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Thiazolidin-4-one, azetidin-2-one and 1,3,4-oxadiazole
derivatives of isonicotinic acid hydrazide: synthesis
and their biological evaluation
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and ALKA ARORA?

1Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Jamia Hamdard,
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(Received 4 November 2009, revised 2 April 2011)

Abstract: A series of thiazolidin-4-one (2a—h; 3a—h), azetidin-2-one (4a—h) and
1,3,4-oxadiazole (5a—h) derivatives of isoninicotinic acid hydrazide (INH)
were synthesized in order to obtain new compounds with potential anti-inflam-
matory, analgesic, ulcerogenic and lipid peroxidation activities. The structures
of the new compounds were supported by their IR, H-NMR and mass spectral
data. All compounds were evaluated for their anti-inflammatory activity by the
carrageenan-induced rat paw edema test method. Eleven of the new com-
pounds, out of 32, showed very good anti-inflammatory activity in the carra-
geenan-induced rat paw edema test, with significant analgesic activity in the
tail immersion method together with negligible ulcerogenic action. The com-
pounds, which showed less ulcerogenic action, also showed reduced malondial-
dehyde content (MDA), which is one of the by-products of lipid peroxidation.
The study showed that the compounds inhibited the induction of gastric mu-
cosal lesions and it can be suggested from the results that their protective ef-
fects may be related to inhibition of lipid peroxidation in the gastric mucosa.

Keywords. anti-inflammatory activity; analgesic activity; ulcerogenic activity;
lipid peroxidation.

INTRODUCTION

The currently available non-steroidal anti-inflammatory drugs (NSAIDs),
such as ibuprofen, flurbiprofen, fenbufen and naproxen, exhibit gastric toxicity.
Long-term use of these drugs has been associated with gastro-intestinal (Gl) ul-
ceration, bleeding and nephrotoxicity.1 The pharmacological activity of NSAIDs
is related to the suppression of prostaglandin biosynthesis from arachidonic acid
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1058 GILANI etal.

by inhibiting the enzyme cyclooxygenases (COXs).23 Recently, it was disco-
vered that COX exists in two isoforms, COX-1 and COX-2, which are regulated
differently.46 COX-1 provides cytoprotection in the gastrointestinal (Gl) tract,
whereas inducible COX-2 mediates inflammation.”—9 Since most of the NSAIDs
on the market show greater selectivity for COX-1 than COX-2,10 chronic use of
NSAIDs may elicit appreciable Gl irritation, bleeding and ul ceration.

The Gl damage from NSAIDs is generally attributed to two factors, i.e., lo-
cal irritation by the carboxylic acid moiety common to most NSAIDs (topical ef-
fect); and decreased tissue prostaglandin production, which undermines the phy-
siological role of the cytoprotective prostaglandins in maintaining Gl health and
homeostasis.11 The incidence of clinicaly significant Gl side effects due to
NSAIDs is high (30 %) and causes some patients to abandon NSAID therapy.12
Thus, the discovery of COX-2 provided the rationale for the development of drugs
devoid of GI disorders while retaining clinical efficacy as anti-inflammatory
agents. However, recent reports showed that selective COX-2 inhibitors (coxibs)
could lead to adverse cardiovascular effects.13 Therefore, the development of no-
vel compounds having anti-inflammatory and analgesic activity with improved
safety profilesis still a necessity.

Synthetic approaches based on chemical modification of NSAIDs have been
undertaken with the aim of improving their safety profiles. A literature survey
revealed that derivatization of the carboxylate function of NSAIDs resulted in re-
tained anti-inflammatory activity with reduced ulcerogenic potential .14-17 It has
also been reported in the literature that certain compounds bearing a thiazolidin-
-4-one, azetidin-2-one or 1,3,4-oxadiazole nucleus possess significant anti-in-
flammatory activity.18-20

In view of the important biological properties of the thiazolidin-4-one, aze-
tidin-2-one and 1,3,4-oxadiazole nuclei, it was planned to suitably incorporate
the above-mentioned ring systems into the isoniazide moiety to explore the pos-
sibilities of some altered biological actions. Hence, the thiazolidin-4-one, azeti-
din-2-one and 1,3,4-oxadiazole derivatives reported herein were designed and
synthesized. They were found to possess an interesting profile of anti-inflam-
matory and analgesic activity with significant reduction in their ulcerogenic risks
to the stomach.

EXPERIMENTAL
Material's, methods and instrumentation

All the solvents were of AR grade and were obtained from Merck, CDH and S.D. Fine
chemicals. Melting points were determined in open capillary tubes and are uncorrected. All
the compounds were subjected to elemental analysis (CHN) and the measured values agreed
within £0.4 % with the calculated ones. Thin layer chromatography was performed on silica
gel G (Merck). The spots were developed in an iodine chamber and visualized with an ultra-
violet lamp. The solvent systems used were benzene:acetone (8:2, v/v) and toluene:ethyl ace-
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NOVEL ISONICOTINIC ACID HYDRAZIDE DERIVATIVES 1059

tate:formic acid (5:4:1, v/v). Ashless Whatman No. 1 filter paper was used for vacuum fil-
tration. The IR spectra were recorded in KBr pellets on a (BIO-RAD FTS 135) WIN-IR spec-
trophotometer. The FAB mass spectra of all the compounds were recorded on a JEOL SX102/
/DA-600 mass spectrometer using argon/xenon (6 kV, 10 mA) as the FAB gas. The IH-NMR
spectra were recorded on a Bruker model DPX 300 FT-NMR spectrometer in CDCl3 using
tetramethylsilane (Me,Si, TMS) as an internal standard. The chemical shifts are reported in
the 6 ppm scale.

General procedure for the preparation of the new (E)-N’-(substituted benzylidene)-

isoni cotinohydrazides (1a—h)

To an equimolar methanolic solution of isonicotinic acid hydrazide (0.1 mol) and sub-
stituted benzaldehyde (0.1 mol), a few drops of glacial acetic acid were added. The mixture
was then refluxed on water bath for 5-6 h. It was then allowed to cool, poured onto crushed
ice and recrystallised from methanol.

General procedure for the preparation of the new N-(2-(substituted phenyl)-4-oxothiazolidin-
-3-yl)isonicotinamides (2a—h)

A mixture of 1 (0.01 mol) and thioglycolic acid (0.01 mol) was heated on an oil-bath at
120-125 °C for 12 h. The reaction mixture was cooled and treated with 10 % sodium bi-
carbonate solution. The product was isolated and recrystallised from methanol—dioxane (4:1).
General procedure for the preparation of new 2-(2-(2-substituted phenyl)-3-(isonicotin-
amido)-4-oxothiazolidin-5-yl)acetic acids (3a—h)

A mixture of 1 (0.01 mol) and thiomalic acid (0.01 mol) was heated on an oil-bath at
120-125 °C for 12 h. The reaction mixture was cooled and treated with 10 % sodium bi-
carbonate solution. The product was isolated and recrystallised from methanol—dioxane (4:1).
General procedure for the synthesis of N-(3-chloro-2-(2-substituted phenyl)-4-oxoazetidin-1-
-yl)isonicotinamide (4a—h)

A solution of 1 (0.01 mol) in dioxane (20 mL) was added to a well-stirred mixture of
chloroacetyl chloride (0.012 mol) and triethylamine (Et3N) (0.012 mol) in dioxane (10 mL) at
0-5 °C. The reaction mixture was then stirred for 8 h, kept for 2 days at room temperature and
then treated with cold water. The solid thus obtained was filtered, washed with water and re-
crystallised from methanol.

General procedure for the synthesis of 1-(2-(2-substituted phenyl)-5-(pyridin-4-yl)-1,3,4-
-oxadiazol-3(2H)-yl)ethanone (5a—h)

A mixture of 1 (0.003 mol) and acetic anhydride (10 mL) was heated under reflux for 4
h. After the reaction mixture attained room temperature, the excess acetic anhydride was
decomposed by water and the mixture was stirred for further 30 min. The separated product
was filtered, washed with water, dried and recrystallised from appropriate solvent systems.

Biological evaluation

Animals. Adult Wistar strain rats of either sex weighing 150-200 g were used for the
evaluation of the anti-inflammatory, ulcerogenic and lipid peroxidation activities, whereas
Swiss albino mice weighing 25-30 g were used for assessing the analgesic activity. The ani-
mals were allowed food and water ad libitum except during the experiments. They were
housed in aroom at 25+2 °C, and 5045 % relative humidity with a 12 h light/dark cycle. The
animals were randomly allocated into groups at the beginning of all the experiments. All the
experimental protocols were performed with permission from the Institutional Animal Ethics
Committee (IAEC), form No. 520. The animals were obtained from the Central Animal House
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Facility, Hamdard University, New Delhi-110062, India. Registration number and date of re-
gistration of the Animal House Facility (173/CPCSEA, 28, JAN-2000). All the test com-
pounds and the reference drug were administered orally suspended in 0.5 % carboxymethyl
cellulose (CMC) solutions.

Anti-inflammatory activity

The synthesi zed compounds were evaluated for their anti-inflammatory activity using the
carrageenan-induced hind paw edema method.2! The animals were randomly allocated into
groups of six animals each and were fasted for 24 h before the experiment with free access to
water. The control group received only 0.5 % carboxymethy! cellulose solution. The standard
drug naproxen was administered orally at a dose of 10 mg kgl. The test compounds were
administered orally at an equimolar oral dose relative to 10 mg kg1 naproxen. Into the sub-
-plantar region of the right hind paw of each rat, 0.1 ml of 1 % carrageenan solution in saline
was injected subcutaneously, 1 h after the administration of the test compounds or the stan-
dard drug. The right hind paw volume was measured before and after 3 and 4 h of carrageenan
treatment by means of a plethysmometer. The percent edema inhibition was calculated from
the mean effect in the control and treated animals according to the following equation:

Percent edema inhibition = (V. — V; /V)x100

where V; represents the mean increase in paw volume in rats treated with test compounds and
V. represents the mean increase in paw volume in the control group of rats.
Analgesic activity

The analgesic activity was evaluated by the tail immersion method.22 Swiss albino mice
alocated into different groups consisting of six animals of either sex in each, weighing 25-30
g, were used for the experiment. The analgesic activity was evaluated after oral administration
of the test compounds at an equimolar dose relative to 10 mg kgl naproxen. The test com-
pounds and the standard drug were administered orally as a suspension in carboxymethyl cel-
lulose solution in water (0.5 %, w/v). The analgesic activity was assessed before and 4 h after
the administration of test compounds and standard drug. The lower 5 cm portion of the tail
was gently immersed into thermostatically controlled water at 55+0.5 °C. The time in seconds
for tail withdrawal from the water was taken as the reaction time with a cut-off time of im-
mersion set at 10 sfor both the control as well as the treated group of animals.

Acute ulcerogenicity

Acute ulcerogenicity was determined according to the method of Cioli et al.23 The ani-
mals were allocated into different groups consisting of six animals in each group. The ulcero-
genic activity was evaluated after oral administration of the test compounds at an equimolar
dose relative to 30 mg kg1 naproxen. The control group received only 0.5 % carboxymethyl
cellulose solution. Food but not water was removed 24 h before administration of the test
compounds. After the drug treatment, the rats were fed with a normal diet for 17 h and then
sacrificed. The stomach was removed and opened along the greater curvature, washed with
distilled water and cleaned gently by dipping in normal saline. The mucosal damage was exa-
mined by means of a magnifying glass. For each stomach the mucosal damage was assessed
according to the following scoring system: 0.5, redness, 1.0, spot ulcers, 1.5, hemorrhagic
streaks, 2.0, ulcers < 3, 3.0, ulcers > 3 but < 5. The mean score of each treated group minus
the mean score of control group was regarded as the severity index of gastric mucosal damage.
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Lipid peroxidation

Lipid peroxidation in the gastric mucosa was determined according to the method of
Ohkawa et al .24 After screening for ulcerogenic activity, the gastric mucosa was scraped with
two glass dides, weighed (100 mg) and homogenized in 1.8 ml of 1.15 % ice-cold KCI solu-
tion. The homogenate was supplemented with 0.2 ml of 8.1 % sodium dodecyl sulphate (SDS),
1.5 ml of acetate buffer (pH 3.5) and 1.5 ml of 0.8 % thiobarbituric acid (TBA). The mixture
was heated at 95 °C for 60 min. After cooling, the reactants were supplemented with 5 ml of
the mixture of n-butanol and pyridine (15:1 v/v), shaken vigorously for 1 min and centrifuged
for 10 min at 4000 rpm. The supernatant organic layer was removed and the absorbance
measured at 532 nm using a UV/Vis spectrophotometer. The results were expressed as nmol
MDA 100 mg! tissue, using an extinction coefficient 1.56x10° cvl M1,
Satistical analysis of data

The data are expressed as meantstandard error of mean (SEM). In the anti-inflammatory,
ulcerogenic and lipid peroxidation studies, statistical differences between the treatments and
the standard were tested by one-way ANOVA followed by the Dunnett multiple comparison
test. A value of p < 0.01 was considered significant. In analgesic activity study, the statistical
differencesin treatments and standard were tested by the paired Student’ s t-test.

RESULTS AND DISCUSSION
Chemistry

The key intermediates used in the synthesis of thiazolidin-4-ones 2a—h and
3a-h, azetidin-2-one 4a—h and 1,3,4-oxadiazol e derivatives 5a—h, (E)-N’-(2-sub-
stituted benzylidene)isonicotinohydrazides 1a—h were prepared starting from iso-
nicotinic acid hydrazide. The reaction of isonicotinic acid hydrazide with sub-
stituted benzaldehyde in refluxing methanol with few drops of glacial acetic acid
gave the (E)-N’-(2-substituted benzylidene)isonicotinohydrazides 1la—h. In the
present study, the reaction of the substituted benzylidene isonicotinohydrazides
1a—h with thioglycolic acid, thiomalic acid, chloroacetyl chloride and acetic an-
hydride in presence of various reagents gave the new thiazolidin-4-ones 2a—h and
3a—h, azetidin-2-one 4a—h and 1,3,4-oxadiazole derivatives 5a—h, respectively.

The synthesis routes to the compounds are outlined in Scheme 1. The ana-
Iytical and spectral data of the newly prepared compounds are given in the sup-
plementary material to this paper.

The IR spectra of compounds 1a—h showed absorption peaks at 3300, 1680
and 1600 cm1 due to N-H, C=0 and —-N=CH stretching vibrations. The appea-
rance of the stretching of the C=0 of thiazolidinone, s-lactam ring and the acetyl
of the oxadiazole ring at 1700, 1745 and 1660 cm2, respectively, in the spectra
of the derivatives, together with the C=0 stretching at 1680 cmi—1 confirmed the
formation of the compounds 2a—h, 3a—h, 4a—h and 5a-h.

The 1H-NMR spectra of compounds 1a—h revealed a multiplet at 6 7.72 and
8.63 ppm for pyridine and ¢ 7.12—7.15 ppm for the aromatic ring and singlets at ¢
6.1 and 7.9 ppm for -NH and —-N=CH, respectively. The disappearance of the
singlet peak of -N=CH and presence of asinglet peak at ¢ 3.5, 10.0, 7.7 and 7.19
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1062 GILANI etal.

ppm of —CH> of thiazolidinone, COOH, -N—-CH and —CH oxadiazole, respecti-
vely, proved that these compounds participated in the cyclisation reaction and
formed the desired compounds.

N

A
E— .

SH-CH,-COOH F
S
CONH—N
N\ R-CHO N
X
— — 2a-h

Methanol/ o
/ g.a.a / N
CONHNH, CONH-N=CH-R | =
Isonicotinic acid la-h = /LS

hydrazide
SH-CliI-COOH CONH——N
CH,-COOH
3a-h CH,COOH
CLCH,-COCI
—»
Et;N/Dioxane ?

CONH——N

(CH,C0),0 ‘

L F
o Xy
5
N
\COCH3
Sa-h

Scheme 1.The synthesis routes to the title compounds.

Anti-inflammatory activity

The anti-inflammatory activities of the synthesized compounds 2a-h, 3a-h,
4a-h and 5a—h were evaluated by the carrageenan-induced paw edema method
of Winter et al.1> The compounds were tested at a 10 mg kg1 oral dose and were
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compared with the standard drug naproxen at the same oral dose. The tested
compounds showed anti-inflammatory activity ranging from 31.81-84.54 % (Ta
blel), whereas the standard drug naproxen showed 81.86 % inhibition after 4 h.

TABLE 1. Biologica data of isonicotinic aid hydrazide derivatives (anti-inflammatory and
analgesic activities of the test compounds with reference to the control. Ulcerogenic and lipid
peroxidation were compared with reference to the standard drug, i.e., naproxen. Data were
only analyzed by the Student’ st-test for n = 6)

Anti-inflam- Analgesic  Ulcerogenic ac- (ngﬁltgtEA

Compd. R matoryactivity  activity (% in- tivity (severity SEM)/lOO_mg
(% inhibition£SEM) hibitiontSEM)  index+SEM) Hissue

Control - - - 0.000+£0.00  3.25+0.005
Naproxen — 81.86+3.71° 71.42+1.31% 2.250+0.11 9.04+0.24
2a 0-CsH,Cl 78.00+2.53° 70.32+1.31% 0.583+0.18* 5.715+0.14%
2b p-CsH4Cl 64.64+3.79° 59.09+3.60° 2.750+0.19°  8.808+0.06°
2c 0-CgH,OH 57.57+3.45° 65.15+1.51° 1.000+0.31°  7.904+0.19°
2d m-CsH,OH 34.08+3.47c 44.05+3.76C 1.667+0.24° 6.715+0.16°
2e p-CeH,OCH; 39.54+2.27¢c 31.81+3.71c 2.140+0.11° 8.155+0.14°
2f p-CsH,4F 82.81+2.17% 71.57+1.85% 0.666+0.16*  5.608+0.02%
29 0-CsH;NO, 84.24+0.95% 72.42+1.31% 0.510+0.08* 5.876+0.13%
2h p-CeHuN(CHg),  65.15+1.51° 59.23+3.71°  2.427+0.14° 8.128+0.06°
3a 0-C¢H,Cl 77.27+1.92° 70.45+3.26% 0.833+0.24°  6.110+0.04%
3b p-CsH4Cl 63.63+1.96° 54.28+3.76C 2.466+0.20° 8.742+0.17°
3c 0-CgH,OH 68.93+3.60° 62.85+1.65° 0.917+0.12°  7.788+0.10°
3d m-C¢H,OH 31.81+3.45¢c 47.27+2.73c 2.835+0.18° 8.110+0.13°
3e p-CeH,OCH; 56.81+1.94° 66.46+2.38° 0.814+0.24°  7.337+0.16°
3f p-CeH4F 75.00+2.53° 70.04+1.64% 0.541+0.10* 6.854+0.14%
39 0-CsH;NO, 82.27+1.84% 72.72+1.66% 0.516+0.11* 5.788+0.10%
3h p-CsH4N(CH3), 59.09+3.60° 49.54+2.27¢c 2.413+0.10° 8.371+0.12°
4a 0-C¢H,Cl 70.45+3.26° 64.80+1.28° 2.683+0.10°  7.874+0.15°
4b p-CsH,4Cl 68.93+3.60° 59.61+1.00° 1.751+0.16° 5.192+0.22%
4c 0-CgH,OH 84.54+1.94% 73.06+2.61% 0.517+0.25*  6.651+0.17%
4d m-CgH,OH 44.05+3.76C 57.14+2.20° 1.836+0.11°  7.327+0.19°
de p-CeH,OCH; 54.28+3.45¢ 44.19+2.76C 2.432+0.24° 8.418+0.11°
4f p-CeH4F 77.14+2.20° 71.12+1.24% 0.750+0.18°  5.62+0.29°
4q 0-CsH;NO, 76.50+1.82° 69.54+3.19° 0.817+0.12°  8.364+0.24°
4h p-CeH4N(CHa), 72.72+1.66° 52.48+3.76C 1.342+0.23° 7.821+0.14°
5a 0-CsH,Cl 82.86+1.84% 70.45+3.26% 0.750+0.14°  7.51+0.68°
5b p-CsH4Cl 69.23+3.71° 62.69+1.65° 1.967+0.17°  7.441+0.12°
5c 0-CgH,OH 63.46+2.38° 55.32+1.96° 1.834+0.22° 7.652+0.17°
5d m-CsH,OH 51.28+3.61° 42.45+3.16C 2.667+0.14°  8.345+0.19°
5e p-CeH,OCH; 31.81+3.41° 57.80+2.84" 1.684+0.26"  6.791+0.13°
5f p-CeH4F 76.92+1.58" 71.72+1.66% 0.667+0.18"  6.338+0.20%
59 0-CgH;NO, 83.80+1.85% 72.52+1.00% 0.412+0.11* 5.742+0.17%
5h p-CeHuN(CHg),  68.26+2.31° 61.82+1.65°  1.327+0.20°  7.155+0.22"

34 < 0.000L; °p < 0.001; p < 0.01
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1064 GILANI etal.

The anti-inflammatory activities of the thiazolidin-4-one derivatives (2a—h
and 3a—h) were in the range 34.08-84.24 %. When the CH5 of thiazolidin-4-one
moiety (2a—h) at the position 5 was substituted by CH,COOH (3a—h), no sub-
stantial change was observed in the activity. It was observed that thaiazolidin-4-
-one derivatives having o-Cl, p-F and 0-NO» phenyl group showed better or equi-
vaent activity (78.00, 82.81, 84.24 (in series 2), 77.27, 75.00 and 82.27 % (in
series 3), respectively) to that of the standard drug. The other thiazolidin-4-one
derivatives showed moderate activity.

