tion procedure.!3

Structural analyses of the isolated naphthenic acids were carried out using naphthenic acids or
methyl esters. The esterification method is described in published works.?-!12 The structure and pu-
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rity of the investigated acids and esters were determined using ASTM-standardized methods,!#15
elemental microanalysis performed according to Densted, structural analysis by the standard n-d-M-ana-
lysis.!*!5 The density was measured using a DE 40 Density meter, Mettler, at 25 °C and the refra-
ction index on an Abe refractometer, Oficine Galileo.

The FTIR spectra were obtained using a Nicolet termo IR 670 Spectrometer and the band
positions (Ay,y) are given in cm!. Low resolution mass spectra were obtained on a Varian MAT-311A
mass spectrometer, using chemical ionization (CI) as the ion source. The spectra recorded employ-
ing a CI source gave almost exclusively signals of the [M+1]" ions. In this case, the sample intro-
duced into the chamber was diluted with a large quantity of gas carrier (isobutane). The resulting
sample concentration was approximately 1 % and the pressure was about 0.07—0.12 kPa.

Plant material

Softwood cuttings were taken from adult trees of black locust, genotype Rozaszin-AC. The
softwood cuttings were soaked in a solution of sodium naphthenate, concentration of 107 mol dm3,
for 3 h for the first group of cuttings and 6 h for the second group. Subsequently, the cuttings were
transferred into distilled water, whereas control cuttings were kept all the time in distilled water.
For comparison, the cuttings were also treated in the same manner with 1-naphthaleneacetic acid
(NAA) of the same concentration as sodium naphthenate. The cuttings were kept in a greenhouse at
25 °C and relative humidity of 80 %. After 1, 3 and 6 days, the lower 2 cm of the cuttings were
taken for biochemical analyses.

Biochemical parameters and statistics

Samples were subjected to extraction,'® to determine the peroxidase activity,!® amylase ac-
tivity!7 and activity of TAA oxidase!® in the extract. One unit of peroxidase activity (U) was defined
as the increase of one unit of absorbance per minute under the assay conditions, the enzymatic ac-
tivity being referred to fresh mass. The content of soluble proteins was determined,'® as was the
content of reducing sugars after Miller.20 The experiments were carried out in five replicates and
the data were treated using the analysis of the variance and LSD test.

RESULTS AND DISCUSSION

The physicochemical characteristics and structural n-d-M analysis of the raw
material and isolated naphthenic acids are shown in Table I. The raw material
used for the isolation of crude naphthenic acids is the fraction with characteristics
very close to those of diesel fuel (Table I). The content of naphthenic acids in the
raw oil distillate, calculated on the basis of the acid number, average molecular
mass and density of the raw material, was 0.25 % (2.12 g dm3). The average
molecular mass of the naphthenic acids was determined to be 266 and this value
was used to prepare solutions and for the biological experiments. The composi-
tion of the mixture of naphthenic acids was determined on the basis of low reso-
lution mass spectra, which showed that the largest portion of the naphthenic acids
belonged to the bicyclic class of carboxylic acids (Table II).

In all cases, the activities of IAA oxidase and amylase increased until the
third day and thereafter decreased. The effect was more pronounced after the
three-hour treatment with sodium naphthenate, compared to the six-hour treat-
ment and control (Fig. 2A and 2B). The total peroxidase activity was increased
on the first day after the treatment, but exhibited a decrease three days thereafter.
The effect was the most pronounced after the three-hour treatment with sodium
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naphthenate (Fig. 2C). For all treatments, including control as well, the content of
soluble proteins increased one day after the treatment, decreased to the third and
again increased to the sixth day, except for the six-hour treatment with sodium
naphthenate, when the effect was completely the opposite (Fig. 3A). The changes
in the content of reducing sugars were not so clear (Fig. 3B). The effects of three-
and six-hour treatments with NAA were between those of the corresponding
treatments with sodium naphthenate.

TABLE I. Physicochemical characteristics and structural n-d-M analysis of the raw material and
isolated naphthenic acids

Oil fraction Naphthenic acids
Distillation interval, °C 168-290 190-390
Density, kg m™ 848.2 947.1
Refraction index 1.4639 1.4903
Acid number, mg KOH ¢! 0.51 201.15
Structural n-d-M analysis (Content, mass %)
Cy - 1.1
Cy - 59.7
Cp - 39.2
Average molecular C-atoms 16 16-17
Average relative molecular mass 248 266
Elemental microanalysis (Content, mass %)
C 76.69
H 11.28
) 12.00
Average molecular formula Cy7H300,

TABLE II. Low resolution mass spectra of naphthenic acids using the CI method
Class of

No. of C-atoms Z-series content in

. Zseries Series of molecular peaks . .
carboxylic C.H,..O ME1) in molecule  total acid mixture
acids 2zl (M+1) Z-series mass %
Aliphatic Z=0 257(0.3); 271(0.5); 15-18 20

C,H,,0, 285(1.0); 299(0.2) ’
Monocyclic Z=-2 241(1.0); 255(2.6); 269(2.8);
C,Hy,0,  283(3.2);297(3.6); 311(3.0); 14-22 20.8
325(2.5); 339(1.4); 353(0.7)
Bicyclic Z=-4 225(1.2); 239(3.0); 253(5.5);
C,Hy,.40; 267(7.3); 281(8.0); 295(6.2); 13-22 41.9
309(5.0); 323(3.2); 337(1.7); 351(0.8)
Tricyclic Z=-6 237(1.2); 251(2.6); 265(4.4);
C,Hy,.605 279(6.4); 293(7.1); 307(4.6); 14-22 29.7
321(2.1); 335(0.8); 349(0.5)
Tetracyclic Z=-8 263(1.4); 277 (1.6); 16-19 61

C,Ha, 505 291(1.9);305(1.2)




NAPHTHENATE EFFECT ON ROBINIA PSEUDOACACIA 957

2.5+ 160
A M= control B ~—a— control
~— & naph3h —=&— naph3h
. ke naph6h —A—naphsh
o= o S Nasen
= —— NAAGh —_ ;
£ 2.0 LSD, ,=0.246 £ LSD, ,,=17.68
Y, Y
. = 1204 v
‘o o
T, ‘w
[ \\' =
§ 1.5 4 [
< 2
7]
2 Eﬁ 80
= =
£ 1.0 £
< A 3
+ <
05 T T ; T ; T . 40 T T T T T T T
0 1 2 3 4 5 8 0 1 2 3 4 5 8
r/d /d
1C
300 ~
é 250
.
\TO)
= 200
o)
3
g a0 —m—~ control
) e :ggggg Fig. 2. Activity of IAA oxidase (A), amylase (B)
—¥— NAA3h and peroxidase (C) in the basal parts of young
~&— NAAGH : : :
100 4 LSD, =35.21 N cuttings of bl.ack locust in the first six days aft§r
: three- and six-hour soaking of the cuttings in
(I) % é é 4'; é é 107 mol dm? solutions of sodium naphthenate
z/d and NAA.

The results obtained three days after the treatment show that the highest acti-
vities of IAA oxidase and amylase and the lowest activity of peroxidase were
obtained after the three-hour treatment with 1077 mol dm=3 solution of sodium
naphthenate. Such an effect is well known as a stimulatory for the initiation and
activation of primordial.”-8:2! The effect was more pronounced compared to that
of the treatment with NAA. These results are also in concordance with the results
of Loh and Severson,22 who observed a stimulatory effect of a one-day treatment
with potassium naphthenate on IAA oxidase. There were no clear changes in the
content of reducing sugars, which is probably caused by the nature of the
softwood cuttings (constant income of assimilates from the leaves). It is opposite
to the observations of Tschaplinski and Blake,!! who worked with poplar hard-
wood cuttings which had no leaves at the beginning of rooting and the content of
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reducing sugars depended on the intensity of activation of the starch reserves.
However, Severson?3 found that potassium naphthenates stimulated glucose up-

take in beans roots.

2.0+ 1 B
A 18 -
| ]
1.6 4 —
= £ 16 4 /
N =,
q\.l/ - 4
- ™
=] oD 14
1.2
o £
£ s
P C
[ 2
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<Q 0.8 —e—naph3h (&) —®— naph3h
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—w— NAA3M S — —w— NAA3h
—e— NAASh 10 - ~4— NAAGh
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0 1 2 3 4 5 8 61 2 3 4 &5 6
/d o/ d
Fig. 3. Contents of soluble proteins (A) and reducing sugars (B) in the basal parts of young cuttings

of black locust in the first six days after three- and six-hour soaking of the cuttings in
1077 mol dm™ solutions of sodium naphthenate and NAA.

In contrast to the stimulatory effect of a three-hour treatment, a six-hour treat-
ment had an inhibitory effect on the examined biochemical markers (e.g., the
lowest level of soluble proteins one day after the treatment), which is in agreem-
ent with previous results.5-24 Thus, despite of its low concentration, sodium na-
phthenate during prolonged treatment showed some harmful effects.

The presented results suggest that sodium naphthenate can exhibit a stimula-
tory effect on several biochemical markers of rooting. Complete information
could be obtained with experiments in a greenhouse and with tissue cultures.

Acknowledgement: This study was supported by the Ministry of Science of the Republic of Serbia,
project No. 142005B.

U3BOJ

BUMOXEMUICKE ITPOMEHE VY PE3HUILIAMA Robinia pseudoacacia
HAKOH TPETMAHA CA HA®OTEHATOM

CJIABKO KEBPEHIAHI, BFPAHHUCIJIAB KOBAIJEBI/IBQ, BEPA 'FII/IPI/IH—HOBTA3, KCEHUJA KYXAJI[A3,
JYJIMJAH KAHZ[PA'—II, KCEHUJA TIABJIOBUR? 1 JbYBULIA 'PBOBUR>

'Poqoprivredni Fakultet, Univerzitet u Novom Sadu, Trg D. Obradovi}a8, Novi Sad, ° Institutza
nizijsko {umarstvo i za{ titu ~ivotne sredine, Antona~ehova 1, Novi Sad i *Departman za hemiju,
Prirodno—matemati~ki Fakultet, Univerzitet uNovom Sadu, Trg D. Obradovi}a8, Novi Sad

HadTencke xucennne cy m300BaHe U3 racHe (pakuuje (nHTEepBai nectunanuje 168-290 °C)
BojBohaHCKe HadTe “Benedbut”, okapakrepucaHe U lBUXOBa OHOJIOIIKAa AKTHBHOCT UCIIUTAaHA Iy TEM



NAPHTHENATE EFFECT ON ROBINIA PSEUDOACACIA 959

OMOXEMHjCKUX MMPOMEHa y pe3Huuama Robinia pseudoacacia HakoH TpeTMaHa ca HATpHjyM-HadTe-
HaToM. AkTuBHOCTH [AA mepokcumase, yKyIlHa MEPOKCHIA3HA aKTUBHOCT M AKTHBHOCT aMHJIa3e
3ajeHo ca caapkajeM peaykyjyhux mehepa u nportenta oxpeljene cy y 6a3aiHUM AenoBUMa pe3-
Huna OarpemMa HAKOH TPeTMaHa ca HaTpHjyM-HaTEeHaTOM M HaTpujymMoBoM coiu (1-HadTui)cup-
hetHe kucenue y konuenTpanuju o1 107 mol dm y toxy 3 miu 6 cati. Bucoke aktuBHOCTH IAA
OoKcpzase U aMmiiase npalieHe HUCKOM aKTHUBHHOIINY Iepokcupaase (LITOo je MO3HATO Kao CTUMYJIa-
TUBHO 33 MHUIMjAIMj)y U aKTUBALHWjy KOPCHCKUX MPHMOpAHWja) N0OHjeHe Cy HAKOH TPOYACOBHOT
TpeTMaHa HaTHjyM-HadreHaToM. lllecTodacoBHM TpeTMaH je MCIIOJbMO MHXMOUTOPHH cdeKarT Ha
ucnuTaHe 6uoxeMujcke Mapkepe. E(QexTun TpodacoBHOT M LIECTOYacOBHOT TpeTMaHa ca NAA cy
6unm n3mely oxnroeapajyhnx Tpermana ca HaQTEHCKUM KHCEIHHAMA.
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Abstract: The volatile composition of two Eryngium species was studied. The es-
sential oils were obtained by hydrodistillation in a modified Clevenger-type appara-
tus, and their analyses were performed by GC and GC-MS. A total of 58 different
compounds were identified. Their main constituents were as follows: E. serbicum:
germacrene D (19.7 %), f-elemene (10.0 %) and spathulenol (6.9 %); E. palmatum:
sesquicineole (21.3 %), caryophyllene oxide (16.0 %), spathulenol (16.0 %) and sa-
binene (5.5 %). The main portion in both studied taxa consisted of sesquiterpenes.

Keywords: E. palmatum Vis. et Panci¢, E. serbicum Panci¢, Apiaceae, volatile con-
stituents, sesquiterpene hydrocarbons.

INTRODUCTION

The genus Eryngium L. comprises 220-250 species. It belongs to the tribe Sa-
niculeae, subfamily Saniculoideae of the Apiaceae family. In the flora of Europe,
ca. 26 species are present,! among them five species are found in the flora of Serbia.?

In the present study, two endemic taxa were examined: E. palmatum Vis. et
Panci¢ and E. serbicum Panci¢. E. palmatum is an endemic perennial herb, grow-
ing in dry places and woods, which is distributed in the central part of the Balkan
Peninsula (Serbia, Bulgaria, FYROM and Albania).!-2 E. serbicum is an endemic
perennial plant growing only in Serbia in dry habitats.12

Hitherto, the composition of the volatile compounds is known in only three
species: E. billardieri F. Delaroche,3 E. paniculatum Cav.* and E. foetidum L.4-9

EXPERIMENTAL

Analysis of volatile compounds

The air-dried plant material (100 g) from each population was cut into small pieces and the
essential oils were obtained by hydrodistillation in 500 ml H,O for 2 h, in a modified Clevenger

* Corresponding author. E-mail: skaltsa@pharm.uoa.gr
doi: 10.2298/JSC0710961C
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apparatus with a water-cooled oil receiver to reduce over-heating artifacts of hydrodistillation.!°

The oils were taken in 2 ml of capillary GC grade n-pentane, dried over anhydrous sodium sulfate
and stored at —20 °C. The composition of the volatiles was determined utilizing GC and GC-MS
analyses. The GC analysis was carried out on a Perkin Elmer 8500 gas chromatograph with a FID,
fitted with a Supelcowax-10 fused silica capillary column (30 m x 0.32 mm (i.d.); film thickness:
0.25 um). The column temperature was programmed from 75 to 260 °C at a rate of 2.5 °C min!.
The injector and detector temperatures were set at 230 and 300 °C, respectively.

GC-MS analyses were performed on a Hewlett—Packard 5973-6890 system operating in EI
mode (70 eV) equipped with a split/splitless injector (220 °C), a split ratio 1/10, using two different
columns: a fused silica HP-5 MS capillary column (30 m x 0.32 mm (i.d.), film thickness: 0.25 pm)
and a HP-Innowax capillary column (30 m x 0.32 mm (i.d.), film thickness: 0.50 pm). The tempe-
rature program for the HP-5 MS column was from 60 °C (5 min) to 280 °C at a rate of 4 °C min™!
and for the HP-Innowax column from 60 °C to 260 °C at a rate of 3 °C min'!. Helium was used as
the carrier gas at a flow rate of 0.8 ml min"!. Injection volume of each sample was 2 pl. Retention
indices for all compounds were determined according to the Van den Dool approach,!! using n-al-
kanes as standards. The identification of the components was based on comparison of their mass
spectra with those of the Wiley Library!2 and those described by Adams,!3 as well as by compa-
rison of their retention indices with literature data.!3:14 In many cases, the essential oils were sub-
ject to co-chromatography with authentic compounds (Fluka, Sigma).

Optical rotation values were determined at 25 °C at 589 nm in dichloromethane.

Plant Material

Aerial parts of both taxa were collected from natural populations during the flowering stage as
follows: E. serbicum Panci¢ (ery-1) at Kosovska Mitrovica in June 2003 and E. palmatum Vis. et
Panci¢ (ery-2) at Ozren in June 2003.

Voucher specimens of the Eryngium species were determined by Dr. P. D. Marin and depo-
sited in the Herbarium of Institute of Botany and Botanical Garden “Jevremovac”, Faculty of Bio-
logy, University of Belgrade, under the code numbers: ES 6039 and EP 60310, respectively.

RESULTS AND DISCUSSION

As shown in Table I, both essential oils were complex mixtures of about
fifty constituents in each investigated case, with the contributions of the main
compounds never exceeding 20 % of the total. Among them, sesquiterpenes were
the main constituents in both studied taxa (Table II).

The main constituents of the investigated Eryngium essential oils are the fol-
lowing: in E. serbicum germacrene D (19.7 %), f-elemene (10.0 %) and spathu-
lenol (6.9 %); in E. palmatum sesquicineole (21.3 %), caryophyllene oxide (16.0 %),
spathulenol (6.6 %) and sabinene (4.4 %).

Previously investigated Eryngium essential oils had different compositions.
In the essential oil of E. paniculatum, (E)-anethole (52.6 %) was found as main
component,* while in E. billardieri, a-muurolene was dominant.3 Previously, se-
veral investigations of the essential oils of E. foetidum revealed that fatty acids
and aldehydes were the main constituents. Thus, Leclercq et al.” reported (E)-2-do-
decenal (45.5 %), dodecanoic acid (15.5 %) and 2-dodecenoic acid (8.6 %) as the
main compounds. Wong et al.® found (E)-2-dodecenal (59.7 %) in the leaves,
while 2,3,6-trimethylbenzaldehyde was dominant in the root (37.6 %). Martins et
al.% found 2.3,6-trimethylbenzaldehyde (37.5 %) and (E)-2-dodecenal (23.7 %)
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as the main constituents in different plant parts. More recent investigations> also
revealed 2,4,5-trimethylbenzaldehyde (27.7 %) and (F)-2-dodecenal (27.5 %) as
the dominant components. In contrast, Pino et al.” reported that caryophyllene
oxide (19.3 %) was one of the main compounds.

