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The objective of the present study is to develop a prediction model for the phenolic contents in Hypericum
triquetrifolium Turra with multiple regression analysis. The best estimating equations for the phenolic compounds
(chlorogenic acid, rutin, hyperoside, isoquercetrin, quercitrin and quercetin) contents are formulized as PC = (a) + (b x
L) + (c x L?), where PCis the phenolic content, L is light intensity (umol m? s?) and a, b and c are coefficients.
Multiple regression analysis was carried out until the least sum of squares (R*) was obtained. R? value was 0.70 for
rutin and 0.97 for chlorogenic acid. Standard errors were found to be significant at the p<0.001 level.
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INTRODUCTION

The genus Hypericum L. includes, at the most
recent count, 469 species of flowering plants
classified into 36 taxonomic sections [1]. The
species of this genus have been used as traditional
medicinal plants due to their wound-healing,
bactericide, anti-inflammatory, diuretic  and
sedative properties for hundreds of years [2].
Despite the large number of Hypericum species,
undoubtedly, only H. perforatum has been studied
in depth as a pharmaceutical important medicinal
plant [3]. In particular, extracts of H.perforatum are
now widely used in Europe as a drug for the
treatment of depression [4]. In Turkey, the genus is
represented by 89 species, of which 43 are endemic
[5].

Hypericum  triquetrifolium  Turra. is an
herbaceous perennial plant, which grows in open,
dry stony, sandy ground and cultivated fields in
Turkey [6]. It has been traditionally used by
Turkish folk in the treatment of bile and intestine
ailments [7]. The plant has great pharmaceutical
potential with its well-documented antinociceptive,
anti-inflammatory, antioxidant, antibacterial,
antifungal and cytotoxic activities [8, 9].

Developmental models are commonly explored
using computational or simulation techniques. The
simulation software may be general-purpose,
intended to capture a variety of developmental
processes depending on the input files, or special-
purpose, intended to capture a specific phenomenon
[10, 11]. Input data range from a few parameters in
models capturing a fundamental mechanism to

* To whom all correspondence should be sent:
E-mail: mserhat@omu.edu.tr

thousands of measurements in calibrated descriptive
models of specific plants. Standard numerical outputs
(i.e. numbers or plots) may be complemented by
computer-generated images and animations [12].

The content of bioactive compounds in plants
varies with internal factors, as organs, age of the plant,
phenological stage or external environmental factors
[13]. The light intensity within the crop environment
strongly increases its growth and yield. The light
intensity can be identified as a key environment
variable related to crop vyields, phenological
development, etc. The relationship between chemical
composition and light intensity in H. perforatum was
investigated in a previous study [14], but to author’s
knowledge there is no report on H. triquetrifolium in
terms of the same relationship. In the present study,
the effect of light intensity on phenolic compounds
accumulation in H. triquetrifolium was quantitatively
examined for the first time.

MATERIAL AND METHODS
Plant material and culture conditions

H. triquetrifolium plantlets were established from
5-month-old seeds collected on plants growing wild in
the Erbaa district of Tokat, Turkey. Seeds were
germinated in a float system, commonly used for
seedling production of broad-leaves tobacco Burley
and Flue-Cured-Virginia under a 16 h light/8 h dark
cycle. Newly emerged seedlings were transferred to
pots filled with the commercial peat tray substrate, 30
cm in diameter and watered daily until they reached
maturity. Then, the pots were transferred to a
greenhouse, separated into shaded and unshaded parts.
Polyethylene cover of 50% transparency was used for
shading. Plants were watered daily until they reached
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maturity, then three times a week. Light intensities
were measured at one-meter height over the plants
with a Delta-T Sun Scan Canopy Analyzer. The
measurements were performed daily in both shaded
and unshaded parts separately. 100 pots were
treated for each experimental part, thus a total of
200 pots were used. Ten pots (5 pots for shaded and
un-shaded parts) were harvested weekly and 20
samples were taken between May-September, 2007.
The aerial parts of the plants were dried at room
temperature (20 £ 2°C) and subsequently assayed
for the phenolic concentrations by HPLC.

Preparation of plant extracts

Air-dried plant material was mechanically
ground with a laboratory mill to obtain a
homogenous drug powder. Samples of about 0.5 g
(weighed with 0.0001 g precision) were extracted
in 50 ml of 100 % methanol by ultrasonication at
40° C for 30 min. in a Sonorex Super model RK
225H ultrasonic bath. The prepared extracts were
filtered through a membrane filter with pore size of
0.22 pm (Carl Roth GmbH, Karlsruhe, Germany)
and kept in a refrigerator until analysis, no longer
than 3 h.

HPLC analysis
A Shimadzu Prominence LC-20A (Shimadzu
Europa GmbH, Duisburg, Germany)

chromatographic system equipped with two LC-
20AD model pumps, a SIL-20AC auto-injector, a
thermostat CTO-20AC and a SPD-M20A detector
was used for HPLC analysis. Separation of all
compounds was carried out using an YMC Pack
Pro-C18 (YMC Europe GmbH, Dinslaken,
Germany) column (150 mm x 4 mm i.d.; 3 um
particle sizes) with 10 mm guard-precolumn. For
mobile phase, 0.1 % aqueous trifluoroacetic acid
(TFA) was used as eluent A and acetonitrile
containing 0.1 % TFA as eluent B. The following
binary gradient elution program was used: 0—1 min
(B 5—5%), 1-14 min (B 5—20%), 14-20 min (B
20—80 %), 20-30 min (B 80—100 %), 30—39 min
(B 100—100 %), 39-39.5 min (B 100—5 %),
39.5-45 min (B 5-5 %). The mobile phase was
delivered with a flow rate of 1.0 mL min; volume
of extract injected was 10 pL. Detection was
performed in the 210-790 nm wavelength range
with a constant column temperature at 40° C. The
eluted compounds were identified by comparison of
their retention times and UV spectra with those of
reference standards. The maximal absorption on the
UV spectra of the compounds was obtained as
follows:  chlorogenic acid — 325 nm, rutin,
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hyperoside and isoquercetin — 353 nm, quercetrin —
347 nm and quercetin — 368 nm wavelength.

The quantities of compounds were calculated from
external standard calibration curves. The stock
solutions of reference standards were prepared by
dissolving in HPLC-grade methanol. Calibration
curves were established on six concentrations in
following ranges: 6.0-300 ug/mL for chlorogenic acid
and rutin, 3.0-300 pg/mL for hyperoside and
isoquercetin, 2.0-200 pg/mL for quercitrin and
quercetin. All calibration cures showed good linear
regression (r>>0.999) within the test range. Each
sample was analyzed twice and the mean value was
used for calculation. The concentration of compounds
was expressed as mg/g dry mass (DM).

Chemicals

The reference substances chlorogenic acid (purity
98.03%), rutin  trihydrate  (purity  99.02%),
isoquercetin (purity 99.0%), quercitrin (purity 99.0%),
were purchased from Karl Roth (Germany).
Hyperoside (purity 98.6%) and quercetin (purity
95.4%) reference materials were obtained from
ChromaDex (USA). Acetonitrile and methanol of
HPLC grade were supplied by Karl Roth (Germany).

Model construction

The general purpose of multiple regressions is to
learn more about the relationship between several
independent or predictor variables and a dependent or
criterion variable. The linear regression model
assumes that the relationship between the dependent
variable yi and the p-vector of the regressors Xxi is
linear. Some remarks on terminology and general
use: i is called the dependent variable. The decision
as to which variable in a data set is modelled as the
dependent variable and which is modelled as the
independent variable may be based on the
presumption that the value of one of the variables is
caused by, or directly influenced by the other
variables. x; is called independent variable. Usually a
constant is included as one of the regressors. This
variable captures all other factors that influence the
dependent variable y; other than the regressors xi. The
relationship between the error term and the regressors,
for example, whether they are correlated, is a crucial
step in formulating a linear regression model, as it will
determine the method to be used for estimation [15].

The best estimating equations for the rooting
percentage and root growth were determined with the
R-program and formulized as Pc=(a) + (b x L) + (c x
L?) where Pcis phenolic content, L is light intensity
(umol m? st) and a, b and ¢ are coefficients. Multiple
regression analysis was carried out until the least sum
of squares (R?) was obtained.
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RESULTS AND DISCUSSION

The light intensity is one of the major
environmental factors affecting plant physiology,
especially photosynthesis and plant development.
Main function of plant secondary metabolites is
thought to be the adaptation of plants to their
environment. The physiological changes in plants
in response to different stress factors may stimulate
secondary metabolite production for the restoration
of the defensive systems. The increase in secondary
metabolite concentrations of plants observed in the
present study under high light intensities may be
attributed to those possible physiological changes.
The development of prediction models for the
content of phenolics, namely, chlorogenic acid,
rutin, hyperoside, isoquercetrin, quercitrin and
quercetin in H. triquetrifolium have potential using
fields in pharmacological treatments. The
developed mathematical models could be applied as
very useful tools for prediction of phenolic
compounds content for H. triquetrifolium instead of
using expensive and time-consuming analytical
devices. The obtained results are also important for
plant physiology, agronomy and phyochemical
studies on H. triquetrifolium.

In the present study, prediction equations were
developed for estimation of the contents of
chlorogenic acid, rutin, hyperoside, isoquercitrin,
guercetin and quercitrin. Results of the statistical
analysis revealed that most of variations in phenolic
compounds levels in plant material could be
explained by differences in light intensity.

The variation in the content of chlorogenic acid
was explained by 97% of changing environmental
parameters. The equation for chlorogenic acid was
as follows: Pchoi = (27.659)-(0.124 x L)-(1.43E™3 x
L), where Pco: chlorogenic acid content in the

aerial parts (Table 1). Relationship between actual and
predicted content of chlorogenic acid is shown in

Figure 1.
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Fig. 1. Relationship between actual and predicted
content of chlorogenic acid (mg/g DM) in greenhouse-
grown Hypericum triquetrifolium.
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Hypericum triquetrifolium.

in greenhouse-grown

The variation between actual and predicted contents
for hyperoside was explained by 86%. The equation
for hyperoside was as follows: Py, = (62.518)-(0.245
x L)+(2.27 E* x L?), where Pny: hyperoside acid
content in the aerial part of the plant (Table 1).
Relationship between actual and predicted content of
hyperoside is shown in Figure 3.

Table 1. Coefficients, their standard errors and 12 values of the new produced equations predicting phenolic compounds

contents in greenhouse-grown Hypericum triquetrifolium.

Secondary metabolites

(' mg/g) with standard errors Coefficient (2) L (b) () r

Chlorogenic acid 27.659 £ 10.269%** -0.124 £ 0.0361*** 1.43E# £ 2.99ES***  0.97***
Rutin 5.715 4 8.483%** -0.023 £ 0.030%** 2.32E5 £ 2.5ES*** (. 70***
Hyperoside 62.518 +34.327*** -0.245 + 0.121%** 2.27 E* £ 9.98E°*** (0.86%**
Isoquercetrin 70.328 + 51.083*** -0.276 £0.179%** 258 E*+ 1.49E* *** (0.86%**
Quercitrin 15.588 +23.689*** -0.062 £ 0.0833*** 6.11E5 £ 6.89ES ***  (.87***
Quercetin 6.867 + 5.683*** -0.025 £ 0.020*** 2.21ES5 £ 1.65E5 *** (.85***

R2: regression coefficient, SE: standard error, L: light (umol m s%) of produced equations.

**: Significant at the level of p < 0.001.
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Fig. 3. Relationship between actual and predicted
content of hyperoside (mg/g DM) in greenhouse-grown
Hypericum triquetrifolium.

The variation explained by the parameters for
isoquercetrin  was 86%. The equation for
isoquercetrin - was Pgeetin = (70.328)-(0.276 x
L)+(2.58E* x L?), where Pisoq: iSOquercetrin content
in the aerial parts of the plant (Table 1).
Relationship between actual and predicted content
of isoquercetrin in H. triquetrifolium is shown in
Figure 4.
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Fig. 4. Relationship between actual and predicted
content of isoquercetrin (mg/g DM) in greenhouse-
grown Hypericum triquetrifolium.

As for quercitrin, the variation explained by the
parameters was 87%. The equation for quercitrin
was: Pgirin = (15.588)-(0.062 x L)-(2.76E3 x
L+[6.11E° x L), where Pqitin : quercitrin content in
the aerial parts of the plant (Table 1). Relationship
between actual and predicted content of quercitrin
in H. triquetrifolium is shown in Figure 5.
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Fig. 5. Relationship between actual and predicted
content of quercitrin (mg/g DM) in greenhouse-grown
Hypericum triquetrifolium.
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The variation explained by the parameters for
quercetin was 85%. The equation for quercetin was:
Pacetin = (6.867)-(0.025 x T-(0.025 x L)+(2.21E® x L?),
where Pygeetin: quercetin content in the aerial parts of
the plant (Table 1). Relationship between actual and
predicted content of quercetin in H. triquetrifolium is
shown in Figure 6.
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Fig. 6. Relationship between actual and predicted
content of quercetin (mg/g DM) in greenhouse-grown
Hypericum triquetrifolium.

H. triquetrifolium was treated during different
phenological phases: vegetative, floral budding, full
flowering, fresh fruiting, mature fruiting. In the
present study, the contents of chlorogenic acid, rutin,
hyperoside, isoquercetrin, quercetin and quercitrin
increased in greenhouse-grown plants in response to
elevating temperatures from 20 to 30 °C. We observed
that increases in light intensities from 789.4 pmol m
st to 1716.6 u mol m? s? resulted in a continuous
increase in the contents of chlorogenic acid, rutin,
hyperoside, isoquercetrin, quercetin and quercitrin.
The obtained results are also important for plant
physiology, agronomy and phyochemical studies on
H. triquetrifolium.

CONCLUSION

Environmental factors have a prominent effect on
secondary metabolism resulting in high variability of
phytochemical contents of wild/cultivated plants. On
the other hand, they determine the quality of the
products derived from the corresponding plants.
Hence, description of the effect of different
environmental factors on secondary metabolism
seems to be the first step in optimizing the production
technologies of medicinal plant materials in terms of
chemical profile. In the present study, we have
developed prediction models for the secondary
metabolite contents in H. triquetrifolium. The
phenolic contents determined by the produced models
(chlorogenic acid, rutin, hyperoside, isoquercetrin,
quercitrin and quercetin) were found statistically
acceptable_ (R>=0.70 — 0.97). Thus, the models
produced in the present study can be used safely by
researchers  for the standardization of H.
triquetrifolium plant material quality.
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MOJAEJI, ITPEJJCKA3BAILL EOEKTA HA MHTEH3MBHOCTTA HA CBETJIMHATA BbPXY
O®EHOJIHOTO CbABP)KAHUE B HYPERICUM TRIQUETRIFOLIUM TURRA

M. C. Onabam’*, Jlx. Paxycuene?, b. Kapnasuunene?, H. Kamanr?

Y Vuusepcmem Onoykys Maiiuc, Ilpogecuonanna cumnasus é Bagpa, Cameyn, Typyus
2[Tpupoono-uscredosamencku yenmvp, Uncmumym no 6omanuxa, Zaliuju ezeru 49, Bunnioc LT-08406, JTumesa

[Monyduena Ha 17 deBpyapu 2014 r.; peBusupana Ha 25 Asryct 2014 r.

LlenTa Ha HACTOSNIOTO W3CIEBAaHE € Jla ce pa3paboTh Mojel, mpeackasBail (eHOTHOTO ChabpxKaHueTo B Hypericum
triquetrifolium Turra ¢ MmHOXecTBeHa perpecust. Haii-1o0puTe H3YHCIUTEHE YpaBHEHHS 32 ChIBPKAHUETO HA (PEHOITHUTE
CheAMHEHNs (XJIOPOTeHOBA KUCEIMHA, PYTHH, XETIEpO3H/l, N30KBEPIETHH, KBEPIUTPUH 1 KBEPIIETHH) ca MPEJICTABEHH KaTO
PC = (a) + (6 x L) + (B x L?), xpmero PC e (heHONHOTO ChIBpPKaHKE, L € HHTEH3UTETHT Ha CBeTIIMHATA (MMOJ M? CeK) H
B u C ca xoedurmeHTn. MHOXECTBHH PETPECHOHEH aHAIN3 CE MPOBEXAA, JOKATO CE MOJY4M CyMaTa OT Hai-MajKuTe
kpagpatu (R?). R? croiinoct e 0,70 3a pyruna u 0.97 3a xJI0oporeHHoBaTa KucenuHa. CTaHIapPTHUTE TPEIIKH Ce 0Ka3axa

3HaYUTENIHU pu HUBO p <0.001.

471



Bulgarian Chemical Communications, Volume 47, Number 2 (pp. 472 — 476) 2015

EPR study of free radicals in pasta products
R. B. Mladenova”, N. D. Yordanov

Institute of Catalysis, Bulgarian Academy of Sciences, Acad. G. Bonchev St., Sofia, Bulgaria
Received June 12, 2013; Revised August 13, 2014

The features of the EPR spectra of different kinds of pasta products purchased from the local market and other
home-made products are reported. All commercially available samples exhibited one singlet EPR line with
g=2.0049+0.0003 and line width AH=0.95+0.05 mT. The only difference between the EPR signal intensities at equal
weights of different pasta products is that those prepared from wheat flour and water only exhibited a three to fifteen
times lower signal in comparison with these containing additives as fats, milk, and egg powder.

The effect of drying parameters on the relative free radical concentration in freshly home-made spaghetti was also
studied. The used wheat flour itself showed a very weak EPR singlet line with g=2.0040+0.0003 and AH=0.83+0.02
mT. The spaghetti prepared from it and water were dried in open air at 28, 65, 75 and 93+1°C. After drying all samples
exhibited an EPR signal with g=2.0047+0.0003. At equal weights the relative number of paramagnetic species depends
on the temperature and time of drying. At low drying temperature this effect may be attributed to the oxidation
processes whereas at higher temperatures (65, 75, 93 °C) additionally Maillard reaction takes place. Upon storing the
pasta products in inert atmosphere the number of free radicals remains constant in comparison with those exposed to
open air where the significant increase in the number of free radicals is attributed to the development of an additional

oxidation process.
Keywords: Pasta, spaghetti, drying, free radicals, EPR.
INTRODUCTION

The pasta is a widely consumed food. It is
assumed that the best quality pasta is that produced
in accordance with French (9 July 1999, law Ne 99-
574), Italian (Presidential decree Ne187, 9 February
2001) or Greek (Ministries of Finance and
Commerce. Approval of the Decision No 359/93 of
the Supreme Chemical Council Food Code —
Article 115 “Pasta”) laws from durum wheat
semolina flour and water. The traditional pasta is
dried at 40-50°C for a long time (up to 40 h).
However, such drying cycles, called “low-
temperature” (LT), can cause hygienic and
gualitative problems because the combined effects
of low temperature, high relative humidity and long
drying time open the possibility of promoting
microbiological growth. On the other hand, there is
a big variety of pasta containing many ingredients
added to their dough as fats, eggs, milk, spices,
cheeses, etc. These ingredients, as well as the
drying process in production of the pasta products
influence their color [1-3], structural [4], textural
[45] and technological [6]  properties.
Commercially available pasta products are typically
dried at high (HT) (60-75°C) or very high

*To whom all correspondence should be sent:
E-mail: ralitsa@ic.bas.bg

temperature (VHT) (75-100°C) for a short time (2-
15 h depending on the temperature). The resulting
product is characterized with less sticky, firmer
consistence, lower cooking loss and improved color
properties. On the other hand, in contrast to LT
cycles, it is established that at HT and VHT drying
cycles the Maillard reaction takes place [1-3]
causing browning of the product. However, in
previous studies from this laboratory it was shown
that in the early stages of the Maillard reaction free
radicals are recorded [7-9]. Other authors assigned
them to radical cations of the type of 1,4-bis(5-
amino-5-carboxy-1-pentyl)pyrazinium (CROSSPY)
assuming that the latter are transient products in the
process of protein oligomerization and melanoidins
formation [10-13].

In the first part of the present study EPR spectra
of different kinds of pasta products available on the
local market were recorded, in order to find more
thorough information on the semiquantitative
concentration of free radicals present in them. The
second part is devoted to the influence of the drying
and storing conditions on the free radical generation
in home-made pasta.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Pastas studied in the present paper

Type of pasta products Origin Content

Pasta ”Pagani” (alfabeta) Italy Durum wheat flour

Macaroni “Stella” (helical) Greece 100 % durum wheat semolina

Macaroni “Stella” (tubes) Greece 100 % durum wheat semolina

Spaghetti “Melissa-Primo Gusto” Greece 100 % durum wheat semolina

Vermicelli “Melissa-Primo Gusto”  Greece 100 % durum wheat semolina

Spaghetti “Gold ear” Bulgaria Wheat flour and water

Pasta “Cala” (helical) Bulgaria Common wheat semolina flour, water, natural color flours
Macaroni (over done) “Etar” Bulgaria Wheat semolina and water

Home made noodles “Etar” Bulgaria  Flour type 500, semolina, salt, vegetable fat, egg powder
Noodles “Inko” Bulgaria Wheat flour type 500, wheat semolina, salt, milk, egg powder
Spaghetti “Choice” with vegetables 0. \wheat flour, palm fat, salt, soya sauce, onion, garlic, red and black pepper
(semi-cooked)

Vermicelli “Zagaria” Bulgaria Durum wheat semolina, common wheat semolina and water

EXPERIMENTAL
Materials and method

Wheat flour and different types of pasta
products (spaghetti, macaroni, noodles and
vermicelli) produced by different producers were
purchased from the local market. The type of pasta
products, their origin and content are shown
in Table 1.

Sample preparation, storage and kinetic
measurements

The commercially available samples were
crushed and accommodated in quartz EPR sample
tubes (¢ = 5mm) up to 40 mm length.

In order to study the effect of drying conditions
on the free radical generation, fresh home-made
spaghetti were prepared and dried at different
temperatures and atmospheres for different periods
of time. The spaghetti dough obtained by kneading
of wheat flour produced from common wheat
semolina and distilled water were extruded in form
of cylinders (d = 1.5+0.2 mm, length 60 mm). The
samples were dried in a laboratory oven at 28, 65,
75, 93 £ 1°C for different times. The process of
drying was monitored by weighing the samples.
The samples were regularly taken out from the
oven and weighed. The moment when the samples
were dry was when the weight of two consecutive
measurements was constant. After finishing the
drying process, the home-made spaghetti were
crushed and one part of the samples was
accommodated into quartz EPR sample tubes in
open air. Another part was accommodated in
sample tubes closed with special rubber caps.
Through this cap the sample was flushed with
argon and heated in a drying oven at 65+1°C for a
given time. The EPR spectra were recorded
regularly with time. A third part was lyophilized in

order to study the effect of oxygen on the relative
number of free radicals during the drying process.
In all cases the sample tubes were filled up to a 40
mm height and were with equal weight.

EPR measurements

EPR spectra were recorded at room temperature
on a Bruker ER 200D SRC spectrometer operating
in X-band. The g-values of all samples were
estimated using “EPR marker” available in the “FF
Lock” module (ER 033) of the ER 200D SRC
spectrometer, calibrated in advance with DPPH for
which g = 2.0036 [14]. The filled part of the sample
tube was positioned exactly in the centre of the
cavity. Every point in the Kinetic studies was
obtained as an average of at least three independent
measurements.

The changes in the relative number of free
radicals (N) in the studied samples per gram, was
calculated using the formula N ~ Ipp(AHpp)?
where Ipp is the peak-to-peak intensity and AHpp is
the peak-to-peak line width of the first derivative of
the EPR signal.

RESULTS AND DISCUSSION

EPR spectra of commercially available pasta
samples

The pasta prepared only from wheat flour and
water exhibited a weak singlet EPR line with
g=2.0049+0.0003 and AH=0.95+0.05 mT. The g-
factors of the recorded spectra of the pasta suggest
that the detection of O-centered radicals [15] is
probably due to starch free radicals in the wheat
flour. If this pasta is additionally backed, it exhibits
about three times more intensive spectrum with the
same EPR parameters. Most probably, the thermo-
generated free radicals may be attributed to the
development of a Maillard reaction [10-13].
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The pasta containing additives such as fats,
milk, egg powder, etc., showed about three to
fifteen (in noodles) times more intensive EPR line
with the same g-factor. The intensive spectrum may
be due to oxidation processes of fats from the
additives to pasta in addition to the Maillard
reaction.

EPR spectra of home-made pasta

The wheat flour sample exhibited a weak singlet
EPR signal with  ¢=2.0040+0.0003 and
AH=0.83+0.02 mT, suggesting C-centered free
radicals [15]. This EPR signal is probably due to
mechanically induced free radicals in the process of
milling the wheat grains. This assumption is in
concert with the data available in the literature
reporting that the intensity of the EPR signal
increases with the extent of grinding [16].

After kneading a dough from flour and distilled
water, the EPR parameters of the samples dried at
28, 65, 75 and 93 + 1°C changed to
g=2.0047+0.0002 and AH=0.93+0.03 mT. This
result may be connected with the fact that in starch
and proteins, which are the major components of
wheat semolina, structural transformation during
pasta processing takes place [17-19] and forms free
radicals [7].

The experimental results showed that the
relative number of paramagnetic species depends
on the drying temperature and time (Fig. 1).

Relative free radical concentration, a.u

Time, hours
Fig. 1. Changes in the relative free radical
concentration of home-made spaghetti during the process
of drying in a laboratory oven at 28, 65, 75 and 93 + 1
°C. The arrows show the points at which the weight of

the samples becomes constant.

The home-made spaghetti were dried at different
temperatures, as follows:
at 28 °C for 94 h; at 65 °C for 6.5 h; at 75 °C for
45h;at93°C for 2.5 h.

The relative number of free radicals in these
samples was approximately equal at these drying
conditions. Samples dried at 28 °C needed longer
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time and probably oxidation processes took place at
the high drying temperatures (65, 75, 93 °C). In
addition, development of a Maillard reaction was
expected. Realization of oxidation processes was
confirmed by the fact that samples dried at room
temperature for equal times in air and under
vacuum, exhibited different free radicals number.
The sample dried in absence of oxygen atmosphere
was EPR silent.

In order to investigate the influence of storage
conditions on the relative free radical concentration
two home-made samples dried at room temperature
in open air were taken — the one was kept in open
air whereas the other - in argon atmosphere. The
two samples were heated at 65+1 °C for 50 h. The
results presented in Figure 2 clearly show that the
relative free radical concentration in the sample
stored in argon atmosphere remains constant during
the whole period of study whereas the number of
free radicals in the sample kept in air was almost
constant up to the 30™ hour, then sharply increased.
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Fig. 2. Changes in the relative free radical

concentration of dry home-made spaghetti samples
heated at 65 + 1 °C in a laboratory oven for a time
interval of 0-50 h and stored in: a) open air and b) in
argon atmosphere.

It may be assumed that at the beginning (up to
the 30" hour), some antioxidants naturally present
in the pasta protected it from oxidation [20]. After
their consumption, the sharp increase in the number
of free radicals suggests that a typical chain
oxidation reaction [21] takes place. From these
results it could be concluded that during the storage
period, oxidation processes take place in spaghetti
samples if kept in air access.

CONCLUSIONS

The present EPR studies of pasta show that:

Under kneading of wheat flour and water a
chemical reaction takes place and free radicals with
0=2.0047+0.0003 are generated;
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The increase in relative free radical
concentration in the drying samples on increasing
the heating temperature may be most probably
attributed to free radicals generation by oxidation
processes at 28 °C whereas at higher temperatures
(65, 75, 93 °C) the increase may be attributed to the
development of an additional Maillard reaction. In
conclusion, the processes of free radicals generation
taking place in pasta products are lipid oxidation
and Maillard reaction in presence of heat;

Drying under vacuum prevents the pasta
samples from free radicals generation;

Storage of pasta in an inert atmosphere prevents
it from developing of oxidation processes.
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EPR U3CJIEIBAHE HA CBOBOAHUTE PAIUKAJIM B MAKAPOHEHU U3IEJINA
P. b. Minagerosa”, H. JI. lopnasos
Hnemumym no kamanusz, bvieapcka akademus na naykume, yi. ,,Axao. I’ Bonues *, Coghus, bvacapus
Received June 12, 2013; Revised August 13, 2014
(Pestome)

XapaKTepI/ICTI/IKI/ITe Ha EIIP CIICKTPUTC Ha PA3JIMYHU BUJAOBC TCCTCHHU U3ACIIUA, 3aKYIICHU OT MECTHHUA Ia3ap U Ha
ApYru AOMAIIHO MPUTOTBEHU MPOAYKTU Ca AOKJIaABaHH. Bcuuku HanuyHM B THhProBCKaTa MpexKa HpO6I/I, II0Ka3zaxa €¢aHa

cuarietia EIMP smams ¢ g=2.0049+0.0003 u mmpuaa wa muausta AH=0.95+0.05 mT. EauHcTBeHaTa pasinka, B
unteH3uteTa Ha EIIP curnamure, mpu paBHU Terjia Ha pa3IUYHUTE TECTCHU H3MENHA €, Y€ Te3U, IPUTOTBEHH CaMO OT
MIIEHWYHO OpalIiHO M BOJAA ITOKA3BaT OT TPHU JI0 METHAJECET MbTH HO-HUCHK CHI'HAl B CPAaBHEHHE C TE3H, ChABPIKAIIN
JN00aBKH1, KATO Ma3HWUHHM, MIIKO U SIHIIa Ha Mpax.

EdekTpT oT mapamerpure Ha CylleHe BHPXY OTHOCHTEIHATa KOHIEHTpalUWs Ha CBOOOJHHTE PaJMKaId B HPSICHO
MPUTOTBEHH JAOMAIIHH CIIATeTH, CBIIO € M3CieaBaH. V3Moa3BaHOTO MIICHUYHO OpamIHo MoKa3Ba MHOTO cl1ab0 HHTEH3UBHA
cunrnerna ETIP munaus ¢ g=2.0040+0.0003 u AH=0.83+0.02 mT. CnareTure, IPUrOTBEHH OT HETO M BOJAA 0sXa CyLIEHH
Ha OoTKpuTO Tipu 28, 65, 75 n 93 + 1 °C. Cnen nzcymasaHe, Bcuuku mpobu mokassat EINP curnan ¢ g= 2,0047 + 0,0003.
OtHocuTenHUs Opoil HAa MapaMarHUTHU YaCTUIM 3aBHCH OT TEMIIEpaTypaTa M BPEMETO Ha CyIICHe, IPH €AHAKBH Terja Ha
npobure. [Ipn HECKa TeMIiepaTypa Ha CyIIeHe, TO3H e(eKT MOXeE J1a ce IBJDKH Ha OKHCIUTEITHUTE IPOLECH, TOKATO TPH
MO-BUCOKH Temmeparypu (65, 75, 93 °C), B mompinHeHne nmpoTnda u MaiimapaoBa peaknus. [lpu chXpaHeHHe Ha macTa
NPOIYKTUTE B MHEPTHA atMocdepa, Opost Ha CBOOOTHHTE PaaMKalINd OCTaBa MOCTOSHEH B CPaBHEHHE C TE3H, KOUTO ca
M3JIOKEHH Ha OTKPUT BB3AYX, KBAETO 3HAUMTEIHOTO HApacTBaHE Ha Opos Ha CBOOOJHHUTE pajuKadd C€ IBIDKH Ha
Pa3BUTHETO Ha JOIIBJIHUTEIICH MIPOIIEC Ha OKUCIICHHE.
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Regeneration of surface plasmone resonance chips for multiple use
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The aim of this work was to investigate the possibility for regeneration of used biosensors SPRI using a special cleaning mixture.
The presented procedure regenerates the thiol surface without affecting its surface properties and reproducibility of determination.
Surface chip control before and after regeneration demonstrates the efficiency of the presented regeneration method. What is new is
the use of a known mixture of regeneration yielding clean chips with the appropriate structure (layers of photopolymer and various

monolayer immobilized substance).

Keywords: regeneration, surface plasmon resonance, biosensor

INTRODUCTION

The Surface Plasmon Resonance Imaging
(SPRI) technique operating jointly with specific
biosensors is a very promising tool for medical
diagnosis [1-5]. In many cases, SPRI provided a
diagnostic opportunity which was previously
unavailable. A significant factor for popularization
of SPRI is the reduced cost of a single measurement
[6,7]. Therefore, the aim of this work was to
investigate the possibility for regeneration of used
biosensors and evaluation of their analytical
applicability.

In terms of transduction, SPRI biosensors are
optical biosensors. Several optical techniques are
based on the phenomenon of surface plasmon
resonance (SPR) and its modified versions: SPRI
and Multi-Parametric Surface Plasmon Resonance
(MP-SPR) [8-11]. These techniques are used for
“label-free” detection. The effect of molecular
interactions may be analyzed directly on a surface.
The effect of SPR occurs when polarized light hits
a prism covered by a thin metal layer. Under certain
conditions (wavelength, polarization and incidence
angle), a thin layer of metal on a high refractive
index glass surface can absorb laser light,
producing electron waves (surface plasmons) on the
metal surface [8]. A thin layer of gold is the most
suitable one for SPR measurements. The SPR
signal is directly proportional to mass changes on
the metal surface. SPR has also been used to
monitor the adsorption of biological molecules onto
a chemically modified gold surface [8-10]. The

* To whom all correspondence should be sent:
E-mail: ania@uwb.edu.pl

SPR signal is converted into an image in the SPRI
technique.

Biosensor design should be adapted to the use of
a specific receptor-analyte response. Generally, a
unmodified gold layer is not a suitable surface
environment  for  biomolecular  interaction.
Therefore, gold on chips is modified with a thiol
monolayer. The thiol monolayer is formed by the
gold interaction with thiol sulphur. Interaction
energy is of the order of chemical bond energy. A
specific receptor for analyte molecules can be
immobilized on the thiol surface. Various
immobilization strategies can be used: adsorption,
covalent bonds or hydrophobic interaction [12,13].
The most important parameters for biosensors are
specificity, chemical stability, sensitivity, and
reproducibility.

Two biosensors based on regenerated chips were
investigated: (i) the biosensor for podoplanin
determination, and (ii) the biosensor for proteasome
20S determination. The biosensor for podoplanin
determination used immobilized podoplanin
antibody as a receptor. The receptor was
immobilized onto the chip surface by covalent bond
through formation of an amide bond between a
thiol with a terminal amino group (cysteamine (2-
aminoetanotiol)) and an antibody, i.e. a molecule
with an active carboxyl group. This system was
used for AFM microscopic observation of surface
changes on new and regenerated biosensors.

The determination of proteasome 20S with
application of new and regenerated biosensors was
an example of the effectiveness of such an
approach in terms of quantitative determination. An
immobilized PSI inhibitor (Z-lle-Glu(OBut)-Ala-
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Leu-H) was used as a receptor. The latter was
immobilized by covalent interaction between a thiol
with a terminal amino group (cysteamine (2-
aminoetanotiol) and PSI. The only opportunity
considered in this work was the alkaline cleavage
of the biosensor surface layer with regeneration of
the gold surface covered with thiol. Such an
approach is more universal. Different regenerated
biosensors have the same state of surface (gold
covered with thiol), provided that the same thiol
was used as a linker. The opportunity to only
remove an analyte layer during regeneration was
not considered in this work. It was necessary to
check that the procedure used for regeneration of
different types of biosensors can be adapted to the
regeneration of the above mentioned biosensors.

EXPERIMENTAL
Chemicals

The proteasome 20S (mammalian) of
concentration 12 mg/ml was prepared in a solution
of composition: 20 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 1 mM DTT, 1 mM sodium azide
(AFFINITI Research Products Ltd, Mamhead,
United Kingdom). Z-lle-Glu(OBut)-Ala-Leu-H
(PSI)  (CzHs00sN4, 618.77 Da) (BIOMOL,
Lorrach, Germany), recombinant human
podoplanin and sheep antibody (IgG) specific for

podoplanin (R&D  System. Inc.), 11-
aminoundecanethiol ~ hydrochloride  (MUAM)
(PROBIOR, Miinchen, Germany) cysteamine

hydrochloride, N-ethyl-N’-(3-dimethyl
aminopropyl) carbodiimide (EDC), HEPES sodium
salt (all SIGMA, Steinheim, Germany), 1-
octadecanethiol (ODM), N-hydroxysuccinimide
(NHS) (ALDRICH, Munich, Germany),
dichloroethane (FLUKA, Munich, Germany),
absolute ethanol (POCh, Gliwice, Poland),
photopolymer ELPEMER SD 2054, hydrophobic
protective paint SD 2368 UV SG-DG (PETERS,
Kempen, Germany) were used as received.
Aqueous solutions were prepared with filtered
milliQ water (Simplicity® MILLIPORE).

Biosensor preparation

The biosensor was manufactured in several
stages. Initially, a 1nm Cr layer was deposited on
BKY7 glass slides and then a 50 nm thick gold layer
was also deposited [14]. Next, in order to protect
the surface, the chip was covered with
photopolymer ELPEMER SD 2054. The
photopolymer was dried at 70°C for 30 min and
irradiated with UV light for 2 min. The
photopolymer layer was covered with a
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hydrophobic photomask by application of the
screen printing technique. The paint was irradiated
with a UV lamp. Thus, the free gold surface of the
obtained sensor was separated with a photopolymer
and a hydrophobic photomask [3]. 9 places with 12
free gold surfaces were obtained. Chips were rinsed
with ethanol and water and dried in an argon flow.
A thiol monolayer was formed on the prepared
chip. The kind of thiol used is dependent on the
type of molecules used to capture the analyte from
the sample. Generally, two thiol types were used: a
thiol with a terminal amino group (‘short’
cysteamine (2-aminoetanothiol) and a ‘long’
MUAM (11-amino-undecane-1-thiol), as well as a
thiol with a terminal alkyl group ODM (octadecyl
thiol). The chips were then immersed in 20 mM
cysteamine ethanolic solution or in 1 mM MUAM
ethanolic solution for at least 2 h, or alternatively in
2.7 MM ODM ethanolic solution for at least 24 h.
The chips were then rinsed with ethanol and water
and dried in an argon flow. The inhibitor, or
antibody or phospholipids were immobilized on the
thiol monolayer under the suitable conditions
[15,16]. Some inhibitors or phospholipids were
immobilized on the ODM monolayer, while other
inhibitors or antibodies were immobilized on the
cysteamine or MUAM monolayer. Hydrophobic
inhibitor or phospholipid solutions were placed on
the thiol-modified surface, and incubated at room
temperature for 24 h. For covalent attachment of
antibodies or inhibitors, they were activated with
NHS (250 mM) and EDC (250 mM), placed on the
amine-modified surface and incubated at 37°C for 1
h. These molecules specifically react with the
species-to-be-determined. The biosensor is then
ready for analyte concentration measurement.

Chip regeneration procedure

Successful regeneration of SPRI chips and
possibility of re-using the biosensor are important,
especially when the latter is applied for diagnostic
tests.

The cleaning procedure of the chip to a layer of
gold has been previously studied [17]. We have
used ethanol, Triton X-100 (1% solution), SDS (0.1
mol/l in water), chromic acid (K.Cr,Oy saturated in
concentrated  H,SO4),  dichloroethane/ethanol
(pure/pure), Triton X-100/methanol (1% /pure).

The most commonly used conditions for
antibody receptor regeneration included low pH
(e.g. 10 mM glycine in HCI at pH 1.5-3) [18].
Although the pH range of inhibitor-protein
interaction is very broad, usually the surfaces are
regenerated satisfactorily by the use of base or acid
hydrolysis.
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A mixture of Triton X-100 (1%) containing
NaOH (100 mM) was applied as the cleaning agent
[19]. Used biosensors were rinsed extensively with
this mixture. In this way, the deposited receptors
(inhibitors or antibodies) and the analyte layer were
removed from the sensor surface. The chips with
the remaining thiol monolayer were washed by
flushing with water for 5 min and put into water
overnight. The last step was repeated 3-4 times.
The rinsed chips were dried in an argon flow. In
this manner, the prepared chips with the thiol layer
were regenerated.

Atomic Force Microscopy (AFM) and Surface
Plasmon Resonance Imaging (SPRI) measurements

AFM measurements were performed with a
commercial Ntegra Prima scanning probe
microscope (NT-MDT, Russia) using a tapping
mode in air. In order to increase lateral resolution,
high aspect ratio (5:1) ETALON probes (NT-MDT)
were used. AFM measurements were performed to
confirm the creation of subsequent layers (gold,
thiol and protein layer) and to check the chip
surface after regeneration. All measurements were
done in ambient conditions.

SPRI measurements for protein array were
performed as described in a previous paper [3]. On
the basis of the registered images, the signal was
measured twice - after immobilisation of the PSI
inhibitor and after interaction with proteasome 20S.
The SPRI signal, which is proportional to the mass
of coupled biomolecules, was obtained by
subtraction of the signal after and before interaction
with a biomolecule, for each spot separately. Then
the SPRI signal was integrated over the spot area.
NIH Image J version 1.32 software was used to
evaluate the SPRI images in 2D form.

Preparation of the standard curve

The response of the analytical SPRI signal for
the proteasome 20S concentration was measured
over the concentration range between 2 and 25 nM.
The chip surface was covered by a monolayer of
cysteamine and a layer of immobilized PSI
inhibitor (Z-le-Glu(OBut)-Ala-Leu-H,
Ca2Hs5008N4) with concentration of 80 nM. The chip
was then treated with the proteasome 20S solution.
Time of interaction was 10 min. Experiments were
performed at pH=7.4 [4].

Precision of the method for proteasome 20S
determination

The precision of the method was tested under
optimal conditions, i.e. pH=7.4 and inhibitor
concentration at the chip preparation stage equal to

80 nM. The precision of proteasome 20S
determination was tested for a concentration of 4
nM.

Determination of proteasome in biological samples

The procedure of biological samples (human
plasma) preparation and the method for proteasome
20S determination were described in a former paper

[4]
RESULTS AND DISCUSSION

The architecture of the applied chip is shown in
Fig. 1. Nine different solutions can be
simultaneously measured without mixing of the
tested samples. Twelve single SPRI measurements
can be performed from one solution.

Manufacturing and regeneration of the biosensor
was controlled by observation of subsequent layers
using Atomic Force Microscopy.

The presented AFM pictures confirm that the
stages of the creation of each layer on the biosensor
surface have really taken place. As indicated in

Fig.1, thiol (Fig.1C) or protein (Fig.1D)
immobilization  significantly  alters  surface
morphology. The receptor layer (podoplanin

antibody 1,5 pg/ml) (Fig.1D) has globular domains.
Fig. 1E shows a picture obtained after applying the
regeneration procedure. The chip surface after
regeneration has very similar morphology to that of
the fresh thiol surface (see Fig. 1C).

Surface chip control before and after
regeneration demonstrates the efficiency of the
regeneration method. Only a thiol monolayer
remains on the chip after the regeneration and the
regenerated chip with the thiol layer can be reused.
After immobilization of a new receptor (inhibitor,
antibody, etc.), the biosensor is ready for analyte
determination.

The measured SPRI signal before and after
regeneration confirmed that the thiol layer
remained on the chip surface.

Proteasome 20S determination with a PSI
inhibitor (80 nM) as a receptor was used as an
example for demonstrating the analytical
applicability of the regenerated biosensors. In order
to verify the analytical signal before and after
regeneration, calibration curves of proteasome 20S
with the application of the new and the re-used chip
were prepared (Fig. 2A). The response of the
analytical SPRI signal for proteasome 20S
concentration was measured over the concentration
range between 2 and 25 nM. Both calibration
curves are of Langmuir’s isotherm type. The
roughly linear sections of these curves are within
the range of 2 - 10 nM and this range is useful for
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analytical purposes. The plateau of the curve
corresponds to saturation of the active sites of the
sensor. The analytical SPRI signal of proteasome
20S obtained with the regenerated biosensor is
roughly the same as that obtained with the new
biosensor, taking into account the precision error
[4].

The number of successful regenerations of a
single chip was also investigated. The
determination of proteasome 20S (6 nM) with the

biosensor with PSI inhibitor (80 nM) as the
receptor was used as an example. The results are
given in Fig. 2B. Generally, the regenerated chips
exhibit a slightly lower and gradually decreasing
signal. After the first regeneration the analytical
signal is reduced to about 98% and after the fifth
regeneration even to 85% of the initial signal. This
loss can be compensated by construction of a
calibration curve with a regenerated biosensor.

Fig. 1. Picture of chip (A) and AFM pictures of bare gold (B), thiol (cysteamine 20 mM) (C), podoplanin antibody
(1.5 pg/ml) (D), thiol after regeneration (E). Initial antibody concentration: 1.5 pug/ml. Initial podoplanin concentration:

1 ng/ml.
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Fig. 2. (A) Dependence of SPRI signal (Arbitrary Units) on proteasome 20S concentration for the PSI inhibitor (80
nM) (B) Effect of repeated chip regeneration on the proteasome 20S SPRI signal on the PSI inhibitor. Concentration of

proteasome 20S: 6 nM. pH value of proteasome solution: 7.4.

Table 1. Precision of the concentration measurement of proteasome 20S. The results were evaluated using
calibration graphs constructed with biosensors having the same number of regenerations.

Number of No Confidence

regeneration of Adl(\j/le]d F[(r)]K/rI\]d Rec[:((;(\)/]ery [Sn I\D/I] limit (95%)
cycles meas. [nM]
Proteasome 20S 0 24 4.00 4.10 102 0.41 0.27
determination 2 24 4.00 4,05 101 0.39 0.22
5 24 4.00 3.97 99 0.40 0.23

Table 2. Proteasome 20S concentration in blood
plasma of healthy volunteers. The results were evaluated
using calibration graphs constructed with biosensors
having the same number of regenerations.

Proteasome 20S concentration
in blood plasma [nM]

Number Chip after two Ch'f?viﬁer
of New chip  regeneration .
regeneration
sample cycles
cycles
1 5.73+£0.43 5.80+0.54 5.69+0.81
2 17.124£2.93  16.99+1.76 17.01£2.42
3 11.93+4.12 11.76+£2.45 11.99+£3.05
4 8.27+£2.50 7.97+£3.13 8.03+£2.76
5 19.40+6.25 18.70+4.15  19.04+3.97
6 1491+1.78  14.66+£2.87 14.97+3.51
7 15.50+£5.86  15.42+4.34 15.60+3.39
8 12.62+£2.49  11.99+2.24 12.334+3.07
9 14.074£2.02  14.39+3.11 13.97+4.48
Mean 1391 +2.78 13.08 #2.56 13.12 #2.61
value

The precision of proteasome 20S determination
was tested for a new and a re-used chip. The results
are shown in Table 1.

Standard deviation and confidence limit, at a
confidence level of 95%, are very similar for all
chips. Generally, the precision of a single
measurement is poor, however, the precision of the

average value, as well as the confidence limits are
much better and acceptable. The spike recoveries
on the new and regenerated biosensors are very
good, due to the application of suitable calibration
graphs.

The proteasome 20S determination in blood
plasma from 9 healthy volunteers was performed
using new and reused chips. The results are given
in Table 2.

The proteasome 20S concentration range in
blood plasma of healthy volunteers is: on the new
chip 13.91 + 2.78 nM, after second regeneration of
chip 13.08+ 2.56 nM and after fifth regeneration
13.12 + 2.61 nM. Similar values are obtained in the
cases of all 9 analysed samples. Thus, the
regeneration process does not significantly affect
the determination of the concentration of the
analyte.

Generally, it was shown that the chip cleaning
procedure allows a removal of the immobilized
protein layers. Only the thiol layer remains on the
chip surface because thiol sulfur forms a strong
bond with gold [20]. In the case of a biosensor with
thiol containing a terminal amino group, the amine
bond of the receptor with the analyte is hydrolyzed
by NaOH contained in the cleaning mixture. This
process restores the —-NH, groups of the
immobilized thiol. Triton X-100, also contained in
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the cleaning mixture, is a non-denaturing
surfactant, which can disrupt a hydrophobic
interaction and lead to the removal of
hydrophobically linked molecules [21].

It was shown that the sensor with a thiol
monolayer can be reused and the regenerated chip
can be used up to five times for the creation of a
biosensor. The regeneration process, to a certain
degree, affects the surface properties, including the
level of surface binding capacity. However, this
destructive process occurs gradually and several
regenerations do not significantly affect the
determination. On the other hand, chip regeneration
allows skipping some steps in the biosensor
preparation and saves time and cost of single
determination.

The developed regeneration procedure can be
used for biosensors having cysteamine (2-
aminoetanotiol), MUAM (11-amino-undecane-1-
thiol)), or ODM (octadecy! thiol) (thiol with a
terminal alkyl group) as a linker, as well as
immobilized enzyme inhibitor, antibody or
phospholipid as a receptor, which was
experimentally checked in numerous examples.
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PEI'EHEPAIIA HA UUIIOBE C ITOBBPXOCTEH PE3OHAHC 3A MHOI'OKPATHA
YIIOTPEBA

A. CankueBnu*, A. Tokaxesud, E. ['opogkeBuy

Jenapmamenm no enekmpoxumusi, Mncmumym no xumust, Ynueepcumem 6 bsnucmox, Ionwua
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(Pe3srome)

Ilenta Ha Tasu paboTa € HM3CICABAHETO HA pereHepamusita Ha ynorpebsBanm Owocenzopu SPRI u3nosssaiiku
CHenparHa TeYHOCT 3a mouyucTtBaHe. C HelfHa MMOMOIN ce pereHeprpa THOJIOBaTa MOBBPXHOCT 0€3 /a ce BiHsAe Ha
MMOBBPXHOCTHUTE CBOWCTBA W BB3MPOM3BOJUMOCTTAa Ha ompeneisHe. KOHTPOTBT Ha YHIOBETE MpEeAW U CIel
pereHepanysTa oKa3Ba IIPUIIOKIMOCTTA Ha HACTOSIINSA MEeTOA Ha reHeparus. HoBa e ymoTpebarta Ha U3BECTHA CMeC 3a
MTOYXCTBaHE Ha YUTIOBETE C TIOJIXOJAIIA CTPYKTYpa (CiioeBe OT (HOTOMOIMMEPH U PA3TMIHU UMOUITM3UPAHN BEUIECTBA).
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The paper is devoted to Cu-Co oxide catalysts deposited on a commercially available high-temperature support
containing aluminum, magnesium and silicon, calcined at different temperatures: 350, 450, 550, 650 and 750°C. The
samples are prepared by impregnation with aqueous solutions of Cu and Co nitrates. The catalysts are characterized by
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM), differential
thermal analysis (DTA), and BET method. Chemical analysis of the samples is also carried out. The phase formation at
different preparation temperatures and the catalytic activity of copper cobaltite in the reaction of CO oxidation with
oxygen at two space velocities (20 000 and 100 000 h') are investigated. The stability of the specimens to catalytic
poisons at the same space velocities is studied. It is established that the most promising catalysts regarding the catalytic
activity and stability to poisoning with SO; are the catalysts calcined in the range 350 — 550°C. At these temperatures a
Cu-Co oxide spinel - like phase is formed. These results give us the reason to suppose a possible implementation of the
high-temperature support in the preparation of catalysts for the purification of toxic emissions of gaseous fluids in the

practice.

Key words: Cu-Co oxide catalysts, oxidation of CO + O, CO + O, + SO,

INTRODUCTION

An important task in the investigations focused
on the development of catalysts designed for
environment protection, is to elaborate supports of
various shape, porosity and thermal stability. The
chemical nature of the support plays an important
role for the catalytic activity, stability and
resistance of the supported active phase to catalytic
poisons. Therefore, the creation of such a support is
decisive with a view to the industrial application of
the catalyst. The spinels based on 3d-transition
metals are known to possess high catalytic activity
in reactions of complete oxidation of organic
compounds, CO and also in the reduction of
nitrogen oxides [1-4]. This enables their utilization
in processes of neutralization of harmful
components in industrial waste gases and in
transport exhaust gases. For example, such a
catalyst is the spinel copper cobaltite (CuCo0,0s4)
applied as active phase in the MPB-11 and RILA
catalysts [5, 6]. The activities of these catalysts
depend on the formation of spinel structure and on
the stoichiometry of the active phase. For this
reason, the above cited patents are making use of y-
Al,O3 as support, which also possesses spinel

* To whom all correspondence should be sent:
E-mail: dsto@svr.igic.bas.bg

structure thus enabling epitaxial growth of the copper
cobaltite active phase on the surface of the y-Al.Os
support. It was ascertained that when the spinel
stoichiometry is close to that of CuCo,04, the activity
is high and the sensitivity to catalytic poisons is low,
including even SO; [7-9]. The question arises: is there
another type of support, having different nature of the
surface in comparison to that of y-Al,Os, which would
allow the formation of a spinel phase of copper
cobaltite on the carrier surface manifesting high
activity in oxidation reactions and at the same time
non-sensitivity  (resistance) to catalytic poisons
including SO..

For this reason, the aim of the present work was to
investigate the phase formation process at various
synthesis temperatures and to observe the respective
catalytic activity of copper cobaltite supported on an
alumina-silica-magnesia carrier.

EXPERIMENTAL
Preparation of the catalyst samples

Ceramic filter containing alumina, silica and
magnesia, manufactured by the company “Hofmann
Consult Bulgarien GmbH” was used as a support in
the synthesis of the catalyst samples. Its parameters
were as follows: diameter 95 mm, thickness 22 mm,
porosity 10 PPI, specific surface area S = 0.7 m?g?

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 483
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and it was calcined at 1450°C. The deposition of the
active phase containing Cu and Co was
accomplished by the impregnation method using an
aqueous solution — mixture of the nitrates of the
two components. The technology involves the
following steps: preliminary heating of the
impregnating solution containing 7 g Cu/100 ml +
14 g Co/100 ml, up to 80°C, immersion of the
filters in the solution, whereupon the temperature
was maintained constant for 1 h. There follows
drying at room temperature for 24 h and
consecutive calcinations for 3 h at five different
temperatures: 350, 450, 550, 650 and 750°C. The
obtained catalyst samples are denoted as follows
below:

AMC_350 — catalyst sample calcined at T=350°C
AMC_450 — catalyst sample calcined at T=450°C
AMC_550 — catalyst sample calcined at T=550°C
AMC_650 — catalyst sample calcined at T=650°C
AMC_750 — catalyst sample calcined at T=750°C

Characterization of the catalyst samples

The structure and the phase composition of the
support and of the so prepared catalyst samples
were identified on the X-ray diffractometer Bruker
Advance, using CuKo radiation equipped with
SolX detector, whose 20 value comprises 20 - 800
at a step of 0.04°.

The express BET method (single point) was
applied for the evaluation of the specific surface
area, based on low-temperature adsorption of
nitrogen at the boiling point of liquid nitrogen 77K.
The relative error of the method amounts to about
8%.

The chemical analysis of the samples was
carried out on a FAAS M5-Thermo Fisher
apparatus.

The X-ray photoelectron spectra (XPS) were
recorded using monochromatic radiation AlKo
(1486.6eV) on a VG ESCALAB MK I
spectrometer at base pressure of 1x10® and 1 eV
resolution of the apparatus. The charge effect was
corrected (calibrated) based on the Cls peak,
related to binding energy of 285 eV. The
photoelectron signals of C 1s, O 1s, Al 2p, Mg 2p,
Cu 2p3/2, Co 2p1/2 were recorded and corrected
by subtraction of the background of the Shirley
type and they were evaluated quantitatively on the
basis of the peak area and the cross-sections of
photo-ionization following Scofield’s algorithm.

The morphology of the surface of the studied
catalyst samples was observed by means of a
scanning electron microscope JEOL JSM — 5300.

The differential thermal analysis was
performed on a combined DTA/TG apparatus
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LABSYSTM EVD manufactured by the SETARAM
Company (France). Synthetic air was used as carrier
gas, fed at a flow rate of 20 ml/min. The rate of
heating was 10°C/min. A corundum crucible and a
Pt/Pt-Rh thermocouple were used. The maximum
achieved temperature upon heating reached 750°C.
The catalytic activity tests were carried out on a
continuous-flow catalytic reactor described in [10].
The activities of the catalyst samples were measured
in the reaction of CO oxidation by oxygen, whereupon
the concentration of CO in the feed was 0.5 vol. %.
The experimental runs were carried out at two
different space velocities — W = 20000 h?! and
100 000 h. The stability of the contact masses with
respect to the catalyst poison SO, was ascertained in
the reaction of CO oxidation by air, where the CO
concentration was 0.5 vol%, while that of SO, was
0.03 vol%. This test was also carried out at the same
two space velocities W = 20 000 h'* and 100 000 h™.

RESULTS AND DISCUSSION

In order to determine the conditions of synthesis,
DTA of dried catalyst (sample AMC_350) was carried
out after depositing a phase of the precursors —
nitrates of copper and cobalt (Figure 1).
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Fig. 1. DTA and TG curves of dry AMC_350 sample,
after deposition of the precursors (Cu, Co nitrates)

The low-temperature region displays several
endothermal effects at temperatures of 81 and 129°C,
which could be attributed to processes of desorption
of the water molecules, pre-adsorbed on the sample.
Upon increasing the temperature, another endothermal
peak is registered at 241°C, which could be attributed
to the decomposition of the nitrates and is probably an
initial step in the formation of the phases. The
endothermal phase transition is accompanied by loss
of mass Am = 4.83% (TG curve), which starts at
T~180°C and is completed at T~295°C. Going higher
beyond this temperature there are no changes
observable in the TG curve. The next increase in the
temperature is leading to several exothermal effects,
registered at the following temperatures: 307, 370,
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444 and 559°C. According to the literature data,
these can be explained by decomposition of the
copper cobaltite into Co30, and CuO phases [11-
13]. The latter exothermal peak at 559°C can be
attributed to consecutive reduction of CosOs4 to
CoO, as well as to crystallization processes of the
oxides and growth of the crystallites. A slight
increase in the mass is observed at the same
temperature in the TG curve, which is attributed to
the same processes. Table 1 lists the data from the
chemical analysis of the catalyst samples, the
specific surface area and the observed phases in the
XRD patterns. As it is seen from the data in the
table, the content of copper and cobalt increases
with the increase of the synthesis temperature up to
550°C. The ratio between the contents of the two
elements is preserved but the ratio does not reach
the value 1:2 as in the case of normal spinel
composition. This fact gives evidence that the
stoichiometric spinel CuCo,04 cannot be formed on
the support but non-stoichiometric spinel may be
formed. The dependence of the specific surface area
of the samples also passes through a maximum,
which is due to the formation of new phases on the
surface of the support. The data from the XRD
analysis of the support and the obtained catalyst
samples reveal the presence mainly of the high-
temperature modification of Al.Os; (i.e. a-Al,Os)
and a spinel phase of composition Cug15C02:50a
judging from the XRD patterns (Figure 2 and Table
1).

It was established that at the different
temperatures of calcination of the catalyst samples
the degree of dispersion of the spinel phase is
changing, whereupon in the case of
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Fig. 2. XRD prevailing phases: 4- a-Al,03;, ® -
Cuo.15C02.8404 and SiO-quartz

catalyst sample AMC_350 the size is 28.4 nm,
while for the catalyst sample AMC 750 it
reaches 89 nm (Figure 2). In the catalyst samples
AMC_650 and AMC_750 calcined at the highest
temperatures, there occurs decomposition of the
copper cobaltite and the products of this
decomposition Co030s and CuO are so finely
dispersed, that it is impossible to register them by
XRD measurements. Partial reduction of C0304
to CoO is also possible at the high temperatures.
The analysis of the surface of the formed copper-
cobalt mixed oxides on the alumina supports
calcined at various temperatures was made by the
XPS method. The obtained photoelectron spectra
of copper and cobalt are shown in Figure 3, while
the data from the analysis are systematized in
Table 2.

Table 1. Cu, Co contents, phase composition, specific surface area of the synthesized samples and mechanical strength

of the support
Sample Cu, Co, Co/Cu Phase composition, XRD Sger, m?g? Mechanical
Support wt % wt % strength,
kg cm
- - - Al,O3, SiO; quartz - traces 0.7 650
AMC_350 0.84 1.33 1.58 Al,O3, SiO; quartz — traces, 1.32 -
Cu0.15C028404
AMC_450 1.30 2.15 1.65 Al,O3, SiO; quartz — traces, 1.14 -
Cu0.15C028404
AMC_550 1.45 2.48 1.71 Al,O3, SiO; quartz — traces, 1.13 -
Cuo.15C02.8404,
AMC_650 1.55 2.47 1.59 Al,O3, SiO; quartz — traces, 1.01 -
CUo.15C02.5404 - traces
AMC_750 1.40 2.35 1.68 Al,Q3, SiO; quartz — traces, 0.48 -

Cuo.15C02.8404- traces
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Fig. 3. The Cu2p3/2 and Co2p1/2 photoelectron spectra of AMC 350 (1.1), AMC 450 (1.2), AMC_550 (1.3),

AMC 650 (1.4) and AMC_750 (1.5) catalysts.

Table 2. XPS binding energies (V) in the
synthesized samples

Samples Binding energies, eV

Co2piyz  Cu2psz  Is/lm Co-Cu
AMC_350 795.1 933.9 0.70 1.41
AMC_450 795.3 933.9 0.64 1.47
AMC_550 795.0 934.2 0.59 1.44
AMC_650 795.2 934.3 0.58 1.11
AMC_750 795.1 933.8 0.57 1.33

CuO Merck - 934.2 0.56 -

It is obvious from the results for the
photoelectron signal of cobalt that it is in the Co®*
state, but one cannot exclude the presence of cobalt
in the Co?" oxidation state. It is clearly observable
in the figure that the copper peak displays a
satellite, characteristic of copper in the Cu?* state.
The catalyst samples AMC_350 to AMC 550 have
a distinctly expressed asymmetry of the main
photoelectron peak, which is missing in the other
two samples AMC_650 and AMC_750 calcined at
the highest temperatures. The single oxygen peak at
about 541.4 eV was estimated to belong to the
alumina phase. The calculated ratio between the
intensity of the satellite and that of the main copper
peak is decreasing and it becomes near to that of
CuO - Merck (0.56). This fact gives us the reason
to suppose that at low temperatures of calcination
copper cobaltite is being formed on the surface, as
it has already been observed in our previous studies
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[14], while the increase in the temperature of
calcination is probably leading to formation of
separate phases of copper and cobalt oxides on the
surface. These results coincide with the data from the
XRD analysis of the same samples. Figure 4 presents
SEM micrographs of the catalyst samples AMC_450,
AMC_650 and AMC_750, respectively (Fig. 4A, 4B
and 4C).

Separate particles of prevailing spherical form are
observed in the catalyst sample AMC_450 (Fig. 4A),
whereupon the size of the biggest ones is below 0.36
um. In the case of catalyst sample AMC_650 (Fig.
4B) the shape of the particles is also spherical,
whereupon the size of the smallest ones is below 0.7
um. The largest particles have sizes less than 2 um.
Agglomeration of the particles is observed at this
temperature. Further, in the case of the highest
temperature sample AMC_750 (Fig. 4C) agglomerates
are observed consisting of small particles of spherical
shape, with sizes of the order of 0.15 — 0.30 um and
some larger ones of dimensions 0.50 — 0.80 um, with
prevailing spherical shape, which form chain clusters
of size below 3 um. The analysis of the results from
the SEM micrographs shows that the particle size is
dependent on the calcination temperature of the
catalyst samples and it corresponds to the calculations
made on the basis of Scherrer’s rule in the course of
the XRD investigations.



Fig. 4 SEM images for catalysts A — (AMC_450), B -
(AMC_650) and C — (AMC_750)

The activities (conversion degrees n) of the
catalyst samples in the CO oxidation reaction at
different space velocities are shown in Figures 5
and 6.

One can observe the close values of the
temperatures at which n is 50% with the catalyst
samples AMC_350, AMC 450 and AMC 550 —
T50% = 175°C at space velocity W = 20 000 h?
(contact time 0.53 — 0.54 h g-cat/mol). This is due
to the formation of copper cobaltite spinel at these

100 4 -/.-/.

n %
.

120 180 240
Temperature, °C

Fig.5. CO conversion (1 %) as a function of
temperature of the catalysts: 1-AMC_350, 2-AMC_450, 3-
AMC_550, 4-AMC_650, 5-AMC_750, space velocity, W =
20 000 ht
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Fig.6. CO conversion (n %) as a function of
temperature of the catalysts: 1-AMC_350, 2-AMC_450, 3-
AMC_550, 4-AMC_650, 5-AMC_750, space velocity, W =
100 000 h!

temperatures. In the cases of the catalyst samples,
calcined at 650 and 750°C, the temperature of the 50%
conversion degree is shifted to higher values.
Increasing the space velocity up to 100000 h'
(contact time 0.11 — 0.12 h g-cat/mol), the tendency is
preserved, whereupon the catalyst samples AMC_350,
AMC_450, AMC_550 are slightly more active than
the samples calcined at the higher temperatures.

An analogous picture is obtained in regard to the
activity, if the experimental results are presented by
means of Ig, which denotes the amount of CO
oxidized by 1g of catalyst per hour. These data are
shown in Figures 7 and 8. This index also indicates
AMC_350 as the most active catalyst sample. Similar
activities were manifested by the catalyst samples
AMC_450, AMC_550. The samples AMC_650 and
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Fig.7. CO oxidation (milligrams) by 1 g catalyst (Ig)
versus temperature for the catalysts: AMC_350,
AMC_450, AMC_550, AMC_650, AMC_750 space
velocity, W = 20 000 ht

60 -

501

0 T T T T T T T T 1
100 120 140 160 180 200 220 240 260 280

Temperature,’C

Fig. 8.CO oxidation (milligrams) by 1 g catalyst (Ig)
versus temperature for the catalysts: AMC_350,
AMC_450, AMC_550, AMC_650, AMC_750 space
velocity, W = 100 000 ht

AMC_750 display lower activities. It should be
noted that the content of copper and cobalt on the
surface of the AMC_350 sample (as a sum of the
two) is the lowest one - 2.17 wt. %, while in the
other catalyst samples it is higher than 3 wt. % and
nevertheless, this catalyst sample is the most
effective.

In order to check the sensitivity of the catalyst
samples with respect to the catalyst poison sulfur
dioxide, after reaching 98% conversion degree 30
ppm of SO, are fed into the inlet gas mixture flow .
After a certain time interval the feeding of SO is
discontinued in order to observe whether the
poisoning is reversible or irreversible. As it is seen
in Figure 9 at space velocity W = 20 000 h?, the
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activities of the catalyst samples are gradually
decreasing with the increase of the time interval of
feeding the poison, but they are completely recovered
after discontinuing the SO, flow. The difference in the
performance of the high-temperature catalyst samples
and that of the other samples is negligibly small. Quite
different is the behavior of the samples at the higher
space velocity W = 100 000 h* (Figure 10).
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Fig. 9. Poisoning of the catalysts: 1-AMC_350, 2-
AMC_450, 3-AMC_550, 4-AMC_650, 5-AMC_750 during
the reaction oxidation of CO + O, space velocity, W =
20 000 ht
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Fig. 10. Poisoning of the catalysts: 1-AMC_350, 2-
AMC_450, 3-AMC_550, 4-AMC_650, 5-AMC_750 during
the reaction oxidation of CO + O, space velocity, W =
100 000 h'?

During the feeding of the SO, poison the catalyst
samples AMC_350, AMC_450 lower their activities
down to 40%, while in the cases of the other samples
the activities decrease to 50 — 55%. In this case it is
also observable that the poisoning of the catalyst



D. D. Stoyanova, D. R. Mehandjiev: Phase formation and catalytic activity of Cu-Co-spinel catalyst deposited on .....

samples is reversible. This is probably due to
blocking of a fraction of the active sites
participating in the CO+O; reaction, by the poison,
which occurs as a result of formation of unstable
superficial sulfate complexes under the effect of
SO, which is followed by their desorption after
stopping the SO, flow.

These results show that the formation of a spinel
phase of copper cobaltite alters the sensitivity
towards this strong catalyst poison — sulfur dioxide.
It is known that the oxides of the transition metals,
in particular the oxides of copper and cobalt, are
active catalysts in oxidation reactions, but in the
presence of this poison they lose 100 % of their
activity. The poisoning is also reversible in the case
of these two metal oxides and the initial activity is
restored after discontinuing the poison flow. In the
present investigation, the oxides present in the
catalyst samples lose their activity and
effectiveness completely, but the spinel phase is
preserved and it continues its action, as it is non-
sensitive to sulfur dioxide and therefore these
catalyst samples preserve a comparatively high
activity.

Additional information can be obtained if the
data on the activity of the catalyst samples are
presented by means of the quantity Ig, at one and
the same reaction temperature, in dependence of the
synthesis temperature of the catalyst samples.
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Fig. 11. CO oxidation by 1 g catalyst versus
temperature and different space velocity:
- at T=190°C, space velocity W = 20 000 h'? (curve 1)
- at T=210°C, space velocity W = 100 000 h* (curve 2)

Figure 11 illustrates this dependence for the
studied catalyst samples at the two space velocities.
As it can be seen from the figure, the catalyst
samples obtained at lower temperatures, having a
higher content of the spinel phase, preserve their
high effectiveness. In the cases of higher synthesis

temperatures — above 650°C, at which the spinel is
probably starting to decompose, the activities are
lower and the sensitivity towards catalytic poisons
increases.

CONCLUSION

On the basis of the results from the present
investigation it was ascertained that:

The phase formation process in the synthesized
catalyst samples deposited on high-temperature
alumina-silica-magnesia support plays an essential
role with respect to both the catalytic activity in the
reaction of CO oxidation by oxygen from the air and
the stability/resistance to catalyst poisons, in
particular SO.

Of substantial importance for obtaining a spinel-
like active phase are the structure and the texture of
the support, as well as the solid-state processes
occurring during the thermal treatment of the contact
mass.

Most promising with a view to the activity in the
studied reaction and stability to poisoning by SO, are
the catalyst samples calcined within the temperature
interval 350 — 550°C, enabling the synthesis of a
spinel-like Cu/Co oxide phase.

This gives us the reason to propose practical
application of the high-temperature support for
depositing catalysts for purification of toxic emissions
of gaseous fluids.

Acknowledgements: The authors thank the National
Science Fund of Bulgaria (Grant N° TO1/6) for the
financial support.

REFERENCES

1.Suskil Kumar, K. K. Pant, International journal of
hydrogen energy, 36, 13352 (2011).

2.1. Spassova, M. Khristova, D. Panayotov, D. Mehandjiev,
Journal of Catalysis, 185, (1), 43 (1999).

3.1. Spassova, D. Mehandjiev, Reac.Kinet. Catal. Lett., 69,
2, 231 (2000).

4.V. Georgescu, D. Bombos, R. Scurtu, 1. Spassova, D.
Mehandgiev, L. D. Dumitrache, Revista de Chimie 59,
2, 243 (2008).

5.D. Mehandjiev, B. Piperov, G. Bliznacov, L"Acad. Bulg.
Sci., 31, 11, 1433 (1978).

6.D. Mehandjiev, BG Patent 10 6344 (2002).

7.D. Mehandjiev, E. Nikolova, Thermochim. Acta 23, 117
(1978).

8.S. Angelov, D. Mehandjiev, B. Piperov, V. Zarcov, A.
Terlecki - Baricevic, D. Jovanovic, Z. Jovanovic. Appl.
Catal. 16, 431 (1985).

9.D. Stoyanova, M. Christova, P. Dimitrova, J. Marinova,
N. Kasabova, D. Panayotov,

Appl.Catal. B: Environmental, 17, 233 (1998).

10. D. Stoyanova, PhD Thesis, IONH, Sofia, 2002.

489



D. D. Stoyanova, D. R. Mehandjiev: Phase formation and catalytic activity of Cu-Co-spinel catalyst deposited on .....

11.J.L.Cao, Y.Wang, T.Y. Zhang, S.H. Wu, Z.Y. Yuan, 14.P. Stefanov, I. Avramova, D. Stoichev, N. Radic,
Appl.Catal. B: 78, 120 (2008). B.Grbic, Ts. Marinova, Applied Surface Science 245, 65
12. C.Q.Hu, Journal.Chem. Eng. 159, 129 (2010). (2005).
13.Zhi-Gang Liu, S.H. Chai, A.Binder, Y.Li, L.T.Ji,
C.Sh. Dai, Appl. Catal.: General 451, 282 (2013).

D®A300BPA3YBAHE U KATAJIMTUYHA AKTHUBHOCT HA Cu — Co LIINWHEJEH KATAJIU3ATOP
HAHECEH BBPXY Al/Si/Mg - HOCHTEJI

. 1. CrosiHoBa, [[. P. Mexanmxuen

WucerutyT 10 001112 ¥ HeopraHnyHa Xumusi, beirapcka akanemust Ha HayKHTe,
yi.”akan. I'. borues” 61. 11, 1113 Codust, brirapus

[Tonyuena Ha 20 HoemBpH 2013 r.; kopurupana Ha 19 maii, 2014 r.

(Pesrome)

B paborara ca nmpeacraBenn Cu-CoO OKCHAHHM KaTann3aTopu, HAHECCHN BbPXY (PUPMEH BHCOKOTEMIIEPATypEH HOCHTEI,
ChIBPIKAIL ATyMMHUN, MarHe3uit M CUIMUIMI M HAaKaJeHM HpU paslIuMuHu Temmeparypu: 350, 450, 550, 650 u 750°C.
OOpasuure ca MONYyYeHH 10 METOAa Ha MPOIMBAHETO OT BOJHHM pa3TBOPM Ha HUTpaTH, chabpxamu Cu n Co.
Karanuzatopure ca oxapakTepuU3UpaHH MOCPEACTBOM PEHTICHOBU (POTOCIECKTPOHHH CHEKTPH, PEeHTreHO(]a30B aHamus,
nudepeHnraneH TepMUYeH aHaIN3, CKaHUpallla eJIeKTPOHHA MUKpocKomus ¥ 1o Metosa Ha BET. Hanpasen e xumudecku
aHanu3 Ha oOpasuure. V3cnenBano e ¢azoobpa3yBaHeTo, PU Pa3IMYHK TEMIIEPAaTypy Ha MOJIyYaBaHE U KaTaTUTHYHATA
aKTUBHOCT Ha MEJEeH KOOaNnTUT B peakiusata Ha okucieHne Ha CO c kucnopos mpu jne obemuu ckopoctu (20 000 u
100 000hY). TIpocnenena e u ycTOHYMBOCTTAa HA 0Opa3sLUTE KbM KAaTAIUTHYHU OTpOBM kato SO, mpH chluuTe 06eMHU
ckopocta (20 000 m 100 000h™). YcraHoBeHO €, 4e Haii-IoOpa HEPCIEKTHBHOCT II0 OTHOINEHHE AKTUBHOCTTa Ha
pasriexJaaHaTa peakuusi U CTaOWIIHOCT CIPSIMO OTpaBsHE M aKTHBHOCT chbyeraHa ¢ SO mokaszBaT KaTalM3aTOPHUTE,
HaKaleHd B TemmeparypeH uHtepsan 350 — 550°C, npu kosTo TeMiepaTypa ce CUHTEe3upa LinuHenononobnara Cu-Co
okcuzHa ¢asza. ToBa HU JaBa OCHOBAaHHUE 32 BH3MOXKHATa NPHIOKUMOCT Ha BUCOKOTEMIIEPATYPHHUSI HOCHTEJI 38 HaHEC CHN
KaTaJIM3aTOPH 3a OYMUCTBAHE OT TOKCHYHU EMHUCHH Ha ra30BH (Qayumu.
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Bearing is one of the most commonly used tools in the industry that the distance between the two
cylinders is filled with a fluid. Given the possibility of oil pollution, the emission behavior of mass and
momentum transfer within the fluid appears to be necessary. In this paper, the coaxial cylinders with rotating
inner cylinder and a non-Newtonian fluid is simulated. Differential equations of mass and momentum
transfer with simple problem situation are introduced and the boundary conditions for solving these
equations are obtained. The results showed that there was insignificant radial velocity. Even if there was an
appendage of the outer cylinder, the change of radial velocity was very low, but, it did not affect diffusion.
Also, variations of the Reynolds number, the radial velocity and diffusion as well as concentration are

studied.

Keywords: Bearings, Co-axial cylinders, Momentum, Mass transfer, Non-Newtonian fluid

INTRODUCTION

Coaxial cylinders are used in many experimental
analyses [1, 2] and industrial applications such as
medicine filter industries. Some studies have
focused on momentum transfer and behavior of
system and some have addressed problems of heat
flow in composite cylinders, as mentioned in the
literatures [3-8]. However, mass transfer in coaxial
cylinders has rarely been investigated. On the
contrary, mass transfer in the laminar flow of non-
Newtonian fluids between rotating coaxial
cylinders is used in most industrial processes, such
as the catalytic chemical reactors, filtration devices,
plant cell bioreactors, liquid-liquid extractors [4],
cylinder extraction columns, high efficiency batch
distillation columns, cyclone chambers, Journal
bearings and rotating electrical machinery [9].

Molki et al. [1O]investigated convective
heat/mass transfer characteristics of the laminar
flow in a circular annulus with a rotating inner
cylinder in the presence of a laminar axial flow.
Sung et al. [11] measured the local mass transfer
from a cylinder placed ina pulsating free stream.
Flowers et al. [9] did an experimental study on the
transport properties of a system in which a stream

* To whom all correspondence should be sent:
E-mail: zeinali@um.ac.ir

of air flows axially in the long annulus between a
rotating cylinder and a stationary coaxial outer
tube. Also, they compared mass and momentum
transfer in streams containing secondary flows
[12]. Zeraibi et al. [13] presented a numerical
investigation of the thermal convection for a
thermo-dependent non-Newtonian fluid in an
annular space between the two coaxial rotating
cylinders. Jeng et al. [14]investigated the effects of
jet flow and flow outlet configuration on the fluid
flow in an annulus between co-axis cylinders.
Laminar conjugate heat transfer by natural
convection and conduction in a vertical annulus
formed between co-axial cylinders was studied by
Shahi et al. [15].0gawa et al studied the
relationship between the wave length of Taylor
vortices and the lapse of time related to the spin-up
time in the wide gap between coaxial cylinders in
details[2]. Sedahmed and Nirdosh [16] measured
the free convection mass transfer rates at the outer
surface of the inner duct of a horizontal square
annular duct by an electrochemical technique.
Cheng presented a modeling of the heat transfer of
upward annular flow in a smooth tube and a spirally
internally ribbed tube[17]. Various method of
predicting the transition to annular flow in an
upward, two-phase, gas-liquid flow in a vertical

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 491
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tube were tested against a large set of experimental
data by Rezkallah and Sims[18].

A bearing is a specific device that allows a
relative motion, typically rotational or linear,
between two or more pieces. Bearings can be
widely classified. A layer of fluid bearings with a
lubricant or compressed gas can prevent the
collision of two surfaces and reduce the vertical
forces between the two surfaces [19]. Also, the
bearing rotational speed is generally low.

Dust and dirt usually find their way to a bearing
and mix with the oil. However, sometimes these
dust and dirt come from inside a bearing.
Therefore, the bearing fluid should be able to take
out this matter to protect itself against rubbing. The
fluid must be able to pass through the material as
quickly as possible.

In this study, the ways of transferring mass
within the fluid bearing and the interaction between
mass and momentum transfer are studied. Also, the
effect of baffles on the fluid flow and diffusion is
investigated. The variation of velocity, Reynolds
number, concentration of diffuser and diffusion
intensity between two walls vs. destination is
plotted. The equations of mass transfer are solved
in transient conditions, while momentum transfer is
in stationary conditions.

Theory

The two dimensional geometry of the study is
illustrated in Fig. 1. The inner cylinder moves with
constant angular velocity. The outer cylinder is at
rest, as the material on the wall is diffused into the
fluid. The liquid is in the annular gap between the
two vertical coaxial cylinders, by which the
concentration difference across the thin liquid layer
is supplied. Since the velocity of inner cylinder is
low, the flow remains laminar. It is because the
shear flow is replaced by an actually symmetric
three-dimensional secondary flow when the
rotational speed of the inner cylinder exceeds a
certain value [9].

Fig. 1. Geometry of the system.

In  the first geometry, Navies—Stock's
(Momentum) equation is simplified and solved to
provide more details about the velocity distribution
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of the system. There is no radial velocity (v, =0)
and from continuity equation:

o, +%:0 (1)
or 06
Results:
ave
—2 =0 2
% 2
Then:

Vg =V, n O
From momentum equations for r:
2
v,” dp
20 —"F (4
P =g @
And from momentum equation for 6:

SR TR
v, =§r+E (6)
ol =10 (7)
oleer, = @)

Then:
2.2
Vo = 21 z(rlza)r_rersz ©)

As can be seen v, is a function of ry, r; and

and it is time independent. Exact solutions of
Navies—Stock's equation are of paramount
importance in terms of both theoretical and
practical values [20].

To investigate the concentration of fluid, the

concentration equation is solved with % =0:

@ZDGQ(&B 10)
ot ror\ or

o
ar r=n
cl_=C, (12)

r=ry

Equation (10) does not have an analytical
solution. It shows that the concentration and
momentum equations do not exhibit the expected
analogous relationship [12].The concentration of
fluid between coaxial cylinders changes relative to
time and radial wvelocity. Concentration and
diffusion are not dependent on the angular velocity
of fluid. Angular velocity homogenizes fluid in a
certain angular line. This results in radial diffusion,
which is not affected by the fluid flow. On the other
hand, both phenomena, i.e., mass and momentum
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transfer, are independent and need to be
investigated separately.

In the geometry “with baffles”, the radial
velocity affects the diffusion phenomena. Hence,
the equation (10) is rewritten by v..

v, @+§ = D[lg(r ﬁﬁ (13)
or ot rori\ or

Radial velocity creates convective mass transfer
in the system. To solve the equations of mass and
momentum transfer, the finite element method is
used.

To ensure the presence of the laminar flow, it
should be tested with Taylor number. A definition
of Taylor number is [21]:

_ szGZRi (Ro — Ri)3

2

Ta (14)

Here, the critical Taylor number is about 1700.
In this study, given the assumed properties, the
maximum permissible angular velocity is 0.77-
0.98.

In the first geometry, r1= 6 cm and r,= 8 cm, the
inner cylinder rotates with a speed of 0.005 m/sec,
and for mass transfer analysis, the concentration of
outer cylinder is10 mol/m?3. In the second geometry,
4 baffles with 0.1x0.1 dimensions are used. The
fluid is non-Newtonian based on the power law
model with a consistency index (k) and behavior
index (n) of 0.5 and 0.7, respectively. The density
of fluid is 1000 kg/m® Finally, the value of
diffusion coefficient of fluid (irrespective of its
variation) is constant and equal to 1x10° m/sec.

RESULTS AND DISCUSSION

The grid independency of the numerical
solutions was investigated meticulously to ensure
the accuracy of the numerical solution [22]. Order
velocity was studied on a number of different
quantities mesh elements. The results are shown in
Fig. 2.In accordance with the increase of the
number of mesh to 1200, velocity is independent of
the number of mesh elements. As a result, the same
mesh was used for the calculations.
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Fig. 2. Velocity vs. mesh quantity in certain point.

Momentum Transfer

Fig. 3 shows contour lines in both geometries.
In the first geometry, the fluid layers turn in a
constant circular line, meaning that the fluid is not
mixed with the system. In the second geometry,
contour lines turn uniformly but at a closer distance
than the first geometry, except near the baffles
where lines are closer together.

Fig. 3. Velocity contours in Both Geometry, without
(a) and with Baffle (b).

As shown in Fig.4, in the absence of baffles,
radial velocity is not created, while, in present of
bafflesit is created and changed by destination. The
velocity reaches its maxium point near the inner
cylinder. Maximum rate is about 5.5e-6 with an
average of 2.42e-6, which is very low. Unlike the
first geometery, in the presence of baffle, the
concentartion is incresed up to 3%in certain points.
In other words, the fluid motion in the radial
direction is negligible in the presence of baffles.
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Fig. 4. Radial velocity vs. Destination in Geometry
with the Baffle.
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Fig. 5 ilustrates the variation of Re number vs.
destination. Re number is defined as [5]:

Re= 2R R=R) 45

08

07 —a—without Baffles

—a—With Baffles
06

05

0.4

Re

03

0.2

01

6 6.5 7 7.5 8
Destination (cm)

Fig. 5. Re number vs. Destination in both

Geometries.

According to the above equation, Re number is
the direct velocity magnitude-dependent and
reversed apparent viscosity-dependent. In all points
with baffle, velocity is lowerthan the points without
baffle, which is due to the dramatic increase of
surface after the baffle.The apparent viscosity in
“with baffle” case is divided into two parts:
areasnear the inner cylinder and the areas outside it
. In the former, the viscosity of points“with baffles”
is less than the points“without baffles”. whereas in
the latter, the viscosity is greaterinthe case “without
baffle”.As a result, as shown in Fig. 5, Reynolds
number in the case with baffles is less than the case
without baffles, but in the vicinity of the inner
cylinder, the slowdown is greaterthan the
increasedviscosity. Therefore, the Reynolds number
is greater in the case without baffle.

Mass transfer

In this section, the system diffusion is
investigated in both geometries. The radial velocity,
which only appears in the first geometry, is
generated in the system by baffles. However, the
magnitude of velocity is negligible and in effective
in the radial mass transfer. As a result, the radial
convection mass transfer is not produced in system.
Mass transfer is carried out through diffusion
mechanism.

Fig. 6 shows concentration in the system vs.
destination at several points after the inception of
diffusion. The numerical analysis of Equation (10)
results variation of concentration vs. radius, which
is nonlinear. As the time goes by, curves show a
tendency toward nonlinearity.
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Fig. 6. Concentration vs. Destination at different
times.

In certain points, concentration changes vs. time,
as plotted in Fig. 7. In the first one, the range of
curve is high because of the significant
concentration difference and diffusion rate.
However, the concentration difference reduces with
time, the scope decreases and gives a linear curve.

Fig. 8 shows the variation of diffusion against
the destination. At the initial time, the rate of
diffusion is greater near the outer cylinder, but it
decreases dramatically as the distance from the
outer cylinder is furthered, because at that point its
concentration is equal to zero. In other words, in the
initial times, the substance is either non-existent or
its value is very low for diffusion.

10

(L R ]

Concentration [mnl/m3]

o =N W

0 500 1000 1500 2000 2500 3000
Time (s)

Fig. 7. Concentration vs. Time in r=7.56 cm.

Over time, the radial diffusion appears in these
areas and the concentration changes will be the
same, though curves shrink gradually. This happens
because concentration changes relative to the
distance and time, as shown in Fig. 9. As
mentioned earlier, the intensity of diffusion
decreases over time. Also, radial diffusion
decreases with time due to the concentration
difference. This decline is sharp at the beginning of
the process but it gradually becomes smoother.
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Fig. 8. Diffusion Flux vs. Destination in different
times.
0.0012

0.001

0.0008

0.0006

0.0004

Radial Diffusion (mol/mZ.S)

0.0002

0

0 500 1000 1500 2000 2500 3000
Time (s)

Fig. 9. Radial diffusion vs. time in r=7.56 cm.

CONCLUSION

In this research, mass and momentum transfer in
co-axial cylinders was examined. The inner
cylinder rotates at a constant velocity and the outer
cylinder has a certain concentration. The
simplification of the differential equation showed
that both phenomena were distinct and could be
solved separately. In this regard, the fluid turned
uniformly and the radial velocity did not appear.
The single mechanism of mass transfer is diffusion.
The convection mass transfer is not achieved
because the radial velocity is approximately zero.
In the second case, baffles were used to change the
flow model. At low velocities, the pattern of stream
changed, but the creation of radial velocity was
very low and it did not affect the radial mass
transfer. Variations of concentration and diffusion
mass transfer were also studied. The results showed

that at initial times, the starting point of diffusion
had high rate of diffusion, but the rate reduced over
the time.
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YMCJIEH AHAJIM3 HA ITPEHOCA HA MACA 1 EHEPT'UA ITP KOAKCHAJIHU
OWJIMHAPU TP BBPTALL CE BbTPEIIEH HHWJINMH/IPU

X. Axwmapu, C. 3eitnanu Xepuc*
Jenapmamenm no unocenepua xumus, Unocenepen paxyrmem, Ynusepcumem “@upooycu” ¢ Mawxao, Upan
IMocremmna Ha 18 nexemspwu, 2013 ., kopurupana Ha 21 centemspy, 2014 .
(Pesrome)

Jlarepure ca enHM OT Haif-4ECTO CPEIIAHMTE CPEACTBA B IMPOMMIIIICHOCTTA, IPH KOUTO PAa3CTOSHHETO MEXKIY IBa
IIIMHABPA € 3ambIHeHO ¢ Guyna. OmacHOCTTa OT 3aMbpCSIBaHE HAa OKOJHATA Cpelia C Macia Hajara ONTUMH3HUPAHETO
Ha MAacOINpPEHACSHETO U IMpeHoca Ha eHeprusa B Te3u ¢urynau. B Hacrosmara pabora ce moxenupa He-HioToHOBOTO
TEUYECHHE MEXIy JBa KOAKCHATHHW I[IWIMHIABPA OKOJIO BBPTSN] C€ BBTPEIICH MMIMHABP. M3nomsBanum ca
JmudepeHIMatHUuTe ypaBHEHHs 3a IPeHoca Ha Maca M eHeprus ¢ HeoOXOIUMHTE TpaHWUYHHM ycloBus. Pesynrarute
MOKa3BaT He3HAUMTEJHA pajnaiHa KOMIOHEHTa Ha CKOPOCTTAa C HHUIIOXKHO BIMsSHHUE BbpXY Audysusara. V3cnensanu ca
OCBEH TOBa M3MEHEHMATA B YKMCIOTO Ha PeiHOJIC M BIMSHHETO My BbpPXYy pajualiHaTa KOMIIOHEHTa Ha CKOPOCTTa,
U y3usiTa M KOHIEHTpPAIMATA Ha TPEHACSHOTO BELIECTBO.
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A highly efficient procedure for the synthesis of 3-cyano-2(1H)-pyridones and their 2-imino isosteres via a one-pot
multicomponent reaction of 3,4-dimethoxyacetophenone, malonitrile or ethyl cyanoacetate, an aldehyde and ammonium
acetate in the presence of nano-TiO; is achieved in good yields. Short reaction times, simple work-up, isolation of the
products in high yields with high purity, mild reaction conditions are features of this new procedure.

Keywords: 3-Cyano-2(1H)-pyridones, 2-Imino, Cardiotonic, nano-TiO2

INTRODUCTION

Among the various classes of nitrogen
containing  heterocyclic compounds, pyridine
derivatives display a broad spectrum of biological
activities. Substituted 3-cyano pyridines are
important intermediates in pharmaceuticals, anti-
inflammatory and dyes and therefore development
of efficient procedures towards functionalized
pyridines is an attractive target for organic
synthesis.

Cardiac glycosides (digoxin and digitoxin),
discovered in the 18" century, still represent the
corner stone of therapy for congestive heart failure
(CHF), despite their low therapeutic index and their
propensity to cause life-threatening arrhythmia [1-
3]. The newer sympathomimetic  agents
(dobutamine, dopamine) are orally inactive and
may lead to tachyphylaxis due to B-receptor down
regulation [4, 5]. Because of the need for safer and
orally effective drugs, the synthesis of milrinone
analogues as a series of nonglycosidic, non-
sympathomimetic, cardiotonic agents has been

developed [6]. 3-cyano-2(1H)-pyridinones and their
2-imino isosteres are milrinone analogues which
also can be used as as nonsteroidal cardiotonic
agents [7] and their syntheses are categorized by
the following three types: (i) Knoevenagel and
Hantzsh condensation chemistry from B-keto esters
[8-10] (ii) pyridine synthesis from a, 3 -unsaturated
ketones [11, 12] (iii) Krohnke type cyclization with
1,5-diketone and ammonium acetate [13], but many
of reported methods have drawbacks such long
reaction times, harsh reaction conditions, the use of
stoichiometric reagents or of toxic and inflammable
solvents, difficult work-ups or low yields of
products. Consequently, there is a need to develop
new methods for the synthesis of these compounds.
In this communication we wish to report the
application of nano-TiO; in the synthesis of 3-
cyano-2(1H)-pyridones and their 2-imino isosteres.
(Scheme 1)

R
CN
COCHj; ~
X |
nano-TiO, N Z
+ RCHO + CH3COONH, - H
OMe CN reflux MeO
OMe OMe
1 2 3 4 5  Z=NH
X=CN, COOEt 6 Z=0
Scheme 1.

* To whom all correspondence should be sent:
E-mail: address: bitabaghernejad@yahoo.com
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RESULTS AND DISCUSSION

As part of our program aimed at developing new
selective and environmental friendly methodologies
for the preparation of fine chemicals, we performed
the synthesis of 3-cyano-2(1H)-pyridones and their
2-imino isosteres through one-pot multi-component
reaction of 3,4-dimethoxyacetophenone, malonitrile
or ethyl cyanoacetate, an aldehyde and ammonium
acetate in the presence of nano-TiO..

This reaction proceeded smoothly and rapidly to
give the corresponding pyridones and 2-imino
analogues in good vyields (Table 1). Initially, we
examined the effect of varying the solvent on the
synthesis of 5b. This reaction was carried out in
various solvents such as water, DMF, chloroform,
ethanol, CH,Cl, and toluene. As shown in Table 2,
the best results in terms of yield and time are
obtained in ethanol.

By carrying out reactions with different amounts
of ammonium acetate, it was found that 8 mmol of
ammonium acetate furnished the maximum yield
for 1 mmol of the reactants. When ethyl
cyanoacetate was used instead of malononitrile, the
corresponding 2-pyridone was obtained in good
yield (Table 1, entries 6-10).

Under optimized reaction conditions, various
aromatic aldehydes reacted very well with
malononitrile and ethyl cyanoacetate as the active
methylene compounds to give the corresponding
2(1H)-pyridones and their 2-imino isosteres in good
yields (Table 1). The effect of temperature in
ethanol as a solvent was studied by carrying out the
reactions at different temperatures [room
temperature (25 °C), 45 °C and under refluxing
temperature (78 °C)]. As it is shown in Table 1, the
yields of the reactions increased as the reaction
temperature was raised. From these results it was
decided that refluxing temperature would be the
best temperature for all reactions. The reaction
proceeds very cleanly under reflux and is free from
side products.

A reasonable mechanism for this reaction is
shown in Scheme 2. The enamine formed from
dimethoxyacetophenone and ammonia adds to
the aldol condensation product of the aldehyde
and malononitrile. Subsequent addition to a
cyano group followed by dehydrogenation
affords the desired product 5.

Table 1. Synthesis of 3-cyano-2(1H)-pyridones with nano-TiO-

Time Yield(%)?

Entry R X z Product () 25°C 45°C 78°C
1 -CHs CN NH 5a 3 45 65 83
2 @ CN NH 5b 3 45 70 85
3 {%CL CN NH 5¢c 3 40 68 87
4 OOH CN NH 5d 3 45 72 84
5 —@OCHa CN NH S5e 3 50 71 84
6 -CHs COOEt (@) 6a 3 45 65 85
7 @ COOEt (@) 6b 3 45 72 86
8 {%CL COOEt o] 6c 3 40 70 86
9 OOH COOEt 0] 6d 3 45 72 85
10 —@OC% COOEt O 6e 3 50 75 83

Cl
11 @ COOEt 0] 6f 3 45 70 89

@)

aYield of isolated products.
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-H,0 CN

RCHO < - .
* R Aoy

CN
7

HN, CHs H,N_ CH,

COCH3
nano-TiO,
+ CHsCOONH, ———— —
OMe OMe OMe
OMe OMe
4 8 9

N R ¥ NH
NH =
NH
X NH air N
_
OMe OMe
OMe OMe
"

Scheme 2.

Table 2. Synthesis of 5b with nano-TiO- in
the presence of different solvents

Entry  Solvent Tempera- Time(h)  Yield
ture (%)?

1 Ethanol Reflux 3 82

2 Aceto- Reflux 3 80
nitrile

3 Ethyl Reflux 4 78
acetate

4 THF Reflux 4 75

5 Dichloro Reflux 6 65
-methane

2Yield of isolated products.

It is known that the specific surface area and the
surface-to-volume ratio increase dramatically as the
size of a material decreases. The high surface area
brought about by nanoparticle size is beneficial to
many TiOy-based devices, as it facilitates
reaction/interaction between the devices and the
interacting media [14]. TiO; nanoparticles have
been widely investigated in the past decades due to
their multiple potential catalytic activity for
esterification [15], degradation of methyl parathion
[16], photodecomposition of methylene blue [17],
rhodamine B degradation [18], synthesis of -
acetamido ketones [19], 2-alkylbenzimidazoles and
indazole [20], B-amino ketones [21],
bis(indolyl)methanes [22], 2-indolyl-1-nitroalkane
[23], selective oxidation of sulphides [24], Friedel-
Crafts alkylation of indoles [25] and photocatalytic
synthesis of quinaldines [26].

The investigation on nano-TiO- catalytic activity
for the synthesis of many organic molecules is a
current work in our laboratory. The dimensions of
the applied TiO, nanoparticles were determined
with SEM and are 38 nm (Fig. 1).

3nm

Ace V gSpot Magn - Rot,. WD 'i’—————-i 5 500 nm
120kV 19 80000« SE 8@ &510 38

Fig.1. SEM photograph of nano-TiO;

EXPERIMENTAL

All products are known compounds and were
characterized by m.p., IR, HNMR and GC/MS.
Melting points were measured by the capillary tube
method with an Electrothermal 9200 apparatus
(Germany). 'THNMR spectra were recorded on a
Bruker AQS AVANCE-500 MHz spectrometer
(Germany) using TMS as an internal standard
(CDCl; solution). IR spectra were recorded from
KBr disks on the FT-IR Bruker Tensor 27
(Germany). GC/MS spectra were recorded on an
Agilent Technologies 6890 network GC system
supplied with an Agilent 5973 network mass
selective detector (United States). Thin layer
chromatography (TLC) on commercial aluminum-
backed plates of silica gel, 60 F254 was used to
monitor the progress of reactions. All products
were characterized by spectral and physical data.

Typical procedure for preparation of 4-
aryl(alkyl)- 3-cyano-6-(3,4-dimethoxyphenyl)-
2(1H)-iminopyridines (5a-e):

A mixture of 3,4-dimethoxyacetophenone (1
mmol), malononitrile (1 mmol), the appropriate
aldehyde (1 mmol), ammonium acetate (8 mmol)
and nano-TiO2 (5 mol%) in ethanol (5 mL) was
refluxed for 3 h. The progress of the reaction was
monitored by TLC (hexane-ethylacetate (2:1)).
After completion of the reaction, the solvent was
evaporated and the mixture was washed with
chloroform and filtered to recover the catalyst. The
filtrate was evaporated and the crude product was
recrystallized from ethanol.

Typical procedure for preparation of 4-
aryl(alkyl)-6-(3,4-dimethoxyphenyl)-3-cyano-
2(1H)-pyridinones (6a-e):

The foregoing method was carried out except
that malononitrile was replaced by ethyl
cyanoacetate (Table 1, entries 6-10).

Synthesis of nano-TiO-

A 500 mL three-necked flask containing 5 mL
of titanium tetrachloride was equipped with a
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condenser, a gas trap and a water steam producer.
The titanium tetrachloride was heated to 130 °C. By
adding water steam to hot titanium tetrachloride for
15 min, a milky solution was formed. After
washing the condenser, the milky solution was
filtered to obtain a white solid. By heating the white
solid in an oven at 400 °C for 7 h, the TiO:
nanoparticles formed a white crystalline powder.

Reusability of nano-TiO;

Next, we investigated the reusability and
recycling of nano-TiO,. At the end of the reaction,
the catalyst could be recovered by a simple
filtration. The recycled catalyst was washed with
methanol and subjected to a second run of the
reaction process. To assure that catalysts were not
dissolved in methanol, they were weighed after
filtration and before using and reusing for the next
reaction. The results show that these catalysts are
not soluble in methanol. In Table 3, the comparison
of the efficiency of nano-TiO; in the synthesis of 5a
after five runs is reported. As it is shown in Table 3,
the first reaction using recovered nano-TiO;
afforded a similar yield to that obtained in the first
run. In the following runs the yield gradually
decreased.

Table 3. Reuse of nano-TiO; for the synthesis of 5a

Entry Time/h Yield/%?
1 3 83
2 3 81
3 3 80
4 3 75
5 3 70

(a) Isolated yields
Selected physical data

5¢: Mp: 207 °C (1it.203-207[21]). IR (KBr)
(Vmax, cm1): 2225, 3340. *H NMR (DMSO-D6,

500 MHz) 8H (ppm): 3.75 (s, 3H, 3-OCHS3),
3.89 (s, 3H, 4-OCH3), 7.12-7.58 (m, 8H,

aromatic), 10.51 (brs, 1H, NH), 10.62 (brs, 1H,
NH). GC/MS: 365 (M+).

5d: Mp: 202 °C (lit.205-207 [21]). IR (KBr)
(Vmax, CM1): 2246, 3345. *H NMR (DMSO-D6, 500
MHz) dH (ppm): 3.85 (s, 3H, 3-OCH3), 3.91 (s,
3H, 4-OCH3), 7.12-7.58 (m, 8H, aromatic), 9.86
(brs, 1H, NH), 9.98 (brs, 1H, NH), 10.65 (1H, OH),
GC/MS: 347 (M+).

