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Abstract: In this era of inten se study of free radical s and antioxidants, electron
paramagnetic resonance (EPR) is arguably the best-suited technique for such
research, particularly when considering bioc hemical and bio logical systems.
No attempt was made to cover all the topics of EPR application but instead at-
tention was restricted to two areas that are both novel and received less atten-
tion in previous reviews. In the first section, the application of EPR in asses-
sing the oxidative status of various biological systems, using endogenous sta-
bile paramagnetic species, such as the ascorbyl radical, semiquinone, melanin,
and oxidized pigments, is addressed. The second section covers the use of EPR
in the emerging field of antioxidant development, using EPR spin-trapping and
spin-probing techniques. In both sections, in addition to giving an overview of
the available literature, examples (mostly from the authors’ recent work) ar e
also presented in sufficient detail to illustrate how to explore the full potential
of EPR. This review ai ms at encouraging biologists, chemists and pharmaco-
logists interested in the redox metabolism of living systems, free radical che-
mistry or antioxidative properties of new drugs and natural products to take ad-
vantage of this technique for their investigations.

Keywords: EPR spectroscopy; oxidative status; antioxidants; spin-probes; spin-
-traps.
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1. INTRODUCTION

The delicate balance betw een the advant ageous and detrimental effects o f
free radicals is clearly an important aspect of life. Although reactive oxygen spe-
cies (ROS) have been labelled as “villains” for a long tim  e,1-2 they also have
been found to regulate the activity of a number of enzymes via oxidation in re-
ceptor-mediated signalling pathway s, a process known as redox signalling. 3-8
This signalling is involved in the regulation of vascular tone, oxy gen tension, ac-
tivity of the immune system, growth in plants, and some other physiological pro-
cesses.? On the other han d, uncontrolled generation of radicals is highl y related
to many pathophysiological events, such as neurodegenerative diseas es (Alzhei-
mer’s disease, amyotrophic lateral sclerosis, Down’s syndrome, €etc),10-13 malig-
nancy,!4 diabetes mellitus,!> sepsis!® and atherosclerosis,!” and also see ms to
play an important role in the aging process.!2:18.19 Hence, a certain level of oxi-
dation performed by free radicals is mandatory in biosystems, but increased oxi-
dation may jeopardize normal functioning and lead to patho physiological con-
ditions. Therefore, knowledge of the rela tive level of oxidation in a biosystem,
known as oxidative status, clearly represents an imperative in studies of the me-
chanisms of (patho)physiological processes.20

Antioxidant supplements may be of gr eat benefit in treating conditions re-
lated to a disturbed oxidative status. However, since free radicals are involved in
signalling pathways, biosystems have developed a refractory response against the
excessive presence of antioxidants,2!-22 in order to maintain a flexible intracel-
lular redox poise. 19 This could explain why megadoses of ascorbate and some
other antioxidants do not prolon g life in hum ans with a balanced diet. 23.24 Al-
though there is a myriad of compounds and foods that possess good antioxidative
characteristics, new antio xidants that could be able to overco me the refractory
response of the body, such as fructose and its phosphorylated forms,25 should be
investigated. However, the evaluation of antioxidative properties still represents
the first step in determining whether a particular food or its compounds could be
of any use in health problems related to oxidative stress.
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EPR IN BIOLOGICAL REDOX RESEARCH 649

A broad spectrum of techniques has been applied in r edox research. Most of
them, however, determ ine only the total antioxidative status or antioxidative
capacity and do not provide details on specific re active species. On the other
hand, those which are able to pr ovide more specific data require the use of te-
dious laboratory procedures or suffer from low sensitivity or artefacts. Electron
Paramagnetic Resonance (EPR) spectro scopy stands out from other methods be-
cause of its unique ability to detect either short or long lived radi cals with high
specificity and sensitivity (e.9., EPR sp in-trapping detection of the superoxide
radical is 40 times more sensitive than spectrophotometric analysis with c yto-
chrome ¢ 26:27). EPR is also capable of directly detecting a nu mber of specific
markers of the oxidative status, such as the ascorbyl radical,28:2% the tocopherol
radical,30-31 melanin,32-33 semiquinone,34 and plant pigments,3>-36 in a variety of
biosystems — human and animal tissues and fluids, whole insects, plant tissues
and others. In an antioxidant investigation, EPR can also be applied to determ ine
the capacity of the selected co mpound, extract or food to rem ove specific re-
active species, such as su peroxide (O»*), hydroxyl radical (*OH), organic radi-
cals, lipid peroxides, or to sequester iron.37-42 In addition, EPR is, in principle, a
non-destructive technique, which is a clear advantage over chemical procedures
when dealing with biological sy stems. This paper represents an overview of re-
cent applications of EPR spectroscopy in determining the oxidative status of bio-
systems and antioxidative properties of compounds, extracts, and foods. The full
capacity of a variety of EPR techniques in redox st udies is yet to be explored;
hence, the aim was to encourage scientists to apply EPR in their studies and to
develop new EPR techniques. As a matter of convenience, most of the examples
and illustrations are from a series of the au thors’ recent studies, with the aim of
presenting the main principles of the application of EPR in redox research.

2. EVALUATION OF OXIDATIVE STATUS
2.1. EPRin comparison to other methods

A variety of spectrophotometric assays is available for investigating the oxi-
dative status of biochem ical systems. Widely applied is the ABTS (2,2-azino-
-bis(3-ethylbenzothiazoline-6-sulphonic acid) assay, in which ABTS is added t o
a system, oxidized by horseradish peroxidase/H,O> to the radical cation ABTS *
which absorbs light at 660 , 734 and 8 20 nm. Results obtained using the ABTS
assay are expressed a s equivalents of ascorbic acid, indicating the total antioxi-
dant activity of some tissue hom ogenate, cells (e.g., cultured cells) or liquids
(e.g., serum, CSF, etc.).#3:44 Increased total antioxidant activity is usually related
to activation of the antioxidative system (AOS), indicating a distur bed oxidative
status. Useful information on the oxidative status could also be obtained by mea-
suring the total amount of R—SH groups by the method of Ellman,*> which can
provide information on both pro-oxidative and pro-reductive modifications of the
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650 SPASOJEVIC et al.

oxidative status. R—SH groups are present in glutathione (GSH), a very important
component of the AOS, as well as in proteins. 40 A total amount of R—SH groups
less than normal usually means that some GSH has been oxidized to GSSG via
ROS reduction. In addition, it could be a consequence of an increased production
of reactive nitrogen species (RNS), w hich leads to the form ation of R-SN O
groups.#’ On the other hand, an increased level of  the total amount of R—SH
groups indicates a decrease in the produ ction of superoxide, which leads to a de-
crease of peroxynitrite production and R—SH nitosylation.*8

The ROS/RNS-system and the AOS are just two intertwined com  ponents
present within the global physiological mechanisms of hom eostasis.#® Changes
in the oxidative status modify the AOS activity, its composition and structure,
striving to provide the bes t possible protection and preservation of cellular ho-
meostasis.33 Therefore, the activity of a battery of AOS enzymes (catalase, GSH
peroxidase and reductase, MnSOD, and CuZnSOD) represent excellent marker of
the oxidative status and may pro vide information on the specific mechanisms of
oxidative processes.2%50 For exa mple, CuZnSOD is inactivat ed by HO»;5!
hence a decrease in its a ctivity in some biosy stem indicates the development of
H»O,-mediated oxidative stress.

Confocal fluorescent microscopy represents a powerful tool for redox studies
on cell cultures and ex vivo tissues. With the increa sed interest in this area of
research, a variety of labels have become available that can be used to investigate
the oxidative status of cells under different conditions. For example, the intensity
of fluorescence of cell s stained with MitoTracker Orange is af fected by the
intracellular level of h ydrogen peroxide (HO;) and the oxi dative status.25:52
Some other dyes, the fluorescence of which is dependent on oxidation, such a s
carboxy-H,-DCFDA and others, can also be used.>3

Although these techniques are useful, they do not provide direct information
on the reactive species that participate in oxidative processes; hence, EPR spec-
troscopy should be used. There are two distinct EPR approaches for the study of
the oxidative status of biosystems: EPR spin-trapping of short lived radicals and
EPR spectroscopy of stabile, paramagnetic bio molecules.>* EPR spin-trapping
represents a technique with a special place in oxidative studies because of its
unique ability to identify and quantify relative changes in the level of any spe-
cific short-lived free radi cal involved in oxidative stress, including even *OH
with a lifetime of =102 s or O»* (=100 5).55 The application of EPR spin-trap-
ping in the evaluation of oxidative status has been covered in recent reviews.56:57
Hence, in this section, an alternative manner of application of EPR in investi-
gations of the oxidative status is illustrated. Physiologically active molecules can
react with a number of reactive species within cells and therefore propagate or
attenuate free radical processes and serve as antioxidants and possible biochemi-
cal and/or physiological switches. Some endogenous biomolecules, such as as-
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EPR IN BIOLOGICAL REDOX RESEARCH 65 1

corbate, tocopherol, melanin, or plant pigment system P700, can be m odified by
ROS to stabile organic radicals with a very long lifetime, allowing their direct
detection by EPR spectroscopy.>8 Due to the non-destructive nature of EPR, this
can be realised without any interference with biochemical processes, which is not
the case with any other method.>® By detecting and discri minating these para-
magnetic molecules, the level of which represents a marker of oxidative status ,
EPR provides essential information on redox m echanisms in biosy stems. How-
ever, in spite of the unique capabilities of EPR, it should be emphasized that, in
our experience, the most complete insight into redox processes can be achieved
by complementing EPR with other m ethods, such as analysis of the AOS or SH
groups (see the next section).

The detection of different paramagnetic biomolecules requires the explana-
tion of some technical details. Usually their signals can be detected by means of a
conventional X-band EP R spectrometer operating at a resonant frequency of
around 9.5 GHz. The measurements are generally performed at physiological or
room temperature, but in some cases lower temperatures (liquid N») are required
to obtain a b etter S/N ratio, which requi res minor technical adjustments. When
dealing with oxygen consuming systems or oxygen sensitive processes, it is es-
sential to control the gas environm ent in the sample. This can be easily achieved
by placing sam ples in gas-perm eable Teflon tubes or holders and flowing t he
required gas mixture over the sample.®0 In a such manner, a constant level of O
can be supplied to the sy stem,36:60 or if the radical i s sensitive to oxy gen (e.9.,
the tocopheroxyl radical, *TO), to deprive it by using pure N, or Ar.>4 An im-
portant component in analy zing any EPR spectrum is to perform spectral simu-
lations of each detected signal, to identify species and to determine their signal
intensities (in our studies, Brukers” WINEPR Sim Fonia was used but there are
many other software available).28:60-62 The following sections illustrate different
applications of EPR spectroscopy in detecting the most common stabile paramag-
netic species in biosystems.

2.2. EPR spectroscopy of the ascorbyl radical

Ascorbate is thermodynamically at the bottom of the pecking order of oxi-
dizing free radicals.®3 That is, all oxi dizing species with hi gher redox potentials,
which include *OH, alkyl peroxyl radical (*ROO), lipid peroxyl radicals ("LOO),
tocopheroxyl radical (*TO),%3 peroxynitrite, 4 and others, can be repaired by
ascorbate, leading to the generation of the ascorby1 radical (*Asc). This property
makes *Asc probably the best endoge nous marker of the o xidative status in
biosystems. EPR can easily detect the ascorbyl radical in almost any system since
it gives a characteristic doublet (Figs. 1a, 1band Ic). Another important gene-
rator of *Asc in the biological setup are catalytically active transition metals (e.g.,
iron or copper), which ¢ an provoke oxidation of ascorbate: i) directly: Fe3*
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652 SPASOJEVIC et al.

(Cu2t) + Asc =~ — Fe?* (Cul®) + *Asc, ii) in cooperation with H ,05:
Fe2*(Cul™)---Asc + HpOy — Fe3T(Cu2*) + *Asc + OH~ + H,O or iii) via "OH,
generated in a metal involving the Fenton system: *OH + Asc™ — *Asc + OH~.65-
67 Obviously, the level of *Asc can indicate how much redox active metals there
are in a sy stem,%3-60 but the level of *Asc also depends on the production of free
radicals in r eactions unrelated to the presence of transition met als and these
should be discriminated. It is suggested that the influence of catalytically active
metals could be emphasi zed by the addition of H ,0,, which should promote
reactions ii and iii depending on the level of the cataly tically active metals. On
the other hand, it should be stressed that commercial buffers inevitably contain
metal impurities which may represent a source of artefacts in biochemical studies
by increasing the basic level of *Asc.%5 This potential problem can be eliminated
by the ad dition of strong chelating agents, such as DTPA, w hich sequester
transition metals and diminish their oxidative capacity.67

4G 4G
(d)

(a)
Fig. 1. Left: EPR sp ectra of the as-

corbyl radical (*Asc). EPR detects
the single unpaired electron of *Asc,
which has aspin S =Y. However,
the electron interacts with surround-
ing nuclei tha t also posse ss spin
(here 'H with a nuclear spin of | =
= 1), which leads to hy perfine split-
ting; hence, two lines emerge in the
spectrum. An example of *Asc in hu-
man plasma: a) untreated serum;2® b)
serum treated with 0.5 mM peroxy-
nitrite;%* ¢) spectral si mulation of
*Asc EPR signal proving that the sig-
nal from serum emerges from this
(c) radical, enabling quantification of
the signal int ensity. Characteristic
b { EPR spectra of *Asc in amnion fluid

—
(=2
~
—
oD
~

of d)norm al and e) thro mbophilic
U pregnancies?® (showing no differen-
ces between the two samples).

The level of *Asc detected by EPR spectroscopy as an indicator of pro-
oxidative changes was first introduced by Buettner and Jurkiewicz in 1993. 28
Experiments were performed on a phos phate buffer supplemented with different
ascorbate concentrations and on hum an plasma. Using the *OH and O,* gene-
rating systems, the authors showed high correlations between the production of
these radicals (determined by EPR spin-trapping) and the level of *Asc. Since
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EPR IN BIOLOGICAL REDOX RESEARCH 65 3

then, *Asc has been detected by EPR in a variety of biological sa mples: plas-
ma,%8.69 cerebrospinal fluid (CSF), %9 skin,’0.7! extracellular fluid,’? plant
leaves’3 and the midgut fluid of i nsects.’4 Increase of the steady-state con cen-
tration of *Asc was reported in several conditions related to pro-oxidative chan-
ges, such as ischemia/reperfusion, sepsis,’> brain injuries,’® paraquat poisoning,
iron overload, gastric cancerogenesis, // pre-eclampsia,’8 and others. Recently,
EPR spectroscopy of *Asc was employed to investigate the oxidative status of
amnion fluid (Figs. 1d and 1e). The similar level of *Asc in the amnion fluid of
control and thrombophilic subjects indicates that the disturbed oxidative status of
the placenta which was observed by AOS assays,2? was not provoked by an in-
creased generation of reactive species in amnion fluid,2® thus enabling a potential
mechanisms of thrombophilia to be sugg ested. There are many other interesting
examples. Menditto et al.”® used EPR spectroscopy of *Asc to study the associ-
ation between the oxidati ve status of seminal fluid and the iron and copper con-
tent. A very innovative and elegant experimental design was developed by Shar-
ma et al.,80 enabling in vivo EPR measurements of the level of *Asc, as a real-
-time quantitative marker of changes of the oxidative status in dog myocardium
during ischemia/reperfusion.

The absolute *Asc concentration which can be detected is as low as =5 nM
by measuring the intensity of the EPR signal using spectral simulation (Fig. 1)
and calibration. However, the basal °*Asc level in tissues and fluids can vary
significantly between subjects or populations,®*68 and is highly dependent on the
level of ascorbate in the sy stem.”’? For instance, due to different diets and life
styles, the basal level of ascorbate and, consequently, ascorbyl radical int he
plasma of the Brazilian population (65 nM) ¢4 is different fro m that of the Eu-
ropean one (100 nM).%8 Galleano et al.8! developed an approach that could over-
come this potential obstacle in oxidative studies. By combining EPR measure-
ments of the "Asc concentration and HPLC analysis for the total ascorbate level,
they were able to calculate the ascorbyl radical/ascorbate ("Asc/Asc) ratio, which
represents an indicator of oxidative stress independent of individual and popu-
lation variations in the ascorbate level. This represents an example of the e ffec-
tiveness of EPR in combination with other techniques, as emphasized before.

2.3. EPR spectroscopy of the tocopheroxyl radical

Tocopherols (vitamin E) are the main lipid-soluble antioxidants of cellular
membranes and blood plasma.30 They react with oxidizing species, such as *LOO
(lipid peroxyl radical),82 *OH, and *O;~, but also w ith NO83 and ONOO—,34 to
produce *TO, which can be detected by EPR spectroscopy (Fig. 2). However, the
generation of *TO in biosystems is thermodynamically interlinked with the meta-
bolism of ascorbate, via the reaction: *TO + Asc — TOH + *Asc.87 For example,
it was demonstrated that in hum an plasma exposed to oxidative stress, the EPR
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654 SPASOJEVIC et al.

signal of *TO emerges (Fig. 2b) onl y after the virtual disappearance of the as-
corbyl radical.3! Therefore, the EPR spectroscopy of the tocopheroxy 1 radical
could be used in investigations of oxidative status, emphasizing an occurrence of
intense oxidative stress capable of depletion of the antioxi dative capacity of the
ascorbate in the system.

(@)

Fig. 2. Characteristic seven-line EPR signal of ‘TO. a)
Generated by purging the suspension with 0.1 mM
tocopherol and 100 mM SDS with NO ga ;8¢ b) in hu-
man plasma exposed to O,"~ generated by the hypoxan-
(b) thine/xanthine oxidase sy stem.3! The interactions which

provoke hyperfine splitting resulting in a complex seven-
WW line signal and the spectral parameters were described in
detail by Matsuo et al.’”

The detection of *TO in biosystems ex vivo is complicated by the fact that
*TO can react with ox ygen to produce TO and sup eroxide (an EPR silent spe-
cies), which can occur during sa mple collection and storage, as well as during
EPR measurements, hence even EPR measurements have to be performed in an
inert atmosphere (N»). For this reason, most of the EPR studies of *TO have been
performed on model systems in vitro. Nauzil et al.30 applied EPR spectrosco py
of *TO to study the inhi bitory effects of o-tocopherol against radical-initiated
oxidation of low-density lipoproteins (LDL) lipids. Zhou et al.88 used a similar
approach to investigate the regeneration of a-tocopherol by green tea polypheno-
lics in phospholipid micelle exposed to oxidative stress. The metabolism of TO
can also be explored using the m ore stabile and h ydrosoluble vitamin E deri-
vative — Trol ox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). For
example, Oplinder et al.89 applied EPR to investigate the effe cts of the Trolox
against UV-A induced cell death of human skin fibroblasts. It was det ermined
that the production of the Trolox radical is incr eased in the presence of nitrite ,

indicating that the EPR spectroscopy of ‘TO could be useful for studying not
only ROS, but also for nitrogen reactive species.

2.4. EPR spectroscopy of melanin

Melanins represent a broad class of biopol ymers without a unique structure,
composed of 5,6-dih ydroxyindole, 5,6-dihydroxyindole-2-carboxylic acid, and
their various oxidized for ms (Fig. 3).90 Melanins are divided into three groups:
eumelanins and pheomelanins in animals, and allomelanins in plants. Melanins
react with ROS, organic radicals and oxidize transition m etals.9! In these r eac-
tions, DHI is converted to a stabile SQ radical and other paramagnetic species, 90
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EPR IN BIOLOGICAL REDOX RESEARCH 65 5

which can be detected by EPR. These properties make the intensity of the EPR

signal of melanin an excellent marker signifying the oxidative status of specific

melanin-containing systems, such as mammalian skin2 and ey es,23-94 some
plants,?> fungi,?0:97 insects,33:98 and others. Nevertheless, it should be stressed

that although EPR spectroscopy can di stinguish between different types of me-
lanins, it is v irtually impossible to connect the recorded spectrum to a specific
eumelanin structure by any spectral analysis.

H
m
-~ / \
HO DHI
DHI anion
radical cat|on

. H -
)@LN}
/ SQ radical \

HO m
sa ) anion
radical cation g+

/

\

T

@5

Fig. 3. Redox chemistry (a) and characteristic EPR signal of eumelanin (b). The key mono-
meric building blocks of eumelanin are: DHI (5,6-dihydroxyindole), SQ (semiquinone) and
IQ (5,6-indolequinone). Spin—spin interactions, fast electron transfer reactions and anisotropy
related to low mobility of paramagnetic species inside the melanin macromolecules
make only one broad line in the melanin EPR spectrum emerge.

Neuromelanin, a pigment found in de ep brain regions, such as substantia
nigra, has drawn much attention because of its role in Parkinson’s disease (PD).

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

2011 Copyright (CC) SCS

©089



656 SPASOJEVIC et al.

Due to the complex chemistry of neuromelanin in the brain, EPR measurements
do not provide a straightforward evaluation of the oxidative status, but studies on
neuromelanin provide a valuable insight into the mechanisms of neurodege-
neration in PD.%9-101 The EPR signal of melanin has been used to study the pro-
oxidative effects of UV irradiationin  skin and e yes. Wood et al.32 used the
melanin signal as an indicator of the oxidative status of melanin-containing skin
cells from a genetically melanoma-susceptible cross of Xiphophorus fish (a mo-
del system for human melanoma research) exposed to UV irradiation of different
wavelengths and intensities. A strong correlation between the intensity of the
melanin signal and melanoma induction was observed, indicating that pro-ox i-
dative changes repres ent an im portant causative step in m elanoma develop-
ment.32 Pertinent to this, some attempts have been made to develop an in vivo
EPR technique in the diagnostics of melanoma in humans. In a study performed
by Vahidi et al.,!92 the EPR spectra of melanin in frog skin were recorded in situ
using a surface EPR coil and 2D imaging, and the intensity of the melanin signal
was observed to depend o n the level of ox ygenation, which is one of the para-
meters defining the oxidative status. It was proposed that 2D EPR spectroscopy
could potentially be useful in early melanoma detection. Seagle et al.?3 employed
EPR of melanin to study the effects of UV radiation on human retinal pigment
epithelium with different coloured pigments and to compare the observed chan-
ges to the modifications in synthetic melanin. Samples were placed in an EPR
“flat cell” and irradiated inside the cav ity. As expected, the melanin signal from
the cells increased with the power of ir radiation, but not in two distinguishable
portions as observed for synthetic melanin, ind icating that in vivo radical photo-
generation is different from photogene ration in a chem ical system. This shows
that chemical systems with synthetic melanin do not represent an adequate model
of the structure and metabolism of melanin in biosystems.

Melanin represents an i mportant constituent of the oxidative meta bolism of
insects. Barbehenn et al.,%8 applied EPR spectroscop y of melanin to investigate
the pro-oxidative defence of plants against herbivorous insects. It was determined
that melanin-like reactive substances are formed in the midgut fluid of insects,
from the tannic acid present in leaves. In this way, plants di sturb the oxidative
status of the digestive sy stem of insects and indirectly protect themselves.103,104
On the other hand, som e insects generate melanin to use its RO S scavenging
ability in the regulation of their oxidative status. F or example, it was recently
shown using biochemical assays and EPR of melanin that expos ure of the E u-
ropean corn borer ( Ostrinia nubilalis) to low te mperatures leads to an overpro-
duction of H ,0, followed by anincreas e of the melanin signal (Fig. 4). 33
Hydrogen peroxide is an important player in the freeze tolerance development of
insects, but as was shown, it can disturb the oxidative status of insect tissues.33
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(a) Y 10

(b)

Fig. 4. EPR spectra of melanin in larvae maintained at: a) 5,
b) =3 and c¢) —1 6 °C. The downward triangle ( ¥) marks the
characteristic eumelanin-related EPR signal. The signal o f

pheomelanin (circle) can be observed on the left side of the
(© ° eumelanin signal in panel c). It can be observed that the
underlying signal of pheomelanin slightly shifts the eumela-
nin signal. The measurements were performed at liquid N ,
temperature in order to obtain a higher S/N ratio than at room

tempera‘[ure.33

Thus, in this case, insects use melanin to protect their cells from the oxi-
dative burst involved in the adaptation process.

The presented examples illustrate the v ast potential of EPR in study ing va-
rious organic radicals, 195 which should be further u tilized in red ox studies of
biosystems. For example, EPR is able to detect redox-active am ino acid radicals:
tyrosyl, tryptophanyl, glycyl, and histidyl radical.106 The EPR of these stabile ra-
dicals was previously employed to study enzyme activity and protein dama-
ge,57-107 but, potentially, it may also find applications in investigations of the
oxidative status.108

2.5. The oxidative status of plants

Although previously unappreciated, the application of EPR spectroscopy is
becoming more and more important in plant studies. [t was previously illustrated
that the EPR spin-trapping technique with advanced spin-traps (e.g. DEPMPO) is
able to provide crucial data about plant oxidative processes,34:560.60.109 byt when
it comes to endogenous paramagnetic species, the great diversity in plants opens
even more possibilities for redox research. Although, there are many similarities
between evaluating the oxidative status in plants and studies on hum an and
animal systems, it was decided to dedicate a separate section to plants, in order to
provide a compact overview and to emphasize the potential of the EPR methods.
In arecent review of techniques appli cable in the investigation of plant redox
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processes, Shulaev and Oliver 27 concluded that, at present, measurements of
oxidative stress in plants are limited and there are no truly non-invasive methods.
Although they considered the EPR spin-trapping te chnique, the application of
EPR spectroscopy of stabile organic radicals in plants was not taken into account.
Since it enables the acquisition of signals of paramagnetic species in plant cells,
parts or even whole plants without an y interference with the metabolism, EPR
spectroscopy could be t he missing ‘truly non-invasive’ technique in plantr e-
search. It should be em phasized that the measurements can be performed under
selected temperature, atmosphere, and light regim es, which can be varied inside
the EPR spectrometer cavity during the course of the experiment.

As in animal tissues and fluids, the ascorbyl radical can be used to determine
the oxidative status of plants. Malanga et al.110 used the endogenous signal of the
ascorbyl radical in an algal culture (Chlorella vulgaris) and intact soybean leaves
to study UV-provoked oxidative stress. Puntarulo et al.!l! applied EPR measu-
rements of *Asc to investigate the ef fects of NO on the oxidative status of soy-
bean chloroplasts, proposing an antioxidative role of NO based on the decreased
level of *Asc after treatment with NO.

The photosystem I (PSI), which contains an EPR active specie  — oxidized
pigment — P700™, could also be used as a marker of the oxidative status.35-3¢ The
increased generation of reactive species leads to photoinhibition of the PSI and a
related decrease in the P700" level.l12 Thus, in contrast to previous illustrations,
a decrease in the EPR signal signifies pro-oxidative c hanges of the oxidative sta-
tus. This approach was e mployed to investigate the oxidative stress in intact pea
leaves exposed to chilling conditions. 36 The light i nducible EPR signal, which
was recognized to reflect the oxidized form of the PSI pigment P700 (P7007), is
shown in Fig. 5. The level of P700 * was lower in pl ants exposed to cold, show-
ing that the chilling conditions led to pr o-oxidative changes of the statusi n
leaves. A similar non-inv asive approach could be used to investigate the oxida-
tive status of plants exposed to some other stressors.

f

Fig. 5. Spectra of light-induced EPR ac-
tive species — oxidized PSI pigment (P700")
in pea leaves. Pale trace — samples from
leaves of cont rol plants exposed to 22
°C/70 wmol m2 s te mperature/light con-
ditions; dark trace — samples of leaves of
i peas under a 2 °C/70 pmol m?2 s°! regime.
i The spectra were recorded at —100 °C.3¢
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To study paramagnetic species not pre sent in suffic ient concentrations in
plants to enable non-invasive detection, plant isolates or extracts could be used in
EPR studies. For example, the EPR signal of quinhydrone was identified in is o-
lated cell walls fro m pea roots, which coul d not be d etected in the whole plant
parts. The intensity of the EPR signal of quinhydrone was highly correlated with
the concentration of H ,O; supplemented to the cell wall and with *OH pro-
duction evaluated by the EPR spin-trapping technique, showing itself to be a
useful marker of oxidative status. 34 Pedersen!!13-115 published several co mpre-
hensive studies on alcohol plant extract s showing that hundreds of species fro m
the families Lamiaceae and Gesneriaceae contain quinone related param agnetic
species easily detectable by EPR, and potentially valuable as markers of o xi-
dative status. Examples of EPR signals of such species in extracts of  Peltodon
radicans, Salvia hispanica and Monarda clinopodia are illustrated in Fig. 6.

(a) 2G

J i ° CO0O~ >
'O@W o-
} 0 —
b O
(b) .

- —— ol

‘0

© H,C o
X
‘0
CH,

Fig. 6. The EPR semiquinone spectra and chemical structures of a) rosmarinic acid from
Peltodon radicans, b) hydroquinone from Salvia hispanica and c¢) thymohydroquinone from
Monarda clinopodia all obtained from crude alcoholic leaf extracts. The signals were
identified using the EPR spectra of the corresponding chemicals.!!3

Based on these examples, it is proposed that any plant part or extract that has
not been inv estigated previously by EPR should be first examined using E PR
with a wide scan range. If a signal is observed, the recording parameters should
be optimized to obtain a good S/N ratio and detailed hyperfine structure of the
spectrum. The signal should then be compared with signals of paramagnetic spe-
cies that are available in the literature. This is usually sufficient to identify the
EPR active compound(s). If not, then the chemical composition of the sample
should be analysed, in order to narrow the list of compounds with paramagnetic
properties that may be present. After this, each “suspect” should be examined se-
parately using EPR spectr oscopy and compared to the signal from the s ample.
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Spectral simulations should be used to compare the levels of paramagnetic spe-
cies in different sa mples, and to determine whethe r the signal of the sa mple is
composed of EPR spectra of more than one paramagnetic species.

3. EVALUATION OF ANTIOXIDATIVE ACTIVITY

3.1. EPR spectroscopy — a technique of choice for investigating the antioxidative
properties of compounds, extracts and foods

Overproduction or inefficient removal of reactive species by scavenging
enzymes, as well as an increase of the level of catalytically active metals (e.g.,
iron or copper) related to the generation of the notorious *OH radical, have been
shown to lead to damage of biomolecules and cellular membranes in a process
known as oxidative stress,%!16 which has been proposed to be a hallmark of a
variety of pathophy siological conditions.?-10-17.29.54 Under such circumstances,
the supplement of antioxidants aimed at re-balancing the disturbed oxidative sta-
tus could be a very beneficial component of a treatment or a di et.19-20.24.25 To
establish whether some food or a co mpound could be useful in h ealth problems
related to oxidative stress, it is necessary to establish their antioxidative proper-
ties. A broad range of methods available for the evaluation of the so-called “total
antioxidative capacity” of so me compounds, plant extracts or foodstuffs were
reviewed previously.20:117.118 These assays (such as ABTS, ORA C, TRAP, and
DPPH assays!!®) are easy to perform; hence, they are frequently e mployed in
studies pointing to an antioxidative capacity of various foods or plant extracts.
However, the majority of studies were performed in chemical systems not taking
into account the specific properties of targ et biosystems and metabolic processes
that can occur in vivo. Although such studies are a prerequisite for further investi-
gations of the antioxidant effectiveness of a certain compound, several other points
should be taken into consideration before it should be recommended as a poten-
tial cure: task #1: to determ ine the activity against specific r adicals; #2: to de-
termine the distribution of active compounds in both principal environments pre-
sent in biosystems — hydrophilic and lipophilic; #3: to determine whether the an-
tioxidant acts against radicals in cells, ex tracellular milieu, or both; #4: to take
into account metabolic changes of the investigated compound(s) depending on
the route of administration; #5: to determine which specific co mpound(s) present
in the metabolized extract or food is (are) active against free radicals; #6: to de-
termine whether the active com pounds could somehow overcome the refractory
response. In the following sections, it will be illustrated that the majority of these
tasks can be performed by EPR or by combination of EPR with other methods in
a carefully planned experimental setup.

EPR spectroscopy can be solely used to perform tasks #1-#3. Two EPR
techniques can be applied in antioxidan t studies: spin trapping and spin probing.
The general concept of the application of EPR spin-trapping for these three tasks
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is to generate a specific radical by a selected chemical system and to quantify the
inhibiting effects of a compound or extract against radical production (#1). On
the other hand, EPR spin-probin g can be employed to determine the distribution
of potential antioxidants in a hydrophilic, lipophilic, or extracellular environment
(#2 and #3). The application of spin-probing in antioxidant research is based on
the measurement of the ability of studied compound(s) to reduce synthetic long
lived radicals (spin-probes) to EPR-silent h ydroxylamines. The spin-probing ap-
proach in the study of antioxidants has a long history and has been extensively
documented in the literature; in comparison, spin-traps represent an emerging field
in EPR spectroscopy.

Tasks #4 and #5 also incl ude the EPR approach, but require sp ecific pro-
cessing or analysis of the studied systems prior to EPR measurements. For examp-
le, antioxidants are usually applied orally, therefore an in vitro digestion model
system!19 or a more simple methanolysis3? can be used to process potential anti-
oxidants to compounds that are absorbed in vivo (#4). After establishing the anti-
oxidative properties (#1-#3) and metabolic modifications (#4) of some food or
extract, analysis of its chemical composition, using HPLC, GC/MS and other me-
thods, should be preformed, to reveal compound(s) that could be “responsible”
for antioxidative activity. Selected compounds can be then separately tested for
antioxidative activity using EPR techniques (#5).

It should be stressed that even if an investigated compound or extract ap-
pears to be an excellent antioxidant on the account of these five points, it might not
be effective in vivo if it is unable to overcome the refractory response (#6). 1820
In order to resolve this, the protective effects of a potential antioxidant in cell
cultures and experimental animals exposed to oxidative stress should be det er-
mined. Fluorescent microscopy with redox sensitive dyes has shown itself to be
very useful in studies of antioxidative actions in cell cultures, due to its high sen -
sitivity and ability to detect sub-cellular changes related to oxida tive stress. On
the other hand, a non-destructive in vivo EPR technique is the only available me-
thod to follow up the oxidative status of animals, with the ability to determine the
oxidative stress in specific organs.

As an ideal approach cove ring all six points is rarely seen in one study, it
was decided in this review to separately present applications of spin-trapping and
spin-probing techniques, indicating each phase of antioxidant research.

3.2. Applications of EPR spin-trapping in antioxidant research

EPR spin-trapping can provide data on antioxidative effects against the free
radicals that are most relevant in phy siology —O5*~ and "OH (#1), as well as
many others (carbon-centred, *LOO, *SG).56:120-127 Ag these reactive species
cannot be directly detected due to their short life-times, a  specific compound
(spin-trap) is introduced into the s ystem. Spin-traps react with free radicals, thus
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forming stabile paramagnetic species (spin adducts), which are readily detected
by EPR spectroscopy (Fig. 7). Each reactive species that has been trapped shows
its own specific signature EPR spectrum . The advantage of such an approach
over other methods that measure the total antioxidative capacity of the compound
lies in the ab ility of EPR to distinguish antioxidative activity —against different
free radicals, even when s imultaneously present in the sy stem. This can be per-
formed using spectral simulations, which enable the identification of each radical
and the quantification of the signal intens ity. In addition, recently a nu mber of
various hydrophilic and li pophilic spin-traps have evolved 120 enabling antioxi-
dative measurements in any selected medium.

>O—H + R— >O<H
| T
o} o
Spin-trap Short lived radical Spin-aduct
EPR "silent"  EPR "silent" EPR active

Fig. 7. The basic principles of the EPR spin-trapping technique.

For antioxidative studies, in vitro chemical sy stems are used to generate a
specific free radical (e.g., the xanthine/xanthine oxidase system or SOTS1 (di-(4-
-carboxybenzyl)hyponitrite) for O,*~ or the Fenton system and Haber—Weiss-like
reaction for *OH). The spin-trap is added to a selected s ystem prior to the start of
the reaction, and after a specific incubation time, the EPR signal of the spin ad-
duct is recorded and the i ntensity of the specific trapped radical determined.5¢
The application of an antioxidant to th e system (before the initiation of the free
radical production) should lead to a decreased generation of the spin adducts, due
to radical scavenging or in teractions with the reactants of the generating system,
which is detected by the lower intensity of the EPR signal of a g iven radical as
compared to the control antioxidant-free sy stem.37-42 The antioxidative activity
(AA) is then calculated by comparing the signal intensities obtained in the control
setup and in the system with the antioxidant, using the simple equation:

AA=(lo—1)/lo

where |g and I are the intensities of the EPR spectra obtained in the control and
the samples with the antioxidant, respectively. The determined antioxidative ac-
tivity can then be compared to the AA of some antioxidant intrinsically present in
metabolism, such as ascorbate or tocopherol.39 This method enables a co mpari-
son of the AA of the investigated compound with the antioxidative properties of
other previously studied compounds. An alternative approach is to determine the
ECs( value (mg mL-!) — an effective concentration at which the studied com-
pound or extract shows an AA of 0.5.128-130 The ECs( value is determined by

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

2011 Copyright (CC) SCS

©089



EPR IN BIOLOGICAL REDOX RESEARCH 663

interpolation from the linear regression analysis of several AA values obtained for
different concentrations of the compound or extract. Although attractive for com-
parative analysis of data obtained in diffe rent studies, this approach suffers fro m
a disadvantage as the ECsq value depends on the concentration of reactants used
in the radical generating sy stem, which may differ from study to study. There-
fore, ECsq can be used for co mparison of the AA only when they were obtained
in studies using an identical experimental setup.!29-130

Antioxidative activity against O»*~ can be determ ined using th e xanthi-
ne/xanthine oxidase (X/XO) reaction, as an “O;*~ generating” system which is
also present in biological systems. EPR spin-trapping with the X/XO system was
used in a num ber of studies to determine AA (O,*) of S-carotene,!3! vitamin
E,13! glutathione,!24 aminoguanidine,!23 lazaroids,!32 various tea extracts, 133
fullerenes#? and others. In antioxidant studies, the spin-trap DMPO (5,5-dime-
thyl-L-pyrroline-N-oxide) was usually applied, because of its wide availability
and low price. However, the DMPO adduct with the O»*~ radical (DMPO/OOH)
has a short lifetime and it is spontaneous ly transformed into DMPO/OH (the ad -
duct of the *OH radical),5¢ which may result in unrealistically high values of AA
(O7*). Hence, the application of altern ative spin-traps, such as D EPMPO (5-(di-
ethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide) is strongly recommended since
the DEPMPO/OOH adduct undergoes transformation at a much lower rate than
DMPO/OOH>¢ or BMPO (5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide),
the O~ adduct of which does not undergo transformation at all. However,
DEPMPO is the spin-trap of choice when the identification of different radicals is
necessary.134

As an example of the scheme outlined in the previous paragraphs, the anti-
oxidative properties of extracts of chestnut (Castanea sativa L.), and fructose and
its phosphorylated forms were examined in two recent studies. 25-37:39 EPR, with
DEPMPO and X/XO and the Fenton s ystem, was applied to investigate the anti-
oxidative properties of extracts of chestnut (C. sativa L.) leaves, catkin, and spiny
burs in an aq ueous medium in comparison to the AA of ascorbate (#1 and #2),
while spin-probing with lipophilic probes was used to determine the antioxidative
activity in membranes (#2; see the following section). The EPR signals of
DEPMPO/OOH in the X/XO sy stem without and with the catkin extract are
shown in Figs. 8a and 8b, respectively . Interestingly, the extracts did not sho w
significant antioxidative activity against *OH. Based on the data present in the li-
terature that chestnut extracts ar e predominantly composed of tannins, which are
not absorbed as such but are metabolized by intestinal flora, methanolysis of the
extracts was performed to simulate the degradation of tannins in human intestines
(#4). In order to determine which compound(s) in the extracts may be responsible
for the observed high AA values, chemical analysis of the methanolysates was
performed using LC/MS and HPLC/DAD ( #5). Among the variety of identifi ed
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compounds, ellagic and valoneic acids were recognized previously for their anti-
oxidative and anticancer properties. 133:136 Hence, it was proposed that the high
AA (O37) of chestnut extracts is most likely based on the antioxidative pro-
perties of these two acids and similar compounds that were detected, such as fla-
vogallonic acid. Tasks #3 and #6 were not covered in this study and will be the
subject of future resear ch. However, it was shown by others that the derivatives
of tannins are present in human plasma!37 and have long persistency in the body
upon dietary uptake, 138 indicating that they may be able to overcome the refract-
tory response (#6).