TABLE I. Qualitative and quantitative composition (% v/v) of volatile compounds

RP R Ery-1 Ery-2
Heptanal 897 - 0.4
a-Thujene 927 1.4 0.3
o-Pinene 935 5.7 4.4
S-Thujene 966 - 0.2
Sabinene 971 1123 1.5 5.5
fS-Pinene 975 1112 4.3 -
2-Pentylfuran 987 - 1.2
Myrcene 989 1160 43 -
Octanal 999 1289 3.8 44
o-Terpinene 1016 1180 - 0.2
p-Cymene 1024 1268 0.5 0.2
Limonene 1027 1201 1.1 0.6
y-Terpinene 1055 1243 - 0.4
2-Nonanone 1090 1385 0.4 -
Undecane 1100 - 0.3
Nonanal 1101 1390 0.4 0.8
Pinocarvone 1161 1559 0.3 -
Tepinen-4-ol 1174 1591 - 0.1
Dodecane 1200 - 0.6
2-Decenal 1263 1639 1.2 -
Perillaldehyde 1271 1288 - 0.7
(-)-Bornyl acetate 1288 1570 - 1.6
Tridecane 1300 - 0.3
2,4,5-Trimethylbenzaldehyde 1357 1901 2.2 -
a-Copaene 1375 1481 1.1 0.7
S-Bourbonene 1384 1507 1.1 -
f-Elemene 1390 1578 10.0 0.9
[-Caryophyllene 1416 1584 1.2 2.2
Calarene 1431 1559 0.4 -
a-Humulene 1452 1662 0.4 1.1
trans-f-Farnesene 1454 1659 0.6 -
Germacrene D 1476 1709 19.7 0.6
Ar-curcumene 1479 - 0.2
[S-Selinene 1489 1717 1.7 -

a-Selinene 1497 1722 1.0 -
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TABLE 1. Continued

RP R Ery-1 Ery-2
Bicyclogermacrene 1497 1732 2.4 -
Ledene 1498 1716 - 0.4
Germacrene A 1499 0.8 -
a-Muurolene 1501 - 0.2
p-Bisabolene 1503 1724 0.7 0.2

Sesquicineole 1515 - 21.3
d-Cadinene 1520 1755 1.2 0.4
Elemol 1550 2082 - 1.5
1,5-Epoxysalvial-4(14)-ene 1564 1924 1.1 1.2
Spathulenol 1578 2128 6.9 6.6

Caryophyllene oxide 1581 1987 2.6 16.0
p-Copaene-4-a-ol 1590 1.2 -
Salvial-4(14)-en-1-one 1593 2013 34 0.6
Nor-copaanone 1597 2156 2.2 -
Vulgarol B 1605 1.3 -
S-Oplopenone 1607 1964 0.5 -
Humulene epoxide 11 1608 - 4.8
a-Copaen-8-ol 1626 - 2.5
T-muurolol 1642 2236 - 1.5
Ageratochromene 1656 2.2 -
Caryophylla-4(12),8(13)-dien-5- B-ol 1668 2299 0.9 0.3
Eudesma-4(15),7-dien-1-f-ol 1684 3.9 -
a-Bisabolol 1685 2222 - 6.8

TOTAL 95.6 92.2

[a]® -2.55 (CH,Cl, ¢ 0.10) -2.12(CH,Cl, ¢ 0.07)

2Components listed in order of elution from a HP 5SMS column.
YRRI, relative retention indices calculated against Cy—C,, n-alkanes on the HP 5MS column (1) and HP Inno-
wax (2) capillary columns, respectively.

TABLE II. Grouped components

Ery-1 Ery-2
Aliphatics
Alcanes, alkenes - 1.2
Aldehydes 7.6 5.7
Ketones 0.4 -
Terpenoids
Monoterpene hydrocarbons 18.8 11.8
Oxygenated monoterpene 0.3 2.4
Sesquiterpene hydrocarbons 42.3 6.9
Oxygenated sesquiterpene 24.0 63.1
Miscellaneous - 1.2
Compounds with 13 C 2.2 -

According to the present results, the essential oils of E. serbicum and E.
palmatum have several differences between them, as their main components
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differ significantly. E. palmatum is characterized by an abundance of sesquici-
neole (21.3 %), which was absent in E. serbicum.

Acknowledgements: The authors thank Dr Z. Krivosej for the plant collection. P.D.M and A.S. are
grateful for financial support from the Ministry of Science of the Republic of Serbia (Project No.
143049B).
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V pany cy HCIMTHUBAaHM MCHIApJbUBU cacTojuu aBe Eryngium Bpcre. ETapcka yipa cy H3010-
BaHa XUAPOJCCTHIALMjOM Y MoaudukoBaHoM amapary thia Clevenger u aHanu3upaHa MerogaMa
GC u GC-MS. YkymHO je uaeHTH()UKOBAHO 58 pasnHuUTUX jequberha. [ TaBHU cacTojuu UCITUTH-
BaHHX BpcTa cy: y E. serbicum: repmaxpen D (19,7 %), f-enemen (10,0 %) u cnatynenon (6,9 %);
y E. palmatum: ceckunuueo (21,3 %), kapuoduies-oxkeun (16,0 %), cnarynenon (16,0 %) u ca-
ouneH (5,5 %). Benuku neo0 00e HCITUTUBAHE jEIMHKE CACTOjH CE OJ1 CECKBUTEPIICHA.

(ITpumubeno 7. HoBemOpa 2006, pesuupano 13. mapra 2007)
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Abstract: The total n-electron energy E of a conjugated hydrocarbon with n carbon
atoms and m carbon—carbon bonds can be approximately calculated by means of the
McClelland formula E ~ g+/2mn, where g is an empirical fitting constant, g = 0.9.
It was claimed that the good quality of the McClelland approximation is a con-
sequence of the fact that the n-electron molecular orbital energy levels are distribu-
ted in a nearly uniform manner. It will now be shown that the McClelland ap-
proximation does not depend on the nature of the distribution of energy levels, i.e.,
that it is compatible with a large variety of such distributions.

Keywords: total m-electron energy, McClelland formula, Hiickel molecular orbital theory.

The total n-electron energy E is one of the most thoroughly studied theoreti-
cal characteristics of conjugated molecules that can be calculated within the Hii-
ckel molecular orbital (HMO) approximation.l-2 Research on E is currently very
active.3-8 Long time ago McClelland proposed the simple approximate formula:®

E~g~\2mn (D)

where 7 is the number of carbon atoms and m the number of carbon—carbon
bonds, and where g is an empirically determined fitting parameter, g =~ 0.9. In the
meantime a large number of other (n,m)-type approximate expressions for £ have
been proposed, but, as demonstrated by detailed comparative studies,!9~13 none
of these could exceed the accuracy of Eq. (1).

In 1983 the present author discovered!4 that a result closely similar to Eq. (1)
can be obtained by assuming that the HMO energy levels are uniformly distri-
buted. Eventually such a distribution-based approach to £ was elaborated in more
detail.15:16 The conclusion of the works!4-16 was that the McClelland approxima-
tion (Eq. (1)) is connected with the assumption that the HMO n-electron energy
levels of conjugated hydrocarbons are distributed in a (nearly) uniform manner.

* E-mail: gutman@kg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0710967G
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The reasoning by means of which this conclusion was obtained will be brie-
fly repeated.

If 4., 4,,..., 4, are the Eigen values of the molecular graph representing the
respective conjugated molecule, then:1=3

E=§MJ 2)
As is well known, -2 the graph Eigen values satisfy the relation:
E:é(gi)z —2m (3)
Without loss of generality, Egs. (2) and (3) may be rewritten as:
E:n+ﬂx|r(x)dx
and
E=n szl“(x) dx=2m

where I'(x) is the probability density of the distribution of the graph Eigen values.
It should be mentioned in passing that the exact expression for I'(x) is:

nm=%§6u—4)

with d denoting the Dirac delta-function.

In situations when the actual form of the probability density I'(x) is not
known (i.e., when the spectrum of the molecular graph is not known), one tries to
guess an approximate expression for it, denoted by I'*(x), which must satisfy the
conditions:

TF*(x)dle (4)

jm X *(x)dx =27m (5)

—00

and, of course, I'*(x) > 0 for all values of x. Then the quantity E£*,
+0
E*=n[|x|T*(x)dx (6)

is expected to provide a reasonably good approximation for the total n-electron ene-
rgy E. In the works,14.16 the simplest possible choice for I'*(x) was tested, namely,

I'*(x)=b for —-a<x<+a andotherwise I*(x)=0 7
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The form of the function (7) is shown in Fig. 1.
The parameters a and b can easily be determined from the conditions Eq. (4)
and (5), resulting in

a=|%" and b= | (8)
n 24 m
By inserting the conditions given by Eq. (7) back into Eq. (6), one obtains:
E*=a’bn

which combined with Eq. (8) yields:
E*=g*\2mn )

with g* being a constant equal to+/3 /2. Not only is the algebraic form of the
expression (9) identical to the McClelland approximation (Eq. (1)), but also the
value of the multiplier g* = 0.8660 is remarkably close to the (earlier) empiri-
cally determined value for g.

018 i
ol I (¥
0.14
0.124
0.10
0.08
Fig. 1. The form of the probability density

" (Eq. 7) for a=3 and b = 1/6. The Eigen va-
0.04+ lues of the molecular graph are assumed to
0.02 + be uniformly distributed within the interval
0.00 (-a,*a), i.e., within the interval (a,—a), the
ol . . . . . , probability density is assumed to be constant

6 4 2 0 2 4 6 (equal to b). Outside this interval, the proba-

X bility density is set to be equal to zero.

Thus, it can be seen that by assuming a uniform distribution of the Eigen
values of a molecular graph, the McClelland formula (Eq. (1)) can be reprodu-
ced. What has hitherto been overlooked is that formula (1) can also be deduced
by using many other probability densities.

OBTAINING FORMULA (1) FROM A VARIETY OF MODEL FUNCTIONS T"*(x)

Suppose that the model based on Eq. (7) is required to be upgraded by
including the information that the MO energies around the non-bonding level
(corresponding to x = 0) are more numerous than those far from the non-bonding
level, see diagram 1 in Fig. 2. This can be achieved by means of the function:

2
F*(x)zb[l—(ij] for —a<x<+a andotherwise I'*(x)=0 (10)
a

Then, by direct calculation in a fully analogous manner as described in the pre-
ceding section, formula (9) is obtained with g* = J5/4.
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If, however, the opposite is assumed, namely that the MO energies around
the non-bonding level are less numerous than those far from the non-bonding
level (see diagram 2 in Fig. 2), and therefore set

2
*(x)=»>5 (ﬁj for —a<x<+a andotherwise I'*(x)=0 (11)
a

then Eq. (9) is again obtained, this time for g* = V15/4 .
The model function I'* may be made still more complicated, with two mini-
ma or two maxima (diagrams 3 and 4 in Fig. 2), i.e.,

2 2
r*(x)zb(ﬁj [1—[% ] for —a<x<+a andotherwise T*(x)=0 (12)
a a

or
2
F*(x)zb[(i) —%]2 for —a<x<+a andotherwise I*(x)=0 (13)
a

but Eq. (9) is still obtained with g* = 5v21/(124/2) and g* = 5v7 /(24/187),
respectively.

Hitherto, it was required that the model function be symmetric with regard to
x=0, i.e., that [*(—x) = I'*(x), i.e., that the pairing theorem be obeyed.'” How-
ever, even this plausible restriction is not necessary, as shown by the examples:

2
I'*(x)=>b[ (ﬁJ —1* for —a<x<+a and otherwise [*(x)=0 (14)
a
and
Rt
*(x)=»5[ (—) +17 for —a<x<+a andotherwise I'*(x)=0 (15)
a

Also the functions (14) and (15) imply the validity of Eq. (9), with g* = 343 /16
and g* =9\/§ /(164/2), respectively. The forms of the functions (14) and (15) are
shown in diagrams 5 and 6 in Fig. 2.

In order to further demonstrate the arbitrariness of the form of the model
function that leads to the McClelland approximation, an example with a singu-
larity at x = 0 was constructed (see diagram 7 in Fig. 2):

-1/2
I'*(x)= b(mj for —a<x<+a andotherwise I'*(x)=0 (16)
a

In spite of the (physically impossible) property of the model function (16)
that I'(x) — oo for x — 0, Eq. (9) is also obtained with g* =5/3.
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Fig. 2. Several probability densities resulting in approxi-
mate expressions for the total m-electron energy of the McClel-
land type. Note that whereas in the models 1 (Eq. (10)), 2
(Eq. (11)), 3 (Eq. 12)), 4 (Eq. (13)) and 7 (Eq. (16)), the
probability density is symmetric with respect to x =0. In
the models 5 (Eq. (14)) and 6 (Eq. (15)), it is chosen to be
highly asymmetric. In the models 1 and 2, the probability
density is chosen so as to have, respectively, a maximum
and a minimum at x = 0. In the models 3 and 4, there are
two maxima and two minima, respectively. In the model 7,
the probability density has a singularity at x = 0. The para-
meters a and b are chosen to be the same as in Fig. 1.
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CONCLUDING REMARKS

In the seven examples for ['*(x) given in the preceding section, Eq. (9) is
always arrived at, but the multiplier g* assumes different numerical values. In
our opinion this detail is of lesser importance. Namely, it is possible to construct
model functions I'*(x), such that g* in Eq. (9) has any desired value.

For instance, if for some ¢ > —1,

2
*(x)=>5b[1+ t[ﬁj ] for —a<x<+a andotherwise I'*(x)=0 (17)
a

then

*:3\/5 t+2
4 J(t+3)3t+5)

By varying the parameter ¢, the multiplier in Eq. (9) assumes values between
34/5/8=0.8385 and /15 /4=0.9682, see Fig. 3. Therefore, the model function
(17) can always be chosen so as to exactly “reproduce” the empirically deter-
mined value of g in the McClelland formula (Eq. (1)). This, of course, would be
fully artificial and without any scientific justification.

0.9 -

ix
094 d
092
090
088
085
Fig. 3. Dependence of the multiplier g* in
o) Eq. (9) on the parameter ¢ of the probability
2 0 2 2 6 8 10 density (17). In order that I'*(x) be positive

) valued, it must be ¢ > —1.

The main conclusion of the present work is that the McClelland approxi-
mation (Eq.(1)) has nothing to do with the distribution of the HMO m-electron
energy levels and that no inference on this distribution can be made based on the
fact that Eq. (1) in a surprisingly accurate manner reproduces the actual E-values.
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N3BOJ

MEKIJIEJTJAH/IOBA AITPOKCUMAIIMJA U PACIIOJEJIA n-EJIEKTPOHCKUX
MOJIEKVYJICKO OPBUTAJIHUX EHEPI'ETCKNX HUBOA

VBAH I'YTMAH
Prirodno—matemati~ki Fakultet UniverzitetauKragujevcu

YKyHHa T-CJICKTPOHCKA eHeerja E KOijFOBaHI/IX YTJbKOBOJOHHUKA Ca 1 YIJbEHUKOBUX aTOMa

1 m YTJbeHUK—YTJbEHHUK Be3a MOXKE e NPUOIIKHO M3padyHaty nomohy dopmyrne E = g+/2mn, Tae
je g emmnmpHjcka KoHcTaHTa, g~ 0,9. Panmje je m3Hera TBpAma na je modap kBaimuTeT Mekie-
JIAHJIOBE aNPOKCHUMAlMje 3aCHOBAH Ha YMECHHULM Jla Cy M-eJICKTPOHCKH MOJICKYJICKO OpOUTAIIHU
CHEPreTCKM HHMBOM PAacClojie/beHH NpuOmmkHO yHu(popMHO. Cana mokasyjemMo na MekienaHnosa
arnpoKcUMalyja He 3aBUCH Ol IPUPOJIE PAcIoJielie eHePreTCKUX HUBOA, TO jeCT Jia je OHA KOMIIaTu-
OmHa ca OpojHHM, BEOMa Pa3IMIUTHM paclofenama.

15.
16.
17.

(ITpumsseno 29. mapra 2007)
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Spectrophotometric study of Co(ll), Ni(l1), Cu(ll), Zn(I1), Pd(II)
and Hg(ll) complexes with isatin-#-thiosemicarbazone
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Abstract: The composition and stability of the complexes of isatin-S-thiosemicarba-
zone with Co(II), Ni(II), Cu(II), Zn(II), Pd(II) and Hg(II) have been investigated us-
ing spectrophotometric method at 30 °C and constant ionic strength of 0.1 mol dm™
(KNO3) in 70 % ethanol. Experimental results indicate the formation of MeL and
MeL, complexes for Ni(I) and Co(II), and MeL for Cu(II), Zn(II), Pd(II) and Hg(Il)
complexes, whose stability constants, f,, have been calculated using a computeri-
zed iterative method of successive approximation.

Keywords: isatin-f-thiosemicarbazone, complexes, spectrophotometric study, stabi-
lity constant.

INTRODUCTION

It is known that aromatic azo and azomethine compounds (Schiff bases) are
widely used because of their very good chelatogenic characteristics. In addition to
the commercially available compounds, there are a large number of new synthesi-
zed ones which are of interest for the study of their complexation reactions and prac-
tical applications.! The synthetic versatility of isatin has led to an extensive use of
this compound in organic synthesis. It stemmed from the interest in the biological
and pharmacological properties of its derivatives.2~¢ Also, thiosemicarbazones are
of considerable interest because of their chemistry and potentially beneficial bio-
logical activities, such as anti-tumor, antibacterial, antiviral and anti-malarial ac-
tivities.2=¢ The activity of thiosemicarbazones is thought to be due to their power
of chelation with traces of metal ions present in biological systems. In recent ther-
modynamic studies of some metal complexes, potentiometric methods were used.”-8
Also thermodynamic studies on transition metal ion complexes of some thiosemi-
carbazones using a spectrophotometric method have been reported.’-8

* Corresponding author. E-mail: andjelkovic_s@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC0710975K
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In this study, isatin-f-thiosemicarbazone (ITC) was synthesized and the sta-
bility constants of the complexes of this ligand with Co(II), Ni(IT), Cu(Il), Zn(II),
Pd(II) and Hg(Il) were evaluated by spectrophotometry.

EXPERIMENTAL
Preparation of isatin-B-thiosemicarbazone, CoHgN /SO, (ITC)

Isatin-2,3-indolinedione and thiosemicarbazide, in a 1:1 molar ratio were dissolved in 95 % ctha-
nol. The mixture was refluxed over a water bath for 1 h. After cooling to room temperature, the yel-
low microcrystalline solid was separated, washed with ethanol, diethyl ether and dried over silica gel.”

UV/VIS (DMF, v(cm‘VaXlO3 (mol™! dm3 cm): 28.6/0.946 n—n*, 27.3/1.325 n—n; IR (KBr,
em): 3422, 3290, 3229, 3141 v (NH)+v (NH,), 1699 v (C=0), 1607 v (C=N), 854 v (C=S). 'H-NMR
(DMSO, &/ ppm) 6.9-7.6 (m, 4H, Ar), 8.69, 9.04 (s, 2H, NH,), 11.21 (2, 1H, NH), 12.47 (s, 1H,
NH). Analysis: Calculated: 49.08 % C, 3.66 % H, 25.44 % N, 14.56 % S. Found: 48.95 % C,
3.75% H, 25.30 % N, 14.61 % S; m.p. 239-241 °C.

Solutions

All reagents and solvents were of analytical grade.

ITC solutions were prepared by dissolving an exactly weighted amount of the substances in
70 % ethanol and in buffers prepared with 70 % ethanol.

Stock solutions of metal ions, cp=0.1 mol dm= were prepared by dissolving metal(IT)
chloride in doubly distilled water. The copper(Il) solution was standardized iodometrically, while
solutions of the other metals were standardized gravimetrically. Solutions of required concentra-
tions were obtained by precisely diluting the stock solutions with the solvent.

The ionic strength, 7 = 0.1 mol dm3, of the ligand and metal salt solutions was adjusted with
potassium nitrate (1 M, prepared in distilled water). The following buffer solutions were prepared:
pH 3.9, by mixing CH3COOH (0.2 mol dm=) and CH;COONa (0.2 mol dm™) in the required ra-
tios; pH 5.8, 6.9, 7.6, 8.1 and 9.0, by mixing in different ratios a solution containing 0.2 mol dm
H;B0s3, 0.05 mol dm™ H,C4H404 and 0.05 mol dm™3 Na,SO, with a solution containing 0.05 mol dm™
Na,B,07; pH 9.9, by mixing the required volumes of a 0.05 mol dm™ solution of Na,B405 and a
0.05 mol dm3 solution of Na,COj; pH 11 and 12, by mixing 0.05 mol dm solutions of tris—HCI.
Determination of pH

The actual pH values of the buffers prepared in 70 % ethanol, as well as the pH of solutions of the
ligand and its complexes without buffers, were measured with a combined pH electrode calibrated
using pH standard solutions prepared in 70 % ethanol. Since the solvent has a relative permittivity dif-
ferent to that of pure water, all pH values are relative and valid only for the solvent used (70 % ethanol).
UV/Vis Spectroscopy

Absorption spectra of isatin-thiosemicarbazone and its complexes with metal(Il) ions were in-
vestigated in the solvent with the buffers, at pH 3.9-9.9, and the ionic strength of 0.1 mol dm™ (KNO3).
UV/Vis Spectra were recorded on a Varian Cary-100 UV/VIS spectrophotometer using adequate
solutions. A blank for the spectrophotometric measurement of the ligand was prepared with the sol-
vent and the corresponding buffer. The absorbance of solutions with complexes was measured aga-
inst the blank having the same composition as the complex solutions except for the metal ion. In
order to prove the stability of the absorbance, measurements were repeated after 30, 60 and 90 min.

