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Abstract: An overview is given dealing with the applications of carbon paste
electrodes in equilibrium potentiometry as well as in electrochemical stripping
analysis using both voltammetric and potentiometric modes. Various modifica-
tions of carbon pastes and carbon paste-based biosensors are also mentioned.
The main emphasis in this article is directed at summarizing recent results of
the authors’ research group during the past few years.

Keywords: carbon paste electrodes; potentiometry; electrochemical stripping
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1. INTRODUCTION

Carbon paste electrodes (CPEs) belong to promising electrochemical or bio-
electrochemical sensors of wide applicability. In 2008, it was exactly a half cen-
tury since Ralph Norman Adams from the University of Kansas published a short
one-page report! in which he introduced this kind of electrode, which was origi-
nally designed as an alternative to the dropping mercury electrode. Although the
concept of a dynamic renewable electrode surface was not successful, it turned
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1022 VYTRAS, SVANCARA and METELKA

out that the material with paste-like consistency could be practically employed in
voltammetric analysis. After the pioneering work of Kuwana,23 who actually
first modified a CPE by introducing an electrochemically active surface into the
material and, after the first chemical modification of an electrode for electrosyn-
thesis,4 the modification was soon applied to carbon paste electrodes.>6 Finally,
Baldwin described a simple method of direct mixing of a solid modifier to the
paste,” which was the commencement of explosive research activity in this field.
Quite a few reviews are exclusively devoted to CPEs.8-14 Presently, CPEs repre-
sent one of the most frequent types of working electrodes. The overwhelming
number of CPEs used worldwide belongs to pastes with insulating liquids (paraf-
fin oil, silicon oil, bromonaphthalene, tricresyl phosphate and others). The basic
requirements for a pasting liquid are its practical insolubility in the solution under
measurement, a low vapor pressure to ensure both mechanical stability and long
lifetime, and further, in the case of voltammetric and amperometric applications,
its electrochemical inactivity in the potential window of interest. In contrast to
the relatively complicated modifications of solid substrates, carbon pastes can be
modified simply to obtain quantitatively new sensors with desired, often prede-
fined, properties.1> Very recently, a review with 333 references was published16
in the form of a retrospective compilation presenting the field by means of va-
rious facts, notes, data, surveys, and summaries that illustrate individual achieve-
ments and milestones. A brief overview based mainly on the authors’ group con-
tributions is thus given in this paper.

2. CONSTRUCTION OF CARBON PASTE ELECTRODES

Common types of carbon pastes are soft and non-compact, and have to be
kept in special bodies. A holder for carbon pastes can be realized as a well drilled
into a short Teflon rod,17 a glass tubel8 or a polyethylene syringel® filled with a
paste, which is electrically contacted via a conducting wire. Such constructions
are very simple; however, there is one aspect which makes them not very conve-
nient for practical use and this is the necessity of refilling the carbon paste in ex-
periments requiring a regular removal of the electrode surface layer. More so-
phisticated constructions circumventing this time-consuming procedure were de-
signed by Monien et al.20 and Lindquist,2! who proposed piston-driven electrode
holders where the desired amount of the used paste could simply be extruded
from the electrode body and smoothed away or cut off. Similar types of home-
-made piston-driven carbon paste holders are used by our research team.15.22

Recently, our research group also devoted particular attention to the develop-
ment of novel or innovated carbon paste electrode holders. Two typical examples
of these activities are illustrated in Fig. 1. Image “1A” shows two variants of the
so-called carbon paste groove electrode (CPGrE) as atypical construction of
CPE, copying the planar design of some screen-printed electrodes.23 The CPGrE
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CARBON PASTE ELECTRODES IN ELECTROANALYTICAL CHEMISTRY 1023

assembly comprises a miniature plastic prismatic bar with a horizontal channel
for carbon paste filling, a metal contact and additional plastic insert(s) defining
the electrode surface via its mechanical coverage/exposure. The whole construc-
tion can be devised as an electrically heated electrode (left), applicable for batch
measurements and allowing the sensitivity of measurements that have to be made
in still solutions to be enhanced or as the working electrode for hydrodynamic
amperometry, and as the detector in flowing streams (right). The usefulness of
the latter was demonstrated in a very recent study concerning its intimate testing
in the FIA mode.24

. 1cm

Fig. 1. Some novel construction types of electrode holders for carbon paste. Two assembled
carbon paste groove electrodes; the electrically heated variant (A — left) and set-up for
detection in the FIA-mode (A - right); two carbon paste mini-electrodes;
with an uncut tip (B — left), cut-off variant offering a larger surface diameter
(B — right). For further specification, see original reports.23-25

A new type of carbon paste mini-electrode (CPmE) which can be made from
common plastic pipette tips, the vertical cutting of which provides the desired
surface area,” is depicted in photograph “1B”. The advantage of this small de-
sign is the minimization of the consumption of carbon paste(s), which can be
economic when using some mixtures from rather expensive carbon nanotubes,
for example.

3. POTENTIOMETRY

From the viewpoint of equilibrium potentiometry, the composition of carbon
pastes enables the classification of CPEs as ion-selective liquid membrane type
electrodes. The pasting liquid usually exhibits good extraction ability against ne-
utral electroactive species of non-dissociated weak acids, neutral metal chelates
or ion associates. Then, the potential of an electrode containing such an organic
solvent extract is predominantly governed by ionic exchange at the interface be-
tween the organic phase of the electrode and the sample solution, resulting in the
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1024 VYTRAS, SVANCARA and METELKA

so-called Donnan potential.26 Carbon paste-based ion-selective electrodes (CPISES)
were reported and applied for the determination of several ions (see Refs.14:26
and references therein). For example, four ion-exchangers were prepared for new
perchlorate and fluoroborate CPISEs, which found their application in the direct
potentiometric determinations of the two anions, as well as monitoring sensors
for potentiometric ion-pair formation-based titrations.2” Similarly, the ion-pairing
principle was used in titrations of complex anions of trivalent thallium?28 or ele-
ments forming heteropolyanions.2930 An application of the CPGrE type cons-
truction (see above) in potentiometric pH measurements3! is presented in Fig. 2.
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Fig. 2. Potentiometric responses of carbon paste groove electrodes with dispersed bismuth
powder (17 % w/w) in Britton—Robinson buffer solution (three repeated measurements).
The electrode surface was renewed after each set of measurements (A);
all sets measured at the same surface (B).

A distinct advantage of carbon paste-based electrodes is their very low ohm-
ic resistance (less than 10 Q instead of up to MQ values for electrodes equipped
with polymeric membranes). Thus, experimental work with CPISEs is more con-
venient and simpler potentiometers allowing voltage measurements of potentio-
metric cells with lower inner resistance may be applied. This fact accompanied
with a very quick response time is especially appreciated in automatic titration
procedures.32 Thus, all procedures elaborated for potentiometric indication of
ion-pair formation-based titrations with polymeric membrane electrodes33 can
simply be monitored using CPISESs; the determination of surfactants can serve as
an excellent example.34
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CARBON PASTE ELECTRODES IN ELECTROANALYTICAL CHEMISTRY 1025

3.1. Electrochemical stripping analysis with unmodified paste electrodes

In voltammetric stripping analysis, the choice of the main constituents for
the preparation of the carbon paste was rather conservative and, in fact, there
were no attempts to seek new alternative materials. The properties of conve-
ntional paste mixtures from spectroscopic graphite and paraffin oils were found
satisfactory for the majority of applications. An example can be given dealing
with application of such an electrode for trace iron(lll) determination in com-
pounds of pharmaceutical significance.3% In 1993, some new types of CPEs con-
taining more polar organic liquids, often used as plasticizers of polymeric mem-
brane-based ion-selective electrodes, were introduced.36 Consequently, it was
shown that these pasting liquids act as anion exchangers in acidic media due to
the presence of some protonizable functional groups. For example, a CPE con-
taining tricresyl phosphate was found suitable for the accumulation of some lipo-
philic anions, forming ion-pairs with the protonized pasting liquid. At that time,
some interesting applications of these pastes in both stripping voltammetry37.38
and stripping chronopotentiometry39-42 were introduced.

3.2. Modified carbon pastes in stripping analysis

Carbon pastes undoubtedly represent one of the most convenient materials
for the preparation of modified electrodes. A modifier can be dissolved in a bin-
der or admixed mechanically to the paste during its homogenization. For examp-
le, a CPE modified with cobalt(ll) phthalocyanine was used for voltammetric de-
termination of ascorbic acid in foodstuffs.43 In situ modification of the electrode
paste surface is often used as well; examples may be given dealing with appli-
cations of an anionic surfactant for voltammetric determination of silver(l) at ul-
tratrace levels.44 Recently, some procedures utilizing cationic surfactants for in
situ modifications of CPEs were reported for determinations of chromium(V1),4°
osmium(1V)46 and other platinum metals,4” whereby negatively charged complex
anions were formed.

4. CARBON PASTE AS A SUPPORT FOR METALLIC FILM ELECTRODES

In order to prepare electrodes plated with metallic films, numerous conduc-
tive materials have been proposed for use; glassy carbon is probably the most fre-
quently employed material. It was confirmed that carbon paste as a support for
plating with metallic films is able to offer results similar to those of well estab-
lished solid electrodes and, in addition, their easy and inexpensive preparation
and no risk of mechanical damage of the electrode surface are very advan-
tageous.

Mercury film electrodes were very popular and mostly employed in electro-
chemical stripping determinations of heavy metal ions instead of stationary mer-
cury electrodes. For example, a CPE containing tricresyl phosphate was found to
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1026 VYTRAS, SVANCARA and METELKA

be especially suitable for this purpose; both voltammetric and chronopotentio-
metric modes were applied.4849 It was also confirmed that a mercury film with
properties similar to those of a mercury film generated from solutions of mer-
cury(ll) salts may be obtained by reduction of mercury(ll) oxide dispersed in a
paste.%0 Since 1996, investigations on gold film-plated CPEs represents a new sub-
ject of our research because, hitherto, no report on such electrodes had been pub-
lished. They were found useful for the determination of mercury®! and arsenic.52

Bismuth film electrodes (BiFEs) were first prepared by Schwabe®3 and used
in potentiometric pH measurements. Into electrochemical stripping analysis, they
were introduced by Wang et al. in 2000.54 This whole topic has already achieved
a relevant position within research activities devoted to the development and ap-
plication of mercury-free electrodes. Their most significant advantage is that they
are environmentally friendly, since the toxicity of bismuth and its salts is signi-
ficantly lower than that of salts of other heavy metals. Furthermore, the advanta-
geous analytical properties of BiFEs in electrochemical stripping analysis, rough-
ly comparable to those of mercury film electrodes, are attributed to the property
of bismuth to form alloys with various metals (which is analogous to the amal-
gams formed by mercury). Many papers appearing since introduction of BiFEs
are referred to in recent reviews.5>-59 Unfortunately, numerous authors simply
followed the original procedure;>* this means that BiFEs were prepared using
either different substrates or different varieties in their constructions but they
were only applied in the determinations of the same metal ions - lead(ll) and cad-
mium(ll) — in the same medium — a pH 4.5 acetate buffer. However, it has been
shown that bismuth film-plated CPEs may also be applied in alkaline media, such
as ammonia buffers®0 or even 0.10 M KOH solution.61

The role of the plating regime in the deposition of bismuth films onto a car-
bon paste surface was also investigated. It should be noted that the term “film”
does not correspond with the real situation as it is not compact: analogously to
mercury “films” deposited in form of isolated droplets, bismuth is deposited in
form of isolated crystals. The new observations performed by scanning electron
microscopy were focused mainly on morphological transformations of the micro-
structure of the bismuth film in dependence on the deposition process and its
intensity during potentiostatic electrolysis.2 To overcome such electrolytic depo-
sitions, bismuth powder-dispersed CPEs were introduced.63 The electrode paste
was prepared as a mixture of finely powdered metallic bismuth together with gra-
phite powder and silicon oil and was characterized in solutions containing Cd(ll)
and Pb(Il) at the microgram/liter level in conjunction with square-wave anodic
stripping voltammetry. The electrode exhibited well-defined and separated strip-
ping signals for both metals accompanied with a low background contribution.
Moreover, it exhibited superior performance in comparison to the bare CPE and,
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CARBON PASTE ELECTRODES IN ELECTROANALYTICAL CHEMISTRY 1027

surprisingly, yielded a response higher than that of an in situ prepared bismuth
film CPE.

The introduction of bismuth(l11) salts and bismuth films into electroanalysis
also instigated the novel approach of potentiometric stripping analysis based on
total substitution of mercury by bismuth. First, Bi(lll) salts could be applied to
form bismuth films. Secondly, bismuth(l11) salts could substitute mercury(ll) in
its role as an oxidant. These facts offer quite new possibilities of an attractive use
of “mercury-free”, environmentally friendly PSA procedures for the determina-
tions of some heavy metals. The highest signals were observed when working in
solutions containing anions forming complexes with bismuth(l11), such as chlo-
rides or bromides.4

Similarly to bismuth, antimony bulk electrodes are also well known from
equilibrium potentiometry. Concerning voltammetry, attempts with modifications
of screen-printed carbon electrodes using either BioO3 or Sh,O3 were also real-
ized,° but the first antimony film electrode prepared in situ on a glassy carbon
electrode substrate and employed in combination with either stripping voltam-
metry or stripping potentiometry was reported very recently.66 Simultaneously,
initial studies with antimony-modified CPEs, focusing on their performance in
anodic stripping voltammetry, were performed; the investigations comprised the
first experiments with Sb film-plated and Sb powder-dispersed CPEs.67.68 Again,
antimony films generated in situ on CPEs with excess antimony(l11) salts as che-
mical oxidants were introduced as new procedures for potentiometric stripping
analysis following previous electrolytic preconcentration of the to be determined
metals.59 Moreover in acidic solutions containing halide ions, the oxidation abi-
lity of Sbh(lll) is adequately limited because of the formation of its corresponding
halide complexes. Compared with similar total substitution of traditionally used
mercury(I1) by bismuth(l11), the use of antimony(l11) offers a higher sensitivity in
the detection of heavy metals.

Typical stripping voltammetric responses of metallic film, metal powder,
and metal oxide-modified CPEs obtained by analyzing an equimolar mixture of
Cd(11) and Pb(Il) ions in model water samples are depicted in Fig. 3. The figure
shows a comparison of the individual electrode configurations in two sets of vol-
tammograms (A and B), taken from previous studies,>.67.70 in which the res-
pective experimental conditions and, especially, the supporting electrolyte were
optimized for the antimony-modified variants.

5. AMPEROMETRIC (BIO)SENSORS

In collaboration with Austrian colleagues, the first modifications of carbon
pastes with manganese dioxide films in order to obtain sensors for the determi-
nation of hydrogen peroxide commenced at the end of the nineties.”1~73 How-
ever, for application in procedures utilizing flow injection analysis, it seemed
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1028 VYTRAS, SVANCARA and METELKA

more effective to transfer all experience obtained with such CPE-based sensors to
their analogous screen-printed configurations.”4 Such sensors enabled the detec-
tion of hydrogen peroxide by either mediated oxidation or mediated reduction

(Fig. 4).

A B
5 A
10 pA
Cd Pb
Pb Cd
ShF-CPE Sh-CPE
Bi-CPE
BiF-CPE
MF-CPE Hy0-CPE
| — | T T T T T T Y ! 4 ! ' ! ! ! 1 !
1.0 0.8 -0.6 0.4 1.0 0.8 06 -0.4
E/V vs. AgiAgC E/V vs. Ag/AgCI

Fig. 3. Anadic stripping voltammograms of Cd(I1) + Pb(ll) at different types of metal
film-plated and metal or metal oxide powder-dispersed carbon paste electrodes.
Mercury, bismuth or antimony film-plated carbon paste electrode (MF-CPE,
BiF-CPE, or SbF-CPE) (A); HgO (5 %), Bi (20 %) or Sb (20 % w/w) powder-dispersed
CPE (B); supporting electrolyte, 0.01 M HCI; ¢(Cd,Pb) = 50 ppb; c(Hg,Bi,Sb) =
= 1x10° mol L (for A); accumulation potential, —1.2 V vs. Ag/AgCI/3M KCl;
accumulation time, 120 s; equilibrium time, 15s;
potential range from —1.1 to —0.30 V.

Furthermore, in combination with a proper biocatalyst (glucose oxidase was
used in the initial experiments), they served as basic units in the construction of
the corresponding biosensors;”°:76 a similar biosensor based on sarcosine oxidase
was also reported.”” Modification with other metal oxides were also studied.’8-80
Recently, biosensors possessing very good properties were obtained when elec-
trocatalysts based on the oxides of platinum group metals were used as modi-
fiers/mediators.81-85 Biosensors based on dehydrogenases were also studied.86
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CARBON PASTE ELECTRODES IN ELECTROANALYTICAL CHEMISTRY 1029

Finally, CPEs were applied in studies involving DNA sensing,87-89 as well as for
the electrochemical detection of bacterial cells.90.91

1.0 4
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Fig. 4. Flow injection analysis of hydrogen peroxide with amperometric detection. Sensing
element, CPGrE with dispersed RuO, powder (5 % wi/w); ¢(H»0,): 0.5-1000 mg L1;
measured in a stream of 0.10 M phosphate buffer (pH 7.0); flow rate,

0.50 mL min-1; detection potential, 0.5 V vs. Ag/AgCI/3M KClI.

In some case, however, carbon ink used for the fabrication of screen-printed
layers, although similar to carbon pastes, can cause some different properties of
sensors when compared with those based on original carbon pastes. To avoid this
sometimes unexpected behavior, groove electrodes (GrEs) were recently introdu-
ced as a new alternative to using carbon pastes in electroanalysis (see above).31
Compared to conventional CPEs, the construction specifics of GrEs offer simpler
preparation and quicker exchange of the carbon paste mixture, whereas the small
size and planar configuration compete with screen-printed electrodes. First expe-
riments dealing with their application in flow injection analysis were recently
presented.23,24,31

6. CONCLUSION

Over the past decades, as indicated in a very recent review,16 carbon paste
has become one of the most popular electrode materials used for the laboratory
preparation of various electrodes, sensors, and detectors. Such a position is un-
doubtedly the result of the optimum constellation of physicochemical and elec-
trochemical properties of this carbonaceous substrate. The authors also believe
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1030 VYTRAS, SVANCARA and METELKA

that a contribution coming from our laboratories, outlined in this paper, may offer
an interesting insight into the field.

Acknowledgement. Financial support of the Ministry of Education, Youth and Sports of
the Czech Republic under project MSM0021627502 is gratefully acknowledged.
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(Ipumsbeno 17. ampuna 2009)
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Abstract: The chemical composition of the essential oil of fresh young needles
with twigs of Douglas fir (Pseudosuga menziesii Mirb. Franco) obtained by
hydrodistillation were analyzed by gas chromatography (GC) and gas chroma-
tography—mass spectrometry (GC-MS). Ten compounds, accounting for 94.26 %
of the oil, were identified. The main compounds found were bornyl acetate
(34.65 %), camphene (29.82 %), o-pinene (11.65 %) and santene (5.45 %). The
antifungal activity of the essential oil was tested against various fungal species.
The minimum inhibitory concentration of Douglas fir essential oil ranged from
1.5 to 4 pg mLL. The fungi most sensitive to the tested oil were Phomopsis
helianthi, while Penicillium species, along with Microsporum canis, were the
most resistant. Compared to the commercial fungicidal agent bifonazole, the
studied essential oil demonstrated higher antifungal activity.

Keywords: antifungal activity; bornyl acetate; Douglas fir; essential oil.

INTRODUCTION

Douglas fir (Pseudosuga menziesii Mirb. Franco) is an autochthonous co-
nifer species from North America and Canada, belonging to the family Pinaceae.
It is the most introduced species in Europe since 1825 because of its high wood
yield, fast growth and wide uses. Douglas fir is a large to very large tree with a
narrow, pointed crown of slightly drooping branches, the crown becoming flat-
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tened with age in large specimens. The needles are petiolate and leave a small,
raised scar on the twig.

Douglas fir was often employed medicinally by various native North Ameri-
can Indian tribes, who used it to treat a variety of complaints. An antiseptic resin
is obtained from the trunk. It is used as a poultice to treat cuts, burns, wounds and
other skin ailments. The resin is used for the treatment of coughs and can be
chewed as a treatment for sore throats. An infusion of the green bark has been
used in the treatment of excessive menstruation, bleeding bowels and stomach
problems. An infusion of the leaves has been used as a wash and a sweat bath for
rheumatic and paralyzed joints. An infusion of the young sprouts has been used
in the treatment of colds. A decoction of the buds has been used in the treatment
of venereal disease. A mouthwash is made by soaking the shoots in cold water.
The fresh leaves have a pleasant balsamic odour and are used as a coffee sub-
stitute.1

Antimicrobial and vermicidal activities of essential oils of Douglas fir against
bacteria, fungi and worms are well known.2-6

Previous studies of the volatiles from P. menziesii include essential oils from
Bulgaria,”8 Austria,® Slovakial® and the United States.11 In the oils from Bul-
garia, the main constituents were the monoterpenes Apinene, sabinene, (2)-/#
-ocimene, (E)-f-ocimene, a-terpinolene, a-terpineol, citronellyl acetate, a-terpi-
nene and limonene.”-8

The main constituents of the investigated Austrian samples of P. menziesii
were -pinene, sabinene (both dominate in samples of needles) and terpinen-4-ol,
a-pinene, 3-carene, limonene, terpinolene, a-terpineol, a-terpinene, y-terpinene,
and myrcene in twigs.® Compounds identified in samples from California inclu-
ded a-pinene, camphene, Apinene, 3-carene, myrcene, limonene, 2-hexenal, ethyl
caproate, y-terpinene, terpinolene, ethyl caprylate, citronellal, linalool, fenchyl
alcohol, bornyl acetate, terpinen-4-ol, f-caryophyllene, citronellyl acetate, o-ter-
pineol, citronellol, geranyl acetate, farnesyl acetate, p-cymene and farnesol.12

The composition of the volatiles of Douglas fir depends on seasonal, geo-
graphic and ecological conditions. Urban conditions cause notable changes in the
a-pinene to Apinene, a-phellandrene and terpineol ratios vs. the relatively clean
(arboretum) locality.10

The aim of this study was to obtain, for the first time, information on the
composition and antifungal activity of the essential oils of fresh needles with
twigs of Serbian Douglas fir.

EXPERIMENTAL
Plant material

Needles with twigs of Pseudosuga menziesii Mirb. Franco (Pinaceae) were collected from
a provenance experiment in Serbia during August 1999 at the mountain Juhor, 745 m. Vou-

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

2009 Copyright (CC) SCS

olcle

EY HMC HD



ESSENTIAL OIL OF DOUGLAS FIR 1037

cher specimens, accession number PM0899, are deposited in the Herbarium of the Faculty of
Biology, University of Belgrade, Herbarium code: BEOU.

The provenance experimental plot in central Serbia on the mountain Juhor (745 m) was
established with original material from the native area of the species from Oregon and Wa-
shington.

Isolation of the essential oil

Fresh needles with twigs (500 g) were crushed and steam distilled in a Clevenger appara-
tus for about four hours to obtain a yellow coloured oil (yield: 0.67 %).

Analysis of the essential oil

Gas chromatographic analysis was performed using an HP 5890 gas chromatograph
equipped with a flame ionization detector (FID) and a split/splitless injector. The separation
was achieved using a HP-5 (5 % diphenyl- and 95 % dimethylpolysiloxane) fused silica capil-
lary column, 30 mx0.25 mm i.d., 0.25 um film thickness. The GC oven temperature was pro-
grammed from 50 °C (6 min) to 285 °C at a rate of 4.3 °C/min. Hydrogen was used as the
carrier gas; flow rate: 1.6 mL/min at 45 °C; injector temperature: 250 °C; detector tempera-
ture: 280 °C; injection mode: splitless.

Gas chromatographic—mass spectrometric analysis (EI) was performed using an Agilent
5973 Network chromatograph coupled to an Agilent 5973 MSD spectrometer. The separation
was achieved using an Agilent 19091S-433 HP-5MS fused silica capillary column, 30 mx0.25
mm i.d., 0.25 pum film thickness. The GC oven temperature was programmed from 60 °C to
285 °C at a rate of 4.3 °C/min. Helium was used as the carrier gas; the inlet pressure was 25
kPa; the linear velocity was 1ml/min at 210 °C; injector temperature: 250 °C; injection mode:
splitless. MS scan conditions: source temperature, 200 °C; interface temperature, 250 °C;
energy, 70 eV; mass scan range, 40-350 amu.

The components were identified based of their retention index and comparison with refe-
rence spectra (Wiley and NIST databases). The percentage (relative) of the identified com-
pounds was computed from their GC peak area.

Antifungal activity

The fungi used in this study were Aspergillus niger (ATCC 6275), A. ochraceus (ATCC
12066), A. versicolor (ATCC 11730), A. flavus (ATCC 9170, A. terreus (ATCC 16792), Al-
ternaria alternata (ATCC 13963), Penicillium ochrochloron (ATCC 9112), P. funiculosum
(ATCC 10509), Cladosporium cladosporioides (ATCC 13276), Trichoderma viride (IAM
5061), Fusarium tricinctum (CBS 514478) and Phomopsis helianthi (ATCC 201540). Among
tested species were dermatomycetes (Trichophyton mentagrophytes, Epidermophyton floc-
cosum, Microsporum canis), which are obtained directly from patients at the Centre for
Preventive Medicine, VMA, Belgrade. The organisms were obtained from the Mycotheca of
the Mycological Laboratory, Department of Plant Physiology, Institute for Biological
Research “Dr. SiniSa Stankovi¢”, Belgrade. The fungi were maintained on potato dextrose
agar (PDA) and malt agar (MA). The cultures were stored at +4 °C and subcultured once a
month. In order to investigate the antifungal activity, a modified mycelial growth test with
malt agar was used. The minimal inhibitory concentration (MIC) of the investigated essential
oil necessary for complete inhibition of mycelial growth of the fungal strain was determined.
Different concentrations of the tested essential oils were diluted in Petri dishes with malt agar
(MA). All experiments were performed in triplicate. Petri dishes with ethanol were used as the
control. The compound was added into molten malt agar (MA) and poured into Petri dishes.
The tested fungi were inoculated at the centre of the plates.13 The plates were incubated for
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three weeks at room temperature. After this period, the MIC was determined. Commercially
available bifonazole, Srbolek, Belgrade, was used as the positive control.

RESULTS AND DISCUSSION

The yield of essential oil isolated by hydrodistillation of the needles with
twigs of P. menziesii was found to be 0.67 % (w/w) based on fresh material.

The constituents identified by GC and GC/MS analysis and the area percent-
tages are summarized in Table I. The quantitative composition of oil was ana-
lyzed by GC (FID) by internal normalization assuming an identical mass res-
ponse factor for all compounds. In this study, only those components present in
the oils in amounts higher than 0.1 % were taken into consideration.

TABLE I. Chemical composition of Pseudosuga menziesii essential oil

Compound RI® Content, %
Santene 888 5.45
Tricyclene 926 2.94
o-Pinene 939 11.65
Camphene 953 29.82
[-Pinene 980 2.73
Limonene 1031 451
Citronellal 1151 0.94
Bornyl acetate 1285 34.65
Citronellol acetate 1354 0.21
Myrtanol acetate 1381 1.36
Total 94.26

®Retention index on HP-5MS and according to n-paraffins

Monoterpene hydrocarbons were the major constituents of the oil. In addi-
tion to bornyl acetate (34.65 %), which was the major monoterpene, camphene
(29.82 %), a-pinene (11.65 %), santene (5.45 %) and limonene (4.52 %) were
present in quite high amounts. Most of the components identified in the Douglas
fir oil were previously reported as being present in other conifers. Bornyl acetate
was also the main constituent of the essential oil of P. menziesii from Slovakial0
and the Rocky Mountains (USA).11 The essential oil from Bulgaria contained
[-pinene (24.4 %), sabinene (22.2 %) and a-terpinolene (18.8 %).> The main
constituents of the essential oil from Austrian Douglas fir were Spinene and sa-
binene.®

The essential oil showed significant antifungal potential against the various
tested micro-organisms (Table 11). The minimum inhibitory concentration (MIC)
of the oil against Phomopsis helianthi was 1.5 uL mL-L. The highest MIC (6 pL
mL-1) of the oil was against Penicillium ochrochloron, Penicillium funiculosum
and Microsporum canis. The commercial fungicide, bifonazole, showed lower
antifungal activity than the P. menziesii oil, with an MIC of 8.0-15.0 pL mL-1,
Based on the obtained results, it can be concluded that, compared to the com-
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mercial fungicide, the investigated essential oil demonstrated higher potential
against various pathogenic fungi.

TABLE II. Minimal inhibition concentration (uL mL™1) of Pseudosuga menziesii essential oil
and bifonazole

Fungi Qil Bifonazole?
Alternaria alternata 2.7%0.6 9.6+0.6
Aspergillus niger 3.87+0.3 9.6+0.6
Aspergillus ochraceus 3.87£0.3 9.3x1.1
Aspergillus versicolor 3.7+0.6 9.6+0.6
Aspergillus flavus 3.7+0.3 9.3+1.1
Aspergillus terreus 3.7+0.6 10+0
Cladosporium cladosporioides 3.0+0 9.6+0.6
Fusarium tricinctum 3.00 9.6+0.6
Penicillium ochrochloron 6.0+1 14.3£1.2
Penicillium funiculosum 6.0+1 14.3+1.2
Phomopsis helianthi 1.5+0.5 7.6+0.6
Trichoderma viride 3.7£0.6 14.7+0.6
Trichophyton mentagrophytes 2.7+0.6 10+0
Microsporum canis 6.0+0 14.7+0.6
Epidermophyton floccosum 3.7£0.6 9.6+0.6

8positive control, commercial preparation containing 1.0 % (wi/v) of bifonazole in ethanol
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XEMICKU CACTAB U AHTUOYHI'AJIHA AKTUBHOCT ETAPCKOI" YJbA JJATJIACOBE
JEJIE (Pseudosuga Menziesii Mirb. Franco) 13 CPBUJE

BEJIE TELUEBURY, CJIOBOJIAH MUJIOCABJLJEBUR, BJIATKA BAIC?, UPUC HOPBEBUER’,
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IXemujCKu pakyaitieiti, Ynusepauitieiti y beozpady, Citiyoeniticku itipz 16, 11000 Beozpao, ZI/IchTmLHyLH 3a xemujy,
liexHoA02Ujy u meitianypzujy, Yrueepauitieiii y beozpaoy, Hhezouesa 12, 11000 Heozpao, 3¢>al<ymﬁem eltiepuHapcke
meouyune, Ynusepauitiei y beozpaoy, Byaesap ocaobobersa 18, 11000 Beozpao, 4I/IHcmuu7ym 3a 6uoaowka
ucttipaxcusarsa “C. Citianxosuh”, Ynusep3uitieii y beozpady, byaesap Oeciioitia Citiechana 142,
11000 Beozpao u 51/1HCLTmLHyu7 3a wiymapcitieo, Knesa Buwecaasa 3, 11030 beozpao

XeMHjCKH CcacTaB eTapcKor yjba MIAIMX HIJMLA ca rpaHdnunama ayriaasuje (Pseudosuga
menziesii Mirb. Franco) moGujeHor mecTHUIaNKjOM BOJEHOM I1apOM, aHAIM3UPAH j€ TaCHOM
xpomarorpadujom (GC) u kOMOHMHAILMjOM racHe Xpomarorpaduje W MaceHe CICKTPOMETpHje
(GC/MS). NnentudukoBaHO je JeceT jeaumema yKymHe 3acTymubeHocTd 94,26 %. Kao riaBHe
KomIoHeHTe cy Haljenn: Oopumi-anerar (34,65 %), xamben (29,82 %), ornmuen (11,65 %) u
canren (5,45 %). ITopex Tora, eTapcko yjbe je TECTUPAHO Ha aHTU(YHraaHy aKTHBHOCT. ETapcko
yJbe MOKa3zyje MHOro 00Jby aHTH(YralHy aKMBHOCT Off KOMEPLHMjAITHOT (YHTHIHIHOT areHca
6udonazona. MiUHHMaIHA HHXUOUTOPHA KOHIICHTpAIMja €TPCKOT YJba AYyTIasuje je y OICery o
0,6 10 1,4 uL mL™. Hajocerbeuju Ha TecTpano yibe je 6uo coj Phomopsis helianthi, xox cojesu
Penicillium u Microsporum canis rokasyjy HajBelly pe3uCTEHTHOCT.

(TMpumbeno 25. debpyapa, pesnauparo 8. anprma 2009)
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Abstract: Alkylation of the 5-{4-[(4-bromophenyl)sulfonyl]phenyl}-4-(3/4-me-
thylphenyl)-2,4-dihydro-3H-1,2,4-triazole-3-thiones 3a,b with various alkyla-
tion agents, i.e., ethyl bromide, phenacyl bromide and ethyl chloroacetate,
afforded the S-substituted 1,2,4-triazoles 4-6a,b. The structures of these new
compounds were elucidated by elemental analysis and IR, UV, IH-NMR, 13C-
-NMR and MS spectroscopy. The newly synthesized products were tested for
their antibacterial effects.

Keywords: alkylation; 1,2,4-triazole-3-thione; antibacterial activity.

INTRODUCTION

A large number of bioactive molecules contain a functionalized 1,2,4-triazo-
le nucleus. Various compounds containing the 1,2,4-triazole ring are well known
as drugs. For example, fluconazole, itraconazole and voriconazole are used as an-
timicrobial drugs;! ribavirin has antiviral action,2 while vorozole, letrozole and
anastrozole are non-steroidal drugs used for the treatment of cancer.3:4

In addition, various 1,2,4-triazoles are associated with different biological
activities. Among 1,2 4-triazole derivatives, mercapto- and thione-substituted 1,2,4-
-triazole ring systems have been studied and, to date, a variety of antibacterial,
antifungal,>7 antitubercular,®® anti-inflammatory, analgesic,10.11 antitumoral 12,13
antivirall4 and anticonvulsant® properties have been reported for a large number
of these compounds.

*Corresponding author. E-mail: stefaniafelicia_barbuceanu@yahoo.com
doi: 10.2298/JSC0910041B
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Furthermore, diphenyl sulfone derivatives were also found to possess anti-
bacterial activity.16:17

The incorporation of these two moieties into a single molecule and alkyla-
tion of the —=SH group can change the activity of the obtained novel compounds.