The anti-inflammatory activities of the azetidin-2-one derivatives were be-
tween 44.05 and 84.54 %. The highest activity (84.54 %) was found with the aze-
tidin-2-one derivative 4c having an o-hydroxyphenyl group at the position 4. It
was observed that the azetidin-2-one derivative having a p-dimethylaminophenyl
group (4h) also showed good activity, viz. 72.72 % as did those having an
o-chloro, p-fluoro and o-nitrophenyl group (70.45, 77.14 and 76.50 %, respecti-
vely). The other derivatives showed moderate activity.

The 1,3,4-oxadiazole derivatives of isonicotinic acid hydrazide showed anti-
-inflammatory activities ranging from 31.81 to 83.80 %.The highest activity
(83.80 %) of the oxadiazole derivative was found for compound 5g having a
o-nitrophenyl group at the position 2. When this group was replaced by the
o-chloro phenyl group, the activity was found to be decreased but equivalent to
that of the standard drug (82.86 %). Furthermore, the oxadiazole derivative having
a p-fluorophenyl group (5f) at the position 2 also showed good activity (76.92
%). The remaining oxadiazole derivatives showed moderate activity.

Analgesic activity

The thiazolidin-4-one derivatives 2f, 2g and 3g showed analgesic activities
ranging from 71.57 to 72.72 %, i.e., better than that of the standard drug napro-
xen (71.42 %). The presence of a o-nitrophenyl group, at the position 2 of the
thiazolidinone ring (2g and 3g) gave the maximum activity (72.42 and 72.72 %,
respectively). When this group was replaced by o-chlorophenyl (2a and 3a) and
p-fluoropheny! (2f and 3f), the activity was found to be slightly decreased
(70.32-71.57 %). When these groups were replaced by p-OCH3 and m-OH phe-
nyl group (2e and 3d), the activity decreased drastically (31.81 and 47.27 %, res-
pectively). The results show that an electron-withdrawing group increased the
analgesic activity of the compounds.

When the thiazolidin-4-one nucleus was replaced by the azetidin-2-one nuc-
leus, the analgesic activity of most of the compounds decreased, except for com-
pound 4c having an o-hydroxylphenyl group at the position 4, which exhibited
the highest activity (73.06 %). 1,3,4-Oxadiazole derivatives (5a—h) were aso
screened and showed 42.45-72.52 % analgesic activity. The compounds having a
p-fluoropheny! (5f) and a o-nitrophenyl group (5g) at the position 2 of the oxa-
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diazole nucleus showed a slight difference in their activity (71.72 and 72.52 %).
There was a decrease in the activity when these groups were replaced by an m-
-hydroxyphenyl group (5d).

Acute ulcerogenesis

The tested compounds showed significant reductions in ulcerogenic activity,
ranging from 0.417+0.08 to 2.835+0.18, whereas the standard drug naproxen ex-
hibited a high severity index (2.250+0.11). The ulcerogenic activity of the thiazo-
lidin-4-one derivatives 2a—h and 3a—h ranged from 0.510+0.08 to 2.835+0.18.
The compounds with a o-nitrophenyl group (2g and 3g) showed minimum ulce-
rogenic activity (0.510+0.08 and 0.516+0.11, respectively). Moreover, their anti-
-inflammatory activity was found to be high viz. 84.24 and 82.27 %, respectively.
The other three thiazolidinone derivatives 2a, 2f and 3f aso showed reductionsin
ulcerogenic activity (0.583+0.08, 0.666+0.16 and 0.541+0.10, respectively) in
comparison to the standard drug.

The azetidin-2-one derivatives 4c, 4f and 4g also showed reductions in ulce-
rogenic activity (0.517+0.11, 0.750+0.14 and 0.817+0.13). The 1,3,4-oxadiazole
derivatives showed minimal ulcerogenic activity, when compared to the thiazoli-
din-4-one and azetidin-2-one derivatives. Compound 5g having a o-nitrophenyl
group showed the minimum severity index (0.412+0.11).

Lipid peroxidation

It was reported in the literature that compounds showing less ulcerogenic
activity also showed reduced malondialdehyde (MDA) content, a by-product of
lipid peroxidation.2® Therefore, an attempt was made to correlate the decrease in
ulcerogenic activity of the compounds with that of lipid peroxidation. All the
compounds screened for ulcerogenic activity were also analyzed for lipid peroxi-
dation.

The lipid peroxidation was measured as nmol of MDA per 100 mg of tissue.
The naproxen (standard drug) showed the maximum lipid peroxidation (9.04+
+0.24), whereas the control group showed 3.25+0.05. It was found that al the
cyclised derivatives showing lower ulcerogenic activity also exhibited reduced
lipid peroxidation (Table I). Thus, these studies showed that the synthesized
compounds inhibited the induction of gastric mucosal lesions and the results fur-
ther suggested that their protective effect might be related to the inhibition of
lipid peroxidation in the gastric mucosa.

CONCLUSIONS

Various thiazolidin-4-one, azetidin-2-one and 1,3,4-oxadiazol e derivatives of
isonicotinic acid hydrazide were prepared with the objective of developing better
anti-inflammatory molecules with minimum ulcerogenic activity. It was interest-
ing to note that six of the cyclised compounds, 2f, 2g, 3g, 4c, 5a and 5g, were
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found to have anti-inflammatory activity greater than that of the standard drug
(naproxen, 81.86 %) at 10 mg kg~ p.o. Furthermore, five compounds, 2a, 3a, 4f,
4g and 5f, exhibited anti-inflammatory activity equivalent to the standard drug in
the carrageenan-induced paw edema test in rats. When these compounds were
subjected to the analgesic activity test, they showed increased activity over the
reference drug.

The presence of p-fluorophenyl and o-nitropheny! groups at the 2nd position
of the thiazolidinone nucleus increased the anti-inflammatory activity whereas
the presence of m-hydroxryphenyl and p-methoxyphenyl groups decreased the
anti-inflammatory activity. It was further noted that the presence of o-hydroxy, o-
-chloro and o-nitrophenyl groups at the and positions 4 and 2 of azetidinone and
oxadiazole nucleus, respectively, increased the anti-inflammatory activity com-
pared to the standard drug, whereas presence of the p-fluorophenyl group showed
anti-inflammatory activity dightly less than that of the standard drug.

These compounds tested for ulcerogenic activity showed a significant de-
crease in activity compared to that of the standard drug. It was noted that the oxa-
diazole derivatives showed maximum reduction in ulcerogenic activity followed
by the thiazolidinone and azetidinone derivatives. It was further concluded that
the presence of p-fluorophenyl and o-nitrophenyl groups at the positions 2, 4 and
2 of thiazolidione, azetidinone and oxadiazole nucleus, respectively, showed maxi-
mum anti-inflammatory and analgesic activity, minimum ulcerogenic activity
together with minimum lipid peroxidation.

SUPPLEMENTARY MATERIAL

Analytical and spectra data of the synthesized compounds are available electronically at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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TUA3O0JIMANH-4-OHCKU, ASETUIH-2-OHCKHU U 1,3,4-OKCAJUA30JICKH JEPUBATU
XUAPA3UJIA N3OHUKOTUMHCKE KUCEJIMHE: CUHTE3A U
BHUXOBA BUOJIOIIKA AKTUBHOCT

SADAF J. GILANI*2, SUROOR A. KHAN?, OZAIR ALAM?, VIJENDER SINGH? 1 ALKA ARORA?

1Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Jamia Hamdard, New Delhi-110062 u
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Cunrerncana je cepuja HOBUX THazonuauH-4-oHckux (2a—h u 3a—h), asermaun-2-OHCKUX
(4a—h) u 1,3,4-okcamuazonckux (5a—h) nepusara xuapasuaa usonukoruncke kucenuue (INH) ca
LIMJbEM JIa C€ UCIIMTA HUXOBA aHTH-WH()IAaMaTOpHA, aHAITETHYKA U YJILEPOreHa aKTHBHOCT U aK-
THBHOCT NpeMa IepoKkcuaanuju sumuaa. CTpyKTypa CHHTETHCAaHHX je/lHibera onpeheHa je Ha
ocaoBy |C, NMR u macenux crekrapa. AHTH-MH(IaMaTOpHA aKTHBHOCT jelUbClha oapelena je
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TECTOM KapareHeHOM HMIYKOBaHOT OTOKa Ha mramu marosa. Ox 32 ucnuTaHa jequmerma, 11 moka-
3yje Bpio 100py aHTH-UHGIAMATOPHY AaKTHBHOCT M M3PAKCHY aHAITETHYKy AKTHBHOCT, Y3
HE3HATHY YJLEPOreHy aKTUBHOCT. Jeiumea Koja MoKa3yjy HajMamy YJIEeporeHy aKTHBHOCT JI0-
BOJIC [I0 CHM)XaBara KoiauduHe Manonauanaexuaa (MDA), koju je criopeaHu POU3BOJL JIMIHIHE
nepokcuanyje. Pesynratu nokasyjy a jenumemha HHXHOUPajy MHAYKINjY omTehema ciry30Koxe
XKeNlyla ¥ MOXKE Ce MPETHOCTABUTH Ja j¢ KHXOBA 3allTHTHA yJora I0Be3aHa ca HMHXHOWIHjOM
JHMIHAHE TIEPOKCHAALN]E Y CITy30KOXKH JKeTyLia.

(IMpumbeno 4. HoBembpa 2009, peuampano 2. anpuaa 2011)
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ANALYTICAL AND SPECTRAL DATA OF THE NEWLY PREPARED COMPOUNDS

(E)-N’-(2-Chlorobenzylidene)isonicotinohydrazide (1a). Yield: 90 %; m.p.
184-186 °C. Anal. Calcd. for C13H19gN3OCI (FW 259.69): C, 60.12; H, 3.88; N,
16.18 %. Found: C, 60.10; H, 3.86; N, 16.16 %. IR (KBr, cm1): 3300 (N-H
stretching), 1680 (C=0O stretching of carbonyl), 1600 (—-N=CH-Ar stretching of
aromatic ring), 830 (C—Cl stretching of chlorine). TH-NMR (300 MHz, CDCl3,
o/ ppm): 7.9 (1H, s, -N=CH), 7.72, 8.63 (4H, m, Py), 7.12—7.15 (4H, m, J = 9 Hz,
aromatic), 6.1 (1H, s, NH). MS (my2): 259 [M]*.

(E)-N’-(4-Chlorobenzylidene)isonicotinohydrazide (1b). Yield: 90 %; m.p.
192-194 °C. Anal. Calcd. for C13H19N3OCI (FW 259.69): C, 60.12; H, 3.88; N,
16.18 %. Found: C, 60.11; H, 3.87; N, 16.17 %. IR (KBr, cm1): 3310 (N-H
stretching), 1676 (C=0 stretching of carbonyl), 1615 (-N=CH-Ar stretching of
aromatic ring), 822 (C—Cl stretching of chlorine). 1H-NMR (300 MHz, CDCl3,
o/ ppm): 7.72, 8.63 (4H, m, Py), 7.12—7.15 (4H, m, J = 9 Hz, aromatic,), 7.7 (1H,
s,-N=CH), 6.4 (1H, s, NH). MS (m/2): 259 [M]*.

(E)-N’ -(2-Hydroxybenzylidene)isonicotinohydrazide (1c). Yield: 80 %; m.p.
168-170 °C. Anal. Calcd. for C13H11N30> (FW 241.25): C, 64.72; H, 4.60; N,
17.42 %. Found: C, 64.70; H, 4.59; N, 17.40 %. IR (KBr, cm1): 3308 (N-H
stretching), 1684 (C=0 stretching of carbonyl), 1612 (-N=CH-Ar stretching of
aromatic ring). 1H-NMR (300 MHz, CDCl3, ¢ / ppm): 9.40 (1H, br, OH), 7.8
(1H, s, N=CH), 7.13-7.16 (4H, m, J = 9 Hz, aromatic), 7.70, 8.61 (4H, m, Py),
6.2 (1H, s, NH). MS (m/2): 241[M]*.

* Corresponding author. E-mail: gilanisadaf @gmail.com
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(E)-N’-(3-Hydroxybenzylidene)isonicotinohydrazide (1d). Yield: 75 %; m.p.
186-188°C. And. Calcd. for C13H11N302 (FW 241.25): C, 64.72; H, 4.60; N,
17.42 %. Found: C, 64.70; H, 4.59; N, 17.40 %. IR (KBr, cm1): 3318 (N-H
stretching), 1688 (C=0 stretching of carbonyl), 1607 (-N=CH-Ar stretching of
aromatic ring). 1H-NMR (300 MHz, CDCl3, 6 / ppm): 9.40 (1H, br, OH), 7.7
(1H, s, N=CH), 7.74, 8.62 (4H, m, Py), 7.11-7.14 (4H, m, J = 9 Hz, aromatic),
6.3 (1H, s, NH). MS (m/2): 241 [M]*.

(E)-N’ - (4-Methoxybenzylidene)isonicotinohydrazide (1€). Yield: 80 %; m.p.
194-196 °C. And. Calcd. for C14H13N30, (FW 255.27): C, 65.87; H, 5.13; N,
16.46 %. Found: C, 65.85; H, 5.10; N, 16.44 %. IR (KBr, cm1): 3314 (N-H
stretching), 1687 (C=0 stretching of carbonyl), 1604 (-N=CH-Ar stretching of
aromatic ring). 1H-NMR (300 MHz, CDCl3, § / ppm): 7.73, 8.64 (4H, m, Py), 7.3
(1H, s, N=CH), 7.13-7.16 (4H, m, J = 9 Hz, aromatic), 6.4 (1H, s, NH), 3.83
(3H, s, OCH3). MS (m/2): 255 [M]*.

(E)-N’-(4-Fluorobenzylidene)isonicotinohydrazide (1f). Yield: 90 %; m.p.
182-184 °C. Anal. Cdcd. for C13H10FN3O (FW 243.24): C, 64.19; H, 4.14; N,
17.28 %. Found: C, 64.16; H, 4.12; N, 17.26 %. IR (KBr, cm1): 3305 (N-H
stretching), 1684 (C=0 stretching of carbonyl), 1611 (-N=CH-Ar stretching of
aromatic ring). tH-NMR (300 MHz, CDCl3, 6 / ppm): 7.70-8.61 (4H, m, Py), 7.6
(1H, s, -N=CH), 7.11-7.14 (4H, m, J = 9.0 Hz, aromatic), 6.3 (1H, s, NH). MS
(m/2): 243 [M]*.

(E)-N’-(2-Nitrobenzylidene)isonicotinohydrazide (1g). Yield: 85 %; m.p.
188-189 °C. Ana. Calcd. for C13H10N4O3 (FW 270.24): C, 57.78; H, 3.73; N,
20.73 %. Found: C, 57.76; H, 3.70; N, 20.71 %. IR (KBr, cm1): 3311 (N-H
stretching), 1685 (C=0 stretching of carbonyl), 1610 (-N=CH- Ar stretching of
aromatic rings), 1366 (NO5). 1H-NMR (300 MHz, CDCl3, ¢ / ppm): 7.8 (1H, s,
—N=CH), 7.73, 8.61 (4H, m, Py), 7.10-7.13 (4H, m, J = 9.0 Hz, aromatic), 6.2
(1H, s, NH). MS (m/2): 270 [M]*.

(E)-N’-(4-(Dimethylamino)benzylidene)i sonicotinohydrazide (1h). Yield: 85
%; m.p. 196-198 °C. Ana. Calcd. for C15H1gN4O (FW 268.31): C, 67.15; H,
6.01; N, 20.88 %. Found: C, 67.12; H, 6.00; N, 20.86 %. IR (KBr, cm1): 3313
(N—H stretching), 1683(C=0 stretching of carbonyl), 1613 (-N=CH-Ar stretch-
ing of aromatic rings). 1H-NMR (300 MHz, CDCl3, § / ppm): 7.9 (1H, s, -N=CH),
7.72, 8.63 (4H, m, Py), 7.12—7.15 (4H, m, J = 9.0 Hz aromatic), 6.1 (1H, s, NH),
2.63 (6H, s, N(CH3)2). MS (nV2): 268 [M]*.

N-(2-(2-Chlorophenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2a). Yield: 85
%; m.p. 198-200 °C. Anal. Calcd. for C15H12CIN30O,S (FW 333.79): C, 53.97;
H, 3.62; N, 12.59 %. Found: C, 53.94; H, 3.60; N, 12.57 %. IR (KBr, cm1):
3300 (N—H stretching), 1700 (C=0 thiazolidinone), 1670 (C=0 stretching of car-
bonyl), 1610 (C=N), 1574 (C=C stretching of chlorine), 830 (C-Cl stretching of
chloring), 700 (C-S-C). 1H-NMR (300 MHz, CDCl3, § / ppm): 9.8 (1H, s, CONH-),
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7.74-8.64 (4H, m, Py), 7.20 (1H, s, N-CH-), 7.12—7.15 (4H, m, aromatic), 5.96
(1H, s, =S-CH-), 3.50 (2H, s, CHy). 13C-NMR (100 MHz, CDCl3, 6 / ppm):
168.8, 163.7, 149.7, 140.8, 134.0, 130.1, 128.7, 128.5, 126.7, 121.7, 102.5, 59.2,
35.6. MS (m/2): 333 [M*].
N-(2-(4-Chlorophenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2b). Yield: 85
%; m.p. 202-204 °C. Anal. Calcd. for C15H12CIN302S (FW 333.79): C, 53.97;
H, 3.62; N, 12.59 %. Found: C, 53.96; H, 3.61; N, 12.58 %. IR (KBr, cm1):
3310 (N—H stretching), 1706 (C=0 thiazolidinone), 1666 (C=0 stretching of car-
bonyl), 1612 (C=N), 1573 (C=C), 830 (C-ClI stretching of chlorine), 700 (C-S-C).
IH-NMR (300 MHz, CDCl3, 6 / ppm): 9.8 (1H, s, CONH-), 7.74, 8.64 (4H, m,
Py), 7.2 (1H, s, N-CH-), 7.12—7.15 (4H, m, aromatic), 5.96 (1H, s, -S-CH-), 3.50
(2H, s, CHy). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 168.8, 163.7, 149.7, 140.8,
134.0, 130.1, 128.7, 128.5, 126.7, 121.7, 102.5, 59.2, 35.6. MS (m/2): 333 [M*].
N-(2-(2-Hydroxyphenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2c¢). Yield:
70 %; m.p. 200202 °C. Anal. Calcd. for C15H13N303S (FW 315.07): C, 57.13;
H, 4.16; N, 13.33 %. Found: C, 57.11; H, 4.14; N, 13.31 %. IR (KBr, cm1):
3318 (N-H stretching), 1716 (C=0O thiazolidinone), 1674 (C=0 stretching of
carbonyl), 1626 (C=N), 1587 (C=C), 644 (C-S-C). 1H-NMR (300 MHz, CDCl3,
5/ ppm): 9.41 (1H, br, OH), 9.14 (1H, s, CONH-), 7.77-8.68 (4H, m, Py), 7.20
(1H, s, N—-CH-), 7.17-7.20 (4H, m, Ar-H), 5.16 (1H, s, -S-CH-), 3.50 (2H, s,
CHy). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 168.8, 163.7, 153.7,149.7, 140.8,
1285, 128.0, 121.2, 121.7, 118.1,115.8, 58.1, 35.6. MS (m/2): 315 [M™].
N-(2-(3-Hydroxyphenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2d). Yield:
70 %; m.p. 208-210 °C. Anal. Calcd. for C15H13N303S (FW 315.07): C, 57.13;
H, 4.16; N, 13.33 %. Found: C, 57.10; H, 4.13; N, 13.32 %. IR (KBr, cm3):
3317 (N-H stretching), 1717 (C=0 thiazolidinone), 1672 (C=0 stretching of car-
bonyl), 1624 (C=N), 1588 (C=C), 642 (C-S-C). 1H-NMR (300 MHz, CDCl3, J /
/ ppm): 9.42 (1H, br, OH), 9.13 (1H, s, CONH-), 7.76-8.67 (4H, m, Py), 7.10
(1H, s, N—-CH-), 7.17-7.20 (4H, m, aromatic), 5.16 (1H, s, -S-CH-), 3.50 (2H, s,
CH>). 13C-NMR (100 MHz, CDCl3, d / ppm): 168.8, 163.7, 153.7, 149.7, 140.8,
128.5,128.0, 121.2, 121.7, 118.1, 115.8, 58.1, 35.6. MS (nmV2): 315 [M*].
N-(2-(4-Methoxyphenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2e). Yield:
75 %; m.p. 204-206 °C. Anal. Calcd. for C1gH15N303S (FW 329.37): C, 58.34;
H, 4.59; N, 12.76 %. Found: C, 58.33; H, 4.58; N, 12.74 %. IR (KBr, cm1):
3302 (N—H stretching), 1760 (C=0 thiazolidinone), 1632 (C=0 stretching of car-
bonyl), 1667 (C=N), 1546 (C=C), 628 (C-S-C). 1H-NMR (300 MHz, CDCl3, J /
/ ppm): 9.06 (1H, s, CONH-), 7.70, 8.64 (4H, m, Py), 7.40 (1H, s, N-CH-), 7.26—
—7.32 (4H, m, aromatic), 5.22 (1H, s, -S-CH-), 3.84 (3H, s, OCH3), 3.80 (2H, s,
CHy). 13C-NMR (100 MHz, CDCl3, § / ppm): 168.8, 163.7, 159.0, 149.7, 121.7,
140.8, 131.5, 129.7, 121.7, 114.2, 64.3, 55.8, 35.6. MS (m/2): 329 [M*].
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N-(2-(4-Fluorophenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2f). Yield: 85
%; m.p. 196200 °C. Anal. Calcd. for C15H12FN30,S (FW 317.34): C, 56.77; H,
3.81; N, 5.99 %. Found: C, 56.76; H, 3.80; N, 5.98 %. IR (KBr, cnm1): 3316 (N-H
stretching), 1769 (C=0 thiazolidinone), 1661 (C=N), 1649 (C=0 stretching of
carbonyl), 1535 (C=C), 623 (C-S-C). 1H-NMR (300 MHz, CDCl3, ¢ / ppm):
9.02 (1H, s, CONH-), 7.80 (1H, s, N-CH-), 7.75-8.60 (4H, m, Py), 7.30, 7.36
(4H, m, aromatic), 5.28 (1H, s, -S-CH-), 3.10 (2H, s, CHy). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 168.8, 163.7, 161.3, 149.7, 140.8, 134.8, 130.3, 121.7,
1154, 64.3, 35.6. MS (m/2): 317 [M*].
N-(2-(2-Nitrophenyl)-4-oxothiazolidin-3-yl)isonicotinamide (2g). Yield: 80
%; m.p. 210-212 °C. Anal. Calcd. for C15H1oN404S (FW 344.35): C, 52.32; H,
3.51; N, 16.27 %. Found: C, 52.31; H, 3.50; N, 16.25 %. IR (KBr, cm1): 3328
(N—H stretching), 1774 (C=0 thiazolidinone), 1660 (C=N), 1652 (C=0 stretching
of carbonyl), 1532 (C=C), 620 (C-S-C). 1H-NMR (300 MHz, CDCl3, 6 / ppm):
9.05 (1H, s, CONH-), 7.90 (1H, s, N—-CH-), 7.78, 8.64 (4H, m, Py), 7.31-7.34
(4H, m, aromatic), 5.21 (1H, s, -S-CH-), 3.11 (2H, s, CHy). 13C-NMR (100 MHz,
CDCl3, o / ppm): 168.8, 163.7, 149.7, 149.0, 140.8, 134.7, 133.4, 129.6, 128.0,
124.8, 121.7, 59.7, 35.6. MS (m/2): 344 [M*].
N-(2-(4-(Dimethylamino)phenyl)-4-oxothiazolidin-3-yl)isonicotinamide  (2h).
Yield: 75 %; m.p. 204-206 °C. Anal. Calcd. for C17H18N405S (FW 342.42): C,
59.63; H, 5.30; N, 16.36 %. Found: C, 59.61; H, 5.29; N, 16.34 %. IR (KBr, cni1):
3336 (N-H stretching), 1777 (C=0 thiazolidinone), 1661 (C=N), 1635 (C=0
stretching of carbonyl), 1539 (C=C), 625 (C-S-C). IH-NMR (300 MHz, CDCl3,
5 / ppm): 9.03 (1H, s, CONH-), 7.71, 8.60 (4H, m, Py), 7.70 (1H, s, N-CH-),
7.28-7.32 (4H, m, aromatic), 5.20 (1H, s, -S-CH-), 3.09 (2H, s, CH>), 2.65 (6H,
s, N(CH3),). 13C-NMR (100 MHz, CDCl3, § / ppm): 168.8, 163.7, 149.7, 149.5,
140.8, 128.7, 127.4, 121.7, 112.8, 64.3, 41.3, 35.6. MS (m/2): 342 [M*].
2-(2-(2-Chlorophenyl)-3-isoni cotinamido-4-oxothiazolidin-5-yl)acetic  acid
(3a). Yield: 80 %; m.p. 210-212 °C. Anal. Calcd. for C17H14CIN3O4S (FW
391.83): C, 52.11; H, 3.60; N, 10.72 %. Found: C, 52.10; H, 3.59; N, 10.70 %. IR
(KBr, cm1): 3200 (N-H stretching), 1700 (C=0 thiazolidinone), 1666 (C=0
stretching of carbonyl), 1610 (C=N), 1572 (C=C), 700 (C-S-C), 830 (C-CI
stretching of chlorine). 1H-NMR (300 MHz, CDCl3, ¢ / ppm): 10.00 (1H, s,
COOH), 9.40 (1H, s, CONH-), 7.71-8.60 (4H, m, Py), 7.20 (1H, s, N-CH-),
6.17—6.15 (4H, m, Ar-H), 5.95 (1H, s, -S-CH-Ar). 13C-NMR (100 MHz,
CDCl3, 0 / ppm): 175.3, 173.3, 163.7, 149.7, 140.8, 134.0, 130.1, 121.7, 128.7,
128.5, 126.7, 102.5, 56.7, 47.5, 39.2. MS (nV2): 391 [M*].
2-(2-(4-Chlorophenyl)-3-isonicotinamido-4-oxothiazolidin-5-yl)acetic ~ acid
(3b). Yield: 85 %; m.p. 216-218 °C. Anal. Calcd. for C17H14CIN3O4S (FW
391.83): Calcd: C, 52.11; H, 3.60; N, 10.72 %. Found: C, 52.09; H, 3.58; N,
10.71 %. IR (KBr, cm1): 3204 (N-H stretching), 1702 (C=0 thiazolidinone),
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1664 (C=0 stretching of carbonyl), 1611 (C=N), 1572 (C=C), 701 (C-S-C), 832
(C—ClI stretching of chlorine). TH-NMR (300 MHz, CDCl3, § / ppm): 10.10 (1H,
s, COOH), 9.50 (1H, s, CONH-), 7.72-8.61 (4H, m, Py), 7.10 (1H, s, N-CH-),
6.18-6.16 (4H, m, aromatic), 5.94 (1H, s, -S-CH-Ar). 13C-NMR (100 MHz,
CDCl3, o / ppm): 175.3, 173.3, 163.7, 149.7, 140.8, 134.0, 130.1, 121.7, 128.7,
128.5, 126.7, 102.5, 56.7, 47.5, 39.2. MS (nmV2): 391 [M*].