RESULTS AND DISCUSSION
Absorption spectra

The electronic spectra of isatin-/-thiosemicarbazone (Fig. 1) show reference
absorption bands (4; =251 nm and A =281 nm) of the aromatic ring and the
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indole moiety due to transitions of the n—r* type and an absorption band at
A3 =355 nm, also due to a transition of the m—n* type but from the thiosemicar-
bazone part of the molecule. No transitions which could be assigned to an n—n*
type were observed in the spectra, since they are covered with the more intensive
n—n* type. The absorption spectra of isatin-3-thiosemicarbazone at different va-
lues of pH exhibit one isobestic point at 325 nm (Fig. 1). This reveals that at last
two species (thione—thiol tautomerism) exist in equilibrium in a solution of isa-
tin-f-thiosemicarbazone depending on the pH of the medium (Scheme 1). Spe-
cies B is present at high pH values and has a bathochromic shift, as a result of the
increased extant of chain conjugation.8

* from

Fig. 1. UV/Vis spectra of isatin-f-thiosemicarbazone (10 mol dm™ in 70 % ethanol) at pH 6.89
without buffer (1), and at pH 8.1 (2), pH 9.0 (3), pH 9.9 (4), pH 11.0 (5) and pH 12.0 (6).

H IIS H lSH

H\5 4 3a 3/N\I|\I/ C\N/H H\5 4 3a 3/N\N4C\N/H
2 H 1'{ CS 2 IIJ

H/6 Ta N O H/G 7a %O

|7 1! K i

H H H H

thione thiol
Scheme 1.

The absorption spectra of the ITC complex with Co(Il) in solutions of diffe-
rent pH values are shown in Fig. 2. The optimal pH value for the formation of the
Co(II) and Ni(II) complexes (cp = e = 1.0x10~4 mol dm3) is 7.3 with buffer, where-
as without buffer it is 7.5 for Ni(Il) and 7.1 for Co(II). The maximum absorbance
at 412 nm for Co(Il) and 455 nm for Ni(II) decreases at higher pH values than these.
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T T T
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Fig. 2. Absorption spectra of the Co(II) complex in 70 % ethanol at pH 7.1 without buffer (7), and
at pH 3.9 (1), 5.5(2), 6.9 (3), 7.3 (4), 8.1 (5) and 9.9 (6) with buffer.

The best pH value for the formation of the Zn(Il) and Hg(II) complexes
(em = cp, = 1.0x10* mol dm’3) is at 6.2 and 6.1 without buffer, respectively, and
at 6.3 with buffer. The maximum absorbance at 402 nm for the Zn(II) complex
does not change uniformly, while the maximum absorbance at 398 nm for the
Hg(II) complex decreases at higher pH than these.

Absorption spectra of the ITC complex with Cu(Il) in solutions of different pH
values are shown in Fig. 3. The optimal pH values for the formation of the Cu(II)
and Pd(I) complexes (cp = cr, = 1.0x10 mol dm™) formation are at 4.9 for
Cu(Il) and 5.1 for Pd(II) without buffer and at 5.5 with buffer. Maximum absor-
bance at 450 nm for Cu(Il) and 378 nm for Pd(II) decreases at higher pH then these.

The dependence of the absorbance of the complexes on pH is shown in
Fig. 4. An analysis of the curves shows the optimal for complex formation. These
pH values are in good agreement with those obtained from the absorption spectra
of the complexes.

Under the optimum conditions, using a constant concentration of ITC (1.0x10-3
mol dm-3) and the varying the Ni(II), Co(II), Cu(Il), Zn(II), Pd(Il) and Hg(II)
concentrations in ethanol-water solutions, it was found that the system obeys the
Beer law with standard deviations of 0.002, 0.003, 0.002, 0.004, 0.003, and 0.006,
respectively, within the metal concentration range 1.0x10-5-2x10~4 for the Ni(II)
and Co(Il) complexes, 1.0x105-4x104 for the Cu(Il) and Pd(Il) complexes,
0.40x10~4-2.0x10~4 for the Zn(II) complex and 0.20x10-5-1.00x104 for the
Hg(II) complex. The molar absorbtivity (&) values at 455 nm for Ni(II) was
1.2x103 dm3 mol~! cm™1, at 415 nm for Co(II) was 0.39x103 dm3 mol-! cm!, at
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402 nm for Zn(Il) was 0.29x103 dm3 mol~! cm~!, at 450 nm for Cu(ll) was
0.6x103 dm3 mol~! cm™!, at 378 nm for Pd(II) was 0.35x103 dm3 mol~! cm™!
and at 398 nm for Hg(II) was 0.37x103 dm3 mol~! cm!, indicating that ITC can
be readily utilized as a sensitive reagent for the micro-analytical determination of
these metal ions.

2.0 - ’\
’ %

Fig. 3. Absorption spectra of the
Cu(Il) complex in 70 % ethanol
at pH 4.9 without buffer (7),

e and at pH 3.9 (1), 5.5 (2), 6.9
150 400 450 500 (3), 7.3 (4), 8.1 (5) and 9.9 (6)
Alnm with buffer.

1.0+ —m— Ni(ll)complex at 7=455 nm
—eo— Co(ll)complex at 7=412 nm
—A— Cu(ll)complex at 7.=450 nm
—¥— Zn(ll)complex at =402 nm
0.8+ —4— Pd(Il)complex at 2=378 nm

— & —4— Hg(ll)complex at 7.=398 nm
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Fig. 4 Absorbance vs. pH of a

0.0 . . T " I . . mixture of ITC with metal ions

4 6 8 10 in 70 % ethanol solution and
pH 7=10.10 mol dm™ with KNO;.

Composition and stability of the complexes

The composition and values of the stability constant of the formed comple-
xes were determined in 70 % ethanol at /= 0.10 mol dm=3 (KNO;) and at a con-
stant temperature of 30 °C using a modified Job’s method.!0

The Job’s curves (Fig. 5) were obtained using equimolar solutions of me-
tal(I) ions and ITC in solutions without buffer. As can be seen, the observed ma-
xima indicate the formation of MeL and MeL, complexes for Ni(Il) and Co(II),
and MeL for Cu(Il), Zn(II), Pd(II) and Hg(II) complexes.



980 KONSTANTINOVIC et al.

—n—Ni(I)
1.64 —®— Co(Il)
—A—Cu(Il)
—vy— Pd(II)
—&— 7Zn(I)
27 —4—Hg(ID)

0.8

™~
/ S
L |
7 %:\ Fig. 5 Job curves for the complexes at
\ pH 7.1 and 4=412 nm for Co(Il), at
pH 7.5 and A =455 nm for Ni(Il),

0.4+
¢
p pH 4.9 and A=450 nm for Cu(Il), at

at

‘ ‘ r : ‘ . pH 6.2 and A =402 nm for Zn(Il), at

0.0 02 04 0.6 0.8 1.0 pH 5.2 and A =378 nm for Pd(II) and
n(M)/[n(M)+n(L)] at pH 6.1 and 4 =398 nm for Hg(II).

The stability constants of the complexes predominant in solution were calcu-
lated according to a computerized iterative method of successive approxima-
tions.!1:12 The obtained composition and log/3, values with standard errors are
presented in Table I. The values of the stability constants are relative, since the
dissociation of the ligand was not taken into consideration.

TABLE I. Composition and stability of the complex of metal(Il) ions with ITC in 70 % ethanol
(t=30°C)

Complex Me:L L/ 106 dm3 mol! logf, —~AG / kJ mol’!
Cu(ITC)Cl, 1:1 27.1 7.43 43.13
Zn(ITC)Cl, 1.76 6.24 36.24
Pd(ITC)Cl, 0.341 5.53 32.08
Hg(ITC)Cl, 5.85 6.76 39.27

B, / 105 dm® mol2
Co(ITC),Cl, 1:2 6.39 6.98 40.51
Ni(ITC),Cl, 8.40 7.00 40.63

Thus, the trend of the stability of the complexes follows the order Cu > Ni >
> Co > Hg > Zn > Pd. This order agrees with the conclusions reached by Irving
and William.!13

The Cu(Il) complex is the most stable of the studied complexes, probably
due to its 3d9 configuration and well-known Jahn-Teller effect.!4:!5 The com-
plexes formed by Ni(Il) and Co(Il) ions in 1:2 stoichiometry with ITS are more
stable than the coordination compounds of a 1:1 type of mercury, zinc and pal-
ladium. The information gained from the values of AG at 30 °C indicates that the
formation of the complexes is spontaneous, exothermic and follows the order of
decreasing complex stability.
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NU3BOJ

CIIEKTPO®OTOMETPUICKO ITPOVUABAIGE I AHAJIUTUYKA [TPUMEHA
KOMIUIEKCA Co(Il), Ni(II), Cu(Il), Zn(II), Pd(II) ¥ Hg(II) CA
WU3ATUH-ATUOCEMUKAPBA30HOM

CAHJIPA C. KOHCTAHTUHOBUR!, BJIATA 1T PAZ[OBAHOBI/I'EZ, 30PAH b. TO,I:[OPOBI/ITl1 n CJIABUIIA B. imigeY

Tehnolo{ki Fakultet, Bulevar oslobo]ewa 124, 16000 Leskovac i “Prirodno—matemati~ki Fakultet,
Odsek za hemiiju, Vi{egradska 33, 18000 Ni{

CactaB M CTAOMJTHOCT HaBEICHUX KOMIUIEKCA Cy HCIMTaHH KopuinhemeM crekrpodoro-
MeTpujcke Metoje npu Temnepatypu ox 30 °C u KOHCTaHTHO] joHCKO]j jaunuu 70 % pacTBOpa era-
Homa 0,1 mol dm™ (KNOs). Pesynratu cyrepumy dopmupamse MeL u MeL, kox Ni(IT) m Co(IT), n
MeL kox Cu(Il), Zn(II), Pd(Il) u Hg(II) kommnexkca, unje ¢y KoHCTaHTe cTabmiHOCTH [, onpehene
KopuihemeM padyHapcKe UTepaTHBHE METOJE CYKIECHBHUX anpokcuManuja. Mcnurana je u Mo-
ryhHOCT NpUMeHe HCTPaXXHUBAaHOT a30METHHA Kao peareHca 3a crnekrpodoromerpujcka oxpehuBama
MHUKPOKOJIMYMHA MeTaa.

(ITpumsbeno 20. jyma 2006, peBuaupano 15. mapra 2007)
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DNA cleavage, structural elucidation and anti-microbial studies of
three novel mixed ligand Schiff base complexes of copper(ll)
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Research Department of Chemistry, VHNSN College, Virudhunagar-626 001, India
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Abstract: Three new copper complexes of mixed ligands derived from Schiff bases
(condensation of p-aminoacetanilide and substituted benzaldehydes) with 1,10-phe-
nanthroline have been synthesized and characterized by elemental analysis, IR, UV—Vis,
magnetic moments, conductivity and electrochemical measurements. The spectral
techniques suggest that all the copper complexes exhibit octahedral geometry. The
low electrical conductance of the complexes supports their neutral nature. The mo-
nomeric nature of the complexes was assessed from their magnetic susceptibility va-
lues. The in vitro biological screening effects of the investigated compounds were
tested against the bacteria Escherichia coli, Staphylococcus aureus, and Salmonella
typhi and the fungi Rhizopus stolonifer and Candida albicans by the serial dilution
method. A comparative study of the MIC values of the Schiff bases and their cop-
per complexes indicates that the metal complexes exhibited higher antibacterial ac-
tivity than the free ligands. The DNA cleavage ability of the complexes was mo-
nitored by the gel electrophoresis technique. It was found that electron withdrawing
group substituted copper complex had higher DNA cleavage activity than the other
copper complexes.

Keywords: p-aminoacetanilide, benzaldehyde, p-methoxybenzaldehyde, 2-chloro-
benzaldehyde, CT DNA, copper(Il) complexes.

INTRODUCTION

Transition metals are essential for the normal functioning of living orga-
nisms. Therefore, it is not surprising that transition metal compounds are of great
interest as potential drugs. Many complexes, including the platinum group, have
been synthesized and tested in a number of biological systems after the discovery
of the inorganic anti-cancer agent, cisplatin. Thus, interest in the complexes of
copper has arisen for the following reasons: copper complexes are known to have
a broad spectrum of biological action! and copper is considered as an essential tra-
ce element but its concentrations as free metal ion inside cells should be lower
than 10715 M (calculated)/10~12 M (observed), since concentrations higher than 1079 M
in the cytoplasm can be poisonous.?2 The free copper concentration in the cyto-

* Corresponding author. E-mail: drn_raman@yahoo.co.in
doi: 10.2298/JSC0710983R
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plasm is regulated by different mechanisms, including pumps, exchangers and by
protein expression, which use copper in their active sites.> The great majority of
the copper proteins are involved mainly in oxidation/reduction reaction as well as
in dioxygen transport.* The development of mimic system for copper metalloen-
zymes has provided similar activities to that of natural metalloenzymes.>~7 Cop-
per has proved to be a valuable metal center in the development of artificial nu-
clease systems, as reported in the literature.8-11 Thus, synthetic copper com-
pounds have been investigated on their ability to promote nucleic acid cleavage,
as well as receiving special attention for their action on DNA.!2 The potential sco-
pe of the utility of these compounds is enormous and ranges from the creation of
synthetic restriction enzymes for use by molecular biologists to the development
of chemotherapeutic agents which may be effective against a variety of diseases,
sensitive chemical probes for DNA structure in solution and tools for the mole-
cular biologist to dissect genetic systems.!3 Especially, a number of metal com-
plexes of a variety of ligands have been studied in view of their possibility to lead
to advanced functional materials, tuning the redox potentials, affinity towards
DNA, and specificity for DNA base sequence recognition.14-16 Investigations of
the interaction of DNA with small molecules are basic work in the design of new
types of pharmaceutical molecules. Some types of metal complexes interacted with
DNA could induce the breakage of DNA strands as shown by the gel electro-
phoresis technique. Thus, in cancer genes, after a cleavage of a DNA strand, the DNA
double strands breaks. The replication ability of cancer gene is thereby destroyed.

It is well known from the literature that compounds containing an amide
moiety have a strong ability to form metal complexes and exhibit a wide range of
biological activities. Hence, in this work, the synthesis of three Schiff base cop-
per complexes containing an amide moiety and 1,10-phenanthroline was attempt-
ed and the biological activities, such as anti-microbial and DNA cleavage, of the
resulting complexes were studied.

EXPERIMENTAL
Synthesis of the Schiff bases

The Schiff base was prepared by the dropwise addition of an ethanolic solution (50 ml) of
p-aminoacetanilide into a solution of benzaldehyde (L!)/p-methoxybenzaldehyde (LZ)/2-chloro-
benzaldehyde (L3) (1:1 molar ratio of 10 mM) in ethanol. After completion of the addition, the
solution was refluxed on a water bath for 1 h and allowed to cool by standing at room temperature.
The formed solid product was removed by filtration and recrystallized from ethanol (Yield: 75 %
for L!; 70 % for L2; 78 % for L3).

Synthesis of the copper complexes

A solution of Schiff base and 1,10-phenanthroline in ethanol was added to a solution of

CuCl,-2H,0 (1:1:1 molar ratio of 10 mM) in ethanol and the mixture was stirred for 1 h. The solid

product so-formed was separated by filtration and washed thoroughly with ethanol and dried in
vacuo (Yield: 52 % for [CuL!(Phen)Cl,]; 55 % for [CuL%(Phen)Cl,]; 60 % for [CuL?(Phen)Cl,]).
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Nuclease activity

The DNA cleavage experiment was conducted using CT DNA by gel electrophoresis with the
corresponding copper complex in the presence of H,O, as an oxidant. The reaction mixture was in-
cubated at 35 °C for 1.5 h before the electrophoresis experiment as follows: CT DNA 10 uM, 5 uM
each complex, 1 uM H,0, in 50 mM tris—HCI buffer (pH 7.0) and 34 uM of double distilled water.
The samples were electrophoresed for 2 h at 50 V on 1 % agarose gel using tris—acetic acid—EDTA
buffer, pH 8.3. After electrophoresis, the gel was stained using 1 ug cm3 EB and photographed un-
der UV light.

Anti-microbial activity

The in vitro biological screening effects of the investigated compounds were tested against
Staphylococus aureus, Escherichia coli, Salmonella typhi by the well diffusion method using agar
nutrient as the medium and amphotericin as the control.

The in vitro anti-fungal assay was performed by the disc diffusion method. The complexes
and ligand were tested against the fungi Rhizopus stolonifer and Candida albicans, cultured on po-
tato dextrose agar as medium. In a typical procedure, a well was made on the agar medium inocu-
lated with the fungi. The well was filled with the test solution using a micropipette and the plate
was incubated at 30 °C for 72 h. During this period, the test solution diffused and the growth of the
inoculated fungi was affected. The inhibition zone developed on the plate was measured. The MIC
of the complexes was determined by the serial dilution technique.

Apparatus and reagents

All reagents were Merck products and were used as supplied. For the voltammetric experi-
ments, the tetrabutylammonium perchlorate (TBAP) used as the supporting electrolyte, was purcha-
sed from Sigma. Anhydrous grade methanol and DMSO were obtained from Fisher Scientific Com-
pany. The metal contents of the complexes were estimated gravimetrically as their oxides,!” by fu-
sion with AnalaR ammonium oxalate. Microanalytical data and FAB mass spectra of the com-
pounds were recorded at the Regional Sophisticated Instrumentation Center, Central Drug Research
Institute (RSIC, CDRI), Lucknow. Microanalyses were performed using a Carlo Erba 1108 CHN
Elemental Analyser. The FAB mass spectra of the complexes were recorded on a JEOL SX
102/DA-6000 mass spectrometer/data system using argon/xenon (6 kV, 10 mA) as the FAB gas.
The accelerating voltage was 10 kV and the spectra were recorded at room temperature using m-ni-
trobenzyl alcohol (NBA) as the matrix. The IR spectra of the samples were recorded on a Perkin-
Elmer 783 spectrophotometer in 4000200 cm™! range using the KBr pellet technique. The UV—Vis
spectra were recorded on a Shimadzu UV-1601 spectrophotometer using DMSO as the solvent in
the wave range of 200800 nm. The X-band ESR spectra of the complexes were recorded at 77 K
at IIT, Mumbai using TCNE (tetracyanoethylene) as the g-marker. Magnetic susceptibility measu-
rements of the complexes were carried out using a Guoy balance with copper sulfate as the cali-
brant. Electrochemical studies were carried out using a EG&G Princeton Applied Research Poten-
tiostat/Galvanostat Model 273 A, controlled by M270 software. The measurements were carried out
under oxygen-free condition using a three electrode cell, in which glassy carbon was the working
electrode, a saturated Ag/AgCl was the reference electrode and a platinum wire was used as the
auxiliary electrode. All solutions (103 M) were purged with N, for 30 min prior to each set of ex-
periments. The molar conductivity was measured with a Systronic conductivity bridge, using fre-
shly prepared solutions of the complexes in DMSO solution (103 M). Solutions of CT-DNA in
50 mM NaCl/50 mM tris—HCI (pH 7.0) gave a ratio of UV absorbance at 260 and 280 nm, A260/A280
of ca. 1.8-1.9, indicating that the DNA was sufficiently free of protein contamination. The DNA
concentration was determined by the UV absorbance at 260 nm after 1:100 dilutions. Stock solu-
tions were kept at 4 °C and doubly distilled H,O was used to prepare the buffer.
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RESULTS AND DISCUSSION

All the complexes were air stable, insoluble in water and soluble in DMSO.
They were identified by their physical and analytical data. The analytical data
(Table I) are in good agreement with the general formula [CuL(Phen)Cl;]. The
monomeric nature of the complexes was evidenced from their magnetic suscep-
tibility values. The study of the magnetic and electronic spectral data was quite
informative in characterizing the geometry of the complexes. These complexes
are non-electrolytic due to their low conductivity values.!8

TABLE I. Physical characterization, analytical, molar conductance and magnetic susceptibility data
of the complexes

c d Col Composition found (calcd), % Apx10° /
ompoun olor M C = N S em2 mol! Heft/ HB
L! Yellow B 75.69 581  11.80 13
(75.63) (5.88) (11.76) ) a
[CuL!(Phen)Cl,]  Dark green 1149  58.60 3.95 10.11 16 1.85
(11.50) (58.64) (3.98) (10.13) ) ’
L2 White B 71.10 565 1042 1o B
(71.91) (5.62) (10.49) )
[CuL%(Phen)Cl,] Brown 1080  57.61  4.10 9.63 1 175
(10.85) (57.68) (4.12) (9.61) ' ’
L3 Glittering white B 67.10 4.80 8.99 14 B
(67.16) (4.85) (8.95) ’
[CuL3(Phen)Cl,] Pale green 10.86 55.15 3.52 9.51 17 179

(10.85) (55.33) (3.59) (9.56)

The FAB mass spectra of the Schiff bases and their copper complexes were
used to compare their stoichiometric composition. The Schiff base L2 shows a
molecular ion peak M* at m/z=268. The molecular ion peak, observed at
m/z = 581 for the copper complex confirms the molecular formula of the copper
complex as [CuL2(Phen)Cl,]. This was also supported by the FAB mass spectra
of the other complexes.