Fig. 8. The characteristic eight-line EPR signals of the DEPMPO/OOH adduct generated in: a)
the X/XO system (X 1.6 mM; XO 1.6 IU mL!); b) X/XO with catkin extract (0.2 mg mL!).
Gray — spectral simulations of the corresponding DEPMPO/OOH signals. Catkin extract
AA(0,*7) = 0.65+0.02; AA(O,*") for the same concentration of ascorbate (0.2 mg mL1) was
0.85+0.04.3% Characteristic 8-line EPR spectra of the DEPMPO/OH adduct in: c) the Fenton
reaction (Fe?" 0.3 mM; H,0, 1.2 mM); d) Fenton reaction + 3 mM F16BP, AAC'OH) =
=0.9120.01. Gray — spectral simulation of the DEPMPO/OH signal.3” Characteristic
EPR signals of the DEPMPO/OH adduct in the metal-free Haber—Weiss-like
*OH-generating system (KO, 1.4 mM; H,O, 5 mM): e) Haber—Weiss reaction;

f) Haber—-Weiss reaction + 3 mM F16BP, AA("OH) = 0.40+0.05.37
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It should be noted that in studies of specific compounds, some of the points
in the present scheme could be found in th e literature. For example, the antioxi-
dative properties of fructose and its pho sphorylated forms (fructose 1,6-bisphos-
phate, F16BP; fructose 1-phoshate, F1P; and fructose 6-phosphate, F6P), the bio-
distribution and metabolism were extensively studied previously, were investi-
gated.2> Their antioxidative activity against *OH was determined using the Fen-
ton reaction (Fe2* + H,0, — Fe3™ + OH~ + *OH), as the “*OH generating sys-
tem”, which represents a constituent of various pathophysiological processes. EPR
spin-trapping with the Fenton reaction is the most frequently used method for
studying antioxidative properties. It was applied to determine the AA of mono-
saccharides,37 fullerenes,*? polysaccharides,!28 vitamins,!39 extracts of various
plants, 140,141 seeds, 142 mushrooms,!29-130 teas, 133 spices!43 and others. It was
shown that F 16BP represents a very efficient antioxidant (#1; Figs. 8c and 8d),
which may be useful as an infusion sugar for the treatment of pathophysiological
conditions related to oxidative stress. 37 It is known that charged F16BP is pre-
ferentially located in the hydrophilic medium (#2), that it is transported into the
cells (#3) and that it is not metabolized outside the cell (#4), so all these points in
addition to #5 were not t he subject of our stu dy. However, ifnot able to o ver-
come the refractory response and to protect cells fro m oxidative stress (#6), the
application of F16BP in treat ment could be futile. 144 Hence, EPR investigations
were complemented byt he study of intracellular antioxidative properties o f
F16BP in a cultured astroglial cell exposed to H ,0O»-mediated oxidative stress
using confocal fluorescent microscopy and fluorescent markers of oxidative stress,
which showed that F16BP is indeed able to overcome the refractory response and
protect the cells by diminishing oxidative stress. Further research was conducted
to resolve the mechanisms of the anti oxidative effects of F16B P. In principle,
antioxidative actions against *OH generation in the Fenton sy stem can occur via
two mechanisms: direct *OH scavenging and sequestration of a transition metal
(iron, copper, manganese). In order to e stablish the mechanisms of antioxidative
actions against *OH production, the AA("OH) of a studied compound should be
measured in two ““OH generating” sy stems: i) the Fenton reaction, which con-
tains metal (Fe2t + H,O, — Fe3™ + *OH + OH"), and ii) the Haber—Weiss-like
reaction, which is a metal-free system (O~ + H,Oy — *OH + OH~ + O»). The
difference between AA(*OH) obtained in the first and the second sy stem repre-
sents a measure of the metal sequestration of a certain agent. To the best of our
knowledge, we were the first to appl y this approach in the study of antioxidative
activity of F16BP and some other monosaccharides.3” F16BP showed signi fi-
cantly higher AA("OH) in the Fenton system (Figs. 8c and 8d), when compared to
the Haber—Weiss-like reaction (Figs. 8e and 8f). Consequently, it was concluded
that F16BP performs antioxidative actions in biological systems via both iron
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sequestration and *OH scavenging, whereby the first mechanism is predomi-
nant.37

The ability of any compound to sequester metals is a very important feature
as it enables an antioxidant to prevent progression of Fenton che mistry, which is
a more efficient strategy for stopping or slowing d own oxidative stress, than
attempting to scavenge already produced highly reactive *OH. For example, dif-
ferent neurodegenerative ¢ onditions, such as Parkinson’ s disease, Alzhei mer’s
disease, are most likely related to the misbalanced metabolism of redox activ e
metals and with consequential propagation of Fenton chemistry.145.146 Contem-
porary attempts to treat these conditions are primarily focused on compounds that
are efficient in the sequestration of metals.!4¢ The potential of the EPR approach
presented here can be used to screen various compounds for their potential ap-
plicability in the chelation therapy of neurodegenerative diseases and to further
examine their in vivo effects on experimental models.

The presented exam ples are aimed at illustrating the principles of the ap-
plication of EPR spin-trapping in antioxi dant research and were focused on the
biologically most important free radicals (O,*~ and *OH). However, it should be
stressed that antioxidative activity against various o ther radicals can be deter-
mined using the corresponding generating system and EPR spin-t rapping. In an
EPR spin-trapping study of the antioxidative activity of chitosan gallate, Pasan-
phan and co-workers!28 used UV irrad iation of AAPH (2,2’-azobis(2-amidino-
propane) dihydrochloride) as the generating s ystem of carbon-centred radicals.
Schafer et al.!3! applied the Photofrin/ light/Fe?* system to provoke the genera-
tion of lipid radicals in HL-60 cells, and the antioxidative effects of f-carotene,
vitamin E and NO against lipid radicals were evaluated using t he EPR spin-trap-
ping method. Finally, a recent paper of Sentjurc et al.!34 on the antioxidative ca-
pacity of leaf extract of the evergreen plant, Sempervivum tectorum, superbly il-
lustrates the outstanding possibilities of EPR spin-trapping in antioxidant re-
search. UV irradiation of the liposomal system was used to generate *OH, Oy,
and carbon-centred radicals sim ultaneously, simulating a real bio logical setup.
Using EPR with the spin-trap DEPM PO and spectral simulations, the authors
were able to identify specific radicals, quantify their production and determine the
antioxidative activities of the extract against each of these three radicals (Fig. 9).

3.3. Applications of EPR spin-probing in antioxidant research

Nitroxyl radicals (or nitroxides) are N,N-disubstituted >*NO radicals that are
widely used as spin-probes (or spin labels) in various systems, primarily because
of the relatively high chemical stability of the nitroxide moiety (up to 30 min in
vivo) which enables their detection not onl y by EPR spectros copy, but also by
NMR spectroscopy. A variety of EPR spin-probes (over few hundreds, available
at reasonably low prices) is available for studying various properties and pro-
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cesses in biochemical and biological systems. The applications of spin-probes go
beyond redox research, since their EPR spectra can depict their mobility and
different characteristics of their environment (visco sity, pH, pO», temperature,
etc.).127.147.148 The three types of rings that are most commonly used for nitro-
xide spin-probes: piperidine (e.g., Tempone, Cat ), pyrrolidine (e.g., PCA) and
doxyl (doxyl stearates, €.g,. 7-DS) are shown in Fig. 10.127

(a) 206

) ‘OH Fig. 9. EPR sp ectra and spectral simulations of the
. DEPMPO adducts obtained in liposomes after 2 h
02" irradiation with UV light ( A =365 n m). a) Control
antioxidant-free system; b) com puter simulations of
C-centered  {he spectra of DEPMPO/OH, DEPMPO/OOH, and
©) carbon-centred radical adduct; c) liposomes + S tec-

torum (12.5 % v/v) after 2 h irradiation with UV light.
%%WW\&/W\.« AA('OH) =0.88; AA('O,) = 0.95; AA(C-centred) =
=0.18.134
The stability of nitroxide s is primarily based on s teric blocking via bulky
groups (usually methyl) on the adjacent ring carbons, but is not absolute since
they can be reduced to EPR-silent hydrox ylamines in reactions with various
antioxidants. The great assortment of available nitroxides, which can be m ore or
less stabile (e.g., pyrrolidines are more stabile than piperidines ), hydrophilic
(tempone) or lipophilic (doxyl stearates), charged (Cat;) or neutral,!27 enable va-
rious applications of the EPR spin-probing technique in redox research. The most
frequent approach is to add a spin-probe to some biological sy stem (€x vivo or in
vivo) and to follow the decrease of the pertinent signal over time, in order to eva-
luate the intrinsic oxidative status of th e system.5%127 Here, the application of
EPR spin-probing in the m easurement of the antioxidative capacity of a specific
compound, extract or food will be illustrated. The basic principle is to co mbine a
spin-probe with a potential antioxidant in vitro and to evaluate th e total capacity
of the studied co mpound to reduce a sp in probe, which could be specifically
positioned in an aqueous solution, membranes of liposomes or cells, or in the ex-

tracellular space (tasks #2 and #3). It s hould be noted that this approach is not
very specific, since spin-probes only represent models of biological free radicals.

3.4. Evaluation of antioxidative activity with EPR spin-probing

The hydrophilic spin-probes most frequently applied in antioxidant research
are tempo (2,2,6,6-tetramethylpiperidine-1-oxyl) and its derivatives tempone and
Caty. Vilhar et al.!4® measured the reduction of te mpo in tissues of in vitro
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grown potato plants exposed to jasm onic acid, in order to evaluate antioxidative
and metabolic effects. Kocherginsk y and co-worke rs!39 used EPR monitored
reduction of tempo and tempone to show that the “reducing pow er” of beer d e-
creases with increasing temperature and period of storage. EPR and tem pone
were also applied in the mea surements of the antioxidative activity of various
plant extracts. 134151152 This approach was also utilised in several studiesi n
which the antioxidative activity of chocolate,*! wild garlic ( Allium ursinum L.)
volatile oil,33 and the red ucing power of plant plasma membranes were inves-

tigated.153

@

I

(e) 1
Wﬁlw

()

(b)_ e

c© 9
foliel ”Oﬁl
N N N
) I )

@) O

| (H
| 2006 ¥ 106
HW W/\\z “(/MM

o\
(d)

1.00
0.95+
0.904

0.85-

Relative amplitude

0 5 10 15 20 25 30
Time, min

Fig. 10. Chemical structure of spin-probes: a) tempone (4-0xo0-2,2,6,6-tetramethylpiperidine-
-1-oxyl); b) Cat; (4-(trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl); ¢) PCA
(3-carboxy-2,2,5,5-tetramethylpyrrolidine-1-oxyl); d) 7-DS (2-(5-carboxypentyl)-2-undecyl-
-4,4-dimethyloxazolidine-3-oxyl). The numbers mark the position of the doxyl group on
the fatty acid chain in other frequently used doxyl stearates — 5-DS, 10-DS, 12-DS, 14-DS,
and 16-DS. Characteristic EPR spectra of tempone (e) in solution; and 7-DS (f) and 12-DS (g)
intercalated into liposomes; h) relative amplitude (compared to the amplitude at the start of
incubation) of the EPR signal of tempone (m), 7-DS (o) and 12-DS () in the presence of
AUVO (4.8 mM). The downward triangles in (e—g) mark the lines

the amplitudes of which were measured.3?
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The charged spin-probe Cat | cannot pass the membrane of cells. Hence, it
can be used to study the antioxidative activity of some compounds or extracts in
the extracellular medium. Hochkirch et al.!54 used EPR with Cat; to measure the
antioxidative capacity of extracellular solutions in human skin biopsies exposed
to UV irradiation. By evaluating the decrease in the EPR signal, they showed that
UV light diminishes the activity of antioxidants in the extracellular milieu. Mehl-
horn!33 developed an assay for determining the ¢ oncentration of ascorbate in
plasma and hemolysates, based on following the rate of EPR signal disappea-
rance, provoked by ascorbate-mediated reduction of Cat;.64

EPR with doxyl stearates is used to ex plore whether a co mpound or extract
component(s) acts as an antioxidant inside cellular membranes. Doxyl stearates
inserted in a membrane orient their hy drophilic carboxyl group toward the outer
aqueous phase of the lipid bilay er and the fatty acid chain exten ds toward the
core of the membrane. Since nitroxide groups could be placed at different po-
sitions on the fatty acid chain, the antioxidative activity at different depths of the
membrane could be established b y measuring and com paring the kinetic s of
reduction of specific doxyl stearates. EPR measurements of the rates of reduction
of 5-, 7-, 10-, 12-, and 16-DS were applied to evaluate the antioxidative activity
of ascorbate in the membrane of unilamellar liposomes, showing that ascorbate
does not occupy a specific position in the membrane and that the primary site of
antioxidative activity of ascorbate is in the external medium.!3¢ In a similar stu-
dy, Schreier-Mucillo et al.!57 showed that ascorbate is transported through the
membrane by diffusion, which explains the similar antioxidative activities at dif-
ferent depths of the membrane. May and co-workers!58 used 5-DS and 16-DS to
study the antioxidative activity of ascorbate 6-palmitate (A6P) in the membrane
of erythrocytes. A6P reduced 5-DS more efficiently than 16-DS, indicating that
the ascorbyl group of A6P is located supe rficially, but with access to the hydro-
phobic membrane interior. Takahashi et al.!59 studied the intra-me mbrane anti-
oxidative activity of tocopherols by measuring the reduction of 5-, 7-, 10-, 12-,
and 16-DS. It was dem onstrated that tocopherols show a higher antioxidativ e
activity closer to the membrane surface, than deep in the lipid region of the bi-
layer membrane.

Measurements of the reduction of te mpone and two doxyl stearates (7- and
12-DS) incorporated into liposom es were co mbined, to study the antioxidative
properties of wild garlic (Allium ursinum L.) volatile oil (AUVO) (Fig. 10). 38
The ability of the oil to reduce tempone in water indicated that AUVO is capable
of removing radicals in an aqueous en vironment of bios ystems. However, the
rank order of signal decay, 12-DS > 7-DS > tempone, demonstrates that the an-
tioxidant compounds in AUVO are p referentially lipophilic, intercalating and
protecting the deeper layers of the membrane. The complex kinetics of the decay
of the signal of all three used spin-probes indicates that AUVO contains more
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than one anti oxidative compound active in both media. Such com plex kinetics
may be deconvoluted into components in order to ev aluate the number of active
components in the system, as was shown on plant plasma membranes.!53

3.5. Evaluation of the antioxidative capacity against lipid peroxidation

The ability of antioxidants to remove lipid peroxidation can be assessed by
using a specific combination of spin-probing and radical-generating systems. The
microenvironment of a spin-probe has a significant impact on its EPR spectrum;
thus, specific probes could be used to evaluate membrane fluidity and some other
important physiological parameters.!27 Although interesting in itself, EPR spin-
probing measurements of fluidity could be used in antioxidant research based o n
the fact that the fluidity of membranes is dependent on lipid peroxidation.!60 The
basic principle of this ind irect approach is to pro voke lipid peroxidation by ex-
posing membranes to free radicals generated b y the Fenton re action or so me
other system. The fluidity of the membrane is measured prior and after the ad-
dition of a potential antioxidant. If the antioxidantis effective against lipid pe-
roxidation, its introduction into the system should remove lipid radicals and com-
pensate the decrease of membrane fluidity related to peroxidation.

This approach was applied in several studies using liposomes or ery throcytes
exposed to the Fenton system as a model of a cellular membrane exposed to oxi-
dative stress, before and after the addition of plant extracts 3%122 or chocolate.4!
Doxyl stearates in a membrane environment have restricted motion which results
in a broadening of their spectra, a feature that could be used to measure the order
parameter S (Fig. 11), which is reciprocally proportional to m embrane fluidi-
ty.127 Peroxidation leads to a decrease in flui dity, so an antioxidant active inside
a membrane should be able to enable normal fluidity of the membrane to be re-
gained. For example, the Svalue of an erythrocyte membrane labelled with 7-DS
was around 0.752 in normal cells and =0.776 for erythrocytes the membrane of

Fig. 11. EPR s pectra of ery throcyte mem-
brane labelled with 7-DS. Dark trace —
untreated cells; pale trace — cells exposed to
the Fenton system. S order parameter. 2Ty;:
outer hyperfine splitting. 2T.L: inner hyper-
fine splitting; a: isotropic hyperfine coupl-
ing constant in crystal (&= 1/3(Tyy + Tyy +
T,)); @’: isotropic hy perfine coupling con-
stant in membrane (&’ = 1/3( Ty +2 Tv)).
Ty Tyy and T hyperfine constants (for 7-
DS, they were taken to be Ty, = Ty, = 6.1
G, T, =32.4 G '61), The two narrow lines
originate from 7-DSin the solution (ar-
rows).3?
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which was subjected to li pid peroxidation via the Fenton reaction. The subse-
quent application of the extracts of chestnut catkin reverted the or der parameter
to 0.754, showing that some lipophilic co mpound(s) in the extract possess th e
capacity to remove lipid peroxides in biomembranes.

4. CONCLUSIONS

EPR spectroscopy has play ed a vital role in redox research and its appli-
cations are still growing. Herein two approaches that have not hitherto received
full attention were addressed. In the first section, it was dem onstrated that endo-
genously present stabile radicals could be used for measuring the oxidative sta-
tus. Although such an approach is less versatile than the application of EPR spin-
traps and spin-probes, its advantage li es in the measurement of the oxidative
status of biological systems without any interference with metabolic processes.
Secondly, the manners in which differe nt EPR spin -trapping and spin-probing
techniques can be used to establish the efficacy of various antioxidants to remove
physiologically relevant free radicals and sequestrate metal ions, and thus protect
cells from oxidative damage, were presented. The intention was to encourage fel-
low colleagues interested in redox research to co mplement the methods used in
their studies with some of the EPR techniques out lined in this re view and to en-
hance knowledge further in this exciting area.
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U3BOJ

VIJIOT'A EITP CIIEKTPOCKOIIMJE ¥V UCIIMTUBABY OKCUJIATHBHOI' CTATYCA
BOJIOMIKNX CUCTEMA U AHTUOKCUAATUBHUX KAPAKTEPUCTUKA
PA3JIMUYUTUX JEIUBEBHA

VBAH CITACOJEBUR', MUJIOLI MOJOBUR?, AJIEKCAHJIAP UTHATOBIR? u TOPAH BAUTR?

! Hnuciauinyia 3a my AiuOuCyUiauKapha uciipaxcusarsa, Ynusepauiteiu y beozpady, Knesa Buwecaasa 1,
11000 Beozpad u’Paxyaitieisi 3a ususky xemujy, Ynusepauitieii y Beozpady,
Ciniyoeniticku twipz 12—16, 11000 beozpao

VY epu cnoGOmHUX paguKana W aHTHOKCHAAHATA, €IEeKTPOHCKA IapaMarHeTHa Pe3OHaHIHja
(EPR) je BepoBaTHO HajO0Jba TEXHUKA 32 PEHAOKC MCTPaXKHBakba, MOCEOHO Kaja Cy y MUTamy OHo-
XEMHjCKU U OHMOJIOIIKM CHUCTEMH. Y OBOM IIPErjiefHOM pajy, HHCY IOKpHBEHE CBe MoryhHocTh
npumeHe EPR-a, Hero je maxma orpaHnyeHa Ha JBe 00JIaCTH KOje Cy HOBE M HHCY JIOBOJHHO OITH-
caHe y JHTepaTypu. Y HpBOM Jeily omnucaHe cy pasnnunte npumene EPR-a y onpehuBamy okcu-
JAaTUBHOT CTaTyca, YHOTPeOOM €HJOr€HHX CTAOWJIHHX MapaMarHETHHX BPCTA, Kao IITO Cy acKop-
OnI pagnKall, CEMHXHHOH, MEJIaHHH U OKCHJOBAHU OMJbHH NMUTMEHTH. JIpyrw 1eo ce OZHOCH Ha
npumeHy EIIP-a y obmactu ucnutuBama aHTHOKCHAaHaTta. OCHM mpernesia AOCTYIHE JINTepaType,
IPUKa3aHy Cy JeTajbHO NpuMepH (BehnHOM U3 Hocajalimer paja ayTopa) Kako O ce MIIyCTpOBaII
pasnuuuTH HauMHY 32 Kopumthewe myHux Kamarnurtera EIIP-a y oBum oGuactima. Pasnor 3a osa-
KaB IIPUCTYTI je JKeJba Jia ce MOJCTaKHy OMOJIO3M 3aMHTEPECOBAHH 3a PEINOKC MeTadosIM3aM, Kao H
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XeMU4apH U (apMaKoiIo3u Koju ce 0aBe XeMHjOM CIOOOMHUX paiuKajia WIH aHTHOKCHIATUBHUM
ocoOMHaMa HOBHX JIEKOBAa M NPHPOJHUX IPOU3BOJA, 1a YKJbyde OBY TEXHHKY y CBOja HCTPaXKH-
Bama.
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Abstract: Chalcone derivatives were prepared by the conden sation of various
substituted aryl aldehydes and acetophenone in alkaline ethanol, while pyrimi-
dine-2-thione derivatives were prepared by the combination of chalcones and
thiourea under conventional and ultrasonic conditions. Advantages of the ultra-
sound effect were observed and high yields of the products were obtained after
20-30 min sonication. Characterization and structural elucidation of the pr o-
ducts was realized based on chemical, analytical and spectral analyses. The re-
sults clearly demonstrated a high efficiency of the ultraso nic systems was
achieved in the chemical processes.

Keywords: chalcone derivatives, ultrasound, pyrimidine-2-thione derivatives.

INTRODUCTION

Heterocyclic compounds have so f ar been synthesized mainly because of
their wide range of biological activities. These compounds play an important role
in medicinal chemistry, serving as key templates central to the d evelopment of
numerous important therapeutic agents.! Pyrimidine derivatives have found ap-
plication in a wide range of medical applications because of their diverse bio-
logical activities, such as antimicrobial,2 antitumor and antifungal activities.3 In
addition, these compounds are considered to be important for drugs and agricul-
tural chemicals.*¢ These chem otherapeutic applications of p yrimidine deriva-
tives prompted the present synthesis of some substituted pyrimidines in a facil e
pathway.

Multi-component reactions (MCRs) play an im portant role in combinatorial
chemistry because they enable the s ynthesis of small drug-like molecules with
several degrees of structural diversity. This reaction tool allows compounds to be
synthesized in a few steps and usually in a one-pot operation. Another typical be-
nefit from these reactions is the simplified purification, because all the reagents

* Corresponding author. E-mail: safaci@kashanu.ac.ir
doi: 10.2298/JSC100212057S

679

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

2011 Copyright (CC) SCS

©089



680 SAFAEI-GHOMI and GHASEMZADEH

are incorporated into the final product. The Biginelli reaction is a multiple-com-
ponent chemical reaction that creates dihydropyrimidine from ethyl acetoacetate,
an aryl aldehyde and urea or thiourea.”-8

Recently, several methods have been reported for the synthesis of pyrimidine
derivatives. One method involves the reaction of al dehydes, [3-dicarbonyl com-
pounds and urea/thiourea in the presence of a cataly tic amount of tetrachloro-
silane in DMF at a mbient temperature.® The synthesis of 2-thio pyrimido benz-
imidazole derivatives by the condensation of 4-isothiocyanato-4-methyl-2-penta-
none and 3,3’-diaminobenzidine in absolute methanol under reflux is another me-
thod.10 Pyrimidine derivatives can al so be prepared by the reaction of certain
amides with nitriles under electrophilic activation of the amide with 2-chloropyri-
dine and trifl uoromethanesulfonic anhydride.!! However, these methods suffer
from drawbacks, such as longer reaction times, complicated workup and low yields.

The present paper describes the synthesis of pyrimidine-2-thione derivatives
under conventional and ultrasonic irradiation by the reaction of chalcones and
thiourea. The effects of ultrasound on organic reactio ns are attributed to cavita-
tions, a physical process that create, enlarge, and implode gaseous and vaporous
cavities in an irradiated liquid. !2 The cavitations induce very high local te mpe-
ratures and pressures inside the bubbles (cav ities), leading to a turbulent flow in
the liquid and enhanced mass transfer.!3 In some reactions, ultrasonic irradiation
allows the process to occur with ease to provide high yields within very short
times.14-16

EXPERIMENTAL

All melting points are uncorrected and were determined in a capillary tube on a Boetius
melting point microscope. The FTIR spectra were recorded on a Nicolet Magna 550 spe c-
trometer (KBr). The 'H-NMR and !3C-NMR spectra were obtained ona Bruker 400 MH z
spectrometer with DM SO-dg as the solv ent using tetra methylsilane (TMS) as the interna |
standard. Sonication was performed in an ELO-150 ultrasonic cleaner with a frequency of 46
kHz and a nominal power of 200 W. All reactions were followed and checked by TLC using
n-hexane/ethyl acetate (7:3) as the mobile phase. The spots were visualized using a UV lamp.
The elemental analyses (C, H, N) were obtained fro m a Carlo ERBA Model EA 1108 ana-
lyzer. The mass spectra were recorded on a Joel D-30 instrument at an ionization potential of
70 eV.

General procedure for the preparation of pyrimidine-2-thione derivatives (3a—h)

Conventional heating. A mixture of chalcon e (0.005 mol), thiourea (0.005 mol) and
potassium hydroxide (0.5 g) in ethanol (20 ml) was refluxed with stirring on an oil bath at 70—
—80 °C for the periods indic ated in Table I. Subsequ ently, the reaction mixture was left over-
night and then concentrated under reduced pressure. The solid residue was collected, washed
with water and recrystallized from ethanol.

Ultrasound. All contents were placed in an ultrasonic bath for the periods in dicated in
Table I, at 20-25 °C and worked up as described above.
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TABLE 1. Preparation of pyrimidines (3) under conventional and ultrasound conditions

Compound Conventional conditions Ultrasound irradiation
Time, h Yield, % Time, min Yield, %
3a 5.5 65 20 82
3b 6 55 22 78
3c 6 54 22 80
3d 5.5 58 24 76
3e 6 60 26 78
3f 6 61 24 75
39 6.5 65 25 73
3h 5.5 55 29 75
RESULTS AND DISCUSSION

Spectral data for the compounds

4,6-Diphenyl-3,4-dihydropyrimidine-2(1H)-thione (3a). Yellow crystals;
m.p.: 182-184 °C (lit.!7 m.p. 184 °C). FTIR (KBr, cm~!): 3173 (NH), 1644 (C=N),
1559, 1478 (C=C), 1183 (C=S). IH-NMR (400 MHz, DMSO-dg, &/ ppm): 4.86
(1H, d, J = 5.0 Hz, 4-CH), 5.15 (1H, d, J = 5.0 Hz, 5-CH), 6.78-7.29 (10H, m,
Ar—H), 8.85 (1H, bs, NH), 9.60 (1H, bs, NH). 13C-NMR (100 MHz, DMSO-dg, 8/
/ ppm): 55.1,101.6, 1 26.3, 126.8, 127.2, 128.85, 129.2, 129.3, 133.8, 1 34.8,
144.5, 175.4.

4-(2-Methyl phenyl)-6-phenyl-3,4-dihydropyrimidine-2(1H)-thione (3b). Yel-
low crystals; m.p.: 175-177 °C; Anal. Calcd. for C17H1gN»S: C 72.85, H5.71, N
10.00 %. Found: C 72.7 5, H5.80, N 10.1 5 %. FTIR (KBr, cm™!): 3235 (NH),
1642 (C=N), 1566, 1480 (C=C), 1165 (C=S). 'H-NMR (400 MHz, DMSO-dg, 5/
/ ppm): 2.10 (3H, s, CH3), 4.87 (1H, d, J= 5.0 Hz, 4-CH) 5.12 (1H, d, J = 5.0 Hz,
5-CH), 6.91-7.30 (9H, m, Ar-H), 8.85 (1H, bs, NH), 9.60 (1H, bs, NH). 13C-
-NMR (100 MHz, DMSO- dg, o / ppm): 22.3,56, 101.8,125.4, 125.8, 127.5,
127.9, 128.7, 129.2, 133.4, 133.8, 134.7, 137.5, 144.3, 175.2; MS (EI) (mvV2): 280
(M").

4-(3-Methyl phenyl)-6-phenyl -3,4-dihydropyrimidine-2(1H)-thione (3c). Yel-
low crystals; m.p.: 183—185 °C; Anal. Calcd. for C17H1gN»,S: C 72.85, H5.71, N
10.00 %. Found: C 72.88, H 5.77, N 10.10 %. FTIR (KBr, cm! ): 3169 (NH),
1640 (C=N), 1575, 1482 (C=C), 1194 (C=S). IH-NMR (400 MHz, DMSO-dg, &/
/ ppm): 2.08 (3H, s, CH3), 4.85 (1H, d, J=5.0 Hz, 4-CH ) 5.15 ( 1H, d, J= 5.0
Hz, 5-CH ), 6.83 -7.31 (9H, m, Ar-H), 8.85 ( 1H, bs, NH), 9.64 ( 1H, bs, NH).
I3C-NMR (100 MHz, DMSO-dg, 6/ ppm): 21.6, 55.1, 101.7, 124, 126.2, 127.3,
127.9, 128.6, 129.1, 129.3, 133.75, 134.6, 138.2, 144.5, 177.3. MS (EI) (nm/2):
280 (M™).

4-(4-Methyl phenyl)-6-phenyl-3,4-dihydropyrimidine-2(1H)-thione (3d). Yel-
low crystals; m.p.: 198-200 C (lit. 18 m.p. 199-200 °C). FTIR (KBr, cm~1): 3198
(NH), 1644 (C=N), 1566, 1480 (C=C), 1184 (C=S). !H-NMR (400 MHz,
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DMSO-dg, 6/ ppm): 2.03 (3H, s, CH3), 4.86 (1H, d, J= 5.0 Hz, 4-CH) 5.14 (1H,
d, J=5.0 Hz, 5-CH), 6.87-7.29 (9H, m, Ar-H), 8.85 (1H, bs, NH), 9.64 (1H, bs,
NH). 13C-NMR (100 MHz, DMSO-dg, 6/ ppm): 21.2, 56.0, 102.8, 127.4, 127.9,
128.5,129.5, 130.4, 130.7, 134.9, 138.4, 142.2, 178.1.

4-(2-Methoxyphenyl)-6-phenyl-3,4-dihydropyrimidine-2(1H)-thione (3€). White
crystals; m.p.: 178-180°C; Anal. Calcd. for C 17H14N20S: C 68.91, H 5.40, N
9.45 %. Found: C 68.99, H 5.50, N 9.39 %. FTIR (KBr, cm1): 3152 (NH ), 1642
(C=N), 1555, 1479 (C=C), 1182 (C=S). !H-NMR (400 MHz, DMSO-dg, 6/ ppm):
3.60 (3H, s, —~OCH3), 5.13 (2H, m, 4-CH, 5-CH), 6.93-7.23 (9H, m, Ar-H), 8.75
(1H, bs, NH), 9.71 (1H, bs, NH). I13C-NMR (100 MHz, DMSO- dg, J / ppm):
50.2, 56.0, 100.8, 111.5, 121.1, 126.2, 126.9, 128.8, 129.1, 129.2, 132.1, 133.8,
134.8, 155.73, 177.3. MS (EI) (mV2): 296 (M™).

4-(4-Methoxyphenyl)-6-phenyl-3,4-dihydropyrimidine-2(1H)-thione (3f). White
crystals; m.p.: 123-125 C (lit.19 m.p. 123-124 °C). FTIR (KBr, cm1): 3149 (NH),
1642 (C=N), 1555, 1479 (C=C), 1182 (C=S). IH-NMR (400 MHz, DMSO-dg, &/
/ ppm): 3.60 (3H, s, —OCH3), 5.13 (2H, m 4-CH, 5-CH), 6.79-7.25 (9H, m, Ar-H),
8.62 (1H, bs, NH), 9.60 (1H, bs, NH). 13C-NMR (100 MHz, DMSO-dg, 8/ ppm):
50.2, 56.0, 100.8, 111.6, 121.1, 126.2, 128.8, 129.1, 129.2, 132.1, 134.8, 155.8,
178.2.

4-(2,4-Dimethoxyphenyl)-6-phenyl-3,4-dihydropyrimidine-2(1H)-thione  (3g).
White crystals; m.p.: 180—182 °C. Anal. Calcd. for C 1gH1gN70,S: C 66.25, H
5.52, N 8.58 %. Found: C 66.29, H 5.43, N 8.67 %. FTIR (KBr, cm ~1): 3195
(NH), 1644 (C=N), 1581, 1465 (C=C), 1162 (C=S). 'H-NMR (400 MHz, DMSO-
-dg, 0/ ppm): 3.60 (6H, s, 2°,4’-OCH3), 5.13 (2H, m, 4-CH, 5-CH), 6.83-7.25
(8H, m, Ar-H), 8.60 (1H, bs, NH), 9.63 (1H, bs, NH). 13C-NMR (100 MHz,
DMSO-dg, 6/ ppm): 51.1, 58.2,101.2, 111.2, 121.2, 125.2, 125.9, 127.3, 129.1,
129.8, 132.6, 134.8, 153.7, 154.6, 177.1. MS (EI) (m/2): 326 (M™).

4-(4-N,N-Dimethyl phenyl)-6-phenyl-3,4-dihydropyrimidine-2(1H)-thione (3h).
Yellow crystals; m.p.: 162—164 °C; Anal. Calcd. for C 1gH9N3S: C 69.91, H
6.14, N 13.9 %. Found: C 70.03, H 6.1 9, N 13.95 %. FTIR (KBr, cm1): 3196
(NH), 1640 (C=N), 1552, 1475 (C=C), 1191 (C=S). 'H-NMR (400 MHz, DMSO-
-dg, 0/ ppm): 2.74 (6H, s, N(Me),), 5.00 (2H, m 4-CH, 5-CH), 6.83-7.25 (8H, m,
Ar-H), 8.64 (1H, bs, NH), 9.60 (1H, bs, NH). 13C-NMR (100 MHz, DMSO-dg, &/
/ppm): 56.5,79.7,102.0, 112.2, 125.6, 126.3, 128.0, 128.2, 130.3, 134.5, 138.7,
150.5, 176.1. MS (m/2): 309 (M™).

In the present work, chalcone derivatives 1 were treated with thi ourea 2 in
the presence of potassium hydroxide in ethanol to produce the py rimidine-2-thi-
one derivatives 3. The reaction occurred in two st eps: first conjugate addition
took place on the S-position of carbonyl group and then nucleophilic attack on
the carbonyl group followed by dehydration led to t he six-membered ring pro-
ducts (Scheme 1).17:19,20
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(o] s X—/ |
Xl\ SN )j\ KOH . N 4 5\
N >
F N NH, EtOH HNTNH
U.S
1 2 3 S
3a:X=H 3e: X =2-OCH;
3b: X =2-CH, 3f: X =4-0CH,
3c: X =3-CH, 3g: X = 2,4-OCH,
3d: X =4-CH, 3h: X = N(Me),

Scheme 1. Approach to the synthesis of pyrimidine-2-thiones under ultrasound
irradiation (in 3h N(Me), stands for 4-N(Me),).

Application of ultrasound shortened the reaction time of the generation of
pyrimidines from 6 h under classical conditions to 30 min. In addition, the yields
of the products were improved by 20-30 % in comparison with those obtained by
the thermal heating method (Table I).

Conventional heating of t he sonicating reaction mixture to the same (bulk)
temperature did not lead to any significant differences in the yields and times.

In the view of the interest in green  chemistry for the sy nthesis of organic
compounds, an optimized procedure for the preparation of p yrimidine-2-thione
derivatives was developed. These reactions were realized under m ilder and
cleaner conditions. While with thermal heating these reactions r equired 6 h at
70-80 °C, the new method was performed at room temperature for shorter times.

CONCLUSIONS

An optimized procedure for the preparation of p yrimidine-2-thione deriva-
tives under mild and clean conditions was described. The advantages of ultra-
sound in che mical reactions, such as s horter reaction times, higher y ields and
milder conditions, could be of use in industrial applications in the pharmaceutical
or fine chemical industries.
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JlepuBaTi XaikoHa JOOWjEeHM Cy KOHIEH3ALMjOM PA3IMYUTHX CYNCTUTYHCAHUX apuiI-aj-
Jgexuna U aueroeHoHa 1MoJ 0asHUM YCIIOBHMA Yy €TaHONy, a JCpPUBATH NUPHMHIUH-2-THOHA
IOOMjeHH Cy pPeaKlHjoM XalKoHa W THOypee, IoJ yOoOHYajeHnM peaKIHOHUM YCIOBHMA M yATpa-
03BYYMBamEM. YOUEHE Cy MPEJHOCTH yATPA03BYUHBaha PEAKIIMOHE CMEIlIe, Kao MTo cy noBehame
nmpuHoca M noOujame mpom3Boja 3a kpahe peakimono Bpeme, 20-30 min. Kapakrepusauuja u
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onpehuBame CTPYKType MPOU3BOIA U3BPILICHO je YOOUYajeHHM CIEKTPOCKOIICKAM U aHAJTMTUYKUM
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Simple and improved regioselective brominations of aromatic
compounds using N-benzyl-N,N-dimethylanilinium
per oxodisulfate in the presence of potassium bromide
under mild reactions conditions
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Abstract: A simple, efficient, and mild method for the selective bro mination of
some activated aromatic compounds using N-benzyl-N,N-dimethylanilinium
peroxodisulfate in the presence of potassium bromide in non-aqueous solution
is reported. The results obtained revealed good to excellent selectivity between
the ortho and para positions of phenols and methoxyarenes.

Keyword: bromination; N-benzyl-N,N-dimethylanilinium peroxodisulfate; po-
tassium bromide; phenols; methoxyarenes.

INTRODUCTION

Selective bromination of aro matic compounds is an important reaction in
organic synthesis. Therefore, various methods have been developed for the bro-
mination of aromatic rings using different reaction conditions. Direct treatment
of aromatic compounds with molecular bromine normally results in a mixture of
mono-, di-, and polysubstituted products. In addition, direct bro mination of acti-
vated aromatic compounds by bromine generates hydrogen bromide, which is
corrosive, toxic, and pollutes the environment. 1~# To overcome these difficulties,
numerous methods have been proposed to i ncrease the selectivity and also t he
yields of the desired para-products.5-14

In recent y ears, several p eroxodisulfate reagents for oxidative tr ansforma-
tions under non-aqueous conditions have been reported.!5 As a part of a program
related to the development of peroxodisulfate reagents, a new, simple, and ge-
neral procedure is reported now for the bromination of a number of phenols and
methoxyarenes using N-benzyl-N,N-dimethylanilinium peroxodisulfate

* Corresponding author. E-mail: h_ghasem2000@yahoo.com
doi: 10.2298/JSC100212058G
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6 8 6 GHASEMNEJAD-BOSRA, RAMZANIAN-LEHMALI and JAFARI

(DMBAPODS) in the presence of potassiu m bromide as the source of brom ine.
N-benzyl-N,N-dimethylanilinium peroxodisulfate was obtained as follows:14 an
aqueous solution of N-benzyl-N,N-dimethylanilinium bromide was added under
stirring to a solution of pot assium peroxodisulfate in water at room temperature.
The products were succ essively washed with water and acetone and dried unde r
reduced pressure. This reagent is a stable white powder which could be stored for
months without losing its activity (Scheme 1).

Br

\N . \N
H,0 /1t * 5
2 + K80 —_— S,0 © + 2KBr
2

DMBAPODS
Scheme 1. Synthesis of N-benzyl-N,N-dimethylanilinium peroxodisulfate.

EXPERIMENTAL

The reactions were monitored by TLC using silica gel plates and the products purified by
flash column chromatography on silica gel (Merck; 230—400 mesh). The products were iden-
tified by comparison of their spectra and p hysical data with those of authentic samples. The
TH-NMR spectra of the brominated compounds were measured at 90 MHz on a JEOL spectro-
meter with tetram ethylsilane as the internal reference and CDCI ; as the sol vent. Elemental
analysis was performed on a LECO 250 instrument.

Typical procedure for the synthesis of N-benzyl-N,N-dimethylanilinium peroxodisulfate

To an aqueous solution of 14.60 g N,N-dimethylanilinium bromide (50 mmol) in 100 mL
H,0 was added a solution of 13.51 g potassiu m peroxodisulfate (50 mmol) in 100 mL H,O.
The mixture was stirred at room temperature for 30 min. The formed precipitate was filtered,
washed with cooled distilled water (50 mL), and dried in a desiccator und er vacuum over
calcium chloride to afford a white powder (92 %), which decomposes at 181-183 °C to a dark
brown material. Anal. Calcd. for: C 30H;3,N,0gS,: C, 58.43; H, 5.87; N, 4.5 4 %. Found: C,
58.46; H, 5.89; N, 4.56; 'H-NMR (90 MHz, DMSO-dg, 6 / ppm): 6.9-8.2 (10H, m, C¢Hs), 5.8
(2H, s. CH,), 3.95 (6H, s. CHy).
Typical procedure for the bromination of aromatic compounds with potassium bromide in the
presence of N-benzyl-N,N-dimethylanilinium peroxodisulfate

To a solution o f aromatic compound (1 mmol) in acetonitrile (5 mL), KBr (1.2 mmol)
and N-benzyl-N,N-dimethylanilinium peroxodisulfate (1-1.2 mmol) were added and the mix-
ture heated under reflux for 1.5-9.5 h. The progress of the reaction wa s monitored by TLC
(eluent: carbon tetrachloride/diethyl ether, 4:2, and carbon tetrachloride/n-hexane, 8:2) or GC
(capillary column). The reaction mixture was cooled to room temperature and filtered. The
excess bromine was re moved from the filtrate by the dropw ise addition of a sodiu m thio-
sulfate solution (1 M). Then dichloromethane (5 mL) was added and the solution transferred
to a separatory funnel. The organic layer was separated and dried over magnesium sulfate or
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REGIOSELECTIVE BROMINATION OF AROMATIC COMPOUNDS 687

calcium chloride. Evaporation of the solvent followed by recrystallization or column chroma-
tography on silica gel of the crude product ga ve the corresponding brominated compounds in
good to excellent yields.

The products were characterized based on their physical and spectral analysis and by
direct comparison with literature data (Supplementary Material).16

RESULTS AND DISCUSION

This article reports the use of potassium bro mide as the source of bromine
and N-benzyl-N,N-dimethylanilinium peroxodisulfate as the oxidizing agent in
acetonitrile as solvent for the brom ination of a number of phenols and m etho-
xyarenes (Scheme 2). The results are given in Table I.

R? R?

DMBAPODS / KBr
R! R! Br
CH,CN / reflux

R3 R3

R!, R2, R* = H, OH, OMe, Cl, NO,, CH,, COOH

R4 R4
DMBAPODS / KBr
Br
CH,CN / reflux
R*=0H, OMe

Scheme 2. General reaction for the bromination of aromatic compounds.

Thus, the methoxybenzenes were successfully reacted to afford the desired
monobrominated products (Table I, entries 1-9), except 2-methoxynaphthalene,
which gave 1-bromo-2-methoxynaphthalene (Table I, entry 7). Catechol, phenol,
ortho-cholorophenol, ortho-cresol and ortho-methoxyphenol were quantitativel y
converted to the para-brominated products with respect to the hydroxyl groups
(Table I, entries 10-14). para-Nitrophenol and 2.,4-dinitrophenol were also con-
verted to the monobrominated products over longer reaction ti mes (Table I, en-
tries 15 and 16). Resorcinol and para-methoxyphenol were quantitatively reacted
to give the corresponding monobrominated products (Table I, entries 17 and 18).
Some other aromatic compounds, such as 1-naphthol and 2-naphthol, were also
subjected to these reaction conditions, and the corresponding products were ob-
tained in good yields (Table I, entries 20 and 21). Salicylic acid and 2,4-dihyd-
roxybezoic acid produced the brominated products over longer times and in low-
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6 8 8 GHASEMNEJAD-BOSRA, RAMZANIAN-LEHMALI and JAFARI

er yields compared to the other activated phenols and methoxyarenes (Table I,
entries 19 and 22).