2-(2-(2-Hydroxyphenyl)-3-isonicotinamido-4-oxothiazolidin-5-yl)acetic  acid
(3c). Yield: 75 %; m.p. 222224 °C. Andl. Calcd. for C17H15N305S (FW 373.38):
C, 54.68; H, 4.05; N, 11.25 %. Found: C, 54.67; H, 4.03; N, 10.23 %. IR (KBr,
cm1): 3324 (N-H stretching), 1714 (C=0 thiazolidinone), 1660 (C=0 stretching
of carbonyl), 1625 (C=N), 1579 (C=C), 710 (C-S-C). 1H-NMR (300 MHz, CDCl3,
o / ppm): 10.02 (1H, s, COOH), 9.40 (1H, s, CONH-), 9.33 (1H, br, OH), 7.69—
—8.51 (4H, m, Py), 7.50 (1H, s, N-CH-), 6.20-6.17 (4H, m, aromatic), 5.90 (1H,
s, -S-CH-Ar). 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 175.3, 173.3, 163.7,
153.7, 149.7, 140.8, 128.5, 128.0, 121.2, 118.1, 55.6, 47.5, 39.2. MS (m/2): 373
[M*].

2-(2-(3-Hydroxyphenyl)-3-isoni cotinamido-4-oxothiazolidin-5-yl)acetic acid
(3d). Yield: 60 %,; m.p. 238-240 °C. And. Cacd. for C17H15N305S (FW
373.38): C, 54.68; H, 4.05; N, 11.25 %. Found: C, 54.66; H, 4.04; N, 10.24 %. IR
(KBr, ecm1): 3325 (N-H stretching), 1713 (C=0 thiazolidinone), 1662 (C=0
stretching of carbonyl), 1624 (C=N), 1580 (C=C), 711 (C-S-C). IH-NMR (300
MHz, CDCl3, ¢ / ppm): 10.02 (1H, s, COOH), 9.40 (1H, s, CONH-), 9.32 (1H,
br, OH), 7.68-8.52 (4H, m, Py), 7.50 (1H, s, N-CH-), 6.20-6.17 (4H, m, aro-
matic), 5.90 (1H, s, -S-CH-Ar). 13C-NMR (100 MHz, CDCl3, § / ppm): 175.3,
173.3, 163.7, 153.7, 149.7, 140.8, 128.5, 128.0, 121.2, 118.1, 55.6, 47.5, 39.2.
MS (m/z): 373 [M1].

2-(3-1sonicotinami do-2-(4-methoxyphenyl)-4-oxothiazolidin-5-yl)acetic acid
(3e). Yield: 65 %; m.p. 220222 °C. Anal. Cacd. for C1gH17N305S (FW
387.41): C, 55.80; H, 4.42; N, 10.85 %. Found: C, 55.78; H, 4.41; N, 10.83 %. IR
(KBr, cmr1): 3330 (N-H stretching), 1720 (C=0 thiazolidinone), 1669 (C=0
stretching of carbonyl), 1629 (C=N), 1574 (C=C), 714 (C-S-C). IH-NMR (300
MHz, CDCl3, ¢ / ppm): 10.01 (1H, s, COOH), 9.60 (1H, s, CONH-), 7.70 (1H, s,
N-CH-), 7.63, 8.55 (4H, m, Py), 6.22-6.18 (4H, m, Ar—H), 5.91 (1H, s, -S-CH-Ar),
3.80 (3H, s, -OCH3). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 175.3, 173.3,
163.7, 159.0, 149.7, 140.8, 131.5, 129.7, 121.7, 114.2, 61.8, 55.8, 47.5, 39.2. MS
(m/2): 387 [M*].

2-(2-(4-Fluor ophenyl)-3-isoni cotinami do-4-oxothiazolidin-5-yl)acetic  acid
(3f). Yield: 75 %; m.p. 190-192 °C. Ana. Calcd. for C17H14FN304S (FW
375.37): C, 54.39; H, 3.76; N, 11.19 %. Found: C, 54.38; H, 3.74; N, 11.18 %. IR
(KBr, en1): 3316 (N-H stretching), 1714 (C=0 thiazolidinone), 1670 (C=0O stretch-
ing of carbonyl), 1634 (C=N), 1578 (C=C), 720 (C-S-C). 1H-NMR (300 MHz,
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CDCl3, ¢/ ppm): 10.04 (1H, s, COOH), 9.20 (1H, s, CONH-), 7.90 (1H, s, N-CH-),
7.66-8.58 (4H, m, Py), 6.20-6.17 (4H, m, aromatic), 5.93 (1H, s, -S-CH-Ar).
13C-NMR (100 MHz, CDCl3, § / ppm): 175.3, 173.3, 163.7, 161.3, 149.7, 140.8,
134.8, 130.3, 121.7, 115.4, 61.8, 47.5, 39.2. MS (nV2): 375 [M™].
2-(3-1soni cotinamido-2-(2-nitrophenyl)-4-oxothiazolidin-5-yl)acetic acid (3g).
Yield: 80 %; m.p. 232-234 °C. Anal. Calcd. for C17H14N40gS (FW 402.38): C,
50.74; H, 3.51; N, 13.92 %. Found: C, 50.73; H, 3.50; N, 13.91 %. IR (KBr, cn1):
3310 (N—H stretching), 1704 (C=0 thiazolidinone), 1660 (C=0 stretching of car-
bonyl), 1632 (C=N), 1580 (C=C), 727 (C-S-C). 1H-NMR (300 MHz, CDCl3, J /
/ ppm): 10.03 (1H, s, COOH), 9.40 (1H, s, CONH-), 7.63, 8.31 (4H, m, Py), 7.50
(1H, s, N-CH), 6.24-6.20 (4H, m, Ar—H), 5.90 (1H, s, -S-CH-Ar). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 175.3, 173.3, 163.7, 149.0, 149.7, 140.8, 133.4, 134.7,
129.6, 128.0, 124.8, 121.7, 57.2, 47.5, 39.2. MS (nV2): 402 [M™].
2-(2-(4-(Dimethylamino)phenyl)-3-isonicotinami do-4-oxothiazolidin-5-yl)-
acetic acid (3h). Yield: 70 %; m.p. 248-250 °C. Anal. Calcd. for C1gH2gN404S
(FW 400.45): C, 56.99; H, 5.03; N, 13.99 %. Found: C, 56.97; H, 5.01; N, 13.98
%. IR (KBr, cm1): 3315 (N-H stretching), 1710 (C=0 thiazolidinone), 1666
(C=0 stretching of carbonyl), 1632 (C=N), 1584 (C=C), 727 (C-S-C). 1H-NMR
(300 MHz, CDCl3, 6 / ppm): 10.06 (1H, s, COOH), 9.10 (1H, s, CONH-), 7.68—
—8.33 (4H, m, Py), 6.22-6.19 (4H, m, Ar—H), 7.10 (1H, s, N-CH-), 5.93 (1H, s,
—S-CH-Ar), 2.72 (6H, s, N(CH3)2). 13C-NMR (100 MHz, CDCl3, 6 / ppm):
175.3, 173.3, 163.7, 149.7, 149.5, 140.8, 128.7, 127.4, 121.7, 112.8, 57.2, 47.5,
39.2. MS (m/2): 400 [M*].
N-(3-Chloro-2-(2-chlorophenyl)-4-oxoazetidin-1-yl)isonicotinamide (4a). Yied:
75 %; m.p. 322-324 °C. Ana. Cacd. for Ci5H11 CloN3Oo (FW 336.17): C,
53.59; H, 3.30; N, 12.50 %. Found: C, 53.58; H, 3.29; N, 12.48 %. IR (KBr, cnr1):
3250 (N—H stretching), 1745 (C=0 p-lactam ring), 1616 (C=0 stretching of car-
bonyl), 1600 (C=N), 1560 (C=C), 742 (C—Cl stretching of chlorine). 1H-NMR
(300 MHz, CDCl3, 6 / ppm): 9.40 (1H, s, CONH-), 7.70 (1H, s, N-CH-), 7.68—
—8.33 (4H, m, Py), 6.61-6.63 (4H, m, aromatic). 13C-NMR (100 MHz, CDCls,
o | ppm): 163.7, 163.5, 149.7, 143.5, 140.8, 132.2, 128.6, 128.1, 126.6, 121.7.
MS (m/z): 335 [M1].
N-(3-Chloro-2-(4-chlorophenyl)-4-oxoazetidin-1-yl)isonicotinamide  (4b).
Yield: 65 %; m.p. 328-330 °C. Anal. Cacd. for C15H11 CloN302 (FW 336.17):
C, 53.59; H, 3.30; N, 12.50 %. Found: C, 53.57; H, 3.27; N, 12.46 %. IR (KBr,
cm1): 3252 (N-H stretching), 1746 (C=0 p-lactam ring), 1612 (C=0 stretching
of carbonyl), 1599 (C=N), 1562 (C=C), 741 (C-Cl stretching of chlorine). 1H-
NMR (300 MHz, CDCl3, 6 / ppm): 9.80 (1H, s, CONH-), 7.60 (1H, s, N-CH-),
7.67-8.32 (4H, m, Py), 6.62—6.64 (4H, m, Ar—-H). 13C-NMR (100 MHz, CDCl3,
o ppm): 163.7, 163.5, 149.7, 143.5, 140.8, 132.2, 128.6, 128.1, 126.6, 121.7.
MS (m/2): 335 [M*].
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N-(3-Chloro-2-(2-hydroxyphenyl)-4-oxoazetidin-1-yl)isonicotinamide  (4c).
Yield: 70 %; m.p. 346-348 °C. Anal. Calcd. for C15H12CIN3O3 (FW 317.73): C,
56.70; H, 3.81; N, 13.23 %. Found: C, 56.68; H, 3.80; N, 13.21 %. IR (KBr, cni1):
3256 (N—H stretching), 1749 (C=0 p-lactam ring), 1614 (C=0 stretching of car-
bonyl), 1602 (C=N), 1561 (C=C). IH-NMR (300 MHz, CDCl3, 6 / ppm): 9.20
(1H, br, OH), 9.90 (1H, s, CONH-), 7.64-8.31 (4H, m, Py), 7.40 (1H, s, N-CH-),
6.60-6.61 (4H, m, aromatic). 13C-NMR (100 MHz, CDCl3, § / ppm): 163.7,
163.5, 154.0, 149.7, 140.8, 130.9, 128.1, 126.5, 121.7, 121.1, 115.7, 64.4, 61.2.
MS (m/2): 317 [M*].

N-(3-Chloro-2-(3-hydroxyphenyl)-4-oxoazetidin-1-yl)isonicotinamide  (4d).
Yield: 60 %; m.p. 330-332 °C. Anal. Calcd. for C15H12CIN3O3 (FW 317.73): C,
56.70; H, 3.81; N, 13.23 %. Found: C, 56.69; H, 3.80; N, 13.22 %. IR (KBr, cn1):
3259 (N—H stretching), 1752 (C=0 p-lactam ring), 1672 (C=0 stretching of car-
bonyl), 1605 (C=N), 1562 (C=C). IH-NMR (300 MHz, CDCls3, ¢ / ppm): 9.30
(1H, br, OH), 9.80 (1H, s, CONH-), 7.64-8.31 (4H, m, Py), 7.40 (1H, s, N-CH-),
6.60-6.61 (4H, m, Ar—H). 13C-NMR (100 MHz, CDCls, § / ppm): 163.7, 163.5,
156.8, 149.7, 144.9, 140.8, 129.9, 121.7, 113.9, 112.6, 67.7, 64.1. MS (n/2): 317
[M*].

N-(3-Chloro-2-(4-methoxyphenyl)-4-oxoazetidin-1-yl)isonicotinamide  (4e).
Yield: 55 %; m.p. 344-346 °C. Anal. Calcd. for C16H14CIN3O3 (FW 331.75): C,
57.93; H, 4.25; N, 12.67 %. Found: C, 57.91; H, 4.22; N, 12.65 %. IR (KBr, cnm1):
3260 (N—H stretching), 1748 (C=0 p-lactam ring), 1670 (C=0 stretching of car-
bonyl), 1603 (C=N), 1558 (C=C). 1H-NMR (300 MHz, CDCl3, 6 / ppm): 9.40
(1H, s, CONH-), 7.62, 8.31 (4H, m, Py), 7.20 (1H, s, N-CH-), 6.63-6.65 (4H, m,
aromatic), 3.78 (3H, s, OCHs). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 163.7,
163.5, 158.6, 149.7, 140.8, 135.8, 126.6, 121.7, 114.1, 67.4, 64.1. MS (n/2): 331
[M*].

N-(3-Chloro-2-(4-fluorophenyl)-4-oxoazetidin-1-yl )isonicotinamide (4f). Yidd:
75 %; m.p. 298-300 °C. Anal. Cacd. for C15H11CIFN3O2 (FW 319.72): C,
56.35; H, 3.47; N, 13.14 %. Found: C, 56.33; H, 3.46; N, 13.12 %. IR (KBr, cn1):
3264 (N-H stretching), 1747 (C=0 p-lactam ring), 1672 (C=0 stretching of car-
bonyl), 1613 (C=N), 1560 (C=C). IH-NMR (300 MHz, CDCls3, ¢ / ppm): 9.60
(1H, s, CONH-), 7.60, 8.31 (4H, m, Py), 7.80 (1H, s, N-CH-), 6.62-6.67 (4H, m,
Ar—H). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 163.7, 163.5, 160.9, 149.7, 140.8,
139.1, 1285, 121.7, 115.3, 67.4, 64.1. MS (m/2): 319 [M*].

N-(3-Chloro-2-(2-nitrophenyl)-4-oxoazetidin-1-yi)isonicotinamide (4g). Yidd:
60 %; m.p. 294-296 °C. Anal. Cacd. for C15H11CIN4O4 (FW 346.73): C, 51.96;
H, 3.20; N, 16.16 %. Found: C, 51.94; H, 3.19; N, 16.14 %. IR (KBr, cm1):
3268 (N—H stretching), 1740 (C=0 p-lactam ring), 1662 (C=0 stretching of car-
bonyl), 1614 (C=N), 1562 (C=C). IH-NMR (300 MHz, CDCls3, ¢ / ppm): 9.40
(1H, s, CONH-), 7.63, 8.34 (4H, m, Py), 7.30 (1H, s, N-CH-), 6.64-6.66 (4H, m,
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Ar-H). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 163.7, 163.5, 149.7, 147.2, 140.8,
137.5, 134.6, 127.6, 124.7, 121.7, 63.1, 62.8. MS (m/2): 346 [M*].
N-(3-Chloro-2-(4-(dimethylamino)phenyl)-4-oxoazeti din- 1-yl )isonicotinami-
de (4h). Yield: 65 %; m.p. 360-362 °C. Anal. Calcd. for C17H17CIN4O> (FW
344.80): C, 59.22; H, 4.97; N, 16.25 %. Found: C, 59.21; H, 4.96; N, 16.23 %. IR
(KBr, cmr1): 3266 (N-H stretching), 1747 (C=0 p-lactam ring), 1668 (C=0
stretching of carbonyl), 1611 (C=N), 1565 (C=C). 1H-NMR (300 MHz, CDCl3,
o / ppm): 9.10 (1H, s, CONH-), 7.90 (1H, s, N-CH-), 7.67, 8.32 (4H, m, Py),
6.65-6.69 (4H, m, Ar-H), 2.70 (6H, s, N(CH3),. 13C-NMR (100 MHz, CDCl3,
o 1 ppm): 163.7, 163.5, 149.7, 149.1, 140.8, 133.0, 129.2, 121.7, 112.7, 67.4,
64.1, 41.3. MS (m/2): 344 [M*].
1-(2-(2-Chlorophenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazol -3(2H)-yl)ethanone
(5a). Yield: 65 %; m.p. 182-184 °C. Anal. Cadcd. for Ci5H12CIN3O2 (FW
301.73): C, 59.71; H, 4.01; N, 13.93 %. Found: C, 59.70; H, 4.00; N, 13.91 %. IR
(KBr, cm1): 1660 (acetyl C=0), 1614 (C=N), 1560 (C=C), 830 (C—Cl stretching
of chloring), 1500 (C-O-C). 1H-NMR (300 MHz, CDCl3, 6 / ppm): 7.72-8.64
(4H, m, Py), 7.12-7.14 (4H, m, aromatic), 7.19 (1H, s, CH- oxadiazole). 13c-
-NMR (100 MHz, CDClg, 6 / ppm): 168.8, 157.0, 149.4, 142.8, 138.4, 132.2,
128.6, 128.3, 128.1, 126.6, 124.1, 78.4, 23.4. MS (m/2): 301 [M*].
1-(2-(4-Chlorophenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazol-3(2H)-yl ) ethanone
(5b). Yield: 60 %; m.p. 186-188°C. Ana. Cacd. for Ci5H12CIN3O2 (FW
301.73): C, 59.22; H, 4.97; N, 16.25 %. Found: C, 59.21; H, 4.95; N, 16.23. IR
(KBr, cm1): 1662 (acetyl C=0), 1616 (C=N), 1562 (C=C), 834 (C-Cl stretching
of chlorine), 1504 (C-O-C). IH-NMR (300 MHz, CDCl3, 6 / ppm): 7.73, 8.65
(4H, m, Py), 7.20 (1H, s, CH-oxadiazole), 7.13-7.15 (4H, m, aromatic). 13C-
-NMR (100 MHz, CDCl3, ¢ / ppm): 168.8, 157.0, 149.4, 138.4, 132.3, 128.6,
128.3, 124.1, 83.5, 23.4. MS (m/2): 301 [M*].
1-(2-(2-Hydroxyphenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazol -3(2H)-yl ) ethanone
(5¢). Yield: 50 %; m.p. 198-200 °C. Anal. Calcd. for C15H13N303 (FW 283.28):
C, 63.60; H, 4.63; N, 14.83 %. Found: C, 63.58; H, 4.61; N, 14.81 %. IR (KB,
cm1): 1664 (acetyl C=0), 1618 (C=N), 1563 (C=C), 1510 (C-O-C). IH-NMR
(300 MHz, CDCl3, ¢ / ppm): 9.32 (1H, br, OH), 7.62, 8.34 (4H, m, Py), 7.20 (1H,
s, CH—oxadiazole), 7.10-7.13 (4H, m, aromatic). 133C-NMR (100 MHz, CDCl3,
o/ ppm): 168.8, 157.0, 149.4, 138.4, 129.6, 128.3, 128.1, 124.1, 121.1, 115.7,
77.3,23.4. MS (m/2): 283 [M*].
1-(2-(3-Hydroxyphenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazol-3(2H)-yl )ethanone
(5d). Yield: 65 %; m.p. 210-212 °C. Anal. Cacd. for C15H13N303 (FW 283.28):
C, 63.60; H, 4.63; N, 14.83 %. Found: C, 63.59; H, 4.62; N, 14.82. IR (KBr, cn1):
1664 (acetyl C=0), 1618 (C=N), 1563 (C=C), 1510 (C-O-C). IH-NMR (300
MHz, CDCl3, ¢ / ppm): 9.32 (1H, br, OH), 7.62, 8.34 (4H, m, Py), 7.20 (1H, s,
CH-oxadiazole), 7.10-7.13 (4H, m, aromatic). 13C-NMR (100 MHz, CDCl3, 6 /
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/ ppm): 168.8, 157.0, 156.8, 149.4, 141.7, 138.4, 129.9, 124.1, 113.9, 112.6, 83.8,
23.4. MS (m/2): 283 [M*].