Prompted by the observed biological activities of the above-mentioned com-
pounds and in continuation of ongoing research on the synthesis of heterocyclic
compounds containing nitrogen and sulfur with expected biological activity,18-21
the synthesis and characterization of several S-alkylated 1,2,4-triazoles are des-
cribed in this report. All the newly synthesized compounds were characterized by
IR, UV-Vis, 1H- and 13C-NMR spectroscopy. In addition, the structure of com-
pounds 4a,b, 5b and 6b were confirmed by mass spectrometry. These new com-
pounds were investigated for their antimicrobial activity.

EXPERIMENTAL
Materials, methods and instruments

Commercially available chemicals and solvents were used as received from Sigma-Al-
drich and Merck. The melting points of the new compounds were determined with a Boetius
apparatus and are uncorrected. The IR spectra (in KBr pellets) were recorded on a Vertex 70
Bruker spectrometer and the wave numbers are given in cm™l. The NMR spectra were re-
gistered on a Varian Gemini 300 BB spectrometer working at 300 MHz for a 1H and 75 MHz
for 13C in DMSO-dg or CDClI; (10/1, v/v). All chemical shifts are reported in & (ppm) using
TMS as the internal standard. The mass spectrum of compound 4a was acquired with a hybrid
quadrupole — time of flight (QqTOF) high resolution mass spectrometer model APl QStar
Pulsar produced by Applied Biosystems/SCIEX. The instrument was operated in the positive
ions mode, using an atmospheric pressure pneumatically-assisted electrospray ionization inter-
face (ESI, AB model Turboionspray). The voltage of the mass spectrometer (MS) source was
set at 5000 V. Molecular ions were detected in full scan over an adequate mass range. Stock
solutions were prepared at 1 mg/ml in DMSO. The sample solution (2 pg/ml in water/me-
thanol 1/1, v/v) was introduced by direct infusion at a flow rate of 20 ul/min into the MS in-
terface by means of a built-in Harvard syringe pump. The mass spectra of the compounds 4b,
5b and 6b were registered using a Varian 1200 L/MS/MS triple quadrupole mass spectrometer
coupled with a high performance liquid chromatograph operating with a Varian ProStar 240
pump and a Varian ProStar 410 automatic injector. An atmospheric pressure chemical ioniza-
tion interface (APCI) was used in order to obtain the ions. The liquid chromatography was
performed on a Hypersil Gold (Thermo) column with a pre-column; the mobile phase was 30
% water and 70 % methanol. The UV-Vis spectra were measurement on a SPECORD 40
Analytik, Jena, in methanolic solution (2.5x10-5 mol/l). The elemental analyses were perfor-
med with ECS 40-10, COSTEH instrument.

General procedure for the preparation of new S-alkylated 1,2,4-triazoles

To a stirred solution of 1,2,4-triazole-3-thione 3a,b (1.0 mmol) and sodium ethoxide (1.0
mmol of sodium dissolved in 10 mL ethanol) was added the alkylation agent (1.0 mmol). The
reaction mixture was stirred at room temperature for 12 h, and then poured into ice water. The
crude product was filtered off, washed with water and recrystallized from ethanol.
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Biological activity

The compounds were tested for their in vitro growth inhibitory activity against the
following Gram-negative bacteria: Acinetobacter baumannii (Ab) ATCC 19606; Citrobacter
freundii (Cf) ATCC 8090, Escherichia coli (Ec) ATCC 11775 and Pseudomonas aeruginosa
(Pa) ATCC 9027, and the following Gram-positive bacteria: Enterococcus faecalis (Ef)
ATCC 19433, Staphylococcus aureus (Sa) ATCC 12600, Staphylococcus epidermidis (Se)
ATCC 14990 and Bacillus cereus (Bc) ATCC 14579, using the paper disk diffusion method.22
Suspensions in sterile peptone water from 24 h cultures of micro-organisms were adjusted to
0.5 McFarland. Mueller-Hinton Petri dishes of 90 mm diameter were inoculated using these
suspensions. Paper disks (5 mm in diameter) containing 10 pL of the to be tested substance (at
a concentration of 2048 pug/mL in DMSO) were placed in a circular pattern in each inoculated
plate. The plates were incubated at 37 °C for 18-24 h. The inhibitory activity was measured
(in mm) as the diameter of the observed inhibition zones. The tests were repeated to confirm
the findings and the average of the readings was taken into consideration. Discs with only
DMSO were used as the control and ampicillin (10 pg/50puL) served as the control drug.

RESULTS AND DISCUSSIONS
Chemistry

The key intermediates used in the synthesis of the S-alkylated 1,2,4-triazoles,
the 5-{4-[(4-bromophenyl)sulfonyl]phenyl}-4-(3/4-methylphenyl)-2,4-dihydro-3H-
-1,2,4-triazole-3-thiones 3a and 3b,23-25 were prepared starting from 4-[(4-bro-
mophenyl)sulfonyl]benzoic acid hydrazide 1.26 The reaction of 1 with 3- or 4-me-
thylphenyl isothiocyanates in refluxing ethanol gave the N-{4-[(4-bromo-
phenyl)sulfonyl]benzoyl}-N4-(3/4-methylphenyl)thiosemicarbazides (2a,b). 5-{4-
-[(4-Bromophenyl)sulfonyl]phenyl}-4-(3/4-methylphenyl-2,4-dihydro-3H-1,2,4-tri-
azole-3-thiones (3a,b) were synthesized by treating the corresponding thiosemi-
carbazides 2a,b with 8 % NaOH.23.24.27 |n the present study, the reaction of the
1,2,4-triazoles 3a,b with ethyl bromide, phenacyl bromide or ethyl chloroacetate
in presence of absolute ethanol gave the new S-alkylated triazoles 4-6a,b.

The synthetic route of the compounds is outlined in Scheme 1.

Analytical and spectral data of the newly prepared compounds

3-{4-[(4-Bromophenyl)sulfonyl]phenyl}-5-(ethylthio)-4-(3-methylphenyl)-4H-
-1,2,4-triazole (4a). Yield: 59 %; m.p. 168-170 °C. Anal. Calcd. for
Co3H20BrN30,S; (514.46 g/mol): C, 53.70; H, 3.92; S, 12.47. Found: C, 53.79;
H, 3.88; S, 12.41. IR (KBr, cm~1): 3084, 3061 (C-H stretching of aromatic ring),
2972, 2929, 2868 (CH3, CH> stretching), 1601 (C=N stretching of triazole ring),
1572, 1460 (C=C-stretching of aromatic ring), 1326, 1160 (SO> stretching), 576
(C-Br). 1H-NMR (300 MHz, CDCl3 &/ ppm): 7.98 (1H, br d, aromatic, J = 7.2
Hz), 7.79 (2H, d, aromatic, J = 8.5 Hz), 7.75 (2H, d, aromatic, J = 8.5 Hz), 7.62
(4H, d, aromatic, J = 8.5 Hz), 7.30-7.40 (2H, m, aromatic), 7.00 (1H, br s, aro-
matic), 3.29 (2H, q, -SCH,CHs, J = 7.3 Hz), 2.40 (3H, s, —CH3); 1.41 (3H, t,
—SCH,CH3, J = 7.3 Hz). 13C-NMR (75 MHz, CDClg, 6/ ppm): 154.35 (C3),
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i: CoH5OH, reflux; ii: NaOH 8 %, reflux; iii: Na+CyHzOH
Scheme 1. The synthetic route of the title compounds.

152.87 (Cs), 141.95, 140.69, 140.51, 134.05, 132.66, 131.93, 131.09, 129.97, 129.25,
128.47, 128.31, 127.79, 127.70, 124.34 (aromatic ring), 26.95 (-SCH>CH3),
21.17 (-CH3), 14.69 (-SCH2CHj3). MS (ESI/QTOF, m/z): 514.0223 [M+H]*,
516.0165 [M+H]*. UV-Vis (CH30H) (Amax / nm (log ¢)): 207 (4.69), 249 (4.36),
288 (4.29).
3-{4-[(4-Bromophenyl)sulfonyl]phenyl}-5-(ethylthio)-4-(4-methylphenyl)-4H-

-1,2,4-triazole (4b). Yield: 62 %; m.p. 171-173 °C. Anal. Calcd. for
Co3H20BrN302S; (514.46 g/mol): C, 53.70; H, 3.92; S, 12.47. Found: C, 53.62;
H, 3.85; S, 12.42. IR (KBr, cm~1): 3084, 3057 (C-H stretching of aromatic ring);
2972, 2929, 2868 (CH3, CHo stretching), 1599 (C=N stretching of triazole ring),
1572, 1514 (C=C-stretching of aromatic ring), 1326, 1160 (SO, stretching), 574
(C-Br). IH-NMR (300 MHz, CDCl3, §/ ppm): 7.81 (2H, d, aromatic, J = 8.4
Hz), 7.76 (2H, d, aromatic, J = 8.4 Hz), 7.63 (2H, d, aromatic, J = 8.4 Hz), 7.58
(2H, d, aromatic, J = 8.4 Hz), 7.33 (2H, d, aromatic, J = 8.2 Hz), 7.08 (2H, d,
aromatic, J = 8.2 Hz), 3.29 (2H, q, —-SCH»CH3, J = 7.3 Hz), 2.45 (3H, s, —CH3),
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1.42 (3H, t, -SCH,CH3, J = 7.3 Hz). 13C-NMR (75 MHz, CDCl3, 6/ ppm):
154.54 (Cg), 152.88 (Cs), 141.65, 140.81, 140.74, 140.08, 132.66, 131.10, 130.87,
129.22, 128.49, 128.03, 127.78, 126.87 (aromatic ring), 26.78 (-SCH>CH3),
21.32 (-CHg3), 14.66 (-SCH>CH3). MS (APCI, m/z): 514 [M+H]*, 516 [M+H]*.
UV-Vis (CH30H) (Amax / nm (log ¢)): 206 (4.66), 249 (4.35), 287 (4.25).

2-{[5-(4-((4-Bromophenyl)sulfonyl)phenyl)-4-(3-methylphenyl)-4H-1,2,4-tri-
azol-3-yl]-thio}-1-phenylethanone (5a). Yield: 81 %; m.p. 189-191 °C. Anal.
Calcd. for CogH22BrN303S, (604.54 g/mol): C, 57.62; H, 3.67; S, 10.61. Found:
C, 57.70; H, 3.59; S, 10.56; IR (KBr, cm=1): 3084, 3062 (C-H stretching of
aromatic ring), 2953, 2922, 2852 (CHg3, CHj> stretching), 1681 (C=0 stretching),
1598 (C=N stretching of triazole ring), 1573, 1490 (C=C-stretching of aromatic
ring), 1324, 1160 (SO stretching), 577 (C-Br). 1H-NMR (300 MHz, CDClg,
o/ ppm): 8.07 (2H, dd, aromatic, J = 7.9 Hz; 1.5 Hz), 7.82 (2H, d, aromatic, J =
= 8.5 Hz), 7.76 (2H, d, aromatic, J = 8.6 Hz), 7.64 (2H, d, aromatic, J = 8.6 Hz),
7.62 (2H, d, aromatic, J = 8.5 Hz), 7.61 (1H, br t, aromatic, J = 7.9 Hz), 7.50
(2H, t, aromatic, J = 7.9 Hz), 7.41 (1H, t, aromatic, J = 7.9 Hz), 7.36 (1H, br d,
aromatic, J = 7.9 Hz), 7.05 (2H, m, aromatic), 4.99 (2H, s; -SCH»CO-), 2.41 (3H,
s, —CH3). 13C-NMR (75 MHz, CDCl3, &6/ ppm): 192.87 (C=0), 153.72 (C3),
153.15 (Cs), 142.14, 140.94, 135.20, 133.88, 133.50, 132.71, 131.60, 131.40,
130.18, 129.28, 129.08, 129.18, 128.85, 128.72, 128.55, 127.85, 127.60, 124.28
(aromatic ring), 41.02 (-SCH»CO-), 21.24 (-CH3). UV-Vis (CH30H) (Amax / nm
(log €)): 206 (4.61), 248 (4.40), 285 (4.21).

2-{[5-(4-((4-Bromophenyl)sulfonyl)phenyl)-4-(4-methylphenyl-4H-1,2, 4-tri-
azol-3-yl]-thio}-1-phenylethanone (5b). Yield: 72 %; m.p. 224-226 °C. Anal.
Calcd. for CogH22BrN303S; (604.54 g/mol): C, 57.62; H, 3.67; S, 10.61. Found:
C, 57.72; H, 3.62; S, 10.58. IR (KBr, cm~1): 3063 (C—H stretching of aromatic
ring), 2960, 2922, 8264 (CH3, CHy stretching), 1681 (C=0 stretching), 1597
(C=N stretching of triazole ring), 1573, 1513 (C=C-stretching of aromatic ring);
1323, 1160 (SO stretching), 576 (C-Br). 1H-NMR (300 MHz, CDCls, §/ ppm):
8.04 (2H, br d, aromatic, J = 7.9 Hz), 7.82 (2H, d, aromatic, J = 8.5 Hz), 7.76
(2H, d, aromatic, J = 8.5 Hz), 7.63 (2H, d, aromatic, J = 8.5 Hz), 7.60 (1H, br t,
aromatic, J = 7.9 Hz), 7.58 (2H, d, aromatic, J = 8.5 Hz), 7.49 (2H, br t, aro-
matic, J = 7.9 Hz), 7.32 (2H, d, aromatic, J = 8.2 Hz), 7.13 (2H, d, aromatic, J =
= 8.2 Hz), 4.98 (2H, s, -SCH,CO-), 2.46 (3H, s, —CH3). 13C-NMR (75 MHz,
CDCl3, 8/ ppm): 192. 96 (C=0), 153.92 (C3), 153.24 (Cs), 141.94, 141.15, 141.10,
140.15, 135.40, 134.07, 132.78, 131.54, 131.14, 129.34, 129.24, 129.20, 128.93,
128.61, 127.92, 126.92 (aromatic ring), 41.29 (-SCH,CO-), 21.42 (-CH3). MS
(APCI, m/z): 604 [M+H]*, 606 [M+H]*. UV-Vis (CH30H) (Amax / nm (log ¢)):
205 (4.68), 248 (4.42), 286 (4.21).

Ethyl 2-{[5-(4-((4-bromophenyl)sulfonyl)phenyl)-4-(3-methylphenyl)-4H-1,2,4-
-triazol-3yl]thio}acetate (6a). Yield: 87 %; m.p. 169-170 °C. Anal. Calcd. for
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Co5H2oBrN304S- (572.50 g/mol): C, 52.45; H, 3.87; S, 11.20; Found: C, 52.50;
H, 3.82; S, 11.17. IR (KBr, cm=1): 3080 (C-H stretching of aromatic ring), 2981,
2929, 2868 (CHs3, CH> stretching), 1728 (-C=0 stretching of —-COOH group),
1599 (C=N stretching of triazole ring), 1572, 1490 (C=C stretching of aromatic
ring); 1322, 1160 (SO stretching), 578 (C-Br). 1H-NMR (CDCl3, &/ ppm): 7.82
(2H, d, aromatic, J = 8.6 Hz), 7.76 (2H, d, aromatic, J = 8.6 Hz), 7.63 (2H, d,
aromatic, J = 8.6 Hz), 7.58 (2H, d, aromatic, J = 8.6 Hz), 7.06 (2H, m, aromatic),
7.38 (2H, m, aromatic), 4.12 (2H, s, -SCH,COO-), 4.22 (2H, q, -COOCH,CH3,
J=7.1Hz), 2.40 (3H, s, -CH3), 1.28 (3H, t, -COOCH,CHg3, J = 7.1 Hz). 13C-NMR
(CDCl3, 6/ ppm): 167.99 (-COO), 153.20 (Cg3), 153.00 (Cs), 142.13, 140.88,
140.43, 133.69, 132.70, 131.68, 131.34, 130.13, 129.28, 128.74, 128.53, 127.83,
127.62, 124.29 (aromatic ring), 62.01 (-COOCH,CH3), 34.57 (-SCH,COO0-),
21.21 (-CHg), 14.06 (-COOCH>CH3g). UV-Vis (CH30H) (Amax / nm (log ¢)):
206 (4.68), 249 (4.33), 285 (4.32).

Ethyl 2-{[5-(4-((4-bromophenyl)sulfonyl)phenyl)-4-(4-methylphenyl)-4H-1,2,4-
-triazol-3yl]thio}acetate (6b). Yield: 67 %; m.p. 209-211 °C. Anal. Calcd. for
CosH22BrN304S, (572.50 g/mol): C, 52.45; H, 3.87; S, 11.20. Found: C, 52.55;
H, 3.81; S, 11.25. IR (KBr, cm=1): 3084 (C-H stretching of aromatic ring), 2987,
2929, 2868 (CH3, CH> stretching), 1743 (-C=0 stretching of -COOH group),
1599 (C=N stretching of triazole ring), 1572, 151% (C=C- stretching of aromatic
ring), 1323, 1161 (SO> stretching), 576 (C-Br). "H-NMR (CDCl3 + DMSO-dg
(10/1, viv), 81 ppm): 7.83 (2H, d, aromatic, J = 8.7 Hz), 7.77 (2H, d, aromatic,
J = 8.6 Hz), 7.64 (2H, d, aromatic, J = 8.6 Hz), 7.60 (2H, d, aromatic, J = 8.7
Hz), 7.34 (2H, d, aromatic, J = 8.2 Hz), 7.14 (2H, d, aromatic, J = 8.2 Hz), 4.20
(2H, g, -COOCH,CHg3, J = 7.1 Hz), 4.08 (2H, s, -SCH,COO-), 2.47 (3H, s,
—~CHj3) 1.28 (3H, t, -COOCH,CHg3, J = 7.1 Hz). 13C-NMR (CDCl3 + DMSO-dg
(10/1, viv, &/ ppm): 167.82 (—-COO), 152.99 (C3), 152.84 (Cs), 141.65, 141.25,
140.83, 140.73, 132.58, 131.33, 130.86, 129.10, 128.64, 128.35, 127.62, 126.67
(aromatic ring), 61.84 (-COOCH,CH3), 34.21 (-SCH»COO-), 21.17 (-CHyg),
13.93 (-COOCH>CH3). MS (APCI, m/z): 572 [M+H]*, 574 [M+H]*. UV-Vis
(CH30H) (Amax / nm (log ¢)): 206 (4.61), 249 (4.28), 282 (4.23).

The spectral data of all the newly synthesized compounds are in full agre-
ement with the proposed structures.

The infrared absorption spectra of the new S-alkylated 1,2,4-triazoles 4—6a,b
confirm the alkylation reaction by the disappearance of the stretching of the NH
group, which appeared at =~ 3400 cm~1 in the spectra of the triazoles 3a,b.23.24 In
addition, the absence of the absorption band characteristic of the C=S group,
which appeared in the spectra of the triazoles 3a,b2324 at ~ 1240 cm~1 proved
that these compounds participated in the alkylation reaction in the thiolic tauto-
meric form and that substitution occurred at the sulfur atom.28
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The C3 and Csg heterocyclic carbons from the new S-alkylated compounds
4—-6a,b resonated at 152.99-155.54 ppm and 152.88-153.24 ppm, respectively.
The Cg3 heterocyclic carbon of these new S-alkylated derivatives is more shielded
than the C3 heterocyclic carbon from 1,2,4-triazole intermediates 3a,b (6 =~ 169
ppm).23.24 These results indicate that the alkylation occurred at the sulfur atom?29
and not at the Ny nitrogen atom. Data from the literature indicated that if the
alkylation had occurred at the Ny heterocyclic nitrogen, the C3 heterocyclic car-
bon would have resonated at 167—-173 ppm.30

Antimicrobial activity

The potential antibacterial activity of compounds 2—6 towards eight standard
strains was investigated. From the data presented in Table I, it may be seen that
the thiosemicarbazides 2a and 2b showed the highest inhibition zone diameter
against E. coli, P. aeruginosa, S. aureus and S. epidermidis, compared with the
other tested compounds. Compounds 2a and 2b showed no inhibitory effects
against C. freundii and E. faecalis and they were moderately active against A. ba-
umannii and B. cereus. After cyclization of 2a and 2b forming the 1,2,4-triazoles
3a and 3b, it may be seen how these effects decreased and even completely dis-
appeared in the case of some S-alkylation derivatives.

TABLE I. Antibacterial activity of the tested compounds (highly active: inhibition zone > 12
mm; moderately active: inhibition zone 9-12 mm; slightly active: inhibition zone 6-9 mm;
inactive: inhibition zone < 6 mm)

Inhibition zone diameter, mm

Compd. R Gram-negative bacteria Gram-positive bacteria
Ab Cf Ec Pa Ef Sa Se Bc
2a —CgH,—CH; (m) 10 - 14 15 - 17 135 12
3a —C¢H,~CH;(m) 105 10 115 13 11 12 8 16
4a —C¢H,~CH;(m) 95 11 - 9 - - 12 14
5a —CgH,~CH; (m) - 15 - 10 - - - 135
6a —CgH;,~CH3 (m) - 10 - 115 - - - 15
2b —CgsH4—CH3 (p) 8 - 16 14 - 18 115 10
3b —CgsH4—CH3 (p) 8 12 125 11 11 11 - 15
4b —CgsH4—CH3 (p) - 12 - - - - 9 12
5b —CsH4—CH3 (p) - 16 - - - - - 125
6b —CsH4—CH3 (p) - - - - - - - 13
Ampicillin - 14 9 10 10 11 15 13 14
DMSO - 5 5 5 5 5 5 5 5

All the tested compounds showed good inhibitory effects against B. cereus.
Among the S-alkylated triazoles 4-6, the most active compounds were 6a against
B. cereus (15 mm diameter inhibition zone) and 5b against C. freundii (16 mm
diameter inhibition zone). This could be explained by electropositive effect of the
methyl group attached to the phenyl moiety on the heterocyclic ring, which is
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overlapped the effect of the C=0 group inlaid by the S—-alkylation reaction and
together favorably influenced the potency of the heterocyclic nuclei.

CONCLUSIONS

This study reports the synthesis of some new S-substituted 1,2,4-triazoles by
alkylation, in alkaline media, of 5-{4-[(4-bromophenyl)sulfonyl]phenyl}-4-(3/4-
-methylphenyl)-2,4-dihydro-3H-1,2,4-triazol-3-thiones 3a,b with various alkyla-
tion agents (ethyl bromide, phenacyl bromide and ethyl chloroacetate). The struc-
tures of new compounds were determined from spectral data and elemental ana-
lyses. The potential antibacterial effects of the synthesized compounds, compared
with those of the parent triazoles and ampicillin, were investigated using different
standard micro-organisms. The most active compounds were 5b and 6a, which
exhibited promising activities against C. freundii and B. cereus. Further investi-
gations are in progress.

M3BOJ

HOBMU S-AJIKMJIOBAHU 1,2,4-TPMA30JIM KOJU CAAPXE INOEHWUIICYJIOPOHCKE
I'PVIIE CA IOTEHIIUJAJTHOM AHTUBAKTEPUICKOM AKTUBHOIIIRY

STEFANIA F. BARBUCEANU', GABRIELA L. ALMAJAN', IOANA SARAMET?,
CONSTANTIN DRAGHICI?, RADU SOCOTEANU® 1 FLORICA BARBUCEANU®

Icarol Davila University of Medicine and Pharmacy, Faculty of Pharmacy, Organic Chemistry Department,
Traian Vuia Street 6, 020956, Bucharest, 2c.D. Nenigescu Institute of Organic Chemistry, Romanian Academy,
Splaiul Independenyei 202B, 060023, Bucharest, .G Murgulescu Institute of Physical Chemistry,
Romanian Academy, Splaiul Independentei 202, 77208, Bucharest u *Institute for Diagnosis
and Animal Health, Dr. Staicovici Street 63, 050557, Bucharest, Romania

AnkunoBatbeM  5-{4-[(4-6pomodennn)cyndonnn]pennn}-4-(3/4-metnndenin)-2,4- muxuapo-
-3H-1,2,4-tpuazon-3-tuona (3a,b) ankunyjyhum pearercuma Kao mro ¢y eTHiI-Opomuj, (heHarmi-
-OpoMuU/L U eTHJI-XJIOpaleTaT 1o0ujeHn cy S-cyncruryucanu 1,2,4-tpuazonu 4-6a,b. Crpykrypa
OBHX HOBHX je[IMIbEHba MOTBpleHa je eneMeHTanHOM aHann3oM kao u IR, UV, 'H-NMR, BC-NMR
u MS cnekrpuma. ViciTiBaHa je M aHTHOAKTEPHjCKA AKTUBHOCT OBHX jEIHHCHA.

(TMpumssero 29. janyapa, peuaupano 22. anpuia 2009)
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Abstract: Several isosteric 1,3-dihydro-5-[2-(4-aryl-1-piperazinyl)ethyl]-2H-
-benzimidazole-2-thiones were used to investigate the interactions of different
ligands with the binding site of the D2 receptor. Due to limitations of the si-
mulation methods, docking analysis failed to show precisely the interactions
that influence the binding affinity of the ligands. It is presumed that dispersive
forces or more precisely edge-to-face interactions play an important role in the
binding process, especially for the lipophilic part of the ligands. In order to
confirm this hypothesis, ab initio calculations were applied on a model system
in order to find the stabilization energies of potential edge-to-face interactions
and then to correlate them with the ligand affinity. The obtained results indicate
that there is a significant correlation between the strength of dispersive inter-
actions and ligand affinity. It was shown that for the calculation of stabilization
energies of modeled receptor-ligand complexes the Becke “half-and-half” hyb-
rid DFT method can be used, thus speeding up the usually long calculation
time and reducing the required computer strength.

Keywords: dispersive interactions; hybrid DFT; ligand affinity; correlation; D2.

INTRODUCTION

Dopaminergic systems have been the focus of much research over the past
30 years, mainly because several pathological conditions, such as Parkinson’s di-
sease, schizophrenia, Tourette’s syndrome and hyperprolactinemia, have been
linked to a dysregulation of dopaminergic transmission. Dopamine (DA) receptor
antagonists have been developed to block hallucinations and delusions that occur
in schizophrenic patients, whereas DA receptor agonists are effective in alleviat-
ing the hypokinesia of Parkinson’s disease. However, blockage of DA receptors

*Corresponding author. E-mail: mario@chem.bg.ac.rs
# Serbian Chemical Society member.
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can induce extrapyramidal effects similar to those resulting from DA depletion
and high doses of DA agonists can cause psychoses. The therapies of disorders
resulting from DA imbalances are thus associated with severe side effects.!

The development of new, selective dopaminergic ligands devoid of adverse
effects has become a challenging field of research.

The main feature of many substances that exhibit significant dopamine D2
receptor affinity is the presence of the arylpiperazine moiety.l The focus of our
research was on the lipophilic part of 1,3-dihydro-5-[2-(4-aryl-1-piperazinyl)-
-ethyl]-2H-benzimidazole-2-thiones ligands, changing it in order to study the ef-
fects of different substituents on the activity of the ligand (Table I). Seven li-
gands were synthesized and their dopamine D2 receptor affinity tested. Only two
ligands (3 and 4) showed a substantial increase in biological activity, while the
others demonstrated no or only a small increase in activity or were inactive when
compared to ligand 1.

TABLE 1. Structure of the synthesized ligands and their activities towards the dopamine D2
receptor

N N—R
/

D; Ki#SEM / nM

H
N
S:/\
N
H
R
1 i : 15.7+2.0

15.8+2.3

HsC CH;
3 3.4+0.4
4 : 1.7+0.4
H;CO
5 @ 20.742.2
Cl
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TABLE I. Continued

No. R D, KizSEM / nM

6 11.79+0.9
OzN

7 N 128

Earlier studies of the D2 receptor set up the criteria that a salt bridge to the
carbonyl group of aspartate on TM3 and two hydrogen bonds to the serines (Ser
122, 141) on TM5 are essential for D2 activation.3 However, these criteria alone
were incapable of explaining differences in affinity between ligands possessing
all these interactions. It was later concluded that more complex decisive factors
for ligand binding must exist, including additional interactions.4

To investigate the interactions that are responsible for receptor-ligand com-
plex formation, methods of computational chemistry, namely docking analysis
and molecular properties calculations for ligands (ClogP and electrostatic isopo-
tential) were employed.> Docking results showed that a short salt bridge to Asp
86 (TM3) together with multiple hydrogen bond formation to the serines on TM5
were present in all structures. Since the docked ligands showed different affinity
towards the D2 receptor, it was obvious that there must be one or more additional
interactions that determine ligand affinity. Based on docking structures and on li-
gand properties, a hypothesis was postulated that variations in affinity may origi-
nate from different distributions of edge-to-face (ETF) interactions in the docked
structures. These interactions control the crystal structure of aromatic molecules,
the stability of biological systems and molecular recognition processes.6 In ETF
interactions, a partially positive hydrogen atom on one aromatic ring interacts with
a partially negatively charged region on the second ring, hence the name edge-to-
-face (Fig. 1).” The orientation of the amino acid residues of the ligands and re-

¢

o T
-

' Fig. 1. Possible orientations for benzene aro-
matic rings. m-rt stacking interaction parallel,

Face to face Edgetoface  (face-to-face) and T-shaped (edge-to-face).6

@
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ceptor in results of docking simulations and calculated electrostatic isopotential
maps strongly support the theory concerning ETF interactions as additional inter-
actions and a decisive factor determining differences in ligand affinity.8

Observation of all interactions contributing to receptor-ligand complex for-
mation is important when computer based methods are employed to model or ex-
plain such assemblies. Neglecting one type of interaction, such as, for instance,
edge-to-face interactions, may lead to a series of wrong conclusions. However,
research of structures possessing a large number of atoms, such as a dopamine
D2 receptor-ligand complex, is usually limited to the methods of molecular me-
chanics, because only those kinds of calculations can be performed employing
computer equipment with a reasonable processing power in a reasonable time.
However, molecular mechanics force fields (even advanced class Il ones, such as
CFF)9 cannot guarantee that all of the influencing forces are taken into account.
Dispersive forces, such as edge-to-face interactions fall well beyond the compu-
ting capabilities of MM force fields. Due to this, aromatic—aromatic interactions
(namely ETF interactions) cannot be investigated without employing more pre-
cise, ab initio methods. Unfortunately, the use of these methods is limited to
smaller molecules because of high demands for computational resources. Hence,
for the application of ab initio calculations in research of large molecules, small-
er model systems need to be postulated.

According to docking analysis, the ETF interaction between the N-aryl part
of a ligand and the three aromatic amino acids (Tyr 216, Trp 182 and Phe 178)
plays a significant role in receptor-ligand complex formation (Fig. 2). This con-
clusion is based on indirect evidence, namely on the values of the angles, dis-
tances and on mutual orientation of the corresponding amino acids and ligands,
as well as on the calculated electrostatic potential.

Fig. 2. Structures of benzimidazole-2-thione ligands 1 (left) and 2 (right) docked at the D2
receptor model. The orientation and distances between ligand and the lipophilic part of the
binding site suggest that ETF interactions may be responsible for ligand affinity.
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In order to present further evidence that will uphold the hypothesis concern-
ing ETF interactions, a simplified binding site model system of dopamine D2 re-
ceptor-ligand ETF interactions was constructed and subjected to ab initio calcu-
lations in order to determine if the complex stabilization energy could be corre-
lated to ligand affinity.

To utilize ab initio methods in the research of receptor-ligand interactions,
several approximations had to be made, taking into account given the computer
resources and the available (or reasonable) time. Thus the system had to be made
smaller and the calculations more efficient. To simplify the system, our effort
was concentrated on key amino acid residues and the part of the ligand that was
held responsible for edge-to-face interactions. Ethylbenzene was used instead of
phenylalanine, 3-ethyl-1H-indole instead of tryptophan and 4-ethylphenol was
used to replace tyrosine. This kind of simplifications did not influence the pro-
perties of the aromatic moieties and gave a smaller and more compact model sys-
tem to work on. In a similar way, the ligand molecule was shortened to arylpipe-
razine (Fig. 3).

Fig. 3. Model system used in the present cal-
culations mimics the hydrophobic pocket in
the D2 receptor formed by 3-ethyl-H-indole
(representative of Trp 182), ethylbenzene (re-
presentative of Phe 178) and 4-ethylphenol
Phe178 (representative of Tyr 216).

Tyr216

The initial receptor ligand position in this model system was taken directly
from the results of docking analysis. These results positioned the arylpiperazine
ligand moiety at distances of up to 3.00 A to the receptor amino acid residues Tyr
216, Trp 182 and Phe 178 (Fig. 2). Based on these results, a model was cons-
tructed in which the ligand moiety was positioned perpendicular at 3.00 A from
each amino acid residue (Fig. 3). The same tetramer model was constructed for
each ligand and subjected to ab initio DFT BH&H (Becke half & half) and MP2
calculations to determine the stabilization energy as described further. It is
known that density function theory (DFT) calculations can not take into the ac-
count the existence and strength of dispersive forces such as ETF interactions but
the BH&H hybrid DFT method was shown earlier to give rather correct results
when applied on similar systems.10.11 The obtained results were correlated to li-
gand affinity but failed to show any significant correlation.
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It was obvious that the docking analysis had failed to predict the exact dis-
tances between the ligand and the amino acid residues, mainly due to the fact that
the employed molecular mechanics force field could not take into account the
existing ETF interactions. To establish the optimal amino acid residue—ligand dis-
tance, a more complex approach was required.

First, the tetramer model system had to be further disassembled. As shown
earlier, the energy of a complex system can be obtained by summing the energy
of the system parts calculated separately.12 Bearing this in mind, the system was
treated as three separate dimers, each formed by ligand and one of the amino acid
residues responsible for ETF interactions. The results calculated in this manner
did not show significant differences, since the difference in the stabilization ener-
gy for ligand 1 calculated using the BH&H method for the tetramer and as a sum
of each dimer separately was 0.59 kJ/mol (less than 1.5 % difference).

In order to swiftly determine the stabilization energy of the complex, the
BH&H DFT ab initio method was used together with the 6-31g+* basis set. In
this way, the calculation time was significantly reduced with no major loss in the
quality of the result, compared to that obtained by the MP2 method.

Each ligand—amino acid residue pair was subjected to further ab initio calcu-
lations in which the distance was varied between 1.75 and 3.50 A in order to es-
tablish the optimal value. The results are shown in Table Il and Fig. 4. The op-
timal distance varies between 2.25 and 2.50 A, depending on both the ligand and
the amino acid residue. This result supports the docking analysis results, placing
the ligand at an average distance of 3.00 A from the amino acid residues. If Fig. 4
is taken into account, it can be seen that the difference in stabilization energy be-
tween 2.25 or 2.50 and 3.00 A are noteworthy and that this is the main reason
why docking analysis alone cannot be used to explain the fine differences be-
tween the investigated ligands. Finally, all the stabilization energies at the opti-
mal distances were summed to obtain the stabilization energy of the system.
These results were again correlated with the ligand affinity and the results are
shown in Table III.