6a: Mp: 255 °C (1it.255-257 [21]). IR (KBr)
(Vmax, cm™1): 1670, 2220, 3320.'H NMR (DMSO-
D6, 500 MHz) oH (ppm): 2.43 (s, 3H, CH3), 3.75
(s, 3H, 3-OCH3), 3.89 (s, 3H, 4-OCH3), 7.01-7.49
(m, 4H, aromatic), 12.05 (brs, 1H, NH). GC/MS:
270 (M+).

6b: Mp: 285 °C (1it.287-289 [21]). IR (KBr)
(Vmax, cm™1): 1641, 2228, 3330.!H NMR (DMSO-
500

D6, 500 MHz) 6H (ppm): 3.89 (s, 3H, 3-OCH3),
401 (s, 3H, 4-OCH3), 7.09-7.52 (m, 9H,
aromatic), 12.51 (brs, 1H, NH). GC/MS: 332 (M+).

CONCLUSION

In summary, we have developed a simple and
efficient protocol for the synthesis of 3-cyano-
2(1H)-pyridones and their 2-imino isosteres with
nano-TiO,. Short reaction times, simple work-up,
isolation of the products in high yields with high
purity, mild reaction conditions are features of this
new procedure.
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HAHO-TIiO.: EOEKTHUBEH U ITOJIE3EH KATAJIM3ATOP 3A CUHTE3A HA 3-ITMAHO-2
(1H) -ITMPUAOHOBMU ITPOU3BOJHN
b. Barepuemxan *
Kameopa no xumus, yuunuwe 3a nayxku, Ynusepcumem Iasm Hyp (PNU), 19395-3697, 4P Upan
Ilony4ena Ha 29 nexemBpu, 2013 r.; peBuzupana Ha 1 centemBpu 2014 r.
(Pe3rome)

IMocTurHata ¢ BHCOKO e(eKTHBHA TpoOIeAypa 3a CHHTE3 Ha 3-muaHo-2 (1H) -THUPUIOHH U TEXHUTE 2-UMHHO
M30CTEPH 4pe3 €THOCTOIUIHA MHOTOKOMIIOHEHTHa peakuus Ha 3,4-TMMETOKCHAalEeTO(EHOH, MaTOHUTPUI MM €THII
[MaHOAIeTaT, allICXH]] i aMOHHCB alleTaT B MPHUCHCTBHE Ha HaHO-TIO2 ¢ m00pu mo6uBH. XapaKTepUCTHKAa HA Ta3H
HOBa MpoIleypa ca KpaTKU PeakIMOHHH BpeMEHa, NMpocTa paboTa, M30JMpaHe Ha MPOAYKTHTE C BUCOKH JOOHBH U
BHCOKA CTETIEH Ha YUCTOTA, MEKU PEaKIIMOHHH YCIIOBHS.
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NaBH./1, mediated one-pot synthesis of 4-(substituted-anilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazoles and their antimicrobial screening
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A series of compounds (Va-VI) was synthesized via direct reductive amination of 3-(naphthalen-2-yl)-1-phenyl-1H-
pyrazole-4-carbaldehyde with various substituted aromatic amines using NaBH, in the presence of I, as a reducing agent.
The reaction was carried out in anhydrous methanol under neutral conditions at room temperature. The structures of the
synthesized compounds (Va-VI) were established on the basis of IR, *H and *C-NMR, and mass spectral data. All 4-
(substituted-anilinomethyl-3-(2-naphthyl)-1-phenyl-1H-pyrazole derivatives (Va-VI) were tested in vitro for antifungal
and antibacterial activities against different fungal and bacterial strains. Most of the compounds exhibited considerable
antifungal activity but poor antibacterial activity against the test strains. The compounds Vg, Vj and Vk showed excellent
antifungal activity against the fungal strain Aspergillus niger MTCC 281 and Aspergillus flavus MTCC 277 (% inhibition

in the range of 47.7-52.8).

Keywards; Reductive amination, Pyrazole, Naphthalene, Antimicrobial activity

INTRODUCTION

Pyrazole scaffold represent one of the most
active class of heterocyclic compounds possessing
a wide spectrum of biological activities including
anti-inflammatory—-analgesic [1-3], antimicrobial
[4,5], antihypertensive [6,7] etc. Some of the
analogues have also shown potent antitumor [8,9],
antidepressant - anticonvulsant [10,11] and
hypoglycemic activities [12,13]. The significance
of pyrazole scaffold may be realized by the fact
that, there are numerous pyrazole containing drugs
has been approved by USFDA for appropriate
therapeutic indications some of which includes

Tﬂlﬁr

HN

Crizotinib
(Anti-cancer)

Lonazolac
(Anti-inflammatory)

$o=

SO,CH;

Celecoxib
(COX-2 NSAID's)

Epirizole
(Anti-inflammatory)

Celecoxib, Lanazolac, Sulphinpyrazone and Cefoselis
etc. Crizotinib (Xalkori) an anticancer drug recently
approved by USFDA for the treatment of non-small
cell lung carcinoma (NSCLC) is pyrazole derivative
[14]. Fig. 1 shows some of the pyrazole derived
therapeutic agents and represent the molecular varsity
of pyrazole nucleus. Owing to the immense
importance and varied bioactivities of pyrazole
scaffold and in the continuation of our ongoing
research on biologically active pyrazole derivatives
[15, 16], it was thought of interest to synthesized
some new 6-methoxy naphthalene incorporated
pyrazole derivatives. In the present study

e f“ e

Cefoselis
(Antibacterial)

\ LB

Sulfinpyrazone
(Uricosuric)

Fig. 1. Chemical structures of various pyrazole containing drugs.

* To whom all correspondence should be sent:
E-mail: drshawa@reffimail.com
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we performed the one-pot synthesis of 4-
(substituted-anilinomethyl-3-(6-methoxy-2-

naphthyl)-1-phenyl-1H-pyrazoles and their
antimicrobial screening against a panel of bacterial

and fungal strains.
EXPERIMENTAL

Melting points were determined by the open
capillary method with electrical melting point
apparatus and are uncorrected. IR spectra were
recorded as KBr (pallet) on Nicolet, Protege 460
FTIR spectrophotometer and 'H & 3C-NMR
spectra recorded on Bruker DPX 300 MHz
spectrophotometer using DMSO-ds or CDCl; as a
NMR solvent. TMS used as internal standard and
chemical shift data reported in parts per million (in
ppm) where s, bs, d, t, and m designated as singlet,
broad singlet, doublet, triplet and multiplet
respectively. Mass spectra (MS-ESI) were recorded
on a JEOL-AccuTOF JMS-TI100LS mass
spectrometer with a DART (Direct Analysis in Real
Time) and elemental analysis on C,H,N Analyzer
Perkin Elmer 2400. Thin Layer Chromatography
(TLC) was performed to monitor progress of the
reaction and purity of the compounds, spot being
located under iodine vapour or UV-light.

Synthesis  of  1-[1-(6-methoxynaphthalen-2-
yl)ethylidene]-2-phenylhydrazine (I11).

A mixture of 2-acetyl-6-methoxynaphthalene |
(2.0 g or 0.01 mol) and phenyl hydrazine (I1)
(0.012 mol) was refluxed in round bottom flask
containing absolute ethanol (30 ml) for 2.0 hrs in
presence of few drops of acetic acid. The content of
the flask was cooled to give solid product which
was filtered, washed with water, dried and
recrystallized from ethanol as a yellow crystalline
solid. The purity of compound was checked by
TLC using (TEF) (5:4:1) as mobile phase.

1-[1-(6-Methoxynaphthalen-2-yl)ethylidene]-2-
phenylhydrazine (I11). Yellowish white solid, yield
90 %; m.p. 183 °C; IR (KBr) vmax (cm 1) : 3357
(NH), 1605 (C=C), 1590 (C=N). H-NMR (300
MHz, DMSO-ds) 6: 2.36 (s, 3H, CH3), 3.91 (s, 3H,
OCHg), 6.77-6.82 (m, 1H, Ar-H), 7.10-7.18 (m, 1H,
Ar-H), 7.21-7.34 (m, 4H, Ar-H), 7.69-7.79 (m, 3H,
Ar-H), 7.93 (s, 1H, Ar-H), 8.14-8.17 (d, 1H, Ar-H,
J = 8.7 Hz), 10.4 (bs, 1H, NH) Anal. calcd. for :
C19H1sN20O; C 78.59, H 6.25, N 9.65 % Found : C
78.33, H 6.29, N 9.72 %.

Synthesis of 3-(6-methoxynaphthalen-2-yl)-1-
phenyl-1H-pyrazole-4-carbaldehyde (1V).

To a cold solution of 6-methoxy naphthyl
hydrazones 111 (4.35 g or 0.015 mol) in DMF (25
ml) was added POCI; (5 ml) and resulting mixture
was stirred at 55-60 °C for 6 hrs. The mixture was

cooled to room temperature and poured in to ice-cold
water, latter a saturated solution of sodium
bicarbonate was added to neutralize the solution. The
precipitate so formed was filtered, washed with water,
dried and recrystallized from ethanol as crystalline
solid.

3-(6-Methoxynaphthalen-2-yl)-1-phenyl-1H-
pyrazole-4-carbaldehyde (1V). Light yellow solid,
yield 70%, m. P. 152 °C; IR (KBr) vmax (cm ) : 1671
(C=0), 1610 (C=C), 1595 (C=N). H-NMR (300
MHz, DMSO-ds) & (ppm): 3.97 (s, 3H, OCHj3), 7.19-
7.21 (m, 2H, Ar-H), 7.37-7.42 (m, 1H, Ar-H), 7.49-
7.55 (m, 2H, Ar-H). 7.81-7.93 (m, 5H, Ar-H), 8.25 (s,
1H, Ar-H), 8.56 (s, 1H, Ar-H), 10.15 (s, 1H, CHO).
BC-NMR (DMSO-ds, 75 MHz) & (ppm) : 55.4
(OCHs), 103.6,114.5, 116.9, 119.7, 125.8, 126.6,
128.0, 128.9, 129.5, 130.2, 131.8, 132.0, 137.6, 141.2,
157.5, 162.4, 184.0 (CHO). MS (ESI) m/z: 328 (M"),
300 (M-28), Anal. calcd. for : C21H16N2O2, C 76.81, H
4.91, N 8.53 %, Found C 76.48, H 4.95, N 8.61.

General procedure for the synthesis of compounds
(Va-Vi).

To a solution of 3-(6-methoxynaphthalen-2-yl)-1-
phenyl-1H-pyrazole-4-carbaldehyde IV (1.0 mmol)
in 10 ml of methanol, substituted aniline (1.2 mmol)
was added and then 50 mg iodine (0.4 mmol) was
added with stirring at room temperature. To the stirred
solution 55 mg of sodium borohydride (1.4 mmol)
was added slowly, stirring further for 3-6 hrs. The
precipitate was formed which was filtered, washed
with  water, dried and recrystallized from
ethanol/methanol to give crystalline product (Va-VI).
The progress of reaction and purity of the compound
was checked by (TLC), using benzene: acetone
(9.5:0.5) as mobile phase.

4-Anilinomethyl-3-(6-methoxy-2-naphthyl)-1-
phenyl-1H-pyrazole (Va). Light brown solid, yield
75%, m. P. 130-132 °C; IR (KBr) vmax (cm ) 3406
(N-H), 1619 (C=C), 1596 (C=(Vmax), 1021 (C—-N).
'H-NMR (300 MHz, CDCls) & (ppm) : 3.90 (s, 3H,
OCHjz), 4.47 (s, 2H, CHy), 4.72 (s, 1H, NH, D,0-
exchangeble), 6.61-6.64 (d, 2H, Ar-H, J = 8.4 Hz),
7.04-7.07 (d, 2H, Ar-H, J = 8.1 Hz), 7.10-7.15 (m,
3H, Ar-H), 7.29-7.35 (m, 2H, Ar-H), 7.46-7.55 (m,
3H, Ar-H), 7.70-7.81 (m, 2H, Ar-H), 7.98-8.09 (m,
2H, Ar-H), 8.21 (s, 1H, Ar-H). C-NMR (75 MHz,
CDCls) 6 (ppm) : 38.4 (CHy), 55.4 (OCHs), 103.2,
114.6, 116.4, 117.8, 119.2, 120.0, 125.3, 126.4, 127.6,
129.5, 128.2, 128.9, 129.5, 130.7, 132.1, 138.6, 140.9,
142.3, 149.4, 162.4. DEPT-135; (-ve) 38.6 (CH). MS
(ESI) m/z: 405 (M)*. Anal. calcd. for Co7H23NsO : C
79. 97, H5.72, N 10.39 % ; Found: C 79.73, H 5.76,
N 10.44%.
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4-(4-Chloroanilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazole ~ (Vb).  Cream
colored solid, yield 70%, m. P. 119-121 °C; IR
(KBr) vimax (cm 1) : 3411 (N-H), 1612 (C=C), 1596
(C=N), 1036 (C-N). *H-NMR (300 MHz, CDCls)
(ppm) : 3.93 (s, 3H, OCHz), 4.46 (s, 2H, CHz), 4.78
(bs, 1H, NH, D,O-exchangeble), 6.67-6.69 (d, 2H,
Ar-H, J =8.0 Hz), 7.09-7.17 (d, 4H, Ar-H, J = 7.8
Hz), 7.22-7.29 (m, 2H, Ar-H), 7.40-7.48 (m, 3H,
Ar-H), 7.69-7.74 (m, 2H, Ar-H), 7.95-8.03 (m, 2H,
Ar-H), 8.16 (s, 1H, Ar-H). MS (ESI) m/z: 439
(M)*, 441 (M+2). Anal. calcd. for Co7H2,CIN3O : C
73.71, H 5.04, N 9.55 %, Found : C 73.82, H 5.09,
N 9.62 %.

3-(6-Methoxy-2-naphthyl)-1-phenyl-4-(4-
toluidinomethyl)-1H-pyrazole.  (Vc). Yellowish
brown solid, yield 74%, m. P. 144 °C; IR (KBr)
vmax (cm 1) : 3433 (N-H), 1620 (C=C), 1591
(C=N), 1030 (C-N). *H-NMR (300 MHz, CDCls)
(ppm) : 2.26 (s, 3H, CH3), 3.93 (s, 3H, OCHa),
446 (s, 2H, CH)), 4.80 (s, 1H, NH, D.O-
exchangeble), 6.61-6.64 (d, 2H, Ar-H, J = 8.4 H2z),
7.01-7.03 (d, 2H, Ar-H, J = 8.1 Hz), 7.12-7.15 (m,
2H, Ar-H), 7.25-7.30 (m, 2H, Ar-H), 7.43-7.48 (m,
2H, Ar-H), 7.68-7.80 (m, 3H, Ar-H), 7.92-7.99 (m,
2H, Ar-H), 8.16 (s, 1H, Ar-H). *C-NMR (75 MHz,
CDCls) 6: 20.4 (CHs), 37.9 (CHy), 55.4 (OCHa),
104.1, 114.4, 116.6, 117.4, 119.2, 120.6, 125.7,
126.3, 127.2, 127.8, 128.2, 128.8, 129.6, 130.2,
132.6, 135.8, 137.1, 138.2, 140.5, 142.8, 149.1,
162.8. DEPT-135; (-ve) 37.9 (CHy). MS (ESI) m/z:
419 (M)*, Anal. calcd. for CzsHasNsO : C 80.16, H
6.01, N 10.02 %, Found : C 80.34, H 6.06, N 10.7
%.

4-(4-Bromoanilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazole. (Vd). brownish
solid, yield 68%, m. P. 189-192 °C; IR (KBr) vmax
(cm 1) : 3424 (N-H), 1624 (C=C), 1596 (C=N),
1028 (C-N). *H-NMR (300 MHz, CDCls) & (ppm) :
3.90 (s, 3H, OCHs), 4.49 (s, 2H, CH,), 5.01 (bs,
1H, NH, D,0O-exchangeble), 6.70-6.73 (d, 2H, Ar-
H, J = 8.0 Hz), 7.08-7.15 (m, 3H, Ar-H, J = 7.8
Hz), 7.20-7.25 (m, 2H, Ar-H), 7.30-7.34 (m, 1H,
Ar-H), 7.42-7.51 (m, 3H, Ar-H), 7.72-7.78 (m, 2H,
Ar-H), 7.90-7.98 (m, 2H, Ar-H), 8.18 (s, 1H, Ar-
H). Anal. calcd. for C27H22BrNsO : C 66.95, H 4.58,
N 8.67 % Found : C 66.72, H 4.63, N 8.73 %.

4-(3-Chloroanilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazole.  (Ve).  Beize
colored solid, yield 65%, m. P. 110-112 °C; IR
(KBr) vmax (cm 1) : 3418 (N-H), 1621 (C=C), 1593
(C=N), 1027 (C-N). *H-NMR (300 MHz, CDCls)
(ppm) : 3.94 (s, 3H, OCHz), 4.47 (s, 2H, CHz), 4.82
(bs, 1H, NH, D,O-exchangeble), 6.69-6.72 (d, 2H,
Ar-H, J = 8.0 Hz), 6.83-6.87 (m, 1H, Ar-H), 7.01-
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7.08 (m, 3H, Ar-H), 7.18-7.25 (m, 2H, Ar-H), 7.37-
7.45 (m, 3H, Ar-H), 7.68-7.78 (m, 2H, Ar-H), 6.97-
7.03 (m, 2H, Ar-H), 8.20 (s, 1H, Ar-H). Anal. calcd.
for C27H22CIN3O : C 73.71, H 5.04, N 9.55 % Found :
C 73.54, H5.01, N 9.62 %.
4-(4-Methoxyanilinomethyl)-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazole  (Vf).  Yellowish
brown solid, yield 71%, m. P. 103-105 °C; IR (KBr)
vmax (cm 1) : 3420 (N-H), 1628 (C=C), 1597 (C=N),
1029 (C-N). H-NMR (300 MHz, CDCls) & (ppm) :
3.69 (s, 3H, OCHz3), 3.94 (s, 3H, OCHa), 4.50 (s, 2H,
CHy), 4.78 (bs, 1H, NH, D,O-exchangeble), 6.60-6.72
(d, 2H, Ar-H, J = 8.0 Hz), 6.96-6.98 (d, 2H, Ar-H, J
= 8.0 Hz), 7.10-7.19 (m, 3H, Ar-H), 7.23-7.27 (m,
1H, Ar-H), 7.36-7.48 (m, 3H, Ar-H), 7.71-7.79 (m,
2H, Ar-H), 6.98-7.05 (m, 2H, Ar-H), 8.19 (s, 1H, Ar-
H). Anal. calcd. for CosH2sNsO, : C 77.22, H5.79, N
9.65 % Found C 77.47, H 5.82, N 9.73 %.
4-(4-Fluoroanilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazole (Vg). Light brown
solid, yield 78%, m. P. 134-136 °C; IR (KBr) vmax
(cm 1) : 3420 (N-H), 1628 (C=C), 1597 (C=N), 1029
(C-N). 'H-NMR (300 MHz, CDCls) & (ppm) : 3.91 (s,
3H, OCHs), 4.52 (s, 2H, CH,), 4.79 (bs, 1H, NH,
D,O-exchangeble), 6.63-6.65 (d, 2H, Ar-H, J = 8.0
Hz), 7.01-7.04 (m, 1H, Ar-H), 7.09-7.15 (m, 2H, Ar-
H), 7.24-7.30 (m, 3H, Ar-H), 7.41-7.45 (m, 2H, Ar-
H), 7.73-7.80 (m, 3H, Ar-H), 7.01-7.06 (m, 2H, Ar-
H), 8.15 (s, 1H, Ar-H). Anal. calcd. for C2;H22FN3O :
C 76.58, H 5.24, N 9.92 % Found C 76.27, H 5.29, N
9.97 %.
3-(6-Methoxy-2-naphthyl)-4-(4-nitroanilino
methyl)-1-phenyl-1H-pyrazole (Vh). Yellowish
brown solid, yield 75%, m. P. 168170 °C; IR (KBr)
cm vmax (cm 1) : 3428 (N-H), 1631 (C=C), 1590
(C=N), 1033 (C-N). 'H-NMR (300 MHz, CDCl3) &
(ppm) : 3.92 (s, 3H, OCHs3), 4.48 (s, 2H, CHy), 4.76
(bs, 1H, NH, D,O-exchangeble), 6.60-6.63 (d, 2H, Ar-
H, J =8.0 Hz), 7.06-7.11 (m, 2H, Ar-H), 7.17-7.20
(m, 1H, Ar-H), 7.28-7.33 (m, 3H, Ar-H), 7.43-7.47
(m, 2H, Ar-H), 7.80-7.88 (m, 3H, Ar-H), 8.02-8.07
(m, 2H, Ar-H), 8.21 (s, 1H, Ar-H). Anal. calcd. for
CarH2N4O5 : C 71.99, H 4.92, N 12.44 % Found : C
72.21,H 4.96, N 12.51 %.
3-(6-Methoxy-2-naphthyl)-1-phenyl-4-(3-
toluidinomethyl)-1H-pyrazole (Vi). Light brown solid,
yield 75%, m. P. 106-107 °C; IR (KBr) vmax (cm ?) :
3417 (N-H), 1625 (C=C), 1594 (C=N), 1031 (C—N).
'H-NMR (300 MHz, CDCl5) & (ppm) : 2.24 (s, 3H,
CHg), 3.89 (s, 3H, OCHg), 4.50 (s, 2H, CH>), 4.81 (bs,
1H, NH, D,O-exchangeble), 6.59-6.62 (d, 2H, Ar-H, J
= 8.0 Hz), 6.93-6.97 (m, 2H, Ar-H), 7.07-7.13 (m,
2H, Ar-H), 7.21-7.24 (m, 1H, Ar-H), 7.40-7.49 (m,
3H, Ar-H), 7.68-7.77 (m, 3H, Ar-H), 8.01-8.07 (m,
2H, Ar-H), 8.17 (s, 1H, Ar-H). Anal. calcd. for
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CasH2sN3O : C 80.16, H 6.01, N 10.02 %, Found :
C 80.01, H 6.06, N 10.08 %.
4-(3-Chloro-4-fluoroanilinomethyl-3-(6-
methoxy-2-naphthyl)-1-phenyl-1H-pyrazole  (Vj).
Brownish solid, yield 67%, m. P. 124-125 °C; IR
(KBr) vmax (cm 1) : 3422 (N-H), 1630 (C=C), 1593
(C=N), 1034 (C-N). 'H-NMR (300 MHz, CDCls) §
(ppm) : 3.92 (s, 3H, OCHs), 4.48 (bs, 2H, CH>),
4.71 (bs, 1H, NH, D,O-exchangeable), 6.50-6.53
(m, 1H, Ar-H), 6.68-6.70 (m, 1H, Ar-H), 6.91-6.97
(m, 1H, Ar-H), 7.07-7.23 (m, 3H, Ar-H), 7.39-7.54
(m, 3H, Ar-H), 7.67-7.96 (m, 4H, Ar-H), 8.04 (s,
1H, Ar-H), 8.12 (s, 1H, Ar-H), Anal. calcd. for
C27H21CIFN3O : C 70.82, H 4.62, N 9.18% Found :
C 70.63, H 4.67, N 9.24 %.
4-(3,4-Dichloroanilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazole (VK). Light brown
solid, yield 69 %, m. P. 176-177 °C; IR (KBr) vmax
(cm 1) * 3428 (N-H), 1631 (C=C), 1598 (C=N),
1033 (C-N). *H-NMR (300 MHz, CDCls) & (ppm) :
3.93 (s, 3H, OCHj3), 4.46 (s, 2H, CH,), 4.86 (bs,
1H, NH, D20-exchangeable), 6.52-6.55 (m, 1H, Ar-
H), 6.70-6.72 (m, 1H, Ar-H), 6.91-6.97 (m,1H, ),
7.10-7.24 (m, 3H, Ar-H), 7.42-7.51 (m, 3H, Ar-H),
7.70-7.98 (m, 4H, Ar-H), 8.06 (s, 1H, Ar-H), 8.18
(s, 1H, Ar-H), Anal. calcd. for C27H»CIoNsO : C
68.36, H 4.46, N 8.86 Found : C 68.15, H 4.49, N
8.92 %.
3-(6-Methoxy-2-naphthyl)-4-(4-hydroxyanilino
methyl)-1-phenyl-1H-pyrazole (Vh). Dark
yellowish solid, yield 65 %, m. P. 165-166 °C; IR
(KBr) cm vmax (cm 1) : 3432 (N-H), 3389(0OH)
1634 (C=C), 1594 (C=N), 1031 (C-N). H-NMR
(300 MHz, CDCls) & (ppm) : 3.93 (s, 3H, OCH3),
4.46 (s, 2H, CH,), 4.82 (bs, 1H, NH, D,O-
exchangeble), 6.74-6.76 (d, 2H, Ar-H, J = 7.4 H2z),
7.09-7.12 (m, 2H, Ar-H), 7.18-7.20 (m, 1H, Ar-H),

7.30-7.36 (m, 3H, Ar-H), 7.42-7.48 (m, 2H, Ar-H),
7.86-7.93 (m, 3H, Ar-H), 8.03-8.07 (m, 2H, Ar-H),
8.24 (s, 1H, Ar-H), 9.79 (bs, 1H, OH). Anal. calcd. for
C27H23N30, : C 76.94, H 5.50, N 9.97 % Found : C
76.73, H5.52, N 10.02 %.

Antimicrobial activity

The newly synthesized compounds were screened
for their antifungal and antibacterial activities against
the test organism viz. Candida albicans MTCC-183,
Aspergillus niger MTCC 281, Aspergillus flavus
MTCC 277, Escherichia coli NCTC 10418,
Staphylococus aureus NCTC 6571, Pseudomonas
aeruginosa NCTC 10662 in DMSO by cup plate
method [17]. Potato dextrose agar and nutrient agar
were used as culture medium for antibacterial and
antifungal activity respectively. Using an agar punch,
wells were made on these seeded agar plates and
dilution of 500 pg/ml of test compounds in DMSO
was added into each well, labeled previously. A
control was also prepared using solvent DMSO. The
petri plate were prepared and maintained at 30° for 72
hrs for fungi and at 37 °C for 24 hrs for bacteria. Each
experiment was repeated twice and the average of the
two independent determinations was recorded.
Antimicrobial activity was determined by measuring
zone of inhibition and results were reported as
percentage inhibition and calculated as 100(C-T)/C,
where C is the average diameter of fungal or bacterial
growth on the control plate and T is the average
diameter of fungal or bacterial growth on test plate.
Activity of each compound was compared with
standard Fluconazole for antifungal and Ciprofloxacin
for antibacterial activity. Results of antimicrobial
activity have been summarized in Table 1

Table 1. In-vitro antimicrobial activity data of compounds (Va-VI).

Antimicrobial activity as % inhibition

Compd. No. Antifungal activity Antibacterial activity
C. albicans A. flavus A. niger E. coli S. aureus P. auroginosa

Va 28.1 33.8 31.7 19.6 13.7 —
Vb 38.2 42.0 43.6 16.9 17.4 -
Ve 26.0 30.8 323 22.5 13.8 -
vd 318 39.6 38.0 21.7 18.7 -
Ve 38.4 45.7 46.1 18.6 14.3 -
Vf 26.1 325 30.3 24.9 18.2 -
Vg 38.9 48.9 48.7 20.9 15.6 —
Vh 14.8 18.6 15.7 323 21.5 -
Vi 24.7 26.8 28.8 15.7 10.8 -
Vj 42.2 49.6 51.0 22.9 18.2 -
Vk 44.8 52.8 50.3 23.7 20.4 -
Vi 34.6 38.3 40.6 33.6 27.9 -

Ciprofloxacin NT NT NT 84.8 78.7 80.6

Fluconazole 81.5 89.8 92.6 NT NT NT

NT: not tested, (—): no activity observed.
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Fig. 2. Route of synthesis for compounds (Va-VI). Reagent and conditions: (a) Abs. EtOH, reflux (b) DMF/POCI3, 55-60

°C, warm (c¢) aromatic amines, NaBH4/lo, MeOH, stirring
RESULTS AND DISCUSSION
Chemistry

The compounds (Va-VI) were synthesized by
direct reductive amination of 3-(6-
methoxynaphthalen-2-yl)-1-phenyl-1H-pyrazole-4-
carbaldehyde with suitable aromatic amine using
NaBHjs in the presence of I, as reducing agent in
absolute methanol as outlined in Fig. 2. The
structure of synthesized amines (Va-VI) were
elucidated by combined use of IR, 'H & *C-NMR
and mass spectral data. Combustion analysis of
compounds was found to be within the range of
+0.4 %. The synthesis of compounds was
confirmed on the basis of functional group
transformation of —CHO in compound IV into —
CH;NH- in compounds (Va-VI) and this was
established on the basis of IR, 'H, C-NMR
including mass spectral data. In FTIR the
characteristic carbonyl (C=0) stretching band
which was observed at 1671 cm in compound 1V
disappeared in FTIR spectra of compounds (Va-
VI). This was further supported by H-NMR
spectra. The H-NMR spectrum of compound 1V,
the signal due to aldehydic proton which resonated
as a singlet at 6 value 10.15, disappeared in spectra
of compounds (Va-VI) and a new signal observed
at high upfield & values ranging from 4.46 to 4.52
integrating for two protons. The signal due to the
NH proton was observed at & value 4.72-5.01. The
methylene group of —-CH,NH- appeared as a singlet
or broad singlet (bs) due to coupling effect of NH
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proton whereas the NH signal was observed as a
broad singlet. Furthermore in the 3C-NMR spectrum
of the compound IV the signal due to the carbonyl
carbon observed at d value 184.0. No carbonyl carbon
signal was found in the spectra of compounds (Va-VI)
and a new signal due to methylene carbon of —
CH2NH- appeared at 6 value 38.4 and 38.9 in
compound Va and Vc respectively. The functional
group transformation was again inveterate by *C-
NMR spectra using DEPT-135 techanige, which
records inverse (-ve) peak for CH; carban. The DEPT-
135 spectra of compound Va and V¢ exhibit inverse (-
ve) peak at 38.6 and 37.9 respectively. The above
spectral analysis suggest the successful reductive
amination of pyrazole carbaldehydes IV. This fact
was further supported by MS(ESI) spectra of
prototype compounds Va, Vb and Vc, in which M+
ion peak was observed at m/z 405, 439 and 419
respectively. In *H-NMR the protons of naphthalene
and phenyl rings were observed in aromatic region as
multiplets due to coupling and overlapping of signals.
While a singlets integrating for one proton appeared at
o value 8.12-8.24 arising due to H-5 proton of the
pyrazole nucleus. These data are in agreement with
structures assigned to the compounds (Va-VI).

Antimicrobial activity of (Va-VI).

All the pyrazolyl amines (Va-VI) displayed
variable growth inhibitory effects against the fungal
strains at concentration of 500 mg/ml in DMSO as
shown in Table No 1 Among the series of compounds
(Va-VI) compounds Vb, Ve, Vg, Vj and Vk showed
good antifungal activity against Candida albicans. The
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growth inhibitory effect of compounds (Va-VI) was
more pronounced against the fungal strain
Aspergillus niger MTCC 281 and Aspergillus
flavus MTCC 277. In this series compound Vg, Vj
and Vk showed excellent antifungal activity against
the fungal strain Aspergillus niger MTCC 281 and
Aspergillus flavus MTCC 277 (% inhibition in the
range of 47.7-52.8). While rest of the compounds
such as Va, Vc, vd, Vf, Vi and VI displayed
moderate antifungal activity. Only one derivative
expressed weak antifungal activity viz. Vh.

All the pyrazolyl amines (Va-VI) were also
evaluated for antibacterial activity against the
strains  Escherichia coli NCTC 10418,
Staphylococus aureus NCTC 6571, Pseudomonas
aeruginosa NCTC 10662 at concentration of 500
mg/ml in DMSO by cup plate method. A careful
examination of Table revealed that most of
molecules of series (Va-VI) exhibited moderate to
weak antibacterial activity against the test organism
E. coli NCTC 10418, Staphylococus aureus NCTC
6571 at the conc. of 500 pug/ml. Compounds were
completely inactive against the strain Pseudomonas
aeruginosa NCTC 10662.

CONCLUSION

The study provides successful one-pot synthesis
4-(substituted-anilinomethyl-3-(6-methoxy-2-
naphthyl)-1-phenyl-1H-pyrazols  (Va-VI) using
NaBHa/l, as reducing agent. The process offers
advantages such as good vyield, simple procedure,
use easily available reagents etc. The results of
antimicrobial screening suggest that compounds
were more active towards the fungal strains
compared to the bacterial strains, In the series
compound Vg, Vj, VK, showed excellent antifungal
activity against the fungal strain Aspergillus niger
MTCC 281 and Aspergillus flavus MTCC 277 (%
inhibition in the range of 47.7-52.8).
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EJHOCTAUMHA CUHTE3A HA 4- (BAMECTEH-AHWIMHOMETUJI-3- (6-METOKCH-2-
HA®DTWI) -1-OEHUJI-1H-TTIUMPA30JIU TIOCPEACTBOM NaBH4 / I 1 TAXHATA
AHTUMHKPOBHA OLIEHKA

H. loen !, C. Kymap?, C. baBa®*

Y Unemumym no papmayus ,, Maxapaoxca Cypadxcman*, (punuan ua ynueepcumem GGSIP, Hio Jlenxu) C-4,
LDicanaxnypu, Hio Jenxu
2 Kameopa no gpapmayesmuuna xumus, Dapmayesmuuen gaxyamem, Jocamus Xamoapo, Hio Jenxu

[lonydena Ha 6 ssHyapu 2014 r.; PeBusupana Ha 4 mapt 2014r.
(Pestome)

Cepus ot ceenunenus (Va-VI) 6sxa cuHTe3upanu upe3 AUPEKTHO PSAYKTUBHO aMHHHpaHe Ha 3- (HadTaneH-2-mi) -1-
¢ennn-1 H-nupason-4-kapOannexun ¢ pa3InyHy 3aMeCTeHH apoMaTHH aMUHH, u3non3Baiiku NaBH4 B npucscTBuero Ha Ip
KaTo pelynupan] areHT. Peakuusra ce u3BbpIIBa B 0€3BOAECH METAHOJ MPU HEYTPAIHHU YCJIOBHUS M CTaiiHa TeMmieparypa.
CIpykTypuTe Ha cHHTe3upaHuTe cheaunenus (Va-VI), ca ompenenenu B3 ocHoBa Ha IR, H u ’C-IMP u mac
CIIEKTPAJIHHU JaHHU. Benuku 4- (3amecTeH-aHUTHHOMETHI-3- (2-HadTion) -1-dennn-1H-nupasonosu npoussoanu (Va-VI)
0s1Xa TECTBaHH MH BUTPO 32 MPOTUBOI'BOMYHA U aHTHOAKTEpHAIHA aKTHBHOCT CPEILy PasJIMYHU M'bOUYHM M GaKTepHaIHH
mamoBe. [loBedeTo OT CheAMHEHHATa MOKAa3BaT 3HAYUTENIHA IPOTHBOI'BOMYHA aKTUBHOCT, HO JIOIIA aHTHOAKTepHasHA
aKTHBHOCT Cpelly TecTBaHHTE IamoBe. ChenuHeHHATa Vg, Vj B Vi, MMOKa3BaT OTIMYHA NPOTHBOI'BOWYHA AKTHBHOCT
cpety reouunuTte mam Aspergillus Niger MTCC 281 u Aspergillus flavus MTCC 277 (% unxubupase B o0xBata ot 47.7-
52.8).
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High photocatalytic activity in nitrate reduction by using Pt/ZnO nanoparticles in the
presence of formic acid as hole scavenger
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In this work, the photocatalytic reduction of nitrate in water was examined using zinc oxide loaded with platinum
nanoparticles and formic acid as a hole scavenger (electron donor). The data obtained in the structural characterization
and in the nitrate photoreduction experiments showed that 1wt% Pt/ZnO photocatalyst had the highest photocatalytic
activity and selectivity toward nitrogen. Selectivity and conversion were higher than 98 and 70%, respectively. This
system effectively promoted the photocatalytic reduction of NO3s™ to N.. Nitrite ions were not observed during the
reaction and a negligible amount of ammonia was formed.

Keywords: Pt/ZnO; Hole Formic

INTRODUCTION

Increased groundwater contamination by nitrate
has received attention all over the world [1-3] due
to the intensive use of fertilizers from agricultural
activities [4, 5], the disposal of massive amounts of
livestock manure [5], and the discharge of poorly
treated wastewater [6]. Nitrate has been known to
be hazardous to human health, which can cause
methaemoglobinaemia and blue baby syndrome,
fatal disease to babies under 6 months of age [7],
and leads to the formation of carcinogenic
nitrosamine in the human body [8]. In the efforts to
control nitrate contamination in groundwater,
United States Environmental Protection Agency
(USEPA) set regulations on maximum contaminant
level of nitrate at 10 mg/L nitrate-nitrogen (NOs-
N) [9]. Remediation technologies such as advanced
biological nutrient treatment, electro-kinetic
denitrification, reverse osmosis, and chemical
reduction [10-15] have been developed to solve
compelling issues of nitrate contamination in
groundwater. However, these technologies suffer
from sludge generation [11], high operational cost
[12-14], and undesirable by-product formation
[15].

Catalytic reduction of nitrate to harmless
nitrogen gas has drawn attention as a promising
alternative for nitrate treatment since Vorlop and
Tacke [16] demonstrated the effectiveness of
bimetallic catalysts in 1989. Enormous efforts to
find out the most effective metal combination in
catalytic nitrate reduction have been made by

scavenger;
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Nitrate; Photocatalytic  reduction; Zinc  oxide.

loading Cu, Sn, Ni, Pd, Pt, Au, and Rh on diverse
supporting materials [17-21]. At present, supported
catalysts have been investigated and widely applied
in many industrial fields [22-24].

Photocatalytic denitrification (photoreduction of
nitrate to innocuous nitrogen gas through the action
of a photocatalyst) is an economically viable
process having also environmental benefits
compared to other treatments available for the
removal of nitrogen from aqueous media, such as
advanced filtration and biological denitrification
[25-27].

There are several reports on the successful

photoreduction of nitrate promoted by metal
catalysts supported on TiO; [28-36], SnO- [37], and
ZnS [38, 39]. However, there are limited reports on
the photocatalytic reduction of nitrate over a metal-
loaded ZnO catalyst system so far [40-41].
In our previous published research works [42-48],
we synthesized several catalytic systems and
described the catalytic activities of the prepared
catalysts in different reactions. In the present work,
we were interested in exploring the utility of
Pt/ZnO (NPs) as a reusable, economical and
commercially  available catalyst for the
photoreduction of nitrate to nitrogen gas. The effect
of different operating parameters such as content of
metal and hole scavenger, catalyst amount and
initial nitrate concentration, was investigated.

EXPERIMENTAL
Instrumentation

X-ray diffraction (XRD) patterns were obtained
on a Philips pw 1840 powder diffractometer using
Cu Ko (A = 1.54178A) radiation (20 from 0° to 70°)
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at a scanning rate of 2.4°/min. Transmission
electron microscopy (TEM) was carried out on a
Philips CM-10 model instrument operating at 100
keV. Before photographing, the samples were
dropwise added onto the surface of a carbon
membrane and dried at ambient temperature.

Preparation of the photocatalyst Pt/ZnO (NPs)

Pt-doped ZnO nanoparticles were prepared by a
direct precipitation method using zinc acetate
dihydrate (Zn(CH3C00),.2H20) and platinum (1V)
chloride (PtCls) as the precursors of zinc and
platinum, respectively. First, Zn(CHsCOO),.2H,0
and Na,CO; were dissolved separately in distilled
water to obtain 0.5 mol/L solutions. Zinc acetate
solution (50 ml, 0.5 mol/L) was slowly added to 50
ml of 0.5 mol/L Na,CO; solution under vigorous
stirring. Afterwards, platinum (1V) chloride in the
required stoichiometry was slowly added to the mix
under stirring for 30 min vyielding a yellow
precipitate. The latter was filtered, rinsed
repeatedly with distilled water and washed twice
with ethanol. The resultant solid product was dried
at 100°C for 12 h and calcined at 300°C for 2 h.
ZnO nanoparticles were prepared by the same
procedure without the addition of platinum (V)
chloride solution. The doping concentrations of Pt
are expressed in wt%.

Photocatalytic reduction test

In order to investigate the effect of platinum
doping on the photocatalytic activity of ZnO, the
photocatalytic reduction of nitrate was carried out
in a ZnO or Pt/ZnO suspension under UV
irradiation. The photocatalytic experiments were
performed in a reactor at ambient temperature and
atmospheric pressure. A 400 W high-pressure
mercury lamp was used as a light source. The
reaction suspensions were prepared by adding 25
mg of catalyst and 3 ml of 0.008 M formic acid to
25 ml of agueous nitrate solution with an initial
NOsconcentration of 60 mg/l. Prior to illumination,
the reaction suspension was stirred in the dark for
15 min to ensure adsorption/desorption equilibrium.
The aqueous suspension containing nitrates and
photocatalyst was then irradiated by UV. The
reaction mixture was magnetically stirred to
maintain the catalyst in suspension. The sample
solution was periodically withdrawn and the
powdered catalyst was immediately separated from
the aqueous phase by centrifugation. The remaining
solution was divided in three portions and the
concentration of nitrate, nitrite and ammonium was
determined by measuring the absorption in the
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presence of brucine, Griess and Nessler reagents at
410, 520, and 392 nm, respectively, as shown in
Figs. 1 - 3. At the end of the reaction, no nitrite ions
and very small amounts of ammonium ions were
detected, therefore, the selectivity towards nitrogen
according to Eqg. 1 was estimated to be about100%.
[49-51].

Intensity

350 A00 450 S00 250 600

Wavelength (mm)

Fig. 1. Absorption spectrum and calibration curve of
brucine - nitrate at 410 nm
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Fig. 2. Absorption spectrum and calibration curve of
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Fig. 3. Absorption spectrum and calibration curve of
Nessler - ammonium at 392 nm

Determination of catalytic activity and selectivity

The catalytic activity for the reduction of nitrate is
defined as the amount of reduced nitrate ions per
time and catalyst weight (mmol ge! h™'). The
selectivity to nitrogen is defined as the ratio of the
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amount of formed nitrogen to the amount of
reduced nitrate, based on the assumption that no
products other than nitrite and ammonium are
formed. N selectivity is calculated according to Eq.

(2):

[nitrate]g-[nitrate]-[nitrite]-[ammonia];
Sn2= % 100
[nitrate]o-[nitrate];
1)

where Snz is N2 selectivity, [nitrate]o is the
initial nitrate concentration, and [nitrate];, [nitrite]
and [ammonia]; are the residual concentrations of
nitrate, nitrite and ammonia after reaction for 1 h,
respectively [31].

RESULTS AND DISCUSSION

Photocatalytic nitrate reduction over metal-
modified catalysts

Various metal-modified catalysts were tested for
the reduction of nitrate to nitrogen. It can be seen
that under the given conditions (initial
concentration of nitrate = 60 ppm, photocatalyst =
25 mg and reaction time = 60 min), pure ZnO has
low activity (18.5%). The experimental results
shown in Fig. 4 demonstrate that after 60 min of
reaction time, the concentration of nitrate in all
suspensions was reduced. Among these catalysts, 1
wt% Pt/ZnO showed the maximum photocatalytic
activity and thereby was selected as a model
catalyst in this study.

100

Reduction efficiency (%)
(]
-]

o 1 2 3

Pt content (wit%o)

Fig. 4. Influence of metal content on the
photocatalytic reduction activity of nitrate ions over
Pt/ZnO catalysts (initial concentration of nitrate = 60
ppm, photocatalyst = 25mg and reaction time = 60min).

Effect of total metal content

As shown in Fig. 4, high metal content (2 wt%
and 3 wt%) is not beneficial to the reduction of
nitrate and the optimum reduction is obtained at a
metal content of 1 wt%. This suggests that active
atomic arrangement and active particle size on the
surface of the catalyst may have a greater influence
on the removal of nitrate than the amount of loaded

metal. Several research groups have suggested that,
at a metal content higher than the optimal one, the
overaccumulation of electrons on the metal deposits
could attract photogenerated holes to the metal sites
[52, 53]. This may promote the recombination of
charge carriers, the metal deposits reversely
behaving as recombinant centers. In addition,
higher surface loadings of metal deposits may
decrease the catalytic efficiency of the
semiconductor due to the reductive availability of
semiconductor surface for light absorption and
pollutant adsorption [54].

XRD analysis of 1 wt% Pt/ZnO photocatalyst

Fig. 5 shows the XRD pattern of 1 wt% Pt/ZnO.
There are two sets of diffraction peaks for each
sample, indicating that the synthesized samples are
composite materials. As shown, the diffraction
peaks at 260 =31.7°, 34.4°, and 36.2° are indexed to
diffractions of hexagonal structured ZnO (wurtzite)
(JCPDS Card No. 36-1451). The peaks located at
260 = 40.5° and 47° are characteristic to diffractions
of Pt [55]. XRD test shows the presence of ZnO
and Pt phases in the samples. Its average crystal
size is determined to be 41 nm according to the
Debye-Scherrer formula (L = 0.894/Bcos0).

— (10)
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e (102)
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% ® (00

Fig. 5. XRD pattern of 1 wt% Pt/ZnO

TEM micrograph of 1 wt% Pt/ZnO photocatalyst

In order to further observe the morphology of
ZnO and 1 wt% Pt/ZnO catalyst, TEM images of
the catalysts were taken and representative
photographs are shown in Fig. 6. TEM images
show that the size of ZnO particles is larger than
that of zinc oxide loaded with platinum
nanoparticles and the size of most of the
nanoparticles of 1 wt% Pt/ZnO is about 40-50 nm.
The results are consistent with the results of XRD.
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W@ Pt
Zn0

Fig. 6. TEM image of a) ZnO b) 1wt% Pt/ZnO

Effect of catalyst amount

As shown in Fig. 7, pure ZnO (0 % Pt) has low
catalytic activity (18.5%) and the optimum catalyst
amount for NO* removal is 25 mg. However,
further increase in catalyst dosage decrease the
photo-degradation efficiency of nitrate. The photo-
decomposition rates of pollutants are influenced by
the active site and the photo-absorption of the
catalyst used. Adequate loading of the
semiconductor increases the generation rate of
electron—hole pairs for promoting the degradation
of pollutants. However, the addition of a high dose
of the semiconductor decreases the light penetration
through the photocatalyst suspension [56].

On the other hand, additional experiments were
carried out to evaluate the efficiency of nitrate
degradation by 1 wt% Pt/ZnO at higher initial
nitrate concentrations (e.g., 100 ppm). The
reduction of nitrate ions at concentrations of 60 and
100 ppm with 1 wt% Pt/ZnO with time is shown in
Figure 8. The maximum percentages of nitrate
removal from water were observed at 69.5% and
50% respectively.
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Fig. 7. Influence of catalyst amount on the

photocatalytic reduction activity of nitrate ions over 1
wit% Pt/ZnO catalyst (initial concentration of nitrate = 60
ppm, reaction time = 60 min).
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Fig. 8. Influence of initial nitrate concentration on
the photocatalytic reduction activity over 1 wt% Pt/ZnO
catalyst

Mechanism and role of Pt

Loading a small amount of Pt (1 wt%) on ZnO
leads to the enhancement of its photocatalytic
activity. With 1 wt% Pt loading, the photocatalytic
activity reaches a maximum. Increasing the amount
of Pt loading to 3 wt% decreases the photocatalytic
activity. Under UV irradiation, the electrons in the
valence band of ZnO can be excited to their
corresponding conduction band, thus, the efficient
separation of photoinduced electrons and holes
leads to the generation of photocurrent. Compared
with the pure ZnO photocatalyst, loading a small
amount of Pt on ZnO leads to an enhancement of its
photocurrent. However, the further increase in the
Pt loading to 3% results in a considerable decrease
in its photocurrent. This observation reveals that the
presence of excess Pt lowers the separation
efficiency of photogenerated electrons and holes in
the 3 % Pt/ZnO photocatalyst because the
possibility of hole capture increases by the large
number of negatively charged Pt particles on ZnO
when Pt loading is above the optimum [57]. This
process of hole capture probably takes place in a
nonradiative pathway. Therefore, the lowest
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photocatalytic activity of the 3 % Pt/ZnO
photocatalyst is attributed to its lowest separation
efficiency of photogenerated electrons and holes.
This result indicates that the modification of ZnO
with an appropriate amount of Pt can increase the
separation efficiency of photogenerated electrons
and holes in ZnO, which results in enhancement of
its photocatalytic activity.

Effect of hole scavenger

When formic acid and nitrate are mixed in dark,
no nitrate reduction occurs in the absence of a
photocatalyst. Therefore, formic acid does not act
as a direct reductant under these experimental
conditions; it rather acts as a hole scavenger. It has
been proved that a sacrificial reagent is necessary
for the reduction of nitrate ions, and the different
sacrificial ~ reagents  have  distinct  redox
characteristics [58]. From Fig. 7 it can be seen that
nitrate conversion is appreciably high when formic
acid is used as the hole scavenger. Experimental
parameters including pH, nitrate concentration,
formate concentration, photocatalyst concentration,
and metal loading were varied to demonstrate their
effect on product selectivity. Under acidic
conditions, nitrogen gas was the final product.
However, under neutral pH conditions, only nitrite
was formed [59].

In this work, the results have shown that the
product was only nitrogen gas, so the reaction takes
place according to Eg. (1). Consequently, two holes
would have to be reduced by one formic acid
molecule (Eqg. 6). Formic acid first adsorbs on the
surface of ZnO and disproportionates to a formate
anion and a proton (Eq. 3). Formate reacts with one
hvb+ to form the carbon dioxide anion radical,
CO2+— (Eq. 4) After CO2+— forms, it reacts with an
hvb+ (Eg. 5). So the total reaction for formic acid
can be expressed as Eq. (6). [34, 60, 61]

2NO; + 5HCOO™ + 7H* —N, + 5C0; + 6H,0 (1)

ZnO(Pt) + hv — e +h* (2)
HCOOH — H*+ COOH" (3)
HCOO™ + hyy *— HCO2™ = H* + COz™ (4)
CO;" + hy" — CO; (®)
HCOOH + 2h,,"* — CO, + 2H* + 2e~ (6)

CONCLUSIONS

In the present work, the enhancement of the
photocatalytic activity of ZnO catalyst by doping
with Pt was confirmed in the reaction of nitrate
reduction in the presence of formic acid. It was
found that a suitable amount (1 wt%) of the Pt

dopant effectively increases the photocatalytic
activity of ZnO. The Pt particles doped on the ZnO
surface behave as sites where electrons accumulate.
Better separation of electrons and holes on the
modified ZnO surface allows more efficient
channeling of the charge carriers into useful
reduction and oxidation reactions rather than
recombination  reactions. The  experiments
demonstrated that nitrate was degraded in aqueous
Pt/ZnO suspension by more than 70% within 60
min. The reduction of nitrate eventually releases
nitrogen gas.

Acknowledgement: The authors are grateful to the
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PEAYKIUATA HA HUTPATU B ITPUCHCTBUE HA MPABUEHA KHUCEJIMHA KATO
JOHOP HA EJIEKTPOHU
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B Ttasu pabora e usciensana (GoTokaTaTUTHYHATA PEAYKLIUS HA HUTPATH BHB BOJA TNPHU H3MOI3BAHETO HA I[MHKOB
OKCHJI, 3apE/ICH C HAHOYACTHIIM OT IJIATWHA U MPABYCHA KUCEJMHA KaTO JOHOP Ha eNeKTpoHH. [loaydyeHuTe NaHHU 3a
CTPYKTYPHOTO OXapakTepu3upaHe M (OTOPEAYKIMITa HA HUTPATH IMOKa3Bar, 4e (oTokatamm3aTopbsT ¢ 1t% (Teri.)
Pt/ZnO nma Haii-BHCOKA aKTHBHOCT M CEJICKTUBHOCT CIPSIMO a30Ta. CeeKTHBHOCTTTA W KOHBEPCHATA Ca MO-BUCOKH OT
98 u 70% cporBerHo. Tasu cucrema nosuimasa ¢porokatanuruuHara peaykuus Ha NO3~ mo Na. He ca nabmronaBanu

HUTPUTHH HOHU U IPEHEOPEKNMO KOJIIMIECTBO aMOHSIK.
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The structure of an

a-aminophosphonic ~ acid  diester,

p-[N-methyl(diethoxyphosphonyl)-(4-

dimethylaminophenyl)]toluidine, was determined by single-crystal X-ray diffraction. The compound is a racemic
mixture and crystallizes as colourless prisms in a centrosymmetric manner in the monoclinic crystal system, space
group P2i/c, with two molecules in the asymmetric unit. One of the ethyl groups in one of the non-equivalent molecules
exhibits a disorder. The bond lengths and angles, as well as the conformations of the two molecules, are comparable.
Two intermolecular hydrogen bonds of the type N-H O connect the non-equivalent molecules into dimers, and stabilize

the crystal structure.

Keywords: single crystal X-ray diffraction analysis, aminophosphonic acid diesters, N-H...O hydrogen bonding.

INTRODUCTION

a-Aminophosphonic  acid derivatives have
attracted continuous interest owing to their
pronounced biological activities. These compounds
have been shown to serve as inhibitors of GABA
receptors, inhibitors of various proteolytic enzymes
like synthase, HIV protease, thrombin and serine
proteases, and as inhibitors of bone resorption [1-
4]. Aminophosphonates have been found to act as
peptide mimics, antibiotics, antiviral and antitumor
agents [5, 6]. They have been used as diagnostic
imaging agents and contrast agents for magnetic
resonance imaging [7].

The broad spectrum of pharmacological
applications and utility of the aminophosphonic
acid derivatives has stimulated extensive studies on
various aspects of their chemistry and biochemistry
and much attention has been paid to the
investigation of their synthesis, structural and
spectral characteristics, biological properties and
relationship between structure and activity [8-10].
The biological activity of these compounds depends
on their structural parameters and on the absolute
configuration of the stereogenic a-carbon atom to
phosphorus [11, 12]. Single-crystal X-ray analysis
provides important information on the geometric
parameters and the stereochemistry of the o-
aminophosphonic acid derivatives; these studies
establish the feasibility of hydrogen bonding that is
essential for the interaction of the molecules with
the biological systems [10, 13, 14]. Here we report

* To whom all correspondence should be sent:
E-mail:igkraicheva@gmail.com

the crystal structure of the a-aminophosphonic acid
diester p-[N-methyl(diethoxyphosphonyl)-(4-
dimethylaminophenyl)]toluidine. The compound
showed prominent cytotoxicity against the multi-
drug-resistant cancer cell line HL-60/Dox [15].

EXPERIMENTAL

The title compound, CzH2N20sP, was
synthesized and tested in vitro for cytotoxicity
against a panel of cell lines representative for some
important types of human leukemia including the
multi-drug-resistant model HL-60/Dox [15].

X-ray crystallography: A crystal of the title
compound was mounted on a glass capillary and all
data were collected at room temperature on an
Oxford diffraction Supernova diffractometer using
Mo-Ka radiation (A = 0.71013 A) from a micro-
focus source. The determination of cell parameters,
data integration, scaling and absorption correction
were carried out using the CrysalisPro [16]. The
structures were solved with ShelxS-2013 and
refined using full-matrix least-squares on F? with
the ShelxL-2013 package [17]. The N hydrogen
atoms were positioned from difference Fourier map
while all other hydrogen atoms were placed at
idealized positions. The non-hydrogen atoms were
refined anisotropically and hydrogen atoms were
refined using the riding model.

ORTEP [18] drawing diagram of the molecular
structures of the two molecules is shown in Fig.1.
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Fig. 1. ORTEP view and numbering scheme of the two molecules present in the asymmetric units of the title
compound. H-atoms are presented with spheres of arbitrary size.

A summary of the fundamental crystal and
refinement parameters is provided in Tables 1 and
2.

Table 1. Most relevant crystal data and refinement
indicators
Ca0H29N203P

F(000) = 1616

M = 376.42 Dx = 1.169 Mg m

Monoclinic, P21/c  Melting point: 101-102 °C

Hall symbol: -P 2ybc Mo Ko radiation, A = 0.71073 A
_ Cell parameters from 1277

a=18.1979 (12) A reflections

b=113948 (7)A 6=3.0-27.0°

€=223224(13)A p=0.15mm’"

B=112.506 (8)° T=290K

V=4276.3 (5) A3  Prism, colourless

Z=8 0.23 x 0.21 x 0.15 mm

SuperNova, Dual, Cu at zero, . .
Atlas diffractometer 7385 independent reflections

Radiation source: SuperNova 3300 reflections with | >
(Mo) X-ray Source 20(1)

Mirror monochromator Rint = 0.103

Detector resolution: 10.3974 _ 6 . Ao
pixels mm-t Omax = 27.0°, Bmin = 3.0
 scans h=-18 21
Absorption correction: multi-

sean k=-14 12

CrysAlisPro, Agilent
Technologies,

Tmin = 0.978, Tmax = 1.000 |=-28 25
15622 measured reflections

Refinement on F? Primary atom site location: direct
Secondary atom site location:
from difference Fourier
R[F%>20(F?)] =0.079 Hydrogen site location: mixed
wR(F?) = 0.188 H-atom parameters constrained

_ w = 1/[c?(Fo?) + (0.0605P)?],
$(GOF) =0.99 where P = (Fo? + 2F?)/3
7385 reflections (A/o)max < 0.001
490 parameters Apmax=0.35¢e A3
0 restraints

Apmin=-0.20¢ A
0 constraints Extinction correction: none
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Least-squares matrix: full

Table 2. Hydrogen bond geometry (A and ©)
D—H A DDH H-A DA D H-A
N1—HIN1---021 0.95 212 3.049(5) 168
N2—H1IN2---O11 0.88 2.04 2924 (4) 174

Crystallographic data  (excluding  structure
factors) for the structural analysis were deposited at
the Cambridge Crystallographic Data Centre, CCDC
No 984798. A copy of this information may be
obtained free of charge from: The Director, CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK. Fax:
+44 1223 336 033, e-mail: deposit@ccdc.cam.ac.uk,
or www.ccdc.cam.ac.uk.

RESULTS AND DISCUSSION

The single-crystal X-ray study showed that the
title compound crystallizes in a centrosymmetric
manner (SG P2:/c, No 14) with two molecules in the
asymmetric unit. The bond lengths and angles of the
two molecules are comparable. The aromatic ring
systems present in the molecules are essentially
planar. The values of the angle between the mean
planes of the aromatic rings are comparable (86.19
and 81.32° for molecules 1 and 2, respectively). One
of the ethyl groups in molecule 2 (022, C221 and
C222) exhibits a disorder over two positions, the
major one being 54%. The values of the ADP of the
second ethyl group (023, C231 and C232) do not
suggest a similar disorder over two positions.

The superposition of the two independent
molecules of the title compound (Fig. 2) shows a
slight rotation (~3-4°) of the 4-dimethylaminophenyl
and toluidine moieties around the C-C and C-N
bonds, respectively.
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Fig. 2. Overlay of the two independent molecules
present in the ASU.

The ethyl moieties are also slightly misaligned
but this can be explained by their relative freedom
of movement (expressed also as a disorder for
022, C221 and C222).

Having in mind the similarity (bond lengths
and angles and also the superposition of the
molecules) one should expect similar hydrogen
bonding interactions. Indeed, two intermolecular
N-H-O hydrogen bonds (Table 2 and Fig. 3)
stabilize the molecular geometry of the two non-
equivalent molecules.

Fig. 3. Observed hydrogen bonding interactions in
the title compound

Such type of hydrogen bonding interaction has
also been observed in earlier reported crystal
structures of two racemic anthracene-containing
a-aminophosphonic acid diesters (dimethyl and
diethyl) [19, 20], where both molecules form

“inversion” dimers linked by pairs of N-H-O
hydrogen bonds.

Similarly to those compounds, the title compound
crystallizes as a racemate. The three-dimensional
packing (Fig. 4) also reveals that the crystal packing
is governed by the hydrogen bonding interactions
and thus the phosphonic and toluidine fragments are
oriented toward each other producing hydrogen
bonded dimers, while the 4-dimethylaminophenyl
and ethyl moieties are oriented to  minimize
additional steric contacts.

Fig. 4. Three-dimensional packing of the molecules of
the title compound.

CONCLUSION
The  compound  p-[N-methyl  (diethoxy-
phosphonyl)-(4-dimethylaminophenyl)]  toluidine,

exhibiting prominent cytotoxicity against a human
leukemic  multi-drug-resistant  cell  line, was
characterized by single-crystal X-ray analysis. This
revealed that the crystals are monoclinic, space
group P2i/c, with two molecules in the asymmetric
unit. Important information on the structural
parameters (bond lengths, bond angles and torsion
angles, as well as intermolecular N-H-O hydrogen
bonding) was obtained and a positional disorder of
one of the ethyl groups was found. The obtained
structural data of the compound could be useful in
the further studies of its cytotoxicity mode of action.

Acknowledgement: Thanks are due to Bulgarian
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Crpykrypara Ha guectep Ha  a-amuHOopochonoBa  kucenuna,  p-[N-merun(aueroxcudochonmn)-4(-
JUMeTUIaMUHOeHI) | ToynanH, Oelle ompeneieHa Ype3 MOHOKPHUCTANICH PEHTTeHO-IU(PAKIMOHEH —aHau3.
CbeAMHEHHETO MPEACTABNIABA paleMaT M KPUCTAlM3HMpa LEHTPOCHMETPHYHO Karo O€3UBETHH IPU3MH OT
MOHOKJIHHHATA CHCTEMa, B MPOCTPAHCTBEHa rpyma P2i/C, ¢ 1Be MONeKynd B acMMeTpuUuYHaTa KieTka. EmnHata ot
ETUJIHUTE TPYIH B €[Ha OT HEEKBUBAJICHTHUTE MOJIEKYJIN TT0Ka3Ba 0e3mopsabK. IbIDKMHUTE HAa BPB3KUTE U BAJICHTHUTE
BIJIM, KAKTO ¥ KOH(POPMAIMUTE Ha IBETE MOJIEKYIIH, ca OIM3KH. J[Be MEXIyMOJIEKyJIHH BOJAOPOJHU BPpB3KHU OT THna N-
H--O crabuiusupar cTpyKkTypara, CBbp3Balilki HeEKBUBAJICHTHUTE MOJIEKYJIH B UMEPH.
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A promising direction in the development of solid oxide fuel cells (SOFC) is the reversible approach in which the
device operates as a fuel cell and as an electrolyzer. A serious problem is the asymmetry of the system when operating in
the two modes. A definitive breakthrough is the separation of the water production/consumption from the two electrodes.
For fuel cell mode this idea has been realized in the innovative concept of the dual membrane fuel cell (dmFC). The cell
consists of three independent chambers for hydrogen, oxygen and water. This work presents the reversibility studies of the
dmFC. The first results are very promising. They show good reversibility without application of a special catalyst for

enhancement of the water splitting.

Keywords: dual membrane fuel cell, fuel cell/electrolyzer, mechanistic model, reversible mode

INTRODUCTION

Fuel Cells and Hydrogen are part of the portfolio
of technologies with expected contributions in the
development of a sustainable and secure energy
supply system in the medium and in the long-term
strategic plans. The integration of a large share of
renewable sources in the electricity production mix
is one of the most crucial issues of the
transformation into a low-carbon energy system.
The development of efficient and cost competitive
solutions for storing this renewable electricity in
large quantities and for longer terms is one of the
main priorities of the global energy policy.
Hydrogen, as an energy carrier, is expected to play a
key role in linking energy storage and power
generation, in both transportation and stationary
systems.

A promising direction in the development of
high temperature fuel cells is the reversible
approach in which the device operates as a solid
oxide fuel cell (SOFC) and as an electrolyzer
(SOEL), i.e. as an energy conversion/storage device.
This mode of operation is very attractive for
coupling with RES which usually require energy
storage to meet specific power demands. However,
still limited efforts are registered in reversibility
studies [1,2].

* To whom all correspondence should be sent:
E-mail: d.vladikova@bas.bg

SOEL and SOFC concepts are similar regarding
materials and geometries. However, even if the
systems are very close and can be operated in the
same range of temperatures, optimum operation
parameters may differ significantly, in particular in
terms of current density, which is much higher in
SOEL regime. In spite of the fact that the same
global chemical reaction is used
(2H, +0, <> 2H,0), existing high temperature fuel

cell systems and electrolyzers based on both SOFC
and  proton conducting pSOFC are strongly
asymmetrical systems, with the
production/consumption of water at the anode or
cathode, respectively. This may cause implications
concerning materials, microstructure, design,
ageing, which introduces some constraints in the
development of reversible systems.

A definitive breakthrough in the design would
be the separation of the water
production/consumption from the two electrodes
where hydrogen and oxygen are generated and
evacuated, without increase of the cell ohmic losses.
This idea has been realized for the fuel cell mode in
the innovative concept of the so called dual
membrane fuel cell (dmFC), recently developed and
proved [3-5]. The kernel of the new design is the
introduction of a porous mixed ion conducting
junction (central membrane CM) between the anode
part of a pSOFC where protons are produced and
the cathode part of a SOFC which produces oxide
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ions. The two types of ions meet in the CM, where
water is produced and evacuated (Fig. 1). Thus the
cell consists of three independent chambers for
hydrogen, oxygen and water which could be
separately optimized.

At electrolyzer operating conditions the steam
should enter in the central membrane and split into
protons and oxide ions. The two types of ions will
propagate towards their respective
electrode/electrolyte interfaces driven by
potential/concentrarion gradients, where they will be
transformed in the corresponding gases and
evacuated through the porous electrodes structure.

O @
&
H,— 2H* + 2e 1120, + 2e'—= O*
Hz
S p—) N S
anode cathode

H,0
Fig. 1. Representation of the Dual membranefFuel
cell concept

The dmFC was proved [3,4] with cells in which
the mixed conductivity of the CM was ensured by a
composite of the two applied electrolytes:
BaCeogsY01502025 (BCY15) and CeogYo0.1501.025
(YDC15). However, the application of composite
structure decreases the effective triple phase
boundary (BCY/YDC/pore) length and increases the
ionic transport pathway tortuosity which causes
enhancement of the CM internal resistance.
Additional difficulties arise from the difference in
the sinterability and thermal expansion of the two
materials. The best solution towards optimization of
the dmFC should be the replacement of the
composite with a mixed ion conducting single
ceramic phase.

BCY15 is well known in the literature as a good
proton conductor [6,7]. Our  conductivity
measurements registered high proton and oxide ion
conductivity at fuel cell operating temperatures.
This result opens a pathway for the development of
a new generation of dmFC in which YDC15 in the
composite CM is replaced by BCY15. A total
replacement of YDC with BCY, i.e. a “monolithic”
design would strongly simplify the technology and
the construction [8].

At electrolyzer mode the advantage of water
splitting in the proton conducting material, which
has natural properties to dissociate absorbed water,
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is combined with absence of contact between the
steam and the electrodes, and thus with no influence
on their catalytic activity and thermo-mechanical
stability, which is critical for the system durability.
This work is focused on the development and first
reversibility studies of the monolithic dual
membrane fuel cell design. BCY15 pellets tested in
water (temperature range 20-600°C) by differential
thermal analysis and thermogravimetry combined
with mass spectroscopy showed good chemical
stability [9], which proved the applicability of this
material for the performed investigations.

EXPERIMENTAL

The innovative part of the dmFC is the central
membrane which has to combine high ionic (oxide
ion and protonic) conductivity in the presence of
sufficient porosity. The conductivity studies of the
monolithic (porous BCY15) CM were successfully
realized with the design of symmetrical CM
supported  half-cell Pt/BCY15porous/Pt. Fine
powders (dso = 0.2 um) of BaCeosgsY01507.925
(BCY15), prepared by the oxalate precipitation
route, and delivered by Marion Technologies, were
used. Previously estimated optimal porosity of about
30 v%, was ensured by applying graphite
(TIMCAL, Switzerland) as pore former [10]. CM
pellets with diameter ~2 cm and thickness ~ 2 mm
were cold pressed and sintered at 1300°C for 5
hours. Platinum (Metalor) electrodes were painted
and sintered in air following a procedure
recommended by the producer. Since the studies
concern the electrolytes part of the cell, including
the CM, the application of Pt electrodes eliminates
eventual influence of the electrodes composition and
deposition technology on the electrolytes behaviour
[11,12].

The electrolytes-central membrane assembly
(ECMA) BCY15dense/BCY15porous/ BCY15dense
(ECMA) of monolithic button cells with diameter
about 22 mm and thickness 1 to 2 mm was prepared
by single stage cold pressing and sintering at 1300
°C for 5 hours (Fig. 2) and by platinum electrodes
deposition.

Fig. 2. SEM image of electrolytes-central membrane
assembly (thickness 1,1mm)
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The impedance measurements were performed
on Solartron 1260 FRA in the temperature interval
100 — 800°C and frequency range from 10 MHz
down to 0.01 Hz with a density of 5 points/decade
and different modes and amplitudes of the AC
signal. For registration and evaluation of the mixed
ion conductivity, the half cell measurements were
carried out at OCV in air (30 NmL/min) and in wet
(3% H.0) hydrogen (30 NmL/min). In order to
acquire as much information as possible a wide
frequency range was applied — from 10 MHz down
to 10 mHz. During temperature scanning, the
samples impedance changes from hundreds of
megaohms down to milliohms. For data quality
improvement different modes of operation were
used [4]. At lower temperatures where the resistance
of the sample is high the measurements were
performed in potentiostatc regime with AC signal
20 — 200 mV, obeying the requirement for linearity.
At high temperatures, where the sample’s
impedance is low, optimal galvanostatic mode was
used. The impedance of the monolithic cells was
measured in galvanostatic mode.

The low impedance at high operating
temperatures increases the influence of the cell rig
parasitic inductance and resistance and decreases the
accuracy of the electrolyte resistance evaluation. For
more precise analysis a procedure for parasitic
inductance and resistance correction based on a
previously developed algorithm [13,14] was
applied.

RESULTS AND DISCUSSION

BaCeos5Y0.1502925 IS a good proton conductor
[6,7]. Under humidified hydrogen atmosphere
protonic defects are formed by dissociative
absorption of water in the presence of oxygen

6

54 a)

lg(p/ Qcm)

0,8 1.0 12 1.4 1.6 1,8
1000T /K™

vacancies. Water vapor dissociates into a hydroxide
ion which fills an oxide-ion vacancy, and a proton
that forms a covalent bond with lattice oxygen, i.e.
two proton defects are created stoichiometrically
[14]. However, the presence of oxide-ion vacancies
could be regarded as a precondition for oxide ion
conductivity. Since mixed protonic and oxide ion
conductivity is a phenomenon out of the scope of
the classical SOFC and pSOFC applications the
available information is an exception, rather than a
rule [15,16]. For BaCeixYxOs3, predominant
protonic conductivity up to 700°C for x = 0.10
(BCY10) is reported, while for x = 0.25 (BCY25)
mixed conductivity is found above 550°C [17]. For
the development of the monolithic approach it was
challenging to test the conductivity of BCY15 in
hydrogen and in air. Impedance measurements on
symmetrical half cells with dense and porous
BCY15 (Fig. 3) confirmed high proton and oxide
ion conductivity at operating temperatures. This
result was a starting point for the development of
the so called “monolithic concept™.

The replacement of the porous composite CM
with a single phase of BCY15 should be a priori
more efficient because it substitutes the triple phase
boundary points with two-phase (ceramic/pore)
boundary, decreases the pathway tortuosity and thus
the cell ohmic resistance. Since solid-solid
interfaces between different phases are expected to
be the most resistive, their minimization by
employing only one ionic conductor would be more
effective. The 3-layered monolithic assembly -
proton conducting electrolyte/mixed conducting
porous CM/oxygen conducting electrolyte built
from a single material with mixed conductivity
should work as an oxide ion conductor in the

b)

Ig(p/ Qcm)

0,8 1,0 1,2 1,4 1.6 1.8
1000T /K™

Fig. 3. Arrhenius plots of; a) dense BCY15; b) porous BCY15 measured in dry air (e) and wet hydrogen (m)
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oxygen space, as a proton conductor in the hydrogen
area and as a mixed conductor in the CM [8].
Experimental results obtained on the monolithic
design are shown in Figure 4, which presents the
current density/voltage and current density/power
curves for cell with ECMA thickness of 1.1 mm
(electrolyte 1 ~ 500 um, CM ~ 200 um; electrolyte
Il ~ 400 um). The results are very promising - at
750°C power density of 86 mW/cm? is registered.

1,2

1,0

o
oo}
[e2]
o
2

40

P/ mWcm’

20

752°C

0,0 0
0 40 80 120 160

i /mAcm?

Fig. 4. Current density/voltage(m) and current
density/power (®) curves of monolithic cell with
thickness 1.1 mm (m) at gas flow 90% wet hydrogen and
90% oxygen

A separation of the ECMA resistance and the
polarization resistance was performed based on the
impedance measurements. If we accept that the
polarization resistance is independent of ECMA
thickness, a recalculation of the total cell resistance
and the maximum power density can be done for
thinner layers (Fig. 5). The results are very
encouraging — the wvalues exceed the best
experimental results reported in the literature for
pSOFC studies [18-20].

600

0 500 1000 1500 2000
Thickness /um

Fig. 5. Calculated values (A) of the monolithic cell
maximum  power density (Pmax) for thinner
configurations based on the measured data (e)
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Since BCY15 has the natural property to split
water (Egn.1), it was supposed that the monolithic
design would have a good performance as an
electrolyzer. Water behavior studies in porous
BCY15 membrane performed by complex
permittivity measurements registered gigantic
enhancement of the real component of the
capacitance [21]. This phenomenon was connected
with the formation of a semi-liquid dipole layer. The
configuration of electrochemically active volumetric
layer at the pores’ surface in the CM would
additionally improve the performance of the
monolithic dmFC in electrolyzer mode [21]. For
confirmation of this hypothesis, a specialized
experiment was performed in which the cell was
forced to behave periodically as a fuel cell and as an
electrolyzer changing the operation mode. Under
cathodic current the cell works as a fuel cell, filling
the pores of the central membrane with the produced
water. Under anodic current, the water from the
pores splits to protons and oxide ions, propagating
through the hydrogen and oxygen compartments,
respectively.

The obtained results of operation in reversible
mode are presented in Figure 6. They show good
reversibility without application of a special catalyst
or water vapour pressure for enhancement of the
water splitting. The electrolyser mode of operation
is characterized with lower overvoltage and thus
with lower internal resistance. The performed
experiment confirms the applicability of the
monolithic dmFC design for operation in reverse
mode.

1800

600
Electrolyzer Fuel cell

mode mode
300

-160 -120 -80 -40 0 40 80 120 160 200
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Fig. 6. Current density/voltage curves of monolithic
dual membrane cell (e - measured) and central membrane
(m - calculated) in electrolyzer and in fuel cell operation
mode at 700°C

The proof of the monolithic concept and its
operation in reverse mode opens a new direction
towards improvement of the performance. It is
obvious that thinner cells should be produced.
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However, in addition to the decrease of the
electrolytes thickness, the CM should be optimized
in respect to thickness and microstructure. For
acceleration of the optimization towards operation
in reverse mode, a mechanistic model of transport
and reaction is under development. The first step
concerns the CM. Since the CM is a porous layer of
a mixed proton and oxide ion conductor, the model
takes into account the following species, identified
in Kroger-Vink notation: oxygen in the lattice (Oo*),
oxygen vacancies (Vo*®), protonic defects (OH®) in
the solid phase, gaseous water (H.O) within the
pores. The global reaction between these species is
as follows [22]:

. oo X
20H" <> H,0,,, +V5 +0q 1)
Eq. (1) represents a chemical reaction involving
charged and uncharged species. Since no Kkinetic
information about this reaction is available, an
elementary Kinetics is assumed:

k
fy = ?dCOH = kd PwCoCyo (2)

where ry is the reaction rate, Con, Co and Cyo are the
concentrations per unit of perovskite cell of protonic
defects, oxygen in the lattice and vacancies, pw is
the partial pressure of water in gas phase, kq is the
kinetic constant and K the equilibrium constant. It
should be marked, that the simplified Kinetic
expression does not include the more complicated
process of water adsorption/desorption and
intermediate  reaction  steps,  which  were
experimentally observed [21].

Assuming those simplifications, by imposing the
electroneutrality of BCY and considering the total
balance of oxygen sites, the concentration of
vacancies and oxygen in the lattice can be expressed
as a function of the concentration of protonic defects
as cvo = (S-Con)/2 and co = 3-(S+con)/2, where S is
the dopant level [22] and con is constrained between
0andS.

Considering the reaction in Eq. (1), the balance
equations on molar basis for protonic defects and
vacancies along the thickness x of the CM result as
follows:
dNow

- -2r,a with
X
dc F dv
Noy =-Doy f6—CH _ — p,, s, — (3
OH OH dX RT OH OH dX ( )
d’;‘% =r,a with
do,n 2F dav
N - _ f eff S o f eff 4
VO Dvo “dx RT Do f™ &yvo m (4)

where the molar fluxes (i.e., Non and Nvo) account
for diffusion and migration of the species [23]. The
self-diffusivities, Don and Dyo, and the density of

perovskite cells per unit volume o are specific
material properties and are taken from [24]. The
morphological parameters, such as the effective
conductivity factor f ¢ and the specific surface area
per unit volume a, are estimated from specific
modeling studies on the basis of the particle size and
porosity of the CM [25, 26].

The model is solved for the 2 dependent
variables, the protonic defect concentration con and
the electric potential V, imposing, as boundary
conditions, Non = i/F and Nvo = 0 at the interface
with the anodic electrolyte, Non = 0 and V = 0 at the
interface with the cathodic electrolyte. The current
density i is therefore imposed as a boundary
condition: a positive current for fuel cell operation
mode, a negative current for electrolysis operation
mode. The solution of the model provides the value
of the voltage at the anodic electrolyte interface,
which is equal to the CM global overpotential.

Figure 6 shows the polarization curve of CM
simulated for the operating conditions and CM
geometry and microstructure of monolithic cell with
thickness 1.1 mm. The polarization curve is less
steep than the curve of the measured cell, since it
includes in addition to the CM, the losses of
electrodes and electrolytes. Although simplified in
respect to water behavior in the CM, the first
modeling results confirm the reversibility of the
monolithic design and can be used for further
development of the model, which should include the
phenomena experimentally observed in this system.

CONCLISIONS

The good performance of the monolithic design
opens a new niche for the development of dual
membrane-based  configurations.  The  first
reversibility results show that operation in both fuel
cell and electrolyzer mode is a very promising
direction for further work. Optimization of the CM
geometry towards increase of water vapour
evacuation/supply surface is necessary.
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OBPATUMOCT B JBOMTHO MEMEPAHHA TOPUBHA KJIETKA

J. Bmagukosal”, 3. Croiinos?, A. Uecno?, A. Topen?, M. Busuann®, A. bapoyun*, K. Huxonena®, A. Bepreit®,
v
I'. Paiikosal, I1. Kapnanese?, M. Kpbnuancka®

1 Hncmumym no enexmpoxumus u enepeutinu cucmemu “Axao. E. Byoescku — BAH, yn. ,,Axao. I'. bonueg*, 6. 10,
1113, Cogus, Bvrcapus
2 Llenmwvp no mamepuanosnanue, Munvo — Tex Ilapusc, BP 87, 91003, Espu, @panyusa
3 Hucmumym no enepeemuxa u unmepgpeiic, Hayuonanen cvsem 3a nayunu uscneosanus, Ienya, Hmanus
4 Kameopa no unscenepna xumus, Yuusepcumem ua I'enya, I'enya, Umanus
5 Kameopa no unocenepna xumus, Ynusepcumem na Iluza, 6yn. ,,Jlyuo Jlazapuno *“ No2, 56126 ITuza, Umanus

Ilomy4ena Ha 19 ¢eBpyapu 2014 r.; npuera Ha 12 anpun 2014 1.

(Pestome)

EnHa oT mepcreKTMBHHUTE MOCOKH B MO-HATATBHIIHOTO pa3BUTHUE Ha TOPUBHHUTE KJIETKH € TAXHATa pabora B 0OpaTHMHU
PEXUM, IPH KOUTO YCTPOHCTBOTO pabOTH KaTo FOpUBHA KJIETKA U KaTO eJIeKTpoiau3bop. EauH oT cepuosHuTte mpobdiemu e
acUMeTpHATA Ha cUcTeMara IIpH paboTa B ABaTa pexxuMa. CThIIKa Halpes € Bb3MOXKHOCTTA 32 MOJIy4aBaHe WIH pa3iiaraHe
Ha BOJaTa M3BBH CNEKTPOAMTE. B pe’kiM Ha TopHBHA KIETKa Ta3u uaes Oc¢ peann3upaHa B MHOBATHBHATA KOHIICTIIHS 32
IBOIHO MeMOpanHa ropuBHa kietka (JJMI'K), kosTo ce chcToM OT TpH HE3aBHCHMH KaMepH 3a BOXOPOM, KHCIOPOI H
Boma. Hacrosmata paboTta mpexacraBs wuicienBaHus Ha oOpatumoctta B JMIK. I[IspBuTe pesynraTé ca MHOTO
obemaBamu. Te mokassaT 06pa oOpaTIMOCT Oe3 IpriIaraHe Ha CIELHalIeH KaTaln3aTop 3a pa3jiaraHeTo Ha BOZATA.
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The interdependent relationships between soil organic carbon and texture within the soil profile are little known. In order to
determine this relationship, carbon and texture analyses were carried out on soil samples from Harran Plain. Soil samples were taken
from 16 profiles (3 replications) in 1 m soil depth; all samples were taken from the same climate, vegetation and topography. Soil
organic carbon (SOC) concentration was found to be directly related to soil texture at all depths. In statistical analysis (p<0.001), the
strongest relationship was found between clay (R?=96.0) and silt (R?=95.0). The relationship between sand and SOC was determined
as (R%=65.46). A very strong relationship was found between the organic carbon (OC) present in the soil and the texture in Harran
Plain soils. The findings indicated that, in practice, areas containing low carbon should be preferred for use in carbon storage rather

than areas containing high carbon stocks.

Keywords: carbon cycle, soil texture, soil organic carbon
INTRODUCTION

Soil texture (silt+clay+sand) protect soil organic
matter (SOM) from being decomposed by physical,
chemical and biological mechanisms (Six et al.,
2002; Krull et al., 2003). It was suggested that
chemical stabilization of organic molecules takes
place via mineral-organic matter bonds from the
start (Gonzalez and Laird, 2003). It was found that
soil organic matter comprises approximately 60%
of continental carbon pools and is generally very
sensitive to agricultural land management (West
and Post, 2002). It is suggested that agricultural
practices resulted in the release of 55 Pg C from
soil to the atmosphere in the 19" and 20" centuries
(Paustian et al., 2000). When perennial vegetation
constitutes agricultural areas, SOM accumulates,
and thus a potential is created for atmospheric C
sequestration (Post and Kwon, 2000; Follett, 2001).
However, the factors affecting the importance, ratio
and type of this accumulation are still not known
(McLauchlan, 2006). The factors affecting soil
formation for long periods, such as time — climate
periods, organisms, relief and parent materials, can
affect soil organic carbon accumulation (Jenny,
1941). Studies of the different pasture vegetation of
North American Great Plains showed that
organisms had minimum effect on SOC pools and
accumulation rates (Vinton and Burke, 1997).
Other studies indicated that parent material
variations, different soil texture classes or clay
concentrations are important variables in SOC

* To whom all correspondence should be sent:
E-mail: esakin@harran.edu.tr
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accumulation  ratio and C
(McLauchlan, 2006).

According to some evidence, clay concentration
affects SOC accumulation in different ratios. It was
found that maximum and medium SOC increased
with increasing clay content in soil (Nichols, 1984;
Burke et al., 1989). However, this relationship
could not be generalized as SOC was sometimes
much more strongly related to other factors in
comparison to clay (Percival et al., 2000; Krull et
al., 2003). The relationship between clay
concentration and SOC content was expressed to be
strong (at a sufficient level) according to SOM
models such as Century (Parton et al., 1987) and
RothC (Jenkinson, 1990). As clay concentration
increases, SOM weathering decreases. It was found
that, if other factors were fixed, as clay
concentration increased, SOC accumulated faster
(Jenkinson, 1990). Many studies showed that soil
texture affected soil aggregation (Kemper and
Koch, 1966; Chaney and Swift, 1984; Schlecht-
Pietsch et al.,, 1994). As the clay constituents
increase, they combine with SOC to form stable
aggregates. For this reason, soil texture also plays
direct and indirect role in chemical and physical
protection mechanisms (Plante et al., 2006).

Clay content has a different effect on
weathering of different SOC pools (Franzluebbers
et al., 1996). For example, in vitro studies failed to
find any relationship between clay and SOC (Wang
et al., 2003; Muller and Hoper, 2004). It was
determined that C mineralization rates in the natural
environment generally decreased with increasing

sequestration

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:esakin@harran.edu.tr

E. Sakin, E. D. Sakin: Relationships between particle size distribution and organic carbon of soil horizons ....

clay content (Hassink, 1997), but this trend could
not always be demonstrated in the laboratory
incubations (Scott et al., 1996). These observations
suggest that clay particles protect some kinds of
SOC from weathering (McLauchlan, 2006; Sakin,
2012).

The present study examined the effect of
climate, temperature and rainfall, which are among
the abiotic factors affecting SOC stocks and
accumulation and texture. In order to determine the
relationship between texture and SOC stocks,
analyses were carried out on samples taken from 16
soil profiles in Harran Plain horizons.

EXPERIMENTAL

Material and Methods
Database
Soil Information

The study was carried out in the Harran Plain
located in Southeastern Turkey; between 38° 48' to
39°12° E longitude and 37° 09' to 36° 42' N latitude.
The total area of the plain is 225 000 ha. Rainfall is
limited during most of the year, and the climate is
arid. According to 33 years of data collection
(1975-2008) by the Turkish State of Meteorology
Service (TSMS, 2008), the average annual
precipitation was 277.8 mm at Akcakale station and
448.1 mm at Sanliurfa station. The soil moisture
regime of important parts of the plain is Xeric, and
the temperature regime is Mesic. An Aridic soil
humidity regime is established in parts of the areas
near the south of the plain (Soil Survey Staff,
1996). Soil samples were taken from 16 series of
genetic horizons on the Harran Plain and were
taken as 3 replications from each horizon with
profile depth of 1 m in the area of study. Analyses
were carried out on 131 samples taken for the
study.

Soil analysis was performed by the organic
carbon-potassium  dichromate acid  method.
Samples were titrated with dichromate iron
sulphide. Before carrying out texture analysis,
organic matter was burnt with hot hydrogen
peroxide (H.0,). Sodium hexametaphosphate was
used to determine the dispersion of particles. The
hydrometer method was used to analyze particle-
size distribution. Carbon stocks and bulk density

were determined according to methods for bulk
density (Black, 1965).

RESULTS AND DISCUSSION

Soil texture analysis showed that the Harran
Plain samples contained 65-28% clay, 41-22% silt
and 3-31% sand. A summary of statistically
analyses showing the distribution of carbon content
and texture particle amounts of soil samples is
presented in Table 1. Table 2 shows the statistical
relationship between soil texture and organic
carbon (p<0.001). As shown in Table 3, a strong
relationship was found between SOC and soil
texture (R?=92.01). Regression analysis of the
relationship between soil texture particles and SOC
is given in Eq. 1.

SOC(kgCm2)=0.0305Clay%+0.0015 Silt%+0.0162Sand% (1)

Table 1. Statistical distribution of texture class and
organic carbon.

N Mean Sta‘_‘d‘?“d

deviation
SOC (kg C m™) 131 1.870 1.019
Clay % 131 51.504 7.054
Silt % 131 33.298 4.989
Sand % 131 15.290 6.844

Statistical analyses of soil particles (clay-silt-
sand) and SOC are given in Table 3. There is a very
significant relationship between SOC and clay, silt
and sand, with the strongest relationship in the
order clay»siltrsand. Thus, it was observed that as
the amount of clay in soil increased, the amount of
SOC increased and a close relationship was
detected between SOC and clay (R?=96.0).
Although it is a physical disadvantage that soils of
Harran Plain are very clayish, it is an advantage for
accumulation and protection of SOC. Clay
constitutes  organo-mineral ~ complexes by
combining with SOC in soil and helps to retain
carbon within the soil for long periods. Since the
soils contain 2:1 type clay minerals, the carbon
entering into the layers flips and is thus protected
against oxidation and weathering of organisms.
Some metals in soil clay minerals, Ca and Fe
constitute complexes with carbon in soil and protect
carbon.

Table 2. General relationship between soil texture and organic carbon

Source DF SS F P RMSE
Factor 3 183349.5 61116.5 1995.25 0.000 2.11
Error 520 15928.1
Total 523 199277.6
R?=92.01
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Table 3. Correlation relationship between texture particles (clay-silt-sand) and SOC

Source DF SS MS F P<(0.001)
Factor 1 161359.3 161359.3 6352.97 0.000
Error 260 6603.7 25.4
Total 261 167963.0

Clay R? = 96.07
Factor 1 64693.8 64693.8 4990.64 0.000
Error 260 3370.4 13.0
Total 261 68064.2

Silt R2 = 95.05
Factor 1 11796.2 11796.2 492.77 0.000
Error 260 6224.0
Total 261 18020.2

Sand R? = 65.46
Factor 2 165175.9 82588.0 3273.59 0.000
Error 390 9839.1 25.2
Total 392 175015.0

Clay+Silt R?=194.38

Plante et al. (2006) examined soils in Ohio and
Saskatchewan, and found a statistically strong
relationship  (r’=0.48; P=0.012) and (r’=0.46;
P=0.0028), between clay and SOC. According to
their study, as the amount of clay increased, the
amount of carbon retained in soil also increased.
Nichols (1984) and Burke (1989) determined a
strong relationship between clay and organic
carbon concentration (r=0.86) in Southern Great
Plains soils. Arrouays et al. (2006) detected a very
strong correlation between SOC and clay content.
Burke et al. (1989) and Schjonning (1999) found
that SOC content and clay concentration were
related. Many researchers reported a strong
relationship between soil particles and SOC (Kern,
1994; Burke et al., 1995; Homann et al., 1998;
Percival et al., 2000; Arrouays et al., 2006). In
numerous studies it is suggested that SOC storage
depends on soil texture (Scott and Cole, 1996;
Bosatta and Agren, 1997; Hassink et al., 1997). In a
study of New Zealand soils, Percival et al. (2000)
found a weak relationship between clay and carbon
concentration (R=0.05) Although there was no
relationship between soil texture and soil carbon in
many studies, Kolbl and Kogel-Knabner (2004)
established that the amount of organic carbon in
soil increased with the increase in the amount of
clay. They also suggested that this relationship was
not global, and sometimes depended on factors
such as extractable aluminium, allophone content or
physical surface area, that can extract more SOC
than clay (Percival et al., 2000; Krull et al., 2003).
The role of clay content is important within
nitrogen cycle in the soil, and plays a key role in
the mineralization of nitrogen (Cote et al., 2000).
According to some studies, nitrogen mineralization
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decreased with an increase in clay content
(Giardina et al., 2001; McLauchlan et al., 2006).

A strong relationship was detected between soil
silt particles and soil organic matter. A close
relationship was found between soil organic carbon
and silt (R?=95.0). Therefore, it was concluded that
the most important fraction in storing SOC was
clay, followed by silt. A strong relationship was
found between soil sand particles and SOC.
However, this relationship was not as strong
(R?=65.46) as that found for clay and silt.

Hassink and Whitmore (1997) determined that,
on the condition that soil organic carbon combined
with clay and silt fractions of soil, SOC retention
was maximized, which was suggested to cause
excessive accumulation of organic carbon in soil.
Hassink (1997), Kiem et al. (2002), Kiem et al.
(2002), and Six et al. (2002) found that mineral soil
particles (clay-silt) protected organic carbon against
chemical weathering. Many studies indicated that
soil texture affects aggregation (Kemper and Koch,
1996); Chaney and Swift, 1984; Schlecht-Pietsch et
al., 1994), and thus increasing clay content
combines with increasing aggregation or aggregate
stability. It was found that, on the condition that
soil aggregation increased, soil clay content
indirectly affected carbon storage and thus
protected soil carbon against oxidation and
organisms. According to Plante et al. (2006), there
was a statistically significant relationship between
SOC and clay + silt (P=0.99, r>=0.76) in Ohio and
Saskatchewan soils. Many researchers found a
strong relationship between SOC and clay + silt.
This correlation was observed as: R?>= 0.91, R?*=
0.97, R?=0.98, R?= 0.86 and R?= 0.93, respectively
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(Roscoe et al., 2001; Neufeldt et al., 2002;
Ruggiero et al., 2002; Zinn et al., 2005).

Contrary to the findings of the present study and
previous studies in the literature, some researchers
have reported a very weak relationship between
SOC and texture. McLauchlan (2006) reported a
very weak relationship between SOC and texture,
and thus texture had a lower effect on SOC storage
in comparison to other parameters. According to
Six et al. (2000), clay concentrations have a very
weak effect on SOC accumulation rate and soil
aggregate dynamics are relatively affected by low
clay concentration. Plante et al. (2006) reported a
direct proportional link between organic carbon
concentration and silt + clay in the soil (R?=0.48
and 0.46).

CONCLUSION

In worldwide studies, the effect of texture on
SOC stocks was found to be very positive. In
particular, the interaction of clay and silt fractions
with SOC is extremely important. The present
results from Harran Plain are similar to those of
studies carried out in other parts of the world. A
very strong relationship was found between these
studies, since the quantity of clay and silt is high in
Harran Plain soils. Another important finding of the
present study is the statistically strong relationship
between sand and SOC. The results suggest that
retaining SOC in arid and semi-arid regions may
depend on texture fractions.
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B3ANMOBPDB3KM MEXIY PA3ITPEAEJIEHUETO HA YHACTHULU 110 PASMEPU 1
OPI'’AHMYHIMA BBIJIEPO/ B IIOUBEHU XOPU30HU B IOTOU3TOYHA TYPLIUA

E. Cakun ", E. JI. Cakun

Lenapmamenm no nousosHauue u pacmenuegbocmeo, Qaxynmem no azponayku, Yuueepcumem ,, Xapan“, Ypga
63040, Typyus

Iocrenuna Ha 17 despyapu, 2014 r., kopurupana Ha 20 mapt, 2014 1.
(Pesrome)

Masiko W3BECTHM ca B3aMMOBPB3KUTE MEXKAY TEKCTypaTa Ha I0YBaTa W CBABPKAHUETO Ha
OpraHWueH BBIVIEPOJ B TAX. 3a YCTaHOBSBAHETO HA TE3W B3aMMOBPB3KM Ca W3BBHPIICHH aHAIM3H Ha
BBIVIEpPOJa U TEKCTypaTa Ha MpoOu OT moyBaTa B paBHUHaTa XapaH. [IpoOute (TpukpaTHO) 32 B3UMaHu OT 16
npodpuna Ha AabiaOouuHa no 1 M. IlpoOute 3a B3MMaHM OT MecTa C €IHAKbB KJIMMAaT, PACTUTETHOCT U
tonorpadus. Konnenrpammsara Ha nouBeHus: opranmdeH Bbriepon (SOC) ce oka3Ba mpsKo CBBp3aHa C
TEKCTypaTa Ha MoYBaTa Ha BCHUYKU AbJI0oumHU. Cropen cratuctuueckusi anamus (P<0.001) wmaii-cmina
3aBUCHMOCT € HamepeHa 3a rmHara (R%=96.0) u tunsara (R?=95.0). IIpu nachka Tasu KOpenamys CIpsSMO
SOC e R?=65.46. CuiiHa 3aBUCMMOCT € HaMepeHa Mex 1y opranndnus Buriaepos (OC) mousenara TekcTypa B
paBHuHaTa XapaH. [lonydeHuTe pe3ynraTu MoKa3Bar, ue MIOUIUTE ChAbPKAId OpraHWYeH BBIIIEPOJI TPIOBa
Jla ce MPEJINOYNTAT 32 ChbXpaHEHUE Ha BBIUIEPO/I IIPE/I TUIOIIUTE C BUCOKO BBIVIEPOIHO ChIIbpIKaHUE.
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Synthesis of a series of 6 peptides, potential inhibitors of B-secretase, analogues of the p-secretase inhibitor OM99-2
was designed and performed. Standard peptide synthesis in solution was applied by stepwise addition of amino acids
from C- to N-terminus. All reactions gave very good yields (higher than 80%).

Key words: OM99-2 analogues, Alzheimer’s disease, inhibitors of multienzyme systems

INTRODUCTION

Processes in the human body are usually related
to the realization of a series of subsequent
enzymatic reactions. For example, the blood
coagulation cascade protects the organism from
blood loss by thrombus formation [1,2]. Disorders
of multienzyme cascade reactions in the most cases
cause diseases.

Alzheimer’s disease (AD) is a
neurodegenerative illness, which affects millions of
people worldwide. AD is characterized by
progressive dementia, loss of memory, intellectual,
speech and brain disturbances and inevitably leads
to complete personality decay and lethal outcome.
Designated neuropathological lesions associated
with all forms of AD are senile plaques (SPs) and
amyloid angiopathy, as well as neurofibril tangles.
The amyloid hypothesis formulated in 1991
postulated that amyloid beta (AB) deposits, as the
two dominant forms AP40 and Ap42, are the
fundamental reason of SPs formation and disease
development [3,4]. The process of AB40 and APB42
formation includes multienzyme cascade reactions
of proteolytic cleavage of wide sections from B-
amyloid protein precursor (BAPP) (the 695-770
amino acids) catalyzed by various proteases known
as B- and y-secretases [5]. Once released, BAPP
passes over to aggregation and SPs are obtained.

A possible approach for prevention of SPs
formation is the inhibition of the multistage process
of BAPP cleavage. Tung et al. revealed in 2002 that
the shortest analogue of [-secretase inhibitor
OM99-2 with saved activity is Boc-Val-Asn-Leu-
Ala-OH [6]. Several years later, in 2005, Ghosh et
al. published a series of OM 99-2 analogues which

* To whom all correspondence should be sent:
E-mail: dancho.danalev@gmail.com

included benzylamine in their C-terminus with
increased inhibition properties against [-secretase
[7]. Additionally, they concluded that the presence
of hydrophobic residues in P3> and P4 positions
leads to increased activity. Herein we report on the
design, synthesis and characterization of a series of
new OM 99-2 mimetics including hydrophobic lle,
norvaline (Nva) and imidazol-4-acetic acid (Im-4-
Ac) at P; position and Asn in P, position is replaced
by Asp. Besides, both analogues with a- and p-Ala
in P1 position were synthesized in order to estimate
their further influence on the inhibition activity.

EXPERIMENTAL

TBTU, TCTU or DCC/HOBt used as a coupling
reagent according to the schemes presented in
Results and Discussion part, were purchased from
IRIS Biotech GmbH, Germany. All used amino
acids were purchased from IRIS Biotech GmbH,
Germany.

All reactions were monitored by TLC on pre-
coated TLC-sheets ALUGRAM SIL G/UVa2s4 in the
following  chromatographic ~ systems:  (S1)
CHCl3:CH;COOH (9:2); (S2) n-
BuOH:CH;COOH:H,O (3:1:1); (S3) pyridine: n-
BuOH:CH3;COOH:H:0 (1:1,5:0,3:1,2).

The structure of all newly synthesized
compounds was proven by ES-MS (Table 1).
Melting points of all compounds were determined
on a Kofler apparatus. The optical rotation was
measured on a Quick polarimeter Russel-Jouan
Type SL1D.

General procedure for coupling reaction using
TBTU or TCTU

1 mmol of the starting compound with free
amino function was dissolved in a minimal amount
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of DMF. After cooling to 0°C + -5°C, 1 mmol of
EtsN (till pH 7) was added to deprotect the salt
obtained in a previous deprotection procedure.
Further 1.2 fold excess of carboxylic component
and 1.4 mmol of TBTU (TCTU) was added. The
reaction mixture was stirred for 6 h and quenched
by addition of water. The product was extracted
with EtOAc (3 x 10 ml) and the organic layer was
washed with 5% NaHCO3z (3 x 10 ml), H20 (2 x 10
ml), 10% citric acid (3 x 10 ml) and H>O to pH 7.
The solvent was dried with Na;SO4 and removed in
vacuo followed by recrystallization.

General procedure for coupling reaction using
DCC/HOBt

1.00 mmol of the peptide (obtained from Boc-
peptide ester by treatment with 10-fold excess of
TFA) was dissolved in DMF (10 ml) and, after
cooling to 0+4°C, was neutralized to pH 7-7.5 with
EtsN. 1.20 mmol of Z- or Boc- amino acid, 1.20
mmol of DCC and 1.40 mmol of 1-HOBt were
added. The reaction mixture was stirred at 0+4°C
for 24 h and left at room temperature for 24 h. The
obtained DC-urea was removed by filtration and
then 30 ml of water was added. The product was
extracted with EtOAc (3 x 10 ml) and the organic
layer was washed with 5% NaHCO; (3 x 10 ml),
H.O (2 x 10 ml), 10% citric acid (3 x 10 ml) and
H,O to pH 7. The solvent was dried with Na;SO4
and removed in vacuo followed by recrystallization.