The elemental analysis values are in close agreement with the values calcula-
ted from molecular formula assigned to these complexes, which is further sup-
ported by the FAB-mass studies of the complexes.

The electronic spectra of the Schiff base ligands and their copper complexes
were recorded in DMSO solution at 300 K. The spectra of copper complexes
show a d-d transition in the region 700—750 nm, assigned to a 2B g™ 2A2g tran-
sition. The position of this band in the spectra suggests a distorted octahedral
geometry for the complexes.!® A moderately intensive band observed in the ran-
ge 330-360 nm is due to a ligand-to-metal charge transfer transition0 and the
strong band observed in the range 250-280 nm is due to an intra-ligand charge
transfer transition for these copper complexes.2!
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The IR spectra of the free Schiff base ligands were compared with the
spectra of the complexes. The IR spectra of the Schiff bases show a prominent
absorption peak at ca. 1700 cm™! corresponding to v(C=0) of acetanilide, which is
shifted to a lower frequency 1680 cm™! in the spectra of the copper complexes,
indicating coordination to the metal ion. The ligands show their characteristics v(C=N)
bands in the region 16101590 cm™!, which are also shifted to lower frequencies
in the spectra of all the complexes (1580-1550 cm™!). The IR spectra of the cop-
per complexes show some new bands in the region 490-510 cm™! and 450—
—460 cm™!, which are probably due to Cu-O and Cu-N bonds respectively.22
The weak band at 350 cm™ is probably due to the formation of Cu—Cl bonds.23

The ESR spectrum of metal complexes provides information about hyperfine
and superhyperfine structures which are of importance in the study of the envi-
ronment of the metal ion in the complex, i.e., the geometry and nature of the li-
gating sites of the Schiff base and the metal. The X-band ESR spectrum of the
polycrystalline copper complex recorded at 77 K shows a well-resolved hyperfi-
ne splitting and exhibits two different g-values, indicating the magnetic aniso-
tropy in the complex. The magnetic susceptibility value reveals that the copper
complex has a magnetic moment, 1.85 up, corresponding to that of one unpaired
electron, indicating that the complex is mononuclear. This fact was also evident
from the absence of a half field signal, observed in the spectrum at 1600 G due to
ms = +2 transitions, ruling out any Cu—Cu interaction.24

The g-tensor value of the [CuL3(Phen)Cl,] complex can be used to derive the
ground state. In octahedral complexes, the unpaired electron lies in the dy2_y2
orbital. In the present copper complex, the observed g-tensor values are g)(2.256) >
>01(2.052) > g.(2.002), which suggest that this complex has a distorted octa-
hedral geometry. The ESR parameters of the complex also coincide well with
related systems for which it was suggested that the complexes have a distorted
octahedral geometry and that the systems are axially symmetric.25 In the axial
spectra, the g values are related to the exchange interaction coupling constant (G)
by the expression:

G=aq—
9 g1-2

According to Hathaway,20 if the G value is larger than four, the exchange in-
teraction is negligible because the local tetragonal axes are aligned parallel or are
slightly misaligned. If its value is less than four, the exchange interaction is con-
siderable and the local tetragonal axes are misaligned. For the present copper
complex, it is 4.9, which suggests that the local tetragonal axes are aligned pa-
rallel or are slightly misaligned and are consistent with a dy2_y2 ground state.

Based on the above spectral data, the structures of these complexes are as-
signed as shown in Fig. 1.
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C‘

ét C
Cyclic voltammetry is the most versatile electrochemical technique for the
study of electroactive species. The cyclic voltammogram of the [CuL3(Phen)Cl,]
(0.01 M) complex in DMSO at 300 K in the potential range 0.8 to -0.4 V at a
scan rate 100 mV s™! is shown in Fig. 2, which shows one quasi-reversible re-
duction peak at 0.31 V (Epc), corresponding to the formation of Cu(III)/Cu(II)
and an oxidation peak at 0.49 V (Ep,), corresponding to the formation of the
Cu(Il)/Cu(IIT) couple. The peak potential difference (AEp = 130 mV) shows one
quasi-reversible couple. The number of electrons of the complex transferred was

established by the current heights (Ipe/lpa = 0.91) which shows that the copper
complex has one electron transfer.

o

-4 E T T T T T v T v T )
800 600 400 200 ] 200 Fig. 2. Cyclic voltammogram of [CuL*(Phen)Cl,]

E/mV vs. AgiAgCI in DMSO at room temperature.

Fig. 1. Proposed structure of the synthesized copper(Il)
X =-H, -OCH3, -Cl complexes.

1/ pA
(=]

The in vitro anti-microbial activity of the investigated compounds was tested
against the microorganisms E. coli, S. typhi, S. aureus, C. albicans and R. stolni-
fer by the serial dilution method. The minimum inhibitory concentration (MIC)
values of the compounds against the growth of micro-organisms are summarized
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in Table II. A comparative study of the ligands and their copper complexes (MIC
values) indicates that all the copper complexes exhibited higher anti-microbial
activity than the free ligands. Such increased activity of the complexes can be ex-
plained on the basis of the Overtone concept?’ and the Tweedy chelation theo-
ry.28 According to the Overtone concept of cell permeability, the lipid membrane
surrounding the cell favors the passage of only lipid-soluble materials, due to
which liposolubility is an important factor controlling the anti-microbial activity.
On chelation, the polarity of the metal ion will be reduced to a greater extent due
to the overlap of the ligand orbital and partial sharing of the positive charge of the
metal ion with donor groups. Furthermore, the mode of action of the compound may
involve formation of a hydrogen bond through the azomethine group with the ac-
tive centre of cell constituents, resulting in interference with normal cell processes.

TABLE II. Anti-microbial data of the investigated compounds (MICx103 M)

Compound E. coli S. typhi S. aureus R. stolonifer ~ C. albicans

L! 42 5.9 5.1 4.6 38
[CuL!(Phen)Cly] 3.2 0.8 1.6 22 26
L? 4.5 3.9 5.9 4.0 6.2
[CuL2(Phen)Cl,] 2.6 1.5 1.0 22 1.8
L3 4.0 2.9 4.2 3.4 5.2
[CuL3(Phen)Cl,] 1.4 1.8 2.1 0.6 2.8
Amphotericin 32 2.0 1.8 1.5 2.5

The nuclease activity of the present copper complexes was investigated using
CT DNA by agarose gel electrophoresis in the presence of an oxidant (H,O5), as
shown in Fig. 3.

Lane:

Fig. 3. Agarose gel (1 %) showing the changes in the
agarose gel electrophoretic pattern of CT DNA indu-
ced by HyO,. Lane 1: DNA alone, Lane 2: DNA +
+ [CuL!(Phen)Cl,], Lane 3: DNA + [CuL2(Phen)Cl,]
and Lane 4: DNA + [CuL3(Phen)Cl,].

As can be seen from the results (Fig. 3), the electron withdrawing substituted
complex had a higher DNA cleavage activity than the other copper complexes
(i.e., [CuL3(Phen)Cl,] > [CuLZ(Phen)Cl,] > [CuL!(Phen)Cl;]). Due to the pre-
sence of an electron withdrawing group in the ligand, the positive charge of the
copper ion increases, and this enhances the ability of the copper ion to interact
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with DNA. The samples in lanes 3 and 4 were completely degraded. This shows
that a slight increase in the concentration over the optimal value (i.e., the value at
which a 100 % cleavage efficiency was observed) led to extensive degradation,
resulting in the disappearance of the bands on the agarose gel. The other copper
complex (lane 2) degrades DNA efficiently. To understand the active oxygen spe-
cies in the reactions, inhibition experiments were performed with standard sca-
vengers for reactive oxygen intermediates using degradation experiments with the
Rhodamine B dye test (Fig. 4).

0%

090

08

Absorbance

080

075

Time (sec)

Fig. 4. Rhodamine B degradation followed by the decrease of the absorbance at 552 nm at pH 8.1
in 10 mM phosphate buffer: (a) in the presence of 0.1 mM [CuL!(Phen)Cl,]; (b) in the presence
of 0.1 mM [CuL!(Phen)]**, 10 mM H,0,, I mM ascorbic acid.

The degradation of the dye provides a direct measure of the concentrations
of hydroxyl radicals in the reaction mixture. From the observation, it is suggested
that reactive oxygen species can be produced by the [CuL!(Phen)Cl,] complex
under redox conditions.2%

CONCLUSIONS

A new series of mixed ligand complexes of copper was synthesized and their
octahedral geometry was inferred from their spectral data. A comparative study
of the MIC values of the ligands and their complexes indicates that the copper
complexes exhibit higher anti-microbial activity than the free ligands. The Rho-
damine B dye test clearly indicates that the increase of the cleavage reactivity is
related to the presence of reactive radicals. Electrochemical experiments neatly
demonstrate that the present ligand system is ideally suited for stabilizing the
higher oxidation states of the copper ion.
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PA3JIATABE JTHK, OJPEBUBABE CTPYKTYPE U AHTUMUKPOBHA UCITUTHUBABA
TP HOBA MEIIOBUTA KOMIIJIEKCA BAKPA(II) CA IMTAHANMA
3ACHOBAHHNM HA IIN®OBUM BA3AMA

N. RAMAN u S. JOHNSON RAJA
Research Department of Chemistry, VHNSN College, Virudhunagar-626 001, India

CuHTeTnCcaHa Cy TpU HOBa KOMIUIEKca Oakpa ca MemoBHTHM juranauMa ox llludosux 6aza
(KoHIeH3aMja P-aMUHOAIIETAaHWIINA U CYNICTUTYyHCaHuX OeH3annexuna) ca 1,10-¢peHanTpoarnHOM
1 OKapaKTepHcaHa eleMeHTanHoM aHanu3oM, IR, UV-Vis, onpehuBamem MarHeTHUX MOMEHATa U
IIPOBOJIJBMBOCTH, KA0 U EJISKTPOXEMHUjCKUM MepemnMa. CrieKTpaiHe TeXHUKE yKa3yjy Ha TO jaa Cy
CBM KOMIUIEKCH Oakpa oKTaenapcke reomerpuje. Hucka enexkTpuyHa MPOBOIJBHBOCT KOMIUICKCA
yKa3yje Ha BbHXOBY HEYTpaJlHy PpUpoJy. BpeaHoCcTH MarHeTHe CyCIeNTHOMITHOCTH yKa3yjy Ha MO-
HOMEpHY MPUPOJY KOMIUIEKca. BHOJIONIKa akTHBHOCT JOOHjCHUX jeAN-CH-a HCIIMTHBAHA je in Vitro
Ha Gakrepujama Escherichia coli, Staphylococcus aureus u Salmonella typhi u risuBama Rhizopus
stolonifer u Candida albicans meromom cepujckor paszonaxema. Ynopensa anaauza MIC Bpen-
Hoctu llIndorux 6asa W KHUXOBUX KOMILICKca Oakpa ykasyjy Ha TO Jia Cy METaIHH KOMILICKCH
aHTHOAKTEPHjCKU aKTUBHU)jU of cinoboaHux mranana. CrocoGHocT koMIuiekca 3a BesuBame JJHK
HCTIIMTUBAHA je TEXHHKOM rel-efekrpodopese. YTBphCHO je 1a CyNCTUTyHCAaHH KOMIUIEKCH Oakpa
Mame eleKTpoHCKe ryctuHe jade Besyjy JJHK ox ocranux xommiekca 6akpa.

(ITpumsbeno 10. HoBemGpa 2006, peBuaupano 20. anpuina 2007)
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Preparation and characterization of carbon paste electrode
modified with tin and hexacyanoferrate ions
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Abstract: A carbon paste electrode was modified chemically using Sn(IT) or Sn(IV)
chlorides and hexacyanoferrate(I) or hexacyanoferrate(IIl). The electrochemical be-
havior of such SnHCF carbon paste electrodes was studied by cyclic voltammetry.
The study revealed that Sn(IV) and hexacyanoferrate(Il) yield the best results. This
electrode showed one pair of peaks: the anodic and cathodic peak at the potentials
of 0.195 and 0.154 V vs. SCE, respectively, at a scan rate of 20mV s ina 0.5M
phosphate buffer as the supporting electrolyte. The SnHCF modified electrodes
were very stable under potential scanning. The effects of pH and alkali metal cat-
ions of the supporting electrolyte on the electrochemical characteristics of the modi-
fied electrode were studied. The results showed that cations have a considerable ef-
fect on the electrochemical behavior of the modified electrode. The diffusion coef-
ficients of hydrated K* and Na* in the film, the transfer coefficient and the electron
transfer rate constant were determined.

Keywords: carbon paste electrode, modified electrode, tin, hexacyanoferrate.

INTRODUCTION

To date various inorganic materials,! organometals? and polynuclear cyano-
metalate3~44 have been used to make modified electrodes (MEs). Among the va-
rious mediators used for electrode modification, solid metal hexacyanoferrates
have attracted the attention of electrochemists as excellent electron transfer medi-
ators. Ever since the work of Neff et al. on Prussian blue (PB) modified electrode
(ME),45-46 there have been many papers published over the years on the prepara-
tion and characterization of metal hexacyanoferrates as electroactive materials.3~44
Various transition metal cations have been used with hexacyanoferrate to fabric-
cate metal hexacyanoferrate (MHCF) modified electrodes, in which M can be: cad-
mium,3 chromium, %5 cobalt,®=9 copper,10-12 dysprosium,!3 gallium,!4 indium, !5-17
iron HCF (PB),!8-20 Janthanum,?! manganese,?22-23 molybdenum,24 nickel, 2528
osmium,2? palladium,30:3! platinum,32 ruthenium,33 samarium(I1I),34 silver,35-36 mi-
xed-valent titanium,37 vanadium,38-40 zinc,4! zirconium,#?-43 and Ket-HCF (keto-
tifen-hexacyanoferrate).44

* Corresponding author. E-mail: rezasabzi@yahoo.com
doi: 10.2298/JSC0710993S

993



994 SABZI et al.

The aim of the present study was to propose and examine the preparation of
SnHCF MEs as a carbon paste electrode and study of the electrochemical beha-
vior of the electrode in detail.

EXPERIMENTAL
Chemicals and instrumentation

K;[Fe(CN)g] (HCF(1IT)), K4[Fe(CN)g] (HCF(II)), KNO3, SnCl,, SnCly and other chemicals
were of analytical grade and were obtained from Merck and used without further purification. A
solution of 0.5 M phosphate buffer solution was used as supporting electrolyte. The buffer was
prepared using phosphoric acid and pH adjusted with KOH. The electrochemical experiments were
carried out using a potentiostat/galvanostat (BHP-2063 electrochemical analysis system, Behpa-
jooh, Iran). A conventional three-electrode cell was used at 25 °C (room temperature). A saturated
calomel electrode and platinum wire (from Azar electrode Co., Iran) were used as reference and
auxiliary electrodes, respectively.

Electrode preparation

The SnHCF carbon paste electrode was prepared using tin(IV) chloride. For the preparation of
SnHCF, 50 ml of 0.1 M tin(IV) chloride solution containing 0.1 M KNO3 was slowly added to
50 ml of 0.1 M HCF(II) with agitation. The formed SnHCF precipitate was filtered, washed, and
dried. Then 0.05 g of the obtained precipitate was mixed with 0.5 g graphite (1:10) and a few drops
of paraffin oil were added to the mixture. The mixture was housed in a polyethylene tube (inner
diameter 2.4 mm) and polished on a smooth paper layer. An electric contact was made by a copper
wire through the back of the electrode. The obtained SnHCF precipitate was a light green powder
which was stable in aqueous solutions.

RESULTS AND DISCUSSION
Electrochemical behavior of the modified electrode

The SnHCF ME was prepared using Sn(Il) and Sn(I'V) chlorides with HCF(II)
and HCF(II). The experimental results revealed that Sn(IV) chloride and HCF(II)
after about 20 cycles at a scan rate 100 mV s~! yielded a stable cyclic voltammo-
gram with symmetric peaks with a small peak separation. To maintain the elec-
troneutrality of the metal hexacyanoferrate modified electrode, it is important to
equilibrate the compounds with the electrolyte by repeated oxidation and reduce-
tion because the starting compounds may contain metal ions in their channels
from the synthesis, which must be excluded from lattice to the solution by poten-
tial scanning. The modified electrodes prepared with these two salts were charac-
terized by cyclic voltammetry. MEs were also prepared from Sn(IV) with HCF(III),
but no peaks were observed, and from Sn(II) with HCF(II) and HCF(III), but the
ME had large peak separations. The cyclic voltammograms of SnHCF with Sn(II)
and Sn(IV) salts are shown in Fig. 1. It seems that when Sn(IV) was used for the
preparation of the ME, the following electrochemical reaction can occur:

Sn(IV)HCF(II) + 2K* + 2e~ == K,Sn(I)HCF(II) @8
However, when Sn(Il) and HCF(II) were used for the preparation of the ME,

a large peak separation was observed. This character of the ME may be due to the
migration of K from the lattice to the solution.
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Fig. 1. Cyclic voltammograms of a) the Sn(IV)HCE(II)
30 electrode and b) the Sn(IHHCF(II) electrode, both

04 D02 0 02 04 06 08 ina0.5M phosphate buffer solution pH 7 (with
E/Vvs. SCE K™ cations) at a scan rate of 60 mV s™!.

The cyclic voltammograms of SnHCF in the presence of 0.5 M phosphate
buffer, containing no deliberately added electroactive material, were recorded
between —0.25 and 0.6 V vs. SCE at various scan rates 10-350 mV s~! (Fig. 2A).
As can be seen, a single and well-defined redox couple was observed. The anodic
and cathodic peak potential were 0.195 and 0.154 V vs. SCE, respectively, at a
scan rate of 20 mV s~!. The formal potential, taken as the average of the anodic
and cathodic peak potential, Eg = (EpatEpc)/2, was about 174 mV and was al-
most independent of the potential scan rate for sweep rates ranging from 20 to
1000 mV s~!. The formal potential for SnHCF was in order of that of PB. The
formal potential for all hexacyanoferrate ME are compared in Table 1. The la/Ipc
ratio remained almost unity and the peak separation, AE, = Ep, — Epc, was 41 mV
at a scan rate of 20 mV s~1; at higher scan rates, the peak separation increased
(327 mV for 1 V s7!) indicating a limitation arising from the charge transfer ki-
netics. The peak currents of the voltammogram were linearly proportional to the
scan rate up to 350 mV s—1, which is expected for a surface confined redox pro-
cess (Fig. 2B). For scan rates higher than 350 mV s~!, the anodic and cathodic
peak currents were proportional to the square root of the scan rate, which is ex-
pected for a diffusion-controlled electrode process. The electrode reaction was si-
milar to those reported for other hexacyanoferrates. The redox couple was obser-
ved at relatively lower potential. The redox couple, corresponding to the surface-con-
fined iron centers (Fe(Ill)/Fe(Il)), has a formal potential of Eq =0.174 V vs. SCE.
The electrochemical reaction process can be expressed as follows:

KSn(ID)[Fe(IMN)(CN)g] + K + e~ == K,Sn(IN)[Fe(I)(CN)g] )

As indicated in Table I, the formal potential of most transition metals are hi-
gher than 0.5 V vs. SCE, but the formal potential for SnHCF is low and in the or-
der of that of PB. Therefore, it can be used for the electrocatalysis of some sub-
strates which can not be catalyzed by other MHCF.
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Fig. 2. A) Cyclic voltammograms of the SnHCF electrode in 0.5 M phosphate bufter solution, pH 7;
potential scan rates: a) 20, b) 40, ¢) 60, d) 100, ¢) 200, f) 250, g) 300 and h) 350 mV s'! and B) plot
of the anodic and cathodic peak currents vs. potential scan rate. Electrode diameter was 2 mm.