TABLE Il. Calculated optimal distances to the corresponding amino acid residues

Calculated optimal distance (A) from

Ligand Phel78 Trp182 Tyr216
1 2.25 2.25 250
2 2,50 2.25 2,50
3 2,50 2.25 2,50
4 2.25 2.25 2,50
5 2.25 2.25 2,50
6 2.25 2.25 2,50
7 2.25 2.25 2,50
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Figure 4. Calculated optimal distances between receptor amino acid residues and ligand 4.

In order to verify these results, one ab initio MP2 calculation was performed
using the same basis set and the obtained results were similar to those obtained
with BH&H DFT calculations (Table I11).

TABLE IIl. Stabilization energies for various ligands calculated using the MP2 and BH&H
method

Stabilization energy, kJ/mol

Ligand MP2 BH&H
1 238.07 56.48
2 -38.49 _56.90
3 _42.68 —60.67
4 -30.12 _53.97
5 -30.12 _51.88
6 -38.49 _56.07
7 -26.36 _45.19

EXPERIMENTAL
Docking analysis

Ligand docking of the ligands in Table | was performed by simulated annealing using the
Affinity module from Insightll in the SGI Octane2 workstation.13 All ligands were docked in
the protonated form (protonated N-1 nitrogen on the piperazine part), using the CFF91 force
field. Docking was performed using the dopamine D2 model and the binding site published
earlier.8 During the docking procedure, the amino acid residues within the binding site were
flexible, while the other amino acid residues of the protein were constrained. The initial posi-
tion of the ligand in the binding site was arbitrary, with respect to the arylpiperazine part fa-
cing TM6 and TM7 (i.e., Tyr 216, Try 182 and Phe 178), while the protonated nitrogen on the
piperazine part was kept in close proximity to Asp86. After the initial placement of the ligand,
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no further constraints were applied. A docking procedure based on the Monte Carlo methodo-
logy was performed and the obtained structures were finally optimized in order to remove
steric strain, with a gradient limit of 0.0042 kJ/mol or 4000 optimization steps.14

The results were visualized using DS Visualizer, version 1.7, and the obtained images
were rendered using PovRay Raytracer, version 3.6.15 Structures and affinities of the inves-
tigated ligands are given in Table | and the docking results are shown in Fig. 2.
Ab initio calculations

Gaussian 03W16 was used to carry out the calculations of the energy contribution of the
chosen ligand-receptor assembly. All structures were subjected to geometry optimization
using the HF method and the 6-31g+* basis set until the energy minima were attained. The
mutual orientation of the interacting groups were taken from the results of docking analysis
and later adjusted as required. The stabilization energies of the paired structures were cal-
culated as the difference between the dimer and the separate molecular entities using the
BH&H DFT and MP2 method, with the 6-31g+* basis set. All the reported energies were
corrected for the basis set superposition error using the counterpoise method of Boys and
Bernardi.l’

RESULTS AND DISCUSSION

At present, it is well known that for the binding of ligands with the arylpipe-
razine moiety, the formation of a salt bridge between the protonated N-1 nitrogen
of arylpiperazine and the negatively charged Asp 86 is required.# This interaction
guides the ligand towards its binding site, most probably by a zipper-like mecha-
nism,17 leading to interactions with key residues in the receptor binding site. For
substituted arylpiperazines, both hydrophobic and/or H-bonding interactions of
the substituent with amino acid residues from TM6 and TM7 also play an im-
portant role in the binding.

Docking results confirmed that all the investigated ligands, can form a short
salt bridge with Asp 86, within range of 1.68 to 1.80 A,2.7 and fit inside the pro-
posed hydrophobic pocket formed by amino acid residues on TM6 and TM7.
Since all the investigated ligands form a short salt bridge with Asp 86, and have
the same benzimidazole part of the ligand, it can be concluded that the differen-
ces in ligand affinity must arise from the number of proposed ETF interactions
that the ligand can form with Tyr 216, Trp 182 and Phe 178 (Fig. 1).

BH&H Calculation of the stabilization energy for the receptor-ligand model
system, designed to take into account only these ETF interactions, produced the
following results:

— Although ligand 7 can fit into the hydrophobic pocket of the receptor, for-
med by Tyr 216, Trp 182 and Phe 178, the reason for its low affinity lies the fact
that the introduction of a N atom into the aromatic part of the molecule decreases
the ETF interactions, due to the withdrawal of electrons from the center of the
aromatic ring. The calculated stabilization energy for this ligand showed destabi-
lization by 11.72 kJ/mol compared to ligand 1.

— Ligands 2, 5 and 6 have a similar affinity or show a minimal increase in af-
finity compared to ligand 1. They can form the same type and number of ETF
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interactions as ligand 1. The calculated energies for these ligands varied in range
from —0.50 to 0.50 kJ/mol compared to ligand 1, with the exception of ligand 5,
which showed destabilization by 4.60 kJ/mol. Such an amount of destabilization
energy would usually lead to a significant loss of affinity, but ligand 5 showed a
relatively small difference in affinity compared to ligand 1. The reason for this
unusual behavior could be that ETF interactions in ligand 5, containing a halogen
atom, could involve interactions with halogen atom itself instead of hydrogen.
Although the measurements and crystal data analyzed so far confirm, without
doubt, increased dispersion forces with the halogen atom present as a vicinal sub-
stituent in the aromatic ring, the real nature of the C-X:--x interactions are still
not completely resolved and this question is still open for discussion.19 If this is
the case, the geometry of the studied model system should be altered in order to
take account of this possibility.

— Although they can form the same number of multiple ETF interactions as
ligands 2, 5 and 6, ligands 3 and 4 show increased affinity compared with ligand
1. Increased affinity of ligand 3 is a consequence of the enlarged aromatic surface
with a stronger and larger electrostatic potential when compared to 1. This leads,
as expected, to stronger dispersive ETF interactions with Tyr 216 and Trp 182.
Hence, as expected, the calculated stabilization energy for this ligand was larger
by —4.19 kJ/mol than that of ligand 1. On the other hand, ligand 4 displayed a
decrease in stabilization energy calculated by these methods (2.51 kJ/mol less
than 1), but this is followed by a strong increase in affinity. It is obvious that, in
this case, something else in addition to dispersive ETF interactions is responsible
for the affinity increase, which was not taken into account. From the structure of
the ligand and the binding site of the protein, it can be seen that it is very likely
that the methoxy group acts as a hydrogen acceptor for one of the possible hyd-
rogen donors in the vicinity of Tyr 216 or Trp 182. This hydrogen bond is an in-
teraction much stronger than the dispersive ETF interactions considered herein and
is a key interaction for the binding of this ligand into this part of the binding site.

CONCLUSIONS

From the results presented herein, it is obvious that there is a significant cor-
relation between the strength of the calculated stabilization energies (and thus
with ETF interactions) and affinity of the ligands. This finding supports the hy-
pothesis about the importance of ETF interactions for the affinity of arylpipera-
zine-type ligands. Ligand 4 was excluded from the present calculations as there
are reasons for believing that most important interaction responsible for its affi-
nity is not a dispersive ETF interaction, calculated in this study, but a hydrogen
bond. In this case, it can easily be seen that the correlation coefficient of affinities
and stabilization energies calculated using BH&H is 0.81, and 0.91 for MP2, and
r2 is 65.5 and 82.0 %, respectively. Such high values identify a strong correlation
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between the strength (and number) of edge-to-face interactions and the affinity of
a ligand in this case.

Moreover, it can be seen that both the employed methods, although very dif-
ferent in their demands for computer time and resources, gave results with accep-
table accuracy. This indicates that the BH&H method may be used in addressing
the calculation of ETF stabilization energy in similar systems. The use of the
BH&H method is recommended due to the fact that this method is, on average,
100 % faster than the MP2 method (2 h vs. 58 min for the pair ligand 4-Phe 178
on a reference PC system¥).

Although several different interactions are responsible for the binding of the
investigated ligands to the dopamine D2 receptor, it is obvious that neglecting
weaker interactions can lead one astray. Investigation of large systems can some-
times proceed with difficulties due to their size and limitations in time, space and
instrumental strength. Is such cases, it is always wise to study ligand-receptor
interactions separately and then to combine these results to give the final picture.
In view of the fact that aromatic interactions are responsible for many important
interactions and phenomena in chemistry and biology, a better understanding of
these forces could lead to advancements in medicinal chemistry research.

Acknowledgment. This work was supported by Grant No. 142009 from the Ministry of
Science and Technological Development of the Republic of Serbia.

U3BO/

YTHULHAJ JUCIIEP3UBHUX UHTEPAKIINJA HA AOVHUTET BE3UBABA JIM'AHAJIA
CA APMJIITUITEPASMHCKOM ®YHKIINIJOM 3A JOITAMUHCKU D2 PELIEIITOP

MAPHO B. 3TATOBUR?, BIA/IIMUP B. ITYKAJIOBIRZ, TOPAH M. POTJIR?,
CJIABAHA B. KOCTUR-PAJAUMR? u IEAHA B. AHJIPUR®

IXEMIAjCKLl pakyaitieiti, Ynusepauitieii y beozpady, . iap. 51, 11158 Beozpaod u ux TM—Llenitiap 3a xemujy,
Ynusepsuitieiti y beozpady, , ii. tip. 473, 11001 beozpao

Hekomnuko uzoctepuux 1,3-muxunpo-5-[2-(4-apun-1-nunepasuumn)erun]-2H-6eH3uMu1a300-
-2-THOHA je KopHmheHo Aa OM ce HCIHTalle HHTEPaKIje pa3InuuTHX JIMTaHa/la ca BE3HBHUM Mec-
ToM pomamuHckor D2 perentopa. 360r orpaHnuemha MeToqa KOpUIINeHUX 3a CHMYJalHjy Be3u-
Bamba, aHAJIM3a OBHMX pe3yjTaTa HHje MOIJa Jia MOKaXe Mpelu3HHUje KOje MHTepaKkiuje yTHdy Ha
aMHUTET Be3WBamba JIMTraHaa. [IpeTrnocTaBibeHo je fa JucHep3uBHE CHie, WM IPeu3Huje, T3B.
edge-to-face unTepakimje, Urpajy 3HaUajHy yIOTy Y HPOIECY Be3UBarba, HAPOUHUTO Y TUIODIITHOM
neny nurasza. Jla Ou ce moTBpaMiIa OBa XHMOTE3a mpuMeHOM ab initio m3pauyHaBama Ha MOIET
CHCTEM, IOKYIIAHO je U3padyHaBabe CTaOMIM3allMOHEe SHEeprHje OBUX MHTEpaKIMja U HBEHO JIOBO-
heme y Besy ca apuHHUTETOM JMTaHana. JloOMjeHH pe3yiITaTu yKasyjy Aa IIOCTOjH 3HadajHa Kopela-
nuja m3Mehy jauuHe OUCTICp3WBHUX MHTEpakidja u adpuHHUTeTa nurania. [lokasaHo je ma ce mpu
u3pavyHaBamy CTAOWIM3ALMOHUX CHEPrHja MOJECIOBAHMX KOMIUIEKCA JIMTaHI—PELENnTop MOXe
ynorpedutu Becke-osa ,,half-and-half” xu6punna DFT meroaa, miro 3HauajHO cMamyje BpeMe 11o-
TpeOHO 3a n3padyHaBama U MoTpeOHe padyHapcKe pecypce.

(Ilpumiseno 17. Gpebdpyapa, peuaupano 21 anpuna 2009)

* Intel® Pentium® Core™2Quad CPU processor 2.4 GHz, 4 GB RAM memory.
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Abstract: This study was an attempt to establish the extent of increased oxida-
tive stress in hypercholesterolemic patients and to evaluate the effect of ator-
vastatin on the oxidative stress and antioxidant status. Blood samples of 15
subjects (age and sex matched) from three groups: group | (healthy subjects),
group Il (hypercholesterolemic patients with atorvastatin treatment) and group
111 (hypercholesterolemic patients without any hypolipidemic drug) were taken
and centrifuged to separate the plasma, which was used for the determination
of vitamin E. The separated cells were washed thrice with 0.90 % w/v cold nor-
mal saline and used for the assay of the percentage hemolysis of the RBCs, and
the determination of malondialdehyde, superoxide dismutase and hemoglobin.
The levels of oxidative stress were higher in the hypercholesterolemic in com-
parison to the control and atorvastatin group. The levels of antioxidants were
higher in the atorvastatin group than in the hypercholesterolemic one but were
lower than the controls. From these findings, it was concluded that there is an
increase in oxidative stress in hypercholesterolemia but it decreased signifi-
cantly after 2 months of atorvastatin therapy and antioxidant status also im-
proves in patients taking atorvastatin.

Keywords: atorvastatin; oxidative stress; antioxidant effects; hypercholesterole-
mic patients.

INTRODUCTION

Statins, such as atorvastatin, significantly reduce cholesterol synthesis through
inhibition of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase and are
widely prescribed for hyperlipidemia to reduce the risk of atherosclerotic com-

*Corresponding author. E-mail: faiyazs@fastmail.fm
doi: 10.2298/JSC0910063N
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plications.! Their efficacy in reducing cardiovascular morbidity and mortality
was demonstrated in large intervention trials.] However, debate continues as to
whether the beneficial effects of statins can be ascribed purely to their ability to
reduce cholesterol or whether additional actions, independent of lowering cho-
lesterol, play a significant role.1-3 Studies showed that oxidized low density lipo-
protein (LDL) is a major correlate of oxidative stress in hypercholesterolemic pa-
tients and that statins may reduce oxidative stress by reducing enhanced plasma
levels of LDL, which are more susceptible to peroxidation in hypercholestero-
lemia, and change the LDL structure, making them more resistant to peroxida-
tion.145 Some studies further showed that statins may also inhibit NAD(P)H
oxidase, thus decreasing the generation of reactive oxygen species (ROS), there-
by adding or synergizing the biological effects of antioxidants.#6 Some studies
also showed that statins or their metabolites may act as antioxidants, directly or
indirectly by removing “aged LDL”, which is more prone to oxidation, from the
circulation.” Based on these findings, it is evident that among their properties,
statins also possess antioxidant activities.8:2 Therefore, the aim of the present in-
vestigation was to evaluate the scientific evidence of atorvastatin having such an
effect and its possible clinical relevance. The antioxidant effects of statins con-
tribute to the inhibition of atherogenesis, stabilization of atherosclerotic plaque,
inhibition of myocardial hypertrophy and remodeling and modulation of vascular
tone.6 Based on these arguments, which formed the backbone of this study, an
attempt was made to determine whether there really is increased oxidative stress
in hypercholesterolemics and if it is relatively decreased following atorvastatin
therapy when compared to normal individuals.

In this study, the levels of malondialdehyde (MDA), percentage hemolysis
and superoxide dismutase (SOD) in red blood cells and vitamin E in plasma were
measured. Red blood cells were chosen as they are well known to be subject to
increased hazards of free radical damage. Moreover, these cells have a finite life
span in circulation and their sequestration and disposal by macrophages may be
related to the extent of peroxidative damage of their membrane lipids, cytoske-
letal proteins and enzymes.

EXPERIMENTAL
Study population

This study was conducted on 3 groups each of 15 subjects in the age group 40-70 years.
Both male and female subjects were taken in all groups.

Group | consisted of 15 healthy subjects (8 males and 7 females) in the age range 40-70
years having a normal lipid profile (control group).

Group |1 consisted of 15 patients (8 males and 7 females) who had already been diagno-
sed as hypercholesterolemic and who had been treated with HMG-CoA reductase inhibitors
(atorvastatin) for a minimum of 2 months at a minimum dosage of 10 mg/day of atorvastatin.
Treatment with atorvastatin was given only in this group in order to compare the results with
control and hypercholesterolemic group without administration of any hypolipidemic drug.
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Group 11 consisted of 15 (8 males and 7 females) recently diagnosed hypercholestero-
lemic patients who were not taking any lipid lowering agent (hypercholesterolemic group).

Selection of cases

The test groups Il and I11 for this study, consisting of 15 individuals in each group, were
taken from the following hospitals: 1) the K. M. C. Hospital, Ambedkar Circle; 2) the K. M.
C. Hospital, Attavar; 3) the Yenepoya Hospital, Kodialbail; 4) the A. J. Institute of Medical
Sciences, Kuntikana; 5) the City Hospital, Kadri; 6) the Ullal General Hospital, Kudroli and
7) the Dr. Uday Nayak Clinic, Bejai, all in Mangalore, India.

While choosing the subjects for the test and control groups, care was taken to eliminate
those with habits such as smoking, tobacco chewing, and alcohol consumption, as well as
those with a history of chronic inflammatory disease such as tuberculosis, rheumatoid arthri-
tis, diabetes mellitus and malignancy, all of which play a vital role in contributing to oxidative
stress injury. Approval to perform these studies on human subjects was obtained from the
Institutional Clinical Ethics Committee of the Kasturba Medical College, Mangalore, India,
and their guidelines were followed throughout the studies.

Sample collection

Venous blood (5.0 ml) was collected in ethylenediaminetetraacetic acid (EDTA) con-
tainers from the median cubital vein or basilic vein of each study subject under strictly aseptic
conditions. The blood samples were centrifuged at 3000 rpm for 10 min within 3 h of collec-
tion. The plasma was separated and used for the determination of vitamin E. The separated
cells were washed thrice with 0.90 % w/v cold normal saline, after which they were suspen-
ded in an equal volume of the same saline solution. This was then stored as a 50 % cell sus-
pension in a refrigerator (4-5 °C) until used for the assay of:

— percentage hemolysis of RBCs at 0 and 2 h (which represented before and after incu-
bation with hydrogen peroxide, respectively);

— malondialdehyde (MDA);

— superoxide dismutase (SOD);

— hemoglobin (Hb).

Lipid peroxidation (MDA)

Red cell lipid peroxidation was studied as thiobarbituric acid (TBA) reaction products.
The method of Stocks and Dormandy was followed with certain modifications.1? The sample
under test was heated with TBA at a low pH and the resulting pink chromogen, allegedly a
(TBA)2-MDA adduct, was measured spectrophotometrically at a wavelength of 535 nm.11 An
erythrocyte suspension (1.0 ml) was added to 8.5 ml of 0.90 % w/v normal saline and mixed
well. Then 0.50 ml of 0.44 M H,0, was added.

From this mixture, a 2.5 ml of aliquot was immediately taken, to which 1.0 ml of 28 %
trichloroacetic acid (TCA) in 0.10 M sodium metaarsenite was added. This was mixed well
and allowed to stand for 10 min, after which it was centrifuged. An aliquot (3.0 ml) of the su-
pernatant was then taken, to which 1.0 ml of 1.0 % TBA in 50 mM NaOH was added. This
was then kept in a boiling water bath for 15 min and then immediately cooled under tap water.
The pink chromogen was determined spectrophotometrically at a wavelength of 535 nm. The
values are expressed as nanomoles of MDA formed per dl of RBC, taking the molar extinction
coefficient of the chromogen as 1.56x10° I/mol/cm.10

MDA (10'9 mol/100 ml of RBC) was determined using the equation:
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where Ay is the absorbance of the test sample, DF is the dilution factor, V is the volume of the
RBC suspension and ¢ is the extinction coefficient.

Oxidative hemolysis of RBCs or percentage hemolysis of RBCs

Oxidative hemolysis of the erythrocytes was measured by the method of Kartha and
Krishnamurthy!2 at 0 and 2 h, i.e., before and after 2 h incubation with H,0,. The principle of
this method is based on the fact that an accelerated form of non-enzymatic breakdown can be
induced in red blood cells by exposure to H,0,.10

RBC suspension (1.0 ml) was added to 8.5 ml of 0.90 % w/v of normal saline and mixed
well. Then 0.50 ml of 0.44 M H,0O, was added and the mixture incubated at 37 °C.

Immediately, 0.50 ml aliquots each were withdrawn and put into 2 different centrifuge
tubes labeled as “saline” and “water”.

To the centrifuge tube labeled “saline”, 4.5 ml of 0.90 % wi/v of normal saline was added
and centrifuged. The supernatant was then separated and its absorbance (optical density) was
determined at 520 nm in a colorimeter. This represented non-hemolysed RBCs (NH) at 0 h or
before incubation with H,0,.

To the centrifuge tube labeled “water”, 4.5 ml of distilled H,O was added and centri-
fuged. The supernatant was then separated and its optical density was determined at 520 nm in
a colorimeter. This represented complete hemolysis of RBCs (CH) at 0 h or before incubation
with Hzoz.

The above procedure was again repeated after 2 h incubation with H,0, at 37 °C. The
centrifuge tubes labeled “saline” and “water” now represented non-hemolysed (NH) and
completely hemolysed (CH) RBCs, respectively, at 2 h or after incubation with H,0,.

The percentage hemolysis of RBCs at 0 and 2 h was determined using the equation:

O.D.of NH (saline)
O.D. of CH (water)

Hemolysis (%) =100

Vitamin E (o-tocopherol)

Plasma vitamin E was measured using the Emmorie Engel reaction, which is based on
the reduction of ferric to ferrous ions by tocopherols, which then form a red complex with
o,a’-dipyridyl. Tocopherol and carotenes were extracted into petroleum ether and the ex-
tinction at 450 nm was measured. A correction was made for carotenoids after adding FeCls.
The reading was taken at 520 nm after 90 s.13.14

Plasma (1.0 ml) was thoroughly mixed with 1.0 ml of redistilled 95 % ethanol in a 15 ml
stoppered tube. Petroleum ether (3.0 ml) was then added and the tube shaken vigorously for 3
min. This was then centrifuged and 2.0 ml of the clear supernatant was transferred to a clear
dry cuvette. The optical density was measured at 450 nm in a colorimeter for carotenes; petro-
leum ether served as the blank.

The petroleum ether was then evaporated off at room temperature and the residue
dissolved in 1.0 ml of chloroform; 1.0 ml of 95 % ethanol was then added followed by 1.0 ml
of 0.20 % a,o’-dipyridyl and 0.10 ml of 0.10 % FeCls. After 1.5 min, the absorbance at 520
nm was measured in a colorimeter.

The concentration of vitamin E, mg/l of plasma, was determined using the equation:
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where At, Ac and Ag are absorbance of test, carotene and standard sample, respectively.
Superoxide dismutase (SOD)

The method of Beauchamp and Fridovich was followed for the measurement of SOD.
The enzyme superoxide dismutase catalyses the reaction:

c

205 +2H"—2 ,H.0,+0,

Inhibition of the reduction of nitroblue tetrazolium (NBT) by superoxide radicals,
generated by the illumination of riboflavin in the presence of oxygen was the principle of
SOD determination. An electron donor, methionine, was used for the assay of superoxide
dismutase.1®

The hemolysate was prepared by the method of McCord and Fridovich.1® To 1.0 ml of
erythrocytes (washed with 0.90 % w/v normal saline), 1.0 ml of deionized water was added to
lyse the cells. To this, 0.50 ml of distilled ethanol followed by 0.30 ml of chloroform were
added, mixed well and allowed to stand for 15 min. Then 0.20 ml of H,O was added and then
the mixture was centrifuged at 4 °C.

The supernatant contained the SOD activity and was used for the assay of SOD after
dilution with potassium phosphate buffer (pH 7.8, 0.050 M); 0.10 ml of hemolysate was
diluted with 1.9 ml of potassium phosphate buffer. This was the final diluted hemolysate that
was used in the procedure given below.

Four test tubes were taken and labeled as “test”, “
blank”.

To the “test”, 2.9 ml of reaction mixture with NBT containing 149 mg of methionine,
4.93 ml of NBT (1 mg/ml), 0.63 ml of riboflavin (1 mg/ml) was diluted to 100 ml with po-
tassium phosphate buffer (pH 7.8, 0.050 M) and 0.10 ml of diluted hemolysate was added. To
the “test blank™, 2.9 ml of same reaction mixture without NBT and 0.10 ml of diluted hemo-
lysate was added. To the “Control”, 2.9 ml of same reaction mixture with NBT and 0.10 ml of
potassium phosphate buffer (pH 7.8, 0.050 M) was added. To the “control blank”, 2.9 ml of
the same reaction mixture without NBT and 0.10 ml of potassium phosphate buffer (pH 7.8,
0.050 M) was added. Each of the above solutions was poured into a 10 ml beaker. The beakers
were kept in an aluminum foil lined box fitted with a 15 W fluorescent lamp for 10 min.

The absorbance of the solutions after irradiation was measured at wavelength of 560 nm
in a spectrophotometer.

One unit of SOD activity was taken as that producing a 50 % inhibition of NBT (nit-
roblue tetrazolium) reduction. The obtained values, expressed as units /g Hb, were calculated
using the equation:

control”, “test blank” and “control

Unit/dl SOD (x) = 2.4x105 S=1

X
SOD activity (units/g Hb) = b (Units/g Hb of SOD)

where C and T are the absorbance of the control and test, respectively.
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Estimation of hemoglobin

The hemoglobin content of the erythrocytes was determined by the cyanmethemoglobin
method.17

Hemoglobin was treated with a reagent containing potassium ferricyanide, potassium
cyanide and potassium dihydrogen phosphate (Drabkins Reagent). The ferricyanide oxidizes
hemoglobin to methemoglobin, which is converted to cyanmethemoglobin by the cyanide.
The absorbance was measured at 540 nm in a colorimeter.

RBC suspension (20 ul) was added to 4.0 ml of ferricyanide reagent and allowed to stand
for 4 min. The absorbance was measured at 540 nm in a colorimeter against a reagent blank.
The absorbance of the standard solution was measured by directly taking 4.0 ml of a standard
cyanmethaemoglobin solution (60 mg/dl).18

Hemoglobin (g/dl) was determined using the equation:

A x Dilution factor x Conc. of std. (mg/dl)

Hemoglobin (g/dl) = 1000Ag

where Conc. of std. is 60 mg/dl.
Statistical analysis

All the biochemical parameters were compared using the Fishers F-test for analysis of
variance (ANOVA), except for hemolysis. The student’s paired t-test was used for hemolysis
(0 and 2 h). The statistical software SPSS (statistical package for social sciences), version 11,
was used for this purpose.

RESULTS AND DISCUSSION

In this study, the products of lipid peroxidation, hemolysis of RBCs and anti-
oxidant levels were compared between those having a high cholesterol level, those
who had been on treatment with atorvastatin for a minimum of 2 months (mini-
mum dosage of 10 mg/day) and those individuals of the same age group having a
normal lipid profile, who were taken as controls.

Free oxygen radicals and insufficient antioxidant enzymes have been impli-
cated in the pathogenesis of hypercholesterolemia.2:419.20 Statins have been used
effectively for the treatment of hypercholesterolemia.220.21 These facts formed
the basis of this study, i.e., to investigate the antioxidant system and oxidative
stress in hypercholesterolemic patients, as well as in patients who had been treat-
ed with atorvastatin for a minimum of 2 months.

The mean total cholesterol levels of the 3 groups are given in Table I. In pa-
tients taking atorvastatin, the mean total cholesterol was reduced after 2 months
of treatment (246.66+£8.54 mg/dl) as compared to the hypercholesterolemic pa-
tients (325.33£11.23 mg/dl).

RBC malondialdehyde (MDA)

As a measure of oxidative stress, MDA, the end-product of lipid peroxida-
tion, was estimated by the TBA method. RBC MDA levels were highest in the
hypercholesterolemic group (742.67+74.10 umol/l) and lowest in control group
(545.63+48.03 umol/l). These values are statistically highly significant (p = 0.001)
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when the hypercholesterolemic group was compared with the control group and
statistically significant (p = 0.034) when the atorvastatin group was compared
with the control group, as indicated in Table II.

TABLE I. Mean total cholesterol levels of the 3 groups, i.e., control, atorvastatin and hyper-
cholesterolemic

Group No. of subjects Mean total cholesterol level, mg/dI*
Control 15 161.2545.43

After a minimum of 2-months- 15 246.66+8.54
-atorvastatin therapy

Hypercholesterolemic 15 325.33+11.23

“Mean+SD

TABLE Il. Mean RBC MDA levels of the 3 groups (control, atorvastatin and hypercholes-
terolemic) determined by Fisher’s F-test

Group No. of subjects  Mean, umol/I SD p Remarks
Control 15 545.63 48.03 - -
Atorvastatin 15 590.23 39.63 0.034 st
Hypercholesterolemic 15 742.67 74.10 0.001 HS®

aSignificant; bhighly significant

The high level of MDA in the hypercholesterolemic group suggests an in-
crease in oxidative stress in patients with hypercholesterolemia. Its relatively lower
level in the atorvastatin group suggests a decrease in oxidative stress. These find-
ings further confirm the antioxidant properties of statins such as atorvastatin.?

Percentage hemolysis of RBCs and vitamin E

The percentage hemolysis of RBCs was measured as an indicator of damage
to RBC membranes as a result of oxidative stress. Amongst the antioxidants, vi-
tamin E was chosen because, despite its low molar concentration in membranes,
it effectively serves as the major lipid-soluble, chain-breaking antioxidant.22 This
study showed an increased hemolysis of RBCs in the hypercholesterolemic group
(4.52+1.06 %) as compared to the atorvastatin (2.48+0.67 %) and control groups
(1.69+1.04 %), but in the atorvastatin group it was more than in the control but
less than the hypercholesterolemic group, both before (2.48+0.67 %) and after in-
cubation (3.52+0.81 %) with hydrogen peroxide (Table I11). The values are statis-
tically highly significant both before and after incubation with hydrogen peroxide
(p < 0.05). This could be explained based on increased oxidative stress in the hy-
percholesterolemia patients and the effect of atorvastatin in reducing oxidative
stress in the hypercholesterolemic patients after 2 months of treatment. The mean
vitamin E levels were lower in the atorvastatin group (7.74+1.05 mg/dl) and the
lowest in hypercholesterolemic group (6.28+0.68 mg/dl) as compared to the con-
trol group (9.31£1.36 mg/dl) as shown in Table IVV. The values are statistically
highly significant (p < 0.05). Studies showed that vitamin E plays a critical role
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in protecting the polyunsaturated fatty acids of cell membranes against lipid pe-
roxidation through its free-radical quenching activity at an early stage of free-ra-
dical attack, thus suppressing hemolysis.22 This has made vitamin E one of the
important factors determining the susceptibility of red cells to auto-oxidation he-
molysis.22 Vitamin E appeared to be highly efficient as an antioxidant and is ac-
cepted as the first line of defense against lipid peroxidation.22-25

TABLE I1l. Percentage hemolysis of RBCs before and after incubation with H,O, in the 3
groups (control, atorvastatin and hypercholesterolemic). Name of the test used: Fisher’s F-test

Group No. of subjects Mean SD p Remarks
Hemolysis before incubation
Control 15 1.69 1.04 - -
Atorvastatin 15 2.48 0.67 0.001 HS®
Hypercholesterolemic 15 4.52 1.06 0.001 HS
Hemolysis after incubation

Control 15 2.78 0.88 - -
Atorvastatin 15 3.52 0.81 0.001 HS
Hypercholesterolemic 15 6.01 1.12 0.001 HS

aHighly significant

The popular finding that vitamin E is inversely related to the respective tis-
sue MDA level fits here as the MDA level in this study was found to be the high-
est in the hypercholesterolemic group (742.67+74.10 umol/l) and the lowest in
control group (545.63+48.03 umol/l). The increased hemolysis of RBCs in the
hypercholesterolemic group could be further documented by the decreased levels
of vitamin E, which is the first line of defense against membrane damaging lipid
peroxidation.22-25

In the atorvastatin group, the level of vitamin E was more than in the hyper-
cholesterolemic group but less than in the control group (Table 1V). The results
of percentage hemolysis of RBCs were in the same order; hemolysis was the
lowest in the control group, higher in the atorvastatin group and the highest in the
hypercholesterolemic group. The controls had the highest level of vitamin E as
they are considered to be the group with the least oxidative stress due to the nor-
mal lipid profile of their blood. It may be hypothesized that due to increased oxi-
dative stress in the hypercholesterolemic group, the utilization of vitamin E, which
is an antioxidant, might have increased. This agrees with the work of Moriel et al.19

TABLE IV. Plasma vitamin E levels of the 3 groups (control, atorvastatin and hyperchole-
sterolemic). Name of the test used: Fisher’s F-test

Group No. of subjects  Mean, mg/dl SD p Remarks
Control 15 9.31 1.36 - -
Atorvastatin 15 7.74 1.05  0.001 Hs®
Hypercholesterolemic 15 6.28 0.68 0.001 HS

aHighly significant
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Superoxide dismutase (SOD)

Superoxide dismutase was chosen in this study as it plays an important role
in the removal of superoxide radicals (0% ) formed in red cells and because he-
moglobin and SOD were shown to be in close association with red cells. In addi-
tion to this, some studies also suggested that SOD is one of the most important
enzymes in the front line of defense against oxidative stress and is the most ef-
fective in protecting RBCs against damage by exogenous superoxide radicals
(037), especially at higher concentrations.26-28 This study showed low levels of
SOD in the hypercholesterolemic group (6.28+0.69 units/mg), as shown in Table
V. In the atorvastatin group, the SOD level (7.74+1.05 units/mg) was more than
in the hypercholesterolemic but less than in the controls. The values were statisti-
cally highly significant (p < 0.05). Low levels of SOD in the cellular and extra-
cellular fluids reduce their oxygen-derived, free radical (ODFR) scavenging ca-
pacity, making the tissues more vulnerable to ODFR damage.28 The low level of
SOD found in hypercholesterolemic patients is indicative of increased oxidative
stress in patients with hypercholesterolemia (Table V). Studies that showed that
there is a reduced activity of SOD in hypercholesterolemia, which improved after
3 months of treatment with fluvastatin, further strengthens the idea of increased
oxidative stress in hypercholesterolemics and reduction of oxidative stress after
the use of atorvastatin, which inhibits superoxide anion production, preserves in-
tracellular SOD and prevents ROS (reactive oxygen species) permeation into li-
poproteins.2:26.27 Thus, it can be concluded that the trends seen in this study defi-
nitely suggest that there is an increased occurrence of oxidative stress as a result
of hypercholesterolemia and that after the use of atorvastatin, the oxidative stress
decreased, for which there may be two reasons. The first reason may be due to
the decreased cholesterol levels and the second, due to the anti-oxidant effect of
atorvastatin, as shown in many studies.