1-(2-(4-Methoxyphenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazol -3(2H)-yl ) ethanone
(5€). Yield: 55 %; m.p. 202-204 °C. Andl. Calcd. for C1gH15N303 (FW 297.31):
C, 64.64; H, 5.09; N, 14.13 %. Found: C, 64.62; H, 5.07; N, 14.11 %. IR (KBr,
cm1): 1667 (acetyl C=0), 1615 (C=N), 1561 (C=C), 1515 (C-O-C). IH-NMR
(300 MHz, CDCl3, 6 / ppm): 7.66, 8.38 (4H, m, Py), 7.22 (1H, s, CH—oxadi-
azole), 7.14-7.17 (4H, m, aromatic), 3.71 (3H, s, OCH3). 13C-NMR (100 MHz,
CDCl3, o / ppm): 168.8, 157.0, 156.5, 149.4, 138.4, 127.9, 127.7, 124.1, 120.8,
1121, 77.6, 23.4. MS (m/2): 297 [M*].

1-(2-(4-Fluorophenyl)-5-(pyridin-4-yl)-1,3,4-oxadiazol-3(2H)-yl)ethanone
(5f). Yield: 65 %; m.p. 206-208 °C. And. Cacd. for C15H12FN30> (FW 285.27):
C, 63.15; H, 4.24; N, 14.73 %. Found: C, 63.14; H, 4.23; N, 14.71 %. IR (KB,
cm1): 1663 (acetyl C=0), 1620 (C=N), 1565 (C=C), 1518 (C-O-C). IH-NMR
(300 MHz, CDCl3, o / ppm): 7.69, 8.37 (4H, m, Py), 7.25 (1H, s, CH—oxadi-
azole), 7.13-7.18 (4H, m, aromatic). 133C-NMR (100 MHz, CDClz, 6 / ppm):
168.8, 157.0, 159.4, 149.4, 138.4, 129.4, 1285, 128.3, 124.1, 76.7, 23.4. MS
(m/2): 285 [M*].

1-(2-(2-Nitrophenyl)-5-(pyridin-4-yi)-1,3,4-oxadiazol -3(2H)-yl)ethanone (5g).
Yield: 70 %; m.p. 196-198 °C. Anal. Calcd. for C1sH1o0N4O4 (FW 312.28): C,
57.69; H, 3.87; N, 17.94 %. Found: C, 57.67; H, 3.85; N, 17.93 %. IR (KBr, cn1):
1669 (acetyl C=0), 1619 (C=N), 1563 (C=C), 1517 (C-O-C). 1H-NMR (300
MHz, CDCl3, ¢ / ppm): 7.67, 8.35 (4H, m, Py), 7.23 (1H, s, CH—oxadiazole),
7.12-7.15 (4H, m, aromatic). 13C-NMR (100 MHz, CDCls, 6 / ppm): 168.8,
157.0, 149.4, 148.2, 139.4, 138.4, 130.9, 1294, 127.6, 124.7, 78.9, 23.4. MS
(m/2): 312 [M*].

1-(2-(4-(Dimethylamino)phenyl)-5-(pyridin-4-yi)-1,3,4-oxadiazol - 3(2H)-yl)-
ethanone (5h). Yield: 75 %; m.p. 204-206 °C. Ana. Calcd. for C17H1gN40O2
(FW 310.35): C, 65.79; H, 5.85; N, 18.05 %. Found: C, 65.78; H, 5.83; N, 18.03
%. IR (KBr, cm1): 1664 (acetyl C=0), 1624 (C=N), 1570 (C=C), 1511 (C-O-C).
IH-NMR (300 MHz, CDCls, 6 / ppm): 7.65, 8.33 (4H, m, Py), 7.26 (1H, s, CH—oxa-
diazole), 7.14-7.18 (4H, m, aromatic), 2.73 (6H, s, N(CH3)). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 168.8, 157.0, 149.4, 149.1, 138.4, 129.8, 127.8, 124.1,
83.5,41.3, 23.4. MS (m/2): 310 [M+].
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Abstract: Novel methylene bridged Mannich bases 2a- were synthesized in
good to excellent yields from the pyrazoline derivative 1 using various prima-
ry/secondary amines, 37 % formalin in presence of ionic liquids TBAB as ca
talyst. The structures of the newly synthesized compounds were confirmed by
IR, IH- and 13C-NMR and GC-MS spectroscopy, as well as elemental analysis.
The title compounds were screened for their anti-tubercular and antimicrobial
activities. Some of the compounds exhibited very good anti-tubercular, antifun-
gal and antibacterial activities.

Keywords. pyrazoline; Mannich base; ionic liquids, TBAB; MIC; anti-tubercu-
lar activity.

INTRODUCTION

Multidrug-resistant tuberculosis is perceived as a growing hazard to human
health worldwide. The fear is that the number of cases resistant to anti-tubercular
drugs is on the increase.l One of the strategies suggested for overcoming this
problem is to exploit the potential of standard short course chemotherapy based
on the cheap and safe first line drugs. Furthermore, there is an urgent need for the
development of new potent anti-tubercular drugs without cross resistance with
known antimycobacterial agents.23 This has stimulated scientists to develop no-
vel molecules to combat these illnesses. Pantothenate synthetase (PS) is one of
the potential new antimicrobial targets which are useful for the treatment of non-
replicating persistent forms of Mycobacterium tuberculosis (Mtb). Therefore, the

* Corresponding author. E-mail: kamchem9@gmail.com
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discovery and development of drugs effective against non-replicating persistence
(NRP) Mtb are considered as the highest priority among tetrabutyl (TB) drug dis-
covery efforts.4

Reports convey that Mannich bases possess anti-inflammatory, antibacterial,
antifungal and antihistamine activities. The synthesis of pyrazole and its N-aryl
analogues has been the subject of consistent interest because of the wide range of
applications of such heterocycles in the pharmaceutical and agrochemical Indus-
tries. Numerous compounds containing the pyrazole moiety have exhibited anti-
hyperglycemic, analgesic, anti-inflammatory, antipyretic, antibacterial and seda-
tive-hypnotic activity.>9 The role of the added pyrazole ring could be to in-
crease the electron density of the system and makes the chromophore more re-
sistant towards enzymatic reduction by radical species. In addition, some syd-
none derivatives have been reported as potential anti-tubercular agents.10

Recently, ionic liquids (ILs), a kind of ion solvent, which combine the ad-
vantages of both traditional molecular solvents and melt salts, have been consi-
dered as promising new reaction media, and have found wide use in catalytic and
non-catalytic reactions as these materials dissolve many organic as well as in-
organic substances. In addition, they can be easily recycled. Moreover, their pro-
perties are tunable to satisfy specific chemical tasks.11-14

The above observations prompted us to explore the synthetic utility of pyra-
zoline derivatives using ionic liquids or tetrabutylammonium bromide (TBAB) as
catalysts in the synthesis of novel Mannich bases intact with the sydnone moiety,
giving novel biodynamic molecules 2a— in order to evaluate their antimicrobial
and anti-tuberculosis activity.

EXPERIMENTAL
Chemistry

Melting points were determined in open capillaries and are uncorrected. The IR spectra
were recorded on a Nicolet Impact 5200 USA FT-IR instrument using KBr pellets. The 1H-
-NMR and 13C-NMR spectra were recorded on a Bruker Varian 300-MHz FT-NMR spectro-
meter with TMS as the internal standard. The mass spectra were recorded on Shimadzu Japan
QP2010 S spectrometer and the elemental analyses were realized using Heraeus CHN rapid
analyzer. The purity of the compounds was checked by thin layer chromatography (TLC) on
silica gel plates using benzene and ethyl acetate as eluents. The pharmacological evaluations
were performed at the Department of Microbiology and Immunology, NGH College of Dental
sciences, Belgaum, Karnataka, India. The log P values were calculated using ACD Chem-
sketch software for the structural analogues of the synthesized compounds and are uncor-
rected.

The pyrazoline derivative 1 required for the present work was prepared by the reaction of
the chalcone and hydrazine hydrate according to a reported method.1®> The acidic ionic liquid
catalysts were synthesized according to literature procedures.l® Commercialy available
TBAB was used for the reaction at 10 mol %. The pyrazoline derivative 1 upon reaction with
primary/secondary amines in presence of 37 % formalin and an ionic liquid as catalyst gave
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the Mannich bases 2a— (Scheme 1). All the products are solids, with exception of the com-
pounds 2d and 2f which were isolated as semisolids.

H
He, N _
N~ N\ O i R\ ., N '
@ —_ - N N N\ .
\ S 0
Ph N=Q i, ILITBAB R \®
Ph N=0
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c R= t-buty- R'=H . / \. R=H
i, R=—N 0
d, R=CHsCH,CH,CH; R =H /
N
H,N_ N _NH \
e, R:T Y R =H i, R= \N R'=H
N =N N/
\l/ \
NH,
f, R=R=Ph

Scheme 1. Synthesis of Mannich bases 2a—j.

Preparation of 3-[4-(5-phenyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl] sydnone (1)
The pyrazoline derivative 1 was synthesized according to a literature method.1” Y ellow
solid. Yield: 80 %, m.p. 171-173 °C.

Preparation of 2a—j

To the slurry of compound 1 (0.01 mol), 50 % aqueous ethanol (5 ml) and 37 % formalin
(5 ml) was added dropwise an amine (0.01 mol) and anionic liquid catalyst (0.01 mmol) with
cooling and shaking. The reaction mixture was allowed to stand at RT for 1 h with occasional
stirring after which it was warmed on a steam bath for 3 h for the conventional synthesis
method. When using an ionic liquid 10 mol %, the reaction time was unchanged. The catalyst
was recovered by extracting with diethyl ether.

When TBAB was used as catayst, the reaction time was 2 h. At the end of this period,
the solvent was evaporated and the contents were cooled. The products thus separated were
filtered and recrystallized (except 2d and 2f) in ethanol, petroleum ether and chloroform.
Biological assays

Antimicrobial assay. Preliminary screening was conducted for all the compounds at 100
Hg mi™ concentration against two Gram-positive bacteria, Staphylococcus aureus — ATCC
25293 and Bacillus subtilis — ATCC 6633 and Gram-negative bacteria Pseudomonas aer ugi-
nosa — ATCC 10145 and Escherichia coli — ATCC 35218, and against two funga strains
Candida albicans 10231 and Candida fumigatus 74359.
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The protocol for the antimicrobial activity assay was as follows.18

Dimethylformamide was used as the solvent control. The bacterial cultures were inocu-
lated on Mueller Hinton Agar (Merck) and fungal cultures on Potato Dextrose Agar. Media
(20 ml) were poured into each sterilized Petri dish (99 mm) and media were inoculated homo-
geneously with the liquid cultures by the spread plate method. All the compounds were dis-
solved in dimethyl sulfoxide (DMSO) to obtain a concentration of 100 pg/ul. Each sample
(100 pl) was directly loaded into the wells of agar plates. The plates inoculated with bacteria
were incubated at 37 °C for 24 h and the fungal cultures were incubated at 25 °C for 72 h. All
the determinations were performed in triplicate. The standards ampicillin (100 ug mi-1) for the
antibacterial and clotrimazole (100 pg mi-1) for the antifungal assays were used as the positive
controls and 100 pl of DM SO was used as the negative control. The zones of inhibition were
recorded in mm.

Different series of dilutions of the compounds were made (0.5-10.0 ug mi'Y) to de-
termine the minimum inhibitory concentration (MIC).

Anti-tubercular assay. The anti-tubercular activity of the test compounds were evaluated
against the standard strain of Mycobacterium tuberculosis H37Rv. The antibiotic standards
used were streptomycin and pyrazinamide. The procedure followed for the anti-tubercular
activity assay involved the use of Middlebrook 7H-9 broth. The basal medium was prepared
according to the manufacturer’s instructions (Hi-Media) and sterilized by autoclaving. Then,
4.5 ml of broth was poured into every sterile bottle. To this, 0.5 ml of albumin dextrose
catalase (ADC) supplement consisting of catalase, dextrose and bovine serum albumin (BSA)
fraction v was added. Then, a stock solution of the test compound was prepared (10 mg mi-1).
From this, appropriate amounts of the solution were transferred to the media bottles to achieve
final concentrations of 25, 50, 100 pg ml-L. Finally, 10 pl of a suspension of M. tuberculosis
H37Rv strain (10° organisms ml-L, adjusted by the McFarmland turbidity standard) was
transferred to each of the bottles and incubated at 37 °C. Together with these, a growth control
without the compound and drug controls were also set up. The bottles were inspected for
growth twice a week for a period of three weeks. The appearance of turbidity indicated the
growth and inferred resistance to the compound. The growth was confirmed by making a
smear from each bottle and performing a Ziehl-Neelsen (ZN) stain.

RESULTS AND DISCUSSION

The synthesis of the investigated compounds by the conventional method re-
sulted into low yields. Use of ionic liquids 1-4 enhanced the yields, but phase
transfer catalyst (PTC) method using TBAB gave excellent yields along with
increased reaction rates. Various ionic liquids (IL1-1L4) and TBAB cataysts
were tried at different concentrations and finally it was observed that 10 mol %
of the catalyst (ionic liquids and TBAB) gave good yields (Table ). For the syn-
thesis of long chain alkylated Mannich bases, viz, 2d and 2g, IL3 and IL4 gave
poor yields as the products could not be isolated in the desired quantity as either
solids or semisolids, which posed great difficulty for product characterization.
For the other compounds, the catalyst used and the range of yields are depicted in
Table Il. The ionic liquids which gave better results are aso reported. It is in-
teresting to note that the TBAB catalyst gave excellent yields for all the final
compounds. The reaction time was unchanged when an ionic liquid (10 mol %)
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was used, wheresas the use of TBAB reduced the reaction time to 2 h. The ionic
liquid Hmim Tsa (IL1) gave better yields for the final compounds 2a, 2e and 2i,
whereas the yields of compounds 2b, 2c, 2f and 2j were good when Hmim SO4~
(IL2) was used. The catalytic activities of Bmim [HoPOg4]~ (IL3) and Bmim
[HSOg4]~ (IL4) were much lower and the yields of 2d and 2h were negligible
under IL3 and IL4 conditions. The ionic liquids IL1 and IL2 did not give the
products 2d and 2g.

TABLE |. Methods and catalysts employed for the reactions (10 mol %) and the obtained yields

Catalyst Yield range, %
Conventiona method

Without catalyst 60-70
lonic liquids method

Hmim Tsa (IL1) 65-75

Hmim SO, (IL2) 6876

Bmim [H,PO,] ™ (IL3) 30-35

Bmim [HSO,]™ (IL4) 25-34

TBAB 8085

TABLE Il. Yields of the respective compounds using the conventional method and employing
catalysts

Method
Compound Conventional lonic liquids TBAB
Yield, % Catalyst Yield,% Yield, %
2a 67 IL1 70 82
2b 65 12 72 85
2c 68 IL2 75 84
2d 69 IL3 - 78
2e 70 IL1 70 87
2f 64 IL2 72 89
2g 66 IL4 34 85
2h 67 IL2 74 80
2i 69 IL1 75 88
2 66 IL2 77 85

The structures of the Mannich bases 2a—j, given in the Supplementary mate-
rial, were confirmed by IR, NMR (1H- and 13C-), MS and elemental analyses, the
data are also given as Supplementary material. In their IR spectra, all the com-
pounds exhibited a common strong absorption band at around 1748-1754 cmr1
and amedium intensity sharp band at around 2950-3150 cm1, due to v(C—H) of
sydnone ring. In addition, another common sharp band was observed at around
1580-1595 cm1, due to C=N stretching frequencies of the pyrazoline ring.

Compound 2a showed a weak absorption band at around 1420 cm due to
C=S stretching. Compound 2b exhibited a broad band at about 3427 cm2 due to
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the two OH groups. Similarly, 2c and 2d showed sharp medium bands at 3426
and 3444 cm1 arising from N—H stretching. Two weak stretching bands at
around 3405 and 3415 cm1 were present in the spectrum of compound 2e due to
the symmetric and asymmetric stretching frequencies of NH> groups attached to
the triazine ring. Compound 2g did not show any other significant bands except
strong absorption at 2930 and 2922 cm1 due to CH, stretching. Compound 2h
also presented two weak bands at around 3439 and 3445 cn1 due to N—H stretch-
ing. Compounds 2i and 2 did not show any other significant stretching bands.

The 1H-NMR spectral analysis of the title compounds resulted in the follow-
ing observations. All the compounds gave a singlet in the range ¢ 6.65-6.75 ppm
due to the proton attached at the C4 carbon of the sydnone ring. The protons of
the pyrazole ring, i.e., the methine proton and the diastereotopic methylene pro-
tons exhibited a characteristic ABX pattern. The methylene protons can be as-
signed as Ha and Hg and the methine proton as Hx. Ha and Hg are diastereo-
topic and also anisochronous as they differ in their chemical shift and since this
difference is not large, they are identified as AB protons. The methine proton on
the adjacent carbon with a larger downfield shift is the Hx proton and all to-
gether, they form an ABX pattern. The Ha and Hp protons appear as doublet of
doublets due to geminal and vicinal coupling. These Ha and Hp differ in coup-
ling with Hx and hence they are aso anisogamous. The Ha proton appears as a
doublets of doublet in the range 6 3.48-3.73 ppm with two coupling constants,
Jag = 17.6 Hz and Jax = 4.5Hz. Hg aso appears as doublet of doublets at 3.08—
—3.47 ppm, whereby Jga = 17.6 Hz and Jgx = 11.8 Hz. The Hx proton always
appears as a four-line spectrum with Jxa = 4.49 Hz and Jxg = 11.84 in the ¢
range 4.32-4.92 ppm. The methylene protons attached to the nitrogen of pyrazole
appear in the 6 range 3.50-3.75 ppm.

The IH-NMR spectrum of 2a showed a singlet at ¢ 3.45 ppm for two protons
due to presence of methylene groups. The aromatic protons appear as a multiplet
in the ¢ range 7.32—7.76 ppm due to protons on benzothiazoline-2-thione and the
phenyl ring attached to the pyrazoline ring. The IH-NMR spectrum of 2b showed
asinglet at 0 3.64 ppm for two protons due to the presence of methylene groups
attached to the nitrogen atom of the pyrazoline ring. The remaining two sets of
methylene groups appeared as two sets of triplets at ¢ 4.38 (those attached to nit-
rogen) and 4.83 ppm (those attached to the OH group). The aromatic protons
appeared as amultiplet in theregion ¢ 7.27-7.87 ppm for nine protons.