TABLE I. Formal potential of MHCF modified electrodes that have been reported until now

Formal potential

Modifier ~ Substrate Electrolyte V vs. SCE or Ag/AgCI Ref.
PB: FeHCF Pt 1.0 M KC1 0.2 18
AgzHCF Pt, Au 1.0 M KNO; 0.739 35
CdHCF Pt 1.0 M KNO; 0.58 3
CrHCF GC® 1.0 M KC1 0.62 4
CoHCF GC 1.0 M NaCl 0.38 6
CuHCF GC 1 MKClI 0.70 10
DyHCF GC 0.2 M KCl 0.21,0.362 13
GaHCF Ga 1.0 M KCI 0931V 14
InHCF GC 0.5 M KC1 0.742 15
LaHCF Pt 1 M KCI 0.32 21
MnHCF Sol—gel 0.1 M KClI 0.5452 22
MoHCF Pt 0.5 M H,SO, 0.152 24
NiHCF Al 0.5 M NaNO; 0.44 27
OsHCF GC 0.1 M KCl 0.442 29
PdHCF Al 0.5 M KNO; 0.697 31
PtHCF GC 1 MKCI 0.76 32
RuHCF GC 0.1 M KC1 0.312,0.962 33
SmHCF GE° 0.2 M NaCl 0.18 34
SnHCF CPE* 0.5 M Phosp. buffer (K) 0.174 This Article
TiHCF GC 1 M HCI -0.01 37
VHCF Pt 5M H,S0, 0.92, 1.06% 38
ZnHCF WIGE® 0.5 M KCI 0.63 41
ZrHCF Au 1 MKCl1 0.23 42
Ket—HCF' CPE 0.1 M Phosp. buffer (K) 0.64 44

bGlassy carbon; “graphite electrode; dcarbon paste electrode; ®wax impregnated graphite electrode; fketothio-
phene-hexacyanoferrate
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The surface coverage of the SnHCF modified electrode, 7/, represent the
moles of SnHCF redox site per unit area of the electrode surface. The amount of
charge, Q, consumed for the anodic peak recorded at 50 mV s~!, was measured
with respect to the base line and used to calculate /" from the following equation:

I'=Q/nFA 3)
where n, and F are the number of electrons transferred in the surface redox re-
action and the Faraday constant, respectively. It should be pointed out that the
calculated surface coverage is an efficiency characteristic (per cross section of the
electrode) and does not reflect the actual amount of SnHCF per area of carbon
paste electrode. Increasing the scan rate in the range from 20 to 5000 mV s~! cau-
ses a continual decrease of the apparent coverage from 5.0x10~7 to 5.0x10-8
mol cm2. The decrease of the apparent coverage with increasing scan rate is
probably related to the decrease of the time window and charge transfers through
the modified electrode layer, which become rate limiting at higher scan rates.

Effect of pH

Cyclic voltammetry was also used to study the effect of pH of phosphate buf-
fers on the peak currents. The results are illustrated in Fig. 3, from which it can
be seen that the peak currents increase with increasing pH up to 10. A 0.5 M pho-
sphate buffer solution (pH 8) was selected and used as the pH for the further stu-
dies. Most MHCFs are stable in neutral or weakly acidic solutions, but this modi-
fied electrode shows a larger peak current and stability in basic solutions. This
can be related to the stability of SnHCF in basic solutions, whereas other metal
hexacyanoferrates hydrolyze at higher pH values and are gradually dissolved.

40

30 1

11 WA

20 1

10 4

1
Fig. 3. Effect of pH on the peak currents of

pH SnHCF in 0.5 M phosphate buffer solution.
Stability of modified electrode

The stability of the SnHCF modified electrode was examined by repetitive
scans in the 0.5 M phosphate buffer solution. During the first few scans, the peak
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current increased with continuous scanning. Subsequently, negligible variation in the
height and separation of the cyclic voltammetric peaks was observed. The SnHCF
modified electrode was stable under repeated CV scanning. The response of mo-
dified electrode had decreased by 5 % after 100 cycles. Furthermore, there was
no loss of redox activity after storing the modified electrode in air for a month.

lon effect on electrochemical behavior of ShHCF

In order to maintain the electroneutrality of the SnHCF film, motion of
counter cations always accompanies electron transfer during the redox process.
Thus, cations can have a considerable effect on the electrochemical behavior of
SnHCEF films. In this study, the cations Lit, Na* and K* at the same concentra-
tion (0.5 M) were examined (Fig. 4). The obtained results showed that the peak
currents were higher and the peak separation larger in the presence of Na™ cat-
ions than in the presence of K* cations, while the peaks are completely depressed
in the presence of Lit. It is feasible that hydrated Li* ions enter the channels of
the SnHCEF lattice where they become trapped, thus blocking access to all chan-
nels into the lattice. Therefore, even by changing the counter ion of the bulk elec-
trolyte, no redox signal was observed. Therefore, it can be concluded that the
SnHCF modified electrode exhibits a preference for alkali metal cations in order
K*>Na*>Li" in aqueous solution. The results also lead to the conclusion that so-
dium and potassium cations can freely penetrate into the SnHCF crystal lattice.
The results of the study also showed that the voltammetric characteristic of the
SnHCEF electrode was strongly affected by the nature of anions present in the so-
lution. Therefore, the effect of various anions, such as NO3, CI" and phosphate
was studied. The obtained results showed well-defined and reproducible cyclic
voltammograms in 0.5 M phosphate buffer solution.

30 4

20 1

10 1

l] o

B

= 10

20 1
Fig. 4. Cyclic voltammograms of the SnHCF
£l electrode in the presence of 0.5 M alkali
0 metal cations (a) LiCl, (b) phosphate buffer
06 04 02 0 02 04 06 08 solution containing Na*t cations (c) phos-

phate buffer solution containing K* cations;

EfVvs. SCE scan rate: 60 mV s
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Charge transfer rate in the film

Laviron derived general expressions for the linear potential sweep voltam-
metric response for the case of surface-confined electro-active species.4” From
these expressions, it is possible to determine the transfer coefficient (&) by mea-
suring the variation of the peak potentials with scan rate, v, as well as the ap-
parent charge transfer rate constant (k) for electron transfer between the elec-
trode and a surface deposited layer. According to Laviron’s expressions, a plot of
Ep —Eo = f (log V) yields two straight lines with a slope equal to 2.3RT/anF for
the cathodic peak and 2.3RT/(1-a)nF for the anodic peak. An example of this
plot for the SnHCF film in 0.5 M phosphate buffer is shown in Fig. 5. Using such
a plot and the following equation:

logks =alog(l1-a)+(1-a)loga —1lo E—omF(l—Ot) Ay 4)
S Z ot STV 23RT

the values of « and ks were found to be 0.6 and 2.1+0.2 s~!, respectively. Notice
that the surface coverage, /, evaluated from the relation /"= Qg/nFA was about
5.0x10~8 mol cm2 at a scan rate of 20 mV s~!. Further experiments showed that
the values obtained for & and kg remained almost constant for /" values in the
range 10-7-10-8 mol cm~2. The peak separation will be close to zero when the
electron transfer rate is fast relative to the scan rate and will increase when the
electron transfer rate is slow.

L5 y=01322% + 01784
F?= 09706
0.2 1
= . et
IR
LI‘} . iE IS
0.2 1 ¥ = -0.1322% - 01754
F? = 08706
Fig. 5. Plot of E, — Eg Vs. log v for cyclic vol-
o4 T T v tammograms recorded for the SnHCF elec-
2 -1 ] 1 trode in 0.5 M phosphate buffer solution at
y scan rates between 0.01-1 Vs! for the
legviVs

anodic and cathodic peaks.

Diffusion coefficient of K"and Na™ in the film

The height of the cyclic voltammogram peaks obtained at scan rates > 350 mV s~!
is an important criterion, which can be related to the facility of cation diffusion in
a modified film.34 The peak current of cyclic voltammograms obtained at scan ra-
tes higher than 350 mV s1, in the presence of potassium cations was proporti-
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onal to the square root of the scan rate, v1/2, indicating its diffusion nature.
According to the experimental results, the diffusion coefficient of the cations in
the modifier film could be calculated using the equation:48

lp = 2.99x10°n%/2¢1/2 AD1/ 2¢y1/2 (5)

where D is the diffusion coefficient of the cations in the film (cm?s1), A the
electrode area (0.045 cm?), v potential scan rate (V s~!) and I, the peak current
(A). Since at high scan rates, not all redox sites, including mixed valence iron, in
the film are electroactive due to an insufficient amount of counter ions in the
film, in Eq. (5), C represents the concentration of alkali metal cations in the film
(mol cm~3). The value of ¢, which varies with the scan rate, was calculated by
means of the total moles of cations in the film, obtained from Qp (the area under
cyclic voltammograms recorded at scan rates higher than 350 mV s!) and the to-
tal volume of the film obtained from Qy, (the area under the cyclic voltammogram
recorded at a scan rate of 20 mV s~1). Using a plot of Ip vs. cvl’2, the diffusion
coefficient for Nat and K was calculated to be (2.45+0.23)x10-10 and (4.83+
+0.34)x10-10 cm? 51, respectively. A typical example of these plots is shown in
Fig. 6 for the cyclic voltammogram peaks recorded in the presence of K.

350

300 +

Fig.6. Plot of I, vs. cv!’? for cyclic vol-
tammograms recorded for the SnHCF ele-
0 ; ’ ; ctrode (A=0.0314 cm?) in 0.5 M phos-
0.0028 0.003 0.0032 0.0034 p.0036 Phate buffer solution with Na' cations at
scan rates between 0.3 and 5 V 57! for ano-

cvimolem P v'2g 12 dic peak currents.

CONCLUSIONS

The preparation of a SnHCF modified electrode using tin chloride and hexa-
cyanoferrate was reported. The preparation of the modified electrode is easy, fast,
and reproducible. This modified electrode showed good stability toward potential
recycling. Both the pH of the solution and the alkali metal cations and anions of
the supporting electrolyte have a considerable effect on the electrochemical beha-
vior of the film. K™ and Na* ions can freely enter the SnHCF crystal lattice, while hy-
drated Li* are probably trapped in the SnHCF lattice. The prepared modified elec-
trode is stable for several weeks in air, as well as in 0.5 M phosphate buffer solution.
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N3BOJ

IMPUITPEMA N KAPAKTEPU3AIIUJA EJIEKTPOJAE HA BA3U KAPBOHCKE ITACTE
MOJNDHUKOBAHE JOHUMA KAJIAJA U XEKCAIIUJAHO®EPATA

REZA E. SABZI, ALL HASANZADEH, KHOSROW GHASEMLU n PARVANEH HERAVI
Department of Chemistry, Faculty of Science, Urmia University, Urmia, Iran

Enextpone Ha 6a3u kapOOHCKe macTe ¢y XeMmujcku MomudukoBane kanaj(ll) wmu xamaj(IV)
xnopuznoM u xekcanujanodepar(ll) mm xexcanujanogpepar(lll) jonom. HbuxoBo enekTpoxemMujcko
MIOHANIAKkE je MCIUTHBAHO IMKINYHOM BonTameTpujoM. Ilokasano je ma Sn(IV) u xexcarmjaHo-
¢epat(ll) najy najoosse pesynrare. lukiamaan Bonramorpam takse SnHCF enextpone je okapak-
TepHCaH jeIHUM mapoM mukosa: aHomHuM Ha 0,195 V u katomuum Ha 0,154 V (mpema 3KE) npu
6p3uHK TUHEapHe npoMene moTeHnujana 20 mV s uy 0.5 M docatHOM Mydepy Kao OCHOBHOM
enekTponuty. TOKOM LMKIM3Upama IOTCHIMjala eNeKTpoja ce IMoKas3ana Kao BeoMa CTaOWiIHa.
UctmtuBan je edexar pH OCHOBHOT eleKTponWTa M NPHUCYTHHX KaTjoOHA aJKaJHAX MeTala Ha
enexrpoxemujcke kapakrepuctuke SnHCF enextpome. YTBpheHo je ma KaTjoHH MMajy 3HadajaH
edexar. Onpehenn cy xoeduuujenTu audysuje xuapatucanux jona K and Na' y ¢uimy, koe-
¢uLMjeHT npenas3a 1 KOHCTaHTa Op3MHE Mpenasa eleKTPOHa.

(ITpumsseno 9. jyna 2006, pesuaupauo 27. mapta 2007)
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Abstract: In this study, the voltammetric behaviour of the interaction of oxacillin
sodium (OXA) and OXA-—cysteine (RSH) was studied by square-wave voltamme-
try, cyclic voltammetry in Britton—Robinson (B-R) buffer (pH 7.0). OXA gave two
peaks at —0.248 and —1.224 V. For the interaction, the peak of mercurous cysteine
thiolate (Hgy(SR),) was selected. It was found that the peak currents corresponding
to Hg,(SR), significantly decreased, while the peak potential shifted to more posi-
tive potentials upon the addition of OXA. The observed phenomena are due to the
interaction of OXA with RSH on the surface of the mercury electrode. When OXA
was added to the electrochemical cell along with Mn(II), new peaks at —0.146 and
—0.608 V were observed. These peaks were due to the catalytic activity of OXA on
the reduction of Mn(II) and could be attributed to the formation of Mn(II) comple-
xes with different metal/ligand ratios. On the other hand, in the presence of RSH,
the peak at —0.608 V vanished and a reduction peak was observed at —0.662 V. The
catalytic reduction peak potential of Mn(II) at —0.662 V indicated that RSH slightly
prevented the catalysis process of OXA due to their mutual interaction.

Keywords: voltammetry, oxacillin, cysteine, interaction.

INTRODUCTION

Oxacillin sodium, OXA, (Scheme 1) is a semi-synthetic penicillin belonging
to the general class of drugs called antibiotics. OXA prevents bacteria from ma-
king their cell walls and hence the cells die. It is used to treat gram-positive
infections and bacteria that are resistant to penicillin.!

The flactam ring of penicillins shows susceptibility towards attack by nu-
cleophilic reagents in water, such as amines, alcohols and thiols, in competition
with that by hydroxide ions.2 The reaction of penicillin with proteins has been
extensively reported in the literature.3~5 The most rapid reaction with low-mole-
cular-weight compounds occurs when thiol groups are present.® Penicillin—pro-

* Corresponding author. E-mail: ebicer@omu.edu.tr
doi: 10.2298/JSC0710003B
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tein adducts produce penicilin allergy in sensitive individuals.” In addition, peni-
cillin is thought to inactivate irreversibly carboxypeptidase by forming a penicil-
loyl-enzyme intermediate.® Mn(1II) ions function as cofactors for some enzymes
(enolase, isocitrate dehydrogenases, mitochondrial superoxide dismutase, etc.).®
Enzymes, which are all proteins, are catalysts that enhance the rates of biological
reactions.® Thus, the interaction between penicillin derivative drugs and amino
acids in the presence and absence of cofactor metal ions is very important.

/o CH,
N | H

i E'/ CH,

o)

,—N CH,

0
=0
NaO

Scheme 1. The molecular structure of OXA.

Although studies on the binding mechanism of oxacillin were performed,®-13
no voltammetric study on the interaction of OXA with RSH could be traced in
the literature. Therefore, the aim of this study was to examine the voltammetric
behaviour of OXA and its interaction with RSH in the presence and absence of
Mn(II) ions.

EXPERIMENTAL
Chemicals

Oxacillin, cysteine and MnSO4-H,O were purchased from Fluka, Merck and Sigma, respect-
tively. All chemicals were of analytical grade. The stock solutions were prepared in triply distilled
and deionized water and used immediately.

Apparatus

Voltammetric measurements were obtained with an EG&G PAR 384B Polarographic Analy-
zer. An EG&G PARC 303A SMDE stand was used in the hanging mercury drop electrode (HMDE)
mode. The three-electrode system was completed by means of an Ag | AgCl | KClggt reference elec-
trode and a platinum auxiliary electrode. The current—potential curves were recorded on a Houston
Instrument DMP-40 plotter connected to the polarograph. The instrumental settings were: drop
size, medium; equilibrium time, 5 s; scan rate, 200 mV s7! (500 mV s7! for CV).

Procedure

A 10 ml volume of B-R buffer (pH 7.0) solution was added to the voltammetric cell and the
solution was purged with nitrogen gas for 5 min. The blank voltammogram was recorded. Then, the
required aliquot of the stock solution of OXA was added to the cell by means of a micropipette and
the sample voltammograms were recorded. For the interaction of OXA with RSH, OXA solution
was added to B-R buffer (pH 7.0) containing 1.0x10-> M RSH. The interaction between OXA and
RSH was monitored by the changes of the peak potential and peak current of Hg,(SR),. In the pre-
sence of 1.0x104 M Mn(II) ions, the voltammetric behaviour of both OXA and RSH was studied.
Finally, the interaction of oxacillin with RSH in the presence of 1.0x10* M Mn(II) was monitored
by the voltammetric techniques.
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RESULTS AND DISCUSSION
Voltammetric behaviour of OXA

The voltammetric behaviour of OXA in B-R buffer (pH 7.0) is shown in
Fig. 1. On the less negative potential side, a small reduction peak is observed at
—0.248 V (Fig. 1, 1U). On the more negative potential side, a broad reduction
peak (main peak) occurs at —1.224 V (Fig. 1, 2U). The peak current iy, of the
small peak increased with increasing frequency, f, (from 10 to 100 Hz) and the
linear equation of iy vs. f relationship was iy; (nA) = 1.251xf (Hz) + 11.758 (r =
=0.995). According to this result, the peak at —0.248 V can be inferred as the
adsorption of OXA molecules on the surface of the mercury electrode. For the
characterization of main peak, cyclic voltammetry was also used.

8.0 -

1x10%nA

2U

6.0 -

Fig. 1. Square-wave voltammo-
gram of 5x10°M OXA in B-R
20 |- buffer (pH 7.0) (Experimental con-
ditions: scan rate, 200 mV si;
drop size, medium and equilibrium
00 | | ! | | | | time, 5. s). 1U, Adsorptiop p.eak; 2U,
-0.2 -0.4 -0.6 -0.8 -1.0 12 14 reduction of heterocyclic isoxazol
E /V vs. AgIAGCI/KClsat ring of OXA.