TABLE V. RBC superoxide dismutase (SOD) levels in the 3 groups (control, atorvastatin and
hypercholesterolemic). Name of the test used: Fisher’s F-test

Group No. of subjects  Mean, units/mg ~ SD p Remarks
Control 15 8078.63 762.50 - -
Atorvastatin 15 7432.69 657.92  0.001 Hs®
Hypercholesterolemic 15 5281.79 525.19  0.001 HS

aHighly significant
CONCLUSIONS

This study was an attempt to establish the extent of increased oxidative
stress in hypercholesterolemic patients and to evaluate the effect of atorvastatin
on the oxidative stress and antioxidant status after 2 months of treatment.

The levels of oxidative stress were higher in the hypercholesterolemic pa-
tients than in the control and atorvastatin groups. The levels of oxidative stress in
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the atorvastatin group were lower than in the hypercholesterolemic group but
higher than in the control group. The levels of antioxidants were higher in the
atorvastatin group than hypercholesterolemic group but were lower than in the
controls. From these findings, it can be concluded that there is an increase in oxi-
dative stress in hypercholesterolemia but it decreases significantly after 2 months
of atorvastatin therapy and there is simultaneously an improvement in the anti-
oxidant status in patients taking atorvastatin.

M3BOJ

AHTHUOKCUIAATUBHU CTATYC KO/ ITAIIMJEHATA CA XUITEPXOJIECTEPOJIEMUIOM
HA TEPAIIMJA ATOPBACTATMHOM

MOHAMMAD A. NASAR', ABDALLA JARRARI*, MOHAMMAD A. NASEER?, TARANNUM F. SUBHANI®, BEENA
V. SHETTY® u FAIYAZ SHAKEEL®

lDepartmem of Biochemistry, Faculty of Medicine, Al-Arab Medical University, Benghazi, Libya, 2Department
of Pharmaceutical Chemistry, Faculty of Pharmacy, Jamia Hamdard, New Delhi, India, 3Department of
Biochemistry, Kasturba Medical College, Manipal University, Mangalore, India u 4Department of
Pharmaceutics, Faculty of Pharmacy, Al-Arab Medical University, Benghazi, Libya

Y 0B0j cTyauju je mpoydaBaHo nmoBehame OKCHIATUBHOT CTpeca KO MalyjeHaTa ca XHIepXo-
necteposieMrjoM U mpalieH je eekaT aTopBacTaTHHA HAa OKCHUIATHBHU CTPEC U aHTHOKCHIATHBHHU
craryc. AHanM3upaHa je rasMa Jbyau u3 Tpu rpyie (mo 15 y3opaka): 3apaBu Jby/d, MalHjeHTH ca
XHIIEPXOJIECTEPOICMHIjOM Ha TEPAIHjH aATOPBACTATHHOM M MALKjCHTH Ca XHUIIEPXOJIECTEPOIEMHjOM
0e3 Tepanuje. Y mrasmu je onpehusan Butamun E. M3onoBane hemmje cy ucnpane Tpu myrta Xmaa-
HUM (PU3HOJIOLMIKUM PacTBOPOM U KopHiIfieHe Cy 3a ofipeljuBame cTereHa XeMOIN3e epUTPOLINTA 1
KOHIIEHTpaLje MaJOHIHAIEXHUA, CYNePOKCUI-AUCMYTa3e U XeMoriaoOuHa. CTeneH OKCHIaTHB-
HOT cTpeca je 6no Behu kox marmjeHaTa Oe3 Tepamnuje HEro KOA 3ApaBUX ocoda M MaryjeHaTa Ha
TpeTMaHy aTopBacTaTHHOM. HuBO aHTHOKcHIaHaca je 6uo Behn KOJ mHalpjeHarta Moj TeparujoM,
Qi MIIaK MambK HEro y KOHTPOIJIHOj rpynu. Ha 0CHOBY pe3yinrara je 3aKJby4eHO 1a je OKCHIATHBHH
cTpec moBehiaH KOJ ManyjeHaTa ca XUIEpXOoJIeCTePOIEMHjOM, ajli la Ce 3HAYajHO CMarbyje MOCIe
JIBOMECEYHE Teparrje aTopBacTaTHHOM, y3 HO00JbLIAmE AHTHOKCHIATHBHOT CTaTyCa.

(TMpumbeno 26. debpyapa, pesnauparo 7. maja 2009)
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Abstract: Complexes of Cu(ll), Ni(ll), Co(ll) with the 9-anthraldehyde iso-
nicotinoyl hydrazone ligand (HL1) and the 3,5-di-tert-butyl-4-hydroxybenz-
aldehyde isonicotinoyl hydrazone ligand (H,L2) were synthesized by the tem-
plate method. The complexes were characterized by analytical analysis, IR,
UV-Vis and ESR spectroscopy, magnetic measurements, conductometry and
thermal analysis and the two ligands by 'H-NMR spectroscopy. From the
elemental analysis, 1:2 (metal:ligand) stoichiometry for the complexes of
Cu(I), Ni(ll) with the ligands HL! and H,L2 and 1:1 (metal:ligand) stoichio-
metry for the complex of Co(ll) with the ligand HL! are proposed. The molar
conductance data showed that the complexes are non-electrolytes. The mag-
netic susceptibility results coupled with the electronic and ESR spectra sugges-
ted a distorted octahedral geometry for the complexes Ni(I11)/HLL, Ni(11)/H,L2
and Cu(ll)/H,L2, a tetrahedral stereochemistry for the complex Cu/HL! and a
square-planar geometry for the complex Co/HLL. The IR spectra demonstrated
the bidentate coordination of the ligands HL! and H,L2 by the O=C amide
oxygen and the azomethine nitrogen, as well as monodentate coordination of
the ligand HL! by the azomethine nitrogen in the Cu(ll)complex. The anti-
bacterial activity of the ligands and their metallic complexes were tested against
Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae.

Keywords: Cu(ll), Ni(ll) and Co(ll) complexes; template synthesis; isonicoti-
noylhydrazone; characterization; antibacterial activity.
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INTRODUCTION

Hydrazone ligands and their complexes with different transition metal ions
have been thoroughly studied due to their biological activity.1-3 The aroylhydra-
zones contain in their structure the —-CO-NH-N=C< group that imparts on these
chelating agents fungicidal,4 antibacterial,® antiparasital® and anticancerous’ pro-
perties. The complexes of Ni(ll), Mn(Il) with 6-methylpyridine 2-carboxaldehy-
de isonicotinoyl hydrazone exhibit antituberculosis activity.® The parameters of
the chemical structure, and the physical and electronic characteristics of the li-
gands are determining factors in the manifestation of bioactivity. In continuation
of ongoing studies® on complexes with ligands of the isonicotinoylhydrazone class,
the synthesis and study of new mixed-ligand complexes of Cu(ll), Ni(ll) and
Co(Il) with such ligands are presented in this paper.

EXPERIMENTAL

All the employed reagents and solvents were of AR grade and were used without further
purification. The M and CI contents were obtained by literature methods® and C, H and N
were determined with a Hewlett Packard 185 CHN-analyzer. The molar conductivity of the
complexes was measured with a HACH-sens ion 5-conductivity meter using 103 M solutions
in DMF. The IR spectra were recorded between 4000-400 cm™® on a BIORAD-FT-IR 135
FTS spectrophotometer using the KBr disc technique. The electronic reflectance spectra (300-
—1100 nm) were obtained on a VSU-2P Zeiss-Jena spectrophotometer using MgO as the
standard. The ESR spectra for the Cu(ll) complexes were registered at room temperature (293
K) on a microcrystalline powder with an ART5 spectrophotometer. The magnetic moments
were determined by the Faraday method at the room temperature. The 1H-and 13C-NMR spec-
tra were recorded on a Varian Gemini 300BB instrument in DMSO-dg. The thermal analysis
was realized with an MOM-Q-1500D derivatograph in air at a heating rate of 5 °C min.

Synthesis

A solution of 0.0010 mol of isonicotinoylhydrazine and 0.0010 mol of aldehyde (9-an-
thraldehyde or 3,5-di-tert-butyl-4-hydroxybenzaldehyde) in 75 ml of methanol was refluxed
for 5 h on a water bath. Subsequently, reaction mixture was concentrated. The precipitate was
filtered and recrystallized from ethanol.

A methanolic solution of anhydrous metal chloride MCl, (M = Cu(ll), Co(Il) or Ni(Il))
(0.0010 mol in 30 ml of MeOH) was added to a mixture of isonicotinoylhydrazine (0.0020
mol in 30 ml of MeOH) and aldehyde (9-anthraldehyde or 3,5-di-tert-butyl-4-hydroxybenzal-
dehyde, 0.0020 mol in 75 ml of MeOH). The reaction mixture was refluxed on a water-bath
for 4 h after which a part of the solvent was removed by distillation. The precipitated
complexes were filtered off, washed with MeOH and then with diethyl ether and finally dried
under vacuum over anhydrous CaCl,.

Antibacterial activity

The metal complexes and the free isonicotinoylhydrazone ligands were tested for their
activity against the pathogenic strains of bacteria: Staphylococcus aureus (Gram-(+)), Esche-
richia coli (Gram-(-)) and Klebsiella pneumoniae (Gram-(-)).The paper disc diffusion
method! was applied using DMF as the solvent (the concentration was 125 ug ml).
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RESULTS AND DISCUSSION

The obtained complexes were coloured powders, stable for a long time in the
open atmosphere, insoluble in methanol, ethanol, chloroform and acetone. The com-
plexes Co(11)/HLL, Cu(11)/H,L2 and Ni(11)/H,L2 were soluble in DMF but Cu(ll)/
/HL1 and Ni(I1)/HL® were only partly soluble in this solvent. The elemental ana-
lysis showed a stoichiometry of 1:2 (metal:ligand) for the complexes, except for
the Co(l1)/HL! complex which had a 1:1 ratio. The analytical data of the ligands
and complexes are given in Table I. The presence of lattice water was confirmed
by TG analysis. The low values of the molar conductivity supported a non-elec-
trolyte nature for the metal complexes. The structural formulas corresponding to
the ligands HL! (INHAA) and H,L2 (INHDBHB) are presented in Fig. 1.

TABLE I. Analytical and physical data of the complexes

a

M.p. Found (Calcd.), % Heif Am
Compound oc Colour M C H N ol s O om?mol?
Ligand HL* 271 Yellow - 7731 440 1273 - - -
CarH1sN30 (77.53) (4.61) (12.92)

254 Khaki 7.88 64.05 364 1048 883 216 -
(8.09) (64.24) (3.82) (10.70) (9.04)

272 Dark 7.33 6442 361 1056 889 331 -
ochre (7.52) (64.63) (3.84) (10.77) (9.10)

) 265 Light 1274 5518 308 004 1538 218 1047
[Co(HLCL] ochre (12.95) (55.39) (3.29) (9.23) (15.60)

Ligand Hl 2 263 Light - 7119 743 1167 - - -

TN yellow (71.38) (7.64) (11.89)

) 248 Green 7.06 57.28 638 937 7.88 185 1152
[CU(HL)Clo]-2H,0 (7.24) (57.49) (6.61) (9.58) (8.10)

242 Pale 627 5529 661 903 761 329 1364
yellow (6.46) (55.52) (6.83) (9.25) (7.82)

[Cu(HLY,Cl,]

[Ni(HLY),Cl,]

[Ni(H,L?),Cl,]-4H,0

10 M solution in DMF

H N\ / H H CMe,
y [ | | |
N \—S—N—N:C \ N \>—C—N—N———C H
— — 1
0
\ / © CMe,
HL (INHAA) H,L? (INHDBHB)

Fig. 1. The structural formulas of the ligands HL! and H,L2.

'"H-NMR spectroscopy

Ligand HLL. 1H-NMR (300 MHz, DMSO-dg, § / ppm): 12.32 (1H, s, Ng-H),
9.68 (1H, s, C10-H), 8.76 (2H, d, J = 10.3 Hz, C2 6-H), 7.93 (2H, d, J = 11.4 Hz,
C35-H), 7.53-7.74 (8H, m, anthracene rings).
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Ligand HoL2. "H-NMR (300 MHz, DMSO-dg, 6 / ppm): 11.93 (1H, s, Ng-H),
8.83 (2H, d, J = 6.2 Hz, C6-H), 8.40 (1H, s, C10-H), 7.85 (2H, d, J = 6.8 Hz,
Csz5-H), 1.41 (18H, s, C13,15-t-Bu).

The signal of the azomethine proton (-N=CH-) at J 9.68 or 8.40 ppm in the
1H-NMR spectrum, as well as the peak at § 148.38 or 149.31 ppm, assigned to
the azomethine carbon in the 13C-NMR spectrum, sustain the formation of the
isonicotinoylhydrazone ligands.

IR spectroscopy

The characteristic frequencies for ligands HL1, HoL2 and their complexes
are presented in Table I1. In the IR spectrum of the 9-anthraldehyde isonicotinoyl
hydrazone ligand (HL?), the amide | band, v(C=0), was present at 1656 cm~1,12
and the absorption at 1597 cm~1 is ascribed to the v(C=N) vibration, which is
specific for the azomethine group.13 The low intensity band at 602 cm~1 corres-
ponds to the in-plane “B” deformation vibration for the pyridine ring.14 The ami-
de I valence vibration shifted to lower values in the Ni(Il) and Co(ll) complexes
but it exhibited a positive shift in the Cu(ll) complex, which support the coordi-
nation of only the O=C amide oxygen to the Ni(ll) and Co(ll) ions.1> The ab-
sorption of the v(C=N) azomethine group for all the complexes was situated at
lower wave numbers than the value for the free ligand, consequently confirming
the coordination of the azomethine nitrogen atom to the Cu(ll), Ni(ll) and Co(ll)
ions.16 The “B” deformation vibration corresponding to the pyridine ring did not
suffer significant shifts in the spectra of complexes, suggesting that the nitrogen
from the pyridine ring does not participate in the coordination.1” The coordina-
tion of the azomethine nitrogen of the HL! ligand to the Cu(ll), Ni(ll) and Co(ll)
ions was also proved by the v(M—-N) vibrations appearing in the range 485-419
cm~1,18 which were absent in the spectrum of the ligand. The IR spectrum of the
3,5-di-tert-butyl-4-hydroxybenzaldehyde isonicotinoyl hydrazone ligand (H,L2)
had an absorption band at 3401 cm~1, attributed to the v(OH) valence vibration in
the phenolic group. The amide | v(C=0) vibration was situated at 1644 cm~1 and
the band at 1593 cm~! corresponds to the v(C=N) vibration in the azomethine

TABLE Il. Characteristic IR bands (cm'l) for ligands HLY, H2L2 and their complexes

_ B ring
v(C=0 S5(NH NH N
Compound V(NH) A(mide)l v(C=N) An(wide)ll AZn(ide)nl ?X:f;gg v(M-N)
INHAA (HL) 3046 1656 1597 1552 1365 602 -
[Cu(HLY),Cl,] 3049 1663 1572 1554 1372 603 481
[Ni(HLY),Cl] 3051 1641 1568 1517 1378 598 485
[Co(HLY)CL] 3050 1642 1583 1540 1367 601 419
INHDBHB (H,L?) 3019 1644 1593 1553 1359 590

[Cu(H,L?),Cl,]2H,0 3043 1630 1580 1518 1366 575 498
[Ni(H,L?),Cl,]4H,0 3041 1607 1575 1550 1364 585 476
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group. The weak band at 590 cm~1 represents the in-plane “B” deformation vib-
ration for the pyridine ring. In the spectra of the Cu(ll) and Ni(Il) complexes with
the H,L2 ligand, the intense band at 3260 or 3205 cm~1 is attributed to the lattice
water present in these complexes.1® The v(OH) valence vibration of the phenolic
group appears in the spectra of the Cu(ll) and Ni(ll) complexes at 3392 and 3386
cm1, respectively, which reveals that the phenolic group is not deprotonated and
is not coordinated to the metal ions. The amide | band and the azomethine vibra-
tion band suffered negative shifts in the spectra of the Cu(ll) and Ni(ll) com-
plexes, suggesting the HoL2 ligand coordinated to the Cu(ll) and Ni(ll) ions via
the O=C amide oxygen and azomethine nitrogen atoms. The band of the “B” de-
formation mode of the pyridine ring suffered shifts to lower values in comparison
with that from the free ligand, meaning that the pyridine nitrogen did not par-
ticipate in the coordination. The coordination of the H,L2 ligand to the Cu(ll) and
Ni(ll) ions by the azomethine nitrogen is also supported by the v(M—N) vibration,
appearing at 498 or 476 cm=1, which was not found in the spectrum of the ligand.

Electronic and ESR spectra

In its electronic spectrum, the INHAA (HL1Y) ligand presents an intense band
at 25575 cm~=1, which can be assigned to a n — «* transition. In the spectra of the
complexes, this transition shifts to lower values, with Av 1766-884 cm-1, indi-
cating coordination of the ligand to the metal ions. The electronic spectrum of the
INHDBHB (H,L2) ligand presents an absorption maximum at 27624 cm=1 due to
a n — x> transition in the C=0 and C=N chromophoric groups. This transition
was found in the spectra of the complexes but shifted to lower frequencies, indi-
cating coordination of the ligand to the metal ions. Information regarding the
geometry of the complexes was obtained from the electronic spectra and from the
values of the magnetic moments.

The [Cu(HL1),Cl,] complex presents in its reflectance spectrum a wide band
at 12820 cm~1 characteristic of the 2T, — 2E transition, being specific for a
Cu(Il) ion in a tetrahedral environment. The value of the magnetic moment of
2.16 up supports the proposed geometry.20

The electronic spectrum of the [Ni(HL1),Cl,] complex contains two absorp-
tion bands at 15948 and 10288 cm-1, corresponding to the 3Asg — 3T14(F) (12)
and 3Azg - 3ng(F) (v1) transitions, respectively. These transitions suggest an
octahedral stereochemistry for the Ni(ll) ion, which is in accordance with the
magnetic moment value of 3.31 ug.21 The ratio 1»/vy is 1.55, which is within the
range for octahedral complexes of Ni(ll). For this complex, the following para-
meters 10 Dq, B and S were obtained by calculation: 10 Dg = 10280 cm™1, B =
=679 cm~1, 4= 0.65. The obtained value of the 8 parameter indicates a moderate
to intense covalent character for the metal-ligands bonds.

In the reflectance spectrum of the [Co(HL)CI,] complex, the two absorption
bands at 21052 cm=1 and 16129 cm~1 were assigned to the 2A1q — 2Eq and 2A1q
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- Zng, respectively. They are characteristic for square-planar stereochemistry
of the Co(ll) ion. The magnetic moment of 2.18 ug supports this geometry for the
low-spin Co(ll).22

The electronic spectrum of the [Cu(H,L2),Cl,]-2H,0 complex contains a
wide band situated at approximately 15350 cm=1. This band is characteristic for a
Cu(ll) ion with tetragonally distorted octahedral stereochemistry and can be assi-
gned to the 2Eq — 2Ty transition.23 The magnetic moment of 1.85 g suggests a
monomeric octahedral geometry.

For the [Ni(H,L2),Cl,]-4H,0 complex, two absorption bands at 15873 and
10256 cm~1 were registered in the electronic spectrum. These bands can be assi-
gned to the 3Asy — 3T14(F) (v2) and 3Axg — 3T4(F) (11) transitions and are
specific for the Ni(ll) ion in octahedral coordination, which was also confirmed
by the magnetic moment of 3.29 ug. The ratio /vy is 1.54, which is within the
range found for Ni(ll) octahedral complexes. The absorption band associated
with the 3Azq — 3T14(P) (13) transition is covered by the much higher intensity
n — w* transition characteristic of the ligand. For this complex, the following 10
Dq, B and S parameters were determined: 10 Dg = 10256 cm~1, B = 671 cm1,
S = 0.66. The value of the  parameter indicates a moderate to intense covalent
character for the metal-ligands bonds.

The ESR spectrum of a polycrystalline sample of the [Cu(HL1),Cl,] com-
plex was recorded at room temperature. This complex exhibited a broad and in-
tense slightly anisotropic signal, assigned to the Cu(ll) ion in a slightly distorted
tetrahedral environment.24 The extremely high intensity of the ESR signal indi-
cates a monomeric structure for the complex.

The ESR spectrum of the [Cu(H,L2),Cl5].2H,0 complex was recorded on
microcrystalline powder at room temperature. The high intensity of the signal
confirms the monomeric molecular formula. An axial signal with two “g” values
at 293 K (g = 2.1914, g, = 2.0685) was registered. The anisotropic shape of the
spectrum with gj > g+ indicates a compound with an axially distorted octahedral
geometry. The g and g, values were > 2, corresponding to an axial symmetry
with all main axes disposed parallelly. The fact that g > g, > 2.0023 supports a
ground state of the Cu(ll) ion with the unpaired electron in the dy2_y2 orbital and
from the ESR spectrum there results an octahedral stereochemistry tetragonally
distorted by elongation.2® The G parameter determined with the formula G = ((g) -
—2)/(gL — 2)) was less than 4 and, consequently, there is considerable interaction
in the solid state in this complex.

Thermal analysis

The thermal decomposition of the synthesized complexes was studied in the
air in the range 25-700 °C and the results are listed in Table Il1.
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For the Cu(ll) and Ni(I1) complexes with the HoL2 ligand, lattice water was
lost between 80-170 °C. All complexes underwent decomposition at high tempe-
ratures (t > 245 °C) and the HL! and H,L2 ligands were eliminated in two stages.
The stable residue at the final temperature (= 700 °C) contained CuO, NiO or
C0304. The results obtained from the thermal analysis supported the molecular
formulas assigned to the complexes.

The structural formulas assigned to the complexes are presented in Fig. 2.

TABLE I1lI. Thermal analysis data of the prepared complexes

Complex Total mass losses, % Temperature, Loss.
P Theoretical ~ Experimental °C 70
[Cu(HLY),Cl,] 89.80 89.54 250-385 39.68
385-670 49.86
670-700 9.89 exp./res.
10.13 calc./res.
[Ni(HLY),Cl,] 87.77 88.64 80-240 -
240-365 49.23
365-495 39.41
495-700 9.72 exp./res.
9.58 calc./res.
[Co(HLY)CI,] 82.29 82.40 257-405 67.12
405-675 15.28
675-700 17.42 exp./res.
17.64 calc./res.
[Cu(H,L?),Cl,]-2H,0 90.92 91.08 80-170 3.81
170-375 32.33
375-625 54.94
625-700 8.91 exp./res.
9.07 calc./res.
[Ni(H,L?),Cl,]-4H,0 91.73 91.15 85-160 7.72
160-370 65.93
370-525 17.50

525-700 8.06 exp./res.
8.23 calc./res.

Antibacterial activity

The antibacterial activity of the HL!, H,L2 ligands and of their complexes
were studied on the Gram-(+) bacteria Staphylococcus aureus and on the Gram-
(-) bacteria Escherichia coli and Klebssiella pneumoniae. The experimental data
expressed as the diameter of the inhibition zone (in mm) of bacterial growth by
the tested compounds are presented in Table IV.

The results show that HL! and H,L2 exhibited weak activity. The HL?! li-
gand was slightly more active than the H,L2 ligand. Against the three bacterial
agents, the Cu(11)/HLL complex was more active than the HL ligand, while the
Ni(11)/HL® and Co(11)/HL complexes showed lower activity. The Cu(l1)/H,L2 and
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Fig. 2. The structural formulas of the complexes: a) [Cu(HLL),Cl,], b) [Ni(HL1),Cl,],
¢) [Co(HLY)CL,] and d) [M(H,L?),Cl,]-xH,0 (M = Cu(l1): x = 2; M = Ni(ll): x = 4).

TABLE IV. Antibacterial activity data for 0.125 mg bacterium ml™
Inhibition zone of bacterial growth, mm

Compound Staphylococcus Escherichia Klebssiella
aureus coli pneumoniae
INHAA (HLY) 6 4 5
[Cu(HLY),Cl,] 9 6 7
[Ni(HLY),Cl] 2 3 2
[Co(HLYCI,] 3 2 2
INHDBHB (H,L?) 3 2 2
[Cu(H,L?),Cl,]-2H,0 5 6 4
[Ni(H,L?),Cl,]-4H,0 7 8 6

Ni(I1)/HoL2 complexes possessed a higher antibacterial activity than the free
H,L2 ligand. The data in Table 1V show that S. aureus was much more inhibited
by the Cu(l1)/HL® complex, giving the opportunity for its use in medical practice.
The increased activity of the chelates can be explained based on theovertone concept
and the Tweedy chelation theory.26 According to the overtone concept of cell
permeability, the lipid membrane surrounding the cell favours the passage of
only lipid-soluble materials, which means that liposolubility is an important fac-
tor controlling antimicrobial activity. On chelation, the polarity of a metal ion is
greatly reduced due to overlap with the ligand orbital and the partial sharing of its
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positive charge with the donor groups. In addition, it is also due to delocalization
of the zm-electrons over the whole chelate ring, thus enhancing the penetration of
the complexes into the lipid membranes and the blocking of the metal binding
sites of the enzymes of the micro-organisms.

CONCLUSIONS

The Cu(ll), Ni(Il) and Co(ll) complexes with 9-anthraldehyde isonicotinoyl
hydrazone (HL1), as well as those of Cu(ll) and Ni(ll) with 3,5-di-tert-butyl-4-hyd-
roxybenzaldehyde isonicotinoyl hydrazone (H,L2) are described. They were syn-
thesized by the template method and characterized by their analytical and spectral
data. A tetrahedral geometry was assigned to the Cu(l1)/HL1 complex, a square-pla-
nar to the Co(I1)/HL1 complex and octahedral one to the Ni(ll)/HL2, Cu(11)/H,L2
and Ni(l1)/HoL2 complexes. The Cu(ll)/HLL, Cu(l1)/H,L2 and Ni(ll)/H,L2 com-
plexes demonstrated higher antibacterial activity than the corresponding free ligands.

M3BOJ

TEMIIJIATHA CUHTE3A, KAPAKTEPU3ALIUJA 1 AHTUMHWKPOBHA AKTUBHOCT
HOBUX KOMIIJIEKCA CA U3OHUKOTHMHOWII-XUJIPA3OHCKUM JINT AHJJUMA

LIVIU MITUY, NATARAJAN RAMAN?, ANGELA KRIZAZ, NICOLAE STANICA? 1 MARIANA DIANU®

1University of Pitesti, Faculty of Science, Department of Physics and Chemistry, Targul din Vale 1, 110040,
Pitesti, Romania, 2Department of Chemistry, College VHNSN, Virudhunagar-626001, India, 3University of
Bucharest, Faculty of Chemistry, Department of Inorganic Chemistry, Dumbrava Rogie 23, 020461, Bucharest
« *Romanian Academy, Institute of Physical Chemistry, “l. G. Murgulescu™,

Splaiul Independenyei 202A, 060021, Bucharest, Romania

TemmatHom merogoMm cunterucanu cy komrutekcu Cu(ll), Ni(ll), u Co(ll) ca 9-aurpange-
XMI-M30HHKOTHHOMI-XHapasoncknM (HLY), kao u 3,5’-au-mepy-Gy Thi-4-XHapOoKCHOCH3aMIeX I -
-U30HMKOTHHOMII-XUIPA30HCKUM JIUJIAHIOM (H2L2). Komiutekcu cy okapakTepuCaHH aHATMTHYKUM
nozpauuMa, IR, UV-Vis, ESR cniektrpma, MarHeTHUM MepermbUMa, KOHAYKTOMETPU)jOM, TEPMUYKOM
aHaJIM30M M 3a JBa JIMTaHJa 'H-NMR CHeKTpuMa. M3 eneMeHTalHe aHajIu3e CTEXHOMETpHja 3a
xommmexce Cu(ll), Ni(ll) ca muranguma HL' u H,L? je 1:2 (MeTammuram), oK je 3a KOMIUIGKC
Co(ll) ca HL' nurasmom npemnokena 1:1 (meramnmurann). [Togamu MonapHe OpOBOIJBUBOCTH yKa-
3yjy Ja cy KOMIUICKCH HECICKTPOIUTH. MarHeTHa CyCHENTHOMIHOCT ca eleKTpoHckuM u ESR
CIIEKTPHUMA CYTepHIIIe IUCTOProBaHy OKTaeaapcky reomerpujy 3a komruiexce Ni(ll)/! HLY, Ni(I1)/H,L?,
Cu(ll)/Hsz, TeTpaenapcKy crepeoxeMujy 3a kommuieke Cu/H L' u KBaJIPaTHO-TIAHAPHY T'€OMET-
pujy 3a komrieke Co/H LY IR CIIEKTPH TI0Ka3yjy OMAEHTAaTHY KOOPIMHALM]Y JIMTaHaa HLY, H2L2
npeko O=C amMuHOT KHCEOHHKA M a30METHHCKOI a30Ta, Ka0 M MOHOJCHTATHY KOOPAMHALM]Y JIH-
ranga HL? momohy azomerunckor a3ora y komiuiekcy Cu(ll). Tectupana je u Halena antubakTe-
pHjCKa aKTHBHOCT JIMTaHaja M HUXOBMX METaJHUX KomIulekca npema Staphylococcus aureus,
Escherichia coli u Klebsiella pneumoniae.

(MTpumsbeno 17. janyapa, peBuaupano 15. anpuia 2009)
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Abstract: The reaction of the polymeric carbonyl complex [RuCl,(CO),], with
2-monosubstituted and 1,2-disubstituted benzimidazoles and 1,4-bis(benzimi-
dazol-2-yl)benzene (Lg) in 2-methoxyethanol produces various coloured com-
plexes of the formulae [Ru(CO),Cl5(L)5]-XxH,O (L = 1-(o-hydroxybenzyl)-2-
-(o-hydroxyphenyl)benzimidazole (L), 1-(o-hydroxyphenyl)benzimidazole
(Ly), 1-(p-hydroxyphenyl)benzimidazole (Ls), 1-(p-chlorobenzyl)-2-p-chloro-
phenyl)benzimidazole (L;), 1-[1-(dimethylamino)benzyl]-2-[1-(dimethyl-
amino)phenyl]benzimidazole (L.g), x = O0; L = 2-benzylbenzimidazole (Lg),
1,4-bis(benzimidazol-2-yl)benzene (Lg), x = 2; L = 1-(o-chlorobenzyl)-1-(o-
-chlorophenyl)benzimidazole (Lg); x = 3), [Ru(CO),Cl(L,)3]Cl-3H,O and
[RU(CO)x(L3)4]Cl»-3H,0 (L, = 1-(m-hydroxybenzyl)-2-(m-hydroxyphenyl)-
benzimidazole; L5 = 1-(p-hydroxybenzyl)-2-(p-hydroxyphenyl)benzimidazol €).
The complexes were characterized by elemental analysis, conductivity measu-
rements, as well asinfrared, electronic, 1H- and 13C-NMR spectral studies.

Keywords: carbonyl complexes; 2-mono and 1,2-disubstituted benzimidazoles;
ruthenium(11) carbonyl complexes.

INTRODUCTION

Ruthenium exhibits dissimilar behaviour in forming complexes compared to
the other platinum group metals. It exhibits variable oxidation states O, +2, +3
and +4, as well as unusua oxidation states. Furthermore, the metal aso shows
different coordination numbers for the same oxidation state. The complexes of
ruthenium are important due to their catalytic activity towards several reactions,
such as polymerisation, photo-splitting of water, solar energy conversion,! hyd-
roformylation,2 isomerisation and other reactions involving organic substrates.3->
Some of the complexes form adducts with dioxygen and dinitrogen and the study

* Corresponding author. E-mail: gkmnaik_sahyadri @yahoo.co.in
doi: 10.2298/JSC0910085K
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of the properties of such adducts was helpful in the understanding of the mecha-
nism of oxygen metabolism and nitrogen fixation in biological systems.6.7

Carbonyl complexes of ruthenium are important in the homogeneous cataly-
sis of carbonylation and oxo reactions.8 Much of the knowledge concerning car-
bonyl complexes has come from the study of metal complexes in lower oxidation
states,® mainly due to the stabilization of these oxidation states by CO. Studies of
carbonyl complexes of higher valent ruthenium in agueous solutions are, how-
ever, scarce because of the hydrolytic tendency of the metal ion in agueous so-
lution.10.11 The synthesis of various carbonyl complexes by the passage of CO
through a suspension of substituted N-heterocyclic complexes of ruthenium(ll)
was reported.12 However, in situ reactions wherein CO generation occurs in a
homogeneous medium are simpler and more effective. Reaction of RuClz-H,0
with CO in acidic medium yields the octahedral species [RuCls(C0O)]2-.12 In
view of the increased interest in oxygenation and carbonylation of ruthenium(ll)
complexes as new catalysts, 1314 the synthesis and characterization of carbonyl
complexes of ruthenium(l1) with various 2-monosubstituted and 1,2-disubstituted
N-heterocycles are reported herein. The substituted benzimidazoles used for the
synthesis of ruthenium(ll) chlorocarbonyl complexes are: 1-(o-hydroxybenzyl)-2-
-(0-hydroxyphenyl)benzimidazole (L1), 1-(m-hydroxybenzyl)-2-(m-hydroxyphe-
nyl)benzimidazole (L), 1-(p-hydroxybenzyl)-2-(p-hydroxyphenyl)benzimidazole
(L3), 2-(o-hydroxyphenyl)benzimidzole (L4), 2-(p-hydroxyphenyl)benzimidazole
(Ls), 1-(o-chlorobenzyl)-1-(o-chlorophenyl)benzimidazole (Lg), 1-(p-chloroben-
zyl)-2-(p-chlorophenyl)benzimidazole (L7), 2-benzylbenzimidazole (Lg), 1,4-bis-
(benzimidazol-2-yl)benzene (Lg) and 1-[p-(dimethylamino)benzyl]-2-[p-(dime-
thylamino)phenyl]benzimidazole (L 1), Fig. 1.

SN - N — FHy
Co-O~= C0-O-E
/EHQ /1(': H, :

D H3CHN©

ci
\
CH,

L,
L

Fig. 1. Structures of the ligands 1-(p-chlorobenzyl)-2-(p-chlorophenyl)benzimidazole (L ;) and
1-[ p-(dimethylamino)benzyl]-2-[ p-(dimethylamino)phenyl]benzimidazole (L 1¢).
EXPERIMENTAL

Reagents

Hydrated ruthenium(ll) chloride was purchased from Arora-Matthey. o-Phenylene-
diamine, salicylaldehyde, m-hydroxybenzaldehyde and p-hydroxybenzaldehyde were fine
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chemicals from Merck/SD. The employed solvents were Merck chemicals, which were pu-
rified according to literature methods.1>

Methods and instruments

The microanalyses of the carbon, hydrogen and nitrogen contents of the complexes were
performed on a Carlo-Erba analyzer. The IR spectra (in nujol) were recorded on a Nicolet
4000D spectrophotometer. The molar conductivity measurements were made in dimethyl-
formamide (DMF) using a digital conductivity meter-304 (SY STRONICS) with a conven-
tional dip type conductivity cell with a cell constant 1.00 cml. The NMR spectra were re-
corded (in DMSO-dg) on a Bruker WH-270 or AMX-400 MHz spectrometer using TMS as
the internal standard. A Shimadzu UV-Vis-NIR Model UV-3101pc and a Hitachi-V 3400 UV-
-visible-spectrophotometer were used for recording the electronic spectra of the solid samples
as nujol-mull.