TABLE I. Bromination of some aromatic compounds with potassium bromide in the presence
of N-benzyl-N,N-dimethylanilinium peroxodisulfate (reactions were performed in CH;CN at
reflux temperature)

Entry Substrate Product(s)’ Oxidant/sub Time Yield M.p. M.p.lit

-strate/KBr  h %P °C °C
1 12112 3 91 Liq Lig™

OMe OMe

us)
=

<l

1.2/1/1.2 3.5 95 69 69—

OMe OMe 7018

QY

<
©

1.2/1/1.2 4 93 25 25—

3

Q—OMe Br OMe 2618
MeO MeO
4 Br 1.2/1/1.2 3 94 55 54—
5518a
MeO—< E}—OMe i 2
Me! OMe
OMe
OMe

5 OMe B OMe /112 25 92 Liq Lig'8

OMe Me

Q.
A

o
<
®
o
<
o

6 OMe 1/1/1.2 7 84 64 63—
OMe 6518
Br
7 OMe Br 1.2/1/1.2 6 90 55 53—
“OO
8 OMe OMe 1/1/1.2 5 89 Liq Lig'%

e\
JQL

@
a
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TABLE 1. Continued

689

Oxidant/sub Time Yield M.p. M.p.lt
a
Entry Substrate Product(s) —strate/KBr  h ogb oC oC
9 OMe OMe 1/1/1.2 3.5 96 152 152—
OH Br OH
10 1.2/1/1.2 3 95 87 87-8918b
QOH BrQ—OH
OH OH
11 1/1/1.2 4.5 96 63 61-6418b
O«
12 1/1/1.2 1.5 97 51 49-50!8¢
QOH BrQ—OH
cl cl
13 1/1/1.2 4 93 57 585918
QOH BrQ—OH
CH, CH,
14 1/1/1.2 3.5 96 34 34-3718¢
QOH BrQ—OH
OMe OMe
15 1/1/1.2 8 97 112 111-
11518
02N4©—0H oZNQ—OH 11518
Br
16 Br 1/1/1.2 9.5 91 99 97-9918a
OZNQOH OZNQ—OH
NO, NO,
17 1/1/1.2 2 94 104 103—
QOH Br@—OH —10518d
HO HO
18 1/1/1.2 4.5 95 45 444518

MeO

t

Me

o]
=

O
o
I
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TABLE 1. Continued

Oxidant/sub Time Yield M.p. M.p.lit
a
Entry Substrate Product(s) strate/KBr  h oyb oC oC
19 1/1/1.2 6 79 60  58-62182
QOH BrQOH
CO,H CO,H
20 on Br V12 55 90 79 78-81!%
SelNsoN
21 OH 1/1/1.2 5 91 129 129—-
o II ‘I ~13118a
22 1/1/1.2 6 73 165 165—

HO CO,H ~167'82

2

HO COH

2

>
o

OH
OH

8All products were characterized spectroscopically (1H-NMR and IR) and showed physical and spectral data in
accordance with t heir expected structure and by co mparison with authentic sa mples;16 byields of isolate d
products

Although the mechanism for the bromination with lithium bromide and
N-benzyl-N,N-dimethylanilinium peroxodisulfate is not clear, the reaction ap-
pears to be initiated via the formation of the N-benzyl-N,N-dimethylanilinium
sulfate radical A by homolysis of N-benzyl-N,N-dimethylanilinium peroxodisul-
fate.!7 The sulfate radical A may oxidize the bro mide anion to the brom onium
cation. The electrophilic attack of the b romonium cation at the p-position of ac-
tivated aromatic compounds produces the in termediate B, which is readily con-
verted to the brominated product. However, there is an alternative possibility to
form the radical cation C 18 by a one-electron transfer, which may convert to the
radical intermediate D (Scheme 3).4

It is worth mentioning that the chemoselective conversion of methoxyaroma-
tics to their para-substituted products was achieved in excellent yield. Another
noteworthy advantage of this system lies in its ability to selectively brominate the
para vs. the ortho position in catechol, phenol , ortho-chlorophenol, 2-methoxy-
phenol and ortho-cresol.
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(6]
. Br + | —
|_0 —— Br +2 Ph/\ITI{ *O—g—o
Ph 0 Ph 1

A

Q MeO . MeQ
Br ' H H
T +
OMe  —— OMe 7 . Br OMe
Br
B

or A -e H+

MeO MeO MeO
Br H A H
@ OMe ——» OMe B — OMe
Br -e Br

C D
Scheme 3. Proposed mechanism for the synthesis of brominations of aromatic compounds.

|
DMBAPODS —— 2 Ph/\]i1'+ o—

wn—0

M

CONCLUSIONS

The presented method represents an eff icient, chemoselective and environ-
mentally friendly synthesis methodology for the bromination of some activated
aromatic compounds.

SUPPLEMENTARY MATERIAL

The 'H-NMR and “C-NMR spectral data of the products are available electronically at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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CyCTBY KanujyM-OpomMHIa y HEBOACHHM pacTBapaunMa. [locTurHyTa je noOpa CEeleKTHBHOCT
n3Mely opitio U iapa cynictutynuje heHona 1 METOKCHapeHa.
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TABLE I-S. '"H-NMR and "*C-NMR spectral data of the products

Entry Product 'H-NMR, &/ ppm "CNMR, &/ ppm

1 3.70 (3H, s, —OCHj3), 6.57-6.61 55.15 (-OCHj3), 108.60 (C1),
BrO—OMe (2H, qg, Ar), 7.19-7.23 111.90 (C3,5), 129.00 (C2,6),
(2H, qg, Ar) 156.91 (C4)
2 2.22 (3H, s, ~CH;), 3.72 3H, s, 17.16 (-CH3), 55.30 (-OCH3),
Br OMe —OCH3),6.63 (1H, d, Ar), 7.11  103.03 (C1), 114.04 (C5),
(1H, d, Ar), 7.23 (1H, d, Ar)  128.86 (C3), 131.74 (C2),
Me 133.25 (C6), 157.52 (C4)
3 3.70 (3H, s, ~OCHs), 3.83 (3H, 55.87(-OCH3), 55.93(-OCH3),
Br OMe s -OCH3), 6.45-6.50 2H, m,  115.35(C5), 116.27 (C2),
Ar), 7.13 (1H, dd, Ar) 118.70 (C1), 125.66 (C6),
MeG 148.84 (C4), 149.78 (C3)
4 Br 3.68 (3H, s, ~OCHs), 3.75 (3H, 55.93 (-OCH3), 56.52 (-OCH3),
s,~OCH3), 3.80 3H, s, 56.65 (~OCHj), 100.46 (C3),
Me OMe  —OCH3), 6.25 (1H, s, Ar), 105.67 (C1), 117.06 (C6),
6.87 (1H, s, Ar) 146.14 (C5), 150.26 (C4),
OMe 154.02 (C2)
5 Br  OMe 3.65 (3H,s,~OCH3),3.77 3H,  57.03 (-OCH3), 58.22
s,—OCHj3), 3.95 3H, s, (-OCHj), 60.68 (—OCH3),
OMe ~OCH3), 6.24 (1H, d, Ar), 109.03 (C1), 111.56 (C4),
7.90 (1H, d, Ar) 128.44 (C6), 139.54 (C3),
OMe 149.15 (C2), 152.43 (C4)

* Corresponding author. E-mail: h_ghasem2000@yahoo.com
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TABLE I-S. Continued

Entry Product 'H-NMR, &/ ppm “CNMR, 6/ ppm
6 OMe  3.80 3H, s, —OCHs), 7.27 (IH, 55.22 (-OCHs), 104.30 (C3),
d, Ar), 7.41 (1H, t, Ar), 747 113.00 (C1), 122.30 (C5),
OO (1H, d, Ar), 7.58 (1H, t, Ar), 125.70 (C6), 126.60 (C8),
7.68-7.70 (2H, m, Ar) 127.40 (C10), 127.50 (C7),
1§ 129.30 (C2), 133.20 (C9),
155.00 (C4)
7 Br 3.78 (3H, s, ~OCH3), 7.21 (1H, 56.80 (OCHj), 108.40 (C1),
oMe d,Ar), 7.40 (1H, 1, Ar), 745  113.40 (C3), 124.10 (C6),
OO (1H, d, Ar), 7.58 (1H, t, Ar), 125.80 (C8), 127.50 (C7),
7.63-7.65 (2H, m, Ar) 127.80 (C5), 128.80 (C4),
129.60 (C9), 139.90 (C10),
153.60 (C2)
8 OMe 3.71 (3H, s, ~OCHy), 6.64 55.76 (-OCHj3;), 101.33 (C1),
(1H, dd, Ar), 6.77 (1H, m Ar),  103.07 (C3), 112.44 (C5),
7.35-7.37 (1H, dd, Ar) 134.63 (C6), 154.05 (C2),
157.68 (C4),
Br Cl
9 OMe  3.83 (3H,s —OCH,), 6.42-6.45 55.70 ({OCHj), 101.12 (C3),
(1H, qg, A1), 6.50 (1H, m Ar),  103.28 (C5), 112.39 (C1),
7.09-7.11 (1H, dd, Ar) 133.97 (C2), 153.98 (C6),
157.58 (C4)
Br OH
10 6.48 (1H, d, Ar), 6.70-6.72 (1H,  113.51 (C4), 103.01 (C6),
Br OH dd, Ar), 7.07-7.10 (1H, dd, Ar)  117.63 (C3), 128.45 (C5),
141.33 (C1), 147.84 (C2)
OH
11 6.89-6.92 (2H, qq, Ar), 107.20 (C4), 113.50 (C2,6),
Br@OH 7.23-7.26 (2H, qq, Ar) 128.90 (C3,5), 154.10 (C1)
12 6.94-6.96 (1H, dd, Ar), 112.40 (C4), 117.60 (C6),
Br OH 7.20-7.21 (1H, dd, Ar), 120.80 (C2), 129.45 (C3),
7.27-7.29 (1H, dd, Ar) 131.30 (C5), 150.51 (C1)
Cl
13 221 (3H, s —CH3), 6.73 (IH,  17.45 (CHj), 100.10 (C4),
Br OH m, Ar), 7.09 (1H, m, Ar), 117.18 (C6), 125.51 (C2),
7.21 (1H, m, Ar) 130.19 (C3), 138.10 (C5),
CH, 152.20 (C1)
14 3.80 (3H, s, ~CHs), 6.88-6.90  55.93 (OCH3), 114.27 (C3),
Br OH (1H,dd, Ar), 6.97 (1H, m Ar),  116.96 (C4), 118.59 (C6),
7.04-7.06 (1H, dd, Ar) 125.60 (C5), 145.62 (C1),
OMe 148.53 (C2)
15 7.16-7.18 (1H, dd, Ar), 107.04 (C2), 119.80 (C6),

©)

.

OH 7.80-7.82 (1H, dd, Ar),
7.30 (1H, d, Ar)

o]
=

122.91 (C5), 127.62 (C3),
142.04 (C4), 157.63 (C1)
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TABLE I-S. Continued

SUPPLEMENTARY MATERIAL

S3

'H-NMR, &/ ppm

"CNMR, &/ ppm

Entry Product
16 Br
OZNQ—OH
NO,
17
Br@OH
HO

18
MeOQOH
Br
19
BrQOH

CO,H
20 Br
)
21 OH
22

8.68 (1M, d, Ar), 8.82 (1H, d,
Ar), 7.30 (1H, d, Ar)

6.47-6.49 (1H, dd, Ar),
6.70-6.73 (1H, dd, Ar),
7.30 (1H, d, Ar)

3.71 (3H, s, —OCH3), 6.76 (1H,
m, Ar), 6.91-6.93 (1H, dd, Ar),

6.98-7.01 (1H, qq, Ar)

6.99-7.02 (1H, dd, Ar),
7.57-7.59 (1H, dd, Ar),
7.77-7.78 (1H, dd, Ar),
11.31 (1H, s, -COOH)

7.89 (1H, d, Ar), 7.29 (1H, d,

Ar), 7.45 (1H, t, Ar), 7.58 (1H,

t, Ar), 7.70-7.72 (2H, m, Ar)

7.95 (1H, d, Ar), 7.33 (1H, d,

Ar), 7.46 (1H, t, Ar), 7.62 (1H,

t, Ar), 7.75-7.78 (2H, m, Ar)

6.46 (1H, s, Ar),
7.75 (1H, s, Ar)

104.26 (C2), 120.24 (C5),
134.21 (C3), 136.96 (C6),
141.62 (C4), 154.87 (C1)

99.38 (C4), 104.08 (C2), 109.52
(C6), 133.60 (C5), 151.75 (C3),

155.28 (C3),

55.34 (OCH;),112.18 (C3),
113.98 (C2), 114.83 (C5),
118.15 (C6), 143.03 (C1),

155.71 (C4),
100.46 (C5), 112.38 (C1),
118.26 (C3), 132.81 (C4),
136.09 (C6), 157.86 (C2),

171.54 (CO,H)

106.00 (C1), 117.00 (C3),
124.00 (C6), 125.20 (C8),
127.70 (C7), 128.10 (C5),
129.20 (C4), 129.50 (C10),
132.10 (C9), 150.40 (C2)
109.10 (C3), 113.43 (C1),
121.30 (C5), 125.50 (C10),
126.00 (C6), 127.00 (C8),
127.80 (C7), 129.30 (C2),
132.70(C9), 151.10 (C4)

98.53 (C5), 104.28 (C3), 105.50
(C1), 137.44 (C6), 153.28 (C4),
158.23 (C2), 171.52 (COLH),
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Abstract: Synthesis of an ew series of (5-brom o-5-nitro-2-oxido-1,3,2-dioxa-
phosphinan-2-yl)amino acid esters (3a-l) was accomplished via atw o step
process, which involves the prior preparation of the monochloride intermediate
(2) and its sub sequent reaction with the amino acid esters in dry tetrahyd-
rofuran in the presenc e of triethylamine at re flux temperature. The title co m-
pounds (3a-l) structures were established by analytical, IR, 'H-, 13C- and
3IP_NMR, and mass spectral data. They exhibited significant antibacterial and
antifungal activity.

Keywords: dioxaphosphinane; 2-bromo-2-nitropropane-1,3-diol; amino acid
ester hydrochlorides; antibacterial activity; antifungal activity.

INTRODUCTION

1,3,2-Dioxaphosphinanes are an i mportant class of organophosphorus he-
terocycles, which continue to attract ¢ onsiderable interest due to their uniqu e
stereochemical features and diverse potential biological applications. !4 Com-
pounds bearing an esterified amino acid group on the phosphorus atom have been
found to display useful anti-neoplastic properties.>—8 The phosphate moiety when
attached to an amino acid group is expe cted to increase their cellular uptake and
thus enhance their chemotherapeutic properties. In view of this, the synthesis of a
new class of heterocy clic compounds was acco mplished and th eir activity on
bacteria and fungi was tested.

* Corresponding author. E-mail: csrsvu@gmail.com
doi: 10.2298/JSC100520059S
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694 SANTHIPRIYA et al.

RESULTS AND DISCUSSION

Synthesis of (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)amino
acid esters (3a-l) was accomplished in a two-step process. The synthetic route
(Scheme 1) involves the cy clization of equimolar quantities of 2-brom o-2-nitro-
propane-1,3-diol (1) with phosphorus oxychloride in the presence of triethy 1-
amine in tetrahydrofuran (THF) to afford the corresponding monochloride (2). In
the second st ep, the subsequent reaction of 2 with different amino acid ester
hydrochlorides was realized at room temperature under stirring for 8-10 h to af-
ford 3a-1.

Br OH Br 0\ Br O\ (0]
+ Pojcl, THELEGN Péo R-H 21/
3 0-45°C / N\ THF/ EtN / \
O,N g ¢ o

O,N Ol >N o R
43
@ (@) (3a)
Compound R Compound R
3a —HN—CH,—C0,CH, (OOCH;
3h —“NH=CH—
NH-CH CHzTﬂ\I
3b —HN—|CH—C02CH3 N
H
CH,
% ~HN—CH—CO,C,H; C|OOCH3
CH,4 3i —NH—CH—CH,—CH;
3d —HN—CH—
HN—CH—CO,CH, CoOC,H,
H,C CH, 3 ~NH—CH—CH,—C¢H;
CO,CH,
3e —HN4<_\
3k
CH,
CO,Et
3f —HN~<_\
CH
3 3
39 -N
CO,CH,

Scheme 1. Reaction route to the title compounds.
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SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF (1,3,2-DIOXAPHOSPHINAN-2-YL) AMINO ACID ESTERS 695

Product yields and elemental analysis, and IR, !H-, 13C- and 3/P-NMR data
of 3a-| are given in Supple mentary material. The s pectral data agree with the
proposed chemical structures for co mpounds 3a-|. Characteristic absorption
bands in IR spectra for the title com pounds were observed in the r egions 3418—
—3441, 1739-1748, 1554-1564, 1249-1258 and 552-563 cm~! for N-H, C=0,
NO,, P=0 and C-Br, respectively.?

In the TH-NMR spectra, !0 the aromatic protons of 3a-| gave a multiplet at &
6.1-8.4 ppm. The N-H protons appeared as a broad singlet signal at J 8.02—8.75
ppm. The methoxy protons and methylene protons directly attached to the oxy-
gen of ester moiety in compounds 3a-| resonated in the range of 63.42-3.62 and
4.10-4.14 ppm, respectively. Similarly, the methyl functions in 3a-| resonated in
the region of ¢ 1.12—1.45 ppm. The 13C-NMR spectra for 3a, b, ¢, e f, j, k and |
showed carbon chemical shifts in the expected region.!0 The 31P chemical shifts!!
were observed at & 7.24-13.2 ppm for 3a-| asa singlet. The mass spectra of
compounds 3a, b, f, h, j and k showed their respective molecular ion peak at the
expected M/Z mass value.

Antimicrobial activity

The compounds 3a- showed moderate activity against Staphylococcus
aureus and Escherichia coli. The highlight is that t he three co mpounds 3g, 3h
and 3] were more effective (Table I).

TABLE I. Antibacterial activity of compounds 3a—j (zone of inhibition, mm)

Concentration, ppm

Compound 100 50 100 50
E. coli S aureus

3a 8 6 8 5
3b 8 6 9 8
3c 9 7 9 7
3d 10 8 9 8
3e 10 8 9 7
3f 10 7 9 8
3g 11 8107

3h 12 8 6 6
3i 10 7 9 6
3 12 8107

3k 10 8 9 7
3l 10 7 9 6
Penicillin 12 8107

The results of the antifungal screening against Aspergillus niger and Helmin-
thosporium oryzae are presented in Table II. It is gratify ing to observe that the
majority of the compounds (3a-l) exhibited higher antifungal activity against
both tested fungal strains when compared with that of griseofulvin. The signi-
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696 SANTHIPRIYA et al.

ficant results are that 3g and 3h exhibited higher activities than the standard
griseofulvin against both the fungi.

Thus, a new group of compounds with very high antibacterial and fungicidal
activity, higher than the presently used commercial bactericides and fungicides,
have been discovered.

TABLE II. Antifunal activity of compounds 3a-j (Zone of inhibition, mm)

Concentration, ppm

Compound 100 50 100 50
A. niger H. oryzae

3a 8 6 8 7
3b 9 7 9 7
3c 9 8 8 7
3d 11 8108

3e 10 8107

3f 10 6118

39 13 7 9 5
3h 13 712 10
3i 9 8 10 8

3 12 7129

3k 10 8107

3l 10 8108

Griseofulvin 12 7129

EXPERIMENTAL

The melting points were determined in open capillary tubes on a Mel-Temp apparatus
and are uncorrected. The IR sp ectra (V,,,, / cm™) were recorded as KBr pellets on a P erkin
Elmer 1000 instrument. The 'H-, 3C- and 3!P-NMR spectra were recorded on a Varian AMX
400 MHz NMR spe ctrometer operating at 400 MHz for 'H, 100.57 MHz for '3C and 161.7
MHz for 3!P-NMR. All the compounds were dissolved in DMSO-dg and the chemical shifts
were referenced to TM S (!H and 13C) and 85 % H ;PO,4 (*!P). The microanalyses data were
obtained from the Central Drug Research Institute (CDRI), Lucknow, India.

General procedure for the synthesis of (5-bromo-5-nitro-2-oxido-1,3,2-di oxaphosphinan-2-
-yl)amino acid esters (3a-)

Cyclization of equimolar quantities of 2-bromo-2-nitropropane-1,3-diol (1) with phos-
phorus oxychloride in the presen ce of triethy lamine in THF afforded the correspon  ding
monochloride (2). In the second step, reaction of 2 with different amino acid ester hy drochlo-
rides at room temperature under stirring for 8-10 h afforded 3a-I. Progress of the reaction was
monitored by TLC analy sis. The crude prod ucts obtained as residues after removal of the
solvent on a rotary evaporator were purified by repeated washing with water to remove any
residual triethylamine hydrochloride and then with cold methanol to re move the unrea cted
starting materials and other impurities. The crude title compounds (3a-1) were further purified
by flash chromatography on silica gel, using hexane—ethyl acetate (8:2) as eluent. All of them
were obtained in high yields (68-75 %).
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Antimicrobial activity

The antimicrobial activities!? of 3a-| were tested against the growth of S aureus (ATCC
25923) (gram +ve) and E. coli (ATCC 25922) (gram —ve) by the disc diffusion method at two
concentrations (100 and 50 ppm) on 6 mm diameter discs.

They were also screened for antifungal activity against A. niger (ATCC 16404) and H.
oryzae (ATCC 11000) sp ecies along with t he standard fungicide griseofulvin by the disc
diffusion method at two different concentrations (100 and 50 ppm) on the same disc size.

SUPPLEMENTARY MATERIAL

The analytical and spectral data of the title co mpounds are available electronically at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgements. The authors thank Prof. C. Deven dranath Reddy, Department of
Chemistry, S.V. University, Tirupati for his valuable advice and the UGC (34-306/2008, SR)
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M3BOJ

CHUHTE3A, KAPAKTEPU3ALIMIA U AHTUMUKPOBHA AKTHUBHOCT ECTAPA
(5-BPOM-5-HUTPO-2-OKCUO-1,3,2-JTUOKCADOCOUHAH-2-UJT)-AMUHO-KNCEJIMHA

PEMMASANI SANTHIPRIYA', CHINTHAPARTHI RADHA RANIZ, NANDANUR JAGANNADHA REDDY',
CHEREDDY SYAMA SUNDAR? i CIRANDUR SURESH REDDY?

1Department of Chemistry, S G. H. R& M. C. M. R. Degree College, Guntur u 2Department of Chemistry,
Si Venkateswara University, Tirupati-517 502, India

OcrBapena je cuHTe3a ectapa (5-6poM-5-HuTpo-2-okcuno-1,3,2-muokcadochuHan-2-mm)-aMu-
HO-KHCEJIMHA y JIBa PEaKLIHOHA Kopaka. Y HPBOM je M3BpIICHA CHHTE3a MOHOXJIOPUIHOT MHTEp-
Meaujepa (2), a 'y cieaeheM peakiyja HHTEPMEIUjepa ca eCTPUMa aMUHO-KHCEINHA, Y CYBOM TET-
paxuzapodypaHy y HPHCYCTBY TpUETHIaMHHA Ha TeMOepaTypu Kibydama. CTpyKTypa AepHBaTa
(3a-1) je yrBphena amanmuTHakuM u criekTpamanM Metogama (IC, NMR ('H, 13C u 3'P) u macena
CIIEKTpOMETpHja). McnuTuBameM aHTUMHKPOOHE aKTUBHOCTH JOOHjEHHX JAepHUBaTa YTBphEHO je aa
MoKa3yjy 3HayajHO 100pY aHTHOAKTEPHjCKY M aHTH(YHIaIHY aKTHBHOCT.

(ITpumsbeno 20. maja, peuaupano 13. nenembpa 2010)
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J. Serb. Chem. Soc. 76 (5) (2011) 693698

ANALYTICAL AND SPECTRAL DATA OF THE TITLE COMPOUNDS

Methyl [ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)amino] ace-
tate (3a). Yield: 75 %; m.p.: 177-179 °C; Anal. Calcd. for: C¢H(oBrN,O7P (FW
332): C,21.64; H,3.03; N, 8.41 %. Found: C, 21.60; H,3.98; N, 8.38 %. IR
(KBr, cm™1): 3418 (-N-H, secondary amine), 1745 (—-C=0, ester), 1555 (-NOy),
1255 (-P=0, phosphinan), 552 (-C-Br). !H-NMR (400 MHz, DMSO-dg, 6 /
/ ppm): 4.14-4.25 (4H, m, —-CH» (C4 and 6)), 8.22 (1H, brs, NH, D,O exchange-
able), 3.42 (3H, s, -OCH3), 4.13 (2H, s, -NCH,). 13C-NMR (100 MHz, DMSO-
-dg, 0 /ppm): 54.6 (C4 ande), 70.7 (Cs), 170.1 (COO),37.2 (NCHy), 53.4
(~OCH3). 3IP-NMR (161.7 MHz, DMSO- dg, 6 / ppm): 13.2. M'S (m/z, relative
abundance, %): 334 (M+2, 31.6), 332 (M*, 32.5).

Methyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)Jamino] pro-
panoate (3b). Yield: 71 %; m.p.: 123—124 °C; Anal. Calcd. for: C 7H{,BrN,O7P
(FW 346): C, 24.23; H, 3.49; N, 8.07 %. Found C, 24.18; H, 3.45; N, 8.01 5. IR
(KBr, cm1): 3419 (-N-H, secondary amine), 1745 (—C=0, ester), 1558 (-NO,),
1254 (~P=0, phosphinan), 553 (-C-Br). !H-NMR (400 MHz, DMSO-dg, 6 /
/ ppm): 4.17-4.42 (4H, m, -CHjy (C4 and 6)), 8.42 (1H, brs, NH, D,O exchange-
able), 3.48 (1H, s, -NCH), 3.45 (3H, s, -OCH3), 1.45 (3H, d, J=6.2 Hz, CH3).
I3C-NMR (100 MHz, DMSO-dg, 6 /ppm): 53.2(C 4 and6 ), 68.4 (C5), 168.4
(CO0), 38.4 (NCH), 52.7 (-OCH3), 26.3 (CH3). 3!P-NMR (161.7 MHz, DMSO-

* Corresponding author. E-mail: csrsvu@gmail.com
doi: 10.2298/JSC100520059S
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ds, 6 / ppm): 9.02. MS (m/z relative abundance, % ): 348 (M+2, 28.6), 346 (M,
30.5).

Ethyl 2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)amino] pro-
panoate (3c). Yield: 69 % ; m.p.: 160-162 °C; Anal. Calcd. for CgH4BrN,O7P
(FW 360): C, 26.61; H, 3.91; N, 7.76 %. Found C, 26.58; H, 3.87; N, 7.71 %. IR
(KBr, cm™1): 3432 (-N-H, secondary amine), 1743 (—C=O0, ester), 1561 (-NO,),
1258 (-P=0, phosphinan), 557 (~C—Br). !H-NMR (400 MHz, DMSO-dg, & /
/ ppm): 4.14-4.42 (4H, m, —CH; (C4 and 6)), 8.08 (1H, brs, —-NH, D0 exchange-
able), 4.13 (2H, g, J = 5.8 Hz, -OCH ), 3.49 (1H, g, J = 5.7 Hz, -NCH), 1.26
(6H, m, 2x—CH3). 3IP-NMR (161.7 MHz, DMSO-dg, 6 / ppm): 7.24.

Methyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)amino] -3-
-methyl butanoate (3d). Yield: 71 %; m.p.: 190-192 °C; Anal. Calcd. for:
CoH16N,O7P (FW 374): C, 28.82; H, 4.30; N, 7.47 %. Found C, 28.79; H, 4.28;
N, 7.44 %. IR (KBr, cm™1): 3420 (-N-H, secondary amine), 1742 (—C=0, ester),
1561 (-NO,), 1256 (-P=0, phosphinan), 557 (-C—Br). !H-NMR (400 MHz,
DMSO-dg, 0 / ppm): 4.20-4.52 (4H, m, —CHj (C4 and 6)), 8.02 (1H, brs, —-NH,
D0 exchangeable), 3.47 (3H, s, —OCH3), 3.45 (1H, d, J= 5.6 Hz, -NCH), 1.35
(1H, m, —CH), 1.03 (6H, d, J= 6.4 Hz, 2CH3). !13C-NMR (100 MHz, DMSO-
de, 0 /ppm): 55.2 (C4q and 6), 71.1 (Cs), 169.3 (COO), 37.9 (-NCH), 53.8
(-OCH3), 21.6 (2x—CH ), 18.7 (CH 3). 3!P-NMR (161.7 MHz, DMSO-dg, J /
/ ppm): 8.52.

Methyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphi nan-2-yl)amino] pen-
tanoate (3€). Yield: 74 % ; m.p.: 189—191 °C; An al. Calcd. for: C gHgNoO7P
(FW 374): C, 28.82; H,4.30; N, 7.47 %. Found C, 28.79; H, 4.28; N, 7.44 %. IR
(KBr, cm™!): 3435 (-N-H secondary amine), 1745 (-C=0, ester), 1560 (-NO,),
1258 (-P=0, phosphinan), 560 (-C-Br). 'H- NMR (400 MHz, DMSO-dg, J /
/ ppm): 4.17-4.52 (4H, m, CHj (C4 and 6)), 8.68 (1H, brs NH, D,O exchange-
able), 3.56 (1H, t, J =5.7 Hz, N-CH), 3.58 (3H, s, OCHj3), 1.12-1.58 (4H, m,
2xCHy), 1.22 (3H, t, J = 6.8 Hz, —CHj3). I3C-NMR (100 MHz, DMSO- dg, 6 /
/ ppm): 56.3 (C4 and6), 72.3 (Cs), 170.3 (COO), 38.4 (-NCH), 54.4 (-OCH 13),
22.4 (2 x =CHy), 17.3 (CH3). 3IP-NMR (161.7 MHz, DMSO-dg, § / ppm): 10.41.

Ethyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-di oxaphosphinan-2-yl)amino] pen-
tanoate (3f). Yield: 74 %; m.p.: 128-130 °C; Anal. Calcd. for: C joH{gBrN,O7P
(FW 388): C, 30.86; H, 4.66; N, 7.20 %. Found C, 30.81; H, 4.62; N, 7.18 %. IR
(KBr, cm1): 3432 (-N-H, secondary amine), 1748 (—C=0, ester), 1561 (-NO,),
1249 (-P=0, phosphinan), 560 (-C-Br). !H-NMR (400 MHz, DMSO-dg, 6 /
/ ppm): 4.17-4.50 (4H, m, —CHy (C4g¢)), 8.66 (1H, brs, NH, D,0O exchange-
able), 3.47 (1H, m, -NCH), 4.10 (2H, g, J=5.7 Hz,—OCH,), 1.26 (3H, t, J = 3.2
Hz, -CH3), 1.23-1.58 (4H, m, 2x—CH,), 1.12 (3H, t, J = 3.3 Hz, -CH 3). 13C-
-NMR (100 MHz, DMSO-dg, 6 / ppm): 56.8 (C4 and 6), 72.6 (Cs), 169.8 (COO),
37.7 (-NCH), 54.2 (-OCH,), 22.4 (2x—CH,), 17.3 (-CH3), 19.6 (-CH 3). 3!P-

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

2011 Copyright (CC) SCS

©089



SUPPLEMENTARY MATERIAL S 7

-NMR (161.7 MHz, DMSO-dg, 0 / ppm): 11.7. M'S (nVz relative abundance, %):
390 (M+2, 23.2), 388 (M™, 24.6).

Methyl 1-(5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)pyrrolidine-
-2-carboxylate (3g). Yield: 75 % ; m.p.: 177-179 °C; Anal. Calcd. fo r:
CoH14BrN,O7P (FW 372): C,28.97; H, 3.78; N, 7.51 % . Found C, 28.95; H,
3.75; N, 7.48 %. IR (KBr, cm ~1): 1739 (—C=0, ester), 1564 (-NO »), 1251
(-P=0, phosphinan), 563 (-C—Br). H-NMR (400 MHz, DMSO-dg, ¢ / ppm):
4.15-4.48 (4H, m, —CHj (C4 and 6)), 3-19 (1H, t, 3 = 5.8 Hz, -N CH), 1.65-2.31
(6H, m, 3x-CHy), 3.54 (3H, s, -OCH3). 3!P-NMR (161.7 MHz, DMSO-dg, 6 /
/ ppm): 10.5.

Methyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)amino] -3-
-(1H-imidazol-4-yl)propanoate (3h). Yield: 72 % ; m.p.: 135-137 °C; An al.
Calcd. for C1gH14BrN4O7P (FW 412): C, 29.07; H, 3.42; N, 13.56 %. Found C,
29.02; H,3.39; N, 13.53 %. IR (KBr, cm 1): 3430 (-N-H, secondary amine),
1740 (—C=0, ester), 1554 (-NO,), 1254 (-P=0, phosphinan), 5 54 (-C-Br). 1H-
-NMR (400 MHz, DMSO-dg, ¢ / ppm): 6.75-7.25 (2H, m, Ar-H), 4.15-4.43 (4H,
m, -CHy (C4 and6)), 8.72 (2H, brs, NH, D ,O exchangeable), 3.45 (1H, m,
—NCH), 3.59 (3H, s, OCH3), 2.81 (2H, m, Ar—CH,). 3!P-NMR (161.7 MHz,
DMSO-dg, 6 / ppm): 11.5; MS (nm/z, (relative abundance), %): 414 (M+2, 17.3),
412 (M*, 18.9).

Methyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl )amino] -3-
-phenylpropanoate (3i). Yield: 70 % ; m.p.: 138-140 °C; Anal. Calcd. for
C13H16BrN;O7P (FW 421): C,36.90; H, 3.81; N, 6.62 %. Found C, 36.86; H,
3.78; N, 6.59 %. IR (KBr, cm~!): 3441 (-N-H, secondary amine), 1743 (-C=0,
ester), 1555 (-NOy), 1248 (-P=0, ph osphinan), 555 (-C-Br). !H-NMR (400
MHz, DMSO-dg, J / ppm): 6.78-7.20 (SH, m, Ar-H), 4.35-4.52 (4H, m, —-CH,
(C4 and6)),> 8.59 (1H, s, —-N-H, D,0O exchangeable), 3.91 (2H, m, Ar—CH), 3.64
(3H, s, -OCHj3), 3.51 (1H, m, -NCH). 3!P-NMR (161.7 MHz, DMSO-dg, & /
/ ppm): 11.5.

Ethyl 2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-ylJamino] -3-phe-
nylpropanoate (3j). Yield: 68 %; m.p.: 115-117 °C; Anal. Caled. fo r
C14H18BrN,O7P (FW 436): C, 38.46; H,4.15; N, 6.41 %. Found C, 38.43; H,
4.12; N, 6.38 %. IR (KBr, cm~!): 3439 (-N-H, secondary amine), 1748 (—C=0,
ester), 1558 (NO ,), 1250 (-P=0, pho sphinan), 561 (-C-Br). !H-NMR (400
MHz, DMSO-dg, ¢ / ppm): 6.76-7.21 (6H, m, Ar-H), 4.28-4.42 (4H, m, -CH;
(C4 and6)), 8.58 (1H, s, —N-H, D,0O exchangeable), 3.87 (2H, m, Ar—CHy), 4.12
(2H, g, J=5.7 Hz, -OCH),), 3.54 (1H, m, -NCH), 1.25 (3H, t, J= 6.8 Hz, —CH3).
I3C-NMR (100 MHz, DMSO-dg, 6 /ppm ): 168.2 (COO), 12 3.2-143.7
(Caromatic)> 56.8 (NCH), 56.1 (OCHy), 43.2 (Ar—CH ), 19.8 (CH 3). 3IP-NMR
(161.7 MHz, DMSO-dg, ¢ / ppm): 12.2. MS ( nVz relative abundance, % ): 438
(M+2, 31.2), 436 (M™, 35.6).
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Methyl  2-[ (5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)amino] -3-
-(1H-indol-3-yl)propanoate (3k). Yield: 72 %; m.p.: 108-110 °C; Anal. Calcd.
for: C15sH{7BrN3O7PS (FW 461): C, 39.98; H, 3.71; N, 9.09 %. Found C, 39.96;
H, 3.68; N, 9.05 %. IR (KBr, cm1): 3433 (-N-H, secondary amine), 1742 (C=0,
ester), 1558 (-NO»), 1255 (—P=O0, ph osphinan), 561 (-C-Br). IH-NMR (400
MHz, DMSO-dg, 6 / ppm): 6.78-7.29 (5H, m, Ar—H), 4.29-4.52 (4H, m, —-CH,
(C4 and 6)), 8.75 (2H, brs, -N-H, D,0O exchangeable), 3.62 (3H, s, -OCH3), 3.63
(1H, m, —-NCH), 6.81-7.36 (2H, m, Ar—CH,). !3C-NMR (100 MHz, DMSO-dg,
5/ ppm): 58.2 (C4 and 6), 724 (Cs), 170.2 (COO), 37.2 (N-CH), 54.5 (OCH 3),
35.2 (C3), 112.5 (Cs’), 126.8 (Cs), 117.6 (C1¢), 131.2 (C1oa), 141.2 (Cea),
108.3 (C7°), 125.3 (Cg’), 121.2 (Cy’). 3!P-NMR (161.7 MHz, DMSO-dg, § / ppm):
10.9. MS (mVz (relative abundance), %): 463 (M+2, 23.2), 461 (M™, 25.3).

Ethyl 1-(5-bromo-5-nitro-2-oxido-1,3,2-dioxaphosphinan-2-yl)-1H-indole-2-
carboxylate (3l). Yield: 69 % ; m.p.: 104-106 °C; An al. Calcd. for:
Ci4H14BrN,O7P (FW 432): C,38.82; H, 3.26; N, 6.47 %. Found C, 38.79; H,
3.22; N, 6.43 %. IR (KBr, cm™1): 1742 (-C=0, ester), 1558 (-NO3), 1253 (-P=0,
phosphinan), 561 (~C-Br). IH-NMR (400 MHz, DMSO-dg, 6 / ppm): 6.77-7.26
(5H, m, Ar—H), 4.23-4.52 (4H, m, -CH, (Cagg)), 4.14 2H, @, J =5.6 Hz,
—~OCHj), 1.22 (3H, t, J =6.7 Hz, —CH 3). 13C-NMR (100 MHz, DMSO-dg, J /
ppm): 58.4 (C4 and 6), 72.1 (Cs), 169.5 (COO), 54.6 (OCH>), 18.9 (-CH3), 133.3
(Cy), 104.6 (C3°), 131.5 (C3), 122.2 (Cy), 117.6 (Cs>), 124.6 (Cg>), 114.6 (C7°),
145.6 (C7y°). 3'P-NMR (161.7 MHz, DMSO-dg, 6 / ppm): 11.2.

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

2011 Copyright (CC) SCS

©089



Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 76 (5) 699-707 (2011) UDC 579.864+547.466.1:579.61:615.28—188
JCS4151 Original scientific paper

The partial characterization of the antibacterial peptide
bacteriocin G, produced by the probiotic bacteria
Lactobacillus plantarum G,

SVETLANA L. SEATOVIC!*, JELENA S. JOVANOVIC NOVAKOVIC!, GORDANA N.
ZAVISIC!, ZELJKA C. RADULOVIC!, MARUJA B. GAVROVIC-JANKULOVIC2#
and RATKO M. JANKOV?#

1Galenika a.d., Batajnicki drum bb, 11080 Zemun, Belgrade, Serbia and 2Faculty of
Chemistry, University of Belgrade, Sudentski trg 12-16, 11000 Belgrade, Serbia

(Received 5 June, revised 15 October 2010)

Abstract: The aim of'this study wasthe partial characterization of the an-
timicrobial peptide bacteriocin G, produced by probiotic bacteria Lactobacillus
plantarum G,, which was isolated from a clinical sample of a healthy person.
Antimicrobial substance was secreted in the supernatant of an L. plantarum G,
culture, and sh owed a diver se spectrum of a ntimicrobial activity of all th e
tested strains of the genera Lactobacillus and the pathogenic bacteria Saphylo-
coccus aureus and Salmonella abony. Isoelectric focusing re vealed that bac-
teriocin G, is a cationic peptide (pl about 10) with a molecular mass of 2.2 kDa
according to tricine—sodium dodecyl sulphate—polyacrylamide gel electropho-
resis, SDS-PAGE. The antimicrobial activity of bacteriocin G, was diminished
by the proteolytic action of trypsin and proteinase K. Bacteriocin G, preserved
its biological activity in the te mperature range 40—-60 °C (15 min), which was
lost at 80 ° C. Bacteriocin G, was stable in the pH range 2-9, while treatment
with 1 % Tween 80 and 1 % urea resulted in increased antimicrobial activity.
The probiotic strain L. plantarum G, produces th e antimicrobial substance
proteinaceous in nature with bacteriocin chara cteristics. Bacteriocin production
is one of the ke y properties of probiotic bacteria with clinical potential as anti-
infective agents, which will increase the likelihood of its in vivo efficacy.

Keywords: Lactobacillus plantarum; probiotic; bacteriocin.