The cyclic voltammogram of OXA in the potential range of —0.60 to —1.6 V
is given in Fig. 2. As can be seen, the main reduction peak of OXA (Fig. 2, 2U)
has an anodic counterpart. The currents (i,2) of the main reduction peak for OXA
are proportional to scan rates (V) in the range of 50 to 500 mV s~!; the linear
equation of the log i,y vs. log v relationship was log i,z = 0.8495 log v + 0.0812
(r=0.994). From the value of the slope, 0.8495, of the log iy, Vs. log v relation-
ship of the main peak, it can be deduced that the main reduction peak of OXA is
diffusion-controlled with an adsorption contribution. According to the potential
difference AEp = Ep, — Epc for the main peak of OXA, an is calculated to be
0.72 (where a and n denote the transfer coefficient and the number of electron
transferred, respectively). The electrochemical redox reaction of OXA at a mer-
cury electrode in B-R buffer (pH 7.0) solution is a quasi-reversible process with
an anodic counterpart and an = 0.72, as shown in Fig. 2 (2U).
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1x10?nA

Fig. 2. Cyclic voltammogram of 1x10* M OXA

in B-R buffer (pH 7.0) (Experimental conditi-

L L L ons: scan rate, 500 mV s°!; drop size, medium

0.7 09 11 13 15 and equilibrium time, 5 s). 2U, Reduction of
E/Vvs AYAGCUKCla peterocyclic isoxazol ring of OXA.

It is well known that ampicillin and amoxycillin are electrochemically inac-
tive at a dropping mercury electrode (DME) in aqueous solution.!4 The molecu-
lar structure of OXA is different from these owing to the presence of the electro-
active isoxazol derivative group. In the literature, it was reported that the reduc-
tion of the heterocyclic isoxazol ring occurs at approximately —1.0 V.15 Based on
this fact, the main peak at —1.224 V can probably be attributed to the cathodic re-
duction of the heterocyclic isoxazol ring of OXA. However, the exact mechanism
of the electrode reaction of OXA will be the subject of a further study.

Interaction of OXA with RSH

The square-wave voltammograms of RSH in the absence and presence of
OXA are shown in Fig. 3. Under these experimental conditions, 1.0x10-> M RSH
had a well-developed cathodic peak at —0.536 V (Fig. 3, 2U) which corresponds
to Hgy(SR), and after the addition of OXA to the RSH solution, the peak current
of Hgy(SR), decreased, its peak potential shifted to more positive potentials
(-0.354 V) and a new small, more positive peak appeared at —0.160 V (Fig. 3,
1U). The main reduction peak of OXA also appeared at a more positive potential
(-1.114 V (Fig. 3, 3U)) in the presence of RSH. The peak currents of the peaks at
—0.160 and —1.114 V increased with increasing concentration of OXA. Accor-
ding to the obtained voltammetric data, it can be stated that these peaks originate
from the electrode reaction of OXA in the presence of RSH.

A typical labelled antigen—antibody binding curve for Hg>(SR), is shown in
Fig. 4. A similar curve was observed by Heineman et al.!¢ for 4-mercuric acetate
estriol with estriol antibody. In addition, similar curves were also obtained for the
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interaction of RSH with some monosaccharides.!” Immunochemical reactions are
among the most selective reactions known.!8 They are based on shape recogni-
tion of the antigen by the antibody binding site.!8 A voltammetric immunoassay
relies on the monitoring of the binding via the decrease in the current response
for the redox reaction of the labelled antigen in the presence of antibody.!8 A si-
milar principle applies to the labelled antibody current which decreases in the
presence of antigen.!8 In this first report on a voltammetric immunoassay, Heine-
man et al.16 labelled estriol with mercuric acetate (as the electroactive moiety)
and monitored the reaction of this labelled antigen with estriol antibody.

2u
i

1x10° nA

-0.1 -0.3 -0.5 -0.7 09 -11 -1.3  -15

E /V vs. Ag/AgCI/KClga.

1250

1000

Ip/nA

750

500

- 55 -5 45 -4 35
log ([OXA}/ M)

Fig. 3. Square-wave voltammograms of
1x10°>M RSH in the presence of 0 M

buffer pH 7.0 (Experimental conditions as
in Fig. 1). 1U, Adsorption peak of OXA;
2U, reduction of Hgy(SR),; 3U, reduction
of heterocyclic isoxazol ring of OXA.

Fig. 4. Plot of peak current of Hg,(SR),
vs. log [OXA].

Shifts of the peak potential of Hgy(SR), to more positive values was also ob-
served for the interaction of thiols and folates on the surface of mercury.!9:20 The
effect of a chemical reaction following a reversible electron transfer is the facili-
tation of the redox process, i.e., a shift of electroreduction towards positive po-
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tentials.!9 The faster is the chemical reaction, the more positive is the potential of
the cathodic peaks.20 With very fast follow-up reactions, the peak can shift (at a
constant scan rate) by as much as 120 mV.!® On the other hand, an added adsor-
bable substance usually acts as an inhibitor of a reversible electrode reaction and
shifts the reduction processes to negative potentials.2! However, the positive shift
of the reduction potential of Hgr(SR), in the presence of OXA is 182 mV. Hen-
ce, the interaction of OXA with RSH can be inferred from the follow-up chemi-
cal reaction between them. As a result, the anodic shifts of the reduction potential
and the decrease in the current of Hgy(SR), may be due to the binding of RSH
with OXA on the mercury electrode.

Llinas et al.2:22 studied the thiol-catalysed hydrolysis of cephalosporins? and
benzylpenicillin.22 They reported that thiols catalyse the hydrolysis through the
formation of a thioester intermediate and the catalytically reactive form of the
thiol is the thiolate anion.2-22 Thiolysis of penicillins occurs with the rate-limiting
breakdown of the tetrahedral intermediate facilitated by proton transfer from the
solvent water to the departing amine.22 In a similar manner to the reaction of
thiols with cephaloridine in water,? the reaction between RSH and OXA can be
as given in Scheme 2.

Scheme 2 represents a fast follow up reaction. In addition, the fixed current
of Hgy(SR), in the presence of excess OXA is probably due to the reproduction
of RSH according to Scheme 2.

Hg,(SR), + 2H* + 2e- =<—= 2 Hg + 2RSH

=0

/O CHs o CH,
N\ ‘ H / ‘ H
N s RSH NN N s

CH,
| (fast) | CHa
o
s N CH 0 &
o

NaO

H,O | (slow)

CHg

/0
N\/\</H
N S
RSH + I 2—( CH,
X
=0
NaO

Scheme 2. Proposed mechanism for interaction of OXA with RSH.
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Interaction of OXA with Mn(l11) ions

The square-wave voltammogram of 1.0x10™* M Mn(II) ions in B-R buffer
(pH 7.0) in the absence of OXA has a peak at a potential of —1.650 V (Fig. 5,
5U). This cathodic peak was attributed to the irreversible reduction of Mn(Il)
ions to Mn(0), because no anodic counterpart was observed on the cyclic
voltammogram of Mn(Il) ions in B-R buffer (pH 7.0). The addition of OXA
(Fig. 5) to the electrolyte containing Mn(II) ions strongly modified the square-wa-
ve voltammogram and two new peaks appeared at the potentials of —0.152 and
—0.630 V (1U and 3U). These peaks are at more positive potentials than the peak
produced by Mn(Il) ions in the absence of OXA. With increasing OXA con-
centration, the peak currents of the new peaks increased and their peak potentials
shifted to slightly positive values (—0.146 and —0.608 V) while the peak current
of free Mn(Il) ions was decreased (Fig. 5). These peaks can be attributed to the
formation of Mn(II) complexes with different metal/ligand ratios on the mercury
surface. OXA has catalytic activity on the reduction of Mn(Il). It may be con-
cluded that the voltammetric process is the reduction of Mn(II) catalysed by the
formation of a complex between Mn(Il) and OXA adsorbed on the electrode sur-
face (Scheme 3). Similar results were obtained with cephalexin and Ni(II).23
However, the peaks at —0.146 and —0.608 V can be attributed to the formation of
Mn(II) complexes with different metal/ligand ratios.

5U

eessiltuee

1x10° nA

-0.1 -0.3 -0.5 -0.7 -0.9 -1.1 -1.3 -15 -1.7
E /V vs. Ag/AgCI/KClsat

Fig. 5. Square-wave voltammograms of 1.0x10™* M Mn(II) () and 1.0x10"* M Mn(II) + 8.0x10"* M
OXA (=) in B-R buffer pH 7.0 (Experimental conditions as in Fig. 1). 1U and 3U, catalytic peaks
of Mn(Il) in the presence of OXA; 2U, adsorption peak of OXA; 4U, reduction of heterocyclic
isoxazol ring of OXA; 5U, the reduction of free Mn(II).
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Mn(I1)

Mn(I)OXA + 2e- ———= Mn(0) + OXA
Scheme 3. The proposed pathway for the catalytic reduction of Mn(II).

Interaction of RSH with Mn(Il) ions

The square-wave voltammogram of 1.0x10* M Mn(II) in the presence of RSH
is shown in Fig. 6, from which it can be seen that with increasing RSH concen-
tration, the peak current of free Mn(Il) decreased, while reduction peaks of mer-
curic and mercurous cysteine thiolates (Hg(SR);) and Hg>(SR);) were observed
at —0.132 and —0.598 V (Fig. 6, 1U and 2U). In addition, a new small peak was
observed at —0.704 V (Fig. 6, 3U) and its peak current increased with increasing
RSH concentration. This additional peak can be attributed to the reduction of the
adsorbed chelate. The appearance of the chelate peak depends on the molar ratio,
[RSH]/[Mn(II)]. The chelate peak was observed at molar ratios >1:2.

< U
o
<20
15 - 2U
10 |- .
Fig. 6. Square-wave voltammo-
gram of 4.0x10* M RSH in the
presence of 1.0x10™* M Mn(II)
05 in B-R buffer pH 7.0 (Experi-
mental conditions as in Fig. 1).
U\U\ " 1U, Reduction of Hg(SR),; 2U,
reduction of Hg,(SR),; 3U, ca-
00 L1 ] ] A I t ﬁgj\/ talytic peak of Mn(Il) in the pre-

01 -03 -5 -07 09 -11 -13 -15 -17 sence of RSH; 4U, the reduc-
E /V vs. Ag/AgCI/KClga, tion of free Mn(II)

Interaction between OXA and RSH in the presence of Mn(ll) ions

With addition of RSH solution to the cell containing 1.0x10~4 M Mn(II) and
8.0x10~4 M OXA, the peak at —0.608 V (Fig. 5, 3U) vanished and a reduction
peak was observed at more negative potential (—0.662 V) (Fig. 7, 4U). The cur-

rent of this reduction peak increased and its peak potential shifted towards more
negative values with increasing RSH concentration. On the other hand, a new
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peak was also seen at —0.490 V (Fig. 7, 3U). This peak (—0.490 V) belongs to the
reduction of Hgr(SR);. As its reduction was observed at more positive potentials
in the presence of OXA (see above).

40 -

1x 10° nA

1 1 1 1
-0.1 -0.3 -0.5 -0.7 -0.9 -11 -13 -15 -1.7
E /V vs. Ag/AgCI/KClgat.

Fig. 7. Square-wave voltammogram of 1.0x10*# M Mn(II) and 8.0x10™* M OXA mixture in the
presence of 1.0x10# M RSH in B-R buffer pH 7.0 (Experimental conditions as in Fig. 1). 1U,
Reduction of Hg(SR);; 2U, adsorption peak of OXA; 3U, reduction of Hgy(SR); in the
presence of OXA; 4U, catalytic peak of Mn(II) in the presence of RSH and OXA; 5U,
reduction of heterocyclic isoxazol ring of OXA; 6U, the reduction of free Mn(II).

According to the data, it can be said that RSH interacts with OXA in the pre-
sence or absence of Mn(II) ions. Moreover, OXA catalyzes the reduction of Mn(II).
However, this catalysis process is thermodynamically difficult in the presence of
RSH because of the fact that the catalytic reduction peak potential of Mn(Il) is
observed at more negative potentials. Perhaps, Mn(II) forms a mixed ligand com-
plex with adsorbed species of OXA and RSH on the surface of the mercury electrode.

Complex formation between Mn(II) and OXA or RSH and also the inter-
action of OXA with RSH may give valuable information concerning what occurs
when administrating OXA drug. On the other hand, the voltammetric techniques
could be used to determine these interactions. Consequently, the observed inter-

actions in vitro may perhaps be employed as a model for the metabolic processes
of OXA in the living matter.
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N3BOJ

BOJITAMETPUICKO UCITUTUBABE UHTEPAKLIMJA UBMEDBY HATPUIYM-
-OKCAIIMJIMHA U TUCTEWHA V ITPUCYCTBY U OACYCTBY Mn(II) JOHA
Y HEYTPAJIHOM IIY®EPCKOM PACTBOPY

ENDER BICER u EMINE COSKUN

Ondokuz Mayis University, Faculty of Arts and Sciences, Department of Chemistry,
55139 Kurupelit-Samsun, Turkey

VY pany je HCIMTHBAaHO BOATaMETPHjCKO MOHaIIambe HaTpujyM-okcanuinHa (OXA) u uHTep-
axuje OXA u uucrenna (RSH) y Bpuron—Pobunconosom (Britton—Robinson, B-R) nydepy pH 7.0
kopumhemeM BoJITaMeTpHje ca MPaBOyraoHUM TajlacoM M HuKiIngHe Boaramerpuje. OXA je noka-
3aja JBa BoiTamerpujcka muka: Ha —0.248 u —1.224 V. 3a ucnutuBame MHTEpaKIMja u3abpaH je
ik nucrenHTronara xxuse (Hgy(SR),). 3amaxkeHo je ma crpyjHn mukoBu koju notuay ox Hg,(SR),
HakoH gonatka OXA 3HauajHO omajajy W Ja ce NOTCHLHjall MUKa MoMepa Ka MO3UTBHUJUM BpPEa-
Hoctuma. To notude ox nHTepakuuja OXA ca RSH Ha moBpumnu sxuBuHe enekrpone. Kaga ce y
enekrpoxemujcky henujy moaajy u OXA u Mn(Il) jouu, mojaBsbyjy ce HoBu mukoBu Ha —0.146 u
—0.608 V. Onn notnuy ox karanutuuke aktuBHoctH OXA 3a penykuujy Mn(Il) jona u mory ce
npunucaty popmupamsy Mn(Il) koMruiekca ca pa3IMIUTIM OJHOCHMA METAIHOT joHa 1 uranzaa. C
npyre crpane, y mpucyctBy RSH muk Ha —0.608 V Hectaje, a 3amaxka ce peAyKIMOHH UK Ha
—0.662 V. [lorenunjan nuka katanutuake peaykuuje Mn(Il) va —0.662 V ykasyje na RSH y nzBec-
HOj MEpH yMambyje KaTAIUTHUKy aKTUBHOCT ycJiel ibixoBe MeljycoOHe HHTepakiyje.

(ITpumsbeno 14. jyna 2006, pesuaupano 2. anpuia 2007)
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Abstract: Experimental results for the pressure drop during the evaporation of the
refrigerant 1,1,1,2-tetrafluoroethane (R-134a) in a vertical plate heat exchanger are
presented in this paper. The influences of mass flux, heat flux and vapor quality on the
two-phase pressure drop are specially analyzed and compared with previously pu-
blished experimental data and literature correlations. All results are given in graphi-
cal form as the dependency of the frictional pressure drop on the mean vapor quality.

Keywords: plate heat exchanger, evaporation, 1,1,1,2-tetrafluoroethane, pressure drop.

INTRODUCTION

The advantages of plate and frame (or gasketed) plate heat exchangers over
shell and tube type heat exchangers may be summarized as:

a) better thermal performance,

b) lower space requirements,

¢) easy accessibility to all areas and

d) lower capital and operating costs.

These are the reasons for the expanded application of plate heat exchangers
(PHE) in recent years.

The use of plate heat exchangers in food, pharmaceutical and utility indus-
tries is known since the 1960s! but the application in the process industry had to wait
for a further 20 years. Today, in refineries and petrochemical plants, PHE are ap-
plied to many hydrocarbon processes, including catalytic reforming, desulphuri-
zation, isomerization, aromatic recoveries, sour water treatment, gas separation, etc.2

Plate heat exchangers were also found to be useful for two-phase applica-
tions as evaporators or condensers in refrigeration and air conditioning systems,
and in district heating systems with steam condensation.

On the other hand, one limitation of their application is the demand for hi-
gher allowable pressure drops. Since heat transfer and the pressure drop in PHEs

* Corresponding author. E-mail: emila@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0710015D
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are closely connected to each other and dependant on the plate geometry, they
should be studied together; the characteristics of the pressure drop have to be
known in order to predict thermal behavior.

A detailed literature survey of the current state of investigations concerning
the evaporation heat transfer coefficient and two-phase pressure drop in PHEs
was given in a previous study.3

A comparison of the heat transfer coefficients (or j factors) of a typical plate
heat exchanger with a mild corrugation angle and shell-and-tube (S&T) heat exchan-
ger showed that with the same allowable pressure drop, a PHE can give 1.5-2.5
times higher heat transfer rates.2 On the contrary, a similar comparison of frictio-
nal factors, shown in Fig. 1, suggests that for the same Re number, this parameter
can reach ten times higher values in a plate heat exchanger than in a shell-and-tube
heat exchanger.

It was also confirmed? that the pressure drop in a PHE is very sensitive to
the corrugation angle, much more than to the heat transfer characteristics. It can
be seen in Fig. 2 that a change in the corrugation angle from 40 to 55° more than
doubles the friction factor but increases the j factor by 50 %.

0164 =

0.12 \-\
PHE

i
0.08 gy

Friction factor

0.04 1

S&T heat exchanger
®0-0-0-0-0-0-0-9-0-90

0.00 +— . T T T T
0 10 20 30 40 50
Re /10’
Fig. 1. Comparison of the frictional factors for ~ Fig. 2. Influence of plate corrugation angle on
PHE and S&T heat exchangers. the j factor and the frictional factor.

In the study presented here, the focus was directed to the experimental inves-
tigation of the pressure drop during the evaporation process of R-134a in a plate
heat exchanger and its dependency of mass flux, heat flux and vapor quality.

EXPERIMENTAL

A detailed description of the experimental setup used for investigation of the evaporation of
the refrigerant R-134a in a vertical plate heat exchanger was given in the previous paper.> How-
ever, it should be noted here that it consists of two main loops, a refrigerant loop and a water—gly-
col loop, and a data acquisition unit.
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The refrigerant includes several main elements: an evaporator, a separation vessel, an expan-
sion valve, an inner heat exchanger, a compressor, two oil separators, a condenser, a refrigerant col-
lector with level indicator, two sight glasses and two volume flowmeters, one at the evaporator inlet
and the other just before the expansion valve. A vertical plate and frame heat exchanger are used as
the evaporator and the condenser, respectively.

The water—glycol loop is constructed from two sub-cycles — each connected with one of the
plate heat exchangers — the evaporator or the condenser. One of the characteristics of the water—gly-
col loop, in the evaporator sub-cycle, is a four-way valve, which enables the change of the water—gly-
col flow direction from concurrent to countercurrent and, consequently, the investigation of the
influence of flow direction on the heat transfer and pressure drop.

The data acquisition system consists of the following elements: a recorder, a power supply
and a personal computer. The experiment was monitored and controlled and a preliminary balance
check was performed by a routine written in the LabVIEW program. The main screen is shown in
Fig. 3, which includes a simplified schematic representation of the refrigerant loop with all the tem-
perature, pressure and flow rate measuring points connected to the acquisition system. A detailed
description of the measuring instrumentation and equipment, including the measuring accuracy,
was given in the previous paper.?

Separator

Expansion
valve Inner heat
exchanger

v ]

o 109
1

Compressor .