General procedure for Boc-group deprotection

1 mmol of the starting peptide was dissolved in
10-fold excess of TFA under stirring. The
deblocking of the Boc-group was monitored by
TLC in the system S1. At the end of the reaction
TFA was evaporated in vacuo and the oil formed
was further subjected to a condensation reaction
without additional purification.

General procedure for deprotection of Z- groups by
catalytic hydrogenolysis in the presence of Pd/C

1.00 mmol of the protected peptide was
dissolved in MeOH and then Pd/C and 1.00 mmol
of HCI or AcOH were added. Hydrogen was passed
through the reaction mixture at 40 °C. The
deblocking was monitored by TLC in the system
S1. After the end of the reaction, Pd/C was filtered
off and MeOH was evaporated in vacuo. The oil
formed was subjected to a condensation reaction
without additional purification.

532

General procedure for —OBzl ester group
deprotection in basic conditions

1 mmol of the starting peptide was dissolved in
MeOH (10 ml) and 4-fold excess of 2N NaOH was
added. The reaction was monitored by TLC in the
S3 system. After completion of the reaction, the pH
was reduced to 7 with 10% citric acid, and a part of
the solvent was removed in vacuo. Afterwards the
pH was reduced to 4-5 with 10% citric acid and the
product was extracted with EtOAc (3 x 10 ml). The
following extraction of the product from the
organic phase was by 5% NaHCOs (3 x 10 ml), and
after reducing the pH to 4-5 with 10% citric acid, it
was extracted with EtOAc (3 x 10 ml). Finally, the
organic layer was washed with H,O (3 x 10 ml),
dried with Na,SO, and evaporated in vacuo.

RESULTS AND DISCUSSION

Initially, fragment condensation using DCC/1-
HOBt and/or azide method was tried. A lot of side
reactions took place. Because of that, the standard
peptide synthesis in solution by stepwise addition
of amino acids from C-to N-terminus of the aimed
peptides was chosen. Aimed compounds were
synthesized according to schemes 1 and 2 (Figs. 1
and 2). TBTU or DCC/1-HOBt was used as a
coupling reagent for shorter fragments and TCTU
was used as a coupling reagent for the peptides.

Removal of the protecting groups was realized
as follows:

- Boc-group in all intermediate compounds
was removed by treatment with 10-fold
excess of TFA;

- Z-group was removed by catalytic
hydrogenation in the presence of HCI
(molar amount) and Pd/C;

- 2N NaOH was used for all ester hydrolyses.

All final compounds were characterized by
TLC, m.p. and [o]ss6?® and their structures were
proven by ES-MS. All data are presented in Table
1.

The purity of all obtained intermediate peptides
was monitored in the systems S2 and S3. The
deblocking procedures of Boc and Z groups were
controlled in the S1 system, and final deprotection
of OBzl group of Asp was monitored in the S3
system. As it can be seen from Table 1, all
reactions are run with very good yields (higher than
80%).
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(NV&) (B-Ala)
lle Asp Leu Ala Val
ZLNH—BZ|
(2) H}/Pd
Boc—OH H—NH—BzI
(Z)  TBTU/DIEA
Boc NH—BzI
(H,/Pd)
TFA
Boc—OH H NH—BzI
DCC/HQOBt
Boc NH—BzI
OBz TEA
Boc—/~OH H NH—Bz
OBzl
Boc—= TBTUIDIEA NH—B?zI
|_ OBz TFA
Boc—OH H NH—BzI
TCTU | _OBzl
Boc NH—BzI
2N NaOH
Boc NH—B?zI

Fig. 1. Scheme of synthesis of pentapeptides Boc-1le-Asp-Leu-Ala (B-Ala)-Val-NH-Bzl

Im-4-Ac

DCC/HOBt | OBzl

Asp Leu

_0BzI

(B-Ala)
Ala

Val

-NH—BzI

2N NaOH

- NH—BzI

- NH—BzI

Fig. 2. Scheme of synthesis of pentapeptides Im-4-
Ac-Asp-Leu-Ala (B-Ala)-Val-NH-Bzl

CONCLUSIONS

A series of 6 peptides, potential inhibitors of -
secretase, analogues of -secretase inhibitor OM99-
2 was designed. They were successfully
synthesized using standard peptide synthesis in
solution. All compounds were characterized by
m.p., [a]s46?> and ESI-MS. Biological activity
investigation is in a progress.
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Table 1. MS data, melting points, yields and [a]s4? of the newly synthesized compounds

MS data o Yield « 2
N Structure cale ffound M.p. [°C] [%] [o]s46
1 Boc-lle-Asp(OBzl)-Leu-B-Ala-Val-NH-Bzl - 135-137 84 -2.2
2 Boc-lle-Asp-Leu-B-Ala-Val-NH-Bzl 718[':'553 +5|<$]2'42 147-149 98 -12.1
3 gglc-Nva-Asp(Ole)-Leu-B-AIa-VaI-NH- - 186-189 87 44
4 Boc-Nva-Asp-Leu-B-Ala-Val-NH-Bzl 704['Ah'/|193'<|22+]7'42 210-214 97 -14.0
5  Boc-lle-Asp(OBzl)-Leu-Ala-Val-NH-BzI - 165-167 89 -3.2
6  Boc-lle-Asp-Leu-Ala-Val-NH-BzI 718['3515'(]:1]2'53 184-190 99 -175
7  Boc-Nva-Asp(OBzl)-Leu-Ala-Val-NH-Bzl - 146-148 89 -2.0
8  Boc-Nva-Asp-Leu-Ala-Val-NH-BzI 704[':'/|19 342%17'27 187-189 99 -9.2
9  Im-4-Ac-Asp(OBzl)-Leu-Ala-Val-NH-Bzl - 161-163 79 -11
10  Im-4-Ac-Asp(OBzl)-Leu-B-Ala-Val-NH-Bzl - 192-194 77 -2.3
728.4221/750.73
11 Im-4-Ac-Asp-Leu-Ala-Val-NH-Bzl [M*+Na'] 187-189 98 -45
12 Im-4-Ac-Asp-Leu-p-Ala-Val-NH-Bz] 728[",\‘/f+z+1,<|§1;)'73 198200 99 -280

* for all compounds [a]s46°? is determined for ¢ = 1 in methanol

5. T. Nikolaev, D. McLaughlin, D. M. O'Leary, M.
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[[YBAPIH U CUHTE3 HA ITIOTEHILIMAJIHWA NHXWUBEUTOPU HA MY\J:[TI/IEH3I/IMHI/I
CUCTEMU YUACTBAILU ITPU BOJIECTTA HA AJILIXAWUMEP
Ws. Uanos?, JI. Besenkos?, JI. Jlananes>"

Yumuxomexnonozuuen u memanypauuen ynusepcumem, Kameopa no opeanuuna xumus, 6yn. ,, Knumenm Oxpuocku Ne§
2Xumuxomexnono2uuen u memanypeuyen ynusepcumem, Kameopa no 6uomexnonozus, 6ya. ,, Knumenm Oxpudcku Ne§

[Mony4ena Ha 24 ¢eBpyapu, 2014 r., peBusupanara Ha 15 maif, 2014 r.
(Pestome)

[Mpoektupana u u3MbIHEHa Oelle CHHTE3a Ha Cepust OT 6 IMEeNnTHAW, MOTEHIMAIHN WHXUOWUTOPU Ha [(-cexperasa,
aHano3u Ha P-cexkperaza mHxuOutop OM99-2. Beme mpuiiokeHa craHIapTHa MENTHIHA CHHTE3a B Pa3TBOp, upe3
MOCTETNIeHHO J100aBsiHe Ha amuHOKHcesMHH oT C-kbM N-kpas. Bewukm peakiuu pagoxa MHoOro Jo0pu 1o6uBH (Hax
80%).
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Golden alloys which are able of strengthening after tempering, i.e. artificial aging, play an increased role in jewel
production. According to customer’s demands these alloys are produced as ,,yellow* or ,,white“ gold. Commonly an
alloy of 585 finesse, i.e., 58.5 wt.% of pure gold, is used.

In the appropriate literature most authors have investigated rather yellow gold than white gold. In fact, the white
gold alloys are more complex in their nature than yellow alloys. In this paper the changes after precipitation (age)
hardening of a white gold alloy with chemical composition corresponding to Au585Ag65Cu277Zn16Pd57 are
examined. The hardening of this alloy after aging at high temperature plays an important role in improving jewel
quality. So, it is possible to produce a jewel either by hand- or machine making, beginning from an initial soft alloy
(easily deformed and shaped) into a final product with increased hardness and strength. This aim could be realized by
applying a rather simple heat-treatment, which includes annealing or non-hardening quenching. A jewel produced from
white gold is hardened and strengthened after a period of time. Special attention was paid to the analysis of the changes
in hardness and electrical conductivity in real time regimes, which are attainable during production in a gold shop. The

used temperatures were from room temperature up to recrystallization temperatures.

Key words: white gold, alloy aging, recrystallization, hardness, electrical conductivity

INTRODUCTION

It is generally known that the principal role of
jewels is the decoration, as a fashion detail.
Through history, there are a lot of golden products
representing both material value and art on high
level. The skill in gold jewel production is basically
a part of the culture of the nation at different epochs
or artistic periods.

Jewels and artistic products made from golden
alloys have been used since ancient times, and their
colors (yellow, red or white) have also been of
importance. In the production of jewels from gold
of finesse 585, ternary alloys from the system Au-
Ag-Cu represent the base material. Gold and copper
are metals which possess color, so the golden alloys
may have a broad range of different colors,
depending of the kind and amount of alloying
elements [1, 2].

The use of both ,,yellow* and ,,white* gold of
585 finesse for jewel making needs understanding
and further investigation of these alloys.
Approximately, up to the year 2000, white Au-Ag-
Cu alloys were used with nickel additions but by
laws in the European Union the nickel as alloying

* To whom all correspondence should be sent:
E-mail: pericradisa@gmail.com

element has been forbidden, mainly due to its
allergic influence on customers [3, 4]. After that
period, in the production of white gold palladium
and zinc were used.

An increase in hardness and strength of the
ternary alloys from the Au-Ag-Cu system could be
achieved by artificial aging treatment at a high
temperature, as a process of phase transformation
and microstructural changes [5]. For these
investigations the white alloy of composition
AuU585Ag65Cu277Zn16Pd57 was used, which is
acceptable according to market and law limitations.
The sample preparation is done at a golden shop as
a regular production schedule. The samples were
casted in flat shape, cold rolled up to 0,5 mm in
thickness, and then aged. The changes in the alloy
after such a treatment were monitored by hardness
and specific electrical conductivity measurements
and metallography. It was established that electrical
conductivity changes may serve for monitoring of
the structural changes in metals [6]. Further, this
alloy may be used not only in jewelry but also in
electrotechnics and electronics, especially for
telecommunication devices.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 535


mailto:pericradisa@gmail.com

R.S.Peri¢ et al.: Changes of hardness and electrical conductivity of white gold alloy Au-Ag-Cu after aging treating

EXPERIMENT AND RESULTS
Preparation of alloy and strips

A binary Au-Ag alloy was first melted, then
alloyed with copper, zinc and palladium. Melting
was performed in an induction vacuum furnace for
avoiding absorption of gases from the surrounding
atmosphere. The molten alloy was casted as a
rectangular bar, which was further cold rolled. The
final thickness was 0.5 mm, with total height
reduction of 66.66%. The obtained strips were aged
at temperatures from 50 to 600°C, at steps of 50°C.
The microhardness and electrical conductivity of
these samples were measured and for typical
changes (maxima and minima values) the
microstructures were examined.

Hardness measurements

The hardness tests were performed using a 250
g load for 15 s. For every specimen 5
measurements were performed. After cold rolling
with 66.67% of height reduction, the maximal
hardness of 251.00 HVo2s was achieved. The
obtained results are shown in Fig. 1.

After aging treating, the maximal value of
microhardness was reached at 300°C, for both 30
and 60 min of aging duration, while for 15 min of
aging the maximal value of hardness was reached at
350°C. The exact value of maximal hardness was
307HVO,25, Fig.l.

Tvrdoéa (Hv 0.25)

Temperatura(°C)

Fig. 1. Hardness changes after aging of white alloy
AU585Ag65Cu2772n16Pd57 for three durations over the
temperature interval from 50°C to 600°C.

Electrical conductivity measurements

The electrical conductivity was measured by the
sigma test on treated strips and the results were
obtained as specific electrical conductivity, in
Ms/m units, Fig.2.

The maximal value of the specific electrical
conductivity was reached at 300°C, as can be seen
from Fig.2. It is evident that specific electrical
conductivity is more sensitive to the structural
changes in the investigated alloy than
microhardness.
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Fig.2. Changes of specific electrical conductivity for
specimens of white alloy Au585Ag65Cu277Zn16Pd57
aged for 30 min.

Microstructure examinations

Metallographic examinations were done by
optical microscopy. All specimens were examined
in longitudinal and transverse directions, because
they were rolled. The elongation of the crystal
grains and their changes were more visible in
longitudinal than in transverse direction of the
rolled strip. For etching of all specimens an
aqueous solution of 10% KCN and 10%
(NH4)2S;07 in a ratio of 1:1 was used. As a starting
specimen the heavy cold rolled strip (66.67%
height reduction) was chosen and its microstructure
is shown in Figure 3.

alloy Au585Ag65Cu277Zn16Pd57 with 66.67% height
reduction, longitudinal direction, x500.

The aging treatment at 399°C for 30 min has
produced the maximal hardness value of
307.80HV,25, according to Fig.l, and the
microstructure of this specimen is shown in Fig.4.

The crystal grains are still elongated but very
fine twins have appeared. The highest aging
temperature of 600°C for 15 min produced a
hardness of 186.50HV2s and the microstructure
shows that recrystallization is finished, Figure 5.
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Fig. 4. Microstructure of cold aged
specimen of white alloy Au585Ag65Cu277Zn16Pd57 at
300°C, 30 min, twins, longitudinal direction, x500.
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Fig. 5. Microstructure of fully recrystallized
specimen of white alloy Au585Ag65Cu277Zn16 Pd57 at
600°C, 15 min, longitudinal direction, x500

After the recrystallization was finished, further
cold rolling could be performed if necessary.

DISCUSSION

In the process of aging, hardening of an alloy for
jewel production from the system Au-Ag-Cu with
additions of palladium and zinc could be performed
in several ways: a) creation of annealing twins,
almost for alloys with f.c.c. lattice [7.8], b) ordering
of atoms in a kind of Au-Cu phases [8,9], c)
precipitation at crystal grains of Ag-Cu phases
[9,10], or d) spinodal decomposition of oauagcu)
> 0 (AuAg) T 0“aucy [10,11].

In the applied regime of aging from 50°C to
600°C, the maximal hardness values for specimens
of white alloy Au585Ag65Cu277Zn16Pd57 were
achieved at 300°C with heating for 15 and 30 min;
longer aging treating (60 min) produced lower
maximal hardness at 350°C, see Figure 1.

The specific electrical conductivity for
specimens of this white alloy reached the highest

R.S.Peri¢ at al.: Changes of hardness and electrical conductivity white gold alloy Au-Ag-Cu after aging treating

values at temperatures about 300°C, Fig.2, and it
seems that those changes are more sensitive to
structural changes than the changes in hardness
values.

The microstructural examination revealed
twins at higher temperatures of aging, i.e.
annealing, see Figure 4.

CONCLUSION

The aim of the present investigations was to
produce a hard jewel starting from a relatively soft
and easily deformable golden alloy by using
annealing, ageing or quenching for achieving the
hardening effects. Here, a common 585 gold alloy
was additionally alloyed with 16/1000 g of zinc and
57/1000 g of palladium.

1. After applying cold rolling with 66.67% of
height reduction, a hardness of 251HVo2s was
achieved.

2. Further increasing of the hardness values
of the white alloy Au585Ag65Cu277Zn16Pd57 was
achieved by aging treating at a high temperature.
For a heavy cold rolled strip with 66.67% of height
reduction, the aging at 300 — 350°C for 15 — 30 min
was enough for achieving the maximal hardness
values of about 300HV .25,

3. Such increase of hardness by additional
alloying and aging is welcome for increasing the
service life of jewels made from a soft golden alloy
like the ternary 585 gold alloy.
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I[TPOMEHU B TBBPJOCTTA U EJIEKTPOITPOBOJUMOCTTA HA CIUUIABTA ,,BAJIO
3JIATO* (Au-Ag-Cu) CJIEJ]I CTAPEEHE UPE3 TEPMUYHO TPETUPAHE

P. C. Ilepua™, 3. M. Kapacroiikosua?, 3. M. Kosauesnu®, M. b. Mupua®*, /1. M. I'yckoBua®

L Hepuu&Ilepuu&Cvop. 00, Ioxcapesay, Cvopbus
2 Texnuuecku xonexc, 11070 Hoeu Benzpao, Copbus
3 Uncmumym no usnumanue na mamepuarume, 11000 benzpao, Cvopbus
4 lenapmamenm no koumpon na 6:1a20poOHUmMme Meman, JJupexmopam no uzsmMepeanus u 61a20pooHU Memanu
(Benepao), Cvpbus
S Vuusepcumem 6 benzpao, Texnuuecku gpaxynmem 6 Bop, Copbus

Tlocternmna Ha 26 despyapu, 2014 r., kopurupana Ha 22 mait 2014 r.
(Pestome)

3maTHUTE CIUIABH, KOWTO MPUTEKABAT CIIOCOOHOCTTA Ha 3asK4YaBaHe Ciel] TeMIepupane (M3KyCTBEHO
CTapeeHe) JOOMBAT BCE MO-TONSAMO 3HAueHHe B OMXyTepcTBOTO. CrOpes KETaHWETO Ha KIHUCHTUTE Te3H
CIUIaBH C€ IIPUTOTBAT KATO ,,)KBJITO HJIH ,,05710° 371aT0. OOMKHOBEHO C€ M3I0JI3BAT CILIaBH ¢ mpoba 585, T.e.
ChC chabpkanue Ha 58,5% (TerJ.) 4ucTo 371aTo.

B nmTeparypata mo-uecto ce oTOensn3Ba , KbITOTO™ 311aTO, JOKATO OSIIOTO 371aTO € ¢1abo M3CIeIBaHO.
CrutaBuTe, Hapu4aHW ,,05710 371aTO ca TO-CIOXKHHM Karo ChCTaB. B Hacrosmiata paboTa ce u3cienBaT
MPOMEHHUTE CJIe]] CTapeeHe ¥ BTBBbPsBAHE Ha TaKaBa CIUIaB ¢ XUMHUUeH cheTaB AUS85AQ65CU277Zn16Pd57.

BTBbpasBaHeTo cieq CTapeeHe NpU BHCOKA TEMIIEpaTypa Ha Ta3W CIJIaB MMa BakKHA PO 3a
MoJI0OPSBAHETO KAYeCTBOTO Ha OwxkyTtata. Hampumep, BB3MOXKHO € Ja ce u3paboTh OWXKY PBYHO WIIH C
MallliHa, KaTo Ce 3alouHe OT MeKa CIijiaB (JiecHa 3a (OpMyBaHe) M ce CTUTHE JI0 KpaeH MPOAYKT ¢ MOBHUIIIEHA
TBBPIAOCT U SAKOCT. Tasu 1ena Moxe aa ObJIe TMOCTUrHATA Ype3 MPOCTO HArpsiBaHe, 3a¢HO ChC HaKajsBaHE
WK 3akaisBaHe. Taka u3paboTeHUTE OMKyTa OT OsUTO 37aTO Ce BTBBPASBAT M 3asKYaBAT 332 ONPEICICHO
Bpeme. CrenuaiHo BHHUMaHHE Ce JaBa Ha aHalM3a Ha NPOMsHATA HA TBBPAOCTTA W Ha EJIEKTPO-
MIPOBOJMMOCTTA B PeaJIHO BpeMe, JIOMYCTUMO B padoTara Ha 37aTapcko areiue. M3ciaenpaHure TemMnepaTypu
ca MoJUTbPIKAHKU MEXY CTAHUTE U Te3H Ha Pe-KPUCTATU3AIHS.

538



Bulgarian Chemical Communications, Volume 47, Number 2 (pp. 539 — 546) 2015

Magnetic CuFe,O4 nanoparticles as an efficient catalyst for the oxidation of alcohols
to carbonyl compounds in the presence of oxone as an oxidant
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Nanomagnetic CuFe,O4 was used as an efficient, stable, and reusable catalyst for selective oxidation of alcohols to
their corresponding carbonyl compounds using oxone (potassium hydrogen monopersulfate) as oxidant in the presence
of water as solvent at room temperature. Primary and secondary alcohols gave the corresponding products in good
yields. The oxidation of various primary and secondary alcohols was also examined and the corresponding products
were obtained with good yields. The catalyst was investigated with XRD, SEM, ICP and IR techniques. Furthermore,
the catalyst could be easily recovered and reused several times without loss of activity.

Keywords: Nanomagnetic catalyst, Copper ferrite, Oxidation, Alcohols, Carbonyl Compounds, Oxone.

INTRODUCTION

The oxidation of alcohols to their corresponding
carbonyl compounds involves a basically important
functional group transformation and takes a chief
position in new synthetic organic chemistry [1].
They have normally been oxidized in noncatalytic
ways with stoichiometric oxidants such as
chromium and manganese compounds in the
attendance of strong mineral acids, which produce
enormous amounts of toxic metal salts as a waste
[2]. Thus, the development of green oxidation
systems using less poisonous catalysts, oxidants,
and solvents became a crucial target for catalysis
[3]. Although a variety of different catalytic
systems for catalytic oxidation of alcohols has been
developed, there is a growing interest in the search
for new efficient metal catalysts for this concern [4-
7]. Recently, sustainability and environmental
friendliness are major elements in catalysis. While
catalysis is an important process for the
improvement of starting materials, fine chemicals
and pharmaceuticals, green catalysis needs
environmentally friendly catalysts which can be
easily removed from the reaction media and used
again many times with very high efficiency [8].
Nanoparticles display high catalytic activity and
chemical selectivity under mild conditions [9]. In
some reactions, the large surface area-to-volume
ratio of metal oxide nanoparticles is mainly
responsible for their catalytic performance [10]. In
heterogeneous reactions, tedious methods like

* To whom all correspondence should be sent:

centrifugation and filtration are utilized to recover
catalysts and end in loss of solid catalyst in the
process of separation. Magnetic separation supplies
a convenient method to remove and recycle
magnetized species by utilizing an appropriate
magnetic field [11-13]. Magnetic spinel ferrite
nanocrystals are considered as one of the most
significant inorganic materials due to their
electronic, electrical, optical, magnetic and catalytic
features that are significantly different from those
of their bulk counterparts [14-15]. Copper ferrite
nanomaterial is one such reusable catalyst which
shows high catalytic activity in organic synthesis
[16].

Herein, copper ferrite nanoparticles were
synthesized via the auto-combustion assisted sol-
gel method [17-18]. We showed that nanomagnetic
CuFe;0Oq4 is an active and reusable catalyst through
magnetic separation for oxidation of alcohols with
oxone in the presence of water at room temperature

(Scheme 1).
R, CuFe,O4MNPs, Oxone R;
OH =0
Rs Water, r.t R2

R1,R, = Aryl, Alkyl, H
Scheme 1. Alcohols oxidation in the presence of
nanomagnetic catalyst at room temperature

EXPERIMENTAL
General

Ferric nitrate nonahydrate Fe(NO3):.9H,0,
copper nitrate trihydrate Cu(NQs)2.3H20, citric acid
CsHgOy, aliphatic and benzylic alcohols were
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purchased from Merck (Darmstadt, Germany) and
Fluka (Switzerland) and used without further
purification. The IR spectra were measured on a
JASCO 6300 FT-IR spectrometer (KBr disks). The
structural ~ properties of the  synthesized
nanoparticles were studied by X-ray powder
diffraction (XRD) on an X’pert-PRO advanced
diffractometer using Cu (Ka) radiation
(wavelength: 1.5406 A), operated at 40 kV and 40
mA at room temperature over the 26 range from 20
to 70°. The particulate morphology was
characterized by scanning electron microscopy
(Model: 1455VP, LEO Co., England). The disc was
coated with gold in an ionization chamber.
Elemental analyses were performed using
inductively coupled plasma optical emission
spectroscopy (ICP-OES, Model: VISTA-PRO).
TLC and GC were used to monitor the reactions.
The aliphatic products were detected by GC-FID
(VARIAN C-P-3800 with FID detector, column
CP-Sil 5 CB 30mx0.32mm).

Preparation of CuFe20, MNPs in aqueous solution

Copper ferrite nanoparticles were synthesized
via the auto-combustion assisted sol-gel method
from Cu?** and Fe* ions (molar ratio 1:2) in
ammonia solution [17,18]. Briefly, Fe(NO3)3.9H:0,
Cu(NOs)2.3H,O and the chelating agent were
dissolved in distilled water. The molar ratio of
metal nitrate to citric acid was 1:1. The pH value
was adjusted to 7 by dropwise adding ammonia
solution (28%) to the reaction mixture under
constant stirring. Then, the solution was evaporated
on a water bath (60 °C) to form a sticky gel. The
temperature was increased to 80 °C in order to
obtain a thick gel. The gel was kept on a hot plate
for auto-combustion and the temperature was
increased to ca. 200 °C. A large amount of gases
(CO,;, H2O, and Ny) was released and auto-
combustion occurred giving rise to a black ferrite
powder. The powder was washed three times with
distilled water and acetone and was isolated in a
magnetic field.

General procedure for the oxidation of alcohol

Alcohol (1 mmol), water (2 mL) and 6 mol % of
nanomagnetic CuFe;0. (14 mg) were added to a
round-bottomed flask. The mixture was stirred for
two minutes. Then, oxone (0.7 mmol) was added in
three portions for 15 min. The mixture was stirred
at room temperature. The reaction was followed by
TLC (EtOAc-cyclohexane, 2:10). After the
completion of the reaction, the product was
extracted in dichloromethane. The solvent was
evaporated under reduced pressure to give the
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corresponding pure aromatic products. Purification
of the residue using flash column chromatography
(silica gel) provided the pure carbonyl compounds.
The products were identified by IR spectra. The
aliphatic products in dichloromethane were dried
using anhydrous MgSQO, and were detected by GC-
FID by comparison with standard samples of the
corresponding alcohols and carbonyl compounds.
The GC vyields of the aliphatic products were
calculated based on their gas chromatograms.

RESULTS AND DISCUSSION
Characterization of the catalyst

The FT-IR spectrum of the CuFeO:. MNPs is
presented in Fig. 1. A broad absorption band at
about 3440 cm™ represents a stretching mode of
H20 molecules and indicates that a large number of
OH groups are present on the surface of the MNPs
[19]. In the range of 1000-400 cm®, two broad
metal-oxygen bands are observed. A metal-oxygen
absorption band typical for the spinel structure of
the ferrite at ~580 cm™ was observed. This band
strongly suggests intrinsic stretching vibrations of
the metal (M < O) at the tetrahedral site [20-21],
whereas the lowest band, usually observed in the
range 450-400 cm, is assigned to octahedral metal
stretching [22-24]. Fig. 2 shows the XRD pattern of
the CuFe,0, MNPs. Generally, XRD can be used to
characterize the crystallinity of nanoparticles, and it
gives the average diameters of all nanoparticles.
The results indicate that the discernible peaks in
Fig. 2 [18, 25] correspond to a cubic spinel
structure of copper iron oxide (JCPDS card No. 01-
077-0010). The diameter of the CuFeOs MNPs
determined by the Debye-Scherrer equation using
XRD data (D = 0.94 A / B Cos 0) was 57.9 nm.
From the ICP- OES results, the atomic ratio of Cu-
Fe was found to be 0.57, which is close to that of
CuFe;0; and 26.5% wi/w is copper. The SEM
analysis suggests that the CuFe,O, MNPs are
nanocrystalline and their shape is irregular
spherical (Fig. 3). These results are in good
agreement with the XRD analyses.

Optimization of alcohol oxidation conditions

We tried to convert 2-chlorobenzyl alcohol (1
mmol) to 2-chlorobenzaldehyde, as a model
reaction in the presence of CuFe;O, as a
nanomagnetic catalyst (12 mg) and oxone (1 mmol
added in three steps) in various solvents (2mL) at
r.t. and the results are given in Table 1. The best
result was achieved in the presence of water (Table
1, entry 4).
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Fig. 1. FT-IR spectrum of the CuFe,O4 MNPs

Fig. 2. XRD pattern of the CuFe;O4 MNPs
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Fig. 3. SEM image of the CuFe;O4 MNPs

Table 1. Conversion of 2-chlorobenzyl alcohol to 2-
chlorobenzaldehyde in different solvents with oxone in

the presence of CuFe,O4 MNPs catalyst at r.t.

Yield Time
Entry Solvent %)  (min)
1 Dichloromethane 15 90
2 Cyclohexane trace 90
3 Acetonitrile 22 90
4 Water 65 90
5 Ethanol trace 90
6 Dry toluene trace 90
7 Ethyl acetate 10 90

We also studied the oxidation of 2-chlorobenzyl
alcohol to 2-chloro benzaldehyde with other
oxidants in the presence of nanomagnetic CuFe»Oyg

catalyst in water at room temperature. These results
showed that a higher yield was achieved with
oxone as oxidant (Table 2, entry 3). We observed
that in the absence of oxidant (in nitrogen
atmosphere), 2-chlorobenzyl alcohol was not
oxidized with this system, even for a long reaction
time.
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Catalyst and oxidant amounts were also
optimized. The results showed that 14 mg of
catalyst (6 mol%) and 0.7 mmol of oxidant were
the best amounts for the oxidation of 1 mmol of
alcohol (Table 3 and 4). In these reactions, the
aldehyde selectivity was very high (>99%). No
competing reaction such as overoxidation of
aldehydes to the corresponding carboxylic acids
was observed in any of the cases under the above
conditions, but the reaction produced a byproduct
(carboxylic acid) at high temperatures (>40 ‘C).

Application scope

The reaction conditions, which were optimized
for 2-chlorobenzyl alcohol, can be easily applied to
various primary and secondary alcohols. As
indicated in Table 5, the CuFe;Os MNPs catalyst
showed high activity/selectivity and excellent
reusability in oxidation processes. In most cases,
the aldehyde selectivity was quite high (>99%).
The oxidation of various benzylic alcohols gave
carbonyl compounds in high vyields and short
reaction times. The electron withdrawing groups
dramatically reduced the reaction rate (entry11) and
the electron donor substituted group in the benzene
ring of benzylic alcohols accelerated the reaction
rate (entryl4).

The oxidation times for aliphatic alcohols were
fairly long (entries 17-19). No competing reaction
such as overoxidation of aldehydes to the
corresponding carboxylic acids was observed in
any of the cases under the above conditions.

Table 2. Oxidation of 2-chlorobenzyl alcohol using

various oxidants in water in the presence of CuFe;O4
MNPs catalyst at r.t.

Entry Oxidizing agent  Yield Time
(Zmmol) (%)  (min)
1 H20> 20 90
2 O, atmosphere  trace 90
3 Oxone 65 90
4 - 0 90

Table 3. Oxidation of 2-chlorobenzyl alcohol with
oxone (Immol) and different amounts of CuFe,04 MNPs
in water at r.t

Amount of

nanomagnetic Yield Time

Entry CuFe,0y catalyst (%)  (min)
(mol%)
1 10 86 90
2 7 85 90
3 6 86 90
4 5 65 90
5 4 48 90
6 0 20 90
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Table 4. Oxidation  of  2-chlorobenzyl  alcohol
(Immol) in water with different amounts of oxone in
the presence of CuFe,O4 MNPs catalyst (6 mol%) at r.t
Amount
of Yield Time

BNty oxone (%) (min)
(mmol)
1 1 86 90
2 0.7 86 90
3 0.5 77 90
4 0.3 52 90
5 0.1 20 90

The catalyst was easily separated from the
products by exposure of the reaction vessel to an
external magnet and decantation of the reaction
solution. The remaining catalyst was washed with
acetone and water to remove residual products and
dried. This catalyst could be reused in 6 further
iterative cycles without obvious reduction in
activity (Fig. 4). Measurements by ICP-OES
showed that 26.3% of the catalyst weight in the 6™
recycling was copper. Hence, there was no obvious
decrease in the copper content of the catalyst in the
6" recycling. The XRD pattern of the CuFe,O4
MNPs in the 6" recycling showed no obvious
difference in comparison with its first XRD pattern.

Proposed mechanism for the oxidation

Based on our experimental results and the
related literature [26-28], we propose the following
reaction mechanism for the oxidation of alcohols by
oxone in water in the presence of CuFe;O, MNPs
catalyst (Scheme 2). Initially alcohol and catalyst
were stirred and alcohol was grafted on the catalyst
(Stage ). Then, oxone was added and was

dissolved in water and HSOs" took electrons (Stage
I). The procedure was followed byelimination of
H* (Stage IlI). It seems that a large number of OH
groups are present on the surface of the catalyst
(Fig. 1, absorption band at 3440 cm). The OH
groups cause some interactions in the water phase.
Since the catalyst is present in the water phase,

HSOs™ takes electrons fairly rapidly. When the

catalyst resides in the organic phase, HSOs™ forms a
separate aqueous phase, thus Fe(ll) cannot donate
an electron.
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Table 5. Oxidation of various alcohols using CuFe>04 MNPs as catalyst (6 mol%) in the presence of oxone
(atr.t.) in water

Yield® (%)

Entry Substrate Product Time (min)

1 3 4 5

CHO
CHO
Cl
OH Cl CHO

N |l
% % .
o
o
T I

Cl

é%o

cl cl
CHO
4 OH 83 95
cl cl
CHO
5 OH
84 90
cl cl

Br

CHO
86 85

Br- CHO
\O/ 88 95
CHO
/©/ 85 90
Br

(o]
: )
o
T

\l
@
o
T g

Br
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Table 5 continued

1 2 4 5
CHO
9 OH
88 90
F F
F F CHO
OH
10 86 85
CHO
OH
11 84 120
O,N O,N
O2N O,N CHO
OH
12 84 120
CHO
13 OH 80 120
91
“ /©/\ /©/ %
MeO
OH
15 ‘)\‘ “ 85 95
OH
16 70 120
o)
OH
17 O/ 99.84 150
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Table 5 continued

1

19°

2
OH
HOj/

3
0
\)k 99.50 150

99.16 150

CHO

a- Yields refer to isolated products. The products were characterized by their spectral data (IR) and

compared with authentic samples. b-The yields refer to GC analysi

R
H
H
O AN I +
N ( O H
Cu Fe e
| o7
S | 5 /= Fe I
/ 2+
\Fe Fe -2e
N\~ > HSOs
@)
R H
H
H
N W 1l
R
——> HSOs + 2H" +2¢e — H,0 +HSO,

Scheme 2. Proposed mechanism for the oxidation of alcohols by oxone oxidant in the presence of CuFe;O4 MNPs
W . . . commercially available heterogeneous catalyst
zgi 5 80 in water. The method also offers some other
20 advantages such as stability of the oxidation

s 60 system, simplicity, short reaction times, good

T 50 yields of the products and mild reaction

> a0 conditions. The catalyst can be subsequently

304 reused in 6 further iterative cycles with no
20 . .. R

10 decrease in activity. The extension of the

0| application of this nanocatalyst to various

1 2 3 4 5 6 oxidation reactions is currently  under

Number of Cycles
Fig. 4. Recycling of the catalyst for oxidation of 2-
chlorobenzyl alcohol

CONCLUSIONS

To summarize, we have introduced a direct and
effective method for the oxidation of alcohols to their
corresponding carbonyl compounds using oxone in the
presence of nanomagnetic CuFe,Os catalyst as a
reusable, non-toxic, non-corrosive, inexpensive and

investigation in our laboratory.
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MAT'HUTHU HAHOYACTHILHN OT CuFe;04 KATO EOEKTUBEH KATAJIM3ATOP 3A
OKUCIIABAHETO HA AJIKOXOJIU 10 KAPBOHWJIHUA CBEJUHEHNW A B [TIPUCBCTBUE
HA OKCOH KATO OKNCJIMTEJI

®. Canpul, A. Pamazanu*?, A. Macymu®, M. Kxyou®, C. V. Jlxy**

Ylenapmamenm no xumus, Ynusepcumem Iasm Hyp, Texepan, Hpan
2 Jlenapmamenm no xumus, Ynueepcumem 6 3anoxcan, lran
Sdapmayeemuuen nayuno-usciedosamencku yenmop, Ynusepcumem no meduyuncku wayku ¢ Texepan, Upan

*Vuunuwe no mawunocmpoene, Yuusepcumem Honnam, Kooncan 712-749, Peny6nuxa Kopes

[ocrermna Ha 27 despyapu, 2014 ., kopurupana Ha 8 maii, 2014 r.

(Pesrome)

Wznon3eanu ca marautHu HaHodactwin oT CuFe;Os karo edekTHUBEH, YCTOHYMB KaTauu3aTrop 3a
MHOTOKpaTHa yrmoTpeOa 3a CEJIEKTUBHOTO OKHCIIEHHE Ha AJIKOXOIU JI0 CHOTBETHHTE MM KapOOHWITHU
ChEIMHEHHs] OT OKCOH (HAaTpHeB XUAPOTeH-Tiepcyndar) KaTo OKHCIWTEN BBHB BOJHA cpela MpH CTaliHa
Temreparypa. [IbpBHYHHTE M BTOPHYHUTE AIKOXOJIHM [aBaT CHOTBETHUTE MPOIYKTH C IOOpH JTOOHBH.
Karanuzatopst e uszcnenpan ¢ nomoinra Ha XRD, SEM, ICP u IR-MeToau. KaTanuzaropbsT MoKe JECHO aa
ce M3BJIeUe U Ja ce ynoTpeOsiBa MHOTOKpaTHO Oe3 3ary0a Ha aKTHBHOCT.
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In this contribution, we introduce a one-pot, rapid solvent-free method for preparation of silver iodide nanoparticles
(Agl NPs). The Agl NPs were characterized by X-ray powder diffraction patterns (XRD), energy dispersive X-ray
spectroscopy (EDX), diffuse reflectance spectra (DRS), scanning electron microscopy (SEM) and dynamic light
scattering (DLS). The XRD data indicated a wurtzite structure of the B-phase of Agl in the synthesized NPs. The EDX
analysis confirmed the formation of a 100% pure Agl compound. The SEM images and the DLS data confirmed the
nanosized spherical morphology of 25-70 nm. The DRS of the Agl nanoparticles showed a band gap about 2.7 eV.

Keywords: Nanoparticles; Semiconductors; Silver iodide; Solvent free synthesis.

INTRODUCTION

Silver iodide (Agl) is frequently used in
photography and in cloud-seeding to promote
rainfalls [1]. Also, the application of Agl-based
superionic conducting glasses [2] has attracted
much attention. The conductivity of the solid Agl is
comparable to that of liquid sulfuric acid, and is
even higher than that of liquid Agl [3]. At ambient
temperature and pressure, Agl usually exists as a
mixture of two phases, B-Agl and y-Agl. The B-
phase has a hexagonal wurtzite structure and the y-
phase has a cubic zinc blende structure [4].
Amongst the various types of nanomaterials,
semiconductor nanoparticles attract special interest
because they are expected to exhibit excellent
properties compared to the corresponding bulk
material [5]. Recently, there has been increasing
interest in Agl in form of nanoparticles (NPs)
which have different optical, electrical and
superionic properties compared to the bulk
compound [6].

We have recently reported the facile synthesis of
Cul NPs by a mechanochemical method [7]. This
method involves the mechanical activation of solid-
state displacement reactions at low temperatures in
a ball mill [8 9]. When comparing the
mechanochemical process with the hydrothermal
[10], thermal decomposition [11], microemulsion
and reverse micelles [6], laser-based synthesis [12],
electrospinning [13] and sonochemical [14, 15]
methods for the preparation of Agl NPs, it obvious
that the mechanochemical reaction has many

* To whom all correspondence should be sent:
E-mail: mahdi.malekshahi@gmail.com

advantages such as: one-pot synthesis, rapid
reaction, solvent -free and safe reaction conditions.
To the best of our knowledge, no reports for the
preparation of Agl NPs under these conditions have
been reported. Nevertheless, recently Hawari et al.
synthesized Agl NPs using the mechanochemical
method in the liquid-state over a long period of
time (40-70 h) [16]. This study, for the first time,
introduces a solid-state mechanochemical method
for the synthesis of spherical p-Agl NPs. The
proposed method is solvent-free and facile which
would result in a lower cost and environmental
safety.

MATERIALS AND METHODS

AgNO3 (99%) and Kl (99.5%) were purchased
from Merck Company and were used without
further purification. In a 10 ml stainless steel vial a
mixture of AgNOs and KI solids with a molar ratio
of 1:1 were milled using a Mixer Mill (Retsch MM-
400) apparatus at 1800 rpm (30 Hz) for 40 min at
room temperature. The resulting mixture was
washed with deionized water to remove the
potassium nitrate salt. The precipitate was then
dried in a vacuum oven at 100 ‘C for 2 h to obtain
the final yellow product.

X-ray powder diffraction patterns (XRD) were
recorded on a SIEFERT XRD 3003 PTS
diffractometer using Cu Ka irradiation (AY41.5418
A). Diffuse reflectance spectra (DRS) were
measured on a TU-1901 spectrophotometer.
Scanning electron microscopy (SEM) and energy
dispersive  X-ray spectroscopy (EDX) were
performed with a Hitachi S-4160 microscope with
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attached camera operating at 30 kV to determine
the morphology, particle size and purity of the
prepared synthesized salt. Dynamic light scattering
(DLS) analysis was performed on a Zetasizer Nano-
Z model apparatus to determine the size
distribution of Agl NPs. All measurements were
done at room temperature.

RESULTS AND DISCUSSION

The X-ray diffraction (XRD) pattern was used to
investigate crystallinity and phase structure of the
product before and after the washing process (Fig.
1a, b). As shown in Fig. 1a, peaks related to KNO3
phases were indexed and before washing the peak
intensity of the products was relatively high. Due to
overlapping of Agl and KNO; peaks in a certain
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region, after washing the sharpness of Agl peaks
decreased (Fig. 1b). So it was concluded that Agl
NPs were completely formed by the solid-state
method. The B-Agl phase can be characterized by
the peaks located at 26 value of 22.32¢, 23.71c,
25.35¢, 32.76°, 39.20°, 42.63° and 45.57¢, which are
assignedtothe (100),(002),(101),(102),(11
0), (1 0 3) and (1 1 2) planes of B-Agl crystal,
respectively (Fig. 1 b)[17].

All diffraction peaks can be indexed to the
hexagonal phase for the B-Agl with a wurtzite
structure (space group P63mc, JCPDS card no. 3-
0940). As we expected, all products generated from
these simple mechanochemical reaction systems are
pure Agl crystals, no diffraction signal from other
byproducts such as Ag.O was detected.
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Fig. 1. (@) XRD pattern of the mixture of Agl NPs and KNOs salt (b) Agl NPs after the washing process;

(c) EDX pattern of the synthesized product.
548



M. Malekshahi Byranvand et al.: Application of mechanochemical method as a new route for synthesis of ...

In the long history of investigation of Agl, one
main difficulty was to obtain pure single phase
crystals [18, 19]. According to our studies, Agl
single phase crystals were obtained during
mechanochemical reaction for 40 min at room
temperature without any solvent. The estimated
grain size of the Agl powder using Debye-
Scherrer’s formula [20] was found to be about 32
nm. The purity of the prepared Agl NPs was
evidenced by the EDX pattern shown in Fig. 1c.
The EDX analysis verified the existence of silver
and iodide atoms in the final product. This analysis
showed 100% purity of the synthesized compound
which is in good agreement with the XRD data.

The morphology of the obtained product was
investigated by SEM. As can be seen in Fig. 2a and
b, the SEM images show that the Agl NPs powder
consists of 25-50 nm spherical nanoparticles.

ISEM HV: 30.00 WD: 4.6926 m
[SEM MAG: 100.00 kx  Det: SE 200 nm
iewfield: 1.445ym  PC: 17

(c)

Number(%)
= DW B O
R=--X-K=

1 10

VEGA\\TESCAN SEM HV: 30.00 kv
SEM MAG: 100.00 kx  Det: SE

Performance in nanospacen iewfield: 1.445um  PC: 17

The DLS analysis was also used to estimate the
particle size and size distribution. The particle size
histogram in Fig. 2 ¢ shows that size distribution is
25-70 nm and nanoparticles are uniformly
aggregated, which is very close to the results
obtained by SEM analysis. Optical absorption
measurements were used extensively, because they
are some of the most important methods to
investigate the energy structures and optical
properties of semiconductor nanocrystals [21, 22].
Based on the theory of optical absorption, the
relation between the absorption coefficient and
photon energy is as follows:

ahv=A(hv-Eg)™ (1)

Where o is the absorption coefficient, v is the
frequency of photons, A is a constant, Eg is the
band gap energy and n depends on the nature of the
transition (n=1 for direct transitions) [23].
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Fig. 2. (a, b) SEM images of Agl NPs; (c) Size distribution histogram extracted from DLS analysis data.
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Fig. 3. (a) Optical absorption spectrum of obtained Agl NPs; (b) the plot of (chv)? vs.hv.

Figs. 3a and b show the optical absorption spectrum
and the plot of (ahv)? vs. hv for the prepared Agl
nanoparticles, respectively. There is a broad
absorption peak with broader shoulders at about
495 nm and weak absorption peak at about 505 nm.
According to the extrapolated values of the linear
section, the band gap Eg is estimated to be 2.7 eV
and 2.8 eV.

CONCLUSION

In this work, B-phase of Agl with spherical
morphology of NPs was successfully synthesized
using the mechanochemical method. The XRD and
EDX analyses of these NPs revealed a pure B-
phase. According to our studies, Agl NPs were
obtained during mechanochemical reaction for 40
min without any solvent. This facile, solvent-free,
short-time and one-pot method for the synthesis of
Agl compound is reported for the very first time.
The method proposed in this work has many
advantages, such as solvent free characteristics
which result in lower costs, environmental safety
and a very easy procedure of synthesis. We believe
that this simple method will be adopted in realizing
other forms of nano-sized silver compounds on
industrial scale.
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[MTPUJIOXXEHUE HA MEXAHOXUMMWYHU METOU KATO HOB ITBT 3A CUHTE3ATA HA
B-©A30B1U HAHOYACTHULIM OT Agl

M. Manexmanu bupansaua®”, C. lllax6asu?, A. H. Kxapat?, C. A¢pmap?

Y Yuunuwe no xumus, Koneoxc 3a nayxa, Ynusepcumem 6 Texepan, Upan
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Ilocrpmna Ha 7 mapt, 2014 1., kopurupasa Ha 12 maid, 2014 r.

(Pestome)

B nactosimara pabora ce mpejiara eqHoO-cTauiiHa, Obp3a CUHTE3a, O€3 pa3TBOPUTEI, 32 IPUTOTBSIHETO
Ha HaHouyacTHIHM OT cpebbpeH Homua (Agl NPs). Hanouactummre ca oxapakTepu3upaHH 4pe3 IpaxoBa
peatrenoBa gudpakuus (EDX), mudysmonnn otpaxarennu crektpu (DRS), ckanupamia enekrpoHHa
criektpockonus (SEM) u nunamuuno cseropasceiiBane (DLS). XRD-nannute nokaspat, 4e CHHTE3UPAHHUTE
HAaHOYACTHIIA UMAaT CTPYKTypaTa Ha BIOPUUT Ha [-¢a3a ot cpedbpeH Homua. B momsiaenne EDX-ananu3spT
MOTBBPXIaBa oO0pa3zyBaHeTo Ha cpeObpeH Hoaua cbe 100% uncrora. OcBen ToBa SEM-o6pasute u DLS-
aHAJIM3BT MOTBBPXKIABAT chepruHaTa Mopdoorus Ha yactuuute ¢ pasmepu 25-70 nm. DRS-cnekTpure Ha
MPOJyKTa MOKa3BaT, ye HaHouacTunure oT Agl mmar 3abpaneHa 30Ha okoJjo 2.7 eV.
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A facile and simple procedure for the synthesis of some calix[4]resorcinarene derivatives was developed via
reaction of aryl aldehydes with resorcinol in the presence of catalytic amounts of molybdate sulfuric acid under solvent-
free conditions. This eco-friendly method has many appealing attributes, such as excellent yields, short reactions times,
use of a green and recoverable catalyst, and simple work-up procedures.

Key words: Calix[4]resorcinarene; Aryl aldehyde; Molybdate sulfuric acid, Resorcinol.

INTRODUCTION

Supramolecular chemistry has attracted the
attention of many chemists in recent years.
Calix[4]resorcinarenes, a subclass of calixarenes,
are large cyclic tetramers which have found many
applications, as solid phases immobilising uranyl
cations [1], macrocyclic receptors [2], dendrimers
in biological systems [3], nanoparticles [4], nano-
capsules [5], supramolecular tectons [6], optical
chemosensors [7], host molecules or host-guest
complexes [8,9], components in liquid crystals [10],
photoresists [11], selective membranes [12], HPLC
stationary phases [13], surface reforming agents
[14] ion channel mimics [15], and metal ion
extraction agents [16].

Although different synthetic methods have been
used for the synthesis of calix[4]resorcinarene
derivatives by employing some Lewis acid
catalysts, however, some of them suffer from
disadvantages such as low product Yyield,
cumbersome isolation of the product and long
reaction time. In the past few years, we have been
involved in a program directed towards developing
novel, simple and facile methods for the
preparation of organic compounds using various
catalysts and readily available starting materials
[17-21]. For example, we used molybdate sulfuric
acid (MSA) as an efficient catalyst for the synthesis
of quinoxalines. In this case, the catalyst showed
good recyclability [19]. The challenge in chemistry
to develop practical methods, reaction media,
conditions and/or materials based on the idea of
green chemistry is one of the important issues in the

* To whom all correspondence should be sent:
E-mail: saeidkhm@yahoo.com

scientific community. However, preparing and
employing a green catalyst in organic synthesis can
be extremely valuable [22].

EXPERIMENTAL
Preparation of Catalyst

Firstly 25 mL of dry n-hexane was taken in a
100 mL round bottom flask, equipped with ice bath
and overhead stirrer, and 4.118 g (20 mmol) of
anhydrous sodium molybdate was added to the
flask, then 0.266 mL (40 mmol) of chlorosulfonic
acid was added dropwise to the flask for 30 min.
The solution was stirred for 1.5 h. Afterwards the
reaction mixture was gradually poured into 25 mL
of chilled distilled water under agitation. The bluish
solid which separated out was filtered. Then the
catalyst was washed with distilled water five times
till the filtrate showed negative test for chloride
ions, and was dried at 120 °C for 5 h. The catalyst
was obtained in a 90% vyield as a bluish solid,
which decomposed at 354 °C.

Preparation of calix[4]resorcinarene derivatives 4

A mixture of resorcinol 1 (1 mmol), aryl
aldehyde 2 (1 mmol), and MSA (10 mol%) was
stirred and heated at 120°C in a preheated oil bath
for an appropriate time (Table 1). After completion
of the reaction as indicated by TLC (AcOEt/
hexane 7:3), the reaction mixture was dissolved in
hot MeOH, then filtered to separate the catalyst and
afford the pure product 4. At the end of the
reaction, the catalyst was filtered, washed with
ethanol, dried at 120 °C for 1 h, and reused in
another reaction.
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Table 1. Synthesis of calix[4]resorcinarene derivatives catalyzed with MSA 1 at 120 °C under solvent-free

conditions.
. . . Melting point (°C )
a (0o,

Entry Product Aldehyde Time (min) Yield? (%) (decompose)
o)
H
0

, " O'O 230 82 298
MeO  OH

3 4c @_«O 180 82 264
H
cl
o]

4 4d @_« 45 83 270
H
o]

5 se MeOO—( 155 04 262
H
o]

6 af C"Q—/( 90 85 264
H

Br

o]
H

8 4h @_«O 50 90 225
H
o]

9 4 ve—_ N 150 88 240
H

2|solated yields.

Spectral Data

Phenyl-calix[4]resorcinarene (4a): IR (KBr),
cmt: 3400, 3022, 1611, 1510, 1230, 1090; *H
NMR (400 MHz, DMSO), &: 8.93-8.88; (m, 2H),
7.17-5.74 (m, 6H), 5.70 (s, 1H); 3C NMR (100
MHz), 6: 156.68, 155.85, 153.42, 146.02, 130.53-
125.29 (8c), 106.67, 105.83, 63.27; MS (m/z: 792).
2-Fluorenyl-phenyl-calix[4]resorcinarene (4b): IR
( KBr), cm™: 3436, 2923, 1613, 1503, 1424, 1191,
1062, 767, 731; 'H NMR (400 MHz, DMSO), &:
8.68 (s, 1H), 8.50 (s, 1H), 7.05-7.17 (s, 4H), 6.50-
6.64 (s, 3H), 6.10 (s, 1H), 5.97 (s, 1H), 5.60 (s, 1H),
3.50 (s, 2H).

2-Hydroxy-3-methoxy-phenyl-calix[4]
resorcinarene (4c): IR (KBr), cm™: 3474, 2938,
2840, 1640, 1477, 1272, 1062, 778, 728; 'H
NMR(400 MHz, DMSO), &: 8.17 (s, 1H), 8.14 (s,
1H), 8.13(s, 1H), 7.51(s, 1H), 7.49 (s, 1H), 6.43-
6.25 (s, 3H), 6.01 (s, 1H), 5.96(s, 1H), 5.85 (s, 1H),
3.65 (s, 3H), 3.60 (s, 3H); *C NMR (100 MHz), :
153.16, 152.81, 152.72, 152.48, 146.91, 146.65,
143.42, 143.26, 132.81, 131.41, 123.51, 122.83,
122.25, 122.14, 120.26, 119.50, 117.67, 117.45,

108.84, 101.98, 56.28, 35.00, 34.43; MS (m/z:
974.8).
2-Chloro-phenyl-calix[4]resorcinarene (4d:) IR
(KBr), cm™: 3446, 2922, 2852, 1617, 1508, 1424,
1272, 1062, 731; *H NMR (400 MHz, DMSO), &:
8.63 (s, 1H), 8.59 (s, 1H), 8.55 (s, 1H), 6.96-6.88
(s, 4H), 6.12 (s, 1H), 5.96 (s, 1H); 13C NMR (100
MHz), &: 153.59, 153.33, 143.96, 133.74, 130.02,
129.23, 128.85, 126.83, 125.94, 120.39, 118.34,
102.23; MS (m/z: 929.1).
4-Methoxy-phenyl-calix[4]resorcinarene  (4e):
IR (KBr) cm™: 3391, 3027, 3001, 1608, 1509, 824;
'H NMR (400 Hz, DMSO) 4: 8.34 (s, 2H), 6.54 (s,
4H), 6.33 (s, 1H), 5.85 (s, 1H), 5.28 (s, 1H), 4.07
(s, 3H); MS (m/z: 912.4).
4-Chloro-phenyl-calix[4]resorcinarene (4f): IR
(KBr) cm’: 3410, 3036, 2942, 1617, 1487, 1076;
'H NMR(400 Hz, DMSO) 6: 8.48 (s, 2H), 6.79 (d,
2H, J = 12 Hz), 6.41 (d, 2H, J = 12 Hz), 5.98 (s,
2H), 5.39 (s, 1H); 3C NMR (100 MHz) ¢: 154.31,
146.15, 131.88, 131.25, 128.43, 121.46, 103.25,
42.56; MS (m/z: 929.1).
3-Bromo-phenyl-calix[4]resorcinarene (4g): IR
(KBr) cm™: 3445, 2940, 1595, 1488, 1260, 1092,
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Fig. 1. XRD pattern for MSA 1.

880, 780, 690; 'H NMR (400 MHz, DMSO) &:
9.12-8.92 (m, 2H), 7.14-6.56 (m, 4H), 6.25-6.02
(m, 2H), 5.67 (s, 1H); *C NMR (100 MHz) &:
156.63, 155.80, 131.49, 129.93, 128.09, 121.50,
105.92, 102.64;

2-Nitro-phenyl-calix[4]resorcinarene (4h): IR
(KBr) cm™: 3410, 3080, 2910, 1681, 1605, 1520,
1335, 1150, 730; *H NMR (400 MHz, DMSO) ¢:
9.10-8.96 (m, 2H), 7.76-5.96 (m, 6H), 4.76 (s, 1H);
¥C NMR (100 MHz) 6: 170.20, 157.13, 155.91,
154.07, 150.13, 149.30, 139.45, 132.40-124.23
(8C), 119.94, 106.66, 105.93, 102.69, 67.43; MS
(m/z: 973.1).

4-Methyl-phenyl-calix[4]resorcinarene (4i): IR
(KBr) cm™: 3405, 3010, 2910, 1600, 1505,
1125.840; *H NMR (400 MHz, DMSO) ¢: 9.10-
8.88 (m, 2H), 7.10-6.20 (m, 6H), 5.67 (s, 1H), 2.19
(s, 3H); *C NMR (100 MHz) §: 158.91, 156.60,
130.16, 128.99, 128.37, 106.66, 105.81, 102.79,
21.04; MS (m/z: 854.7).

RESULTS AND DISCUSSION

The concept of “Green Chemistry” has emerged as
one of the guiding principles of the environmentally
safe organic synthesis. We found that anhydrous
sodium molybdate reacts with chlorosulfonic acid
(1:2 mole ratio) to give molybdate sulfuric acid
(MSA 1). The reaction is easy and clean and there
is no gas production during the reaction (Scheme
1). The MSA 1 was characterized by X-ray
diffraction, transmission electron microscopy, and
Fourier transform infrared spectroscopy [23-25].
Figure 1 shows the XRD patterns for molybdate
sulfuric acid (MSA 1). It was reported that high
degree mixing of Mo-S in chlorosulfonic acid often
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led to the absence of XRD pattern for anhydrous
sodium molybdate.
XRD patterns of sodium molybdate (Na;MoOx)
show broad peaks at around 26 17.0°, 27.0¢, 32.0°,
o Q. _OH
NaO—Mo—ONa o X\
0 @]
n-hexane

+ T’ O=Mo=0

2 CIHSO3H 2 NaCl

Oy..0
/S\\
HO O

1

Scheme 1. Synthesis of molybdate sulfuric acid
(MSA).

48.00, 53.00, 57.5°, 78.5¢, 82.0° [26], some of which
are absent in the XRD pattern of MSA due to high-
degree mixing of Mo with sulfonic acid. The broad
peaks around 20 23¢, 292, and 34° from the smaller
inset can be attributed to the linking of Mo to
sulfonic acid. The FT-IR spectra for anhydrous
sodium molybdate and molybdosulfuric acid (MSA
1) are shown in Figure 2.

— NayMoOy
— MSA
90

BOf

%T 40
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-10
4000 3000 2000 1000 400
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Fig. 2. FT-IR spectrum for MSA 1.
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The spectrum of MSA 1 shows the characteristic
bonds of anhydrous sodium molybdate and
chlorosulfonic acid. The absorbance bands at 3459,
2110, 1635, 1129, 909, 771, 637, 616 and 451 cm™
in the catalyst spectrum reveal both bonds in
anhydrous sodium molybdate and —OSOsH group.
Hence titration of the catalyst with NaOH (0.1 N)
was done. Firstly, 1 mmol of the catalyst was
dissolved in 100 mL of water. Then it was titrated
with NaOH (0.1 N) in the presence of
phenolphthalein as an indicator. In the equivalent
point, 2 mmol of NaOH were utilized for 1 mmol of
catalyst, which pointed to two acidic valences.

The XRF data of molybdate sulfuric acid
(MSA 1) indicate the presence of MoOs and SOs in
the catalyst (Table 2). In this work, we describe a
simple and green strategy based on the
condensation of resorcinol 2 with aryl aldehyde 3
using MSA 1 as a powerful, recyclable and safe
catalyst under solvent-free conditions for the
preparation of calix[4]resorcinarene derivatives 4
(Scheme 2).

Table 2. XRF data of MSA 1.

Entry  Compound Concentration (%ow/w)

1 SO; 49.52
2 Na,O 1.15
3 MoOs 39.02
4 Cl 0.150
5 K20 0.064
6 Nb,Os 0.019
7 Fezo3 0.012
8 CuO 0.010
9 LOI2 10.03
10 Total 99.98

2L oss on Ignition.
The need to implement green chemistry principles
(e.g. safer solvents, less hazardous chemical
synthesis, atom economy and catalysis) is a driving
force towards avoiding the use of toxic organic
solvents. A solvent-free or solid-state reaction
obviously reduces pollution, and brings down
handling costs due to simplification of experimental
procedure, work up technigque and saving in labour.
Interest in the environmental control of chemical
processes has remarkably increased during the last
three decades as a response to the public concern
about the use of hazardous chemicals. Therefore, to
improve the effectiveness of this method in

preventing chemical waste, it is important to
optimize the reaction conditions. To determine the
suitable reaction conditions, the reaction of
benzaldehyde with resorcinol was taken as a model
reaction. At first, we found that in the absence of
MSA 1, the reaction did not complete in a long
reaction time (650 min). After examining the
reaction using various amounts of MSA 1 at 120
°C, it was found that the reaction can be efficiently
carried out by adding 10 mol% of the catalyst under
solvent-free conditions for 150 min. The use of
higher amounts of the catalyst does not increase the
yield and reaction rate. According to Table 1, under
the optimized reaction conditions, a number of
aromatic aldehydes reacted with resorcinol in a
molar ratio of 1:1 with the catalyst affording
calix[4]resorcinarenes 4a-4i in good to excellent
yields.

Not only the ecological profile (through
decreasing hazardous industrial waste), but also the
economic profile (through eliminating expensive
organic solvents) are further improved using a
recyclable catalyst and solvent-free reaction
conditions. In this process, as indicated in Figure 3,
the recycled catalyst was used for four cycles of
150 min each. Actually, the catalyst showed an
appreciable loss in catalytic activity after reusing.
During catalyst recovery, as mentioned in previous
studies, sometimes catalyst decomposition and/or

leaching occurs [27,28].
100 -

90 4
80
70 4
60

50 4
40 -
30 4
20 -
10

Yield (%)

Cycle

Fig. 3. Recyclability of MSA 1 catalyst in the
synthesis of 4a at 120 °C under solvent-free conditions
(reaction time = 150 min).
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I
HOgSO— '\ﬂO—OSO:gH

HO OH 0
@ * Ar)LH

2 3

solvent-free, 120 °C

Scheme 2. Synthesis of calix[4]resorcinarene derivatives using MSA 1.

CONCLUSION

In summary, a green synthetic route to some
calix[4]resorcinarene derivatives using MSA 1
under solvent-free conditions is presented. This
method not only gives high yield and purity but
also is cheap, speedy, facile, and eco-friendly
throughout the course of the reaction.

Acknowledgement:  The authors  gratefully
acknowledge partial support of this work by the
Yasouj University, Iran.
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“3EJIEH” CUHTETHUYEH ITbT KBM HAKOU CYIIPA-MOJIEKYIJIN C U3ITOJI3BAHETO
HA MOJIMBAAT-CAPHA KUCEJIMHA (MSA) KATO BUCOKO-E®EKTUBEH
KATAJIU3ATOP

A. Apamu?, b. Kapamu!, C. Xogabaxmm *?

Ulenapmamenm no xumus, Ynueepcumem ¢ Scyooc, SAcyoc,Upan
2Mnaoedicku uscredosamencku u enumen kny6, Kion Pobamxapum, HUcismcrku ynusepcumem «Azao,
Pobamxapum, Upan

IMocrpnuna Ha 23 mapt, 2014 1., kopurupana Ha 5 asryct, 2014 r.
(Pe3rome)

PaspaboTeHa e necHa u pocTa Iporneaypa 3a CHHTe3aTa Ha HAKOU KaluKe [4] pe3opuuH-apeHOBU IPOU3BOIHH Upe3
peakuusaTa Ha apWIOBH aNJEXHIU C PE3OPLMHON B MPUCHCTBHE Ha KaTajlM3aTOp OT MOJMOJAaT-csipHa KUCEIMHA B
OTCHCTBHE Ha Pa3TBOPUTEN. T03M €KOJOTMYHO YHCT METOJ MOKa3Ba MHOIO NPHMaMJyIMBH KadyecTBa, KaTo OTJIUYHH
JOOMBH, KPaTKO BpEMe 3a peakuus, “3eJieH” ¥ Bb3CTaHOBUM KaTaJH3aTop U MpocTa paboTHa mpolenypa.
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Sunflower seed oil, like other unsaturated triglycerides, is susceptible to thermal degradation and oxidation.
Polymerization is an easy and economical way to decrease the number of double bonds and heterogeneous catalysis and
is one of the best choices to produce high quality polymerized oil. In this paper the effect of time, temperature and
catalyst concentration on the polymerization reaction is evaluated. As expected, the reaction rate increased in parallel
with temperature and catalyst concentration. Time could affect the product properties. Finding the optimum conditions
is crucial to control the properties of the polymerized oil. GPC and viscometry techniques were used to control the
reaction extent. The product’s behavior after polymerization was studied using TGA and FT-IR and its analysis was
performed according to ASTM and USP.

Keywords: Sunflower seed oil, Heterogeneous Catalysis, Cationic Polymerization, Viscosity, Gel Permeation

Chromatography
INTRODUCTION

The sunflower is a distinctive flowering plant
(Helianthus annuus L.). The seeds of this plant
contain a valuable edible oil that contains more
vitamin E than any other vegetable oil.[1-2]
Sunflower seed oil finds many industrial
applications, e.g. in food, cosmetics, paints, surface
coatings, lubricants and surfactants.[3-7]

This oil is a combination of monounsaturated
and polyunsaturated fatty acids with low saturated
ones.[8] The percentage of saturated fatty acids in
the sunflower seed oil is about 5% while it reaches
45% for monounsaturated and 46% for poly
unsaturated fatty acids. The total percentage of
essential fatty acids (linoleic and linolenic) in
sunflower seed oil is more than 50%. These
unsaturated long chain fatty acids are useful in
improving the low temperature properties of the
finally polymerized 0il.[9] The number of double
bonds per molecule is about 5 and the remarkable
point is that all of these double bonds are in “cis”
configuration.[10] The chemical and physical
properties of the vegetable oils strongly depend on
the degree of unsaturation, which can be
determined by measuring the iodine value (1V).[11-
12]

The fatty acid percent composition of the
deodorized sunflower seed oil is as follows:

* To whom all correspondence should be sent:
E-mail: vafakishb@ripi.ir

palmitic acid 5-7.6%, stearic acid 2.7-6.5%, oleic
acid 14-39%, linoleic acid 48-74%, linolenic acid
<0.3%. The specification is shown in Table 1.[13-
14]

Table 1. Typical properties of sunflower seed oil

No. Items Standard
1  Appearance Yellowish -
transparent liquid
5 Specific Gravity at 0.915-0.919
25°C
3 Viscosity at 25° C 49 mPa.s
A 188-194 mg
4  Saponification Value KOHI/g
5  lodine Value 120-140 gl»/100g
6 Titre 15-18°C
7  Insoluble impurities  ~0.05%

High levels of oleic acid make the oil more
susceptible to oxidation and hence more unsuitable
for processes requiring high oxidative stability at
high temperatures as in biodiesel and biolubricant
applications.[15-17] To reduce the risk, the double
bonds of the oil could be polymerized which is a
less expensive approach compared to other
methods, e.g. hydrogenation.[18] By controlling the
polymerization conditions, the preferred viscosity,
color and molecular weight could be achieved for a
variety of vegetable oils with a broad range of
iodine values and fatty acid compositions.[19]

From macromolecular viewpoint unsaturated
oils are monomers with more than one functional
group capable of polymerization.[20-21] There are
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industrial
thermal

two  major
polymerization:
methods.[23]

In the first process, the oil is simply heated to a
temperature of 290-330 °C for 20-30 h with or
without an inhibitor like antraquinone to control the
molecular weight of the polymer. The reaction is
time consuming and the product is a yellowish
viscous liquid. The long time of the reaction is due
to the low reactivity of non-conjugated double
bonds in the oil structure.[24-25]

In the second one, the oil is heated to 100-110

°C for 30-50 h while air is purged in it. Many
functional groups in the oil structure are oxidized
under these conditions to Kketones, aldehydes,
hydroperoxides and carboxyl which are hazardous
for human health.[26-27]
Cationic polymerization could be easily completed
on the internal double bonds bearing alkyl electron
donating substituents of unsaturated oils such as
sunflower seed 0il.[28-32] There are many reports
in the literature for cationic polymerization of the
double bonds in acidic conditions using
homogenous catalysts, e.g. superacids [33]
(H2S207) or Lewis acids [34] (BFs and TiCl.), and
also heterogeneous ones like clay and zeolite.[35-
36]

The aim of this paper was to use ion exchange

resins as heterogeneous polymer-based catalysts to
polymerize sunflower seed oil. Compared with
others, they are high-capacity macroporous
catalysts which could regenerate and tolerate severe
conditions without degradation.[37] They showed
more efficient and economical than acid catalysts
and the reaction was performed in milder
conditions than the previously reported unsaturated
oil polymerization. The reduction of the double
bonds is demonstrated by the decrease in iodine
value from 120-140 to 70-90 g I, 100 g.
The main economical advantage of using these
catalysts is the simplicity of their isolation from the
reaction mixture which makes the reaction a short
time experience in comparison to similar processes.
The optimum conditions were found by varying the
reaction parameters such as time, temperature and
concentration of catalyst. The polymerized oil was
finally analyzed.[38]

techniques  for  oil
[22] and air blown

EXPERIMENTAL
Materials

The used sunflower seed oil was commercially
deodorized oil obtained from TEXTRON (Spain)
with the specification of Table 1. A commercial
strongly acidic polystyrene ion exchange resin was

used as heterogeneous catalyst under the brand
name of AMBERLITE™ FPC23 H from Dow
Company. The total exchange capacity of the resin
was 2.2 eq L. Sulfonate functional groups were
activated before the reaction while the final H*
content of 0.056 eq. was used in the reaction. All
other materials were prepared from technical grade
products of Merck Company.

Apparatus

The polymerization was carried out in a 2 liter
3-neck round bottom flask with mechanical
overhead stirrer, thermometer, electrothermal
heating mantle and nitrogen line to remove oxygen
from the reaction mixture. The stirrer was equipped
with a stainless steel shaft and four anchor-shaped
stirrer blades in two different heights, one at the
end of the shaft and the other in the lower one-third
of it. There were also four small metallic mesh bags
attached to the end of each blade filled with
activated heterogeneous catalyst.

Reaction procedure

The sunflower seed oil (1000 g) was weighed in
the flask (same amount in every reaction) equipped
with stirrer, heating mantle, thermometer, nitrogen
line to sparge nitrogen and filled bags of activated
heterogeneous catalyst.[38] The reaction was
performed at three different temperatures by
controlling the temperature of the heating mantle at
60-90-150 °C. To find the best time, samples were
withdrawn at different times from t=0 to t=11 h
every 30 min. The catalyst concentrations were
varied as 1.7, 1.9, 2.2, 2.5, 2.7 eq (per liter of oil).
Pure nitrogen gas was purged in the reaction by a
sparger with a rate of 5 mL min? to prevent
oxidation of the oil. At the end of the reaction time
the product was evacuated from the flask and
analyzed without any further purification.

Analytical procedure
Gel permeation chromatography:

Gel permeation chromatography was performed
on a Shimadzu Class-LC10 GPC Prominence
Model instrument. The stainless steel column with
length of 300 mm and internal diameter of 7.7 mm
was packed with high performance spherical gel
made of styrene-divinylbenzene co-polymer with
diameter of the particles: 5 p, pore size: 100 A of
the equivalent in term of exclusion power and
resolution. The column temperature was increased
from room temperature to 60 °C with a rate of 5 °C
10 min?., The column was stored in toluene. A
refractive index detector with a sensivity at full
scale at least 2 of refractive index was used. Flow
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rate ' was 1 mL mint' and the eluent was
tetrahydrofuran.

Viscometry

The extent of the reaction was monitored by
viscometry on an Anton-Paar SVM 3000
viscometer at room temperature. This viscometer
measures the dynamic viscosity according to
ASTM D-7042.[39]

Thermogravimetric Analysis

Thermogravimetric analyzer TGA-DTA, model
Diamond TG/DTA, Perkin Elmer Instruments was
used. Measurements were performed under N
purge. Typically, 5-10 mg of sample were placed in
a platinum pan and heated from 30 °C to 600 °C, at
10 °C min2.

RESULTS AND DISCUSSION

As expected, the sunflower seed oil polymerized
in acidic conditions. After 20-30 min the color of
the reaction mixture turned a little darker due to the
formation of conjugated carbocations with double
bonds. The various parameters such as time,
temperature and concentration of catalyst were
changed to find out the optimum conditions. Some
physical characteristics of the finally obtained
polymerized oil were determined. Gel permeation
chromatography (GPC) and viscometry were used
to follow up the reaction extent.

Effect of time on the reaction

Sampling of the reaction mixture and analysis
by GPC showed the effect of time on the molecular
weight (MW) which was low in the starting point.
With time oligomers were formed (Fig. 1). About
10 wt % of the starting oil consisting of saturated
fatty acids, e.g. stearic and palmitic acids will be
unchanged.

The time effect was also followed by changing
the viscosity of the reaction mixture. As
demonstrated in Fig. 2, at t = 90 °C, the viscosity
gradually increased in the first 4 h of the reaction
but after that the viscosity growth was considerable.
After 10 h the viscosity of the reaction mixture
increased to around 20 Pa.s at 25 °C which is the
desired viscosity. It is noticeable that the viscosity
of the sunflower seed oil is 0.05 Pa.s at this
temperature. As the desired viscosity was achieved
for 10 h, this was considered as the optimum
reaction time.
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Fig. 1. GPC chromatograms of the reaction mixture
at different times after the starting point. (reaction
conditions as described in the experimental section).

Effect of temperature on the reaction

To study the effect of temperature on the
reaction duration, the catalyst concentration was
fixed at 2.2 eq H* per liter of oil. The viscosity of
the samples measured at different temperatures is
shown in Fig. 2; the viscosity around 20 Pa.s was
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considered to determine the optimum temperature.
Compared to 60 °C, the reaction at 90 °C is rapid.
By heating the reaction rate will go up; the reaction
mixture will be solid at temperatures above 150 °C
(Fig. 2). Considering high utility cost in the
industry and the easier rate control of the reaction
to prevent runaway, the t=90 °C was determined as
the optimum temperature.
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Fig. 2: Effect of reaction temperature on the viscosity
of the product with time. (reaction conditions as
described in the experimental section).

For preparing a more viscous product, higher
temperature and longer time should be used [40-
41].

Effect of catalyst concentration on the reaction

The reaction rate dependency on catalyst
concentration was studied at 90 °C and catalyst
concentrations of 1.7, 1.9, 2.2, 2.5, 2.7 eq (per liter
of oil) were used to reach viscosity around 20 Pa.s.
Actually the viscosity was used as an indication of
the reaction extent. The results are demonstrated in
Fig. 3. It is obvious that the reaction time was
shortened proportional to the increase in catalyst
concentration. If the chosen concentration was
more than 2.2 eq. per liter of oil there was no
noticeable increase in the reaction rate. Considering
the high price of these catalysts, the concentration
of 2.2 eq H" per liter oil was selected. In other
words, the used catalyst was 25.5 mL per liter of oil
which equals to 2.2 eq L™.[37]

Physical properties of the polymerized oil

At the end of the reaction (t=10 h, T=90 °C and
catalyst concentration= 2.2 eq H* per liter oil), the
polymerized oil was evacuated and some
characteristics of cationic polymerized soybean oil
were analyzed according to ASTM and USP.[42]
(Table 2). The results were in the mentioned range
of the polymerized oils.[43]
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Fig. 3. Effect of catalyst concentration on the
viscosity of the product with time. (reaction conditions
as described in the experimental section).

Table 2. Characteristics of polymerized oil obtained
from cationic polymerization after 10 h at T=90 °C and
catalyst concentration of 2.2 eq H* per liter oil.

Analytical
Items Results Method
Yellowish
Appearance Viscous -
Liquid
Color
(Gardner) Max. 7 ASTM D1544
Acid Value,
mg KOH/g Max. 5 ASTM D2076
Peroxide
Value, Max. 5 USP33-NF28
meqg/Kg
Saponification
Value, 82-90 ASTM D5558
mg KOH/g
lodine Value,
mg 1,/100g 70-90 ASTM D1959
Moisture Max. 0.5% ASTM E203
!nsolu_b_le Max. 0.1%
impurities
Viscosity,
25 °C. Pa.s 17.52 ASTM D445
Average
Molecular 1900-2100 -
Weight

Thermal characterization of the sunflower seed oil
compared to polymerized oil

Thermal degradation was studied by means of
thermogravimetric analysis (TGA). TGA tests were
conducted for sunflower oil from ambient
temperature to 800°C at a heating rate of 10°C/min
in nitrogen environment with a flow rate of
100ml/min. By heating the oil was decomposed to
aldehyde, ketones and alcohols which are volatile
so the weight decreased [44, 45]. Figures 4a and 4b
show the TGA curves and their derivatives. As can
be seen in the figures, the thermal decomposition of
sunflower seed oil occurs in three stages (peak
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maxima at 314°C, 417°C and 547°C), related to the
decomposition of polyunsaturated,
monounsaturated and saturated fatty acids. The first
step is the most vital one for the thermal stability of
the oil, because this is the step where
decomposition of the unsaturated fatty acids starts.

Polymerized oil shows two main peaks (peak
maxima at 347 °C, 450 °C), attributed to different
stages of the decomposition process and
polymerization degrees. As expected, the thermal
stability of the polymerized oil is higher than that of
the raw oil.
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Fig. 4. TGA thermograms for sunflower seed oil
and polymerized oil.

FT-IR spectra of polymerized oil compared to
sunflower seed oil

The FT-IR spectra of sunflower seed oil and
polymerized oil are shown in Figures 5a and 5b.
The band around 3000 cm* was assigned to the CH
vibrations of CH, CH; and CHs groups in the two
samples. The carbonyl groups displayed a sharp
band at 1745 cm™[46]. It is worth noting that the
967 cm band in the polymerized oil spectrum was
attributed to the trans double band while this band
did not appear in the sunflower seed oil spectrum.
This indicates a transformation of the cis to trans
double bands during acid catalytic polymerization.

562

o
S 4

T N A ]

L

80

‘\ | /
V Vo
N o A
e —‘ e
g | \ f /
5 ‘l | | e i
| | [
- |
. ! oy
i %
| \N \/I
! |
iy
3 B35 82 -
g 842 8¢ 2
™ T T —— T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
(a)
8 .
BR iR ™1
T o
VoM | -
2 \ L W
- 11 L rn
£, | ra
g8 | I f
H P YA\ |
z I | |
i I \
£ I | | W\

I

A B TEER R 9e8 PR
E ioE

|
)
] 28
gxgr gzds o3

98 8%
§ B8 B

T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

(b)

Fig. 5. FT-IR spectra of sunflower seed oil (a) and
polymerized oil (b).

CONCLUSION

The polymerization reaction of sunflower seed
oil by AMBERLITE™ FPC23 as a heterogeneous
catalyst was investigated in a stirred batch reactor.
The reaction mixture behavior was controlled by
gel permeation chromatography and viscometry.
The increase of viscosity with time is a direct
measure of the efficiency of the process used for
cationic polymerization of sunflower seed oil. The
suitable conditions were: 90 °C, 10 h and catalyst
concentration of 2.2 eq per liter of oil to reach a
viscosity of the polymerized oil of around 20 Pa.s.
The advantages of using these mild reaction
conditions to other available methods are: low
temperature, shorter time and no need for
purification of the product after the reaction.
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TTIOJIMMEPU3ALIA HA CJIBHUOIJIEJOBO MACJIO C MOHOOBMEHHA CMOJIA:
KUCEJIMHEH XETEPOI'EHEH KATAJIN3

b. Bakapum'*, M. Bapapu?, E. JI:xapapn?

L Uscnedosamencku omoen no xumuuna, norumepna u negpmoxumuuna mexnonoaus, M3ciedoeamencku uncmumym no
nHegpmena unoycmpus, Texepan, Hpan
2[lenapmamenm no semedenue, Mcasmcku ynusepcumem “Aszaod”, Knon laxp-e-T'ooc, Texepan, Upan

Ilocrpnnna Ha 8 anpun, 2014 r., kopurupana Ha 10 HoemBpH, 2014 T.
(Pestome)

CIBHYOIIEIOBOTO MACJO0, KAaKTO APYTUTE HEHACUTEHH TPUTIHLIEPUIN € YyBCTBUTEIHO KbM TEPMUYHO pa3jaraHe u
okucnenue. Ilommmepuzanusara € JeCeH W MKOHOMHYEH HAYMH Jla Ce Hamaiu Opos Ha JABOMHUTE BPB3KU, a
XETEPOTeHHHAT KaTalu3 € €IUH OT Hai-IoOpHTe CHOCOOM 3a IMOJy4aBaHETO BHCOKO-KaYECTBEHO IIOJIMEMPH3HPAIIO
onmo. B Ta3m paboTa ca oneHeHM e(eKTHUTE Ha BPEMETO, TEMIIEpaTypaTa W KOHIEHTpanuATa Ha KaTaau3aTropa BbPXY
nonuMepusanuara. KakTo ce oudakBa, CKOPOCTTa HAa peaklIMsATa ce IOBHUIIABA YCIOPEAHO C TeMIepaTypara o
KOHIIGHTpalusATa Ha KaTalu3aropa. BpeMeTo BiMse BBpXy KadecTBaTa Ha NpoaykTa. ONTHMalHUTE YCIOBUS Ha
mpoleca ca OT KJIIOYOBO 3HAYEHUE 3a KOHTPOIAa BBPXY CBOWCTBATA HA MOIUMEPHU3UPATIOTO OJMO. 3a Ta3H LEed ca
M3MOJI3BaHU TeN-TIPOHUKBAIIa Xpomarorpadus n Buckozumerpusi. OTHaCSHUATA Ha IPOJYKTa Cie] MOJIUMEpH3anus ca
M3CIIeIBaHH C TMOMOLITAa HAa TEpMO-TpaBUMETpUYEH aHanu3 M uH(pauepBeHa cnekrpodoromerpusi (FT-IR), xawvTo
JTAaHHWUTE ca HHTeprpeTHpane crnopen crannaprute ASTM u USP.
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Cyanogenic glucoside determination in Sorghum Halepense (L.) Pers. leaves at the
different growth stages
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A simple, fast and accurate method of assessing dhurrin as cyanogenic glucoside in the leaves of sorghum halepense
(L.) pers. plant was developed by polarography using a dropping mercury electrode (DME). Cyanide concentrations in
the range 0.01-10 mg/L caused no toxicity problems. The good recovery and precision of CN"determination in the plant
shows that this method gives reasonably accurate results. The determination is also practicable in solutions containing
sulfides and proteins. The results showed that other interferents are absent or present only in negligible amounts in the
plant tissue. It was also found that the content of the cyanogenic glucoside dhurrin in sorghum varies depending on
plant age and growth conditions. The highest cyanide potential was registered shortly after onset of germination. The
sample preparation was performed by extraction of 30.0 g fresh plant tissue in 10% methanol at ambient temperature for
48 h. Then alkaline hydrolysis of the cyanogenic glycoside was carefully carried out under agitation for 8 h. The
voltammetric method was shown to be useful, adequate and reliable as a quality control method in screening low

cyanide contents in herbal medicines.

Keywords: Sorghum halepense (L.) pers.; Cyanogenic glucoside; Dhurrin; Polarography; Dropping mercury electrode.

INTRODUCTION

Cyanide occurs in the leaves of sorghum
halepense (L.) pers. plant as the cyanogenic
glucoside dhurrin [p-hydroxy-(S)-mandelonitrile B-
D-glucopyranoside] derived from the parent amino
acid L-tyrosine [1-4]. The biological roles of
cyanogenic  glycosides in  plants include
physiological processes and defense mechanisms
against predators [5]. Degradation of dhurrin yields
equimolar amounts of HCN, glucose, and p-
hydroxybenzaldehyde (p-HB). The plants usually
show variation in the amount of produced HCN.
The production of HCN depends on both the
biosynthesis of the cyanogenic glycosides and the
existence (or absence) of its degrading enzymes.
The biosynthetic precursors of the cyanogenic
glycosides are different L-amino acids, these are
hydroxylated, then the N-hydroxylamino acids are
converted to aldoximes, these are turned into
nitriles. The latter are hydroxylated to alpha-
hydroxynitriles and are glycosilated to cyanogenic
glycosides. The generation of HCN from
cyanogenic glycosides is a two-step process
involving deglycosilation and cleavage of the
molecule (regulated by beta-glucosidase and alpha-
hydroxynitrilase). The actual level of cyanogenic
glycosides is determined by various factors, both

* To whom all correspondence should be sent:
E-mail: epouneh@yahoo.com; p.ebrahimi@gu.ac.ir

developmental and ecological ones [6-7]. One of
the objectives of sorghum breeding programs is the
reduction in the level of dhurrin since cyanide
released from the plant tissues will be harmful to
consuming livestock. Plant-breeding and genetic
programs typically require the examination of large
numbers of individual plants [8].

R 0-Gly R OH R
\C/ \c/ \C—O+HCN
-~ > T

R \CN R N oM R

Cyanogenic glycoside Cyanobrrdrin Ketoe or aldehyde

Various methods for the determination of
cyanogenic glucosides in plants have been reported
[9, 10]. Among these are colorimetric [8, 11-19],
fluorometric [20], potentiometric [21], and
titrimetric [22] procedures, all of which are based
on the assay of hydrocyanic acid (HCN) released
when the cyanogenic glucoside is chemically or
enzymatically hydrolyzed to yield HCN, glucose,
and aglycone. In most of the published procedures,
hydrolysis of the cyanogen is accomplished
enzymatically, using either endogenous or
exogenous glucosidases. For colorimetric and
fluorometric assays, the hydrolyzed sample is
subjected to diffusion, distillation or aeration, and
the volatilized HCN is trapped in an alkaline
solution for subsequent assay. These time-
consuming procedures help reducing the effects of
interfering compounds, but they may result in
erroneous values due to incomplete recovery of the
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released HCN. The picrate method [12, 19, 23] and
the Feigl-Anger spot test [24-26] have been also
used to survey a wide range of plants for
cyanogenesis. The latter method depends on the
presence of an endogenous enzyme to catalyze
hydrolysis of cyanoglucoside to cyanohydrin which
then breaks down to hydrogen cyanide. If the
enzyme is not present or the enzyme is inhibited by
tannin, then such methods would give a negative or
low result [27]. Since the sodium picrate procedure
usually depends upon endogenous glycosidase for
hydrolysis of the cyanogen, it may cause
incomplete release of HCN from the tissues and
consequently erroneously low results. In some
reports [28] a cyanide selective electrode has been
directly utilized to assess the HCN in the
hydrolysate of various cultivars. However, the
electrode is adversely affected by constituents of
the crude extracts; equilibration is slow, and
misleading results ae sometimes obtained. Other
determination methods of the cyanogenic glucoside
dhurrin include the indirect classical photometric
[22] and the direct chromatographic ones [29-35] in
which its aglycone, p-hydroxybenzaldehyde (p-
HB), exhibits strong absorption at 330 nm in
alkaline solution.

The present study describes a rapid
polarographic method for assay of the cyanogenic
glucoside content in the leaves of sorghum
halepense (L.) pers. at four growth stages:
vegetative growth, before flowering, flowering and
seed ripening, with relatively inexpensive
equipment and supplies. The method does not
involve enzymatic hydrolysis of dhurrin. At first,
alkaline hydrolysis of the cyanogenic glycoside
[36] was performed with 2.5% NaOH and then the
free cyanide concentration was determined by a
polarographic method. Cyanide concentration is
proportional to the concentration of the cyanogenic
glucoside.

EXPERIMENTAL
Reagents

Sodium hydroxide, potassium hydroxide, boric
acid and potassium cyanide used in the study were
obtained from Merck (Darmstadt, Germany). All
reagents were of analytical grade and were used
without further purification. Ultrapure water was
obtained from a Millipore, Direct-Q® Water
purification system (Millipore Co., Bedford, MA,
France). Cyanide standard solution (1 g/L) was
prepared by dissolving 0.2503 g of KCN in KOH
0.01 M and making up to 100 mL.
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Plant Material

The leaves of sorghum halepense (L.) pers. were
randomly collected at four growth stages in
triplicate, that is, vegetative growing (in the early
spring), before flowering, flowering (in June) and
seed ripening (in September 2012) from the campus
of the Gonbad-e-Kavous university (Gonbad-e-
Kavous, Golestan province, Iran). The site is
located in the Golestan province at 37° 26'N and
55°21’E, at an altitude of 45 m above the mean sea
level. The climate is Mediterranean, semi arid. The
sorghum plant grew on celtic loam soil with pH 7.8.

Sample Preparation

The fresh plant material (30 g) was cut into
small pieces and extracted with 10% methanol at
ambient temperature for 6 h. The extracts were
stored in dark and kept at -4 "C till further analysis.
The lack of colour change after 48 h indicated that
the extraction of cyanogenic glycoside was
approximately completed. Then the filtered extract
along with 20 mL of 2.5% NaOH was placed in a
250 mL flask and allowed to stay at room
temperature for 2 h. The flask was connected to a
vertical water-cooled condenser and heated under
agitation for 8 h to permit alkaline hydrolysis of the
cyanogenic glycoside to take place. Finally, the
content of the flask was transferred to a 100 ml
volumetric flask and made up to the volume.
Following hydrolysis, the cyanide content of the
extracts was determined by a polarographic
method.

Polarographic measurement

The electrochemical experiments were carried
out using a 746 VA trace analyzer and 757 VA
Computrace (Metrohm). A dropping mercury
electrode (DME) and a platinum wire were used as
working and counter electrodes, respectively. All
potentials were recorded against an Ag/AgCl, KCI
sat. reference electrode. Pure N, was bubbled
through the sample solutions for 300 s before the
measurements. In order to remove contaminations,
the voltammetric cell was washed with
concentrated HNOs. A volume of 10 mL sample
solution and 10 mL supporting electrolyte was
transferred to the voltammetric cell. Supporting
electrolyte contained NH3;BO3; 0.2 M (12.4 g/L) and
KOH 0.17 M (11.2 g/L) with pH 10.2. After
degassing, free cyanide was determined by
differential pulse polarography (DP) using the
standard addition method. The voltammetic
parameters included: equilibration time 5 s, pulse
amplitude 50 mV, stirring speed 2000 rpm, start
potential 0 V, end potential -500 mV, voltage step 8
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mV, voltage step time 0.8 s, sweep rate 10 mV/s
and peak potential CN--240 mV.

RESULTS AND DISCUSSION

The results are shown in Figure 1 (A-D). Fig. 1
A shows that the cyanide value of sorghum rapidly
increases during germination and vegetative
growing, after which it declines with plant age. The
results of this study are also summarized in Table 1.
The measurements showed that the cyanogenic
glycoside value in the vegetative growing stage of
sorghum halepense was approximately 0.1% of the
fresh weight and reached 2x10°% before flowering
stage. No cyanide content was detected in the
flowering and seed ripening stages. The method
accuracy was investigated in recovery experiments
in which a known amount of free cyanide at three
concentration levels (0.05, 10, 35 ppm) was added
to the plants collected in the flowering and seed
ripening stages. Replicate analyses (n=3) were
carried out for each solution by the polarographic
method. Recovery of cyanide was calculated as
follows:

(amount measured —amount of pure extract )x100

amount added

where the amount of pure extract was zero (Fig.
1C-D). As shown in Table 1, the recovery values
(standard deviations in parentheses) in the
flowering and seed ripening stages were 98.71
(0.48) and 98.84 (0.43), respectively. The good
recovery of CN- from the plant shows that this
method gives reasonably accurate results and
interfering constituents are absent or present only in
negligible amounts in the plant tissue.

The linearity of the method was studied in the
0.01-10 mg/L range. Six concentration levels of
CN- were chosen and five determinations were
carried out for each solution. The correlation graphs
were constructed by plotting the peak height
obtained versus the added amounts. An excellent
linear response was observed over the range
specified in this method, as confirmed by the
correlation coefficient (0.9999).

The  precision of the  polarographic
determination of free cyanide obtained from
sorghum halepense (L.) Pers. was calculated in
terms of intra-day repeatability and inter-day
precision. To this purpose, two spiked samples at
three concentration levels, 0.05, 1.5, 2.5 ppm, were
prepared and analyzed in triplicate. The procedure
was repeated on 3 different days to determine inter-
day reproducibility. The results showed an RSD
between 0.3-3.5 % indicating a good precision
(Table 1).

Therefore, the plant of sorghum halepense (L.)
Pers. in its new growing stage (such as newly
emerged seedlings and young leaves), constitutes a
health risk for humans and domestic animals [37]
due to the cyanogenic potential. To increase food
and feed safety, it is of great interest to know the
effect of growth conditions and stages on
cyanogenic glycoside accumulation to avoid
incidences of cyanide intoxication due to
occasionally unexpected high concentrations that
cannot be handled using normal precautionary
measures.

Table 1. Values of cyanogenic glycoside in sorghum halepense at the different growing stages, intra-day and inter-
day precision and accuracy obtained in the polarographic determination of CN.

Growth  CN-(%)? 0.050 ppm® 1.500 ppmP 2.500 ppm°  Amount Recovery  Mean recovery
stages (CV,%) (CV,%) (CV,%) added (%=SD) (%=SD)
(mg/L)
vegetative 0.1 - - - - - -
growing
before 2x10 - - - - - -
flowering
flowering 0 0.053° 1.538°¢ 2.444° 0.05 98.13+0.35 98.71+0.48
(1.35) (1.01) (2.74) 10 95.53+0.68
0.056¢ 1.359¢ 2.3544 35 102.47+0.34
(2.12) (2.80) (1.79)
seed 0 0.056°¢ 1.540° 2.514° 0.05 98.27+0.50 98.84+0.43
ripening (1.09) (0.92) (0.30) 10 94.06+0.31
0.060¢ 1.15449 2.2444 35 104.18+0.46
(1.65) (3.59) (1.17)

2 measured free cyanide in the plant at the different growth stages.
® concentrations which were added to the plant at the flowering and seed ripening stages.

¢ measured average value during a single day (n=3).
4 measured average value on three consecutive days
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Fig. 1- Polarograms of sorghum halepense hydrolyzed extracts at the different growing stages: A) Growing stage;
B) Before flowering stage; C) Flowering stage; D) Seed ripening. Voltammetic parameters: equilibration time 5 sec,
pulse amplitude 50 mV, stirring speed 2000 rpm, start potential 0 V, end potential -500 mV, voltage step 8 mV, voltage
step time 0.8 s, sweep rate 10 mV/s and peak potential CN- -240 mV.

CONCLUSION

A simple method for the polarographic
determination of cyanogenic glycoside in plants
was developed. The method does not involve
enzymatic hydrolysis of dhurrin. The study can
serve as a reference to new studies on
cyanoglucosides in all plants and can be used for
the rapid and routine estimation of the dhurrin of
sorghum. The free cyanide was determined in the
alkaline hydrolysed extracts by differential pulse
voltammetry technique with a dropping mercury
electrode (DME). The polarographic signal was
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proportional to the cyanide concentration and the
linear range of calibration was from 0.01 to 10
mg/L cyanide with r=0.9999. The good recovery
and precision of CN- from the plant shows that this
method gives reasonably accurate results and
interfering constituents are absent or present only in
negligible amounts in plant tissue. Therefore, it was
suggested that the polarographic procedure can be
used as an efficient tool in screening low cyanide
contents of sorghum.
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OINIPEJEJISIHE HA IUAHOT'EHHU I''TFOKO3U AN B JIMCTATA HA Sorghum halepense (L.) Pers. B
PA3JIMYHU ETAIIN HA PABBUTUE

I1. E6paxumu’’, M. Moxaman Ecmaenn?, C. Fanmxu?, A. Catapuan?, X. Cabypu?

Y Henapmamenm no xumus, @axyrmem no ochosnu nayku, Yuueecpumem 6 Ionecman, I'opzan, Upan
2 Vuueepcumem I'onbao-Kasyc,I'onbao, Upan

Received January 8, 2014, Revised June 25, 2014
(Pe3tome)

Pa3But e mpoct, Obp3 U TOYEH MONAPOrpad)CKU METOJ 3a ompeseisHeTo Ha dhurrin KaTo UAHOTEHEH TIIFOKO3WI B
mcrara Ha Sorghum halepense (L.) pers. Konnenrpanusta Ha nuanuau B uarepsana 0.01-10 mg/L we npean3Buksat
TOKCUYHOCT. J[0OpusAT 100UB U TOUHOCTTA Ha ompeneisiHero Ha CN™ B pacTeHHsATa MOKa3Ba, Y€ METOABT JaBa TBBHPJIE
n06pu pesyaratu. ONpenesTHETo € ChII0 MOAXOISINO 338 Pa3TBOPH, ChABPKAIIKM CYJIQUIN U TIPOTCHHH. PesymnraTnre
MOKa3BaT, U JIMICBAT MPEUYEHM BEMIECTBA WM T€ Ca B MHOTO HHUCKH KOHIICHTPAIlMM B PacTHTEIHUTE ThKaHH. OCBEH
TOBa € HAMEPEHO, Y€ CHABPKAHMETO Ha IUAaHOTEHHHs rioko3un dhurrin B pacTeHHETO Bapupa B 3aBHCHMOCT OT
BB3pacTTa Ha PacTEHHETO M YCIOBHATA Ha pacTeX. Hall-BHCOK IMaHU/IEH MOTEHIMAN € YCTAHOBEH KPAaTKO BpeMe Ciejl
HAYallOTO Ha MOKBJBaHeTo. [Ipobure ca moAroTBeHu upe3 ekcrpakius Ha 30 r. MpecHH pacTUTEIHH ThKaHu B 10%
METaHoOJI TIPH CTaiiHa TemrepaTypa 3a 48 4. Cieq ToBa ce TPOBEXK/a allKaHa XUIPOJIN3a Ha IIHAHOTECHHHS TIIOKO3H]T
npu pa3obpkBaHe 3a § yaca. Bonr-aMmepoMeTpUYHHAT METO]] C€ OKa3Ba IMOJIC3eH 38 CKPUIHIHTA HA MAJKH KOJHYECTBA
[MaHHUIU B JIEKAPCTBEHH PACTEHUSL.
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The preferential solvation parameters of naproxen (NAP) and piroxicam (PIR) in ethanol (EtOH) + water binary
mixtures were obtained from their thermodynamic properties by means of the inverse Kirkwood-Buff integrals method.
NAP and PIR are very sensitive to specific solvation effects, so the preferential solvation parameter by EtOH, dx1 3, is
negative in the water-rich mixtures but positive in all the other compositions for both drugs at temperatures of 293.15,
303.15 and 313.15 K. It is conjecturable that in water-rich mixtures the hydrophobic hydration around the aromatic and
methyl groups of the drugs plays a relevant role in the solvation. The higher drugs solvation by EtOH in mixtures of
similar solvent proportions and in EtOH-rich mixtures could be due mainly to polarity effects. In these mixtures both
drugs would be acting as Lewis acids with the EtOH molecules because this co-solvent is more basic than water.

Key words: naproxen, piroxicam, ethanol, preferential solvation, IKBI.

INTRODUCTION In this way, the inverse Kirkwood-Buff integrals
Naproxen (NAP, Fig. 1, 230.26 g mol-, (+)-(S)- (IKBI) method is a powerful tool for evaluating the

2-(6-methoxynaphthalen-2-yl)-propanoic acid, CAS preferential solvation of non-electrolyte compounds
number- 2223/04_%3_1) and yirolz(icgm (PIR F’i 5 in binary co-solvent mixtures, describing the local
331 35' g molt 4—?—|ydr0xy—2—met’hyl—?\i-2-, composition of both solvents around the solute

pyridinyl-2H-1,2-benzothiazine-3-carboxamide 1,1- molecules [13'1.8]' Sp_euﬂcal_ly, in the case of
dioxide, CAS number: 36322-00-4) are non- aqueous ethanolic solutions this treatment depends

steroidal  anti-inflammatory  drugs  used  as on the values of the standard molar Gibbs energies

analgesics and antipyretics [1, 2]. Although NAP of transfgr of the drug from neat water to EtOH +
and PIR are widely used in current therapeutics, the water mixtures, as _weII as on the excess molar
ohysicochemical information  about  their Gibbs energy of mixing of the co-solvent mixtures.
solubilities in agueous-rich and organic-rich media CH
is not abundant [3]. Nevertheless, some

physicochemical studies about their solution

thermodynamics in pharmaceutical ~co-solvent COOH
mixtures conformed by water and ethanol (EtOH)

have been reported [4, 5]. Moreover, some

semiempirical methods have also been challenged H3C—O

to correlate their solubilities as a function of
temperature. In particular the extended Hildebrand
solubility approach [6] has been analyzed at 298.15

3

Fig. 1. Molecular structure of naproxen.