INTRODUCTION

Bacteria employed in probiotic applica tions help to maintain or restore th e
natural microbial flora of a host. The ab ility of probiotic bacteria t o successfully
outcompete undesired species is often due to, or en hanced by, the production of
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potent antimicrobial toxins.! Some antimicrobial substances are non-specific,
such as short-chain fatty acids or hydro gen peroxide, while others are specific
with a very narrow killing range, such as bacteriocins, bacteriocin-like inhibitory
substances (BLIS), and bacteriophages.2# Bacteriocins have been designated as
bacterial substances with the capacity to inhibit, even in low concentrations, the
multiplication of other taxonom ically similar bacteria.> They comprise a large
and functionally diverse family of toxins found in all major lineages of Bacteria
and Archaea, but there are certain features that unite them as a family; they are
all ribosomally synthesized proteinaceous compounds and are active against bac-
teria closely related to the producin g bacteria.® In an attempt to organise this di -
verse family, bacteriocins are roughly classified into two main groups, the toxins
produced by Gram-negative bacteria and those produced by Gram-positive bac-
teria.’

Bacteriocins from Gram-positive bacteria are generally cationic, amphiphi-
lic, membrane-permeabilizing peptides, approximately 2—6 kDa in size.8 They
are particularly attractive when the goal of probiotic application is to supplement,
rather than dramatically alter, the natural bacterial f lora of a host. I Bacteriocin
nisin was found to be safe for hum an consumption by the Food and Drug Ad-
ministration and has thus gained popularity in probiotic research.!

Numerous strains of bacteriocin prod ucing Lactobacillus plantarum have
been isolated in the last two decades. Several of these plantarici ns were charac-
terized and their amino acid sequence determined.”

The aim of this work was to test b acteria with probiotic characte ristics, L.
plantarum Gy, for antimicrobial peptide production. The antimicrobial spectrum
and some properties of the bacteriocin Gy are described herein for the first time.

EXPERIMENTAL
Bacterial strains and growth media

The bacteriocin G, producing strain used i n this stu dy was isolated fro m a cli nical
sample of a healthy person, and according to its phenotypic and genotypic characteristics, it
was classified as L. plantarum G,. The strain was stored at —20 °C in MRS (de Man, Rogosa
and Sharpe, Merck) medium containing 15 % glycerol. MRS broth (Merck) was used for cell
propagation.

Indicator bacteria strains

The bacteria used as indicator strains were: L. acidophilus ATCC 314, L. rhamnosus
ATCC 7469, L. leishmany ATCC 7830, L. plantarum G1, L. casel G3, Enterococcus faecalis
ATCC 29219, Staphylococcus aureus ATCC 6538-P, Pseudomonas aeruginosa ATCC 9027,
Escherichia coli ATCC 8739, Klebsiella sp. ATCC 10031, Bacillus subtilis ATCC 6633, B.
cereus ATCC 11178, Micrococcus luteus ATCC 93419, Salmonella abony ATCC 6017.

L. leishmany ATCC 7830 was used as the indicator bact erium for the estimation of
antimicrobial activity.
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Production of bacteriocin G,

For bacteriocin production, L. plantarum G, cells were grown anaerobically (in 1000 ml
Erlenmeyer flasks) in MRS broth (pH 6.4), at 37 °C and 58 rpm for 24 h, in rotary shaker
incubator (Adolf Kiihner, Switzerland). The culture was centrifuged at 4000 x g, for 20 min
at 4 °C. The pH of the supernatant was adjusted to 6.5-7.0 with 1.0 M NaOH, to exclude the
antimicrobial effect of organic acids, followed by filtration of the supernatant through a 0.2
pm pore-size cellulose acetate filter (Sigma—Aldrich). The supernatant S was used for screen-
ing the antimicrobial activity.

Detection of antimicrobial activity

The antimicrobial activity of the bacteriocin produced by L. plantarum G, was screened
using the agar well diffusion (AWD) assay.!? Pre-poured MRS agar plates were overlain with
0.1 mL suspension of the indicator strain (containing 10 ¢ CFU mL-!). Wells of 6 mm in
diameter were cut into the agar plate using a cork borer and 100 pL of the supernatant S w as
placed into each well. After 18 h of incubation at 37 °C, the zone of inhibition (dia meter) was
measured.

Bacteriocin assay

The critical dilution assay described by Mayer-Hartings et al.!! was used to quantify the
inhibitory activity of the bact eriocin against the respective sensitive indicator strain L. leish-
many. A serial two-fold dilution of the supernatant was made in 0.1 M Tris-HCI buffer, pH 7.
The activity of each dilution was determined by the AWD assay. The antimicrobial activity is
expressed in arbitrary units (AU mL). One AU is defined as the reciprocal of the highest
dilution showing a clear zone of growth inhibition.

Sensitivity to enzyme activity of bacteriocin G,

To investigate the sensitivity of the bacteriocin to different e nzymes (all obtained from
Sigma), neutralized supernatant S samples of the tested strain were mixed with enzyme so-
lutions of catalase, pronase E, proteinase K, trypsin, chymotrypsin, lipase, lysozyme and o~
-amylase (final enzyme concentration was 1 mg mL™1), incubated for I h at the optimum
temperature for each of the enzymes and the residual activities were measured using the AWD
assay. Two controls, one with sterile MRS and the respective enzyme (1 mg mL-!), and the
other one with untreated bacteriocin were included.

Heat resistance and pH stability of bacteriocin G,

To determine the heat st ability of bacteriocin G ,, aliquots of the neutralized cell-free
supernatant of tested strain were heated at 40, 60 and 80 °C for 15, 30, 60 a nd 90 min, and
immediately cooled in an i ce water bath. The heat re sistance was also checked after auto-
claving the bacteriocin at 121 °C for 15 min. The residual bacteriocin activity was determined
by the AWD assay.

To test the stability at different pH, aliquot s of neutralized supernatant were adjusted to
pH values from 2—-12 using 4 M HCl and 4 M NaOH, respectively and subsequently incubated
for 1 h at 37 °C. The residual activities were measured after neutralizing the aliquots to pH 7.

Sensitivity of bacteriocin G, to surfactants

To examine sensitivity of bacteriocin G , to surfactants, SDS , Tween 80, Triton X-100
and urea were used. Neutralized cell-free supernatant samples of tested strain were mixed with
surfactants at a final concentration of 1 % (w/v) and incu bated for 2 hat 37 °C. Re sidual
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bacteriocin activities were measured using the AWD assay. The surfactants at a concentration
of 1 % in neutralized MRS broth were used as controls.

Preparation of crude supernatant

Crude supernatant was prepared from 500 mL of an L. plantarum G, culture. The cell s
were grown to the stationary phase in MRS broth at 37 °C. The cell-free supernatant of the
culture was collected by centrifugation at 4000 X g for 20 min at4 °C. To concentrate the
produced bacteriocin G, 10-fold, the su pernatant was filter sterilized (0.22 pum), and ultra-
filtrated on 5 kDa cut-off mem brane (Millipore). The obt ained solution, designated crude
supernatant fluid, was used for bacteriocin characterization by electrophoretic methods, i.e.,
sodium dodecyl sulphate—polyacrylamide gel electrophoresis, SDS-PAGE, and isoelectri ¢
focusing.

Reducing and non-reducing tricine SDS PAGE

The molecular mass of bacteriocin G, was estimated in a tri cine—-SDS-PAGE, as des-
cribed by Schagger and Von Jagow. 12 To test for the presence of interchain disulphide bonds
between the bacteriocin subunits or intrachain disulphide bonds essential for its activit y,
reducing and non-reducing sample buffers for the tricine-SDS-PAGE were used.

Electrophoresis was performed in vertical gels (16.5 % acrylamide) at 30 V for 1 h, and
90 V for 5 h. To deter mine the apparent molecular mass of the bacteriocin after tricine—SDS-
-PAGE, the gel was cut into two slices. One half was fixed and stained with Coomassie Bril-
liant Blue. The other slice wa s assayed for antimicrobial activity according to Bhunia et al.
(1987), with a slight modification.!3 The gel prepared for growth inhibition was fixed in 20 %
2-propanol and 10 % acetic acid for 5 min and washed in deionised water for 24 h. After -
wards, the gel was placed on a MRS prepared agar plate and overlaid with 20 mL of soft MRS
agar seeded with L. leishmany (10° CFU mL-!). After incubation of the plate for 24 h at 37 °C,
the location of the zone of growth inhibition was identified and photographed. For molecular
mass determination, Amersham Low-Range Rainbow Molecular Weight Markers (3500—
—40000 Da) were used. The protein stand ards molecular masses (Da) and colours were as
follows: 38000, blue; 31000, orange; 24000, green; 17000, blue; 12000, red; 8500, yellow and
3500, blue.

Isoelectric focusing

Isoelectric focusing, IEF, was performed at 10 °C in a Multiphor II electrophoresis unit
according to the manufacturer’s instructions (Pharmacia). The iso electric point was deter-
mined by using a broad p | calibration kit (p | 3.5-10, Phar macia). After IEF, the gel was
washed with distilled water for 30 s and cut into two slice s. One slice was fixed and stained
with Coomassie Brilliant Blue and the other one was assayed for antimicrobial activity by the
agar overlay method described above.

RESULTS AND DISCUSSION
Spectrum of antimicrobial activity of bacteriocin Go

To examine the effect of the bacteriocin from L. plantarum G, on other mic-
roorganisms, neutralized cell-free supernatant was te sted for antimicrobial act i-
vity against Gram-positive and Gram-negative bacteria by the well diffusion agar
test. As shown in Table I, the bacterioci n was active against all the tested strains
of the genera Lactobacillus: L. acidophilus, L. rhamnosus, L. leishmany, L. plan-

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

2011 Copyright (CC) SCS

©089



BACTERIOCIN FROM PROBIOTIC BACTERIA 703

tarum G; and L. casel G3. The bacteriocin G also inhibited the growth of the
pathogenic bacteria S. aureus and S. abony. Bacteriocin G, displayed a relatively
broad spectrum of antimicrobial activity as it inhi bited 7 ofth e 14 indicator
strains.

TABLE L. Inhibitory activity of neutralized cell-free supernatant of L. plantarum G, against
various indicator strains, which is expressed as the diameter of the zone of inhibition

Indicator organism Antimicrobial activity of bacteriocin G,*
L. acidophilus ATCC 314 +
L. rhamnosus ATCC 7469 +
L. leishmany ATCC 7830 ++
L. plantarum G, +
L. casel G; +
E. faecalis ATCC 29219 -
S aureus ATCC 6538-P +

P. aeruginosa ATCC 9027 -
E. coli ATCC 8739 -
Klebsiella sp. ATCC 10031 -
B. subtilis ATCC 6633 -
B. cereus ATCC 11178 -
M. luteus ATCC 93419 -
S abony ATCC 6017 +

a . g g
—: No inhibition zone; +: 5 mm < zone < 10 mm; ++: 10 mm < zone < 15 mm

The inhibitory spectrum of bacterioci ns produced by different species of
lactobacilli varies greatly.!4 Most bacteriocins inhibit only lactobacilli or closely
related Gram-positive bacteria, whereas ot hers are active against a broad spec-
trum of Gram-positive and Gram-negative bacteria.!5-19

Effect of enzymes, heat and pH on the antimicrobial activity of bacteriocin Go

Bacteriocin G, was tested for its sensitivity to various enzymes. The antibac-
terial activity was retained after catalase treatment, indicating that antibacterial
activity was not due t o HyO;. As shown in Table II, trypsin and proteinase K
were the only proteases that partially or completely inhibited the antim icrobial
activity. The fact that the bacteriocin was inactivated by trypsin and proteinase K
indicates its proteinaceous nature, however, despite this, the substance was rather
persistent to proteolytic cleavage of pronase E and chy motrypsin. Most bacterio-
cins are resistant to all proteoly tic enzymes, but a few of them, including nisin,
plantaricin C, plantaricin D, are sensitive to the actions of som e proteases.20-24
The antimicrobial activity of bacteriocin G, was not affected by lipase, lysozyme
or gramylase, suggesting that its biologi cal activity was not dependent on the
presence of a lipid or sugar moiety.

Incubation of the neutralized supernatant containing bacteriocin Gy at diffe-
rent temperatures for 15, 30 and 90 min showed that it was completely stable up
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to 40 °C (Table III). No 1 oss of activity was detected after 15 min at 60 °C, but
inactivation occurred when the incubation was continued for a lo nger period. A
total loss of activity was observed after incubation at 80 °C. Heat-stability is a
major feature of low-molecular-weight bacteriocins; however, some bacteriocins
produced by Lactobacillus strains were inactivated by 10- to 15-min treatment at
60-100 °C.25.26

TABLE II. Antimicrobial activity of bacteriocin G, detected after enzyme treatment, expres-
sed as residual bacteriocin activity

Surfactant Residual bacteriocin activity®, %
Catalase 100

Proteinase K 40

Pronase E 100
Chymotrypsin 100

Trypsin 0

Lysozyme 100

Lipase 100

a-Amylase 100

4The percentage of the initial activity

The activity of bacteriocin G, was stable throughout the pH range 3-7 (Fig.
1). Above pH 7, the activity decreased and was completely lost at pH 10. Bacte-
riocins differ greatly with respect to th eir sensitivity to pH. Many are conside-
rably more tolerant to acid than to alkaline pH values.27 As most bacteriocins and
bacteriocin-like substances, bacteriocin G, was also stable in acidic and neutra 1
pH values, indicating that the substances are well adapted to the environment of
the bacteria that produce them.28

TABLE III. Antimicrobial activity of bacteriocin G, detected after thermal treatment, expres-
sed as residual bacteriocin activity

Treatment Residual bacteriocin activity, %
40 °C, 15 min 100
40 °C, 30 min 100
40 °C, 60 min 100
40 °C, 90 min 100
60 °C, 15 min 100
60 °C, 30 min 0
60 °C, 60 min 0
60 °C, 90 min 0
80 °C, 15 min 0
80 °C, 30 min 0
80 °C, 60min 0
80 °C, 90 min 0
Autoclaving 121 °C, 15 min 0
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To examine the hydrophobic nature of bacteriocin G, the neutralized super-
natant was treated with surfactants at a final conce ntration of 1 % (w/v). T he
sensitivity to the surfactants is given in Table IV. Treatment with Tween 80 and
urea resulted in i ncreased antimicrobial activity. SDS and Triton X-100 had no
effect on the bacteriocin activity. Many bacteriocins contain hydroph obic do-
mains and tend to form large aggregates. The large macromolecules can be di s-
aggregated by the use of surface-active compounds. Desegregation can result in a
significant increase in bacteriocin activity.29

120 1

100 -

-]
<
L

Residual activity, %
-
s &

[Sed
=
1

10 Fig. 1 Effect of pH treat ment onthe
pH activity of bacteriocin G,.

TABLE IV. Effect of surfactants on bacteriocin G, activity, expressed as residual bacteriocin
activity

Residual bacteriocin activity, %

Surfactant Treated supernatant Surfactant control
None (control) 100 -

SDS 167 150
Tween 80 133 0

Triton X-100 117 108

Urea 117 0

Molecular mass determination

Electrophoretic analysis of the concentrated supernatant of L. plantarum G,
prepared using a sample buffer containing the reducing agent 2-mercaptoethanol
showed a wide protein band occup ying most of the gel. The gel slice overlaid
with the indicator strain revealed a single clear inhibition band, corresponding to
a molecular mass of 2.2 kDa. Similar molecular masses have been reported for a
few other bacteriocins, including plantaricin A.% A tendency of bacteriocins pro-
duced by other lactic acid bacteria to aggregate was reported, which might have
contributed to the reason why the bacteriocins could not pass through a 5 kDa
cut-off membrane.30:31 Bacteriocin G, retained antimicrobial activity after treat-
ment with reducing agents indicating that it does n ot have intramolecular disul-
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phide bonds that are essential for its activity. Bacteriocin G, resolved in non-re-
ducing tricine-SDS-PAGE, and subsequently overlaid with indicator strain showed
a single clear band with the same molecular mass as found with the reducing gel.

pI determination

To determine the isoelelectric point of bacteriocin G 5, isoelectric focusing
was performed. A single clear inhibition band was detected on the part of the gel
overlaid with the indicator strain, corresponding to a pl value of about 10. Bacte-
riocin Gy is a cationic protein, as are m ost bacteriocins.!0 The high isoelectric
point allows bacteriocins to interact at physiological pH with the anionic surface
of bacterial membranes.

CONCLUSIONS

Based on the presented results, it m ay be concluded that the antimicrobial
substance from the culture supernatant of L. plantarum Gy is a peptide with a
diverse spectrum of anti microbial activity. Stability in acidic and neutral pH
range (up to pH 9), resist ance to proteol ytic cleavage but sensitivit y to trypsin
and heat stability at physiological tem peratures allow bacteriocin G ; to be a
competitive advantage of L. plantarum G, probiotic preparations.

U3BOA

IMAPLIUJAJTHA KAPAKTEPU3ALIMJA AHTUBAKTEPUICKOI ITEIITUAA KOJU
IMPOMN3BOAV ITPOBMOTCKA BAKTEPHJA Lactobacillus plantarum G,

CBETJIAHA JI. HIEATOBUR', JEJIEHA C. JOBAHOBWR HOBAKOBU® ', TOPJIAHA H. 3ABUIINH!,
XEJbKA Y. PAZ[YJIOBI/I’hl, MAPHUJA B. TABPOBUR-JAHKYJIOBUR? n PATKO M. JAHKOB?

IFanenura a.o, Bamiajuuuku opym 66, 11080 3emyH u 2Xem¢jcxu pakyaitieit, YHusepyuitieii y beozpaoy,
Ciuyoentiicku wipz 12—16, 11000 Beozpao

[{wb oBor ucTpaXkuBama je Ouia mapiujaiHa KapakTepu3alyja aHTHMUKPOOHOT MenTuia u3
npobuotcke Gakrepuja Lactobacillus plantarum G, u3onoBaHe U3 KIMHHYKOT y30pKa 3/ipaBe 0CO-
6¢. AHTUMHKPOOHO jemumeme u3 L. plantarum G,, o3nayeHo kao Gakrepuouut G,, 106HjeHO 13
cymepHaTaHTa OaKTepHjcKe KyJIType, IMOKa3ajlo je LIMPOK CIEKTap aHTUMHKPOOHE aKTUBHOCTH,
nHxubupajuhu pact cBUX ucnuTHBaHX BpcTa poma Lactobacillus, kao u matorennx Gakrepuja Sa-
phylococcus aureus u Salmonella abony. Bakrepuoit G, je OCEeT/bHB Ha IPOTEONHUTHYKO [ICjCTBO
TpuncuHa u nporerHase K. AHTHMHUKpOOHa akTHUBHOCT je crabminna y oncery 40—60 °C (15 mun),
anu ce ryou Ha Temneparypu o 80 °C. YcTaHOBIbEHO je 1a je bakTepuonuH ctadbuian Ha pH Bpen-
Hoctuma m3Mehy 2 u 9. JlejerBo Tween-a 80 u ypee je moseno 1o noBehane NHXHOUTOPHE aKTUB-
Hoctu. [Ipema IEF, Gakrepuounn G, je kaTjoHCKH mpoTeuH, ca pl BpemHomhy oxo 10, a mome-
Kynacka maca oapelera Ha ocaoBy TputmH—SDS-PAGE je 2,2 kDa. IIpo6uorcku coj L plantarum
G, npoJyKyje aHTUMHKPOOHO jeIHIbeHe MIPOTEHHCKE CTPYKTYPE Ca KapaKTepUCTUKaMa OaKTepHo-
muHa. CuHTe3a OakTepHOLMHA je jefHa O KJbYYHHX O0COOMHA MPOOHMOTCKHX OakTepHja Koje umajy
KJIMHIYKH NOTEHIIMjall Kao aHTUMH(EKTUBHHU areHCH, jep 3HadajHo noBehaBa BepoBaTHOhY HHXOBE
in vivo edukacHocTH.

(TTIpumubeHo S. jyHa, peBuaupato 15. okro6pa 2010)
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Abstract: Pouzolzia zeylanica was extracte d with different solvents (a cetone,
ethyl acetate and petroleu m ether), using different protocols (cold-extracti on
and Soxhlet extraction). To evaluate the antira dical and antioxidant abilities of
the extracts, four in vitro test systems were employed, i.e., DPPH, ABTS and
hydroxyl radical scavenging assays and a reducing power assay. All extracts
exhibited outstanding antioxidant activities that were superio r to that of bu -
tylated hydroxytoluene. The ethyl acetate extracts exhibited the most signifi-
cant antioxidant activities, and cold-extraction under stirring seemed to be the
more efficacious method for acquiring the predo minant antioxidants. Further-
more, the antio xidant activities and total phenolic (TP) con tent of different
extracts followed the same order, i.e, there is a good correlation between an-
tioxidant activities and TP content. The re sults showed that these e xtracts,
especially the ethyl acetate extracts, could be considered as natural antioxidants
and may be useful for curing diseases arising from oxidative deterioration.

Keywords: total phenolic ¢ ontent; DPPH; ABTS; hydroxyl radical; reduci ng
power; Pouzolzia zeylanica.

INTRODUCTION

Free radicals, which are generated in several biochemical re actions in the
body, have been i mplicated as mediators of many diseases, including cancer,
atherosclerosis and heart diseases.!=3 Although t hese free radicals canb e
scavenged by the in vivo produced antioxidant compounds, the endogeno us
antioxidants are insufficient to completely remove them and maintain a balance.
As aresult, dietary antioxidants are required to counteract excess free radicals.4~7
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710 Lietal.

Synthetic antioxidants, such as buty lated hydroxytoluene (BHT) and but ylated
hydroxyanisole (BHA), which are effective in their role as antioxidants, are com-
mercially available and currentl y used in industrial processes. However, since
suspected actions as promoters of carcinogenesis and other side effects have been
reported, their use in food , cosmetic and pharmaceutical products has been de-
creasing.8-12. Thus, there has been an upsurge of interest in naturally -occurring
antioxidants from vegetables, fruits, le aves, oilseeds, cereal crops, tree bark s,
roots, spices and herbs 1316,

Pouzolzia zeylanica (L.) Benn. is a perennial herbaceous plant bel onging to
the Urticaceae family.!7 It is used as a re medy for diarrhea, indigestion, infantile
malnutrition, urination difficulties and injuries from falls. Moreover, it is espe-
cially useful in conditi ons such as acute mastitis and pyogenic infections.2-3
However, no chemical and biochemical information concerning P. zeylanica has
been reported.

In the present study , the antiradical and antioxidant activities of the whole
plant of P. zeylanica in four in vitro models, including DPPH, ABTS and hydro-
xyl radical scavenging assays and the reducing power a ssay, were investigated
The total phenolic (TP) content and the relationships between the TP content and
antioxidant activities were also investigated.

EXPERIMENTAL
Sample and reagents

Pouzolzia zeylanica whole plant was collected during the summer of 2009 in the Guang-
xi province, China. A voucher specimen was identified by Dr. Songji Wei at the Depart ment
of Zhuang P harmacy, Guangxi Traditional Chinese Medical University. 2,2’-Azinobis(3-
-ethylbenzothiazoline-6-sulfonic acid) dia mmonium salt (ABTS) and butylated hy droxyto-
luene (BHT) were purchased from Sigma Aldrich, St. Louis, USA. 1,1-Diphenyl-2-picrylhyd-
razyl (DPPH) (purity 98 %) was purchased from Wako Chemicals, Japan. Gallic acid standard
was purchased from J & K S cientific Ltd., Beijing, China. Other che micals were obt ained
from the China National Medicine Group Shanghai Corporation, Shanghai, China. All em-
ployed chemicals and solvents were of analytical grade.

Preparation of extracts

The extraction of Pouzolzia zeylanica was performed using two different methods: i)
cold-extraction under magnetic stirring and ii) Soxhlet extraction. For each extraction method,
three different solvents were used: acetone, ethyl acetate and petroleum ether (boiling point
range 60-90 °C).

Cold-extraction under stirring. Fifty grams of air-dried plant material was extracted with
500 mL of the individual sol vents under constant stirring. The filtrate wa s collected three
times at 48 h intervals during a total extraction period of 144 h. The acetone extract (CAE),
ethyl acetate extract (CEE) and petroleum ether extract (CPE) were obtained by concentrating
the extract liquid under reduced pressure at 40 °C using a vacuum rotary evaporator and the
dry extracts were stored at —20 °C until use.

Soxhlet extraction. Ten grams of P. zeylanica material was extracted with 100 mL of the
individual solvents using a Soxhlet apparatus for 7 h. The extract liquid was then concentrated
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ANTIOXIDANT ACTIVITY OF P. zeylanica 71 1

in a vacuum rotary evaporator at 40 °C and the obtained dry extracts (SAE, SEE and SPE)
were stored at —20 °C until use.

Determination of total phenolic content

Total phenolic (TP) concentration in the extra cts was determined using Folin—Ciocalteu
reagent (FCR), according to the method of Kumar et al.!® with slight modification. Gallic acid
was used as a standard. Briefly, the solution of each extract (0 .5 mL, 1 mg mL!) was diluted
to 10 mL with distilled water in a volumetric flask. FCR (1 mL) was added and mixed tho-
roughly, and then sodium carbonate solution (3 mL, 2 %) was added. The a bsorbance at 760
nm was measured after 2 h. The total phenoli ¢ content was determined by comparison with
the standard calibration curve of gallic acid, and results are presented as micrograms of gallic
acid equivalents (mg of GAE) per gram dry weight (g DW ). All tests were conduct ed in
triplicate.

DPPH radical scavenging assay

Plant extracts were tested for the scav enging effect on DPPH radical acc ording to the
method of Pan et al.!® 0.2 mL of extract solution in ethanol (95 %) at different concentrations
(0.2, 0.5, 0.8 and 1.2 mg mL") was added to 8 mL of 0.004 % (w/v) stock solution of DPPH
in ethanol (95 %). The scavenging activity on the DPPH radical was determined by measuring
the absorbance at 517 nm until the reaction reached the steady state, using a UV—Visible TV-
-1901 spectrophotometer (Beijing Purkinje General Instrument Co. Ltd., China). As a positive
control, synthetic antioxidant BHT was used. All determinations were performed in triplicate.
The DPPH radical scavenging activity (S%) was calculated using the following equation:
% = ((Acontrol = Asample)Pcontro) <100, where Acgpnirol is the a bsorbance of the blank control
(containing all reagents except the extract sol ution) and Agyppic is the absor bance of the te st
sample.

ABTSradical scavenging assay

The antioxidant capacity was estimated interms of the A BTS®* radical scavenging
activity following the procedure described by Delgado-Andrade et al.20 Briefly, ABTS®" was
obtained by reacting 7 mM ABTS stock solution with 2.45 mM potassium persulfate and the
mixture was left to stand in the dark at room temperature for 12—16 h before use. The ABTS**
solution (stable for 2 day s) was diluted with 5 mM phosphate-buffered saline (pH 7.4) to an
absorbance at 730 nm of 0.70+0.02. After the addition of 10 UL of sample to 4 mL of diluted
ABTS®* solution, the ab sorbance was measured at 30 min. All samples were analyzed in
triplicate. The ABTS ** radical-scavenging activity of the sampl es was expressed as S% =
= ((Acontrol — Asample)Peontro))* 100, where Aonior is the absorbance of the blank control
(ABTS*®" solution without test sample) and Asample is the absorbance of the test sample.
Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity was determined according to the method of
Beara et al.2! with some modification. 2 mL of extract solution (0.2, 0.5, 0.8 and 1.2 mg mL!),
1.0 mL of ortho-phenanthroline (7.5 mmol L!), 5.0 mL of phosphate buffer (0.2 M, pH 6.6),
1.0 mL of ferrous sulfate (7.5 mmol L) and 1.0 mL of H,0, (0.1 %) were mixed and diluted
to 25 mL with distilled water. After incubation at room temperature for 30 min, the absor-
bance was measured at 510 nm. The scavenging percentage (P%) was calculated as P% = (A —
— AD/(Ay — A)))*x100, where A, A; and A, are the absorban ce value of the system with all
solution including H,O, and the extract solution, the system without extract solution, and the
system without H,O, and the extract solution, respectively.
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Measurement of the reducing power

The reducing power was determined as described by Gulcin.” Briefly, 120 pL of extract
solution at different concentrations was mixed with 2.5 mL of phosphate buffer (0.2 M, pH
7.4) and 2.5 mL of potassium ferricyanide (1 %). After the mixture had been incubated at 50
°C for 20 min, 2.5 mL of trichloroacetic acid (10 %, w/v) was added, and the mixture was
then centrifuged at 3000 rpm for 10 min. A 2.5 mL aliquot of the supernatant was mixed with
2.5 mL of distilled water and 0.5 mL of ferric chloride (0.1 %), and then the absorbance was
measured at 700 nm. The higher the absorban ce value the stronger is the reducing power. Al l
measurements were made in triplicate.

Satistical analysis

All tests were conducted in triplicate. The results are expressed as means+SD. Analysis
of variance and significant differences among the means were tested by the one-way ANOVA,
using SPSS (Version 13.0 for Windows, SPSS Inc., Chicago, IL). Values o f P <0.05 were
regarded as significant.

RESULTS AND DISCUSSION
Total phenolic (TP) content

It is well known that phenolic compounds are potential antioxidants and free
radical-scavengers; hence, there should be a close correlation between the con -
tent of phenolic compounds and antioxidant activity.!8 In the present study , the
TP content of various solvent extracts from Pouzolzia zeylanica was investigated.
The results are given in Table I (P<0.01). The TP content varied in the different
extracts and ranged from 38.9 to 90.5 mg GAE g—! DW. The extract with the
highest TP content was CEE (90.5 mg GAE g~! DW), followed by SEE (81.2 mg
GAE g-! DW), indicating that CEE might have the most outstanding antioxidant
activity. The TP contents were in the following order: CEE > SEE > CAE > SAE
> CPE > SPE.

TABLE 1. TP content of various extracts from Pouzolzia zeylanica. Results are the mean+SD
of three parallel measurements. The values b earing different letters are very significantly
different (P < 0.01)

Sample Total phenolics, mg GAE g'1 DW
CAE 73.6+0.16°
SAE 69.2+0.254
CEE 90.5+0.282
SEE 81.2+0.32b
CPE 39.4+0.20¢
SPE 38.9+0.13¢

DPPH radical scavenging activity

DPPH has been widely used for free ra dical-scavenging assessments due to
its ease and convenience. I n the present stud y, all extracts were f ound to be ef -
fective scavengers against DPPH radical. They were superior to BHT and their
activities increased in a concentration dependent manner (Fig. 1). The ethyl ace-
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ANTIOXIDANT ACTIVITY OF P. zeylanica 7 1 3

tate extracts showed the highest DPPH radical scavenging activity, while the
weakest scavengers were the petroleum ether extracts. On the other hand, the ex-
tracts obtained by cold-extraction exhi bited stronger DPPH radical scavenging
ability than the corresponding extracts obtained by Soxhlet extraction. For ins -
tance, CEE possessed a scavenging capacity of 64.9 % onthe DPPH radical,
whereas that of SEE was only 55.9 %.

80 CEE 1.2
< . : ¢ < - & CEE 0.8
> s i A CEE0.5
S 60+ 4 ’ + SEE 0.5
S A 1 CEE 0.2
o A % L ® CAEO0S5
£ =
o 40 -
g
g 0
§ CPE 0.5
' SPE 0.5
T 9.
a2 5 3 : = BHT 0.5
o
=) 0
0 T T T T T T T T
0 20 40 60 80
Time, min

Fig. 1. DPPH radical scavenging activity of the various solvent extracts from Pouzolza
zeylanica compared with BHT. The values are the mean + SD of three parallel measurements.
The values are significantly different (P < 0.05) when compared to the control.

ABTSradical scavenging activity

The scavenging capacities of the various extracts for the ABTS radical wer e
measured and compared (Fig. 2). As can be seen, the scavenging effect of all ex-
tracts increased with incre asing concentration. As in the cas e of DPPH radical
scavenging, CEE exhibited the highest ABTS antiradical properties, followed by
CAE with an inhibition of 50.3 % for the ABTS radical at 1.2 mg mL-!. In ad-
dition, SEE possessed a strong scavenging capacity for the ABTS radical, which
was a little lower than that of CEE. The order of ABTS radical scavenging acti-
vity of all extracts was similar to that observed for DPPH. The differences in the
ABTS scavenging activities exhibited by the various extracts indicated that the
extracting solvent and extraction metho d influenced the antioxidant ability of the
extracts.

Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity of the various extracts was investi-
gated (Fig. 3). All extracts exhibited strong concentration-dependent scavenging
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abilities for the hydroxyl radical. CEE was found to be the = most powerful sca-
venger of the h ydroxyl radical, with an inhibi tion of up to 90.5 % at a concen-
tration of 1.2 mg mL-!. It is worth mentioning that C EE showed an inhibition of
10.9 % ata concentration as low as 0.2 mg mL~!. The weakest scavenger was
found to be SPE, the inhi bition of which, however, reached 52.3 % at 1.2 mg
mL-1. The results showed that the extracts obtained by both cold-extraction and
by Soxhlet extraction had excellent scavenging activities for the hydroxyl radical.
Furthermore, the order of antiradical ability for the hydroxyl radical was si milar
to those for ABTS and DPPH radicals and the TP content.
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Fig. 2. ABTS radical scavenging activity of the various solvent extracts from Pouzolzia
zeylanica. The values are the mean+SD of three parallel measurements. The values are
significantly different (P < 0.05) when compared to the control.

Reducing power

The reducing powers of the various solvent extracts from Pouzolzia zeyla-
nica are shown in Fig. 4. Different extracts exhibited different degrees of electron
donating capacities in a concentration- dependent manner, whereby CEE was the
most outstanding at the v arious concentrations. The reducing capacities at 700
nm for CEE, CAE, CPE and SEE were 1.14, 0.72 0.38 and 0.93, respectively.
Therefore, reducing power order was: CEE > SEE > CAE > CPE. The trend in
reducing power of the various solven t extracts from Pouzolzia zeylanica was
similar to that observed for DPPH, ABTS, hydroxyl radical scavenging activities
and the content of TP, indi cating that there is a correlation between the TP con-
tent and the antioxidant activities of the various solvent extracts from Pouzolzia
zeylanica.
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Fig. 3. Hydroxyl radical scavenging activity of the various solvent extracts from Pouzolzia
zeylanica. The values are the mean+SD of three parallel measurements. The values are
significantly different (P < 0.05) when compared to the control.
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Fig. 4. Reducing power of the various solvent extracts from Pouzolzia zeylanica.
The values are the mean+SD of three parallel measurements. The values are
significantly different (P < 0.05) when compared to the control.
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CONCLUSIONS

In the present investigation, extracts of Pouzolzia zeylanica exhibited out-
standing scavenging effects on DPPH, ABTS and  hydroxyl radicals, and pro-
nounced reducing powers. It is one of the few members of the Urticaceae family
which have been investigated for their antioxidant a ctivities and showed a high
antioxidant capacity compared to the intensive resea rch of members of other fa-
milies, such as La miaceae, Asteraceae, Fabaceae, Geraniaceae and Rosacea e.
CEE proved to be the most efficient extract and was superior to butylated hydro-
xytoluene. It contained the highest total phenolic content (TP) of 90.5 mg g!
DW, expressed as the g allic acid standard (determined by the Folin-Ciocalteu
method). The TP content and antioxi dant activities in both tested sy stems of
different extracts followed the same order: CEE > S EE > CAE > SAE > CPE >
SPE, showing there were significant ¢ orrelations between the antioxi dant acti-
vities and the TP content of Pouzolzia zeylanica. The results in dicated that all
extracts from P. zeylanica, obtained by cold-extraction under stirring or Soxhlet
extraction, contained phenolic compounds and exhibited excellent antioxidant ac-
tivities. However, cold-extraction unde r stirring seemed to be the more effica-
cious method of acquiring antioxidants e xhibiting capacities. Since this investi-
gation is a preliminary study, a detailed study of the antioxidant mechanisms of
specific phenolic components is an absolute necessity, and is in progress. Never-
theless, based on the above presentedr esults, various solvent extracts of P.
zeylanica, especially the CEE extract, could be investigated as a possible new
source of natural antioxidants in the food, nutraceuticals and cosmetic industry.
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M3BOJ

KATTAIIUTET YKIIABABA CJIOBOJIHUX PAJITUKAJIA, AHTUOKCUJATHUBHA
AKTHUBHOCT U CAJIP)KAJ ®EHOJIA V Pouzolzia zeylanica

PEIYUAN LI', LINI HUO', WEI SU?, RUMEI LU', CHAOCHENG DENG', LIANGQUAN LIU%, YONGKUN DENG/,
NANA GUO?, CHENGSHENG LU' 1 CHUNLING HE'

1College of Pharmacy, Guangxi Traditional Chinese Medical University u 2College of Chemistry and
Life Science, Guangxi Teachers Education University, Nanning, China

Cacrojuu Pouzolzia zeylanica cy ekcrpaxoBaHu pasiMYUTAM pacTBapaurMa (aleTOH, CTHII-
-alerar, merpojietap) IpUMEHOM JBe MeToze (XnaaHa ekcrpakiurja 1 COKCIETOBOM amapaTypoMm).
3a HpoIeHy aHTHPAIMKAJICKE U aHTHOKCUJIATUBHE CIIOCOOHOCTH eKcTpakara KopuutheHa cy 4eTupu
in vitro cucrema: DPPH, ABTS, TecT ykiamama XUAPOKCHIHHX paguKaia H TecT oapehuBarma
penykione criocoOHocTH. CBH €KCTPAaKTH Cy HUCIIOJBIIIN M3Y3€THY aHTHOKCHATUBHY aKTHBHOCT,
Koja je Omna Beha M 01 aKTHBHOCTH OyTHJIOBAaHOT XUAPOKCU-TONyEHA. EKCTpakTH y eTHi-aneraTy
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cy uMmanu HajBehy aHTHOKCHIATMBHY aKTHBHOCT, a METOJA XJIQJHE EKCTPaKUHje y3 MEIIame je
Omia HajeMKacHUja 3a M30JI0Bal-€ aHTHOKCHIaHACa. AHTHOKCHIATHBHA aKTHBHOCT je Omia y am-
PEKTHOj KOpenaluju ca yKymHHM (DEHOTHUM cajpkajeM ekcTpakara. Pesynratu cy mokasaid aa
OBH €KCTPaKTH, & HApPOYHUTO ETUJ-al[eTaTHH, MOTY IOCIYXHTH Kao W3BOP NPUPOJHUX AHTHOKCH-
JlaHaca KOjU Ce MOT'Y KOPHCTUTHU 3a Teparujy 000Jbeha HACTAINX Kao MOCIEIMIA OKCUAATUBHUX
peakIyja y opraHusmy.

13.
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(TTpumsbeno 18. aBrycra, pesnaupano 1. HoBemOpa 2010)
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Abstract: New cationic Cu(Il) and Co(II) complexes with N,N’,N”,N’*’-tet-
rakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tpmc) and the an ion
of 2-amino-3-phenylpropanoic acid ( Sphenylalanine) were prepared. The

complexes were analyzed and characterized by elemental analysis, conducto-
metric, polarimetric, magnetic and cyclic voltammetric measurements, as well
as by spectroscopic data (UV/Vis, IR). Both complexes are binuclear with the
general formula [M,(S-Phe)tpmc](ClO4);-nH,0; SPheH = Sphenylalanine,
M(I) = Cu, n = 7; Co, n = 0. Based on previously reported data for some
familiar complexes and the present results, pentacoordinated geometry was
proposed. Both of the central metal ions are coordinated with two pyridyl and
two cyclam nitrogens and bridged with -N—(CH,);—N— portions of the cy clam
ring and oxygen atoms of the S-phenylalaninate ion. Antimicrobial screening of
the complexes, solvent, starting salts and ligands alone was performed against
fungi, mould and some bacteria. In certain c ases, enhanced activity of Co(II)
complex towards bacteria compared with the relevant free ligands and starting
salts was detected.

Keywords: Cu(Il) and Co(Il) complexes; pendant octaazamacrocycle; S-phe-
nylalanine.

INTRODUCTION

Metal aminocarboxylate complexes have been the subject of ex tensive re-
search for many years. They are used to study phenomenon of the structure,
stability, magnetic properties and non-covalent interactions important in chemi-
cal reactions, molecular recognition and re gulation of biochemical processes, for
a better understanding of enzy me—metal ion—substrate complexes, which play an

* Corresponding author. E-mail: gordanav@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC101201062V
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720 VUCKOVIC et al.

important role in m etalloenzyme-catalysed biochemical reactions.!~!13 The anti-
microbial activity of such types of complexes was also the subject of some inves-
tigations.! 113 Mixed-ligand m ononuclear complexes of Cu(Il) and Co(II)/(I1I)
with S/R-phenylalanine and N-donor ligands: 2,2’-bipyridyl, 1,10-phenantroline,
imidazole, N,N’-diethylethylenediamine-N,N’-di-o~butyrato dianion, 3,3”,4,5,5’-
-pentamethyl-4’-ethyl-2,2’-dipyrrolyl-methene were prepared and described. 6-10
The aminocarboxylato ligands in these complexes are bidentate chelates connec-
ted to the metal ions via the carboxylate oxygen and the amino group, N,O mode.
In Co(IIl) complexes with N,N-bis(carboxymethyl)-S-phenylalanine including as
the secondary ligand aliphatic or aromatic aminocarbox ylates S-/R-phenylala-
nine/S-tryptophan, NH—n interaction was observe d as an i mportant factor for
molecular recognition and stabilisation of their cry stal molecular structures.” In
the same paper, this interaction was al so studied in solution for Co(Ill) ternary
complexes with N,N-bis(carboxymethyl)-S-phenylalanine or nitril otriacetic acid
including one of the following amino acids / derivatives: gl ycine, S-proline/phe-
nylglycine/alanine/leucine/4-methylphenylalanine/tyrosine or SR-chlorophenyl-
-alanine. Bis(aminocarboxylato) square-planar Cu(Il) complexes of N,O-bonded
S-methionine/phenylalanine/tryptophan were isolated and investigated by thermal
and spectroscopic (UV/Vis, IR, EPR) methods.!0 In the complexes of transition
metal ions with N-substituted S-phenylalanine the COO~ group is coordinated to
Co(Il) and Cd(II) as bidentate O,0’- (thus forming chelate rings) or to Zn(II) as
O-monodentate.! ! The formation of pentanuclear Cu(Il) co mplexes with S-phe-
nylalanine/tryptophanhydroxamic acid was also studied in solution and the struc-
ture was predicted using a combined potentiometric, spectrophotometric, CD and
ESI-MS study and X-ray data of similar species of B-alaninehydroxamic acid.!2
Mononuclear complexes of divalent Co, Cu, Ni and Zn with amino acid-derived
compounds were also described.!3

On the other hand, pol yazamacrocyclic ligands and their metal complexes
are an attractive field of i nvestigation due to their numerous unusual structural,
spectral, redox and bi ological properties and possible applications as cataly sts,
new magnetic materials, ion selective potentiom etric sensors, antim icrobial or
agents for nucleic acid cleavage.14-23

In previous papers, a series of binuclear Co(Il) co mplexes with pendant arm
octaazamacrocycle N,N’,N”,N’*’-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyc-
lotetradecane (tpmc) and an additional aliphatic ~ o~/f-aminocarboxylate having
linear or branched chain (gly cine, S-alanine, S-aminobutyric/@-aminoisobuty-
ric/f~aminobutyric/f-aminoisobutyric acid, Snorvaline/Svaline), or N-methyl
glycine derivatives (N-methyl/N,N-dimethylglycine), were described. The gene -
ral formula was [Co(A)tpmc]B3; A~ = anion of th e corresponding amino acid/
/derivative, B = ClO 4/BF4~. It is supposed that the A ligands are coordinated
with Co(II) via the COO~ group in bridged!7-19 or a co mbined chelate-bridged
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mode,!® whereas the -NH, group remains uncoordinated. Metal centres are also
bridged with N—(CH»)3—N fragments of the cyclam ring.