R-134a Collector Condenser

L

{ Wall temperature ' Fluld temperaiure g Qil
separator

Fig. 3. Refrigerant cycle.

All the measurements were performed in a stationary state regime and the time dependency of
the measured process parameters could be followed in the diagrams on the left side of the screen.
Results of the preliminary balance check were also shown on the main screen. A second and more
accurate balance check was performed after the experiment as a part of a data reduction procedure.
Only then could the further calculation of the heat transfer coefficient and pressure drop be undertaken.

Details of the calculations of the heat transfer coefficient were described in our previous work ®

For the vertically upward refrigerant flow, the frictional pressure drop can be calculated from
the Equation:

Apg = Apexp — APman — APacc — APele ()
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The acceleration and elevation pressure drops were estimated by the homogenous model for
two-phase flow:*

APace = mf]ux,r Avyg AX )
oL,

APele = L (€)
VITI

The mean specific volume of a homogeneously mixed, vapor-liquid flow v, can be determined as:
Vi = XVg + (1= X)V) =V| + XAvyg “4)
where Avy is the difference between the specific volumes of the vapor and liquid:
Avig=vy—v )

The pressure drops in the inlet and outlet manifolds and ports can be calculated from the
empirical correlation:?

u2
AF)I'K'lﬂ.l'l & 1'5 = (6)
2 m H
i0
while the mean flow velocity Uy, can be expressed as:
um = mﬂux,r vm (7)
Finally from the definition of the friction factor, its value can be obtained as:
Ap;D
L ®)
2mﬂux,rvm Lp

Mass flux of the refrigerant and the hydraulic diameter were calculated from the equations:

Mr.ch
Mfux,r = = ©)
2aB,
Dy ~4a (10)
An uncertainty analysis was conducted using a formula proposed by Kline and McKlintock®
and the evaluation results are presented in the previous work.>

RESULTS AND DISCUSSION

In the present investigation of R-134a evaporation in a vertical plate heat ex-
changer, series of experiments were conducted under different test conditions.
The evaporation temperature was varied from —8.85 to 11.08 °C (saturation pres-
sure from 0.21 to 0.43 MPa), the values of the refrigerant mass flux were bet-
ween 40 and 90 kg m2 s~!) and the imposed heat flux was gradually increased
from 9 to 15 kW m2. Thermophysical properties of R-134a are taken from the
REFPROP database.” The calculated values of pressure drop are presented as a
dependency on the mean vapor quality Xy, in the plate heat exchanger. The mean
vapor quality was defined and calculated as the arithmetic mean value between
the inlet and the outlet vapor qualities.

Comparison of the current data with previous measurements involving eva-
poration of the refrigerant R-134a8 showed satisfactory agreement, although the
experiments were conducted using a plate heat exchanger of smaller size, diffe-
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rent geometry, with a smaller number of single plates and at the room tempera-
ture (25-31 °C). The results presented in this study were obtained using a plate
heat exchanger with a larger number of plates in order to approach real exploit-
tation conditions, and at the lower temperatures. The characteristics and dimen-
sions of the plates are summarized in Table I.

TABLE 1. Plate dimensions

Length, L,/ mm 872
Width, B, / mm 486
Amplitude, a/ mm 1.6
Wave length, A/ mm 12
Plate thickness, &, / mm 0.6
Thermal conductivity, 4,/ W m! K- 15
Corrugation angle, w/ ° 63.26

The influences of the mass flux of the refrigerant, imposed heat flux and
vapor quality in the two-phase pressure drop are now closely analyzed. Selected
data shown in Fig. 4 represent the dependency of the frictional pressure drop on the
vapor quality for three different mass fluxes. It can be seen that the pressure drop
rises with increasing vapor quality, but less significantly than in the case of the
heat transfer coefficient.3 Higher mass fluxes also induces higher pressure drops,
as can be seen in Fig. 4. This is the consequence of the fact that a higher mass
flux also means a higher velocity of the two-phase flow and thus a higher pres-
sure drop.

The effects of heat flux on the frictional pressure drop are presented in Fig. 5.
Two heat fluxes are compared under the same conditions of mass flux and sys-
tem pressure. It seems that the pressure drop is only slightly affected by increa-
sing heat flux, less than in the previous case of the influence of mass flux. A
similar behavior was noticed previously when the influences on the heat transfer
coefficients were analyzed.3

In addition to the experimental results for the friction pressure drop Apy, the
values calculated from correlations based on the heterogeneous pressure drop
model and the Lockhard—Martinelli approach, as described in the literature,® are
also presented in Fig. 5:

5 1
Apiit = APiph| 1+ ——+— (11
X Xi

where X is the Martinelli parameter:

| 0.9 0.1 0.5
X :( —X) Hr] Pr,g (12)
X Hr,g Pr,l
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Fig. 4. Influence of mass flux on the
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The agreement between the experimental and literature values is very good
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with a maximum deviation of approximately 10 % for all presented cases, as can

be seen in Fig. 6.

The results of the experiments obtained under various test conditions are

compared in Fig. 7 with previous measurements reported in the literature for the
same refrigerant.8 Although differences in plate geometry and working conditi-

ons exist, the amplitude, the wave length and the corrugation angle are similar,
which gave a reasonable basis for comparison. It can be concluded from Fig. 7
that the agreement between the two series of measurements is fair.
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Fig. 6. Comparison of the current data with
literature correlations.
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CONCLUSIONS

The results presented in this paper show that both the mass flux and heat flux
influence, to some extent, the frictional pressure drop during the evaporation pro-
cess. The pressure drop is also a function of vapor quality, although the effect is
not as significant as in the previously reported case of the heat transfer coeffici-
ent.3 Comparison with previously reported measurements for the same refrige-
rant under different test conditions and with a different plate geometry8 shows a
good agreement, which opens the possibility for future successful and accurate
predicttion of pressure drop in new processes involving this refrigerant.

NOMENCLATURE

A — Amplitude of plate corrugation, m
B — Width, m
Dy, — Hydraulic diameter, m
fip — Friction factor
g — Gravitational acceleration, m s
L — Length, m
mch — Mass flow rate through one of the channels, kg s™
Mg — Mass flux, kg m 2!
g — Heat flux, W m >
Uy, — Mean flow velocity, m s™
Vg — Vapor specific volume, m kg™
v — Liquid specific volume, m? kg™
V,, — Specific volume of mixed vapor and liquid flow, m3 kg™
Xm — Mean vapor quality
Xit — Martinelli parameter
Greek letters
6, — Thickness of the plate, m
Ap,.c — Acceleration pressure drop, Pa
Apee — Elevation pressure drop, Pa
ApPexp — Experimental pressure drop, Pa
Ap¢— Friction pressure drop, Pa
APy, — Pressure drop in ports and manifolds, Pa
Ax — Change of vapor quality between inlet and outlet
A — Wavelength of plate corrugation, m
A — Thermal conductivity of plate material, W/mK
41— Viscosity, Pa s
p — Density, kg m™
w— Angle of plate corrugation, deg
Subscripts

ch — Channel
g —Gas

i— Inlet
1—-Liquid

0 — Outlet

p — Plate

r — Refrigerant
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ITAZ ITPUTUCKA ITPU UCTIAPABABY 1,1,1,2-TETPAD®JIYOPETAHA (R-134a) V
IJIOYACTOM PABMEBHUBAYY TOIUIOTE

EMUJIA "F)OP'F)EBI/I'BI, STEPHAN KABELAC? n CJIOBOJIAH HIEPEAHOBUR '

1Tehnolo{ ko—metalur{ki Fakultet, Univerzitet uBeogradu, Karnegijeva 4, 11120 Beograd i Helmut
Schmidt University of Federal Armed Forces, Holstenhofweg 85, D-22043 Hamburg, Germany

YV 0BOM pajly Cy NPEACTaBIbEHHU CKCIIEPUMEHTAIHH PE3yJITATH 32 Ma/] IPUTHCKA TOKOM ITpoeca
ucnapasama pacxiuagHor ¢uayuaa R-134a y BepTUKaIHOM II04acTOM pa3MemiBady Toruiore. Ilo-
ceOHO Cy aHaNM3UpPaHH yTUIAjH MAaCEHOT M TOIUIOTHOT (paykca Ha Maja MPUTHCKA y ABO(a3HOM
TOKy u ynopeheHH ca paHuje 00jaBJbUBAHMM EKCIIEPUMEHTAHUM IOJalliMa U KopeJalujama u3
nutepatrype. CBU pe3ynTaTd Cy NPEeCTaB/bEHN Y IpauukoM OOJIHUKY, Ka0 3aBUCHOCT (PPUKIIMOHOT
I1ajJia IPUTUCKA OJ] CPEeIIbEr CTeneHa cyBohe.

(ITIpumubeHo 22. pebpyapa 2007)
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The use of image analysis for the study of interfacial
bonding in solid composite propellant

JASMINA DOSTANIC*, GORDANA USCUMLIC*, TATJANA VOLKOV-HUSOVIC,
RADMILA JANCIC-HEINEMANN and DUSAN MIJIN*
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Abstract: In the framework of this research, the program Image Pro Plus was ap-
plied for determining the polymer—oxidizer interactions in HTPB-based composite
propellants. In order to improve the interactions, different bonding agents were
used, and their efficiency was analyzed. The determination of the quantity, area and
radius of non-bonded oxidizer crystals is presented. The position of formed cracks
in the specimen and their area have a great influence on the mechanical properties
of composite propellant. The preparation of the composite propellant in order to
enable the photographing of their structure by means of stereoscopic and metal-
lographic microscopes with the digital camera is also described as well.

Key words: composite propellant, interactions, grain distribution, dewetting, image
analysis, mechanical properties.

INTRODUCTION

Image Pro Plus is a software package used for image acquisition, enhancement
and analysis. Image data can be enhanced using a large variety of color and con-
trast filters. Image Pro Plus enables users to trace and count objects manually or
automatically. The attributes of objects, such as length, area, diameter and angle,
can be measured and the image can be calibrated to the desired unit of measure. !

Within the framework of this research, the program Image Pro Plus was
employed for the determination the interactions between the components of solid
composite materials.

Modern composite propellants are heterogeneous powders (mixture), which
use a crystallized or finely ground mineral salt as an oxidizer (often ammonium
perchlorate), which constitutes between 60 and 90 % of the mass of the propel-
lant. The fuel itself is aluminum. The propellant is held together by a polymeric
binder (usually polyurethane or polybutadiene). The final products are rubber li-
ke substances, with the consistency of a hard rubber eraser.

* Corresponding author. E-mail: jdostanic@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0710023D
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Composite propellants require certain interactions between the polymer and
filler (oxidizer and metal component) in order to prevent separation around a
particle of filler. If dewetting occurs between the binder and filler, the flame front
propagates below the burning surface to produce a more rapid combustion of the
propellant.2 This would have two undesired consequences: an increase of the
pressure in the rocket engine and creation of cracks, which may cause detonation
during the combustion process.

Poor interactions between binders and fillers are found mostly with oxidizers
and not with the metal fuels. The metals are not a problem, because metals have a
more irregular surface and a greater ease for chemical bonding with the filler.2
On the other hand, oxidizers have surfaces which are very smooth and, in some
cases, the oxidizers do not chemically bond with the filler.

Attempts to improve the binder—filler interactions in composite propellants
have included the addition of a bonding agent. A bonding agent produces an in-
teraction between the oxidizer crystal and the binder by forming either primary or
secondary bonds with the oxidizer and a primary bond with the binder.3

In addition, the role of bonding agents is to facilitate the formation of propel-
lants through decreasing the viscosity of the emulsion and to improve the physic-
cal and mechanical properties of the propellant by preventing adhesion of the
binder to the solids, thereby decreasing its tensile strength. Thus, bonding agents
play a double role, serving as a wetting agent for the solids and increasing the
cohesion between the binder and the solids.

The bonding agents used in this research were functionally substituted iso-
cyanurates, which are universal bonding agents, and can be used for all binder—fil-
ler systems (Fig. 1).

//,C\N/C\\O
|

R R = —(-CH,),0H, —(~CH,;) .COOH
Fig. 1. The studied 1,3,5-trisubstituted isocyanurates.

Selection of R was based on the binder and the reactability of R therewith.
The R functional group of the bonding agent must be reactive or compatible with
and is preferably the same as the functional group on the binder.*

Interactions between two ingredients are improved with an even distribution
of ammonium perchlorate (AP) particles. If the bonds between polymer and filler
are not very strong, dewetting will occur. By determining the area and diameter
of non-bonded AP particles, the efficiency of bonding agents in providing binder—fil-
ler interactions can be assessed.
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So far, no polymeric binder material has been found which prevents mois-
ture from diffusing into the interior of the propellant grain. Although moisture at
ordinary temperatures does not undergo chemical reaction to any significant de-
gree with the components of the propellant, it nevertheless, strongly affects the
mechanical properties. This deterioration of the properties is caused by the accu-
mulation of moisture on the surface of the oxidizer crystals, thus creating a low
modulus (liquid) layer which envelops the particle. In essence, this means that
the “bond” between the oxidizer and binder is destroyed and dewetting will com-
mence at low stress levels with commensurate loss of mechanical properties.>
The area of the cross section of cracks and their position in the specimens are
good indicators of mechanical properties.

The topic of this study was to establish the conditions of the preparation of
composite propellants containing ammonium perchlorate (AP), hydroxyl termi-
nated polybutadiene (HTPB) and 1,3,5-trisubstituted isocyanurate as bonding agents.
The bonding phenomenon was investigated by the stereoscopic and metallogra-
phic microscopes with a digital camera. The morphological characteristics of the
images obtained were analyzed using Image Pro Plus software package.

EXPERIMENTAL
Synthesis of 1,3,5-trisubstituted isocyanurates

Tri(2-carboxyethyl) isocyanurate was obtained by reacting cyanuric acid with a molar excess
of acrylonitrile in the presence of a strongly alkaline catalyst (trimethylphenylammonium hydroxi-
de) and in a reaction medium containing a suitable solvent (dimethylformamide) for the reactants
and the intermediate product tri(2-cyanoethyl) isocyanurate which is formed. The tri(2-cyanoethyl)
isocyanurate was hydrolyzed to the corresponding tri(2-carboxyethyl) isocyanurate by heating them
to boiling with an aqueous mineral acid according to a modified literature procedure.%’

Tri(2-hydroxyethyl) isocyanurate was prepared by the reaction of cyanuric acid and 2-chloro-
ethanol in alkaline medium, according to literature data.

The synthesized 1,3,5-trisubstituted isocyanurates were identified by their melting points and
FTIR, '"H-NMR and UV spectroscopic data.

Ammonium perchlorate and hydroxyl-terminated poly(butadiene) were obtained from Fluka
and Arco Chemical.

Preparation of the composite propellants

Specimens containing ammonium perchlorate (AP), hydroxyl-terminated polybutadiene (HTPB)
and different trisubstituted isocyanurates as bonding agents, in a weight ratio of 7:2:1 were prepared.

Specimen No. 1 contained tri(2-carboxyethyl) isocyanurate, while specimen No. 2 contained
tri (2-hydroxyethyl) isocyanurate as bonding agents. These bonding agents are abbreviated as BA I
and BA 11, respectively.

Propellant paste was made in the laboratory in a 10 g scale. Active coal was added to the
bonding agent, and the mixture was homogenized in a stamp mortal. Sufficiently dried ammonium
perchlorate (AP) was added, the mixture was placed in a beaker and HTPB was added. The paste
was mixed with the help of a spatula inside the beaker for about one minute. This phase was fol-
lowed by homogenization designed to improve the wetting of the solids by the binder and to de-
crease the viscosity to the point where casting could be performed under good conditions. In the
next phase the propellant sample mixture was shaped in order to obtain a sample pellet, after which
the pellet was maintained at 60 °C for 48 h.7-?
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Analysis of composite samples

The first obtained specimen was hard, but it crumbled during cutting (Fig. 2). The uncured
mixture was typically dough-like. Trapped air, creating voids in the grains, could cause problems.

The obtained second specimen was jelly-like and stuck to the employed tools, which was
complicated the preparation for image analysis (Fig. 3).

Fig. 2. Micrograph of the composite Fig. 3. Micrograph of the composite
specimen No. 1. specimen No. 2.

RESULTS AND DISCUSSION

The obtained composites were photographed using the stereoscopic and me-
tallographic microscope with the digital camera, and images obtained were ana-
lyzed using program Image Pro Plus.

AP Distribution

When small amounts of active coal were introduced into the composite pro-
pellant, all ingredients became colored, except AP which maintained its natural
color. Using Image Pro Plus, the observed change in color was utilized to deter-
mine the percentage of AP particles and their distribution. In order to determine
distribution of AP, the specimens were divided into several segments.

The distribution of AP in specimen No. 1 and 2 is presented in Table I.

TABLE . Distribution of AP in specimen No. 1 and 2

Area, mm? AP Area, mm? AP Ratio, %
Segment
1 2 1 2 1 2
I 2.5781 3.6655 1.4600 2.1413 56.6321 61.7900
I 2.1512 3.3445 1.4647 2.1635 68.0883 64.6881
I 1.8443 3.2145 1.1124 1.6504 60.3122 51.3434
v 2.8190 3.1422 1.9036 2.1621 67.5247 64.6912
\% 2.4058 - 1.4057 - 58.4292 -

VI 1.8689 - 1.1977 - 64.0877 -




BONDING IN SOLID COMPOSITE PROPELLANT 1027

The obtained results show that AP particles were nearly equally distributed
and their ratio ranged from 58 to 69 % in specimen No. 1 and from 51 to 65 % in
specimen No. 2. Although this distribution has a great influence on the interact-
tions between polymer and oxidizer, the process of dewetting has a dominant
influence on binder—AP interactions.

Binder—AP interactions

If the bonds between the binder matrix and the oxidizer are not very strong,
dewetting occurs and halos are formed in the vicinity of the oxidizer.

In order to assess the influence of bonding agent on the binder—AP interac-
tions, two specimens containing different bonding agents were used. By determi-
ning the quantity, area, radius and roundness of non-bonded AP particles, signifi-
cant information about binder—filler interactions can be gained. The determined pa-
rameters for the specimen containing BA I (specimen No. 1) are given in Table II.

TABLE II. Statistics for specimen No. 1

Area, pm?  Diameter (max), um  Diameter (min), um Holes Roundness
Min 20.576 5.1230 5.1230 0 1
Max 22530.0 250.07 126.45 0 147.28
Range 583.07 28.202 13.917 0 3.8367
Sum 60640.00 2933.00 1447.4 0 399.02
Samples 104.00 104 104 104 104

The grain size distribution and area distribution is significant, because AP par-
ticles are agglomerated into clusters. According to the different area, non-bonded
APs are classified into three classes, Table III.

TABLE III. Area classification for specimen No. 1

Class  Objects Objects, % Area (mean), um? Diameter (mean), pm Roundness (mean)

1 102 98.077 271.852 18.476 1.160
2 1 0.9615 10380.6 124.02 2.737
3 1 0.9615 22530.0 196.74 2.595

From the obtained results it can be noticed that the specimen contains a large
percentage of non-bonded AP particles. The discrete AP particles (102 objects)
had nearly orbicular configurations (roundness around 1), while the clusters (2
objects) had irregular conformations. Clusters formation has a negative influence
on binder—filler interactions.

The formation of halos in specimen No.l can be interpreted as the failure of
the adhesive bond between the binder matrix and oxidizer. Before dewetting, tiny
voids were created next to the AP particles, but distinctly located in the matrix,
away from the AP surface.!0 After further straining, these voids coalescence and
merge into vacuoles, exposing the oxidizer surface, Fig. 4. The dewetted particles
exhibit a typical eye-texture.
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The determined parameters for the specimen containing BA II (specimen
No. 2) are given in Table IV.