Compound 2c exhibited the following 1H-NMR signature. A singlet for 9
protons was observed at 6 1.78 ppm due to t-butyl and another singlet at 6 3.64
ppm for 2 protons due to the methylene group. Similarly, a broad singlet was ob-
served at 5.15 ppm (D20 exchangeable) due to NH protons. Compound 2d showed
asnglet at 6 3.71 ppm due to the methylene group present in between the py-
razoline ring and the butylamine moiety and another singlet at 6 4.92 ppm (D20
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exchangeable). The n-butyl group attached to the nitrogen atom gave atriplet at o
1.05 ppm due to the methyl protons and another triplet in the range 6 4.11 ppm
due to methylene protons attached to the nitrogen. The two methylene groups
present in between the methyl and the methylene adjacent to the nitrogen appear
asamultiplet in the range ¢ 2.70-2.96 ppm. The aromatic protons appear as mul-
tipletsin the region o 6.77—7.83 ppm.

Compound 2e showed a singlet at 6 3.71 ppm and a broad singlet at ¢ 5.08
(D20 exchangeable) due to NH» protons, whereas compound 2f showed a com-
plex multiplet within the range 7.03-8.21 ppm for 19 aromatic protons. A multi-
plet at 6 1.34-2.40 ppm of 10 aliphatic protons was observed for compound 2g,
in which the 5 methylene group chain is flanked by two pyrazoline phenylsyd-
none groups. This compound also exhibited two doublets of doublets for 4 pro-
tons and one four line spectrum as a doublet of doublets for 2 methine protons,
one in each lead pyrazoline ring. Compound 2h showed a multiplet for 4 protons
at ¢ 0.88-2.17 ppm due to the two sets of methylene protons attached to nitrogen
atoms and another set of 2 protons as asinglet at 3.53 ppm.

A multiplet at 6 2.45-2.63 ppm appeared due to the methylene protons of
morpholine in the spectrum of compound 2i. Compound 2j exhibited a singlet
due to the methylene group spaced between the benzotriazole and the pyrazole
ring at 0 3.75 ppm. The aromatic protons appeared as multiplet in the range 6
7.28-7.89 ppm.

The 13C-NMR spectra of al the compounds showed signals in the respective
regions.

Furthermore, in the electron impact studies, all the compounds showed mo-
lecular ion peaks at their respective m/z value.

Antibacterial activity assay

The MIC values for compounds 2a— and the standard obtained in the in
vitro anti-bacterial studies, which ranged from 0.5-4 pg mi—1, are given in Table
I11. These activities are comparable to those of a number of common pyrazole
derivatives reported in the literature. The anti-bacterial activity of al the com-
pounds against S. aureus, B. subtilis, P. aeruginosa and E. coli showed good po-
tencies compared to the control drug ampicillin. From the results, it is apparent
that among the synthesized compounds 2a, 2b and 2f showed excellent activity
against B. subtilis with MIC values 0.5-1.5 pg mi—1, and P. aeruginosa with va-
lues of 1-2.5 ug mi—1. Compounds 2c, 2e, 2f, 2h and 2j showed potent inhibition
against S. aureus with values ranging from 1-3 pg mi—1. Compounds 2a, 2f and
2j showed good activity against E. coli with values of 1-3 pug mi—1. Among the
ten screened compounds, ailmost al of them exhibited promising inhibition against
the bacterial cultures compared to the control drug ampicillin.
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Antifungal activity assay

The MIC vaues for compounds 2a—| and the standard in the in vitro anti-
-fungal studies are represented in Table [11. Among the test compounds, interest-
ing activities were found for compounds 2a, 2b, 2f, 2e, 2g, and 2i, which showed
potent inhibition against C. albicans with MIC valuesin the range 1.5-3 pg mi—1.
Compounds 2b, 2c and 2i possessed favorable MIC values against C. fumigatus,
having valuesin the range 2-3.5 pg mi—1. The anti-fungal activities indicated that
some of the derivatives exhibited a broad spectrum of activity against the tested
fungi, with compounds having electron donating groups appended to the pyrazole
moiety exhibiting a better spectrum of activity than the reference drug clotrima-
zole.

TABLE I1I. Antibacterial and antifungal activities (MIC / pg ml™) of the compounds 2a—j
(control: DMSO)

B. subtilis S aureus E. coli P. aeruginosa C. albicans C. fumigates

Entry NO.  \Tcc 6633ATCC 25203 ATCC 35218 ATCC 10145 ATCC 10145 ATCC 74359
2a 15 1 3 35 3 2
2b 2 1 2 35 4 35
2c 05 3 15 2 15 35
2d 05 3 1 25 2 25
2e 05 25 2 2 3 2
of 1 3 3 35 35 2
29 05 15 2 1 4 3
2h 05 2 2 2 2 3
2i 1 2 2 15 3 2
2i 1 2 3 15 15 25
Ampicillin 0.5 1 2 2 - -
Clotrimazole - - - - 2 2

Anti-tubercular activity assay

The results of the anti-tubercular activity studies are given in Table 1V, from
which it can be seen that the compounds with electron donating groups viz., 2c,
2d, 2e, 2g and 2i exhibited excellent inhibition (MIC) at a concentration of less
than 5 ug mi—1. Compounds 2b, 2f, 2h and 2j showed moderate inhibition at a
concentration of 10 pug mi—1. Compound 2a with benzothiazoline-2-thione showed
activity only at a concentrations of 25 g mi—1 as compared to the standards used,
viz.,, streptomycin (7.5 pug mi—1) and pyrazinamide (10 ug mi—1). The encouraging
activities are attributed to the presence of long alkylating chains with electron do-
nating groups, viz., OH, NH»>, methylene and ethylene through mesomeric effect,
appended to the pyrazoline moiety.

The log P values of the compounds are given in Table V. To qualify a com-
pound as a drug candidate, it is analyzed by the parameters set by the Lipinski
rule of five. The log P value is an important physico-chemical property indi-
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cating lipophilicity and the ability of a molecule to cross the various biological
membranes. According to the Lipinski rule of five, with alog P value below 5, it
isfeasible for a compound to be future drug. The synthesized compounds showed
marginal lipophilicity within the range of 1.20-5.0. The molecular weight of a
compound is related to its in vivo administration. All the synthesized compounds
had a molecular weight within the acceptable range, i.e., 400-500 g mol-1.

TABLE IV. Anti-tubercular activity of the synthesized compounds (Strain H37Rv); standard:
streptomycin, 7.5 pg mi™, pyrazinamide, 10 pg mi™; all compounds tested at concentrations
of 5, 10 and 25 ug mi™

Entry No. MIC/ pgmi™
2a 25
2b 45
2c 5
2d 35
2e 5
2f 10
2g 5
2h 10
2i 35
2i 12

TABLE V. The calculated log P values of the newly synthesized compounds

Entry No. log P
1 1.83
2a 3.73
2b 1.49
2c 241
2d 2.77
2e 1.20
2f 5.03
29 Not applicable
2h 1.38
2i 1.62
2 2.96
INH 0.887
Nifuroxazide 0.059

According to the Lipinski rule, a less than five-heteroatom moiety can be
considered as a probable candidate as a drug. The log P values depict the
penetration of the drug into the cell membrane. As value of log P value increases,
the penetration also increases. Compounds 2b, 2¢, 2d, 2e and 2i showed low MIC
values and high log P values, which show that these moieties have better
penetration values and can be considered for further studies as drugs.
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CONCLUSIONS

A simple and efficient method for the synthesis of novel methylene-bridged
Mannich bases of benzothiazoline-2-thione, morpholine, biphenyl and benzotri-
azole derivatives was developed. It is believed that the procedural simplicity, the
efficiency and the easy accessibility of the reaction partners give access to awide
array of heterocyclic frameworks equipped with a pendant pyrazoline unit. The
use of environmental friendly catalysts, viz,, an ionic liquid and TBAB is an
added advantage. TBAB as a catalyst gave excellent resultsin terms of yields.

The results of the anti-tubercular screening revealed that of the ten synthe-
sized compounds, five showed good inhibition while the other five compounds
displayed moderate to low inhibition.

SUPPLEMENTARY MATERIAL

Structures of the prepared compounds and their spectral data are available electronicaly at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

M3BOJ

JETHOCTABHA CUHTE3A MAHUXOBUX BA3A 3-[p-(5-APUJI-TIMPA30JINH-3-1JI)-
-OEHWII|CUAHOHA V ITPUCYCTBY KATAJIMTUYKNX KOJIMYNHA TBAB/JOHCKE
TEYHOCTH, KAO AHTU-TYBEPKYJIO3HUX U AHTU-MUKPOBHUX AI'EHACA

TASNEEM TAJ', RAVINDRA R. KAMBLE?Y, T. M. GIREESH" 1 RAVINDRA K. HUNNUR?

pG Department of Studiesin Chemistry, Karnatak University Dharwad-580 003 u 2APL Research Centre,
A Division of Aurobindo Pharma Ltd. 313, Batchupally, Hyderabad-500 072, India

Cunrerncane cy HoBe Manuxose 6a3e 28—, y J0OpoM 10 O[UTMYHOM TIPHUHOCY, mona3ehu ox
MPa30JIMHCKOr AepuBata 1 ymoTpeGoM pasinuuTHX NpUMapHHUX/CeKyHmapHuX amuHa U 37 %
dopmaiiexuia, y NprucycTBy Karaautiukux kounuuna TBAB/joncke Teunoct. CTpyKTypa HOBUX
jenumema notsphena je 1IC, NMR (IH-, 13C-), GC-MS u enementansom ananusom. Mcnutana je
aHTUTYOEpKyJIO3HAa M aHTHMHUKPOOHA aKTUBHOCT JNOOWjeHUX jequmerma. Heka o BHUX IOKazyjy
BeoMa 100py aHTHTYOepKyI03HY, aHTU(YHTAIHY U aHTHOAKTEPHjCKy aKTUBHOCT.

(Mpumsbeno 8. jyna 2010, peBuaupano 7. janyapa 2011)
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ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS 2aj

3-{4-[ 5-Phenyl-1-(2-thioxobenzothiazol -3-ylmethyl)-4,5-dihydr o- 1H-pyrazol - 3-
-yl] phenyl}sydnone (2a). Y ellow amorphous solid (ethanol), Ry 0.88*, m.p. 95—
96 °C. Anal. Calcd. for CosH1gNs502S): C, 68.85; H, 3.91; N, 14.43 %. Found:
C, 68.84, H, 3.89, N, 14.41 %. IR (KBr, cm1): 2854 (—CH stretching of sydnone
ring), 1754 (—C=0 stretching of sydnone ring), 1595 (—C=N stretching of pyra-
zole ring). TH-NMR (300 MHz, CDCl3, 6 / ppm): 3.00 (1H, dd, —CHp, Ha, J =
=12.05 Hz), 3.45 (2H, s, -CHy, N-CH>-N), 3.48 (1H, dd, -CH», Hp, J = 12.45
Hz), 4.56 (1H, dd, —CH, Hy, Jxa = 3Hz, Jxg = 9 HZ), 6.65 (1H, s, -C4—H of syd-
none), 7.32—7.43 (9H, m, aromatic), 7.70 (2H, m, Nz-aromatic), 7.76 (4H, d, N3-
aromatic). 13C-NMR (300 MHz, CDCl3, 6 / ppm): 193.9 (C=S), 161 (C=0),
155.6 (C=N), 140.1, 137.2, 131.6, 131.0, 129.9, 129.8, 129.6, 129.5, 129.5,
129.3, 129.2, 128.3, 128.2, 128.1, 128.0, 126.8, 125.6, 125.5, 124.8, 116.7 (CH),
72.7 (CHy), 48.7 (CH), 40.1 (CH»). MS (m/z, (relative abundance, %)): 485 (M™,
85), 321, 413, 457, 180.8, 161.0, 102.0, 84, 71, 57, 42.

* The eluents used were hexane or ethyl acetate for all compounds.
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3-{4-[ 1-(Bis(2-hydroxyethyl)aminomethyl)-5-phenyi-4,5-dihydro-1H-pyrazol -
-3-yl] phenyl}sydnone (2b). Y ellow amorphous solid (pet. ether), Ry 0.91, m.p. 85—
—86 °C. Anal. Calcd. for CooHosNs04: C, 62.41; H, 5.91; N, 16.54 %. Found: C,
62.39, H, 5.89, N 16.51 %. IR (KBr, cm1): 3427 (-OH stretching of CH,OH),
2922 (—CH stretching of sydnone ring), 1749 (—C=0 stretching of sydnone ring),
1594 (—C=N stretching of pyrazole ring). 1H-NMR (300 MHz, CDCl3, 6 / ppm.):
3.09 (1H, dd, -CH», Ha, J = 10.88 Hz), 3.53 (1H, dd, CH» Hpg, J = 11.00 Hz),
3.64 (2H, s, -CHp, N-CH2>-N), 4.32 (1H, dd, -CH, Hx, Jxa = 4.38 Hz, Jxg =
=11.31 Hz), 4.38 (4H, t, -CH2N), 4.83 (4H, t, -CH20H), 5.02 (2H, s, —-OH, D20
exchangeable) 6.75 (1H, s, -C4—H of sydnone), 7.27-7.81 (9H, m, aromatic).
13C-NMR (300 MHz, CDCl3, 6 / ppm): 161 (C=0), 155.6 (C=N), 137.2, 1315,
131.0, 129.8, 129.7, 129.5, 129.4, 128.3, 128.3, 128.1, 128.0, 126.8, 116.7, 73.4,
62.4, 62.4, 54.5, 54.5 (CHy), 49.0 (CH), 40.1 (CHp). MS (m/z, (relative abun-
dance, %)): 424 (M*, 35), 404, 381, 367, 247, 323, 305, 291, 263, 242, 230, 214,
200, 172, 183, 155, 144,129, 117, 103, 84, 71, 57, 42, 40.

3-{4-[ 1-(t-Butylaminomethyl)-5-phenyl-4,5-dihydro- 1H-pyrazol-3-yl] phenyi}-
-sydnone (2c¢). Yellow amorphous solid (chloroform), Ry 0.93, m.p. 76-77 °C.
Anal. Calcd. for CooHosN505: C, 67.51; H, 6.39; N, 17.90 %. Found: C, 67.50,
H, 6.37, N 17.92 %. IR (KBr, cm1): 3130 (-NH stretching of secondary amine),
2924 (—CH stretching of sydnone ring), 1748 (—C=0 stretching of sydnone ring),
1593 (—C=N stretching of pyrazole ring). 1H-NMR (300 MHz, CDCl3, 6 / ppm):
1.78 (9H, s, (-CH3)3C), 3.09 (1H, dd, -CH2, Ha, J = 14.95 Hz), 3.53 (1H, dd,
—CHp, Hp, J = 15.10 Hz), 3.64 (2H, s, -CH2, N-CH>—N), 4.38 (1H, dd, —CH,
Hx, Jxa = 4.42 Hz, Jxg = 11.38 Hz), 5.15 (1H, s, -NH, DO exchangeable),
6.76 (1H, s, -C4—H of sydnone ring), 7.27-7.87 (9H, m, aromatic). 13C-NMR
(300 MHz, CDCl3, ¢ / ppm): 161 (C=0), 155.6 (C=N), 137.2, 131.6, 131.0 (C—aro-
matic), 129.9, 129.6, 129.4, 129.0, 128.3, 128.3, 128.1, 128.0, 126.8 (CH-aroma-
tic), 116.7 (CH), 63.4 (CHy), 48.7 (CH), 45.4 (C—CHg)3), 40.1 (CHy), 31.0
(CHg). MS (m/z, (relative abundance, %)): 391 (M*, 40), 382, 339, 328, 313,
298, 284, 269, 260, 247, 232, 220, 201, 195, 173, 160, 156, 146, 131, 116, 104,
91, 77, 65, 41.

3-[4-(1-(Butylaminomethyl)-5-phenyl-4,5-dihydro- 1H-pyrazol -3-yl) phenyl] syd-
none (2d). Brown semi-solid (pet ether), R 0.90. Anal. Calcd. for CooHosN502: C,
67.51; H, 6.39; N, 17.90 %. Found: C, 67.50, H, 6.37, N, 17.92 %. IR (KBr, cm1):
3414 (—NH stretching of secondary amine), 2956 (—CH» stretching of n-butyl
amine), 2929 (—CH stretching of sydnone ring), 1751 (—C=0 stretching of syd-
none ring), 1594 (—C=N stretching of pyrazole ring). 1H-NMR (300 MHz, CDCl3,
o/ ppm): 1.05 (3H, t, -CH3), 2.70-2.96 (4H, m, -CHj) 3.57 (1H, dd, -CH2, Ha,
J = 12.69 Hz), 3.90 (1H, dd, -CHp, Hg, J = 12.89 Hz), 3.94 (2H, s, -CH>,
N-CH>—N), 3.92 (2H, t, -CH>), 4.11 (2H, t, -CH>), 4.23 (1H, dd, -CH, Hy, Jxa =
= 3.60 Hz, Jyg = 10.44 Hz), 4.92 (1H, s, NH, D0 exchangeable), 6.77—7.83 (9H,
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m, aromatic), 6.75 (1H, s, -C4—H of sydnone). 13C-NMR (300 MHz, CDCls, 6 /
ppm): 163.5 (C=0), 155.6 (C=N), 137.2, 132.0, 131.5, 129.7, 129.5, 1294,
129.0, 128.3, 128.3, 128.1, 128.0, 126.8, 116.7 (CH), 68.7 (CH5), 48.7 (CH),
46.6, 40.1, 34.1, 20.5, 13.7 (CHy). MS (m/z, (relative abundance, %)): 391
(M*,30), 381, 367, 347, 323, 305, 291, 263, 242, 230, 214, 200, 183, 172, 155,
144, 129, 117, 103, 84, 71, 57, 42.

3-(4-{1-[ (4,6-Diamino-1,3,5-triazin-2-ylamino)methyl] -5-phenyl-4,5-dihydr o-
1H-pyrazol-3-yl}-phenyl)sydnone (2€). Y ellow amorphous solid (chloroform), Ry
0.88, m.p., 89-90 °C. Anal. Calcd. for Co1HooN1002: C, 56.75; H, 4.50; N, 31.53
%. Found: C, 56.77, H, 4.50, N 31.50 %. IR (KBr, cm1): 3415 (-NH,, stretching
for primary amine), 3106 (—NH stretching for secondary amine), 2921 (—CH»
stretching), 2852 (—CH stretching for sydnone ring), 1753 (—C=0O stretching for
sydnone ring), 1560 (—-C=N stretching for pyrazole ring). 1H-NMR (300 MHz,
CDCl3, 6 / ppm): 3.09 (1H, dd, -CH2 Ha, J = 15.12 Hz), 3.52 (1H, dd, -CHp,
Hg, J=15.35Hz), 3.71 (2H, s, -CHz, N-CH>-N), 4.73 (1H, dd, -CH, Hy, Jxa =
=4.50 Hz, Jyg = 10.68 Hz), 4.90 (4H, d, -NH», D,0 exchangeable), 5.08 (1H, s,
—NH, D0 exchangeable), 6.75 (1H, s, -C4—H of sydnone ring), 7.27—7.84 (9H,
m, aromatic). 133C-NMR (300 MHz, CDCl3, § / ppm): 164.0 (C=0), 155.6 (C=N),
149.0, 148.3, 145.1, 137.2, 133.0, 131.5, 129.8, 129.6, 129.5, 128.9, 128.3,
128.2, 128.0, 126.8, 116.7, 90.1, 88.9 (CH), 70.8 (CH>), 48.7 (CH), 40.1 (CHy).
MS (m/z, (relative abundance, %)): 444 (M*, 25), 441, 335, 313, 297, 285, 262,
248, 235, 221, 200, 191, 172, 155, 144, 129, 117, 103, 85, 76, 57, 44, 40.

3-(4-{1-[ (Diphenylamino)methyl] -5-phenyl-4,5-dihydro-1H-pyrazol -3-yi} phe-
nylsydnone (2f). Brown semi-solid (pet. ether), Rf 0.928. Anal. Calcd. for
CaoH25N505: C,73.92; H, 5.11; N, 14.37 %. Found: C, 73.90, H, 5.13, N 14.35 %.
IR (KBr, cmr1): 2924 (—CH stretching for sydnone ring), 1749 (—C=0 stretching
for sydnone ring), 1593 (—C=N stretching of pyrazole ring). 1H-NMR (300 MHz,
CDCl3, o / ppm): 3.08 (1H, dd, -CH2, Ha, J = 14.89 Hz), 3.52 (1H, dd, -CHp,
Hg, J = 15.01 Hz), 3.98 (2H, s, -CHz, N-CH>—N), 4.42 (1H, dd, -CH, Hy, Jxa =
=4.80 Hz, Jyg = 8.25 Hz), 6.75 (1H, s, -C4—H of sydnone), 7.03-8.21 (19H, m,
aromatic). 13C-NMR (300 MHz, CDCl3, 6 / ppm.): 160.0 (C=0), 155.6 (C=N),
1440, 143.2, 137.2, 135.0, 131.0, 129.5, 129.4, 129.3, 129.1, 129.0, 128.9,
128.7, 128.6, 128.3, 128.3, 128.1, 128.0, 126.8, 118.0, 118.0, 117.9, 116.7 (CH),
77.6 (CHy), 49.0 (CH), 40.1 (CH»). MS (m/z, (relative abundance, %)): 487 (M*
35), 456, 428, 395, 364, 334, 306, 288, 276, 260, 248, 233, 221, 204, 191, 178,
165, 144, 129, 116, 104, 89, 77, 63, 44, 40.