K for both drugs [7, 8]; the log-linear model of O\\ //O

Yalkowsky and Roseman [9] and the Jouyban- CH

Acree model [10] have also been studied for NAP \N/ 3

al temperatures from 293.15 to 313.15 K [11, 12].

Nevertheless, none of these studies has been P NH
specifically carried out to study the preferential =
solvation of these drugs by the solvent components ||

according to the mixtures composition. OH O N

Fig. 2. Molecular structure of piroxicam.
* To whom all correspondence should be sent:

E-mail: fmartinezr@unal.edu.co © 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 571
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Thus, the main goal of this paper was to
evaluate the preferential solvation of NAP and PIR
in EtOH + water co-solvent mixtures, based on
thermodynamic definitions, as has been made for
several drugs in the same aqueous co-solvent
mixtures [19-21]. These drugs were chosen for the
present research because they have very different
molecular structures, NAP being composed of C, H
and O atoms; whereas PIR additionally contains N
and S atoms. It is important to keep in mind that
ethanol is the co-solvent more widely used in the
development of homogeneous liquid
pharmaceutical dosage forms [22, 23]. Thus, the
results are expressed in terms of the preferential
solvation parameter (Jx13) of the drugs by EtOH in
the mixtures.

COMPUTATIONAL BACKGROUND

In binary EtOH + water mixtures the preferential
solvation parameter by EtOH (component 1) is
defined as:

L
5X1,3 =Xz = X% = _5)(2,3 (1)
where x; is the mole fraction of co-solvent in the
bulk solvent mixture and XlLy3 is the local mole

fraction of EtOH in the environment near to NAP
or PIR (component 3). If dxi,3 > 0 then the drug is
preferentially solvated by EtOH; on the contrary, if
this parameter is < 0 the drug is preferentially
solvated by water. Values of i3 are obtainable
from the inverse Kirkwood-Buff integrals for the
individual solvent components analyzed in terms of
some thermodynamic quantities as shown in
equations (2) and (3) [17-21]:
G,; =RTx; -V;+x,V,D/Q (2

G,s =RTi; -V, +xV,D/Q  (3)

where 7 is the isothermal compressibility of the
co-solvent + water solvent mixtures (expressed in
GPa™), Vi and V; are the partial molar volumes of
the solvents 1 and 2 in the mixtures (expressed in
cm® mol™), similarly, Vs is the partial molar volume
of the drug in these mixtures (also expressed in cm®
mol). The function D is the derivative of the
standard molar Gibbs energies of transfer of the
drug, from neat water to the EtOH + water
mixtures, with respect to the solvent composition
(expressed in kJ mol?, as also is RT). Otherwise,
the function Q involves the second derivative of the

excess molar Gibbs energy of mixing of the two
solvents (G ¥) with respect to the water

proportion in the mixtures (also expressed in kJ
mol?), as defined in equations (4) and (5) [17-21]:
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oA, G.
D _ { tr a(3,2a1+2) J (4)
X1 -

aZG Exc
Q=RT + xlxz[ljj (5)
0X;
T.p
Because the dependence of xr on composition is
unknown for a lot of the systems investigated and
because of the small contribution of RT «r to the
IKBI, the dependence of xr on composition could
be approximated. This is made by considering

additive behavior, according to: Kr pix = ZXiKTO,i ,
i=1

where x; is the mole fraction of component i in the

mixture and &7 ; is the isothermal compressibility

of the pure component i [24, 25]. Thus, the
preferential solvation parameter by the co-solvent is
calculated from the inverse Kirkwood-Buff
integrals as follows:

XX (G1,3 B Gz,s)
Ky 5 =
X1Gl,3 + X2G2,3 +Vc0r

Here, the correlation volume (Vcor) is estimated by
means of the following expression [17-21]:

(6)

V., = 2522.5(r3 +0.1363(X1V, + X5V, | - 0.085)3 @)

where r3 is the drug molecular radius (expressed
in nm). However, the definitive correlation volume
requires iteration, because it depends on the local
mole fractions. This iteration is done by replacing

o3 in the Eq. (1) to calculate XlL’3 until a non-
variant value of Vo is obtained.

RESULTS AND DISCUSSION

The experimental solubility of NAP and PIR in
EtOH + water systems was taken from the literature
[4, 5]. As was mentioned earlier, the solubility of
these drugs continuously increases from neat water
to EtOH indicating higher affinity of NAP and PIR
for semipolar organic media. Standard molar Gibbs
energy of transfer of NAP and PIR from neat water
to EtOH + water mixtures is calculated and
correlated to regular third order polynomials from
the drugs solubility data by using Eq. (8). Figure 3
shows the Gibbs energy of transfer behaviors at
293.15 K, whereas Table 1 also shows the
behaviors at all the temperatures studied. The
coefficients of the polynomials obtained are shown
in Table 2.
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Table 1. Gibbs energy of transfer (kJ mol™) of naproxen and piroxicam in ethanol + water co-solvent mixtures at

several temperatures.

%@ Naproxen® Piroxicam®
293.15K 303.15K 313.15K 293.15K 303.15K 313.15K

0.0000 0.00 0.00 0.00 0.00 0.00 0.00

0.0417 —-0.47 -1.12 -1.64 -1.41 -1.82 -2.21
0.0891 -2.70 -3.57 -4.51 -2.16 —-4.02 —-4.58
0.1436 —6.27 —7.66 -8.61 —4.43 -6.81 —7.38
0.2068 -9.01 -10.87 -11.61 -7.02 -8.70 -9.24
0.2812 -12.53 -13.42 -14.29 -9.36 -10.11 -10.79
0.3698 -14.65 -15.56 -16.60 -10.84 —-11.54 -12.07
0.4772 -16.28 -17.12 -18.00 -12.20 -12.89 -13.37
0.6101 -17.54 -18.48 -19.41 -13.40 -14.03 -14.49
0.7788 -18.62 -19.51 —20.46 -14.50 -15.09 -15.40
1.0000 -19.42 —20.45 —21.39 -15.79 -15.63 -15.83

@ x1 is the mole fraction of ethanol in the ethanol + water mixtures free of drug.
b Calculated from solubility values reported in Ref. [4].
¢ Calculated from solubility values reported in Ref. [5].

Table 2. Coefficients of the equation (8) applied to the Gibbs energy of transfer of naproxen and piroxicam from
neat water to ethanol + water mixtures at several temperatures.

Coefficient Naproxen Piroxicam
kJ mol? 293.15 K 303.15 K 313.15 K 293.15 K 303.15 K 313.15 K

a 1.34 1.00 0.73 0.55 -0.03 -0.20

b —65.67 -71.21 —75.94 —44.79 -52.30 —55.76

c 73.51 85.89 95.04 46.33 65.71 73.23

d —28.51 -36.12 —-41.26 -17.80 —29.15 -33.27

Table 3. D values (kJ mol?) for naproxen and piroxicam in ethanol + water mixtures at several temperatures.

x.2 Naproxen Piroxicam

293.15 K 303.15 K 313.15 K 293.15K 303.15 K 313.15 K
0.00 —65.67 -71.21 —75.94 —-44.79 -52.30 -55.76
0.10 -51.83 -55.11 -58.17 -36.06 —-40.04 -42.11
0.20 -39.69 -41.19 -42.87 —-28.39 -29.52 -30.46
0.30 -29.27 -29.43 -30.05 -21.80 -20.75 -20.80
0.40 -20.56 -19.84 -19.71 -16.27 -13.72 -13.14
0.50 -13.55 -12.41 -11.84 -11.81 -8.45 —7.48
0.60 -8.26 -7.16 —-6.45 -8.41 -4.93 -3.81
0.70 -4.68 -4.07 -3.53 -6.09 -3.15 -2.14
0.80 -2.81 -3.14 -3.09 -4.83 -3.12 -2.47
0.90 -2.65 -4.39 -5.12 -4.64 -4.84 -4.79
1.00 -4.20 -7.80 -9.63 -5.52 -8.31 -9.11

ax1 is the mole fraction of ethanol in the ethanol + water mixtures free of drug.

Table 4. G 3 values (cm® mol?) for naproxen and piroxicam in ethanol + water mixtures at several temperatures.

X, 2 Naproxen Piroxicam
293.15 K 303.15 K 313.15K 293.15K 303.15 K 313.15K

0.00 —663.6 —688.2 —706.3 -518.0 —561.6 -574.8
0.10 —-580.6 —623.6 —668.6 —466.9 -510.5 —542.0
0.20 —480.7 -508.1 —540.2 —-403.3 -423.3 —444.1
0.30 -390.7 -395.3 -403.8 —-345.2 -339.9 —-343.0
0.40 -3204 -310.9 -306.0 -299.4 -278.5 -271.9
0.50 —268.5 —254.5 —-245.8 —265.7 -238.6 —229.3
0.60 —-230.3 -218.6 -211.1 -240.4 2145 —205.9
0.70 —202.4 -197.1 -193.0 -2194 -201.5 -195.3
0.80 -185.4 -186.2 -185.7 -201.3 -195.3 -192.8
0.90 -178.6 -180.5 -181.2 -189.9 -190.1 -189.9
1.00 -175.5 -175.4 -175.3 —184.6 -184.5 -184.4

@ x1 is the mole fraction of ethanol in the ethanol + water mixtures free of drug.
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Ay G®/ kJ mol!
o
=
(=]

0.00 0.20 0.40 0.60 0.80 1.00

Xy

Fig. 3. Gibbs energy of transfer of naproxen (e) and
piroxicam (o) from neat water to ethanol + water
mixtures at 293.15 K.

Ater(‘),Z—>1+2 =RT In(

Thus D values are calculated from the first
derivative of polynomial models, Eq. (9), solved
according to the solvent mixtures composition. This
procedure was done varying by 0.05 in mole
fraction of EtOH but in the following tables, the
respective values varying only by 0.10 are reported.
D values are shown in Table 3.

D=b+2cx, +3dx?  (9)

Q and RT xr values for EtOH + water binary
mixtures, as well as the partial molar volumes of
EtOH and water, at the three temperatures
considered here, were taken from the literature [20,
21].

Otherwise, partial molar volumes of non-
electrolyte drugs are not frequently reported in the
literature. This is because of the large uncertainty
obtained in its determination due to their low
solubilities, in particular in aqueous media. For this
reason, in the first approach, the molar volumes of
NAP and PIR were considered as independent of
co-solvent composition and temperature, as they are
calculated according to the groups contribution
method proposed by Fedors [26]. Thus, these
values were taken from the literature as Vs = 178.3
cm® mol for NAP [27] and 187.4 cm® mol for
PIR [8]. On the other hand, from these values the
radii of the drug molecules were calculated by
using: 1, =(3-10°-V, /4-7-N,, J'*, where Na, is
the Avogadro number, as r; = 0.413 nm and 0.420
nm for NAP and PIR, respectively.

Tables 4 and 5 show that the G1 3 and G 3 values
are negative for both co-solvent systems at all
temperatures under study. Nevertheless, depending
on co-solvent compositions in some cases Gaig
values are larger in magnitude in comparison with
Ga3 values, but in other cases the behavior is
opposite. As has been described in the literature,
these differences are associated with the affinity of
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X3,2

X3,1+2

J:a+bx1+cxf+dxl3 (8)

both drugs to each of the components of the
mixtures, EtOH or water [15, 16].

In order to apply the IKBI method, the
correlation volume was iterated three times by
using the equations (1), (6) and (7) to obtain the
final values reported in Table 6. This property is
almost independent on temperature in water-rich
mixtures but increases to some extent in EtOH-rich
mixtures. This would be expectable according to
the variation of the respective molar expansibilities
with the mixtures composition [28].

According to Fig. 4 the values of dx13 vary non-
linearly with the EtOH proportion in the aqueous
mixtures at 293.15 K. In this way, the addition of
EtOH to water tends to make negative the oJxis
values of NAP and PIR from pure water up to the
mixtures of 0.23 in mole fraction of EtOH.

8.00

6.00 -
4.00 -
2.00 -

0.00 T
-2.00 -
-4.00 -

-6.00

100 &x, 4

0.00 0.20 0.40 0.60 0.80 1.00
X1

Fig. 4. ox13 values for naproxen (®) and piroxicam
(o) in ethanol + water mixtures at 293.15 K.

In these water-rich mixtures the maximum
negative values are found in x; = 0.10 (ox13 = —
4.665 x 102 for NAP and —2.806 x 107 for PIR, at
293.15 K). These magnitudes are similar to those
found for some other drugs in the same mixtures
[20, 21]. As was previously indicated, possibly the
structuring of water molecules around the non-polar
groups of this drug leading to hydrophobic
hydration of the aromatic and methyl groups (Figs.
1 and 2), contributes to lowering of the net dx13 to
negative values in these water-rich mixtures.
Similar behaviors are observed at the other
temperatures as can be seen in Table 7. On the
other hand, the maximum negative values increase
with the temperature increase. The possibility of
hydrophobic hydration of NAP and PIR in water-
rich mixtures has been exposed previously from
enthalpy-entropy compensation plots and some
thermodynamic quantities of transfer [4, 5].
Additionally, the negative deviations to the log-
linear model proposed by Yalkowsky and Roseman
[9], exhibited by NAP in water-rich mixtures, have
also been attributed to an increase of water-
structuring in these compositions [11, 12].
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Table 5. G5 values (cm® mol?) for naproxen and piroxicam in ethanol + water mixtures at several temperatures.

Xi? Naproxen Piroxicam
293.15 K 303.15 K 313.15K 293.15 K 303.15K 313.15K

0.00 -177.2 -177.1 -177.1 -186.3 -186.2 -186.2
0.10 -311.9 -328.1 —-345.2 —280.0 —295.9 -307.9
0.20 —413.6 —437.6 —-465.4 -355.3 -372.8 -390.9
0.30 —473.0 —482.0 —-496.1 —-406.5 —401.0 —406.9
0.40 —497.7 —478.6 -469.4 —-439.8 -394.6 —-380.9
0.50 —496.0 —449.1 —-420.1 -463.9 -371.1 -3394
0.60 —467.6 —405.8 -366.3 —-482.1 —-343.3 —297.7
0.70 —403.4 -359.5 -324.8 —-481.1 -327.2 —275.4
0.80 -320.3 -335.1 -330.0 —-433.6 -343.1 -308.1
0.90 —277.4 —345.6 -375.6 -363.3 -372.3 -371.7
1.00 —275.9 —357.9 —-396.0 —-316.8 -379.0 —393.1

@ x1 is the mole fraction of ethanol in the ethanol + water mixtures free of drug.

Table 6. Correlation volume (cm® mol2) of naproxen and piroxicam in ethanol + water mixtures at several

temperatures.
x.2 Naproxen Piroxicam
293.15 K 303.15 K 313.15K 293.15K 303.15 K 313.15K

0.00 814 815 817 839 840 841
0.10 857 853 849 898 896 895
0.20 959 961 963 993 996 1000
0.30 1076 1082 1090 1098 1103 1110
0.40 1177 1180 1185 1197 1196 1201
0.50 1260 1260 1262 1285 1277 1280
0.60 1331 1329 1331 1366 1352 1354
0.70 1393 1396 1400 1437 1426 1428
0.80 1453 1464 1473 1499 1500 1507
0.90 1520 1533 1545 1561 1572 1582
1.00 1588 1599 1610 1627 1638 1649

2 x1 is the mole fraction of ethanol in the ethanol + water mixtures free of drug.

Table 7. dx1,3 values (x 100) of naproxen and piroxicam in ethanol + water mixtures at several temperatures.

¥ 3 Naproxen Piroxicam
! 293.15 K 303.15 K 313.15 K 293.15 K 303.15 K 313.15 K

0.00 0.000 0.000 0.000 0.000 0.000 0.000
0.10 —4.665 —5.364 —-6.176 —2.806 -3.337 -3.736
0.20 —2.021 —2.214 —2.479 -1.224 -1.318 -1.421
0.30 2.755 2.906 3.119 1.812 1.781 1.858
0.40 5.677 5.239 5.019 4.145 3.284 3.027
0.50 6.479 5.359 4.690 5.385 3.405 2.765
0.60 5.660 4.337 3.520 5.640 2.847 1.983
0.70 3.736 2.964 2.371 4.825 2.225 1.390
0.80 1.740 1.909 1.834 2.970 1.855 1.429
0.90 0.668 1.112 1.301 1.153 1.203 1.190
1.00 0.000 0.000 0.000 0.000 0.000 0.000

a x1 is the mole fraction of ethanol in the ethanol + water mixtures free of drug.

The bigger preferential solvation parameters by distant in polarity with respect to water.

water obtained for NAP compared with those
obtained for PIR could be attributed to the
differences in the drug polarities in comparison
with the polarity of EtOH and water. Thereby, if the
Hildebrand solubility parameters () are considered,
i.e. 23.4, 30.4, 26.5, and 47.8 MPa'? for NAP, PIR,
EtOH, and water, respectively [8, 27, 29], it follows
that EtOH exhibits an intermediate polarity
between both drugs, and NAP is the drug more

Accordingly, the hydrophobic hydration of NAP
would be higher than the one for PIR.

In the EtOH + water mixtures with composition
0.23 < x1 < 1.00 the local mole fractions of EtOH
are greater than the ones for water for both drugs.

In this way, the co-solvent action could be
related to the breaking of the ordered structure of
water (by hydrogen bonding) around the non-polar
moieties of the drugs. This fact would increase the
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drug solvation reaching maximum values in
compositions near to x; = 0.50 and 0.60 for NAP
and PIR, with dx13= 6.479 x 102 and 5.640 x 102
at 293.15 K, respectively. These magnitudes are
also similar to those found for other drugs in the
same mixtures [19-21]. In opposite way to the
water-rich mixtures behavior, the maximum
positive values decrease with the temperature
increase.

As has been indicated earlier, NAP and PIR
could act in solution as Lewis acids due to the
hydrogen atom in their —OH groups (and also by
the —CO-NH- group for PIR, Figs. 1 and 2), in
order to establish hydrogen bonds with proton-
acceptor functional groups in EtOH and water
(oxygen atom in —OH). In addition, these drugs
could act as Lewis bases due to free electron pairs
in oxygen atoms of hydroxyl and carbonyl groups
(and also by the —SO,— group for PIR, Figs. 1 and
2) to interact with hydrogen atoms present in both
solvents. In this context, NAP has one hydrogen-
bonding donor and three hydrogen-bonding
acceptor groups, whereas PIR has two hydrogen-
bonding donor and four hydrogen-bonding acceptor
groups, excluding the aromatic nitrogen [4, 5].

According to the preferential solvation results, it
is conjecturable that in intermediate composition
mixtures and EtOH-rich mixtures, NAP and PIR
are acting as Lewis acids with the EtOH molecules
because this co-solvent is more basic than water as
indicated by the Kamlet-Taft hydrogen bond
acceptor parameters (5), i.e. 0.75 for EtOH and 0.47
for water [24, 30]. In this way, these drugs would
prefer EtOH instead of water.

CONCLUSIONS

According to the performed analyses, NAP and
PIR are preferentially solvated by water in water-
rich mixtures but preferentially solvated by EtOH
in mixtures with intermediate composition and
those rich in EtOH at all temperatures considered. It
is important to note that these results are in good
agreement with those described previously, based
on classical thermodynamic  and  extra-
thermodynamic treatments [4-8]. Nevertheless, the
specific solvent-drug interactions remain unclear.
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[NPE®EPEHIIMAJIHA COJIBATALIA HA HAITPOKCEH U ITMPOKCUKAM B CMECHU OT
ETAHOJI/ BOJA

P.I'. Coromaiiop !, JI.P. Jlenramo 2, ®. MapTtunec 2*

Ipozpama 3a papmayus, @axyimem no xumuy u papmayus, Amaanmuvecku ynusepcumem, bapanxus, Konymbus
2 ['pyna no gusuxo-papmayesmuuny uscredsanus, Jenapmamenm no papmayus, Hayuen gaxyimem, Hayuonanen
yrusepcumem va Konymous, Cra 30 No. 45-03, bocoma, Konymbus

Iocrenuna Ha 30 anpun, 2014 r., kopurupana Ha 21 asrycr, 2014 .
(Pestome)

[Ipeanouynranute napaMeTpu Ha conBaTanus 3a HanpokceH (NAP) u nupoxcun (PIR) B OuHapHH cMecH Ha €TaHOI
(EtOH) u Boza ca moayYeHH OT TEXHHTE TEPMOJAWHAMHUYIHU CBOWMCTBA C TIOMOIITA Ha METOa HA OOPATHUTE HHTETPAITH
na Kirkwood-Buff. NAP u PIR ca MHOro 4YyBCTBHUTENHH CHPSAMO CheHUpUIHHUTE e(DEeKTH Ha COJBATALHS, KATO
npedepeHIUaIHUAT napamMeTsp Ha conBaraimsa ¢ EtOH, oxi3, e orpunarenen B cmecu, Oorarm Ha BOaa, HO ca
MIOJIOKUTEITHA 32 BCHYIKU JPYTH CMECH 3a JBETe JiekapcTBa mpH Temmeparypu 293.15, 303.15 n 313.15 K. Oxkassa ce,
ye B Oorarute Ha BoJa CMecH XHApodOOHATa XHApPATALMs OKOJO apOMAaTHHTE M METHJIOBUTE I'PYNH UIpae OCHOBHA
pois mpu conBaranuaTa. [lo-BrcokarTa conBaTanus C €TaHOJN B IMOJOOHN CMECH M B CMECH, OOTraTH Ha €TaHOJ MOXe On
ce ABJDKU Ha NoisipHH eeKTh. B Te3u cMecH BeTe JeKapcTBa ce OTHACS KAaTO KUCEIMHM Ha Lewis cipaMo MoJeKyuTe
Ha €TaHOJa, ThH KaTO TO3H Pa3TBOPHUTEI € M0-0a3UUeH OT BOJATA.
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Computational calculations at B3LYP/cc-pvdz level were employed in the study of the predominant tautomeric forms
of imidazopyridine derivatives (H, NO,, Cl, OH, CHj, CF;) in gas phase and in selected solvents like benzene,
tetrahydrofuran (THF), methanol and water. The tautomers were optimized in solvents according to the polarizable
continuum method (PCM) and all structures were optimized at this level. The results show that the tautomer IP1 is more
stable than the other tautomers. In addition, the stability of the tautomers in different solvents shows an interesting
behavior. Variations of dipole moments and NBO charges on atoms in the solvents were studied.

Keywords: DFT study, NBO charges, Imidazopyridine, Dipole moments

INTRODUCTION

Tautomeric  interconversions  have  been
investigated by chemists during the last decades.
Recently, the study of tautomerism received
renewed attention due to its importance for the
determination of compounds’ properties and their
area of applications. The imidazopyridines (IPs)
are a class of short-acting hypnotic, antibacterial
and anticonvulsant drugs related to
benzodiazepines. The IP derivatives are structurally
different from benzodiazepines.[1,2] Several other
papers have been devoted to their hypnotic, [3-6]
analgesic and antipyretic, as well as antiviral
effects. [7-9] Two highly efficient one-pot
annulation reactions are described for the synthesis
of imidazopyridine derivatives (IPs). The first one
allows the production of simpler IPs, the second
leads to IPs with functionalized imidazole moiety
[10]. Synthesis and SAR studies of very potent
imidazopyridine antiprotozoal agents was also
reviewed.[11] Molecular structure, vibrational
energy levels and potential energy distribution of
1H-imidazo[4,5-b]pyridine, 3H-imidazo[4,5-b]
pyridine,  5-methyl-1H-imidazo[4,5-b]pyridine,6-
methyl-1H-imidazo[4,5b]pyridine and 7-methyl-
3H-imidazo[4,5-b]pyridine were determined using
density functional theory(DFT) at the B3LYP/6-
31G(d,p) level[12]. Thereupon compounds
containing different tautomers can be the subject of

* To whom all correspondence should be sent:
E-mail: Z.heidarnezhad@gmail.com

interest by theoretical chemists [13-15]. Many of
the compounds possess clinically useful activity,
especially as anticonvulsants (e.g., norantoin,
mephenytoin, nirvanol, and methetoin). Many
biological activities of hydantoin derivatives are
known, as in their uses as herbicides and fungicides
some N-substituted derivatives of hydantoin are
employed as chlorinating or brominating agents in
disinfectant/sanitizer or biocide products. Both the
electron distribution and the stereochemistry of the
hydantoins are important for their biological
activity. For this reason and along with a research
program to study the  structure—activity
relationships for this class of compounds, the
solvent effects on the tautomerism of
imidazopyridine and its derivatives were studied.

COMPUTIONAL METHOD

All calculations were carried out on a corei7
personal computer by means of GAUSSIANOQ9
program package. First all compounds’ structures
were drawn using Gauss View 03 [16] and
optimized by semi-empirical methods. To
characterize the optimized geometries the
vibrational frequencies for all conformers were
done at B3LYP levels. The stationary structures are
confirmed by ascertaining that all ground states
have only real frequencies. The tautomers were also
optimized in solvents according to the polarisable
continuum method of Tomasi and co-workers,
which exploits the generating polyhedra procedure
[17-21] to build the cavity in the polarisable
continuum medium, where the solute is
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accommodated. Atomic charges in all structures
were obtained using the Natural Population
Analysis (NPA) method within the Natural Bond
Orbital (NBO) approach [22-27].

RESULTS AND DISCUSSION
Gas phase

Structures and numbering of imidazopyridine are
depicted in Fig. 1 and the results of energy
comparisons of five tautomers in gas phase and in
different solvents are given in Table 1. In the gas
phase IP1 forms are more stable than the other
forms. The order of stability of all tautomers in the
gas phase is IP1>IP2>IP3. But OH substitution is
an exception. If the substituted hydroxyl interacts
with double bond nitrogen, as shown in Figure 2,
IP2(A) is predominant to IP3, otherwise IP3(A) is
[E2(Hartree)-E1(Hartree)]- 627.5096 = 4.522
kcal.mol™ more predominant than IP2. The order
of stability is IP1>IP3(A)>1P2.

The calculated dipole moments are presented in
Table 2. For all conformer tautomers IP1 with CI
substituted has a lower dipole moment in gas phase
as much as 1.3225D. Among all forms and in all

phases the highest dipole moment belongs to IP3
with NO, substitution in water solution with a value
of 13.1005 Debye. The largest difference of dipole
moments belongs to gas and water phases for IP3
form with NO, substitution (3.2652 Debye).

The calculated values of NBO charges using the
Natural population Analysis (NPA) of optimized
structures of imidazopyridine derivatives in gas and
solvent phases are listed in Tables 3, 4, 5 and 6.
Among all positions for all structures the N9 atom
has the most negative charge. For all structures, N9,
N10 and N11 atoms have the most negative charge
compared to the other ones. The most negative
charge on the carbons belongs to C1 and C2 atoms,
and these positions will most effectively interact
with electrophiles.

Fig.1. Tautomeric forms of imidazopyridines.

Table 1. Total energies(Hartree) at B3LYP/CC-PVDZ in gas phase and in solvents.

R Tautomer Gas(1.0) Benzene(2.2) THF(7.6) Methanol Water(78.4)
IP1 -600.447 -600.452 -600.456 -600.457 -600.457
NO2 P2 -600.440 -600.448 -600.454 -600.455 -600.456
IP3 -600.432 -600.444 -600.451 -600.454 -600.455
IP1 -732.990 -732.995 -732.997 -732.998 -732.998
CF3 P2 -732.984 -732.936 -732.995 -732.997 -732.997
IP3 -732.977 -732.986 -732.991 -732.993 -732.994
IP1 -855.550 -855.552 -855.557 -855.558 -855.558
CL P2 -855.544 -855.551 -855.555 -855.557 -855.557
IP3 -855.539 -855.547 -855.552 -855.554 -855.555
IP1 -395.935 -395.940 -395.944 -395.945 -395.945
H 1P2 -395.929 -395.936 -395.942 -395.943 -395.9442
IP3 -395.920 -395.927 -395.932 -395.934 -395.934
IP1 -435.260 -435.265 -435.268 -435.269 -435.269
CH3 P2 -435.253 -435.261 -435.266 -435.268 -435.268
IP3 -435.244 -435.251 -435.256 -435.257 -435.255
IP1 -471.173 -471.179 -471.182 -471.183 -471.183
IP1(A) -471.173 -471.171 -471.176 -471.178 -471.767
IP2 -471.155 -471.166 -471.174 -471.177 -471.177
OH IP2(A) -471.168 -471.175 -471.180 -471.182 -471.182
IP3 -471.161 -471.169 -471.175 -471.176 -471.177
IP3(A) -471.162 -471.170 -471.175 -471.177 -471.177
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Table 2. Calculated dipole moments of imidazopyridine (Debye).
R Tautomer Gas(1.0) Benzene(2.2) THF(7.6) Methanol Water(78.4)

NO2 IP1 4.017 4.495 4.830 4.961 4984
P2 6.234 7.210 7.910 8.186 8.236
IP3 9.835 11.415 12.562 13.018 13.101
CF3 IP1 2.085 2.294 2.438 2.493 2.503
IP2 5.419 6.353 6.924 7.168 7.212
IP3 7.846 9.057 9.911 10.243 10.302
CL IP1 1.323 1.505 1.632 1.681 1.690
P2 5.291 6.172 6.796 7.039 7.083
IP3 6.544 7.759 8.634 8.977 9.039
H IP1 1.611 1.854 2.023 2.088 2.100
P2 5.458 6.353 6.984 7.230 7.274
IP3 5.093 6.051 6.747 7.022 7.071
CH3 IP1 2.045 2.385 2.623 2.715 2.731
IP2 5.482 6.448 7.186 7.406 7.454
IP3 4.420 5.296 5.931 6.182 6.227
IP1 1.486 1.701 1.849 1.906 1.916
IP1(A) 1.186 1.391 1.536 1.592 1.536
OH P2 6.898 7.995 8.762 9.060 9.113
IP2(A) 4,267 5.020 5.555 5.736 5.801
IP3 5.292 6.223 6.893 7.156 7.203
IP3(A) 3.934 4,746 5.340 5.575 5.618
9 9 9 N
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Fig.2. Optimized structures of IP1, IP2 and IP3 for 8-OH position.
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Table 3. Calculated NBO charge on ring atoms of IP1.

R e= 1.0 2.2 7.6 32.6 78.4
Atom IP1 IP1 IP1 IP1 IP1
C1 -0.2604 -0.2812 -0.2800 -0.2794 -0.2793
C2 -0.2401 -0.1765 -0.1764 -0.1764 -0.1764
C3 0.0228 0.0969 0.0969 0.0969 0.0969
C4 0.3677 0.4126 0.4146 0.4153 0.4155
CF3 C5 0.0581 0.0711 0.0722 0.0727 0.0728
N9 -0.6388 -0.5974 -0.5937 -0.5924 -0.5921
N10 -0.4831 -0.5154 -0.5208 -0.5226 -0.5229
N11 -0.2477 -0.4949 -0.5039 -0.5073 -0.5079
C12 0.5117 0.5579 0.5600 0.5607 0.5608
C1 -0.2640 -0.2854 -0.2854 -0.2853 -0.2853
C2 -0.2409 -0.1826 -0.1835 -0.1839 -0.1839
C3 -0.0011 0.0944 0.0933 0.0928 0.0928
C4 0.3650 0.4037 0.4045 0.4048 0.4049
NO2 C5 0.0521 0.0583 0.0576 0.0574 0.0574
N9 -0.6204 -0.5925 -0.5891 -0.5878 -0.5876
N10 -0.4935 -0.5183 -0.5238 -0.5256 -0.5259
N11 -0.2747 -0.5146 -0.5246 -0.5284 -0.5290
C12 0.2707 0.3337 0.3357 0.3364 0.3365
C1 -0.2759 -0.2870 -0.2874 -0.2875 -0.2875
Cc2 -0.2456 -0.1903 -0.1914 -0.1919 -0.1920
C3 -0.0521 0.0956 0.0941 0.0935 0.0934
Cl C4 0.3665 0.4030 0.4037 0.4040 0.4040
C5 0.0404 0.0484 0.0473 0.0469 0.0469
N9 -0.6325 -0.6197 -0.6167 -0.6155 -0.6153
N10 -0.5176 -0.5214 -0.5269 -0.5288 -0.5291
N11 -0.4225 -0.5479 -0.5586 -0.5625 -0.5632
C12 -0.0663 0.4283 0.4302 0.4309 0.4310
C1 -0.2678 -0.2919 -0.2929 -0.2933 -0.2933
Cc2 -0.2421 -0.1913 -0.1935 -0.1943 -0.1945
C3 -0.0259 0.0881 0.0862 0.0855 0.0854
C4 0.3590 0.3954 0.3953 0.3953 0.3953
H C5 0.0464 0.0464 0.0443 0.0435 0.0434
N9 -0.6257 -0.6112 -0.6083 -0.6073 -0.6071
N10 -0.5024 -0.5251 -0.5310 -0.5330 -0.5334
N11 -0.3121 -0.5513 -0.5643 -0.5691 -0.5699
C12 0.2026 0.2831 0.2880 0.2898 0.2902
C1 -0.2701 -0.2936 -0.2948 -0.2953 -0.2954
C2 -0.2425 -0.1956 -0.1982 -0.1992 -0.1993
C3 -0.0279 0.0953 0.0935 0.0928 0.0927
C4 0.3657 0.4017 0.4016 0.4016 0.4016
CH3 C5 0.0451 0.0409 0.0384 0.0375 0.0373
N9 -0.6365 -0.6165 -0.6139 -0.6129 -0.6127
N10 -0.5048 -0.5280 -0.5341 -0.5362 -0.5366
N11 -0.3119 -0.5633 -0.5756 -0.5801 -0.5809
C12 0.4087 0.4823 0.4876 0.4895 0.4898
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Table 4. Calculated NBO charge on ring atoms for IP2.

R e= 1.0 2.2 7.6 32.6 78.4
Atom 1P2 P2 1P2 1P2 1P2

C1 -0.2604 -0.2812 -0.2800 -0.2794 -0.2793

C2 -0.2401 -0.1765 -0.1764 -0.1764 -0.1764

C3 0.0228 0.0969 0.0969 0.0969 0.0969

CF3 C4 0.3677 0.4126 0.4146 0.4153 0.4155

C5 0.0581 0.0711 0.0722 0.0727 0.0728

N9 -0.6388 -0.5974 -0.5937 -0.5924 -0.5921

N10 -0.4831 -0.5154 -0.5208 -0.5226 -0.5229

N11 -0.2477 -0.4949 -0.5039 -0.5073 -0.5079

C12 0.5117 0.5579 0.5600 0.5607 0.5608

C1 -0.2640 -0.2854 -0.2854 -0.2853 -0.2853

C2 -0.2409 -0.1826 -0.1835 -0.1839 -0.1839

C3 -0.0011 0.0944 0.0933 0.0928 0.0928

NO2 C4 0.3650 0.4037 0.4045 0.4048 0.4049

C5 0.0521 0.0583 0.0576 0.0574 0.0574

N9 -0.6204 -0.5925 -0.5891 -0.5878 -0.5876

N10 -0.4935 -0.5183 -0.5238 -0.5256 -0.5259

N11 -0.2747 -0.5146 -0.5246 -0.5284 -0.5290

C12 0.2707 0.3337 0.3357 0.3364 0.3365

C1 -0.2759 -0.2870 -0.2874 -0.2875 -0.2875

Cc2 -0.2456 -0.1903 -0.1914 -0.1919 -0.1920

C3 -0.0521 0.0956 0.0941 0.0935 0.0934

Cl C4 0.3665 0.4030 0.4037 0.4040 0.4040

C5 0.0404 0.0484 0.0473 0.0469 0.0469

N9 -0.6325 -0.6197 -0.6167 -0.6155 -0.6153

N10 -0.5176 -0.5214 -0.5269 -0.5288 -0.5291

N11 -0.4225 -0.5479 -0.5586 -0.5625 -0.5632

C12 -0.0663 0.4283 0.4302 0.4309 0.4310

C1 -0.2678 -0.2919 -0.2929 -0.2933 -0.2933

Cc2 -0.2421 -0.1913 -0.1935 -0.1943 -0.1945

C3 -0.0259 0.0881 0.0862 0.0855 0.0854

H C4 0.3590 0.3954 0.3953 0.3953 0.3953

C5 0.0464 0.0464 0.0443 0.0435 0.0434

N9 -0.6257 -0.6112 -0.6083 -0.6073 -0.6071

N10 -0.5024 -0.5251 -0.5310 -0.5330 -0.5334

N11 -0.3121 -0.5513 -0.5643 -0.5691 -0.5699

C12 0.2026 0.2831 0.2880 0.2898 0.2902

C1 -0.2701 -0.2936 -0.2948 -0.2953 -0.2954

C2 -0.2425 -0.1956 -0.1982 -0.1992 -0.1993

C3 -0.0279 0.0953 0.0935 0.0928 0.0927

CH3 C4 0.3657 0.4017 0.4016 0.4016 0.4016

C5 0.0451 0.0409 0.0384 0.0375 0.0373

N9 -0.6365 -0.6165 -0.6139 -0.6129 -0.6127

N10 -0.5048 -0.5280 -0.5341 -0.5362 -0.5366

N11 -0.3119 -0.5633 -0.5756 -0.5801 -0.5809

C12 0.4931 0.4829 0.4888 0.4910 0.4914
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Table 5. Calculated NBO charge on ring atoms of IP3.

R e= 1.0 2.2 7.6 32.6 78.4

Atom IP3 1P3 1P3 1P3 IP3
-0.2801 -0.2942 -0.2908 -0.2891 -0.2888 -0.2801
-0.1998 -0.1478 -0.1452 -0.1443 -0.1441 -0.1998
-0.0763 0.1071 0.1041 0.1029 0.1027 -0.0763
CF3 0.4167 0.4195 0.4209 0.4214 0.4215 0.4167
0.0644 0.0720 0.0848 0.0900 0.0910 0.0644
-0.6156 -0.5846 -0.5917 -0.5942 -0.5947 -0.6156
-0.5616 -0.5213 -0.5175 -0.5160 -0.5157 -0.5616
-0.2197 -0.5396 -0.5504 -0.5545 -0.5552 -0.2197
0.5130 0.5398 0.5329 0.5300 0.5295 0.5130
-0.2840 -0.2979 -0.2958 -0.2948 -0.2946 -0.2840
-0.2043 -0.1571 -0.1558 -0.1554 -0.1553 -0.2043
-0.0869 0.1058 0.1013 0.0995 0.0992 -0.0869
NO2 0.4136 0.4213 0.4219 0.4220 0.4220 0.4136
0.0605 0.0613 0.0717 0.0759 0.0767 0.0605
-0.6170 -0.5998 -0.6077 -0.6106 -0.6111 -0.6170
-0.5631 -0.5248 -0.5213 -0.5200 -0.5197 -0.5631
-0.2440 -0.5525 -0.5635 -0.5677 -0.5684 -0.2440
0.2705 0.3212 0.3133 0.3100 0.3095 0.2705
-0.2847 -0.2957 -0.2942 -0.2934 -0.2932 -0.2847
-0.2071 -0.1739 -0.1719 -0.1712 -0.1711 -0.2071
-0.0922 0.1120 0.1072 0.1054 0.1050 -0.0922
Cl 0.4162 0.4251 0.4256 0.4257 0.4257 0.4162
0.0572 0.0475 0.0580 0.0623 0.0630 0.0572
-0.6396 -0.6172 -0.6248 -0.6276 -0.6281 -0.6396
-0.5655 -0.5289 -0.5251 -0.5236 -0.5233 -0.5655
-0.2575 -0.5844 -0.5960 -0.6004 -0.6011 -0.2575
0.3301 0.4117 0.4057 0.4032 0.4027 0.3301
-0.2876 -0.3016 -0.3005 -0.2999 -0.2997 -0.2876
-0.2101 -0.1741 -0.1738 -0.1737 -0.1737 -0.2101
-0.1011 0.1026 0.0975 0.0955 0.0951 -0.1011
H 0.4079 0.4145 0.4146 0.4145 0.4145 0.4079
0.0544 0.0461 0.0553 0.0590 0.0597 0.0544
-0.6391 -0.6248 -0.6330 -0.6359 -0.6364 -0.6391
-0.5664 -0.5292 -0.5261 -0.5249 -0.5246 -0.5664
-0.2705 -0.5884 -0.6011 -0.6058 -0.6067 -0.2705
0.2019 0.2748 0.2674 0.2643 0.2637 0.2019
-0.2882 -0.3019 -0.3016 -0.3013 -0.3013 -0.2882
-0.2113 -0.1843 -0.1843 -0.1844 -0.1844 -0.2113
-0.1079 0.1124 0.1071 0.1050 0.1046 -0.1079
CH3 0.4155 0.4254 0.4254 0.4253 0.4253 0.4155
0.0514 0.0383 0.0468 0.0503 0.0509 0.0514
-0.6483 -0.6326 -0.6406 -0.6434 -0.6439 -0.6483
-0.5670 -0.5342 -0.5312 -0.5301 -0.5299 -0.5670
-0.2781 -0.5978 -0.6102 -0.6149 -0.6158 -0.2781
-0.2801 -0.2942 -0.2908 -0.2891 -0.2888 -0.2801
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Table 6. Calculated NBO charge for (OH) substituted.
e= 1.0 2.2 7.6 32.6 78.4 1.0 2.2 7.6 32.6 78.4
R Atom
IP1 IP2
C1 -0.2667 -0.2893 -0.2907 -0.2912 -0.2913 -0.2765 -0.2844 -0.2856 -0.2860 -0.2860
C2 -0.2423 -0.2087 -0.2108 -0.2116 -0.2118 -0.2567 -0.2340 -0.2293 -0.2273 -0.2269
C3 -0.0110 0.1023 0.1007 0.1001 0.1000 0.1536 0.1052 0.1074 0.1083 0.1085
C4 0.3664 0.4008 0.4010 0.4011 0.4011 0.3607 0.3942 0.3910 0.3896 0.3894
OH C5 0.0501 0.0307 0.0278 0.0268 0.0266 0.0576 0.0321 0.0279 0.0262 0.0259
N9 -0.6589 -0.6434 -0.6419 -0.6413 -0.6412 -0.5883 -0.6039 -0.6241 -0.6318 -0.6332
N10 -0.4965 -0.5269 -0.5335 -0.5358 -0.5362 -0.4299 -0.5056 -0.5224 -0.5289 -0.5300
N11 -0.3162 -0.6305 -0.6382 -0.6409 -0.6414 -0.6794 -0.6516 -0.6458 -0.6434 -0.6430
C12 0.6454 0.8097 0.8133 0.8146 0.8148 0.7731 0.8072 0.8123 0.8141 0.8145
IP1(A) IP2(A)
C1 -0.2637 -0.2889 -0.2902 -0.2907 -0.2902 -0.2818 -0.2847 -0.2862 -0.2866 -0.2867
Cc2 -0.2394 02069 -0.2107 -0.2122 -0.2107 -0.2371 -0.2326 -0.2286 -0.2269 -0.2265
C3 -0.0130 0.1017 0.1001 0.0995 0.1001 0.1035 0.1054 0.1071 0.1077 0.1079
C4 0.3644 (0.3994 0.4000 0.4002 0.4000 0.3995 0.3957 0.3927 0.3914 0.3912
OH C5 0.0495 0.0299 0.0267 0.0255 0.0267 0.0360 0.0313 0.0275 0.0259 0.0257
N9 -0.6717 _-0.6602 -0.6553 -0.6534 -0.6553 -0.6134 -0.6329 -0.6458 -0.6507 -0.6516
N10 -0.4991 05289 -0.5346 -0.5365 -0.5346 -0.4856 -0.5083 -0.5238 -0.5297 -0.5308
N11 -0.3056 -0.6034 -0.6195 -0.6256 -0.6195 -0.6382 -0.6336 -0.6300 -0.6285 -0.6282
C12 0.5994 08072 0.8119 0.8138 0.8119 0.8027 0.8094 0.8137 0.8153 0.8156
IP3 IP3(A)
C1 -0.2868 -0.2948 -0.2956 -0.2957 -0.2957 -0.2933 -0.2952 -0.2955 -0.2954 -0.2954
C2 -0.2125 -0.2062 -0.2063 -0.2064 -0.2064 -0.2083 -0.2079 -0.2073 -0.2070 -0.2070
C3 -0.0868 0.1221 0.1171 0.1151 0.1247 0.1285 0.1217 0.1167 0.1147 0.1143
C4 0.4124 0.4340 04339 04339 04339 04328 0.4338 0.4339 0.4338 0.4338
OH C5 0.0559 0.0222 0.0310 0.0345 0.0352 0.0129 0.0230 0.0310 0.0342 0.0348
N9 -0.6430 -0.6786 -0.6820 -0.6832 -0.6834 -0.6312 -0.6482 -0.6589 -0.6629 -0.6636
N10 -0.5690 -0.5394 -0.5362 -0.5349 -0.5347 -0.5432 -0.5389 -0.5357 -0.5345 -0.5343
N11 -0.2368 -0.6313 -0.6470 -0.6529 -0.6540 -0.6484 -0.6614 -0.6698 -0.6729 -0.6735
C12 0.6770 0.7877 0.7842 0.7827 0.7824 0.7929 0.7887 0.7849 0.7833 0.7830
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Solvent effcts

Solvent effects are relevant in tautomer stability
phenomena, since polarity differences among
tautomers can induce significant changes in their
relative energies in solution. We used PCM/B3LYP
calculations to analyze the solvent effects on the
tautomerism of imidazopyridine derivatives. It is
important to stress that the PCM model does not
consider the presence of explicit solvent molecules;
hence specific solute—solvent interactions are not
described and the calculated solvation effects arise
only from mutual solute—solvent electrostatic
polarization. The data presented in Table 1 show
that polar solvents increase the stability of all forms
compared to gas phase. The difference between the
total energies of imidazopyridine and the other
forms does not show a regular trend when changing
from gas phase to most polar solvents (water). If in
IP2 form with substituted hydroxyl, hydrogen
interacts with double bond nitrogen N9 (Fig. 2)
then the order of stability is IP1>IP2 (A)>IP3 in all
phases. But if hydrogen of the substituted hydroxyl
does not interact with double bond nitrogen (N4) in
IP2 and intra-molecular hydrogen bond is not

formed, then the order of stability has two different
sequences. In the first one hydrogen of the
substituted hydroxyl interacts with double bond
nitrogen (N7) in IP3, then the order of stability in
all phases is IP1>IP3>IP2. The other sequence is
when hydrogen of the substituted hydroxyl interacts
with double bond nitrogen (N9) then the order of
stability in gas phase, benzene, THF is
IP1>IP3(A)>IP2 but in polar solvents like water
and methanol is IP1>IP2>IP3. Also the dipole
moment increases from gas phase to a more polar
solvent, then the highest value belongs to IP3 with
substituted NO, in water phase with 13.1005D. We
have examined the charge distribution of tautomers
in the solvent, as well as in gas phase by using
calculated NBO charges. The charge distribution in
solvents with increase in polarity differently varies
for any atoms. Calculated Gibbs free energies of all
structures at 298.15 K and one atmosphere at
B3LYP/cc-pvdz level are illustrated in Table 7. The
Gibbs free energy difference (AG) between IP3(A)
and IP2 for (OH) substituted in gas phase is 2.58
kcal.mol™.

Table 7. Calculated Gibbs free energy of imidazopyridine (kcal.mol™).

R Tautomer Gas(1.0) Benzene(2.2) THF(7.6) Methanol Water(78.4)
IP1 46.950 46.920 46.889 46.876 46.873
NO2 IP2 46.772 46.809 46.825 46.829 46.829
IP3 46.222 46.829 46.958 46.986 46.991
IP1 46.169 45.893 45.570 45.301 45.218
CF3 IP2 46.083 45,993 45.886 45.815 45,798
IP3 46.586 48.392 48.431 48.414 48.414
IP1 40.580 40.576 40.567 40.564 40.562
CL IP2 40.363 40.434 40.476 40.491 40.494
IP3 40.935 41.009 41.050 41.064 41.066
IP1 48.037 48.084 48.109 48.116 48.118
H IP2 47.820 47.940 48.011 48.036 48.040
IP3 48.319 48.416 48.473 48.492 48.496
IP1 63.583 63.620 63.632 63.635 63.635
CH3 P2 63.279 63.431 63.517 63.546 63.551
IP3 63.628 63.749 63.821 63.846 63.850
IP1 50.062 50.011 49.971 49.954 49.951
IP1(A) 49.056 50.011 49.253 49.260 49.261
OH P2 48.010 48.757 48.888 48.912 48.915
IP2(A) 49.828 49.858 49.880 49.878 49.880
IP3 50.542 50.555 50.555 50.554 50.554
IP3(A) 50.598 50.606 50.604 50.601 50.601
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TEOPETUYHO DFT-U3CJIIEABAHE HA CTABMJIHOCTTA HA UMUJJA3O0ITNPUINH 1N
HEI'OBU ITPOU3BOAHU ITPY1 OTYUTAHE HA E®EKTA HA PASTBOPUTEJIA 1 NBO-
AHAJIN3

3. XefmapHemaﬂl‘*, ®. Xenapuexan 2

1
‘Mnaoescku uzcreoogamencku knyo, Know Anoumewx, Ucnamcku ynusepcumem ,,A3ao “, Anoumewx, Upan
2
Jlenapmamenm no xumusi, Knon Anoumewx, Heasamcku ynueepcumem ,,Azao *, Anoumewx, Upan

[Moctenuna Ha 11 Maif, 2014 r., kopurupana Ha 25 asrycrt, 2014 r.

(Pesrome)

W3ebpurenn ca u3uucienus Ha HuBo B3LYP/cC 3a u3cieaBaHeTo Ha mpeobiianaBalidTe TaBTOMEPHH (HOpPMHU Ha
npousBoanuTe Ha mmuaazonupuauaa (H, NO,, Cl, OH, CHs;, CF;) B rasoBa ¢a3a u u30paHu pa3TBOPUTENH KATO
Oenszen, terpaxuapodypan (THF), meranon u Boma. Bcuuku TaBTOMEepHHM (GOpPMH Ca ONTHMH3HPaHH CHOpE
pa3TBOPHUTENNTE CHIIIACHO METO/a Ha Toysipr3upanus kKoHTuHyyM (PCM). Pesynratute mokassar, ge TaBromepure IP1
B pas3JIMuHM Pa3TBOPUTEIH Ca I0-CTaOMIHKA OT ocTaHanurte. V3cnensanu ca qunonHute Mmoment 1 NBO-ToBapute Ha

ATOMHUTE B PA3TBOPUTECIIUTE.
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Active materials for lithium ion batteries based on Si and Mg substitution in lithium vanadium(l11) phosphate,
LisV,(POy)s (LVP), were investigated using X-ray powder diffraction, thermal analysis, transmission electron
microscopy, galvanostatic tests and cyclic voltammetry. LizV,(POy)s, Lis1Va(SiO4)g1(PO4)29, LizsV2(Si04)05(P04)25
and Lis04sM0g.03V2(Si04)0.1(PO4),9 Were prepared as carbon coated powders, through wet chemistry (sol-gel) followed
by solid state routes under Ar. X-ray powder diffraction confirmed that the basic monoclinic structure of LVP was
preserved in the substituted systems. Electrochemical testing on two electrode cells based on these materials at a charge-
discharge rate of 0.2C in the range 2.8-4.4 V showed that the Mg substituted system delivers the highest discharge
capacity of 124.8 mA h g™, achieving 94% of its theoretical capacity (133 mA h g™) in this voltage range. However, this
material shows poor long-term cycling behavior, with approximately 20% capacity fade over 100 cycles. Generally it is
found that Si substitution has a negative effect on initial capacity, but following a capacity fade of up to 15% in the first

15 cycles, the Si substituted systems show nearly constant capacity on further cycling.

Keywords: Lithium Vanadium Phosphate, Positive Active Material, Li-ion Battery

INTRODUCTION

Lithium-ion battery (LIB) technology has
developed over the past two decades, due to the
high energy density and output voltage of systems
based on this technology. Cathode specific capacity
is a limiting factor in LIBs, particularly for
transport applications, so high energy density
materials are being searched for. Lithium cobalt
oxide, LiCoO, [1], is the most commonly used
positive active material in the industry, but there are
issues related to the environment and health care, as
well as cost, which limit its widespread use for
transport applications. Other layered oxides like
Li(Ni1/3001/3Mn1/3)02 [2] and LiMn,O, [3] have
also found places in the market. Materials based on
phosphate polyanions are very attractive because of
their relatively high energy density, non-toxicity
and inexpensiveness. LiFePO, [4] has already
successfully been implemented in the industry and
other phosphate and fluorophosphate materials such
as LisV,(POy)z [5], LiMnPO, [6], LiCoPO, [7],
LiNiPO, [8], LiVPO,F [9], etc. are being
considered for the next generation of commercial
materials. The main drawbacks of these materials
are low electronic and ionic conductivity and

* To whom all correspondence should be sent:
E-mail: s.stankov@mail.bg

instability during operation [10-11]. Although the
problem of low electronic conductivity has been
addressed for some of these materials by applying
so-called carbon coating [12-14], other issues like
short cycle-life remain.

Among the above mentioned phosphates,
LisV,(PO4)s (LVP) has the highest theoretical
specific capacity of 197 mA h g* for removal of
three moles of lithium per mole of LVP. Studies
have confirmed de-intercalation at high potentials,
with four characteristic plateaus versus Li/Li" at 3.6
and 3.68 V, corresponding to the first Li extraction,
4.2 V and over 4.5 V, corresponding to the second
and third lithium extractions, respectively [15]. Due
to structural instability at high potentials, with
consequent rapid decline in discharge capacity,
studies have focused on a more limited operational
voltage range of 3.0 to 4.4 V [16-17]. In this
voltage range, the theoretical specific capacity is
~131.5 mA h g for two moles of lithium per mole
LVP. To overcome the structural instability obstacle
at high potentials, many groups have researched the
effect of doping on LVP. Different elements like Cr,
Mo, Y, Al, etc. [18-21] can partially replace
vanadium, while oxygen in the phosphate group
can be partially substituted by chlorine [21].
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The aim of the present study was to investigate the
effects of substitution of silicon for phosphorus in
lithium vanadium phosphate on structure and
electrochemical ~ performance.  Silicon  and
phosphorus show similar structural chemistry,
adopting tetrahedral geometry in oxide systems,
forming (SiO,)* and (PO.)*, respectively. Two
methods of charge balance are investigated in the
system: (i) through additional Li* and (ii) through
addition of Mg?*.

EXPERIMENTAL
Preparations

Carbon coated samples of LisV,(PO,); (LVPC),
Li31V2(Si04)0.1(PO4)2. (LVS10PC),
LissV2(Si04)05(PO4)2s (LVS50PC) and
Liz04M00.03V2(Si04)0.1(POs)29 (LMgVSPC) were
synthesized via a three-step sol-gel method.
Stoichiometric amounts of V,0s (synthesized by
decomposition of NH,;VOs, Fluka, >99% at 320°C),
and H,C,04.2H,0 (Sigma-Aldrich, >98.5%) were
dissolved in distilled water to give a blue-green
solution. To this were added separate solutions of
stoichiometric amounts of LiOH.H,O (Sigma-
Aldrich, >98%) and (NH4)H,PO, (Sigma-Aldrich,
>98%) dissolved in distilled water. Colloidal silica
(Silica sol, mSiO,.nH,O, Qingdao YuKai Import
and Export Co.,Ltd) with SiO, 30-31 wt% in
solution, an average particle size of 10-20 nm and
pH=8.5-10, was added to the mixture for LVS10PC,
LVS50PC and LMgVSPC samples. MgCl,.6H,0
(Merck, >98%) was employed as the magnesium
precursor for the LMgVSPC material. Glycine
(NH,CH,COOH, Sigma-Aldrich, > 98.5 %) was
used as a carbon source for all samples. For the
LVPC sample acetylene black P1042 (AB) [22] was
added to the mixture as an additional carbon source,
as well as 1 to 2 drops of Triton X-100, which
served as a surfactant for decreasing the surface
tension around suspended AB particles. The final
solution was evaporated with constant stirring at 80
°C for ca. 4 h until it became a gel. The gel was
dried in an oven at 120 °C for 16 h and the resulting
powder was heated at 370 °C for 4 h in Ar flow in
order to remove ammonia and water. The
intermediate precursor was ground for 30 min and
then annealed at 800 °C for 10 h under Ar.

Sample characterization

X-ray powder diffraction (XRD) data were
collected on a  PANalyticalX’Pert  Pro
diffractometer fitted with an X’Celerator detector,
using Ni-filtered Cu-Ka radiation (A = 1.5418 A),
over the 20 range 5-120°, with a step width of
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0.033° and an effective scan time of 200 s per step
at room temperature. Data were modeled by
Rietveld analysis using the GSAS suite of
programmers [23]. The structures of Li3V,(POg)s
(with appropriate substitution of Si for P) [24],
LisPO,4 [25] and VO [26], were used as starting
models in the refinements. Thermogravimetric and
differential thermal analyses were carried out for
the LVPC precursor in Ar, on a Stanton Redcroft
thermogravimetric analyzer in the range 20-760 °C,
with a heating rate of 5 °C per min. Transmission
electron microscopy (TEM) was carried out on a
JEOL JEM 2010 microscope, with an accelerating
voltage of 200 kV and a beam current of 106 pA.

Electrochemical testing

The obtained materials were electrochemically
tested in two-electrode laboratory cells. The
working electrodes were prepared by mixing active
material (AM), PVDF (MTI corp., USA) and
acetylene black (AB) P1042 in N-methyl-2-
pyrrolidone (NMP, MTI corp., USA). The ratio of
the slurry was AM:PVDF 70:10 wt.%, with
acetylene black and the carbon coating of the active
material constituting the remaining 20 wt.%. The
slurries were stirred for 24 h and then coated onto
aluminum foil. The coated foils were dried under
vacuum at 120°C for 24 h. Cells were assembled
using lithium foil (Alfa Aesar) as the counter
electrode, with Freudenberg FS 2190 as a separator.
The electrolyte used was 1M LiClIO, (Alfa Aesar)
in a 1:1 (v/v) mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (both purchased
from Alfa Aesar). Electrochemical galvanostatic
tests were performed on a Neware Battery Testing
System (V-BTS8-3), in the voltage range 2.8 - 4.4
V for all four materials and 2.8 - 4.8 V only for
LVPC, at a C/5 (0.2C) rate, where C is the
theoretical specific capacity for 3 moles of
extracted Li, i.e. 197 mAh g™ and 5 is the charge or
discharge time in hours. Cyclic voltammetry (CV)
was performed on a VersaSTAT MC (Princeton
Applied Research) multi-channel potentiostat/
galvanostat, with a step rate of 20 pV s where the
counter Li electrode was also used as a reference,
as its polarization is negligible.

RESULTS AND DISCUSSION

Thermogravimetric and differential thermal
analyses (Fig. 1) were carried out for the LVPC gel
precursor obtained after the first synthesis step. The
differential ~ thermogram  shows  significant
endotherms at 131 and 142, 241 and 308 °C. These
peaks are associated mostly with loss of water and
ammonia which is in agreement with the
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thermogravimetric measurement. The major weight
loss is 55.5 wt.% in the range 20-388 °C. The
exotherms in the range 350-600 °C correspond to
the product formation. The weight loss is 12.34% in
the range 388-760 °C.

Ky P ‘%
b Ay
el 5116 )
4416 4954 808,
*,
Seer 7

80

o~

40 -

nnn fln o
. & L & 5w o e e
DTA, uV

—TG
- pT LV, (PO)-C .

H

160 2(‘!0 3(:0 4(‘)0 560 SI;II ?l;ll 800
Temperature, °C

Fig. 1. Thermogravimetric (TG) and differential
thermal (DT) analyses of LVPC precursor.

The X-ray powder diffraction data (Fig. 2) are
similar and show a monoclinic LisV,(PO,); type
phase, in space group P2:/n. Besides the desired
phase, the patterns for LVPC and LVS50PC display
peaks corresponding to LisPO, while LVPC,
LVS10PC and LVS50PC additionally show broad
peaks from a cubic phase that appears to
correspond to VO, suggesting some reduction of the
vanadium to V**. Only LMgVSPC was isolated as a
single phase. Table 1 summarizes the refined unit
cell parameters and weight fractions obtained
through Rietveld analysis of the data. None of the
silicate containing samples showed the presence of
a separate silicate phase and appeared to confirm
successful substitution of Si for P in the main
phase. Indeed, the increase in unit cell volume with
increasing Si substitution, is consistent with the
substitution of P(V) with Si(IV), with respective
ionic radii of 0.17 A and 0.26 A [27].

Fig. 3 depicts TEM images of the obtained

materials. LVPC particles (Fig. 3a) are surrounded
by large masses of carbon, most likely acetylene
black P1040. LMgVSPC and LVS10PC (Figs. 3b
and 3c) samples show the presence of large clusters
composed of small particles of active material,
which are held together by carbon. LVS50PC (Fig.
3d) displays an uneven distribution of active
material and carbon. The particle (agglomerate)
size varies from 30 nm to 5 um for LVPC (with an
average in the range 50-300 nm), 0.2-10 um for
LMgVSP, 0.15-7.5 pum for LVS10PC and 0.2-8 pm
for LVS50PC.

Second cycle charge-discharge curves for the
test cells at a 0.2C rate, in the range 2.8-4.4 V are
shown in Fig. 4. All curves show the characteristic
three charge-discharge plateaus, corresponding to
the three types of reversible phase transformation in
Li3xV2(POy)s (x = 0, 05, 1.0, and 2.0) [15].
LMgVSPC delivers the highest discharge capacity
of 124.8 mA h g, achieving 94% of its theoretical
capacity (133 mA h g% in this voltage range.
LVPC, LVS10PC and LVS50PC present discharge
capacities of 116.5, 112.6 and 97.8 mA h g%,
respectively. It is notable that increasing amount of
Si appears to have a negative effect on the initial
capacity, apart from LMgVSPC. For LVS10PC and
LVS50PC the discharge profile below 3.5 V is not
as steep compared to those of LVPC and
LMgVSPC and is indicative of slower kinetics of
ion diffusion in these samples.

The cycling performance of the test cells is
shown in Fig. 5. LVPC shows a first specific
discharge capacity of 118 mA h g™ and relatively
good stability, with a capacity decline of 6.7% over
100 cycles and a coulombic efficiency of around
98%.

Table 1. Refined cell dimensions of primary LVP type phase and weight fractions from Rietveld analysis of the

studied materials.

Parameter LVPC LMgVSPC LVS10PC LVS50PC
Witfrac. 1° phase 0.860(1) 1.00 0.9518(4) 0.731(2)
Wifrac. LisPO, 0.099(2) 0.19(3)
Wifrac. VO 0.041(2) 0.048(1) 0.071(3)
1° phase a (&) 8.5548(3) 8.6083(3) 8.6060(5) 8.6100(5)
1° phase b (A) 8.6719(3) 8.5958(3) 8.5915(5) 8.5969(5)
1° phase ¢ (A) 11.9915(4) 12.0416(4) 12.0394(7) 12.0484(7)
1° phase £ (°) 89.890(5) 90.564(2) 90.588(4) 90.569(4)
1° phase Vol. (A% 884.06(6) 890.98(7) 890.1(1) 891.8(1)
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Of the four samples, LMgVPC displays the
greatest initial capacity of ~125 mA h g™, but it has
poor cyclability.

Although the capacity is higher in the first 60
cycles compared to LVPC, the fading is 20.7% over
100 cycles and the coulombic efficiency varies
from 90 to 98%. This result is somewhat surprising,
since achieving charge balance through addition of
Mg®* ions rather than additional Li* ions yields
compounds with lower theoretical discharge
capacities. The other two silicate containing
samples show similar cycling behavior to each
other. In the first cycle, the discharge specific
capacity of LVS10PC is 116 mA h g™ and declines
to ~100 mA h g*, up to the 15" cycle,
corresponding to a 14% loss. The material becomes
stable after the 15" cycle and there is no further
capacity loss up to the 60™ cycle. The coulombic
efficiency is 91-97% for this cell over the first 15
cycles and 97-98% thereafter. LVS50PC displays
the lowest initial capacity of 102 mA h g™ of all the
test samples. For this cell, the capacity fades 16.8%
over the first 15 cycles and then remains stable up
to the 100" cycle. The coulombic efficiency is 88-
96% up to the 15™ cycle then rises to 97-99% up to
the 100" cycle.

Cyclic voltammetry was performed on the four
studied materials (Fig. 6). It is notable that there are
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significant differences in the delivered currents,
which do not correspond to the delivered capacities
in galvanostatic mode in Fig. 4.

This is caused by the differences in the weight
of the active material used in the electrodes. All
four voltammagrams show oxidation potentials at
around 3.62, 3.70, 4.12 and 4.53 V, with those of
LMgVSP by 15-20 mV higher.

These peaks are associated with the four stages
of Li de-intercalation and the corresponding
oxidation of vanadium. The third and fourth peaks
in the oxidation curve are replaced by a single
broad peak at around 3.8-3.9 V on reduction,
reflecting a change in structure following de-
intercalation of the third lithium. The last two
reduction peaks are at around 3.63 and 3.56 V. The
results show that LMgVSPC exhibits a higher
polarization (100-250 mV) compared to the other
three materials (70-150 mV).

This structural change is confirmed by the
galvanostatic charge-discharge curves (Fig. 7) for
LVPC, investigated at a rate of 0.2C, in the voltage
range 2.8-4.8 V. These clearly show an absence of
flat plateaus in the discharge profile following the
first charge. The capacities of charge and discharge
are 189.6 and 147 mAh g7, respectively,
corresponding to a coulombic efficiency of 77.57%
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Fig.2. Fitted X-ray diffraction profiles for (a) LVPC, (b) LMgVSPC, (c) LVS10PC and (d) LVS50PC, showing
observed (+ symbols), calculated (line), and difference (lower) profiles. Reflection positions are indicated by markers.
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Fig. 3. TEM images of (a) LVPC, (b) LMgVSPC, (c) LVS10PC and (d) LVS50PC.
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CONCLUSIONS

Si can successfully be substituted for P in
LizV,(PO3)s. However, Si substitution is found to
have a negative effect on initial discharge capacity
in cells constructed using these compounds as
active material. On cycling, cells using the Si
substituted LVP show an initial capacity fade, but
after the 15" cycle the capacity remains fairly
constant. Inclusion of Mg in this system is found to
increase the initial capacity of the Si substituted
system, and although cycling behavior is degraded
to some extent, the results are encouraging. Studies
on the effects of Mg inclusion in isolation warrant
further investigation.
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CHUHTE3 U OXAPAKTEPU3MPAHE HA J'[I/IITI/IEBO BAHAE[HEB OOCOAT, IOTHUPAH CBC
CUJIMLIVN U MATHE31A
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! Hucmumym no erekmpoxumus u enepeutinu cucmemu ,,Axad. Eezenu Byoescku “ — Bvaeapcka akademus Ha HayKume,
. ,,Akao. I Bonues* 1. 10, Cogpus 1113, Bvreapus
2 H3¢1€006ameicKu uHCmumym no Mamepuaniyuunuiye no 6uonocuiecku u XumMudecki HayKu, Vuugepcumen
., Kpanuya Mepu”,Maiin eno poyo,Jlonoon E1 4NS, Beauxobpumanusi.
® AIT Ascmpuiicku uncmumym 3a mexnonoauu, GmbH, Giefinggasse 2, 1210 Buena, Ascmpus.

Tlocrenmna Ha 12 maif, 2014 1., xopurupana Ha 15 romm, 2014 1.
(Pezrome)

AKTHBHH MaTephali 3a JMTHEBO-HOHHM Oatepuu, Gasupanu Ha motupan ¢ Si m Mg nutreBo BaHamuer ¢ocodar,
LisV2(POy)s (LVP), Osixa CHHTE3WpaHM W W3CICIABAHW YPE3 PEHTTCHOCTPYKTYPEH, TEPMOTPABUMETPHUCH |
Iu(epeHIMaTHO TEPMUYCH aHAJIM3W, TPAHCMUCHOHHA EJCKTPOHHA CIIEKTPOCKOIWS, TaJBaHOCTATHYHH TECTOBE U
OUKINYHA BOJITaMIICPOMETPUSL. Li3V2(PO4)3, Li3.1V2(SiO4)0_1(PO4)2_9, Li3.5V2(SiO4)0'5(PO4)2'5 u
Liz04M0.03V2(Si04)0.1(PO4)2.9 Osixa monydeHH upe3 30J-TeJ METOJ, MOCIEABaH OT TBHPAO(A3eH CHHTE3 B aproHOBa
arMocdepa. PeHTTeHOCTPYKTYPHUTE aHAIM3H MOTBhPIKXA, Ye OCHOBHATA MOHOKJIMHHA KpHUCTaIorpadcka CTpyKTypa Ha
LVP e 3ama3eHa npu HOTUPAHUTE CheIUHCHUSA. EICKTPOXUMHUYHHUTE TECTOBE, MPOBEACHH B JBYCICKTPOIHU KICTKH, MIPU
tokoB pexkum 0.2C u Iuanasol ot noteniuanu 2.8-4.4 V cpemry Li/Li*, nokasaxa, ye cheauHenueTo, gotupano ¢ Mg u
Si ornasa Haii-romsm kanammrer ot 124.8 mA h g™, nocruraiiku 94% ot TeopetnyHus cu Kamauutet (133 mA h g B
TO3W WHTEPBAJI OT IMOTCHIMANN. BBIpekn ToBa, TO3W MaTepHall IOKa3Ba JIONIO TOBEACHUE MpPH IMKIHUpaHE, KaTo
3arybara Ha KamaruteT ¢ okoio 20% 3a HampaBeHH 100 mmkbma. Karo msmmo Ge ycTaHOBEHO, 4e JOTHPAHETO CHC
CIIIAIIMA MMa HEONAarompHATHO BIUSHHE BBHPXY CICKTPOXUMHYHOTO IMOBEICHHE, HO CII] ITbPBOHAYANHES CIa] Ha
KarnaguTeTa OT okosno 15% B mbpBuUTE 15 LMKbBIa, ABaTa Mmarepuaia, JOTHPaHUM CaMO CbhC CHJIMIMM, IOKa3axa
OTHOCHTEJTHA CTAOMITHOCT B ITOCJICIBANITUTE [IUKIIH.
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Quantum-chemical calculations were performed for the major, minor, and rare tautomers of neutral and ionized 4-
aminopyrimidine (4APM, 4APM+e, and 4APM-e) in water solution at the PCM(water)//DFT(B3LYP)/6-311+G(d,p)
level. Four tautomers were considered, one amine and three imine forms. Geometric isomerism of the exo =NH group
was also taken into account. lonization strongly influences the relative stabilities (AE) of the amino and imino forms in
water solution. The amine tautomer is favored for 4APM, whereas the imine ones have the lowest energies for the
charged radicals, that is, the imine form with the labile proton at the endo N1 atom for 4APM+e and the imine form
with the labile proton at the endo C5 atom for 4APM-e. The geometric parameters (HOMED - harmonic oscillator
model of electron delocalization) estimated in water solution correlate well with those found in the gas phase
{B3LYP/6-311+G(d,p)} for all tautomers of 4APM, 4APM+e, and 4APM-e. A good relation also exists between the
HOMED and AE values for the neutral and positively ionized forms in water solution. For the radical anions, the
HOMEDI/AE relation is more complex. The electron affinity seems to be a more important factor than aromaticity, and
dictates the tautomeric preference.

Key words: 4-Aminopyrimidine, Tautomers, lonization Effects, Relative stabilities, HOMED indices, DFT, PCM

INTRODUCTION favors its enol form because of a complete electron
delocalization (aromaticity) in the ring, whereas
cyclohexanone takes preferentially the keto form
[11, 12]. 2-aminopyridines prefer more aromatic
amino than imino forms [13].

In the case of 4-aminopyrimidine (4APM),
prototropy and electron delocalization have been
recently discussed for isolated systems [14]. Since
4APM is a convenient model for the nucleobases
cytosine [15], vitamin B1 thiamine molecules [16],
and novel HIV inhibitors [17], investigations in
water solution were undertaken in this paper. Four
tautomers (Scheme 1): one amine form (1) and
three imine forms (2-4) are possible for 4APM.
One proton can move between the exo NHo group
and the endo N and C atoms. Due to geometric
isomerism of the exo =NH group, two isomers can
be considered for 2-4, one with the imine H atom
synperiplanar to the ring N3 atom (a) and the other
constitution, i.e., by the positions of the labile ~ ©ne Wwith this atom antiperiplanar (b). In the solid
proton(s). Consequently, tautomers differ by the state, neutral 4APM exists in the amine form 1

positions of the double bond(s), and their structures [18]. This form has been also found for isolated
can be explained by the resonance hybrids. A and associated neutral 4APM [14, 19-25]. The

Prototropy and  electron  delocalization
(particularly — aromaticity) are well known
phenomena that infuence the structure and
properties of many chemical compounds, natural
products, and drugs [1-6]. Electron delocalization
is a concept introduced for molecules (e.g.,
butadiene, benzene, guanidinium cation, pyridine,
pyrimidine, etc.) displaying an exceptional
stability, for which a single arrangement of atoms
cannot be represented by one Lewis electronic
structure, and the resonance hybrid has been
proposed [7-9]. Prototropy is a concept introduced
for chemical compounds (e.g. phenols,
hydroxyazines, imidazoles, purines, nucleobases,
etc.) displaying a particular case of isomerism of
functional groups [1-6, 10]. It refers to a compound
existing in an equilibrium between two or more
isomers  (tautomers) which differ by their

relation  between prototropy and electron  ionized forms of 4APM have been solely
delocalization has been signaled more than fifty ~ investigated by us in the gas phase [14]. Since
years ago by Pauling [10]. For example, phenol ionization changes tautomeric equilibria [14], the

complete tautomeric mixture of 4APM was studied
here in water solution.

* To whom all correspondence should be sent:
E-mail: ewa_raczynska@sggw.pl
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It is well known that tautomeric conversions are
very fast and reversible processes, and it is difficult
to separate and to study the individual tautomers
[1-6]. For this reason, quantum-chemical
calculations were performed for all seven isomers
of neutral, positively, and negatively ionized forms

of 4-aminopyrimidine (4APM, 4APM*®, and

4APM™®)  in  water solution at the
PCM(water)//DFT(B3LYP)/6-311+G(d,p)  level.
This level of theory has been chosen previously for
investigations of the favored and rare tautomers of
adenine in water solution [26]. The computations
give the possibilities to study the variations of

all possible tautomers when
proceeding from the gas phase {B3LYP/6-
311+G(d,p)} to water solution
{PCM(water)//B3LYP/6-311+G(d,p)}.

Spectroscopic techniques (e.g., UV, IR, NMR,
MW, MS, etc.) were not applied here to the
tautomeric mixture, because their application gives
solely an information on the major tautomers,
signals of which have significant intensities. The
minor and rare tautomers cannot be detected when
their amounts are too small (< 0.1%) and their

signals are in the background.

prototropy for

geometric and energetic consequences of
Amine NH» tautomer
7NH,
H
<,
N34 g
215l
H N H
1
Imine NH isomers
H_ _H H_ _H
N N N N
H_ H H_ H H H
IS G G U G 6
H/KN H H/KN H H/\r\|| H H/\|\|1 H
H H
2a 2b 3a 3b

Imine CH isomers

Scheme 1. Prototropic tautomers of 4-aminopyrimidine.
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METHODS

Geometries of all seven neutral and charged
isomers of 4-aminopyrimidine in their ground
states were fully optimized without symmetry
constraints employing the DFT(B3LYP) method
[27-29] and the 6-311+G** basis set [30]. The
restricted and unrestricted B3LYP functionals were
used for the neutral and ionized forms,
respectively. The solvent effect was studied with
the PCM method [31, 32] applied to water as
solvent. Geometries of all isomers were re-
optimized at the  PCM(water)//B3LYP/6-
311+G(d,p) level, and the relative energies
calculated. All calculations were performed using
the Gaussian 03 program [33]. The adiabatic
ionization potential (IP) and the adiabatic electron
affinity (EA) were estimated using equations (1)
and (2), respectively, where Es are the total
electronic energies of the optimized charged

(4APM™® and 4APM-®) and neutral isomers
(4APM) of 4-aminopyrimidine. The geometry-
based HOMED (harmonic oscillator model of
electron delocalization) indices [34, 35] were
estimated for the neutral and charged isomers

taken into account. Equation (3) is the same as that
for the original [37] and reformulated [38] HOMA
(harmonic oscillator model of aromaticity) indices.
Similarities and differences between HOMED and
HOMA were described in details in refs [35, 36].

IP = E(4APM**®) — E(4APM) (1)
EA = E(4APM) — E(4APM-®) )
HOMED =1 - {o=(Ro - Rj)2}n  (3)

RESULTS AND DISCUSSION
Geometric Parameters

For the seven isomers of neutral and charged 4-
aminopyrimidine (Scheme 1), the minima with all
real frequencies were found in the gas phase at the
DFT(B3LYP)/6-311+G** level [14]. The PCM
model with water as solvent does not change very
much the geometries optimized in the gas phase. In
water solution, the exo NH» group is planar solely

for the radical cation (1**®). For the radical anion

(1-*®), this group takes the pyramidal conformation
similar to the neutral form (1).

The transfer of the labile proton to the endo N
atom in the structures 2a, 2b, 3a, and 3b (imine NH

optimized at the PCM//DFT level using equation
(3) as described previously for purine [36]. In this
equation, o is a normalization constant, Rq is the
optimum bond length (assumed to be realized for
fully delocalized system), Rj are the running bond
lengths in the system, and n is the number of bonds

isomers) does not destroy the planarity of the ring
for the neutral and ionized forms in water solution.
Due to presence of the C—sp3 atom (C5), the
structures 4a and 4b (imine CH isomers) lose the
planarity of the ring at each oxidation state.

Table 1. Comparison of the HOMED indices estimated for the seven isomers of neutral and ionized 4-
aminopyrimidine in water solution with those in the gas phase

(a) gas phase {B3LYP/6-311+G(d,p)} [14]

Neutral form Radical cation Radical anion
Isomer HOMEDG6 HOMED7 HOMEDG6 HOMED7 HOMEDG6 HOMED7
1 0.991 0.981 0.950 0.960 0.904 0.843
2a 0.737 0.756 0.924 0.936 0.712 0.767
2b 0.707 0.736 0.938 0.949 0.775 0.818
3a 0.664 0.701 0.917 0.934 0.777 0.805
3b 0.663 0.702 0.921 0.936 0.773 0.804
4a 0.346 0.435 0.122 0.226 0.557 0.640
4b 0.170 0.297 0.106 0.210 0.470 0.574
(b) water solution {PCM(water)//B3LYP/6-311+G(d,p)}
Neutral form Radical cation Radical anion
Isomer HOMEDG6 HOMED7 HOMEDG6 HOMED7 HOMEDG6 HOMED7
1 0.979 0.981 0.937 0.949 0.867 0.841
2a 0.797 0.816 0.957 0.958 0.786 0.828
2b 0.813 0.828 0.954 0.961 0.806 0.844
3a 0.765 0.795 0.935 0.949 0.749 0.801
3b 0.766 0.797 0.934 0.948 0.749 0.802
4a 0.384 0.470 0.199 0.287 0.556 0.641
4b 0.406 0.486 0.211 0.308 0.580 0.658
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In water solution, the CC (1.375-1.416 A) and
CN (1.333-1.354 A) bond lengths for the neutral
amine NH» tautomer 1 are not very different from
those calculated for fully delocalized benzene
(1.396 A) and s-triazine (1.335 A), respectively.
The HOMED indices (Table 1) estimated for the
six-membered ring (HOMEDG6 = 0.979) and for the
whole tautomeric system including the exo NH»
group (HOMED7 = 0.981) are close to unity,
confirming the aromatic character of 1. The
transfer of the labile proton from the exo NH»
group to the endo N atom induces larger variations
of the CC (1.349-1.461 A) and CN (1.295-1.412 A)
bond lengths for the neutral imine NH isomers (2a,
2b, 3a, and 3b) than for 1. Consequently, the
HOMED indices (< 0.9) for 2a, 2b, 3a, and 3b are
lower than those for 1. The neutral imine CH
isomers (4a and 4b) completely lose their aromatic
character. The CC bond lengths (1.498-1.512 A)
for 4a and 4b are close to that for ethane (1.531 A),
and their CN bond lengths (1.413-1.415 A and
1.273-1.285 A) are close to those for methylamine
(1.469 A) and methylimine (1.270 A). Hence, the
HOMED indices estimated for 4a and 4b are lower
than 0.5. All bond lengths for simple compounds
(ethane, methylamine, methylamine, benzene, and
s-triazine) were calculated at the
PCM(water)//B3LYP/6-311+G(d,p) level [36].

When going from the neutral isomers of 4-
aminopyrimidine to the radical cations, variations
of the CC and CN bond lengths are greater for the

charged amine (1*®) and imine CH isomers (4a*®

and 4b**®) than for the neutral ones. However, they
are smaller for the charged imine NH isomers

(2a*®, 2b*®, 3a™®, and 3b**®) than for the neutral
ones. Consequently, positive ionization decreases
the HOMED indices for the amine NH» and imine
CH isomers (by 0.03-0.04 and 0.18-0.20 HOMED
units, respectively), and increases them for the
imine NH ones (by 0.13-0.17 HOMED units).
Quite a different situation takes place when
proceeding from the neutral isomers to the radical
anions of 4-aminopyrimidine for which resonance
conjugations and variations of the CC and CN bond
lengths are completely different. Negative
ionization induces an exceptional increase of m-
electron delocalization. Small variations of the CC
and CN bonds are observed for the negatively

ionized imine CH isomers (4a™® and 4b~®). For the
charged imine NH isomers (2a"®, 2b-®, 3a™®, and

3b~®), delocalization of m-electrons also changes.
However, it decreases for the charged amine isomer

(1°*). Consequently, the HOMED indices increase
for the imine CH tautomers (by ca. 0.17 HOMED
units) and decrease for the amine NH» one (by
0.11-0.14 HOMED units). For the imine NH
tautomers, the HOMED variations are not larger
than £0.02 units.

Generally, trends observed in water solution are
similar to those in the gas phase [14], that is, the
aromatic amine NH2 and imine NH isomers are
more delocalized than the non-aromatic imine CH
ones. Solvent decreases slightly the HOMED
values for 1 and it increases them for 2-4, for both
the neutral and ionized forms. Although these
solvent effects are different for the individual
isomers, there is a good linear relationship between
the HOMED values estimated in water solution and
those in the gas phase for the pyrimidine ring - six
bonds, and also for the whole tautomeric system -
seven bonds (Fig. 1). This indicates that the solvent
does not affect very much the resonance
conjugations possible for the neutral and ionized
isomers of  4-aminopyrimidine. Electron
delocalization in water solution is parallel to that in
the gas phase.

17 c®

ottt

ey

& Neutrals
O Radical cations

HOMED7(water)
o
(9]
*
°

A Radical anions

0 0,5 1
HOMED7(gas)

Fig. 1. Correlation between the HOMED7 values
estimated in the gas phase and in water solution for the
whole tautomeric system (seven bonds) of the neutral and
ionized isomers of 4-aminopyrimidine

Relative Stabilities

The relative energies (AE) calculated in water
solution for all neutral and charged isomers can be
compared with those in the gas phase (Table 2). As
it could be expected [14, 19-25], the amine
tautomer 1 has the lowest energy for neutral
4APM. Aromaticity of the six membered ring
seems to be one of the most important factor that
dictates the high stability of 1 and its tautomeric
preference (100%) in both environments. The
imine NH tautomers (2 and 3) possess considerably
larger energies than 1 (AE > 10 kcal mol‘l). They
are lower in water solution (AE 10-12 kcal mol'l)
than in the gas phase (AE 13-22 kcal mol‘l). The
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transfer of the labile proton to the endo C atom
decreases exceptionally the stability of 4a and 4b.
Their energies are larger than that of 1 by more
than 30 kcal mol-l in both environments. The
intramolecular ~ favorable and  unfavorable
interactions possible for the structures a and b of
the imine NH and CH tautomers differentiate their
energies in higher degree in the gas phase (3-5 kcal
mol-1) than in water solution (ca. 1 kcal mol-1).
However, these effects do not influence the
tautomeric preference. The percentage contents of
the imine NH and CH tautomers are very low (<
0.001 %). Indeed, they cannot be experimentally
detected for neutral 4APM, and thus they may be
neglected in the tautomeric mixture.

Positive ionization changes the tautomeric

preferences in water solution for 4APM*e,

Although the amine tautomer (1*®) has the lowest
energy in the gas phase [14], the imine NH isomer

(3a*®) dominates in water solution. lonization and
solvent also change the relative energies of the

amine NH» (1*®) and imine NH tautomers (2a*® ,

2b*®, 3a*®, and 3b™®), and the compositions of
the tautomeric mixture are different in both

environments. They are as follows: 88.3% of 17®,
7.3% of 2**, and 4.4% of 3*® in the gas phase, and

1.5% of 1*®, 27.0% of 2*®, and 71.5% of 3*® in
water solution. This difference should be
considered in electron-transfer reactions in which
4-aminopyrimidine loses one electron. It should be
also taken into account for positively ionized
cytosine, vitamin Bq thiamine molecules, and some
HIV inhibitors. The AE values for the imine CH
isomers (4a*® and 4b*®) are larger than 40 kcal
mol-1 in both environments. Thus, their percentage
contents are very low (< 1-1030 %). As
exceptionally rare isomers, they may be neglected
in the tautomeric mixture of 4APM™®,

Negative ionization dramatically changes the

tautomeric preference. For 4APM-®, the imine CH

isomer (4a~®) with the labile proton at the endo C5
atom has the lowest energy in water solution, as
well as in the gas phase. Change of environment
decreases solely the relative energies. In water
solution, two tautomers should be considered in the
tautomeric mixture of 4APM™®: 1-® (1.3%) and 4°®
(98.7%), whereas only one (4°®, 100%) in the gas

phase. The amount of 17® (0.03%) is very low in
the gas phase. It may be considered as the rare
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tautomer. The imine NH tautomers (2°® and 3°°)

possess considerably larger energies than 4°® (> 4
kcal mol'l). They may be neglected in the

tautomeric 4APM~® in both
environments.

HOMED/ AE Relation

A parallelism of the AE and HOMED values for
the neutral and positively ionized isomers indicates
that some relation exists between prototropy and
electron delocalization for 4-aminopyrimidine (Fig.
2). In water solution, the HOMED?7 indices
estimated for the neutral isomers of 4APM
correlate  well ~ with  their AE  values:
HOMED7(water) = -0.014AE + 0.972, R = -0.999.
Similar relationship is found in the gas phase:
HOMED?7(gas) = -0.017AE + 1.007, R = -0.977.
The HOMD7/AE correlation is slightly better in
water solution than in the gas phase. Solvent
diminishes intramolecular interactions between the
exo and endo functional groups, and influences the
relative energies and the HOMED indices. The
energetic effects are larger than the geometric ones.
Electron delocalization (aromaticity) seems to be
one of the main factors that influences the stability
of the neutral forms. It is also an important factor
for the radical cations. A good linear relationship
between the HOMED7 and AE values is observed
in water solution {HOMED?7(water) = -0.013AE +
0.967, R = -0.999}. The parameters of this
relationship do not differ very much from those
found for the neutral isomers. Negative ionization
differentiates the imine CH isomers from the
family of other ones (NHp and NH). In this case,
the HOMED/AE relation is more complex. The
electron affinity seems to be more important factor
than aromaticity and dictates the tautomeric
preference.

mixture of

Lom
A AA.' M & Neutrals

;‘.—; e . O Radical cations
g N ARadical anions
< R
n 05
a L 3
% .
e i

0 T T T T T 1

0 10 20 30 40 50 60
AE(water)

Fig. 2. HOMEDT7/AE plot for the neutral and ionized
isomers of 4-aminopyrimidine in water solution.
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Table 2. Comparison of the relative energies (in kcal mol-L at 0 K) calculated for the seven isomers of neutral and
ionized 4-aminopyrimidine in water solution with those in the gas phase

Neutral form Radical cation Radical anion
Isomer Gas Water Gas Water Gas Water
1 0.0 0.0 0.0 2.2 6.4 2.4
2a 16.1 11.0 45 15 10.2 6.3
2b 12.9 10.1 0.9 0.6 6.8 4.9
3a 18.3 11.5 1.4 0.0 17.7 13.2
3b 22.5 12.3 6.2 11 21.6 14.2
4a 37.8 35.5 45.4 50.9 4.8 1.0
4b 33.2 34.5 44.8 51.5 0.0 0.0

Table 3. The adiabatic ionization potentials (IP) and the adiabatic electron affinities (EA) estimated for all isomers
of 4-aminopyrimidine in the gas phase and in water solution (in eV at 0 K, 1 eV = 23.06037 kcal mol-1)

Positive IP Negative EA
ionization Gas Water ionization Gas Water
1_e_1te 8.8 64  1ie1-° -0.6 16
2a-e—>2a** 8.3 5.9 2a+e—>2a"° 01 1.9
2b —e - 2b** 8.3 59 2b+e—2b 01 1.9
3a—e— 3at® 8.1 58  3a+4e_53a° 0.3 16
3b-e - 3b* 81 58  3pb+e—3b 0.3 1.6
Aa—e s 4zt 9.3 70 Aate—sda-® 1.1 32
db—-e > 4b+o 9.1 7.0 4db +e > 4b-o 1.1 3.2
NH NH NHp | +- NH2 NH NH2
He N H
N N N - +e N N
N Hﬁ“@ <*@ﬁ LJT“ 1O
N N N N NZ N
i ? 1 : |
Gas 7.3% 4.4 % 88.3% IP88eV 100% EA-0.4eV 99.9% <0.1%
Water 27.0%  71.6% 1.5% IP6.3eV 100% EA 16eV 98.7% 1.3%

Scheme 2. The favored ionization reactions for 4-aminopyrimidine

lonization Processes

A simple one-electron loss or one-electron gain
may be observed during positive or negative
ionization in the mass spectrometer. Consequently,
4-aminopyrimidine may be transformed to its

positively (4APM — e — 4APM™®) or negatively

ionized (4APM + e — 4APM™®) very reactive
states. In the presence of oxidizing or reducing
agents, neutral 4-aminopyrimidine may also lose or
gain one electron. The mechanisms of chemical
redox reactions, anodic oxidations or cathodic
reductions of 4-aminopyrimidine, may be very
complex and may depend on reaction conditions
such as solvent, reagent, catalyst, etc.. The redox

processes may pass through different intermediates
among which the charged forms, 4APM*® and

4APM-®, are possible.

A direct comparison of the energetic parameters
for the ionized and neutral isomers of 4-
aminopyrimidine suggests that one-electron loss is
less endothermic process in water solution than in
the gas phase, and one-electron gain is more
profitable process than one-electron loss in both
environments (Table 3). This means that 4-
aminopyrimidine may take spontaneously one
electron from a reducing agent. Interestingly,
change of the position of the imine H atom vis-a-
vis the ring N3 atom from synperiplanar to
antiperiplanar has no important effect on the values
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of the adiabatic ionization potential (IP) and of the
adiabatic ionization affinity (EA). This suggests
that favorable and unfavorable interactions possible
for the neutral and ionized isomers are similar.
However, the IP and EA values are different for the
amine (NH») and imine (NH and CH) tautomers.
The ionization mechanisms are not the same. An
analysis of the distribution of the spin density and
charge computed in the gas phase and in water
solution shows evidently the differences. For the
NH»> and NH tautomers, the exo N atom may lose
preferentially one of the non-bonding electrons,
whereas the endo N atoms may participate in one-
electron loss for the CH isomers. On the other
hand, the pyrimidine ring may gain one excess
electron for the NH» and NH tautomers, whereas
the exo N atom may participate in one-electron
gain. This tendency is similar in both
environments. When going from the gas phase to
water solution, the IP and EA values vary by ca. 2
ev.

If we consider solely the major and minor
tautomers for neutral, positively, and negatively
ionized  4-aminopyrimidine, the  following
ionization processes can be proposed (Scheme 2),
and the following IP and EA values can be
estimated for 4-aminopyrimidine in the gas phase
and in water solution (ground states): IP 8.8 and 6.3
eV, EA -0.4 and 1.6 eV at OK, respectively. The IP
(8.5 and 6.3 eV) and EA values (-0.4 and 1.8 eV)
found for 2-aminopyrimidine at the same levels of
theory are of the same order of magnitude [39].
Unfortunately, there are no experimental data in the
literature for the ionization potential (IP) and for
the electron affinity (EA) of 4AMP and no
comparison can be made. However, it should be
mentioned here that the IP values in the gas phase
for pyrimidine (9.3 eV [40]), 2- and 4-
aminopyridine (8.5 and 8.8 eV, respectively [41])
are of the same order of magnitude as the DFT-
estimated IP for 4APM. The literature EA value for
unsubstituted pyrimidine is not very large in the gas
phase (> -0.24999 eV [42]). The negative value
suggests that the anion is not higher in energy than
the corresponding neutral form, and hence unstable
in the gas phase. However, the anion can be studied
in water solution. The calculated EA value is
positive for 4APM in water solution. Similar
tendencies on the IP and EA values in the gas phase
and in water solution have been reported for
nucleobases [26, 43, 44]. 4-Aminopyrimidine
models well the redox properties of cytosine and
adenine, containing the exo NH» group at the same
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position vis-a-vis the endo N atoms in the
pyrimidine ring.

CONCLUSIONS

Quantum-chemical calculations performed for
all possible amine and imine tautomers-isomers of
neutral 4-aminopyrimidine (4APM) and of its

charged forms (4APM*® and 4APM-®) show
evidently important changes of the tautomeric
preference when proceeding from the gas phase to
water solution (Scheme 2). The neutral tautomeric
mixture of 4APM consists mainly of the amine
NH> tautomer (100%). This is independent on
environment. Positive and negative ionizations
dramatically change the composition of the
tautomeric mixture. The tautomeric preference for

4APM*® depends on the medium. In the gas phase,

the amine NH» tautomer is favored for 4APM*®,
whereas the imine NH isomer with the labile
proton at the N1 atom dominates in water solution.

For 4APM~®, the C5 atom takes preferentially the
labile proton and the imine CH isomer is favored in
the gas phase and also in water solution. Solvent
has slight effect on the composition of the

tautomeric mixture of 4AAPM-®.

The geometric HOMED indices, which
measure electron delocalization for the individual
isomers, change little when proceeding from the
gas phase to water solution. Larger variations take
place for the relative energies (AE), which measure
prototropic conversions. However, the HOMED
and AE values correlate well for the neutral and
positively ionized isomers of 4-aminopyrimidine
(Fig. 2). Some discrepancies occur for the radical
anions, for which the HOMED/AE relation seems
to be more complex. In this case, two factors
(electron affinity and aromaticity) influence the
tautomeric conversions. For the favored ionization
processes, the adiabatic ionization potentials and
the adiabatic ionization affinities change by ca. 2
eV when proceeding from the gas phase to water
solution. This solvent effect is similar to that
reported for nucleobases [43, 44].
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T'EOMETPUYHU U EHEPTMIMHU CJIEACTBUA OT IPOTOTPOIIMATA HA HEYTPAJIEH U
MOHU3UPAH 4-AMHUHOIIMPUMM/IVH BHB BOJHU PA3TBOPU

E./J. Paunncka™

Lenapmamenm no xumus, Bapwascku ynugepcumem no Haykume 3a djcusoma, Bapwasa, Ionwua
Ioctenuna Ha 15 mait, 2014 r., kopurupana Ha 10 romnu, 2014 1.

(Pe3rome)

V3BBplIeHH ca KBAHTOBO-XMMHYHH IIPECMATAHHSA 32 TaBTOMEPHUTE (OpMHU (TJIaBHH, MAJIKH, PEAKN) Ha HEYyTPaJIeH 1
Honnsupan 4-amunonupumuana (4APM, 4APM+ u 4APM”) BbB Boauu pa3tBopu Ha PCM(Boxa)//DFT(B3LYP)/6-
311+G(d,p) mumBoO. Pasrimemanu ca YETHPH TaBTOMEPH — CJHA aMHHHA M TpH WUMUHHH (opmu. OTUeTeH € u
M30MeTpU3MBT Ha ex30 =NH rpymute. MonmsanmsaTa cuiHoO Bimse BHPXy OTHOCHTeTHATa cTabmiHocT (AE) Ha aMuHO- U
UMHHO-(QOpPMUTE BHB BOJHU pa3TBOpH. AMHUHO-TaBOMepHTEe ca mpeanountaHu npu 4APM, nokaTo MMHUHHHTE UMar
Hali-HUCKa €Heprys Ha HaTOBapEeHWTE paJHKajH, T.c. IMUHO-(popmuTe nMmar nabuneH npotoH npu eHno N 1 atoma 3a
4APM", a umuno-dopmarta e ¢ mabuaen npoton npu enno C5-atom 3a 4APM. I'eomerpuunute mapamerpu (HOMED —
MOJICJI Ha XapMOHHYEH OCLIHIIATOP Ha EIEKTPOHHA JIeNIOKaM3allys), OLCHEHH 3a BOACH Pa3TBOP ce Kopeiupar Joope ¢
Hamepenute 3a raszoBa dasa {B3LYP/6-311+G(d,p)} 3a Bcuuku taBromepu - 4APM, 4APM+ u 4APM- . Jlo6pa
penamus ceinecTByBa Mexkay croitHoctute Ha HOMED u AE 3a HeyTpaitHu  MOTOKUTETHO HOHU3UPAHUTE POPMH BHB
BoJieH pa3TBop. Penanmsita HOMED/AE 3a annon-paaukanure € no-ciaoxHa. Msriexa, ue eNeKTPOHHUAT ahUHUTET €
No-BaXkeH (pakTop W apomMarHaTa IpUpoJia U ONpeesis MPEANOYUTaHEeTO Ha TABTOMEPHHUTE (popMH.
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One-pot synthesis of tetrahyrobenzo[b]pyran and dihydropyrano[c]chromene
derivatives using ammonium Alum in green media
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A variety of 4H-benzo[b]pyran and pyrano[c]chromene derivatives have been efficiently synthesized under green
conditions. This inexpensive, non-toxic, eco-friendly protocol afforded the products in good to high yields.

Keywords: green chemistry, multi-component, benzopyran, pyranochromene, ammonium alum.

INTRODUCTION

The increasing attention during the past decade
for environment protection has led to a new area
called green chemistry. Elimination of dangerous
toxic solvents and replacing it with water and
environmentally friendly solvents is very important
in green chemistry [1]. Development of chemical
processes with the highest efficiency, lowest cost
and use of non-toxic reagents and catalysts and also
use of solvent-free mediums have been found of
special interest [1]. In recent years, the use of water
as a green solvent has been developed. Replacing of
organic solvents with water has advantages such as
availability, low cost and safety for the
environment [2].

Multi-component  reactions are  powerful
synthetic tools for the synthesis of compounds with
biological activity [3]. Tetrahydrobenzo[b]pyran
and dihydropyrano[c]chromene derivatives have
been exhibited biological and pharmaceutical
properties including anticancer and anticoagulation
[4], diuretics [5], anti-Alzheimer's [6], anti
leukemic [7], anti anaphylactic [8], anti-malarial
[9], emetic [10]. Also these compounds have been
used in pigments and cosmetics [5, 11].

Several methods have been reported for the
synthesis  of  tetrahydrobenzo[b]pyrans and
dihydropyrano[c]chromenes. These compounds
have been synthesized in the presence of various
catalysts, such as di-ammonium hydrogen
phosphate (DHAP) [12], TBAB [13], K,CO; under
microwave irradiation [14], S-proline [15], MgO
[16], and sulfonic acid functionalized silica (SiO,-
PrSO;3H) [17]. Each of these reported methods has
its own merits, with at least one of the limitation of
drastic condition, long reaction times, low yields,
and effluent pollution.

* To whom all correspondence should be sent:
E-mail: mbodadgi2007 @yahoo.com

Ammonium alum (A-Alum) with mild acidity,
involatility, inexpensivity and incorrosivity is
insoluble in common organic solvents and partially
soluble in water [18]. Hence it is good candidate for
catalysis in green organic synthesis.

To the best of our knowledge, there are no
reports on the use of A-Alum in organic reactions
as a catalyst.

In continuation of our research devoted to the
development of green organic chemistry and one-
pot multi-component reactions for the synthesis of
various heterocyclic compounds [19], herein we
wish to report an efficient and green procedure for
the preparation of tetrahyrobenzo[b]pyrans and
dihydropyrano[c]chromenesvia a domino
Knoevenagel-cyclocondensation  reaction  using
(NH,)AI(S0,),.12H,0 (A-Alum) as a catalyst in
aqueous medium.

Schemel
o
(0] Ar
CN o oN
AICHO  + 3 |
A-Alum(20%), 100 °C 0”7 TNH,
CN
1 9 solvent free .
or reflux 6a-j
Scheme 2
OH
NH.
AN 2
o CN
CN O e}
4 X Ar
ArCHO  + _ >
A-Alum(20%), 100 °C o Yo
CN solvent free
1 2 or reflux 5a-g

EXPERIMENTAL

All of the products are known compounds and
were identified by their physical and spectroscopic
data with those reported in literature. Melting
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points were measured by using capillary tubes on
an electro thermal digital apparatus and are
uncorrected. The progress of reactions was
monitored by TLC using n-hexane/ EtOAc (1:1 v/v)
as eluent. IR spectra were recorded as KBr disc on
a galaxy series FT-IR 5000 spectrometer. NMR
spectra were recorded on 300 MHz brucker
spectrometer in DMSO-dg with TMS as an internal
standard. Microanalyses were performed by the
Elemental Analyzer (Elemental, Vario EL Ill) at
the Arak University.