Preparation of the ligands

The ligands were prepared according to literature methods.1® A mixture of salicylal-
dehyde (0.20 mol) and o-phenylenediamine (0.10 mol) in the molar ratio of 2:1 in benzene
was refluxed on a water bath for 1 h. The solution was cooled and left over night. After the
evaporation of the solvent, a yellow solid separated out. This was filtered to obtain 1-(o-hy-
droxybenzyl)-2-(o-hydroxyphenyl)benzimidazole (L ).

A similar procedure was followed for the preparation of the other ligands A mixture of
m-hydroxybenzaldehyde (0.20 mol) and o-phenylenediamine (0.10 mol) in benzene was re-
fluxed for 1 h. After workup, a pale-yellow coloured compound, Lo, (yield: 90 %) was ob-
tained.

A solution of p-hydroxybenzaldehyde (0.20 mol) and o-phenylenediamine (0.10 mol) in
benzene was refluxed for 1 h. After workup, a pale-buff coloured compound, L, (yield: 60 %)
was obtained.

To a solution of o-phenylenediamine (0.10 mol) in benzene (100 mL), a solution of
o-chlorobenzal dehyde (0.20 mol) was added and the mixture was refluxed for 2 h on a steam
bath. On standing over night, a yellow crystaline solid separated out, which was filtered to
afford Lg (yield: 80 %).

A solution of o-phenylenediamine (0.10 mol) and p-chlorobenzaldehyde (0.20 mol) in
benzene (100 mL) was refluxed of 2 h on a steam bath. On standing over night, a yellow
crystalline solid separated out, which was filtered to afford L, (yield: 70 %).

A mixture of o-phenylenediamine (0.10 mol) and p-(dimethylamino)benzaldehyde (0.20
mol) in benzene (100 mL) was refluxed for 2 h on a steam bath. On standing over night, a
yellow crystaline solid, 1-[p-(dimethylamino)benzyl]-2-[p-(dimethylamino)phenyl]benzimi-
dazole, (L1g), Separated, which was recrystallized from ethanol to afford pale yellow crystals
(yield: 80 %).

The ligand Lg was prepared by refluxing o-phenylenediamine (20 mmol) and tere-
phthalic acid (10 mmol) in syrupy phosphoric acid at 240 °C for 4 h. The coloured melt was
poured into cold water (500 mL) under stirring, whereby a blue-green coloured precipitate
was obtained. The precipitate was neutralized with 10 % agueous sodium carbonate solution.
The resulting solid was recovered by filtration and then recrystallized from ethanol to afford a
pale pink-coloured compound (yield: 75 %).

Preparation of the complexes

The polymeric compound [Ru(CO),Cl,], was prepared by reacting RuCls-3H,0 (1.0
mmol) with HCOOH (2.0 mmol). This was refluxed for 4-5 h, whereby the reaction mixture
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1088 KRISHNAMURTHY and SHASHIKALA

turned lemon yellow. The resultant solution was cooled and evaporated slowly to obtain a
yellow-coloured solid. To this, a solution of the ligand (2.0 mmol) in 2-methoxyethanol (10
mL) was added and the solution was refluxed for 4-5 h. After the evaporation of the solvent,
distilled water (5.0 mL) was added, when a coloured compound separated out. The solid was
filtered and washed with water and dried under vacuum (yield: 70-80 %).

RESULTS AND DISCUSSION

Synthesis and characterization

The complexes were soluble in common organic solvents. The molar con-
ductance values of the complexes (Table ) in nitrobenzene indicated the uni-
-univalent and uni-bivalent nature of the [RuCl(CO)s(L2)3]Cl-3H>O and
[Ru(CO)2(L 3)4]Cl2-3H20 complexes, respectively. All the other complexes show-
ed non-electrolytic behaviour.

TABLE I. Physical properties and analytical data of the ruthenium(l1) carbonyl complexes
with substituted benzimidazoles

M.p. A? Anal. (Cacd.), %

Complex Colour °C Sem? mol ™ C H N
[RUCI(CO),(L1)2] Brown >250 0.60 58.77 4.35 6.01
(58.60) (3.74) (6.51)
[RUCI(CO)4(L,)3]ClI-3H,O Pale-green 144 27 60.42 4.46 6.70
(60.49) (4.42) (6.82)
[RU(CO)x(L3)4 Cly3H,0 Grey 174 55 6342 477 7.50
(63.64) (4.69) (7.23)
[RUCI(CO),(L4)2] Straw 194 75 51.62 4.00 9.03
(51.86) (3.10) (8.63)
[RUCI»(CO),(Ls),] Straw 216 12 51.26 4.02 9.10
(51.86) (3.10) (8.63)
[RUCI»(CO),(Lg),]-3H,0 Grey >250 0.20 51.05 3.81 7.07
(51.03) (3.67) (5.67)
[Ru(CO),Cly(L7)2] Grey >250 0.30 54.40 3.34 6.70
(53.98) (3.02) (5.99)
[RUCI,(CO)4(Lg),]-2H,0 Dark 128 5.0 5318  4.59 7.45
green (52.94) (4.149) (8.23)
[RUCI»(CO),(Lg),]-2H,0 Yellow >280 25 57.50 3.66 12.36
(57.05) (3.64) (12.66)
[RUCI(CO)5(L10)7] Grey 186 0.20 62.10 5.64 10.36

(61.97) (5.40) (11.56)

#Molar conductance of ~ 10 M solution in nitrobenzene

Spectral studies

The infrared spectra (in nujol mull) of the complexes were similar to those of
the uncoordinated ligands except for slight shifts in the positions of some of the
bands and some changes in their intensities due to coordination (Tables Il and
I11). In the spectrum of the [RuCly(CO)o(Lg)2]-2H20 complex, bands due to the
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v(OH) of hydration water and v(NH) of the ligand appeared at 3440 and 3190
e, respectively.17.18 The band due to v(OH) of lattice water molecules!®.20
was observed around 3350 cm1 in the carbonyl complexes of Lo, Lz and Lg. The
v(OH) of the ligands containing a phenolic OH group and their complexes ap-
peared around 3200 cm—L1, Bands due to v(C=N) and v(C=C) vibrations occurred
around 1620 cmL, very close to each other, as weak bands in the spectra of free
heterocycles and they were shifted to lower or higher wave numbers by 5-10 cm1
on complexation. These shifts in the positions of v(C=N) and v(C=C) indicate co-
ordination of the substituted benzimidazoles via the tertiary nitrogen of the imi-
dazole moiety.21 The spectra of the complexes of Lg, L4, L5 and Lg exhibited the
NH out-of-plane bending vibration at around 730 cnm1. A weak band in the spec-
trum of [RuCI»(CO)x(L10)7] at 1480 cm1 is assigned to the N—CH; deformation
mode. Another band at around 1320 cmr? is attributed to C-N stretching of the
N—CH3 group.22 Medium intensity bands in the spectra of the complexes at around
1490, 1200, 1100, 720 and 540 cm1 are assignable to the o-, m-, p-disubstituted
benzene ring. In the spectra of the [RuCl(CO)2(Lg)2]-2H,0 and [RuCly(CO)2(L7)2]
complexes, a strong band around 760 cm1 is assigned to the C—Cl stretching
vibration.23 Two intense bands at = 1900 and = 2000 cm—1 were observed in the
spectra of all the complexes. These are attributed to v(CO) and the data suggest
that the two carbonyl groups are placed in the cis position.1920 |n the case of the
[Ru(CO)2(Lg)2]-2H20 and [Ru(CO)2Clo(L1)2] complexes, one of the two v(CO)
peaks splits further and to give a weak band which may be due to a mixture of
two isomers.

TABLE II. IR spectral data (cm1) of the ruthenium(l1) carbonyl complexes

v(O-H)
of lat-

0-, M-, p-
v(O-H) v(C=N) DisubstFi)-
coordinated v(C=0) and WN-CH,)

tice : = tuted
H,O H,Olligand v(C=C) benzene

L, - - - - 1616s  1590s  1491m,
1057m,
740m,
540w

[Ru(CO),Cl,(L1)s] - - 3190br  2055s 1610s  1600s  1496m,

1988s 1052m,
1936s 748m

[RU(CO),Cl(L)s]CI-3H,O — 3320br  3178br 2040 1624s  1590s 1310s,

1962 1150s,
726ms

Ly 3170 - 3230w - 1616s - 1243w,

br 1090w,
7225

Compound v(NH)
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TABLE Il. Continued

D o wew o BE
Compound v(NH) ~. coordinated v(C=0) and WN-CH,)
tice  } Mligand v(C=0) tuted
Ho 29 benzene
[RU(CO),Cly(L4)4] 3178 - 3238w 2045s  1626s - 1243s,
br 1967s 1093w,
7265
Ls 3160 - 3203w - 1616s - 1253s,
br 1010s,
736m
[Ru(CO).Cly(L5),] 3166 — 3172b 2034s  1605s - 1233w,
br 1962s 1020w,
730m
Lg 3180 - - - 1600s 1558w 1108w,
br 720s, 548s
[RUCI;(CO)z(Lg)s]-2H,O 3190 3440br - 2034s 1605s 1554w  1103s,
br 2064s 731s,
1988 545w
Lg 3150 - - - 1626s - 1226s,
br 1090s,
742s,
540w
Ru(CO),Cly(Lg)2H,O 3170 3400br - 2045s  1631s - 1220s,
br 1962s 1090s,
747s,
529w
TABLE Il1. IR spectral data (cm1) of the ruthenium(l1) carbonyl complexes
v(C=C) 0-, M-,
Compound lvc."‘)’di”a‘ed V(OH/NH) v(C=0) and Vv(N-CH,) p-Substituted
attice H,O _
v(C=N) benzene
Ls - 3260 - 1610s 1594s  1468b, 1181m,
1114s,752m
[RU(CO)(L3)4Cl»3H,O 3358br  31980or 2049s  1621s 1600s  1476s, 1279,
1972s 1186m,726s
Lo — - - 1616s 1590s 1470s, 1180m
[RU(CO),Cl(L 10)7] - - 2050s 1610s  1595s  1455s, 1171s,
1962s 750s, 653s
Le - - - 1616s 1590s  1438s, 1196m,
788s
[Ru(CO),Cl,(Lg)s]-3H,O  3369s - 2055s  1600s 1584s  1450s, 1190s,
1983s 780s
L, - - - 1600w 1590s  1460s, 1220s,
1192s, 780s
[Ru(CO),Clx(L )] - - 2052s  1616s 1588s  1464s, 1234s,
1982s 1198s, 7865
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The electronic spectra of the complexes (recorded as solids in nujol) were re-
corded and the spectral data are listed in Table 1V. The bands observed around
17700 and 25000 cm1 are assigned to the transitions 1A14—1T1g and tA14—
—1T g, respectively, based on the earlier assignments.?4-27 A strong band obser-
ved around 34000 cmr1 is assigned to the charge transfer transition.

TABLE IV. Electronic spectra data (cm'l) of the ruthenium (I1) carbonyl complexes

Electronic transitions and assignments

Compound o T A _>1ng n o _>1T1g
[RU(CO),(L).Cl,]-2H,0 28570 25640 -
[RU(CO),(L1).Cl,] 32786 27780 12500
[Ru(CO),Cl(L,)5]CI-3H,0 - 27027 20000
[Ru(CO)4(L 3)4]Cl»3H,0 31250 25974 -
[Ru(CO),( L,).Cl3] 30300 26310 -
[Ru(CO),(Ls).Cl] 38460 29410 -
[Ru(CO),(L6)-Cl,]-3H,0 - 26500 17500
[RU(CO),(L,).Cl,] 34722 31250 27780
[Ru(CO),(Lg).Cl,]-2H,0 - 26310 16950
[RUCI,(CO)2(L10)2] 26450 20490 12500

The TH-NMR spectra of the free ligands and their complexes were recorded
in DM SO-dg and the spectra of the complexes displayed features similar to those
of the ligands (Tables Va and Vb), suggesting their close similarity with the free
ligands. The resonance due to the hydroxyl proton in the complexes of L4 and Lg
was observed at ¢ 7.83 and 10.00 ppm, respectively, while the resonance due to
the imine proton appeared in the range 12.65-13.45 ppm. In the complexes of L1,
the signal due to the OH protons of the benzyl group was found at 10.72 ppm,
while it was found at around 9.7 ppm in the complexes of Lo and L3. The signa
due to hydroxyl protons of the phenylene ring in the [RuCl>(CO)2(L 1)2] complex
was observed at 10.26 ppm and it appeared at around 9.72 ppm in the complexes
of Ly and L3. The spectra of Lg and its complexes showed a resonance around
13.5 ppm, due to the imine proton. In the complex [RuCl>(CO)o(L10)2], the sig-
nals due to the —CH3 protons of the benzyl and phenylene groups were observed
at around 2.90 and 2.80 ppm, respectively. The methylene proton resonances are
found in the range 5.40-7.30 ppm in the carbonyl complexes of 1,2-disubstituted
benzimidazoles. The proton signals of the benzyl ring in al the 1,2-disubstituted
benzimidazole carbonyl complexes were found in the range 6.40-7.90 ppm, while
those due to the phenylene protons were observed in the range 7.10-7.95 ppm.
Furthermore, the resonances due to the -CHo— protons shifted by 0.15-0.40 ppm.
The coordination induced larger shifts at positions 4 and 6’ because of polari-
zation of the electron density towards the metal ion after complexation.28 The co-
ordination-induced shifts (c.i.s.) for various protons of the coordinated N-hetero-
cycles were either positive or negative, which indicates that M—L (c-) or L—>M
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1092 KRISHNAMURTHY and SHASHIKALA

(m-) electron transfer occurs. A similar observation was made earlier for the spec-
traof related complexes,21,29-32

TABLE Va. H-NMR spectral data (6 / ppm) of the ruthenium(ll) carbonyl complexes (the
valuesin the parentheses are coordination induced shifts (C.i.s.) = domplex — digand)

Compound 2’ 6 4 7 CH, OH, OH, NH

L, — 739m 7.71d 7.39m 5425 990s 9.90s -

[RUCI(CO)x(L1),] - 7.44m 7.74m 174m 566m 10.72s 1026s —
(0.05) (0.03) (0.35) (0.24) (0.82) (0.36)

L, 6.47s 7.00m 7.72m 7.23m 548 9625 9625 -

[RU(CO),CI(L)5]CI-3H,0 7.16s 6.92d 7.71d 7.71d 5485 9.44m 9.75s  —
(0.69) (-0.17) (-0.01) (0.48) (0.0) (-0.18) (0.16)

Ls 683 741 764 756 541s 940s 965  —
[RU(CO),(L3)JCl»3H,0 684 740 7.65 757 544s 972b 972  —
(0.01) (-0.01) (0.01) (0.01) (0.32) (-0.24)
L, - 7650 805d 805 — - 738 13.15s
[RU(CO)(L.),Cl;] -  615d 820d 767 — - 783 13575
(-1.50) (0.15) (-0.39) (0.45) (0.47)
Ls - 714m 803d 803d - - 10.00s 12.65
RU(CO)(Ls).Cl;] - 747m 801d 801d - - 1000 13.42s
(0.03) (-0.02) (-0.02) (0.0) (0.77)
Le - 752d 7.92m 7.42d 543 - - -

[RU(CO),Cly(Le)s]-3H,0 723d 7.76d 7.51d 5.42s
(-0.29) (-0.16) (0.09) (-0.01)
L, 7.65m 7.93m 800d 800d 7.23d
[RU(CO)(L¢).Cl)] 727m 7.63m 819d 819d 7.27m

(-0.38) (-0.30) (0.19) (0.19) (0.04)

TABLE Vb. H-NMR spectral data (6/ ppm) of the ruthenium(l1) carbonyl complexes (the
values in the parentheses are coordination induced shifts (C.i.S.) = domplex — Aigand)

. . . . , Benzyl Phenyl
Compound 2 3 5 6 6 4 CH, N-H 2 CH, CH,
Lg - - - - 7179752m 573 - 752m - -
[RU(CO),Cly(Lg)2]-2H,O — - - — 744m7.80d 564d - 7.80 - -
(0.27) (0.28) (-0.09) (-0.28)
6 7 6
Lo - - - — 7.25m 7.69d 8.35s 1355 — - -
[Ru(CO).Cly(Lg)]-2H,O0 — - - — 7.27m7.66m 8.38t 13.84m — - -
(0.02) (-0.03) (0.03) (0.34)
Lo 6.63t 6.88d 6.88d 6.63t 7.61m 7.99d 5.42s — — 299 2.89s
Ru(CO),Cl,(L 10) 6.91d 6.83d 6.83d 6.58 7.23m 7.15d 4.70s — — 2.83m 2.77m
(0.28)(-0.05)(-0.05)(-0.08)(-0.38)(-0.84)(-0.72) (-0.16)(-0.12)

The 13C-NMR spectral data of the free ligands and their complexes are tabu-
lated in Table VI. The spectra of the complexes show resonances in the regions
that are in agreement with those expected based on the carbon environments. The
resonance at 0 47.20 ppm was assigned to the N-CH3 carbon in the L19 complex.
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In the complexes of L4 and Ls, the signal due to C-OH was found at 129.00 and
118.99 ppm, respectively. The resonance due to C-OH of the benzyl group of the
L,complex was found at 110.50 ppm, while in the complexes of L, and L3, it was
observed at 153.30 and 156.60 ppm, respectively. The resonance of phenylene
C—OH of L1 appeared at 161.73 ppm and in the complexes of Lo, and L3 at
157.64 and 158.87 ppm, respectively. The resonance of the CH» carbon occurred
near 47.00 ppm in the L, and L3 complexes. In the case of the [RuCly(CO)2(Lg)7]
complex, the resonance signal due to the benzimidazole ring occurred in the ran-
ge 112.15-150.0 ppm. In the [RuClo(CO)o(Lg)2]-2H20 complex, the signals for
C-4, 8, 9 and 1" were shifted to a greater extent and, therefore, have higher c.i.s.
values. The resonance due to the CH» carbon was observed at 57.88 ppm. The
resonance signal in the region 190200 ppm was observed in al the complexes,
which indicates the presence of coordinated carbonyl groups.

TABLE VI. ®c-NMR spectral data (6/ ppm) of the ruthenium(l1) carbonyls with substituted
benzimidazoles (the values in the parentheses are coordination induced shifts (C.i.S.) = domplex —

- digand)

Compound CcoO 1 1 () 4 8 9 2 CH,
L, — 120.375120.37s 127.86s 136.66s 140.50s 146.98 157.33d 65.04s
[RUCI5(CO)2(L1)2] 190.6s 120.30s120.30s 127.16s 137.45 140.485146.96s 157.56s 65.04s
(-0.07) (-0.07) (-0.70) (-0.21)s(-0.02) (-0.02) (-0.23) (0.0)
L, - 116.975116.975 122.19s 131.23s 135.90s138.335 142.64s 47.48s

[RU(CO),Cl(L,)3]Cl-3H,0 199.0s 116.945116.915 122.13d 131.20s 135.915138.34s 142.65 47.90s
(~0.03) (~0.06) (-0.06) (-0.03) (0.01) (~-0.04) (-0.04) (0.42)
Ls —  120.85127.115s 115.53s 127.49s 135.875142.80s 153.50s 47.30s
[RU(CO)(L3)4]Cl»3H,0 194.35d120.87 129.27 11556 127.59t 135.885142.765 153.65s 47.125
0.02) (2. 16) (0.03) (0.10) (0.01) (-0.04) (0.05) (—o 18)

Ly - 112.66s 117.18s 126.23s 131.675131.67s 158.09s

[RU(CO)»(L4).Cl,] 190.10s109.54s —  114.15s 131.89s 134.565134.565 157.34s —
(-3.12) (-3.03) (5.66) (2.86) (2.86) (-0.75)

Ls - 11463 - 115735 128.21s 121.69121.165159.185 -

[RUCI(CO)(Ls),] 190.10s114.47s —  116.41s 129.98s 124.90s124.905 161.955 —
(-0.16) (-0.68) (L77) (321) (3.74) (2.77)

Le - 123.075129.67s 130.33s 132.06d 131.145139.03s 142.54s 46.14s

[RU(CO)(Lg)oClo]-3H,0  199.0s 118.645123.79s 128.00s 132.18s 130.665139.025 142,365 47.155
(-4.43) (-5.88) (-2.33) (0.12) (0.48) (-0.01) (-0.18) (1.01)

L, —  136.385142.945134.35m 147.94s 155.455171.79s 157.35d 54.175
[RU(CO)(L7),Cl5] 19855 133.495134.29s 125,585 138.08s 149.765168.325 149.765 58.185
(~2.89) (-8.65) (-9.77) (-9.86) (-5.69) (-3.47) (~7.59) (-4.01)
Lg - ~  115.125 121.81s 128.81d 128.00s153.495 137.225 61.23
[[RUCO)x(Lg):Cls]-2H,O 201.0s — 118.495122.18m128.28m128.28s 153.25 126.52d 57.88s
(3.38) (0.37) (-0.53) (0.28) (~0.29)(~10.70) (3.35)
Lo CO - 131.195126.92s 111.415143.915131.195 143.94s —
[RU(CO),Cly(Lo)s]-2H,0 200.0s — 130.585127.22s 112.15s 138.4m133.695 150.155 —
(-0.61) (0.30) (0.74) (-5.53) (2.50) (6.21)
Lo —  115.845126.78s 125.84s 123.73s 131.835138.365 154.39% 47.50s
[RU(CO)(L10).Cl7] 199.55 114.505128.33s 129.10s 123.69s 135.06s 137.95 152.65 47.20s

(-1.34) (155) (4.74) (-0.13) (3.17) (-0.6) (~1.79) (-0.30)
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Stereochemistry

As discussed above, the analytical, infrared, electronic, 1H- and 13C-NMR
data indicate coordination of the ligands to the metal ion. The dicarbonyl com-
plexes show two intense CO stretching bands around 2000 cm2 in the infrared
spectra suggesting that the two carbonyl groups are in the cis position. In the
cases of the [RuCly(CO)2(Lg)2]-2H,0 and [Ru(CO)2Clo(L1)2] complexes, the
spectra showed an additional, comparatively weak band, which is due to the
presence of the cis—trans isomer. Furthermore, as the ruthenium(ll) isin the low
spin db configuration and is diamagnetic, two bands are expected at 21000 and
25000 cm for octahedral geometry. Similar to this, the discussed complexes
also exhibited bands at around 17700 and 25000 cm—2, which were assigned to
the transitions: 1A1g—1T1g and 1A 14—1T,, respectively. In addition, the coordi-
nation environment around the metal ion in all the complexes were not symme-
trical. Therefore, it is suggested they have distorted octahedral geometry, which
makes fac-isomers impossible. The coordination of the benzimidazole ligands oc-
curred through the tertiary nitrogen. The following are the five possible structures
for the complexes and the complex may exist in one of these structures (Fig. 2).

- a1+ - 2+
- oo o co fols)
%, & [wlny H [als N
kS e {/"4..1 ..o‘\\\ /0"”# e{“&
\ i /R 3
< | PAAYNEIFZAN
€l ol N
M=l Ly Lz, Lg Lo Lag MLy M=l

Fig. 2. The possible geometry of the complexes.
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M3BOJ
CUHTE3A PYTEHUIYM(II) KAPBOHMJI KOMITJIIEKCA CA 2-MOHOCVYIICTUTYUCAHUM
N 1,2-JUCYIICTUTYUCAHUM BEH3UMUJIA30JINMA
GANGA NAIK KRISHNAMURTHY it NARASHIMAIAH SHASHIKALA?

1Department of Chemistry, Sahyadri Science College (Autonomous), Kuvempu University, Shimoga 577 203,
Karnataka u 2Department of Chemistry, Central College Campus, Bangalore University,
Bangalore-560 001, Karnataka, India

Peakiuja nomumepHor kapoorunHor komiiekca [RUCI,(CO),ly ca 2-MOHOCYICTHTYHCAHHM U
1,2-pucyncruryucanum GeHsumuaaszonuMa u 1,4-6uc(6ensnmunaszon-2-mn)oensenom (Lg) y 2-me-

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

2009 Copyright (CC) SCS

&

OSHE)

EY HMC HD



RUTHENIUM(I1) CARBONYL COMPLEXES WITH SUBSTITUTED BENZIMIDAZOLES 1095

TOKCH €TaHONy faje pasdnuuuto obojene komiuiekce popmyne [Ru(CO),Cly(L),]-xH,0 (L = 1-(o-
-xuapoKcuben3un)-2-(0-xuapokcudenmn)oensnmunazon (L), 1-(0-xuapoxcudennn)densnmu-
nazon (Lg), 1-(p-xumpoxcudennn)oensumuaazon (Ls), 1-(p-xmopobensun)-2-(p-xaopodern)oeHs-
umunazon (L7), 1-[p-(mumernnamuno)6ensui]-2-[p-(numerrnamuno)dermn]oersumuaazon (L o),
X = 0; L = 2-6ensundensumunaszon (Lg), 1,4-6uc(6ensnmunazon-2-mwn)benser (Lg), x =2; L = 1-(o-
-xnopo6ensun)-1-(0-xnopodenun)oensumunazon  (Lg); x = 3) [RU(CO),CI(L2)3]CI3HO u
[RU(CO)2(L3)4]Cl23H0 (L, = 1-(m-xuapoxcubensmn)-2-(M-xuapokcudenmn)oensnmunaszon; L =
= 1-(p-xuapokcubensun)-2-(p-xuapokcupennn)oen3nmuaaszon). KoMiiekcn cy OokapakTeprcaHd
€JIEMEHTAJIHOM aHAJIHM30M, MEPEmhEeM MPOBOAJBUBOCTH, |R, enekTpoHCKUM, "H- 1 C-NMR crex-
TPAJTHAM TIPOyYaBarmbuMa.

(Mpumsbeno 16. jaryapa, pesuaupano 31. mapra 2009)
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An unsymmetrical porphyrin and its metal complexes: synthesis,
spectroscopy, thermal analysis and liquid crystal properties
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Abstract: The synthesis and characterization of a new unsymmetrical porphyrin
liqguid crystal, 5-(4-stearoyloxyphenyl)phenyl-10,15,20-triphenylporphyrin
(SPTPPH,) and its transition metal complexes (SPTPPM, M(Il) = Zn, Fe, Co,
Ni, Cu or Mn) are reported. Their structure and properties were studied by
elemental analysis, and UV-Vis, IR, mass and 1H-HMR spectroscopy. Their
luminescent properties were studied by excitation and emission spectroscopy.
The quantum vyields of the S; — Sy fluorescence were measured at room tem-
perature. According to thermal studies, the complexes have a higher thermal
stability (no decomposition until 200 °C). Differential scanning calorimetry
(DSC) data and an optical textural photograph, obtained using a polarizing
microscope (POM), indicate that the porphyrin ligand had liquid crystalline
character and that it exhibited more than one mesophase and a low-lying phase
transition temperature, with transition temperatures of 19.3 and 79.4 °C; the
temperature range of the liquid crystal (LC) phase of the ligand was 70.1 °C.

Keywords: porphyrin; transition metal complex; fluorescence spectroscopy;
liquid crystal.

INTRODUCTION

Porphyrin and metalloporphyrins have always received considerable atten-
tion from scientists because of their photostability, high visible molar extinction
coefficients, interesting excited state chemistry and electron transfer processes.
These properties make them useful materials for charge transport, photoelectro-
nic conversion, non-linear optics, organic light emitting diodes and optical infor-
mation storage.1=5> Porphyrin liquid crystals® are of interest for optoelectronic
and other device applications due to their synthetic versatility, thermal stability,
large electron systems and photochemical properties.” Considerable scientific
and technological effort has been devoted to discotic liquid crystals since the first
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discovery of discotic mesogens.® The studies of previously reported liquid crystal
compounds concentrated mainly on a certain aspect of their properties, such as
fluorescence.’

Hence, chemists have made efforts to synthesize different porphyrins by pe-
ripheral modification of porphyrin.10-12 However, most of the porphyrin deriva-
tives substituted with a conjugated system at the meso-position were symmetri-
call3 and limited to transition metal—porphyrin complexes.14.15 In this paper, the
synthesis and characterization of a novel unsymmetrical porphyrin liquid crystal
and its transition metal complexes are reported for the first time (Scheme 1).

OH H o s
N propionic acid CHy(CH,C0C1 -
3 . e OH
7 © © + U reflux O 4 O benzene,reflux
cHo Lo g
&) O(IC?ICH CH o C—0-C(CHa)eCH
O ] {CHz)16CH3 MOl nH,0 2116CHs

M=Z1,Cu,Co,Ni(no R); M=Mn,Fe,R=C]
Scheme 1. Synthesis route to the porphyrin ligand and its metal complexes.

RESULTS AND DISCUSSION
Characterization and spectroscopy

5-(4-Stearoyloxyphenyl)phenyl-10,15,20-triphenylporphyrin (SPTPPH,). Yield:
81.7 %; purple solid. M.p. > 300 °C. Anal. Calcd. for CgoHgaN40O2: C, 82.94; H,
7.13; N, 6.22 %; found: C, 82.99; H, 7.13; N, 6.24 %. IR (KBr, cm=1): 3319 (N-H
(pyrrole)), 2919, 2850 (C-H), 1762 (C=0), 1199 (C-0), 966 (N-H (pyrrole)).
725 (—(CH2)n— (n > 4)). IH-NMR (500 MHz, CDCl3, J / ppm): —2.756 (2H,
pyrrole N-H,), 0.858-0.901 (3H, —CHg), 1.544-1.932 (30H (-CH>2)15), 2.721-
-2.772 (2H, OOCCHj-), 7.452-8.230 (19H, meso-phenyl protons), 8.844-8.856
(8H, pyrrole ring). MS (m/z): 897.3 (M*). UV-Vis (CHCI3) (Amax / nm): 420
(Soret band), 515, 550, 590, 645 (four Q bands).

SPTPPZn. Yield: 88.3 %, purple red solid. M.p. > 300 °C. Anal. Calcd. for
Ce2Hg2N4022Zn: C, 77.45; H, 6.45; N, 5.82 %); found: C, 77.52; H, 6.50; N, 5.83
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%. IR (KBr, cm-1): 2917, 2850 (C-H), 1760 (C=0), 1193 (C-0), 719 (~(CH2)n—
(n > 4)). 1H-NMR (CDCl3, 500 MHz): 0.845-0.881 (3H, —CH3), 1.533-1.937
(30H, —(CH2)15), 2.721-2.772 (2H, OOCCH,-), 7.471-8.233 (19H, meso-phenyl
protons), 8.950-8.948 (8H, pyrrole ring). MS (m/z): 960.5 [M]*. UV-Vis
(CHCI3) (Amax / nm): 425 (Soret band), 555, 595 (two Q bands).

SPTPPCu. Yield: 87.6 %, green solid. M.p. > 300 °C. Anal. Calcd. for
Cg2Hg2N4OoCu: C, 77.61; H, 6.47; N, 5.82 %; found: C, 77.67; H, 6.51; N, 5.84
%. IR (KBr, cm=1): 2919, 2850 (C-H), 1760 (C=0), 1199 (C-0), 717 (=(CH2)n—
(n > 4)). MS (m/z): 957.9 [M+1]*. UV-Vis (CHCI3) (Amax / nm): 415 (Soret
band), 540 (Q bands).

SPTPPNi. Yield: 83.2 %, purple red solid. M.p. > 300 °C; Anal. Calcd. for
Ce2Hs2N4O2Ni: C, 77.98; H, 6.49; N, 5.85 %; found: C, 78.06; H, 6.55; N, 5.87.
IR (KBr, cm-1): 2917, 2848 (C-H), 1762 (C=0), 1199 (C-0), 721 (-(CHp)n~
(n > 4)). MS (m/z): 953.1 [M]*. UV-Vis (CHCI3) (Amax / nm): 415 (Soret band),
530 (Q bands).

SPTPPCo. Yield: 81.3 %, purple red solid. M.p. > 300 °C. Anal. Calcd. for
Cg2Hg2N40,Co: C, 77.98; H, 6.55; N, 5.84 %; found: C, 78.04; H, 6.55; N, 5.87
%. IR (KBr, cm=1): 2917, 2848 (C-H), 1760 (C=0), 1197 (C-0), 717 (~(CH2)n—
(n > 4)). MS (m/z): 954.1 [M+1]*. UV-Vis (CHCI3) (Amax / nm): 410 (Soret
band), 530, 575 (two Q bands).

SPTPPFeCI. Yield: 80.1 %, purple black solid. M.p. > 300 °C. Anal. Calcd.
for CgoHe2N4O2ClFe: C, 75.46; H, 6.29; N, 5.64 %; Found: C, 75.48, H, 6.33; N,
5.67 %. IR (KBr, cm™1): 2919, 2850 (C-H), 1764 (C=0), 1202 (C-0), 721
(<(CH2)p— (n > 4)). MS (m/z): 953.1 [M]*. UV-Vis (CHCI3) (Amax / nm): 420
(Soret band), 510 (Q bands).

SPTPPMNCI. Yield: 80.8 %, purple black solid. M.p. > 300 °C. Anal. Calcd.
for CgoHg2N4O2CIMN: C, 75.48, H, 6.29; N, 5.65 %; found: C, 75.55; H 6.34; N,
5.68 %. IR (KBr, cm™1): 2923, 2854 (C-H), 1758 (C=0), 1201 (C-0), 715
(=(CH2)p— (n > 4)). MS (m/z): 953.1 [M]*. UV=Vis (CHCI3) (Amax / nm): 480
(Soret band), 580 (Q bands).