The aim of the present study was the preparation, characterization and anti-
microbial testing of Co(I1)/Cu(Il) tpmc com plexes with Sphenylalanine, as a re-
presentative of aromatic amino acids and the com parison of the results with dat a
for the related described com plexes containing aliphatic amino acids or alipha-
tic/aromatic carboxylates.16-22

EXPERIMENTAL

Metal-organic perchlorate salts must be handled with caution! Since they contain both
oxidizing and reducing groups and metal ions are so metimes effective catalysts, serious
explosions are possible! Use only the absolute minimum of material required and never he at
more than a few crystals!

Preparation

Cu(ClOy),-6H,0,2* Co(ClOy4),-6H,0,% tpmc2® and [Cu,tpmc](ClO4)427 were prepared
and purified by the procedures described elsewhere. All other chemicals, as p.a. commercial
products, were used as received.

[CUQ(S-Phe)thT‘C] (CI O4)37H20 (1)

[Cu,tpmc](ClOy4)4 (50 mg; 0.046 mmol) was dissolved in 5 mL of 4:1 mixture CH;CN—
—H,0 (v/v). To this solution, Sphenylalanine (15 mg; 0.091 mmol) dissolved in 4 mL of 1:1
mixture CH;CN-H,0, (v/v) previously neutralized with NaOH (0.1 mol L) topH = 7.0
(controlled with pH strips 6.4-8.0) was sl owly added. The colour graduall y changed from
blue—violet to blue. The reaction mixture was refluxed and stirred at = 80 °C for the following
3 h, then concentrated to 1/3 of its initial volume on a water bath. It was allowed to cool to
room temperature, covered with parafilm and left in a refrigerator undisturbed to crystallize
slowly. The blue precipitate was vacuum-filtered, washed with small portions of cold CH;CN
and deionised water and air-dried. The product wa s then powered and recrystallized from
deionised water. The blue microcrystalline product was removed by suction, washed with
small portions of deionised water and left in a desiccator over silica gel. The product was
stable to open air. Decomposition occurred at =190 °C (checked with a ho t plate equipp ed
with a microscope). Yield: 70 %.

[Cox(S-Phe)tpmc (ClOy)3 (2)

Co(Cl104),:6H,0 (260 mg, 0.709 mmol) and tpmc (200 mg, 0.355 mmol) were dissolved
in a minimum volume of CH3;CN. The mixture was warmed on a wat er bath to 80 ° C and
stirred. An aqueous solution of S-phenylalanine (72 mg; 0.355 mmol) previously neutralized
with NaOH (0.1 mol L) to pH = 7.0 (controlled with pH strips 6.4-8.0) was gradually added
dropwise to the first solution. The reaction mixture was refluxed with stirring for 2.5 h (at 80
°C). The obtained brownish—purple solution was evaporated on a water bath to 1/2 of its initial
volume. It was left in a refrigerator well close d overnight, whereby a dark purple precipitate
contaminated with a small amount of violet side-product [Co,(OH)tpmc](ClO,4); appeared.
The precipitate was re moved by suction, d ried, recrystallized from CH3;CN and washed
properly with small portions of cold CH3OH. This procedure was repeated until a pure purple
microcrystalline compound was obtained, which was dried and stored in a dessicator over
silica gel. The compound was stable in the solid state to open air at room temperature and on
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heating to 200 °C, but on prolonged sta nding of its solution, dark brown Co(OH) 3 formed.
Yield: 63 %.

Analytical methods and applied instruments

Elemental analyses were performed by standard methods in the Centre for Ins trumental
Analyses, ICTM, Belgrade. The Cu content in complex 1 was determined by atomic ab-
sorption spectrophotometry using a Perkin-Elm er AAS-5100/PC instrument. The electronic
absorption spectra of the compl exes in CH ;CN/DMF solutions (1.0x103 mol L!) were
recorded on a GBC UV/Vis Cintra 20 spectrophotometer. The reflectance spectrum of com-
plex 2 was recorded on a CA RY 17D spectr ophotometer using MgO as the standard. The
position of the broad maxima were corrected using the Kubelka—Munks function.2® Magnetic
susceptibility measurements were realised at room temperature (2042 °C) using an MSB-MKI
balance calibrated with Hg[ Co(SCN)4] (Sherwood Scientific Ltd., England). The data were
corrected for diamagnetic susceptibilities using Pascal constants.2 The IR spectra were run on
a Nicolet 6700 FTIR spectrom eter (ATR technique) in the range 4004 000 cm’!. Molar
electrical conductivities in CH;CN/DMF (1.0x10- mol L!) were measured at room tem-
perature on a Hanna instruments HI 8820N conductometer. The optical r otation for th e
complexes and Sphenylalanine alone were measured at 589 nm at ambient temperature (20+£2
°C) using a tube of 1 dm on a Rudolf Research Analytical Autopol IV automatic polarimeter
(c = 2.2x10* for complex 1, 2.4x10* for 2 and 2.4 x103 mol L' for Sphenylalanine).
Electrochemical measurements on complex 1 were perform ed using el ectronic equipment
Metrohm 797 VC Computrace in a standard three-electrode cell: a Pt disc as the workin g
electrode, standard Ag/AgCl as the reference electrode and Pt as the auxili ary one. Measu-
rements were performed in 10 mL of CH;CN. The concentration of complex 1 was 1.0x10
mol L1, Cyclic voltammetry (CV) was performed with sweep rates of 50, 100 and 200 mV s!
in the potential range from —1 to 1 V vs. Ag/AgCl. Electrochemical measurements on complex
2 were also per formed in a standard three-electrode cell but with a glassy carbon (GC) as the
working electrode, saturated calomel (SCE) as a reference an d Pt as the aux iliary electrode.
The measurements were realised in 100 mL of a mixture of CH;CN: aqueous NaOH (1.0 mol
L") solution (3:7, v/v). CV was performed by changing the potential in the range from —0.5 to
0.4 V vs. SCE at a sweep rate of 100 mV s!. The change in the potential was achieved using a
sweep generator, EDT Research, the impulses of which were brought to a potentiostat, Bruk er
Potentio-Galvanostat EI30. An XY plotter, Hewlett Packard 7015 X-Y, was used. All measu-
rements were performed at room temperature (20£2 °C). Oxygen was removed from the
system by continuous bubbling with oxygen-free N,.

For the preliminary antimicrobial test, the agar well diffusion method was applied.>® The
screening was performed against the following 6 cultures of microorganisms: the Gram-(+)
bacteria Micrococcus lysodeikticus ATCC 4698 and Staphylococcus aureus ATCC 25923, the
Gram-(+) bacterium forming spores, Bacillus subtilis ATCC 6633, the Gram -(—) bacterium
Escherichia coli ATCC 2592 2, the fungi Candida albicans ATCC 24 433 and the mould
Aspergillus niger ATCC 12066. Nutrition (cultivation) medium was Mueller—Hinton agar for
the bacteria and Sabouraud dextrose agar for the fungi. The incubation temperature was 37 °C
for the bacteria and 28 °C for the fungi. The solvents: CH;CN, DMSO and CH30H, ligands S
PheH in CH;0H and a suspension of tpmc in CH3CN, aqueous solutions of Co(ClO4),-6H,O
and Cu(ClOy),-6H,0 and the complexes 1 and 2 in DMSO (1.0 mg mL!) were tested
separately. In the hole s of agar plates (@ 0.8 cm), 100 uL of each compound solution were
applied. Neither of the co mplexes showed antifungal activity. The antibacterial activities of
complexes 1 and 2 were quantified by the dilution method in agar (the minimum inhibition con-
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centration was determined, MIC).3132 The initial concentration of the complexes was 8 mg mL!
in DMSO. This solution was doubly diluted to give concentrations in the range 8-0.125 mg mL-!.
0.5 mL of the solution of the tested substances was mixed with 9.5 mL of melted and cooled
nutrition agar. The bacteria w ere seeded on the surface of the agar plate. After incubation f or
24 h, the MIC values were determined as the lowest concentration of the complex preventing
visible growth of the bacteria.
ACD/ChemSketch (Freeware version) wa s employed for drawing Figs. 1 and 4 and

prediction of the relative M---M distances within the complexes described in this paper.

RESULTS AND DISCUSSION

New cationic binuclear Cu(Il) and Co(II) co mplexes with pendant arm octa-
azamacrocyclic ligand tpmc and S-phenylalanine, representing an aro matic ami-
nocarboxylate ligand, were successfully isolated. The Cu(Il) com plex was pre-
pared by the expansion of the coordination sphere of [Cu)tpmc](ClOg4)4 with the
anion of Sphenylalanine in the molar ratio of reactants ~1:2. The yield of the
target complex was thus approxim ately two times higher than in the case of the
direct synthesis starting from the reactants. The Co(Il) complex was prepared by
direct synthesis using the reactants C o(ClO4),-6H70, tpmc and neutralized S
-phenylalanine in the molar ratio =2:1:1. In both sy ntheses, S-phenylalanine was
neutralized to pH = 7.0 to enhance its donor ability and to suppress the formation
of violet [Cop(OH)tpmc](ClO4)3 during the synthesis of the Co(II)complex, which
was always present as a side-product, even in pure aqueous solution.

Complex 1 (t =20+2 °C) was well soluble in CH 3CN, H,O, CH3OH and
DMSO but insoluble in CoH50H. Complex 2 (t = 20£2 °C) was well soluble in
CH3CN, DMSO and DMF and sparingly in H,O and CH3OH.

The analytical results obtained for the prepared complexes were as follows.

Complex 1. Anal. Calcd. for Cu,Cyq3HggNgO;Cl3 (FW 1280.58): C, 40.33;
H, 5.35; N, 9.84; Cu, 9.91 %. Found: C, 40.34; H, 4.97; N, 9.72; Cu, 9.52 %.

Complex 2. Anal. Calcd. for Co,C43Hs56N9O5Cl3 (FW 1145.27): C, 45.10;
H, 4.75; N, 11.01 %. Found: C, 44.92; H, 4.92, N, 10.68 %.

The values of molar electrical conductivities measured in CH3CN and DMF
for both complexes are given in Table I. In CH 3CN, for both com plexes, they
were between those found for 1:3 (literature range 340420 S cm? mol~!) and for
1:4 (500 S cm? mol1) type of electrolytes. In DMF, the value was slightly higher
for complex 1, while complex 2 in DMF correspo nded to a 1:3 ty pe (literature
range 200-240 S cm? mol-1) (Table I).33

Considering the results of elemental analyses and conductivity measure-
ments, the general form ulas of the co mplexes were propo sed as [My(S
-Phe)tpmc](ClO4)3-nH,0O, SPheH = Sphenylalanine, M(II) = Cu, n=7; Co, n=0.

The electronic absorption spectrum of the blue Cu(Il) complex 1 recorded in
CH3CN has a broad absorption maximum in the visible region correspondin g to
d—d transitions. The position and intensity of the maximum was similar to those
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724 VUCKOVIC et al.

found for congeneric described binuclear Cu(II)tpmc complexes containing ben-
zoate/hydrogenphthalate instead of Sphenylalanine ligand.20 X-Ray structure
analyses!0 of these complexes confirmed a coordination number 5 and the chro-
mophore CuN4O, which are also supposed for complex 1. In addition, in UV part
of the spectra, very intensive dented bands at 220-305 nm (¢ from 4700 to 13596
L mol~! em™!) could be ascribed to charge transfer (C T) transitions. In DMF, the
position of the absorption maximum was similar but more intense; CT dented
bands were found at 275-318 nm (& from 4748 to 5769 L mol~! cm™1).

TABLE 1. Electronic spectral data for co mplexes 1 and 2 in CH;CN#DMFP®, reflectance
spectrum®, molar conductivities (Ay) and magnetic moments (L.g) at room temperature
compared with some relevant published analogues

Complexd Amax / nm (/L mol! cm™!) S crrﬁl\l/[nol*‘ 1y pléfg\f/[(u)
[Cuytpme](Cl0,) 2T 680 (340)? 510° 1.90
594¢
[Cuy(SPhe)tpmc](Cl0);: TH,0 650 (235) 4450 2.05
643(381)° 276
[Coy(OH)tpme](C10,); Hy03 489 (60), 574 (80)° - -
[Co(S-Ala)tpmc](ClO,);- HyO!7 459 (60), 512 (75), - 462
sh 551(58)%;
452, 508, sh 560°¢
[Coy(SPhe)tpmc](ClO,)3 460 (66), 512(85), sh 555(61)%; 4767 421

471 (67), 510 (77), sh 559(59)°;  219P
425, 482, 538°
3in CH3CN; b DMF , ‘reflectance spectrum; dtpmc = N,N’,N”,N”*’-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraaza-
cyclotetradecane; S-PheH = S-phenylalanine; S-AlaH = S-alanine; sh-shoulder

The magnetic moment of 2.05 ug per Cu(Il) at room tem perature (Table I)
was in the range 1.75 —2.20 ug found previously for similar five-coordinated
Cu(Il) complexes with one unpaired electron and in which there is no significant
magnetic interaction.20-22,34

In binuclear complexes, the phenylalaninate-bridged ligand has, theoretical-
ly, the possibility for coordination in several modes represented in Fig. 1.34

In the electr onic absorption spectrum of complex 2 recorded in CH 3CN/
/DMF (Table I), two maxima and one shoulder corresponding to d—d transitions
for high-spin Co(II) complexes were observed. From Table I is ob vious that ma-
xima positions and the ¢ values for complex 2 are comparable with the given data
for [Coy(S-ala)tpmc](Cl04)3-H>017 in CH3CN, which contains the aliphatic S
-alanine, suggesting the sam e CoN4O chromophore but differ from those for
[Coo(OH)tpmc](Cl04)3.35 The coordination number 5, as the most probable due
to the lower symmetry than for coordination number 6, found in congeneric com-
plexes is assumed.3® However, there is a bathochromic shift of all maxima in the
spectra of complex 2 in solution (recorded both in CH3CN and DMF) compared
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with the reflectance spe ctrum of the co mplex, which was not the case for the S
-alaninate analogue. This fact implies some changes in the geometry, conforma-
tion or coordination sphere upon dissolution of the complex containing S-phenyl-
alanine. The reason might be the introduction of the more bulky phenyl group in
the aminocarboxylato ligand.

Fig. 1. Some of the theoretically possible coordination modes of the phenylalaninate ligand in
binuclear bridged complexes: a) N,O-; b) combined chelate-bridged, O,0’,N-;
¢) monoatomic O,0-; d) O,0’-; e) combined chelate-bridged O,0,0’-;
f) combined chelate-bridged O,0,0°,0’-.

The UV part of the spectrum of complex 2 in CH3CN contains several un-
resolved maxima in the range 25 0-290 nm, with ¢ around 4350 L mol-! cm™!,
belonging to CT transitions. Int he spectrum recorded in DMF, there is sharp
maximum at 276 nm (¢ = 4730 L mol~! cm™1), originating also from CT. The
magnetic moment at room te mperature for the complex 2 (Table I) of4.21 up
falls in the range 3.96 —4.75 up/Co(Il) found for high-spin analogous complexes
with 3 unpaired electrons.!8-29

In IR spectra of the com plexes, the following bands (in cm~!) were present:
a medium broad band wit h maxima =3573 of v(O-H) from the crystal bonded
molecules of HyO overlapping the valence vibrations of -NH» in the spectrum of
1 and a doublet at 3313 and 327 9 from V(NH») in the spectrum of 2; a strong
sharp band =1610 in both complexes, originating from skeletal valence vibrations
of the p yridine ring from tpmc included in coor dination, which was found at
1588 in the spectrum of free tpme, a strong band of v(ClO4™) which was not in -
cluded in the coordination at 1101 for 1, i.e., 1065 for 2, as well as a medium
sharp band from 6(Cl1047) at 624 for 1, i.e, at 619 for 2. Finally, weak bands at
473 corresponding to vV(M—N) for 1 and 463 for 2 and at 407 are ascribed to
v(M-0).37
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The bands of the asy mmetrical and symmetrical vibrations of t he —COO~
group, V,;5(OCO™) and vg(OCO™) and the values Av = v,5 — Vg for the free ligand
and both co mplexes, together with the corresponding values for the analogous
Co(Il) S-alaninate complex are given in Table II. The shift of Vv,4 and v; in the
spectra of complexes 1 and 2 was evidence for the participation of the carboxylic
group in the coordination. The electronic absorption spectral data (Figs. 1a and
1b) excluded N,O-chelate coordination of the Sphenylalaninate anion. Further-
more, the electronic spectra for the Co(Il) tpmc S-alaninate and S-phenylala-
ninate complexes and the increasing of their ~ Av values co mpared with thos e
found for the uncoordinated ligands were similar, suggesting the same coordi-
nation mode. This together with the absence of a band over 1650 cm~! indicated
the participation of both O atoms in the coordination, i.e., the O,0-bridged coor-
dination mode, hence the mode in Fig. 1¢ could be excluded.

TABLE II. IR spectral data values (cm!) of v(OCO) for the free a minocarboxylate, com-
plexes 1 and 2 and the Co(I)tpmc S-alaninate analogue!’

Compound? V,(0CO) V,(0CO) Av
SPheH 1562 1408 154
[Cuy(S-Phe)tpme](Cl0,);-7H,0 (1) 1573 1398 175
[Co,(S-Phe)tpmc](Cl0,); (2) 1578 1357 21
S-AlaH 1594 1413 181
[Co,(S-Ala)tpmc](C1O,);-H,0!7 1575 1350 225

dAbbreviations as in Table I

The Av value for both co mplexes was higher than that for uncoordinated S
-phenylalanine (154 cm~1). For the complex 1, it was 175 and for 2, 221 cm™1,
meaning a stronger bond in the latter case. Moreover, the Av value of the Co(II)
complex was com parable with that fou nd for the analogous S-alaninate Co(II)
complex, 225cm1,17 suggesting almost the same strength of the Co—O bonds.

For complex 1, [M]sg9 is —1408.64°, and for complex 2, +498.59°, which is
significantly higher than the value for the corresponding S-alaninato Co(II) com-
plex of +168°,17 while for the Sphenylalanine alone [M]sgg is —20.63° at room
temperature. The origin of the optical rotation in the S-alaninate complex was as-
cribed to the “vicinal effect” alone.!7 The value of the molar optical rotation is
most probably increased in com plex 2 due to the conformational and configura-
tional contribution to the overall activity, as well as due to the greater asy mmetry
in the complex ion. As for the complex 1, representing the first Cu(Il)tpmc co m-
plex with an optically active aminocarboxylate, there is no comparable published
data for familiar complexes, although its value of [M]sgg is also rather high.

The electrochemical behaviour of the synthesized complexes was studied by
cyclic voltammetry. First the voltammograms of the starting com plex
[Custpmc](ClOy4)4, tpme and the aminocarboxylate salt were recorded in CH 3CN.
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Measurements were performed in the range of —1.0 to +1.0 V at s can speeds of
50, 100 and 200 mV s~l. A representative CV of com plex 1 at 200 mV s ! is
shown in Fig. 2. The same correlation was observed using a lower rate of poten-
tial change but with inc reasing rate, the cy clic voltammogram was broader,
showing that the adsorption of the complex on the working electrode was a re-
latively slow process. The absence of peaks on both voltammograms suggests the
electrochemical stability of the complex under the investigated conditions. The
electrochemical behaviour of sim ilar dicarboxylato Cu(Il)tpmc complexes was
previously studied using lower rate s, when it was observed that w ith decreasing
the rate of potential change on the elect rodes and by holding the potential, some
peaks appeared or became more intensive.2!

0.02 4
0.014
04
-
Z 001
-0.02 4
0,034
-(.04 4 . .
Fig. 2. Cyclic voltammogram of the
0,05 . . . . __ complex:
-1.0 0.3 0 - 05 1.0 [Cuy(SPhe)tpmc](ClOy)3;:7H,O  in
E/V vs. AgiAgCl CH;CN (scan rate: of 200 mV s'1).

The state of the working e lectrode in the second experiment was first deter-
mined by potentiodynamic measurement in the basic electrolyte in the absence of
complex 2. Then complex 2 was added, for which the cy clic voltammogram is
presented in Fig. 3. As the obtained curves are identical, it was concluded that the
Co(II) complex is electrochemically stable in this electrolyte in the potential ran-
ge —0.5 to +0.4 V vs. SCE and that there is no “charge transfer”. On expanding
the potential range towards more negative potential than —0.6 V vs. SCE, there
were no essential changes, except the start of Hy evolution. On expanding the po-
tential range towards more positive potential than +0.65 V vs. SCE, the complex
was completely decomposed and peaks due to the oxidative decomposition of its
products appeared.

A computer program was applied f or the optimization of the possible geo-
metries and coordination modes of aminocarboxylato ligands. Thereby it was
seen that in the Cu(IDtpmc complex with S-phenylalanine with bridged O,0O’-co-
ordination, the approximate Cu---Cu distance was larger (=5.1 A) than in the case
of the analogous #-0,0’-benzoato complex (=4.5 A), for which such a coordi-
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728 VUCKOVIC et al.

nation was confirmed by X-ray analysis. This is quite understandable due to the
steric hindrance of the more bulky benzyl than phenyl group and introduction of
amino group in the first co mplex. Unfortunately, for the corresponding Co(Il)tpmc
complex, no com parable X-ray analyses data exist for analogous com plexes.
However, by using the same program, the Co---Co distance in this co mplex was
estimated to be 5.0 and ~4.8 A in the related complex with S-alanine.

0.2F
<
= ol
~ v
~
-0.2F
-0.4r1
y ! L Fig. 3. Cyclic voltammogram of the com-
-0.4 0 0.4 plex [Coy(SPhe)tpmc](ClO4); (scan rate:
E/VvsSCE 100 mV s!).

Based on all the above reported results, the asy mmetrical ¢~-O,0’ manner of
coordination is proposed as the most probable, with one oxy gen in the base of a
square-pyramidal geometry and the other in the axial position of a trigonal-bi-
pyramid (Fig. 4).

Fig. 4. Proposed geo metry of the
complex cation [M,(S-Phe)tpmc]3™,
M(II) = Co/Cu within com plexes 1
and 2.
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The antimicrobial study showed that the solvents, ligands, sim ple salts and
complex 1 were inactive up to 400 pug mL-! against all the studi ed microorga-
nisms. Both complexes were inactive against the tested fungi and mould. Com-
plex 2 had moderate activity towards some of the studied bacteria (Table III ).
The Co(Il) complex was more active than the analogous Cu(Il) complex, sug-
gesting that it is kinetically less stable under the investigated conditions.

TABLE III. Minimum inhibitory concentration (MIC), in pg mL!, of the complexes 1 and 2

Complex Solvent M.L.2 S.A2 E.C2 B.S.2
[Cuy(S-Phe)tpmc](ClOy)3-7H,0 DMSO >400 >400 >400 >400
[Co,(SPhe)tpmc](ClOy4)3 50 100 200 >400

*M.L, M. lysodeikticus ATCC 4698; S.A, S. aureus ATCC 25923; E.C, E. coli ATCC 25922; B.S, B. subtilis
ATCC 6633

CONCLUSIONS

In this paper, the first Cu(Il)tpmc complex with an aminocarboxy late ligand
and the first Co(Il)tpmc complex with an aromatic aminocarboxylate were des-
cribed. Their composition was consistent with binuclear 3+ catio nic complexes.
The molar ratio of t pmc and S-phenylalanine anion was 1:1. Based on spectral
analyses, conductometric and m agnetic measurements, cyclic voltammetry and
previously published congeneric complexes, pentacoordinated geometry with an
exo coordination mode of the octaazamacrocyclic ligand in the boat conforma-
tion, with a ©-O,0’-bonded Sphenylalaninato ion is proposed. The cobalt(Il) com-
plex showed moderate antibacterial activity against some strains. The complexes
were compared mutually and with some related already published complexes.
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Education and Science of the Republic of Serbia (Project No. 172014), Dr. Dragan Ma-
nojlovi¢ of the Faculty of Chemistry, Belgrade, Serbia, for the CV measurements and Dr. Gor-
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U3BOJ

HOBH Cu(Il) 1 Co(II) OKTAASAMAKPOIUKJIMYHN KOMIIJIEKCU CA
2-AMHMHO-3-®EHUJI-TTPOITAHCKOM KUCEJIMHOM

TOPJIAHA BYUKOBUR', MUPJAHA AHTOHUJEBURA-HUKOJINR?, CIABAHA b. TAHACKOBUR®
1 BYKOCABA JXKMBKOBWR-PAJIOBAHOBUR!

! Xemujcu gpaxyaitiei, Yuusepsuitieii y Beozpady, i.ip. 118, 11158 Beozpad, * Bucoka iliexnoaoutka wkoaa
ciupykosHux ciiyouja, 15000 Wabay u 3(Dupmaueymcxu hakyaitieini, YHusep3auitieiu y beozpaoy,
Bojsooe Ciuieiie 450, 11000 Beozpao

Jlobujena cy nsa HoBa xominiekca Cu(Il) u Co(II) ca N,N’,N”,N’”’-Terpaxuc(2-nmupuannme-
tin)-1,4,8,11-nuknorerpagexanom (tpmc-oM) U aHjOHOM 2-aMHHO-3-(ECHUII-TIPONIAaHCKE KHUCCIUHE
(S-¢ennnanannna). OHK Cy aHAJIM3UPAHU M OKAPAKTEPHCAHM: EJIEMEHTATHOM aHAIN30M, KOHIYK-
TOMETPHjCKHM, MOJIAPUMETPHjCKUM, MArHETHUM M LIMKIMYHO-BOJITAMETPH]CKMM MEpeHHMa, Kao 1
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730 VUCKOVIC et al.

cnekTpockorckuM noxpamuma (UV/Vis, IR). Ob6a xoMmiuiekca cy AMHYKIeapHa ommrte (opmylie
[M5(S-Phe)tpmc](ClOy4)5-nH,0; SPheH = S-¢denmnanannn, M(II) = Cu, n=7; Co, n= 0. Ha ocHo-
By paHHje AOOHMjeHHMX IOJaTaKka 3a CPOJHE KOMIUIEKCE M HOBHX pe3yJiTara MpeTIIOCTaB/beHA je
HEHTaKOOpAMHALMOHA reoMeTpuja. O0a 1eHTpalHa METallHa jOHa Cy KOOPAMHOBAaHA 3a I10 J1Ba -
PO U J1Ba IEKJIaMoBa azota u npemornheHa —N—(CH;);—N— ¢parmMenTiMa nukiaMoBor npcreHa
1 KHCEOHHKOBUM aTOMUMa S-(peHmnanaHnHaTo joHa. AHTUMHUKPOOHHM TECT KOMILIEKCa, pacTBapaya,
TIOJTa3HUX COJIM M CaMHX JIMTAHA/A j€ M3BPIICH HAa TJbUBHIIE, IUIECHU U OakTepuje. Y HM3BECHHM
cinydajeBuMa HaljeHa je moehana aktuBHOCT kKomiuiekca Co(Il) mpema nojenuanM OakTepujama y
oJHOCY Ha oArosapajyhe cio6ojHe IuraH/e U mojxa3He COou.

(IIpumsbeno 1. nenem6pa 2010, peBuaupano 27. janyapa 2011)
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Effect of benzocyclobutadieno-annelation on cyclic conjugation
in fluoranthene congeners
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Abstract: Earlier studies revealed that benzo-annelation has a peculiar effect on
the intensity of cyclic conjugation in the five -membered ring of fluoranthene
congeners. Now, the analogo us effect of benzocy clobutadieno-annelation was
examined and it was found sh ow it is opposi te to the effect of benzo-anne -
lation: a benzocyclobutadiene fragment in angular (resp. linear) position with
regard to the five- membered ring, decreases (resp. increases) the intensity of
cyclic conjugation in the five-membered ring.

Keywords: fluoranthenes; Kekulé structure; polycyclic aromatic hydrocarbon;
benzo-annelation; benzocyclobutadieno-annelation.

INTRODUCTION

Attaching a benzene ring to a carbon —carbon bond of a pol ycyclic conju-
gated molecule can be performed in two different ways: either as an ordinary be-
nzo-annelation or by connecting the benzene ring via two new carbon—carbon
bonds, referred to as a benzocy clobutadieno-annelation (or, abbreviated, BCBD-
annelation), Fig. 1.

The effect of benzo-annelation on ¢ yclic conjugation in various polycyclic
conjugated systems was much studied: in acenapht hylene and fluoranthene con-
geners,!=8 in other non-alternant conjugated molecules,”>10 and in benzenoid
hydrocarbons,!1-17 and a general theory thereof was developed.!8 The analogous
effect of benzocyclobutadieno-annelation has until now not been examined at all.

In previous works, particular attentio n was paid to the effect of benzo-an-
nelation on the intensity of cyclic conjugation in the five-membered ring of ace-
naphthylene and fluoranthene congeners.!-8 Within these studies, the following
five generally valid regularities could be established:

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC101201061G
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734 GUTMAN, FURTULA and BALABAN

Rule 1. Benzo-annelation in an angular position to the five-membered ring
increases the intensity of cyclic conjugation in the five-membered ring.

Rule 2. Benzo-annelation in a linear p osition to the five-membered ring de-
creases the intensity of cyclic conjugation in the five-membered ring.

Rule 3. The effects specified in Rules 1 and 2 are proportional to the number
of benzo-annelated rings.

Rule 4. The effect of an an gular benzo-annelation on the intensity of cyclic
conjugation in the five-membered ring is significan tly stronger than the analo-
gous effect of linear benzo-annelation.

Rule 5. The effect of annelation at the “male” part of fluoranthene (positions
a3, a4 and I3, Fig. 2) is much weaker than the effect of annelation at the “female”
part (positions aj, ay, |1, and Iy, see Fig. 2).

0 -1

pbenzo-annelation

Fig. 1. Two ways in which a benzene
ring can be annelated to a poly cyclic

conjugated system. In this work, the
effects ofth e benzocyclobutadieno
= (BCBD) annelation on the i ntensity
of cyclic conjugation in a ring of the

parent conjugated system were stu-

benzocyclobutadieno-annelation  died for the first time (cf. Fig. 2).

The intensity of cyclic conjugation can be assessed by means of the energy -
-effect (ef) of the respective ring. The theory of the ef-method has been outlined
in two reviews. 19-20 For additional det ails see an older paper,2! more recent ar-
ticles,16:17.22,23 and elsewhere.*11 For the present considerations it is sufficie nt
to recall that the ef-values are expressed in units of the HMO  carbon—carbon
resonance integral £. Therefore, positive €f-values indicate thermodynamic sta-

Fig. 2. Fluoranthene F; and the sites
where a benzo- or BCBD-ann elation
can occur. Sites marked by a and |
pertain, respectively, to angul ar and
linear annelation relative to th e five-
-membered ring (A).
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CYCLIC CONJUGATION IN FLUORANTHENE CONGENERS 73 5

bilization caused by cyclic conjugation, and the greater is €f, the stronger is the
cyclic conjugation in the considered ring.

It should be noted that in previous works,!=8 instead of “angular” constella-
tion of a five- and a six-mem bered ring, their “PCP” constellation (where PCP is
the abbreviation of “phenyl-cyclopentadienyl”) was used. In these works, 1-8
RuAle 1 was referred to as the “PCP rule” or the “PCP effect”. Since in the pre-
sent work, we are going to consider benz ocyclobutadieno-annelation will be con-
sidered, the term “PCP” would be misleading, and, therefore, the m ore plausible
term “angular” is used (cf. Fig. 1).

The regularities stated here as Rules 1-4 were first discovered by calculating
the ef-values of the five-membered ring. Eventually, these regularities were con-
firmed by a number of other, independent, theoretical approaches.3:6-8:13

In this paper, the regularities analogous to Rules 1-4 in BCBD-derivatives of
fluoranthene (F1) are studied. BCBD-annelation in fluoranthene may occur in the
angular or in the linear mode, relative to the five-membered ring, as shown in
Fig. 2.

NUMERICAL WORK

There exist four monobenzocyclobutadieno- (F>—Fs), ten dibenzocy clobutadieno- (Fg—
—F15), ninet ribenzocyclobutadieno- (FqgF54), and three tetraben  zocyclobutadieno-
fluoranthenes (Fo5—F27), i.€., a total of 26 BCBD-annelated species. These, together with the
labeling of their rings, are depicted in Figs. 3a and 3b.

The calculated energy effects of the five-membered ring (A) and of the attached benzene
rings (R, S, T, U) of fluoranthene and its 26 BCBD-annelated derivatives are given in Table 1.
The analogous data for benzo-annelated fluoranthenes can be found in the literature.?

SOME REGULARITIES OBSERVED

By examining the data given in Table I, a number of regularities for the cyc-
lic conjugation in BCBD-annelated fluoranthene-derivatives can be recognized.

The main observed regularities are the following.

Rule 1*. BCBD-annelation in an angular position to the five-membered ring
decreases the intensity of cyclic conjugation in the five-membered ring.

Rule 2*. BCBD-annelation in a linear positi on to the five-membered ring
increases the intensity of cyclic conjugation in the five-membered ring.

Rule 3%, The effects speci fied in Rules 1* and 2™ are proporti onal to the
number of benzo-annelated rings.

Rule 4. The effect of an angular BCBD-annelation on the intensity of cyclic
conjugation in the five-membered ring is significantly weaker than the analogous
effect of linear BCBD-annelation.

Rule 5*. The same difference between “male” and “female” effects, as stated
in Rule 5, exists also in the case of BCBD-annelation.

Rules 2* and 3* are convincingly illustrated by the following data: ef(F1,A) =
=0.0031 (no BCBD-annelation); ef(F3,A) = 0.0047, ef(Fs5,A) = 0.0036 (one BCBD-
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73 6 GUTMAN, FURTULA and BALABAN

(b)

Fig. 3. a) Mono- and di-benzocyclobutadieno-annelated fluoranthenes, and b) tri- and tetra-
benzocyclobutadieno-annelated fluoranthenes and the labeling of the attached benzene rings.
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CYCLIC CONJUGATION IN FLUORANTHENE CONGENERS 73 7

annelation); ef(F11,A) = 0.0081 , ef(F13,A) = 0.0060 (two BCBD-annelations);

ef(F23,A) = 0.0110 (three BCBD-annelations, maximum possible). Thus, due to
Rule 2%, the cyclic conjugation in the five-membered ring of F3 is roughly three
times greater than in fluoranthene (F1).

TABLE 1. The energy effects (in B units) of the five- and six-membered rings of fluoranthene
and its benzocyclobutadieno-annelated congeners (depicted in Figs. 2, 3a and 3b)

Molecule ef(F,A) ef(F,R) ef(F,S) ef(F,T) ef(F,U)
Fy 0.0031

F, 0.0031 0.3439

F; 0.0047 0.5086

Fq 0.0023 0.4459

Fs 0.0036 0.4356

Fe 0.0042 0.3183 0.5524

F; 0.0028 0.3705 0.3705

Fs 0.0023 0.3433 0.4451

Fqy 0.0036 0.3431 0.4344

Fio 0.0023 0.3438 0.4458

Fu 0.0081 0.4287 0.4287

Fio 0.0033 0.5225 0.4407

Fis 0.0060 0.4903 0.4247

Fia 0.0033 0.5245 0.4432

Fis 0.0020 0.3375 0.3375

Fis 0.0030 0.3180 0.5667 0.4434

Fi7 0.0052 0.3188 0.6316 0.4262

Fis 0.0030 0.3184 0.5636 0.4416

Fio 0.0022 0.3701 0.3705 0.4453

F 0.0031 0.3703 0.3703 0.4343

Fx 0.0020 0.3434 0.3371 0.3376

F2 0.0049 0.4463 0.4477 0.4371

Fas 0.0110 0.4143 0.4143 0.4078

Fos 0.0025 0.5359 0.3355 0.3370

Fas 0.0023 0.3182 0.5759 0.3369 0.3358
Fs 0.0018 0.3702 0.3702 0.3373 0.3373
Fx 0.0034 0.4626 0.4626 0.3352 0.3352

Analogously, Rules 1* and 3* are illustrated by the following data: ef(F1,A) =
= 0.0031 (no BCBD-annelation); €f(F2,A) =0.003 1, ef(F4,A) =0.0023 (one
BCBD-annelation); ef(F7,A) =0.0028, ef(Fg,A) =0.0023, ef(F19,A) =0.0023,
ef(F15, A)= 0.0020 (two BCBD-annelations); ef(F1g,A) =0.0022, €f(F21,A) =
= 0.0020 (three BCBD-annelations); ef(F2g,A) = 0.018 (four BC BD-annelations,
maximum possible). Thus, due to Rule 1*, the cyclic conjugation in the five-
membered ring of Fog is roughly two thirds that in fluoranthene (F1).

From these examples, it can be seen that linear BCBD-annelation has a much
stronger effect on cy clic conjugation in the five-mem bered ring than angula r
BCBD-annelation, as claimed by Rule 4%
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73 8 GUTMAN, FURTULA and BALABAN

If both linear and angular BCBD-annelations are present, then their effect i s
a delicate combination of the effects de scribed by Rules 1 and 2; for details se ¢
Table I. In all studied cases, the (magnify ing) effect of linear annelation domi-
nates over the (attenuating) effect of angular annelation. A characteristic example
is Fg (one linear and one angular annelation), in which the cyclic conjugation in
the five-membered ring is by some 33 % more intense than in fluoranthene itself.

There exist three pairs of isomers that differ in the position of an annelation
at the sites a3 and ay (Fig. 2). These ar ¢ Fg—F10, F12-F14, and F16-F1g. These
isomers of cis-like and trans-like types have al most identical modes of cy clic
conjugation, which is just another —manifestation of isoarith micity.2-24:25 For
instance, for Fig, one has ef(A) = 0.0063, ef(R) =0.1157, ef(S) =0.1652 an d
ef(T) = 0.1308, whereas for F1g, they are ef(A) = 0.0062, ef(R) = 0.1169, €f(S) =
=0.1653 and ef(T) = 0.1321.

On comparing Rules 1-4 with Rules 1 *—4* it was immediately recognize
that BCBD-annelation and benzo-annelation affect cyclic conjugation in exactly
the opposite ways. In order to show th e quantitative aspects of this opposite ten-
dency, the correlation between the ef-values of the five-m embered rings of be n-
zo-annelated fluoranthenes and the ef-values in the analogous BCBD-annelat ed
species is presented in Fig. 4.

0.012 4
a °
m
@)
)
R
0.008 | °
[ ]
0.004 - R L
:. [ ™Y °
@
* e had ° L °
0.000 . , . r .
0.00 0.01 0.02 ef (benzo)

Fig. 4. The energy effects (€&f) of the five-membered rings of BCBD-annelated fluoranthenes
plotted versus the corresponding €ef-values of the benzo-annelated species.

Plots of the energy effects of the benzene rings in BCBD-annelated fluoran-
thenes versus the analogous ef-values of the benzo-annelated species are shown
in Figs. 5 and 6.
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038
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0.32 “ o o0

T T
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ef (benzo)

Fig. 5. The energy effects (€f) of the benzene rings of BCBD-annelated fluoranthenes in
positions &, and/or & (cf. Fig. 2), plotted versus the corresponding ef-values
of the benzo-annelated species. For details see text.
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Fig. 6. The energy effects (€&f) of benzene rings of BCBD-annelated fluoranthenes in positions
[, and/or |, (cf. Fig. 2), plotted versus the corresponding ef-values of the
benzo-annelated species. For details see text.
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740 GUTMAN, FURTULA and BALABAN

Figure 5 pertains to the angularly annelated benzene rings. Only annelation
in the “female” positions, a; and/or ay, are considered because of Rules 5 and 5*.
In harmony with Rules 1 and 1%, it can be seen that benzo-annelation has a much
stronger structure-dependency than BCBD-annelation. The data points are group-
ed into three clusters, depending on whether in the “female” part of the respective
molecule there are two ang ular annelations (bottom), an angular and a linear an-
nelation (top), or just a single angular annelation (middle).

Figure 6 pertains to the linearly annelated benzene rings. Again, i n view of
Rules 5 and 5%, only annelation in the “female” positions, |; and/or |5, are con-
sidered. In harmony with Rules 2 and 2*, this time BCBD-annelation has a much
stronger structure-dependency than benzo-annelation. The data points are group-
ed into three clusters, depending on whether in the “female” part of the respective
molecule there are two linear annelations (right), a linear and an angular an ne-
lation (left), or just a single linear annelation (middle).