General procedure for the synthesis of
tetrahydrobenzo[b]pyran and
dihydropyrano[c]chromene derivatives:

de): 64: 0.97 (3H, s, Me), 1.06 (3H, s, Me), 2.10
(1H, d, J = 16.0 Hz, H-6), 2.27 (1H, d, J = 16.0 Hz,
H-6%), 2.47-2.55 (2H, m, CH,), 2.87 (6H, s, -
N(Me),), 4.06 (1H, s, H-4), 6.66 (2H, d, J = 8.7 Hz,
H-Ar), 6.95 (2H, br s, NH,), 6.97 (2H, d, J=8.7 Hz,
H-Ar) ppm. Anal. Calcd for CyH,3N30,: C, 71.19;
H, 6.87; N, 12.45. Found: C, 71.49; H, 6.71; N,
12.33.

(6i): IR (KBr) (vmax): 3387, 3323, 3213, 2968,
2191, 1683, 1656, 1520, 1346 cm™ 'H NMR
(DMSO-dg): 8y: 0.99 (3H, s, Me), 1.06 (3H, s, Me),
2.14 (1H, d, J = 16.0 Hz, H-6), 2.30 (1H, d, J =
16.0 Hz , H-6), 2.53-2.57 (2H, m, CH,), 4.39 (1H,
s, H-4), 7.24 (2H, br s, NH,), 7.48 (2H, d, J = 8.4
Hz, H-Ar), 8.21 (2H, d, J = 8.4 Hz, H-Ar) ppm.

Method A: A mixture of an aldehyde (1 mmol),
malononitrile (1 mmol), dimedone or 4-hydroxy
coumarin (1 mmol) and A-Alum (20% mol) in 3 ml
H,O/EtOH (2:1) was refluxed with stirring for
Adequate time. After the reaction completion

(5a): TR (KBr) (vimax): 3378, 3285, 3180, 2199, 1710,
1675, 1638, 1607, 1491, 1382, 1059 cm™. 'H NMR
(DMSO—dg): 8yy: 4.45 (1H, s, H-4), 7.21-7.35 (5H, m,
H-Ar), 7.42 (2H, s, NH,), 7.44-7.68 (2H, m, H-Ar),
7.89 (1H, d, J = 1.5 Hz, H-Ar), 7.92 (1H, d, J = 1.5

(monitored by TLC), the reaction mixture was
cooled to room temperature, filtered and washed
with cool water. The crud product recystalized with
hot ethanol.

Method B: A mixture of an aldehyde (1 mmol),
malononitrile (1 mmol), dimedone or 4-hydroxy
coumarin (1 mmol) and A-Alum (20% mol) was
heated at 100°C under solvent free conditions.
Completion of the reaction was followed by TLC,
after the reaction was completed, the reaction
mixture was cooled to room temperature and
washed with cool water and then recrystallized with
hot ethanol.

Selected data of products:

(6a): IR (KBr) (vma): 3393, 3317, 3185, 2958,
2196, 1687, 1652, 1367 cm™. 'H NMR (DMSO-
dg): on: 0.94 (3H, s, Me), 1.04 (3H, s, Me), 2.08
(1H, d, J = 16.0 Hz, H-6), 2.23 (1H, d, J = 16.0 Hz,
H-6"), 2.50 (2H, m, CH,), 4.11 (1H, s, H-4), 7.06
(2H, br s, NH,), 7.19 (3H, m, H-Ar), 7.33 (2H, m,
H-Ar) ppm. Anal. calcd for CygH1gN,O,: C, 73.45;
H, 6.16; N, 9.52. Found: C, 73.97; H, 6.79; N, 9.42.

(6d): IR (KBr) (vinay): 3533, 3364, 3153, 2966,
2193, 1685, 1658, 1367 cm™. 'H NMR (DMSO-
de): 8 1.00 (3H, s, Me), 1.06 (3H, s, Me), 2.11
(1H, d, J = 16.0 Hz, H-6), 2.27 (1H, d, J = 16.0 Hz,
H-6), 2.47-2.61 (2H, m, CH,), 4.70 (1H, s, H-4),
7.15 (2H, br s, NH,), 7.25 (1H, d, J = 8.4 Hz, H-
Ar), 7.39 (1H, d, J = 8.4 Hz, H-Ar), 7.56 (1H, s,
H-Ar) ppm. Anal. caled for CygHisCIN,O,: C,
59.52; H, 4.44; N, 7.71. Found: C, 59.91; H, 4.63;
N, 7.63.

(69): TR (KBr) (vmax): 3381, 3321, 3209, 2962,
2191, 1682, 1656, 1367 cm™. 'H NMR (DMSO-
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Hz, H-Ar) ppm.

(5b): '"H NMR (300 MHz, DMSO-dg): &: 3.72
(3H, s, -OCH>), 4.40 (1H, s, H-4), 6.87 (2H, d, J =
8.1 Hz, H-Ar), 7.18 (2H, d, J = 8.1 Hz, H-Ar), 7.37
(2H, br s, NH,), 7.45 (1H, d, J = 8.3 Hz, H-Ar),
749 (1H,t,J=7.8 Hz, H-Ar), 7.70 (1H,t, J = 7.7
Hz, H-Ar), 7.89 (1H, d, J = 7.7 Hz, H-Ar) ppm.

RESULTS AND DISCUSSIONS

For the primary study, the condensation reaction
of benzaldehyde with malononitrile and dimedone
in the presence of A-Alum was carried out in order
to optimization of reaction conditions, such as the
amount of catalyst, temperature and solvent of the
reaction. As shown in Table 1 and 2, the best
conditions for this reaction were 20%mol of A-
Alum, reflux in Water/ethanol (2:1) as a green
solvent or solvent-free at 100 C.

Table 1. Optimization of catalyst amount and
temperature.

Ent. Ar Prod. Solvent Err:]rlr:]e) \2(';’; I)d
1 CeHs 6a EtOH/H,O0 110 85%
2  CgHs 6a H,O 180 65°
3  CeHs 6a CHCI, 120 10%
4  CgHs 6a CH;CN 120 35°

5 CeHs 6a EtOH 120 70%
2 Aqueous medium,
b Solvent-free medium.

To explore the generality of the reaction, we
extended our study using different aromatic
aldehydes containing both electron withdrawing
and donating substitutes to prepare a series of 2-
amino-7,7-dimethyl-5-oxo-4-(aryl)-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitrile derivatives
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(Table 3). Also a series of 2-amino-4-(aryl)-5-o0xo-
4, 5-dihydropyrano [3,2-c]chromene-3-carbonitrile
derivatives  synthesized in good yields.
Condensation of aldehydes, malononitrile and 4-
hydroxycoumari under same conditions, afforded
the above mentioned products (Table 4).

Table 2. Solvent selection for the reaction

Time Yield
Ent. Ar Prod. Solvent (min) (%)
1 CeHs 6a EtOH/H,O 110 85°
2 CeHs 6a H,O 180 65°
3 CeHs 6a CHCl; 120 102
4 CeHs 6a CH;CN 120 35°
5 CeHs 6a EtOH 120 70?
6  CeHs 6a Neat 75 90"

2 Reflux, 20% A-Alum.
® 100 °C, 20% A-Alum.

Table 3. Syntesis of tetrahydrobenzo[b]pyran.

Metod A Metod B

Ent Ar Prod. Time Yield Time Yield
(min) (%) (min) (%)

1 CgHs 6a 110 85 75 90
2 4-Cl-CgH, 6b 90 92 17 93
3 4-CH3;0-C¢H, 6c 100 95 30 94
4 2,4-Cl,-CgH4 6d 90 85 45 90
5 3-OH-C¢H,4 6e 90 80 30 91

6 2,4-(CH30),-C¢H; 6f 90 91 25 96
7 4-N(Me),-CgH,4 69 110 89 20 87
8 2-Cl-CgH, 6h 120 83 45 85
9 4-NO,-C4H, 6i 120 90 35 95
10 2,4-Cl,-CsH3 6j 120 91 30 92
Method A: Reaction carried out in water/ethanol, reflux,
20% A-Alum.
Method B Reaction carried out under solvent-free
condition, 100 C, 20% A-Alum.

Table 4. Synthesis of dihydropyrano[c]chromenes

Metod A Metod B
Ent. Ar Prod. Time Yield Time Yield

(min) (%) (min) (%)
1 CeHs 5a 140 83 80 90
2 4-CH30-Cg¢H, 5b 123 64 115 93
3 2,6-Cl,-CsH3 5c 60 52 45 90
4 3-OH-CgH4 5d 105 43 105 89
5 2,4-(CH;0),-C¢Hs 5e 65 75 50 90
6 4-N(Me),-CeHy  5f 60 79 25 94
7 2-Cl-CeH, 59 90 69 50 89

Method A: Reaction Reaction carried out in water/ethanol,
reflux, 20% A-Alum.

Method B: Reaction carried out under solvent-free
condition, 100 'C, 20% A-Alum.

CONCLUSION

We have been reported an efficient and simple
method for synthesis of Tetrahydrobenzo[b]Pyrans
and dihydropyrano[c]Chromenes. The wuse of

inexpensive and environmentally friendly catalyst,
elimination of toxic solvents, using water/ethanol as
a green solvent, simple workup procedure, good
yields and short reaction times are some
advancement of this method.

Acknowledgments: We gratefully acknowledge
for financial support from the Research Council of
Arak University.
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EJIHOCTAJIUMHA CMHTE3A HA TETPAXUJIPOBEH30[b]JIITMPAHOBU U
JUXUPOITMPAHO [c]XPOMEHOBHU ITPO13BO/IH1U C AMOHUEB AJIVM B ,,;3EJIEHA*
CPEJIA
M. A. bonarudapa*, H. Axanu
Henapmamenm no xumus, Hayuen ¢paxynmem, Yuusecpumeme 6 Apax, Upan.

Tloctenmna Ha 31 maif, 2014 r., kopurupana Ha 25 asryct 2014 r.

(Pesrome)
Cunresupanu ca paznuudu 4H-Genso[b]nupanosu u mupano [C]XxpoMeHOBH MPOU3BOAHU TIPH ,,3€JE€HH YCIOBHSL.
Te3n eBTHHY, HE-TOKCHYHH, €KOJIOTHIHO CHhBMECTHMH C€ ITOJTydaBaT MpH JOOPH 10 BUCKOH JOOWBH.
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ZSM-5-SO3H as an efficient catalyst for the one-pot synthesis of 2,4,5-trisubstituted
and 1,2,4,5- tetrasubstituted imidazoles under solvent-free conditions
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A simple one-pot three-component synthetic method is reported for the synthesis of 2,4,5-trisubstituted imidazole
by three-component cyclocondensation of benzil, aromatic aldehydes and ammonium acetate under solvent-free
conditions in the presence of ZSM-5-SO;H as a catalyst. Moreover, the utility of this protocol was further explored for
the one-pot, four-component synthesis of 1,2,4,5-tetrasubstituted imidazoles from benzil, aromatic aldehydes, primary
amines and ammonium acetate in good to high yield and purity.

Keywords: ZSM-5-SOsH; 2,4,5-trisubstituted imidazoles; 1,2,4,5-tetrasubstituted imidazoles; Solvent-free.

Multi-component  reactions (MCRs) have
proved to be remarkably successful in generating
products in a single synthetic operation. These
reactions are classified in various ways based on the
number of components involved in the reaction or
their intrinsic variability. Nowadays organic
chemical syntheses involving multi-component
condensation strategy attained greater value, as the
target molecules are often obtained in a single step
rather than multiple steps, which minimizes the
tedious work-up procedures and environmentally
hazardous wastes [1].

The imidazole ring system is a vital heterocyclic
nucleus found in a large number of natural products
and pharmacologically active compounds. These
compounds are known to have several therapeutic
applications  such as  antimicrobial [2],
antitubercular [3], cytotoxic [4], anti-inflammatory
[5], and anticancer [6] activities. Several methods
have been reported for the construction of this
important structure. The most common method for
preparation of these compounds involves three- and
four-component condensations of a 1,2-diketone
derivative with an aldehyde, ammonium acetate and
primary amine using acidic conditions, such as
zeolite [7], NaHSO,-SiO, [8], HCIO,-SiO, [9],
FeCl;-6H,0 [10], BF;5-SiO, [11], trifluroacetic acid
[12], zeolite supported reagents [13], dicationic
magnetic ionic liquid [14], MCM-41 or p-TsOH
[15], 1-butyl-3-methylimidazolium bromide [16],
silica-bonded propylpiperazine-N-sulfamic [17], N-
methyl-2-pyrrolidonium hydrogen sulfate [18], and
DABCO [19]. These methods are suitable for
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certain synthetic conditions; however, many of
these procedures suffer from one or more
disadvantages such as the use of expensive
reagents, long reaction times, tedious separation
procedures, and large amounts of catalyst loadings
which in turn result in the generation of a large
amount of wastes into the environment. Therefore,
the development of mild, generalized and
environmentally friendly approaches to overcome
these shortcomings still remains an ongoing
challenge for the synthesis of highly substituted
imidazoles.

Solid acids are beginning to play a significant
role in the greening of chemicals manufacturing
processes. Recently, in continuation of our studies
on solid acid catalysts [20], ZSM-5-SOsH was
synthesized for the first time in our group and was
used in acylation of aldehydes [21] and Mannich
reaction [22]. Based on these findings, we report
here a simple approach for the synthesis of 2,4,5-
trisubstituted imidazole (scheme 1) and 1,2,4,5-
tetrasubstituted imidazoles (scheme 2) by the
condensation of benzil, aldehydes, ammonium
acetate and primary amines using ZSM-5-SO;H as
a mild heterogeneous catalyst.

To optimize the reaction conditions including
solvents, molar ratios and temperature for the
synthesis of 2,4,5-trisubstituted imidazoles, the
reaction of benzil, 4-chlorobenzaldehyde and
ammonium acetate was chosen as a model reaction.
In order to determine the most appropriate choice
of solvent system, we have screened solvents such
as methanol, ethanol, acetonitrile and also used
solvent-free conditions. Even though the reactions
in ethanol led to a high yield of the product in
shorter reaction times, the maximum yield was
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obtained under solvent-free conditions (Table 1,
entry 4). Also, the reaction was examined at 50, 80
and 110 °C under solvent-free conditions (Table 1,
entries 4-6). The results demonstrated that the yield
at 110°C was better than those at the other
temperatures. The effect of catalyst amount on the
yield of reaction was also studied (Table 1, entries
4 and 7-10). When the amount of the catalyst was
increased from 0.01 g to 0.03 g, the yield increased
from 50 % to 90 %. Higher amounts of the catalyst
did not further improve the yields. In the absence of
the catalyst, the reaction proceeded sluggishly
(Table 1, entry 11). So, the optimum conditions
were chosen as follows: benzil (1 mmol), aldehyde
(1 mmol), ammonium acetate (7 mmol) and ZSM-

o

5-SO;H (0.03 @), heating at 110°C under solvent-
free conditions.

We next examined a wide variety of aldehydes
to establish the scope of this catalytic
transformation (Table 2). Several aromatic
aldehydes bearing electron donating and electron
withdrawing substituents were subjected to this
one-pot, three-component cyclocondensation to
furnish 2,4,5-trisubstituted imidazoles in good to
high yields. Various functional groups were found
to be compatible under the reaction conditions. In
general, the reactions were clean and no side
products were detected. The aliphatic aldehydes
lead to the corresponding imidazoles in lower
yields in comparison to aromatic ones.

N ZSM-5-SO;H Ne N
Ph + RCHO + 2NH0AC — > >/ “H

o

Thermal , 110°C R

Scheme 1. ZSM-5-SO3H catalyzed synthesis of 2,4,5-trisubstituted imidazoles

o

Ph ZSM-5-SO;H
Ph + RCHO + RNH, + NHOAC—— ",

0]

Ph
a—
N\ N
o
R

Solvent-Free
Thermal, 110°C

Scheme 2. ZSM-5-SO3H catalysed synthesis of 1,2,4,5-tetrasubstituted imidazoles

Table 1. Synthesis of imidazole under different conditions *

ZSM-5-SO;3H

Time

Entry Solvent © Temperature (°C) (min) Yield (%)°
1 MeOH 0.03 65 170 33
2 EtOH 0.03 78 140 71
3 CHsCN 0.03 81 200 51
4 Solvent-free 0.03 110 90 90
5 Solvent-free 0.03 50 90 56
6 Solvent-free 0.03 80 90 68
7 Solvent-free 0.01 110 90 50
8 Solvent-free 0.02 110 90 76
9 Solvent-free 0.06 110 90 90
10 Solvent-free 0.1 110 90 90
11 Solvent-free - 110 240 20

& 4-Chlorobenzaldehyde (1.0 mmol), benzil (1.0 mmol) and ammonium acetate (7.0 mmol)

® Isolated yield
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Table 2. Synthesis of 2,4,5-trisubstituted imidazoles using ZSM-5-SO3H as a catalyst

(0]

Ph)H(Ph + RCHO + 2NH,OAC

Ph

>\)/Ph
a—
NN
I

ZSM-5-SOz;H

Solvent-Free

O Thermal , 110°C
Time Yield ® M.p. (°C M.p. (°C
Entry Compd. R ) P-(C) P-(C)
(min) (%) Found Reported [Ref.]
1 la 4-HOC¢H, 120 71 235-239 233-234 [23]
2 1b 4-MeOCgH, 90 85 219-222 222-223 [23]
3 1c 4-CICgH, 90 90 265-268 262-264 [18]
4 1d CeHs 130 62 269-272 267-269 [18]
5 le 4-CH3CgH, 85 86 224-228 229-232 [27]
6 1f 4-O,NCeH, 100 73 240-243 242-243 [23]
7 1g 3-O,NCgH, 110 65 261-264 265-267[18]
8 1h 2,4-Cl,CgH; 100 76 174-176 176-178 [18]
9 1i 3-CICgH, 95 81 284-287 287-289 [18]
10 1j CH3CH,CH, 150 59 277-279 277-278 [23]

% Isolated yield

The same reaction conditions were applied for
the synthesis of 1,2,4,5-tetrasubstituted imidazoles
via one-pot, four-component condensation of
benzyl (1 mmol), an aldehyde (1 mmol), a primary
amine (1 mmol) and ammonium acetate (6 mmol)
in the presence of 0.02 g of catalyst (Table 3). The
substrate scope of the reaction was then evaluated
by varying differently substituted aldehydes and
primary amines including both electron-donating
and electron-withdrawing groups. The use of a
heterocyclic amine such as aminothiazole leads to
the corresponding imidazole in high yield and
purity.

To our delight, the 1,2,4,5-tetrasubstituted
imidazoles were obtained in good to high yields
and no side products, for example, 2,4,5-
trisubstituted imidazoles, were formed.

To show the merits of the present work in
comparison with reported results in the literature,
we compared ZSM-5-SO3H with some reported
heterogeneous catalysts in the synthesis of 2,4,5-
trisubstituted and 1,2,4,5-tetrasubstituted
imidazoles. As shown in Tables 4 and 5, ZSM5-

SO;H acts as a suitable catalyst with respect to
reaction times, yields of the products, temperature
under solvent-free conditions.

Finally, the reusability of the catalysts was
studied. For this purpose the recovered catalyst
from the experiment was washed with ethyl acetate
(3x5 mL), then was dried in oven at 60°C and used
in the reaction. The results show that the catalyst
can be reused 3 times without any modification and
no significant loss of activity/selectivity
performance was observed.

In summary, an efficient and environmentally
friendly approach was introduced for the synthesis
of imidazole derivatives via condensation of benzil
with various aromatic aldehydes, a primary amine
and ammonium acetate using ZSM-5-SOsH as a
catalyst. The solvent-free conditions, simplicity of
operation, easy work-up, lower catalyst amount and
cost efficiency render this approach as an
interesting alternative to the existing methods.
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Table 3. Synthesis of 1,2,4,5-tetrasubstituted imidazoles using ZSM-5-SOz;H

Ph)%f me RCHO + RNH, + NH,0AC _ZSMS-SOH N>\/N\ ,
o Solvent-Free R
Thermal, 110°C R

Entry Compd. R Tlr'ne Yield M.p. (°C) M.p. (°C)
(min) (%) Found Reported [Ref.]

1 2a 4-CICgH, 4-MeOCgH, 50 94 182-185 180-183 [25]
2 2b CeHs 4-CICeH, 40 86 239-242 237-240 [25]
3 2c 4-HOCgH, 4-CICgH, 30 85 203-207 207-210 [24]
4 2d 4-CICgH, 4-CICgH, 50 90 186-189 187-189 [28]
5 2e 4-CICgH, CeHs 30 78 158-160 163-165 [9]
6 2f 4-CICgH, 4-CH3CeH, 30 93 193-195 197-199 [18]
7 29 4-O,NCgH, 4-MeOCgH, 55 64 168-170 167-170 [18]
8 2h 4-MeOCsH, CH,CgHs 50 73 162-167 164-165 [25]
9 2i 4-CH3CeH4 CeHs 35 91 179-183 177-180 [26]
10 2j 4-HOC¢H, CH,C¢Hs 55 79 235-238  232-235 [26]
11 2k 4-CICgH, aminothiazole 60 81 227-229 226-228 [24]
12 21 CeHs 4-CH3CeH, 30 90 165-167 168-170 [11]
13 2m 4-CICgH, CH,CgHs 60 70 166-169 162-164 [23]
14 2n CeHs CeHs 40 85 218-220 220-221 [18]
15 20 4-O,NCgH, CeHs 60 63 209-212 212-214 [24]

16 2p 4-HOCgH, CeHs 55 77  284-289 281-283 [24]

17 2q CH(Me), CeHs 100 51 231-233  232-234[25]

? Isolated yield

Table 4. Comparison of various catalysts with ZSM-5-SOsH in the synthesis of 2,4,5-trisubstituted imidazoles
from 4-chloro benzaldehyde, benzyl and ammonium acetate

Temperature Time  Yield
Entry Catalyst (g) Solvent °C) min) (%) Ref.
1 InCl;-3H,0 MeOH 140 540 71 [23]
2 NiCl,-6H,0/Al,03 EtOH 80 360 80 [25]
3 ZSM-5 EtOH 80 60 80 [24]
4 Silica gel Solvent-free 140 120 68 [18]
5 L-proline MeOH 60 540 88 [25]
6 Pb(NO3), EtOH 80 300 52 [23]
7 ZSM-5-SO;H Solvent-free 110 90 90 This work
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Table 5. Comparison of various catalysts with ZSM-5-SOsH in the synthesis of 1,2,4,5-tetrasubstituted imidazole
from benzaldehyde, benzil, 4-chloro aniline and ammonium acetate

Temperature Time  Yield

Entry Catalyst (g) Solvent C) (min) %) Ref.
1 InCl3:3H,0 MeOH 140 440 79 [23]
2 Co(NQO3),/MCM-41  Solvent-free 120 90 11 [13]
3 Cu(NOs),/zeolite-HY EtOH 70 180 53 [13]
4 SnCly Solvent-free 140 120 60 [26]
5 MgCl, Solvent-free 140 120 50 [18]
6 AICI; MeOH 60 120 53 [23]
7 Cu(NOs),/zeolite-HY MeOH 65 180 56 [13]
8 ZSM-5-SOzH Solvent-free 110 40 86 This work

EXPERIMENTAL

The chemicals were purchased from Merck and
Aldrich and were wused without additional
purification. The products were characterized by
comparison with authentic samples and by
spectroscopy data (IR, 'H NMR and “*C NMR
spectra). The NMR spectra were recorded on a
Bruker BioSpin GmbH 400 MHz instrument. FT-IR
spectra were recorded on a Perkin Elmer
spectrometer. The yields refer to isolated products
after purification.

Synthesis of Catalyst

Zeolite  ZSM-5 was  prepared  under
hydrothermal conditions with SiO,/Al,O; = 80.
Sodium chloride (2.50 g) and aluminum sulfate
(0.59 g) were dissolved at room temperature in
distilled water (10.12 g) then 1.89 g tetrapropyl
ammonium bromide (TPA), distilled water (7.12 g)
and sulfuric acid (1.09 g) were added to this
solution and stirred to dissolve completely. At the
end 15.00 g of sodium silicate was added and the
synthesis was carried out under stirring at room
temperature for 1 h or more to obtain a milky
homogeneous mixture. Then the mixture was
moved to the reactor and kept at 110 °C for 2 h and
at 230 °C for 5.5 h. The solution was filtered and
washed with distilled water. Template removal was
performed by calcination at 550 °C for 6 h. ZSM-5-
SOz;H was synthesized following the procedure
previously reported by Zolfigol for the synthesis of
silicasulfuric acid.

General procedure for the synthesis of 2,4,5-
trisubstituted imidazoles:

Aldehyde (Immol) and ZSM-5-SO;H (0.03 g)
were ground in a mortar for a few seconds. Then,
benzil (1 mmol) and ammonium acetate (7 mmol)
were added to the mixture and heated at 110 °C
under solvent-free conditions. After completion of

the reaction, monitored by TLC, the mixture was
cooled to room temperature and ethyl acetate (30
mL) was added and the catalyst was separated by
filtration. The organic layer was washed with water
(15 mL) and dried over sodium sulfate. After
evaporation of the solvent the product was purified
by recrystallization from ethanol.

General procedure for the synthesis of 1,2,4,5-
tetrasubstituted imidazoles:

Aldehyde (1 mmol) and ZSM-5-SOz;H (0.02 g)
were ground in a mortar for a few seconds. Then,
benzil (1 mmol), aryl amine (1 mmol) and
ammonium acetate (6 mmol) were added to the
mixture and heated at 110 °C under solvent-free
conditions. After completion of the reaction,
monitored by TLC, the product was separated and
purified as the above procedure.

Selected spectral data:

2-(4-chlorophenyl)-1-(4-methoxyphenyl)-4,5-
diphenyl-1H-imidazole (2a): Yield 94%, m.p. 182-
185 °C, IR (KBr, cm™): 3056, 1600 , 1510 ,1248;
'"H NMR (400 MHz, CDCls) § (ppm) = 3.81 (s,
3H), 6.80 (d, 2H, J = 8.8 Hz), 6.97 (d, 2H, J=8.8
Hz), 7.16 (d, 2H, J = 9.6 Hz), 7.21-7.32 (m, 8H),
7.41 (d, 2H, J = 9.3 Hz), 7.56 (d, 2H, J = 9.6 Hz);
3C NMR (100 MHz, CDCl3) 6 (ppm) = 55.4,
114.4, 126.7, 127.4, 128.1, 128.2, 128.4, 128.5,
129.1, 129.4, 129.6, 130.1, 130.5, 131.1, 131.4,
134.2,134.3, 138.2, 145.9, 159.3;
2-(4-chlorophenyl)-1,4,5-triphenyl-1H-

imidazole (2e): Yield 78%, m.p. 158-160 °C, IR
(KBr, cm™): 3058, 1595, 1490 ,1245; *H NMR (400
MHz, DMSO) ¢ (ppm) = 7.19 (d, 2H, J = 8.0 Hz),
7.23-7.34 (m, 11H), 7.36 (d, 2H, J = 8.0 Hz), 7.38
(d, 2H, J = 8.0 Hz), 7.52 (d, 2H, J = 8.0 Hz); **C
NMR (100 MHz, CDCl;) ¢ (ppm) = 126.3, 126.6,
128.1, 128.3, 128.4, 128.6, 128.7, 128.8, 129.1,
129.2, 129.8, 130.2, 131.1, 131.5, 133.1, 134.2,
136.4, 136.9, 144.8;
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2-(4-chlorophenyl)-4,5-diphenyl-1-p-tolyl-1H-
imidazole (2f): Yield 93%, m.p. 191-193 °C, IR
(KBr, cm™): 3045, 1606 , 1499 ,1248; 'H NMR
(400 MHz, CDCl3) 0 (ppm) = 3.36 (s, 3H), 6.94 (d,
2H, J = 8.0 Hz), 7.09 (d, 2H, J = 8.0 Hz), 7.15 (d,
2H, J = 8.0 Hz), 7.08-7.30 (m, 8H), 7.41 (d, 2H, J
=8.0 Hz), 7.61 (d, 2H, J = 8.4 Hz).
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F. Majleci,

ZSM-5-SO3H KATO E®OUKACEH KATAJIU3ATOP 3A EJJTHO-CTAJIUMHATA CUHTE3A HA
2,4,5-TPU-3AMECTEHU U 1,2,4,5- TETPA-3AMECTEHU UMNIA30JIM B OTCbCTBUE HA
PA3TBOPUTEJI

M. Bocyru, ®. Moxebanu, A.I1.C. bonakaap, X.A. Jlopaeranu, A.P. Macax *

Jlenapmamenm no xumus, Uciamcku ynueepcumem ,,Azao “, Knon Llaxpesa, [llaxpesa, HUcgaxan, Upan

[NocTenuna Ha 5 roHu, 2014 r., xopurupana Ha 21 okTomBpH, 2014 r.

(Pe3rome)

B paboraTa ce cpoOmiaBa 3a €IHO-CTAJMCH TPHU-KOMIIOHCHTEH METOJ 3a CHHTe3ara Ha 2,4,5-Tpu3aMecTeH MMUIa30J
ype3 TPHU-KOMIIOHCHTHA MUKJIO-KOHJCH3alMs Ha OCH3WI-apOMaTHU alICXUId M aMOHHEB alleTaT B OTCHCTBUC Ha
pastBopuren B npucbcrBue Ha ZSM-5-SO3H kato katanmmzatop. OcBeH ToBa MpHUIaraHETO HA TO3U MPOTOKOJ € U3MUTaH
3a eIHO-CTaJWiiHa YETUPHU-KOMITOHEHTHA CHHTe3a Ha 1,2,4,5-TeTpazaMecTeHH WMHIA30J0BH INPOM3BOIHH OT OCH3WII,
apOMAaTHH XK, TbPBUYHNA AMUHH M aMOHHEB alleTaT C BUCOKU TOOMBH M YHCTOTA.
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The p-opioid receptor (MOR) is an important target in the search for novel analgesics. The recently published crystal
structure of MOR gives the possibility of in silico investigations. The aim of the present work is to evaluate the method
for finding the relationship between structure and activity of the selective ligands of MOR in order to develop a reliable
approach for designing new potent analogues. We performed docking with enkephalin and dalargin selective analogues
to MOR with GOLD 5.2 and we found a correlation between data obtained in vitro and the scoring function from the
computational method. The docking procedure can help to explain in vitro results and could be successfully used in design

of new agonists of the MOR receptor.

Keywords: Docking, scoring functions, p-opioid receptor, correlation, GOLD.

INTRODUCTION

Opioid receptors are a family of G-protein-
coupled receptors. This family consists of three
principal receptor subtypes, termed u-opioid
receptor (MOR), &-opioid receptor and «k-opioid
receptor [1]. Opioid agonist drugs are potent
analgesics that are wused clinically for pain
management [2]. Knockout mouse studies have
shown that MOR is the opioid receptor subtype
primarily responsible for mediating the analgesic
and rewarding effects of opioid agonist drugs [3].
However, chronic use of opioid agonist drugs may
cause tolerance and dependence, thus limiting their
therapeutic efficacy [3]. Development of new opioid
drugs that provide analgesia without producing
dependence is important for pain treatment.

In the last decades computer-aided drug design
has taken a more significant place in the field of
natural sciences. Predicting the binding modes and
affinities of compounds when they interact with a
protein-binding site lies at the heart of structure-
based drug design. Consequently, the number of
algorithms available for protein—ligand docking is
large. DOCK [4], FlexX [5], PRO_LEADS [6], and
GOLD [7, 8] are examples of docking programs, but
many more are reported in the literature (for an
overview of docking strategies see Taylor et al. [9]).
Most approaches consider the protein to be (mostly)
rigid and allow the ligand to be flexible.

A characteristic of a good docking program is the
ability of its scoring function to score and rank

* To whom all correspondence should be sent:
E-mail: tania_dzimbova@abv.bg

ligands according to their experimental binding
affinities.

In this article, we describe the implementation of
the ChemScore function as a scoring function for
GOLD 5.2 and its usefulness to perform docking
precisely, to predict the binding energies, and to
realise the biological effects of investigated
compounds.

MATERIALS AND METHODS
Objects

e Receptor-MOR

The crystal structure of MOR published in RCSB
Protein Data Base (PDB id: 4dkl, www.rcsb.org)
was used. It was obtained by X-ray diffraction with
2.8 A resolution.

e Ligands

[Cys(O2NH,)?-Leu®]-enk, [Cys(O.NH,)?-Met®]-
enk, dalargin, dalarginamide, dalarginethylamide,
DAMGO ([D-Ala? N-Me-L-Phe* Gly-ol°]-
enkephalin), [D-Phe*]- dalarginamide, [L-Ala?]-
dalargin,  [Leu®]-enkephalin,  [Met®]-dalargin,
[Met®]-enkephalin, N-Me-[D-Phe*]-dalarginamide,
and N-Me-[L-Phe?]-dalarginamide.

Software:

e Avogadro Version 1.1.0.

Ligand preparation was done with Avogadro: an
open-source molecular builder and visualization tool
(Version 1.1.0, http://avogadro.openmolecules.net).

Avogadro is an advanced molecule editor and
visualiser designed for use in computational
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chemistry, molecular modeling, bioinformatics,
materials science, and related areas. It offers flexible
high-quality rendering and powerful plugin
architecture. The Molecular builder/editor is
developed as a cross-platform for Windows, Linux,
and Mac OS X. All source codes are available under
the GNU GPL. Plugin architecture for developers
includes: rendering, interactive tools, commands,
and Python scripts. The Avogadro python API
(Application-Programming Interface) resembles the
[C++ API] as much as possible. This means that the
C++ documentation also applies to Python. In
addition to serving as a set of user-level tools, Open
Babel offers a C++ library and interface in other
languages (e.g., Perl and Python) for general
chemical software development, both in-house and
to encourage open source chemistry packages.

e GOLDS5.2

GOLD 5.2 has proven successful in virtual
screening, lead optimisation, and identifying the
correct binding mode of active molecules. GOLD
5.2 is highly configurable allowing full advantage to
be taken of the knowledge of a protein-ligand system
in order to maximise docking performance. GOLD
5.2 enables complete user control over speed versus
accuracy settings, from efficient virtual screening of
large compound libraries, to highly accurate
exhaustive sampling for lead optimisation. With a
wide range of available scoring functions and
customisable docking protocols, GOLD 5.2 provides
consistently high performance across a diverse range
of receptor types. Most parts of the GOLD 5.2
program have been described by Jones et al. [7,8].
Like all other docking programs, GOLD 5.2 consists
of three main parts.

The first part is a scoring function to rank
different binding modes. The ChemScore scoring
function [10] estimates the total free energy change
that occurs on ligand binding:

(1) AGpinging = AGo + AGrponaShpond

+ AGmetal‘s‘metal + AGliposlipo

+ AGrocHyot
where Sypong 1S Score for hydrogen bonding, Syetar
is score for acceptor-metal bonding, S, is
lipophilic interactions, H,.,; —loss of conformational
entropy of the ligand upon binding to the protein,
and AG are coefficients derived from a multiple
linear regression analysis. The expression for the
ChemScore function [10] was adapted for docking
by Baxter et al. [11], where they added the following
three elements to the so called free energy of binding
of a ligand to a protein (AGpinaing): @ protein—
ligand clash-energy term, (E qsn), a ligand—

614

internal-energy term, (E;,;) and a covalent energy
term, (E;op):

(2) AG,binding = AGbinding + Eciasn + Eine +
Ecov

The second part is a mechanism for placing the
ligand in the binding site. GOLD 5.2 uses a unique
method to do this, which is based on fitting points. It
adds fitting points to hydrogen-bonding groups on
the protein and ligand, and maps acceptor points on
the ligand on donor points in the protein and vice
versa. Additionally, GOLD 5.2 generates
hydrophobic fitting points in the protein cavity onto
which the ligand CH groups are mapped.

The last part is a search algorithm to explore
possible binding modes. GOLD 5.2 uses a genetic
algorithm in which the following parameters are
modified/optimised: - dihedrals of ligand rotatable
bonds; - ligand ring geometries (by flipping ring
corners); - dihedrals of protein OH groups and NH3*
groups; - the mappings of the fitting points (i.e., the
position of the ligand in the binding site). Of course,
at the start of a docking run, all these variables are
randomised.

Molegro Molecular Viewer (MMV)

MMV is an application for studying and
analysing how ligands interact with
macromolecules. MMV can be used to: (1) inspect
docking results consisting of high-scoring poses
found by Molegro Virtual Docker (MVD) — the
molecular docking software product offered by
Molegro; (2) inspect and visualize molecular
structures obtained from other sources, such as the
Protein Data Bank.

The main focus of MVD and MMV is on
studying protein-ligand interactions. MMV does not
currently support DNA and RNA molecules.

The MolDock scoring function (MolDock Score)
used by MVD [12] is derived from the PLP scoring
functions originally proposed by Gehlhaar et al. [13,
14] and later extended by Yang et al. [15]. The
MolDock scoring function further improves these
scoring functions with a new hydrogen bonding term
and new charge schemes. The docking scoring
function, E.,.. is defined by the following energy
terms:

(3) Escore = Einter + Eintra
where E;,,;or IS the ligand-protein interaction energy
and E;,,+rq is internal energy of the ligand.
e  GraphPad Prism®

GraphPad Prism combines non-linear regression
(curve fitting), basic biostatistics, and scientific
graphing (www.graphpad.com). Prism uses the term
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“analyze” more generally than many programs. The
term includes data manipulation (i.e. mathematical
transforms) as well as statistical analyses and
regression. Prism quantifies correlations by
calculating the Pearson correlation coefficient, r.
In statistics, the Pearson product-moment correlation
coefficient (sometimes referred to as the
PPMCC or PCC, or Pearson's r) is a measure of
the correlation (linear dependence) between two
variables X and Y, giving a value between +1 and —1
inclusive. It is widely used in science as a measure
of the strength of linear dependence between two
variables. Pearson's correlation coefficient between
two variables is defined as the covariance of the two
variables divided by the product of their standard
deviations. The form of the definition involves a
"product moment" i.e. the mean (the first moment
about the origin) of the product of the mean-adjusted
random variables; hence the modifier product-
moment in the name. Pearson's correlation
coefficient when applied to a sample is commonly
represented by the letter r and may be referred to as
the sample correlation coefficient or the sample
Pearson correlation coefficient. We can obtain a
formula for r by substituting estimates of the
covariance and variances based on a sample into the
formula above. That formula for r is:
@) r = — 2= & DY)

B (Xi= K02 iy (V=72

Concerning the choice of the criterion it has to be
kept in mind that the Spearman correlations are
based on ranks, not actual values, and so it could be
assumed that in our investigation, the proper
criterion would be that of Pearson.

e Docking of ligands

Thirteen peptides  ([Cys(ONH)?*-Leu®]-enk,
[Cys(O2NH,)?>-Met®]-enk, dalargin, dalarginamide,
dalarginethylamide, DAMGO, [D-Phe*]-
dalarginamide, [L-Ala?]-dalargin, [Leu®]-
enkephalin, [Met®]-dalargin, [Met®]-enkephalin, N-
Me-[D-Phe*]-dalarginamide, and N-Me-[L-Phe*]-
dalarginamide) were chosen for docking with the
receptor. All of them were synthesised, in vitro
biologically tested, and have already been published
[16, 17]. Docking was carried out with GOLD 5.2
software, which uses a generic algorithm and
considers full ligand conformational flexibility and
partial protein flexibility. From the literature [18],
the binding site for MOR was defined as residues
within 10 A radius of aspartic acid of the third TM
domain, which is involved in the most crucial
interaction. In the case of MOR this is Asp147. The
ChemScore algorithm was used and scoring function
was calculated for each ligand. The conformations of

the ligands with best scoring functions were selected
and parameters of the scoring functions were used in
order to find correlations between them and the in
vitro results (Table 1).

RESULTS AND DISCUSSION
Docking results

Docking was performed with MOR and all 13
ligands. The results of docking studies of ligands are
described below and the best and the worst of them
are presented in Fig. 1.

All of the ligands bind to the receptor by forming
many H-bonds. A very important residue in the
receptor sequence is Aspl47, which forms a salt
bridge with NHs" of the ligand’s molecule. Less
potent MOR ligand N-Me-[L-Phe*]-dalarginamide
does not bind to Asp147. However the effect of the
compounds is not connected to this interaction,
because in the case of dalarginamide there is no such
interaction, but it is still very potent. A key part of
the ligand structure is the phenolic hydrogen group
(Tyr residue). In all cases, except for dalargin and
[D-Phe*]-dalarginamide, it binds to different
residues in the receptor structure.

The best poses obtained from docking for each
ligand with MOR are described in Table 2 and the
ligands with the best and the worst scoring functions
are presented in Fig. 1.

According to this observation at least one of these
interactions must be present in order to have some
biological effect.

Number of interactions does not correlate with
biological activity, only their strength is important.
All the potent ligands bind to MOR electrostatically.

Fig. 1. Ligands with the best (A — DAMGO) and the
worst (B—[D-Phe4]-dalarginamide) scoring functions.
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Table 1. The inhibitory effect (ICso, nM) [17, 18] of: - dalargine, its analogues, endogenous ligands — [Leu®]-
enkephalin and [Met®]-enkephalin and p-selective ligand —- DAMGO, on electrically evoked contractions of the myenteric
plexus-longitudinal muscle of the guinea-pig (u-selective tissue).

Ligands ICs, (NM) Score Total Energy
[Cys(O2NH2)?-Leu®]-enk 3960+740 20.44 -111.281
[Cys(O2NH)?-Met®]-enk 1378+245 19.6 -107.904
Dalargin 12.3£1.7 22.05 -135.245
Dalarginamide 5.8+0.7 20.67 -148.221
Dalarginethylamide 6.0+0.7 28.75 -163.106
DAMGO 5.8+0.4 29.02 -93.278
[D-Phe*]-Dalarginamide 5300+408 1431 -115.856
[L-Ala?]-Dalargin 234446 21.28 -130.171
[Leu’]-enkephalin 65.3£8.2 25.95 -148.483
[Met®]-dalargin 11.9+1.7 23.27 -173.298
[Met®]-enkephalin 28.6+8.4 25.11 -120.651
N-Me-[D-Phe?*]-Dalarginamide 3350+850 19.17 -115.122
N-Me-[L-Phe*]-Dalarginamide 0.57+0.08 20.08 -107.216

Table 2.Interactions of ligands with MOR.
Designations: the symbols in italic are the Asp residue in the binding site of the MOR, while the Tyr residue of the ligand molecule is
shown in bold.

Ligand Nﬁ_rgg?]:j:f Residues and groups involved in interactions
) 5 Tyrl28 — SO, Aspl147 — COOH, Asp147 — OH (Tyr),
[Cys(O2NHz)™Leu’]-enk 5 Trp318 — SO, Tyr326 — COOH
GIn124 — COOH, Tyr128 — COOH, Tyr128 — CO,
[Cys(O2NH2)?-Met®]-enk 7 Aspl47 — NHs*, Leu219 — SO, Lys233 — CO, His297 —
OH (Tyr)
. Tyrl28 — NH, Asp147 — NHs*, Lys233 — COOH,
Dalargin 4 Tyr326 — CO
Tyrl28 — CO, Tyrl48 — NH, Tyr148 — NHs*, Leu219 —
Dalarginamide 8 CO, 2 H-bonds His297 — OH (Tyr), Trp318 — CO,
Tyr326 — CO
. . Tyr128 — CO, Tyr148 — NHs*, Lys233 - CO, 2 H -
Dalarginethylamide ! bonds His297 — OH (Tyr), GIn314 — Gu, Trp318 —CO
Tyr128 — OH, Asp147 — NHs*, Tyr148 — CO, 11322 —
DAMGO 5 OH (Tyr), Lys233 - CO
[D-Phe*]-Dalarginamide 4 Tyr1l48 — NHs*, Tyr148 — NH, Trp318 — CO, His319 —
NH; (amide)
Tyrl28 — COOH, Asp147 — NH3*, Tyr148 — CO,
[L-Ala?]-Dalargin 7 Lys233 — CO, Trp318 — COOH, Cys321 — OH (Tyr),
11e322 — OH (Tyr)
[Leu®]-enkephalin 5 GIn124 — COOH, Tyr128 — COOH, Asp147 — NHs*,

His297 — OH (Tyr)

Asn127 — COOH, Asp147 — NHs*, 2 H-bonds Asp147
[Met®]-dalargin 8 — Gu-group, Tyrl48 — CO, Cys217 — COOH, lle322—
OH (Tyr), Tyr326 — OH (Tyr)

Aspl47 — NH, Asp147 — NHs*, Cys217 — COOH,

61 .
[Met"]-enkephalin S Leu219 — COOH, 116322 — OH (Tyr)
- Asp147 — NHs*, Tyrl48 — CO, Lys233 — CO, Trp318 —
-Me-ID-Phe*1-
N-Me-[D-Phe*]-Dalarginamide 5 CO, 116322 — OH (Tyr)
N-Me-[L-Phe?]-Dalarginamide 6 Aspl47 — NH; (amide), Tyr148 — NH, Lys233 — CO,

11e306 — OH (Tyr), 2 H-bonds 11e322 — Gu —group
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Fig. 2. Pearson’s correlation between: A- 1Cso and ChemScore function; and B - 1Cso and Total energy.

Correlations

Correlations of docking data and in vitro
experiments results were performed with GraphPad
Prism 3.0. Scoring function was taken for all
compounds and compared with the results of in vitro
experiments. Good Pearson’s correlation was
obtained between scoring function from the
GOLD5.2 docking procedure and ICso value in the
guinea-pig myenteric plexus.

Total energies of all compounds were calculated
in MMV after docking (MolDoc algorithm). They
were also compared with the results from in vitro
experiments, but the correlation was not significant
(Pearson r = 0.69742, P value = 0.008). (Fig. 2).
According to the correlations obtained, we can
conclude that the ChemScore algorithm is more
suitable for docking studies of MOR with this series
of enkephalin analogues, as compared with MolDoc
algorithm.

CONCLUSIONS

Previously published results from in vitro
experiments significantly correlate with docking
data obtained with GOLD5.2, using the ChemScore
algorithm. The docking procedure can help to
explain in vitro results and could be successfully
used for in silico design of new potent agonists of p-
opioid receptor, saving time, experimental animals
and expense.
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M3CJIEJABAHE HA B3AUMOJENCTBUATA HA EHKE®AJIMHOBU U JAJIAPTUHOBH
AHAJIO3U C p-OITMOUIEH PELIEIITOP

®. U. Canynmxu?®, T. A. JIsum6osa?, H. C. Ilenuesa?, I1. 5. Munanos® 3

Y¥0z203anaden Yuueepcumem ,, Heogpum Puncxu“, Bwvaeapus, 2700, brazoeszpao
2PI}Ltcmumym no monexkynapua ouonoeus ,, Pymen Llanes*, FAH, bvneapus, 1113, Cogus
SUncmumym no mamemamuxa u ungpopmamuxa, BAH, Bvneapus, 1113, Cogpus

[ocrermna Ha 30 rouu, 2014 1., mpuera Ha 14 apryct 2014 .
(Pesrome)

Mioomongausar peuentop (MOP) e ocoOeHo BakeH B TIpolieca Ha THPCEHE Ha HOBH aHanreTuid. Hackopo
myOJIMKyBaHaTa KpUCTAIHA CTpyKTypa Ha MOP maBa BB3MOKHOCT 3a In Silico m3cnenBanms. IlenTa Ha mpeacTaBeHaTa
paboTa e J1a ce OLICHH MEeTO/Ia 3a HAMHPaHe Ha Bpbh3Kara CTPYKTypa-aKTUBHOCT Ha CelleKTUBHUTE nuranau Ha MOP u na
ce pa3pabOTH HaJeXAEH IOJXO0] 3a Ch3JjaBaHE Ha HOBU MOIIHM aHaio3W. [IpoBeieHH ca JOKHMHI HM3CJEJBaHUS Ha
eHkedannHoBU W nanapruHoBu ceiaektuBHH MOP ananosu ¢ GOLD 5.2. u e ycraHoBeHa Kopenanusi MexIy JaHHUTE
MOJIyYeHH OT iN Vitr0 TecToBeTE U OlleHbYHATA PYHKIMS. JJOKMHT MpOIeaypaTa MOXKe Jia IIOMOTHE 3a OOSCHIBAHETO HA
pesyaraTuTe OT in Vitro TecToBeTe U 3a YCIENTHO U3MOJI3BaHe MPH Au3aiiHa Ha HOBH aroHucTH Ha MOP.
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Zinc dimethacrylate (Zn DMA) was synthesized by a chemical method and characterized by different analytical
tools like Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) analysis, differential scanning
calorimetry (DSC) and high resolution transmission electron microscopy (HRTEM). Synthesized Zn DMA was melt-
functionalized with high density polyethylene (HDPE) at 160 °C in nitrogen atmosphere. For melt functionalization
reaction, dicumyl peroxide initiator (DCP) and Zn DMA were used in 1:1 ratio. FTIR spectroscopy was used to confirm
the quantitative chemical grafting of Zn DMA onto HDPE backbone. FTIR-Relative Intensity (FTIR-RI) method was
used to find out the order of melt functionalization reaction. The results were analyzed and critically compared with
literature reports. HRTEM report confirmed the chemical grafting of Zn DMA onto HDPE backbone. A plausible

reaction mechanism was proposed.

Key Words: Zinc dimethacrylate, FTIR, DSC, HRTEM, Melt functionalization

INTRODUCTION

Recently, many  astonishing industrial
developments have been registered particularly in
the engineering plastic field because of the rapidly
increasing use of plastics in varied applications in
the automobile and packaging sectors. However,
plastics are inactive towards bio-degradability due
to the absence of functional groups in their
backbone thus causing environmental pollution.
Melt grafting is a way to minimize the undesired
properties by introducing additional functions in a
polymer. By using the melt functionalization
method, functional compounds are chemically
grafted onto the backbone of polyolefins to make
them environment friendly, i.e., to make them
active towards the bio-degradation process.
Different techniques are available for the
functionalization process. For example, Garmabi
and co-workers [1] reported the free radical grafting
of glycidyl methacrylate onto HDPE by the
response surface method. PE backbone was
modified with heparin for the improvement of
antithrombogenicity [2]. HDPE was grafted with
acrylic acid [3], chloromethyl styrene [4], epoxide
[5] ethylmercapto propionate [6], butyl-3-mercapto
propionate and ethyl-2-mercapto propionate [7].
Currently, melt grafting of metal salts onto the
polyolefin backbone is a fascinating field of

* To whom all correspondence should be sent:
E-mail: anbu_may3@yahoo.co.in

research because of their ester functionalization and
active double bond present as a side chain for
further structural modification. The recent literature
indicates that different metal salts were synthesized,
characterized and grafted onto polyolefin backbone
[8, 9]. In 2005, Sadeghi [10] reported on the
synthesis and characterization of Zn salts
containing polymerizable double bond.
Poly(siloxane)-Zn DMA composites were prepared
and characterized by various analytical tools [11].
Other authors also reported on the synthesis,
characterization and application of Zn DMA [12-
15]. The thorough literature survey did not reveal,
however, reveal any report on the synthesis,
characterization and melt grafting of zinc
dimethacrylate (Zn DMA) onto HDPE backbone in
the presence of dicumyl peroxide as a free radical
initiator. In the present investigation, we
successfully synthesized, characterized and grafted
Zn DMA onto HDPE in the presence of dicumyl
peroxide (DCP) as a free radical initiator at 160 °C
in nitrogen atmosphere.

After the melt functionalization process, the
amount of Zn DMA grafted onto HDPE backbone
can be determined by chemical or instrumental
analytical methods. Generally, the chemical
methods cause environmental pollution because of
the utilization of toxic and hazardous solvents. The
instrumental analytical methods are eco-friendly
and inexpensive and provide more accurate results.
For these reasons, we preferred the FTIR
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spectroscopy method to find out the amount of ester
grafted onto HDPE backbone. FTIR spectroscopy is
used for both qualitative [16,17] and quantitative
[18-25] analysis. Recently, Kaith et al. [26] and
Chauhan et al. [27-29] explained the thermal
properties of structurally modified polymers.

No report was found in the literature on the
FTIR-RI based determination of kinetics of melt

functionalization of Zn DMA onto HDPE backbone.

The novelty of the present investigation is the
conversion of non-biodegradable HDPE into bio-
degradable, processable and eco-friendly HDPE by
a simple melt functionalization reaction. Moreover,
metal salts are also eco-friendly. The FTIR-RI
method was used to determine the amount of melt
grafted Zn DMA onto HDPE backbone. In such a
way, environmental issues related to the plastic
pollution can be solved.

MATERIALS AND METHODS

Zinc carbonate (SD Fine Chemicals, AR grade,
India) and methacrylic acid (MA, SD Fine
Chemicals) were used as received. High density
poly(ethylene) (HDPE, Rayson, India, of average
molecular weight 1,25,000 Da) was purified by the
procedure followed in our earlier publication [5].
Toluene (Chemspure, AR, India) and acetone
(Merck) were used without further purification.
Dicumyl peroxide (DCP, Across Chemicals, UK)
and cyclohexane (Paxy chemicals, AR, India) were
used as received.

Purification of HDPE

5g of HDPE powder sample was dissolved in
100 mL of toluene at 130 °C for 3h in order to
remove antioxidants added during its long period of
storage. During the dissolution process, the toluene
solvent was boiled and evaporated. In order to
avoid the loss of solvent molecules, the condenser
unit was circulated with cold water. After
dissolving the HDPE powder samples in toluene,
800 mL of acetone was added to precipitate the
HDPE [5]. The contents were filtered and dried at
60 °C for 24 h under vacuum. The dissolution and
precipitation processes were repeated thrice to
further purify the HDPE. Finally, the dried samples
were weighed and stored in a zipper bag.

Synthesis of zinc dimethacrylate (Zn DMA)

10g ZnCOs was dissolved in 100 mL of 0.01M
HCI solution in a three-necked round bottom (RB)
flask. 10 mL of methacrylic acid was dropwise
added to the acidified ZnCOs solution followed by
0.03 g of antimony trioxide, the esterification
catalyst, to catalyze the metal salt formation
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process. The contents were sparged with nitrogen
gas to create an inert atmosphere inside the RB
flask. The latter was connected to a water
condenser and the solution was boiled with
vigorous stirring at 90 °C for 3h. There is a chance
for the polymerization of MA under these
conditions, but due to the dominant reaction of zinc
chloride with methacrylic acid, the double bond
remains unaltered. During this reaction, HCI is
obtained as a by-product. Zn DMA thus formed is
insoluble in water and was hence purified from HCI
by repeated washing with doubly distilled water.
Finally, the Zn DMA was washed with acetone and
the sample was dried, weighed and stored in a
zipper bag. Synthesis of Zn DMA and melt
functionalization with HDPE are the novel
contributions of the present investigation.
Synthesis of HDPE-g-Zn DMA

1g of pure HDPE powder sample was mixed
with 1% w/w of Zn DMA in 25 mL of
cyclohexane-dichloromethane (1:9 v/v) solvent
mixture in a 100 mL beaker under mild stirring.
Then 1% w/w of DCP was added to the contents of
the beaker and the stirring was continued for further
1h. The solvent mixture was used to distribute the
DCP and Zn DMA onto HDPE backbone uniformly,
otherwise agglomeration would occur. In the
present investigation, both DCP and ester were
used in equal concentrations at a 1:1 ratio, after
many trial experiments. DCP was selected as a free
radical initiator due to its normal dissociation rate
at 160 °C with minimum side products. After 1h of
mixing, the solvents dichloromethane and
cyclohexane were removed by rotary evaporation.
The complete removal of the solvent mixture from
the reaction mixture was confirmed by the constant
weight. Then the reaction mixture was transferred
to a test tube reactor and de-aerated for 30 min with
sulphur-free nitrogen gas. After degassing, the
temperature of the reactor was raised to 160 °C (at
a heating rate of 10 ‘C/min) for 2.5 h without
stirring. During the melt functionalization process,
the same was dissolved in the molten HDPE and
produced a homogeneous medium. After the melt
functionalization process, the reactor was removed
from the oil bath, cooled to room temperature and
the samples were collected and cut into small
pieces. These were put in toluene at 130 °C for 30
min for the purpose of isolation. The functionalized,
non-cross-linked samples were dissolved in toluene,
while the functionalized cross-linked samples did
not dissolve in toluene. The dissolved samples were
re-precipitated by adding 600 mL of acetone and
the cross-linked samples were isolated. It is very
difficult to isolate the non-cross linked HDPE from
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the functionalized HDPE because of its solubility.
Even after the functionalization process, the
grafting occurred in a random way. The non-cross
linked sample was collected and dried under
vacuum at 60 °C. After drying, the sample was
weighed and stored in a zipper bag. FTIR spectrum
was recorded and quantitative calculations were
done with the non-cross linked, functionalized
polymers.
Characterization

FTIR spectra were recorded on a 8400 S
Shimadzu FTIR spectrometer in KBr pellets in the
range from 400 to 4000 cm™. 7 mg of metal salt
functionalized HDPE sample was grinded with 200
mg of KBr and made as a pellet under 750 tons of
pressure. In order to avoid errors while recording
the FTIR spectrum, corrected peak areas were
considered. To cross check the corrected peak area
values, the FTIR spectra were recorded for the
same sample disc in different parts. After proper
base line correction (to avoid error) with the aid of
FTIR software, the same corrected peak area values
were obtained. FTIR spectrum was recorded thrice
for the same sample disc and the same corrected
peak area values have been obtained. In such a way,
the errors were nullified. Further the efficiency of
FTIR software was cross checked manually by
predicting the lower and upper limits and the
corrected peak area was determined. In this case
also we got the same corrected peak area value as
reported previously. Three-point (4000, 2000 and
450 cm™) baseline correction was made to nullify
the error in peak area measurement for accurate
calculation. For the quantitative determination of %
ester grafting, the following corrected areas of the
peaks, which were assigned at 1730 (C=0) and 720
(C-H out of plane bending vibration) cm? were
determined and the relative intensity (RI) was
calculated as mentioned below. For the RI
measurement, the C-H bending mode appeared at
1450 cm™ can also be considered because of its
sharpness and more dense nature. The present
investigation followed the literature report [5, 6]
strictly because of the availability of proportionality
constant for the Aizso/Azzo.

RI of carbonyl ester (R|[c:o/c.|—|]) = A1730/A720 ..... (1)

Ya Ester grafting = e x 100

where, W is the weight of non-cross linked ester
grafted polymer taken for FTIR study, C is the %
weight of peroxide used, 1.5 is the proportionality
constant as mentioned in our earlier publication

[20]. During the melt functionalization reaction,
gel formation due to the cross-linking (C.L.)
reaction is also possible. At higher degree of
functionalization, the % C.L. was low. The cross-
linked gel was insoluble in any of the solvents
available at the laboratory. For the ease of
dissolution purpose, we chose the soluble part of
the functionalized HDPE sample alone. At the same
time, melt functionalization occurred in the cross-
linked gel too. In the present investigation, we
considered the non-cross linked HDPE with ester
functionalized samples only. The % C.L. was
determined by the following formula:

[Weizht of polymer taken for functionalization] - [Weight of
non-cross Linked polymer obtained after functionalization]

% cross-linking = X100 3)

Weight of polymer falen for functionalization

DSC of the sample was recorded using the
Universal V4.3A TA instrument under nitrogen
atmosphere at a heating rate of 10 °C/min from
room temperature to 300 °C. XRD was recorded
using the Rigaku Rint 2000 (Japan) diffractometer
at room temperature with CuKal radiation in the 2
theta value range of 20 to 60°. The voltage and
current of X-ray tubes were 40 kV and 100 mA,
respectively. Elemental analysis was carried out
using Elementor GmbH Vario EI instrument.
Synthesized nano material topography and size
were observed by HRTEM on a JEM-200 CX
transmission electron microscope.

RESULTS AND DISCUSSION

For the sake of convenience, the results and
discussion part is sub-divided in: 1) synthesis and
characterization of Zn DMA and 2) melt surface
grafting of Zn DMA onto HDPE backbone.

Synthesis and characterization of Zn DMA
FTIR study

Figure 1 shows the FTIR spectrum of Zn DMA.
The important functional groups present in Zn
DMA are characterized below. The Zn DMA
spectrum contains free hydroxyl stretching (3617
cmt), C-H symmetric stretching (2842 cm™), C-H
anti-symmetric  stretching (2926 cm?), C=0
stretching (1738 cm™), C=C stretching (1646 cm™),
C-H bending vibration (1562 cm™), C-O-C linkage
(1141 cmt), C-H out of plane bending vibration
(814 cm?t) and Zn-O stretching (460 cm?).
Appearance of these peaks confirmed the chemical
functionalities of Zn DMA. The hydroxyl stretching
is associated with the intercalated water molecules
in Zn DMA [30] and the presence of the same can
be further confirmed by DSC analysis.
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Fig. 1. FTIR spectrum of Zn DMA

DSC study

Figure 2 shows the DSC of Zn DMA. The DSC
thermogram exhibits two endothermic peaks at
1795 °C and 2355 °C for the removal of
intercalated water molecules and the melting
temperature (Tm) of Zn DMA respectively.
Recently, Anbarasan and co-workers [25] reported
the DSC of Ca DMA with very high melting
temperature. The present system also yielded a
similar result.
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Fig. 2. DSC of Zn DMA

XRD analysis

Figure 3 represents the XRD of Zn DMA. The
diffractogram shows many sharp crystalline peaks
of Zn DMA. This confirmed that Zn DMA is a
crystalline powder. Appearance of a peak at the 2
theta value of 22.80° confirmed the presence of di1:
crystal plane. Other important crystal planes such
as dioo (31.6°) and diox (36.1°) were also available.
Thus, the XRD confirmed the highly crystalline
nature of Zn DMA.

Elemental analysis

Further, the structural composition of Zn DMA
was confirmed by elemental analysis. Zn DMA
produced the following data on elemental analysis:
C-38.08%, H-3.51%, 0-58.41% and supported the
following structural formula: CgH1004Zn.2H;0.
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Fig. 3. XRD of Zn DMA

HRTEM report

Figure 4 shows the HRTEM images of Zn DMA.
Figure 4a exhibits the distorted layered structural
arrangement of different crystal planes of zinc ions.
The layered structure of Zn?* ion was broken by the
salt formation with methacrylic acid. The length
and breadth of the zinc ion in Zn DMA was found
to be 10-12 nm and <0.10 nm, respectively. Figure
4b represents the nanosphere-like structure of Zn
DMA with a diameter of <5 nm.

e
2

L
- M SRR
Fig. 4. HRTEM of Zn DMA
Melt functionalization of HDPE with Zn DMA
Effect of (% w/w of Zn DMA) on the RI values
of carbonyl group and % C.L
The synthesized Zn DMA was melt
functionalized with HDPE in the presence of equal
concentration of DCP, a free radical initiator, under
nitrogen atmosphere at 160 °C. The % w/w of Zn
DMA was varied from 1 to 5%. Figure 5a shows
the FTIR spectrum of pristine HDPE. The
important peaks are characterized below: A broad
peak around 2900 cm? is due to the C-H anti-
symmetric stretching vibration. A small hump at
2646 cm? corresponds to the C-H symmetric
stretching vibration. The C-H bending vibration
appears at 1469 cm™. A sharp peak at 721 cm? is
ascribed to the C-H out of plane bending vibration.
Figure 5 b-f shows the FTIR spectra of HDPE after
melt functionalization with 1 to 5 wiw % of Zn
DMA. The system exhibits some new peaks. They
are explained below: The OH stretching due to the
intercalated water molecules is observed around
3500 cm®. The metal salt carbonyl group is
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observed at 1721 cm. The -OH bending vibration
(due to the intercalated water molecules in the basal
spacing of Zn DMA) is observed at 1646 cm™. A
broad peak at 1586 cm™ accounts for the presence
of C=C double bond. This indicates that among the
two double bonds, one C=C is freely available and
the remaining one is involved in the melt
functionalization reaction. The ester C-O-C linkage
is observed at 1048 cm™. A peak at 609 cm?
indicates the presence of Zn-O stretching.
Appearance of these new peaks confirmed the
chemical grafting of Zn DMA onto HDPE
backbone.

% Trans. (a.u)

Laladadotototodadodototoaladalodoalod

720

T T T T T T T
4000 3500 3000 2500 2000 -1 1500 1000 500
Wavenumber (cm )

Fig. 5. FTIR spectra of HDPE functionalized with Zn
DMA at a) 0% w/w, b) 1 % wiw, c) 2% w/w, d) 3% wiw,
e) 4% w/w, f) 5% wiw

While increasing the % w/w of Zn DMA and
keeping the other experimental conditions constant,
the FTIR-RI of carbonyl group linearly increased.
The increase in carbonyl peak intensity is due to the
Zn DMA grafting through active C=C double bond.
In order to find the order of the functionalization
reaction, the log-log plot was drawn between %
w/w of DCP and Rljc-orcH; (Figure 6a). The plot
shows a linear increase in RI with the increasing %
w/w of DCP. The reaction order was determined as
1.17 from the slope of the plot. This inferred that
the melt functionalization reaction followed the
1.25 order of reaction with respect to % w/w of
DCP, i.e., 1.25 mol of Zn DMA is required to
functionalize one mol of HDPE. The rate of
functionalization reaction (Rf) can be written as
follows: Rs a (%weight of Zn DMA)Y. In this
system, one can expect melt graft copolymerization
reaction due to the presence of two double bonds in
Zn DMA. Due to the absence of abnormal increase
in Rlc=oicH;, NO graft copolymerization reaction
took place here. Moreover, the spectra indicated the
availability of a free double bond. This means that
one double bond of Zn DMA was involved in the
melt functionalization reaction whereas the other
one remained free. This is in accordance with the
literature report [21]. The % grafting values are
given in Table 1.

Table 1. Effect of % w/w of Zn DMA on %
functionalization and % C.L.

o HDPE-ZnDMA
0 Wiw 5 5
Loading . A’. . A’ .
Functionalization  Crosslinking
1 61.6 8.4
2 67.3 13.2
3 71.2 19.6
4 75.7 25.9
5 77.8 31.3

The % C.L. values on varying the % w/w of Zn
DMA are indicated in Table 1. The % C.L. values
varied from 8 to 31%. When compared with the
mercapto ester grafting [7], the present system
yielded higher % C.L. values due to the poor
radical forming nature of Zn DMA. Moreover, it
contains two double bonds and leads to cross-
linking reaction. In order to find the order of % C.L.
reaction, the plot of log (Y%weight of Zn DMA) vs
log (% C.L.) (Figure 6b) was drawn and the slope
was determined as 1.60. This confirmed the 1.50
order of C.L. reaction. The rate of C.L. (Rc.) can
be written as follows: RcL a (%weight of Zn
DMA)L% This infers that 1.60 mol of Zn DMA is
required to cross-link one mol of HDPE backbone.

The % grafting values of the present system are
low when compared with the mercapto ester
grafting onto HDPE backbone [7]. This is due to
the slow free radical formation nature of Zn DMA.
The low % grafting of Zn DMA is due to the higher
melting temperature and crystalline behaviour.
Even though Zn DMA has a higher T, it was
dissolved in the molten HDPE medium and was
involved in the melt functionalization reaction with
higher % C.L. values.

HRTEM report of HDPE-g-Zn DMA

Figure 7 shows the HRTEM image of Zn DMA
grafted HDPE backbone. The Zn salt is uniformly
distributed on the HDPE backbone with a size of
less than 20 nm. This confirmed the chemical
grafting of Zn salt onto HDPE backbone in the
presence of a free radical initiator. Some
agglomerated portion is also noticed.

Melt grafting mechanism

Anbarasan et al. [5, 7] explained the mechanism
of free radical grafting of thioester onto HDPE
backbone. A similar type of mechanism was
applied to the present system too. However, the
presence of two double bonds at the ends leads to
different possible reactions. Melt functionalization
reaction proceeds via free radical reaction. Free
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Fig. 6. Effect of (%ow/w of Zn DMA) on a) Rljc=orc-+j
and b) % C.L of HDPE

Fig. 7. HRTEM image of HDPE-g-Zn DMA

radical reactions proceed in three steps, namely,
initiation, propagation and termination (Scheme 1).

DCP, a free radical initiator, produced two
cumyloxy radicals on heating to 160 °C at a normal
dissociation rate. Formation of free radicals is the
initiation step of the melt functionalization reaction.
In the first step, DCP undergoes dissociation to
form two cumyloxy radicals. These radicals can
interact either with HDPE or with Zn DMA.
Following interaction with HDPE, HDPE macro
radicals will be formed. Following interaction with
Zn DMA, a Zn DMA radical will be formed. The
coupling of a HDPE macro radical and a Zn DMA
radical leads to the formation of metal salt
functionalized HDPE. This means that the formed
free radicals interacted with HDPE and produced

HDPE macro radicals for functionalization and C.L.

reactions. In the present investigation we used a
1:1:1 ratio of HDPE, Zn DMA and DCP. Coupling
of HDPE macro radicals led to C.L. reactions.
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Initiation
HDPE + DCP + Zn DMA ——= Composite (C;)

£ HDPE + ZnDMA = DCP*

Composite (Cy)
CH3 CH3 CH3
C- o
OC 0-0- C 160°CN1 Q
CH3®
Propagation
HDPE+R! s EDPEWE)<RH
CH; CH;

. |
B-ZDMA — CHE-E(R,)-002-211-COZ-&CH2

@ zaDMA)

Termination

CH; CHa
|
B+ ——  HDPE—CH)(-C0;Zn-COy-C=CH,

Ry (metal acryalte functionalization)

R5+% —— HDPE-HDPE
(cross linking)

Scheme-1 Melt functionalization of HDPE with Zn DMA

CONCLUSIONS

The FTIR spectrum and DSC report confirmed
the presence of intercalated water molecules in Zn
DMA. A peak at 609 cm? in the FTIR spectrum
confirmed the chemical grafting of Zn DMA onto
HDPE backbone. Further, a melting temperature
(Tm) of 235.5 °C was observed on the DSC
thermogram of Zn DMA. HRTEM revealed the
nanosize of Zn ions in Zn DMA with broken
layered structure and showed the sphere-like
structure of Zn DMA. XRD revealed the crystalline
structure of Zn DMA with di11 plane. The melt
functionalization of Zn DMA onto HDPE followed
the 1.25 order of reaction for functionalization and
1.5 order of reaction for crosslinking. The lowest %
functionalization of Zn DMA was due to higher
melting temperature and more crystalline structure.
According to the adopted reaction mechanism, the
melt functionalization reaction proceeded through a
free radical process.
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CUHTE3A, OXAPAKTEPU3NPAHE U ®YHKIIMOHAJIM3NPAHE B CTOIINJIKA HA
[MTOJIMETWJIEH BUCOKA TUTBTHOCT C IIMHKOBA COJI

B. [apracaparxu?, XK. /Ixananakmmu?®, P. AnGapazan

2*

Y lenapmamenm no gpusuxa, Hnoycmancku ynusepcumem, Iladyp-603103, Yenau, Tamunanady, Unous
2D [Jenapmamenm no nonumepru mexronozuu, Konesc no mexnonozuu u umsicenepcmso “Kamapadoc”, Bupyoxynazap,
Tamunuaody, Unous

[Moctbnuna Ha 9 nexeMBpu, 2013 r.; kopurupana Ha 9 okromBpu 2014 r.

(Pesrome)

Cunresupan € UMHKOB numerakpwiar (Zn DMA) u e oxapakTepu3upaH upe3 AHAIUTHYHH METOJH, HampHMep
nHppayepsena crnexrpockonusi ¢ Pypue-rpancopmanus (FTIR), pentrenoBa audppakuus (XRD), mudepennmanna
ckanupaina kanopumerpust (DSC) u TpaHCMHCHOHHA €NIEKTPOHHA MHKPOCKOIHSI C BHCOKA Pa3[elIUTeNIHa CIOCOOHOCT
(HRTEM). Cuntesupanusar Zn DMA e momioxeH Ha (GYHKIHOHAIM3MPAHE B CTOMMIKA C TOJHCTHIICH BHCOKA
mwrbtHOCT (HDPE) ipu 160°C B cpena Ha a30T. 3a peakuusta Ha QyHKIMOHATM3UPAHE € u3noy3Ban Kato nHUIMaTOp
mu-kymut mepokcun (DCP) B otHomrenne 1:1 cnpsimo munKoBaTa coi. FTIR-cniektpockonmsta 1 HRTEM-metoast
MOTBBPXKAABAT KOJWYECTBEHO XHUMHUYECKOTO mpucaxaane Ha Zn DMA BbpXy MakpOMOJIEKYJIHHS CKeleT Ha
nonretiaeHa. MetoabT Ha oTHocutenuust uaTeH3uTeT (FTIR-RI) ¢ m3mon3Ban 3a OTKpWBaHETO Ha peakuusITa Ha
¢dyHKIMOHaNM3UpaHe B cromwika. [IpeanoxkeH e npaBronojo0eH MeXaHu3bM Ha PEakLUsTa.
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In order to explore novel anti-inflammatory agents, some novel mefenamic acid derivatives as potential non-steroidal anti-
inflammatory agents (NSAIDs) were synthesized and characterized by IR, *H-NMR, ¥*C-NMR, mass and elemental analysis. The
anti-inflammatory activities of the target compounds were evaluated via the croton oil-induced ear oedema test in mice. According to
screened results, compounds | and 11 show potential anti-inflammatory activity comparable to aspirin.

Keywords: Non-steroidal anti-inflammatory drugs (NSAIDs), Mefenamic acid derivatives, Cyclooxygenase (COX).

INTRODUCTION

Inflammation is defined as a complex series of
tissue changes that result in pain and fever [1].
During the last three decades the development of
non-steroidal anti-inflammatory drugs (NSAIDs)
has shown to be one of the major advancements in
chemotherapeutical research [2,3]. These agents are
among the most widely used drugs worldwide and
represent a mainstay in the therapy of acute and
chronic pain, fever and inflammation by blocking
the formation of prostaglandins (PGs). PGs are
well-known as the mediators of inflammation, pain
and swelling. They are produced by the action of
cyclooxygenase (COX) enzyme on arachidonic
acid. COX is the principal target of NSAIDs.
Pharmacological inhibition of COX can provide
relief from symptoms of inflammation and pain.
NSAIDs, such as aspirin and ibuprofen, exert their
effects through inhibition of COX. The three main
groups of prostanoids: prostaglandins, prostacyclins
and thromboxanes are each involved in
the inflammatory response. In the  1990s,
researchers discovered that two different COX
enzymes existed, now known as COX-1 and COX-
2. Cyclooxygenase-1 (COX-1) is known to be
present in most tissues. In the gastrointestinal tract,
COX-1 maintains the normal lining of the stomach.
The enzyme is also involved in kidney and platelet
function. Cyclooxygenase-2 (COX-2) is primarily
present at sites of inflammation. While both COX-1
and COX-2 convert arachidonic acid to
prostaglandin, resulting in pain and inflammation,

* To whom all correspondence should be sent:
E-mail: ahmadikiau@yahoo.com

their other functions make inhibition of COX-1
undesirable while inhibiton of COX-2 is considered
desirable [4, 5]. Selective COX-2 inhibitors are still
under development [6,7]; they were proposed as
drugs with higher selectivity for COX-2 tending to
induce cardiovascular disease [8-10]. The present
study aimed at design, synthesis and preliminary
evaluation of new mefenamic acid derivatives as
potential NSAIDs.

EXPERIMENTAL
Material and equipments

All chemicals and solvents were purchased from
Merck (Darmstadt, Germany) and Sigma-Aldrich
Chemical Co. (US.A). Melting points
(uncorrected) were determined with a digital
Electrothermal melting point apparatus (model
9100, Electrothermal Engineering Ltd., Essex, UK).
'H and BC-NMR spectra were recorded with a
Bruker 300 MHz (model AMX, Karlsruhe,
Germany) spectrometer (internal reference: TMS).
IR spectra were recorded with a Thermo Nicolet
FT-IR (model Nexus-870, Nicolet Instrument
Corp., Madison, Wisconsin, U.S.A.) spectrometer.
Mass spectra were recorded with an Agilent
Technologies 5973, mass selective detector (MSD)
spectrometer  (Wilmington, USA). Elemental
analyses were carried out using a Perkin-Elmer,
CHN elemental analyzer model 2400.

Synthesis of 2-(2, 3-dimethylphenylamino) benzoic
anhydride (1)

Mefenamic acid (5.0 g, 0.02 mol) was dissolved
in THF (30 ml), and dicyclohexyl carbodiimide
(DCCI) (2.06 g, 0.01 mol) was added. The reaction
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mixture was continuously stirred at room
temperature for 4 h. The reaction was completed
(monitored by TLC) and a white precipitate of
dicyclohexylurea (DCU) was formed and
separated by filtration.  The filtrate was
evaporated under vacuum to obtain compound (1)
[11, 12].

White-gray powder; 73% vyield; m.p. 142-144
°C; IR (KBr, cm™): 3330, 2921, 2845, 1800, 1752,
1625, 1530, 1522, 1275, 1169.

General procedure for the synthesis of (11-1V)

To a solution of the appropriate 1-(2-substituted
phenyl) piperazine (0.01 mol) in dioxane (20 ml)
were added: compound 1 (2.5 g, 0.005 mol), zinc
powder (catalyst, 0.01 g), glacial acetic acid (0.5
ml) and 10 mg benzyltriethylammonium chloride as
phase transfer catalysts. The reaction mixture was
gently refluxed for 90 min. After reaction
completion (monitored by TLC), the reaction
mixture was neutralized, extracted with ethyl
acetate or brine, dried over MgSO4 and evaporated
under vacuum. Re-crystallization from ethyl
acetate-petroleum ether (60-80 °C) mixture was
carried out to obtain the desired compounds (11-1V).

[2-(2,3-Dimethyl-phenylamino)-phenyl]-(4-phenyl-
piperazin-1-yl)-methanone (1)

White-light brown powder, m.p. 202-204 °C;
68% yield; IR (KBr, cm™): 3340, 3080, 2850, 2851,
1690, 1600, 1524, 1468, 1389, 1316, 1250, 973,
790. *H-NMR (CDCls) (ppm): 2.15 (6H, m, CHs),
3.39 (4H, m, CHy), 3.85 (4H, m, CH,), 6.3-7.7
(12H, m, phenyl), 1057 (br, s, NH).
3C-NMR (CDClz) (ppm): 6.6, 12.4, 48.4, 54.6,
575, 113.0, 117.9, 1185, 118.6, 121.2, 122.3,
126.4, 127.9, 130.1, 131.9, 145.2, 145.7, 168.7.
Anal. Calcd. for CsH27N3O: C, 77.89; H, 7.06; N,
10.90. Found: C, 77.75; H, 7.10; N, 10.83. MS: m/z
(regulatory intensity): 385 (100), 386 (30).

[2-(2,3-Dimethyl-phenylamino)-phenyl]-(4-pyridin-
2-yl-piperazin-1-yl)-methanone (I11)

White-light yellow powder, m.p. 192-194 °C;
63% yield; IR (KBr, cm™): 3330, 3095, 2978, 2851,
1698, 1625, 1554, 1458, 1389, 1316, 1266, 1118,
780. 'H-NMR (CDCls) (ppm): 2.10 (6H, m, CHa),
3.41 (4H, m, CHy), 3.77 (4H, m, CH,), 6.45-8.4
(11H, m, phenyl), 10.62 (br, s, NH).
BC-NMR (CDCls) (ppm): 5.9, 13.3, 49.4, 55.6,
60.5, 115.0, 119.9, 1215, 123.6, 124.2, 125.3,
126.4, 127.9, 133.1, 135.9, 146.2, 149.7, 170.1.
Anal. Calcd. for CHxN4O: C, 74.58; H, 6.78; N,
14.50. Found: C, 74.65; H, 6.80; N, 14.43. MS: m/z
(regulatory intensity): 386 (100).

[2-(2,3-Dimethyl-phenylamino)-phenyl]-(2,3,5,6-
tetrahydro-[1,2]bipyrazinyl-4-yl) methanone (1V)

White-light orange powder, m.p. 188-190 °C; 59
% vyield; IR (KBr, cm™): 3430, 3065, 2958, 2833,
1675, 1625, 1502, 1458, 1378, 1330, 1226, 1118,
750. 'H-NMR (CDCls) (ppm): 2.18 (6H, m, CHs),
3.44 (4H, m, CHy), 3.69 (4H, m, CHy), 6.35-7.95
(10H, m, phenyl), 10.70 (br, s, NH).
BC-NMR (CDCl3) (ppm): 6.1, 12.3, 50.1, 54.9,
61.7, 116.3, 119.3, 122.3, 123.8, 124.1, 125.8,
126.7, 127.1, 134.2, 137.1, 147.1, 148.3, 169.5.
Anal. Calcd. for Cz3H2sNsO: C, 71.29; H, 6.50; N,
18.07. Found: C, 71.35; H, 6.55; N, 17.95. MS: m/z
(regulatory intensity): 387 (100).

Pharmacological Methods

The topical anti-inflammatory activity was
evaluated as inhibition of the croton oil-induced ear
oedema in Swiss mice [13]. Male mice (18-22 g), at
the beginning of the experiment, were randomly
housed in a temperature-controlled colony room
under 12 h light/dark cycle. Rats were given free
access to water and standard laboratory rat chow.
All experiments were conducted between 7 a.m.
and 7 p.m., under normal room light at 25°C.
Groups (each group containing 10 mice) were used
in all tests. The tested compounds and the reference
drug were suspended in  0.5% sodium
carboxymethyl cellulose (CMC). Inflammation was
always induced in the late morning (10 a.m.-12
p.m.). Mice were anaesthetized with ketamine
hydrochloride (145 mg/kg, intra-peritoneally) and
inflammatory response was induced on the inner
surface of the right ear (surface: about 1 cm?) by
application of 20 uL of 2% croton oil suspended in
42% aqueous ethanol. Control animals received
only the irritant, whereas the other animals received
the irritant together with the tested substances. At
the maximum of the oedematous response, 6 h
later, mice were sacrificed and a plug (¢=8 mm)
was removed from both the treated (right) and the
untreated (left) ears. Oedema was measured as the
mass difference between the two plugs. The anti-
inflammatory activity was expressed as the
percentage of oedema reduction in treated mice
compared to that in the control mice. As reference,
the non-steroidal anti-inflammatory drug ibuprofen
was used. The results were expressed as meantSD
and statistical analysis was performed by means of
Student’s t-test or by one-way analysis of variance
followed by the Dunnett’s test for multiple
comparisons of unpaired data. Statistically, a P
value of less than 0.05 was considered to be
significant and a P value of less than 0.01 was
considered to be very significant.
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Scheme 1. Scheme of the synthesis of intermediate (1)

RESULTS AND DISCUSSION
Chemistry

New piperazine derivatives of mefenamic acid
(11-1Vv) were successfully synthesized as shown in
Schemes 1 and 2. The conversion of the carboxylic
acid group of mefenamic acid to benzamide group
by conjugating the selected moiety of the
heterocyclic compounds may produce new non-
steroidal anti-inflammatory agents. Spectroscopic
(IR, *H and ¥*C-NMR, mass) and elemental (CHN)
data confirmed the structure of the synthesized
compounds. The purity of every compound was
checked by TLC with ethyl acetate-hexane as the
eluent. Preliminary pharmacological evaluation was
done for the designed compounds.

Biological Evaluation

The anti-inflammatory effects of the target
compounds were investigated by the croton oil-
induced ear oedema test, and the results show that
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some target compounds induced oedema reduction.
It was found that these compounds exhibit anti-
inflammatory effects comparable to that of aspirin
(Table 1).

Table 1. Anti-inflammatory activity of target
compounds on ear oedema induced by croton oil after
topical administration at a dose of 200 mg/kg in mice.

DCU

cl
C
"
CH,
cl

H,

Compound Swelling Inhibition P
(mg, X£SD) (%)
Control * 13.44+8.25
Aspirin 7.87+3.05 47.58 <0.01
1 9.81+5.18 28.21 <0.05
11| 9.76+6.08 26.87 <0.05
v 11.89+4.50 11.56

*0.5% sodium carboxymethy! cellulose aqueous solution.
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Scheme 2. Scheme of the synthesis of the final compounds (11-1V)

REFERENCES

1. A. C. Guyton, J. E. Hall, Resistance of body to
infection: Leucocytes, granulocytes, the monocyte
macrophage system and inflammation. In: Textbook
of medical physiology (10" ed.). Harcourt Asia
PTELTD, Philadelphia, 2000, p. 397

2. R. A. Harvey, P. C. Champe, Lippincott illustrated
reviews: pharmacology (3" ed.). Lippincott Williams
and Wilkins, Philadelphia, 2006, p. 495.

3. B. G. Katzung, Basic and clinical pharmacology
(9™ ed.). Mc-Graw-Hill, New York, 2004, p.298.

4. R. N. Dubois, S. B. Abramson, L. Grofferd, FASEB
J., 12,1063 (1998).

5. C.J. Hawkey, Lancet, 353, 307 (1999).

6. C. Velazquez, P. N. Rao, R. Mcdonald, E. E.
Knausdi, Bioorg. Med. Chem., 13, 2749 (2005).

7. Q. H. Chen, P. N. Rao, E. E. Knaus, Bioorg. Med.
Chem., 13, 2459 (2005).

8. J. M. Dogne, C. T. Supuran, D. Pratico, J. Med.
Chem., 7, 2251 (2005).

9. L. A. Garcia Rodriques, H. Jick, Lancet, 343, 769
(1994).

10.L. A. Garcia Rodriques, C. Gattaruzzi, M. G.
Troncon, L. Agostins, Arch. Intern. Med., 158, 33
(1998).

11. K. Pradip, J. Baner, L. Gordon, J. Pharm. Sci., 70,
1299 (1981).

12. M. F. Mahdi, Iragi. J. Pharmaceut. Sci., 17, 7 (2008).

13.N. Erdemoglu, E. K. Akkol, E. Yesilada, I. Calis, J.
Ethnopharmacol., 119, 172 (2008).

629


http://www.ncbi.nlm.nih.gov/pubmed?term=Erdemoglu%20N%5BAuthor%5D&cauthor=true&cauthor_uid=18638535
http://www.ncbi.nlm.nih.gov/pubmed?term=Akkol%20EK%5BAuthor%5D&cauthor=true&cauthor_uid=18638535
http://www.ncbi.nlm.nih.gov/pubmed?term=Yesilada%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18638535
http://www.ncbi.nlm.nih.gov/pubmed?term=Cali%C5%9F%20I%5BAuthor%5D&cauthor=true&cauthor_uid=18638535

A. Ahmadi: Synthesis and anti-inflammatory evaluation of novel piperazine derivatives of mefenamic acid

CHUHTE3A U IIPOTUBO-BBH3IAIUTEIIHO JEMCTBUE HA HOBU ITPOU3BOJHU HA
I[MNITEPA3SVUHA HA ME®GEHAMIMHOBATA KNCEJIMHA

A. Axmaau

Mnaoesxcku uzcnedosamencku u erumer k1yd, Omoenenue no papmayeemuynu nayku, Ucismcku yrnusepcumem
,A3a0*, Hpan

IMocrenmna Ha 24 despyapu, 2014 r., kopurupana Ha 24 maif, 2014 T.
(Pestome)

CuHTe3upaHu ca HOBU NPOW3BOJHU Ha Me(eHaWHOBaTa KUCENMHA M € M3CIe/IBaHa TAXHATA MPOTHBO-
BB3MAJINTENIHA aKTUBHOCT KaTo He-crepouanu arentu (NSAIDs). Te ca oxapakrtepusupanu upes IR, H-
NMR, BC-NMR, MacoB ¥ eJEMEHTCH aHaJH3. [IpoTtuBO-BB3MANIUTETHATA AKTUBHOCT Ha IICJIEBUTE
ChCIIMHEHMSI € IIEHCHAa BBPXY VIIEH €IeM MpPH MHMIIKHA, HHAYIUPAaH OT KPOTOHOBO Macnio. Cropes
pesynratutre oT ckpuiiHWHTa cheauHeHus | u |l moka3BaT mMOTeHNIHATIEH MPOTHBO-BH3MAINTENCH eeKT
CPaBHUM C aCIUPHHA.
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Vinblastine is a potent biological inhibitor that has been clinically applied against a variety of neoplasms. In this work,
the molecular structure of vinblastine was optimized using HF and BsLYP level of theory with 6-31 G(d) as a basis set.
Theoretical computations were performed to study thermodynamic parameters, NMR chemical shift data and NBO
analysis. Accordingly, some electronic properties such as Exomo, ELumo, Eng (energy gap between LUMO and HOMO),
atomic charges, were calculated. Moreover, thermodynamic parameters such as relative energy (AE), standard enthalpy
(AH), entropy (AS), Gibbs free energy (AG) and constant volume molar heat capacity (Cy) values of vinblastine were
evaluated. In NMR investigation, magnetic shielding tensor (o, ppm), shielding asymmetry (n), magnetic shielding
anisotropy (oaniso) and skew of a tensor (K) at various rotation angles around a characteristic rotation were estimated.
Also, the calculated chemical shifts were compared with experimental data in CDCl; and DMSO. The calculated data
showed in some cases acceptable agreement with experimental ones.

Keywords: vinblastine, NBO, ab initio, biological, inhibitor.

INTRODUCTION

Alkaloids are known as biologically active
molecules that originate from natural sources
[1-3] as found in the late 1950s [4-7]. Since
that time, more than eighty alkaloids extracted
from C. roses have been identified. Alkaloids
have shown various biological properties such
as anticancer, antimicrobial, anti-hypertensive
and some other biomedical activities [8].Two
alkaloids of vinblastine (VLB) and vincristine
(VCR) have been obtained from the famous
Madagascar periwinkle plant, formally known
as Vinca-rosea [2, 3]. These two compounds
are very similar in structure. Molecular
structure of vinblastine is presented in scheme
1.

Vinblastine is a biological inhibitor that has
been clinically applied against a variety of
neoplasms. Vinblastine acts an anti-metabolic
agent. It affects the metaphase stage of
meiosis. Vincristine is also an anti-metabolic
agent, but it can affect the metaphase stage of
mitosis. Some differences are found between
these two stages of meiosis and mitosis. But
both in meiosis and mitosis, in metaphase
stage, chromosomes are placed in the middle
of the cell nucleus so that microtubules are
attached to them very hardly and are ready to
divide the chromosomes. When we use

* To whom all correspondence should be sent:
E-mail: shjoohari@yahoo.com

vinblastine or its analogue (vincristine), the
cancer cells will not grow because these two
matters bind to the microtubule and make
them loose so the cell division is stopped at
the metaphase stage [9-12].

Microtubules are highly dynamic polymers
of heterodimers of o and B tubulin, arranged
parallel to a cylindrical axis to form tubes of
25 nm diameter that may be many pum long.
Polymerization of microtubules is initiated by
a nucleation-elongation mechanism in which
the formation of a short microtubule ‘nucleus’
is followed by elongation of the microtubule
via a reversible non-covalent addition of
tubulin  dimers [12]. Microtubules are not
simple  polymers. They exhibit complex
polymerization dynamics that apply energy
released via hydrolysis of GTP. These
complicated dynamics are suggested to be
important for their cellular functions. Various
chemical materials are bound to tubulin or
microtubules that inhibit cell proliferation by
acting on microtubules. Many of these bound
compounds have been known as drugs that are
highly applicable against various forms of
cancer or are currently in clinical trials. An
important class of these drugs inhibiting the

microtubule  polymerization at high drug
concentrations is found to be the Vinca
alkaloids [12-16]. The Vinca alkaloids can

bind to both tubulin and microtubules, and
therefore their biological activities are highly
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dependent on the drug concentration [16]. At
relatively  high  concentrations  of  these
alkaloids, the microtubule depolymerization is
stopped, spindle microtubules are dissolved
and therefore cells arrest at mitosis [18-20]. In

contrast, at low concentrations, the vinca
alkaloids  decrease  microtubule  dynamics
without depolymerizing spindle microtubules,

but remain able to arrest mitosis and induce
apoptosis [12]. All of these compounds can
affect mitotic progression and cause apoptosis
in cancer cells [21-23].

In continuation of previously experimental
studies, in this work, the molecular structure
of vinblastine was optimized using HF and
BsLYP level of theory with 6-31 G(d) as a

basis set. Theoretical computations  were
performed to study thermodynamic
parameters, NMR chemical shift data and
NBO analysis.

THEORETICAL BACKGROUND

The  chemical  shift refers to the
phenomenon associated with the secondary
magnetic field created by the induced motions
of the electrons surrounding the nucleus when
it is subjected to an applied external magnetic
field. The energy of a magnetic momentum, p,
in a magnetic field, B, is as follow:

E=-n.(1-0)B
where o refers to the differential resonance

shift due to the induced motion of the
electrons. The chemical shielding is defined

by a real three-by-three Cartesian matrix,
which can be divided into a single scalar term,
three anti symmetric pseudo vector
components, and five components

corresponding to a symmetric tensor [23].
Only the single scalar and the five symmetric
tensor elements can be seen in the normal
NMR spectra of the solids. For brevity, these
six resonance shifts are usually referred to as
the shielding tensor:
Oxx ny Oxz
[ny Oyy UyZI
Ozx Uzy Ozz
that can be obtained by averaging the off-
diagonal values of the complete tensor [24].
The chemical shielding tensor is generally
referred to as the chemical shift anisotropy
tensor (CSA) according to the possession of
second rank properties. The measurement or
calculation of the diagonal components
(6xOyy, ©z2) or (o11,622,033) in the principal
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axis  system
description of

(PAS) allows the complete
the CSA tensor. The CSA
tensor can also be illustrated by three
additional parameters, as reported previously
[25]. In various areas of chemical physics, a
careful  prediction of molecular response
properties to external fields is necessary. Since
the NMR data have gained substantial
importance in chemistry and biochemistry,
they are studied with two parameters isotropic
(oi) and anisotropic  (oaniso) Shielding as
shown in the following relationships. If |o11-
Giso[>|033-Giso|, ©, chemical shift anisotropy, n,
asymmetry parameter and & are obtained as
shown below [26]:

022 t 033
_ 022 — 033
="

8 = 011 — Tiso
If |(511 - Giso|§ 033 — Gisol:

022 1011
AO = 033 — >
022 — 011
="

6 = 033 ~ Oiso
For both cases, skew (K) is shown as:
_ 3 * (O-iso B 022)

033 — 011
It is to be noted that the skew is a measure of the
asymmetry of the probability distribution of a real-
valued random variable about its mean.

Computational Methods

Molecular  structure of vinblastine was
optimized wusing HF and BsLYP levels of
theory with 6-31G(d) as a basis set.
Computations were carried out to study
thermodynamic  parameters, NMR chemical
shift data and NBO analysis [27]. All
calculations were carried out wusing the
Gaussian 09 program package. Gaussian 09 is
a computational chemistry software package
applicable to present interaction of electrons in
atoms and molecules. It uses numerical
methods to find solutions to wave functions.
Molecular orbital energies, bond energies,
molecular  geometries and  energies, and
vibrational frequencies, along with many other
properties are evaluable by this package. The
term ab initio is given to calculations that are
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Scheme 1. Molecular structure of vinblastine

Fig. 1. Optimized geometric structure of vinblastine.

obtained exactly from theoretical principles without
adding any experimental data [28]. The optimized
geometric structure of vinblastine is shown in Fig. 1.

RESULTS AND DISCUSSION

In this work we have theoretically studied the
magnetic properties of atomic nuclei to determine
physical and chemical properties of atoms in the title
compound. Ab initio calculation of nuclear magnetic
shielding has become an aid for the analysis of
molecular structure. So, NMR is based on the
guantum mechanical properties of the nuclei. Based
on NMR study, calculated magnetic shielding tensor
(o, ppm), shielding asymmetry (1), magnetic
shielding anisotropy (caniso,ppm), the skew of a
tensor (K), chemical shift anisotropy (Ac) and
chemical shift (&) were calculated. These results are
listed in Tables 1 and 2. The graphs of these

calculated parameters versus the number of atoms of
vinblastine were sketched as shown in Figs. 2a-2e,
respectively.

As seen in Figures 2a-2e, at HF level, Osg has a
maximum value of ois (280.8046); Oz has a
maximum value of oumiso (763.7363); Oz has a
maximum value of Ac (763.7363), Css has a
maximum value of K (0.825985) and Cg4s has a
maximum value of ) (0.994694) and at B3LYP level
02, has a maximum value of ois, (246.9817); O24 has
a maximum value of oaiso (664.3599); Oz has a
maximum value of Ac (664.3599), Cis has a
maximum value of K (0.820206), finally Cg has a
maximum value of n (0.987734).

The calculated chemical shifts by HF and B3LYP
methods as compared with experimental data in
CDCl; and DMSO [29] are collected in Table 3. As
shown in Table 3, in some cases the chemical shifts
calculated by HF are close to the experimental data
while in some other cases, the results computed by
B3LYP are comparable with experimental data.

Moreover, some electronic properties such as
energy of the highest occupied molecular orbital
(Enomo), energy of the lowest unoccupied molecular
orbital (ELumo), energy gap (Eng; the gap between
LUMO and HOMO energies) and atomic charges,
were evaluated. The results are tabulated in Tables 4
and 5. The values of Enomo, ELumo and Eng were
evaluated as -0.25936, 0.12368 and 0.38304 eV,
respectively. The maximum Mullikan negative
charge was calculated for 58H and the maximum
positive charge was computed for 47c.
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Table 1. Magnetic shielding tensor (o, ppm), magnetic shielding anisotropy (caniso,ppm) and chemical shift anisotropy
(Ao) calculated by HF and B3LYP models with 6-31G(d) basis set for C, N, O in vinblastine.
NMR chemical shielding tensors data

Atomic HF/ 6-31G(d) B3LYP/ 6-31G(d)
label Glso GAniso Ac Olso GAniso AG
1c 82.2239 177.1057 177.10575 81.4572 155.5608 155.56085
2c 86.3922 170.8911 170.89115 81.9852 152.4802 152.48025
3c 80.8488 178.6912 178.69115 79.8344 155.5389 155.5389
4c 93.7094 154.9596 154.95955 90.7186 136.607 136.607
5¢ 73.1957 163.5265 163.52645 68.1407 145.5024 145.50245
6¢ 63.9003 166.0338 166.0338 63.4268 140.3232 140.3232
7N 138.4154 51.8364 -75.6211 116.3844 48.4883 -71.75595
8c 68.5629 122.45 -137.2326 65.238 102.7925 -103.4267
9% 85.6121 132.781 132.781 79.1179 116.9933 116.9933
10c 154.2052 22.6749 22.6749 139.5491 20.9796 -21.8936
11c 154.7359 24.7421 24.74215 133.3454 22.3519 22.35185
12c 168.6329 24.6203 24.6203 150.2322 25.4396 25.43955
13c 171.3767 32.7447 32.74465 155.2889 34.6152 34.61515
14c 137.8163 42.1837 42.18375 116.7567 42.1362 42.13625
15¢ 149.6165 31.286 31.28605 132.3138 34.7518 34.75185
16N 244.2934 47.564 47.56405 209.9096 51.2007 51.20065
17c 181.5312 22.2527 -35.2348 167.0131 25.5394 -37.2209
18c 160.483 43.4438 43.44375 143.2538 45.0838 45.08385
19¢ 163.4631 33.0308 33.0308 146.3866 36.0842 36.08405
20c 199.4931 15.4888 15.48885 187.3711 15.9159 15.91585
21c 171.8519 37.7055 37.70545 155.214 39.0024 39.0023
220 273.5037 159.3895 159.3895 246.9817 161.2745 161.27455
23c 12.5103 127.1395 -186.23915 16.5554 89.0413 -142.3802
240 -167.7572 763.7363 763.7363 -133.997 664.3599 664.3599
250 175.3948 211.9189 -330.0435 127.8043 193.0803 -316.96325
26¢ 157.9504 62.3724 62.37245 144.5365 65.5015 65.5016
27c 68.0566 170.9488 170.9488 63.2549 151.6022 151.60225
28¢c 44.9724 134.9123 134.91235 39.9634 106.072 106.07205
29c 98.8318 146.4449 146.44485 96.431 131.7501 131.75015
30c 74.2976 157.3851 157.3851 73.3478 132.0677 132.0677
31c 73.3031 144.0565 144.05655 67.7907 125.3065 125.30645
32c 49.4952 144.72 144.72 46.1149 116.6732 116.6733
33N 205.2028 82.9149 82.9148 169.211 80.0504 80.0504
34c 132.4978 31.215 31.215 111.4526 30.3105 30.3105
35¢ 154.2238 30.2564 30.25645 133.5051 29.9711 29.199
36¢ 165.3309 59.1434 59.14335 151.3953 63.4749 63.47485
37c 121.0346 21.8353 21.8353 102.1689 23.6388 23.63885
38¢ 137.0632 37.5001 -46.3665 117.5051 35.957 -316.96325
39c 165.9838 13.5246 13.52465 144.9849 14.1888 14.1888
40c 147.0094 32.4146 32.41455 127.0656 35.9774 35.97745
41c 160.8988 37.662 37.66205 143.0828 40.9629 40.9629
42¢ 76.1156 159.1929 -181.62215 70.2006 143.8221 -149.7878
43c 76.9451 153.362 -176.30675 73.8942 137.5253 -145.59015
44N 218.0582 38.0472 -67.1081 185.1565 36.8617 -63.62375
45¢ 198.666 13.8161 -13.8528 186.5266 14.7872 14.78715
46¢ 180.0201 22.1054 -22.3894 162.9237 23.1603 -24.57635
47c 11.6178 134.2036 -176.01545 16.6645 95.1436 -134.0453
480 -129.3067 711.0296 711.0296 -109.4652 628.0083 628.0083
490 173.3682 207.8216 -339.364787 126.1173 186.0971 -322.11535
50c 158.3326 61.399 61.399 144.8955 64.434 64.434
510 272.5608 57.1822 -63.4529 238.7188 47.4807 -51.59265
520 161.4416 183.5647 -305.59205 115.4793 163.0053 -295.2175
53¢ 17.3794 125.56 -192.1905 22.4825 87.237 -150.53115
540 -148.8274 711.1191 711.11915 -119.6978 616.7324 616.73245
55¢ 180.815 49.865 49.86505 171.534 47.9299 47.92985
56¢ 163.9835 50.9283 50.9284 147.9227 52.59 52.59
57c 161.0108 54.8761 54.8761 143.6472 58.7531 58.75315
580 280.8046 86.7669 -128.33215 236.4346 87.2229 -132.0352
59¢ 154.7926 67.179 67.1789 140.8168 72.0584 72.05835
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Table 2. Skew of a tensor (K) and shielding asymmetry (77) calculated by HF and B3LYP levels of theory with 6-

31G(d) as a basis set for C, N, O in vinblastine.