The characteristic Q and B (Soret) bands of the ligand and metal porphyrins
in the visible and near UV ranges were assigned as transitions from the ground
state (Sp) to the lowest excited singlet (S1) and second lowest excited singlet state
(S2), respectively. SPTPPH» has one Soret band (420 nm) and four Q bands (515,
550, 590 and 645 nm). Compared with the ligand, the number of Q band
decreased and the absorption frequencies shifted after the metal ion entered the
hole of the porphyrin because of the increase in molecular symmetry from Dy, to
D4h_16

The spectral bands at 3319 and 966 cm=1 in the IR spectrum of the porphyrin
ligand are due to the N-H stretching vibration and the winding vibration of the
porphyrin core, respectively. The two vibration bands of in the spectra of the
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complexes disappeared because the two hydrogen atoms of the porphyrin core
are replaced by the transition metal ion to form an M—N bond. The bands found
in the 1758-1764 cm~1 range in the spectra of the ligand and complexes are as-
signed to the C=0 stretching vibration. The bands at 715-725 cm~1 correspond
to the methylene in-plane rocking vibration of the straight alkyl chain consisting
of over four carbon atoms.

The fluorescence emission spectra of SPTPPH, and SPTPPM at room tem-
perature were measured. Their peak values and the quantum yields of the fluo-
rescent emission of SPTPPHy and SPTPPZn are given in Table I.

TABLE I. Fluorescence spectral data of the ligand and Zn complex

Compound Aemmax / NM Quantum yields ()
Ligand 650 709 0.050
SPTPPZn 594 639 0.035

The samples were dissolved in dry chloroform and deaerated under argon.
Two emission bands, Q (0-1) bands at 650 and 594 nm and Q (0-2) bands at 709
and 639 nm were registered for SPTPPH, and SPTPPZn, respectively. The
quantum yields (¢) of the Q bands of the complexes were calculated to be 0.050
and 0.035. The quantum yield was determined from the following equation:

Fsample Azqtpp
Fzntep Asample

¢samp|e = PznTPP

where Fsample and Fzntpp are the measured integral areas of the fluorescence
peaks of the sample and the reference ZnTPP, respectively; Asample and AznTpp
are the absorbencies of the sample and the reference (ZnTPP), respectively, at the
same excitation wavelength, and ¢zntpp (equals 0.033)17 is the quantum yield of
the reference. Porphyrin exhibited two fluorescence peaks: one from S, (B band)
and the other from S1 (Q band). The fluorescence of the B (Soret) band is attri-
buted to the transition from the second excited singlet state S, to the ground state
So, S2 — Sp. The Soret fluorescence was about two orders of magnitude weaker
than the S1 — Sg transition of the Q band emission. Its quantum yield is so low
that the fluorescence sometimes becomes unobservable. This fluorescence emis-
sion was not observed at room temperature, which indicates certainly that the
spin forbidden process S1 — Tn is predominant for the radiationless deactivation
of Sp in porphyrin complexes.

Thermal analysis

Non-isothermal thermogravimetric analyses were performed in an air atmos-
phere at a heating rate of 10 °C/min. The TG and DTA curves of the ligand
SPTPPH> are shown in Fig. 1. There are four stages in the TG curve of the li-
gand. The ligand began to decompose at 200 °C. At 360 °C, about 40 % of the
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PORPHYRIN AND ITS METAL COMPLEXES 1101

mass had been lost due to loss of the meso-phenyl and palmitoyl groups. At 445
°C, about 66 % of the mass had been lost, corresponding to loss of the triphenyl
group. The residual mass was zero at 600 °C. Simultaneously, there were three
exothermal peaks at 310, 505 and 595 °C on the DTA curve of the ligand. The
exothermic peaks correspond to the decomposition of the ligand. Decomposition
began at 200 °C and was completely finished at 600 °C. It is a continuous de-
composition process; the small exothermic peaks correspond to the loss of chains
of the porphyrin ring and the large exothermic peak at 505 °C corresponds to the
collapse of the porphyrin skeleton. It is very easy to see that this porphyrin com-
plex is so stable in air that it could be dried at temperatures up to 200 °C.

100 - - 100
a

o 80 80 o
E L
> 60 &
= 60 60 g
g [ ©
= L40 2
§ 404 b L5
T -20

201 I

-0
0 T

100 200 300 400 500 600
Temperature, °C
Fig. 1. TG Curve (a) and DTA curve (b) of SPTPPH,.

Liquid crystalline behaviour

The liquid crystal properties were investigated by DSC and POM. The
results showed that only the porphyrin ligand exhibited liquid crystalline,
behaviour, while all the investigated metal porphyrin complexes were not liquid
crystals. The phase change temperatures and enthalpies for SPTPPH, are as
follows at heating and cooling rate of 10 °C min-1:

19.3 °C (7.78 kJ mol ™) 37.0 °C (26.5 kJ mol ™) 79.4 °C (20.3 kJ mol ™) I
9.4°C (-43.1kImol") ' 21.6°C (-2.57 kI mol™)  ~ 69.5 °C (-23.5 kJ mol )

where — represents heating and « coling; C is crystal phase, Dy and D, are
discotic mesophases and I is isotropic liquid phase.

Importantly, the ligand porphyrin exhibited an enantiotropy mesophase. A
melting similar transition temperature of 19.3 °C for the ligand was observed
during the first heating scan. Moreover, the porphyrin resulting from the ligand
could be melted; a melting transition temperature of 37.0 °C for the ligand col-

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

2009 Copyright (CC) SCS

@080

EY HMC HD




1102 ZHUANG et al.

lected from the second heating scan was obtained. On cooling from the isotropic
liquid, the ligand changed to the mesophase D at 69.5 °C, which persisted until
about 9.4 °C. The phases were identified by their characteristic optical texture as
shown in Fig. 2. Single liquid domains were obtained by annealing them from
their clearing temperature. Due to alignment of the molecules with the polarizer
and the analyzer, a classic Maltese cross extinction pattern was observed in the
polarizer direction (vertical in the figure) and the analyzer direction (horizontal in
the figure).

5 A
ﬁ Fig. 2. Optical texture of SPTPPH, at 40 °C.

EXPERIMENTAL

Chemicals

All reagents and solvent were commercial reagent grade and were used without further
purification except DMF that was predried over activated 4 A molecular sieve and vacuum dis-
tilled from calcium hydride (CaH,) prior to use. Pyrrole was distilled under reduced pressure.

Stearoyl chloride was prepared and purified according to a published procedure. Meso-5-
-(p-hydroxy)phenyl-10,15,20-triphenylporphyrin (HTPPH,) was prepared and purified by
known procedures.18
Synthesis of ligand (SPTPPH,)

HTPPH, (1.5 g) was dissolved in 400 mL of heated distilled benzene in a 250 mL round
bottom flask and 2.00 mL triethylamine was added. Then a solution of stearoyl chloride in 10
mL benzene was added dropwise over 0.5 h to the above solution under vigorous stirring at 70
°C. The solution was refluxed for 8 h under the protection of a dry nitrogen stream. The ben-
zene was removed from the mixture by distillation. Then the mixed residue was extracted
three times with two volumes of distilled water. A concentrated chloroform solution was ad-
ded to a neutral aluminum oxide column and eluented with CHClI5. The first band (purple red)
was collected and evaporated to dryness to give a purple solid, which was further recrys-
tallized from CHCl,.
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Synthesis of SPTPPZn

The complex SPTPPZn was prepared according to a published procedure. The ligand and
ZnCl, were added to a mixture of DMF (20 mL) and CH,Cl, (20 mL) and the solution re-
fluxed for about 20min. The extent of the reaction was monitored by measuring the UV-Vis
spectrum of the reaction solution every 5 min. After cooling to room temperature, 200 mL
distilled water was added to the reaction mixture and extracted three times. The chloroform
solution was concentrated and the crude product was chromatographed on a silica gel column
using CHCI; as the eluent. The second band was collected, condensed and dried under va-
cuum to give a purple red solid.

The other complexes were synthesized in a similar manner to the above-described pro-
cedure.

Instrumentation

The UV-Vis spectra were recorded on a Shimadzu UV-240 spectrometer using chloro-
form as the solvent. The IR spectra were recorded on a Nicolet 5PC-FT-IR spectrometer in the
region 400-4000 cm! using KBr pellets. The IH-NMR spectra were recorded on a Varian
Unity-500 (MHz) NMR spectrometer. The chemical shifts are reported on the J-scale relative
to tetramethylsilane (TMS). The elemental analyses were realized using a Perkin—Elmer 240
C auto elementary analyzer. The mass spectra (FBA) were obtained on an AXIMA-CFR spec-
trometer. The fluorescence spectra were recorded on a Shimadzu RF5301PC spectrofluoro-
meter. The thermogravimentic analyses (TGA) and differential thermal analyses (DTA) were
performed on a TA SDT 2960 thermoanalyzer in air atmosphere at a heating rate of 10
°C/min.

CONCLUSIONS

A new unsymmetrical porphyrin and its transition metal complexes (SPTPPM,
M(Il) = Zn, Fe, Co, Ni, Cu) were prepared. The application of fluorescence,
thermal studies, differential scanning calorimetry (DSC) and polarized optical
microscopy (POM) in the analyses were illustrated. The fluorescence intensities
of the ligand and SPTPPZn were much larger than the other transition metal
complexes. The thermal studies showed that the porphyrin complexes were stable
up to nearly 200 °C and that the decomposition of the complexes was a conti-
nuous process. Importantly, the porphyrin is a new class of liquid-crystal mate-
rial, as verified by the combination of the DSC and POM techniques. This re-
search may open a new vista in materials and devices using porphyrin.

Acknowledgement. This work was supported by the National Natural Science Foundation
of People’s Republic of China.

U3BOJI

ACUMETPUYHU [TOPONPUH U (bETOBU METAJIHM KOMIIJIEKCH: CUHTE3A,
CIIEKTPOCKOIIMJA, TEPMHWYKA AHAJIU3A 11 CBOJCTBA TEUHOI' KPUCTAJIA

CHANGFU ZHUANG, XUEXIN TANG, DONG WANG, AIQING XIA, WENHUI LIAN, YUHUA SHI n TONGSHUN SHI
College of Chemistry, Jilin University, Changchun 130023, P. R. China

[Ipukazana je cuHTE3a M KapaKTepu3alija HOBOI aCHUMETPUYHOT TEYHOT KpHCTana mopu-
puna 5-(4-creapounokcudenun)dennn-10,15,20-rpudenundocpupur  (SPTPPH,) u  merosux
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tanaux komruiekca (SPTPPM, M(I) = Zn, Fe, Co, Ni, Cu, Mn). BbuxoBa cTpyKkTypa u CBOjCTBa
H3ydaBaHM eTeMeHTaTHoM aHammsom, UV-Vis, IR, MS i 'H-HMR crexropckonujom. JIymu-
CLICHTHA CBOjCTBa Cy MpOydYaBaHA SKCLUTAIMOHUM W €MHCHOHHM CHEKTPUMa, KBAaHTHUM IIpH-
cuma S1—Sp QuryopeciieHIje U MepeHe Ha COOHO] TemmepaTypu. Ha oCHOBY TepMaliHe aHan3e

KOoMIUIeKcH uMajy Behy cradbuinoct (pacnanajy ce no 200 °C). IMopanwm audepeHnujaiHe CKeH-
pajyhe kanopumerpuje (DSC) u ontuukke Tekrypante dororpaduje nomohy nonapusyjyher MUk-
pockomna (POM) ykasyjy na nophHpPHHCKH JIMTaHI WMa KapakTep TEYHOI KpUCTala U MOCeryje
BHIIE Of jemHe Me3o(ase W HUCKO-Iexehe (ase TemMmeparypHOr Tpelnasa, 4dje ce TeMIepaType
¢asHor npenasa Memwajy ox 19,3 no 79,4 °C; temneparypHu orcer 3a ¢asy teunor kpucrana (LC)
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ranna onpxasa ce Ha 70,1 °C.

(Mpumsbero 25. janyapa, pesuaupano 30. anpuia 2009)
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Theoretical insights into the properties of the borazine--- X~
complexes (X" =H, F, Cl, CN, NC or NCO)
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Abstract: The character of the NH---X~ (X~ = H, F, Cl, CN, NC or NCO) inter-
actions of borazine with anions was studied using ab initio method. The inter-
action energies were calculated at the B3LYP/6-311++G(d,p) level. The ener-
getic and geometric characteristics of the complexes were compared. The
“atoms in molecules” methodology was used to analyze the electron density
and to obtain atomic contributions to the total energy and charge of the sys-
tems. Natural bond orbital (NBO) analysis demonstrated the charge transfer in
the study of the nature of the intermolecular interactions. The aromaticity of
these compounds was predicted in light of the nucleus-independent chemical
shift (NICS).

Keywords: borazine; borazine complexes; interaction energy; NBO; AIM me-
thodology.

INTRODUCTION

Inorganic cyclic ring systems that are isoelectronic with benzene, of which
borazine is a textbook example of a six-w-electron six-membered ring, have been
known for many years.1 Many derivatives of borazine have been synthesized and
well characterized.2 Theoretical studies showed that the six rt-electrons are signi-
ficantly localized on the nitrogen atoms, due to the large electronegativity diffe-
rence between boron and nitrogen.3 Whether borazine is aromatic remains a con-
troversy,4 but it is a fact that borazine is considerably less aromatic than benzene.

This paper studies the complex formed by interaction between borazine and
X~ anions (X~ =H, F, CI, CN, NC or NCO). The optimized structures, the inter-
action energies and natural population analysis (NPA) are discussed.

The “‘atom in molecules’” (AIM) methodology of Bader was also applied to
study the properties of the bond critical point of the X~ and borazine contacts to

*E-mail: rezaghiasil353@yahoo.com
doi: 10.2298/JSC0910105G
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1106 GHIASI

analyze the dependencies between topological, energetic, and geometrical para-
meters of the complexes.

CALCULATION METHODS

The structures of borazine and X~ (X" =H, F, Cl, CN, NC or NCO) were optimized by the
B3LYP method and 6-311++G(d,p) was chosen as the basis set.

The optimization was realized together with a frequency calculation for each complex to
verify that the geometry was the real minimum without any imaginary frequency.

The interaction energy, IE, can be evaluated from the difference between the energy of
the complex and the sum of the energies of borazine and X"

IE = E(complex) — (E(borazine) + E(X"))

The calculated interaction energies were corrected for basis set superposition errors
(BSSE), which were computed for all calculations using the counterpoise correction method
of Boys and Bernardi.®

All electronic structure calculations were performed using the Gaussian 98 program.8

Population analysis was also performed by the natural bond orbital method’at the
B3LYP/6-311++G(d, p) level of the theory using the NBO program® under the Gaussian 98
program package.

AIM Methodology was applied to analyze the electron density and its corresponding
Laplacian at the critical point of the B3N3;Hg:+-X™ contact from the structures of BsN3Hg:- X
optimized at the B3LYP/6-311++G(d, p) level. Topological analyses was performed with the
AIM 2000 program® using B3LYP/6-311++G(d, p) wave functions as the input.

RESULTS AND DISCUSSION

Energetic

The computed interaction energies (IE) and the corrected interaction ener-
gies (IEcorrected) for the BaN3Hg--X~ complexes (X = H, F, Cl, NC, CN or NCO)
(Fig. 1) are presented in Table I. For a given complex, IE was the largest for X = F,
which is in agreement with analyses from the distance r(H---X).

H -
|
H B H’
B B
ST Dy
| Fig. 1. Geometry of the borazine:--X" complexes (X" = H,
a F, Cl, CN, NC or NCO).

Thermochemical analysis

Thermochemical analysis was performed for all the complexes. The values
of AH, AS and AG are reported in Table 11, whereby the individual terms refer to
a temperature of 298 K. The reaction can be considered as:
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BORAZINE:-X COMPLEXES 1107

TABLE I. Calculated energy (Hartree), interaction energy (IE), BSSE, corrected interaction
energy, r(H---X) for borazine---X" complexes by the B3LYP method with the 6-311++G(d,p)
basis set

< E IE BSSEx10° |[ECorrected r(H--X)
Hartree kcal mol™ Hartree kcal mol™ A
H —-243.3064214 -14.8644 1.264305116 -14.0710 1.45814
F -342.6796508 -26.5987 3.227830862 -24.5732 1.34335
Cl —703.0702164 -11.2445 0.682776676 -10.8161 2.19947
CN -335.6559382 -11.8542 0.271105435 -11.6841 2.00025
NC -335.6566621 -12.3085 0.337451621 -12.0967 1.86189
NCO -410.9556042 -12.8988 0.452088312 -12.6151 1.82806

B3N3Hg + X~ — B3N3Hg:-- X~

As can be seen, the AS values are similar for all complexes. Since in this
reaction two particles form one, AS should have a negative value, although the
relative difference of AG is almost the same as that for the AH. The equilibrium
constants of the all complexes are also given in Table Il, from which it can be
seen that the equilibrium constant is the largest for X~ =F.

TABLE II. Calculated thermodynamic parameters for the for the borazine---X" (X" =H, F, Cl,
CN, NC or NCO) complexes by the B3LYP method with the 6-311++G(d,p) basis set

X AG / kcal molt AH / kcal molt  AS / kcal molt K1 K

H -9.45657 -15.908 -0.02165 8.6x10°
F -21.4715 -28.5925 -0.0239 5.6x10%
cl -5.27171 -11.4615 -0.02077 7.3 x10°
CN -4.31789 -11.4044 -0.02378 1.5x10°
NC -4.49171 -11.7777 -0.02445 2.0x10°
NCO -5.97828 -12.3343 -0.02133 2.4x10*

Atoms in molecules analysis

Analysis of the electron density by means of the Bader atoms in molecules
(AIM) methodology provides useful tools to confirm the presence of NH---X~
interactions between borazine and X-.

The values of p, eigenvalues of the Hessian matrix of density (11, 4> and
A3), and V2p of the complexes at the B3LYP/6-311++G(d,p) level are listed in
Table IlI. It contains the electron densities at the bond critical points of the
NH---X- interactions. Different features of the electron densities analysis ob-
tained in the AIM framework are summarized as follows:

1. All the BCPs of NH---X~ interactions are characterized by small p(r) va-
lues and a positive Laplacian of the electron density. The sign of the Laplacian is
determined by the positive curvature of p(r) along the interaction line, as the
Pauli exclusion principle leads to a relative depletion of the charge density in the
interatomic surface. These interactions are dominated by a contraction of the char-
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1108 GHIASI

TABLE Ill. Electron densities p(e/ ag), eigenvalues of the Hessian matrix of density (43, 42
and A3) and Laplacians V2p (e/ ag ) at the intermolecular bond critical points of borazine--- X
(X" =H, F, Cl, CN, NC or NCO), calculated at the B3LYP/6-311++G(d,p) level within the
AIM theory

X p e A A3 Vop
H 0.046 -0.069 -0.068 0.160 0.023
F 0.104 -0.261 -0.260 0.701 0.180
Cl 0.026 -0.030 -0.030 0.123 0.062
CN 0.031 -0.041 -0.040 0.141 0.060
NC 0.035 -0.051 -0.050 0.196 0.094
NCO 0.036 -0.053 -0.053 0.208 0.102

ge density away from the interatomic surface toward each of interacting species.
It was confirmed that the electron density at the bond critical point can be used as
a measure of the binding strength. The Laplacians V2p are all positive, indicating
a typical closed-shell kind of interactions in the complexes. A plot of the cal-
culated interaction energies of the borazine---X~ interaction of the complexes vs.
their electron density at the BCP(NH)---X~ is presented in Fig. 2, which indicates
a regression coefficient of 0.9984.

2. Among all the complexes, the obtained value for electron density was the
highest for the interaction NH---F~.

0
5
10
15
20
25
30

0 0.05 0.1 0.15

apPacs(NH X" )/e

Fig. 2. A plot of the calculated interaction energies (IE = -201.56 pgcp — 5.6114; R? = 0.9984)
of borazine---X" (X" = H, F, Cl, CN, NC or NCO) interaction complexes vs.
their electron density at the BCP(NH:--X").

IE / kcal mol™

Natural population analysis

Natural bond orbital analysis stresses the role of intermolecular orbital inter-
actions in a complex, particularly charge transfer ones. This analysis is carried
out by considering all possible interactions between filled donor and empty ac-
ceptor NBOs and estimating their energetic importance by a second-order pertur-
bation theory. For each donor NBO (i) and acceptor NBO (j), the stabilization
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BORAZINE:-X COMPLEXES 1109

energy E(2) associated with electron delocalization between donor and acceptor is
estimated as:

2
E® = g (i)
€j8i
where g is the orbital occupancy, & and g;j are diagonal elements and Fj is the
off-diagonal NBO Fock matrix element.

The results of the second-order perturbation theory analysis of the Fock mat-
rix at the B3LYP/6-311++G(d,p) level of theory are collected in Table IV. For
the borazine---X~ complexes, most of the charge transfer energies reported in
Table 1V are related to the dominant interaction, which is between donor species
and acceptor species.

TABLE IV. The results of second-order perturbation theory analysis of the Fock matrix within
the NBO basis

X Donor Acceptor E® / kcal molt §-& Fij

H LP () H o*(N=H) 58.05 0.51 0.154
F LP (4) F o*(N-H) 82.38 0.81 0.230
cl LP (4)Cl o*(N-H) 15.43 0.71 0.093
CN LP (1) C o*(N-H) 27.90 0.78 0.132
NC LP (1) N o*(N-H) 21.43 0.91 0.125
NCO LP (1) N o*(N-H) 22.12 0.94 0.129

Interaction of NH---X~ in borazine has an attractive aspect. The strongest in-
teraction is between the LP(4) F donor and the o*(NH) acceptor.

It is interesting to note that the obtained results based on the NBO are com-
pletely accordant with the results obtained within the AIM framework.

A comparison between the results of the IECorrected jn Table | and the E(2) in
Table 1V showed that, from all the considered anions, the interaction energy is
the greatest when the borazine interacts with F~.

The natural population analysis (NPA) shows that the charge on X- de-
creases in the order H, F, Cl, CN (Table V). These results are compatible with
charge transfer from X~ to borazine.

TABLE V. Natural population analysis (NPA) for the borazine---X~ (X~ =H, F, Cl, CN, NC or
NCO) complexes by the method B3LYP with 6-311++G(d,p) basis set

X X X(monomer) H H(borazine)
H -0.74268 -1.00 0.40502 0.39928
F -0.83744 -1.00 0.48555 0.39928
Cl -0.93896 -1.00 0.46306 0.39928
CN -0.20834 -1.00 0.45176 0.39928
NC -0.94379 -1.00 0.47455 0.39928
NCO -0.94288 -1.00 0.47771 0.39928
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Nucleus independent chemical shifts (NICS)

In order to further study the aromaticity of borazine complexes, the nucleus
independent chemical shifts (NICS) of the optimized structures were calculated
at the ring center and at 0.5 and 1.0 A perpendicularly away from the successions
of points of the plane, as listed in Table VI.

TABLE VI. NICS(0.0), NICS(0.5) and NICS(0.0) values for borazine---X- (X" = H, F, Cl, CN,
NC or NCO) complexes by the B3LYP method with the 6-311++G(d,p) basis set

Species NICS(0.0) NICS(0.5) NICS(1.0)
Borazine -1.5844 -2.2813 —-2.6670
H -1.7779 —-2.6086 -3.0760
F -1.8756 -2.5839 -2.9570
Cl -1.8172 —-2.5660 -2.9647
CN —-2.0349 -2.8114 -3.1570
NC -1.8252 -2.5911 -3.0052
NCO -2.1471 —2.9309 -3.2172

In this study, first the values of NICS(0.0) at the geometrical centers of the
planar six-membered ring, which provide a direct measure of the ring current ef-
fects, were calculated. The calculated results are listed in Table VI. The NICS va-
lues of borazine and the other species are all negative. It can be seen that all com-
plexes are more aromatic than borazine. In order to further analyze the aromati-
city, the values of NICS(0.5), NICS(1.0) were calculated by placing a ghost atom
0.5 and 1.0 A, respectively, above the center of the six-membered ring. The va-
lues of NICS(0.5) and NICS(1.0) for all species were negative, supporting the
existence of delocalization and aromaticity in these complexes. The most negati-
ve values of NICS(0.0), NICS(0.5) and NICS(1.0) were obtained for X-= NCO.

CONCLUSIONS

Calculations on borazine---X= (X~ = H, F, Cl, CN, NC or NCO) complexes
were performed at the B3LYP level with the 6-311++G(d,p) basis set. A good
correlation between pgcp(NH---X™) and the interaction energy was found for the
complexes.

The aromaticity of these compounds was predicted in light of the nucleus-in-
dependent chemical shift (NICS). All of the molecules were found to be highly
m-aromatic in nature.
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U3BOA

TEOPUJCKO CATJIEJJABAISE CBOJICTABA BOPA3UH-X"
KOMIUIEKCA (X = H, F, Cl, CN, NC UJI1 NCO)

REZA GHIASI
Department of Chemistry, East Tehran Branch (Qiam Dasht) — Islamic Azad University, Tehran, Iran

Kapakrep nnrepakuuja NH---X* (X" = H, F, Cl, CN, NC or NCO) u3zmely 6opasuna u aHjoHa
ucnmtuBad je ab initio merogom. Exepruje unrepakiuje uspauynare cy na B3LYP/6-311++G(d,p)
HHUBOY. YTopeljeHe Cy eHepreTcke U reoOMeTpHjcKe KapakTepucTuke komiuiekca. Kopunthena je me-
TOZOJIOTH]a ,,aTOMa Y MOJIEKY/IMMa“ 3a aHaJIU3y I'yCTHHE ¥ aTOMCKOT JJOIIPUHOCA YKYITHO] €Hepruju
W HaeJleKTpucamy cucrema. Ananusa opouraie npupozane Bese (NBO) nokasana je npeHoc Haelek-
TpUCama IPHU UCIHTHBAKY MPHPOJEC MEl)yMOJEKYICKHX MHTEpaKiHja. APOMaTHYHOCT jeHbCHA
MPETIIOCTAaBJbEHA j¢ HAa OCHOBY XEMH]jCKOT moMepaja Koju He 3aBucu of tumna jesrpa (NICS).

(TMpumseno 20. debpyapa, pesnanparo 12. mapra 2009)
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mono-atomic Pt dispersion by impregnation with
Pt(Il) acetylacetonate/acetone solution
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Abstract: The incorporation of platinum into the cavities of NaX zeolite was
realized by impregnation and thermal decomposition of the organometallic
compound Pt(Il)-acetylacetonate dissolved in acetone. A high dispersion of
platinum to predominantly mono-atomic particles was achieved thanks to the
tight fit of the Pt(I1)-acetylacetonate molecules in the aperture of the zeolite
supercage. Using the high angle annular dark field imaging technique of
HRTEM, individual Pt particles situated within the zeolite crystals were, for
the first time, clearly visible. This offers new possibilities of studying the
distribution of incorporated metal particles along the crystal depth.

Keywords: HRTEM imaging; impregnation technique; NaX zeolite; Pt(Il)-ace-
tylacetonate; platinum-modified zeolite.

INTRODUCTION

Zeolites are aluminosilicates with an ordered open porosity and very deve-
loped inner surface area, which approaches several hundred square meters per
gram.1 Aluminum(l11) sites present the positive-deficient sites, which are com-
pensated usually by alkali or alkali-earth cations. The charge compensating cat-
ions may be replaced by other cationic species by ion-exchange. Zeolites are
known as very strong sorbents for molecules interacting with the inner zeolite
surface, i.e., those being small enough to penetrate through the cavity orifices.

The cations of transition metals have been introduced into the zeolite cavities
either by ion exchange or by impregnation techniques.2-12 According to nume-
rous literature reports, metals such as Pt, Pd, Ni and Mo, as well as alloys have

* Corresponding author. E-mail: slavko@ffh.bg.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC0910113M
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1114 MENTUS, MOJOVIC and RADMILOVIC

been incorporated within the cavities of zeolites either by chemical reduction of
their cations introduced by ion-exchange or by thermal decomposition of appro-
priate precursors (in the presence of hydrogen, if necessary).2 Reducing agents
other than hydrogen may be used. For instance, Wang et al.3 introduced Co2*
ions into the cavities of NaX zeolite and reduced them to metallic Co clusters by
means of sodium borohydride.

Considerable catalytic effects of metal-zeolite systems have been demon-
strated in numerous, particularly organic, chemical reactions.13-19 Barthoment,20
in particular, indicated the role of the aluminosilicate support in suppressing the
agglomeration of metal cluster to during prolonged catalyst exploitation.

In various ways, zeolites were the subject of investigations by electroche-
mical methods.21-23 Quite recently, zeolites were used as templates to produce
metal particle of uniform, sub-nanometer dimensions for electrocatalysis pur-
poses. For instance, Coker et al.11.24 incorporated Pt nanoclusters in NaX zeolite
(faujasite type) by the ion-exchange technique, and, upon zeolite dissolution,
transferred them to a carbon support to obtain Pt/C electrocatalysts. Furthermore,
following literature reports relating to Ag*-exchanged zeolites,10.25 Senthilkumar
et al.26 incorporated Pt cluster into the pores of type Y zeolite by cathodic re-
duction of a previously introduced Pt-salt. They attempted to use so-prepared
Pt-loaded zeolite in the form of a membrane for electrochemical reduction of
oxygen and oxidation of methanol.26

The hitherto published impregnation techniques to incorporate Pt clusters
into zeolites involved a solution of Pt(IV) chloride?12 or Pt(IV) tetra-aminenit-
ratell as the impregnation agent. Pt(I1) acetylacetonate was used by Yao et al.2’
to synthesize Pt catalysts (0.5-2 % loading) on a mesoporous MCM-41 support.
Metal acetylacetonates were rarely used in conjunction with zeolites and the
studies published to date do not report their decomposition to metals. For ex-
ample, Ferreira et al.28 investigated NaX zeolite with incorporated Cu acetyl-
acetonate, and de Souza et al.29 investigated NaX and NaY zeolites with incor-
porated Ni acetylacetonate, in both cases without their thermal degradation.

The size and shape of metal clusters both in zeolites 4-8 and silicate-based
mesoporous materials® were examined preferably by high-resolution transmis-
sion electron microscopy (HRTEM). The dimensions of metal clusters are expec-
ted to be limited by the pore dimensions, for instance, in the case of zeolite, to
approx. 1 nm. Many HRTEM microphotographs of zeolites with incorporated
metal particles were published,3-9.11.26 however, they never provided sufficiently
clear insight into the distribution of the metal particles along the crystal depth.
Usually, insufficient resolution and sample transparency limited the quality of the
microphotographs. In some cases, problems arose from the formation of metal
clusters of random size on the outer surface of the zeolite crystals,310 as well as
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the growth of huge clusters inside the crystals,’11 accompanied obviously by
destruction of the local zeolite structure.

In this study, NaX zeolite was impregnated with a Pt(ll) acetylacetona-
te/acetone solution and the Pt(l1) acetylacetonate decomposed in order to produce
Pt particles within the zeolite cavities. The high angle annular dark field imaging
technique of HRTEM, capable of visualizing individual atoms,30 was used to in-
vestigate the distribution of platinum particles within the zeolite crystals.

EXPERIMENTAL
Preparation of platinum-loaded NaX zeolite

Faujasite type NaX zeolite, with the formula Nagg(AlO,)gg(Si02)106-XH0 (0 < x < 264,
depending on the partial pressure of water), approx. 2 g cm= in density, was the product of
Linde Co., while Pt(Il) acetylacetonate (Pt(CsH,0,),) was purchased from Aldrich.

A recently published procedure for the thermal decomposition of noble metal acetylace-
tonates to deposit noble metal clusters on the surface of a solid support,3 which was sub-
sequently adapted to introduce noble metal clusters into zeolite cavities,3233 was employed in
this study. Briefly, after heating to 350 °C in order to remove adsorbed water and subsequent
cooling to room temperature in a dry atmosphere, the zeolite sample was slightly wetted with
a dilute acetone solution of platinum(ll) acetylacetonate. The sample was then dried at 90 °C
to evaporate the acetone, and heated at 350 °C under a hydrogen atmosphere to both decom-
pose the Pt(Il) acetylacetonate and remove its gaseous decomposition products. The impreg-
nation/decomposition procedure was repeated about 20 times until a Pt/zeolite weight ratio of
0.1 was achieved. After this procedure the zeolite was dark brown in color.

X-Ray diffractometry

X-Ray powder diffractograms of the original and Pt-modified NaX zeolite samples were
recorded on a Siemens-D500 diffractometer with Ni filtered Cu Ko radiation (1= 1.54178 A).
Electron microscopy

Specimens were prepared for transmission electron microscopy by suspending the ca-
talyst powders in ethanol using an ultrasonic bath and adding a drop of the suspensions onto
clean holey carbon grids, which were then dried in air. The samples were examined by high
angle annular dark field imaging using a Tecnai F20 FEG electron microscope operating at
200 kV. The particle shapes were determined by real space crystallography using high reso-
lution images taken from particles near or on the edge of the carbon black substrate. Con-
ventional bright-field and dark-field imaging were also utilized in order to investigate the
overall distribution of the Pt particles. Local structural information from single particles was
obtained by numerical Fourier filtering of the digitized image intensity spectrum.

RESULTS AND DISCUSSION

Usually, the impregnation techniques employed to date for the incorporation
of platinum into zeolite cavities involved soaking the zeolite in solutions of in-
organic thermodegradable platinum compounds (chloride, tetra-aminonitra-
te).21112 The impregnation of NaX zeolite with acetylacetonates, although stu-
died experimentally,32:33 was never considered on the level of molecular struc-
ture. This aspect of impregnation will be discussed herein.
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1116 MENTUS, MOJOVIC and RADMILOVIC

As is well known from the literature, the structure of NaX-type zeolite (Fig.
1) consists of small sodalite cages interconnected by means of hexagonal prisms,
which together surround almost spherical supercages. The supercages are inter-
connected mutually by 12-membered rings.134, The inner diameter of the so-
dalite cages and supercages, with the charge compensating cations placed inside,
amount to 0.26 and 0.9 nm, respectively, while their entrance apertures amount to
0.22 and 0.74 nm, respectively.34.35 Small molecules, such as helium or water,
may enter both the sodalite cages and supercages, while even the smallest or-
ganic molecules, such as methane, may enter the supercages only. The mean
number of molecules which may simultaneously enter a supercage depends on
both the volume ratio and molecule geometry. This number is, for example, 5.2
for benzene (planar molecule with a diameter of approx. 0.5 nm) and 3.6 for
mezytilene.36

Fig 1. Wire model of the NaX
(FAU) zeolite structure, the view
directed to the (111) plane, which
shows the orifice of a zeolite su-
percage; a wire model of the pla-
nar Pt(Il) acetylacetonate mole-
cule in nearly natural proportions
is added as an inset.

v
2"

The structure of the Pt(l1)-acetylacetonate molecule is planar.3” The Pt atom,
located at the centre of the molecule, is bonded to the pairs of oxygen atoms of
the 2,4-pentanedionato ions via one ionic and one coordinative bond, equalized
mutually by resonance of the structures. Using Chem3D Ultra (CambridgeSoft)
package to analyze intramolecular distances in space, the distance between the
centers of the hydrogen atoms situated in the outermost methyl groups along the
pentanedione chain, due to their rotation, vary between 0.45 and 0.65 nm. Kenvin
et al.37 for Cu(ll) acetylacetonate, being similar both in dimensions and in
geometry to Pt(ll) acetylacetonate, found from monolayer-adsorption measure-
ments on Cab-O-Sil 200 m2 g~ surface that one molecule occupies 0.588 nm? of
the surface, which is in good agreement with the dimensions 0.65x0.9 nm? found
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by Chem3D Ultra software for one molecule of Pt(I1)-acetylacetonate. Therefore,
regarding even the van der Waals radii of the hydrogen atoms, the Pt(Il) acetyl-
acetonate molecule should experience no substantial obstacles when penetrating
into the supercages, particularly assuming free rotation of the outermost methyl
groups around the C-C bond. This is in accordance with the work of Ferreira et
al.28. Namely, these authors reported that the complex compound Cu(ll)-acetyl-
acetonate diffuses freely through the channels of NaX zeolite, while complex-
ation of Cu(ll) acetylacetonate with aliphatic triamines, which led to more volu-
minous molecules, restricted completely their movement.28 According to the
paper by de Souza et al.,29 the isostructural and dimensionally similar Ni(Il) ace-
tylacetonate may also be incorporated into NaX zeolite cavities.