3,3 -{1,5-Pentanediylbig imino(5-phenyl-4,5-dihydropyrazole-1,3-diyi)-1,4-phe-
nylene] tbig sydnone] (2g). Yellow solid (pet. ether), Ry 0.88, m.p. 99-100 °C.
Anal. Cacd. for CooHo7N702: C, 69.6; H, 6.07; N, 15.46 %. Found: C, 69.4, H,
6.07, N, 15.44 %. IR (KBr, cm1): 3150 (-NH stretching for secondary amine),
2930 (—NH stretching for secondary amine), 2922 (—CH stretching for sydnone
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ring), 1750 (—C=0 stretching for sydnone ring), 1594 (C=N stretching of pyra-
zole ring); H-NMR (300 MHz, CDCl3, § / ppm): 1.34-2.40 (10H, m, —CH>),
3.08 (1H, dd, -CH2, Ha, J = 15.06 Hz), 3.52 (1H, dd, -CH2, Hg, J = 15.68 Hz),
3.98 (2H, s, -CHp, N-CH2>-N), 4.42 (1H, dd, -CH, Hx, Jxa = 3.60 Hz, Jxg =
= 10.44 Hz), 3.2 (4H, s, CH>), 3.62 (2H, s, -CH>), 5.05 (1H, s, -NH, D50 ex-
changeable), 6.72 (1H, s, -C4—H of sydnone), 7.28-7.70 (18H, m, aromatic). 13C-
-NMR (300 MHz, CDCl3, ¢ / ppm.): 163.0 (C=0), 155.6, 155.6 (C=N), 137.2,
131.6, 131.5, 131.4, 131.0, 129.9, 129.8, 129.7, 129.6, 129.5, 129.4, 129.3, 129.2,
128.3,128.2, 128.1, 128.0, 126.8, 116.7, 116.5 (CH), 68.7 (CH>), 48.7 (CH), 47.7,
46.9, 42.3, 40.2, 40.1, 34.1, 33.6, 31.6, 24.8, 24.6 (CH»2). MS (m/z, (relative
abundance, %)): 724 (M*,15), 717, 678, 647, 633, 600, 579, 551, 520, 494, 473,
456, 421, 407, 406, 377, 379, 377, 345, 318, 301, 288, 276, 260, 250, 234, 218,
205, 178, 152, 132, 119, 103, 91, 77, 64, 44, 41.

3-(4-{1-[ Bis(aminomethylamino) methyl] -5-phenyl-4,5-dihydro-1H-pyrazol -3-
-yl}phenyl)sydnone (2h). Y ellow solid (ethanol), Rf 0.89, m.p. 141-142 °C. Andl.
Calcd. for Co1H2oNgO2: C, 77; H, 3.66; N, 14.0 %. Found: C, 77.01, H, 3.67, N,
14.02. IR (KBr, cm1): 3140 (-NH, stretching for primary amine), 2032 (-NH
stretching for secondary amine), 2920 (—CH stretching for sydnone ring), 1754
(—C=0 stretching for sydnone ring), 1590 (—C=N stretching for pyrazole ring).
IH-NMR (300 MHz, CDCl3, 6 / ppm): 0.88-2.17 (4H, m, —CHj), 3.07 (1H, dd,
—CHpy, Ha, J = 12.03 Hz), 3.53 (2H, s, -CH2, N-CH>—N), 3.52 (1H, dd, —CHp,
Hg, J = 12.46 Hz), 4.64 (1H, dd, —CH, Hy, Jxa = 4.50 Hz, Jxgz = 8.70 Hz), 5.04
(1H, s, -NH, D>0O exchangeable), 6.74 (1H, s, -C4—H of sydnone), 7.28-7.70
(9H, m, aromatic). 13C-NMR (300 MHz, CDCl3, 6 / ppm): 160.0 (C=0), 155.6
(C=N), 137.2, 132.0, 131.0, 129.9, 129.8, 129.6, 129.5, 128.3, 128.2, 128.1, 128.0,
126.8, 116.7 (CH), 72.8, 55.4 (CH>), 49.0 (CH), 41.7, 40.1 (CHy). MS (m/z, (re-
lative abundance, %)): 422 (M*, 25), 407, 406, 377, 379, 377, 345, 318, 301,
288, 276, 260, 250, 234, 218, 205, 178, 152, 132, 119, 103, 91, 77, 64, 44, 41.

3-{4-[ 1-(Mor pholin-4-ylmethyl)-5-phenyl-4,5-dihydro- 1H-pyrazol-3-y1)] -phe-
nyl}sydnone (2i). Yellow shiny solid (chloroform), R 0.85, m.p. 160-161 °C.
Anal. Calcd. for CooHo3N503: C, 65.18; H, 5.67; N, 11.85 %. Found: C, 65.15,
H, 5.65, N, 17.30 %. IR (KBr, cm1): 2922 (—CH stretching for sydnone ring),
1749 (—C=0 stretching for sydnone ring), 1596 (—C=N stretching for pyrazole
ring). 1H-NMR (300 MHz, CDCl3, § / ppm.): 2.45 (2H, dd, —CH>), 2.47 (2H, dd,
—CHpy), 2.63 (2H, s, —CH>), 3.09 (1H, dd, -CH», Ha, J = 12.13 Hz), 3.55 (1H, dd,
—CHy, Hg, J = 12.78 Hz), 3.71 (2H, dd, -CH>), 3.75 (2H, dd, -CH>), 3.94 (2H, s,
—CHy, N—CH>—N), 4.39 (1H, dd, —CH, Hy, Jxa = 4.80 Hz, Jyz = 9.00 Hz), 6.74
(1H, s, —=C4—H of sydnone), 7.28-7.70 (9H, m, aromatic). 13C-NMR (300 MHz,
CDCl3, 0 / ppm): 168.8 (C=0), 144.2 (C=N), 139.79, 128.8, 128.7, 128.5, 128.1,
128.0, 127.7, 127.58, 127.52, 126.85, 126.78, 126.57, 120.9 (CH), 73.83, 67.70,
51.39 (CHy), 49.0 (CH), 41.0 (CHy). MS (nvz (rel ative abundance, %)): 406 (M*,
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30), 379, 363, 334, 300, 288, 270, 260, 248, 235, 221, 206, 191, 178, 165, 150,
145, 130, 116, 105, 91, 77, 63, 44, 40.
3-[4-(1-1H-Benzotriazol-1-ylmethyl)-5-phenyl-4,5-dihydr o-1H-pyrazol -3-yl)-

phenylsydnone (2j). Straw colored solid (ethanol), Ry 0.88, m.p. 150-152 °C.
Anal. Calcd. for CogH19N7Oo: C, 65.90; H, 4.34; N, 22.42 %. Found: C, 65.87,
H, 4.37, N, 22.43 %. IR (KBr, cm1): 2921 (CH stretching for sydnone ring),
17455 (C=0 dretching for sydnone ring), 1595 (C=N stretching for sydnone
ring). 1H-NMR (300 MHz, CDCl3, 6 / ppm): 3.08 (1H, dd, CHp, Ha, J = 11.93
Hz), 3.73 (1H, dd, CHp, Hg, J = 12.87 Hz), 3.75 (2H, s, CHp, N-CH>-N), 4.52
(1H, dd, CH, Hy, Jxa = 3.60 Hz, Jxg = 8.43 Hz), 6.73 (1H, s, C4—H), 7.28-7.89
(13H, m, aromatic). 13C-NMR (300 MHz, CDCl3, ¢ / ppm): 164.0 (C=0), 155.6
(C=N), 137.2, 134.0, 132.0, 131.0, 130.7, 129.9, 129.8, 129.7, 129.5, 1285,
128.4, 128.3, 128.3, 128.2, 128.1, 128.0, 126.8, 116.7 (CH), 74.5 (CHy), 48.7
(CH), 40.1 (CH»). MS (m/z (relative abundance, %)): 437 (M*, 25), 406, 379,
377, 345, 318, 301, 290, 276, 260, 248, 234, 225, 205, 178, 165, 152, 132, 119,
103, 91, 77, 64, 50, 44, 41.
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Abstract: The production of lipase from Pseudozyma aphidis (DSM 70725)
was determined in six different media. The highest lipase production was ob-
served in a medium with glucose as the sole carbon source, and yeast extract
and sodium nitrate as the nitrogen sources. The time course studies of growth
and lipase production in the optima medium reveaed that the highest lipase
production was achieved at the end of the log phase of growth, reaching the va-
lue of 35.0 U cm3 in the fifth day of cultivation. The effects of various polar,
water-miscible, organic solvents on the activity and stability of the crude lipase
produced by P. aphidis were evaluated. The hydrolytic activity of the crude li-
pase towards p-nitrophenyl palmitate (p-NPP) in agueous media and in organic
solvents was determined, using the same spectrophotometric assay in both the
aqueous and organic media. The crude lipase preparation exhibited activity to-
wards p-NPP only in acetone and acetonitrile, while the lipase was stable only
in acetone, with 23 % residual activity after 24 h of incubation. These results
suggested that lipase from P. aphidis can be used as a biocatalyst for potential
applications in such organic solvents.

Keywords: lipase; activity; stability; organic solvents.

INTRODUCTION

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are serine hydrolases
that catalyze the hydrolysis of triacylglycerols to glycerol and free fatty acids.
They also catalyze a variety of synthesis reactions under reduced aqueous con-
ditions (e.g., esterification, transesterification, alcoholysis, acidolysis, aminolysis,

* Corresponding author. E-mail: nenadmil @chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C110428096D
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1082 DIMITRIJEVIC et al.

acylation and resolution of racemic mixtures).12 Thus, lipases have become
important for biotechnological and industrial applications.3

Biocatalysis in organic solvents offers severa advantages over biocatalysis
in agueous media, due to the increased solubility of hydrophobic compounds, the
ability to perform new reactions which are kinetically or thermodynamically
restricted in water, suppression of undesirable side reactions, control or modi-
fication of enzyme selectivity, the possibility of recovery of some products by
employment of low-boiling-point organic solvents and an increased enzyme
thermostability in organic solvents.24 Although enzymes exhibit many advan-
tages, they do not aways meet the desired levels of activity, productivity and,
most importantly, stability in organic solvents.® Generally, hydrophobic solvents
lead to higher enzymatic activity and stability than hydrophilic solvents, which
strip water required for the enzymatic function, and lower the catalytic acti-
vity.46 Thus, lipases that are active and stable in polar organic solvents would
enable new applications in biotechnological processes involving polar substrates.
For these reasons, it is necessary to find lipases that are active and stable in polar
organic solvents.2

A considerable number of bacterial and fungal lipases have been commer-
cially produced, the latter being preferable because fungi generaly produce
extracellular enzymes, which facilitate recovery of the enzyme from the fermen-
tation broth.” Pseudozyma (Candida) antarctica is one of the most important
sources of lipases for industrial applications.8 Lipases from P. antarctica have
many excellent characteristics and they are widely used for preparative purposes
in organic synthesis in many industrial applications and scientific research
projects.10-13 However, the aim of research dealing with enzymes in non-aque-
ous media is to determine the optimal conditions for a specific application.14
Very few studies have been devoted to direct comparisons of lipase activity in
aqueous and organic media.1>-17 This comparison is made difficult by the fact
that, generally, different reactions are used in both media for the activity assay.14
A simple colorimetric assay based on the hydrolysis of p-nitrophenyl fatty acids
esters was introduced by Pencreac’h and Berrati in order to compare the
hydrolytic activity of thirty two commercia lipase preparations in water and
heptane.1417 The main advantage of this assay is the use of the same hydrolytic
reaction in both agueous and organic media, which facilitates the activity
comparison.1” Hitherto, the hydrolytic activity of commercial lipase preparations
was determined only in a non-polar organic solvent (heptane).14 However,
commercia lipase preparations usually contain non-protein additives that can
greatly increase the enzyme activity in organic media and cause activity diffe-
rences among different preparations of the same enzyme.14

In the present study, the objective was to produce a crude lipase synthesized
by P. aphidis and to examine the hydrolytic activity and stability of the lipase in
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polar, water-miscible organic solvents from five organic classes (ketone, nitrile,
ether, alcohol, sulphoxide) using the same spectrophotometric method in aqueous
and organic media. P. aphidisis closely related to P. (Candida) antarctica, but is
considered a separate species.18 To the best of our knowledge, this is the first
time that the hydrolytic activity and stability of lipase produced by P. aphidis has
been determined in organic solvents.

EXPERIMENTAL

All employed chemicals were of the highest available purity, purchased from Sigma,
Merck, Bio-Rad or Aldrich.

Microorganism

Pseudozyma aphidis DSM 70725 was obtained from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ). Stock cultures were cultivated for 2 days at 25 °C on agar
medium containing 3 g dm3 yeast extract, 3 g dm= malt extract, 5 g dm'3 peptone from soy-
beans and 10 g dm3 glucose. The culture was stored at 4 °C and renewed every 4 weeks.

Media preparation and culture conditions

Seed cultures were prepared by inoculating cells grown on slants into a growth medium
(4 g dm3 glucose, 2 g dm3 sodium nitrate (NaNOg), 0.2 g dm3 magnesium sulphate
(MgS0,-7H,0), 0.2 g dm3 potassium dihydrogen phosphate (KH,PO,) and 1 g dm yeast
extract) at 25 °C on arotary shaker (300 rpm) for 2 days.

Seed cultures (1 cm3) were transferred into six 250 cm? Erlenmeyer flasks containing
100 cm? of six different cultivation media containing various carbon (glucose, glycerol, soy-
bean oil or rapeseed oil) and nitrogen sources (yeast extract, peptone or sodium nitrate (NaNOs)
and ammonium chloride (NH4Cl)) and incubated at 25 °C on a rotary shaker (300 rpm) for 6
days.1920 Detailed descriptions of the compositions of the cultivation media composition are
givenin Table |. After six days of cultivation, the lipase activity in the cultivation media was
determined.

TABLE |. Media composition (g dm™) for P. aphidis cultivation

Medium

Component

M1 M2 M3 M4 M5 M6
Glucose 10 10 - 120 - 40
Glycerol - - 6 - -
Rapeseed oil 5 - 5 - -
Soybean il - 5 - - 40
Y east extract 10 10 10 1 1 1
Peptone 10 10 10 - -
NH,CI 5 5 5 - -
MgSO, 7H,0 - - - 0.3 0.3 0.3
NaNO; - - - - - 3
KH,PO, - - - 0.3 0.3 0.3

Time course of P. aphidis cultivation in the optimal medium for lipase production

After the optimal medium for lipase production was determined, the seed culture (1 cm3)
was transferred into three 250-cm® Erlenmeyer flasks containing 100 cm3 of optimal (M6) me-
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dium (triplicate), and incubated at 25 °C on a rotary shaker (300 rpm) for 7 days. Aliquots
were withdrawn each day and the following parameters were determined: pH; absorbance at
610 nm; wet biomass; protein concentration, C, (mg cm3); lipase concentration, C, (U cm3),
and specific activity, §, (U mg of protein). The mean value of each parameter was cal cul ated
from the data obtained in thetriplicate trials.

Determination of growth parameters

The absorbance at 610 nm was measured. Additionally for biomass determination, 1 cm?3
of fermentation broth was centrifuged at 14,000xg for 15 min, the supernatant removed and
the remaining biomass was dried for 15 min at room temperature and weighed.

Protein determination

The amount of protein was estimated by the Bradford dye-binding method, using bovine
serum albumin (BSA) as the standard.2

Preparation of crude P. aphidis lipase

In order to produce the crude lipase preparation for the determination of the activity and
stability of lipase in organic solvents, 1 cm? of the seed culture (prepared as described above)
was transferred into 100 cm? of optimal (M6) media, and cultivated at 25 °C on a rotary shaker
(300 rpm). After five days of cultivation, when the highest lipase production was reached, the
cells were removed by centrifuging (3000 rpm, 30 min) and the supernatant was lyophilized
and used as the crude lipase preparation. The specific activity of the crude lipase preparation
was 705.88 U mg'! of proteins.

Lipase activity in aqueous media

The lipase activity in agueous media was measured spectrophotometrically using an assay
based on the hydrolysis of p-nitrophenyl palmitate (p-NPP), as described previoudy, with
modifications.22 The substrate was prepared as follows: 0.1586 g p-NPP, 0.0017 g sodium do-
decy! sulphate (SDS) and 0.1 g Triton X-100 were dissolved in 10 cm3 of 0.1 M Tris-HCI buf-
fer pH 8.2 (the final concentration of p-NPP was 0.0042 M) mixed vigorously and heated at
80 °C for 15 min.22 The enzyme and substrate were mixed and the increase of absorbance at
410 nm was monitored every 30 s for 3 min. The reaction rate was calculated from the slope
of the curve absorbance versus time using a molar extinction coefficient of 13,000 dm3 mol- et
for p-nitrophenol (p-NP). This value was determined from the absorbance of standard solu-
tions of p-NP in the reaction medium. One enzyme unit was the amount of enzyme liberating
one pmol of p-NP per minute under the above conditions.

Lipase activity in organic solvents

The hydrolytic activities of the lipase preparation in organic media were determined ac-
cording to Pencreac’ h and Baratti with modifications.1” A crude lipase preparation dissolved
in water was transferred to Eppendorf tubes containing 0.0042 M p-NPP dissolved in different
organic solvents (acetone, acetonitrile, dimethyl sulphoxide, t-butanol or 1,2-dimethoxyethane),
so that the final concentrations of the organic solvents in the assay were 95 %. The mixture
was incubated for 10 s at 25 °C under reciproca agitation at 1000 strokes per min. Mixing
was stopped and after 30 s the enzyme precipitated, since its is insoluble in organic solvents
and the clear supernatant was transferred to a cuvette containing 0.1 M Tris-HCl buffer pH 8.2
and the absorbance was read at 410 nm. The same was repeated in the next 30 min at regular
time intervals. The reaction rate was calculated from the slope of the curve absorbance versus
time using the molar extinction coefficients of p-NP in different organic solvents. The values
of extinction coefficients were determined from the absorbance of standard solutions of p-NP
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in the appropriate organic solvent, treated in the same way as in the assay. The extinction co-
efficients of p-NP were determined in organic solvents in which lipase activity was detected,
i.e., in acetone and acetonitrile, and they were 880 and 810 dm3 mol-1cmrl, respectively, under
the assay conditions. One enzyme unit was the amount of enzyme liberating one umol of p-
NP per min under the above conditions. In order to compare the activity in water and in or-
ganic solvents, the Ry/a value was introduced. Ry iS the ratio between the activity in the
organic solvent and the activity in the agueous medium.14
Lipase stability in organic solvents

0.025 cm?® of enzyme solution (P. aphidis lipase lyophilizate dissolved in water in an ap-
propriate concentration) and 0.475 cm?3 of an organic solvent (the same solvents used for the
examination of the lipase activity) were added into Eppendorf tubes, making the final concen-
tration of organic solvent 95 %. The solutions were incubated at 25 °C for 24 h. In order to
examine the denaturation kinetics of lipase, the remaining activity in the different organic sol-
vents was determined at different time intervals. The remaining activity in the organic sol-
vents was calculated from the absorbance change at 410 nm, considering the enzyme activity
at zero time as 100 %.

RESULTS AND DISCUSSION
Production of P. aphidis lipase and the cultivation time course

The production of lipase from P. aphidis was monitored in six different
media. 1920 After six days of cultivation, the lipolytic activity of P. aphidisin the
media supplemented with a lipid substrate (rapeseed oil or soybean oil) was
between 1.5 and 2.5 U cm3 (Fig. 1), which is in accordance with the results
obtained by other authors.23 However, a higher production of lipase was detected
in the media supplemented with rapeseed oil (M1 and M3 in Fig. 1) than in the
media supplemented with soybean oil (M2 and M5 in Fig. 1). This was expected,
since it was reported that rapeseed oil induces lipase production by P. aphidis.20
Generdly, a dightly higher production of lipase was observed in nutrient-rich
media (M1, M2 and M3 in Fig. 1) with both types of nitrogen sources (organic
and mineral) and two carbon sources (carbohydrate/glycerol and ail) as aso
reported by other authors.20 The lowest values of lipolytic activity were obtained
in the M4 medium, in which glucose was the sole carbon source and yeast extract
was the only nitrogen source. Thisisin accordance with a previous report, where
the lowest values of lipolytic activity were obtained in media supplemented with
carbohydrates as the sole carbon sources.23 The highest value of lipase produc-
tion was detected in the M6 medium (Fig. 1), which was similar in composition
to the medium used for seed preparation. It is interesting that the only difference
between the medium with the highest (M6) and lowest (M4) lipase production
was the presence of an inorganic nitrogen source (NaNOg) in the M6 medium.
This interesting observation indicates that selection of an inorganic nitrogen
source plays an important role in lipase production, although in some cases, it
could reduce lipase production.24 Factors controlling lipase synthesis and trans-
port have been investigated in only a few cases, e.g., the production of lipase by
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Pseudomonas sp. was shown to be strongly induced by triacylglycerols and
detergents and not repressed by glucose or glycerol.2526 However, lipase
production is strongly strain-dependent, for example Dalmau et al. indicated the
request for lipid substrates and the inhibition effect of glucose in the production
of lipase by Candida rugosa.23.27.28

20 -

15 + /
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510—

0_- N\ A N\

Cultivation media
Fig. 1. Lipolytic activity of P. aphidisin different cultivation media after 6 days of cultivation.

Since lipase production was the highest in the M6 medium (Fig. 1), time
course studies were conducted in order to determine the growth and lipase
production characteristics of P. aphidis in the optimal medium. Different para-
meters were determined, including growth (biomass and absorbance at 610 nm),
pH, Cp, Ce and S, at regular intervals (24 h) during seven days. The results ob-
tained are shown in Fig. 2. The highest lipase production (35.0 U cm=3) in the
M6 medium was achieved after five days of cultivation. This value was over four
times higher than in previous reports dealing with P. aphidis.2320 From the
values of the biomass and absorbance at 610 nm, it is clear that after five days of
cultivation P. aphidis reached a stationary phase of growth. Thus, the maximum
of lipase production was reached at the end of the log-phase. As P. aphidis en-
tered the stationary phase, the lipase production decreased and the protein
concentration increased, probably as a result of cell death.2> From Fig. 2, it is
clear that the specific activity was the highest at the end of the log-phase and
significantly decreased in the stationary phase of growth, due to a decrease of
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lipase activity and an increase of the protein concentration. Although it was
reported that lipase from C. antarctica showed the highest activity at pH 8.0 and
the enzyme was stable in the pH range of 7-9, the pH values during the cul-
tivation of P. aphidis ranged from 5-6 (Fig. 2).23
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Fig. 2. Time course of the growth and lipase production of P. aphidis
in the optima (M6) medium.