The data in Figs. 4-6 m ay be viewed as illustrations of the previousl y es-
tablished Rules 1-4, the presently established Rules 1*-4*, and the fundamental
differences between benzo- and benzocyclcobutadiene-annelations.
Acknowledgement. I. G. and B. F. thank the Ministry of S cience and Tec hnological Deve-

lopment of the Republic of Serbia for partial support of this work, through Grant No.
144015G.
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An ab initio study of the mechanism of the cycloaddition reaction
for ming bicyclic compounds between vinylidene (H,C=C:)
and ethylene
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Shandong, 250022, P. R. China

(Received 20 August, revised 21 September 2010)

Abstract: The mechanism of the cycloaddition reaction forming a bicyclic com-
pounds between singlet viny lidene (H,C=C:) and ethy lene was inve stigated
using the CCSD(T)//MP2/6-31G* method. From the potential energy profile, it
can be predicte d that this reac tion has one d ominant channel. The presented
rule of this rea ction, a [2+2] cycloaddition reaction between the two reactants
occurred forming a four-membered ring carbene (INT1), in which th e sp lone
electron of the C atom from carbene in INT1 and the ©* unoccupied orbital of
ethane form the sp—n® donor—acceptor effect, resulting in the for mation of
intermediate (INT2). Due to the further s p> hybridization of C atom from car-
bene in INT1, INT2 isomerizes to the bicyclic compound (P2) via the transition
state (TS2).

Keywords: vinylidene; reaction mechanism; potential energy surface.

INTRODUCTION

Since unsaturated carbene was recognized as an active intermediate in the
1960s, it has not only attracted much attention from theoretical chemists but has
also been practically applied in organic che mistry.!-2 For example, it was shown
that the cy cloaddition reaction of unsatur ated carbine can provide a si mple and
direct way for the synthesis of small-ring, highly strained compounds, as well as
those that can hardl y be sy nthesized through conventional ways.? Hitherto, in
depth exploration of the rearrangement reaction of alkylidene carbine has been
realized,3-# and the insertion reactions of alky lidene carbene have also been stu-
died.5¢ Apeloig and Fox performed experimental and theoretical studies on the
3-dimensional selectivity of substitute groups from the products of the vi nyli-
dene—olefins addition reactions of alk ylidene carbene.’”-8 In previous papers, the

* Corresponding author. E-mail: Ixh@ujn.edu.cn
doi: 10.2298/JSC100820065L

743

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

2011 Copyright (CC) SCS

©089



744 LU, LIAN and LI

mechanism of cy cloaddition reaction between alkylidene carbene and as ymmet-
ric n-bonded compounds was explored.”~12 However, no report on the m echa-
nism of the cycloaddition reactions between alkylidene carbene and symmetric n-
bonded compounds, in which bicyclic compounds are formed, was found. It is
quite difficult to investigate the mech anisms of these cy cloaddition reactions
directly by experimental methods due to the high activity of alkylidene carbene;
therefore, a theoretical study is more practical. To explore the mechanism of cyc-
loaddition reactions between alky lidene carbene and symmetric n-bonded com-
pounds, in which bicyclic compounds are formed, vinylidene (H,C=C:) and ethy-
lene were selected as model molecules. Its mechanism (considering simultaneous
hydrogen transfer) was investigated and analyzed theoretically. The results show-
ed that the cycloaddition reaction has two possible pathways, as follows:

[
A
«C CH, 1,¢ CH, 2
H,C=C: + H,C=CH, ——> —_— (1)
H,C CH, 1c cH
INTI P1b
H,C CH,
CH,
HZCA; ----- CH, (2)
INT1 + HyC=CH; ——> \ P2
H,C= CH,
CALCULATION METHOD

MP2/6-31G*13 implemented in the Gaussian 98 package was employed to locate all the
stationary points along the reaction pathways. Full optimization and vibrational analysis were
realized for the stationary points on the reaction profile. Zero-point energy and CCSD (T) cor-
rections were included in the energy calculations. The CCSD(T) method consists of a coup-
led-cluster calculation with single, double and perturbative triple excitation s. Thus, this me-
thod could g enerate more accurate energies than the MP2 method. In ord er to explicitly
establish the relevant species, the intrinsic reaction coordinates (IRC)!#!5 was also calculated
for all the transition states appearing on the potential energy profile.

RESULTS AND DISCUSSION
Reaction (1): channels for forming the four-membered ring intermediate (INT1),
the H-transfer product (P1b) and the three-membered ring product (P1a)

Theoretical calculations show that the groun d state of vin ylidene is singlet
state. The geometrical par ameters of the intermediat e (INT1), transition states
(TS1a, TS1b) and pr oducts (Pla, P1b) which appear in reaction (1) between
vinylidene and ethene are given in Fig. 1. The energies are listed in Table I, an d
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CYCLOADDITION REACTION FORMING BICYCLIC COMPOUNDS 745

the potential energy surface for the cycloaddition reaction is shown in Fig. 2. The
unique imaginary frequencies of the transition states TSlaand TSI1b are 525.3
and 684.9 cm!, and consequently these transition states can be affirmed as real
ones. According to the calculations of t he IRC of T S1a and TS1b, further opti-
mization for the primary IRC results, TS1 a connects INT1 with Pla and TS1b
connects INT1 with P1b.

12056

C(@2) C(1) R1
1.309

ZC(1)YC(2)C(3)C(4)=45.9 ZC(1)C(2)C(3)C(4)=62.8
INT1 TSl1a

ZE(1)C2)C(3)C(4)=3.0 ZC(NCR)C(3)C(4)=0.0
Pla TS1b P1b

Fig. 1. Optimized MP2/6-31G* geometrical parameters and atornic numbering for the species
in the cycloaddition reaction (1), in which the bond lengths and bond angles
are given in angstroms and degrees, respectively.

According to Fig. 2, it ca n be seen that Reaction (1) has two r eaction path-
ways a and b, both of which are co mposed of two steps, the first step is that the
two reactants (R1, R2) form a four-membered ring intermediate (INT1), which is
a barrier-free exothermic reaction of 22.9 kJ mol-!; the second step is that INT 1
isomerizes to a three-membered ring product (P1a) and a H-transfer product (P1b)
via transition states TS1a and TS1b, with energy barriers of 45.1 and 43.4 kJ mol-1,
respectively. As the barrier difference is only 1.7 kJ mol~!, Reactions a and b
mutually compete.

Reaction (2): the channel for forming the bicyclic compound (P2)

In Reaction (2), INT1 further reacts with ethylene (R2) to form a bicyclic
compound (P2). The geometrical parameters of the intermediate (INT2), transi-
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746 LU, LIAN and LI

tion state (TS2) and the product (P2) appearing in Reaction (2) are given in Fig.
3. The energies are listed in Table 1 and the potential energy surface for the
cycloaddition reaction is shown in Fig. 2. The unique i maginary frequencies of
the transition state TS2 is 180.1 cm~! and, consequently, the transition state can
be affirmed as a real one. According to the calculations of the IRC of TS2 and
further optimization for the primary IRC results, TS2 connects INT2 with P2.

TABLE 1. Zero point energy (ZPE /a. u.), total energies (Er / a.u.) and relative energies
(Eg / kJ-mol!) for the species from various theoretical methods (*Er = E (Species)+ZPE, "Eg =

=Er- E(R1+R2)a bER =Er— E(INTHRZ))

. . MP2/6-31G* CCSD(T)//MP2/6-31G*
Reaction Species ZPE . 5 A B
ET ER ET ER
Reaction (1) RI+R2 0.07620  —155.19440 0.0 —155.27029 0.0
INT1 0.08701 -155.21863 —63.62  —155.27902 -22.9
TSla (INT1-Pla) 0.08502 —155.20073 -16.62  —155.26185 22.2
Pla 0.08726 15530944 -302.04 -155.36961 -260.8
TS1b 0.08372 -155.19920 -12.60  —155.26250 20.5
(INT1-P1b)
Plb 0.08838 —155.32180 —334.49 —155.38185 —292.9
Reaction (2) INT1+R2 0.13905 -233.45162 0.0 —233.54891 0.0
INT2 0.13961 —233.45378 -5.7 —233.55087 -5.1
TS2 (INT2-P2) 0.14093 -233.45086 -2.0 —233.54875 0.4
P2 0.14823 -233.59602 —379.1 —233.68358 —353.6
50 2.2
1S1a .
RI4R2 S\ INT1+R2
L 29 4 ) INT2———
o I N T N 0.0 = 9N
Reaction(1) 5\ A
50k \, \
100\ N \\\
T -150F N
Qo a‘\ AN \\
E \\ AN \
— Vo Y
f 200~ \‘\ \\\ \\\
mﬁ \‘\ \\\ \\\
-2501= \ Pldy i
2608 \ PIb
-300~ -292.9 \
3500 \\L
3536
400 Reaction(2)

Fig. 2. The potential energy surface for the cycloaddition reactions of vinylidene
and ethylene at the CCSD(T)//MP2/6-31G* level.
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C(6)4 1.338
¢ t QC(S»')

1245 Y, \3.044
oy

111.8MC2)

ZC(1)CR)C(3)C(4)=-45.4
ZC(5YCR)CBICH)=-163.6

ZCS)C2)C(3)C(4)=-163.6 ZC6)C(3)CC3)=513 ZC6)C()C2)C(3)y=51.3
ZC(6)C(5)C2)C(3)=51.3 :
INT2 TS2 P2

ZC(1C2)C(3)C(4)=-454

ZC(C2)C)CH)=454 ZC(5)CQ2)C(3)C(4)=-163.6

Fig. 3. Optimized MP2/6-31G* geometrical parameters and atomic numbering for INT2,
TS2 and P2 in the cycloaddition reaction (2), in which the bond lengths and
bond angles are given in angstroms and degrees, respectively.

According to Fig. 2, it can be seen that the reaction pathway of reaction (2),
based on the two reactant s (R1, R2) for ming the intermediate (INT1), involves
INT]1 further reacting with ethylene (R2) to form the intermediate INT2, which is
also a barrier-free exothermic reaction of 5.1 k] mol~!. In the next step, the inter -
mediate (INT2) isomerizes to the bic yclic compound (P2) via a transition state
(TS2), with an energy barrier of 5.5 kJ mol~!. Comparing reaction (2) with reac-
tion (1), two reactions mutually compete for INT1 but because INT1 —Pla and
INT1—P1b have to climb over barriers of 45.1 and 43.4 kJ mol !, respectively,
while INT1+R2—INT2 can directly reduce the sy stem energy by 5.1 kJ mol!,
reaction (2) is the dominant reaction pathway.

Theoretical analysis and explanation of the dominant reaction pathway

According to the above analy sis, the dominant reaction pathway of the cyc-
loaddition reaction between singlet state vinylidene and ethylene as follows:

R1+R2 — INTI—R2 s iNT2— 152 ,p Reaction (2)

The frontier molecular orbitals of R1, R2 and INT1 in these reactions are
shown in Fig. 4. According to Fig. 4, the mechanism of the r eaction can be e x-
plained with the schemati ¢ frontier molecular orbitals diagrams (Figs. 5 and 6)
and Figs. 1 and 3. According to Figs. 1 and 5, when the vinylidene (R1) interacts
with ethane (R2), due to the two m orbital in the reactants; a [2+2 ] cycloaddition
reaction occurs, forming the four-membered ring carbene (INT1). In INT1, be-
cause of the unsaturated character of th e C(2) atom from carbene, INT1 reacts
further with ethylene (R2) to form the bicyclic compound (P2). The mechanism
of the reaction can be explained by Figs. 3 and 6 as: INT1 initially interacts with
ethane (R2), the sp lone electron of C(2) in INT1 an d the n* unoccupied orbital
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of ethene forming a sp—n™ donor—acceptor effect, resulting in the formation of
the intermediate INT2; as the reaction proceeds, the C(2)-C(5) bond (INT2:
3.044 A; TS2: 2.418 A; P2: 1.498 A) gradually shortens after the transition state
(TS2) due to further Sp3 hybridization of the C(2) atom from carbene in INT1.
Finally, INT2 isomerizes to the bicyclic compound P2.

HOMO of R1 HOMO of R2 LUMO of R2 HOMO of INT1 LUMO of INT1
Fig. 4. The frontier molecular orbitals of R1, R2 and INTI.

R1 CQ%H
P

Fig. 5. A schematic interaction diagram for the frontier
orbitals of H,C=C: (R1) and H,C=CH, (R2).

Fig. 6. A schematic interaction diagram for the frontier
orbitals of INT1 and H,C=CH, (R2).

CONCLUSIONS

From the potential energy profile of the cycloaddition reaction between sing-
let vinylidene (H,C=C:) and ethane, forming a bicyclic compound, it can be pre-
dicted that this reaction has one dom inant channel. The dominant channel of this
reaction consists of three steps: i) the two reactants first form a four-membered
ring carbene (INT1) through a barrier-free exothermic reaction of 22.9 kJ mol-1;
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CYCLOADDITION REACTION FORMING BICYCLIC COMPOUNDS 749

ii) the four-membered ring carbene INT 1 further reacts with ethane (R2) to form
an intermediate (INT2) through a barrier-free exothermic reaction of 5.1 kJ mol~!;
iii) INT2 isomerizes to a bicyclic compound (P2) via a transition state (TS2) with
an energy barrier of 5.5 kJ mol 1.

N3BOJI

AB INITIO [TPOYUABAKBE MEXAHU3MA PEAKIMIJE LIUKJIOAINIIUIE KOJOM
HACTAIJE BULIUKJIINYHO JEJUBEBLE BUHWIIMAEHA (H,C=C:) U ETUJIEHA

XIUHUI LU, ZHENXIA LIAN 1 YONGQING LI
School of Chemistry and Chemical Engineering, University of Jinan, Jinan, Shandong, 250022, P. R. China

MexaHn3aM peakiyje LHUKIOaIuiije KOjOM HacTaje OUIMKINYHO jeIUbEHhe CHHIJIETHOT
sunmtnaena (H,C=C:) u erunena ncnntusan je kopumhemem CCSD(T)MP2/6-31G* meroze. Ha
OCHOBY mpoduia NOTEHIMjalHe EHeprije MOoXKe Ja ce NpEeIBHIM Ja OBa peakiuja MMa jelaH
nomuHaHTaH myT. [Ipukasanm peakmuoHum myT, [2+2] peakuwja nuxioaaunuje m3Mely nsa
peakTaHTa, KOja ce OAWIpaBa CTBapameM 4eTBopouiaHor kapOeHckor mperena (INT1), y kojem
HecmapeHu sp enekTpor C aroma u3 kapoerna y INT1 u n* HemomymeHa opOHTana eTaHa OCTBapyjy
sp—7* noHOp-akuenTop edekar, WTO pe3ynTyje HacTajamem uHTepMenujapa (INT2). 360r mame
sp” xubpuausanuje C aroma u3 kapoena y INT1, INT2 ce uzomepusyje y OULUHKIMIHO jeHILCHE
(P2) npeko npenassor crama (TS2).

(ITpumubeno 20. aBrycra, pesuaupaso 21. centemopa 2010)
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Phosphonium iodide as a donor liquid electrolyte for
dye-sensitized solar cells
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Abstract: An e fficient triphenylmethylphosphonium iodide-based liquid elec-
trolyte was synthesized and used for the first time as an electrolyte in dye-sen-
sitized solar cells (DSSCs). W ith the as-sy nthesized electrolyte, the DSSC
yielded an overall light to elec tricity conversion efficiency of 5.34 to 7.10 %,
when the radiant power was tuned from 100 to 10 mW cm™. This may be at-
tributed to the limitation of mass transport in the DSSC. The electronic and i o-
nic processes in the DSSC were investigated by electrochemical impedance
spectroscopy and linear voltammography, respectively.

Keywords: dye-sensitized solar cells; tripheny Imethylphosphonium iodide;
mass transport; conversion efficiency.

INTRODUCTION

Dye-sensitized solar cells (DSSCs), which are usually composed of an inter-
connected nanocrystalline TiO; electrode anchored with photos ensitizers, a li-
quid electrolyte typically containing I37/I~ as the redox cou ple and a Pt count er
electrode,! have drawn much interest in the past de cade. This kind of DSSCs
were considered as potential high-efficien t and low-cost alternatives to conven-
tional inorganic photovoltaic modules.2 Their photovoltage is determined by the
difference between the Fermi level of the TiO, electrode under illumination and
the Nernst potential of I37/I~ in the electrolyte.3 It was concluded that tuning t he
composition of the electrolyte enhances the open-circuit voltage. Meanwhile, the
properties (conductivity, viscosity, etc.) of the electroly te are believed to play a
role in the photovoltaic performance of DSSCs by affecting the kinetics of elec-
tronic and ionic processes.*> The designing and preparation of a suitable electro-
lyte component iodide is critically necessary to improve the performance of DSSCs.

* Corresponding author. E-mail: lihuiwf@gmail.com
doi: 10.2298/JSC091201055L
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Recently, imidazolium salt-based electrolytes were successfully applied to
dye-sensitized solar cells,2#47 and sulfonium salts also showed potential appli -
cation as electrolytes in DSSCs.8 However, phosphonium salts as electrolytes for
DSSCs have received limited attention, even though they have been used in su-
percapacitors.” There has only been one paper reporting phosphonium salts, exclud-
ing triphenylmethylphosphonium iodide, as electrolytes in DSSCs, and the hi gh-
est light to electricity conversion efficiency under a light intensity of 8.9 mW cm—2
was 5.7 %.10 Furthermore, it was found that triphenylmethylphosphonium iodide
was more air-stable than the expensive and water-sensitive Lil,!! which is mostly
used in DSSCs. Herein, triphenylmethylphosphonium iodide (TPMI) was synthe-
sized and used for the first tim e in the electrolyte for DSSCs. Electric impedance
spectroscopy was used to investigate t he ionic and electronic p rocesses in the
DSSC under varied light intensities.

EXPERIMENTAL

Triphenylmethylphosphonium iodide (TMPI) was synthesized according to a literature
method.!Z-14, Briefly, a solution of tripheny Iphosphine (PhP3) (19 mmol, 5.0 g) in dry tetra-
hydrofuran (THF) was added dropwise to a solution of CH3I (20 mmol, 2.9 g) in dry THF at
room temperature. The reaction mixture was stirred for 12 h and filtered. The white precipitate
was then rinsed with dry THF and recry stallized from ethanol/ether. 'H-NMR (300 MHz;
CCLI3D, 6 / ppm): 7.61-7.86 (15H, m), 1.24 (3H, m). The as-synthesized TMPI at a concen-
tration of 0.5 M togeth er with 0.05 M I, and 0.6 M 4-tertb utylpyridine (TBP) in acetonitrile
was used as the electrolyte for the DSSCs.

A mesoporous TiO, electrode was prepared by depositing a paste containing TiO, nano-
particles (P25, Degussa) and ethyl cellulose in terpineol onto a conducting glass substrate (F-
-doped SnO,, FTO) using a screen-printing technique. The coated substrate was sintered at
450 °C in air for 0.5 h. Then, the sintered porous thin film with a thickness of ca.12 um was
immersed into a 3x10* M solution of the dy e Cis-dithiocyanate-N,N’-bis(4,4’-dicarboxylate-
-2,2’-bipyridine) ruthenium(I) (N3) in dr y ethanol for about 12 h, after ~which the dy e-an-
chored film was rinsed with dry ethanol. A platinized counter electrode was prepared by spin-
coating an H,PtClg solution (50 mM in 2-propanol) onto FTO glass and sintering at 390 °C for
0.5 h. A sandwich-type solar cell was fabricated by clamping the Ti O,/N3/electrolyte with a
counter electrode with two clips. The active electrode area was 0.16 cm?.

The electrochemical impedance spectra (EIS) and line ar sweep v oltammograms were
both obtained with an AutoLab model PGSTAT 30 potentiostat. The EIS was obtained in the
frequency range of 0.1 Hz to 10° Hz with an AC amplitude of 5 mV. Linear sweep voltammo-
grams of symmetric electrochemical cells consisting of two identical platinized FTO separated
by Scotch tape of 45 pm were used to estimate the apparent diffusion coefficient of I5™ in the
electrolytes of TPMI in acetonitrile. The photovoltaic perfor mance of the DSSC was measu-
red with a Keithley 2400 digital source meter controlled by a computer and a 500 W xenon
lamp as the light source to give simulated AM 1.5 irradiation.

RESULTS AND DISCUSSION

The photocurrent-voltage curves of a DSSC em ploying the N3 dye and the
TPMI-based electrolyte under different light intensities are shown in Fig. 1. The
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photovoltaic performance parameters under different radiant power are listed in
Table 1. The highest conversion efficiency of 7.10 % was obtained at a moderate
radiant power of 10 mW cm2, This is the highest efficiency that has been achieved
so far for DSSCs under moderate power irradiation with phosphonium salts as
the electrolyte. When the light intensi ty was increased to 100 mW cm 2, the
overall energy conversion efficiency was 5.34 %. The reduction of conversion
efficiencies with increasing light inte nsity is related to lim itation in the m ass
transport of triiodide ions between the electrodes in DSSCs. 13

0 L " U T - U ¥ v
0 0.2 0.4 0.6 0.8
EIV

Fig. 1. Photocurrent—voltage characteristics of the DSSC under varied light intensities (AM
1.5): a) 100; b) 80; c) 60; d) 20; ) 10 mW cm2.

The electric impedance spectra of a DSSC measured at open circ uit voltage
(-0.75 V) with and without irradiation in the frequency  range 0.1-10¢ Hz are
presented in Fig. 2. The three se micircles in the high frequency, intermediate and
low frequency regions in each i mpedance spectrum of Fig. 3 can be assigned to
the impedance of charge transfer at the Pt/electrolyte interface ( Z;), electron
transfer occurring at the TiOy/dye/electrolyte interface (Z;), and Nernst diffusion
within the electrolyte (Z3), respectively. The charge-transfer resi stance Z; in the
dark and at 40 m W cm2 were both less than 10 Q cm?, indicating a good cata-
lytic performance of the Pt counter electrodes for the reduction of triiodide ions.
The impedance Z;, characterizing electron transfer from the conduction band of
the mesoscopic TiO» film to triiodide ions in the electrolyte, was much smaller at
40 mW cm2 than that in the dark even though the potential of the film was the
same. The smaller is the impedance Z, the faster is electron recombination under
irradiation, which can reduce the ef ficiency of electron injection from the sensi-
tizer N3 to the conduction band of TiO,.# In comparison with the internal resis-
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tance of the DSSC,16 the Warburg diffusion impedance Z3 can be neglected. In
addition, the impedance over 10® Hz cannot be measured due to instrumental li-
mitations. The resistances Ry with and without irradi ation in the high frequency
range >10° Hz due to the resi stance of electrolyte and sheet r esistance of F TO
were almost the same in Fig. 3, which confirm s that Ry was dominated by the
sheet resistance of FTO. From Fig. 3 and Table I, it may be proposed that fast
electron recombination in the DSSC with irradiation is detrimental to the power
conversion efficiency.

4.0
® Dark
324 = 40mWcem”
é 2.4 . ® * z. * .
G : o o
= i e o ° °
-N 1.6 4 .. ° .Zl .. '. -Z:..:... ...
. - ]
0.8 10°H Oanm '™ " " “
] \Z 3 7, i "'-_
00— : | : . &
4.8 6.4 8.0 9.6 11.2 12.8 14.4 16.0
7'/Qem’

Fig. 2. Electrochemical impedance spectra of a DSSC. Z;, Z, and Z; correspond to the
frequency regions: 10° — 470 Hz, 470 — 1.7 Hz and 1.7 — 0.1 Hz, respectively,
at—0.75 V and 40 mW cm2 (m) and in the dark (e).

204

lim

-0.9 -0.6 0.3 0.0 0.3 0.6 0.9
E/V

Fig. 3. Characteristic voltammogram for the symmetrical electrochemical cells.
Scan rate: 10 mV s,
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TABLE I. Photovoltaic performance of the DSSC with TPMI-based electrolyte under various
irradiation powers (AM 1.5), P, incident power; V,, open circuit voltage; j., short circuit cur-
rent density; 77, power conversion efficiency

P/mW cm” V,./ mV jo/ MA cm” FF n/%
10 700.9 1.4 0.69 7.10
20 724.5 29 0.68 7.09
60 747.5 83 0.63 6.52
80 755.9 10.3 0.61 5.94
100 765.5 113 0.62 5.34

In order to further elucidate the m ass transport in the DSSC, a sy mmetric
FTO/Pt/electrolyte/Pt/FTO electrochemical cell was employed to determine the
apparent diffusion coefficient of triiodi de, which was considered as the current -
-limiting species due to their lower concentration in the electrolyte (the molar ra-
tio of I~ to I3~ is 1:10). The characteristic linear sweep voltammetry curve of the
TPMI based electrolyte is presented in Fig. 3. The resemblance between the ano-
dic and cathodic lim iting current plateaus indicates steady-state conditions. The
apparent diffusion coefficient ( Dypp) of triiodides can be calculat ed from the 1i-
miting current densities according to th e equation, Jjjy = 2nFC0Dapp/d,17 where
n =2isthe electron-transfer number required for the reduction of triiodide t o
iodide, F is the Faraday constant, Cy the bulk concentration of triiodide ions and
d the thickness of the cell. From the data shown in Fig. 3, the diffusion coef-
ficient of triiodide in the TPMI based electrolyte at room temperature was deter-
mined to be about 7.6x10-¢ cm?2 s~1, which is roughly half of that of the Lil elec-
trolyte in acetonitrile giving a larger cur rent density of 16.8 mA ¢cm2.18.19 This
sheds light on the cause of the s maller current density of 11.3 mA ¢ m2 in the
DSSC based on TPMI liquid electrolyte and, consequently, the relatively low po-
wer conversion efficiency of 5.34 % at 100 mW cm2, AM 1.5.

CONCLUSIONS

In conclusion, triphenylmethylphosphonium iodide as an I ~ donor in aceto-
nitrile was for the first time used in a DSSC and the energy conversion efficiency
at 10 mW cm2 (AM 1.5) was up to 7.10 %. The ionic and electronic processes in
the DSSC were investigated via electric impedance spectroscopy and cyclic vol-
tammogram. It was found that the rapid electron recombination at high intensities
of irradiation was detrimental to the po wer conversion efficiency. The short-cir-
cuit current densities at high intensity irradiation were related to the mass trans-
port of I3, which has a diffusion coefficient of 7.6x 10~ cm?2 s~1. This is valu-
able information for the design and improvement of the electrolyte co mponents
for DSSCs.
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N3BO I

DOOCOOHMNIYM-IOAN]] KAO JOHOP ¥V TEUHOM EJIEKTPOJIUTY
3A COJIAPHE REJIMJE CEH3UBUJIIMCAHE BOJOM

HUI LI, HONGSHI JIANG, CHENZHONG YAO u JIAN WANG
Department of Applied Chemistry, Yuncheng University, Yuncheng, Shanxi 044000, P. R. China

Cunrerncat je edukacaH TedaH eIeKTPOJHUT Ha 0a3u TpupeHmmmermihochonnjymM-joanna u

[0 TIPBH MYT je KOopHIIheH Kao eNeKTPONUT 3a conapHe henmje censubOmmmcane 6ojom. Ca oBUM
CJIEKTPONIUTOM coslapHa henMja je mokasaia yKylaH CTEIEeH KOHBEp3Hje CBETJIOCHE SHepruje y
enextpuuny usmely 5,34 u 7,10 %, npu cHasu 3pauema y oncery o 100 1o 10 mW cm2. Ogaj
pe3yJarar ce MOXe IPUITHCATH OTPaHHYCHUMa Y IIPEHOCY Mace y conapHoj henuju. EnektpoHcku
JOHCKH TPOLIECH y COJApHOj helnju Cy MCIHUTHBAHU CIEKTPOCKOIHjOM EJICKTPOXEMHjCKE HMIIC-
JaHIHje U JIMHEAPHOM BOJITAMETPH]OM, PECIICKTHBHO.
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(ITpumsbenro 1. nenem6pa 2009, pesuaupano 30. jyma 2010)
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carbon materials by the Boehm method and
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Abstract: The surface characteristics of diffe rent carbon materials: activated
carbon, carbon felt, glassy carbon and a porous carbon monolith were inv es-
tigated. The specific surface area was examined by the BET method with N,
adsorption, the amount and the type of surface oxygen groups by Boehm tit-
ration as well as by temperature-programmed desorption (TPD). By comparing
the results obtained using BET analysis with those of TPD and the Bo ehm
method, it was found that the number of surface groups was not proportional to
the specific surface area. The total amount of oxygen groups, obtained by TPD,
is higher than t he amount obtained by Boehm’s method for porous sa mples.
The inconsistencies between these results originate from the factth at the
Boehm method is li mited to the determination of acidi ¢ and basic groups,
whereas TPD provides information on the tota 1 number of all surface oxy gen
groups. In addition, the pre sence of p orosity could reduce the solvent-acces-
sible surface in the Boehm method. The TPD profiles of CO evolution showed
the presence of a low temperature maximum, below 650 K, which originates
from CO, reduction on the carbon material surface.

Keywords: carbon materials; surface oxygen groups; temperature programmed
desorption.
INTRODUCTION

Many applications of carbon m aterials are strongly influenced by their sur-
face chemistry. Thus, their uses in catal ysis,! adsorption in solution or electro-
chemical processes2:3 are the examples of the influence of surfac e chemistry on

* Corresponding author. E-mail: anaudovicic@vinca.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC091224056K
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the performance of materials. Many properties of carbon materials are decisively
influenced by chemisorbed oxygen, which can be bound in the fo rm of various
functional groups. The surface of carbons is heterogeneous and consists of the
faces of basal planes and of edges of such lay ers. The edge sites are much more
reactive than the atoms in the interior of the basal planes, and they represent
active sites for oxygen chemisorptions. Therefore, surface oxygen groups are pre-
dominantly located on the edges.*5

Surface oxygen groups on carbon materials are usually determ ined by titra-
tions in aqueous solutions. One of the standard methods is the Boehm method.5~7.
Additionally, temperature programmed desorption (TPD),8-12 X-ray photoelec-
tron spectroscopy (XPS),!13:14 or m ethods involving diffuse reflectance FTIR
(DRIFTS)!5:16 can also be used.

In the present study, both the Boehm titration and the TPD method were em-
ployed for the determination of oxygen groups on the surface of different carbon
materials: activated carbon (AC), car bon felt (CF), glassy carbon (GC) and po-
rous glassy carbon monolith (CM). TPD provides quantitative information on the
total number of surface oxygen groups, while the Boehm titration method gives
both qualitative and quantitative information only about basic and acidic groups
(in the form of carboxyl, lactone and phenol). Surface oxygen complexes on car-
bon materials decompose upon heating by releasing CO and CO 5, thus, the TPD
peaks of CO and CO» at different temperatures correspond to specific oxygen
groups. For example, CO; is released by decomposition of carboxylic groups at
373-673 K,17:18 or lactone groups at 4 63-923 K.18.19 Both CO and CO, peaks
originate from the deco mposition of ¢ arboxylic anhydrides in the temperature
range of 623-900 K.17-18 Phenols, ethers, carbonyls and quinones give rise to CO
at 973-1253 K.18.20 The quantities of C O and CO> released during the TPD ex-
periments correspond to the total amount of surface o xygen groups. The decom-
position temperature is related to th e bound strength of specific oxygen-contain-
ing groups. Thus, the position of the peak maximum at a defined tem perature
corresponds to a specific oxygen complex at the surface. Deconvolution of the
TPD profiles gives qualitative information about surface oxygen groups.

The surface oxygen groups on a carbon with acidic (carbox yl, lactone, phe-
nol) as well as basic properties can be determ ined by the Boehm method. These
groups differ in their acidities and can be distinguished by neutralisation with dif-
ferent solutions:HCI (for basic groups) and NaHCO 3, NapCO3 and NaOH (for
acidic groups).

The objective of this work was to characterize the active sites at the surfaces
of different carbon materials by comparison of the results obtained by these two
methods.
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EXPERIMENTAL
Materials

Four different carbon materials were used:

— activated carbon was obtained from Trayal (Krusevac, Serbia) with granulation of
0.25-1 mm;

— carbon monolith was purchased from Fractal Carbon (London, UK) in the shape of a
cylinder (L = 3.0 cm, d = 1.8 c¢cm) containing 8600 capill aries inside the material. This is a
composite material consisting of glassy carbon bed and activated carbon on the inner capillary
walls;

— carbon felt and glassy carbon were produced at the Institute “Vinc¢a” (Serbia). Viscose
felt was impregnated with ZnCl, and NH4CI, carbonised at 1173 K in order to obtain carbon
felt, and activated with CO, from 873 K to 1173 K.

— GC plates (10 mmx5 mmx0.8 mm) were produced by polymerisation of poly(furfuryl
alcohol) and carbonisation of the polymer in an electric oven at 1273 K un der a nitrogen at-
mosphere with a heating rate of 0.2 K min™!.

Measurements

The TPD method in co mbination with mass spectrometry was used to inv estigate the
nature and thermal stability of the surface ox ygen groups of the carbon materials. A custom-
-built set-up for te mperature programmed desorption was used. A quartz tube was plac ed
inside an electrical furnace and coupled with an Extorr 3000 quadrupole mass spectrometer
(Extorr Inc.), which was used as a dete ctor for the gases evolved from the surface of't he
carbon materials. Data acquisition during the heating time was achieved using appropriate
software (Extorr Inc.). The signals, as partial pressures (torr), at nVz 28 and 44 (CO and CO,)
were simultaneously recorded as a function of time (s). The instrument was calibrated using
analytical grade calcium carbonate and calcium oxalate (amounts in the range of 15-60 wmol).
Accurately measured amounts of the chemicals were placed in the quarts tube, outgassed at
room temperature to 1077 torr and then subjected to TPD at a linear heating rate of 10 K min!
to 1173 K. A calibration of the instrument was necessary to calculate the constants of the ex-
perimental system (K., and K_,). These constant represent the coefficient of proportionality
between the amount of examined evolved gases (mol g!) and the int egration area under the
corresponding TPD profiles (torr s). The constants of the exp erimental system were calculated
from the obtained results as described in the li terature.2! The TPD profiles of samples of the
carbon material (0.1 g) were obtained under identical experimental conditions as those em-
ployed for the calibration measurements. The TPD plots obtained were de convoluted using
multiple Gaussian functions, taking the position of the peak centre as the initi al estimate. CO,
reduction during TPD experiment was examined by comparing TPD profile of CaCO; and of
the same amount of CaCOj in the presence of GC. For this purpose, the GC was preheated to
remove all surface oxygen groups and to ob tain a rea sonably clean carbon surface b efore
mixing with CaCOs.

The specific surface areas of carbon materials were determined by nitrogen adsorption at
liquid nitrogen te mperature using a Micro meritics ASAP 2020 MP apparatus. The nitrogen
adsorption isotherms were analysed using the Brunnauer, Emmett and Teller (BET) method.??

The oxygen groups on a ¢ arbon material surface that has acidic or basic pr operties are
conveniently determined by titration methods. The surface groups of the studied carbo n
materials were determined by the Boehm method. The acidic sites were determined by mixing
small quantities (0.1 g) of each carbon material with 10 ml of different bases (0.1 M NaOH,
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0.1 M NaHCOj; or 0.05 M NaCOj) in 25 ml beakers. The beakers were sealed and shaken for
24 h. The solut ions were then filtered and titrated with 0.05 M H,SO,. Similarly, the basic
sites were determined by mixing 0.1 g of each carbon material with 10 ml of 0.1 M HCI. The
obtained solutions were titrated with 0.1 M NaOH.

RESULTS AND DISCUSSION

Surface characteristics of different carbon m aterials were investigated by
comparing the results obtained by BET, the Boehm method and TPD.

Initially, the possibility of CO, reduction, as a secondar y reaction on a car-
bon surface, was investigated by recording TPD profiles of CaCO3 and CaCO3
mixed with GC (CaCO3/GC). For this experiment, the GC was preheated. Thus,
the total amounts of CO; and CO released could only originate from CaCO3 de-
composition. Two possible reactions could be the source of CO evolution. One is
CO;* fragmentation in the ion source of the mass spectrometer and the second is
the reduction of CO, gas on the carbon material in the furnace of the TPD appa-
ratus. A typical TPD profile for the th ermal decomposition of calcium carbonate
is shown in Fig. 1. The major peak at mvVz =44, originates from the parent ion
CO, " and the minor peak at m/z= 28 represents CO" formed by fragmentation of
CO," in the ion source.

7.0x107 -
m/z =44
6.0x107
-7
g 5.0x107
8
o
£ 40x107 -
o X
Q.
[75]
&
o 3.0x107
o
8
[
% 2.0x107
UX h
[
1.0x107 m/z=28
0.0 T T T T T X 7 T T 1
850 900 950 1000 1050 1100 1150
T/K

Fig. 1. TPD Profiles for the thermal decomposition of calcium carbonate.

The TPD results for CaCO 3 and CaCO3/GC decomposition are compared in
Fig. 2. TPD Profile of CaCO3/GC mixture showed an increase i n CO evolution
and a simultaneous decrease in CO 9 evolution, compared to pure CaCO3. The
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peak areas of CO (Icp) and CO; (Ico,) were calculated for both measurements.
For CaCO3 decomposition, |co/lco, was 0.13 and in the presence of GC, the
ratio was 0.22, duet o the increased am ount of CO released. Thus, it can  be
assumed that CO, reduction on the carbon surface occurred.
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Fig. 2. A comparison of the TPD profiles for the thermal decomposition of CaCO;
and CaCO5/GC; a) m/z= 44 and b) m/z=28.
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The TPD profiles of the examined carbon materials are presented in Figs. 3—6.
The CO; profiles of all s amples show a first maximum in the te mperature range
from 580 to 640 K, which is very likel y due to the decomposition of carboxylic
groups. The second maximum appears in the range 880-1030 K, which origina-
tes from the more stable anhydrides or lactone groups.

1-1

Desorption rate (CO.), pmolg’'s

T T T T T T
200 400 600 800 1000 1200

w
e

[ 4

n
1

Desorption rate (CO),
(= (=3 (= =3 =3
> =3 — —_ [ 3
=) wn =) 3] =)
1 1 | 1

T T T T T T T T T T
200 400 600 800 1000 1200 Fig. 3. Deco nvoluted CO, and CO
T/K profiles for activated carbon.

The CO profiles for all carbon material samples had a maximum above 1100
K, which could suggest th e existence of anhydride, although it could also be at-
tributed to phenols, ethers, carbonyls or quinones.17:18:20 TPD profiles also show
a local CO maximum at a relatively low temperature, around 600 K (Figs. 3—6),
which is unlikely to originate from the decomposition of oxygen complexes. This
appearance of this peak could be related to CO , reduction on the carbon surface.
At higher temperatures, the amount of CO released was relatively high; hence,
the overall contribution of CO from CO; reduction was not significant and it has
a negligible effect on quantitative representation of the TPD results. The origin of
the incomplete high temperature process of CO evol ution is the te mperature li-
mitation of the instrument. The employed instrumental setup has a temperature li-
mit of 1173 K, although surface oxygen gro ups, that give rise to CO, thermally
decompose in temperature range 973—1253 K. 18,20
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The decomposition temperature is related to the bou nd strength of specific
oxygen-containing group. Thus, the peak maximum at the defined te mperature
corresponds to a specific oxy gen complex at the surface. In order to separate the
amounts of several ty pes of oxygen groups, the ac quired TPD profiles were
deconvoluted. The obtained results are given in Table 1.

TABLE I. Amounts of CO, and CO obtained by deconvolution of the TPD profiles

Carbon material T/K 0O, a1 ECOZ_I T/K xCO 1
mmol g mmol g mmol g
AC 580 0.415 0.616 =~ 1150 2.081
940 0.201
CM 620 0.454 1.006 ~ 1150 2.005
870 0.497
1020 0.055
CF 600 0.505 0919 =~ 1150 2.152
830 0.414
GC 640 0.241 0.370 ~ 1150 0.671
1010 0.129

The results obtained by the Boehm method and the specific surface areas
obtained by the BET method are presented in Table II.
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TABLE II. Surface charact eristics of the carb on materials obtained by the BET and Boeh m
method

Carbon material BzE T1 Basic groups Acidic groups, mmol ¢

mg mmol g Total Carboxyl Lactone Phenol
AC 960 0.683 0.282 0.210 0.043 0.029
CM 150 0.776 0.388 0.228 0.050 0.110
CF 831 0.842 0.684 0.342 0.207 0.135
GC <5 0.683 0.434 0.401 0 0.034

Due to the lack of the open porosity, the specific area of the GC sample was
below the detection li mit of the instru ment. From the results obtained by the
Boehm titration method, it can be observed that the am ount of basic groups was
significantly higher than total amount of acidic groups. These results suggest that
all carbon materials had a basic character. The largest am ount of oxygen groups
obtained by the Boehm method was found at the carbon felt surface and the
smallest at the activated carbon surface.

The total amount of CO and CO , (£CO; + XCO) released in TPD measure-
ments due to decomposition of oxygen complexes follows the order CF > CM >
> AC > GC, while the total am ount of surface gro ups obtained in the Boeh m
titrations follows the order CF > CM > GC > AC (Table III).

TABLE III. Total amount of surface groups obtained by TPD and the Boehm method

Carb terial TPD method Boehm method
arbon materia 2CO, + 2CO, mmol g Basic + acidic groups, mmol g
AC 2.697 0.965
CM 3.011 1.164
CF 3.071 1.526
GC 1.041 1.117

Comparing the results obtained by these two methods, agreement for the to -
tal amount of oxygen groups was found only for the porous materials (AC, CM
and CF). Although the TPD results follow the same trend as those of the Bo ehm
method, total amounts of surface groups found were twofold higher than those
obtained by the Boehm method. The difference in the results can originate from
limitations of the Boehm titration method, which enables the detection of acidic
group in the form of carboxylic, lactones, phenols and basic species. However,
this method cannot assess the other acidic and neutral groups.