This consideration indicates that Pt(11)-acetylacetonate may serve effectively
as a transporting agent for the incorporation of platinum into NaX zeolite cavi-
ties. However, due to its complex configuration and greater dimensions in com-
parison to benzene,38 a very low probability for a Pt(11) acetylacetonate molecule
to enter a previously already occupied supercage. Therefore, the impregnation/
/thermal decomposition procedure in this case may be considered as the intro-
duction of Pt atoms one after another. The impregnation/thermal decomposition
procedure must, therefore, be repeated many times in order to obtain Pt clusters
greater than a single atom.

The SEM microphotographs of the zeolite sample used in this study before
and after platinum incorporation are shown in Fig. 2. A comparison of these pic-
tures indicates no visible change in the crystal form and mean diameter. How-
ever, the platinum-modified sample enabled photographs of better contrast to be
taken, indicating better reflectivity to electrons.

Knowledge of the zeolite structure enables the calculation of the population
of the supercages by Pt atoms under the assumption of uniform filling. The
formula of a unit cell of anhydrous NaX is Nagg(AlO2)gs(Si02)106 (relative mass
13836). The unit cell is cubic with the length of the axis 2.4975 nm, i.e., roughly
2.5 nm. Thus, one gram of zeolite contains 3.38x101° unit cells. Each unit cell
contains 8 supercages, which means 2.7x1020 supercages per gram of zeolite.3>
The platinum loaded NaX zeolite sample synthesized in this work contained 0.1
g (i.e., 3x1020 atoms) of Pt per gram of NaX. Assuming uniform distribution,
Pt-modified NaX zeolite with 10 wt. % of Pt should contain, on average, 1.1 Pt
atoms per supercage. Since, according to recent HRTEM observation of Pt nano-
crystals, the most reliable diameter of a Pt atom is about 0.26 nm,38-40 assuming
that the sample is transparent, in the present case, particles close to 0.26 nm in
size in the plane of the photograph should be seen and, for the case of a quite
uniform distribution, on average, 8 individual atoms per unit cell.

The picture shown in Fig. 3 was taken by a high angle annular dark field
imaging technique using a Tecnai F20 FEG transmission microscope. This tech-
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1118 MENTUS, MOJOVIC and RADMILOVIC

nique is the best one for observation of atomic arrays of supported nanoparticles
of catalyst.3940 |f the microscope is adjusted to observe platinum, the structural
details composed of lighter elements (Si, Al) remain invisible. The microphoto-
graph shown in Fig. 3 is the best picture of a metal-loaded zeolite taken to date,
even in comparison to recently published ones.3:12.24,26

Fig. 2. SEM Microphotographs of the
original NaX zeolite (top) and Pt-loaded
NaX zeolite (10 wt. % Pt), taken at a
magnification of 10000; the mean crys-
tal diameter is approx. 3 pm.

In order to analyze the distribution of particles along unit cells, the trans-
parency of the sample should be discussed.

Aluminum metal of thickness 1.5 and 8 pum is transparent for electrons ac-
celerated to 100 and 1000 keV, respectively. Based on the closeness in the ato-
mic weights, a similar transparency may be expected for silicon. Therefore, for
NaX zeolite, being an aluminosilicate material, it may be assumed that, for the
200 keV electron beam used in this study, the depth of transparency is of the
order of 1 pum.

Since Fig. 3 presents the tip of a Pt-loaded NaX zeolite monocrystal, from
purely geometric considerations, it may be concluded that the largest depth along
the axis vertical to the plane of the picture may not exceed 25 nm. Such a depth is
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NaX ZEOLITE AS A TEMPLATE FOR MONO-ATOMIC Pt DISPERSION 1119

obviously quite transparent for the employed electron beam and, consequently,
Fig.3 presents all the Pt particles placed within the piece of zeolite crystal caught
by this microphotograph.

Fig. 3. High angle annular dark field image (200 kV) of a tip of a Pt-loaded NaX zeolite (10
wt. % Pt) monocrystal. Inserted figure presents the model of a (cubic) unit cell of NaX zeolite,
with only the Si-Si bonds presented, for sake of clarity. The size and orientation of
the model of the unit cell really fits the tip of the photographed crystal.

In the inset of Fig. 3, presents by wire-modeled Si-Si bonds, the details of
the structure of a (cubic) NaX unit cell (a = 2.5 nm), in natural proportions to the
photographed crystal and properly oriented in space to fit the tip of the photogra-
phed crystal. For the photographed crystal, the presented network of Si-Si bonds
depicts the real dimensions and positions of the supercages. Based on Fig. 3, sta-
tistical analysis of the particle distribution per unit cell may be performed, bear-
ing in mind that the number of unit cells distributed along the electron beam path
increases progressively as the distance from the crystal tip increases. Considering
the most reliable data for the diameter of a Pt atom,38-40 Fig. 3 evidences that the
number of Pt-atoms per supercage is preferably one, rarely two or three, which
might amount to not more than 3 wt. % of the platinum in the zeolite. The mis-
sing amount, supplementing the 10 % of platinum in the zeolite, should exist in
another form than that perceived in Fig. 3. However, the particles located within
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1120 MENTUS, MOJOVIC and RADMILOVIC

the supercages obviously completely experienced the templating effect of the su-
percage dimensions.

The dimensions of metal particles incorporated into zeolite crystals were not
always limited by the zeolite host.”10 For example, silver particles ranging in
size from 1 to 18 nm were found in the Faujasite host,10 which means that silver
tends to destroy the local crystal structure and to grow outside the volume of the
zeolite cavities. Similarly, Tonscheidt et al.” observed very large Ir and Rh par-
ticles in X zeolite samples modified by ion exchange. They also outlined the
problem of instability of the zeolite lattice under the impact of the electron beam
during TEM observations.

Additional characterization of the Pt-loaded NaX zeolite sample was realized
by means of X-ray diffractometry. The X-ray diffractograms of both the original
and platinum-modified NaX zeolite used in this study are shown in Fig. 4. The
diffractogram of the original 13 X sample overlaps with the one filed in the
JCPDS library.4! The diffractogram of the Pt- modified sample contains all the
diffraction lines visible in that of the original NaX sample. The deviation of the
baseline of the X-ray diffractogram over a broad range of 26 values is a charac-
teristic feature in this case. A deviation of the baseline of X-ray diffractograms
was observed by de Souza et al.29 in the case of NaX zeolite with incorporated
Ni(ll)-acetylacetonate. In terms of crystallography, this feature corresponds to

350 -
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= ]
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Fig. 4. The X-ray diffractograms of NaX zeolite (lower) and Pt loaded NaX zeolite (upper).

The d-values labeling the humps on the base-line correspond to reflections from the
(111) and (200) crystallographic planes of platinum.
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amorphization of the sample. It is not due to crushing of the zeolite crystals, since
the SEM microphotographs (Fig. 2) taken before and after Pt incorporation did
not evidence such an event. Amorphization in this case may be attributed only to
slight local deformations of the zeolite lattice caused by the presence of Pt par-
ticles. Contrary to data pertaining to NaX zeolite impregnated with Ni-acetylace-
tonate,29 the amorphization in this case did not influence the adsorption capacity:
as proven by thermogravimetry, the adsorption capacity for water was reduced
only by the volume occupied by the incorporated platinum.

Based on the microphotograph shown in Fig. 3, which shows that the Pt
particles incorporated in the zeolite crystals contain only few atoms, any feature
pertaining to the crystal structure of platinum are not to be expected. However, in
the diffractogram of the modified zeolite (Fig 4, upper diagram), two broad
humps are visible in the 35° < 26 < 50° region, at 26 values approaching the
angles 39.75 and 46.20°. These angles correspond to the two strongest, (111)
(d = 0266 nm) and (200) (d = 0.196 nm), reflections of polycrystalline plati-
num.42 The half-width of these humps, with the help of the famous Scherrer
formula, show that somewhat larger Pt-particles, with a diameter around 1 nm,
also exist in the observed system. Such particles may grow outside of crystal
pores by chemical vapor-deposition caused by precursor evaporation during the
thermal decomposition procedure. This is in accordance with the fact that a mir-
ror-like layer of platinum condensed on the wall of the glass tube in which the
impregnation/decomposition procedure was performed. The simultaneous exis-
tence of larger clusters, most probably outside the zeolite crystals, does not dis-
tort the finding depicted in Fig. 3 that the procedure employed in this study pro-
duces predominantly mono-atomic platinum particles within the zeolite host.

CONCLUSIONS

Platinum was incorporated into the cavities of NaX zeolite crystals by mul-
tiple impregnations with Pt(ll) acetylacetonate and its subsequent thermal de-
composition. Molecular structure considerations indicate that the Pt(1l) acetylace-
tonate molecules may enter the zeolite supercages without molecular rearrange-
ment. However, thanks to the tight fit of the precursor molecule in the supercage
orifice, most probably only sequentially may other Pt atoms be introduced inside
the zeolite supercages during repetitions of the impregnation/decomposition pro-
cedure. This procedure may be characterized as a soft one, which does not cause
crushing of the zeolite crystals during the multiple repetitions. The Pt particles
were visualized by the high angle annular dark field imaging HRTEM technique,
which evidenced that the population of one to a few atoms per supercage pre-
vails.
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U3BOA

3EOJIUT NaX KAO TEMIUIAT 3A JOBMJAILE MOHOATOMCKU
JUCIIEPTOBAHE IINIATUHE UMITPETHALIMJOM CA PACTBOPOM
Pt(11)-AUETUJIALIETOHATA Y ALIETOHY

CJIABKO MEHTYCl, 30PHIIA MOJOBI/IT12 n BEJIUMUP PA,Z[MI/UIOBI/I'B3

IYHuaepsuLT/.ezﬁ y Beozpady, @akyaitieiti 3a pusuury xemujy, Citiyoeniticku wwipz 12, 11000 Beozpao, 2UXTM - Len-
{Hap 3a Kaiaausy u Xemujcko umxcervepcitieo, thezowesa 12, 11000 beozpao u National Center for Electron
Microscopy, Lawrence Berkeley National Laboratory, University of California, Berkeley, USA

ITnatuna je yrpahena y kaBese 3eonmnta NaX uMIpersanujoM ¥ TEpMaJIHUM pasjarambeM
opraHoMeTanHor jeaumema Pt(11)-anernnaneroHara, pacTBpeHor y aleToHy. Brcoka qucrnep3HocT
IUTaTHHE MPETEKHO Yy BUAY jeIHOATOMHHX YECTHIIA, TIOCTUTHYTA je 3aXBajbyjyhu OMMCKOCTH IH-
Mmensuja Mosekyiie Pt(I1)-anerunaneronara u npeyHnKa yia3HOr OTBOpa CylekaBesa 3eonura. Tex-
HHKOM LIMPOKOYraoHe Ju(paKiyje U TAMHOT M0Jba yIATPAaBUCOKOPE30IYTUBHE ENEKTPOHCKE MHK-
pockonuje, IPBH MyT CYy YYHICHE BHIJBUBUM WHIMBUIyaHE YECTHUIEC IUIATHHE CMEIITEHE YHYTap
KpHCTaJa 3€0JINTa, IITO OTBapa HOBE MOTYhHOCTH y IpoydaBamy pacrojese yrpa)eHux MeTaaHnx
YeCTHIIa IO JyOUHHU KpHCTaja.

(Mpumsbeno 26. okrobpa 2008, pesnaupano 11. jyna 2009)
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The effect of gamma radiation on the properties of
activated carbon cloth

DANIJELA R. SEKULIC, BILJANA M. BABIC, LIILJANA M. KLJAJEVIC,
JELENA M. STASIC and BRANKA V. KALUDJEROVIC*

“Vinca” Institute of Nuclear Sciences, Laboratory for Materials Science,
P.O. Box 522, 11001 Belgrade, Serbia

(Received 23 February, revised 9 April 2009)

Abstract: Activated carbon cloth dressing is an appropriate wound healing
material due to its biocompatibility and adsorption characteristics. The in-
fluence of gamma radiation as a sterilization process on the adsorption and
mechanical properties of activated carbon cloth was investigated. The specific
surface area, micropore volume, pore size distribution, surface chemistry as
well as the breaking load of activated carbon cloth before and after gamma
radiation were examined. Characterization by nitrogen adsorption showed that
the activated carbon cloth was a microporous material with a high specific
surface area and micropores smaller than 1 nm. Gamma radiation decreased the
specific surface area and micropore volume but increased the pore width. The
sterilization process changed the surface chemistry quantitatively, but not
qualitatively. In addition, the breaking load decreased but without any in-
fluence considering the further application of this material.

Keywords: activated carbon cloth; dressing material; gamma radiation; adsorp-
tion; surface modification.

INTRODUCTION

The potential of activated carbon cloth (ACC) in wound management relates
to its ability to adsorb small gas molecules released from a wound, which are
produced by anaerobic or proteolytic bacteria.1-3 These molecules, which are
responsible for the production of malodor, are attracted to the surface of the car-
bon and are held there by electrical forces. This occurs due to the microporous
structure of ACC consisting of thin slit-like pores that increase the effective sur-
face area of the carbon fibers.4> The ease of containment, formability, handling
and especially the apparent biocompatibility are positive attributes and signifi-
cant advantages for the application of ACC for dressings. The advantages of

*Corresponding author. E-mail: branka@vinca.rs
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activated carbon cloth over granulated active carbon or medical gauze are gene-
rally a higher pore volume (especially micropore volume) and surface area, which
lead to a higher adsorption capacity and faster adsorption—desorption processes.6
ACC appears to be useful for the adsorption of low and medium molecular
weight organic compounds and bacteria.3

Such dressings can also be supports for therapeutic or antiseptic materials.”
The disadvantage is that the agent incorporated into the dressing, inherently li-
mits the bacteria-adsorbing characteristics of the carbon cloth and could adver-
sely affect wound healing.

The adsorption capacity of ACC is controllable and depends on the raw ma-
terial and the methods and conditions used in the production processes (carboni-
zation and activation processes).6:8-12 The pore size, specific surface area and
surface chemistry of ACC significantly influence the adsorption capacity. For the
adsorption of inorganic and polar organic molecules, both the porous structure
and surface chemistry of the adsorbents are important. Carbon—oxygen surface
structures, such as carboxyls, lactones, and phenols, are the most important ones
affecting the surface characteristics and the properties of activated carbons. The
activation is usually achieved by exposing a carbon material to an oxidizing gas,
such as steam, air, CO», etc., or by mixing the precursor with oxidizing solutions.
In addition, the exposure of carbon cloth to CO and CO> laser irradiation enhan-
ced the content of surface oxygen complexes.1! The surface chemistry of ACC
can be modified using a microwave device as a heat source.12

The sterilization process of the examined ACC was performed by y-radi-
ation. Hence, it is important to determine whether the sterilization process in-
fluences the characteristics of the ACC. In this study, the influence of y-radiation
on the adsorption and mechanical characteristics of the ACC were examined.

EXPERIMENTAL

The viscose rayon cloth used as the carbon cloth precursor was soaked in an aqueous
solution of a mixture of NH4Cl and ZnCl, before the carbonization process. The carbonization
process was performed in a nitrogen flow, which was followed by activation process in a CO,
flow between 1123 K and 1273 K for 1 h. The ACC samples were washed in distilled water to
remove traces of chlorides and other soluble impurities.

The samples were cut to a dressing form and wrapped in an aluminum package and
sealed. These packages were then sterilized by y-radiation. Packages were irradiated with a
dose of 25 kGy over three days using a $9Co-source.

The adsorption characteristics of the ACC were determined before and after y-radiation
by the standard N, adsorption technique at 77 K.13 The adsorption and desorption isotherms
of N, were determined gravimetrically using a McBain balance. From the adsorption iso-
therm, the specific surface area, Sget, the total pore volume Vi, the micropore volume, Ve,
the mesopores and macropores including the external surface area, Sgy, and the pore size
distribution for the samples were calculated. The specific surface area, Sggt, Was calculated
using the Brunauer—-EmmetTeller (BET) method.13 The total pore volume, V;, was expressed
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by the Gurwitsch rule using the quantity adsorbed (n) close to saturation, at a relative pressure
p/py = 0.95.12 The Dubinin-Radushkevich (DR) equation was used to calculate the volume of
the microspores (Vmico_r) Of the ACC and the characteristic adsorption energy (Eg).1*

The high resolution ag-plot proposed by Kaneko et al."” was used to calculate the
external surface area (Sgy), the total surface area (Si) and the micropore volume (Vpic,)- The
micropore surface area, Sy, was calculated by subtracting Sey; from Sy

The characteristic size of the slit-shaped pores is their average pore width (Lg,). The pore
size distribution was estimated by applying the Horvath and Kawazoe (HK)® method and the
numerical method of Pierce modified by Orr and Dalla Valle.13 The HK method is valid for
micropores (less than 2 nm) and the modified Pierce method for mesopores (over 2 nm).

The content of oxygen containing surface groups was investigated by the acid-base
titration method proposed by Boehm.1” The samples were contacted with 0.10 M NaHCOs,
0.050 M Na,COg3 and 0.10 M NaOH solutions. After equilibration for at least 24 h, the excess
of each base was estimated by titration with 0.10 M HCI using methyl orange as the indicator.

The breaking loads of the ACC before and after y-radiation were measured with a Uni-
versal Testing Machine, model Instron 1185.

The morphological modification of the surface was examined by scanning electron mic-
roscopy (SEM) using a model JEOL-JSM-35 microscope.

RESULTS AND DISCUSSION

The adsorption characteristics of activated carbon cloth before (ACC) and
after y-radiation (ACCy) are shown in Fig. 1 by the nitrogen adsorption and de-
sorption isotherms at 77 K. These adsorption isotherms belong to type | iso-
therms according to IUPAC classification and indicate a microporous material.18
Many type | isotherms exhibit no hysteresis at all, but the isotherms for ACC dis-
play a low pressure hysteresis and the isotherms for ACCy display hysteresis over
the whole range of measurement (Fig. 1).
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Fig. 1. Nitrogen adsorption/desorption isotherm at 77 K on activated carbon cloth
before (ACC) and after y-irradiation (ACCy).
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A hysteresis for a relative pressure higher than 0.4 indicates the presence of
mesopores. On the other hand, low pressure hysteresis, when the relative pressure
is lower than 0.4, means that some adsorbate is retained in the pores. The re-
tained adsorbate persists after prolonged outgassing and can be removed only by
pumping at elevated temperatures.

The knees of the nitrogen adsorption isotherms for ACC and ACCy at 77 K
are different (Fig. 1). In the case of adsorption by the ACC (sharp knee), the up-
take reached a limiting value, manifested by the plateau in the adsorption iso-
therm. This means that the net heat of adsorption is high and the micropores are
narrow. Slit pores with smaller widths are characterized by having greater ad-
sorption energy due to the superposition of the adsorption potentials of the oppo-
site pore walls. In addition, the plateau of the isotherm was nearly or completely
horizontal, and the value of the microporous capacity was close to the uptake at
saturation pressure.

When the knee of the isotherm is rounded, as was the case for the ACCy iso-
therm (see Fig. 1), the net heat of adsorption is smaller and the micropores are
wider. The value of the capacity of the micropores is hard to locate. Therefore, it
is quite different from the value of the total capacity derived from the isotherm
plateau, and even mesopores could be present. The presence of mesopores was
confirmed by the existence of hysteresis (Fig. 1). These observations are quanti-
tatively confirmed by analysis of the further experimental results.

TABLE I. Adsorption characteristics of ACC and ACCy determined from BET, D-R and
ag-plots

Sample SBET Vt VmicD—R EO VmiCa Stot Sext Smic

m’g  cm®g cm’lg kimol cmig  mig m?/g m?/g
ACC 985 0.438 0.393 23.75 0.378 1025 16 1009
ACCy 668 0.396 0.263 12.59 0.325 884 76 808

The values of specific surface area (SgeT and Siot), as well as Spic, were
higher for the ACC samples before y-radiation (Table 1). Moreover, the total pore
volume Vi was higher before radiation. In addition, Sex; was 8.6 % of Syt after
the sterilization process, which is higher compared to the proportion of the exter-
nal area to the total surface area of the starting material (1.6 %). This confirms
formation of mesopores during y-radiation. The values of the microporous vo-
lume were higher for the material before radiation, which is confirmed by calcul-
ations from both D-R and ag-plots (Table I).

The values of Vpjc obtained from these two methods are in disagreement,
which was more pronounced for the ACCy. The branch that corresponds to mic-
ropore filling in the D-R plot for ACCy was not linear, which may cause the low-
er estimated value for Vipic, (Fig. 2). In addition, this could be a consequence of
the broad size distribution of the micropores present in the ACCy. This was con-
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firmed by analysis of the pore size distribution (Fig. 3). The presence of meso-
pores (pores larger than 2 nm) in the ACCy samples was also corroborated by this
analysis.
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Fig. 2. D-R plots for nitrogen adsorption at 77 K on ACC and ACCy.
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Fig. 3. Pore size distributions for ACC and ACCy.

The size of the majority of the micropores in the ACC before y-radiation was
below 1 nm (Fig. 3). In such micropores, the mechanism of adsorption is pore fil-
ling rather than surface coverage explained by the D-R theory. Hence, the D-R
plot, which describes the micropore filling of the ACC, is linear, as shown in Fig.
2. The D-R plot for the ACCy deviated from linearity at low pressures. This
arose from the overlap of the micropore filling process and multilayer adsorption,
as a consequence of the broad distribution of pore sizes (Fig. 3). The micropore
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volume decreased after the sterilization process. The characteristic energy of ad-
sorption, Eq, also decreased, which indicates an increase in the pore size (Table |
and Fig. 3).

The as-analysis also indicated that the sterilization process induced changes
in the porous structure. The micropore volume and the total surface area de-
creased, while the external surface area increased. The decrease of V¢ could be
explained by changes in the pore size induced by y-radiation, but the mechanism
itself that induced the changes cannot.

TABLE II. Content of acidic oxygen-containing groups on the ACC and ACCy surface

Sample Total acidity Content, %

mol/kg Phenolic groups Lactonic groups  Carboxylic groups
ACC 8.8 41 17 42
ACCy 12.8 43 16 41

The decrease of the total surface area could be provoked by the increase of
the content functional groups on the surface after the sterilization process (Table
I1). These groups occupied sites at the edges of the pores and in that way de-
creased surface area.b It can be seen that the content of each group remained the
same but the total acidity increased. The small amount of air remaining in the
sealed ACC packages, together with the high energy of y-radiation, was sufficient
to induce the formation of oxygen-containing groups in the ACCy.

The breaking load (the maximum load that the specimen can tolerate without
breaking) of the ACC was slightly decreased after y-irradiation, from 21 to 18 N.
This behavior was expected — the wider the pores are, the smaller is the break re-
sistance of the cloth. In addition, sporadic fiber damage is induced by y-irradia-
tion, especially on the side directly exposed to the radiation, which can be seen in
the SEM microphotographs of the ACCy shown in Fig. 4.

50 um
i e

(@) (b)
Fig. 4. SEM Microphotographs of ACCy from: a) side directly exposed to the
y-radiation; b) the opposite side.
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CONCLUSIONS

Due to its biocompatibility and developed adsorption characteristics, ACC
could be used as a dressing material for healing wounds even without drugs. For
this purpose, the influence of ACC irradiation by y rays on the adsorption and
mechanical properties of the activated carbon cloth was examined.

Gamma radiation induced pore widening and the formation of mesopores in
the material, which provoked a broad distribution of the pore sizes. These chan-
ges promote the retention of adsorbates in the pores and make the material more
convenient for further application as a dressing or as a filter material.

Although the content of functional groups after gamma radiation of the ACC
remained the same, the total acidity was increased. This induced a decrease of the
specific surface area, which was nevertheless still high. Functional groups on the
ACC surface, as well as a high surface area, are very important for the adsorption
of inorganic and polar organic molecules.

The decrease in the mechanical properties of the ACC after gamma radiation
was not so drastic as to make them inappropriate for their future usage.

The obtained results suggest that gamma-irradiation is a suitable technique
for the sterilization of activated carbon cloth.

Acknowledgement. This paper was supported by the Ministry of Science and Technical
Development of the Republic of Serbia, under Contract No. 142016.

U3BOJ
YTUIAJ TAMA 3PAYEBLA HA CBOJCTBA AKTHUBHE YI'JbEHUYHE TKAHMHE

JAHWUIJEJIA T1. CEKVJIMh, BUJbAHA M. BABUR, JbMJbAHA M. KIbAJEBUR,
JEJIEHA M. CTAIIMH n BPAHKA B. KAJIYBEPOBUR

HHucimuinyia 3a HykaeapHe Hayke “Bunua’, Jlabopaitiopuja 3a maitiepujaae, . ip. 522, 11001 Beozpao

3axBaspyjyhin OMOKOMIATHOMIHOCTH M aiCOPIIMOHHUM CBOjCTBMMA, 3aBOjU OJ aKTUBHOT
YTJBEHUYHOT MaTepHjaia Cy BpJIO TOTOIHH 3a Jieuewhe paHa. VICIHTHBAH je yThIaj mporeca CTepu-
NM3alfje TaMa 3paueheM Ha ajCOpIIHOHA U MEXaHWYKa CBOjCTBA aKTHBHE YIJbCHHYHE TKaHHHE.
CneunduyHa NOBpIINHA, 3alIPEMHUHA MHUKpPOIIOpA, paclojie]a BeIUYMHE 110pa, XeMHUja TOBPLINHE,
Kao M IpeKHHa Cuia, cy oApehuBaHe Ipe M Imocie raMa 3pauema. Kapakrepusauuja maTepujaia
oMoy ajicoprmiyje a3oTa je moKas3ana jJa je akTHBHA YIJbeHHYHA TKAaHUHA MHUKPOIIOPO3HA, BEJIHKE
crienuduyYHe MOBPIIMHE ca MHKpornopama MamuM o1 1 nm. T'ama 3padere cMmamyje crenuduany
MOBPILIMHY H 3allpeMUHY MHKporopa, a nosehasa nmmpuny nopa. Ilpouec crepuimnsaiyje Mema xe-
MHjy TOBPLIMHE KBaHTHTATHBHO, ald HE M KBAJIUTATUBHO. Takole ce cMamyje U MpeKHIHa CHIIa,
any 6e3 HeKOT yTHIlaja 3a 1ajby NpHUMEHy MaTepHjaa.

(Mpumsbeno 23. dpebpyapa, pesumuparo 9. anpuna 2009)
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Solid phase extraction and a spectrophotometric method
for the determination of trace amounts of gold
with 4-rhodanineazo benzoic acid

ZHANG JIE HUANG™, XIAO GUO WANG and JUN ZHANG
Department of Chemistry, Yunnan University, Kunming, 650091, P. R. China
(Received 19 January, revised 18 May 2009)

Abstract: The synthesis and application of 4-rhodanineazo benzoic acid (4-
-BARA) as a new chromogenic reagent for the determination of gold is des-
cribed. A highly sensitive, selective, and fast method for the determination of
gold based on its rapid reaction with 4-rhodanineazo benzoic acid and the solid
phase extraction of the colored complex on a reversed phase Clean-up® Cs car-
tridge was developed. In the presence of 0.02-0.2 mol/L phosphoric acid so-
lution and a polyoxyethylene nonylphenol ether (emulsifier-OP) medium,
4-rhodanineazo benzoic acid reacted with gold to form a colored complex with
a gold-to-4-BARA molar ratio of 1:2. The complex was enriched by solid
phase extraction with a reversed phase Clean-up® Cs cartridge. The complex
was eluted from the cartridge with ethanol and an enrichment factor of 50 was
achieved. In ethanol medium, the molar absorptivity of the complex was
2.39x10° L molt cm at 505 nm. The Beer Law was obeyed in the concen-
tration range 0.01-~1.2 pg/mL. The relative standard deviation for eleven re-
plicate samples at the 0.001 pg/mL level was 2.3 %. In the original sample, the
detection limit was 8.0x10"° pg/mL. This method was applied to the determi-
nation of trace amounts of gold in ore samples with good result.

Keywords: 4-rhodanineazo benzoic acid; gold; spectrophotometry; solid phase
extraction.

INTRODUCTION

Gold is one of most important noble metals due to its wide application in in-
dustry and economic value, yet it is not naturally abundant. Several sophisticated
techniques, such as total reflection X-ray fluorescence spectrometry (TXRF), in-
ductively coupled plasma mass spectrometry (ICP-MS), neutron activation ana-
lysis, inductively coupled plasma optical emission spectrometry (ICP—OES), ele-
ctrochemical, spectrofluorimetry, atomic absorption spectrometry, etc, have been

* Corresponding author. E-mail: zhjhuang@ynu.edu.cn
doi: 10.2298/JSC0910133H
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1134 HUANG, WANG and ZHANG

widely applied to the determination of gold.1-12 Some factors , including the cost
of the instrumentation, technical know-how, and costly maintenance of equip-
ment restrict wider applicability of these techniques, particularly in fieldwork and
in laboratories in developing countries with limited budgets. Thus, the develop-
ment of a simple, sensitive, and selective method for determination of trace amounts
of gold is required.

Spectrophotometric methods are essentially applicable in trace analysis due
to their simplicity and low operating costs. Usually they involve the use of chro-
mogenic agents. The already reported chromogenic systems for the determination
of gold have specific advantages and disadvantages with respect to sensitivity,
selectivity and rapidity.13-18 Standard spectrophotometric methods are, however,
often not sensitive enough to determine gold ions in geological samples at the
Mg/l levels. Determination of such low concentrations of gold usually requires a
pre-concentration step. For this purpose, solid phase extraction may be utilized
due to its apparent advantages.

In this paper, the solid phase extraction of the Au(ll11)-4-BARA complex on
a reversed phase Clean-up® Cs cartridge is described. Based on this, a highly
sensitive, selective and rapid method for the determination of gold in ore samples
was developed.

EXPERIMENTAL
Apparatus

A UV-1800 spectrophotometer (Shimadzu, Japan) equipped with 1 cm microcell (0.5
mL) was used for all absorbance measurements. The pH was measured using a PHS-3C
precision pH meter (REX Instrument Factory, Shanghai, China). The extractions were realized
on an UCT solid phase extraction device capable of performing 20 extractions simultaneously
and using a reversed phase Clean-up® Cs cartridge (Unitie Chemical Technologies Corpo-
ration, United States).

Synthesis of 4-BARA

4-BARA was synthesized according to a previously proposed procedure:l® 1.37 g
(0.0100 mol) of 4-aminobenzoic acid was dissolved in 25 mL of 95 % ethanol in a 100 mL
beaker under stirring. To this solution, 10.0 mL of 6.0 mol/L HCI was added and the solution
was cooled to 0 °C, 7.0 mL of a 10 % sodium nitrite solution was then slowly added and the
reaction was stirred for 15 min to give the respective diazonium salt. In another 200 mL
beaker, 1.33 g (0.01 mol) of rhodanine was dissolved in 14 mL of 7.5 mol/L aqueous am-
monia and the solution was cooled to 0 °C. The diazonium salt was then added dropwise to
the rhodanine solution and the mixture was stirred overnight. The precipitate was isolated by
filtration. The crude product was re-crystallized three times with 95 % ethanol to give pure
4-BARA in 75 % yield; its melting point was 258 °C.

Reagents

All employed reagents were of the highest available purity (at least of analytical grade).
All solutions were prepared with ultra-pure water obtained from a UPHW-1-90 reagent water
system (Ulupure Corporation, China). A 6.0x10-3 mol/L 4-BARA solution was prepared by
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DETERMINATION OF GOLD BY SOLID PHASE EXTRACTION 1135

dissolving 4-BARA in 95 % ethanol. A stock standard solution of gold (1000 pug/mL) was
obtained from the Chinese Standard Material Center, and a working solution of 0.20 pg/mL
was prepared by diluting the stock standard solution. A 1.0 mol/L phosphoric acid was used.
Polyoxyethylene nonylphenol ether (emulsifier-OP) solution (2.0 % w/v) was prepared by
dissolving 2.0 g of emulsifier-OP in 100 mL of water.

General procedure

To either a standard or a sample solution containing no more than 1.2 pug of Au(lll) in a
50 mL volumetric flask, 4.0 mL of a 1.0 mol/L phosphoric acid solution, 4.0 mL of a 6.0x103
mol/L 4-BARA solution and 3.0 mL of a 2.0 % emulsifier-OP solution were added. The
mixture was diluted to the mark and mixed well. After 6 min, the solution was passed through
a Clean-up® Cjy cartridge at a flow rate of 10 mL/min. After completion of the enrichment
step, the retained complex was eluted from the cartridge with 1.0 mL of ethanol at a flow rate
of 1.0 mL/min in the reverse direction. The volume of the eluent was adjusted to 1.0 mL in a
1.0 mL volumetric flask by adding a microamount of ethanol with a 200 pL syringe. The
absorbance of this solution was measured at 505 nm in a 1.0 cm microcell (0.50 mL) against a
reagent blank prepared in a similar way but without gold.
Determination of gold in ores

An ore sample (1.0000 g) was transferred into a porcelain crucible and roasted for 2 h in
a muffle furnace at 650 °C. After roasting, the sample was transferred to a 250 mL beaker and
50 mL freshly prepared aqua regia was added to the sample. NaCl (0.50 g) was added to
stabilize the gold chloride complex during evaporation on a hot plate. The beaker was covered
with a watch glass and heated on a hot plate. Heating was continued for at least 4 h and more
aqua regia was added at regular intervals to maintain the free acid level at about 1 cm above
the sample level. The watch glass was then removed and the content was evaporated slowly
until the residue became nearly dry. Then 40 mL of 6.0 mol/L HCI was added to the beaker
and the solution was warmed until it became clear. Subsequently, the sample solution was
cooled and filtered through an 11 pm Whatman No. 1 filter paper. The residue was washed
with the minimum amount of 0.10 mol/L HCI. The filtrate was quantitatively collected into a
100 mL volumetric flask and the gold content was analyzed according to the general pro-
cedure.