Lipase activity in agueous medium and in organic solvents towards p-NPP
hydrolysis

Pencreac’ h and Baratti proposed a method to compare the activity of lipases
towards p-NPP in agueous and organic medium.14 Since the same reaction was
used in both agqueous and organic media, the authors introduced the activity ratio
Roya to characterize the activity in organic media. Using this method, Pencreac’ h
and Baratti compared the hydrolytic activity of 32 commercia lipase prepa
rations towards p-NPP in aqueous media and in n-heptane.14 Since polar organic
solvents have technological advantages, such as low toxicity, low boiling points,
low costs and offer the possibility of using polar substrates for novel reactions,
the method proposed by Pencreac’ h and Baratti was modified in the present and
used to compare the activity of crude P. aphidis lipase in aqueous media and in
various, polar, water-miscible organic solvents (Table 11).2 The activity of P.
aphidis lipase towards p-NPP in an agueous medium was considered as 100 %.
Among the organic solvents, lipase activity towards p-NPP was only observed in
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acetone and acetonitrile (Table 1), giving values of Ro/a of 0.006 and 0.002,
respectively. In al other tested solvents, no activity was detected. It is clear that
lipase activity was detected in solvents with similar log P values. However, the
activity of lipase in acetone was three times higher than in acetonitrile (Table I1),
indicating that a specific functional group aso has an effect on the enzyme
activity, as was al'so observed in the case of C. antarctica lipase.2® From Table I,
it is obvious that the Rpoya values for acetone and acetonitrile were smaller than
one. This was not surprising since reported activities in organic media are usually
lower than those observed in agqueous media.”14 There are several possible
explanations for the low activity in organic solvents. First, the amount of avail-
able water, necessary for the hydrolysis reaction, could be too low to allow good
reaction rates. Second, the structural flexibility of the enzyme moleculesis lower
in an organic solvent than in water, which may reduce its activity. Third, the he-
terogeneous catalysis, which is a consequence of enzyme insolubility in organic
solvents, may lead to reduced activity due to limited substrates and/or product
diffusion.14

TABLE II. Activity of crude lipase from P. aphidisin 95 % organic solvents

Solvent Log P (o/w) Activity, % Roa
Water - 100 1
Acetone -0.24 0.62 0.006
Acetonitrile -0.15 0.21 0.002
Dimethyl sulphoxide -1.22 0 0
t-Butanol 0.35 0 0
1,2-Dimethoxyethane 0.09 0 0

Lipase stability in organic solvents

The stability in organic solvents is an important characteristic of lipases. It
can determine whether the enzyme can be used to catalyze synthetic reactions
and also to predict which solvent would be better for performing the reaction.2®
Lipases are diverse in their sensitivity to solvents, but there is a general agre-
ement that polar water-miscible solvents (—2.5 < log P < 0) are more destabili-
zing than water immiscible solvents (2 < log P < 4).30 According to Klibanov,
hydrophilic solvents exhibit a higher affinity to water and hence it is more likely
that they will strip essential water from enzyme molecules, than hydrophobic
solvents.31 Although in most cases, lipases have good stability in water immis-
cible organic solvents and are highly denatured in hydrophilic solvents, it was
reported that A. niger lipase exhibited better activity in acetone than in hexane
and heptane, indicating that the effect of water immiscible organic solvents on
enzyme stability differs from lipase to lipase.”-30:32.33 However, in general, water
immiscible organic solvents are not appropriate for reactions with polar sub-
strates or in cases where the two substrates greatly differ in terms of polarity.34
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Thus, lipases that are active and stable in polar solvents would open new oppor-
tunitiesin biocatalysis with polar substrates.2

Therefore, the stability of the crude lipase preparation produced by P. aphidis
in five water-miscible, 95 % organic solvents, from five organic classes was stu-
died. In zero time of incubation in 95 % organic solvents, the enzyme was stable
in al organic solvents except in dimethyl sulphoxide (DMSO), indicating that
enzyme deactivation in DMSO was immediate. Low enzyme stability and a
highly destabilizing effect of DM SO were also reported by other authors.29 After
1 h of incubation, the enzyme was stable only in acetone, with aresidual activity
of 82.2 %. In al other solvents, the stability was reduced drastically after 1 h.
The kinetics of denaturation of the lipase in acetone is given in Fig. 3. Although,
the enzyme had lost aimost 50 % of its activity after 3 h, it remained active even
after 24 h (Fig. 3).
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Fig. 3. Denaturation kinetics of P. aphidislipase in acetone.

The low stability of the crude P. aphidis lipase in water-miscible organic
solvents was the consequence of enzyme denaturation, due to stripping of water
from the enzyme surface, as described above. The high relative activity of P.
aphidis lipase (82.2 %) in acetone after 1 h of incubation corresponds to the
results obtained by other authors.2 Only a few reports show a high stability of
lipases in acetone after a prolonged period. For example, the lipase produced by
Pseudomonas sp. had relative activity values from 100 to 110 % after 15 h at
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room temperature in acetone, and the lipase from Mucor javanicus exhibited high
stability and an increased activity after 2 h of incubation at 25 °C in acetone.3536

CONCLUSIONS

The production of lipase from P. aphidis was the highest in the medium with
glucose as the carbon source, and yeast extract and NaNOs as the nitrogen
sources. It was shown that the nitrogen source, especially an inorganic nitrogen
source, plays an important role in lipase production. The highest lipase pro-
duction (35.0 U cm3) in the optimal medium was achieved at the end of the log
phase of growth during the fifth day of cultivation. The crude lipase preparation
exhibited activity towards p-NPP in acetone and acetonitrile. The activity in
acetone was three times higher. The results obtained indicate that besides the log
P values, specific functional groups of the solvent affect the enzyme activity. Of
the solvents tested, the lipase was stable only in acetone, even after 24 h. The sta-
bility and activity of the crude P. aphidis lipase preparation in acetone justifies
the search for potential applications of the enzyme in biocatalysis in such a
medium.
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U3BOA

ITPON3BOABA JIMIIA3E U3 Pseudozyma aphidis 1 YTBPBUBAKBE AKTUBHOCTU U
CTABMJIHOCTH JIMITA3E V¥ IIOJIAPHUM OPI'TAHCKHM PACTBAPAUMMA

AJIEKCAHJIPA JVUMUTPUIEBURY, IVILIAH BEJIMUKOBURY, IEJAH BE3BPAIULIAZ OUJINIT BUXEJIOBUR?,
PATKO JAHKOB' n HEHAJT MIJIOCABUR"

! Xemujcru gpaxyaitiei, Yuusepsuitieini y Beozpady, Citiydeniticku @ipz 12, 11000 beozpad u
2 Texnoaowxo—metmanypuku gpaxyaieisi, Yrnusep3auiteii y beozpaoy, Kapnezujesa 4, 11000 Beozpao

IMpoussoama nunaze u3 Pseudozyma aphidis yrephena je y mecrt paznunuutix meaujyma. Haj-
BHIIIA IPOU3BO/IEHA YOUCHA je Y MEIUjyMy I'JIe je TIIyKo3a Oria H3BOp yrIbeHHKA, a EKCTPAKT KBacla
U HaTPUjyM-HUTpAT U3BOpH a30Ta. [IpahiereM HHHAMEKE pacTa U MPOU3BO/IELE JIUNA3e y ONTHMAI-
HOM MEIHjyMy, YOUEHO je Jla ce HajBHIIa MPOM3BOAA JIMIA3e OCTIDKE Mpel Kpaj JoTapuTaMcKe
dase pacta, n goctmxe Bpeasoct o 35 U cm3 y metom naHy Ky/nTHBALMjE, LITO je YETPH MyTa
Beha pou3BO/ba 011 OHE 710 Caja MpHUjaBJbeHe Y IUuTepaTypu. YTBpheH je edekaTt pasnuuuTHX 110-
JapHUX OPraHCKHX pacTBapaya, MEUIJBUBHX Ca BOJOM, HA aKTHBHOCT M CTaOWIHOCT Jsinmnase u3 P.
aphidis. XuaponuTuyka akTUBHOCT JiMIIa3e npema napa-Hurpodenmwi-nanmutary (p-NPP-y) y Bo-
JICHO] CPeIVIHU M OPTaHCKUM pacTBapadnMa yTBpheHa je yrmoTpeOoM HCTOT CIeKTpo(OTOMETpH)-
ckor Tecta. [lokazaHo je ma nmumasza uMa akTuBHOCT mpema P-NPP-y camo y amerony u anetoHm-
TPHUITY, IOK je €H3UM CTaOHIIaH je[IMHO Yy alleTOHY U 3aapkaBa 23 % akTHBHOCTU HAaKOH 24 yaca WH-
Ky6Garuje. JloOujeHn pesynratu ykasyjy aa numnasa u3 P. aphidis moxe 6utu kopumhena kao 6uo-
KaTaJlM3aTop 3a MOTEHIMjATHE IPHUMEHE Y alleTOHY Kao MEIHjyMy.

(MTpumsbeno 28. anpuita, pesuaupano 7. jyna 2011)
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Degradation kinetics of six sulfonamidesin hen eggs under
simulated cooking temperatures
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Abstract: Six sulfonamides, i.e., sulfadiazine, sulfadimethoxine, sulfamerazine,
sulfamethazine, sulfamethoxazole and sulfamonomethoxine, were applied to spike
whole hen eggs at 0.1 mg kg! eggs. The spiked hen eggs were heated at 80 and
100 °C to investigate the degradation kinetics of the sulfonamides under simu-
lated cooking conditions. The sulfonamides added were extracted twice from
the spiked eggs with dichloromethane by an ultrasonic-assisted extraction, and
analyzed by a HPLC method after purification. The first-order rate constants
and half-life times of the sulfonamides were calculated, and the corresponding
apparent activation energy of their degradation was also obtained by applica-
tion of the Arrhenius equation. The results indicated that all six sulfonamides
degraded faster at the higher heating temperature, with first-order rate constants
ranging from 0.0056 to 0.0108 min! at 80 °C and from 0.0147 to 0.0394 min't
at 100 °C. The apparent activation energies for the degradation of the sulfon-
amides were estimated to be in the range 30.9 to 77.5 kJ mol-1. Sulfadiazine
and sulfadimethoxine had the shortest and longest half-life time, respectively,
and were the most instable and stable.

Keywords. sulfonamide; hen eggs; thermal degradation; kinetics, HPLC.

INTRODUCTION

Sulfonamides are synthetic antibiotics with a wide spectrum against most
gram-positive and many gram-negative organisms, and are used in human
medicine for therapeutic and prophylactic purposes. Sulfonamides are also
sometimes used as additives in animal feed for the prevention and treatment of
bacterial diseases in livestock, and might be accumulated in meat, eggs, milk and

* Corresponding author. E-mail: zhaoxh@mail.neau.edu.cn
doi: 10.2298/JSC100907093Z
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1094 ZHAO, WU and ZHANG

fish. In a recent study, Wang et al. found that 24 of 56 egg samples had sul-
fadiazine contents larger than 100 pg kg—1.1 Sulfonamide residues remaining in
foods are considered to be a harmful risk for consumers. A lega maximum
residue limit for sulfonamides was set at 100 ug kg1 in the United States and the
European Union.2 Various L C-based analysis methods with UV ,3 diode array or
photo-diode array detector,4° fluorescence detector,® and MS or MS/MS detec-
tion 79 have been developed to determine sulfonamide residues in various food
matrices. Other analysis techniques based on immunoassay1011l and capillary
zone electrophoresis!? were also applied in recent studies.

The residue levels of sulfonamides in foods are affected by food processing,
especially heat treatment. It is of interest to determine if sulfonamide residues
can be decreased by the usual cooking methods of foods. Furusawa and Hana-
busa used three different cooking procedures to study the net change of four
sulfonamide residues in chicken muscles.13 Rose et al. studied the heat stability
of sulfamethazine in animal tissues subjected to a range of cooking processes,
including boiling, roasting, grilling, frying, pressure cooking and microwaving.14
Fischer et al. reported cooking-related changes in sulfamethazine residues and its
metabolites in pork products.1> Xu et al. also investigated the effect of cooking
on sulfadimethoxine residues in the muscle of channel catfish.16 All these men-
tioned results showed that heat treatment decreased the residue levels of sulfon-
amides to different extents. Unfortunately, the degradation kinetics of the sulfon-
amides were neither measured nor studied.

In the present work, six sulfonamides, i.e., sulfadiazine (SDZ), sulfadime-
thoxine (SDM), sulfamerazine (SMR), sulfamethazine (SMZ), sulfamethoxazole
(SMX) and sulfamonomethoxine (SMM), were selected to study their degrada
tion kinetics in hen eggs under simulated cooking conditions. The spiked whole
hen eggs were heated at two temperatures for different periods. The sulfonamide
residues left in the cooked eggs were separated by ultrasonic-assisted extraction
and analyzed by a HPLC method. The degradation kinetics of the sulfonamides
were calculated and compared, whereby the degradations of the sulfonamides
were treated as first-order reactions.

EXPERIMENTAL
Reagents and materials

Six sulfonamide standards, SDZ, SDM, SMR, SMZ, SMX and SMM, were purchased
from Sigma (St. Louis, MO, USA) with declared purity of more than 99.5 %, and stored at
—18 °C. The first stock solutions (200 mg L™1) of the individual sulfonamides were prepared
by dissolving the sulfonamides in methanol separately. The second stock solutions of the indi-
vidual sulfonamide were prepared daily by diluting the first stock solution with mobile phase
to 10 mg L 1. Working solution of the mixed sulfonamides was daily prepared by combining
the second stock solution of the single sulfonamide in different volumes and diluting to a
fixed volume with mobile phase. These were used to determine the standard curve or to spike
hen eggs. The first stock solutions of the sulfonamides were stored at 4 °C for one week and
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then discarded later. The methanol used was of chromatographic grade; other employed che-
micals and solvents were analytical grade, and all were procured from Sigma-Aldrich (Schnell-
dorf, Germany). Water used was highly purified water prepared with Milli-Q PLUS (Millipore
Corporation, New York, NY, USA). Hen eggs were purchased from a supermarket in Harbin,
Heilongjiang Province and stored at 4 °C before use.

Preparation of spiked hen eggs

Some hen eggs were broken by hand and the contents of the eggs (whole hen eggs) were
collected and mixed well with a hand blender. After this, working solution of the mixed sul-
fonamides was added to the eggs to insure the content of the sulfonamides was 100 pg kgt
eggs. The spiked eggs were mixed well to distribute the sulfonamides. Portions of spiked eggs,
about 50.0 g, were put in beakers of 100 mL capacity, stood at ambient temperature for 1 h,
and then heated gently in a water bath to 80 or 100 °C with gentle stirring at the beginning.
After the central temperature of the sample had reached the selected cooking temperature,
zero reaction time was set and the eggs were heated continuously for different periods (4, 8,
12, 16 and 20 min). Then, the portions were rapidly cooled in ice-water to ambient tempera-
ture and stored at 4 °C until sulfonamide extraction and analysis. These samples were used for
the kinetics study.

Whole hen eggs were heated at 100 °C for 20 min without sulfonamide addition. The
heated eggs were cooled in ice-water both to ambient temperature and milled into fine par-
ticles. The cooked eggs were spiked and mixed well with the six sulfonamides at three levels,
0, 0.05 and 0.1 mg kg1 egg, left at ambient temperature for 1 h, and then used as the controls
for recovery evaluation. The cooked eggs were aso spiked and mixed well with the six sul-
fonamides at 6, 8, 10, 15 and 20 pg kg! eggs, and used to determine detection limits of the
sulfonamides.

Extraction and purification of sulfonamides from spiked hen eggs

The procedure for the extraction of the sulfonamides from the prepared samples was as
per the method of Kishidal” and our previous work!8 with some modifications. The spiked,
cooked eggs, 3.0 g, were put in a centrifuge tube together with 15.0 mL of dichloromethane,
and homogenized for 30 s with a handheld homogenizer. Then, the tube was put in an ultra-
sonic extractor and subjected to further extraction for 10 min at 10 °C. The mixture was cen-
trifuged at 400xg for 5 min, and the liquid phase was collected. The residue left was re-ex-
tracted once with 15.0 mL of dichloromethane as above. The combined liquid phase was fil-
tered through anhydrous sodium sulfate (2.0 g) into a 50 mL heart-shaped flask.

Glycol about 0.1 mL was added to the flask and the content in the flask was evaporated
with nitrogen gas in an evaporation station to remove the dichloromethane. The residue was
reconstituted to a volume of 1.50 mL with mobile phase, extracted with 3.0 mL n-hexane three
times to remove the lipids, and filtered through a 0.45 wm microporous membrane before HPLC
analysis.

HPLC analysis of sulfonamides

The analysis of six sulfonamides was performed in a liquid chromatograph 2695 Series
(Waters Corporation, Milford, MA, US) with a diode array detector (DAD), a Cqg reversed
phase column (Hypersil ODS 250 mmx4.6 mm i.d. 5 um, Elite Technologies, Dalian, Li-
aoning, China) at ambient temperature. The mobile phase consisted of methanol and 0.08 %
acetic acid in avolume ratio of 38:62. The flow rate was 0.7 mL min'L, Detection was realized
at a wavelength of 275 nm and the injection volume of the sample was 20 pL. Qualitative
identification of each sulfonamide in the samples was performed by comparing its UV spec-
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trum and elution time with those of the corresponding standard. Quantification of six sulfon-
amides was performed by comparing the peak areas of the sulfonamides to a calibration curve
of the standards, and used for the calculation of their degradation kinetics. Multitude-point
calibration was used in this work.
Satistical analysis

All data are expressed as means from at least five independent trials. The rate constants
of degradation of the sulfonamides were calculated by linear regression analysis using SPSS
13.0 software (SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION
Analysis of sulfonamides by HPLC

Chemical structures of six sulfonamides are given in Fig. 1. With the pro-
cedure employed in this work, the six sulfonamides were extracted efficiently
from the cooked hen eggs and measured accurately by HPLC. Typica HPLC
profiles of the six sulfonamides obtained from the standard solutions and the
samples are given in Fig. 2, which shows that the six sulfonamides were well
separated by the column with elution times ranging from about 6 to 17 min.
SMM was identified in the raw hen eggs by its UV spectrum obtained using the
DAD and its retention time. The analysis result revealed that the linear range for
the determination of the six sulfonamides was from 0.01 to 1.0 mg kg—! eggs (R? >
> 0.999). The data listed in Table | demonstrates that the detection limits for the
six sulfonamides ranged from 8 to 10 ug kg1 eggs (peak area three times larger
than the noise), and the addition recovery of the six sulfonamides at two addition
levels ranged from 78.8 (SMR, at 0.1 mg kgL eggs) to 103 % (SMM, at 0.1 mg
kg1 eggs). The lower recovery of SMR might be due to its lower stability, i.e.,
easier degradation during analysis sample preparation. The relative standard
deviation of the recovery of the six sulfonamides was less than 8.5 %. This
means that the applied extraction and purification procedure appeared to be
efficient, and the HPLC analysis procedure was applicable to detect sulfonamide
residues in the prepared egg samples.

> CH; CH;
(ﬁ N= . ﬁf . N= ? (l? r M=
”-‘“’“@j@f“‘ﬂ ) ) Ry /5 “:”Of;‘“”ﬁ, /

CH;
Sulfadiazine Sulfamerazine Sulfamethazine

OCH; OCH;
0 Ne= 3 = 3 0
. < q ) i N
H,N S—NH N H>N S—NH—, N H,N ?;—NH
| Y b I < Jff [ =
0 CH; 0 N 0 CH;

Sulfadimethoxine Sulfamonomethoxine Sulfamethoxazole

Fig. 1. Chemical structures of the six studied sulfonamides.
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Fig. 2. Typical HPLC profiles of the six sulfonamides obtained from standard solution of 0.05
mg kg (), contral (b) and extract of 0.1 mg kgt spiked whole hen eggs heated at 80 °C for 4
min (c). Peaks 1 to 6 in the profiles represent SDZ, SMR, SMZ, SMX, SMM and SDM,
respectively. As SMM was identified in the raw hen eggs, its content served as the back-
ground and it was discarded from the experimental data of the degradation kinetics.
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TABLE I. Mean recovery and limits of detection (LOD / %) of six sulfonamides from the
spiked hen egg using HPL C analysis (the number of replicate measurements was five)

Spiking level of the sulfonamides

Sulfonamide 0.05 mg kg™ 0.1 mg kg™* LOD / ug kg™
Recovery,% RSD/% Recovery,% RSD/%
SDM 835 7.7 91.8 5.8 10
SDZ 83.0 7.6 79.4 8.4 8
SMM 98.6 6.3 103.0 8.2 8
SMR 89.1 5.2 78.8 7.6 8
SMX 85.2 5.7 835 33 8
SMZ 86.8 4.3 89.7 4.1 10

Degradation parameters of the six sulfonamides in hen eggs during cooking

The sulfonamide residues remaining in the cooked hen eggs subjected to
different heating times were extracted and analyzed. Significant loss of the six
sulfonamides was found before zero reaction time. The fina results are given in
Table I1. The amount of sulfonamide residues showed a decreasing trend as the
heating time increased, indicating the degradation of the six sulfonamides.