Another reason for the discrepancie s in the quantitative results could origi-
nate from the fact that in t he Boehm method, the presence of porosity could re-
duce the solvent-accessible surface. Only the GC sample gave comparable results
obtained using both m ethods. GC has no open poros ity, and solution can react
with the whole surface. In addition, the Boehm method showed that there were
no lactone groups at the GC surface; therefore, the CO, released from the GC
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surface at higher te mperatures during the TPD experi ments could be assigned to
the decomposition of anhydrides. Because anhydride groups can be hydrolysed
(Fig. 7) in aqueous solution, as in the Boehm method, rendering two carboxylic
groups,23 it was concluded that the res ults obtained by TPD and the Boehm me-
thod showed acceptable agreement for the carboxylic groups.

0"\*..» /0\ %0 O"‘-b /OH HQ ?0
S
\C/C\C/C\C/ \C/C'\\C/C\C/

Fig. 4. Hydrolysis of anhydride groups in aqueous solution

The values of the specific surface areas of the different samples were com-
pared with the am ounts of surface oxygen groups obtained by the Boehm’s me-
thod and TPD. It can be observed that the number of oxygen groups was not pro-
portional to the specific area, since the expected increase of the am ount of the
oxygen groups with the increas ed specific surface area w as not observed. For
example, the GC sa mple, with a low specific area, encloses a large num ber of
oxygen containing groups. According to obtained results, it was found that the
specific surface area has no crucial infl uence on the am ount of surface oxy gen
groups. The number of active sites located at the edges of the basal plane defines
the amount of chemisorbed oxygen and has more influence ont he amount of
surface oxygen groups than the specific surface area.

CONCLUSIONS

The objective of this work was to characterize the surface chemistry of dif-
ferent carbon materials with different porous textures. All the tested carbon ma-
terials had a basic character. The results obtained b y the Boehm method showed
the highest amount of surface oxygen groups on the carbon felt and the lowest on
the activated carbon. Com paring the results obtained using BET analy sis with
those obtained by TPD and the Boehm titration m ethod, it was found that the
number of surface groups was not proportional to the specifi ¢ surface area, but
more likely influenced by the number of active sites located at the edges of basal
planes. For the non-por ous GC sample, the total am ount of all ox ygen groups
obtained by both methods was similar. Ho wever, the total am ounts of ox ygen
groups on the porous carbon surface (AC, CM and CF) obtaine d by TPD were
higher than the amounts obtained by the Boeh m titration method because of li -
mitations of the latter method. The secondary reaction of CO 5 reduction on the
carbon surface had a negligible effect on the determination of the surface oxygen
groups. The integration of the results o btained by both the Boehm method and
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TPD enabled the provision of unique i nformation about the surface chemistry of
the samples.
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U3BOJ

KAPAKTEPU3ALIMJA ITOBPIIMHCKNUX KNCEOHUYHUX I'PVIIA PA3JIMYUTUX
KAPBOHCKUX MATEPUJAJIA BEMOBOM (BOEHM) METOZIOM U TEMIIEPATYPCKH
ITPOI'PAMHUPAHOM AECOPIIINIOM

AHA M. KAJIMJAJIAC', MAPHJA M. BYKUEBU'R?, 30PAH M. JOBAHOBUR', 30PAH B. JIAVIIIEBUR'
1 MIWJIA JI. TAVIIEBUR?

IJIaO'opau_Aopuja 3a ¢pusuky, MHciuuinyit 3a HykaeapHe Hayke Bunya, i. tip. 522, 11000 Beozpao u
2Texnonouiko—memianypuiu gaxyaiiei, Yuusepauitieini y Beozpady, Kaprezujesa 4, 11000 Beozpad

HcnimtuBane cy NOBpIIMHCKE OCOOMHE Pa3NMIUTHX KapOOHCKHUX MaTepHjana: akKTHBHOT yTIiba,
kapOoHCKor (LA, CTAKIACTOT YIJbeHHKA K HOpo3HOT KapboH MoHonuTa. CrenuduyHa MoBpIIHHA
y3opaka ucnutuBana je BET mMeTomoMm, a KOIHYMHA U THI MOBPIIMHCKHUX Ipyna bemoBum TuTpa-
nyjamMa ¥ TeMiepaTypcku nporpamupanom necopruujom (TPD). Iopenehu pesynrate mobujene
BET metonom ca pesynraruma TPD-a n BemoBe TuTpanuje, 3akjpydeHo je ga Opoj MOBPIIMHCKUX
rpyma HUje IPOIOPIMOHAIaH CICNN(HIHO] HOBPIINHU y30pakKa. YKyHaH Opoj KHCEOHNYHHX TpyTa
KOJ TOPO3HUX y30paka, nobujeH Ha ocHoBY TPD-a, je Behu Hero y ciydajy bemoBux tutpammja.
Pasnor Hecarama pe3yJiTaTa OBHX JIBEjy METOJa IOTHYE U3 YHI-eHUIE 1a je beMoB MeTo/1 orpaHu-
4eH Ha ofipejuBame camo Kuceanx u 6a3uux rpyma, ok TPD naje undopmanujy o ykymHom 6pojy
CBUX KHCEOHMYHHX rpymna. Takohe, kox bemoBor merozna, mocrojame MOPO3HOCTH MOXKE CMAmbUTH
pactBopy noctynHy nospumHy. TPD crexrpu n3nBajaa CO mokas3any cy HUCKO-TEMIIEPAaTypPCKH
MakcumyM, ucrox 650 K, xoju notude ox pexykuuje CO, Ha HOBPIIMHN KapOOHCKOT MaTepujaa.

(ITpumibeno 24. nenemOpa 2009, pesuaupano 27. oktrobpa 2010)
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A comparison of sample extraction proceduresfor the
determination of inorganic anionsin soil by ion chromatography

SVETLANA M. STANISIC!, LJUBISA M. IGNJATOVIC!*# MILICA C. STEVIC!#
and ALEKSANDAR R. PORDEVIC?

IFaculty of Physical Chemistry, University of Belgrade, Sudentski Trg 12—16, Belgrade and
2Faculty of Agriculture, University of Belgrade, Nemanjina 6, Zemun, Serbia
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Abstract: Three different extraction techniqu es were used for aqueou s extrac-
tion of anions from soil of the type Ranker that was sampled from a serpentine
site. The first technique involved the use of a rotary mixer (rotary mixer assist-
ed extraction), the sec ond, a microwave digestion system (microwave assisted
extraction), with different extraction te mperatures for every cycle during the
procedure as follows: 50, 100 and 150 °C. An ultrasonic bath (ultrasonic assist-
ed extraction) was used for the last technique in which the durations of the ex-
traction process were: 10, 20, 30, 40 and 50 min. The concentrations of inorga-
nic anions in the soil extracts after filtration were determined by ion chromato-
graphy. The results showed that the microwave-assisted extraction was highly
efficient, giving, at a te mperature of 150 ° C, several times higher amounts of
extracted anions in water than the other two technique s. Moreover, the extract-
ed amounts of anions obtained by means of an ultrasonic bath with an extrac-
tion time ranging from 10 to 50 min were similar to those obtained by means of
the rotary mixer with an extraction time of 22 h. However, extraction using the
rotary mixer was more reliable, since the extracted amounts of anions obtained
by means of an ultrasonic bath do not correlate with prolongation of the ex-
traction time.

Keywords: soil sample extraction; inorganic anions extraction; ion ¢ hromato-
graphy.
INTRODUCTION

The contents of inorganic anions and the mineral composition of soil are the
results of different biological, physicochemical, chemical and physical processes,
which are themselves the results of the influence of pedogenetic factors.! Bonma-

* Corresponding author. E-mail: ljignjatovic@ffh.bg.ac.r
# Serbian Chemical Society member.
doi: 10.2298/JSC100911069S
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rito et al.2 demonstrated, by analyzing 120 samples of soil from rural, suburban
and urban areas, via HPLC and IC, t hat different concentration of inorganic an-
ions in soil, which vary in their spatial and temporal parameters, was the conse-
quence not only the chemical co mposition of the soil, but also of anthropo genic
and natural influences.

The more important inorganic anions in soil, NO 3=, NO,~, Cl-, HCO3,
S042-, HyPO4~, HPO42~, PO43~ and F-, are found as soil constituents. In thi s
role, they are a matter of interest in environmental science. Additionally, they can
act as pollutants, as in the case of the increased concentration of sulphates due to
atmospheric deposition in developed industrial areas. It should be pointed ou t
that anions as soil constituents and their concentrations are especially significant
for agriculture, not only as components in plant nutrition, but also as a restrictive
factor in vegetable production inth e case of in creased concentrations, i.e.,
carbonates, sulphates and chlorides in naturally saline soils, such as solonchaks.3

All the above mentioned indicates the considerable im portance of the deter-
mination of the concentrations of anion s in soil. This is equally important for a
large number of scientific and practical fields, such as water-us e management,
registration and monitoring of the co ncentration of chemical species in soil, the
monitoring of industrial and mining areas, environmental protection, agricultural
crop improvement, preservation of forest ecosystems and the development of
ecology.

The determination of the concentrations of inorganic anions can be realized
by the analysis of soil solutions in situ* (by using porous cups, porous plates, ca-
pillary wicks, resin boxes and 1 ysimeters), the analy sis of sol utions extracted
from soil using the techniques of drainage, centrifugation or liquid-liquid substi-
tution> or, as is the case with the method used in this study, by analyzing soil ex-
tract obtained through appl ying different techniques for the extraction of anions
from mixtures of soil and water or some other extraction solvent.

The quantity of anions extracted from soil depends, among other factors, on
the type of solvent used for the extract ion, the extraction time, te mperature and
pressure, soil/solvent ratio and com position and characteristics of the soil from
which the sample was taken.

Previous studies dealt, largely, with the possibility of extracting separate an-
ions from soil samples using different extraction solvents. Fluoride extraction
was realized using aqueous CaClp, KCl or AlCI3 solutions, within the concentra-
tion values from 1.0x1073 to 1.0x10~! mol I-!. The studies showed that the high-
est amount of fluorides was extracted by the use of AlCl3, while the results ob-
tained from the employment of the other two extraction solvents depended on the
pH value of the soil sample.® Several studies’ showed that the use of an exchange
resin resulted in 6 to 20 ti mes more fluorides being extracted than the use of
water or an aqueous CaCl , solution re gardless of the soil ty pe from which the
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sample was taken. Soft extraction solvents8 that were used include 0.01 m ol I-!
HCI, 1.0 mol I-! and 0.02 mol 1! NH4C1 and 1.0 mol I-! CaCl,, giving varying
results depending on the soil type, while 5 mol 1! NaOH, 70 % HCIOy4, concen-
trated HCI and H3PO4,? were used as concentrated extraction solvents. The con-
clusion was that two times more fluorides were extracted when NaOH and H3POy4
were used than with the other mentione d solvents. The extracti on of sulphates
was realized using aqueous solutions of LiCl, CaCl,, Ca(HyPO4);,!0 with no sig-
nificant difference in the obtained extracti on results, while an analysis of extrac-
tions from a gypsum-free soil sample using water, 0.1 mol I-! NaCl, 0.016 mol 1 -1
KH,PO4 and 0.5 mol I"! NaHCOj3 showed that water was the most efficient ex-
traction solvent for soils with pH < 6. 1! Nitrates were extracted from soil using
saturated (0.35 %) CaSO 4-2H,0 in solution with 0.03 mol I-! NH4F and 0.015
mol I-1 H,SO4, 0.01 mol I-! CaCly,, 0.5 mol I-! NaHCO3 and 2.0 mol 1-! KCI, of
these KCl, at different molarities was used for nitrate extraction m ore often than
the others.12

In relation to the simultaneous extraction of several anions from soil sample,
studies!3 were perform ed using soft ex traction solvents, 0.01 mol1 ~1 H3POy,
deionised water and 0.01 mol 1 ~! NaOH, with the conclusion that NaOH was the
most efficient system for fluoride, bromide and sulphate extraction, while chlo-
ride extraction gave varying results depending on the soil type.

In addition to the com parison of the efficiency of different extraction sol-
vents, the influence of extraction tim e on the achieved results was investigated.
However, no study has hitherto invol ved the use of a rotary mixer, microwave
digestion system or ultrasonic bath for soil sample preparation with aim of in-
creasing the efficiency of inorganic anions extraction.

Deionised water that was used as a soft extraction solvent has hydrolytic and
dissolving effect on salts contained in soil samples. This dissolving effect is pre-
sent to a greater extent when simple inorganic salts that are highly soluble (nitra-
tes, nitrites, chlorides and sulphates of sodium and magnesium and sodium car-
bonate), fairly soluble (gypsum) and sparingly soluble (Ca and Mg carbonates
and Ca, Fe and Al phosp hates), and to a lesser extent with complex salts (alumi-
no-silicates) and organic compounds.!4

In this study, different extraction techniques were em ployed to extract the
anions from soil using water as the extractant. The efficiencies of the techniques
were investigated by ion chromatographic determination of the extracted anions.

EXPERIMENTAL

Chemicals and procedures

The soil sample was taken from a site covered with natural vegetation that had been ex-
posed to minimal influences of anthropogenic pollution at the location Bubanj Potok near Bel-
grade, Serbia. The soil sample, weighing 1.0 kg in total, was obtained by combining samples
taken from the surface horizon, rich in hu mus, from 30 diffe rent sites, at a depth of 20 ¢ m.
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The depth of the total soil profile at this location is 50 cm. The sample was air dried for 72 h.
Then, large fractions were removed, crushed in a mortar and sieved through a 1.0 mm pore
diameter sieve. The basic pedological analysis included: the potentiometric determination of
the pH in H,O and 1.0 mol I'! KCI, the humus content after the Turin method, the adsorptive
complex of the soil (H, T, S) after Kappen, determination of the soil texture by the pipette me-
thod, the hydrolytic acidity after Kappen, the hy groscopic moisture by drying at 105 °C, the
moisture loss after heating at 700 °C for 30 m in and the soil conductivity by the conducto-
metric method.

Deionised water from a Milli-Q Gradient system (Millipore, USA) was used for the ex-
traction and preparation of all mixtures. The resistivity of the deionised w ater used was 18.2
MQ-cm (at 25 °C). The substances used for analysis were of high analytical purity grade. The
eluent was prepared by dissolving 3 mmol of Na,CO; (Fluka, Switzerland), previously dried
for 2 h at 105 °C) in a litre of deionised and d egassed water. The eluent was made on a daily
bases and then filtered through a 0.20-um pore size membrane filter (Phenomenex, USA). A
primary multi-anion standard solution, produced by Fluka, Switzerland, (Cat. No. 89886, Lot
1265008) was used for calibration.

The extraction mixtures were prepared in normal flasks, 50 ml volume, by mixing soil
sample with deionised water in the ratio 1:10,i.e.,2 g/ 20 ml.

Two series, four extractions each, were performed using a rotary mixer (rotary mixer
assisted extraction, RAE in the further text) in which the mixture was processed for 22 h at 10
rpm at 20 °C.

The second technique involved the use of a n ultrasonic bath (ultrasonic assisted extrac-
tion, UAE in the further text) with the mixture positioned at the same place in the bath and at
same initial water temperature, 17 °C. Two ex tractions were made for each of the following
extraction times: 10, 20, 30, 40 and 50 min.

The third technique involved the use of a microwave digestion system (microwave as-
sisted extraction, MAE in the further text). Five extraction s at each of the following te mpera-
tures: 50, 100 and 150 °C, were performed. The given temperature was achieved in 15 min for
each extraction cycle, while the extraction it self lasted 15 min. Sub sequently, the samples
were cooled to room temperature.

In addition, two further extractions were performed on soil that had been dried at 700 °C
for 30 min using the ultrasonic bath for a duration of 15 min.

A blank extraction was performed for each of the employed extraction techniques.

When the extraction proce sses were finished, each of th e extraction mixtures was first
centrifuged, then filtered through a medium wide pore sized filter paper and finally through a
0.20-pum pore-sized membrane syringe filter (Phenomenex, USA). The soil extracts were pre-
served at 4 °C in a laboratory refrigerator for the further analyses.

Equipment

An overhead mixer Reax 20/8 (Carl Roth, G ermany) rotary mixer and a T ranssonic T
760 DH (Elma, Germany) ultrasonic bath with an ultrasonic frequency of 40 kHz and an ef-
fective ultrasound power of 170 W were employed for the extractions. The type of the micro-
wave digestion system consisted of an ETHOS 1, Advanced Microwave Digestion Labstation
(Milestone, Sorisole, Italy), equipped with 10 Teflon containers. The capacity of the ¢ on-
tainers was 75 ml each, and the maximum pressure and temperature that could be achieved
were 10 MPa and 300 °C. The extraction mixtures were centrifuged using Sigma 2-5 centri-
fuge (Sigma, Germany) at 2500 rpm.
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The employed ion chromatography system was a Metrohm, type 761 Compact IC
(Switzerland) with a conductometric detector. The conductometric detection was realized after
suppression of the conductivity of the eluent, for which the pa cked-bed Metrohm Suppressor
Module (MSM) was used. The principle of t he conductivity suppression is the exch ange of
Na* from the eluent with H" from the suppressor module. The result of this is that low con-
ductive species, H,O and CO,, are formed in the eluent instead of primary present high con-
ductive Na*. The separation column used was Metrosep A Suppl-250, with carrier material
polystyrene—divinylbenzene copolymer (particle size 7 pm, column dimensions 4.6 mmx250
mm), and with guard column (Metrosep A Supp 1 Guard). The eluent was 3 mM Na,CO; at a
flow rate of 1.0 mL min'!. The full-scale range was 50 pS and the injected sample volume was
20 pL for each probe.

RESULTS AND DISCUSSION

A sample of soil, type Ranker, taken from a serpentine site in Bubanj Potok,
a rural area near Belgrade, was used as the substrate. The measured pH value in
KCI (5 g so0il:10 ml KCI) was 6.0, and in deionised water, the pH value was (5 g
s0il:10 ml water) 6.9. The results of other pedological analysis are given in Table
I. The basic pedological analyses were performed not only to determine the che-
mical properties of the soil, but also to investigate the possible presence of fa c-
tors that could influence the adsorption of inorganic anions by positively charged
colloid particles in the solution. The investigated soil was characterized as rich in
humus, with weakly acidic reaction. As other studies de monstrated, the chemical
properties of soil can have, to som e extent, an influence on extraction results ,
which should also be considered.

TABLE I. The results of the basic pedological analysis of the soil

Soil parameter Measurement

1 2 3 Mean
Humus, % 5.15 5.23 5.12 5.16
Total C, % 2.99 3.03 2.97 2.99
The sum of base cations, meq 100 g 34.6 335 39.6 35.9
Large sand particles, % 4.87 6.22 6.83 5.97
Small sand particles, % 30.1 30.8 31.6 30.8
Colloid clay, % 45.8 43.6 41.0 434
Silt, % 19.3 19.3 20.6 19.7
Hygroscopic moisture, % 3.1 3.1 3.1 3.1
Heating loss, % 14.2 14.6 14.4 14.4

The results of the determinations of the am ounts of fluorides, chlorides,
nitrates, phosphates and sulphates present int he extracts obtained using RAE,
UAE and MAE are presented in Tables [I-1V, respectively.

After accuracy evaluation of the obtained results, it was concluded that the
employed analytic method presented an relative standard deviation RSD for fluo-
rides of 4.85 %, for chlorides 1.19 %, for nitrates 2.13 %, for phosphates 1.24 %
and for sulphates 1.00 %.
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TABLE II. The results of determinations of anions after RAE (mg 100 g'! soil)
No. of

Sample series No. . Fluorides Chlorides Nitrates Phosphates Sulphates
extraction
1 1 0.39 3.56 2.22 0.35 1.79
2 0.43 3.66 2.13 0.21 1.68
3 0.37 3.38 2.06 0.27 1.76
4 0.49 3.32 2.35 0.33 1.73
Mean 0.42+0.07 3.48+0.27 2.19+0.04 0.29+0.14 1.74+0.03
2 1 0.37 3.63 2.17 0.62 1.73
2 0.27 3.81 2.08 0.34 1.82
3 0.35 3.85 2.11 0.89 1.75
4 0.29 3.59 2.00 0.51 1.82
Mean 0.32+0.05 3.72+0.29 2.09+0.04 0.59+0.29 1.78+0.03
Average concentration 0.37+0.06 3.60+0.28 2.14+0.04 0.44+0.22 1.76+0.03

TABLE II1. The results of determinations of anions after UAE (mg 100 g'! soil)

E)lctractlon time No. O.f Fluorides Chlorides Nitrates Phosphates Sulphates
min extraction
10 1 0.41 2.23 1.47 0.34 1.39
2 0.29 2.79 1.89 0.24 2.41
Mean 0.35+0.06 2.51+0.20 1.68+0.03 0.29+0.14 1.90+0.03
20 1 0.03 2.53 0.00 0.00 1.50
2 0.28 3.23 1.27 0.22 1.22
Mean 0.13+0.02 2.88+0.23 0.63+0.03 0.11+£0.14 1.36+0.02
30 1 0.13 4.54 2.13 0.34 1.87
2 0.25 2.04 1.09 0.00 291
Mean 0.19+£0.03 3.29+0.26 1.61+0.03 0.17+0.14 2.39+0.04
40 1 0.21 2.09 1.37 0.00 1.64
2 0.07 497 1.53 0.26 1.82
Mean 0.14+0.02 3.53+0.28 1.45+0.03 0.13+0.14 1.73+0.03
50 1 0.13 423 1.30 0.00 2.63
2 0.29 2.95 1.72 0.07 1.29

Mean 0.21+0.03 3.59+0.28 1.51+0.03 0.03+0.14 1.96+0.04

The extraction of fluorides by means of the rotary mixer gave the results pre-
sented in Table II, which were, on average, similar to the re sults of extraction
realized using the ultrasonic bath with an extraction time of 10 min. As shown in
Table 1, prolongation of the UAE time was not in positive correlation with the
amount of extracted fluoride. By using MAE (Table 1V, Fig. 1), a significant in-
crease in the am ount of extracted anions occurred at a tem perature of 150 ° C,
even up to 4.5 times more than the amount extracted at the lower temperatures.

The UAE of chlorides demonstrated (Table III) that prolongation of the ex-
traction time led initially to an increased am ount of extracted ions, first by 10 %
and finally to an insignificant 1.7 % when the extraction was extended from 40 to
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50 min. Compared to the UAE, the RAE (Table II) was more efficient for the
extraction of chloride ions.

TABLE IV. The results of determinations of anions after MAE (mg 100 g*! soil)

Extraction o No. O.f Fluorides Chlorides Nitrates Phosphates Sulphates
temperature, °C extraction
50 1 0.18 2.10 12.7 0.43 1.38
2 0.18 1.71 344 0.45 2.69
3 0.18 2.65 13.0 0.38 5.14
4 0.18 2.43 18.6 0.41 3.65
5 0.18 1.87 21.6 043 2.45
Mean 0.18+0.03 2.15+0.17 20.1+0.4 0.42+0.21 3.05+0.06
100 1 0.18 8.25 69.1 0.49 3.94
2 0.13 5.81 320 0.71 7.66
3 0.14 9.47 272 1.46 8.16
4 0.14 8.52 212 0.97 5.36
5 0.16 7.16 229 0.81 7.82
Mean 0.15+£0.02 7.84+0.15 22144 0.89+0.44 6.59+0.13
150 1 0.71 37.5 415 1.69 18.5
2 0.89 45.7 606 1.97 153
3 0.69 32.7 523 2.03 13.9
4 0.73 35.7 483 1.83 16.7
5 0.79 41.6 546 1.97 15.2
Mean 0.76+£0.13 38.6+1.5 515+10 1.90+£0.95 15.9+0.3
70 |
MAE
\ RAE
60 | UAE
chloride |
TE 50 |
2 |
é 30 nitrate
fluoride |
| |
20 |
|' | phosphate sulphate
10 Il .I. |
£ £ Tk =
(1} 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 18

Time, min

Fig. 1. A comparison of the chromatograms of the soil extracts provided by each
of the three extraction techniques.

The average value from the two RAEs was higher than the value obtained by
UAE after the longest extraction time, 50 min, which gave the highest extract ed
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amount. The concentration of extracted chloride io ns by MAE at 100 °C was
about two times higher than the highest concentrations obtained b y the other two
techniques. On increasing the tem perature to 150 °C, the obtained concentration
was about 12 times higher than the highest concentrations resulting from the use
of RAE and UAE.

The UAE of nitrates (Table III) showed the extracted amount of these anions
did not vary with changing extraction tim e. The obtained am ount was less than
the one obtained by RAE (Table II). Given the fact that nitrates are highly so-
luble, their concentration determined in the soil solution obtained by  centrifu-
gation was almost equal to the am ount obtained by extraction with water. 15 The
amounts of nitrates obtained b y MAE were 10 tim es higher at a tem perature of
50 °C, and even up to 100 times higher at 100 °C, than t he amounts obtained
using the other two techniques. MAE at a tem perature at 150 °C gave concentra-
tions of nitrate ions that were beyond the given measurement range for all probes
obtained. After dilution of the extracts, th ¢ IC results showed that the extracted
amount of nitrate ions obtained at 150 °C was 2.4 times higher th an that obtained
by extraction at 100 °C (Table IV, Fig. 1).

The UAE of sulphate ions (Table III) gave results demonstrating that the ex-
tracted ion amount did not depend on the extraction time. At the same time, the
amount of sulphate ions extracted by RAE was almost equal to the average amount
of sulphate ions extracted by UAE with extraction times of 10, 20, 30, 40 and 50
min. The MAE results demonstrated (Table V) also in the case of sulphate ions
that significantly increased amounts of ex tracted ions occurred with increasi ng
extraction temperature. Although there were so me variations in the results of
each of extractions as the extraction temperature was changed, the average amount
of the extracted sulphates at 150 °C was 7 times higher than the highest amount
of sulphates extracted by the other two extraction techniques (Fig. 2).

The UAE of phosphates d emonstrated that with prol ongation of the extrac-
tion time to 20 or m ore minutes, the previously low concentrations of extracted
phosphates went bey ond the detection threshold. The average concentration of
the extracted phosphates obtained by RAE was higher than the concentration ex-
tracted by UAE for10 min. The use of MAE at a tem perature of 150 °C gave an
almost five times higher am ount of phosphate ions than the average am ount ob-
tained by RAE. The extracted am ount of phosphate ions was low, since the in-
vestigated soil was formed on a substrate (serpentine) with a low level of P 70s.
Generally, the average co ncentration of phosphates in this type of soil ranges
from 1-3 mg 100 g~! of soil.12

The results of extracted anions from soil sample using the MAE technique
showed (Table IV, Fig. 2) that the extracted amounts were higher with increasing
extraction temperature.
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Fig. 2. A comparison of chromatograms of the soil extracts provided by
MAE at different temperatures.

Ranker found on serpentine sites is characterized by a low ratio of Ca:Mg of
less than one, high concentrations of Ni, Cr and Mn, and a lack of the essentia |
nutrients, such as available nitrogen, potassium and phosphorus, necessary for
the growth of agricultural crops.!® Compared to other soil ty pes, Ranker on ser-
pentine sites has increased concentrations of magnesium that influences the gene-
ration of simple inorganic salts which are more soluble, containing a high per-
centage of crystallized water.

A significant amount of Ni in a soil sample, which gives insoluble Ni3(POg4);
7H50, can be one of the limiting factors fo r the extraction of pho sphates. Unlike
phosphates, the fluorides, chlorides and su Iphates of Ni dem onstrate relatively
high solubilities in water. In addition to this, an investigation of the colloid frac-
tion of the soil (particles < 0.2 um) evidenced that a certain am ount of positively
charged colloid particles was present in the soil. These partic les have the ability
to adsorb anions. The ads orption of anions in soil, that can have negative influ-
ence on their extraction, is also influen ced by the properties of ani ons (in accor-
dance with their increasing ability to be adsorbed ClI- = NO3~ < SO42~ < PO43- <
< OH"), the presence of sesquioxides to a greater extent and the acidic reaction of
the soil.!7

The extraction of anions from a soil sample previously heated at 700 °C for
30 min was realized by means of the u Itrasonic bath, with an extr action time of
15 min (Fig. 3). The results showed that the extracted am ount of nitrate was 5
times less than the amount extracted under the same conditions from a soil samp-
le that had not been heated. The reason for this can be the conversion of nitrates
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of heavy and alkaline earth metals, by heating, into metal oxide, nitrogen dioxide
and oxygen. The chromatograms of h eated soil samples showed a significa nt
increase of sulphates peak due to sul phur conversion during the combustion of
organic matter into sulphate, but also to the possibility that dissolution of sul-
phate salts occurred.

5
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Q
5]
=
g
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5
-
5 | %
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0 1 2 3 4 5 6 7 8 9 10 1m 12 13 14 15 16 17 18 19 20

Time, min

Fig. 3. The chromatogram of the extract of the previously heated soil. Anions concentrations
(mg 100 g'! soil; peak number): F- (0.33; peak 1), Cl- (3.13; peak 2), NO;™ (0.31; peak 3),
PO,3 (4.58; peak 4) and SO42 (77.0; peak 5).

CONCLUSIONS

The conclusions that can be drawn from the obtained results are that the ex-
traction technique involving the use of an ultrasonic bath was less reli able and
less efficient for the simultaneous extraction of inorganic anions from soil than
the extraction technique that uses a rotary mixer. In addition, the results of the
ultrasonic bath assisted extractions showed that pr olongation of the extraction
time did not influence the amount of extracted anions, except in case of chloride
ions. On the other hand, the ultrasonic assisted extraction is less time consuming
and minimizes the expenditure of extraction solvent.

Unlike these two extraction techniques, the microwave-assisted extraction of
inorganic anions for later chromatographic determination was efficient, reliable
and less time consuming. The amount of anions obtained by microwave-assisted
extraction correlated with the increasing extraction temperature and was signifi-
cantly higher compared to the amounts obtained by conventional techniques for
soil sample preparation.

The techniques employed in this study for the preparation of soil samples for
analysis can also be applied to other t ypes of soil, and are significant for e sti-
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mating the concentration o f inorganic anions in soil, originating from highly so-
luble salts. In addition, the results of su ch preparations of soil s amples for ion
chromatographic analysis give a certain insight into the concentration of anions
in the soil solution, i.e., in the soil liquid phase.

Applying these new te chniques of for th e extraction of anions from soil
samples combined with different extrac tion solvents, e.g., soft extractants, con-
centrated acid, base or sal t solutions, can be considered and requires further in-
vestigation. The aim was to improve the extraction procedures and soil analyses,
which is important for many scientific and practical reasons.
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N3BOJI

YTULAJ ITPUTTPEME V30PKA 3EMJBUILITA HA OJIPEBVMBABLE HEOPTTAHCKUX
AHJOHA METOJAOM JOHCKE XPOMATOI'PA®UIE

CBETJIAHA M. CTAHUIIIMR', JbYBUIIIA M. UTHLATOBUR', MWJIMIA 11. CTEBUR'
u AJIEKCAHJIAP P. ‘BOPBEBUR’

' Pakyaitieisi 3a pusuury xemujy, Ynusepauitieiii y Beozpady, Citiydeniticku Tpz 12—16, Beozpad u
’[Momoipuspeonu pakyaitiei, Hemarjuna 6, Semyn

Bpurena je ekcTpaknuja aHjoHa y JIejOHH30BAHO] BOAM, U3 Y30pKa 3€MJBHINTA TUIIA CEPIICH-
THHHTA, YIIOTPeOOM TPU pa3lnuUTe TEXHHKE EKCTpaKLHje: yrmoTpeOoM porannoHe Myhkamuie y
Tpajamy on 22 cara, MUKpoTajacHe nehHulle, y3 IPOMEHY TeMIepaType 3a CBaKH OJ1 LIUKJIyca eKC-
tpakuuje: 50, 100 u 150 °C u yntpa3By4He Kaje, ca eKCTpakHOHUM BpemeHnoM ox 10, 20, 30, 40 u
50 min. Y eKCTpakTy 3eMJBHINTA JTOOHjCHOM HAaKOH (uiTpanuje cy oapehuBaHe KOHIICHTpaiuje
HEOpraHCKHX aHjOHAa METOAOM jOHCKe xpomarorpadwuje. M3spmena cy mopehema pesynrara 3a
CBaKy O]l TeXHHKa €KCTpaKIHje, YMMe je 3aKJbyUEeHO J1a c€ eKCTPaKIuja MOTIIOMOTHYTa MUKPOTa-
JacuMa ToKaszajia Kao BeoMma edukacHa, najyhu Ha temmneparypu ox 150 °C Hekonmko myta Behy
KOJIMYMHY eKCTPaxOBaHMX aHjoHA y mopehemy ca npyre JBe TexHHKe ekcrpakuuje. Konnmumna
eKCTPaXxOBaHMX aHjOHA YIOTPEOOM yITpa3ByuHe Kajie, Ca eKCTPAKLIMOHUM BPEMEHOM Y PacloHy O
10 no 50 min, je 6wia npuOIMIKHA KOTMYMHH JOOHMjEHOj EKCTPAKLM]jOM KOja KOPHCTH POTALUOHY
myhxkanuiy, y tpajamy on 22 h. Mnak, ekcTpaknnoHa TEXHHKAa KOja KOPHCTH POTAlMOHYy Myhka-
JHIYy ce TOKa3ala Kao IOy3/aHWja OJf TEeXHHKE eKCTpaKIWje IOTHOMOTHYTE YITPa3ByKOM, jep
KOJIMYHMHA EKCTPAaXxOBAaHHWX aHjOHA IPH EKCTPAKIHWjU y3 moMoh ynTpas3Byka HHje y KOpelauuju ca
MPOYKEHEM EKCTPAKIIMOHOT BpEMEHa.

(ITpumsbeno 11. centembpa, pepuaupano 26. oktobpa 2010)
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Abstract: Soil of arable land and meadows from the Ap horizon, taken from ten
different localities, were investigated for different forms of Fe, including total
(HF), pseudo-total (HNOj3), 0.1 M H CI extractable and DTPA (diethylenetri-
aminepentaacetic acid)-extractable. A sequential fractional procedure was em-
ployed to separate the Fe into fractions: water soluble and exchangeable Fe (I),
Fe specifically adsorbed with carbonates (II), reducibly releasable Fe in oxides
(III), Fe bonded with organic matter (IV) and Fe structurally bonded in silicates
(residual fraction) (V). The soil pH, ¢ ation exchange capacity, and size frac-
tions (clay and silt) had a strongest influence on the distribution of the different
forms of Fe. The different extraction methods showed similar patterns of the Fe
content in arable and meadow soils. However, the DTPA iron did not corre s-
pond with the total iron, which confir ms the widespread incidence of iron -
deficiency in vertisols is independent of the t otal iron in soil s. The amount of
exchangeable (fraction I) and s pecifically adsorbed (II) iron showed no depen-
dence on its content in the other fractions, indicating low mobility of iron in
vertisols. The strong positive correlation (r =0.812 and 0.9 56) between the
content of iron in HNO ; and HF and its conte nts in the primary and secondary
minerals (fraction — V) indi cate a low content of plant a ccessible iron in the
vertisol. The sequential fracti onal procedure was confir med as suita ble for
accessing the content and availability of iron in the vertisols of Serbia.

Keywords: soil; iron solubility; plant availability; adsorption; distribution of iron.
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INTRODUCTION

Vertisols are the predominant soils in Central and western Serbia and cover
780 000 ha, which is 8.93 % of the total land area in Serbia. ! These soils, de-ve-
loped through degradation of lake sedi ment, are suitable for vege table, fruit and
vine crops production. However, the unfavourable characteristics induced by high
clay contents, poor structure (a prismatic poly edric structure with the frequent
occurrence of angled aggregates) and generally high acidity could lim it their
productivity potential.

The distribution and availability of heavy metals in soils is i mportant when
assessing the environmental quality of an area, since increased concentrations in
soil, water and plants pose a serious threat to human and ani mal health. The
origin of heavy metals in the soil is mainly geochemical (originating from the
parent substrate) and partly anthropogenic (various sources of pollution). The soil
solution contains considerably small amounts of the microelements, thus heavy
metals occur in soil in water-soluble, exchangeable forms, bound to specific sites
of the organic and inorganic soil components and in the structure of primary and
secondary minerals.2->

The bioavailability, mobility and chemical reactivity of heavy metals in soils
are often associated with their distribut ion among certain soil fractions and the
dynamic equilibrium among them.6’

Iron is an important m icronutrient which availability could be sig nificantly
affected by the soil properties. Generally, the total iron increases with increasing
cation exchange capacity (CEC) and the clay and silt content.® Complexation of
iron by soil organic matter may result in increased plant availability, and m icro-
bial exudates can supply additional iron to plant routes.? Likewise, exchangeable
iron adsorbed onto inorganic sites and diethylenetriaminepentaacetic acid (DTPA)
extractable iron increase with increasi ng soil organic matter but decrease with
higher soil pH and calcium carbonate content.*28

The determination of the mobile and potentially mobile iron forms is the key
issue in the esti mation of iron availability to plants. However, the si mple selec-
tion of methods for their extraction is not sufficient for conceptualisation of their
availability, sources or interconnection with a phase of a soil. Accordingly, iron
distribution among the different fractio n is essential an understanding of't heir
chemistry in soils. Many authors suggested the employment of a sequential ex-
traction procedure for investigation of heavy metals in the environment, sediment
of natural origin or in substrates secondarily enriched with heavy metals (e.g.,
agriculture, industry, road traffic).”-9-12 These method eliminate the disadvan-
tages of indi vidual extraction procedures and provide information on the total
and available content of selected heavy metals in soils, the strength of the bond -
ing and their relationship with specific co mpounds in the solid phase of soil. 10
Hitherto in Serbia, many single or sequential extraction procedures, mainly based
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IRON IN VERTISOLS OF SERBIA 783

on the Tessier procedure or different versions thereof, have been applied to soils
and sediments to fractionate metals by using different extractants or reagents to
obtain more useful information about the bioavailability and mobility of me-
tals 1,14-16

The aim of this study was to assess the distribution and forms of iron in the
environmental conditions of vertisols soils in Serbia by utilizing different extrac-
tion methods and a sequential extraction procedure.

EXPERIMENTAL

The investigations were conducted on vertisols (smonitza) type of soils taken from the
Ap horizon at ten different localities in Serbia (Fig. 1): (1) Milutovac, (2) Pri&tina, (3) Trnava,
(4) Rekovac, (5) Vranje (Neradovac), (6) Zajecar, (7) Bela Crkva, (8) Blace, (9) Salas and
(10) Kragujevac. The sub-samples were taken from field and meadow ecosystems at a depth
of 0 to 20 cm, after which they were air-dried, crushed in a porcelain mortar and sieved
through stainless steel screens. Particles 2 mm in size were used for soil characterization and
Fe-fraction analyses.

7. Bela Crkva

9. Salas

10. Kragujevac

|

1. Milutovac

_

:

Fig. 1. Geographical locations
of the investigated soil samp-
lesin the Republic of Serbia.
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784 JELIC et al.

Determination of the soil characteristics

Soil pH was determined in a suspension in water and 1 M KCl at the ratio of soil:solution
ratio of 1:2.5 after a 0.5 h equi libration period; the organic content was determined using the
humus method of Kotzmann?7 and the available P,O5 and K,O content was determined using
the Egner-Riehm Al method.!3:'4 The CEC was determined using the method with 1 M
NH,4OAc, pH 7, and the partic le size distribution was determined by a pipette method. The
total iron was determined by atomic adsorption spectrophotometry (AAS, Model Carl Zeis Je-
na AAS IN). A cold extraction method was used for the determ ination of the total and pseu-
do-total iron in which 0.5+£0.001 g of sa mple was transferred into a centrifuge tube and then
10 mL of 0.5 M HCI was added. The solution was shaken, subjected to vortex for a short time
and placed on a shaking-table for agitation for 1 h. After a gitation, the solution was centri-
fuged at 3000 rpm (1,900xg) for 15 min, and then filtered through a 0.45-pum syringe filter to
remove particulates.

The total iron was determined by AAS after digestion of the soil sample (0.5 g), which
had previously been heated in Pt dishes for 2 h at 450 °C with a mixture of acids (HF, HNOj;
and HClO,). The pseudo-total content of iron was deter mined by AAS spectrometry after the
finely grounded soil sample (2 g) had been digested for 2 h with 20 ml conc. HNO; and then
treated with 3 ml 30 % H,0, and heated for 15 min.!3

Sequential fractional procedures

Iron (Fe) in different soil fract ions was extracted using the procedure proposed by Tes-
sier et al.1% The methods followed for the fractionation procedures are outlined below:

1. Water soluble and exchangeable metals were determined by extraction with 0.1 M
CaCl, (pH 7.0). 10 g of soil w as agitated in plastic pots with 100 cm? of solution for 20 min,
and then filtered.

2. Specifically adsorbed metals and metals bound to carbonates were determined by ex-
traction with 1.0 M NaOAc (pH 5.0). Again, 10 g of soil wa s added to 100 cm? of solution,
agitated for 5 h at room temperature and then filtered. In this case, the sum of 1) and 2) was
obtained and by subtraction, fraction 2 was obtained.

3. Reductant releasable Fe occluded in oxides of Fe and Mn was determined in the fol-
lowing manner. 2.5 mg of soil was placed in a centrifuge tube and, after extraction of fractions
1 and 2, 50 cm? of 0.04 M hy droxylamine hydrochloride in 25 % of HOAc, pH 3, was added.
The tubes were then kept in a water bath for 6 h at 85 °C an d stirred. Subsequently, the total
volume was set to 50 cm? by addition of distilled water, closed and then agitated for 10 min,
and centrifuged for 10 min at 3000 rpm. The clear solution w as removed into reagent bottles,
while the remaining soil was washed with 20 cm? of distilled water.