TABLE 1V. Statistics for specimen No. 2

Area, um?  Diameter (max), um  Diameter (min), pm Holes Roundness
Min 62.011 8.712 8.163 0 1.000
Max 193.43 16.012 13.744 0 1.046
Range 117.60 12.070 10.845 0 1.010
Sum 2116.7 217.25 195.22 0 18.178
Samples 18 18 18 18 18

Only a small percentage of non-bonded AP particles was observed and it can
be concluded that very strong bonds between the polymer binder and oxidizer
prevent dewetting, Fig. 5.

Fig. 4. Cavity formation around non-bonded AP  Fig. 5. AP Crystal bonded to the polymer matrix
crystals in specimen No. 1. in specimen No. 2.

The minority of non-bonded particles can be classified into three groups,
Table V.

Table V. Area classification for specimen No. 2

Class  Objects Objects, % Area (mean), um®> Diameter (mean), pm Roundness (mean)

1 2 11.111 65.482 8.583 1
2 4 22.222 83.877 9.717 1
3 12 66.667 137.520 12.561 1.015

For each class, minor differences between the radius and area of the particles
are observed, and it can be inferred that the AP particles had the same area and
grain size. Particle agglomeration was not observed. Further evidence that the AP
particles were non-agglomerated is that the roundness had a value around 1 for
every class.



BONDING IN SOLID COMPOSITE PROPELLANT 1029

Crack cross section

During the synthesis of HTPB based propellants with tri(2-carboxyethyl)
isocyanurate as the bonding agent, trapped air can be a problem, creating voids in
the grains. Likewise, voids and bubbles can result from gases evolved during cu-
ring as a result of moisture absorption. This results in crack formation. The area
of the cross section of the cracks was 0.2679 cm?2, which was 1.96 % of the
overall surface area of the sample. All the cracks occurred in the interior of the
sample and they occupied a considerable part of the sample area, Fig. 6.

. Fig. 6. Micrograph of crack formation.

Crack formation can lead to bad mechanical properties, but during the
preparation of the specimens, this drawback can be eliminated.

In the HTPB based propellant with tri(2-hydroxyethyl) isocyanurate as bon-
ding agent, no crack formation was found, hence the specimen had better mecha-
nical properties compared to the specimen No. 1.

These results are in accordance with previous investigations’ of the interact-
tions between ammonium perchlorate, different bonding agents and hydroxyl-
terminated poly(butadiene), studied by means of the FTIR spectroscopic method.
It was shown that the interfacial bonding force arises from hydrogen bonding in
the case of tri(2-hydroxyethyl) isocyanurate. This effect was not observed when
tri(2-carboxyethyl) isocyanurate was used as the bonding agent.

CONCLUSION

Based on the analysis of the experimental results, the following conclusions
can be deduced:

— In HTPB based propellants with tri(2-carboxyethyl) isocyanurate as the
bonding agent, the AP particles were nearly equally dispersed in the polymer
binder, but there was a large percentage of non-bonded AP particles, which were
generated during dewetting. The non-bonded AP particles were agglomerated,
probably because of deficient homogenization during the preparation of the spe-
cimens. During synthesis, trapped air was a problem, creating voids in the grains.
This resulted in crack formation, which covered 1.93 % of the overall surface
area of the sample.
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— In HTPB based propellants with tri(2-hydroxyethyl) isocyanurate as the
bonding agent, the AP particles were nearly equally distributed in the polymer
binder. Only a small percentage of non-bonded AP particles was observed, from
which it can be concluded that very strong bonds between polymer binder and oxi-
dizer prevented dewetting. The mechanical properties were better compared to
the first specimen, because no crack formation was found. The drawback of this
specimen was its stickiness, which complicated the preparation for image analysis.

— The effects of the bonding agents in improving the interactions between po-
lymer and AP were significant when tri(2-hydroxyethyl) isocyanurate was employed.

— The effects of tri(2-carboxyethyl) isocyanurate as bonding agent were ne-
gligible in improving the interactions between polymer and filler.

— Tri(2-carboxyethyl) isocyanurate as bonding agent does not have a great
influence on improving the AP—polymer interactions.

Acknowledgments: This work was financially support by the Ministry of Science of the Republic of
Serbia, Contract No. TR 6717.

N3BOJ

KOPUIIREWLE AHAJIM3E CJIMKE 3A OAPEBUBAIE MHTEPAKLIUJA ¥V
YBPCTHUM KOMITO3UTHUM 'OPUBUMA

JACMUHA JOCTAHWR, TOPJAHA YIThYMIJIMK, TATJAHA BOJIKOB-XYCOBUMH,
PAIMUIIA JAHUNh-XAJHEMAH u IVIIIAH MUJVH

Tehnolo{ko—metalur{ki Fakultet, Univerzitet uBeogradu, Karnegijeva 4, 11000 Beograd

VY okBupy HucTapaxuBama nporpam Image Pro Plus je mpumemen 3a oxapehuBame mHTEp-
akiuja u3mehy monmmepa u okcupaHca y KOMIO3UTHHM ropuBuMa Ha 6a3u HTPB. ¥V mpy mo6oss-
Iakba OBUX MHTEPAKIMja, KOPUILNEHHU Cy pa3iInuuTH Be3yjyhM areHcu M aHauu3UpaHa je HbUXOBa
edpukacHocT. Y paay je Takohje BpieHO onapelhuBame KOJHMYUHE, YeNia, MOBPIIUHE M MPEUYHUKA
YeCcTHIa, KOje HUCY Be3aHe 3a rmojauMmep. [loBpuirHa GpopMHUpaHHX IyKOTHHA M EBHXOBa pacrojena
y Y30pKy MMajy BEJHKH yTHIAj Ha MEXaHHYKa CBOjCTBAa KoMIo3uTa. [Ipumpema y3opaka KOMIIO-
3UTHHX TOPUBA 33 CHUMahE¢ HBHXOBE MOPQOJIOLIKE CTPYKype IOMONY CTEPEOMHUKPOCKONA U MeTa-
norpad)CKOr MUKPOCKOIA ca TUTHTATHOM KaMepoM je Takohe omucaHa.

(ITpumsseno 6. jyma 2006)
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A simple in situ visual and tristimulus colorimetric method for
the determination of diphosgene in air
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Abstract: A simple visual and tristimulus colorimetric method (three-dimensional
system CIE-L*a*b*) for the determination of trace amounts of diphosgene in air
has been developed. The method is based on the suction of diphosgene vapors through
a modified cotton fabric filter fixed in a special adapter. Prior to analysis, the filter
is saturated with a chromogenic reagent based on 4-(p-nitrobenzyl)pyridine. The
optimal composition of the reagent is 2 g of 4-(p-nitrobenzyl)pyridine and 4 g of N-phe-
nylbenzylamine in 100 ml of a 50:50 ethanol-glycerol mixture. The intensity of the
formed red coloration of the filter is evaluated visually or by a tristimulus colori-
meter (LMG 173, Lange, Germany). The detection limit is 0.01 mg m™. Acetyl chlo-
ride and benzoyl chloride react in 150 and 50 times higher concentrations, respect-
tively. The method is suitable for mobile field analysis.

Keywords: tristimulus colorimetry, diphosgene, air analysis, 4-(p-nitrobenzyl)pyri-
dine, N-phenylbenzylamine.

INTRODUCTION

Diphosgene (trichloromethyl chloroformate) was developed especially as a
choking war agent and a more stable alternative to gaseous phosgene. Liquid di-
phosgene, as well as solid triphosgene (hexachlorodimethyl carbonate), has found
laboratory use as a substitute for phosgene and recently there has also been a
growing interest in the industrial utilization of both compounds as highly reactive
halogenation and acylation reagents.

In spite of the different physical properties and structures of phosgene, di-
phosgene and triphosgene,! their chemical behavior is genetically similar. Thus,
e.g., both diphosgene and triphosgene decompose thermally to give phosgene and
therefore the same methods and technical means are often employed for their
chemical analysis. Naturally, papers in the literature most often deal with the ana-
lysis of the industrially most important phosgene. Prevalent methods of phosgene

* Corresponding author. E-mail: pitschmann@oritest.cz
doi: 10.2298/JSC0710031P

1031



1 032 PITSCHMANN at al.

determination are based on its color reactions with some chromogenic reagents.
One of the oldest color reactions of phosgene consists in the halogenation of p-di-
methylaminobenzaldehyde followed by condensation with aromatic amines, which
is utilized particularly for the preparation of indicator papers and detection tubes.
A classical reagent of this type is a mixture of p-dimethylaminobenzaldehyde
with diphenylamine which gives a yellow coloration.2 A similar reaction of phos-
gene with p-dimethylaminobenzaldehyde in the presence of N, N-dimethylaniline
affords a green to deep blue color due to products of the diphenylmethane or tri-
phenylmethane type,3-4 an oxidized form of crystal violet. This reaction has been
repeatedly modified.410

A great variety of analytical techniques are based on the reaction of phos-
gene with 4-(p-nitrobenzyl)pyridine, affording a yellow to orange product.!? This
reaction has been improved by the addition of N-phenylbenzylamine, which gi-
ves an intense red coloration. This modification can also be used for simple de-
tection devices!%!1 and for spectrophotometric determination.!2 The reaction has
been employed also for the automatic determination of phosgene in air.13,14

This paper relates to a simple and sensitive method for the determination of
diphosgene in air using tristimulus colorimetry. This method is currently employ-
ed in the industry for controlling the surface quality of a variety of colored mate-
rials and has recently also found application in analytical chemistry, e.g., in the
determination of iron, cobalt and nickel," mercury, 16 arsenic,!” alkylbenzenesul-
fonates,!8 phosphates!? and residual chlorine.20 The devised method consists in
the reaction of diphosgene with a chromogenic reagent based on 4-(p-nitroben-
zyl)pyridine and N-phenylbenzylamine, with the formation of a red coloration.
The reaction occurs on a special filter made of modified cotton fixed in a special
adapter. The chromogenic reagent is applied on the filter and air is sucked through
it. The intensity of the formed color spot is then evaluated by a tristimulus colori-
meter or visually.

EXPERIMENTAL
Chemicals and equipment

Diphosgene of 98 % purity (VOZ Zemianske Kostolany, Slovak Republic) served as a stan-
dard. The chromogenic reagent was prepared with 4-(p-nitrobenzyl)pyridine, N-phenylbenzyl-
amine, glycerol (all Sigma—Aldrich, of at least p.a. grade) and absolute ethanol (Riedel de Haen).
The chromogenic reagent was prepared by dissolving 2.0 g of 4-(p-nitrobenzyl)pyridine, 4.0 g of N-phe-
nylbenzylamine and 50 ml of glycerol in ethanol, after which the solution was made up to 100 ml.

The coloration intensity of the spot was evaluated with a portable tristimulus colorimeter (spe-
ctrophotometer LMG 173, Lange, Germany). Diphosgene vapors were generated in a thermostated
test chamber of 617 dm? volume (Lamon, Czech Republic). Samples were taken using a hand-opera-
ted suction apparatus Universal-86 (Kavalier Votice, Czech Republic), stroke volume 100+5 cm?,
suction under pressure 23.33+0.66 kPa. The diphosgene concentration in the chamber was control-
led using a XDS-10C vacuum pump (BOC Edwards, UK) with an attached flowmeter and a Helios-a
UV-VIS spectrophotometer (Thermo Electron, UK).
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Filter preparation

The filter consisted of a fabric made of cotton threads of 0.31-0.33 mm thickness. The fabric
was impregnated with a solution containing 0.3 g of Na,B405-10 H,0, 0.45 g of H3BO;3, 0.1g of
NaCl, 2.5 g of silica gel (particle size less than 5 pm) and 3.0 g of dextran in 100 ml of water. The
impregnated fabric was first dried in air and finally in a desiccator over solid sodium hydroxide.
After drying, it was cut into circles of 45 mm diameter.

Sample preparation and checking diphosgene concentration

Various concentrations of diphosgene were prepared in the test chamber by evaporation of its
toluene solution. The actual diphosgene vapor concentration was determined spectrophotometri-
cally. The diphosgene vapors were pumped for 30 minutes by vacuum pump at a rate 1 dm3 min!
and were absorbed in a bubbler containing 10 ml of 0.1 % 4-(p-nitrobenzyl)pyridine in toluene. The
absorbency of the solution was measured spectrophotometrically at 422 nm. The air temperature in
the test chamber was held at 24+2 °C and the relative humidity at 5010 %.

Determination by the devised method

Diphosgene concentration was determined using the apparatus depicted in Fig. 1. The filter
was fixed in the adapter connected by a tube with a hand-operated suction device. The chromogenic
reagent (50 pl) was applied on the center of the filter and then contaminated air was sucked through
it (20 strokes, i.e., 2000£100 cm3). After the sampling, the intensity of the color spot of about
20 mm diameter was evaluated visually, as well as by tristimulus colorimeter (Fig. 2).

Fig. 1. Filter with adapter. Fig. 2. Measurement of filter coloration by tristimulus colorimeter.

Tristimulus colorimetry

Tristimulus colorimetry is a type of reflectance colorimetry (spectrophotometry) based on the
CIE-L*a*b* color system.2! In this system, L* represents the neutral axis of lightness, a* denotes the
chromatic green-red axis (+a* red, —a* green) and b* the chromatic blue-yellow axis (+b* yellow,
—b* blue). In practice, also the color difference, AE, is used, which is defined by the Equation:

AE = [(AL*)2 4 (Aa*)2 4 (Ab*)2]1/2
where AL*, Aa* and Ab* are the differences between the individual values L*, a* and b* for the

standard and for the color in question. All these parameters can be used as analytical signals, which
enable the quantification of the course of a color reaction.

RESULTS AND DISCUSSION
Stability of coloration

Passage of diphosgene-contaminated air through the filter practically instant-
taneously induced a red coloration, which could be characterized by a reflection
curve (Fig. 3). After the sampling, this coloration was relatively stable for a lon-
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ger period of time. The development of the red component of the coloration (pa-
rameter a*) in the course of 10 minutes is depicted in Fig. 4. During this time the
value of parameter a* increased by 9.7 %.
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Fig. 3. Reflection curve. Dependence of light reflection ~ Fig. 4. Time dependence of coloration.
(reflection factor R) on wavelength (4).

The coloration intensity of the spot on the filter increased with the volume of
the analyzed sample. Increasing the sample volume resulted in a darkening of the
filter and an increasing value of the yellow (b*), and particularly of the red (a*),
color component. The individual color differences AL*, Aa*, Ab* and the total
color differences AE are given in Table I.

TABLE I. Dependence of coloration on sample volume (diphosgene concentration 0.4 mg m™)

Sample volume, dm?

Parameter

1 2 3 5
AL* 0.49 —4.20 -5.78 -9.79
Aa* 2.39 11.72 14.80 21.92
Ab* 9.88 13.16 13.46 14.57
AE 10.18 18.12 20.82 28.08
Calibration graph

The calibration graph for the determination of diphosgene is given in Fig. 5.
The limit of detection of diphosgene by the tristimulus colorimeter was 0.01 mg m—3.
A reproducibility test showed that, at this concentration, the relative standard
deviation of the response (Aa*) amounted to 15 %. For visual evaluation, it is
advisable to compare the intensity of the color spot with a reference standard re-
presenting a color scale 0—1.0 mg m~3 with a 0.1 mg m~3 resolution. For the vi-
sual method, the detection limit of diphosgene was 0.05 mg m—3.

Interference

A higher concentration of acidic vapors and gases which lower the intensity
of the formed coloration interfere with the determination of diphosgene in air.
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The presence of oxidizing and reducing substances may induce undesirable color
changes. No interference was observed with 10 mg m™3 HCI, 15 mgm=3 Cly,
250 mg m 3 NOy, 150 mg m—3 SO or 50 mg m—3 NHj.

16
14 - n
a
12
10
X [
28
6
|}
4
2 -
-
0
0.05 0.20 0.40 0.60
¢/ mg m-3 Fig. 5. Calibration graph.

Concerning organic compounds, no interference was observed e.g., with ben-
zyl chloride, trichloroethylene and chloroform at a concentration of 100 mg m ™.
Coloration similar to that of diphosgene (phosgene, triphosgene) was also produ-
ced by other compounds with an analogous propensity to acylation, however, it
appears only at higher concentrations. Table II contains data on the interference
by acetyl chloride and benzoyl chloride.

TABLE II. Interference of benzoyl chloride and acetyl chloride (the interference factor £ is the ratio
of the detection limit of the interfering compound to the detection limit of diphosgene)*

Concentration, mg m™,

Compound Detection limit, mng m>  Interference factor 8

at Aa* =5
Diphosgene 0.01 - 0.2
Benzoyl chloride 0.5 50 2.5
Acetyl chloride 1.5 150 5

Application to field analysis

The devised visual and tristimulus colorimetric method of diphosgene deter-
mination can be applied to many types of field analysis. If stored in hermetically
sealed containers, the filter is usable for several years. Solutions of the chromo-
genic reagents are usable for at least 12 months.

The method is comparable with existing colorimetric methods for the deter-
mination of phosgene (Table III). Using the tristimulus method, it is possible to
evidence trace amounts of diphosgene in air. The method can be applied also at
night or at reduced visibility and the obtained data can be stored. Moreover, the
devised method is universal, i.e., it enables use of other liquid chromogenic
reagents for the determination of a number of various toxic substances in air.
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TABLE III. Comparison of the devised method with some active-sampling colorimetric methods of
phosgene determination in air

Method Detection limit, mg m™ Sampling conditions

Paper (Dixon, Hands) 1 0.12 dm? of air, 40 s

Detection tube Driger 0.08 2 dm3 of air, 240 s

Tape analyzer (Nakano) 0.02 0.4 dm3 min!, 60 s

Devised method 0.01 2 dm3 of air, 30 s
U3BO I

JEAHOCTABHA IN SITU BU3YEJIHA U TPUCTUMYJIYC KOJIOPUMEHTPUICKA
METO/JIA 3A OAPEBUBAIE IUDO3T'EHA V BA3AYXY

VLADIMIR PITSCHMANN!, ZBYNEK KOBLIHAZ, EMIL HALAMEK? u IVANA TUSAROVA'

!Oritest spol. s r.o., Staropramennd 17, 150 00 Praha 5 i 2NBC Defense Institute,
University of Defense, Kounicova 65, 612 00 Brno, Czech Republic

Pa3Bujena je jenqHocTaBHa BH3yeNHA M TPUCTHMYIIyC MeTona (TPOAMMEH3HOHAIHHM CHCTEM
CIE-L*a*b*) 3a oppehuBame mu¢osreHa y Ba3myxy y Tparosuma. Merona ce 3acHHBA Ha yCHCa-
Bamy nape Audo3reHa kpo3 npuiaroheHu ¢uirep o NaMydHe TKaHUHE KOjH je (ukcupaH y crie-
nmjanHoM ananrepy. [Ipe aHammse, guntep je 3acuhen xpoMoreHuM peareHcoM OasupaHoM Ha 4-(p-Hu-
Tpober3un)nupuanHy. ONTHMAIHU cacTaB peareHca je 2 g 4-(p-autpodenzun)nupununa u 4 g N-ge-
nunbersmwiamuHa y 100 ml 50:50 cmere eraHosn—riaunepon. MHTe3uTeT HacTanor HpBeHor 00oje-
wa (unrepa oapehuBaH je BU3yenHO Wi oMohy TpuctumMyiyc konopumerpa (LMG 173, Lange,
Hemauka). I'parmnma nereknmje m3socu 0,01 mg m™. AmeTin Xopua 1 GeH30MT XIOPH Pearyjy y
150 u 50 myTa Behoj KOHIIEHTpaIHj1, PECIIEKTHBHO. MeToza je IIoroHa 3a aHaJIM3e Ha TEPeHY.

(ITIpumsbeHo 3. aBrycra 2006)
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