NMR chemical shielding tensors data

Atomic HF/ 6-31G(d) B3LYP/6-31G(d) Atomic HF/ 6-31G(d) B3LYP/ 6-31G(d)
label K n K n label K n K n
1c 0.177746 0.776260  0.219067 0.727788 0.661891
31c 0.276995 0.371120  0.559648
2c 0.112513 0.855405 0.145127 0.815425 0.839664
32¢c 0.125273 0.251150 0.691001
3c 0.147455 0.812604 0.170245 0.785195 0.400984
33N 0.528391 0.492250 0.436180
4c 0.175871 0.778491 0.221297  0.725207 0.811888
34c 0.148045 0.317799 0.616855
5¢c 0.622574 0.312561 0.689458 0.252510 0.560056
35¢ 0.370729 0.387924  0.541991
6C 0.371780 0.558950 0.433252 0.495228 0.227231
36¢ 0.718357 0.799340 0.158441
7N -0.559824 0.370951 -0.58051 0.351476 0.959757
37c 0.030498 0.159907 0.797584
8c -0.170777 0.784560  -0.00922  0.987734 380 0317158 0.617553 054897 0218313
9c 0.155445 0.802948 0.427788  0.500800 ) 0.987966 ) ’
39¢c 0.009060 0.06443 0.915891
10c 0.149083 0.810632 -0.06395 0.916516 400 0.419833 0.508942 058679 0.345603
1lc 0.551140 0.379192 0.484246  0.444078 4c 0-156974 0.801111 0'12501 0.839977
12c 0.634505 0.301690 0.744221  0.204938 0.753013
42c -0.197431 -0.06095 0.920344
13c 0.592674 0.340126  0.571183  0.360227 0.759093
43c -0.249748 -0.08545 0.889212
l4c 0.455015 0.473211 0.414851 0.514065 0.133906
44N -0.829084 -0.79898  0.158740
15c 0.722875 0.223311 0.820206  0.141191 45¢ 0.003984 0.994694 0046761  0.938608
16N 0.030366 0.959914  0.082559  0.892865 ' 0.974628 : ’
46¢ -0.019144 -0.08899  0.884760
17¢ -0.677471 0.263108 -0.55838 0.372315 0.524907
47c -0.404345 -0.50920  0.419573
18c 0.661427 0.277410 0.620945 0.314051 0.237128
480 0.706988 0.597656  0.335504
19c 0.219159 0.727685 0.055836  0.926892 0.225174
490 -0.720728 -0.80292  0.155468
20c 0.202640 0.746908 0.212412  0.735526 0.331852
50c 0.601598 0.556313  0.374280
21c 0.661431 0.277403  0.645588  0.291652 0.802349
510 -0.155939 -0.12451  0.840599
220 0.807507 0.151672 0.699200 0.243943 0.201370
520 -0.748394 -0.86559  0.104306
23c -0.565766 0.365336  -0.69145  0.250754 53¢ 0629082 0.306620 079860  0.159055
240 0.597302 0.335833 0.520315 0.408785 0.434764
540 0.493689 0.485922  0.442417
250 -0.653871 0.284187 -0.72866 0.218313 0.136445
55¢ 0.825985 0.681357  0.259663
26¢ 0.660716 0.278048 0.612208 0.322068 0.358561
56¢ 0.572955 0.695674  0.247039
27¢c 0.702762 0.240822 0.807988 0.151269 0.543159
57¢c 0.386805 0.462369  0.465832
28¢ 0.054552 0.928561 0.226644  0.719034 0.352224
580 -0.579711 -0.61314 0.321207
29¢ 0.384853 0.545204  0.470383  0.457831 50c 0.667287 0.272174 0704061  0.239687
30c 0.120913 0.845027 0.135531 0.827103

Thermodynamic calculations

Thermodynamic parameters levels such as
relative  energy (AE), standard enthalpies
(AH), entropies (AS), Gibbs free energy (AG)
and constant volume molar heat capacity (Cv)
values of vinblastine were computed by Freq
method using HF/6-31G(d) obtained. The
values are tabulated in Table 6. The resultant
data show that relative energy, Gibbs free
energy and standard enthalpies of vinblastine
are negative indicating the stable character of
its structure.

Natural bond orbital (NBO) analysis:

In computational chemistry, NBO is a calculated
bonding orbital that contains maximum electron
density. The NBO is one of a sequence of natural
localized orbital sets that include "natural atomic
orbitals (NAO), natural hybrid orbitals (NHO) and
natural  (semi-)localized  molecular  orbitals
(NLMO). These natural localized sets are
intermediate between basis atomic orbitals (AO) and
molecular orbitals (MO)[30, 31]. In quantum
chemistry, the distribution of electron densities on

atoms and the bonds between them are investigated
by NBO analyses. NBOs contain the highest
possible percentage of the electron density, ideally
close to 2.000 [31-32]. This is performed by
considering all possible interactions between filled
donor and empty acceptor NBOs and evaluating
their energetic importance by the second-order
perturbation theory. For each donor NBO (i) and
acceptor NBO (j), the stabilization energy E(2)
associated with electron delocalization between
donor and acceptor is evaluated by the equation:
lEj—&'i

where @i is the orbital occupancy, &i, & are
diagonal characters and Fi; is the off-diagonal
NBO Fock matrix element [32].

In this study we investigated the nature of
bonding in vinblastine molecular structure
(scheme 1), by the aid of NBO analyses. It is
suggested that the results from NBO
calculations can provide a new vision into the
electronic  structure of the molecule. The
obtained results of NBOs analyses such as
occupancy, bond orbital, coefficients and

EQ@) = —
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hybrids at the HF level of theory are compiled
in Table 7.
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Fig. 2. Graphs of a) Giso, b) Ganiso, ¢) Ac d) K, e) 1 versus atoms of vinblastine in gas phase at the B3LYP
/6-31G (d) and HF/ 6-31G (d) basis set.
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Table 3. Experimental (in CDCl; and DMSO) and calculated chemical shifts by B3LYP and HF levels of theory

with 6-31 G(d) as basis set.

NMR chemical shift data (8)

Atomic Calculation Experimental Atomic Calculation Experimental
HF method B3LYP CDCLs DMSO HF method  B3LYP CDCLs DMSO
label label
method solvent solvent method solvent solvent
1c 118.0705  103.7072 1185 117.7 29c 97.6299 87.8334 94.2 94.2
2c 113.9274  101.6535 118.8 118 30c 104.9234 88.0451 123.6 123.8
3c 119.1274  103.6926 122.2 121.1 31c 96.0377 83.5376 122.7 122.3
4c 103.3063 91.0713 1105 1114 32¢c 96.48 77.7822 152.7 152.2
5¢c 109.0176 97.0016 129.6 128.7 34c 20.81 20.207 834 82.2
6¢ 110.6892 93.5488 135.0 135.4 35¢ 20.171 19.466 53.3 52.9
8c -91.4884 -68.9511 131.5 131.3 36¢ 39.4289 42.3166 384 38.1
9c 88.5207 77.9955 117.1 115.8 37c 14.5568 15.7592 79.7 79.4
10c 15.1166 -14.5957 55.8 55.2 38c -30.911 -34.7096 76.5 75.9
11c 16.4948 14.9012 344 34.2 39c 9.0164 9.4592 42.7 42.1
12¢ 16.4135 16.9597 30.2 29.6 40c 21.6097 23.985 65.6 63.9
13c 21.8298 23.0768 41.6 40.7 41c 25.108 27.3086 50.3 495
1l4c 28.1225 28.0908 69.7 67.3 42c -121.0814 -99.8585 130.1 130.3
15¢ 20.8574 23.1679 64.4 63.9 43c -114.5378 -97.0601 124.5 124.0
17c -23.4899 -24.8139 28.8 27.9 45¢c -9.2352 9.8581 8.4 7.8
18c 28.9625 30.0559 55.8 56.2 46¢ -14.9263 -16.3842 30.9 30.7
19c 22.0205 24.0562 48.2 46.9 47c -117.3436 -89.3635 171.7 171.1
20c 10.3259 10.6105 6.9 7.0 50c 40.9327 42.956 52.2 515
21c 25.137 26.0015 344 34.2 53c -128.127 -100.3541 170.9 170.0
23c -124.1594  -94.9201 174.9 1745 55¢ 33.2434 31.9533 21.2 20.9
26¢ 41,5816 43.6677 52.4 51.9 56¢ 33.9523 35.06 44.6 44.6
27¢ 113.9659  101.0682 121.2 121.1 57c 36.5841 39.1688 50.4 48.9
28c 89.9416 70.7147 158.1 157.6 59¢ 44,7859 48.0389 55.8 56.0

Table 4. Some electronic properties of vinblastine

Enomo(ev) ELumo(ev) Eng(eV)
-0.25936 0.12368 0.38304

Table 8 collects the second-order perturbative
estimations of donor-acceptor interactions. This
analysis is done by considering all probable
interactions between filled donor Lewis-type NBOs
and empty acceptor non-Lewis NBOs, and
evaluating their energetic necessity by the 2nd-order
perturbation theory. Since these interactions cause a
loss of occupancy from the localized NBOs of the
idealized Lewis structure into the empty non-Lewis
orbitals, this is known as delocalization corrections
to the zero-order natural Lewis structure. The
stabilization energy E? along with delocalization
between donor NBO (i) and acceptor NBO (j) can be
calculated based on the equation mentioned
previously using the values shown in Table 8.

The strongest interaction in vinblastine is found
for BD(l) Cs-Hy— BD” (1) Cs-C1o With E2= 9.40
Kcal/mol and BD(2) C31-Cs2— BD" (2) C27-C3o with
E2= 48.42 Kcal/mol.

Vinblastine molecule can be rotated around
its bonds and NMR analyses are performed at
each status. In this way, we changed the

torsion angle around the Cii;- Cio- Ca7- Czs and
then NMR analyses were performed for each
torsion angle. Based on these analyses,
magnetic shielding tensor (o, ppm), shielding
asymmetry (1), magnetic shielding anisotropy
(oais)) and skew of a tensor (K) were
evaluated and the graphs of this calculated
parameters versus the torsion angle for some
atoms were sketched, as shown in Fig. 3. As
can be seen, skew parameter changes versus
torsion angles for Oz and Ni obey a
polynominal order 4 and Dirac delta function,
respectively. The changes of oixs and oaniso
versus torsion angles for O and Oy are
obtained as Dirac delta function (positive and
negative, respectively) with maximum value
in torsion angle of 80° It is to be noted that
this angle is the one found at the optimum
structure of vinblastine. The plot of shielding
asymmetry changes (n) versus torsion angles
for O24is found to be of polynominal order 6.
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Table 5. Calculated Mullikan atomic charges for all atoms in vinblastine molecular structure.

Atomic Mullikan Atomic Mullikan Atomic Mullikan Atomic Mullikan
label Charge label Charge label Charge label Charge
1c -0.13619 31c -0.02926 61H 0.184648 91H 0.164775
2c -0.22792 32c 0.265 62H 0.186518 92H 0.146818
3c -0.21732 33N -0.77152 63H 0.196788 93H 0.272845
4c -0.14082 34c 0.073628 64H 0.43771 94H 0.159914
5¢c -0.21191 35¢ -0.08953 65H 0.254383 95H 0.141219
6c 0.308355 36¢ -0.26553 66H 0.230143 96H 0.180493
7N -1.00778 37c 0.222878 67H 0.163308 97H 0.188434
8c 0.282342 38c 0.127902 68H 0.21347 98H 0.179906
9c 0.154342 39c -0.11579 69H 0.137191 99H 0.142957
10c -0.2793 40c 0.067632 70H 0.168751 100H 0.162479
11c -0.16864 41c -0.11388 71H 0.165403 101H 0.163872
12¢c -0.11404 42c -0.09274 72H 0.197505 102H 0.176901
13c -0.26947 43c -0.17035 73H 0.164002 103H 0.177369
14c 0.211056 44N -0.63763 74H 0.158911 104H 0.18265
15¢ -0.02414 45¢c -0.45698 75H 0.133441 105H 0.180525
16N -0.7204 46¢ -0.30954 76H 0.172843 106H 0.181985
17c -0.32805 47c 0.875485 77H 0.151748 107H 0.421133
18c -0.05787 480 -0.58357 78H 0.148429 108H 0.202064
19c -0.09774 490 -0.71443 79H 0.173915 109H 0.213386
20c -0.45233 50c -0.1453 80H 0.154205 110H 0.195012
21c -0.31385 510 -0.70344 81H 0.16537 111H 0.174738
220 -0.74841 520 -0.75784 82H 0.141191 112H 0.178543
23c 0.785359 53c 0.800234 83H 0.395133 113H 0.138989
240 -0.55927 540 -0.56415 84H 0.188259 114H 0.180177
25¢c -0.72328 55¢c -0.50742 85H 0.180898 115H 0.186719
26¢ -0.14027 56¢ -0.31379 86H 0.177623 116H 0.195058
27c -0.03382 57c -0.07669 87H 0.234449 117H 0.167143
28c 0.392776 58H -0.82446 88H 0.227144
29¢c -0.18419 59H -0.16245 89H 0.231773
30c -0.20595 60H 0.202366 90H 0.208582
Table 6. Calculated thermodynamic parameters of vinblastine using HF/6-31G(d) level
Zero point energy AE AG AH S Ccv
(Hartree) (Hartree)? (Hartree) (Hartree) (cal/molK) (cal/molK)
-2664.946395 -2664.898065 -2665.022405 -2664.89712 263.683 197.316

a consider that 1 Hartree= 627.5095 Kcal/mol
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Table 7. Results of NBOs analyses at the HF level of theory with 6-31 G(d).

BondR? .. Coefficients hybrids Bond3? ... Coefficients hybrids
1 2 3 4
C1—C2%9,95s  0.7096 SPL7® + 0.7046 SPL™®  C17 — H7339519;  0.7876 SP32 + 0.6162 S
€1 - C2T 4062 0.6918 SP+0.7220SP €18 — H740gs5,  0.7836 SP20 +0.6213 S
C1-C5gy54y  0.6983 SPL2+0.7158 SPL77 €18 — H75Jge0, 07793 SP2%+0.6266 S
C1—H60%og,5 07868 SP2®+06172S €19 — H76{0geqs  0.7866 SP2% +0.6174 S
€2 — C3%97g7s  0.7059 SPL® +0.7083 SPL¥ €19 — H7790ge;;  0.7802 SP20L +0.6255 S

C2 — H617 98304
C3 — C4797704
C3 — C47 75437

€3 — H627 98290
C4 — C67 97541

C4 — H637 98557
€5 — €67 96490
C5 - C6T61719
€5 — €99 96426
€6 — N77 98442
N7 — C879g134

N7 — H641 9080
€8 — €99 97203
€8 — C9787436

€8 — €107 97420

€9 — C17% 97701

€10 — C117 94775

€10 — €237 97450

€10 — H657 95995
C11 — C127 9338
€11 - C27% 97129
€11 — H661 97339
€12 — C137 98056
€12 - C199 97916
€12 — H677 97554
€13 — C149 97846
C13 — H687 97955
€13 — H697 98370

0.7866 SP238+ 0.6175 S
0.7033 SP180 +0.7109 SPL75
0.6965 SP + 0.7176 SP
0.7866 SP240 + 0.6174 S
0.6987 SP197 + 0.7154 SP16L
0.7865 SP234 + 0.6176 S
0.7073 SP?25+ 0.7069 SP*%
0.7249 SP + 0.6889 Sp9-9
0.7137 SP202 +0.7005 SP2%
0.6249 SP264 + 0.7807 SPL%
0.7866 SP208 +0.6174 Sp29!
0.8625 SP25! +0.5061 S
0.7086 SP47 +0.7057 SPL.7

0.7023 SP%99 +0.7119 SP9-%

0.6982 SP1% +0.7159 SP25°
0.7151 SP% + 0.6990 SP2 78
0.7196 SP255 + 0.6944 Sp3.01
0.7102 SP340 + 0.7040 SP152
0.8031 SP353 + 0.5959 S
0.7180 SP263 + 0.6960 SP283
0.6972 SP28° + 0.7168 SP213
0.7954 SP357 + 0.6061 S
0.7096 SP28! +0.7046 SP28!
0.7116 SP2% + 0.7026 SP2™
0.7890 SP348 + 0.6144 S
0.7046 SP288 +0.7096 SP2
0.7966 SP308 + 0.6045 S
0.7824 SP328 + 0.6228 S

C20 — C21{ 99035
€20 — H787 99969
C20 — H799 99155
€20 — H807 99167
€21 — H817 gg160
C21 — H827 9847,
022 — H83{ 95960
C23 — 0249 99475
C23 — 024599208
C23 — 025995208
025 — C269 99313
€26 — H84 99632
€26 — H857 99624
€26 — H86 99253
C27 — C289 97149
C27 — C309 96919
C27 — C307 47501
C28 — C299 97476
€28 — €297 49659
C28 — 0589 991535
C29 — C32{ 97041
€29 — H871 97762
C30 — €319 97003
C30 — H887 97984
C31 — C32{ 94735
C31 — €327 45024
C31 — €359 9553
C32 — N33 95226

0.7018 SP27 + 0.7124 SP277
0.7841 SP313 + 0.6207 S
0.7885 SP308 +0.6150 S
0.7834 SP312 +0.6215 S
0.7879 SP32L + 0.6159 S
0.7826 SP334+ 0.6225 S
0.8608 SP*3% +0.5089 S

0.5800 SP2% +0.8146 SP143

0.5348 SP9:9 + 0.8450 SP%-%°

0.5524 SP274 + 0.8336 SP2%

0.8349 SP243 + 0.5504 Sp391
0.7853 SP2™ +0.6191 S
0.7838 SP272 + 0.6210 S
0.7832 SP2% +0.6217 S

0.7082 SP197 + 0.7060 SP164

0.7097 SP1-%+ 0.7045 Sp#8!

0.7233 SP + 0.6905 SP

0.7059 SP6! + 0.7083 SP19!

0.6795 SP + 0.7337 SP

0.5644 SP32% + 0.8255 SP%17

0.7038 SP180 + 0.7104 SP1.68
0.7917 SP>% +0.6109 S

0.6992 SP18 +0.7150 SPL73
0.7900 SP?43+ 0.6131 S

0.7087 SP210 + 0.7055 Sp183

0.7314 SP + 0.6819 Sp9-%

0.7078 SP22 + 0.7064 SP287

0.6335 SP268 + 07737 SP253
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Table 7 continued

640

1

2

3

4

€14 — C157 97286
C14 — C217 98101
C14 — 0227 49375
C15 — N167 98549
C15 — H707 98379
C15 — H717 9gg34
N16 — C187 93633
N16 — €197 9g429
€17 — C187 7913
C17 — H72{ 98346
€37 — C387 97332
C37 — C477 97407
€37 — 0517 98942
€38 — €397 96986
€38 — 0527 9ggg3
€38 — H937 97761
€39 — €407 97025
€39 — €42 96975
€39 — C467 96999
C40 — N441 97979
C40 — H947 98178
C41 — C437 98003
C41 — N44{ 98515
€41 — H95 98365
C41 — H967 98160
C42 — C437 98194
€42 — €437 97100
€42 — H977 97840
C43 — H987 97979
N44 — C571 98476
C45 — €467 99067
C45 — H997 99164
€45 — H1007 9g955
€45 — H101 99476
€46 — H102 98374

0.7123 SP285 + 0.7019 Sp276
0.7091 SP259 + 0.7051 SP275
0.5602 SP*33 + (0.8284 Sp210
0.6245 SP3-26 +(0.7810 Sp238
0.7843 SP3% +0,6204 S
0.7856 SP297+ 0.6187 S
0.7847 SP225 + 0,6199 SpP3:31
0.7787 SP250 + 00,6274 SP337
0.7068 SP29% + (0.7074 SpP270
0.7918 SP3%8 +0,6107 S
0.7110 SP262 + (,7032 Sp276
0.7076 SP323 + 0,7066 SPL57
0.5845 SP384+ (0.8114 SP239
0.7077 SP2%0 + 0.7066 SP314
0.5475 SP*4? + 0.8368 SP217
0.8042 SP27 +0.5943 S
0.7084 SP29 + 0,7058 SP257
0.7193 SP29% + 0.6947 SP220
0.7219 SP297 + 0.6920 SP282
0.6349 SP357 + 0,7726 SP258
0.7844 SP312 + 0.6203 S
0.7106 SP2% +0.7036 SP2%*
0.6265 SP332 + 0.7795 Sp246
0.7805 SP3% + 0.6252 S
0.7891 SP302 + 0.6142 S
0.7092 SP152 + 0,7050 SP1-53
0.7088 SP + 0.7054 SP
0.7894 SP245 + 0.6139 S
0.7861 SP237 +0.6182 S
0.7793 SP261 + 0.6266 SP341
0.7033 SP269 + 0.7109 SP277
0.7812 SP313 +0.6243 S
0.7868 SP313+ 0.6173 S
0.7864 SP3% + 0.6177 S
0.7886 SP323 + 0.6150 S

N33 — €347 98004
N33 — €367 98375
€34 — C357 97273
€34 — €377 96735
C34 — H897 98008
€35 — €407 96504
€35 — €56 96740
€36 — H907 99975
€36 —H917 99112
€36 — H92{ 99668
€46 — H103 98319
C47 — 0487 99697
C47 — 0487 99263
C47 — 0497 99218
049 — €507 98285
C50 — H1049 99123
€50 — H1057 99603
€50 — H1067 99696
051 — H1077 976
052 — €537 99158
C53 — 05499691
€53 — 0547 99310
€53 — €557 98516
C55 — H1087 98595
C55 — H1097 98033
C55 — H1109 98530
€56 — C577 98633
C56 — H1119 9574
€56 — H112{ 95676
€57 — H1137 99991
C57 — H1149 98671
058 — €597 99256
€59 — H115 99579
C59 — H1169 95933
C59 — H1179 95933

0.7837 SP254 + 0.6211 SP375
0.7899 SP253 + (0.6132 Sp3-33
0.7044 SP264 + 0,7098 Sp3-16
0.6963 SP288 + 0,7178 SP258
0.7999 SP28° + 0.6001 S
0.7141 SP292 + 0.7001 SP286
0.7227 SP393 + 0.6912 Sp280
0.7912 SP286 + 0.6115 S
0.7834 SP2% + 0.6215 S
0.7796 SP28° + 0.6263 S
0.7894 SP3% + 0.6139 S
0.5780 SP19+ (.8160 SP138
0.5254 SP9-9 + 0.8508 SP99-9
0.5550 SP267 + 0.8319 Sp2-36
0.8338 SP248 + 0.5520 Sp39!
0.7841 SP28 + 0.6207 S
0.7838 SP272+0.6210 S
0.7840 SP272 +0.6208 S
0.8671 SP413+0.4981 S
0.8370 SP239 + 0,5472 Sp2.69
0.5800 SP193 + (,8146 SP141
0.5294 SP9-%9 + 0.8484 Sp99-99
0.7077 SP157 + 0.7065 SP3-01
0.7936 SP2°7 + 0.6085 S
0.7956 SP3%0 + 0.6059 S
0.7922 SP302 + 0.6103 S
0.7095 SP294 + 0.7047 Sp278
0.7882 SP3%4 +0.6154 S
0.7887 SP315 +0.6148 S
0.7793 SP297 + 0.6266 S
0.7886 SP2% +0.6149 S
0.8320SP?%8 + (0.5548 SP385
0.7844 SP27. +0.6202 S
0.7864 SP2% + 0.6059 S
0.7797 SP%77 + 0.6261 S
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Table 8. Second- order interaction energy (E2, Kcal/mol) between donor and acceptor orbitals in vinblastine?.

Donor Acceptor Eacceptor(j)~Eponer) E2 Donor Acceptor Eacceptor()-Eponer) E2
NBO (i) NBO (j) +Fack Matrix (F;;, au.) (Kcal/mol)  NBO (i) NBO (j) «Fack Matrix (F;, a.u.) (Kcal/mol)
1 2 2 4 5 6 7 8
C1-C2° Cl1-C5" |y)=BD (1)-BD" (1)=L.79 510  C12—C13° Cl4—C21° |y)=BD (1)-BD" (1)=1.35 2.18
*0.085 *0.031
C1-C2" C3-C4™ |y)=BD(2)-BD (2)=050 3891  (C12—C19° N16—C18" |y)=BD (1)-BD" (1)=1.35 3.03
*0.126 *0.032
C1-C5° C5-C9% |y)=BD (1)- BD" (1)=1.80 6.64  C12—H67° C10—C11% |y)=BD (1)-BD" (1)=1.20 6.63
*0.080 *0.080
C1-H60° C2-C3" |y)=BD (1)- BD" (1)=1.59 499  C13—C14° C11—C12° |y)=BD (1)-BD" (1)=1.36 3.21
*0.052 *0.059
C2-C3° (C3-C4%  |y)=BD (1)- BD" (1)=1.79 426  C13—H68° C12—H67° |y)=BD (1)-BD" (1)=1.27 2.79
*0.050 *0.030
C2-H61° C1-C5” |y)=BD (1)- BD" (1)=1.59 511  C13-H69° C12—C19° |y)=BD (1)-BD" (1)=1.28 3.64
*0.052 *0.028
C3-C4° C6-N7°  |y)=BD (1)-BD" (1)=1.77 717  C14—C15° N16—C18" |y)=BD (1)-BD" (1)=1.36 3.51
*0.076 *0.032
C3-C4"™ C5-C6™  |y)=BD (2)-BD" (2)=0.52 3418  C14—C21° C12—-C13” |y)=BD (1)-BD" (1)=1.39 234
*0.116 *0.051
C3-H62° C4—C6”  |y)=BD (1)-BD" (1)=159 510  Cl4—022° €21—H81” |y)=BD (1)-BD" (1)=1.81 1.19
*0.074 *0.040
C4-C6° C5-C6”  |y)=BD (1)-BD" (1)=1.81 6.68  C15—N16° C19 — H77° |y)=BD (1)-BD" (1)=1.48 1.95
*0.078 *0.037
C4—-H63° C5-C6”  |y)=BD (1)-BD" (1)=1.54 494  C15-H70° N16—C19% |y)=BD (1)-BD" (1)=1.25 4.60
*0.078 *0.025
C5-C6° C4—C6”  |y)=BD (1)-BD" (1)=1.75 620  C15-H71° Cl14—022° |y)=BD (1)-BD" (1)=1.26 2.29
*0.087 *0.046
C5-C6" C1—C5™  |y)=BD (2)-BD" (2)=0.48 4182  N16-C18° Cl4—C15° |y)=BD (1)-BD" (1)=1.49 1.87
*0.129 *0.044
N7 —H64°*  |v)=BD (2)-BD" (1)=1.04 0.98
*0.031
C5-C9° C8—C10° |y)=BD (1)-BD" (1)=1.72 940  N16—C19° C15—H70° |y)=BD (1)-BD" (1)=1.60 1.83
*0.047 *0.036
C6-N7° C8—C10” |y)=BD (1)-BD" (1)=1.86 345  C17-C18° C15—N16" |y)=BD (1)-BD" (1)=1.36 3.47
*0.070 *0.061
€8 —C9™  |y)=BD (1)-BD" (2)=0.98 3.69
*0.059
N7-C8  C4—C6°  |y)=BD (1)-BD" (1)=1.82 565  C17—H72° C5-C9%  |y)=BD (1)-BD" (1)=1.45 4.80
*0.048 *0.075
C8—C9™  |w)=BD (1)-BD" (2)=0.89 056
*0.021
N7 —H64° C8—C9™  |y)=BD (1)-BD" (1)=1.79 216  C17-H73° C8—C9°  |y)=BD (1)-BD" (1)=1.61 445
*0.056 *0.076
€8 —C9™  |y)=BD (1)-BD" (2)=1.07 1.09 €8 —C9™  |y)=BD (1)-BD" (2)=0.89 154
*0.032 *0.035
C8-C9° (€8-C10° |y)=BD (1)-BD" (1)=1.81 595  C18—H74° N16—C19” |y)=BD (1)-BD" (1)=1.27 4.99
*0.084 *0.071
C8-C9™ C5-C6™  |y)=BD (2)-BD" (2)=0.52 2423  C18—H75° C€9-—C17” |y)=BD (1)-BD" (1)=1.35 3.32
*0.109 *0.060
N7 —H64%*  |v)=BD (2)-BD" (1)=1.09 0.96
*0.030
C8-C10° C8—C9°  |y)=BD (1)-BD" (1)=1.62 643  C19—H76° C11-Cl12° |y)=BD (1)-BD" (1)=1.26 236
*0.051 *0.049
C9-C17° C€8—C9%  |y)=BD (1)-BD" (1)=1.64 650  C19—H77° C12—C13° |y)=BD (1)-BD" (1)=1.28 1.94
*0.048 *0.023
€10 - C11° €23 —024° |y)=BD (1)-BD" (1)=1.72 3.06  C20-C21° C13—C14° |y)=BD (1)-BD" (1)=1.37 2.32
*0.032 *0.050
€8 —C9™  |v)=BD (1)-BD" (2)=1.00 2.02
*0.044
€10 — C23° 025-C26° |y)=BD (1)-BD" (1)=1.53 391  C20-H78° Cl4—C21° |y)=BD (1)-BD" (1)=1.26 427
*0.052 *0.066
€8 —Co™ 1.37

\y)=BD (1)-BD" (2)=1.08
*0.036
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Table 8 continued

1 2 2 4 5 6 7 8
C10 —H65° €8—C9°  |y)=BD (1)-BD" (1)=1.64 530  C20—H79° C21—H81° |y)=BD (1)-BD" (1)=1.28 3.46
*0.084 *0.024
C23 — 024™ |y)=BD (1)-BD" (2)=0.84 7.66
*0.073
C11-C12° C€10-C11°° |y)=BD (1)-BD" (1)=1.31 1.01 €20 —H80° C21—H82°" |y)=BD (1)-BD" (1)=1.29 3.28
*0.034 *0.023
€27 — €30™ |y)=BD (1)-BD" (2)=0.93 2.43
*0.046
C11—C27° €27 —C28° |y)=BD (1)-BD" (1)=1.34 367  C21—HS81° C14—022° |y)=BD (1)-BD" (1)=1.17 6.03
*0.030 *0.075
C11 — H66° C27 —C28°" |y)=BD (1)-BD* (1)=1.31 6.04  C21—H82° C14—C15° |y)=BD (1)-BD* (1) =1.25 4.10
*0.056 *0.064
022 — H83° C14—C15°° |y)=BD (1)-BD" (1)=1.47 451  C36-—H90° €32 —N33° |y)=BD (1)-BD" (1)=1.32 416
*0.073 *0.067
€23 — 024° C10—C23°" |y)=BD (1)-BD* (1)=1.99 122 €36 —H91° N33 —C34° |y)=BD (1)-BD" (1)=1.23 417
*0.045 *0.064
€23 — 024" C10 — C11°*  |y)=BD (2)-BD" (1)=1.10 135 36— H92° N33 ly)=BD (1)-RY" (1)=1.98 1.04
*0.035 *0.040
€23 —025° C8—C10° |y)=BD (1)-BD* (1)=1.79 139  C37—C38° C47 — 049 |y)=BD (1)-BD" (1)=1.37 2.48
*0.045 *0.040
025—C26° C10—C23°* |y)=BD (1)-BD" (1)=1.63 3.09  C37—C47° 049 —C50° |y)=BD (1)-BD" (1)=1.40 3.94
*0.064 *0.049
€26 — H84° 025 \)=BD (1)-RY" (1)=2.22 051  C37—051° N33 —C34° |y)=BD (1)-BD" (1)=1.60 1.56
*0.045 *0.045
€47 — 048™  |y)=BD (1)-BD" (2)=1.23 1.54
*0.040
€26 — H86° €23 — C25°° |y)=BD (1)-BD" (1)=1.23 381  C38-—C39° C45—C46° |y)=BD (1)-BD" (1)=1.34 2.69
*0.062 *0.038
*0.040
€27 — C28° €28 —C29° |y)=BD (1)-BD" (1)=1.56 589  C38—052° €53 —C55% |y)=BD (1)-BD" (1)=1.64 2.41
*0.066 *0.041
€27 —€30° €30 —C31° |y)=BD (1)-BD" (1)=1.80 597  C38—H93° C37—051° |y)=BD (1)-BD" (1)=1.20 5.98
*0.093 *0.076
€27 — C30™ C11—C12° |y)=BD (2)-BD" (1)=0.92 388  (39—C40° N44 —C57° |y)=BD (1)-BD" (1)=1.36 2.37
*0.058 *0.047
€28 — C29™  |y)=BD (2)-BD" (2)=0.46 4735
*00134
€28 — C29° (27— C28°" |y)=BD (1)-BD" (1)=1.57 6.60  C39—C42° C42—C43° |y)=BD (1)-BD" (1)=1.37 4.53
*0.069 *0.049
€28 — €297 (C31—C32°" |y)=BD (1)-BD" (1)=0.51 4508  C39—C46° €37 —C38% |y)=BD (1)-BD" (1)=1.32 2.52
*0.138 *0.051
C42 — C43™  |y)=BD (1)-BD" (2)=1.01 315
*0.050
€28 — 058° €29 — C32°" |y)=BD (1)-BD" (1)=1.99 156  C40 — N44° €31 —C35% |y)=BD (1)-BD" (1)=1.54 3.35
*0.050 *0.064
€29 — €32° C31—C32°" |y)=BD (1)-BD" (1)=1.81 733  C40—H94° C34—C35° |y)=BD (1)-BD" (1)=1.24 4.76
*0.103 *0.069
€29 — H87° C31—C32°" |y)=BD (1)-BD* (1)=1.55 527  C41—C43° N44—C57° |y)=BD (1)-BD" (1)=1.48 3.48
*0.051 *0.027
€30 —C31° C31—C32°" |y)=BD (1)-BD" (1)=1.56 737  C41—N44° C43 —H98% |y)=BD (1)-BD" (1)=1.47 2.01
*0.064 *0.047
€30 — H88% (31—C32°" |y)=BD (1)-BD" (1)=1.42 564  C41—H95° C42—C43™ |y)=BD (1)-BD" (2)=0.93 4.85
*0.025 *0.060
€42 — C43°  |v)=BD (1)-BD" (1)=1.69 0.59
*0.028
€31-C32° €29-C32° |y)=BD (1)-BD" (1)=1.80 691  C41—H96° C40 — N44° |y)=BD (1)-BD" (1)=1.25 4.51
*0.100 *0.067
C42 —C43™  |y)=BD (1)-BD" (2)=0.93 2.52
*0.043
€31-C32" C27-C30™ |y)=BD (2)-BD" (2)=0.49 4842 (42 —C43° C39—C42° |y)=BD (1)-BD" (1)=1.64 4.40
*0.138 *0.076
€35 — C567" 5.00

\y)=BD (2)-BD" (1)=0.89
*0.065
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Table 8 continued

1 2 2 4 5 6 7 8
C31-C35° C30—C31% |y)=BD (1)-BD" (1)=1.66 549  C42—C43" C41—H95% |y)=BD (2)-BD" (1)=0.95 4.04
*0.056 *0.050
€32 —N33° €30-C31° |y)=BD (1)-BD" (1)=1.78 320  C42-H97° C41-C43°* |y)=BD (1)-BD" (1)=1.27 7.79
*0.051 *0.059
N33 — C34° €29 —-C32° |y)=BD (1)-BD" (1)=1.76 519  C43—H98° €39 —C42° |y)=BD (1)-BD" (1)=1.33 8.49
*0.085 *0.095
N33 —€36° C31—C35% |y)=BD (1)-BD" (2)=1.07 213 N44—C57° €39 —C40° |y)=BD (1)-BD" (1)=1.47 3.5
*0.047 *0.061
€34 —C35° C30—C31° |y)=BD (1)-BD" (1)=1.66 515  C45—C46° €38—C39" |y)=BD (1)-BD" (1)=1.33 2.18
*0.083 *0.048
€34 —-C37° €38-052°" |y)=BD (1)-BD" (1)=1.28 325  C45-H99° C46 ly)=BD (1)-BD" (1)=1.38 2.93
*0.058 —H103" *0,026
C47 — 048™  |y)=BD (1)-BD" (2)=0.96 231
*0.043
€34 — H89° C37 —C38°° |y)=BD (1)-BD" (1)=1.25 3.34 C45 €39 — €46 |y)=BD (1)-BD" (1)=1.24 5.05
*0.058 — H100° *0,071
€35 - C40° C31—C32™ |y)=BD (1)-BD" (2)=0.96 131 C45 c46 ly)=BD (1)-BD" (1)=1.28 3.16
*0.035 —H101° —H102" *0.024
€39 — C40°*  |v)=BD (1)-BD" (1)=1.37 1.97
*0.064
€35-C56° C31—C32™ |y)=BD (1)-BD" (2)=0.94 2.83 C46 €39 — €42  |y)=BD (1)-BD" (1)=1.30 371
*0.050 — H102° *0,062
€39 — C40°*  |y)=BD (1)-BD" (1)=1.35 403
*0.066
c46 €39 — C40°°  |y)=BD (1)-BD" (1)=1.25 421 €55 052 —C53%*  |y)=BD (1)-BD" (1)=1.22 5.45
— H103° *0.065 — H108° *0.074
C47 — 048° C37 — C47°°  |y)=BD (1)-BD" (1)=1.98 117 55 €53 — 054" |y)=BD (1)-BD" (1)=1.54 2.70
*0.044 — H109° *0.058
€53 — 054™  |y)=BD (1)-BD" (2)=0.87 6.33
*0.068
C47 — 048" €37 —051°" |y)=BD (2)-BD" (1)=1.09 1.99 €55 €53 —054°  |y)=BD (1)-BD" (1)=1.54 2.89
*0.034 — H110° *0.060
€53 — 054™  |y)=BD (1)-BD" (2)=0.87 5.78
*0.065
C47 — 049° €37 —C39°" |y)=BD (1)-BD" (1)=1.70 130  C56—C57° C41—N44° |y)=BD (1)-BD" (1)=1.43 3.09
*0.042 *0.052
049 — C50° €37 — C47° |y)=BD (1)-BD" (1)=1.60 3.26 56 €35 —C40%  |y)=BD (1)-BD" (1)=1.27 2.20
*0.065 — H111° *0.047
c50 C47 — C49%  |y)=BD (1)-BD" (1)=1.23 3.79 56 €34 —C35% |y)=BD (1)-BD" (1)=1.24 3.37
— H104° *0.062 — H112° *0,058
c50 049 \y)=BD (1)-RY" (2)=2.17 0.76 c57 c59 [y)=BD (1)-BD" (1)=1.25 1.20
— H105° *0.036 —H113° —H111"™ *0.029
C50 049 \)=BD (1)-RY" (2)=2.17 0.66 57 C40 — N44%  |y)=BD (1)-BD" (1)=1.25 3.26
— H106° *0.034 — H114° *0,057
051 €34 —C€37%  |y)=BD (1)-BD" (1)=1.46 487  058—C59° C27—C28% |y)=BD (1)-BD" (1)=1.88 3.13
— H107° *0.076 *0.069
€28 —C29™ |w)=BD (1)-BD" (2)=1.20 0.66
*0.028
052 —C53° (55 \y)=BD (1)-BD" (1)=1.84 1.07 c59 c59 [y)=BD (1)-BD" (1)=1.42 0.56
— H108" *0.040 —H115° —H116" *0.025
€53 — 054° €53 —C55%"  |y)=BD (1)-BD" (1)=2.01 1.05 59 €28 —058° |y)=BD (1)-BD" (1)=1.26 4.09
*0.041 — H116° *0.064
C53 - 054" (55 \y)=BD (2)-BD" (1)=1.27 150 c59 €28 — C58”  |y)=BD (1)-BD (1)=1.27 0.62
— H109" *0.024 —H117° *0.025
€53 — C55° €38 — 052 4.28

\y)=BD (1)-BD" (1)=1.34
*0.068

aBD and BD*refer to bonding and anti-bonding, respectively.
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Fig. 3 Calculated parameters of NMR (K, 1, Giso, Ganiso) Versus the torsion angle around the C11- C10- C27- Cag of the
structure for some atoms of vinblastine.
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CONCLUSION

In this work, we theoretically investigated the
structure features of vinblastine as a biological active
compound. Chemical shift anisotropy asymmetry
(M), isotropy (6 iso), anisotropy (6 aniso), 40, K and
chemical shift tensor () were calculated based on
theoretical data obtained from BL3Y/6-31G(d) and
HF/6-31G(d) levels of theory. Moreover, NBO
analyses were performed and then stabilization
energies, electron occupation at each bond and
hybridation character around each atom were
evaluated. Furthermore, Freq computation was done
for investigation of thermodynamic parameters such
as enthalpy, entropy, Gibbs free energy and heat
capacity. Mullikan atomic charges for all atoms of
the title compounds were also calculated. The values
of Eromo, ELumo and Eyg Were evaluated too. Based
on the calculated results on NMR chemical shifts, it
seems that the HF level has more consistency with
experimental data.
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NMR 1 NBO-U3CJIEABAHE HA BUHBJIACTUH KATO BUOJIOI'MYEH MHXWUBUTOP

C. JIxxoxapu ", M. Monaiiemu

Jlenapmamenm no xumus, Hayuno-uzcnedosamencku know, Ucnamcku ynusepcumem ,,Azao ', Texepan, Upan
Ilocrpnuna Ha 14 ronu, 2014 ., kopurupana Ha 11 cenrespu, 2014 r.
(Pe3rome)

BuHONacTHHBT € MolIeH OMOJI0rnieH HHXUOUTOP, KOMTO ce Ipuilara KIMHUYHO Cpelly pa3jIMYHu Heoria3Mu. B ta3u
pabora e onTUMH3MpaHa MOJIEKYJHaTa CTPYKTypa Ha BHHOJACTHHA ¢ TomooliTa Ha (uryopoBogopon u BsLYP-uuBo Ha
teopusta ¢ 6-31 G(d) karo ocHoBHa Mpexa. [IpeACTaBeHH ca TEOPETHYHH HW3YHCICHHS, KOHTO Ja H3CICABAT
TepMoaMHAMUYHK TapameTpu, Theoretical computations were performed to study thermodynamic parameters, SIMP-
xuMuuHOTO oTtMecTBaHe U NBO-anamm3 (ectecTBeHn opOuTanyu Ha BPB3KHTE). 3a€AHO C TOBA Ca M3YHMCICHH HIKOM
€IIEKTPOHHH CBOMCTBA, KaTo EHomo, ELumo, Ebg (32a0panenaTa 30na mexny LUMO u HOMO) u atromunTe 3apsan. OcBeH
TOBa Ca OICHCHH TEPMOJMHAMHYHH MapaMeTph, KaTo OTHocuTenHata eHeprus (AE), crammaprHata enrtammus (AH),
eHTponuiaTa (AS), TepMogUHAMUYHUAT oTeHIHa 1Mo ['nbc (AG) u moCTOSHHUAT 00EMEH MOJIApeH TOIUIMHECH KalaluTeT
(Cv) 3a BunOnactuna. B SIMP-n3cnensaneTo ca OLCHEHM MarHUTHHUAT eKpaHupan TeHzop (G, ppm), ekpaHupaiiaTa

acumeTpus (7)), MAarHUTHATHO-EKPaHHUpaIaTa aHU3TPOIHS (Ganiso) B OTMecTBaHeTO Ha TeHzop (K) Ha pa3nuyHu BIIIM Ha
poTanus OKOJIO XapaKTepUCTHYHATA OC Ha poTalys. V3unciieHn ca XUMUYECKUTE OTMECTBAHUS CIIPSIMO EKCIIEPUMEHTAITHH
nauau ¢ CDCl; u DMSO. TlpecMeTHATHTE JaHHU TOKa3BaT B IPHEMITHBO ChIIIACHE C EKCTIEPUMEHTATHUTE B HAKOH CITyYaH.
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An equimolar mixture of 3-formylsalicylic acid and furoic acid hydrazide, refluxed in MeOH, forms the Schiff base
(). The latter upon reacting with mercaptoacetic acid in dry benzene, undergoes cyclization and forms N-(2-
carbamoylfuranyl)-C-(3'-carboxy-2'-hydroxyphenyl)thiazolidin-4-one, LHs (I11). A MeOH solution of Il reacts with
Co(1l), Ni(I1), Zn(I1), Fe(l11) and MoO,(VI) ions and forms the coordination compounds [M(LH)(MeOH).] [where M =
Co(ll), Ni(I1D], [Zn(LH)], [FeCls(LHs)] and [MoO(acac)(LH,)] (here acacH = pentane-2,4-dione). The coordination
compounds were characterized on the basis of elemental analyses, molar conductance, molecular weight, spectral (IR,
reflectance, NMR) studies and magnetic susceptibility measurements. All coordination compounds are non-electrolytes
(Am = 2.8-11.7 mho cm? molt) in DMF. 11 behaves as a monobasic bidentate OS donor ligand in [MoO(acac)(LH)],
neutral tridentate ONO donor ligand in [FeCls(LHs)], and dibasic tetradentate OONO donor ligand in [M(LH)(MeOH);]
[where M = Co(Il), Ni(ID] and [Zn(LH)]. All compounds are monomers in diphenyl. The absolute coordination number
of Zn(Il) ion is 4 and those of Co(ll), Ni(ll), Fe(lll) and MoO(V1) are 6. Tetrahedral structure for [Zn(LH)] and
octahedral structure for the rest of the compounds are proposed. The ligand (1) and its compounds show antibacterial
activities towards E. Coli (Gram Negative) and S. Aureus (Gram positive).

Keywords: thiazolidin-4-one, coordination compounds, monomeric, magnetic susceptibility, complexometric titration,

strong field, covalent character.

INTRODUCTION

Thiazolidinones are derivatives of thiazolidine
belonging to an important group of heterocyclic
compounds. 4-Thiazolidinone, with a carbonyl
group at 4™ position is a topic of numerous reports
concerning its chemistry and applications. The
presence of a thiazolidine ring in penicillin and
related derivatives was the first recognition of its
occurrence in nature [1]. These heterocyclic
compounds containing S and N as heteroatoms may
bear imine or carboxyl groups. Thiazolidine
possesses two donor sites situated at the =NH group
and the sulphur atom of the ring, whereas for its
derivatives additional coordination sites appear. All
above mentioned donor atoms are responsible for
the formation of various complexes with transition
metal ions [2]. Due to their pharmaceutical
importance, thiazolidin-4-ones have played an
important role in medicinal chemistry. They have
been extensively studied because of their biological
activities such as antioxidant [3], antitubercular [4],
antimicrobial [5], antibacterial [6], anticonvulsant

* To whom all correspondence should be sent:
E-mail: amit_vashistha2004@yahoo.co.in

[7], antifungal [8] etc.

Metal complexes play an important role in plant
and animal life due to their physico-chemical and
biological properties. Organosulphur compounds,
in the form of their metal complexes, exhibit a wide
range of biological properties. Most of the drugs
have improved pharmacological properties in the
form of metal complexes. Transition metal based
drugs are more effective than the uncomplexed
drugs [9]. These facts motivated us to study the
coordination behaviour of newly synthesized
thiazolidinone complexes with some transition
metals.

A perusal of the literature indicates that
relatively little work has been carried out on the
coordination compounds of thiazolidinones [10,11]
and there is no report on the coordination
compounds of  N-(2-carbamoylfuranyl)-C-(3'-
carboxy-2'-hydroxyphenyl)thiazolidin-4-one, LHs
(1) as shown in Figure-1 and its coordination
compounds with Co(ll), Ni(ll), Zn(l1), Fe(lll) and
MoO,(VI) ions. These compounds are very well
coordinated and biologically active.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 647
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EXPERIMENTAL
Materials

Furoic acid hydrazide [Aldrich]; nickel (I1)
acetate tetrahydrate, iron (l11) chloride (anhydrous)
[Sarabhai]; zinc(Il) acetate dihydrate [SD’s Fine];
cobalt (II) acetate tetrahydrate, ammonium
molybdate(VI) tetrahydrate, methanol, ethanol,
mercaptoacetic acid, dry benzene, sodium
bicarbonate [Ranbaxy] were used as supplied for
the syntheses. 3-Formylsalicylic acid and
bis(acetylacetonato)dioxomolybdenum(VI)  were
synthesized following the reported procedures [12].

Analyses and Physical Measurements

The organic skeleton of the respective
coordination compounds was decomposed by slow
heating of ~ 0.1 g of the latter with conc. HNOs.
The residue was dissolved in a minimum amount of
conc. HCI and the corresponding metal ions were
determined as follows: the Ni(ll) content of the
coordination compound was determined by
complexometric titration with standardized EDTA
solution using murexide as the indicator. The Co(ll)
and Zn(Il) contents in the respective coordination
compounds were determined by complexometric
titration with standardized EDTA solution using
xylenol orange as an indicator. The Fe(lll) ions
were reduced to Fe(ll) ions with aqueous SnCl, and
then determined with a standard K,Cr,O; solution
using N-phenylanthranilic acid as an indicator. The
molybdenum content was estimated gravimetrically
after decomposing the given MoO(VI) compound
with a few drops of conc. HNOj3; and conc. H,SOq
and then igniting the residue in an electric Bunsen
burner at 500 °C. MoO;3 obtained was dissolved in
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6N NaOH and then molybdenum was determined as
bis (8-hydroxyquinolinato)dioxomolybdenum (VI).
The C, H and N contents of LHs and its
coordination compounds were determined on a
CHN Eager analyzer model-300. The S and CI
contents were determined gravimetrically as BaSO4
and AgCI, respectively. The molecular weight
measurements were carried out by the Rast method
using diphenyl as the solvent [13]. The molar
conductances (Awm) of the coordination compounds
were measured in DMF with the help of a
Toshniwal conductivity bridge (CL01-02A) and a
dip type cell calibrated with KCI solutions. The IR
spectra were recorded in KBr pellets (4000-400
cm™) on a Beckman-20 spectrophotometer. The
reflectance spectra were recorded on a Beckmann
DU  spectrophotometer with a reflectance
arrangement.  The  magnetic  susceptibility
measurements were carried out at room temperature
using HQ[Co(NCS)s] as the standard [14]. The
diamagnetic corrections were computed using
Pascal’s constants. The magnetic susceptibilities
were corrected for the temperature independent
paramagnetism term (TIP) [14] using a value of
200 x 107° cgs units for Ni(Il) and Co(ll), and zero
for Fe(lll) ions.

Synthesis of the Schiff base (1)

The title compound was synthesized following
the published procedure [15].

Synthesis of N-(2-carbamoylfuranyl)-C-(3'-
carboxy-2'-hydroxyphenyl)thiazolidin-4-one (11)
A dry benzene solution of 1 (2.74 g, 10 mmol)

and mercaptoacetic acid (0.92 g, 10 mmol) was
refluxed for 12 h on a water bath. The mixture was
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cooled to room temperature and then washed with
10% sodium bicarbonate solution. The benzene
layer was separated using a separating funnel. The
evaporation of the excess of solvent gave a solid
product which was filtered, washed with benzene
and recrystallized from petroleum ether. The
compound was dried in vacuo at room temperature
over silica gel. Yield = 17%. Anal: (ll,
CisH12N206S) (obsd: C, 51.42%; H, 3.34%; N,
8.17%: S, 9.35%. calcd.: C, 51.72%; H, 3.45%:; N,
8.04%; S, 9.20%); IR bands (KBr): 2850 cm™ [v(O—
—H) (intramolecular H-bonding)], 1695 cm™
[v(C==0) (thiazolidinone ring)], 1670 cm
[v(C==0) (carboxylic)], 1645 cm? [v(C==0)
(amide)], 1565 cm? [vw(C—N) (thiazolidinone
ring)], 1532 cm [v(C—O) (phenolic)], 1090 cm™*
[V(C—O—C) (furan ring)] and 825 cm* [v(C—S)
(thiazolidinone ring)].

Syntheses of the coordination compounds of |1

A MeOH solution (30-50 mL) of the appropriate
metal salt (10 mmol) was added to a MeOH
solution (50 mL) of 11 (3.48 g, 10 mmol) and the
mixture was then refluxed for 3-4 h. The solid
products formed were suction filtered, washed with
MeOH and were then dried as mentioned above.
Yield = 30-60%.

RESULTS AND DISCUSSION

The Schiff base | in a dry benzene solution
reacts with mercaptoacetic acid and forms N-(2-
carbamoylfuranyl)-C-(3'-carboxy-2'-

hydroxyphenyl) thiazolidin-4-one, LHs; (Il). The
reaction of the latter with appropriate metal salts in
1:1 molar ratio in MeOH produces the coordination
compounds [M(LH)(MeOH)] [where M = Co(ll),
Ni(11)], [Zn(LH)], [FeCls(LHs)] and
[MoO3(acac)(LH2)] (here acacH = pentane-2,4-
dione). The compounds are stable in air at room
temperature. They are insoluble in H,O, partially
soluble in MeOH, EtOH and completely soluble in
DMSO and DMF. The molar conductance
measurements (Am = 2.8-11.7 mho cm? mol?)
indicate their non-electrolytic nature. The analytical
data of 11 and its coordination compounds are given
in Table 1.

Infrared Spectral Studies

The infrared spectra of Il and its coordination
compounds were recorded in KBr and the
prominent peaks (in cm™) are shown in Table 2. |
exhibits a v(C==N) (azomethine) stretch at 1630
cm®. This band disappears in Il and a new band
appears at 1565 cm?® due to the v(C—N)
(thiazolidinone ring) stretch [16] indicating the
conversion of | into Il. The formation of Il is
further supported by the appearance of a new band
at 825 cm* due to the v(C—S) (thiazolidinone ring)
stretch [17]. The v(C—N) (thiazolidinone ring)
stretch of 11 shifts to lower energy by 50-72 cm?
in the coordination compounds of Co(ll), Ni(ll) and
Zn(1l) ions suggesting the involvement of the ring
N atom towards coordination [17].

Table 1. Analytical, molar conductance (Am) and molecular weight data of 11 and its coordination compounds.

A?f Mol. wt obsd(calcd)%
Compound Mol. formula ((r:nmzo obsd
' (calcd) C H N S Cl
mol™)
348.0° 5142 334 817 935 -
LHa (1) CisHizN20sS = (345 ) (51.72) (345) (8.04) (9.20)
464.9° 1251 4323 377 589 660 -
[Co(LH)(MeOH);] CoCi7H1gN20sS 5.3 (468.9) (12.56) (4351) (3.84) (5.97) (6.82)
. . 46545 1240 4322 374 588 691 -
[NI(LH)(MeOH)z] - NiCuHiN20sS 28 yq 7y (1957) (4352) (3.84) (5.97) (6.83)
42725 1569 4382 251 668 796
[Zn(LH)] ZnCishhoNOsS 8.2 411 4y (15.02) (43.74) (2.43) (6.81) (7.78)
528.1° 1072 3498 219 566 605 20.50
[FeCls(LHs)] FeCistizN206SCls 117 5105y (10.97) (35.26) (2.35) (5.48) (6.27) (20.86)
558.1° 1654 4161 316 473 551 -
[MoOy(acac)(LH2)] MoCyH1sN201S 7.3 (573.9) (16.71) (41.82) (3.14) (4.88) (5.58)

Abbreviation; ®Mass spectral data, "Rast method data
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Table 2. IR, reflectance spectral data (cm™) and magnetic moments of the coordination compounds of |1

Compound v(C-N) v Vas Vs v(C=0) v(C-0) Mag. moment
P (thiazolidinone) (C-O)® (COO) (COO) (amide) (MeOH) Vmax (B.M.)
LHs (11) 1565 1532 - - 1645 - - Diamagnetic
[Co(LH)(MeOH;)] 1515 1542 1566 1348 1628 976 OO oo 478
[Ni(LH)(MeOH);] 1500 1541 1568 1358 1620 970  1)alEl> 3.26
[Zn(LH)] 1493 1542 1560 1350 1611 - - Diamagnetic
[FeCla(LHs)] 1565 1532 - ~ 1645 _ 1312%'715%900’ 5.97
[MoO;(acac)(LH»)] 1565 1541 - - 1645 - - Diamagnetic

However, the existence of this band at the same
energy in the coordination compounds of Fe(lll)
and MoOx(V1) ions indicates the non-involvement
of the ring N atom towards coordination. Il exhibits
a strong band at 2850 cm?® due to the
intramolecular H-bonded OH groups of phenolic
and/or carboxylic acid moieties [18]. The
appearance of this band at almost the same energy
in [FeCls(LH3)] is indicative of the non-
involvement of the OH groups of the above
moieties towards coordination. On the other hand,
the coordination compounds of the other metal ions
do not show this band indicating the breakdown of
H-bonding and subsequent deprotonation of the OH
groups followed by the involvement of phenolic
and carboxylic O atoms in coordination. The
v(C==0) (thiazolidinone ring) stretch [19] of Il
occurs at 1695 cm™. This band shifts to 1660 cm™
in [FeCl;(LHs)] indicating coordination through the
O atom of the carbonyl group of the thiazolidinone
moiety. However, the above band remains
unchanged in the rest of the coordination
compounds suggesting the non-involvement of the
above O atom in coordination. The v(C==0)
(carboxylic) stretch [20] of 11 occurs at 1670 cm™,
This band remains unchanged in the coordination
compounds of Fe(l11) and MoO(V1) ions indicating
the non-involvement of the O atom of the
carboxylic group in coordination. However, the
remaining coordination compounds display two
new bands between 1560-1568 cm™ and 1348-1358
cm®. These bands are assigned to the va(COO) and
vs(COO) stretches of the carboxylato ligand,
respectively. The energy separation (Av = 210-218
cmt) between the vas(COO) and vs(COO) stretches
is indicative of the monodentate nature of the
carboxylato ligand [21]. The presence of a strong
band at 1645 cm? due to the v(C==0) (amide)
stretch in 11 indicates that it occurs in the keto-form
[12]. This band shifts to lower energy by 17-34 cm-
Lin the coordination compounds of Co(Il), Ni(Il)
and Zn(ll) ions, suggesting the involvement of the
keto O atom in coordination. However, the
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existence of this band at the same energy in the
coordination compounds of Fe(lll) and MoO2(VI)
ions indicates the non-involvement of the keto O
atom in coordination. The v(C—O)d stretch [22]
(1532 cm™?) of 11 undergoes a positive shift by <10
cm? in the coordination compounds of Co(ll),
Ni(ID), Zn(ll) and MoOy(VI) ions. This band
remains unchanged in the Fe (llI) compound
indicating the non-involvement of phenolic O in
coordination. The v(C—S) (thiazolidinone ring)
stretch [16] of Il shifts from 825 cm™ to lower
energy by 42 cm™in [MoOz(acac)(LH.)] suggesting
the formation of a bond between the metal ions and
the S atom. However, it remains unchanged in the
rest of the coordination compounds indicating non-
involvement of S atom in coordination. The [v(C—
O—C) (furan moiety)] stretch of Il occurs at 1090
cm™. The appearance of a band at the same energy
in the coordination compounds of Co(ll), Ni(ll),
Zn(ll), and MoO,(VI) ions indicates the non-
involvement of the O atom of the furan moiety in
coordination. On the other hand, the negative shift
by 60 cm™? of this band in [FeCls(LHs)] indicates
the coordination through the O atom of the furan
moiety. The presence of a broad band between
3300-3400 cm* due to v(O—H)(MeOH) stretch and
the decrease in v(C—O)(MeOH) stretch [23] from
1034 cm? to lower energy by 58-64 cm in the
coordination compounds of Co(ll) and Ni(ll) ions
indicate the involvement of the O atom of MeOH
in coordination [23]. The absence of a band
between 820-860 cm™ in [FeCls(LH3)] precludes
the presence of a v(Fe—O—Fe) bridged structure
[24]. The molecular weight data (Table 1) also
suggest the same. The appearance of two new
bands due to the vs(O==Mo0==0) stretch (940 cm™)
and the va(O==Mo0==0) stretch (910 cm?) in
[MoO3(acac)(LH)] are indicative of a cis-MoO;
configuration [20]. The new non-ligand bands in
the present coordination compounds in the low
frequency region are assigned to v(M—0)(538-563
cm?), v(M—N)(418-456 cm™?) and v(M—S)(342-
369 cm?) vibrations [25].
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NMR Spectral Studies

The NMR spectra of Il and [Zn(LH)] were
recorded in DMSO-ds. The chemical shifts (&) are
expressed in ppm downfield from TMS. The
prominent resonance signals of these compounds
were compared with the reported peaks [26]. 1l
exhibits a singlet at § 17.5 ppm due to the
carboxylic proton, a sharp singlet at 6 13.61 ppm
due to phenolic proton, a singlet at 5 10.8 ppm (due
to CONH proton) and at §11.3 ppm (due to HO-
C=N, tautomeric protons), and multiplets between
S 7.36-7.71 ppm due to aromatic protons. The
absence of the signal at § 17.5 ppm due to the
COOH proton in [Zn(LH)] indicates the
deprotonation of the COOH group, followed by the
involvement of its O atom in coordination. The
absence of the resonance signal at § 13.61 ppm due
to the phenolic proton in [Zn(LH)] indicates the
deprotonation of the phenolic OH group followed
by its involvement in coordination [27]. The singlet
at § 10.4 ppm due to CONH proton remains
unchanged in the complex which shows
involvement of keto oxygen in the coordination.

Reflectance Spectral Studies

The presence of three bands at 8900, 13290 and
19400 cm™ due to “Tig(F) — *Tag(va), *Tig(F) —
“Axg(v2) and “Tig(F) — “Tig(vs) transitions,
respectively, in [Co(LH)(MeOH),] suggests an
octahedral arrangement of 11 around the Co(ll) ions
[28]. The va/vy value is 2.18 which lies in the usual
range (2.00-2.80) reported for the majority of
octahedral Co(ll) coordination compounds [28].
The parameters are: Dg = 1004 cm?, B' = 776 cm,
S =B'/B =0.80, f° = 20% and CFSE = —96.13 kJ
mol™. The reduction of Racah parameter from the
free ion value of 971 cm™ to 776 cm? and the A°
value (20%) indicate the covalent nature of the
compound and the strong field nature of the ligand
[14]. [Ni(LH)(MeOH),] exhibits three bands at
9460, 17215 and 26000 cm™ due to 3Ax(F) —
Tag(F)(v1), *Axg(F) — °Tig(F)(v2) and *Agg(F) —
3T14(P)(v3) transitions, respectively, in an octahedral
symmetry [29]. The v2/v1 value is 1.81 and it lies in
the usual range (1.60-1.82) reported for the
majority of octahedral Ni(ll) coordination
compounds [28]. Here the values of the spectral
parameters are: Dg = 946 cm?, B' = 870 cm?, g =
B'/B = 0.84, f° = 16% and CFSE = —124.73 kJ
molet. The reduction of the Racah parameter from
the free ion value (1030 cm™) to 870 cm™ and the
S° value (16%) are indicative of the covalent nature
of the compound and the strong field nature of the
ligand [14]. For a given ligand and given

stereochemistry, the covalent character of the
corresponding Co(ll) and Ni(ll) coordination
compounds is comparable since Co(ll) and Ni(ll)
occupy the adjacent positions in the nephelauxetic
metal ion series [i.e., Co(Il) ~ Ni(Il)]. In the present
Co(Il) and Ni(Il) coordination compounds, the /°
values are quite comparable: [Co(LH)(MeOH),]:
20%; [Ni(LH)(MeOH);]: 16%. For a given ligand
and given stereochemistry, the spectrochemical
series of metal ions on the basis of increasing 10Dq
values is [14]: Ni(ll) < Co(ll). Our calculated 10Dq
values indicate that the 10Dq values are in the
expected order: Ni(ll) < Co(ll). The greater
negative CFSE value (-124.73 kJ mol?) for
[Ni(LH)(MeOH),] in comparison to that
[Co(LH)(MeOH),] (CFSE = —96.13 kJ mol?) is as
expected [29]. The coordination compound
[FeCls(LHs)] exhibits three bands at 13150, 16900
and 24750 cm™ due to ®Ai — “Tie(G), CAi; —
4T,4(G) and A4 — “As4(G) transitions, respectively,
in an octahedral environment [30].

Magnetic Measurements

The magnetic moments of [Co(LH)(MeOH)],
[Ni(LH)(MeOH)] and [FeCls(LHs)] are 4.78, 3.26
and 5.97 B.M., respectively. These values are in the
normal ranges reported for magnetically diluted
octahedral compounds of Co(ll), Ni(ll) and Fe(ll)
ions [31]. The coordination compounds of Zn(ll)
and MoO,(VI) ions of Il are diamagnetic, as
expected.

Antibacterial Studies

The antibacterial activity of ligand (Il) and its
complexes was tested against bacteria, E.Coli
(Gram negative) and S. aureus (Gram positive) by
the disc diffusion method (Table 3).

Table 3. Antibacterial activity of Il and its
coordination compounds (zone of inhibition in mm)

E.Coli S. Aureus
Compound (Gram (Gram
negative) positive)
LHs (I1) 7 6
[Co(LH)(MeOHy)] 8 7
[Ni(LH)(MeOH).] 7 10
[Zn(LH)] 10 12
[FeCls(LHa)] 8 9
[MoOs(acac)(LH,)] 11 10

Stock solutions were prepared by dissolving the
compounds in DMSO. Under aseptic conditions,
plain sterilised discs were soaked in the solutions of
the compounds overnight. Test culture was spread
over the plates containing Mueller Hinton Agar
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(MHA) using a sterile swab. Inoculated plates were
dried for 30 minutes and discs were placed on the
inoculated plates. The plates were left for 30 min at
room temperature to allow diffusion. The plates
were then incubated at 37 °C for 24 h for E.Coli and
S. aureus. After incubation, the diameter of the
zone of inhibition was noted for each disc.

Determination of Minimum Inhibitory
Concentration (MIC)

The stock solutions of the compounds were
prepared using distilled water as diluent. In a set of
test tubes containing 2 mL of Mueller Hinton
Broth, the compounds were serially diluted. 2 mL
of the test culture was added to all tubes and the
latter were incubated at 37°C for 24 h. Lack of
turbidity was noted for the determination of MIC
(Table 4).

Table 4. Minimum inhibitory concentration (MIC)
of Il and its coordination compounds (ug/ml)

. S. Aureus
Compound E.Coli (_Gram (Gram

negative) o

positive)
LHs (11) 64 32
[Co(LH)(MeOHy)] 32 64
[Ni(LH)(MeOH);] 64 64
[Zn(LH)] 64 32
[FeClz(LHs3)] 32 32
[MoOz(acac)(LH2)] 32 64
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CONCLUSIONS

From the ongoing discussion it may be stated
that 11 behaves as a monobasic bidentate OS donor
ligand in [MoOz(acac)(LH,)], neutral tridentate
ONO donor ligand in [FeCls(LHs)] and dibasic
tetradentate OONO donor ligand in
[M(LH)(MeOH)2] [where M = Co(ll), Ni(ID)] and
[Zn(LH)]. Thus, on the basis of analytical,
molecular weight, spectral and magnetic studies,
we propose a tetrahedral structure, 111 for [Zn(LH)]
and an octahedral structure, v  for
[M(LH)(MeOH).] [where M = Co(ll), Ni(ll); A =
MeOH], V for [FeCls(LH3)] and VI for
[MoOs(acac)(LH)] as shown in Figure-2.

The newly synthesized compounds represent a
class of coordination compounds of thiazolidinone
and prove themselves as potential compounds in
terms of coordination chemistry and biological
activities.
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OUBNKOXUMUYHU U AHTUBAKTEPUAJIHU U3CJIEABAHUA BHPXY
KOOPANHALIMOHHU CBEANMHEHNS C N-(2-KAPBAMOMWJT)-C-(3'-KAPBOKCH-2'-
XNAPOKCUDEHWNIT) TUA3ZOJIMINH-4-OH

I. Kymap?, II. ac?, A. Kymap®”

Y Henapmamenm no xumus, Hayuonanen mexnonozuuen ynusepcumem, Kypykuwempa, Xapusna, Unous
2 llenapmamenm no xumusi, Mnoiceneprno-mexnonozuuen uncmumym ,, Llpu Kpuwan “, Kypyxuempa, Xapusna, Unous
8 lenapmamenm no xumus, Konesic no mexuonozus u ynpasienue 6 Xapusna, Kaiiman, Xapusna, Unous

ITonyuena Ha 26 mapr, 2014 r.; kopurupasa Ha 31 ronu 2014 1.
(Pe3rome)

ExBumonapHaTta cMec OT 3-hopMumiI-caTMIUiIoBa KHCENMHA M XUApa3uaa Ha (ypueBaTa KUCEIUHA, Pa3TBOPECHH B
Mmertanoi obpasyea Lludosa 6a3a (I). [locnenHara nperbprsaBa uuknusanus 1 oopazysa N-(2-kapbamounin-dypann)-C-
(3'-xapbokcu-2'-xuapokcupenun) tuazonuauH-4-on, LHs (1) mpu peaknusaTa ¢ MepKanTooLeTHa KHCENHHA B CyX
OenszeH. PastopsT Ha Il B Meranon pearupa c¢ ionure Co(ll), Ni(ll), Zn(I1), Fe(lll) 1 MoO.(VI) u ce obpasysar
koopauHaimoHHu cwequHenust ot tuna [M(LH)(MeOH).] [ksmero M = Co(ll), Ni(ll)], [Zn(LH)], [FeCls(LH3)] u
[MoOz(acac)(LH2)] (tyk acacH = pentane-2,4-dione). KoopanHalHOHHNTE ChEAMHEHUS Ca OXapaKTEpH3MpaHH Ha
6azara Ha eIEeMEHTCH aHaJn3, MOJIAPHA TIPOBOANMOCT, MOJIEKYJIHO TerJio, criekTpainu Metoad (IR, otpaxenue, NMR)
Y M3MEpBaHMs Ha MATHUTHHS CYCLENTHOMTUTET. BCHYKN KOOpUMHALIMOHHH CheIUHEHHUS HE ca elNeKTPOoIuTH (Am = 2.8-
11.7 Ohm c¢cm? mol*) 8 DMF. Il ce otHacs kaTo MoHoGa3udeH 6uaenaaten OS gonopen jurang B [MoO,(acac)(LH,)],
neyrpanen tpunennaren ONO monopen smrana B [FeCls(LH3)], u nu6asuyen terpanennaren OONO noHOpeH jmras
B [M(LH)(MeOH);] [kpmero M = Co(ll), Ni(I)] u [Zn(LH)]. Bcuuku chenuHeHuss ca MOHOMEPH B IU(DEHUI.
AGcomoTHOTO KoopauHanuonHo uncio Ha ZNn(ll)-iionure e 4, a tesu ma Co(ll), Ni(ll), Fe(lll) u MoO2(VI) ca 6.
Ipemnara ce Terpaenapuyna crpykrypa Ha [Zn(LH)] n okraeapudHa CTpYKTYypa 3a OCTaHAIWTE CheAMHEHHUs. JIMran bt
(1) 1 HeroBUTe cheAWHEHHs MOKa3BaT aHTHOaKTepuanHu cBoiictBa cipsimo E. Coli (I'pam-oTpuuarennu) u S. aureus
(I'pam-nonoxuTenHy).
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Two azo-azomethine ligands with N2O, donor atom sets and their binuclear UO(I1)-complexes were synthesized for
therapeutic uses. The ligands were derived from the condensation of 4-(4-hydroxy-3-formyl-1-ylazo)-N-pyrimidin-2-yl-
benzenesulfonamide with ethylenediamine and 1,6-hexanediamine. The prepared ligands and their bi-homonuclear
uranyl complexes were characterized by thermal analyses (TGA & conventional method), vibrational, electronic, H
NMR, and mass spectra as well as by different physicochemical techniques. The active coordination centers in the
ligands and the geometrical arrangement of the complexes were investigated using the spectral data. Molar conductance
measurements in DMSO solution denoted that the complexes are non-electrolytes. The investigated complexes and
ligands were screened in vitro for their antimicrobial activity against fungi (Aspergillus flavus and Candida albicans),
gram-positive bacteria (Staphylococcus aureus) and gram-negative bacteria (Escherichia coli). It was observed that the
complexes are more potent fungicides and bactericides than the ligands.

Keywords: N.O; azo-azomethine ligands, binuclear UO(I1)-complexes, biological activity

INTRODUCTION

Azo-azomethine compounds and their metal
complexes have found interesting utilities which
arise from the importance of such compounds in
biological and industrial applications [1, 2], but
little work dealt with such subjects [3-5]. Also,
sulfa compounds were the first drugs found to act
selectively and could be used systematically as
preventive and therapeutic agents against different
diseases in humans [6]. The vast commercial
success of these medicinal agents has made the
chemistry of sulfa compounds a major area of
research [7]. Sulfur ligands are wide-spread among
coordination compounds and are important
components of biologically active transition metal
complexes [8, 9]. Metal complexes with
heterocyclic unsaturated ligands are also of great
interest in inorganic and organometallic chemistry,
especially due to their unique electrical and
magnetic  properties [10, 11]. Also, metal
complexes containing two or more metal ions per
molecule find wide application in biological
systems, catalysis, and material science [12-16],
beside their peculiar spectroscopic and magnetic
properties [17-21]. Complex formation between
metal ions and sulfa compounds, combining
antibacterial activity of sulfa derivatives and

* To whom all correspondence should be sent:
E-mail: abkhedr2010@yahoo.com

antimicrobial activity of the metal ions, constitutes
an important field of research due to their
pronounced antimicrobial and fungicidal activities
[22-25]. On the other hand, uranium is a symbolic
element as it is the last natural element and it is the
most common element of actinides. So, it is
imperative to look into the structure and biological
activity of new bi-homonuclear uranyl complexes
with sulfa azo-azomethine ligands, in a
continuation of our research work in designing new
ligands and complexes [26-31]. The active
coordination centers in the ligands and the
geometrical arrangement of the complexes will be
investigated using the analytical and spectral data.

EXPERIMENTAL

All reagents and solvents used in the present
work were reagent grade provided from Merck,
Aldrich or Sigma and were used as received.

Synthesis of azo-azomethine ligands

The ligands under interest were prepared
according to the following procedures. 4-(4-
hydroxy-3-formyl-1-ylazo)-N-pyrimidin-2-yl-
benzenesulfonamide was synthesized according to
the well-known published procedure [32]. A
suspension of 4-amino-N-pyrimidin-2-yl-
benzenesulfonamide (2.50 g, 10 mmol) in
hydrochloric acid (18 mL) and water (8 mL) was
heated to 70°C until complete dissolution. The clear
solution was poured into ice water and was
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diazotized below 5°C with sodium nitrite (1.4 g, 20
mmol) dissolved in water (10 mL). The cold
diazonium solution was added in the course of 30
min at 0°C to a solution of salicylaldehyde (1.07
mL, 10 mmol) in water (20 mL) containing sodium
hydroxide (1.6 g) and sodium carbonate (3.7 g).
During the addition process, the solution was
vigorously stirred. The product was collected by
vacuum filtration and was washed with NaCl
solution (25 mL, 10%). Coupling of the diazonium
reagent to salicylaldehyde occurred at the para
position to the hydroxyl group. The azo compound
was re-crystallized several times from ethanol.

Schiff base ligands (HL! and HL?) were
prepared using a method previously reported in the
literature [33]. For each ligand, a mixture of 10
mmol  of  4-(4-hydroxy-3-formyl-1-ylazo)-N-
pyrimidin-2-yl-benzenesulfonamide (3.83 g) and
ethylenediamine (0.60 g) or 1,6-hexanediamine
(1.16 g) was dissolved in absolute ethanol (50 mL)
with a few drops of glacial acetic acid as a catalyst.
The resulting mixture was stirred under reflux for
10-12 h. The product was vacuum-filtered and
washed with a small amount of hot ethanol. The
various synthetic reactions are summarized in
figure 1.

Synthesis of the metal complexes

Complexes of UO(I1) were synthesized by the
reflux-precipitation method. Hot ethanolic solutions
of the ligand (1 mmol in 50 mL of ethanol) and
uranyl acetate dihydrate [2 mmol in 50 mL of
water-ethanol mixture (50%, V/V)] were mixed.
The resulting mixture was refluxed on a water bath
for 8-10 h. The complexes which precipitated
during the reaction were filtered off and washed
several times with hot ethanol, then dried in
vacuum over anhydrous calcium chloride. The yield
of the reaction was found to be 78%—81%. Purities
of the complexes were checked by TLC and
melting point constancy.

Analytical and physical measurements

The metal contents in the complexes were
determined gravimetrically following a standard
procedure [34]. A weighed quantity of the complex
(0.4~0.5 g) was treated with a few drops of conc.
H>SO, and 1 mL of conc. HNOs. It was heated till
the organic matter decomposed and sulfur trioxide
fumes came out. The same process was repeated
three to four times to decompose the complex
completely. Then, it was dissolved in water and the
resulting solution was used for determining the
metal ion. Uranium was precipitated as ammonium

diuranate, followed by ignition to its respective
oxide.

The nature and contents of water molecules and
acetate groups attached to the central metal ion
were determined by conventional thermal
decomposition studies. Complexes 1 and 2 were
heated at five temperatures (100°C, 200°C, 300°C,
500°C and 1000°C) in a muffle furnace for 40-50
min. The resulting weights were measured. The
weight loss at 100°C corresponds to the loss of
lattice water from the complexes. The weight loss
at 200°C corresponds to the loss of coordinated
water. The weight loss at 300°C can be attributed to
the removal of acetate groups. On heating at 500°C,
the weight indicates loss of parts of the ligand. The
weight of the pyrolysis product after heating at
1000°C corresponds to the formation of metal oxide
as a final product [35]. Conductance measurements
were performed for 10 mol L solution in DMSO
at room temperature using a Jenway (model 4070)
conductance meter. Matrix  Assisted Laser
Desorption/lonization  Time-of-Flight (MALDI-
TOF) mass spectra were recorded on a BRUKER
Auto flex Il LRF20 spectrometer using dithranol as
a matrix. Fourier transformation infrared (FT-IR)
spectra of the free ligands and their UO,-complexes
in KBr pellets were measured using a FT-IR Bruker
Tensor 27 spectrophotometer (Germany), within
the range 4000-400 cm™ (Central Laboratory, Tanta
University, Egypt). UV/Vis spectra were measured
on a Shimadzu 240 UV-Visible spectrophotometer
in DMF solutions. The magnetic moments were
measured at room temperature using the Gouy’s
method using a magnetic susceptibility balance
(Johnson Matthey, Wayne, PA. 19087 USA) at 60
Hz. A Bruker DMX 750 (500MHz) spectrometer
was used for obtaining *H NMR spectra, employing
DMSO-ds as the solvent and TMS as the internal
standard. Chemical shifts of H NMR were
expressed in parts per million (ppm, d units), and
coupling constant was expressed in units of Hertz
(Hz). Thermal gravimetric analysis (TGA) of the
complexes was performed on a Shimadzu TG-50
thermal analyzer from ambient temperature up to
800°C with a heating rate of 10°C/min in nitrogen
atmosphere.

Biological activity: antifungal and antibacterial
screening

In vitro studies of the antifungal and
antibacterial activities of the investigated ligands
and complexes against A. flavus, C. albicans, E.
coli, and S. aureus were carried out using the
modified Kirby—Bauer disc diffusion method [36]
at the micro-analytical unit of Cairo University.
Briefly, 100 uL of the test fungi/bacteria were
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grown in 10 mL of fresh media until they reached
105 cells mL* for fungi and 108 cells mL* for
bacteria [37]. Hundred microliters of microbial
suspension was spread onto agar plates
corresponding to the broth in which they were
maintained. lIsolated colonies of each organism
were selected from the primary agar plates and
tested for susceptibility by the disc diffusion
method [38]. From the many media available,
NCCLS recommends Mueller—Hinton agar since it
results in good batch-to-batch reproducibility. The
disc diffusion method for filamentous fungi was
tested using the approved standard method (M38-
A) developed by the NCCLS [39] for evaluating the
susceptibilities of filamentous fungi to antifungal
agents. The disc diffusion method for yeasts was
developed using the approved standard method
(M44-P) by the NCCLS [40]. Plates were
inoculated with filamentous fungi, A. flavus, at
25°C for 48 h; Gram (+) bacteria, S. aureus, and
Gram (-) bacteria, E. coli. They were incubated at
35-37°C for 24-48 h. Yeast C. albicans was
incubated at 30°C for 24-48 h. Then the diameters
of the inhibition zones were measured in
millimeters [41]. Standard discs of tetracycline
(antibacterial agent) and amphotericin B (antifungal
agent) served as positive controls for antimicrobial
activity; filter discs impregnated with 10 mL of

(J
O~
U
o]
(I
AL
1
H,N(CH,),,NH,
+
two drops of
CH3COOH
(]
Al
N

solvent (distilled water, DMSO) were used as
negative controls. The agar used was Meuller—
Hinton agar that was rigorously tested for
composition and pH. Further, the depth of the agar
in the plate is a factor to be considered in the disc
diffusion method. This method is well-documented
and standard zones of inhibition were determined
for susceptible and resistant values. Blank paper
discs (Schleicher & Schuell, Spain) with a diameter
of 8.0 mm were impregnated with 10 mL of the
tested concentration of the stock solutions. When a
filter paper disc impregnated with a tested chemical
is placed on agar the chemical will diffuse from the
disc into the agar. This diffusion will place the
chemical in the agar only around the disc. The
solubility of the chemical and its molecular size
will determine the size of the area of chemical
infiltration around the disc. When an organism is
placed on the agar it will not grow in the area
around the disc if it is susceptible to the chemical.
This area of no growth around the disc is known as
a ‘“‘zone of inhibition’” or ‘‘clear zone’’. For the
disc diffusion, the zone diameters were measured
with slipping calipers of the National Committee
for Clinical Laboratory Standards. Agar-based
methods such as disc diffusion can be good
alternatives because they are simpler and faster than
broth-based methods [42].

X
(\N o
Jo
N N\ N——s—— N,*CI
NaNO, | ”
HCI, H,0 H 0
/CHO
NaOH,
H,0 ——OH

EtOH,
reflux

(CH2)aNH,

Fig. 1. Preparation of the azo-azomethine ligands [HL! (n=2) and HL? (n=6)].
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[(UO2),L*(AcO)]
m/z 1079.00 (1079.55)X _3p,0

-2AcO

[(UO,),L4(AcO),]

31,0, / M2 1138.00 (1138.59)

-AcO

L2 emetallization (yo,),L2(AcO)y(H;0)]-2H,0 ~2H25 [(UO,),L*(AcO)y(H;O)]

m/z 481.00 (481.57) m/z 1251.00 (1251.68) m/z 1215.00 (1215.65)
-3H,0, - 3H,0
3AcO
[(UO,),L7] [(UO,);L*(AcO)3]
m/z 1020.00 (1020.50) m/z 1197.00 (1197.63)

Fig. 2. Fragmentation pathways of [(UO2),L?(AcO)3(H20)]-2H20 (2).

Table 1. Analytical and physical data of HL!, HL? and their UO(Il)-complexes? (1 and 2).

Mol. Wt.

Analytical data

Molecular formula (Cal. Mol Color Found % (Calcd.)
(Empirical formula) wt)  (Am)  %Hydrated  %Coordinated BACO- %M
H.0 H.0 0 0
HL! 42500  Yellow ~ -
(C19H10N703S) (425.46) )
[(UO2):LYACO)s(H:0)'H:0  1177.00  Brown 1.48 1.50 1488 4031
(C2sHs1N-0155U3) (1) (1177.68) (6.32)  (L53) (1.53) (15.04) (40.42)
HL? 481.00  Yellow B B B
(C25H27N705S) (481.57) —)
[(UO2):L3(AcO)s(H:0)]-2H,0  1251.00 brg\'Nn 2.83 1.39 1393 37.98
(C2sHaiN-0165U5) (2) (125168) () (289) (1.44) (14.15) (38.03)

@ The yield of the synthesized compounds was 78-81%.

The synthesized complexes decompose without melting above 275 °C.

Mol. Wt. is the molecular weight obtained from mass spectra.
Am is the molar conductance measured in Ohm cm? mol-L.

RESULTS AND DISCUSSION

The ligands (HL! and HL?) and their UO,(ll)-
complexes were formulated from the analytical,
spectral and molar conductance data which
supported the suggested formulae (Table 1). The
complexes are highly colored and insoluble in
water and common organic solvents such as
methanol, ethanol, acetone, ether, CHClIs, CCl; and
benzene but moderately soluble in highly
coordinating solvents such as DMSO and DMF.
They are non-hygroscopic and highly stable under
normal conditions. The low molar conductance
values for the complexes in DMSO indicate them to
be non-electrolytes in nature [42].

TOF-mass spectra

The constitutions and purities of the prepared
ligands and their UO;(11)-complexes are confirmed
by MALDI-TOF mass spectrometry using dithranol
as a matrix. The ligand spectra displayed accurate

molecular ion peaks at m/z 425 and 481 for HL!
and HL?, respectively, matched with the theoretical
values. The mass spectra of
[(UOz)le(ACO):;(HzO)]'Hzo and
[(UO,).L%(AcO)3(H20)]-2H,0 showed peaks at m/z
1177 and 1251, respectively, corresponding to the
molecular weight of the parent ion [ML]*. A further
confirmation for the molecular structure of the
investigated complexes comes from the appearance
of other peaks due to successive degradation of the
target compound to various fragments [25]. For
example, the mass spectrum of complex 1
displayed peaks at m/z 1177, 1159, 1141, 1082,

1023 and 964 corresponding to
[(UO,):LY(AcO)3(H.0)]-H20 (the  molecular
weight of the complex cation),

[(UO2).LY(AcO)s(H20)] (loss of the hydrated water
molecule), [(UO2).LY(AcO)s] (loss of two water
molecules) [(UO2).L(AcO),] (loss of two water
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Table 2. Assignment of the IR spectral bands (cm™) of HL?, HL? and their UO,(I1)-complexes 1 and 2.

No  v(OH) v(NH2) v(CH=Narom) v(N=N) vas(OCO) v(SO2N)  vas(UO2)  v(M-0)
[v(NH)] [V(CHarom)] ~ [V(CH=Nazom)]  [V(S=0)] [vs(OCO)] [vs(C-S] [v(M-N)]
HL! 3425 3260 1650 — 1326, 1156 — —
[3357] [3039] [1584] [1263] [—1 [686] [—1
1 3425 3260 1624 1519 1326,1156 843 664
[3357] [3042] [1582] [1262] [1476] [681] [421]
HL2 3425 3259 1652 — 1326, 1156 — —
[3356] [3039] [1583] [1262] [—1 [685] [—1
2 3425 3262 1621 1495 1326, 1157 844 639
[3357] [3042] [1581] [1263] [1442] [684] [421]

molecules and one acetate group), [(UO2).L!(AcO)]
(loss of two water molecules and two acetate
groups), and [(UO2):L!] (loss of two water
molecules and three acetate groups). Also, UO(1l)-
complexes 1 and 2 decompose via abstraction of
the ligand, which gives rise to molecular ion peaks
attributable to [L]* (figure 2). This is a common
behavior for metal ion complexes containing
different ligands (ML) which decompose during
spray ionization through cleavage of the metal-
ligand bond [44]. This is good evidence confirming
the proposed structures of the investigated
complexes.

Vibrational (FT-IR) spectra and mode of bonding

Previous studies on metal complexes of Schiff
base derivatives of sulfa-drugs indicated that metal
ions are bonded to the ligand either through the
Schiff base or the sulfonamide part for
mononuclear complexes, while for binuclear ones
both centers contribute [45]. In order to study the
binding mode of HL® and HL? to the uranyl ion in
the complexes, FT-IR spectra of the free ligands
were compared with the spectra of the complexes.
On examining the infrared spectra of the UOy(Il)
chelates in comparison to the corresponding free
ligands, the following observations can be made
(Table 2);

1. IR spectra of HL! and HL? displayed strong
sharp bands at 3425 cm'* assignable to v(OH).

2. IR spectra of complexes 1 and 2 displayed
broad bands at 3425 cm?, which can be
assigned to v(OH) of water associated with
complexes. The presence of water renders it
difficult to confirm the deprotonation of the OH
groups on complex formation from the

stretching vibration [46].
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3. Stretching vibration bands at 1584, 1582 due to
aliphatic v(CH=N) and at 1650 and 1624 cm*
corresponding to aromatic v(CH=N) in the
spectra of HL! and HL?, respectively, were
found to be invariable shifts in the spectra of
complexes 1 and 2 indicating the coordination
of the aromatic and aliphatic azomethine
nitrogens to the metal ion in chelate formation
[47].

4. In the IR spectra of HL! and HL?, sharp bands
appeared at 1326 and 1156 cm? due to
vas(SO2N) and vs(SO2N), respectively. These
bands slightly shifted to higher or lower
frequencies upon coordination to UO(11) [47].

5. In the uranyl complexes 1 and 2, the bands
which are observed within the 1519-1495 and
1476-1442 cm™ ranges attributed to va(OCO)
and vs(OCO) of the acetate group, respectively,
indicate monodentate coordination of this
group [A(OCO) = va(OCO) - v(OCO) < 100
cm™)] [48].

6. The medium intensity bands appeared around
3357, 3260, 3040, 2939, 1410, 1262 and 685
cm® can be assigned to v(NH_), v(NH), v(CH-
aromatic), v(CHz), v(N=N), v(S=0), and v(C-
S), respectively.

This is supported by the appearance of two new
bands at 664-639 cm™ and at 420 cm™ due to v(M—
0O) and v(M—N) [22], respectively. Also, the uranyl
complexes 1 and 2 show a strong IR band near 843
cm? assigned to vas(UO2) [49]. The assignment of
bands of diagnostic importance in the IR spectra of
the free ligands and metal complexes under study is
collected in Table 2.

From these observations and the previous
studies [24, 25, 45, 46], the mode of bonding in
UOy(Il)-complexes 1 and 2 can be represented
(figure 3).
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Fig. 3. Representative structures of binuclear UO,(11)-complexes 1 and 2, where n=2 and m=1 for complex 1 while

n=6 and m=2 for complex 2.

Table 3. Electronic and *H NMR spectral data of HL!, HL? and their UO(I1)-complexes 1 and 2.

Electronic spectra

'H NMR spectra

No

(Amax , NM) ) CHs-protons
OoH SCH=N OAr—H ONH ONH2 (CHsCOO) dH20
HL! 290, 376, 452 11.31 8.47 7.61-6.99 955 898 — —
1 293, 405, 481 — 8.49 7.82-7.00 956 9.00 3.37 2.51
HL? 295, 372, 460 11.25 8.48 7.63-6.56 956 9.00 — —
2 305, 380, 479 — 8.49 7.82-7.00 958 9.01 3.39 2.50
Table 4. Thermogravimetric analysis of UO(11)-complexes 1 and 2.
% Loss inweight  Temperature Assignment
Compound found (calcd.) range (°C) (thermal process)

[(UO2)2LY(AcO)3(H20)]-H20 (1) 1.61 (1.53) 50-100 Loss of hydrated H,O.

[(UO2)2LY(AcO)3(H20)] 1.48 (1.53) 120-175  Removal of coordinated H2O.

14.67 (15.04 230-295  Elimination of coordinated acetate

[(UOz)le(ACO)s] ( )
groups.

[(UO2).LY] 33.21 (33.33) 305-1000  Complete decomposition of the complex
and formation of metal oxide as a final
product.

[(UO2)2L2(AcO)3(H20)]-2H,0 2.11 (2.88) 60-90 Loss of hydrated H,O.

(2)

[(UO2)2L2(AcO)3(H20)] 1.83(1.44) 136-180  Removal of coordinated HO.

[(UO2):L%(AcO)] 14.24 (14.15) 220-275 grl(l)T[I)rs]atlon of coordinated acetate

[(UO2).L7 35.64 (35.83) 307-1000 Complete decomposition of the complex

and formation of metal oxide as a final
product.

Table 5. Antimicrobial activities of HL!, HL? and their UO,(l1)-complexes 1 and 2.

Inhibition zone diameter (mm mg* sample)

Compound

E. coli (G) S. aureus (G*) A. flavus (Fungus) C. albicans (Fungus)
Control: DMSO 0.0 0.0 0.0 0.0
Tetracycline 33.0 30.0 — —
(Antibacterial agent)
Amphotericin B — — 20.0 20.0
(Antifungal agent)
HL! 13.0 14.0 0.0 0.0
Complex 1 15.0 15.0 0.0 0.0
HL? 13.0 15.0 0.0 0.0
Complex 2 18.0 18.0 11.0 0.0
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UV-Vis spectra and magnetic moment
measurements

The electronic spectral data of the ligands and
their UO(Il) complexes in DMF solution are
presented in Table 3. HL! and HL? displayed
mainly three bands; the first band appeared within
the 290-295 nm range due to the low energy m—rm*
transition corresponding to ‘Lp<'A state of the
phenyl ring, while the second band appeared within
the 372-376 nm range due to the n—mz* transition.
The third band appeared in the 452-460 nm range
which can be assigned to charge transfer (CT)
transitions within the whole molecule [50]. The
UO,(I)-complexes mainly showed a weak band
near 480 nm and a highly intense band in the range
293-305 nm which are attributed to Tg*—3m,
transitions and charge transfer being overlapped
with m—r* transition, respectively [51]. It may be
noted that the band occurring in the 380-405 nm
range is due to the uranyl moiety because of apical
oxygen— f°(U) transition being merged with the
ligand band due to n—z* transition as evident from
broadness and intensity [52]. UOx(Il) complexes 1
and 2 show diamagnetic properties, as expected
[53].

'H NMR spectra

In order to determine the center of chelation and
replaceable hydrogen upon complex formation, *H
NMR spectra of the free ligands were studied and
compared with the spectra of their UO(Il)-
complexes (Table 3). The signals at 11.31 and
11.25 ppm due to don in the spectra of HL! and HL?
disappeared in the H NMR spectra of the
complexes denoting that complex formation occurs
via deprotonation of the OH group [54]. The
azomethine proton (-CH=N-) appeared as a singlet
at 8.47 and 8.48 ppm in the free ligands has
downfield shifts upon complex formation,
supporting participation of the azomethine nitrogen
in coordination to UOy(Il) ion [9]. The signals at
7.63-6.56, 9.56-9.55, and 9.00-8.98 ppm due to
dar, OnH and dnmz in the free ligand spectra have
downfield shifts in the spectra of the complexes due
to increased conjugation on coordination,
supporting the coordination of the ligands to
UO(I1) ion. The downfield shift of these signals is
due to deshielding by UOx(Il) [55]. The *H NMR
spectra of UOy(Il)-complexes displayed two new
signals at 2.50-2.51 and 3.37-3.39 ppm for water
and CHs from acetate, respectively [24]. Thus, the
'H NMR results support the IR inferences.
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Thermal analysis

Thermal analysis was used to confirm the
molecular structure of the complexes. Also, the
thermal stability, properties, nature of intermediates
and final products of the thermal decomposition of
coordination compounds can be obtained from
thermal analysis [56]. From the TGA curves, the
mass loss can be calculated for the different
decomposition steps and compared with those
theoretically calculated for the suggested formula
based on analytical and spectral results, as well as
molar conductance measurements. TGA indicates
the formation of a metal oxide as the end product
from which the metal content could be calculated
and compared with that obtained from analytical
data. The investigated complexes 1 and 2 were
subjected to TGA to throw more light on their
molecular structures. The obtained results and the
thermal decomposition patterns are presented in
Table 4. From the tabulated results it can be
concluded that the thermal decomposition of the
complexes takes place in four steps. The lattice
water molecules were volatilized within the
temperature range of 50—100°C while the
coordinated water molecules were removed within
the range of 120—180°C. The number of water
molecules was determined from the percentage
weight losses at these steps. The removal of
coordinated acetate groups was observed within the
220—295°C  range [11]. The  complete
decomposition of the organic ligands occurred at
temperatures higher than 305°C. The final product
was the metal oxide. The metal content was also
determined from the percentage weight of the
remaining oxide, which was also used to calculate
the molecular weight of the investigated complexes.
The values determined were concordant with those
obtained from the mass spectral studies.

In-vitro antimicrobial assay

It was reported that the biological and medicinal
potency of coordination compounds has been
established by antitumor, antiviral, and antimalarial
activities, related to the ability of the metal ion to
form complexes with ligands containing nitrogen
and oxygen donors [57]. The in vitro anti-microbial
activities of the investigated ligands and complexes
were tested against A. flavus, C. albicans, E. coli,
and S. aureus by the modified Kirby-Bauer disc
diffusion method [37]. Standard drugs tetracycline
and amphotericin B were also tested for their
antibacterial and antifungal activities at the same
concentrations and conditions. The complexes had
significant antimicrobial activities against the tested
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organisms compared with the free ligands (Table
5). Complexes 1 and 2 exhibited high activity
against different types of the tested bacteria.
Complex 2 displayed moderate activity against A.
flavus, whereas complex 1 and free ligands are
inactive against it. Ligands and complexes are
inactive against C. albicans. Compared with
tetracycline and amphotericin B, the complexes
were less active. The data prove the potential of
complexes 1 and 2 as broad-spectrum antibacterial
agents. Also, complex 2 can be used as an effective
antifungal agent against multicellular fungi. It is
well known that the activity of any compound is a
complex combination of steric, electronic, and
pharmacokinetic factors. The action of the
compounds may involve the formation of a
hydrogen bond through —N=C of the chelate or the
ligand with the active centers of the cell
constituents resulting in interference with normal
cell process [58]. The microbotoxicity of the
compounds may be ascribed to the metal ions being
more susceptible toward the bacterial cells than the
ligands [59]. The improved activities of the metal
complexes as compared to the ligand can be
explained on the basis of the chelation theory [60].
This theory explains that a decrease in the
polarizability of the metal could enhance the
lipophilicity of the complexes, which leads to a
breakdown of the permeability of the cells,
resulting in interference with normal cell processes
[61]. This indicates that the chelation tends to make
the Schiff bases act as more powerful and potent
antimicrobial agents, thus inhibiting the growth of
bacteria and fungi more than the parent Schiff bases
[62, 63]. Therefore, it is claimed that the process of
chelation dominantly affects the biological behavior
of the compounds that are potent against microbial
and fungal strains. E. coli was selected as the
backbone of Gram negative bacteria whereas S.
aureus was selected to represent Gram positive
bacteria. Also, A. flavus was selected as a higher
fungus which represents multicellular  fungi
whereas C. albicans represents the unicellular
fungi; they represent a broad spectrum of test
organisms. So, the obtained data prove the
usefulness of UO,(I1)-complexes as broad-spectrum
antimicrobial agents.