4. Metals bound to the organic matter were determined in the following way. 7.5 cm? of
0.02 M HNOj3 and 12.5 ml of H,O, pH 2.0 were added to the test tubes with the soil re main-
ing from the previous three extractions. The tubes were kept in a water bath at 86 °C for 2 h,
under stirring. After cooling, 7.5 cm?® of 30 % H,0, was added and the mixture was again kept
at 86 °C for 3 h. After cooling, 12.5 cm? of 3.2 M NH4OAc in 20 % HNO; was added. The fi-
nal volume was set by adding distilled water and then the tubes were closed. They were then
shaken for 30 min and centrifuged for 10 min at 3000 rpm. The clear solution was transferred
into reagent bottles.

5. Metals structurally bound in silicates (residual fraction) were determined by calcul-
ation as the difference between the total cont ent determined with HNO;—HF-HCIO, and the
sum of the first four fractions.
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The distribution of iron in th e chemical fractions 1-4 was determined by flame AAS
(atomic absorption spectrometry).

Satistical analysis
The results obtained for the different contents of iron (total, accessible and different che-

mical fractions) in the vertisols were stati stically evaluated by the Student’s t-test and the
Pearson correlation coefficients.!®

RESULTS AND DISCUSSION
Basic characteristics of examined Serbian vertisols are given in Table 1.
TABLE I. Examined physico-chemical characteristics of vertisols in Serbia (mean, range and
standard deviation); t-test field: meadow; NS — application of the Student t-test showed that

there is no statistical significance between the examined characteristics of field and meadow
soils

Field Meadow

Soil characteristic Mean Range gtapdgrd Mean Range Stapdgrd

eviation deviation
pH (H,0) 7.1 5.8-8.1 0.9 6.9 5.6-8.1 0.9
pH (KCI) 6.0 4.6-6.9 0.9 5.8 4.7-7.0 0.9
Humus content, % 33 2.5-4.0 0.5 35 2.0-5.6 1.1
P,05s mg/100 g 7.7 0.6-28.0 8.5 42 0.8-17.8 5.0
K,0 mg/100 g 344 19.0-59.6 11.8 31.1 20.4-53.5 104
CEC meq/100 g 25.1 15.5-31.5 5.6 23.8 16.9-34.7 6.6
Sand, % 29.6 21.4-36.0 4.8 322 22.3-50.5 9.0
Silt, % 24.6 18.8-31.2 3.6 22.8 11.9-29.4 5.6
Clay, % 45.8 33.5-54.4 7.2 44.9 28.9-64.3 11.1
Silt + Clay, % 70.4 64.0-78.6 4.8 67.7 49.5-717.7 9.0

The examined vertisols showed marked heterogeneity in terms of pH, and
most of the studied soil sam ples were acid to slightly alkaline. In ter ms of the
readily available phosphorus content, the selected locations belong to the class of
soils with lower availability of this element but the observed level of P,Os varied
widely between the different sam ples: 0.6-28.0 mg/100 g soil for sam ples from
fields and 0.8-17.8 mg/100 g soil for the samples under meadows. The investi-
gated soils showed a m oderate to high content of available K>O. The selected
sites of vertisols also differed in their hum us contents, with an average of 3.3
(field) and 3.5 % (meadow), and had a high capacity for cation adsorption, range
from 15.5 to 34.7 meq/100 g soil.

The average value of total iron (HNO 3-HF-HCIlO4 extraction) in the tested
vertisols was 3.7 (field) and 3.6 % (meadows), ranging from 0.5 to 5 % which are
typical values for “norm al” land. The variations between the samples could be
explained by the differences in the basic physical and chemical properties of the
soil. Thus, soils with higher clay contents and highe r values of CEC contained
higher levels of iron. This indicates that the metals in soils with the higher values
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of CEC are strongl y bounded and could not be subj ected to leaching o ut in the
deeper layers. Consequently, the tot al content of the iron was the higher
compared with soils with a less pronounced CEC thus metals are not in form that
could be easily adopted by plants, what determines their low accessibility.519

The extraction of accessible forms of iron using mild extraction agents (0.1
M HCI and 0.005 M DTPA) showed extremely low contents of soluble iron com-
pared to the total iron contents. The solution of 0.1 M HCI extracted two times
more iron compared with the 0.005 M DTPA solution, ranging from 53.5 (field)
to 60.6 mg/100 g soil (meadow). This obser vation confirms that the application
of 0.1 M HCI solution also transform ed the part of iron cations specifically ad-
sorbed on organic and mineral components (oxides, carbonates and silicates), as
well as occluded and precipitated iron. The acids also released coordinated bound
iron ions from the surface of silica, but these amounts vary considerably depend-
ing on the mineralogical composition of soil.20-22

Lindsay and Norvell23 using the DTPA -accessible content of microelements
(iron) successfully separated Colorado soils into deficient and well supplied.. Ba-
sed on the plants response to the applica tion of microfertilizers (Fe), the critical
content of DTPA-extracted iron was determined, which was 4.5 mg kg~! for corn
and 2.5 mg kg~! for sorghum (sorghum plants are less susceptible to a lack of
microelements). Below these values, plants responded to the app lication of iron,
hence it could be considered that this soil was deficient in Fe. Above the value of
4.5 mg kg! extracted iron, the plants showed no re sponse to the application of
iron microfertilizers, therefore these soils were characterized as well supplied.

The relative values of the extracted iron in HNOj solution, obtained from the
pseudo-total metal contents,!3 show a sim ilar variation in both groups of verti-
sols, since the decomposition of the crystal lattice of the primary and secondary
minerals was not complete. From the vertisol of arable soils, 84.9 % of its total
content was extracted by HNO3, while from the meadows 83.4 %. These data in-
dicate that at least 15—17 % of the total iron content is most likely located in the
structures of primary and secondary minerals. These results correspond with those
of Hang et al.,25 who found that the average extractability of 4 M HNOj3 for iron
was between 76 to 85 % of that of HF for vertisols of the Mississippi River Delta.

In the case o f vertisols originating from the fields that are richer in iron,
HNOj extracts a greater part of the total iron, com pared with vertisols from the
meadows. However, it was observed tha t the relative values of the extraction of
iron show similar variation in both groups of soil. Based on this, it could be con-
cluded that the higher concentrations of iron in the arable  soil was not a pr e-
requisite for its greater sol ubility and its greater occurrence in the weaker forms
of bondage.

In the vertisol of the fields, 0.1 M HCI solution extracted 0.15 % of the total
content of iron, whereas 0.005 M DTPA extracted 0.07 %. Considering the indi-

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

2011 Copyright (CC) SCS

©089



IRON IN VERTISOLS OF SERBIA 787

vidual samples, the relative values obtained by extraction with 0.1 M HCI show-
ed greater variation, rangi ng from 0.06 to 0.22 %, which is in a ccordance with
the greater variation in the total iron ¢ ontent of these soil samples. The relative
amounts of iron extracted by 0.1 M HCI solution decreased with increasing total
iron content. However, among the individual samples, there were differences in
the relative distribution of iron, which is the result of the differences in the pH of
the observed soils samples. Particularly important are the samples with the lowest
pH values in which the relative iron conten t, compared to the other samples, was
up to nine times higher. Considering the fact that D TPA also extracted the labile
forms of microelements from the soil, the amounts of specifically adsorbed iron
and iron bound to carbonates was significantly higher in these samples.

Compared to the vertisol of fields, the average value of the relative iron con-
tent in the meadow samples extracted with 0.1 M H CI solution was higher (0.18
%), although the average total iron content was lower. The individual samples of
vertisol from the m eadows showed marked heterogeneity with respect to the re-
lative iron content in the extraction medium (0.03 to 0.38 %), which is most like-
ly caused by differences in the total content of iron and related with variability in
the chemical properties of the samples, since the higher prevalence of iron occurs
in the samples with the lower pH values . In addition, several soil samples from
the meadows, the pH values (in 1 M KCI) of which ranged from 4.7 to 7.0, con-
tained up to 2—6 times more iron. The DTPA iron was not in accordance with the
total iron, which confirms the wide incidence of iron-deficiency despite the total
amount of iron in the soils.8:25

According to the results of the t-test (Table II) between the total and acces-
sible iron contents in the tested vertisols, no statistically significant differences in
the distribution of iron between the field and meadows was found, as a result of
the similar mineralogical composition of the parent material on which these soils
are formed.26:27

TABLE II. Iron content in the tested vertisols of Serbia determined using different extraction
methods (X+sd and interval, mg kg™!)

Location HF HNO; 0.1 M HCI1 0.005 M DTPA
Field (n=10) 37000+4516 31200+£4036 53.5+14.3 24.6£19.1
31000-44000 24500-36900  28.0-69.0 7.0-56.0
Meadow (n=10) 36000+£5869 3030046015 60.6+43.1 30.3+25.3
2800044000 22200-36900  25.0-144.0 8.0-86.0
t-Test 0.2117" 0.3709" 0.7726" 1.5102°

*There is no statistical significance at p < 0.05

The analysis of the correlation coefficients showed that the total iron content
and capacity for the adsorption of cations (CEC) depended moderately (r = 0.49),
which correspond with the suppos ition that soils with higher CEC values may
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have a greater total content of heavy metals (Table I11).19 In addition, a strong
dependence of the total iron content on the clay content and clay content + dust
content (r = 0.72 and 0.76, respectively) was observed, due to the capacity of the
mechanical fraction to adsorb cations and considerably contribute in the capacity
of the whole soil. Accordingly , a negative correlation of the iron content and
amount of sand (r =—0.76) was found, since a coarsening of the soil particles re-
sults in a dec rease of soil sorption capacity and less iron in the structure of the
minerals (silicates, quartz) in the larger soil particles !2. In general, the observed
total iron content in soil was al most entirely controlled by its mechanical com-
position.8. The pseudo-total content of iron, in addition to the observed relation-
ships for the total iron content, has a positive correlation with the pH value.28

TABLE III. The relative content of iron in different extraction agents (in % of HF-total)

Extraction method/Locality HF HNO; 0.1 MHC1 0.005M DTPA
Field
Milutovac 35000 91.1 0.15 0.03
Pristina 44000 83.9 0.06 0.03
Trnava 41000 79.5 0.11 0.03
Rekovac 38000 78.9 0.14 0.03
Vranje 35000 91.4 0.19 0.02
Zajecar 34000 78.8 0.10 0.04
Bela Crkva 32000 76.5 0.21 0.17
Blace 35000 94.0 0.15 0.07
Salas 43000 85.3 0.15 0.10
Kragujevac 31000 89.3 0.22 0.18
X 37000 84.9 0.15 0.07
Meadow
Milutovac 28000 84.6 0.36 0.07
Pristina 41000 90.0 0.35 0.02
Trnava 40000 74.8 0.06 0.04
Rekovac 39000 89.0 0.09 0.06
Vranje 38000 95.8 0.06 0.02
Zajecar 29000 76.6 0.18 0.12
Bela Crkva 28000 80.0 0.38 0.31
Blace 36000 89.3 0.12 0.12
Salas 44000 83.6 0.03 0.02
Kragujevac 39000 70.4 0.15 0.14
X 36000 83.4 0.18 0.09

The amount of iron extracted fro m vertisols with a solution of 0.1 M HCl
showed no dependence on any set of properties of this type of soil (Table IV).

The greatest influence on the DTPA accessible iron in the Serbian vertisols
had the acidity (r =-0.92) and potential acidity (r =—0.89), and to a lesser extent,
the content of available p otassium and the CEC, the correlation coefficients of
which were 0.57 and 0.69, respectively. Regarding the fact that the obtained cor-
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IRON IN VERTISOLS OF SERBIA 789

relation coefficients were negative, it can be concluded that increasing soil aci-
dity increases the solubility of iron, whil e an increasing content of clay increases
the strength of the bindin g between the clay and iron, and cons equently reduces
its solubility.

TABLE IV. Correlation coefficients betw een the total and available content of iron and some
soil properties

. Iron
Soil property Total (HF) Pseudo—total (HNOs)
pH (H,0) NS* 0.51°
pH (1 M KCI) NS 0.51°
Humus content NS NS
CaCO;, NS NS
P,0Os NS NS
K,0 NS NS
CEC 0.49° 0.52°
Sand ~0.76° —0.66"
Silt NS NS
Clay 0.72° 0.52°
Silt + Clay 0.76° 0.66°
Available content (0.1 M HCI) Available content (DTPA)

pH(H,0) NS —0.92°
pH(nKCl) NS ~0.89°
Humus content NS NS
CaCO;, NS NS
P,Os NS NS
K,0 NS -0.57°
CEC NS —0.69°
Sand NS NS
Silt NS 0.64°
Clay NS —0.60°
Silt + Clay NS NS

*There was no statistical signif icance; bstatistically significant at the probability level 0.05; “statistically
significant at the probability level 0.01

A similar result was presented in Sharma et al.8 Additionally, they observed
a positive correlation with the content of organic matter, following the formation
of chelates and the reduction of iron(II I) to iron(Il), which upon oxidation, pre-
cipitates as amorphous iron compounds thereby increasing the solubility of the
iron. The DTPA soluble iron in the vertisols showed a statistically significant po-
sitive correlation with the content of the mechanical silt fraction, which indicates
that coarsening of the soil particles coul d potentially provide a re adily available
fraction of iron.
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Sequential extraction analysis

Considering the fact that the tested ve rtisols in Serbia were established at
locations with deficient iron content in the parent material, from their sequential
extraction (Table V), it is possible to determ ine the form of their location in t he
soil, allowing for a cl ear understanding of their potential mobility and acces-
sibility for plants.

TABLE V. Distribution of iron in the differe nt fractions of vertisols obtained by sequential
analyses procedures (mg kg')

Fraction 1 11 111 v \Y
Field Fe +SD 0.11+£0.32  2.62+2.04 4024+1777 221+127 3255244301
Meadow Fe £SD 0.18+0.22  4.0+£5.07 4094+1181 231+146 31970+58881

Based on statistical correlation analysis (Table VI), a highly significant cor-
relation was found between the exchangeable and specifically adsorbed iron (r =
= 0.89), which indicates mutual influences of these two fractions. The quantities
of exchangeable (fraction I) and specifically adsorbed iron (fract ion II) in the
investigated vertisols of Serbia showed no dependence on its contents in the other
extracted fractions, indicating low mobility of iron in these soils. The negative
correlations between the total and residual Fe (fraction V) with the Fe in fraction
II (r =-0.46 and —0.51, respectively) and the positive correlation of the total with
the residual Fe (r = 0.96) indicate that the mobility of iron is small and that the
stable fraction V is correlated with the total iron content. The content of iron in
the first fraction has no significant correlation with any soil properties, except pH
(Table VII).

TABLE VI. Correlation coefficient between the iron content in different chemical fractions in
soil from fields and meadows

Fraction I 11 11 v \Y Fe content total (HF)
1 1,00
1I 0.89° 1.00
11 NSP NS 1.00
v NS NS NS 1.00
A% NS -0.51°¢ NS NS 1.00
Fe content total NS —0.46° NS NS 0.96° 1.00

aStatistically significant at the  probability level 0.01; bthere was no statistical signif icance; °statistically
significant at the probability level 0.05

Specifically adsorbed iron and iron related to carb onates (fraction II) gave
significant differences and negative correlations with so me soil properties, such
as pH, clay content and CEC. The positive correlation with the s ilt implies that
these factors had a dominant influence on the distribution of iron in this fractio n.
The negative correlation between the iron content in the specifically adsorbed
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iron fraction and the pH value of the soil indicates t hat the solubility of ironin
this fraction decreases with increasing soil pH because high pH values favour the
oxidation of FeZ" to Fe3", which results in the precipitation of iron(III) salts and
oxides. The significant negative correlati on between the specifically adsorbed
iron and the clay content indicates that with increasing clay content, the CEC va-
lue increases and hence the associatio n of iron and the solid soil phase, which
resulted in reduced mobility and accessibility of the iron in this fraction.

TABLE VII. Correlation coefficients bet ween the iron content in different che mical fractions
and some soil characteristics

. .. Fraction

Soil characteristics I I 1 v % Fe content total
pH (H,0) 048"  —0.70°  —0.45 NS° 0.54* NS
pH (IM KCI) NS  —0.64**  _0.46° NS 0.54° NS
Humus content NS NS NS NS NS NS
P,Os NS NS ~0.66° NS NS NS
K,0 NS NS -0.70° NS 0.53* NS
CEC NS -0.55°  —0.49*  0.50° 0.63° 0.49°
Sand NS NS NS NS -0.78° -0.76°
Silt NS 0.55° NS NS NS NS
Clay NS -0.50° NS 0.43* 0.80° 0.72°
Silt + Clay NS NS NS NS 0.78" 0.76°

aStatistically significant at the probability level 0.05; bstatistically significant at the probability level 0.01; ‘there
was no statistical significance

The positive correlation between the iron content in Fraction Il a nd the silt
content indicates iron unstably bound with the silt particles, since increasing par-
ticle size led to increasing solubility of the iron in this fraction.

The content of extracted iron from the oxide fractions of Fe (Fraction III) is
negatively correlated with some soil prope rties, such as pH value, content of
available P,O5 and K,O and the values of CEC. Increasing soil pH values de-
creased the iron content in the third fra ction due to the high degree of oxidation
of Fe2 compounds and depositions with phosphate. The negative correlation be-
tween the iron content in this fraction and the CEC value indicates that the in-
crease in surface adsorption increases the bond strength between the solid soil
phase and iron, which affects the lower solubility of iron in this fraction.

The amount of iron extracted from the organic matter was positively corre-
lated with the CEC values and the clay content. This indicates t hat the clay and
the CEC are the dominant factors affecting the distribution of iron in this fraction.

The iron associated with the residual fra ction was negatively correlated with
sand content and positively with the soil pH values, readily available KO, clay,
CEC and the silt + clay fractions. The ne gative correlation between the residual
iron and sand and a positive correlation with the clay content and silt + clay indi-
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cates that most of iron in this fraction is bound to clay particles and silt. The clay
fractions usually contain high amounts of metals (Fe) due to high adsorption, as
well as the content present in the cry stal lattice. These variations in the a mounts
of residual iron with clay are ina ccordance with the con clusions of other au-
thors.28.29

The positive correlation between iron i n residual fractions and soil pH indi-
cates that base oxidation and environm ental conditions cause iron deposition but
reducing conditions its hydrolysis.#

Based on the attained results of correla tion coefficients given in Table VIII,
DTPA extracted iron gives highl y significant positive correlations with the iron
content in Fractions [ and II ( r =0.689 and 0.907, respectively) and a negative
correlation with the content in fraction V.

TABLE VIII. The correlation coefficients between the content of iron in different chem ical
fractions of soil and its contents obtained using different extraction procedures

Extraction procedures Fraction

1 11 111 v v
HF NS? —0.463° NS NS 0.956°
HNO, NS -0.519° NS NS 0.812¢
0.1 M HCI NS -0.441° NS NS NS
0.005 M DTPA 0.689° 0.907° NS NS -0.557°

*There was no statistical signif icance; bstatistically significant at the probability level 0.05; “statistically
significant at the probability level 0.01

Since the DTPA extractan t gives highly significant correlation coefficients
with fractions [ and II, it can be us ed to evaluate the accessibility of iron for
plants, and this interpretation agrees with the negative correlat ion (r =-0.557)
between the DTPA extracted iron and the iron content in the structures of the pri-
mary and secondary minerals.

Unlike the DTPA extractant, 0.1 M HCI showed less pronounced statistical
significance (r = 0441) only with the i ron content in the second fraction and,
therefore, cannot be used as a reliable factor in the interpretation the bioavail-
ability of the iron in soils.

The less pro nounced but significant ne gative correlation coefficients ( r =
= —0.519 and —0.463) found between the HNO 3 and HF extracted iron and it s
contents in fractions I and I, respectiv ely, showed that the iron extracted with
these acids is not weakly bound iron which is easily accessible to plants. More-
over, this interpretation agrees with the existence of strong positive correlations
(r =0.812 and 0.95 6) between the content of iron in HNO3 and HF and its con-
tents within the structure of primary and secondary minerals (residual fraction V).
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CONCLUSIONS

Analyses using the proce dures of sequential extracti on showed that the soil
samples from arable soils and meadows were similar in the relativ e distribution
of iron among the different fractions. The sequential extraction procedures show-
ed that the iron was mostly built into the lattice of primary and secondary mine-
rals and in the clay minerals of the residual fraction. The iron content in the soils
was correlated with the pH value, CEC and the aggregate size fraction of silt and
clay. The low plant availability of the iron in the vertisols could be explained b y
its occurrence in the least soluble fraction (Fraction V). The appropriate selection
of genotype, foliar application and liming are required for the su ccessful growth
of agricultural crops on the examined soils.

Acknowledgment. This research was supported by grants from the Ministry of Science
and Technological Development of the Repu blic of S erbia (Project Nos. TR 31054 and OI
172016).

U3BOJ
JUCTPUBYLIMIA 1 ®OPME I'BOXDBA Y BEPTUCOJIMMA CPEUIJE

MUOJIPAT K. JEJIWR', JEJIEHA . MIUIMBOJEBUR?, CPERKO P. TPU®YHOBUR®, UBUIIA I. BAJIOBUR?,
JIPATUIIA C. MIJIOUIEB® u CPBAH U. IIIEPEMEIINR’

Momonpuspeonu paxyaitieim, Ynusepsuitiei y Kocoscioj Muitiposuuyu, Jeaene Amnicyjcke, 38228 3y6un Ioiiox,
2[enitiap 3a citipna wuitia, Case Kosauesuha 31, 34000 Kpazyjesay, *Unciiuiiyiti 3a xemujy, [Ipupodno—maitie-
MmaimiuaKy paxyaiieds, Yuueepsuitieiii y Kpazyjeeuy, Padoja Jomanosuhia 12, 34000 Kpazyjesay, * Uncitiuiyiti a

paimiapcinso u fospiiapcitiso, Maxcuma Fopioz 30, 21000 Hoeu Cad u°Momoipuspednu pakyaiiei,
Ynuusepauitieiti y Hosom Caoy, [ocuitieja O6padosuhia 8, 21000 Hosu Cao

VY muipy ozxpehuBama paznuuuTux 00aMKa reoxkha y HEKMM BapujeTeTHMa BEpTHCOIA ca MOA-
py4ja CpOuje (opanuie W JHBaje) MOPEKIOM ca JeCeT PasIMYUTHX JOKAJWTeTa aHAJIH3UpaH je
ykynan canapxaj reoxha (HF), nceyno-ykyman canpxaj (HNOj), 0,1 M HCl pactBopsbHBO M
DTPA pactBopssuBo rBokhe. CeKBEHINjaTHOM SKCTPAKIMjOM U3BPIIEHO je pa3/Bajambe (Gpakiuja
rBoxkha Ha pacTBopsbMBO y Boau H pasmenssuBo Fe (I), cermgprano abcopbosano rBoxhe ca xap-
oonaruma (II), oxmynoBano Fe y okcuanma (I1I), Fe Be3ano 3a oprancky marepujy (IV) u Fe ctpyk-
TYpHO BE3aHO Yy cuiukaTuMa (pesuayanHu neo, V). pH Bpennoct 3emsbuinra, CEC u BenuunHa
¢pakuyja (MMHA ¥ Tpax) UMand Cy 3Ha4yajaH yTHIAj HAa JUCTPUOYLMjy Pa3NUYUTUX OOJHKa
reoxha. Paznmnunre Merone ekcrpakuuje Cy Iokasane cimdaH oOuk canpxaja Fe y oOGpagusom
3eMJbMINTY M JuBaau. Mehyrtum, cagpxkaj DTPA pactBopssuBor rBoxha He oxrosapa yKyImTHOM
caJpxajy, IMTO MOTBphyje 1a je ydecraaocT HepocTaTKa rBoxha y BepTHconmmma Ha noapydjy Cp-
Omje He3aBUCHA O] YKYITHOT rBoxkha y 3emspuintimMa. M3Hoc pasmenseuBor reoxha (ppakuuja 1) u
azncop6ososanor (II) reoxxha HUje ToOKa3asa 3aBUCHOCT O HETOBOT Cajpikaja y APYrHM (pakiu-
jama, ITO yKa3yje Ha HHUCKY MOOMJIHOCT TBoha y Nmpoy4aBaHMM BEPTHCOIMMA. Jaka MO3UTHUBHA
xopenanuja (p = 0,812 u 0,956) usmely caapxaja reoxxha y HNO; u HF u meros canpxaj y npu-
MapHMM M CeKyHJapHUM MuHepannma (¢dpakmuja V) mokasyjy HH3aK HHBO IBoxkha mocTymHOT
OnsbkaMa y MCHHTHBAaHMM BepTucosmMa. Kopumhemem cexBeHIMjasHe ekcTpakiuje moryhe je
YTBPAMUTH CAAPKaj H NPUCTYIaYHOCT TBokha y Bepruconuma Cpouje.

(ITpumsbeno 19. jyna, pesuaupano 26 okrobpa 2010)
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Distribution and accumulation of heavy metals
in the water and sediments of the River Sava
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Abstract: The distribution an d accumulation of assorted he avy metals and a
long-lived radionuclide (Cu, Zn, Pb, Cd, U, Thand  !37Cs) in the water and
sediment of the River Sava (in Serbia) were investig ated at three locations in
the vicinity of industrial and urban settlements (Sabac, Obrenovac, Belgrade).
The concentrations of heavy metals in the sediment were found to be in the
ranges (mg kg'): 29.6-145.1 for Cu, 53.2-253.6 for Zn, 14.2-78.6 for Pb, 0.3~
—24.6 for Cd, and 4.0-12.5 Bq I'! for 137Cs. These values correlate to the con-
centrations in the river water if expressed by equilibrium distribution coeffi-
cients K4 (dm? g'!) between the solid an d liquid phases. The degrees of accu-
mulation and enrichment of tracer metals were determined.

Keywords: accumulation; cesium; enrichment; heavy metals; K;; sediment.

INTRODUCTION

The studies of heavy metals and other pollutants in river water and sedi-
ments have multiplied in recent years, especially for large rivers such as the Da-
nube,! Po? and Tisza.3

Discharges of inorganic and organic micro-pollutants and radioactivity from
various industrial, agricultural and municipal sources have resulted in permanent-
ly contaminated water, polluted sediments and the accumulation of chemicals in
the aquatic food-chain.

In view of th e persistence of many micro-pollutants and their potential for
bioaccumulation, sediments are regarded as an im portant source that seriously
threatens natural ecosystems?. Unlike organic pollutants, heavy metals are not re-
moved by natural processes of decom position. Heavy metals entering natural
waters become part of the water sediment system and their distribution processes

* Corresponding author. E-mail: srbas@vinca.rs
doi: 10.2298/JSC100420067V
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are controlled by a dynamic set of physical and chemical interactions and equilib-
ria.4

Heavy metals are among the most common environmental water and biota
pollutants, indicating the presence of both natural and the anthropogenic sources.
Heavy metals of anthropogenic origin are generally introduced into the river sys-
tem as inorganic complexes or hydrated ions, which are easily adsorbed on the
surfaces of sediment particles through relatively weak physical or chemical bonds.
Thus, heavy metals of anthropogenic origin are found predominantly as a labile
extractable fraction in sediments.>

The trend of heavy metal accumulation over the last hundred years® shows
increasing concentrations of heavy metals in surfac e sediments, which mainly
result from anthropogenic activities. The trace metal levels in se diments usually
displayed marked seasonal and regional variations, which were  attributed to
anthropogenic influences and natural processes.’-8

An analysis of the River Po sediment quality identified three ma jor factors
which explained the observed variance. 2 The first and second factors corres-
ponded to anthropogenic inputs and ge ological factors, while the third one i n-
cluded seasonal processes of minor importance.

The Sava became an international river in 1992, It drains 95.700 km? of land
in former Yugoslavia, before entering the Danube at Belgrade in Serbia. For the
supply of potable water, both large cities and small villages in the Sava catch-
ment area rely on ground water. Only Belgrade, the Serbian capital, uses ground
water and river water conjunctively. The other uses of the river and its surround-
ings include agriculture, forestry , power generation, recreation €efC. Increasing
industrialization and the growth of larg e urban centers have been acco mpanied
by increased pollution of the aquatic envi ronment. Furthermore, the changes in
the water en vironment effected by human activity have affected the ecological
system of the Sava catchments. Notwithstanding the investigations performed on
the upper stretches of River Sava in Slo venia and Croatia, %10 little attention has
been paid to the quality of its water in Serbia. ! In this study, the contents of as-
sorted heavy metals and lo ng-lived radionuclides were analyzed with the objec-
tive to predict the level and trends of River Sava water and sediment pollution in
Serbia.

EXPERIMENTAL

From the autumn of 2005 to the spring of 2009, samples of both river sediment and water
were collected at three locations: Sabac (marked with 1), Obrenovac (2) and Belgrade (3). A
map of the final stretch of the Sava River with sample collection locations marked is shown in
Fig. 1.

The specimens were taken for analysis in proper dishes, according to the standard pro-
cedure.!? The sediment samples were collected with a grab sampler.
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' Ht: Fig. 1. Location of sa mpling stations on the Sava
River: Sabac— location No. 1, Obrenovac — lo-
cation No. 2 and Belgrade — location No. 3.

The sediment samples were dried in an o ven at 105 °C to constant weight. The caked
sediment material was then finely ground and 2.5 g samples were dissolved in 25 cm? of 1/1
HNO;. For investigation of the river water quality parameters, standard analytical methods!?
were used, as well as atomic absorption spectrometry.!4 The concentrations of heavy metals
were determined by flame atomic absorption spectrometry in an air/acetylene flow, using a
Perkin Elmer AA 200 spectrometer. The cadmium concentration was determined by the gra-
phite furnace technique using Perkin Elmer AA 600 with a transversely-heated graphite ato-
mizer (THGA) and a Zee man Effect background correction system. THGA provides a uni-
form temperature distribution over the entire length of the tube length, rapid heating and an
integrated L’vov platform, resulting in an i mproved signal/interference ratio and high analy -
tical sensitivity. The analy tical injection (20 pl) and the atomization were realized in five
steps, controlled by appropriate software and an auto-sampler.

For both techniques, adequate hollow cathode lamps (HCL) were used for irradiation and
mixed reference standard solutions were prepared for analysis, using Merck certified atomic
absorption stock standards (1000 pug ml') and Mili-Q purified water. No modifiers were added.

The activity of the gamma-ray emitter was analyzed by a multichannel analyzer using a
reverse electrode HPGe detector of 23 % rel ative efficiency. The radioacti vity of sedi ment
samples was measured on the fraction of particles that passed through a 1.0 mm sieve, after
establishment of the radioactive equilibrium between 220Rn and its daughter products.

RESULTS AND DISCUSSION

The concentrations of heavy metals in the river sediment at the three studied
locations, marked Fig. 1, are presented in Table I. There were no large fluctu-
ations in the concentrations of heavy metals in the sedi ments. Differences in the
concentrations existed between the spring and autumn seasons, w hich were more
then 20 % higher in the a utumn in the case of Pb and Cd, but negligibly higher
for Cuand Zn. The mean values of th e concentrations for a 1l the samples
amounted to: 56.0 mg kg1 for Zn; 39.0 mg kg~! for Cu; 27.0 for Pb and 4.6 mg
kg~! for Cd. In the upper stretch of the Sava River, about 450 km from its con-
fluence, these values were: 136.0 mg kg~! for Zn; 29.0 mg kg~! for Cu, and 22.5
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mg kg~! for Pb.® Thus, a large discrepancy was obtained only for Zn. In the Sava
River sediment in Slovenia, the concentrations of Cd were below 0.8 mg kg~1.10

TABLE 1. Concentrations of heavy metals in sediment (mg kg™!) from autumn 2005 to spring
2009, min. — minimum, max. — maximum, mean — mean value

Location No. 1 Location No. 2 Location No. 3

Heavy metal ~ concentration, mg kg!  concentration, mg kg”!  Concentration, mg kg™!

Min. Mean Max. Min. Mean Max. Min. Mean Max.
Zn (autumn) 520  66.2 83.3 56.5 68.1 78.151.572.3 86.5
Zn (spring) 28.2 389 458 489 575 71.449.261.872.3
Cu (autumn) 282 343 433 45.8 51.4 59.339.348.258.6
Cu (spring) 252 315 39.1 33.6 476 57.335.546.1 56.0
Pb (autumn) 147 203 29.1 383 42.6 52.036.743.558.2
Pb (spring) 13.9 17.1 19.6 15.4 17.4 19.515.320.222.4
Cd (autumn) 3.9 5.7 8.5 3.8 5.8 735877 8.6
Cd (spring) 2.8 3.8 5.6 3.6 4.9 6.63.75.1 6.9

The concentrations of heavy metals in the river water at the same three sites
are presented in Table II. These concentrations in both the solid and the liquid
phases are relatively low. The concentrations of Cd in the river water surmounted
the limiting value of 5 ug dm3 for class A surface waters only in a few cases. Pb
as well was above its limiting value of 50 pg dm3 in a few cases.!!

TABLE II. Concentrations of heavy metals in water (ug dm ) from autumn 2005 to spring
2009, min. — minimum, max. — maximum, mean — mean value

Location No. 1 Location No. 2 Location No. 3
Heavy metal  concentration, mg kg concentration, mg kg”!  Concentration, mg kg!
Min. Mean Max. Min. Mean Max. Min. Mean Max.
Zn (autumn) 14.3 41.2 72.1 17.5 46.5 64.222.6 56.1 78.4
Zn (spring) 14.5 29.3 452 19.5 36.0 44.932.348.4 64.8
Cu (autumn) 13.2 20.9 32.6 9.2 15.8 24511.715317.2
Cu (spring) 16.7 21.2 29.1 7.3 13.6 17.5 5.5 12.8 16.1

Pb(autumn) 29 41 56 38 47 624365 7.2
Pb (spring) 28 38 49 22 39 613258 6.3
Cd (autumn) 05 21 41 04 07 100408 1.3
Cd (spring) 03 05 0703 0.5 090306 0.8

Heavy metals are among the most common environmental pollutants in wa-
ter and biota, which indicate the presence of natural and anthropogenic sources.
The reason for the small fluctuations of the concentrations is the absence of hea-
vy metals in the Sava water originating from point sources at the tested locations.
Diffuse pollution originates fro m many small sources. Most diffuse pollutants

stem from the use of land for agriculture, forestry , industry, and urban settle-
ments.15
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The anthropogenic impact can be quan tified by calculating the enrichment
factor. Enrichment factors (EF) were used to evaluate possible anthropo genic in-
takes of the observed sediment metals and were calculated according to the for-
mula:

EF = (Msample / Asample) / (Mcrust / Acrust) (1)
where Mgample and Mcpys; are the levels of the targeted metals i n the sediment
samples and local uncontaminated crust minerals, respectively, and Asample and
Acrust are the correspondin g values for a normalizing element presumed not en-
riched due to local contamination. The baseline values for Mgt were taken from
published data.l-14

The values of heavy metals sediment concentrations correlate to their con-
centrations in the river w ater. The heavy metal enrichment factor (EF) usually
suggests concentrations above the background level in the study area. An element
concentration higher than twice the background content implies anthropogenic
pollution; EFs higher than 2 indicate contam inated sites.! A similar approach
was used in many studies.3-6:14.16 The present appr oach to the i nterpretation of
the experimental results was different. In this paper, the partiti oning of heavy
metals between suspended matter and water is described in terms of the equi-
librium distribution coefficient K4 (dm3 g-1), expressed as the concentration ratio
under equilibrium conditions. The proc esses of heavy m etals and radionuclides
sorption and desorption by suspended particles and bottom sediments are instan-
taneous, reversible, and de scribed by a constant distribution coefficient Kq.17-18
The values of distribution coefficients of the examined four metals are presented
in Figs. 2—4 for locations 1-3, respectively. The values of the Kq coefficients fall
in the direction Cd > Pb > Cu =~ Zn. The distribution coefficient for each heavy
metal demonstrates the capability of the sediment to accumulate it. In the absence
of anthropogenic influences, distribution coefficients reflect the background le-
vels of trace elements in a river sediment, according to the distribution law.

The expanding industrial activity over the post-WW2 y ears regularly intro-
duced heavy and toxic metals into the river ecosystems. Studies demonstrate that
surface water quality has deteriorated noticeably in many countries over past de-
cades, due to poor land use practices.!?

However, the industrial activity in Serbia slowed down during the past two
decades, which is the reason for the weakly noticeable anthropogenic input of
heavy metals in the Sava River sy stem from the nearby environment. In spite of
this, the high values of Ky for the fou r examined heavy metals indicate their
accumulation in the sediment.

In our opinion, the enrichment factor ( EF) is more correctly evaluated by
comparing the minimal and maximal values of Ky, because a Ky value expresses
the real state of a river system, based on the distribution law.

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

2011 Copyright (CC) SCS

©089



800

24 4
22
20

-1

3

Distribution coefficient, dm’ g

18
16
14
12 ]
10
g
6
4]
2]

0

VUKOVIC et al.

location No. 1
nZn
oCu

Pb y
vCd \

.\,/'\./ o

| ]
.><:><=:l>~.

g—f— =

2005

T T T T T T
2006 2007 2008 2009

Fig. 2. Distribution coefficient K4 (dm? g'!) for location No. 1 in the four-year period.

16

14 |

-1

3

Distribution coefficient, dni' g
~
1 1

-
(=]
1

0

location No.2
=Zn
oCuU

vcd N / N

'\ P

]
® e °
&/'::\:///'%'%:

2005

T T I T T T T
2006 2007 2008 2009

Fig. 3. Distribution coefficient K4 (dm? g™!) for location No. 2 in the four-year period.

Experimental results of many studies showed high sorption of heavy metals
in sediments, but there were cle ar differences among the sediments and soil

samples.

Hydraulic processes are mainly responsible for the transport and diffusion of
toxic substances through water, whereas geochemical processes influence the
interaction of dissolved tracer metals with suspended matter an d bottom sedi-
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ment.!8 River sediment is an integral and dynamic part of a river basin. It origin-
ates from the weathering of minerals and soil upstream and is susceptible to
transport downstream by the river water.
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Fig. 4. Distribution coefficient K4 (dm? g!) for location No. 3 in the four-year period.

The reason for the weakly noticeable accumulation of heavy metals in the
Sava River sediment lies in the fact that the suspension load of sediment varies
broadly depending on the traits of the ri ver streams. The International Atomic
Energy Agency default value for rivers 20 is 5.0x10~2 kg m=3. The high value of
the suspension load, resulting in higher mas s loading, arises because the flow of
the River Sava is greater down-stream. In this way, large amounts of tracer heavy
metals are transported by the Sava Rive r stream to the River Danube and the
Black Sea.

The long lived natural radionuclides behaved similar to the investigated hea-
vy metals.!7-18 The results of long-lived radionuclide accumulation in the ecosys-
tem of the Sava River were the subject of a previous study .2! It was proven that
the natural radioactivity of the Sava sediment reflects the natural background (the
activity is 26-33 Bq kg! for 238U and 28-49 Bq kg~! for 232Th). In contrast to
the heavy metals, the natural radionucli des do not show seasonal variations be-
cause there are no identifi ed point or diffuse sources of natural ra dionuclides. In
addition to t he natural radioactivity, there is al so anthropogenic radioactivity
present in the Sava River ecosy stem, as a result of nuclear weapons tests and the
Chernobyl nuclear accident. As a consequence of the Chernoby 1 fallout, 137Cs
concentrations of be tween 4 and 13 Bqkg ~! were also dete cted in the Sava
sediment. In earlier findings, the 137Cs radioactivity was below 0.01 Bq 1-! in the
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river water, and between 12 and 41 Bq kg —! 21 in the sedi ment. The present re-
sults show an absence of radionuclide accumulation in the Sava Ri ver sediment.
In this case, the flux of Cs radionuclide from sediment to water, due to sedi ment
re-suspension and direct exchange of radionuclide from the bottom sediment,
prevails over the radionuclide flux from the water to the sediment.22

CONCLUSIONS

The levels of heavy metals in the Sava River water and sediment displayed
seasonal fluctuations, which were attributed mainly to natural processes, with a
barely noticeable accumulation. The influences of anthropogenic sources are not
pronounced. The concentrations of heav y metals in the bottom sediment are in
correlation with their concentration in the river water. The degree of accu mu-
lation was calculated by comparing the minimal and maximal values of the dis-
tribution coefficients for each heavy metal.

The low level of radioactivity from anthropogenic radionuclides (137Cs) ori-
ginates from the Chernobyl accident and gradually decreases without evidence of
any new contamination.

N3BOJI

PACIIOJIEJIA 1 AKYMVIJIALIMJA TEHIKHNX METAJIA ¥V BOJI1
U CEJUMUMEHTY PEKE CABE

JKMBOPA/JI BYKOBWR', MUPJAHA PAJIEHKOBUR', CPBOJbYB J. CTAHKOBUR' u IYBPABKA BYKOBUR®

"Uncimuimyi 3a nyxaeapre nayxe “Bunua”, i .iip. 522, 11001 Beozpad u* Muciliuiiyin seiliepunapcie meouluHe,
Bojeooe Tosze 24, 11000 Beozpao

Temkn meramu (Cu, Zn, Pb u Cd ) u nyroxusehu pammorykmuma (U, Th u 137Cs) ucnmru-
BaHM Cy y BOAM M ceauMeHTy peke CaBe y Toky kpo3 CpOujy Ha TpH JIOKalnuje y ONM3MHM HH-
nyctpujckux U ypoanux Hacesba (I1labam, O6peHosar u beorpanm). KonnenTpamnyje Temkux MeTana
y CelMMEHTy Bapupaie cy y omcery (mg kg1): 28,1-145,1 3a Gakap, 53,2-253,6 3a uunk, 14,2—
—78,6 3a onoBo u 3,0-24,6 3a xkaaMujym. OBe BPEOHOCTH Cy y KOpENalWji ca KOHIICHTpamnujama
TEMIKHX METaNa y PeYHOj BOJH H3pakeHe npeko koedurmjenta muctpudymuje Ky (dm3 g'l) mmehy
yBpcte U TeuHe (asze. OnpehuBanm cy creneHH akyMmysainyje ¥ KOHIEHTpPHCama TPacepCKUX
KOJIMYMHA TELIKUX MeTasa.

(ITpumsbeno 20. anprta 2010, peBumpano 7. janyapa 2011)
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