RESULTS AND DISCUSSION
Absorption spectra

The absorption spectra of 4-BARA and the Au(l11)-4-BARA complex were
recorded. The maximum absorbance of 4-BARA and the Au(lll)-4-BARA com-
plex were registered at 415 and 505 nm, respectively. The wavelength of 505 nm
was chosen for further quantitative analysis (Fig. 1).

Effect of acidity

The pH of the solution is one of the important factors affecting the formation
of complexes; the highest signal intensity of Au was obtained in acidic medium.
Therefore, the effect of hydrochloric acid, sulfuric acid, perchloric acid, phospho-
ric acid, acetic acid, etc. on the color reaction of Au(lll) with 4-BARA was stu-
died. The results (Fig. 2) showed that phosphoric acid had the best effect and a
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1136 HUANG, WANG and ZHANG
concentration of phosphoric acid within the 0.02-0.2 mol/L range was found to

give the maximum and constant absorbance. Thus, 4.0 mL of 1.0 mol/L phospho-
ric acid is recommended.

VRN

N R S
380 400 420 440 460 480 500 520 540 560
A/ nm

Fig. 1. Absorption spectra of 4-BARA and Au(l11)-4-BARA: 1) 4-BARA-emulsifier-OP
blank against water; 2) 4-BARA-emulsifier-OP—Au(l11) chelate against reagent blank.
The concentration of Au(l11) was 0.30 ug/mL.
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Fig. 2. The effect of acidity on the color reaction of Au(l1l) with 4-BARA. The absorbance
was measured at 505 nm against the corresponding reagent blank. The concentration of
Au(l1T) was 0.30 pg/mL. The other conditions were as given in the general procedure.
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Effect of surfactants

The Au(l)-4-BARA complex was poorly soluble in aqueous solution. To
enhance its solubility, a suitable amount of surfactant had to be added. The ex-
periments showed that all types of surfactants: nonionic (Emulsifier-OP, Tween-20,
Tween-60, and Tween-80), cationic (CTAB, CPC) and anionic (SDS and SLES)
enhanced the solubility of the complex. Moreover, the nonionic surfactants im-
proved the sensitivity of the determination of the Au(l11)-4- BARA complex (Ta-
ble ).

TABLE I. The effect of the surfactants on the Au(l11)-4-BARA chromogenic system

. . Tween-
Quantity Absence  Emulsifier-OP 80 60 20 CTAB CPC SDS SLES
Amax / NM 490 500 500 500 500 490 490 490 490
e/10*L moltcm™ 597 23.9 14.3 12.8 10.9 7.68 7.12 6.54 6.38

The molecule of sodium dodecyl sulfate (SDS) has a tail of 12 carbon atoms
attached to a sulfate group, giving the molecule amphiphilic properties. Sodium
laureth sulfates (SLES) are characterized by the alkyl chain length, the average
ethylene oxide (EO) level and the EO distribution. The critical micelle concen-
tration (CMC) value of cetriamonium bromide (CTAB) is 0.987 mM in pure wa-
ter at 298 K. Cetylpyridinium chloride (CPC) is a cationic quaternary ammonium
compound containing a pyridinium group and a 16 carbon hydrophobic tail. Po-
lysorbate 20 (Tween-20), polysorbate 60 (Tween-60) and polysorbate 80 (Tween-
-80) are polysorbate surfactants. The number following the polysorbate part is re-
lated to the type of fatty acid associated with the polyoxyethylene sorbitan part of
the molecule. Monolaurate is indicated by 20, monostearate by 60 and mono-
oleate by 80.

From the data in Table I, it can be seen that polyoxyethylene nonylphenol
ether (emulsifier-OP) is the most appropriate surfactant. Emulsifier-OP is a non-
ionic surfactant, the molecule of which contains both a hydrophobic tail (nonyl-
phenol part) and a hydrophilic polar head group (ethoxy chain part), which im-
parts solubility in both aqueous and oil phases and reduces the surface tension of
liquids. Emulsifier-OP does not dissociate in aqueous solutions, unlike anionic
surfactants with negatively charged molecules and cationic surfactants of positi-
vely charged molecules in aqueous solution. Emulsifier-OP is non-ionic in solu-
tions; hence its molecules have no electric charge. Thus, it can be successively
employed in hard water at low temperatures and is stable in acidic and alkaline
solutions. Emulsifier-OP shows excellent solvency and chemical stability, and is
more widely used as a solubilizer than ionic surfactants. A 0.080-0.20 % solution
of emulsifier-OP solution provided constant and maximum absorbance in the pre-
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1138 HUANG, WANG and ZHANG

sent studies. Accordingly, 3.0 mL of a 2.0 % solution of emulsifier-OP was ad-
ded in the further measurements.

Effect of 4-BARA concentration

For up to 1.2 pg of Au(lll), the use of about 2-6 mL of a 6.0x10-3 mol/L
4-BARA solution (Fig. 3) was found to be sufficient for complete reaction. Ac-
cordingly, 4.0 mL 4-BARA solution was added in all further measurements.

14 ~

1.2 |

0.8 |- .
0.6 |-
04 |-

0.2 |-

0.0 1 1 1 ]
0 2 4 6 8

Volume of 4-BARA solution, mL
Fig. 3. The effect of the 4-BARA concentration on the color reaction of Au(lll) with 4-BARA.
The absorbance was measured at 505 nm against the corresponding reagent blank.

The concentration of Au(l11) was 1.0 ug/mL. The other conditions were as
given in the general procedure.

Solid phase extraction

It was shown that 4-BARA forms a stable complex with Au(lll) in phospho-
ric acid medium. To meet the requirement of metal complex enrichment by solid
phase extraction in phosphoric acid medium, a Clean-up® Cs cartridge was used.
Both enrichment and elution were performed on a UCT SPE device. The flow
rate was set to 10 mL/min during the enrichment and to 1 mL/min during elution.
It was found experimentally that 4-BARA and its Au(lll) complex are guantitati-
vely retained on the cartridge in phosphoric acid medium.

0.10 g of Clean-up® Cs, Cg, C10, C12 and C1g sorbents were placed in coni-
cal flasks (one cartridge of the Clean-up® contained 1.0 g of the sorbent). Stock
solutions of Au(lll), emulsifier-OP, phosphoric acid and 4-BARA were added to
the flask. The solutions were thoroughly mixed using a mechanical shaker. The
concentration of Au(lll) was measured by ICP-MS as soon as the equilibrium
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DETERMINATION OF GOLD BY SOLID PHASE EXTRACTION 1139

was attained. The adsorption capacities of the Clean-up® cartridges for Au(lIl)
were measured and are given in Table 1l.

TABLE II. The absorption capacity of different Clean-up® cartridges for Au(lll)
Clean-up® cartridges Cs Ce Cuo Cu Cus
Adsorption capacity, mmol/g 0.254 0.203 0.178 0.127 0.107

The Clean-up® Cs cartridge was found to have the maximum adsorption ca-
pacity for Au(Ill). It appears that Clean-up® Cs is the most appropriate sorbent
for the considered purpose.

Since the maximum amount of Au(lll) in the performed experiments was
only 6.1x10-9 mol, the cartridge (1.0 g) had more than enough capacity to enrich
the Au(l11)-4-BARA complex.

In order to choose an appropriate eluent for the retained Au(lll)-4-BARA
complex, after extraction of 6.1x10-2 mol of gold from the solution, the gold ions
were eluted with different eluting agents, i.e., ethanol, methanol, acetonitrile,
isopentylol and acetone. Their elution efficiency decreased in the following
sequence: ethanol > isopentylol > methanol > acetonitrile > acetone. Finally,
ethanol was selected as the appropriate eluent. Quantitative recovery (>98 %)
was obtained using 1.0 mL of ethanol at a flow rate of 1.0 mL/min. In the sub-
sequent experiments, 1.0 mL of ethanol was used as the eluent to desorb the
Au(l11)-4-BARA complex from the cartridge.

Stability of the chromogenic system

After mixing the components, the absorbance attained its maximum within 6
min at room temperature and remained stable for 5 h in agueous solution. After
extraction into ethanol, the complex was stable for at least 9 h.

Calibration curve and sensitivity

The calibration curve showed that the Beer Law was obeyed in the concen-
tration range ~0.01 to ~1.2 pg Au(lIl) per mL in the measured solution. The ob-
tained linear regression equation was: A = 1.23c (ug/mL) — 0.0142 (r = 0.9991).
The molar absorptivity was calculated to be 2.39x105 L mol-1 cm-1 at 505 nm.
The detection limit, based on 3 times the relative standard deviation of the blank,
was 8.0x10~° pg/mL in the original sample.

The relative standard deviation at the concentration level 0.001 pg/mL of
Au(ll) (11 repeats) was 2.3 %. The quantification limit (LOQ) of developed
methods was 2.0x10~4 pg/mL.

Composition of the complex

The composition of the complex was determined by the continuous variation
and the molar ratio method. Both showed that the molar ratio of Au(lll) to
4-BARA was 1:2.
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Interference

The selectivity of the proposed method is shown in Table Il for the deter-
mination of 12 pg/mL of Au(lll) in the presence of various ions with a relative
error of £5 %. It is evident that most common ions do not interfere with the de-
termination. This method has a high selectivity.

TABLE III. Tolerance limits for the determination of 0.60 pg of Au(lll) with 4-BARA
(relative error £5 %)

lon added Tolerance, mg
NO,, F, CI, K*, SO,~, Ca™* 60
Fe*, Pb®, NOy ,Cu*, Zn* 30
Na*, SO5%, ClO;, Ni**, I” 10
AP, S,0,7,ClO, 5
Mg®*, Ba®*, Cd*, 1057, BrOs 3
Mn**, Li*, Ce(1V), W(VI), Mo(VI), Co** 2
Ti(1V), Bi(ll1), Cr(V1), Zr(IV), Fe** 1
Cr’*, La*, Ag", Sn(1V), U(1V), V(V), Th(IV) 0.5
Sr¥* sh¥, Br-, Os(VIII) 0.2
Se(1V), Rh(lll), Te(1V), Hg** 0.1
Ir(1V), Ru(l11) 0.05
Pd** 0.04

Application to real samples

The developed method was successfully applied to the determination of gold
in ore samples (Table 1V).

TABLE IV. Determination of gold in ore samples (n = 5)

Samples ICP-MS method Found RSD Recovery
H9/g H9/g % %
GBW(E)070021 1.38 1.42 31 95
GBW(E)070022 1.53 1.56 2.7 97
GBW(E)070023 212 2.07 2.9 94

CONCLUSIONS

The proposed method has the following characteristics: 1) 4-BARA is a sen-
sitive and selective spectrophotometric reagent for the determination gold. The
molar absorptivity of the Au(l11)-4-BARA complex is 2.39x10° L mol-1 cm-1,
Most foreign ions do not interfere during the determination. The method is espe-
cially selective with respect to noble metal elements, which commonly interfere
seriously in the determination of gold performed by literature methods. This is
advantageous if traces of gold in ore samples are to be determined directly and 2)
the Au(l11)-4-BARA complex in 50 mL solution can be concentrated to 1.0 mL,
representing an enrichment factor of 50, when solid phase extraction on a Clean-
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DETERMINATION OF GOLD BY SOLID PHASE EXTRACTION 1141

-up® Cs cartridge is applied. The detection limit is 8.0x10—° pg/mL in original
sample and gold can be determined at the pg/L level with good results. 4-Rhoda-
nineazo benzoic acid (4-BARA) is cheap and can be easily synthesized. Its syn-
thesis requires a short reaction time and simple conditions and proceeds with a
high yield. Therefore, the proposed method can be applied in routine analysis.

Acknowledgements. This work was supported by the National Natural Science Foun-
dation of China (50764008) and the Development Program of China (2006AA06Z2127).

U3BOJ

EKCTPAKIIUJA YUBPCOM ®A30M U CIIEKTPOOOTOMETPUICKA METOJA 3A
OJIPEBUBAILE TPAT'OBA 3JIATA CA 4-POJJAHMHA3OBEH30EBOM KU CEJIMHOM

ZHANG JIE HUANG, XIAO GUO WANG u JUN ZHANG
Department of Chemistry, Yunnan University, Kunming, 650091, P. R. China

V pany je ommcaHa cuHTe3a M puMeHa 4-posanuHazo-0enzoese (4-BAPA) kucenune Kao Ho-
BOI' XPOMOT'€HOT' pearcHca. BHCOKO oceTJpHBa, CENeKTHBHA U Op3a MeToza 3a olpehuBarbe 3iata
Gasupana je Ha peaxuuju ca 4-BAPA n excrpakuuju o6ojenor kommiekca Ha Clean-up® Cs kononn
pesepcuux (asza. Y mpucycry 0,02-0,2 mol/L pacteopa docdopHe KuceanHe U MOJHOKCH-ETH-
nennoHmwnpenmn erpa (emulsifier-OP) 4-BAPA ¢opmupa ca 31aToM KOMIUICKC Y CTEXHOMETPH]-
ckoM ofHocy 2:1. [Tocie coprije Ha KOJIOHH KOMILIEKC Ce eIyHpa eTaHoJIoM, ca ()aKTOpOM KOH-
LIeHTpHCAR:2 50. V eraHomy, KOoeHIMjeHT MONapHe arcopluuje Komruiekca u3Hocu 2,39x10° L
mol = ¢cm ~ ma 505 nm. 3aBucHoC ancopbaHnije o KOHIEHTpalumje ciaean Beer-os 3akon y omncery
~0,01—~1,2 pg/mL. PenatuBHa cTaHAapjHa AEBHjalija HA KOHIEHTpauunoHoM Huoy ox 0,001
pg/mL u3Hocu 2,3 %, a rpaHuie JETEKIHje Y OPrHHAIHOM Y30PKY 8,0x10” pg/mL. Meroaa je
YCIIEIIHO NIPUMEHEHA 3a ozipehuBame 31aTa y y3opLuuma pyaa.

(TTpumsbeno 19. janyapa, peeuaupano 18. maja 2009)
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Abstract: In the pharmaceutical industry, an important step consists in the
removal of possible drug residues from the involved equipments and areas. The
cleaning procedures must be validated and methods to determine trace amounts
of drugs have, therefore, to be considered with special attention. An HPLC-UV
method for the determination of digoxin residues on stainless steel surfaces was
developed and validated in order to control a cleaning procedure. Cotton
swabs, moistened with methanol were used to remove any residues of drugs
from stainless steel surfaces, and give recoveries of 85.9, 85.2 and 78.7 % for
three concentration levels. The precision of the results, reported as the relative
standard deviation (RSD), were below 6.3 %. The method was validated over a
concentration range of 0.05-12.5 pg mL™. Low quantities of drug residues
were determined by HPLC-UV using a Symmetry C18 column (150x4.6) mm,
5 um) at 20 °C with an acetonitrile—water (28:72, v/v) mobile phase at a flow
rate of 1.1 mL min-, an injection volume of 100 pL and were detected at 220
nm. A simple, selective and sensitive HPLC-UV assay for the determination of
digoxin residues on stainless steel was developed, validated and applied.

Keywords: cleaning validation; digoxin; swab analysis; residues.

INTRODUCTION

An important step in the manufacture of pharmaceutical products is the clean-
ing of equipment and surfaces. The cleaning procedures for the equipment must
be validated according to good manufacture practice (GMP) rules and guidelines.
The main objective of cleaning validation is to avoid contamination between dif-
ferent productions or cross-contamination. This cleaning is verified by deter-
mining the amount of residues on surfaces involved in the manufacture process.

* Corresponding author. E-mail: todoroviczoran@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC0910143T

1143

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

2009 Copyright (CC) SCS
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Cleaning validation consists of two separate activities: the first is the deve-
lopment and validation of the cleaning procedure used to remove drug residues
from manufacturing surfaces and the second involves the development and vali-
dation of methods for quantifying residuals from the surfaces of manufacturing
equipment. Furthermore, many sampling points of the manufacturing facility and
the manufacturing equipment have to be tested to verify the occurrence of conta-
mination. For these reasons, an analytical method for residue monitoring should
also be rapid and simple.1

The acceptable limit for residue in equipment is not established in the cur-
rent regulations. According to the FDA, the limit should be based on logical cri-
teria, involving the risks associated with residues of a determined product. The
calculation of an acceptable residual limit, the maximum allowable carryover of
active products in production equipment should be based on therapeutic doses,
the toxicological index and a general limit (10 ppm). Several mathematical for-
mulas were proposed to establish the acceptable residual limit.1~7

Digoxin (Fig. 1) is a cardioactive glycoside isolated from the leaves of Digi-
talis lanata and is the most frequently used drug in the treatment of congestive
heart failure.8 Numerous methods have been published for the quantitative deter-
mination of digoxin in raw materials,%-13 tablets,14-18 other solid dosage forms,19
human plasma, urine, serum20-23 and Digitalis leaves.2425

Fig. 1. Chemical structure of di-
goxin.

A literature survey revealed that no validation of cleaning methods for di-
goxin is to be found. Due to their high sensitivity and selectivity, analytical me-
thods such as liquid chromatography were previously reported to be used for the
determination of residues to control cleaning procedures.5>-7,26-32

Taking the above-mentioned consideration into account, the aim of this stu-
dy was to develop and validate a simple analytical method that allows the deter-
mination of trace levels of digoxin residues in production area equipment and to
confirm the efficiency of the cleaning procedure. The analytical method reported
was validated considering selectivity, linearity, accuracy, precision and limits of
detection (LOD) and quantification (LOQ). The stability of digoxin samples was
also studied.33
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EXPERIMENTAL
Chemicals and reagents

The certified digoxin, working standard was purchased from Roche Diagnostics GmbH
(Mannheim, Germany). Acetonitrile and methanol (HPLC gradient grade) were purchased
from J. T. Baker (Deventer, Holland). Purified water was obtained from Arium Laboratory
Equipment (RO, UV) Sartorius AG (Gottingen, Germany). The extraction-recovery sampling
was realized with Alpha® Swab polyester on a polypropylene handle — TX714A (ITW Tex-
wipe®, Mahwah, NJ, USA). The mobile phase was filtered through a 0.45 pm Sartorius
membrane filter (Gottingen, Germany).

Equipment

The HPLC system consisted of a degasser G1379B, a bin pump G1312A, an automatic
injector G1329A, a thermostated column oven G1316A and a multiwavelength detector
G1365B, all 1200 Series from Agilent Technologies, which were controlled by an HP Chem-
station software (Waldbroon, Germany). The employed ultrasonic bath was from Elma, Trans-
sonic 470/H (Singen, Germany) and the analytical balance was from Sartorius AG, CP224S —
— OCE (Gottingen, Germany); accuracy of the balance: + 0.0001 g.

Chromatographic conditions

All chromatographic experiments were performed in the isocratic mode. The mobile
phase was acetonitrile-water (28:72, v/v) at a flow rate of 1.1 mL minl. The separation was
performed at 20 °C on a Symmetry C18 column ((150%x4.6) mm, 5 um) from Waters (Milford,
MA, USA). UV detection was realized at 220 nm. The injection volume was fixed at 100 pL.

Standard solutions preparation

The stock solution of standard was prepared by accurately weighing digoxin standard
(approximately 12.5 mg) and transferring it into a 100 mL volumetric flask. Approximately,
20 mL of methanol was added and the content of the flask was sonified for 15 min. The so-
lution in the flask was diluted to volume with 20 mL acetonitrile and water; the final concen-
tration being 125 pug mL1 digoxin. Dilutions were later prepared with water to obtain solu-
tions for calibration (0.05-12.5 pug mL-1) and standard solution for the positive swab control at
three concentration levels (0.625, 3.125, and 15.625 pug per swab level). These solutions were
filtered through a 0.45 pm regenerated cellulose filter before analysis and injected in trip-
licate.

Sample preparation

The selected surfaces (5 cmx5 cm) of stainless steel, previously cleaned and dried, were
sprayed with 500 pL of a standard solution, for the positive swab control at all concentration
levels, and the solvent was allowed to evaporate (approximate time was 2 h). The surfaces
were wiped with the first cotton swab soaked with methanol, passing it in various directions,
to remove the residues from the stainless steel. The other dry cotton swab was used to wipe
the wet surfaces. The swabs were placed into a 25 mL screw cap test tube, and 5.0 mL of the
purified water was pipetted into adequate sample tubes. The background control sample was
prepared from the extraction media. The negative swab control was prepared in the same way
as the samples, using swabs, which had not been in contact with the test surface. In addition,
test and excipient solutions were prepared according to the content of tablets to assure that
they did not interfere with digoxin. Subsequently, the tubes were placed in an ultrasonic bath
for 15 min and the solutions were analyzed by HPLC-UV.
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RESULTS AND DISCUSSION
Acceptance limit calculation

The maximum allowable carryover (MACO) is the acceptable transferred
amount from the previous to the following product. The MACO is determined
based on the therapeutic dose, toxicity and generally 10 ppm criterion. Once the
maximum allowable residue limit in the subsequent product was determined, the
next step was the determination of the residue limit in terms of the contamination
level of active ingredient per surface area of equipment. The total surface area of
the equipment in direct contact with the product was accounted for in the calcul-
ations. The limit per surface area was calculated from the equipment surface area
and the most stringent maximum allowable carryover (the most stringent crite-
rion being based on the therapeutic dose in this case). The 0.1 % dose limit cri-
terion is justified by the principle that an active pharmaceutical ingredient (API)
at a concentration of 1/1000 of its lowest therapeutic dose will not produce any
adverse effects on human health. The calculated limit per surface area (LSA) in
the case of digoxin was 1.20 ug swab~1 pro 25 cm2. A stainless steel surface area
of 5 cmx5 cm was chosen for practical reasons.

Optimization of the chromatographic conditions

To obtain the best chromatographic conditions, the wavelength for detection,
the column and the mobile phase composition were adequately selected. The
main objective was to develop an HPLC-UV method that, running in the isocratic
mode, allowed the determination of digoxin residues collected by swabs, without
interference of impurities originating from the swabs, plates and extraction media.

For the analysis, 220 nm was selected for detection because the drug has a
sufficient absorption at this wavelength and low guantities of digoxin may be de-
tected correctly. Furthermore, the calibration curve obtained at 220 nm showed
good linearity.

Regarding the chromatographic procedure, different C18 columns were eva-
luated: LiChrosorb RP-18, Nucleosil C-18, uBondapak C-18, but Symmetry C-18
((150x4.6) mm, 5 um) was preferred to improve the peak symmetry and to obtain
an appropriate retention time.

A mixture of acetonitrile—water in different proportions is frequently used as
the mobile phase. In order to improve the selectivity and sensitivity, the amount
of acetonitrile was varied between 20 and 40 vol. %. The best separation was
achieved with the proposed mobile phase acetonitrile—water (28:72, v/v) at a flow
rate of 1.1 mL min~L. Furthermore, with decreasing flow rate, the column back-
pressure is lower and hence the column life is prolonged.

The injection volume was varied between 10 and 100 pL and was finally set
at 100 pL in order to increase the sensitivity of the method without sacrificing
the chromatographic peak shape. Taking into account the results obtained with
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different C18 columns and the tested mobile phases, the already defined chroma-
tographic conditions were finally chosen. The sensitivity achieved by this method
was much better than the initial method given by Song et al.,® which was mo-
dified in order to accommodate the requirements of trace analysis specific for a
cleaning validation study.

Optimization of the sample treatment

Cotton swabs were spiked with different quantities of digoxin and placed
into glass tubes. After the addition of different solvents (water, methanol and the
mobile phase), the tubes were sonified for different times (5, 15 and 30 min) and
the solutions analyzed by HPLC. The optimum conditions were achieved with
water as the extracting solvent and a sonification time of 15 min. In all cases, the
best results were obtained using two cotton swabs (the first wetted with methanol
and the second dry); hence, this technique was applied in the subsequent work.

Validation of the method

Once the chromatographic conditions had been selected, the method was va-
lidated, whereby attention was paid to the selectivity, linearity, limit of detection,
limit of quantification, precision, accuracy and sample stability.

Suitability test. System suitability testing is essential for the assurance of the
quality performance of a chromatographic system. During performing the system
suitability tests, in all cases, RSD of the peak areas was < 2 %, the average num-
ber of theoretical plates per column was > 5500 and the USP tailing factor was
about 1.08.

Selectivity. The selectivity of the method was checked by injecting the digo-
xin standard, the background control sample, the negative swab control, the un-
spiked stainless steel 5 cmx5 cm plate swabbed as described and the excipient
mixture (according to the content of the tablets). The results are shown in Fig. 2,
from which it can be observed that there were no mutual interferences.

Linearity. Linearity data were obtained by plotting the area of the digoxin
peak, expressed in area units, against the concentration of digoxin, expressed as
ug mL-1. A linear regression least square analysis was performed in order to de-
termine the slope, intercept and coefficient of determination. The standard curve
was linear from 0.05-12.5 pg mL-L. The values of the slope, intercept and coef-
ficient of determination of the calibration curve for digoxin are given in Table I.
The high value of the coefficient of determination indicated good linearity.

Limit of detection and quantification. LOD and LOQ were determined based
on the standard deviation of the response (y-intercept) and the slope of the calib-
ration curve at low concentration levels according to ICH guidelines. The LOD
and LOQ for digoxin were found to be 0.010 and 0.030 pug mL-1, respectively.
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Fig. 2. Chromatograms obtained from: a) non-spiked stainless steel surface, b) excipient
mixture and c) standard solution of digoxin (1.25 pg mL-1).

TABLE I. Linear regression data in the analysis of digoxin

Statistical parameters Values
Concentration range, ug mL™ 0.050-12.50
Regression equation y = 64.342x + 4.7658
Coefficient of determination r* = 0.9999
S(a)-error in intercept 2.684
S(b)-error in slope 0.428
S(y/x)-error for y-est 0.195

Precision and accuracy. The precision and accuracy of the procedure, repor-
ted as relative standard deviation (RSD) and the recovery (%), respectively, were
assessed by comparing the amount of analyte determined versus the known amount
spiked at three different concentration levels with 6 replicates (n = 6) for each in-
vestigated concentration level. The method precision and accuracy were determi-
ned for spiked and dried swabs and plates. The recovery, 95 % confidence inter-
val, and the RSD values obtained on spiked and dried swabs and plates (Table 1)
for each level illustrated the good precision and accuracy of the method. These
precision and recovery results are acceptable for the purpose of residue moni-
toring.
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TABLE II. Precision and accuracy of the results obtained from swabs and plates spiked with
digoxin

Amount added Amount found 95 % Confidence  Recovery RSD/%
Samples

pg mL™? pg mL™? interval, % % n=6
Swabs 0.125 0.116 92.3-93.2 92.7 3.1
0.625 0.580 89.8-95.2 92.5 3.6
3.125 2.836 89.9-91.6 90.7 0.6
Plates 0.125 0.107 83.5-86.3 85.9 3.0
0.625 0.530 80.9-89.5 85.2 6.3
3.125 2.461 77.1-80.4 78.7 1.3

The intermediate precision of the method was investigated by performing five
consecutive injections of standard solutions on two different days by different
analysts. On both days, the RSD was calculated for peak area responses obtained
for the digoxin peak. The data obtained suggested that the method exhibited an
acceptable intermediate precision with less than 1.0 % RSD for the digoxin stan-
dard solution when analyzed on two different days by two different analysts.

Sample stability. The stability of the digoxin in the swab matrix was tested.
The spiked samples at all concentration levels were stored after analyses in the
injector vials in the auto-sampler tray at ambient temperature for 7 days. All the
samples were injected into the appropriate HPLC system after 24 h, 48 h and 7
days against fresh standard solutions. The stability of the standard digoxin solu-
tion (1.25 ug mL-1) was also inspected after storage for 7 days at ambient tempe-
rature and refrigerated. No changes in the chromatography of the stored samples
were found and no additional peaks were registered when compared with the
chromatograms of the freshly prepared samples (Table I1I).

TABLE I1I. Stability results obtained from digoxin swab extract samples

Sample (n=3) Mean recovery+IC", %

Mg per swab Oh 24 h 48 h 7 days
0.625 92.2+1.7 93.5+1.8 92.6+1.0 93.2+0.6
3.125 90.2+1.3 90.6+1.5 90.7+0.8 90.1+0.8
15.62 88.9+1.2 89.3+0.8 89.3+1.1 88.9+1.3

a "
Interval of confidence

Assay of swab samples collected from different locations within the equipment train

Swab samples from different locations within the manufacturing equipment
train were submitted to the laboratory for analysis of residual digoxin. These
samples were prepared and analyzed by the proposed method. Some of the re-
sults obtained for these samples are presented in Table IV. An example of a chro-
matogram which originated from Glatt WSG (Bowl bottom mesh point), which is
below the limit per surface area (LSA) and above the LOQ is shown in Fig. 3.
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TABLE 1V. Results obtained for the determination of digoxin in actual swab samples col-
lected from 25 cm?® swabbed area from different locations within the equipment train

Equipment swabbed Location swabbed Digoxin detected, pg per swab
Material dispensing scoops Internal surface <LOQ
Back round plate <LOQ
External surface <LOQ
High shear mixer — Diosha Bottom of gran. bowl <LOQ
Chopper shaft <LOQ
Impeller blade <LOQ
Turbo sieve — Bohle Stainless steel inlet ring 0.24(<LSA?)
Product inlet, side wall <LOQ
Sieve unit <LOQ
Fluid bed dryer — Glatt WSG Inside wall <LOQ
Viewing window <LOQ
Bowl bottom mesh 0.87(<LSA)
Pillar hoist — FBD bow! inverter Internal surface-top <LOQ
Internal surface-bottom <LOQ
Collar <LOQ
Washer — extractor Miele Drum back plate <LOQ
Drum perforated surface <LOQ
Door-middle <LOQ
Metal detector — Lock Met 30+ In-feed chute 0.223(<LSA)
Reject device, corner <LOQ
Reject flap <LOQ
Deduster — Kramer Inlet plate 0.277(<LSA)
Dedusting helix <LOQ
Outlet <LOQ
Tablet press — Kilian The table 0.357(<LSA)
Tablet chute cover <LOQ
Main gate 0.355(<LSA)

aLimit per surface area

CONCLUSIONS

In conclusion, a simple to use HPLC-UV method to quantify residues of the
active pharmaceutical ingredient digoxin on swabs, in support of cleaning vali-
dation of pharmaceutical manufacturing equipment, was developed. Validation
studies showed that the HPLC-UV method is selective, linear, precise and ac-
curate. To extract the digoxin residues from the surfaces, a wipe test procedure
using two cotton swabs is recommended. The recoveries obtained from the stain-
less steel surfaces were close to 80 % or higher and there was no interference
from the cotton swab. Stability studies show that the digoxin swab samples are,
at least, stable over the investigated 7 days. The overall procedure can be used as
part of a cleaning validation program in the pharmaceutical manufacture of di-
goxin.
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Fig. 3. Example of a chromatogram from a swab sample (Glatt WSG-Bowl bottom mesh point).

U3BOJI

BAJIMJALIMIJA HPLC-UV METOJIE 3A OJIPEBMBABE OCTATAKA
JIUT'OKCUHA HA ITOBPIIMHUN ITPOU3BOJAHE OIIPEME

30PAH B.TOI[OPOBI/ITll, MMHOJPAT JI. J'[A3I/IT11, BJIAJA B. BEJPKOBUR! u JIPATAH M. MI/IHEHOBI/IT12

"Texnonowicu daryaitiei, Byaesap ocaoGobera 124, 16000 Jleckosay, Ynusepsuitie y Huuty
230pasme-Actavis®, Odemere anaauiiuuko? passoja, Baajkosa 199, 16000 Jeckosay

V ¢apmaneyTckoj HHAYCTpHUjH, BeoMa OUTaH eIeMEHT IpeCcTaB/ba yKiamambe Moryhux ocra-
Taka aKTHBHHUX CYICTaHIM Ca ONPEME U APYrHX MOBPIIHHA YKJbYYCHHX Y HPOHM3BOAHH IPOLEC.
Iporexaypa uninhema Mopa OUTH NOTBplEHA, T€ Ce CTOra MOpa MOCBETUTH MOCEOHA MaKba METOIH
3a oppelhuBame ocrtaraka akTHBHHX CYICTaHIM y TparoBuMma. PasBujena je u norsphena HPLC-UV
MeTozia 3a ojpehuBame ocraTtaka JUTOKCHHA Ha YEIMYHHMM HOBPIIMHAMA Jia Ou ce KOHTpoJucaa
nponenypa unmhema. [lamydan OpuceBn, KBallleHH METaHOJIOM, KOPHIINEHH Cy 3a YKIamkame OC-
TaTaka JJUIOKCHHA Ca YeJIMYHEe MOBPIIMHE, a JOOMjeHEe BPEIHOCTH 3a NPEHOKPHBAKE H3HOCHIIE CY
85,92, 85,22 u 78,74 %, Ha Tpu KOHIEHTpaIMOHA HUBOA. [IpelM3HOCT pe3ynTata, NpecTaB/beHa
Kao penatuBHa craHgapaHa aesujarmja (RSD), Ouna je ucnox 6,3 %. Merona je morephena y
omncery konnentpammja 0,05-12,5 pg mL™. Mane xommunue ocraraka murokcuma oxpehene cy
momohy HPLC kopumhemem Symmetry C18 komnone ((150x4,6) mm, 5 pm), xa 20 °C, ca moGmi-
HOM (a3oM aneToHHTpHI-Bona (28:72, VIV) u mpotokoM ox 1,1 mL min™, unjekumonom 3ampe-
muaoM ox 100 PL u TanmacHom myxuHoM 3a gerexiujy ox 220 nm. Kopumhemem nomenyTe mnpo-
neaype, pa3BujeHa je, motepheHa U NPUMEHCHA jeTHOCTaBHA, CEeIeKTUBHA U oceT/buBa HPLC-UV
MeToa 3a oapehuBame ocrtartaka JUrOKCHHA Ha YEIHYHAM ITOBPLIMHAMA.

(TTpumsbeno 25. pebpyapa, pesuaupaso 15. Maja 2009)
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