CONCLUSION

Two azo-azomethine ligands and their bi-
homonuclear uranyl complexes were prepared and
characterized. Analytical data, molar conductance
measurements, magnetic susceptibility, TOF-mass,
IR, UV-Vis, and 'H NMR spectral studies suggest
octahedral geometry of the complexes. The ligands

coordinate to the metal ions via the nitrogen atom
of the pyrimidine ring, the oxygen atom of the
sulfonamide group, the azomethine-N, and the
oxygen atom of OH group in two chelation centers.
Conductance data reveal that the complexes are
non-electrolytes. The thermal data confirmed the
suggested formula based on spectral results. The
synthesized complexes were active against bacteria
(E. coli and S. aureus) and fungi (A. flavus), thus
giving a new thrust of these compounds in the field
of metallo-drugs (bio-inorganic chemistry). Also,
metal complexes of such type are of interest
especially due to their potential as biocides and
nematicides with unique electrical and magnetic
properties [64].
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I'PYIIN OT A30-A3BOMETHHOBU JIMI"TAHAN C N20O2 —/IOHOPU U TEXHUTE
JABYANPEHU KOMIUIEKCHU C UO2(Il): CUHTE3A, OXAPAKTEPU3WPAHE U
BNOJIOTMYHA AKTUBHOCT

®.A. Caan® , AM. Xemp" 2"

1 [Jenapmamenm no xumus, Koneswc no npunosicnu nayku, Yuusepcumem ,, Ym-an-Ypa“, Maxxa, Cayoumcka Apabus
2 Jlenapmamenm no xumus, Hayuen ¢paxynimem, Yuusepcumem ¢ Tanma, Ecunem

Tlosnyuena Ha 2 cenremBpH, 2014 r., kopurepana Ha 5 HoemBpu, 2014 r.
(Pesrome)

CHHTE3UpaHu ca JIBE a30-a30MeTHHOBHU JuraHau ¢ 1oHOp oT N2O» u Texuute aBysapenu kommuiekcu ¢ UO2(IN)
3a TepameBTHYHHU menu JIuraHaute ca MONydeHH upe3 KoumaeHsaiwms Ha 4-(4-xumpokcu-3-hopmun-1-mmnazo)-N-
MUPUMUANH-2-WI-0eH3eHCYIQOHaMUl C eTWwIeHIuaMuH H 1,6-xekcaHnuamuH. [lojydeHuWTe NWUTraHAM M TEXHUTE
JIBEHOMOSIIPEHH YPaHHJIOBU KOMIUIEKCH ca XapakTepu3upaHu ¢ TepmMudHd aHanu3u (TGA M KOHBEHIIMOHAJIEH METON),
BuOpaumonuy, enekrponny, |H NMR n maccriekTpu, KakTo ¥ 4upe3 pa3iuyHu (GU3MKOXUMHYHU TEXHUKH. AKTUBHHUTE
KOOPJIMHAIIMOHHY LICHTPOBE B JINTAHIUTE H TEOMETPUYHOTO Pa3IOJIOKEHNE HAa KOMIUIEKCUTE Ca U3CIIE[BAaHN C IOMOIITa
Ha CIEKTPAIHHU JaHHH. V3MepBaHHsS Ha MoJapHaTa MpoBOAMMOCTTA B pa3TBop Ha DMSO mokasa, ye koMIuiekcure ca
He-eJIEKTpoNuTH. V3cnenaBaHWTe KOMIUICKCH W JIMTaHAW OsiXa CKPUHUpPAaHW WH BHTPO 3a TAXHATA aHTUMHKPOOHa
aktuBHOCT cpeuty rpou (Aspergillus flavus and Candida albicans), rpam-nonoxurennu 6axrepun (Staphylococcus
aureus) u rpam-otpuuatenau oakrepun (Escherichia coli). YcranoBero e, ye KOMIUIEKCHTE ca TO-MOIIHU ()yHIHIIUIA
1 GaKTEPHIIUIH, OTKOJIKOTO JINTAHIUTE.
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Multicomponent reactions of diethyl oxalate: synthesis of pyrrole derivatives in water
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An expert tactic for the preparation of 1H-pyrrole derivatives via the reaction between primary amines, alkyl
propiolates and diethyl oxalate is described. Particularly, valuable features of this method include high yields of
products, short reaction time, and straightforward and convenient procedure. Herein, the synthesis of substituted 1H-
pyrrols was reported based on the three-component reaction of diethyl oxalate.

Keywords: Pyrrole, Alkyl propiolate, Oxalyl chloride, Primary amines, Water

INTRODUCTION

At the beginning of the new century, a move in
importance in chemistry is obvious with the aim to
extend environmentally gentle routes for the
synthesis of numerous materials [1]. Green
chemistry approaches hold out momentous
potential not only for reduction of byproducts and
waste produced, and lowering of energy costs but
also in the development of new methodologies
toward previously unobtainable materials, using
existing technologies [2, 3]. More than a few
biologically active synthetic compounds have five
membered nitrogen containing heterocycles in their
structures [4]. Among them, pyrroles are
heterocycles of great importance because of their
presence in frequent natural products similar to
heme, chlorophyll, vitamin B12, and various
cytochrome enzymes [5]. Some of the recently
isolated pyrrole containing marine natural products
have been found to display significant cytotoxicity
and function as multidrug resistant (MDR) reversal
agents [6]. Many of these biologically active
compounds have appeared as chemotherapeutic
agents. Also, polysubstituted pyrroles are molecular
structures having immense importance in material
science [7]. They have also been employed as
antioxidants [8], antibacterial [9, 10] ionotropic [11,
12] antitumor [13], anti-inflammatory [14, 15] and
antifungal agents [16]. Continuing our efforts
directed towards the straightforward preparation of
biologically active target molecules through
multicomponent reactions, we performed the
synthesis of some 1H-pyrrole derivatives via a
three-component reaction of diethyl oxalate at 70
°C in water (Scheme 1).

* To whom all correspondence should be sent:
E-mail: sheikholeslamy@yahoo.com
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Scheme 1. Synthesis of compound 4

EXPERIMENTAL
Apparatus and analysis

Melting points were taken on a Kofler hot stage
apparatus and are uncorrected. *H, **C and 3P NMR
spectra were obtained with a Bruker FT-500
spectrometer in CDCls, and tetramethylsilane (TMS)
was used as an internal standard or 85% H3PO, as
external standard. Mass spectra were recorded with a
Finnigan Mat TSQ-70 spectrometer. Infrared (IR)
spectra were acquired on a Nicolet Magna 550-FT
spectrometer. Elemental analyses were carried out
with a Perkin-Elmer model 240-C apparatus. The
results of elemental analyses (C, H, N) were within
+0.4 % of the calculated values. Acetylenic ester,
phenacyl bromide, its derivatives and
triphenylphosphine were obtained from Fluka and
were used without further purification.

General procedure for the preparation of
compounds 4a-e: To a stirred mixture of primary
amine 1 (2 mmol) and alkyl propiolate 5 (2 mmol) in
water (5 mL) diethyl oxalate 2 (2 mmol) was added at
70°C. The reaction mixture was stirred for 3 h. After
completion of the reaction [TLC (AcOEt/hexane 1:6)
monitoring], the reaction mixture was purified by
flash column chromatography on silica gel (Merck

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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230-400 mesh) using n-hexane—EtOAc as eluent to
afford the pure compounds 4.
Methyl-1-benzyl-4,5-dioxo-4,5-dihydro-1H-
pyrrole-3-carboxylate (4a). White powder; 172-
174 °C, yield 0.44 g (85%) IR (KBr) (vmad/cm?) =
1738, 1730, 1728, 1675, 1467, 1325 cm™. MS: m/z
(%) = 245 (M*, 15), 214 (70), 91 (96), 77 (64), 31
(100),- Anal. Calcd (%) for C13H11NO4 (245.23): C,
63.67; H, 4.52; N, 5.71. Found: C, 63.75; H, 4.63;
N, 5.82. 'H NMR (500.1 MHz, CDCls): [1 =3.75 (3
H, s, MeO), 4.84 (1 H, d,2J=11.7 Hz, CH), 5.15 (1
H, d, 20 =11.7 Hz, CH), 7.12 (2 H, d, 3 = 7.4 Hz, 2
CH), 7.45 (1 H,t,3)=7.8 Hz,CH), 7.68 (2 H, t, 3]
= 7.4 Hz, 2 CH), 8.65 (1 H, s, CH) ppm. ¥C NMR
(125.7 MHz, CDClz): 1 = 47.8 (NCHy), 52.2
(MeO), 112.2 (C), 128.5 (CH), 129.4 (2 CH), 129.8
(2 CH), 137.5 (C), 147.5 (CH), 162.4 (C=0), 163.5
(C=0), 165.7 (C=0) ppm.
Methyl-1-(4-methylbenzyl)-4,5-dioxo-4,5-
dihydro-1H-pyrrole-3-carboxylate (4b). White
powder, 164-166 °C, yield 0.49 g (80%). IR (KBr)
(vmadcm™) = 1740, 1737, 1732, 1695, 1672, 1447,
1254, 1175 cm™*. MS: m/z (%) = 259 (M*, 10), 153
(65), 105 (100), 77 (64), 31 (100). Anal. Calcd (%)
for C14H13NO4 (259.26): C, 64.86; H, 5.05; N, 5.40.
Found: C, 64.92; H, 5.14; N, 5.53. *H NMR (500.1
MHz, CDCls): 11 =2.30 (3 H,s, Me), 3.84 (3H,s,
MeO), 4.75 (1 H, d, 2 = 12.4 Hz, CH), 5.23 (1 H,
d, 2 = 12.4 Hz, CH), 7.24 (2 H, d, 3] = 7.9 Hz,
CH), 7.32(2H,d,3J=79Hz,2CH), 874 (1 H, s,
CH) ppm. BC NMR (125.7 MHz, CDCls): [ = 20.7
(Me), 46.4 (NCHy), 52.3 (MeO), 111.4 (C), 1285
(2 CH), 128.7 (2 CH), 130.2 (C), 133.5 (C), 161.4
(C=0), 162.3 (C=0), 165.4 (C=0) ppm.
Methyl-1-(butyl)-4,5-dioxo-4,5-dihydro-1H-
pyrrole-3-carboxylate (4c). White powder; 145-
147 °C, yield: 0.63 g (87%). IR (KBr) (vmax/cm™) =
1742, 1740, 1735, 1694, 1425, 1324, 1236 cm™.
Anal. Calcd (%) for C10H13NO4 (211.22): C, 56.86;
H, 6.20; N, 6.63. Found: C, 56.92; H, 6.34; N,
6.73. 'H NMR (500.1 MHz, CDCls): 11 =0.92 (3 H,
t,3)=7.2 Hz, CHg), 1.27 (2 H, m, CHy), 1.43 (2 H,
m, CH,), 3.74 (3 H, s, MeO), 3.82-3.93 (2 H, m,
NCH,), 8.84 (1 H, s, CH) ppm. C NMR (125.7
MHz, CDCls): (1 = 13.4 (CHs), 18.7 (CH,), 28.6
(CHy), 42.5 (NCH,), 109.4 (C), 147.3 (CH), 161.2
(C=0), 162.5 (C=0), 164.2 (C=0) ppm.
Ethyl-1-(ethyl)-4,5-dioxo-4,5-dihydro-1H-
pyrrole-3-carboxylate (4d). White powder; 152-
154 °C (decomp.); yield 0.35 g (85%). IR (KBr)
(vmax/cm™) = 1738, 1735, 1728, 1425, 1229 cm™.
Anal. Calcd (%) for CoH1:NO4 (197.19): C, 54.82;

H, 5.62; N, 7.10. Found: C, 54.93; H, 5.73; N, 7.18.
'H NMR (500.1 MHz, CDCl3): §=1.28 (3H,t, % =
7.4 Hz, CHs), 1.36 (3 H, t, 3J = 7.5 Hz, CHs), 3.68-
3.82 (2 H, m, NCHp), 425 (2 H, q, ¥ = 7.5 Hz,
CH:0), 8.74 (1 H, s, CH) ppm. ¥C NMR (125.7
MHz, CDCls): 1 = 13.4 (CH3), 13.8 (CH3), 38.4
(NCHy), 61.4 (CH20), 110.4 (C), 146.2 (CH), 161.5
(C=0), 162.3 (C=0), 164.7 (C=0) ppm.
Ethyl-1-(tert-butyl)-4,5-dioxo-4,5-dihydro-1H-

pyrrole-3-carboxylate (4e). White powder; 148-150
°C, yield 0.43 g (80%). IR (KBr) (vma/Cm™) = 1745,
1740, 1738, 1462, 1430, 1347, 1232 cm™. Anal. Calcd
(%) for C11HisNO4 (225.24): C, 58.66; H, 6.71; N,
6.22. Found: C, 58.75; H, 6.82; N, 6.34. 'H NMR
(500.1 MHz, CDCls): =134 3 H, t,3) =74 Hz,
CHs), 1.48 (9 H, s, MesC), 4.23 (2 H, q, 3 = 7.4 Hz,
CH:0), 8.23 (1 H, s, CH) ppm. ¥*C NMR (125.7
MHz, CDCls): 1 = 13.7 (CH3), 26.5 (MesC), 48.6
(NC), 61.4 (CH0), 110.7 (C), 139.8 (CH), 162.9
(C=0), 163.4 (C=0), 165.7 (C=0) ppm.

RESULTS AND DISCUSSION

Three-component reactions between primary
amine 1 and diethyl oxalate 2 with alkyl propiolates 3
at 70 °C in water produce 1H-pyrrole derivatives 4 in
excellent yields (Scheme 1).

H RO,C o}
I I i
H,O /
OEt 2
RNH, + Eto)g( + — H N o
o) CO.R' 70°C, 3h |
2 R
1 3
2 4
1,3,4 R R' Yield (%) of 4
a | Bn Me 85
b | 4-MeC4H,CH, Me 80
c | n-Bu Me 87
d | Et Et 85
e [y Et 80

Scheme 1. Synthesis of compounds 4

The structures of compounds 4a—e were
determined on the basis of their IR, '"H NMR and *C
NMR spectra. The mass spectra of these compounds
show molecular ion peaks at the appropriate m/z
values. Also, the *H NMR spectrum of 4a exhibits two
singlets at 6 = 3.75 and 8.65 ppm for methoxy and
methine protons, respectively. Two doublets at ¢ =
4.84 (d, 2J = 11.7 Hz) and 5.15 (d, 2J = 11.7 Hz) for
CH, protons are registered along with signals for
aromatic moiety.

On the basis of the well established chemistry of
amine nucleophiles it is reasonable to assume that
pyrrole derivatives 4 results from the initial addition
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Scheme 2. Proposed mechanism for synthesis of 4

of primary amines to alkyl propiolate and
subsequent attack of the intermediate 5 to
compound 2 producing the intermediate 6.
Intramolecular nucleophilic attack of the nitrogen to
the carbonyl group in compound 6 generates
compound 7 that by elimination of EtOH produces 4
(Scheme 2).

CONCLUSION

In conclusion, we reported a novel method
involving primary amines and alkyl propiolates in
the presence of diethyl oxalate for the synthesis of
1H-pyrrole derivatives. The advantages of our work
are that the reaction is performed in water, without
using a catalyst.

Acknowledgment: This research is supported by the
Islamic Azad University, Firoozkooh Branch.
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MHOI'OKOMITIOHEHTHUM PEAKIIM HA TUETJI OKCAJIAT: CUHTE3A HA ITNPOJIOBU
I[TPON3BOJHU BbB BOJIA

@. [lenkHonecnamu-Papaxanu

Kameopa no xumus, knon @upyskyx, Ucnamcku ynusepcumem “Azao*, @upysxyx, Upan

IocTpnuna Ha 13 despyapu 2014 r.; kopurupana Ha 21 romu, 2014 r.

(Pesrome)

OmnmcaHa € eKCclepTHA TaKTHKa 3a MojdydaBaHe Ha |H-mmpon mpows3BOgHM dUpe3 peaknus MeXAy MbPBUYHH aMUHH,
ANKWJIHY MPOTHOJIATH U AUETHI okcanar. OcoOeHO IeHHNTEe XapaKTePUCTHKH HA TO3M METOJ BKIIFOYBAT BHCOKU JTOOWBU
Ha MPOJYKTH, KPaTKO PEaKIMOHHO BpPEME, sICHA U yA00ao mpouenypa. B Ta3u pabora ¢ ommcaHa cuHTe3a Ha 3aMECTEHU
I H-tmponu Ha 6a3aTa Ha TPUKOMITOHEHTHA PEaKINs Ha JUSTHII OKcalaT
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N-methyl imidazole or ammonium thiocyanate promoted synthesis of substituted
pyrroles: Multicomponent reaction of alkyl propiolates in water
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A novel, convenient, and efficient approach to the synthesis of substituted pyrroles is reported based on a three-
component reaction. The reaction of primary amines witih electron deficient acetylenic compounds in the presence of
N-methylimidazole or ammonium thiocyanate in water lead to the formation of pyrroles in good yield.

Keywords: Water, Primary amine, N-methylimidazol, pyrroles, Three-component reaction, Green Chemistry.

INTRODUCTION

At the beginning of the new century, a move in
importance in chemistry is obvious with the longing
to extend environmentally gentle routes to a
numerous of materials [1]. Green chemistry
approaches hold out momentous potential not only
for reduction of byproducts, a reduction in the
waste produced, and lowering of energy costs but
also in the development of new methodologies
toward previously unobtainable materials, using
existing technologies [2]. Of all of the existing
areas of chemistry, medicinal and pharmaceutical
chemistry, with their traditionally large volume of
waste/product ratio, are maybe the most developed
for greening [3]. Multicomponent reactions
(MCRs) have been commonly employed by
synthetic chemists as a too easy means to produce
molecular diversity from bifunctional substrates
that react successively in a intramolecular way [4].
Five membered, nitrogen-containing heterocycles
are main building blocks in a broad number of
biologically active compounds [5]. Among them,
pyrroles are heterocycles of enormous importance
because of their presence in several natural
products like heme, chlorophyll, vitamin Bi,, and
various cytochrome enzymes [6]. Some of the
recently isolated pyrrole-containing marine natural
products have been set up to display considerable
cytotoxicity and function as multidrug resistant
reversal agents [7]. Many of these biologically
active compounds have appeared as
chemotherapeutic agents. In addition, substituted
pyrroles are molecular skeleton having enormous
importance in material science [8].They have been
also used as antioxidants, antibacterial, ionotropic,

* To whom all correspondence should be sent:
E-mail: sheikholeslamy@yahoo.com

antitumor, anti inflammatory and antifungal agents [9-
14]. There are many methods for the synthesis of
pyrroles [15-24]. As part of our current studies on the
development of new routes in heterocyclic synthesis,
we report an efficient synthesis of pyrrole derivatives
4 in good yield (Scheme 1).

RO,C CO,R
H H
I\
‘ ‘ ‘ NH, NH,SCN (2 eq) N H
e ——
* * " H,0,50°C,4 h |
R R" H
COR  CoR
4
1 2 3
1,234 R R R Yield (%) of 4
a Me Me H 75
bl Me g Me 87
c Et Me MeO 70
d Et Et Me 75

Scheme 1. Reaction of propiolate with benzyl amine in
the presence of ammonium thiocyanate.

EXPERIMENTAL
Apparatus and analysis

All chemicals used in this work were purchased
from Fluka (Buchs, Switzerland) and were used
without further purification. Melting points were
measured on an Electrothermal 9100 apparatus.
Elemental analyses for C, H, and N were performed
using a Heraeus CHN-O-Rapid analyzer. Mass
spectra were recorded on a FINNIGAN-MAT 8430
spectrometer operating at an ionization potential of 70
eV. IR spectra were measured on a Shimadzu IR-460
spectrometer. *H and *C NMR spectra were measured
with a BRUKER DRX-500 AVANCE spectrometer at
500.1 and 125.8 MHz, respectively. *H, *C, spectra
were obtained for solutions in CDCls using TMS as
the internal standard or 85% H3PO, as the external
standard.

General procedure for preparation of compounds
4: To a stirred mixture of amine 3 (2 mmol) and
acetylenic ester 2 (2 mmol) in water (5 mL) was

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 667
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added mixture of NH4sSCN (2 mmol) and acetylenic
ester 1 (2 mmol) in water at 50 °C. After
completion of the reaction (4 h; TLC
(AcOEt/hexane 1:5) monitoring), the residue was
extracted by AcOEt and washed by cold diethyl
ether to give pure product.

General procedure for preparation of
compounds 16: To a stirred mixture of alkyl
propiolate 13 (2 mmol) and primary amine 14 (2
mmol) in water (5 mL) was added mixture of alkyl
propiolate 15 and N-methylimidazole (5 mol%) in
water (5 mL). The reaction mixture was then stirred
for 1.5 h at 50 °C. After completion of the reaction
[1.5 h; TLC (AcOEt/hexane 1:4) monitoring), the
solid residue was filtered and washed by cold
diethyl ether to give pure product 16.

Dimethyl-2-phenyl-1H-pyrrole-3,4-
dicarboxylate (4a): Yellow oil; yield: 0.39 g
(75%). IR (KBr) (vmax/cm™): 1725, 1634, 1487. 'H
NMR (500.1 MHz, CDCls): 0 = 3.75 (3 H, s, MeO),
3.82 (3H,s, Me0O), 6.87 (1 H,s, CH), 7.12 (2 H, d,
8 = 7.5 Hz, CH), 7.42 (3 H, m, CH), 9.32 (1 H, br
s, NH) ppm. C NMR (125.7 MHz, CDCls): 6 =
51.2 (MeO), 51.8 (MeO), 112.4 (C), 125.8 (CH),
127.5 (2 CH), 128.4 (C), 128.7 (2 CH), 129.2 (CH),
132.0 (C), 143.4 (C), 162.4 (C=0), 163.8 (C=0)
ppm. MS: m/z (%) = 259 (M*, 10), 228 (46), 91
(58), 77 (87), 31 (100). Anal. Calc. for C14H13NO4
(259.26): C, 64.86; H, 5.05; N, 5.40; Found: C,
64.92; H, 5.14; N, 5.52.

4-ethyl-3-methyl-2-(4-methylphenyl)-1H-
pyrrole-3,4-dicarboxylate (4b): Pale yellow oil;
yield: 0.49 g (87%). IR (KBr) (vmax/cm?):, 1727,
1654, 1587, 1465. *H NMR (500.1 MHz, CDCls): &
=124 3 H, t, 3] = 74 Hz, CHs), 242 (3 H, s,
Me), 3.85 (3 H, s, Me0), 4.18 (2 H, q, 3] = 7.4 Hz,
CH;0), 7.12 (1 H, s, CH), 7.22 (2 H, d, ®J = 7.8 Hz,
2 CH), 7.38 (2 H, d, 3] =7.8 Hz, 2 CH), 9.28 (1 H,
br s, NH) ppm. *C NMR (125.7 MHz, CDCls): 6 =
13.8 (CH3), 22.5 (Me), 52.7 (MeO), 61.4 (CH0),
115.2 (C), 125.4 (CH), 126.5 (2 C), 129.4 (C),
130.4 (2 CH), 131.2 (2 CH), 144.7 (C), 162.3
(C=0), 163.8 (C=0) ppm. MS: m/z (%) = 287 (M*,
15), 256 (45), 242 (58), 105 (100), 77 (86), 31
(100). Anal. Calc. for CiHi7NO4 (287.31): C,
66.89; H, 5.96; N, 4.88; Found: C, 66.93; H, 6.04;
N, 4.92.

3-ethyl-4-methyl-2-(4-methoxyphenyl)-1H-
pyrrole-3,4-dicarboxylate (4c): Yellow oil; yield:
0.42 g (70%). IR (KBr) (vmax/cm™): 1724, 1627,
1545, 1462, 1335, 1275. 'H NMR (500.1 MHz,
CDCl3): 6 =1.35 (3 H, 1,3 = 7.4 Hz, CHs), 3.75 (3
H, s, Me0), 3.94 (3 H, s, Me0), 432 2 H, t,3) =
7.5Hz, CH;0),6.94 (1 H,s, CH),7.12 (2 H,d, 3 =
7.8 Hz, CH), 7.46 (2 H, d, 3 = 7.8 Hz, CH), 9.24 (1
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H, br s, NH) ppm. *C NMR (125.7 MHz, CDCl3): 6 =
14.2 (CHs), 51.6 (MeO), 55.6 (MeO), 62.4 (CH-0),
114.7 (2 CH), 115.2 (CH), 120.4 (C), 123.6 (C), 130.2
(C), 131.5 (2 CH), 141.7 (C), 160.2 (C), 161.7 (C=0),
164.5 (C=0) ppm. MS: m/z (%) = 303 (M*, 8), 272
(65), 182 (54), 121 (100), 77 (65), 31 (100). Anal.
Calc. for C16H17NOs (303.31): C, 63.36; H, 5.65; N,
4.62; Found: C, 63.43; H, 5.74; N, 4.73.

Diethyl-2-(4-methylphenyl)-1H-pyrrole-3,4-
tricarboxylate (4d): Yellow oil; yield: 0.45 g (75%).
IR (KBr) (vmax/cm): 1728, 1637, 1587, 1465, 1346,
1237. *H NMR (500.1 MHz, CDCI3): 6 = 1.27 (3 H, t,
3) = 7.2 Hz, CH3), 1.35 (3 H, t, 3] = 7.5 Hz, CHy),
2.38 (3 H, s, Me), 4.22 (2 H, q, %J = 7.4 Hz, CH20),
4.37 (2 H, q, ®J = 7.5 Hz, CH20), 6.97 (1 H, s, CH),
726 (2H,d,®)=75Hz,2CH),743(2H,d,% =76
Hz, 2 CH), 9.23 (1 H, br s, NH) ppm. **C NMR (125.7
MHz, CDCI3): 6 = 13.4 ( Me), 13.8 (Me), 20.4 (Me),
61.4 (CH20), 61.8 (CH20), 116.4 (CH), 121.8 (C),
128.3 (C),129.5 (2 CH), 130.2 (2 CH), 140.6 (C),
144.8 (C), 160.2 (C), 161.4 (C=0), 162.5 (C=0) ppm.
MS: m/z (%) = 301 (M*, 10), 196 (85), 105 (100), 77
(44), 45 (87). Anal. Calc. for C17H1sNO, (301.34): C,
67.76; H, 6.35; N, 4.65; Found: C, 67.83; H, 6.42; N,
4.74.

Dimethyl-1-methyl-1H-pyrrole-3,4-
dicarboxylate (16a): Pale yellow powder, m.p. 173-
175 °C, Yield: 0.36 g (92%) IR (KBr): 1735, 1729,
1587, 1435, 1295, 1126 cm™. *H NMR: 3.58 (3 H, s,
NMe), 3.78 (6 H, s, 2 Me0), 6.92 (2 H, s, 2 CH) ppm.
3C NMR: 35.8 (NMe), 51.8 (2 Me0), 137.2 (2 C),
138.3 (2 CH), 165.4 (2 C=0) ppm. EI-MS: 197 (M*,
15), 135 (85), 79 (64), 31 (100). Anal. Calcd for
CoH11NO4 (197.19): C 54.82, H 5.62, N 7.10; Found:
C54.93, H5.74, N 7.22.

Dimethyl-1-ethyl-1H-pyrrole-3,4-dicarboxylate
(16b): Yellow powder, m.p. 167-169 °C, Yield: 0.37
g (87%). IR (KBr): 1730, 1727, 1562, 1454, 12876
cmt 'H NMR: 1.23 (3 H, t, 3J = 7.4 Hz, Me), 3.58 (2
H, g, 3J = 7.4 Hz, NCH,), 3.82 (6 H, s, 2 MeO), 6.87
(2 H, s, 2 CH) ppm. 3C NMR: 14.2 (Me), 48.3
(NCH,), 52.4 (2 MeO), 137.5 (2 C), 139.0 (2 CH),
166.2 (2 C=0) ppm. EI-MS: 211 (M*, 10), 121 (76),
79 (58), 45 (100). Anal. Calcd for CioH13NO4
(211.22): C 56.86, H 6.20, N 6.63; Found: C 56.74, H
6.14, N 6.52.

Dimethyl-1-butyl-1H-pyrrole-3,4-dicarboxylate
(16c): Pale yellow powder, m.p. 178-180 °C, Yield:
0.41 g (85%) IR (KBr): 1728, 1725, 1545, 1378,
1268, 1226 cm™. *H NMR: 0.92 (3 H, t, %] = 7.3 Hz,
Me), 1.27 (2 H, m, CH>), 1.52 (2 H, m, CH>), 3.62 (2
H, t, 3J = 7.3 Hz, NCH,), 3.75 (6 H, s, 2 MeO), 6.86
(2 H, s, 2 CH) ppm. **C NMR: 13.2 (Me), 18.6 (CH>),
32.4 (CHy), 52.2 (2 MeO), 53.3 (NCH,), 135.4 (2 C),
137.6 (2 CH), 167.0 (2 C=0) ppm. EI-MS: 239 (M*,
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15), 208 (88), 31(100). Anal. Calcd for C12H17NO4
(239.27): C 60.24, H 7.16, N 5.85; Found: C 60.33,
H 7.25, N 5.92.
3-Ethyl-4-methyl-1-methyl-1H-pyrrole-3,4-

dicarboxylate (16d):Yellow powder, m.p. 154-
156°C, Yield: 0.34 g (80%) IR (KBr): 1735, 1730,
1587, 1345, 1347, 1252 cm™. *H NMR: 1.22 (3 H,
t,3J = 7.2 Hz, Me), 3.64 (3 H, s, NMe), 3.78 (3 H,
s, MeO), 4.28 (2 H, g, 3J = 7.2 Hz, CH;0), 7.12 (1
H, s, CH), 7.22 (1 H, s, CH) ppm. ¥C NMR: 13.7
(Me), 37.3 (NMe), 61.6 (CH20), 134.5 (C), 135.8
(CH), 136.4 (CH), 137.2 (C), 164.5 (C=0), 167.4
(C=0) ppm. EI-MS: 211 (M*, 15), 180 (68), 45
(87), 31 (100). Anal. Calcd for C1oH13NO4 (211.22):
C 56.86, H 6.20, N 6.63; Found: C 56.93, H 6.33, N
5.6.72.

Dimethyl- 1-(4-methylbenzyl)-1H-pyrrole-
3,4-dicarboxylate (16¢€). Yellow powder, m.p. 185-
187 °C, Yield: 0.45 g (78%) IR (KBr): 1737, 1734,
1687, 1597, 1465, 1254 cm™. 'H NMR: 2.38 (Me),
3.62 (3 H, s, NCHy), 3.75 (3 H, s, MeO), 3.78 (3 H,
s, Me0O), 6.74 (L H, s, CH), 6.85 (1 H, s, CH), 7.29
(2H,d,*J=76Hz,2CH),7.36 (2H,d, 3 =76
Hz, CH) ppm. **C NMR: 21.4 (Me), 51.2 (MeO),
52.3 (MeO), 61.7 (NCH,), 127.6 (2 CH), 128.5 (2
CH), 132.4 (C), 134.5 (C), 134.6 (CH), 135.8 (CH),
136.2 (C), 137.4 (C), 167.3 (C=0), 169.5 (C=0)
ppm. EI-MS: 287 (M*, 10), 181 (87), 105 (100), 77
(46), 31(100). Anal. Calcd for C1sH17NO, (287.31):
C 66.89, H 5.96, N 4.88; Found: C 66.95, H 6.07, N
4.97.

3-Ethyl-4-methyl-1-(4-methoxybenzyl)-1H-
pyrrole-3,4-dicarboxylate (16f). Yellow powder,
m.p. 182-184 °C, Yield: 0.53 g (83%) IR (KBr):
1733, 1728, 1694, 1587, 1486, 1375 cm™. H
NMR: 1.27 (3 H, t, 3J = 7.4 Hz, Me), 3.68 (3 H, s,
NCH,), 3.75 (3 H, s, MeO), 3.82 (3 H, s, MeO),
4.32 (2 H,q,% =7.4Hz, CH,0), 6.65 (1 H, s, CH),
6.74 (1 H, s, CH), 7.15 (2 H, d, 3J = 7.5 Hz, 2 CH),
7.23 (2H, d, 3 =7.5Hz, CH) ppm. C NMR: 14.2
(Me), 52.3 (MeO), 55.4 (MeO), 61.4 (CH,0), 62.4
(NCHy), 114.2 (2 CH), 132.4 (2 CH), 132.8 (C),
134.3 (CH), 134.8 (CH), 135.2 (C), 136.5 (C),
158.7 (C), 165.3 (C=0), 167.2 (C=0) ppm. EI-MS:
317 (M*, 10), 286 (88), 272 (82), 196 (68), 121
(100). Anal. Calcd for Ci7H1sNOs (317.34): C
64.34, H 6.03, N 4.41; Found: C 64.42, H 6.15, N
4.52.

RESULTS AND DISCUSSION

The reaction of propiolates 1, 2 with benzyl amines
3 in the presence of ammonium thiocyanate produce
pyrrole derivatives 4 in excellent yield (Scheme 1). In
these reactions the order of adding reagent is
important. In compound 4b, ammonium thiocyanate
was mixed with methyl propiolate 1 for 1 h at 50 °C
and added to mixture of amine and ethyl propiolate 2
that mixed for 1 h at 50 °C, but in compound 4c is
reverse, ammonium thiocyanate was mixed with ethyl
propiolate 1 for 1 h at 50 °C and added to mixture of
amine and methyl propiolate 2 that mixed for 1 h at 50
°C,. The two component reaction of amine and
propiolates is in the mixture of reaction but very low
yield (10%). These reactions were not performed with
aliphatic primary amines. Although there are many
articles for the synthesis of pyrroles [15-20], the
number of methods for synthesis of substituted
pyrroles caused by benzylic oxidative cyclization, is
restricted [25].

RO,C CO,R
H H
I\
‘ ‘ ‘ NH, NH,SCN (2 eq) N H
+ —_————>
’ . H,0,50°C,4 h |
R R H
COR  CoR
4
1 2 3
1234 R K R Yield (%) of 4
a Me Me H 75
bl Me gt Me 87
¢ Et Me MeO 70
d Et Et Me 75

Scheme 1. Reaction of propiolate and benzyl amine in
the presence of ammonium thiocyanate.

The structures of compounds 4 were assigned by
IR, 'H NMR, ¥C NMR and mass spectral data. For
example, the *H NMR spectrum of 4a exhibited two
singlets for two methoxy protons at (6 3.75 and 3.82
ppm) and one singlet for methin protons at (0 6.87
ppm). The ¥C NMR spectrum of 4a exhibited
carbonyl resonance at 162.4 and 163.8 ppm which
further confirmed the proposed structure. Probably,
the first event includes protonation of the zwitterionic
intermediate 5 formed from NH,SCN and 1, by the
enaminoester intermediate 6 generated in situ from the
primary amine 3 and acetylenic ester 2 to produce
intermediates 7 and 8. Then, nucleophilic attack of the
conjugate base 8 on intermediate 7 leads to adduct 9,
which  undergoes intramolecular  protontransfer
reactions to afford 10. Intermediate 10 undergoes
intramolecular cyclization by elimination of salt 11 to
generate the dihydropyrrol derivative 12, which is
converted to desired product 4 by [1,3]-H shift and air
oxidation (Scheme 2).
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Scheme 2. Proposed mechanism for the synthesis of compound 4.

Under similar conditions, the reaction of
propiolates 13, 15 and primary amines 14 in the
presence of N-methyl imidazole produced pyrrole
derivatives 16 in excellent yield (Scheme 3).

H

R'0,C COR

- | imi 0,
|+ ram, o || AMettimidazole Gmoti J \§
H,0,50°C,15h N
COR CO,R" FL.
13 14 15 16
13,14,15,16 | R R R"  Yield (%) of 16

a Me Me Me 92
b Me £t Ve 87
¢ Me n-Bu Me 85
d Me Me Et 80
e Me 4-Me-benzyl ~ Me 8
f Me 4-MeO-benzyl  Et 83

Scheme 3. Reaction of propiolate and primary amines in
the presence of N-methyl imidazole.

The structures of compounds 16 were assigned
by IR, *H NMR, C NMR and mass spectral data.
For example, the *H NMR spectrum of 16a
exhibited one singlet for two methoxy protons at (o

3.78 ppm), one singlet for NMe protons at (o
3.58 ppm) and one singlet for two methin groups at
(6 6.92 ppm). The BC NMR spectrum of 16a
exhibited 9 distinct resonances which further
confirmed the proposed structure. The IR spectrum
of 16a displayed characteristic C=0 bands. The
mass spectra of 16a displayed the molecular ion
peak at the appropriate m/z. Presumably, the
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zwitterionic  intermediate 18, formed from N-
methylimidazole (XsN) and alkyl propiolate 15, is
protonated by the enaminoester 17, generated in situ
from primary amine 14 and alkylpropiolate 13, to
produce intermediates 19 and 20 (Scheme 4).
Nucleophilic attack of the conjugate base 19 to
intermediate 20 leads to adduct 21, which undergoes
two proton shifts to afford new zwitterionic
intermediate 22. Finally, intramolecular cyclization of
intermediate 22 affords compound 23 by elimination
of N-methyl imidazole, which is converted into 16 by
elimination of hydrogen molecule (Scheme 4).

CONCLUSION

In summary, we report a reaction involving alkyl
propiolates and primary amines in the presence of
catalytic amount of N-methylimidazole at 50 °C in
water which affords a new route to the synthesis of
functionalized pyrroles. Also, these reactions were
performed with alkyl propiolates and benzylamine in
the presence of ammonium thiocyanate which
afforded pyrrole derivatives. The present procedure
has the advantage that not only is the reaction
performed under neutral conditions, but the reactants
can be mixed without any prior activation or
modification.
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N
15+ g)
Me

+

RO,C.__~#
13+14 — > H
H
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NX,
+

21 22

XN 2 -
NHR ’ W/ACOZR" N s M
XN~
ROZCW)\H 3 W)\COZR..
b H

19 20

H H
RO,C - RO,C R'0,C CO,R )
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Scheme 4. Proposed mechanism for the synthesis of compound 16.
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(Pesrome)
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Rapid dehydrogenation of 3,4-dihydropyrimidin-2(1H)-ones using 1,4-
bis(triphenylphosphonium)-2-butene peroxodisulfate and microwave heating
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Efficient oxidative dehydrogenation of 3,4-dihydropyrimidin-2(1H)-ones to pyrimidin-2(1H)-ones was achieved
using 1,4-bis(triphenylphosphonium)-2-butene peroxodisulfate as an oxidant under microwave irradiation.
Chemoselective oxidation of 3,4-dihydropyrimidine in the presence of other oxidizable functional groups such as

sulfide, alkyl, aldehyde was also achieved by this reagent.

Keywords:  3,4-dihydropyrimidin-2(1H)-ones;

INTRODUCTION

Microwave radiation provides an alternative to
conventional heating, as it utilizes the ability of
liquids or solids to transform electromagnetic
energy into heat. The use of microwave irradiation
has introduced several new concepts in chemistry.
Absorption and transmission of the energy is
completely different from the conventional mode
of heating. The microwave technology has been
applied to a number of useful research and
development  processes such as polymer
technology, organic synthesis, application to waste
treatment, drug release/targeting, ceramic and
alkane decomposition [1-6] .

3,4-dihydropyrimidin-2(1H)-ones (DHPMS) are
a class of heterocyclic compounds which have a
wide range of biological activities in medicinal
chemistry including antifungal [7], antiviral [8],
anti-inflammatory [9], and antioxidative properties
[10]. These compounds can be easily prepared
from ethyl acetoacetate, aromatic aldehyde and
urea [11]. Therefore, dehydrogenation of DHPMs
by an oxidizing agent should provide an efficient
method for the preparation of pyrimidine
derivatives.

In this paper, we describe an eco-friendly new
method that utilizes  1,4-bis(triphenylphos-
phonium)-2-butene peroxodisulfate as an efficient
reagent for the oxidation of various types of 3,4-
dihydropyrimidin-2(1H)-ones under microwave
irradiation conditions.

Peroxodisulfate ion is an excellent and versatile
oxidant used mostly for the oxidation of
compounds in aqueous solution [12]. In spite of the

pyrimidin-2(1H)-ones;
peroxodisulfate; microwave irradiation; dehydrogenation.

* To whom all correspondence should be sent:
E-mail: m.gorjizadeh@iau-shoushtar.ac.ir

1,4-bis(triphenylphosphonium)-2-butene

great convenience of using K:S;0s, Na.S;0g or
(NH4)2S20s and their relatively high oxidation
potential, many oxidations by peroxodisulfate do
not proceed at a convenient rate. The
decomposition of the peroxodisulfate ion requires
strong mineral acids and heavy metal ions as
catalysts, as well as protic and polar solvents; so
the modification of KyS,05, Na,S,0s or
(NH.)2S20s has attracted a great deal of attention
[13].

EXPERIMENTAL

All products are known and were identified by
comparison of their physical data, *H NMR and
13C NMR spectra with those of authentic samples
[14-16]. 'H NMR and *C NMR spectra were
taken on a 400 MHz Bruker spectrometer. The
microwave reactions were carried out in a
Milestone MW apparatus model MicroSynth (2500
W) equipped with a condenser. 14-
Bis(triphenylphosphonium)-2-butene
peroxodisulfate  (BTPBPDS) was prepared as
described in our previous paper [13] and other
chemicals were purchased from Merck, Darmstadt,
Germany. The purity determination of the products
and reaction monitoring were accomplished by
TLC on polygram SILG/UV 254 plates.

General Procedure for the Oxidation of 3,4-
Dihydropyrimidin-2(1H)-ones

A mixture of 3,4- dihydropyrimidin-2(1H)-one
(DHPMs) (2.0 mmol), and 1,4-bis
(triphenylphosphonium)-2-butene peroxodisulfate
(2 mmol) in acetonitrile and water (4:1,5 ml) was
magnetically stirred and heated at 140TC by
microwave radiation under reflux conditions for
the time shown in Table 1. After completion of the
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reaction, cold water (5 ml) was added and the
mixture was extracted with diethyl ether. The
combined organic layers were dried over MgSO..
The solvent was concentrated in vacuo; the
resulting product was recrystallized from n-
hexane/ethyl acetate to give the desired product
(Table 1).

Table 1. Oxidation of 3,4-dihydropyrimidines with
BTPBPDS in CH3CN under microwave irradiation

Product R Time (Sec)  Yield? (%)
2a CeHs 120 87
2b 4-Cl-CgH4 120 92
2c 4-Me—CgHgy 90 88
2d 4-OMe—-CsHs 60 85
2e 4-NO,—CgHg4 150 80
2f 3- NO2—CsH4 190 88
29 3-Br-CsHa 120 88
2h 2,4-Cl,—CgHs 150 86
2i 2-Cl-C¢H4 180 85
2j 2-Furyl 120 92
2k n-CsH; 90 82
2l CeH11 120 87

2 |solated yield
Spectral data of pyrimidin-2(1H)-ones

Ethyl-6-methyl-4-phenylpyrimidin-2(1H)-one-5-
carboxylate (2a): M.p.: 132-133°C. 'H-NMR
(400MHz, CDCls): 8= 0.78 (t, 3H), 2.49 (s, 3H),
3.88 (q, 2H), 7.35 (t, 2H), 7.45-7.48 (m, 3H), 11.71
(s, 1H). BC-NMR (100MHz, CDCls): 6=13.8
(CHs3), 18.6 (CHs), 61.0 (CH,), 108.5 (C), 128.01
(CH), 128.72 (CH), 130.7 (CH), 138.1 (C), 158.5
(C), 162.5 (C), 164.7 (C), 165.9 (C).
Ethyl-6-methyl-4-(4-chlorophenyl)pyrimidin-
2(1H)-one-5-carboxylate (2b): M.p.: 184-185 °C.
'H-NMR (400MHz, CDCls): 6= 0.89 (t, 3H), 2.58
(s, 3H), 3.96 (g, 2H), 7.42 (d, 2H), 7.59 (d, 2H),
12.01 (s, 1H). “C-NMR (100MHz, CDClIs):
8=13.9 (CHs), 19.1 (CHs), 61.2 (CH,), 108.9 (C),
127.8 (CH), 128.9 (CH), 135.9 (C), 137.2 (C),
158.7 (C), 162.8 (C), 165.2 (C), 166.50 (C).
Ethyl-6-methyl-4-(4-methylphenyl)pyrimidin-
2(1H)-one-5-carboxylate (2c): M.p.: 139-140 °C.
'H-NMR (400MHz, CDCls): 8= 0.84 (t, 3H), 2.46
(s, 3H), 2.52 (s, 3H), 3.98 (q, 2H), 7.14 (d, 2H),
755 (d, 2H), 11.87 (brd s, 1H). BC-NMR
(100MHz, CDCls): 6=13.8 (CHs3), 19.0 (CHs), 21.3
(CHs), 61.5 (CHy), 108.2 (C), 127.1 (CH), 128.9
(CH), 129.2 (C), 140.8 (C), 158.2 (C), 161.9 (C),
164.4 (C), 166.8 (C).
Ethyl-6-methyl-4-(4-methoxyylphenyl)pyrimidin-
2(1H)-one-5-carboxylate (2d): M.p.: 152°C. H-
NMR (400MHz, CDCls): 6= 0.82 (t, 3H), 2.48 (s,
3H), 2.61 (s, 3H), 3.85 (q, 2H), 6.87 (d, 2H), 7.12
(d, 2H), 10.17 (s, 1H). ®C-NMR (100MHz,
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CDCls): 6=13.8 (CHas), 19.5 (CHs), 55.2(CHs),
61.5 (CH), 108.2 (C), 110.8 (CH), 124.01 (CH),
127.3 (C), 158.2 (C), 159.1 (C), 162.5 (C), 164.5
(C), 167.1 (C).

Ethyl 6-methyl-4-(4-nitrophenyl)pyrimidin-
2(1H)-one-5-carboxylate(2e): Mp: 154-155°C.
'H-NMR (400MHz, CDCls): 8=1.05 (t, 3H), 2.68
(s, 3H), 4.15 (g, 2H), 7.57 (d, 2H), 7.64 (d, 2H),
12.89 (s, 1H). BC-NMR (100MHz, CDCls):
8=13.8 (CHs), 18.7 (CHs), 61.3 (CH), 108.1 (C),
125.0 (CH), 127.6 (CH), 143.1 (C), 149.2 (C),
158.4 (C), 162.6 (C), 164.7 (C), 166.1 (C).
Ethyl-6-methyl-4-(3-nitrophenyl)pyrimidin-
2(1H)-one-5-carboxylate (2f): M.p.: 167-168°C.
'H-NMR (400MHz, CDCls): 8= 1.01 (t, 3H), 2.64
(s, 3H), 4.01 (q, 2H), 7.84 (m, 2H), 8.21 (d, 1H),
835 (s, 1H), 12.79 (brd s, 1H). ¥C-NMR
(100MHz, CDCls): 6=13.9 (CHs), 18.1 (CHs), 61.0
(CHy), 107.8 (C), 122.3 (CH), 125.4 (CH), 130.72
(CH), 131.9 (C), 134.2(CH), 149.1 (C), 158.7 (C),
163.0 (C), 164.7 (C), 169.1 (C).
Ethyl-6-methyl-4-(3-bromophenyl)pyrimidin-
2(1H)-one-5-carboxylate (2g): M.p.: 107-108°C.
'H-NMR (400MHz, CDCls): 8= 0.93 (t, 3H), 2.58
(s, 3H), 3.99 (q, 2H), 7.37 (t, 1H), 7.59-7.67 (m,
3H), 12.03 (s, 1H). **C-NMR (100MHz, CDCls):
5=13.8 (CHs), 18.4 (CHs), 61.1 (CH), 107.5 (C),
124.1 (C), 126.9 (CH), 130.2 (CH), 132.3 (CH),
133.2 (CH), 134.6 (C), 158.8 (C), 162.8 (C), 164.7
(C), 166.1 (C).
Ethyl-6-methyl-4-(2,4-dichlorophenyl)pyrimidin-
2(1H)-one-5-carboxylate (2h): M.p.: 197-198°C.
'H-NMR (400MHz, CDCls): 6= 0.95 (t, 3H), 2.59
(s, 3H), 4.00 (g, 2H), 7.35 (d, 1H), 7.49 (d, 1H),
759 (s, 1H), 12.11 (brd s, 1H). ¥C-NMR
(100MHz, CDCls): 6=13.8 (CHs), 18.2 (CH3), 61.0
(CH,), 108.7 (C), 127.9 (CH), 130.1 (CH), 131.5
(CH), 132.9 (C), 134.7(C), 136.9(C), 159.2 (C),
163.2 (C), 164.7 (C), 169.1 (C).
Ethyl-6-methyl-4-(2-chlorophenyl)pyrimidin-
2(1H)-one-5-carboxylate (2i): M.p.: 181-183°C.
'H-NMR (400MHz, CDCls): 6= 0.75 (t, 3H), 2.50
(s, 3H), 3.82 (q, 2H), 7.37-7.39 (m, 4H), 11.61 (brd
s, 1H). ¥C-NMR (100MHz, CDCls): 8=13.8
(CHs3), 18.6 (CHs3), 61.0 (CH2), 109.0 (C), 126.9
(CH), 128.8 (CH), 129.7 (CH), 130.7 (CH), 132.1
(C), 138.7 (C), 159.7 (C), 162.5 (C), 164.6 (C),
169.8 (C).
Ethyl-6-methyl-4-(2-furyl)-pyrimidin-2(1H)-one-
5-carboxylate (2j): M.p.: 99-101°C. H-NMR
(400MHz, CDCls): 8= 0.85 (t, 3H), 2.58 (s, 3H),
3.90 (q, 2H),6.71 (t, 1H), 7.33 (d, 1H), 7.48 (d,
1H), 11.33 (brd s, 1H). **C-NMR (100MHz,
CDCl3): 6=13.4 (CH3), 17.3 (CHa3), 61.1 (CH>),
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107.1 (C), 112.6 (CH), 114.2 (CH), 142.4 (CH),
144.5 (C), 158.5 (C), 161.3 (C), 162.0 (C), 163.1
©).
Ethyl-6-methyl-4-propyl-pyrimidin-2(1H)-one-5-
carboxylate (2k): M.p.: 106-109°C. 'H-NMR
(400MHz, CDCls): 8= 0.78 (t, 3H), 0.87 (t, 3H),
1.35 (m, 2H), 2.38 (t, 2H), 2.51 (s, 3H), 3.80 (q,
2H), 11.81 (brd s, 1H). BC-NMR (100MHz,
CDCls): 6=13.1 (CHs), 13.8 (CHz3), 17.4 (CHs),
22.45(CHz), 28.63(CH2), 60.1 (CHz), 109.5 (C),
158.9 (C), 162.5 (C), 163.8 (C), 171.1 (C).
Ethyl-6-methyl-4-cyclohexyl-pyrimidin-2(1H)-
one-5-carboxylate (21): M.p.: 99-101°C. H-NMR
(400MHz, CDCls): 6= 0.79 (t, 3H), 1.11-1.17 (m,
2H), 1.42-1.47 (m, 4H), 1.68-1.75 (m, 4H), 2.49 (s,
3H), 3.82 (g, 2H), 10.87 (brd s, 1H). *C-NMR
(100MHz, CDCls): 6=13.5 (CHs), 17.5 (CH3), 25.4
(CHy), 26.1 (CHy), 29.8 (CH), 30.7 (CH), 61.1
(CH,), 109.3 (C), 158.9 (C), 162.4 (C), 164.1 (C),
177.3 (C).

RESULTS AND DISCUSSION

1,4-bis(triphenylphosphonium)-2-butene
peroxodisulfate (BTPBPDS) was readily prepared
by adding an aqueous solution of potassium
peroxodisulfate to a solution of 14-
bis(triphenylphosphonium)-2-butene dichloride in
water. It is a very stable white solid which can be
stored for months without losing its activity. It is
soluble in acetonitrile, methanol, dichloromethane,

chloroform and ethyl acetate and slightly soluble in
CCl, and diethyl ether.

In order to explore the availability of 1,4-
bis(triphenylphosphonium)-2-butene
peroxodisulfate as an oxidant under microwave
irradiation,  oxidation of ethyl-6-methyl-4-
phenylpyrimidin-2(1H)-one-5-carboxylate (1a)
was selected as a model reaction. The optimal
reaction conditions including reactant ratio,
reaction time, kind of solvent and microwave
power were investigated. It was found that at a
ratio of DHPMs to BTPBPDS of 1:1, solvent
acetonitrile and microwave power of 400 W
(determined by the power adjustor of the
microwave oven), the reaction gave the highest
yield within 120 sec. It is noteworthy that the
presence of water was necessary for the reaction
since no reaction of 1a in dry acetonitrile took
place. Using similar conditions, a series of 3,4-
dihydropyrimidin-2(1H)-ones (1a-) were
synthesized in high yield (Scheme 1). The protocol
is suitable for dehydrogenation of aryl, alkyl and
heterocyclic substituted DHPMs. Various aryl
substituted pyrimidin-2(1H)-ones could be easily
synthesized by this method. Different substituents
(4-MeO, 4-Me, 4-NO;, 4-Cl, 3-NO., 3-Br, 2-Cl
and 2,4-Cl,) on the aryl rings had no significant
effect on the reaction conditions and the reaction
yield. Alkyl groups, such as propyl and cyclohexyl
substituted pyrimidines could also be readily
prepared by this route (1k, 11).

R R
EtO;C NH BTPBPDS E0C
| /& ag. CH3CN, MW | /g
H3C H O HsC H o)

la-1 — 2a-1
W R
PPh \
S O2 PPhs

28

BTPBPDS

Scheme 1. Oxidation of 3,4-dihydropyrimidin-2(1H)-ones using BTPBPDS under microwave irradiation
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Me Me COOH
> +
| /& ag. CH3CN, MW | /g /&
H3C H 0O H;C H (0] H3C H (0]
88% 0%
EtO,C " BTPBPDS E0,C A,
: + CgHsCH,SCgH > :I + CgHsCH,SOCEH
| /g sHsCHzSCels ChaeN, Mw e N/Ko 6H5CH,SOCgHs
H3C N (@] 3
H H
87% 0%
EtO,C NH BTPBPDS EtO,C SN
| /& + CgHsH,CO CHO 20, CHaCN. MW > | /& + CeHstCOOCOQH
Hac” "N” o H,.c” N7 o
H 3
i 4%
80% 0

Scheme 2. Chemoselective oxidation of 3,4-dihydropyrimidin-2(1H)-ones in the presence of BTPBPDS

In  addition, ethyl 4-(2-furyl)-6-methyl-
pyrimidin-2(1H)-one-5-carboxylate (2j) could also
be synthesized by this approach (1j). In order to
establish the general applicability of the method,
we have performed several competitive oxidation
reactions, the results of which are shown in
Scheme 2. As can be seen, interesting
chemoselective oxidation of 3,4-dihydropyrimidin-
2(1H)-ones in the presence of other oxidizable
functional groups such as sulfide, alkyl, and
aldehyde groups, is achieved using this reagent
system. To the best of our knowledge, such
selectivities have not been reported previously in
oxidation of dihydropyrimidines.

The dehydrogenation mechanism may involve
oxidation of the water by sulfate anion radicals to
form hydroxyl radicals, which are further
converted by hydrogen abstraction from the 4-
position to form dihydropyrimidonyl radicals. This
can eliminate the other hydrogen atom to form the
corresponding pyrimidinone.
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CONCLUSION

In  conclusion, this method provides an
excellent approach for the safe, rapid, inexpensive
and simple synthesis of medicinally important
pyrimidin-2(1H)-ones in a single step.

Acknowledgment: We are grateful to the Islamic
Azad University Shoushtar Branch for support of
this work.
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bbP30 NEXUJPOI'EHMPAHE HA 3,4-TUXUAPOITUPUMNINH-2(1H)-OHH,
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(Pesrome)

IMocTurHato € epeKTUBHO OKHCIUTEIHO AeXUAporeHupane Ha 3,4-nquxuaponupuMuans-2(1H)-oHu ¢ u3non3saneTo
Ha 1,4- Ouc-(tpudenundocdonnes)-2-6yTeH mepokcocyiadaTr KaTo OKHCIUTET I[PU MHKPOBBIHOBO HArpsiBaHe.
IToCTUrHATO € W CENEKTHBHO OKHCICHHE B MPUCHCTBHE Ha JPYTH OKHCIACMH (YHKUMOHAIHH IPYIH, KaTo CyJI(pHIH,

AINACXUIHN U AJIKWIOBU € TO3U PCArCHT.
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The kinetics of deposition of Co, Ni, and Ni-Co from low-acid citrate electrolyte on Cu and on chemically oxidized
Al is compared. It is found that the formation of Ni-Co alloy on the Al cathode is hampered to a greater extent in
comparison with the Cu electrode. In both cases (Cu and Al electrodes) "anomalous" co-deposition of Co and Ni is
registered especially in an electrolyte with higher content of Ni. In case of deposition on Al cathode in stationary
potentiostatic mode (cpm), the content of Co in the Ni-Co alloy is by 10 wt% higher than that in case of deposition of
Ni-Co on Cu cathode. The Ni-Co alloy deposited on Al may be characterized as island-style coating, with spheroidal
shape of the crystals (10-17 pm). The application of pulse potential mode (ppm) of deposition on the Al cathode leads
to increased structural homogeneity and higher extent of filling the surface with crystals of Ni-Co alloy. The effect of
the application of pulse potential mode, however, is strongly reduced when the extent of pulse filling at a given

frequency is reduced.

Keywords: electrodeposition, chemically oxidized aluminum, pulse mode

INTRODUCTION

The interest in the industrial use of aluminum
and aluminum alloys is related to the combination
of factors such as low cost, light weight and good
corrosion resistance [1]. A particularly important
feature when using aluminum in aqueous solutions
is the formation of oxide film on its surface that
leads to passivation. The preparation of aluminum
based micrometric and sub-micrometric materials is
in the focus of a number of scientific research
papers [2,3,6,7].

The application of metallic micro- and nano-
particles on aluminum substantially changes its
physical properties and behavior due to the
increased unfolded surface area that determines its
application in such important areas as catalysis [4].
An important issue is the "prevention” of nano-
particles from agglomeration into larger structures
[5]. Electrochemical methods are widely applied for
preparation of micro- and nanostructured materials
on oxidized aluminum [6,7]. The oxidation of
aluminum itself can be carried out by either
chemical or electrochemical means. The
electrochemical method is preferred in the
technology for manufacture of the so called
"nanoneedles" that are formed in purposely created
pores of predetermined size in aluminum foil [7].
This method is known as ‘“electrochemical
templating” and is used for preparation of
nanoneedles of Ag [8], Au [9], Cd [10] and even

* To whom all correspondence should be sent:
E-mail: katya59ignatova@gmail.com

conductive polymers [11,12]. There is also
evidence for application of non-electrochemical
methods, e.g. pulsed laser deposition, for
preparation of such materials [13].

This paper summarizes the results of the
examination of the deposition kinetics of Co, Ni,
and Ni-Co and the morphology of Ni-Co alloy from
low-acid citrate electrolyte on Cu and on
chemically oxidized Al in constant and in pulse
potential mode.

EXPERIMENTAL

Oxidation of aluminum

The chosen procedure for preparation of the Al
samples for galvanization involves chemical
oxidation. The rectangular Al samples have
dimensions 4 cm x 1.5 cm and thickness of 0.5 mm.
Prior to galvanization, the samples undergo the
following sequence of operations:
(1) Chemical (alkaline) degreasing for 5-10 min in
a solution composed of 30 g/l NazPO412 H,O; 30
g/l NaCOs; and 30 g/l Na;SiOz at a temperature of
60-70°C.
(2) Washing in warm water (t= 50-60°C) and cold
water for 1-2 min.
(3) Chemical etching in 100 g/l NaOH for 0.5-1
min at t = 50-60°C followed by washing according
to (2).
(4) Lightening in 0.6 M HNOs for 20-30 sec at t =
18-25°C and washing according to (2).
(5) Chemical oxidation for 5-7 min in a solution of
20 g/l Na,COs, 15 g/l Na.Cr,07, and 2.5 g/l NaOH,
(t = 80-100°C), followed by washing according to

(2).
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(6) Immersion for 4-5 min in a hydrochloric acid
solution of 0,05 M Pd (t = 40-50°C) to improve the
conductivity of the oxidized surface, followed by
washing according to (2).

After carrying out the above sequence of
operations, the Al samples are ready for use as
electrodes, as well as for taking of the polarization
dependencies, and for deposition of Ni-Co alloys
on their surface.

Experimental conditions

A conventional three-electrode cell (with total
volume of 150 dm®) provided with platinum foil
counter electrode and saturated calomel electrode
(SCE) as comparative electrode was used. All
potentials were quoted with respect to SCE (Esce =
0.241 V). The Kinetics of deposition is examined
using electrodes of chemically oxidized aluminum
or pure copper foil. The copper electrode is disc-
shaped, with surface area of 1 cm? soldered in
epoxy resin. The preparation of the copper cathodes
involves etching in a special solution, washing in
distilled water, and drying.

The examination is carried out in low-acid
citrate electrolyte solutions with two ratios of the
concentrations of Ni (as NiSO,2H,0) and Co (as
CoSO,7H,0): Ni/Co=3 (electrolyte 1), and
Ni/Co=1 (electrolyte II). The concentration of Ni is
constant (0.3 M) and the background additives are
0.485 M H3BOs and 0.2M
Na,C,H.O,.H,O (Na,citrate) . The pH=5.5 of
the electrolyte is controlled through addition of
NaOH or citric acid.

The deposition kinetics of Ni-Co alloys is
examined in constant potential mode using a
Wenking  electrochemical  analysis  system
(Germany) at a scanning rate v=30 mV s*. The
pulse electrodeposition of the coatings was carried
out using rectangular potentiostatic  pulses
generated by a pulse generator connected to the
input of a potentiostat especially designed for the
purpose. In turn, the potentiostat is connected to the
three-electrode cell. The average values of potential

E and current |were measured using a digital
voltmeter with high input resistance and ammeter,
respectively, and the amplitude values of the
potential E, were measured using an oscilloscope.
The relation between the value of average
polarization (AE) and that of amplitude polarization
(AEp) in potentiostatic rectangular pulse conditions

isAE =0.AE,, where § = Tp
T, +1,

is pulse filling,

Tpis pulse time, and T,is interval between the
pulses. At a pulse frequency of 500 Hz

(f =%, Hz where T =1, +1,), and pulse fillings 6

in the vrange from 0.2 to 0.5, the
dependenciesAE-1,, and  AE -1,  were
calculated.

The morphology and the elemental content were
examined using scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS),
respectively, on a JEOL JEM 2100 instrument
(Bulgarian Academy of Science, Institute of Optical
Materials and Technologies).

RESULTS AND DISCUSSION

Kinetics of deposition of Co, Ni and Ni-Co
In order to verify the possibility for co-
deposition of Ni and Co in alloy, their individual
polarization dependencies were compared with the
dependencies of their co-deposition in electrolyte |
(Fig.1 a,b) and electrolyte Il (Fig.2 a,b).

601
in electrolyte I: Ni/Co=3
1-Ni
2-Co
N 40 3 - NiCo
g on Cu electrode
<
S
.—°20-
0

.08 -10 -12 14 -16 -18
-E,V (SCE)

Fig. 1 a. Juxtaposition of the polarization
dependencies of self-deposition in constant potential
mode of: Ni (1); Co (2) and Ni-Co (3) on copper in
electrolyte 1 (v=30 mV s?).

60 -

55 | inelectrolyte I: Ni/Co=3

50 1- Ni
o 45| ZC0 2
'E 3 -NiCo
o 401 | on Al electrode
< 354
£ 30/ !
—° 25]

20

15

10

54

0

-08 -10 -1,2 -14 -16 -18
E.. V (SCE)

Fig. 1 b. Juxtaposition of the polarization
dependencies of self-deposition in constant potential
mode of oxidized aluminum in electrolyte |
(v=30 mV s1).
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701 in electrolyte II: Ni/Co=1
(1) Ni

601 (2) co

50| (3) CoNi

on Cu electrode

06 08 -0 -12 -14 -16 -18
E., V (SCE)

Fig. 2 a. Juxtaposition of  the polarization
dependencies of self-deposition in constant potential
mode of Ni (1); Co (2) and Ni-Co (3) on copper in
electrolyte 11 (v=30 mV s?).
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Fig. 2 b. Juxtaposition of the polarization
dependencies of self-deposition in constant potential
mode of Ni (1); Co (2) and Ni-Co (3) on oxidized
aluminum in electrolyte Il (v=30 mV s1).
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As is seen from Figs. 1 and 2, the course of the
polarization dependencies in the deposition on
oxidized aluminum cathode is identical with that on
copper cathode but the current is much lower and
the deposition always takes place at much higher
polarization in the first case (on Al cathode). These
regularities are reported by other researchers too,
regardless of the method of oxidation [9].

As it is seen from the juxtaposition made, a
much closer proximity of the curves of self-
deposition of Ni and Co in the case of electrolyte |
(Ni/Co=3) is observed (Fig.1 a,b), especially on Cu
cathode. The co-deposition of the two metals in
alloy is also possible in the case of oxidized Al
cathode (Figs.lb and 2b) but the extent of
approximation of their deposition potentials is
lower. These results give reasons to suggest that the
alloy formation on Al cathode will be inhibited to a
higher extent in comparison with the case on Cu
cathode. It follows from Figs. 1 and 2 that
"anomalous" co-deposition takes place on both
cathode metals in electrolyte Il (Fig.2 a, b), and
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only on the Al cathode in electrolyte 1 (Fig.1b),
which is typical for the metals from the iron group
[14]. The "anomalous" co-deposition consists in
preferential deposition of Co prior to Ni, in spite of
the more positive standard electrode potential of Ni
compared to Co (E°= -0.22 V and E°= -0.27 V vs
NHE, respectively). The possible explanation of
this phenomenon is the formation of oxides on the
cathode [15] or adsorption and chemical processes
associated with the complexes of the two metals
(Co and Ni) [16].

Properties of the Ni-Co coatings
Chemical content

In Fig. 3 the data for the chemical content of Ni-
Co coatings deposited on Cu cathode (curves 1, 2)
or on oxidized Al cathode (curves 1*, 2*) in
electrolyte | (curves 1, 1*) and electrolyte 11 (curves
2,2*) are juxtaposed. As is seen from the results
obtained on the Cu cathode, as the potential
increases from -1.1 V to -1.5 V, the Co content in
the alloy decreases by about 10 wt % in both
electrolyte | and electrolyte 11 (Fig.3, curves 1 and
2).

90
85+ 5 2*
o 801
e
5 197 L,2-onCu;1,2-on Al| 2
< 70 in bath with Ni/Co:
o ] 1,1'- 30, 22 -10
O 65
> 1*
60 -
1
55 ; ; ; : :
11 12 41,3 1,4 15
E, V (SCE)
Fig. 3. Chemical content of Ni-Co coatings

depending on the cathode potential on copper (1, 2) and
on oxidized aluminum (1%, 2*) in electrolyte | (1, 1%)
and electrolyte 11 (2, 2*) in constant potential mode.

However, in the case of oxidized aluminum
cathode, the content of Co varies within 5 wt% with
the variation of potential applied (Fig.3, curves 1*
and 2*), as the dependencies run through a less
pronounced minimum. The dependencies obtained
can be explained with the different extent of
approximation of deposition potentials. It was
mentioned above that this extent is higher in the
case of copper cathode. Therefore, when shifting
from more positive to more negative potentials, the
increase of Ni percentage in the Ni-Co alloy is
much more easily achieved. In the case of oxidized
Al, the same variation of potential from -1.1 V to -
1.5 V results in a slight variation of Ni percentage.



K. Ignatova, Y.Marcheva: Electrodeposition of Ni-Co alloy on chemically oxidized Al

With the increase of Co content in the solution, i.e.
decrease of the ratio Ni/Co=3 (electrolyte 1) to
Ni/Co=1 (electrolyte II), its content in the alloy
obviously increases (Fig. 3). In electrolyte I the
content of Co is about 62 wt% on the copper
cathode and about 69 wt% on the aluminum
cathode; in electrolyte Il the content of Co is about
80 wt% on the copper cathode and about 88 wt%
on the aluminum cathode.

Morphology of the Ni-Co alloy

The scanning electron microscopy (SEM)
images of Ni-Co alloy deposited on oxidized Al

cathodes in both constant and pulse potential modes
are shown in Fig. 4 (a) and (b,c) for two values of
pulse filling, 6 = 0.5 (b) and 6 = 0.2 (¢), and
frequency =500 Hz. The SEM images in two
magnifications are juxtaposed. As is seen, the Ni-
Co alloy deposited on oxidized Al substrate at two
current modes do not have the character of a
coating that fills the surface. The coating obtained
is island-type coating and the average size of the
crystals of the Ni-Co alloy formed varies from 5
pumto 17 um (Fig. 5).

50 um

5 pm

(b) E =—1,350V ; f=500 Hz, 6=0,5; (82%Co-18%Ni)

50 um

5 pm
(c) E =-0,780V ; =500 Hz, 6=0,2; (89,7%C0-10,3%Ni)
Fig. 4. SEM images and data for the chemical content of Ni-Co alloys deposited on oxidized Al in electrolyte Il
in constant potential mode (a), pulse potential mode at frequency 500 Hz at pulse filling 6=0.5 (b) and 6=0.2 (c)
(E, resp. E =—1,350V (SCE).
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The SEM images evidence that the application
of pulse potential mode with frequency of 500 Hz
and pulse filling 6=0.5 (Fig.4 b) leads to higher
structural homogeneity of the alloy deposited on the
surface of the Al cathode.

The density of filling the surface with spherical
crystals increases in pulse mode compared to
stationary mode (Fig. 4 a). At lower pulse filling
0=0.2 (Fig.4 c), the formed crystals have rather
irregular than spherical shape. The data from the
chemical analysis of the alloys (Fig.4 a-c, under the
photos) indicate that regardless of the more
unfavorable conditions proven for co-deposition of
the two metals on oxidized aluminum cathode
compared to copper cathode (Fig.2), in pulse
mode, and especially at high pulse filling (Fig.4 b),
the content of Ni in the alloy is18 wt%.

The explanation for the high content of Ni is that
when applying rectangular potential pulsesto a

certain average polarization AE there is a much
higher  corresponding amplitude polarization

AEP - AE/O: for example, when 6=0.5 the
amplitude polarization is twice higher. Thus, during
the pulses there is a possibility to shift from lower
polarizations  corresponding to  preferential
deposition of Co, to polarizations corresponding to
preferential deposition of Ni. With the decrease of
pulse filling that effect should increase. At shorter
duration of the pulses (6=0.2), the time for crystals
generation and growth is negligible and during the
longer pauses a certain blocking of the surface by
products of adsorption and simultaneously emitted
hydrogen gas is also possible. All the mentioned
features make the above-described conditions less
effective, not only for obtaining Ni-Co alloys
enriched in Ni, but for the formation of
morphologically uniform crystals too.

180umiS@8 kY 1Z2BE2Z 2884,61 S

Fig. 5. SEM images of Ni-Co alloy from
electrolyte 1l with designation of the size of crystals
( E=-1,350V; =500 Hz; 6=0.5).
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CONCLUSIONS

Based on the research carried out, we can conclude
that the formation of Ni-Co alloy on aluminum
cathode will be inhibited to a greater extent in
comparison with that on copper cathode. On both
Cu and Al cathodes “anomalous co-deposition” of
Co and Ni is found, especially in an electrolyte with
higher content of Ni. The Ni-Co alloy coating on
aluminum can be characterized as island-style
coating with spheroidal shape of the crystals (10-17
um) and Ni content from 10 wt% to 18 wit%
depending on the applied average potential and
pulse filling at a ratio Ni/Co=1 (0.3M Ni) in the
electrolyte. The application of pulse potential mode
(ppm) of deposition in an electrolyte of the same
composition leads to increased structural
homogeneity and higher extent of filling the surface
with crystals of Ni-Co alloy.

REFERENCES

1.S. Zein, El Abedin, F. Endres, J.
Electrochem., 34,1071 (2004).

2.P. GrlUnberg, R. Screinber, Y. Pang, M. Brodsky, H.
Sowers, Phys.Rev.Lett., 57, 2442 (1986).

3.K. Bird, M. Schlesinger, J. Electrochem. Soc., 142,
L64 (1995).

4.Peter. A. Cziraki, L. Pogany, Z. Kupay, Z. |. Bakonyi,
M. Uhlemann, M. Herrich, B. Arnold, H. D. Bauer,
K.Wetzig, J.Electrochem.Soc.,148, C168 (2001).

5.E. Budevski, G. Staikov, W. J. Lorenz,
Electrochemical Phase Formation and Growth, VCH,
Weiheim,1996.

6.D. M. Kolb, Electrochim.Acta, 45, 2387 (2000).

7.L. Cagnon, A. Gundel, T. Devolder, A. Morone, C.
Chappert, J. E. Schmidt, P. Allongue, Appl.Surf.Sci.,
164, 22 (2000).

8.W. Schindler, J. Kirschner, Phys.Rev., B55, R1989
(1997)

9.W. Schindler, D. Hofmann, J.
Electrochem.Soc.,148, C124 (2001).
10. T. Z. Fahidy, in: B.E. Conway et al. (Eds.), Modern
Aspects of Electrochemistry, 32, Kluwer Academic

Publisher, New York, 1999, p.333

11. R. A. Tacken, L. J. Janssen, J. Appl. Electrochem.,
25, 1(1995).

12. J. M. D. Coey, G. Hinds, J. Alloys Comp., 326, 238
(2001).

13. J. P. Chopart, J. Douglade, P. Fricoteaux, A. Oliver,
Electrochem.Acta, 36, 459 (1991).

14. S. S. Belevskii, S. P. Yushchenko, A. I. Dikusar,
Surface Engineering and Applied Electrochemistry,
48-1, 97 (2012)

15. K. M. Yin, J.- H. Wei, J. R. Fu, B. N. Popov, S. N.
Popov, R. E. White, J. Appl. Electrochem., 25, 543
(1995).

16. J. Horkans, J. Electrochem. Soc., 128, 45 (1981).

Applied

Kirschner, J.



K. Ignatova, Y.Marcheva: Electrodeposition of Ni-Co alloy on chemically oxidized Al

EJIEKTPOOTJIAT'AHE HA Ni-Co CIINTAB BbPXY XMMHWUYECKH OKCHUIMPAH Al
K. Urnarosa’, 1. Mapuena?

Xumuxo-Texnonozuuen u Memanypauuen ynusepcumem (XTMY) Cogpus, kam. ,, Heopeanuunu u enexmpoxumuynu
npouszsoocmea ‘*, 2Texnuvecku Ynusepcumem Cogpus, kam. ,, Xumus “

Tlocrprnnna Ha 19 centemBpu 2013 r.; Kopurupana na 5 mapt 2015 1.
(Pestome)

CornocraBeHa ¢ kuHerunkarta Ha oriaraHe Ha Co, Ni, u Ni-CO u3 crnabokucen LUTPAaTeH EICKTPOIUT BBHPXY
enektpoau oT CU m xumuuecku okcumupan Al. YcraHOBeHO €, 4e OTJIaraHeTo BbPXY aJyMHHHEB EIEKTPOH €
3aTPYAHEHO B MO-TOJIIMA CTEIICH B CPAaBHEHHE C TOBA BBPXY MeleH enekrpon. U Bepxy nBarta enekrpona (Cu u Al) ce
ycraHOoBsiBa choTiaraHe Ha CO m Ni oT ,,aHOMaJeH* THUI, KaTO TO € I0-XapaKTepPHO B EJIEKTPOIUT C IO-BHCOKO
ceappkanne Ha Ni. [Ipu oTiaraHe B CTalMOHApEeH IOTEHIMOCTATUYCH PEXUM (CPM) BBPXY €IEKTPOA OT aTyMHHHUH
cpappkannero Ha kobant B Ni-Co cmuiaB e ¢ okono 10 % Mo-BHCOKO OTKOJKOTO NPH OTJIATaHETO MY BBPXY MEJACH
enektpon. Ni-Co crtaBHO OKpUTHE BBPXY aTyMUHHUIT MOXe a ObJie 0XapaKTepU3UPAHO KaTo MOKPHTHE OT OCTPOBCH
THII, KPUCTAINTE Ha KOeTo ca cbc cdepounHa ¢opma (10-17 pm). IIpunaraneTo Ha MMITYJICEH MOTCHIHMOCTATHYCH
pexum (PPM) Ha OTJaraHe BBPXY AlyMHHHEB €JICKTPOA BOAM IO HapacTBaHE HAa CTPYKTYpHATa CSTHOPOAHOCT H
CTEIeHTa Ha 3ambiBaHe Ha MOBBbpXHOCTTAa ¢ KpucTand oT Ni-Co cruiaB. EGekThT OT mpuiaraHeTo Ha UMITYJICHHS
PEKUM CHIIHO OTCJIa0Ba C MOHW)KABaHE Ha CTEIIEHTA Ha 3aITbJIBAHETO Ha UMITYJICUTE TPH JaJieHa YeCToTa.
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Combined theory of one- and two-electron bipolar and polar multicenter integrals of
noninteger n Slater functions and Coulomb-Yukawa-like potentials with noninteger
indices

I. I. Guseinov*

Department of Physics, Faculty of Arts and Sciences, Onsekiz Mart University, Canakkale, Turkey
Received July 23, 2014, Revised October 22, 2014

By the use of one-range addition theorems suggested by the author, the combined theory for one- and two-electron
multicenter integrals of ¥ -noninteger N Slater type orbitals ( ¥ -NISTOs) and bipolar and polar noninteger Coulomb

(C-NIBPs and C-NIPs) -Yukawa (Y-NIBPs and Y-NIPs)-like correlated potentials is presented. These multicenter
integrals are expressed through the basic polar integrals of ¥ - integer N Slater type orbitals ( ¥ -1STOs) and Coulomb-

Yukawa-like potentials with integer indices (C-1Ps and Y-IPs). We note that the noninteger quantum number N is defined

as n*.

Key words: Exponential type orbitals, Addition theorems, Bipolar potentials, Multicenter integrals, Self-frictional

quantum numbers PACS: 31.10.+z; 31.15.-p
INTRODUCTION

It is well known that the main problem in the
accurate electronic structure calculations arises in
the evaluation of the multicenter integrals which
confirms that other theories are needed instead [1, 2].
The arguments of a new theory for multicenter
integrals developed in this work are based on a
completely different point of view, namely, making
use of the bipolar potentials (see [3-5] and refs.
guoted therein). The aim of this work is to evaluate
the multicenter integrals with y -NISTOs and C-

NIBPs, C-NIPs, Y-NIBPs and Y-NIPs potentials.
The obtained formulas are especially useful in the
accurate calculation of electronic structure
properties for atoms and molecules when a y -

NISTOs basis set and explicitly correlated methods
are used in the linear combination of atomic orbitals
— molecular orbitals (LCAO-MO) approximation

[6].
DEFINITION AND BASIC FORMULAS

The y -NISTOs, C-NIPs (forn7 =0) and Y-NIPs
(forn > Q) used in this work are defined as follows:

Zn*lm (é” F’) = Rn* (é’! r)Slm (01 (0) (l)
Ops (77' r):Ou*u (77’ r)Sus (9’ (0)’ 2
where

* To whom all correspondence should be sent:
E-mail: isguseinov@yahoo.com

O™ e o
Ru((ir)=—2 3
= e 3)

_ 47[ % u*=1,-nr
O“*“(n’r)_(zuﬂj r'le (4)

Here, S,, (6,¢) are the complex (for S, =Y,,) or
real spherical harmonics defined as

S (0,9) =R, (Cost) @, (), ()
where P”m‘ are the normalized Legendre functions
and for complex spherical harmonics

1 .
O, (p)=—=e"", (6)
N2
for real spherical harmonics
cos|m for m>0
o, (p)= | sImle (7
7(1+6,,) for m<0.
Our definition of phases for the complex
spherical harmonics (Yl; = Y,fm) [7] differs from the

sin|m|e

Condon-Shortley phases [8] by the sign factor
(-2)".
All of the one- and two-electron multicenter

integrals examined in this work can be defined by
the following combined formulas:
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U teehien (4,1’4/1’77) J‘Zpl 4/1’ al)

pl pl*k*

i »] 1 : '
Ok* (77’ rbl - Reh )(_§V1j Zplr* (4/1’ r;:l)dsri (8)

o ,_(Q¢$§péﬁﬂ

PL* Py % P *ps *ik*
= (170 () 2,0 (6 T 20 (€0)

< (¢ T |0 (mF ~Ra )R, (@)

where p*=n*Ilm, p" =n'*I'm’,

k*=u*uvs, ¢, >0, &' >0and 7>0. Here,
the values ij =00, ij =01 and ij =10 in Eq. (8)
correspond to the overlap, kinetic energy and
nuclear attraction integrals,

o (G0 GR) =0 (4,,4))
[ (@R 7, (60 T)d o)

-GG R) =U TS (6.6
. . 1 AN
:lel*(gpru)[_avlz) Zpl'*(é/l'rcl)dm

1!2

971 { gy

(66Re

N

F(an' *—1)

Jigs Lo
F(an' *+1) gy <=1 my

+40q*+qmn;*|;g{fgﬁi—fﬂ}

r(2n" +1)

~4n, *

(606iR)

N

Snl*l %24 (41’41'; Ruc )} D
e (5114,1 1) = Ulo o (éll’é,l 1)

p oy *ik* P py k>

__[Zpl é/u al) pl'*(é/l ’F(;l)

xO,. (m,1; =Ry, ) d°F, (12)
As we see, Egs. (9) and (12) are the bipolar (for
R., # 0)and polar (for R,, =0) nuclear attraction

(see Fig. 1) and two-electron (see Fig. 2)
multicenter integrals, respectively.

Fig. 1. Geometry of one-electron bipolar (ﬁeh # 0) and polar (Reh = () molecule.
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Fig. 2. Geometry of two-electron bipolar (I_?)eh # 0) and polar (ﬁeh = 0) molecule.

EVALUATION OF BIPOLAR AND POLAR
MULTICENTER INTEGRALS

To evaluate the multicenter integrals (9) and
(12) we use the formulas in standard convention for
the two-center one-range addition theorems for y
-NISTOs in terms of y -ISTOs in the following
form [9, 10]:

o u-1 v

(6P -Ra) =220 Zﬂqp (¢.¢:Ry)
x Z By 2 (£F), a3

w'=v+l

where F =T, I, = —R, =T—-R,,

R, =R, —R,, p*=n*Im, q = uvoand

q' = u'vo . The expansion coefficients occurring
in Eq. (13) are defined as follows:

QE;;:) (é,! é/a R)ab) (Zzu)a Z un*

XZ 60 Z nf;nlm (é/ é/’ Rab) (14)

n=v+1 n'=l+1
@y _ TU-—n)r(n*+-a*+2)
un r'd+1-n*
(2u)“ %

| (u=(+D)Ir@n*+)r(g, *+1) 19
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) 2
~(a*)v _ (Zn)lr(qﬂ +1) éa*v (16)

o @ ()

o* B 1
Sr(mr?n'lm (é/l é/’ Rab ) = JW

Xlnvc *(é/!r;\);(n’lm (é/,l_"k;)dsf: (17)

Here, p,*=2l+2-a*, q,*=u+l+1-0a*,

p*=2v+2-a* q,*=pu+v+l-a*and

(-[u-0+1)])

a5, = .18
on r(p; +1)(p; +1)n7(v+l)(n—(v+1))! 18)

S (( N ﬁab)are the modified overlap
integrals (MOIs) with y -ISTOs in molecular
coordinate system; (_I:’u_(v-l_l):')n—(vﬂ) and

*
(pV +1)n—(v+l)
Refs.[10,11] for the evaluation of MOIs which
contain the integer (a*=a, —co<a<2)or

are the Pochhammer symbols. See

noninteger  (a*#a, —o<a*<3)  self-

frictional quantum number.
To transform the bipolar potential in

multicenter integrals (9) and (12) to the polar case

we use the following relations:

-R, =F-R,,[,=F-R =f'-R

P =f-R=r-R, (19)

al — hc?

=l
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B=Fy+R =+ R =T+ Ry, (20)
sz =;_F_éb =;'_ﬁhb'ﬁ2 =I7;_F_éd
:;’_ﬁhd (21)
r;:ﬁ)2+ﬁhb =_;IZ+§hd (22)
and

B —Rn = —-R)-(F-R)

=0-T =" (23)
F=f-R.5=0-R,. (24)

Then, we obtain:

e (Gadm) =[x (60K R

plpl*k*
7, (608 RO rmE @9
IR (SRt

A
26 7 ~Ra) 2, (60 -Re)
[

Xsz*(é/z’rz’ - Reb)

X0, (17,1, )dR d°F, (26)
Taking into account Eq.(13) in (25) and (26) we
obtain for one- and two-electron bipolar
multicenter integrals the following series of
expansion relations:
acbeh
Wk*(ql,gl, )

NP

K =10=0 $=—0y /=y +1

Q% (6.¢R)

0 }/171 '
5D Z Q) (606 R)
n=lo =08 =u '=v)'+1
N [ ,cl'm) (27)

Iaodeh (41’4/1’;42142’;77):

PSP PP, ik

o K-l

DI o Ot (6061 R)

x=10=05=-0; =, +1

o 7 -1

@zzzhh%@@g

n=lo =08 =-u ' =v/ 1

o K-1 v, Ky

DI IDIDICANE N (ATALN

K=10,=0 8,20, &, =0, +1

w 771 v

I Z A (6,6 Ry

123 /=1 Uy '=0 52 ——Uz 123 —uz+1

s)e, k*(§1’§1’§2'§2’ ) (28)

=y/'v's and

5151

where & =xvS, , 5 =K/ VS, &

gi” =7i Ui Si . Here, ‘];’sl";k*(gl 'éllr;ﬂ) and

5lf51"’§2f52~;k*(§1v§1;gzvgz;77) are the polar

integrals defined as
J;i’gl”;k* (4/1 ,51'”7) = jl;l (4/1 , ff)

<A, (67 )0 n. B ) (29)
‘]51'81”’52'8;** (41 !51';52 vgz,;ﬂ) = ”l;r (41 !rll)

(60 g (0 ), #()

X0 (111 )d°F d°F; (30)
Now we use in Egs. (29) and (30) the following
one-center one-range addition theorems for y -

NISTOs charge density [7, 12]:

Xy (gi,ﬁ');(gi” *(é”r") :%

X Uf 'MZI_:L Wsi'ef;Pi (é,i'élil;zi)zpi (Z,.7)-(3D)

The charge density expansion coefficients

occurring in (31) are determined by
1/2

23’2 2L +1 (2N !
2 (ZKi') !(27/i") !

ch‘M‘(us v's )AS“_’:, (1+) (1-1)7", (32)

(;g P(é"’é/" |)
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where P =N,LM,, N, =x+y -1,
Zi:é/i-’-é/i’v t|:é/l;é,l,’ CLi‘Mi‘(Ulsl’Us)
Git¢

and AM' are the generalized Gaunt and Kronecker

delta coefficients, respectively [7]. The substitution
of (31) into Egs. (29) and (30) gives:

J;gn.k* (é/l 141,;77)

oo

= 2 Z W, . (6.652)

Lo M=l
x3p e (Z13m) (33)
§11§1';§21§2’;U)

|

vt
-5y W, .. (£.¢52)
L= ‘Ul Ul‘ Mi=-L
vy +0; L
x YW (6.4
L2=‘L)2—u" My=-L, 2 2 P
‘]PP k*(z Z, 77)- (34)

Here, the quantities
J g k* (Zl ;77)

" )0 (.7 ) (35)

- =la
Jonae (Z1:Z2m :_”Za (z.)

xok*(n!rﬂ')le (Zzlrz )dsrl’dsrz (36)

are the one- and two-electron basic polar integrals
of y —ISTOs and Coulomb-Yukawa-like potential
with noninteger indices, respectively.

As can be seen from the obtained formulas, the
one- and two-electron bipolar multicenter integrals
with the use of two-center one-range addition
theorems for y — NISTOs are expressed through

the basic polar integrals of »—ISTOs and

Coulomb-Yukawa-like potential with noninteger
indices.

The basic integrals (35) and (36) can be
calculated by the use of Laguerre power series of
functions with noninteger indices which can be

established with the help of L") —generalized and
L ) -modified Laguerre polynomials (L) —
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GLPs and L) -MLPs), respectively (see Ref.

[9]). For the construction of Laguerre power series,
we use the potential O,.,, occurring in Egs. (35)

and (36) in the following form

OU*US (77’ ) OUUS (77’ ) ! (37)
where u*=u+n7n*, 0<ny*<1l and u is the
integer part of u™*. Then we obtain:

for L") _GLPs
AR DI @

u=v+l u'=v+1

for L“) -MLPs

0 “ooo
= ) e et (39)
pu=v+l y'=v+1

Y(p:)" — é(pj)v

'

'\ m
$ ali (g, +D0(u" + p, +17*~v)

X » (40)
Pamtiiae [p—(v+D)]!
Tl _ gla*)y
Y/w’,v* - a/w
4 o D@ + D0 (" — a*+1*+2)
z(a*)v
X Z aW,, “ . (41)

u'=v+1 [/u - (V + 1)]|
Using Egs.(38) and (39), we obtain for the one-
center one-range addition theorems of O-NIPs
based on the use of Laguerre power series the
following relations:

Ou*us (77’ r’)
o p+u—(v+1)

= Z Z Y’;E;t)';—):Jrvﬂ,n*oy'us (77’ |7) (42)

u=v+l u'=u

Ou*us (777 I_;)

o u+u-1

Z Z Y/w —u+lnp* ,uus (77 I7) (43)

pu=v+lpy'=u+v

The substitution of Egs.(42) and (43) into (35)
and (36) gives for the basic polar integrals the
following series expansions:
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b . 5}
Jp s (Zl 77, Riy )
o pu+u—(v+1) ~(p* "
= z Z Y/Jy’—)u+v+1,l7*

‘];;k' (Zl e Iir:b) (44)

u=v+l u'=u

‘]IEP'k*(Z 2, ;77)
o p+u-1

Z YW UL ‘ngPz;k' (Zl ’22;77)1

pu=v+lpy'=u+v

(45)

where ng;k*(zl 7, ﬁ;b) = J;;k*(z1 ,77),
3 (20 Ry ) = 354 (Z0m) K = p'vs and

‘]g'k’ (Zl e I:ir:b)

\/—j Z,1 O (n'rbl)d r
,uu(n)SF‘l (21'77! hb) (46)
‘]gpzzk'(zl’z :_J.J.IFE ( ' )
ot 1\ 43 37
xOy (17,1 )}(P2 (Zz I )d Rd°n, =A,, ()

1 - oo '
X_ﬂ_[splk' (Zlvn;rhz)lpz (ZZ’th )dsﬁlz (47)
The quantities Sp,. occurring in Egs. (46) and (47)
are the overlap integrals over yx -ISTOs and

A, () coefficients defined as, respectively:
Spie (Z,,m; Fir:b)

:JZ; (Z1'Fh,1 )Zk'(ﬂyﬁ,’l )dsf (48)

(2 ,)' 1/2
Aﬂ’v(n) - = 2441 '
(2uv+1)(27)
It should be noted that the two-electron integrals
of y—ISTOs occurring in Eq. (47) have been
studied in our previous papers [7, 16].

(49)

CONCLUSION

It is shown that the one-range addition theorems
for y —NISTOs, C-NIPs and Y-NIPs, based on the

use of L) _GLPs) and L “? -MLPs, are useful

tools for the unified treatment of one- and two-
electron bipolar and polar multicenter integrals
when » —NISTOs basis sets and Coulomb-

Yukawa-like potentials with noninteger indices are
employed in electronic structure calculations. The
obtained formulas can be used for the evaluation of
these integrals with arbitrary values of principal
and self-frictional quantum numbers, screening
constants and location of orbitals and parameters of
potentials. On the basis of Eq. (46), we constructed

a program for the computation  of
N (Z1 7 Iﬁ,;b) using Mathematica 7.0
international ~ mathematical ~ software.  The

computational results are given in Table 1. It can
be seen from Table 1 that the calculation results are
stable for high values of quantum numbers. It is
especially useful for accurate evaluation of the
multicenter multielectron molecular integrals [10].
The presented theory is especially useful in the
study of different electronic structure problems
dealing with atoms, molecules and solids.

Table 1. The computational results of basic integral ng;k' (Zl 1, ﬁr'm ) :

N, L Mz 0 s TRy G, Ea.(46)

1 0 0 41 2 1 1 1 1 108 288 0.0384304419337282709
3 0 0 9 2 0 O 3 23 90 180 0.001100902598119918
4 1 1 76 3 2 0 34 14 60 180 0.0011283910967783675
8§ 7 1 85 6 1 0 53 22 30 108 9.760836563464515 E — 07
9 4 1 96 7 3 1 63 18 120 72 —9.12773014368389 E — 06
9 8 8 25 8 6 6 15 11 30 60 —2.095067822209997817
10 6 6 34 9 7 7 23 29 108 120 0.677010199846579

11 7 6 87 8 6 6 35 21 150 108 0.0016434196671959369
12 10 10 61 14 8 5 78 25 108 60 —0.0000107171243862096
13 11 8 78 10 9 8 55 19 122 72 0.00007592144328909598
15 13 12 66 14 12 12 37 26 150 60 0.13030800995209336587
20 15 15 89 18 17 16 75 51 36 75 8.800413162432983 E — 10
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Thermoplastic vulcanizates (TPVs) based on polypropylene (PP)/ethylene—propylene—diene (EPDM) with a ratio of
40/60 (w/w) were in situ compatibilized by zinc dimethacrylate (ZDMA) via peroxide induced dynamic vulcanization.
The effects of dynamic vulcanization and ZDMA on the compatibility between PP and EPDM phases and the mechanical
properties of PP/EPDM TPVs were investigated. The incorporation of ZDMA improved the melt viscosity of the resultant
TPVs. Dynamic mechanical analysis (DMA) demonstrated that the increase in ZDMA concentration improved the
compatibility between EPDM and PP phases. Scanning electron microscopy (SEM) results showed that the incorporation
of ZDMA reduced the size of crosslinked rubber particles. Differential scanning calorimetry (DSC) was conducted to
investigate the crystallization behavior and the results indicated that the addition of ZDMA promoted the nucleation
process of PP, but a higher ZDMA concentration showed a negative effect on the crystallinity of the PP component.
Furthermore, it was found that the mechanical properties of the TPVs were significantly improved by ZDMA. Particularly,
with about 18 wt % ZDMA in the PP/EPDM TPV, the tensile strength and elongation at break increased from 7.7MPa
and 250% to 13.4MPa and 410%, respectively.

Key words: reinforcement; thermoplastic vulcanizates; compatibility; dynamic vulcanization; mechanical properties

INTRODUCTION

Thermoplastic vulcanizates (TPVs) are an
important family of thermoplastic elastomers (TPE)
since their introduction in 1970s [1]. They are
prepared by melt mixing of thermoplastic and rubber
in the presence of a curing agent. TPVs are blends
where the rubber component is in situ crosslinked
during melt mixing with thermoplastics at a certain
temperature, using a curing agent. The way to
prepare TPVs is called dynamic vulcanization [2-4].
The crosslinking of the rubber component causes a
variation of the rubber/plastic viscosity ratio, which
results in a change of phase morphology [5, 6]. TPVs
combine the elasticity and mechanical properties of
traditional rubber vulcanizates with the processing
characteristics of thermoplastics [7]. Therefore,
TPVs can be processed by injection, extrusion,
compression, etc., which improves the productivity
and reduces costs. TPVs have experienced a rapid
development due to their good mechanical
properties and processability.

Among the different kinds of TPVs, PP/EPDM
TPVs have received considerable attention because
of their low cost and general availability in
household, automobiles, appliances, construction
industry and so on [8-11]. However, as PP and

* To whom all correspondence should be sent:
E-mail: cyk@scut.edu.cn; jpding@scut.edu.cn

EPDM are not thermodynamically miscible, it is
necessary to improve the compatibility between PP
and EPDM phases. There are only a few studies
carried out in this field. A. Mirzadeh [12] et al.
investigated the effects of various dispersion levels
of nanoclay on the crosslinking reaction of
PP/EPDM TPV. They found that nanoclay affects
the crosslinking reaction through its barrier effect
which increases the local concentration of curing
agent, and dynamic vulcanization improved
dispersion and intercalation of nanoclay. De Risi
[13] et al. introduced zinc dimethacrylate (ZDMA)
into peroxide dynamically vulcanized PP/EPDM
TPV and found that more peroxide free radicals
reacted with the radicals on the ZDMA molecule
which limited chain fragmentation of the PP. They
paid attention to the importance of ZDMA in
minimizing the chain fragmentation rather than the
potential improvement of interface adhesion and
improved mechanical properties of the TPVs.

In recent years, it was found that some types of
rubbers can be reinforced by a high loading of
ZDMA (chemical structure is shown below)
improving crosslink densities. On the other hand,
ZDMA can also form polymerized ZDMA
(PZDMA) which dispersed in the matrix or grafted
onto rubber chains to enhance the crosslink network
in the presence of peroxide free radicals [14-16].
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Therefore, it may be a feasible way to prepare
PP/EPDM/ZDMA TPVs via peroxide induced
dynamic vulcanization to enhance the interface
adhesion and the mechanical properties in order to
extend their application.

HC o) 0 CH,

e B == L
T Oz 0 “j:C—C<

HC™ 0 o= CH;

In our previous works we found that the
incorporation of ZDMA into PP/EPDM blend via
peroxide-induced dynamic vulcanization largely
improved the toughness of PP-rich blends due to the
in situ reactive compatibilization of ZDMA [17-19].
We also found that ZDMA showed excellent
reinforcement on EPDM-rich TPVs with various
PP/EPDM ratios [20, 21]. However, the effect of
ZDMA concentrations on the mechanical properties
of EPDM-rich PP/EPDM TPV has been not studied
yet. In this paper, we fixed the PP/EPDM ratio at
40/60 and prepared TPVs in the presence of ZDMA.
The effect of ZDMA concentrations on the
processing was evaluated by the torque of mixing.
The morphology, dynamic mechanical properties,
crystallization behavior, and mechanical properties
of the resultant TPVs were studied in detail.

EXPERIMENTAL
Materials

Polypropylene (PP, HPS00N, MFI=12g/10 min
(210°C, 2.16 kg)) was purchased from CNOOC &
Shell Petrochemicals Company Limited., China.
Ethylene-propylene-diene monomer (EPDM4045,
density=0.87g/cm?, 56% ethylene content, M. (1+4,
100°C) = 40, 7.5% the third monomer: (5-
ethylidene-2-norbornene) was obtained from Jilin
Chemical Co., China. ZDMA was purchased from
Xian Organic Chemical Technology Plant (Shanxi,
China). Dicumyl peroxide (DCP) was obtained from
Sinopharm Chemical Reagent Co. Ltd., China.

Compositions and Preparation of TPVs

Three weight ratios of EPDM/ZDMA were
employed in this study: 100/10, 100/20 and 100/30
(wiw) [18]. Dynamically vulcanized
PP/EPDM/ZDMA TPVs were prepared with a
PP/EPDM weight ratio of 40/60 (w/w). The weight
ratio of DCP was maintained constant relative to the
amount of EPDM. The compositions in terms of the
weight ratios of components for PP/EPDM/ZDMA
TPVs are presented in Table 1.

Two-step processing method was employed to
prepare the PP/EPDM/ZDMA TPVs, in which
EPDM and ZDMA were mixed to get rubber
compounds, and then the rubber compounds were
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blended with PP melt. The detailed process can be
found in our previous reports [20, 21].

Table 1. Formulations of the prepared samples
(weight ratio)

Coding PP EPDM ZDMA DCP
B46 40 60 0 0
TZ46-0 40 60 0 0.6
TZ46-1 40 60 6 0.6
TZ46-2 40 60 12 0.6
TZ46-3 40 60 18 0.6

Dynamic Mechanical Analysis

Dynamic mechanical behavior of the samples
was investigated using a dynamic mechanical
analyzer (DMA 242C NETZSCH, Germany) in
tensile mode at 10Hz with a heating rate of 3°C /min
in the temperature range of -100 to 80°C.

Morphology Analysis

Nova NanoSEM 430 (FEI Company, Holland)
was used to investigate the phase morphology of the
samples. Before morphological observation, the
cryogenically fractured surface of the specimens was
pre-treated as follows: etching by boiling
cyclohexane to remove non-crosslinked EPDM
phase or etching by boiling xylene to remove PP and
non-crosslinked EPDM phase.

Differential scanning calorimetry (DSC)

The crystallization behavior of the blends was
studied by means of DSC (NETZSCH DSC 204 F1,
Germany). In the tests, samples of about 5 mg were
heated to 200°C with a rate of 10°C/min in nitrogen
atmosphere and held at 200°C for 5 min to eliminate
the thermal history. Afterward, the samples were
cooled to 20°C with a rate of 20°C/min, let at 20°C
for about 3 min, and then heated again to 200°C with
a rate of 10°C /min. The degree of crystallinity
(Xc%) was calculated according to Eq. (1):

X=AH/(AHo*)x100% (1)

where AHc: is the heat fusion of PP during
crystallization, AHo,=209 J/g, represents the heat
fusion of 100% isotactic PP and ¢ is the mass
fraction of PP in the composites.

Mechanical properties

Standard tests of tensile and tear strength were
conducted on a Computerized Tensile Strength
Tester (UT-2080, U-CAN Dynatex Inc, Taiwan) at
room temperature according to 1ISO 37-2005 and
ISO 34-2004, respectively. All tests were repeated
at least 5 times, and the results were averaged.
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RESULTS AND DISCUSSION
Torques during dynamic vulcanization

Fig. 1 shows the torque curves versus mixing
time for all samples. The first and second peaks
correspond to the loading and melting of PP and
EPDM (or EPDM/ZDMA compound), respectively.
After EPDM is completely melted, the torque
reaches a rather constant value, indicating the
complete melting of PP and the full homogenization
of the blends. The torque of the blends abruptly
increases when DCP is added to the melt. This is
related to the drastic changes in the viscosity and
elasticity of the EPDM phase due to crosslinking.
After passing through a maximum, the torque
decreases until reaching a new constant value at the
end of mixing. The decrease in torque is partly due
to the deagglomeration of the physical networks
formed by the crosslinked rubber droplets.
Considering the strong reduction of torque, we
believe that the DCP still induces the degradation of
PP even in presence of ZDMA. However, note that
for the PP/EPDM TPV (TZ46-0), the final stable
torque is lower than that of PP/EPDM blend (B46),
which indicates that degradation of PP occurs in the
presence of peroxide free radicals. While for all the
PP/EPDM/ZDMA TPVs, the final stable torques are
higher than those before adding DCP, indicating that
ZDMA limits the chain fragmentation of PP by
consuming the free radicals, and thus the final stable
torque shows an increase with increasing ZDMA

concentrations, as expected.
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Fig. 1. Torques versus mixing time for all
specimens.
DMA Analysis

Fig. 2a shows the effect of temperature on the
storage modulus (E’). Each specimen shows a two-
step decrease of E’ value at temperatures ranging
between -70~-30°C and -20~40°C, which

corresponds to the glass transition of the EPDM

phase and PP phase, respectively.
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Fig. 2. Storage modulus (a) and loss tangent (b)
versus temperature for all specimens.

It can be seen that TZ46-0 shows a higher E’
value in the glass region than B46, which may result
from the crosslinking of EPDM during dynamic
Incorporation of ZDMA further
improves the E’ value showing an increase with
increasing ZDMA concentrations below the glass
transition temperature. The in situ polymerization of
ZDMA can form homopolymer particles (h-
PZDMA) and graft products (g-PZDMA). The h-
PZDMA particles dispersed in the EPDM phase
strongly reinforce the rubber droplets [19],
contributing to the increased E’. The in situ
compatibilization of ZDMA occurs at the interfacial
layer between the PP and EPDM phases through the
reaction between the double bonds of ZDMA and the
free radicals generated in both EPDM and PP chains,
forming graft products which improve the interface
adhesion between PP phase and reinforced EPDM
phase [18]. However, note that the E’ of the B46
shows a higher value than other TPVs at
temperatures above -30°C because E’ is mainly
contributed by the PP phase.

vulcanization.
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Fig. 2b shows the temperature dependence of tan
8. The strong one at around -37°C corresponds to the
glass transition of the EPDM phase and the weak one
at around 22°C is related to the glass transition of the
PP phase. It is clearly seen that dynamic
vulcanization apparently improves the Tg of EPDM
phase due to the crosslinking of EPDM restricting
the mobility of rubber chains. Moreover, Tg of the
EPDM phase increases from -41.3°C to -38.3°C with
a ZDMA concentration of 10 wt% relative to the
amount of EPDM. The increasing ZDMA
concentration further increases the Tg of EPDM
phase, which can be well explained by the resultant
denser rubber network restricting the mobility of
rubber chains. In addition, B46 shows higher tan 6
values than TPVs in the lower temperature range due
to the entanglement of EPDM chains under dynamic
vulcanization, which makes it more difficult to
move.

Morphology Analysis

Fig. 3 shows the morphology of the cryogenically
fractured surface for PP/EPDM blend (B46),
PP/EPDM TPV (TZ46-0) and PP/EPDM/ZDMA
TPV (TZ46-2). Fig. 3a shows a typical cryogenically
fractured surface without any plastic deformation
signs for PP/EPDM blend, implying the poor
compatibility between the two phases. As for the
TPVs (Figs. 3b and c), the cryogenically fractured
surface becomes rough, indicating improved
compatibility between PP and the rubber phase. For
TZ46-0 (Fig. 3b), a large number of random fringes
formed during the cryogenic fracture process and a
relative flat surface with light plastic deformation of
the ligaments are observed. While, as shown in Fig.
3c, there are numerous fringes on the cryogenically
fractured surface of PP/EPDM/ZDMA TPV, which
means that the material undergoes a lighter brittle
failure process compared with PP/EPDM TPV. This
implies a good in situ reactive compatibilization
effect of ZDMA on the TPVs. In order to further
observe the phase morphology, we used boiling
cyclohexane and boiling xylene to etch the
cryogenically fractured surface of the simple lends
and TPVs, respectively. Fig. 4a shows that PP and
EPDM formed a co-continuous phase in the
PP/EPDM blend in which the large holes represent
EPDM phase. However, for the TPVs (TZ46-0,
TZ46-2 and TZ46-3), numerous particles are
observed. Since PP and non-crosslinked EPDM
phases were removed by boiling xylene, the particles
left shown in Figs. 4b, c and d are crosslinked EPDM
phase. This phenomenon indicates that dynamic
vulcanization changes the phase structure from co-
continuous phase into “sea-island” structure (PP as
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continuous phase and EPDM as dispersed phase).
Moreover, it can be clearly seen that incorporation
of ZDMA reduces the size of rubber particles, and
the increase of ZDMA concentration further reduces

the particle size (Figs. 4c and d).

; !

Fig. 3. SEM image for the cryogenically fractured
surface of the TPVs: (a) B46; (b) TZ46-0; (c) TZ46-
2.

It has been reported that the dispersion of EPDM
during melt mixing with PP mainly depends on the
viscosity difference between PP and EPDM [22].
When a curing agent is added, the viscosity of the
rubber phase raises abruptly as dynamic



vulcanization, the viscosity difference between
EPDM and PP increased. At this time, the effect of
shear on the morphology of the blends may be
dominant and the intense shear results in the
dispersion of EPDM particles.

Afterwards, the viscosity difference between
EPDM and PP plays the critical role, leading to the
EPDM particles being immobilized by crosslinking
and breaking down into small droplets under the
applied shear field [23]. Since the ZDMA largely
promoted the crosslinking process and the crosslink
density of EPDM phase in the presence of peroxide
free radicals, this leads to the immobilization of the
rubber particles and therefore breaking down into
smaller sizes. In addition, the size reduction also
enlarges the contact area which may be beneficialfor
the interface interaction between PP and EPDM
phases.

Crystallization behavior

Fig. 5 shows the DSC curves of all TPVs during
non-isothermal crystallization. It can be seen that all
PP/EPDM/ZDMA  TPVs show a higher
crystallization peak temperature (Tc) than
PP/EPDM TPV, and Tc increases with increasing
ZDMA concentrations. The effects of dynamic
vulcanization and ZDMA concentration on Tc, onset
crystallization temperature (To) and crystallinity
(Xc) of the TPVs are summarized in Table 2.
PP/EPDM/ZDMA TPVs show higher To and Tc
values than those of PP/EPDM TPV, which indicates
that the addition of ZDMA promotes the nucleation
process of PP, leading to an increased crystallization
rate and improved crystallization temperature. For
PP/EPDM/ZDMA TPVs it can be seen that both To
and Tc increase with increasing ZDMA
concentrations. However, higher ~ ZDMA
concentration seems to have a negative effect on Xc
of the PP phase. Note that To and Tc of TZ46-1 and
TZ46-3 increase from 118.4°C to 121.3°C and
110.3°C to 112.5°C, respectively, while Xc
decreases from 48.10% of TZ46-1 to 45.31% of
TZ46-3. Here, the possible explanation of this
crystallization behaviour is given below: The
formation of polymerized ZDMA (PZDMA) in
peroxide free radicals has been verified, it may have
formed homopolymer (h-PZDMA particles) or
grafted onto polymer chains to form graft products
(g-PZDMA) [19].

Therefore, the h-PZDMA particles may serve as
nucleating agents for the crystallization of PP phase,
thus promoting the crystallization process of the PP
component. On the other hand, in situ
compatibilization of ZDMA occurs at the interfacial
layer between PP and EPDM through the reaction

Fig. 4. SEM image for te etched cryogenically
fractured surface: (a) B46 (cyclohexane-etched); (b)

TZ46-0 (xylene-etched); (c) TZ46-2 (xylene-
etched); (d) TZ46-3 (xylene-etched).
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between the double bonds of ZDMA and the free
radicals generated in both EPDM and PP chains,
restricting the rearrangement of PP molecular
segments during the crystallization process [17].
This leads to the decreased Xc at a higher ZDMA
concentration.

Stress-strain behavior of PP/EPDM/ZDMA TPVs
Mechanical properties

To better understand the influence of ZDMA on
the peroxide cured PP/EPDM TPVs, the mechanical
properties for all specimens are summarized in Table
3. Representative stress-strain

0.0

Endo heat-flow

35 T T v T d T v T Y T v T g
40 60 80 100 120 140 160 180
Temperature(°C)

Fig. 5. DSC thermograms of the TPVs during
non-isothermal crystallization

Table 2. Crystallization parameters for all
specimens.
AH X T T
Sample < ¢ o o
) B ) N G B o)
B46 40.86 48.88 108.2 114.9

TZ46-0 36.26 43.63 109.5 116.6
TZ46-1 37.72 48.10 110.3 118.4
TZ46-2 35.06 47.22 110.9 119.2
TZ46-3 31.94 45.31 112.5 121.3
curves of the TPVs are shown in Fig. 6. The
PP/EPDM/ZDMA TPVs display good combination
of stress and strain properties: a rapid increase in
tensile stress can be observed at the initial tensile and
then the stress increases gradually with the larger
extension of strain. All stress-strain curves show the
representative elastomer character of soft and tough.
Compared with the stress-strain curves of PP/EPDM
blend and PP/EPDM TPV, improved tensile strength
and elongation at break can be observed, due to the
crosslinking of the rubber phase. The incorporation
of ZDMA further improves tensile strength and
elongation at break. For example, TZ46-1 exhibits
tensile strength and elongation at break of about
11.8MPa and 421%, which is much higher than
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7.7MPa and 250% of TZ46-0, indicating the strong
reinforcing effect of ZDMA [24]. The improved
mechanical properties indicate the good interaction
between the ZDMA reinforced EPDM phase and the
PP phase. Meanwhile, the higher crosslink density of
EPDM also contributes to the improved mechanical
properties.

—B46
] - — TZ46-0
4_/’ - .. TZ46-1
i' — . —Tz46-2
] — .. -TZ46-3

Stress(MPa)
\

0 I 5I0 I 1(I)D I 1;0 I 2EI)0 I ZEIJO I 3(I)0 I 3;0 I 4(I)D I 4é0
Strain(%)
Fig. 6. Stress-strain behavior of all specimens.

Obviously, dynamic vulcanization improved the
mechanical properties of the PP/EPDM blend.
Incorporation of ZDMA largely improved the
mechanical properties of the PP/EPDM TPVs.
Especially, tensile strength and tear strength
increased from 7.7MPa and 46.9kN/m to 11.8MPa
and 72.3kN/m, respectively, with only 6wt% ZDMA
added to the composites. This is attributed to the
improved compatibility between EPDM and PP
phases and the reinforced EPDM phase by ZDMA
mentioned above.

In addition, ZDMA has caused a reduction of
EPDM particles, as shown in the SEM images (Fig.
4), which may also contribute to the improved
mechanical properties. Further increase in ZDMA
concentration leads to an increased tensile strength,
tear strength and tensile set at 100% elongation. The
elongation at break reached maximum for ZDMA
concentration of about 12wt%. The improved
mechanical properties indicate that ZDMA is not
only an effective in situ reactive compatibilizer for
peroxide curing PP/EPDM TPVs, but also a strong
reinforcing filler.

The effect of DCP concentration on the
mechanical properties of PP/EPDM/ZDMA TPV
(40/60, ZDMA concentration is 20wt% of EPDM) is
also studied and shown in Fig. 7. It is clearly seen
that both tensile strength and elongation at break
increase with the increase of DCP concentration,
which may be caused by the improved crosslink
density of the rubber phase. However, further
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Table 3. Mechanical properties of all specimens

B46 TZ46-0 TZ46-1

TZ46-2 TZ46-3

Samples
Tensile strength (MPa) 5.8
tensile set at 100% elongation (MPa) 5.0
Tear strength (kN/m) 42.0
Elongation at break (%) 168

7.7 11.8 12.4 13.4
6.0 1.5 7.9 8.3
46.9 72.3 77.1 86.2
250 421 439 410
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Fig. 7. Effect of DCP concentration on the
mechanical properties of PP/EPDM/ZDMA TPV
(40/60, ZDMA concentration is 20wt% of EPDM).

1.0 1.4

strength, which reaches a maximum value when
DCP concentration is 1% of EPDM. This is due to
the fact that high DCP concentration induced more
serious decomposition of PP component. Elongation
at break (Fig. 7b) shows the same tendency. Fig. 7c

shows that DCP concentration has little influence on
the tear strength. From Fig. 7 it can be concluded that
PP/EPDM TPV reaches better overall performance
when the DCP concentration is 1% of EPDM

CONCLUSION

This work shows that ZDMA can function as an
effective compatibilizer and, simultaneously, as a
very strong reinforcing agent for PP/EPDM TPVs.
The reinforced TPVs based on a PP/EPDM ratio of
40/60 displayed better overall performance when
DCP concentration is 1 wt% of the EPDM
component. The mechanical properties increased
with increasing ZDMA concentrations. Particularly,
the tensile strength and elongation at break increased
from 7.7MPa and 250% to 13.4MPa and 410%,
respectively, with about 18%wt ZDMA.
Incorporation of ZDMA resulted in size reduction of
the crosslinked EPDM particles and improved
compatibility between the PP and EPDM phase,
which contributed to the enhanced mechanical
properties. In addition, incorporation of ZDMA
promoted the crystallization process of PP but had a
negative effect on its crystallinity.
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(Pesrome)

Tepmormnactuarute Bynkanuzati (TPVs), ocHoBann Ha momunponwieH (PP)/erunen-npormmnern-guen (EPDM) c
TernoBHO choTHOIEHHE 40/60 ca 0OpaboTeHu in situ ¢ MUHKOB quMeTakpwiat (ZDMA) upe3 qHHAMUYHA ByTKAHU3AIIHS,
HHIyIMpaHa oT nepokcua. M3cnensanu ca eekture Ha AMHAMUYHATA ByJIKaHM3auust 1 ZDMA BbpXy ChbBMECTUMOCTTA
Mexny ¢dasute Ha PP 1 EPDM u MexaHmgHUTE CBOHCTBA Ha TepMoIUIacTHaHUTE BynkaHusata PP/EPDM. BkirouBareTo
Ha ZDMA mono0psiBa BUCKO3UTETa Ha CTOMIUIKATAa Ha pe3ynTantHuTe TPV. [IlnHamuaausaT mexanudeH ananu3 (DMA)
MMOKa3Ba, 4e HapacTBaHETO Ha KOHICHMTpanusaTa Ha ZDMA monoOpsiBa cbBMecTUMOCTTa Mexay (azute Ha EPDM u PP.
CkaHupamata eneKTpOH-MHUKPOCKOIMS IOKa3Ba, 4e BKIOYBaHETO Ha ZDMA HaMansgBa pa3mepa Ha HaIPEeYHO-
CBBpP3aHUTE TYMEHM dYacTHIM. JludepeHnmarHaTa CKaHUpalla KaJOPUMETpUS € W3I0N3BaHa 3a H3CIIEABaHE Ha
KPUCTaJIMHHUTE OTHACSHUs. Pe3ynTarute nmokasear, ye 100aBsHeTo Ha ZDMA mpoMoTHpa 3apoAuiiioo0pa3yBaHeTo Ha
PP, HO 10-BHCOKHTE KOHIIEHTPALIMH [T0Ka3BaT OTpULaTeNieH epeKT BbpXy KpUCTAIMHHOCTTA Ha PP-komnoneHTara. OcBeH
TOBa € HAMEPEHO, Ye MeXaHHYHHUTE CBOWCTBA HA TPVs 3HaunTenHo ce mogodpsieat or ZDMA. Jlo6aBsiHeTo Ha 0K0Jio 18
% (06.) ZDMA B tepmorutactTuyHuTe ByakaHu3aTa oT PP/EPDM Boau 1o moBuImaBane Ha SIKOCTTa CHOPSMO YCYKBaHE U
yAbJKaBaHe Ha CKbCBaHe cboTBETHO OT 7.7MPau 250% no 13.4MPa u 410%, cboTBETHO.
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Nanocomposite materials with an organic-inorganic urea-silicate (di-ureasil) based matrix containing gold
nanoparticles (NPs) were synthesized and characterized by optical (UV/Vis) spectroscopy and indentation
measurement. The urea silicate gels were obtained by reaction between silicon alkoxyde modified by isocyanate group
and polyethylene glycol oligomer with amine terminal groups in presence of catalyst. The latter ensures the successful
incorporation of citrate-stabilized gold NPs in the matrix. It is shown that using a convenient destabilizing agent
(AgNOs) and governing the preparative conditions, the aggregation degree of gold NPs can be controlled.

The developed synthesis procedure significantly simplifies the preparative procedure of gold/urea silicate
nanocomposites, compared to the procedure using gold NPs, preliminary covered with silica shells. Mechanical
properties of the prepared sample were characterised using depth sensing indentation methods (DSI) and an idea about

the type of aggregation structures was suggested.

Keywords: Nanocomposite; Di-ureasil matrix; Gold nanoparticles; Nanoparticles aggregation; Sol-gel

INTRODUCTION

Producing nanocomposite functional materials
for optical applications has attracted much attention
in the last decade. Among different optical
functionalities, metal NPs offer a great potential for
applications in nonlinear optical devices, such as
ultrafast optical switches and filters, and for uses as
catalysts or sensors. The transfer of NPs into solid
substrates while retaining the characteristic
properties of single particles, i.e., preventing
aggregation, is an important technological task
which has to be solved in manufacturing practice.

The matrix itself must satisfy a number of
requirements such as a high optical transparency in
the visible range, mechanical, and chemical
stability. Sol-gel process provides a straightforward
and versatile fabrication method for the production
of a large number of transparent glassy-like
substances. The advantages of this process are low
processing temperature, high purity of precursors,
good uniformity, reproducibility of the composition
and processability. Highly transparent hybrid
organic-inorganic structures, where organic and

* To whom all correspondence should be sent:
E-mail: mslavova@bas.bg

inorganic components are bonded through strong
chemical bonds, were prepared by this method.
Typical representatives of the covalently linked
organic-inorganic materials are the so-called urea
silicates or di-ureasils. Optically clear and elastic
organic-inorganic  di-ureasil ~ nanocomposites
containing gold NPs, stabilized by uniform silica
shell were produced by mixing preformed NPs
colloidal dispersions with urea silicate neat
monomer prior to sol-gel transition. The silica shell
was used to maintain the colloidal stability during
the processes of hydrolysis and condensation [1].
Recently, we have established a procedure,
allowing us to embed gold NPs, stabilized by pure
electrostatic forces, thus avoiding the stage of
covering the NPs with protected silica shells. This
approach simplifies the manufacturing of the metal-
doped urea silicates as the growth of silica shells
around the metal NPs is a delicate and rather time
consuming operation. Furthermore, the use of a
convenient destabilizing agent (AgNOs) permitted
us to control the aggregation degree of gold NPs. In
that way we can produce gold/ureasilicate
nanocomposites with different absorption profiles,
as the formation of large aggregates causes
irreversible changes in their optical properties.
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In this work we present the preparation
procedure of di-ureasil nanocomposites with
embedded citrate-stabilized gold NPs. The reliable
preservation of the nanoparticles in the matrix is
confirmed by optical absorption measurements and
indentation characteristics. It is shown that metal
NPs, embedded in the ureasilicate matrix could be
fixed at different aggregation stages by controlling
the concentration of the aggregation agent in the
reaction medium.

EXPERIMENTAL
Materials

0,0-bis(2-aminopropyl)-polypropylene glycol-
block-polyethylene glycol-block-polypropylene
glycol-500 (Jeffamine ED-600, Fluka) was dried
under dynamic vacuum before use. 3-Isocyanate
propyl-3-ethoxysilane (ICPTES, Aldrich),
tetrachloroauric acid (Aldrich), 3-sodium citrate
dihydrate (Aldrich), absolute ethanol (Riedel-de
Haén), citric acid monohydrate (Merck) were used
as received. Distilled water with a resistance around
18 MS/cm was used for the preparation of dilute
aqueous solutions.

Preparation of samples

Urea-silicate neat monomer was prepared by
mixing 0.936 mmol Jeffamine ED-600 and 1.870
mmol of ICPTES under stirring. Spherical gold
NPs (15 nm) were prepared by boiling 5x1074 M
HAUCI,; aqueous solution in the presence of
1.6x10-* M sodium citrate aqueous solution, for 15
min [2]. Later, citric acid in ethanol solution, served
as a catalyst for the sol-gel process, citric-stabilized
Au colloid solution, and aggregation agent (AgNOs
aqueous solution) were added to the liquid
monomer. Table 1 shows the amount of AgNOs
used for the preparation of the samples.

The mixtures were transferred to polystyrene
cuvettes and dried in an oven at 40°C for 48 h.
Finally, transparent, free of cracks samples with a
base of 21 mm? and height of 7 mm were obtained.
A photograph of the samples is presented in Fig. 1.

Fig. 1. Au/urea silicate samples with different degree
of Au NPs aggregation.
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Depth-sensing indentation method

The method known as either depth-sensing
indentation (DSI) or instrumented indentation
testing (117T) is based on the experimental measured
indentation curves (relationship between the test
force and indentation depth) (ISO 14577-1).

The following micro indentation characteristics
ware determined (ISO 14577-1) [3]:
Dynamic hardness: HMV = a F/h?, (1)

where (F) is the value of the instant load in a
loading and unloading testing regime, (a = 3.8584)
is a constant which depends on the shape of the
indenter and (h) is the indentation depth. This
characteristic reveals how the material responds to
total deformation during the indentation test
including  plastic, elastic and viscoelastic
deformation components.

— Martens hardness was determined from the
slope of the increasing force/indentation depth
curve in the 50% =+ 90% P interval and
characterises the material resistance against the
penetration (P is the maximum applied load):

HMs = 1/(26.43 m?), (2)

This characteristic has similar physical sense as
dynamic hardness, but characterises the material
properties at the maximum indentation depth at
constant load.

— Indentation hardness is a measure for the
material resistance to permanent deformation.

Hit = P/24.50h¢?, (3)

where (h¢) is the so called “contact depth” which
means the imprint depth when there is a contact
between the indenter and the surface of the test
piece.

— Microhardness profiles are dependences of
Vickers hardness on the applied load (P), or on the
penetration depth (h), respectively.

HV=f(P); HV=f(h), (4)

— Indentation Elastic Modulus calculated from
the unloading part of the dependence by using the
equation:

1/E; = (1- vs?)/Eit + (1- v 2)/Ei, (5)

where (E;) is the experimental converted elastic
modulus based on indentation contact, (vs) is the
Poisson ratio of specimen, whereas (E;) and (vi) are
the Young's modulus and Poisson's ratio for the
indenter, respectively.

— Indentation creep which is a relative change in
the indentation depth at constant test force:

Cit = (h2 — hy)/hy (F = const.), (6)
where (h1) and (h2) are indentation depths at the
beginning and the end of the creep measurement

[4].
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The tests were provided on the dynamic ultra
microhardness tester DUH-211S. All measurements
were performed at room temperature and the test
regime was: loading with a constant loading speed
of 0.2926 mN/s till 3 mN, then holding this load for
1 min and then unloading. For viscoelastic
materials the relationship between load and depth
of penetration is not linearly dependent. That is, for
a given load the resulting depth of penetration may
depend upon the rate of load application, as well as
on the magnitude of the load itself. Ten
measurements were made for each sample.

RESULTS AND DISCUSSION

The optical properties of a colloidal dispersion
of spherical particles with a radius R can be
described by Mie theory, who first explained the
origin of the red color of gold colloids [5].

In a dilute colloidal solution containing N particles
per unit volume (cm?®), the measured absorbance
over the path length d is:

| NC .d
A=log,, —°==——*—~ (7)
I(d) 2.303
where C_. is the extinction cross-section of a

ext
single particle, d is path length and lo and I(d) are
incoming and transmitted light intensities.

For a spherical particle with radius R, much smaller
than the wavelength of light only the dipole
oscillation contributes significantly to the extinction
cross-section (dipole approximation) and Cex Can
be written as the following relationship [6]

24TCZR38m3/2 "
ext = . 7w 0 (8)
A (e42¢,) +¢

where &’ and &’ are the real and imaginary part
of the wavelength dependent dielectric function and
&, Is the dielectric function of the medium.

Fig. 2 presents the experimental absorption
spectrum of the initial agueous solution of citrate-
stabilized gold NPs with an average size of 15 nm,
the experimental spectrum of the solid di-ureasil
monolith doped with gold NPs, prepared without
addition of the aggregation agent (sample 1) and
the theoretical spectrum, calculated for the sample
1. The former one is based on eq. 2 utilizing the
real and imaginary parts of the dielectric function
for bulk gold [7].

There is an expected shift in the position of the
plasmon peak obtained for the sample 1 (situated at
529 nm) with respect to the initial colloidal solution
in water (located at 519 nm). This is due to a
refractive index increase when changing the
dispersion medium from ethanol (n = 1.33) to di-
ureasil (n = 1.508) The plasmon peak position

C

obtained for sample 1 is in coincidence with the
calculated one obtained by using the data for
dielectric constant of Johnson and Christy and
refractive index of the urea silicate matrix (1.508).
It is obvious that the optical response of the
prepared nanocomposite resembles that of the
starting colloid in the range of plasmon band.

=}

Absorbance (Normalized to 1)
o
Y

0.0 1 L
200 400 600 800

Wavelength, nm

Fig. 2. Experimental absorption spectrum of the
initial gold colloid in water (——), experimental
absorption spectrum of sample 1 (- ) and calculated
absorption spectrum of sample 1 (—s—+—). The calculated

spectrum is B-spline connected.

Absorption spectra of the samples containing
gold NPs with different degree of aggregation are
presented in Fig. 3. Numbers over the curves
correspond to the samples designation, presented in
the Table 1.

Table 1. Amount of AgNO; used for the samples
preparation.

Molar content of AgNOs3,

ngplgs added to the reaction mixture
designation
[nmol]

1 _

2 88.5
3 111
4 150
5 177

It is seen from Fig. 2 that with increase of
AgNOs concentration the first plasmon maximum at
about 520 nm is broadening and the second
maximum at ~700 nm appears and is getting more
pronounced. It is clear that gold NPs, embedded in
the matrix, undergo changes in color upon the
process of aggregation due to the coupling
interactions between the surface plasmon fields of
the particles [8]. Appearance of longitudinal mode
can be explained by formation of dimers and
aggregates of higher order, which do not have
spherical symmetry and can be roughly represented
by equivalent ellipsoids.
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Fig. 3. Absorption spectra of the urea silicate
nanocomposites with different degree of NPs
aggregation.

Fig. 4 presents the indentation curves (Load —
Indentation depth) for all samples. It can be seen
that the curves of the loading and unloading are
substantially parallel, which means that the samples
are extremely elastic.

Fig. 5 shows the generalized arithmetic average
of measured indentation characteristics for the
studied samples. The lines between the points are
only for visual facilitation of the trends.

From Figs. 5 a) and b) it becomes clear that the
microindentation parameters change on adding
AgNOs;. The first portion decreases HMV, HMs
and indentation elastic modulus Eit, while micro
hardness characteristics Hit and HV* increase.
Taking into account that HMV and HMs
characterize the total resistance against the
penetration and Hit and HV* — the resistance only
against plastic deformation it could be concluded
that resistance against elastic deformation decreases
or the sample becomes more elastic. The next
additions of AgNO; lead to improving all studied
characteristics (Fig. 5a), b) and ¢) till 150 nmol
(sample 4). Knowing that the quantity of the gold
NPs is the same for all samples, the changes in
mechanical properties could be attributed only to
arising of different aggregation structures as a
consequence of AgNO; addition. There are many
publications dealing with the type of aggregation
structures of gold NPs according to the type and
guantity of aggregation agent: filamentary,
racemose or cross-linked  structures [9-11].
Moreover, the gold particles keep their
individuality in the aggregates. We suppose that in
our case the first portion of AgNOs; partially
destroys the stabilizing layer on the gold particles
leading to the formation of loose cross-linked
structure of gold particles. Obviously, the
electrostatic forces between the particles are strong
enough to improve the elasticity of the sample.
Further AgNOs addition results in a more complete
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destruction of the charged surface layer and more
complete multilateral linking between the particles,
making the cross-linked structure  denser.
Mechanical properties are improved. At a
concentration of destabilizing agent higher than that
in sample 4, the aggregation processes are SO
pronounced that the cross-linked structure is torn
and regrouped in a denser cluster or racemose
structure. The racemose formations so obtained do
not have so much resistance as the cross-linked
structure and microindentation characteristics
decrease.

Addition of AgNOQ; has practically no influence
on the creep processes (Fig.5 d). Ground for such
interpretation of the micromechanical results gives
us the research and TEM micrographs of aggregates
of gold nanoparticles published in [10] (Fig. 6) and
[11] (Fig. 7 b) for 500 seconds of electron-beam
exposure inside a TEM liquid cell at 200 kV. Scale
bar: 200 nm.

It can be assumed that the aggregation process
starts in a small volume with a higher local
concentration of AgNO; solution, just after its
addition. When the solution is homogenized, the
global concentration of AgNO; drops and the
aggregation stops. More dilute solution of AgNO;
results in a smaller degree of aggregation.
Simultaneously, the viscosity of the urea silicate
monomer rapidly increases within a short period of
time, fixing the formed aggregates in the urea
silicate gel.

CONCLUSIONS

Gold NPs stabilized by pure electrostatic forces
were successfully introduced in the urea silicate
matrix, avoiding the stage of covering the NPs with
protected silica shells and a highly transparent
monolith was obtained.

Using a common gold colloidal solution
containing particles with unique size and shape and
governing the preparative conditions, di-ureasil
nanocomposites containing gold NPs aggregates
were produced. The arrested aggregation of gold
NPs was previously achieved in gelatin films [8].
However, this was obtained for the first time in
highly transparent monolith samples.

Micromechanical characteristics change
according to the type of aggregation structure. We
suppose that the improvement of elastic indentation
modulus and resistance against total and plastic
deformation is due to the cross-linked structure
formed by the gold NPs.

When the metal nanoparticles form racemose
structures the mechanical properties slightly
decrease.
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This approach could be a promising way for the properties on the basis of immobilized metal fractal
development of flexible filters with desired aggregates.
absorption profile and improved mechanical

a) b)

5.00

5.00

--------------------------------------------------------

Test force[mN]
Test force[mN]

Depth[um] Depth{um]

5.00

: ‘ : ‘ 500

Test force[mN]
Test force[mN]

10.00
Depth[um] Depth[um]

5.00

Test force[mN]

Depth[um]

Fig. 4. Load/unload displacement curves: a) sample 1; b) sample 2; ¢) sample 3; d) sample 4; ) sample 5
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Fig. 5. a) Dynamic microhardness and Martens microhardness; b) Indentation microhardness and Vickers hardness;
¢) Indentation Elastic Modulus; d) Indentation creep
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Quintela, J. Rivas, J. Non-Cryst. Sol., 353, 826 (2007).

Fig. 6. Cetyl-3-methylammonium-ion-coated gold
nanoparticles before (a) and after aggregation
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HaHOKOMMIO3UTHM MaTepHalyd ¢ OpraHMYHO-HEOpraHMYHa KapOaMuA-CHIIMKAaTHa MaTpulia (AU-ypeacuin),
chabpokamia 3natan Hanouactunu (HIT), ca cuatesupanu u xapakrepusupanu ¢ ontuuHa (UV/ Vis) crieKTpockomus u
HMHACHTAlMOHHU H3MepBaHUsA. CHIMKATHUTE ypes TelloBe ca MOJIyYeHH 4Ype3 peakLus MEeXIy CHIMLIUEB alKOKCHI
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PaszpaboTenata mporemypa 3a CHHTE3 3HAUMTEIHO OIPOCTSABA IMOATOTBHUTENHA MpOIEAypa Ha 37aToTo/ ypes
CHIIMKaTHH HaHOKOMIIO3WTH, B CPaBHCHHE C TpOIEAypaTa 3a W3IMOJ3BAaHE Ha IMpeIBapUTENIHA IOKPHUTH C KBApLIOBH
yepynku 3matHu HII. MexaHuuHHTE CBOICTBa Ha MPUTOTBEHaTa Mpoba ca oxXapakTepu3UpaHW C TOMOIITAa Ha
U3MEpBaHe Ha IBJIOOYMHHO MPOHUKBAI] MHACHTaIoHeH MeToz (DSI) u ¢ HampaBeHO MPEAINONOKCHHE 33 BUAA HA
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The purpose of this study is to determine the possibility of biofilm formation from different bacterial strains on the
UREASIL surface as compared with the formation of biofilms on glass surface.
Seven gram-positve and eight gram-negative bacterial strains were used in this study. The feasibility of microbial
biofilm formation on the surface of the new material UREASIL and on the surface of glass (control samples) was
detected by three methods: determination of the number of alive bacterial cells in the biofilms; determination of the
protein content in the biofilms by a modified Lowry method; confocal laser scanning microscopy for
detection/visualization of the biofilms.
The structure of UREASIL was more unfavorable for adhesion and breeding than that of the glass, but problematic
species with strong production of capsule substance or slime, such as Klebsiella pneumonie and Pseudomonas
aeruginosa formed thick biofilms after 48 h cultivation on UREASIL, which were detected by three methods: confocal
fluorescence microscopy, modified Lowry method and counting the number of surviving bacteria that colonized the

surface of the glass and the UREASIL.

Key words: UREASIL, ureasilicate, biofilm formation

INTRODUCTION

Biofilm is the microbial lifestyle in natural and
manmade environments. The initial microbial
adhesion to surfaces is a complex process
dependent on the non-specific interactions between
bacteria and the surface, including van der Waals
interactions, electrostatic forces, Lewis acid-base
and hydrophobic interactions, the latter being the
strongest of all long-range non-covalent forces [1].
After initial attachment, the accumulation step in
biofilm formation depends on the bacterial
proliferation, exopolysaccharide matrix production
and intercellular adhesion [2]. The cells in the
microbial biofilm demonstrate many changes in
their metabolism: a higher biochemical activity by
producing more new enzymes and metabolic
adaptation mechanisms to a new variant of growth
display. The biofilm formations present a higher
level of resistance to all physical and chemical
factors in comparison to their planktonic forms.
Many genetic mechanisms of the cells play a role
for the adaptation to the biofilm, a wide range of

* To whom all correspondence should be sent:
E-mail: mslavova@bas.bg

characteristics provide a number of advantages over
planktonic bacteria [3-5].

The dynamically developing industry constantly
needs new products which satisfy different specific
requirements. Very often the growth of biofilm
formations is around a foreign body in patients,
around medical implants and can progress to
development of an infection. It has been estimated
that the subjects from bacterial biofilms are
generally about 1000-fold less susceptible to the
effects of commonly used antimicrobial agents than
their analogous planktonic cells and are highly
resistant to the phagocytosis of the immune system
phagocytes. In addition, the various attacks of the
antimicrobial immunity are neutralized by the same
formation. That is a reason for the development of
chronic infections mediated by biofilms and it is a
problem for their eradication [3,6,7].

In search of promising new materials we turned
to ureasils: sol-gel materials. Sol-gel process is one
of the most versatile methods for the preparation of
organic-inorganic hybrid materials due to the low
temperature of synthesis [8]. The incorporation of
inorganic materials into organic matrices ensures
physical rigidity, photophysical and thermal
stability of the obtained hybrid materials [9]. It is
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widely used for preparation of glassy matrices for
optical applications. However, flexibility of pure
inorganic glasses obtained by the sol-gel method is
limited and they are often susceptible to cracking
during a drying stage. Including organic polymers
in an inorganic silica framework makes the final
material more flexible [10]. This approach was
used for the synthesis of new organic-inorganic
materials based on polyether chains covalently
linked to a silica framework by urea bridges,
referred to as ureasilicates or ureasils [11]. These
materials were initially used as a host matrix for
highly luminescent europium salts [12-15], ionic
conductive lithium salts [16,17], magnetic
nanoparticles (NPs) [18,19] and organic dyes [20].
Recently, it was demonstrated that optical
functionalities, such as semiconductor [21-24] or
metal [25] NPs, can be successfully incorporated
into ureasilicates, which makes them promising
materials for fabrication of non-linear optically
active devices.

Ureasilicates are obtained by hydrolysis and
condensation of a ureasilicate precursor prepared
by reaction between a silicon ethoxide modified by
isocyanate group (referred to as ICPTES) and a
polyoxyalkyleneamine (referred to as Jeffamine)
[26].

The purpose of this study is to determine the
possibility of biofilm formation from different
bacterial strains on the surface of the new hybrid
material UREASIL in comparison with biofilm
formation on other materials. This is done to
investigate possible biomedical application of
UREASIL.

MATERIALS AND METHODS
UREASIL

0,0-bis(2-aminopropyl)-polypropylene glycol-
block-polyethylene glycol-block-polypropylene
glycol-500 (Jeffamine ED-600, Fluka) was dried
under dynamic vacuum before use. 3-lsocyanate
propyltriethoxysilane (ICPTES, Aldrich),
tetrachloroauric acid (Aldrich), trisodium citrate
dihydrate (Aldrich), absolute ethanol (Riedel-de
Haén), citric acid monohydrate (Merck) were used
as received. Distilled water with a resistance around
18 MS/cm was used for the preparation of dilute
aqueous solutions.

Microbial strains: Seven gram-positive and
eight gram-negative strains were used for the
experiments in this study. Two control strains from
American type culture collection Staphylococcus
aureus MSSA (ATCC29213) and Escherichia coli
(ATCC25922) and the following clinical isolates

from patients, more of them multidrug resistant
(MDR) were used: Enterococcus faecalis (n=3),
Staphylococcus aureus MRSA (n=3), Moraxella
catarrhalis BRO+ (n=1), Escherichia coli ESBL
(n=1), Klebsiella pneumoniae ESBL (n=1),
Enterobacter aerogenes MDR (n=1), Morganella
morgannii MDR (n=1), Pseudomonas aeruginosa
MDR (n=1), Acinetobacter baummannii MDR
(n=1), Stenotrophomonas maltophilia (n=1). The
strains were stored in skim milk at -70°C. Before
laboratory testing they were three times
subcultivated, reproduced and after that they were
used in the experiments.

Chemical materials: Na,COz, NaOH, Na tartrate
and CuSO, with chemical purity; 2N Folin-
Ciocalteu reagent.

EXPERIMENTAL PROCEDURE
Synthesis of the ureasilicate monoliths

The synthesis of the ureasilicate monoliths
included several steps. At the first step
stoichiometric amounts of Jeffamine and ICPTES
(1:2;R=2.0) were mixed in a glass vessel under
stirring at 200 rpm for 10 min, so that the rapid
uncatalyzed reaction between amino and isocyanate
groups forming polyurea linkages took place [11].
The obtained material will be referred to hereafter
as a conventional ureasilicate precursor. At the
second step an additional amount of ICPTES was
introduced in order to adjust the desired molar ratio
between ICPTES and Jeffamine in the final
mixture. Ethanol was used as a homogenizing agent
and was added 5 min later. The third step consisted
of the catalyzed hydrolysis/condensation of the
mixture by addition of ammonia or citric acid
aqueous solution. The mixture was stirred for 10
min more and poured into a polystyrene cell,
covered with Parafilm R, which was pin-holed after
gelation at room temperature. The gelation time
varied from 1 h to 3 days depending on the catalyst
used and the R value. During the final step the cell
with the resulting gel was kept in an oven at 40°C
for two weeks, which assured completion of
hydrolysis/condensation reactions and evaporation
of residual liquids. This drying process led to
sample shrinkage of about 30% of total volume
[26].

Counting CFU/ml of surviving bacteria

The bacterial strains were grown on a Brain
heart infusion (BHI) agar (Oxoid microbiology
products, Cambridge, UK) at 35°C overnight. The
suspension of each of them was prepared in BHI
broth (Oxoid microbiology products, Cambridge,
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UK) with bacterial density of at least 1.5-2x10%
colony-forming units (CFU/ml). It was inoculated
with 100 pl of a pure microbial culture on the
UREASIL fragments in a 96-well polystyrene
microtiter plate (Nunc) and on the wells without
Ureasil and was incubated at 35°C for 48 h. After
the incubation the infected broth from the wells was
aspirated under sterile conditions and the samples
were washed with 200 pl of PBS. Using serial 10-
fold dilution and counting the value of CFU/ml on
the BHI agar, the number of living bacterial cells
and the concentration of biofilm were determined.
The controls used were: three controls of UREASIL
with sterile PBS, sterile broth and sterile water; and
the same controls on the wells without UREASIL.

Modified Lowry method

The protein content was measured using a
modified Lowry method [27]. The principle behind
the Lowry method of determining protein
concentrations [28] lies in the reactivity of the
peptide nitrogens with copper [lI] ions under
alkaline conditions and the subsequent reduction of
the Folin-Ciocalteu phosphomolybdic
phosphotungstic acid to heteropolymolybdenum
blue by the copper-catalyzed oxidation of aromatic
acids.

10 ul of the sample washings were diluted to 1 ml
with distilled water. First, reagent A: 2% Na,CQOs in
0,IN NaOH, reagent B: 1% CuS0.5H,0 and
reagent C: 2% sodium tartrate, were prepared.
Reagent D was prepared by mixing reagents B and
C in the ratio 1:1. Reagent D was prepared just
prior to use. Thereafter 5 ml of mixed reagents A
and D in a ratio of 1:50 were added and stirred for
140 min. Then 0.5 ml of 1N Folin-Ciocalteu
reagent (phosphomolybdotungstate) were added.
After 45 min the absorbance was measured at 750

nm against a control containing the same
components without the microbial culture. The
amount of protein was determined by the standard.
As a reference a solution of bovine serum albumin
was used.

Confocal laser scanning microscopy:

Confocal laser scanning microscopy is an
important method for the study of biofilm structure.
This is a non-destructive and non-invasive method
[29]. Confocal laser scanning microscopy allows
the detection and localization of the biofilm on the
hybrid material UREASIL.

Glass coverslips covered with the hybrid
material UREASIL and control glass coverslips
were placed in a 6-well plate with BHI broth
(Oxoid microbiology products, Cambridge, UK)
and inoculated with 100 pl of a pure microbial
culture. After 48 h incubation at 35°C for forming a
biofilm the culture media was removed and the
biofilms were fixed in 2.5% GA in PBS at 8°C for
24 h. The fixed biofilms were rinsed 5 times with
PBS before staining with 0.1% (w/v) acridine
orange (AO) (Sigma Chemical Co., St. Louis, MO,
USA) in PBS at room temperature for 5 min. AO is
a membrane permeant nucleic acid stain that
intercalates dsDNA and binds to ssDNA, as well as
to ssSRNA through dye-base stacking to give a
broad fluorescence spectrum when excited at 476
nm. The biofilms were rinsed again as described
above and were mounted on glass slides using
Fluoromount-G  (SouthernBiotech, Birmingham,
AL, USA). Images were taken using a confocal
microscope Leica DM2500 (Leica Microsystems,
Wetzlar, Germany).

After immobilization, the QCM-resonator
was put into 1 mL distilled water.

Table. 1. Microbial biofilm detected by counting surviving bacteria

Microbial species (number of strains)

Microbial number
over glass [cfu/ml]

Microbial number over
UREASIL [cfu/ml]

Staphylococcus aureus MSSA (ATCC29213)
Staphylococcus aureus MRSA (n=2)

Streptococcus intermedius (n=2)
Enterococcus faecalis (n=3)

Moraxella catarrhalis bro2+ (n=1)
Escherichia coli (ATCC25922)
Escherichia coli ESBL (n=1)
Klebsiella pneumoniae ESBL (n=1)
Morganella morgannii MDR (n=1)
Pseudomonas aeruginosa (n=1)
Acinetobacter baummannii
Stenotrophomonas maltophilia (n=1)

7x10 000 3x100 000
8x100 000; 6>1 000 000;
3x1 000 000 2x10 000 000
3x100 000; 9x100 000;
2x1 000 000 7x1 000 000
9x10 000; 4x10 000 000;
4x100 000 1x10 000 000
8x1 000 5x10 000
5x10 000 3x100 000
9x10 000 2x10 000 000
5x100 000 8x100 000 000
6x10 000 000 8x100 000 000
7x10 000 000 8x1 000 000 000
5x100 000 4x100 000 000
9x10 000 7x100 000 000
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Stain

Staphylococcus aureus

MRSA

Streptococcus intermedius

Enterococcus faecalis

Moraxella catarrhalis

Escherichia coli ESBL

A. UREASIL

B. Glass
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Klebsiella pneumoniae

ESBL

Morganella morgannii

MDR

Pseudomonas aeruginosa

Stenotrophomonas

maltophilia MDR

Fig. 1 Confocal fluorescence microscopy images:
A) biofilm formed on UREASIL, B) biofilm formed on glass.
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O Series1
B Series2

Fig. 2. Detection of microbial biofilm using a modified Lowry method for determination of protein quantity in

washings: Series 1 - UREASIL; Series 2 - glass

RESULTS AND DISCUSSION

The formation of a biofilm after 48 h of
incubation was evaluated by using the method of
counting CFU/ml (Table 1) with the help of
confocal laser scanning electron microscopy images
(Fig. 1) and with a modified Lowry method for
detection of the protein content in the studied
samples (Table 2).The 48-h incubation period
proved enough for the tested bacterial strains to
build well-formed biofilms on the investigated
areas (Fig. 1), a fact which corresponded with the
results from other our previous research [30,31].
From the results given in Table 1 it can be
concluded that, defined by the microbial number,
the surviving bacteria colonizing the surface of the
glass outnumber the surviving bacteria in the
biofilm coating the ureasil. The difference is about
10 fold in staphylococci and moraxella and nearly
100 fold in enterococci, i.e. in Gram-positive and
Gram-negative cocci. Only in Streptococcus
intermedius the difference is less than 10. In Gram-
negative rods and multidrug-resistant bacteria the
difference in the number of surviving bacteria in
the biofilm coating the glass is even higher — up to
1000 times more than ureasil. The differences
shown in Table 1 and Fig. 1 between the various
strains (ranging from 10 to 1000 times) depended
on the capabilities of the particular bacteria
involved with the different surface structures of the
cell wall in their adhesion to surfaces and biofilm
formation [3,5]. In conclusion, from the initial

results it can be argued that the structure of ureasil
was more unfavorable for adhesion and breeding
than that of the glass, but problematic species with
strong  production or  overproduction  of
exopolysaccharide alginate, capsule substance or
slime such as Klebsiella pneumonie, Morganella
morgannii, Pseudomonas aeruginosa and other
glucose non-fermenting bacteria: Acinetobacter
baummannii and Stenotrophomonas maltophilia
formed a thick biofilm after 48 h cultivation on
ureasil. The biofilm formation from these bacteria
is very strong and difficult to eliminate, because
they have many surface biomolecules responsible
for adhesion [5,30,31]. The formation of biofilm on
the surface of a polystyrene plate, tested with
Pseudomonas aeruginosa, showed results similar to
those on the glass - a many times higher microbial
number of this coating on the ureasil.

Sterile saline and broth cultivation without prior
culturing microorganisms in them displayed no
microbial growth.

The nine strains arbitrarily selected were
quantified in the washings by the modified method
of Lawry. The obtained results are shown in Fig. 2.
The findings of this method confirm most of the
results of the microbiological method. As a result of
the studies it can be concluded that the number of
surviving bacteria colonizing the surface of the
hybrid material UREASIL is lower than that of the
glass surface colony. These results are also
confirmed by confocal microscopy, as can be seen
in Fig. 1.
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New strategies for prevention and treatment of
clinically relevant bacterial biofilms are needed,
because the biofilm-forming microbes are
responsible for most of the chronic bacterial
infections in humans and animals [3,5,30,31]. The
results obtained support the conclusion that
UREASIL is a material with good potential for
biomedical applications.

This work explores the formation of a biofilm
on the hybrid material UREASIL, as a first step in
the study of the formation of a biofilm on a base
material composite UREASIL with various types of
nanoparticles. Further investigations regarding this
theme are in progress.
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(Pestome)

LenTa Ha TOBa M3clenBaHE € Jia CE ONpeNes Bb3MOXKHOCTTA 3a OOpa3dyBaHeTO Ha OMO(GMIM OT pasIUuHH
Oakrepuannu mamoBe Ha moBbpxHocTTa Ha UREASIL B cpaBHeHMe ¢ oOpasyBaHeTo Ha OMO(HIM BBPXY CTBKIICHA
MOBBPXHOCT.

Cenem rpaM-TIOJIOKHUTEIHE M OCEM T'paM-OTPUIATEIIHN OaKTEpHAIHH Iama 0sxa M3M0I3BaHH B €KCIIEPUMCHTHUTE B
TOBa Npoy4BaHe. Br3MoXHOCTTA 32 00pa3yBaHe Ha MUKpOOHaieH OHOQHIM BbPXY MOBBPXHOCTTA HA HOBUS MaTepual
UREASIL 1 Ha HOBBPXHOCTTa Ha CTHKIOTO (KOHTPOJIHM IPOOH) € YCTAaHOBEHA I10 TP METOJIA: OIIPEACIIIHE Ha Opost Ha
KUBHUTE OaKTepHATHU KJICTKH B OHOQHIMETE; OmpenelissHe Ha OENTHYHOTO ChIbpKAHHE B OHOGMIMHTE dpe3
n3nomsBaHe Ha Moauduuupan meron Ha Jloypu; KoH(oOKalHa Jla3epHO CKaHMpAIla MHKPOCKONHUS 3a OTKPUBaHE U
BH3yaJIU3aIsl Ha ONO(HIMIL.

Crpykrypara Ha UREASIL e mno-HeOuarompusTHa 3a aaxe3us M pa3MHOXKaBaHe OT Ta3d Ha CTBKIOTO, HO
NMpoOJIEeMHH BUJIOBE CHhC CHIJIHO TMPOM3BOJCTBO Ha KaICyJIHO BEIIECTBO WM ciy3 Kato Klebsiella pneumonie wn
Pseudomonas Aeruginosa dopmupat neben Gruodunm cnen 48 gaca kynrusupane Bbpxy UREASIL, koiito e OTKpHT U
OT TpUTE MeToza: KOH(pOKaIHA (IIyopeclieHTHA MUKPOCKOIIHsI, MoIudHIupan MeTo ] Ha Jloypu u upe3 npeOposiBaHe Ha
Opost Ha )KUBHUTE OaKTEPUH, KOMTO KOJOHM3MPAT MOBBPXHOCTTA Ha cThKiI0TO 1 UREASIL.
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In this work, we report a simple low-cost procedure to synthesize nickel oxide nanoparticles (NiO-NPs) by using
sodium dodecyl sulphate (SDS) and gelatin as stabilizer. The synthesized NiO-NPs were characterized by transmission
electron microscopy (TEM), powder X-ray diffraction (XRD), scanning electron microscopy (SEM) and UV-vis
spectroscopy. The results showed that NiO nanoparticles with high crystallinity can be obtained using this simple
method. The grain size measured by TEM was 16 nm in the presence of SDS, which agrees well with the XRD data.
SDS plays an important role in the formation of the NiO nanoparticles. Further, the NiO nanoparticles were used as a
solid-phase catalyst for the decomposition of hydrazine hydrate at room temperature. The decomposition process was
monitored by UV-vis analysis. The present study showed that the nanoparticles were not poisoned after their repeated
use in decomposition of hydrazine. It was found that hydrazine was catalytically decomposed to hydrogen and nitrogen
gases by the resultant nickel oxide nanoparticles. The decomposition rate at 25 °C was 9.1 nmol/(min mg of NiO-NPs).

Keywords: nickel oxide nanoparticles,

INTRODUCTION

Nowadays, synthesis and study of materials
consisting of nanometer-sized particles are the
subjects of intense research. Reduction of the
particle size to the nanometer scale leads to a
guantitative change in physical and chemical
properties [1-3]. Nanoparticles in crystalline as well
as in amorphous phase have important applications
in magnetic recording, solar energy transformation,
magnetic fluids, electronics, and chemical catalysis
[4-12].

Nickel nanoparticles have attracted much
attention because of their use in catalysis, medical
diagnostics and magnetic applications. A number of
techniques have been used for the preparation of
nickel nanomaterials, such as chemical vapor
deposition (CVD) [13], wet chemical method [14],
laser-driven aerosol [15], hydrothermal method
[16], and microemulsion [17].

ver the years, attempts have been made to
prepare, stabilize and isolate homogeneously
dispersed nanoparticles with and without capping
agents [18,19]. Upon agglomeration, these particles
lose their nanosizes and corresponding properties.
In the last few years, extensive structural, kinetic
and thermodynamic studies have been performed to
explore the fundamental understanding of
surfactant-water systems including the effect of

sodium

* To whom all correspondence should be sent:
E-mail: fchekin@yahoo.com
Tel.: +98 121 2517000; Fax: +98 121 2517043

dodecyl sulphate, hydrazine, gelatin, catalyst.

additives on micellization [20, 21]. However, there
are still conflicting opinions on some aspects,
particularly regarding factors controlling the
synthesis and stabilization of nanoparticles in
aqueous surfactant solutions. Therefore, it is quite
difficult to scale up a general method for
nanoparticles synthesis using surfactants, because
numerous parameters with different influences
enter into consideration, while studying a particular
system.

Surfactants are amphiphilic in nature. They have
two ends with different polarities, and form
aggregates, such as micelles, where the
hydrophobic tails form the core of the aggregate
and the hydrophilic heads are in contact with the
surrounding liquid. Surfactants can serve as a
capping or protecting agent for nanoparticles
against external forces [22,23]. The kinetics and
morphology of nanomaterials can be either
accelerated or changed, depending on the nature of
the reducing agents and the surfactant. The
surfactants not only provide favorable sites for the
growth of the particle assemblies but also influence
the formation process, as well as the chemical
properties of the particulate guests, thus unfolding
novel chemistries [24].

Hydrazine (N2H.) is widely used as (i) a high—
energy propellant in rockets and spacecrafts by the
military and aerospace industries; (ii) a powerful
reducing agent for zero—emission fuel cells [25,26].
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Electro—oxidation of N:H; is the basis of an
established fuel cell, due to its high capacity and
lack of contamination. However, N,H; is toxic and
can be readily absorbed by oral, dermal or
inhalation routes of exposure [27]. It is therefore
obvious that reliable and sensitive analytical
methods for the determination of N>H4 are needed.

Here, we report the synthesis of nickel oxide
nanoparticles using an anionic surfactant and
gelatin. The nickel oxide nanoparticles were
characterized by UV-vis, SEM, XRD and TEM
methods. Nickel oxide nanoparticles were applied
as a catalyst in the decomposition reaction of
hydrazine.

EXPERIMENTAL

Gelatin from bovine skin, hydrazine hydrate,
nickel chloride and sodium dodecyl sulphate (SDS)
were purchased from Aldrich. All solutions were
prepared using redistilled water. Other reagents
were of analytical grade and were purchased from
Aldrich or Merck and were used as received
without further purification.

All spectroscopic experiments were performed
on a UV-vis absorbance spectrophotometer
(Shimadzu, Kyoto, Japan). All experiments were
carried out at room temperature. TEM images were
recorded using a LEO-Libra 120 transmission
electron microscope. Hitachi S-3500N scanning
electron microscope (SEM) was used for surface
image measurements. The crystallization and purity
of the synthesized samples were characterized by
X-ray diffraction.

5 g of gelatin was dissolved in 100 mL of
deionized water and was stirred at 60 °C for 30 min
to achieve a clear gelatin solution. 10 mL of SDS
surfactant solution (2 M) and 10 mL of nickel
chloride solution (1 M) were added to the above
solution under continuous stirring, after which the
container was placed in a water bath. The
temperature of the water bath was fixed at 80 °C.
The stirring was continued for 3 h. The final
product was placed in a furnace at a temperature of
500 °C for 8 h to obtain NiO nanoparticles. The
yield of NiO nanoparticles calculated by weighing
the produced NiO nanoparticles was found to be 81
and 85% for NiO nanoparticles synthesized in
absence and presence of SDS, respectively.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern of the NiO-NPs
prepared using gelatin in absence and presence of
SDS. The dominant peaks for NiO-NPs were
identified at about 26 = 37, 43, 62, 75 and 79; they
were indexed as (111), (200), (220), (311), and

(222), respectively, according to JCPDS reference
number 078-0643.
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Fig. 1. XRD patterns of NiO-NPs synthesized in
absence (a) and presence of SDS (b).

The average particle size of pure NiO-NPs
was derived from the high intensity diffraction
peak in Fig. 1, using Debye Scherrer’s formula:
D = KA/ fcosé, where D is the crystallite size,
K the Scherrer constant usually taken as 0.89, A

is the wavelength of the X-ray radiation
(0.15418 nm for Cu Ka), and £ is the full width

half maximum of the diffraction peak measured
at 26 (f for 43 value of 26 is 0.61 and 0.45 for

NiO-NPs powder synthesized in presence and
absence of SDS, respectively). The average
crystallite size of NiO-NPs synthesized in
presence and absence of SDS was found to be
approximately 14 and 19 nm, respectively. It is
clear from the crystalline sizes that the SDS
plays a major role in the synthesis of NiO
nanoparticles and most probably controls the
growth of nanoparticles by preventing their
agglomeration. SDS (with negative charge)
adsorbs Ni*? ions via electrostatic force and
prevents nanoparticles to get aggregated via
coulombic repulsion and steric hindrance.
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Fig. 2. SEM images of NiO-NPs synthesized in
absence (a) and presence of SDS (b)

Fig. 2 shows the SEM images of the NiO
nanoparticles synthesized using gelatin in presence
and absence of SDS. It can be seen from the SEM
image that the products are trigonal-shaped. The
presence of SDS decreased the average size of the
synthesized NiO particles (Fig. 2b) and the particles
were uniform while without SDS, some particles
were amorphous-shaped and had high size
distribution (Fig. 2a).

EDAX results (Fig. 3) confirmed the presence of
Ni and O elements in nanoparticles synthesized
using gelatin in absence and presence of SDS.

Fig. 4 shows the TEM images and size
histograms of the NiO nanoparticles synthesized
using gelatin in presence and absence of SDS.
According to the TEM analysis data and the size
distribution plots, the small size of particles is
generated by SDS surfactant. The obtained particle
sizes from the TEM were in good agreement with
those calculated from XRD analysis.

The optical absorption of suspended NiO
nanoparticles was measured in the 200-600 nm
wavelength range. Prior to the measurements of
UV-vis absorption, the powder samples (2 mg/mL)
were uniformly and gently dispersed in methanol
solvent.
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Fig. 3.
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Fig. 4. TEM images and histograms of NiO-NPs
synthesized in absence (a) and presence of SDS (b).

The UV-vis absorption spectra of the NiO
nanoparticles at room temperature are depicted in
Fig. 5.
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Fig. 5. UV-Vis patterns of NiO-NPs synthesized in
absence (a) and presence of SDS (b).
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EDAX images of NiO-NPs synthesized in absence (a) and presence of SDS (b).
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Table 1. Compared parameters of NiO-NPs synthesized using different methods.

Method Agent Particle size Synthesis :cemperature Reference
(nm) O

Chemical Sodium borohydride 20-40 500 [29]

Spray pyrolysis Silica matrix 55 500 [30]
Poly(propylene

Soft-templating oxide)- poly(ethylene 31 400 [31]
oxide)

Microemulsion Tween 80 100-160 - [32]

Sol-gel SDS 16 500 This work

The band position of NiO prepared in absence of
SDS (curve a) at around 370 nm corresponds to
NiO nanoparticles. SDS (curve b) causes a shift of
the band to almost 360 nm. This blue shift indicates
the quantum confinement property of nanoparticles.
In the quantum confinement range, the band gap of
the particle increases which results in a shift of the
absorption edge to lower wavelength, as the particle
size decreases.

The band gap energy (E) was calculated
according to the literature report [28] using the
following equation:

Band gap energy (E) = hc/a (1)

where h is the Plank’s constant, 6.626x1073* J s,
c is the speed of light, 3.0x108 m/s; 4 is the
wavelength (nm). According to this equation, the
band gap of NiO-NPs synthesized without
surfactant is 3.4 eV and the band gap of synthesized
NiO-NPs using SDS is 3.6 eV. These results
confirm that when the size is smaller, the band gap
will be larger.

The proposed method for synthesis of NiO
nanoparticles was compared with those reported in
the literature, as given in Table 1 [29-32]. As can
be seen from Table 1, the present method is
comparable with those reported in the literature.
The catalytic decomposition reaction of hydrazine
hydrate was studied in the presence of nickel oxide
nanoparticles in aqueous medium. An aqueous
solution of hydrazine (pH 7.00) has an adsorption
peak at 293 nm (Fig. 6).
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1.500 |

< 1.000 -

0.500

0.000

ZS;O 3(:’!0 32‘1.0 32‘0
A (nm)
Fig. 6. UV-Vis pattern of 0.25 mM hydrazine in

aqueous solution.

280

In a set of experiments, 2 mg of nickel oxide
nanoparticles was added to a hydrazine agqueous
solution (0.25 mM, 5 mL), and the reaction
temperature was maintained at 25 °C. The intensity
of hydrazine in presence of nickel oxide
nanoparticles keeps on decreasing with time

(Fig. 7).
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Fig. 7 Plot of absorbance vs. time for the
decomposition of hydrazine in presence of NiO-NPs as
catalyst; conditions: (a) 0.25 mM hydrazine (5 ml) and
(b) 0.25 mM hydrazine plus NiO-NPs (2 mg), at 25 °C.

There is no considerable change in intensity of
the absorption peak in hydrazine solution without
nickel oxide nanoparticles (not shown), indicating
that its concentration in the reaction mixture
remains almost constant and no decomposition
reaction takes place in the absence of NiO
nanoparticles as a catalyst. This study shows that
nanoparticles have large active surface area for the
decomposition reaction. For the evaluation of the
catalytic rate of hydrazine decomposition reaction,
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pseudo-first-order  kinetics with  respect to
hydrazine can be used. The role of metal
nanoparticles is very important in redox reactions.
Hydrazine hydrate is readily soluble in water; since
N2H4 is basic, the chemically active free ion is
normally represented as NoHs* [33]:

N>Hz.H,O < N2H5+OH' (1)

Accordingly, it was clearly shown that
hydrazine could be catalytically decomposed into
hydrogen and nitrogen by nickel nanoparticles. The
decomposition reaction is [34]:

NoHs'OH <> No + 2H, + HoO (2)

The decomposition process involves
chemisorption of hydrazinium ions onto the NiO
nanoparticles surface, and interfacial electron
transfer released by the hydrazinium ion [35].

As shown in Fig. 7, hydrazine decomposition
rate in presence of NiO-NPs synthesized using SDS
is high as compared to those synthesized without
SDS. These results confirm that when the particle
size is smaller, the active surface area for
decomposition reaction is larger and the catalytic
rate of hydrazine decomposition reaction increases.
From the linear relationship between the amount of
hydrazine decomposed and reaction time, the
decomposition rate of hydrazine in presence of
NiO-NPs synthesized in presence and absence of
SDS was estimated to be 9.1 and 4.2 nmol/(min mg
of NiO-NPs), respectively.

The NiO nanocatalyst was found functional after
completion of the decomposition process. The
particles were separated from the reaction mixture,
washed with deionized water and vacuum-dried.
These particles were reused at least 3 times for the
same decomposition reaction. Every time, nearly
the same reaction time was observed. So we
concluded that the NiO nanoparticles were not
poisoned.

CONCLUSIONS

Nickel oxide nanoparticles were synthesized
from nickel chloride using gelatin in presence of
SDS. The resultant  nanoparticles  were
characterized by XRD, TEM, SEM and UV-Vis
spectroscopy. The XRD results showed a pure
nickel oxide crystalline phase with crystallite size
about 14 nm, which agrees well with the TEM
results. The catalytic decomposition reaction of
hydrazine hydrate was studied in the presence of
nickel oxide nanoparticles in aqueous medium. It
was observed that hydrazine was catalytically
decomposed into hydrogen and nitrogen gases by
nickel oxide nanoparticles. The decomposition rate
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at 25 °C was estimated to be 9.1 nmol/(min mg of
NiO-NPs).
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PASI'PAXKIAHE HA XW/IPA3WH, KATAJIN3UPAHO OT HAHO-YACTHIIM OT HUKEJIOB
OKCH/I TP CTAUHA TEMIIEPATYPA

®. Yekun *, C. Cagern
Jenapmamenm no xumus, Hcasmcku yHueepcumem ,,A3ao “, Knon “Aamonax Amonu*, Amon, Hpan
IMocternuna Ha 27 anpun, 2014 r., kopurupana Ha 1 cenremspu, 2014 1.

(Pesrome)

B Ta3u pabota ce choOIIaBa 3a MPOCT U €BTHH METO]] 32 CHHTe3aTa Ha HaHo-yacTuid HukesnoB okcua (NiO-NPS)
M3N0/3Baliku  HaTpueB jpouenui-cyadar (SDS) u xematun karo crabunmzatop. Cunresupanute NiO-NPsS ca
0apaKkTepu3UpaHd C TPAHCMHUCHOHHA eJeKTpoH-Mukpockomnus (TEM), mpaxoBa penrtreHoBa mudpakuus (XRD),
ckaHmala enekTpoH-mMukpockonus (SEM) u UV-vis criekrpockonus. Pe3ynaraTute nokassar, 4e 1Mo TO3d HPOCT METO[
ca nonydeHu NiO-HaHOYACTHIM C BHUCOKa KPUCTaJMHHOCT. Pa3MepbT Ha 3bpHaTa, ompeneieHn ¢ TEM e 16 nm B
NPUCHCTBHE HA, KOeTO ce chriacyBa mobpe ¢ XRD-manuute. SDS mma BaxkHo 3HadyeHue 3a (opmupane na NiO-
HaHoyacTUIUTe. Te3u Yacuuy ca M3IMO0JI3BaHM KaTo TBBPAO-(pa3eH KaTalu3aTrop IpU pas3jiaraHeTo Ha XHUIpa3uH NpU
craitna Temmepartypa. IIponechT Ha pasnmaraHe e HabOmomaBan upe3 UV-Vis amanm3. W3cnenBaHeTo mokasBa, de
HAHOYACTHUIIUTE HE C€ OTPaBAT NPH MHOTOKpaTHa yrnoTpeba Ipu pasjiaraHero Ha XwujpasuH. Hamepeno e, dye
XHJPasHHBT CE pasjiara Ha ra3zo00pa3Hu Boaopoxa u a3ot. CkopoctTa Ha pasnarade npu 25 °C e 9.1 nmol/(min mg of
NiO-NPs).
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Glutathione S-transferase (GST) isozymes are widely distributed in nature and found in many organisms including
microbes, insects, plants, fish, birds and mammals (Sherratt and Hayes). These enzymes show various activities toward
different types of reactions, mostly by dissociation of the reduced glutathione (GSH) from the binding compound
(Mannervik 1985). Fish are some of the species in the industrial world that are exposed to increasing level of polluted
water. To investigate the effects of pollution on glutathione S-transferase activity we exposed rainbow trout to industrial
pollution for a period of 4-6 weeks. Exposure to pollutants such as phenol, ammonia, mercuric chloride, cadmium
chloride and mixture of agricultural anti parasitic agents significantly increased glutathione S-transferase activity with a
sharp decrease of reduced glutathione (GSH) profile. By increasing the pH to 8.0 and the water temperature to 18°C, the
GST activity also increased. We concluded that GST acts as a strong defense mechanism against environmental stresses
by detoxificating industrial pollutants and some natural phenomena that reduce the water quality.

Key words: Glutathione S-transferase, rainbow trout, detoxification, toxicology.

INTRODUCTION

One of the important enzyme families that are
involved in transformation of endogenous and
xenobiotic compounds is glutathione S-transferase
(GSTs) (1-2). These enzymes play a major role in
detoxication by conjugating the tri-peptide
glutathione (GSH) to electrophilic substrates
produced during the oxidative stress and participate
in the intracellular binding and transport of
lipophilic compounds (3).

It is assumed that one of the major mechanisms of
survival in a polluted water source is due to the
detoxication of xenobiotics; and both GSH and
glutathione-S-transferase are mainly responsible for
this task (4-5). It is also suggested that glutathione
can bind electrophilic carbon atoms or atoms such
as cadmium, zinc, lead and mercury (6), as well as
ammonia (7).

GSTs and their activity have been extensively
characterized in rats, mice, and humans (8). Based
on the protein sequence, substrate specificity and
immunological activity of GSTs, they have been
classified into different forms such as Alpha, Mu,
Pi (9) and Theta (10) classes that are mainly located
in the cytosole. Although there is no specific
classification for GSTs in fish, they have been

* To whom all correspondence should be sent:
E-mail: mghorbani@irimc.org

studied and characterized in a few species and it is
suggested that GSTs activity in fish is similar to
that in mammals (11-12).

It is reported that the major GST isoform in the
liver of rainbow trout is pi (13) which is the same
as the predominant class in human brain (14). Pi
function is to detoxify toxic substrates that are
carried by the fish blood (13) or cerebrospinal fluid
in human brain (15).

The enzyme has only recently been described in
some fresh waterfish (16) and there are little reports
available on the involvement of this enzyme in
detoxication of industrial pollutants in fresh water
fish. The present study on the profiles of reduced
glutathione and glutathione-S transferase in the
liver of a rainbow trout may reveal a probable
mechanism of detoxification in fish.

MATERIALS AND METHODS

In this study, 90 rainbow trouts weighing 50-150
g and between 10 and 20 cm in length were
obtained from a regional trout farm (Karaj, Iran)
and acclimatized in aerated glass tanks (60 x 40
x100) containing 200 liter de-chlorinated water and
maintained at 13°C with pH 7.5 for 72 hours prior
to the experiment. All experiments were performed
according to the IACUC standard protocols. All
chemical compounds were purchased from Sigma
Company (Canada).

720 © 2005 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:mghorbani@irimc.org

R. Farzad et al.: Effects of the industrial pollution on glutathione s-tranferase in the liver of rainbow trout

The water quality in the fish farm was evaluated
prior to the experiments using a Tytronics Sentinel
analyzer (Galvanic Applied Sciences Inc., Canada).
The composition of the water was as follows:

Component PPM
Ammonia 1
Copper 0.12
Chloride 22
Dissolved oxygen 0.05
Mercury No detectable
Phenol 18
Sulphide 18
Total hardness 105
Total solids 420

Fishes were divided into 6 groups of 15,
including a control group, and exposed to non-
lethal concentrations of ammonia (60 ppm), CdCl,
(160 ppm), HgCl: (0.16 ppm) and phenol (22 ppm)
for 2 days. A mixture of all toxins including phenol
(6 ppm), CdCl, (60 ppm), ammonia (20 ppm) and
HgCl, (0.08 ppm) was added to the fish tank
containing the sixth group. After the exposure,
fishes were transferred to toxicant free fresh water
(with the same quality as before) and kept for 30
days. Group one was elected as the control group
and maintained under identical conditions. Five fish
from each tank were sampled immediately after 2
days of exposure and on days 15 and 30 after
exposure.

Preparation of hepatocytes

Hepatocytes were collected according to the
general method described by MelgarRiol et al. (17).
Fish were anaesthetized by exposure to 3-
aminobenzoic acid ethyl ester (Sigma, Canada) for
a few minutes. Fish were then placed on a cutting
board and a ventral incision was made along the
medial line. The portal vein was cleaned from the
surrounding tissues and cannulated by placing a
ligature around the vein 1-2 cm away from the
liver. The liver was then perfused using a peristaltic
pump at a flow rate of 10 ml per min for 20 min to
clear all the blood using a calcium-free solution
containing 11.76 mM Hepes, 160.8 mM NaCl, 3.15
mM KCI, 0.5 mM EDTA and 0.33 mM Na;HPO.,
pH 7.65, while the heart was cut to avoid high
pressure in the system. The perfusion buffer was
then replaced with a collagenase solution
containing 6.67 mM CacCl, and 0.5 mg collagenase
for 20 min, at a flow rate of 5 ml. The liver was
then removed and the gall bladder was dissected
carefully. The liver was then smashed against a
sterile wire mesh strainer (100-um) and washed
with cold PBS. The cells were collected in a sterile

falcon tube and centrifuged at 1500xg for 3 min.
The supernatant was decanted and the cell pellet
washed in 15 ml EMDM medium and centrifuged
as before. The supernatant was removed and the
pellet was re-suspended in 25 ml EMDM, and cell
viability was evaluated by the trypan blue exclusion
test (18).

Isolation of GSTs

Hepatocytes were homogenized followed by
sonication for 2 min and cytosolic fractions were
collected after centrifugation at 100000xg for 20
min (19). The cytosol was then dialyzed against 10
mM potassium phosphate buffer pH 6.5. The
dialyzed cytosol containing approximately 105
units of GST activity towards 1-chloro-2, 4-
dinitrobenzene (CDNB) (Sigma, Canada) was used
in previously packed CM-cellulose column (1.7 x
25 cm) (Sigma, USA), equilibrated in the cold
room with 1 liter of equilibration buffer (10 mM
potassium phosphate buffer, pH 6.5) at a flow rate
of 42 mi/h. The column was washed at a flow rate
of 37.5 ml/h with 500 ml of the equilibration buffer
until no absorption was detected at 280 nm
wavelength. After a few washings, the GSTs were
eluted from the CM-cellulose column with a linear
KC1 gradient of 200 ml potassium phosphate buffer
(10 mM, pH 6.5) and 200 ml of the same buffer
containing 50 mM KC1. The fractions of about 2.5
ml were collected during the gradient elution with a
flow rate of 35 ml/h. The protein profile of
chromatography was determined by measuring the
absorbance of fractions at 344 nm. The GSTs
activities were then determined using CDNB as
substrate and expressed as pg GSH/mg liver
protein.

The result was expressed in terms of aa/min/mg
protein. The liver protein was determined by the
method of Lowry et al. (20) using bovine serum
albumin (Sigma, Canada) as the standard.

Determination of liver GST activity

CDNB was used as a substrate to determine the
GSTs activities through formation of thioether and
detection at 344 nm. The CDNB reaction mixture
included 100mM potassium phosphate, 1 mM
CDNB and 1 mM GSH. The cytosolic proteins
were diluted 1/50 in 20mM potassium phosphate
buffer at pH 7.4 and stored at 25°C prior to addition
to the reaction mixture. The result was expressed in
terms of nmoles/min/mg protein. The optical
densities were determined at every 5 seconds for
100 seconds.
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Table 1.

Reduced glutathione level in the liver of rainbow trout during and after exposure to non-lethal

concentrations of ammonia, cadmium chloride, mercuric chloride, phenol and a mixture of toxicants. The significance is

shown as p<0.05.

Toxicants Glutathione level (pg GSH/mg liver protein)
Days of Toxicant exposure Days after exposure
2 Days 15 Days 30 Days
Control 110.32 +£5.2 122.85 £ 8.8 132.64 £5.5
Ammonia 124.99 +7.3* 111.81+12.2 126.02£11
Cadmium chloride (CdCl,) 74.71 £5.7* 128.99 =17 112.99+7.3
Mercuric chloride (HgCl;)  82.92 +8.3* 117.99 £ 13 124.99+9.2
Phenol 69.69 + 7.3* 125.99+6.3 120.99 +9.3
Mixture of toxicants 61.99+6.7* 11499 £10.6 128.99+13.2
Statistical analysis DISCUSSION
Results are presented as mean +SEM. Statistical It has been reported that glutathione S-

analysis used Instate software for analysis of
variance followed by a Student-Newman-Keuls
post hoc test. Significant differences were assessed
at P<0.05.

RESULTS
Glutathione

All toxicants used in this study reduced the GSH
content in the liver during the 2 days exposure
which returned to the normal level after transferring
the fish to fresh water (Table 1).

Glutathion-S-Transferase activity

Fish intoxication with ammonia increased the

level of glutathione S-transferase activity which
was concomitant with the reduction of GSH level in
the liver (Fig 1, Table 1). The enzyme activity
declined sharply after transferring fish to fresh
water (Fig 1).
Fish exposed to Cadmium Chloride also exhibited a
significant enhancement of glutathione S-
transferase activity in the liver which was declined
on day 15 and returned to normal level on day 30
after exposure (Fig 2).

Treatment of rainbow trout with mercury
(HgCly) induced a similar response as compared to
other toxicants. However, it showed only a slight
decrease on days 15 and 30 after exposure and was
still significantly above the normal level (Fig 3).
Treated fish with phenol, exhibited a significant
increase in GST activation on day 2 of exposure up
to 2.5 times higher than the control group, whereas,
the level of GSH returned to below normal level on
day 15 and 30 of exposure (Fig 4).

The mixture of toxicants caused the activation of
glutathione S-transferase to the maximum level
(Fig 5). Again, like other toxicants, the level of
enzyme activity returned to almost basal level in
this group of fish.
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transferase enzyme (GSTs) in the liver of animals is
able to detoxify poisons in the blood flow (21). It
appears that GSTs can bind to a large number of
compounds. GSTs can be resolved into their ionic
isozymes by ion-exchange columns depending on
their ionic properties (21).

GSTs can appear in an organism in multiple
forms. The establishment of such multiplicity has
been discovered by chromatography and
electrophoresis as well as by measuring the activity
of the isozymes using CDNB as the electrophilic
substrate (22).

In a number of studies of glutathione S-
transferases, glutathione affinity chromatography
has been extensively used (23). It has been shown
that GST specific activity towards CDNB in freshly
isolated hepatocytes was significantly higher as
compared to the GST activity in cell culture (24).

The GST ligands are nucleophilic centers and
intend to attack electrophilic compounds. Such
compounds will be considered as the substrate for
GST enzyme. Due to the large reactivity of these
compounds to interact with GST enzyme system
and the wide catalytic capability of GST enzyme, it
appears that GSTs are involved with detoxication of
both xenobiotics and normal constituents of food
which are converted to less reactive compounds
(24).

It has also been suggested that GSH may be
involved in the protection of liver against a number
of toxic compounds (25).

GSH depletion from liver could activate
xenobiotics circulation which in turn increases
hepatotoxic action. Meanwhile, hepatic toxicity of
certain xenobiotics would be decreased by
elevation of the GSH concentration in the liver
(26).

In an industrial environment and due to the
availability of excessive amount of toxicants such
as cobalt and lead, glutathione depletion from the
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liver of mice may occur, suggesting that the GST
peroxidase is inhibited and resulted in the elevation
of liver GSH levels due to the antioxidant
properties of cobalt (27).

It seems that physiological and xenobiotic
stimulations may activate the liver functions by
increasing the levels of hepatic glutathione in both
mammals and fish. There are many compounds
such as acrolein and acrylonirile that cause
elevation of glutathione during the incubation of
hepatocytes (28).

Purification of cytosolic GSTs from sheep lung

has shown that metal ions such as Ni?*,Cd?*, Ba*",
Mn?*, Co?*, Cu?", Pb?* and Zn?* inhibit the activity
of GSTs. Glutathione-S-transferase activity has also
been detected in the cytosolic fractions of tissue
homogenates, especially in rat brain and liver, as
well as avian brain homogenate (29).
It has been suggested that the release of glutathione
from fish liver will increase the toxicity of several
compounds and glutathione-S-transferase activity
in fish that is similar to that in rat (30).

It is assumed that both glutathione and
glutathione-S-transferase play an important role in
the detoxification mechanism in both fish and
mammals. In this study, we demonstrated that the
decrease of glutathione is associated with the
enhancement of glutathione-S-transferase activity.

We suggest that exposure to xenobiotics and
toxins in many organisms causes the induction of
glutathione that helps the organism to adapt itself to
the changes in the environment and resist against
acute pollution, as well as reducing the harmful
effects of the toxicants. In the mean time, the
isolated rainbow trout hepatocytes appear to be an
ideal approach to analyze the effect of toxicants on
the activity of glutathione-S-trasferase. Since all
GST subunits are not acting the same there are
needs for comparative experiments to investigate
the effects of different toxicants on various
glutathione subunits.
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E®EKTU HA ITPOMUILVIEHOTO 3AMBPCABAHE BBPXY I'NTYTATUOH S-
TPAHC®O®EPA3ATA B UEPHUS POb HA IBI'OBATA ITbCTBPBA

P. ®apzan’, JI. H. Unamny?, P. A. Koan?, M. T'op6ann®*

Tenapmamenm 3a uscneosane u passumue, Hzcnedosamencko-npouseoocmsen komniexc, Upancku
Hacmvop-uncmumym, Texepan, Upan
2 [lenapmamenm no eupyconoazus, Upancku Ilacmoop-uncmumym, Texepan, Upan

Ioctenuna Ha 17 mait, 2014 r., kopurupana ua 9 centemspu, 2014 r.
(Pestome)

I'nyratnos-S-tparcdepasuure (GST) n303uMH ca MHPOKO PA3NPOCTPAHEHU B MPUPOJATA M CA HAMEPCHH B MHOTO
OpraHu3MHU KaTto MUKpOOH, HACEKOMH, pacTeHus, pubH, nTHIH 1 6o3aitHunu (Sherratt u Hayes). Te3u eH3umu moka3Bat
pasHooOpa3Ha aKTHBHOCT CIIPSIMO PA3IMYHK THIIOBE PEAKIMH, [NIABHO Ype3 JHUCOIMAIKSITA HA PEAYIUPAHUS TIyTaTHOH
(GSH) or cebp3Bamure cwenunenus (Mannervik, 1985). Pubure ca cpex BUaOBETE, HAN-U3JI0KEHH HA 3aMBPCEHUTE
BOJM B NPOMHIUICHO-PA3BUTOTO OOLIECTBO. 38 M3y4aBaHETO Ha Te3HM e(eKTH Oellle M3MOJI3BaHAa IbroBaTa ITbCTHPBA
KaTO TECTOB BHJ IPH CKCHO3MLIUH OT 4 1o 6 ceamuuy. Excrno3uimsaTa KbM 3aMBPCHTENN KaTo (EHOJ, aMOHSK,
MEpKYpPHU-XJIOpHI, KaIMHEB XJIOPUI H CMEC OT 3eMEICICKU U NMapa3uTHH areHTH 3HAYUTENIHO NMOBUIIABA aKTHBHOCTTA Ha
TIyTaTHOH-S-TpaHc(epas3aTa ¢ psA3KO MOHMKaBaHE Ha Mpoduia Ha penynupaHus riaytatioH (GSH). AxktuBHOCTTa Ha
GST ce nosumasa npu pH 8.0 u Temmeparypa Ha Bomata 18°C. Beme ycranoBeno, we GST neficTBa kaTo CHIICH
3aIUTCH MEXaHWU3bM CpENly eKOJIOTHMYHHTE CTPECOBe, KaTo O0e3BpEeXkAa NPOMHUIILICHHTE 3aMBPCUTSIH M HIKOU
€CTECTBEHH (haKTOPH, BIOLIABAIIM Ka4eCTBOTO Ha BOAUTE.
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Radiation effects in the two-dimensional flow of an electrically conducting second-grade fluid are examined. Non-
linear radiative heat flux is considered in the formulation of the energy equation. Viscous dissipation effects are
retained. The developed nonlinear differential systems are solved numerically using the shooting method with a fourth-
fifth order Runge-Kutta integration procedure. The solutions are validated with the built-in numerical solver bvp4c of
the software MATLAB. The dimensionless expressions of skin friction coefficient and rate of heat transfer at the sheet

are evaluated and discussed.

Keywords: Thermal radiation; Second-grade fluid; Heat transfer; Shooting method; Non-linear Rosseland

approximation
INTRODUCTION

The study of viscoelastic boundary layer flows due
to the movement of inextensible surfaces is
important in many manufacturing processes. A
number of technical processes concerning polymers
involve the cooling of continuous strips or
filaments by drawing them through a quiescent
fluid. The thin polymer sheet constitutes a
continuously moving surface with a non-uniform
velocity through an ambient fluid. In these cases the
properties of the final product depend to a great
extent on the rate of cooling, which is governed by
the structure of the boundary layer near the moving
strip. Due to the entrainment of the ambient fluid,
this boundary layer is different from that in the
Blasius [1] flow past a fixed flat plate. Crane [2]
was probably the first to discover the flow due to a
stretching surface in an otherwise ambient fluid.
Since then many authors have studied various
aspects of this problem such as the effects of
surfaces mass transfer, magnetic field, arbitrary
stretching velocity, variable wall temperature or
heat flux (Gupta and Gupta [3], Chakrabarti and
Gupta [4], Grubka and Bobba [5], Banks [6], Chen
and Char [7], Ali [8], Pop and Na [9], Magyari and
Keller [10], Liao and Pop [11], Kumari and Nath

* To whom all correspondence should be sent:
E-mail: meraj_mm@hotmail.com

[12], Hayat et al. [13-15], Mustafa et al. [16,17],
Zheng et al. [18-20], Liu et al. [21], etc. The
thermal radiation effect in such flow configurations
is prominent in nuclear power plants, satellites and
space vehicles, in combustion appliances such as
fires, furnaces, IC engines, ship compressors, solar
radiation buildings, etc. Influence of thermal
radiation on the steady incompressible flow of a
viscoelastic fluid with constant suction has been
discussed by Raptis and Perdikis [22]. Sedeek [23]
and Raptis et al. [24] examined the thermal
radiation effect on the boundary layer flow of an
electrically conducting viscous fluid. Bataller [25]
examined the radiation effects in the Blasius flow
of a viscous fluid. Elbeshbeshy and Emam [26]
discussed the thermal radiation effects on the
unsteady flow due to a stretching sheet immersed in
a porous medium. Homotopic solutions for a
unsteady mixed convection flow of a Jeffrey fluid
with thermal radiation have been provided by Hayat
and Mustafa [27]. Motsumi and Makinde [28]
investigated the radiation effects on the
incompressible flow of a nanofluid with viscous
dissipation. Flow and heat transfer of a MHD
viscous fluid over an unsteady stretching surface
with radiation heat flux are examined by Zheng et
al. [29]. In another paper, Zheng et al. [30]
discussed the buoyancy lift effects on the mixed
flow and radiation heat transfer of a micropolar
fluid towards a vertical permeable plate.
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Recently the flow analysis of non-Newtonian fluids
has received remarkable attention due to its
relevance in various processes such as plastic
manufacture, performance of lubricants, application
of paints, polymer processing, food processing and
movement of biological fluids. In particular, the
boundary layer flow of a second-grade fluid is
widely discussed. Numerical investigation of the
mass transfer effects in the flow of an electrically
conducting second-grade fluid has been performed
by Cortell [31]. Mixed convection flow of a
second-grade fluid past a vertical flat surface with
variable surface temperature has been investigated
by Mushtaq et al. [32]. Hayat et al. [33] examined
the effects of thermal radiation and viscous
dissipation in the Blasius flow of a second-grade
fluid. Three-dimensional boundary layer flow
analysis of a second- grade fluid has been
addressed by Nazar and Latip [34]. Exact solutions
for the hydro-magnetic flow and heat transfer in a
second-grade fluid with heat generation/absorption
have been obtained by Abel et al. [35]. Nazar et al.
[36] discussed the Stokes second problem for a
second-grade fluid. Jamil et al. [37] examined the
flow of a second-grade fluid due to constantly
accelerated shear stresses. Homotopic solutions for
a squeezing flow of a second-grade fluid between
parallel disks have been computed by Hayat et al.
[38]. Perturbation analysis for a flow of modified
second-grade fluid over a porous plate has been
performed by Pakdermili et al. [39]. Steady laminar
boundary layer flow of a second-grade fluid in the
presence of thermophoresis effects has been
examined by Olajuwon [40].

In some recent papers the heat transfer
characteristics have been investigated using non-
linear Rosseland approximation for thermal
radiation (see Pantokratoras and Fang [41],
Mushtaq et al. [42], Cortell [43] and Mushtaq et al.
[44]). The present work deals with the influence of
non-linear thermal radiation on the flow of an
electrically conducting second-grade fluid due to a
stretching sheet. The developed mathematical
problems were solved for the numerical solution
through a shooting method. It is important to point
out that computation of either analytic or numerical
solutions of the classical Navier—Stokes equations
(characterizing complex flow mechanics) [45-48] is
often handy for the researchers. Graphs showing
the behavior of various parameters are sketched and
analyzed.

PROBLEM FORMULATION

We consider the steady flow of an
incompressible second-grade fluid over a stretching
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sheet situated at y = 0. Let Uy, = ax be the velocity
of the stretching sheet where a > 0 is constant. A
uniform transverse magnetic field of strength By is
applied normal to the flow. The induced magnetic
field is neglected under the assumption of small
magnetic Reynolds’ number. The boundary layer
equations governing the steady two-dimensional
stagnation-point flow of second- grade fluid are
[31-33]:
ou v _ o &
dx 0dy
ou  Jv 0*u oB?

ax oy Voyr  p @
2 (au 0%u o3u %u  ou 62v>
p )

axay? " axay? T "oy T oy oyt

where v is the kinematic viscosity, o is the electrical
conductivity of the fluid, Bo is uniform magnetic
field along the y-axis, a:1(>0) is the material fluid
parameter of the second-grade fluid, u and v are
the velocity components in x- and y-directions,
respectively. The boundary conditions in the
present problem are

u="U,(x) = ax, v=0 aty=0,

u—->0 asy — oo.

Introducing the following variables

n= \/gy. u=axf'(n), v=—Jvaf(n). 4

Eg. (1) is identically satisfied and Egs. (2) and (3)
become

@)

[ == Mf , 5)
+BQf f" — ff" =) =0
fO) =0, (0 =1, f'(+) -0, (6)

where M = ¢B3/pa is the magnetic parameter
and B = aja/pv is viscoelastic parameter. It
interesting to note that Eq. (5) subjected to the
boundary conditions (6) admits a closed form exact
solution of the following form (see Cortell [31]).

1—eb ’1+M
f(TI):T; b= T+ (7

Heat transfer analysis

Under usual boundary layer assumptions, the
energy equation in the presence of thermal radiation
and viscous dissipation effects is given by
oT  aT  9*T v spou\> 1 (dq,
“a*”a—f“a—yz*c—,,(@) ‘E(ay) .
a, [ O0u 9%u oud’u ®)
+E<u@m+‘0@a—yz>,
where T is the temperature, o is the thermal
diffusivity, C, is the specific heat at constant
pressure and g is the radiative heat flux. Using the
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Rosseland approximation for thermal radiation and
applying to optically thick media, the radiative heat
flux in Eqg. (8) is given by [49]
_40*6_7"42_160* 36_T, ©)
3k* dy 3k* dy
where ¢* and x*are the Stefan-Boltzman constant
and the mean absorption coefficient, respectively.
Now (8) can be expressed as
or dT 0 166*T3\ dT
ua+ 17@ = EKa + 3pCpk*>@]
ou azu)

v ou\®  a, [ Ou 0*u

(At
It is worth mentioning here that in the previous
studies on thermal radiation (see [22-30] and
various references therein), T* in Eq. (9) was
expanded about the ambient temperature T..
However in the subsequent subsection this was
avoided.

ar =

(10)

Constant wall temperature (CWT)

The relevant boundary conditions in this
situation are
T=T, aty=0;, T->T,asy — o, (11)

with Ty, > T, and Ty, and T, are the sheet’s
temperature and the ambient fluid’s temperature,
respectively.  Defining the  non-dimensional
temperature 6(n) = (T - T,,)/(T, — T,,) and also
T=T,1+ (6, —1)0) with 0, =T,/T,
(temperature ratio parameter), the first term on the
right hand side of Eq. (10) can be written as ad/
dy[dT/dy(1 + Ry(1 + (6,, — 1)6)?)], where
Ry = 160°T2/3kk* denotes the radiation
parameter for the CWT case, and Ry = 0 provides
no thermal radiation effect. The latter expression
can be further reduced to:

w [(1+R,(1+ (6, —1DOHOT,  (12)
where Pr = v/a is the Prandtl number. Eq. (14)
takes the following form

[+ Ra(1 + (6, — DO

= —pr(ro+ B[ 48 (FF 2 - prm)])
with boundary conditions
0(0)=1, 6(+x») -0, (14)

where E; = Uy, /C,(T,, —T,,) is the local Eckert
number. We notice that x- coordinate could not be
eliminated from the energy equation. Thus we look
for the availability of local similarity solutions.
Using Eq. (7), (13) becomes
[(1+Ra(1 + (6, — 1)O)HOT

_ b
= —pr [(1 X n>9’+ 21+ pen|. (19

The heat transfer rate at the sheet is defined as
qw = — (a—T> + (qr)
97/ y=0 (16)
a ,
= —k(Ty — Tw)\f; [1+ R46,,16'(0),
and with the help of the local Nusselt number
Nu, = xq,,/k(T,, — T,,), one obtains

Nu,
+ Re,

Prescribed surface temperature (PST)

= _[1+ R46216'(0). (17)

The boundary conditions in this case are
T=T,=T,+cx? aty=0;
T->T,asy — o,
where ¢ > 0 is a constant and Eq. (10) reduces to
(1+ R0

(18)

o' —2f'6
+E |7 +B(F =1
with the boundary conditions (18). Here E, =
az/cCp is the constant Eckert number. Using Eq.

(7), (19) becomes
1—e bm\ |
( 2 )9 - 20e‘b’7]. (20)

(1+ R0

+E:b*(1 + Be™?"
Here the heat transfer rate at the sheet
becomes

=—Pr (19)

=—Pr

quw = —k C))_;)y:o +(qr)w (21)

= —kcxz\/g [1+ R416°(0),

and using the definition of reduced Nusselt
number one obtains
Nu,

JRey
Numerical Method

We have solved Egs. (15) and (20) with the
boundary conditions (14) by the shooting method
using fourth-fifth order Runge-Kutta integration
technique. The governing equations are reduced to
a system of first order equations with boundary
conditions (14) as

= —[1+ R4]6'(0). (22)
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CWT case

do
i
o ((1‘e_b") P+ E;b2(1 + ﬁ)e—an)] (23)

P;

|
|

b

|dP _ —3R,4P%(6,, — 1)(1 + (6,, — 1)6)?
\ay = 1+ Ry(L+ (8, — 1)8)°
PST case
do p.
% -,
-by _ 1-e~bn
Pr (296 ! ( b )P>] (24)
dp —E.b%(1 + B)e™20n
an 1+Ry '
with boundary conditions

6(0) =1, 0(x) - 0. (25)

In order to integrate Egs. (23) and (24) we
require a value for P(0) i.e 8'(0), however no such
value is given at the boundary. Due to this reason,
suitable values of P(0) are guessed and then
integration is carried out. The values of P(0) are
iteratively obtained such that solutions satisfy the
boundary condition at large n with an error less
than 1077,

NUMERICAL RESULTS AND DISCUSSION

This section discusses the behavior of embedded
physical parameters on the dimensionless velocity
and temperature functions. Influence of magnetic
parameter M on the velocity is depicted in Fig. 1(a).
It is noticed that increasing magnetic field strength
restricts the flow and consequently thins the
momentum boundary layer. Fig. 1(b) indicates an
increase in the velocity and the boundary layer
thickness when the viscoelastic effects strengthen.

Fig. 2 is plotted to perceive the effects of
radiation parameter on the temperature 8. The
results are given for both CWT and PST cases. In
contrast to the linear radiation heat transfer
problem, even a minor variation in the radiation
parameter greatly influences the temperature and
the thermal boundary layer thickness. The increase
in temperature distribution with the radiation
parameter is significant in the CWT case when
compared with the PST case.
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Fig. 2. Temperature profiles for different values of
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Fig. 3. Temperature profiles for different values of
Pr

The effect of Prandtl number Pr on the
temperature is shown in Fig. 3.

Increase in Pr may be regarded as a decrease in
the thermal diffusivity and consequently a thinner
thermal boundary layer is expected for a greater Pr.
Specifically Pr = 0.72,1,7 corresponds to air,
electrolyte solution such as mixture of salt and
water and water, respectively. We observed that the
profiles get closer to the boundary as Pr increases
indicating a diminution in the thermal boundary
layer thickness. We also noticed that temperature
profiles show large deviation with the variation of
Pr for a sufficiently strong thermal radiation effect

The influence of Eckert number Ec on the
temperature for both CWT and PST cases is
observed in Fig. 4. Here the profiles are computed
with and without thermal radiation effects. When
R; =0 the temperature & first increases to a
maximum value and then smoothly descends to
zero value asn — o. Moreover, the temperature 6
is an increasing function of E.

Fig. 5 illustrates the behavior of second-grade
fluid parameter £ on the thermal boundary layer. In
accordance with Abel et al. [39], the temperature 6
is a decreasing function of 8. In other words, the
fluid becomes colder as normal stress differences

are increased. Numerical values of the
dimensionless heat transfer rate at the sheet for
M=0.2, B=0.8, Pr=7, 6,,=2
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Fig. 4: Temperature profiles for different values of
the Eckert number.
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Fig. 5. Temperature profiles for different values of
the viscoelastic parameter f3.
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various parametric values are provided in tables 1
and 2.

The results are presented with and without
thermal radiation effects. The results are also
compared with those obtained through the built-in
numerical solver bvp4c of the software MATLAB
and found in an excellent agreement. The Nusselt
number (—6'(0)) is positive for all values of the
parameters. This is because the fluid is colder than
the solid wall and heat, therefore, flows from the
stretching sheet to the fluid. Regardless of the
values of other parameters the magnitude of the
local Nusselt number is larger in the absence of
thermal radiation effects (R; = 0). The magnitude
of the local Nusselt number is an increasing
function of the second-grade fluid parameter.
However, it slightly decreases as the magnetic field
effects intensify. We have earlier observed in the
graphical results that profiles become increasingly

steeper when Pr is increased. The Nusselt number,
being proportional to the initial slope, increases
with an increase in Pr. That’s why the wall heat
transfer rates are larger in the case of liquids when
compared with gases such as air, hydrogen, etc.
Moreover, the behavior of the Eckert number E. on
the dimensionless heat transfer rate is similar to that
of Pr in a qualitative sense.

CONCLUSIONS

Thermal radiation effects on the flow of an
electrically conducting second-grade fluid are
investigated. Heat transfer analysis data were
considered for two different heating processes,
namely, (i) a sheet with a constant wall temperature
(CWT) and (ii) a sheet with the prescribed surface
temperature (PST). The temperature function in the

Table 1. Heat transfer rate at the wall 6'(0) in the CWT case for various parametric values

x y 6'(0)
Pr O  Ec M B Rq f(0) bvp4c Shooting
7 2 0.2 0 0 1 -1 -0.37106 -0.37106
0 -1.45808 -1.45806
0.5 1 -0.81649 -0.38379 -0.38380
0 -1.44118 -1.44116
0.5 1 1 -0.86602 -0.34539 -0.34539
0 -1.20864 -1.20863
15 1 -0.77459 -0.34809 -0.34809
0 -1.18001 -1.17999
15 2 1 -0.91287 -0.27540 -0.27540
0 -0.75827 -0.75826
05 3 1 -0.79056 0.01436 0.01436
0 1.20696 1.20698
0.72 1 0.2 0.5 0.5 1 -1 -0.22543 -0.22544
0 -0.36975 -0.36975
15 1 -1.2909 -0.16740 -0.16740
0 -0.28331 -0.28332
Table 2. Heat transfer rate at the wall 8'(0) in the PST case for various parametric values
" 0'(0)
br Ee M B Ra £ bvp4c Shooting
7 0.2 0 0 1 -2.56119 -2.56120
0 -3.69545 -3.69550
0.5 1 -0.81649 -2.59471 -2.59472
0 -3.72385 -3.72381
0.5 1 1 -0.86602 -2.49538 -2.49542
0 -3.57175 -3.57177
15 1 -0.77459 -2.50739 -2.50744
0 -3.58013 -3.58019
0 15 2 1 -0.91287 -2.75488 -2.75489
0 -3.99382 -3.99388
3 1 -0.79056 -2.78670 -2.78673
0 -4.02502 -4.02509
0.72 0.5 0.25 1 1 -0.79056 -0.64036 -0.640370
0 -0.96354 -0.96354
0.5 2 1 -0.70710 -0.63373 -0.63374
0 -0.9359%4 -0.93596
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radiation term of the energy equation is not further
expanded by Taylors’ series about the ambient
temperature in the CWT case. The key points of the
present study can be summarized as follows:

1. The presence of magnetic field creates a
bulk known as Lorentz force which opposes the
fluid velocity and, as a consequence, boundary
layer thins as the strength of magnetic field
increases. Moreover, the temperature 8 is an
increasing function of the magnetic parameter M.
On the other hand, the magnitude of velocity and
the boundary layer thickness are increasing
functions of the second-grade fluid parameter 3.

2. Temperature 8, being a strong function of
the radiation parameter in the CWT case,
appreciably increases in the CWT case when
compared with the PST case.

3. A significant reduction in the temperature
function is observed when the Prandtl number Pr is
increased for sufficiently stronger thermal radiation
effect. This outcome is similar in both CWT and
PST cases. Moreover, the rate of heat transfer at the
sheet enhances when Pr is increased.

4. The magnitude of Nusselt number 6'(0)
increases with an increase in the viscoelastic effects
and magnetic field strength.

5. The present work for the case of Newtonian
fluid can be recovered by setting § = 0.
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