TABLE Il. Contents of six sulfonamides remaining in the spiked hen eggs after heating at
different temperatures for various times (the number of replicate measurements was five)

Content of the sulfonamides, g kg™
SODM SDZ SMM SMR SMX SMZ

Cooking temperature, °C Heat time, min

80 4 784 410 691 658 671 767
8 769 400 680 640 657 750
12 744 389 644 630 640 730
16 733 361 627 608 618 69.1
20 717 348 610 578 610 655
100 4 680 293 535 475 591 619
8 640 252 515 454 540 605
12 60.0 245 442 40 472 549
16 564 175 376 321 464 492
20 540 160 36.0 297 426 485

Furusawa and Hanabusa found that when chicken muscles were cooked by
boiling, roasting or microwaving, the amount of SDM, SMX, SMM and sul-
faquinoxaline (SQ) remaining could be well-described by exponential equa-
tions.13 Their result meant that the degradation of four sulfonamides might be
first-order reaction, and the content variation of each sulfonamide in chicken
muscles at different cooking times would behave as Eq. (1).

dc_kt

- ®
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where c is the content of the sulfonamide, t is cooking time and K is the first-
-order rate constant of degradation of the sulfonamides.

The first-order rate constant of degradation and the half-life times of the six
sulfonamides in hen eggs at two cooking temperatures were thus calculated from
thedatalisted in Table Il using Egs. (2) and (3):

Inc=-kt+ A 2
0.693
tye=—— ©)

where A is a constant and ty/» is the half-life time of the sulfonamide. The
obtained values are given in Table 1.

TABLE I11. Kinetic parameters of degradation of six sulfonamides in hen eggs at two cooking
temperatures (k / min™, first-order rate constant of degradation; R, coefficient of regression;
ty, / min, half-life time)

Sulfonamide Kinetic parameter 80°C 100 °C R

SDM k 0.00560 0.0147 0.990-0.996
ty 124 47.1

SDz k 0.0108 0.0394 0.933-0.960
tys 64.2 17.6

SMM k 0.00830 0.0277 0.957-0.976
ty 835 25.0

SMR k 0.00780 0.0321 0.956-0.960
ty 88.8 216

SMX k 0.00630 0.0202 0.957-0.985
ti 110 34.3

SMZ k 0.00990 0.0174 0.943-0.962
ty 70.0 39.8

The data listed in Table Il indicate that first-order rate constant of degra-
dation was the highest for SDZ and the lowest for SDM, meaning they were the
most instable and stable, respectively, at the two studied cooking temperatures.
When the cooking temperature was elevated from 80 to 100 °C, all six sulfon-
amides degraded faster with the increases ranging from about 1.8 (SMZ) to 4.1
(SMR) folds. Based on the relationship between the first-order rates of degra-
dation and temperature, the apparent activation energy for degradation could be
estimated from the Arrhenius equation; the calculated activation energies for the
six studied sulfonamides ranged from 30.9 (SMZ) to 77.5 kJmol-1 (SMR).

It was reported that the loss of SMZ from animal tissue cooked in oil at 260
°C was obvious, with a half-life time of about 5 min.14 Fischer et al. found that
cooking causeed on average a 46.1 % reduction of SDM in raw fillet of fish fried
in vegetable oil at 190 °C.15 In addition, SDM residues in fish muscles cooked at
190 °C for 45 min were decreased by 54 %.16 The present result and the pre-
viously published results all demonstrate that the procedure of cooking could
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decrease the residue levels of sulfonamides in food of animal-origin. The results
from Furusawa and Hanabusa showed that the reductions of SDZ, SMX, SMM
and SQ were 45-61 % after 12-min boiling and 38-54 % after 12-min roasting at
170 °C.13 In their paper, it was also stated that when chicken muscle was cooked
by boiling or other methods, SDZ appeared to be the most unstable and SMM the
most stable, which is in agreement with the present finding. The study of Furu-
sawa and Hanabusa also showed that the half-lives of SDZ, SMX, SMM and SQ
in chicken muscle cooked by boiling and roasting decreased in the range from 7.3
to 20.3 min, which might support the results obtained in the present study at 100 °C.

CONCLUSIONS

The degradation kinetics of six sulfonamides, i.e., sulfadiazine, sulfadime-
thoxine, sulfamerazine, sulfamethazine, sulfamethoxazole and sulfamonometho-
Xine, in hen eggs at two simulated cooking temperatures were studied in the pre-
sent work by measuring the sulfonamide residues in the cooked eggs by HPLC.
The degradation of the sulfonamides was enhanced at higher temperature. The
degradation rate constants of the sulfonamides were obtained assuming first-
order reactions, and were found to range from 0.00560 to 0.0108 min—1 at 80 °C,
or from 0.0147 to 0.0394 min—1 at 100 °C. The apparent activation energy for the
degradation of the six sulfonamides was estimated to be 30.9 to 77.5 kJ mol-1.
Sulfadiazine appeared to be the least stable and sulfadimethoxine the most stable.
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U3BOA

KHHETHKA PA3JIATABA HIECT CYJIOOHAMUIA Y KOKOUINJEM JAJETY
Y CUMVJIMPAHUM YCIIOBUMA KYBABA

XIN-HUAI ZHAO", PENG WU" i YING-HUA ZHANG"

1Key Laboratory of Dairy Science, Ministry of Education, Northeast Agricultural University, Harbin 150030 «
2Northeast Agricultural University, Harbin 150030, P. R. China

Ilect cyndonamuma je ynero y kokommuje jaje (0,1 mg kg jaja): cyndanuazun, cynpamu-
METOKCHH, cyndamepasuH, cyiadamerasuH, cyadameTokca3on u cynhaMoOHOMETOKCHH. Jaja cy 3a-
rpesaa Ha 80 u 100 °C ma Om ce mcnuTana KMHETHKA pa3jlarama OBUX CyldoHaMuaa y cumy-
JMPaHUM yCIIOBHMA KyBama. CypOHaMUAN Cy EKCTPaxOBaHH M3 jaja TUXJIOPMETaHOM Y yATpa3Byd-
HOM KymnaTwiy u aHanmsupanu Metogom HPLC. M3pauyHaTe cy KOHCTaHTE peakimje MpBOT pena,
HOJTY)KHBOT CyJI()OHAMHU/IAa U SHEpPTUje aKTUBALje MPUMEHOM ApeHHjycoBe jenHadnHe. Pe3ynratu
Cy IOKa3aJM Ja ce CBHX LIecT cyildoHamuzia Opxe pacraja Ha BHIIMM TeMIlepaTypama, a KOHC-
tanTe 6p3une cy Gune 0,0056-0,0108 min! ma 80 °C u 0,0147-0,0394 min! ma 100 °C. U3pa-
yyHAaTA GHEprija aKTHMBALMjE 3a pasiarame cyldonamuna je omra 30,9-77,5 kJ moll. Cynda-
IMa3HH je IMao Hajkpahu momyXKuBOT U OMO je HajMame CTaOWiaH, JOK je HajIyXKH IOIyKUBOT U
HajBehy cTabmIHOCT UMao cyndaTiMeTOKCHH.

(TTpumibeHo 7. cenrreMbpa, peBuaupano 12. HoBemGpa 2010)
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Abstract: New complexes of N-isonicotinamido-4-chlorobenzalaldimine
(INHCBA) with Cu(ll), Co(ll) and Cd(l1), having formula of the type
[M(INHCBA)(ac)s]-xH,0 (M = Cu?*, x=1, M = Co?*, x =2, M = Cd?*, x =0,
ac = CH3COO"), and with Cu(ll), Mn(l1) and Zn(ll), having formula of the
type [M(INHCBA),(H50),] SO,-xH,0 (M = Cu2*, Mn?*, x = 2 and Zn?* x =
= 2.5) were synthesized and characterized by analytical and physico-chemical
techniques, i.e., elemental anayses, IR, UV-Vis-NIR and EPR spectroscopy as
well as thermal analysis and the determination of the molar conductivity and
magnetic moments. The thermal behaviour of complexes was studied by ther-
mogravimetry (TG), differential thermal analysis (DTA) and differential scan-
ning calorimetry (DSC). The ligand behaves as bidentate NO, being coordi-
nated through the azomethine nitrogen and carbonylic oxygen. The heats of
decomposition, AH, associated with the exothermal effects, were also deter-
mined.

Keywords. N-isonicotinamido-4-chlorobenzaladimine; template synthesis; transi-
tion metal complexes; thermal analysis.

INTRODUCTION

Schiff bases play an important role in inorganic chemistry due to their ability
to form stable complexes with most transition metal ions. The coordination
compounds of aroylhydrazones were reported to act as enzyme inhibitors and be
useful due to their pharmacological applications.1-3

The tuberculostatic activity of isonicotinic acid hydrazide and its aroylhyd-
razones containing azomethine nitrogen was attributed to their ability to form

* Corresponding author. E-mail: lucica_32@yahoo.com
doi: 10.2298/JSC101027097A
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stable complexes with d- and f-block metal ions.# Boraey presented the thermal
behaviour of some aroylhydrazone Schiff bases with transition metal com-
plexes.® The chromism of these complexes was discussed in terms of change in
the ligand field strength and/or coordination geometry. In the context of previous
research, a number of complexes of transition metals with ligands derived from
1-naphthal dehyde isonicotinoyl hydrazoneS and 2-(phenyl-2-pyridinylmethylene)-
-isonicotinohydrayide’ were obtained and characterized.

Thermal analysis techniques provided information concerning the stability
and decomposition of these compounds in the solid state.8-11 The results led to
information concerning the composition, dehydration and thermal behaviour of
the complexes.

The synthesis and characterization of three combinations of Cu(ll), Co(Il)
and Cd(I1) acetate and three combinations of Cu(ll), Mn(Il) and Zn(Il) sulphate
with N-isonicotinamido-4-chlorobenzalaldimine are reported herein. The struc-
tural formula of the ligand is shown in Fig. 1.

4
ND*% —NH—N=C H@Cl Fig. 1. The structural formula of N-isonicotin-
— 0] amido-4-chlorobenzalaldimine (INHCBA).
EXPERIMENTAL
Materials

All chemicals were of pure analytical grade and were purchased from Sigma-Aldrich and
Fluka.

Synthesis of N-isonicotinamido-4-chlorobenzalaldimine

N-Isoni cotinami do-4-chlorobenzalal dimine was obtained by refluxing a mixture of iso-
niazid (0.002 mol) and 4-chlorobenzaldehyde (0.002 mol) (molar ratio 1:1) on awater bath for
5 h. Ethanol (30 mL) was used as the solvent. After cooling, a white precipitate formed which
was filtered, washed with ethanol and dried under vacuum over CaCl,.

Synthesis of complexes

To ethanolic solution of isoniazid (0.002 mol in 30 mL of ethanol) was added an etha-
nolic solution of 4-chlorobenzal dehyde (0.002 mol in 30 mL ethanol). The mixture was stirred
at 50 °C for 30 min and then either an ethanolic solution of Cu (I1), Co (Il) or Cd (I1) acetate
(0.002 moal in 30 ml ethanol), or an ethanolic solution of Cu(ll), Mn(l1) or Zn(ll) sulphate
(0.001 mol in 15 mL ethanol) was added under stirring. The mixtures were refluxed on water
bath for 2 h. On cooling, the metallic complexes precipitated. The solid products (I-VI) were
filtered, washed with ethanol and dried under vacuum over anhydrous CaCl,.

Techniques

Elemental analyses (C, H and N) were realised with an Elemental Combustion System
CHNS-O, using a Costech device, type ECS 4010. The metal content was determined by gra-
vimetric methods: Cu with salicylaldoxime, and Co, Mn, Zn and Cd as pyrophosphates.12

The melting temperatures of the complexes were directly determined using an SMPI
Melting Point Apparatus (Stuart Scientific). The molar conductances of the complexes a room
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temperature were measured as 103 M solutionsin DMF using a Consort type C-533 conducti-
vity instrument.

The IR spectra (4000400 cml) were recorded in KBr pellets using a BIO-RAD FTS-
-135 spectrometer. The reflectance spectra of the complexes were recorded on a JASCO V
670 spectrophotometer.

The magnetic susceptibilities were determined at room temperature using the Faraday
method and the electronic paramagnetic resonance (EPR) spectra of the Cu(ll) complexes
were recorded at room temperature on a Jeol JESS FA 100 spectrometer, with a 100 Hz field
modulation.

The thermal experiments were performed on a Mettler Toledo TGA/SDTA 851e thermal
analyzer, within the temperature range 300-1300 K, and a Mettler Toledo DSC 853e differen-
tial scanning calorimeter, within the temperature range 300-900 K. The TG curves were re-
corded under a dynamic nitrogen atmosphere with a flow rate of 50 mL min't and at a heating
rate of 10 K min'L. The DSC curves were obtained under a dynamic nitrogen atmosphere with
80 mL min! flow rate and a 10 K min® heating rate. The samples were placed in aluminium
crucibles for the DSC experiments and alumina crucibles for TG/SDTA experiments, with a
pinhole in the lid to prevent pressure build-up due to gaseous products. The sample mass was
between 0.8 and 1.5 mg for both methods. At the end of the heating process, the mass of the
sample remaining after the DSC experiments represented approximately 35 % from its initial
values for al the studied complexes. The TG/DTA and DSC curves were used to characterize
the accompanying mass and heat changes during linear heating.

RESULTS AND DISCUSSION

A new Schiff base, named N-isonicotinamido-4-chlorobenzalaldimine, was
obtained by condensation of p-chlorobenzaldehyde (CBA) with isoniazid (INH).

Complexes with INHCBA were obtained by template synthesis. The com-
pounds were soluble in DMF and insoluble in other common organic solvents
(methanol, ethanol, acetone, diethyl ether and chloroform). The molar conducti-
vity measurements in DMF showed that the sulphate complexes were 1:1
electrolytes and the acetate complexes non-electrolytes.13

The analytica data showed that the complexes may be formulated as
[M(INHCBA)(ac)2] (M = Cu(ll), Co(ll) or Cd(ll), ac = CH3COO), and
[M(INHCBA)2(H20)2]SO4 (M = Cu(ll), Mn(I1) or Zn(I1)).

The results of elemental analysis for the prepared complexes are listed
below.

[Cu(INHCBA)(ac)2] -H20 (1). Anal. Calcd. for C17H1gCICuN3Og: C, 44.42;
H, 3.954; Cu, 13.85; N, 9.146 %. Found: C, 44.16; H, 3.745; Cu, 13.46; N, 9.376 %.

[Co(INHCBA)(ac)2] -2H20 (11). Anal. Cacd. for Cq7H2gCICOoN3O7: C,
43.166; H, 4.265; Co, 12.46; N, 8.887 %. Found: C, 43.421; H, 4.435; Co, 12.64;
N, 8.645 %.

[CA(INHCBA)(ac),] (111). Anal. Calcd. for C17H16CdCIN3Os: C, 41.63; H,
3.29; Cd, 22.93; N, 8.57 %. Found: C, 41.47; H, 3.61; Cd, 22.61; N, 8.90 %.
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[Cu(INHCBA)2(H20)2] (SO4)-2H20  (1V). Anal. Calcd. for
CosH2sCICuN3010S: C, 46.34; H, 4.192; Cu, 9.43; N, 6.23 %. Found: C, 46.78;
H, 4.365; Cu, 9.14; N, 6.48 %.

[Mn(INHCBA)2(H20)2] (SO4)-2H20 (V). Anal. Calcd. for
CoeHogCIMNN3010S: C, 46.94; H, 4.246; Mn, 8.26; N, 6.318 %. Found: C,
46.60; H, 4.564; Mn 8.41; N, 6.63 %.

[Zn(INHCBA)2(H20)2] (SOg4)-:2.5HO  (VI). Anal. Calcd for
CosH29CIN3O1055ZN: C, 45.60; H, 4.272; N, 6.139; Zn, 9.55 %. Found: C,
45.89; H, 4.601; N, 6.42; Zn, 9.30 %.

Some physical properties (colour, melting point, molar conductivity in DMF
10-3 M) of the complexes are given in Table .

TABLE |. Anaytical and physical data of the complexes (INHCBA = N-isonicotinamido-4-
-chlorobenzaaldimine; ac = CH,COQO")

Compound Colour M.p., °C A/ Q" cm?mol™  pus/ Mg
[CU(INHCBA)(ac),]-H,0 (1) Brown 270 55 2.25
[Co(INHCBA)(ac),] 2 H,0 (I1) Brown 255 41 551
[CA(INHCBA)(ac),] (111) Yellow 299 26 Diamagnetic
[CUINHCBA),(H,0),](SO,) 2H,0 (IV)  Green 239 86 2,07
[MN(INHCBA),(H;0),](SO,) 2H,0 (V) White  >325 80 5.78
[Zn(INHCBA),(H,0),](SO,) 25H,0 (VI) Yelow  >325 82 Diamagnetic

30> M in DMF at 20 °C

Infrared spectra

The main bands from the IR spectra of the ligand and its metal complexes
are presented in Tablell.

INHCBA is expected to act as tridentate ligand, the possible coordination
sites being the pyridinic nitrogen, the azomethine nitrogen and the amide group.
A study and a comparison of the IR spectrum of INHCBA and those of its metal
complexes imply that the ligand is bidentate in nature with the carbonyl oxygen
and the azomethine nitrogen as the two coordination sites.

In the IR spectrum of the ligand, an intense band appears at 1668 cm,
which is assigned to the frequency vibration v(C=0) amide |. In the IR spectra of
the complexes, the band group corresponding to amide | appear shifted by 569
cm1 towards lower frequencies, which indicates the involvement of the carbonyl
group in the coordination.14

The NH stretching bands of the free ligand occur at 3192 and 3091 cm 2,
respectively,15 and remain unaffected after complexation. This excludes the
possibility of coordination through the imine nitrogen atom.

Another important band occurs at 1592 cml, attributed to the v(C=N)
azomethine mode, appears in the IR spectrum of INHCBA.16 Shifts towards
lower values of Av, 6-45 cm1, were also observed for the frequencies charac-
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teristic of the azomethine group in all the spectra of the metal complexes. This
suggests the involvement of the azomethine nitrogen in the coordination of
INHCBA with the metal ions.1”

The spectra of complexes show bands assigned to both bridging and che-
lating binding coordination modes of the acetate anion.18 A correlation between
antisymmetric and symmetric carboxylate group infrared absorption frequencies
and carboxylate group types has been developed. The acetate ion in agqueous
solution is characterized by bands at 1578 and 1411 cm2, which are commonly
assigned to the antisymmetric (vasym) and the symmetric (vgym) stretching vib-
rations of the carboxylate group. These frequencies and, in particular, their
difference, Av = Vas—Veym have been used as an empirical indicator of the coor-
dination modes of acetates. According to Deacon and Phillips,8 a difference
larger than 200 cm1 indicates monodentate coordination, whereas one smaller
than 150 cm1 indicates a bidentate coordination mode. Moreover, it is accepted
that values of Av smaller than 200 cm can indicate a bidentate coordination
mode. In complexes I-111, the frequency of vagym(COO) appears at 1490 cm,
while those characteristic of vgym(COO) ranged from 1358-1414 cmL. For these
complexes, AV = Vagym—Veym < 150 cm1, which is an indication of a bridge or a
chelating binding mode for the coordination of the acetate group. Furthermore,
an increase of vaym as compared to free acetate corresponds to acetate in a
bridging coordination mode, while a decrease of vagym suggests a chelating bind-
ing mode.19

The IR spectra of the complexes 1V-VI show a band attributed to the
counter anion SO42-.14

The bands in the domain 3479-3400 cm! and 911-902 cmr? in the IR
spectra of the complexes | V-VI suggest the presence of coordination water.20

The overal IR spectral evidence suggests that INHCBA acts as a bidentate
ligand and is coordinated to the metal ions by the azomethine nitrogen and the
carbonyl oxygen, whereby afive-member chelate ring is formed.

Electronic and EPR spectra. Magnetic moments

The eélectronic spectral data and the magnetic moments of the complexes are
presented in Tablelll.

The UV spectrum of the Schiff base presents two bands at 37037 and 28248
cm1, assigned to n—n* and n—n* transitions.

The electronic spectra of the two Cu(ll) complexes exhibit bands at 14450
cm1 for complex |, and at 13774 cm2 for complex 1V, which can be attributed
to xy—x2—y2 transitions. These values together with the magnetic moments (2.25
and 2.07 ug) suggest an octahedral geometry for the Cu(ll) ions.21

The EPR spectrum of polycrystalline [Cu(INHCBA)(ac)2]-H20 complex (1)
was recorded at room temperature (Fig. 2a). This complex exhibited a broad and

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

2011 Copyright (CC) SCS




ABABEI et al.

1108

#U—U 8bPE
- - - [eIpoYEId0 $ UL 7896¢ (IA) OHS Z-COS)HODAVIOHNDUZ]
10 L8Y0E
KLU 9bTHE
- - - [eIpoYEId0 KU1 0LE6€ (A) OHZ-COSHO A VEOHND U]
A xAx YLLET
#U—T 69062
- - - [eIpoYEId0 $ UL 19+3¢ (AD OHZ- COS)HOMDAVEDHNDND]
$U—U L8Y0E
- - - [BIP3YEI0 Al T908€ () [(ee)(VEOHNDPO]
LT, SL88
8z 31
ﬁi& L, L99LT
(@"L,<"'L, PE8IT
$U—U 6€£T6¢
988°0 098 7088 [eIPaYLI0 KU1 8L8LE (1D otz [4ee)(VIOHNDOD]
mA\NxAI\Q 0StH1
KT 1068¢
- - - [eIpoYEId0 #UL L9T18¢E (D O*H-[4oe)(VEDOHNDND]
KU 88T
- - - - KLU LEOLE VIOHNI
q g o byo1 Anowooan) WOWUIISS Y Lo ‘Kouonborg punoduo)
soxo[dwoo pue pueSI[ 91} 10] SOrowoas pue ejep [e1oads oTUONdH I TTIVL
- - - €TIT 098 206 6¥S1 €991 6LvE  (IA) OHS T-("OSIHO'HAVEDOHNDYZ]
- - - L6T1 658 016 L¥ST 7991 00t< (A) O'HZ- COSHO' AV IOHNDYA]
- - - TI11 58 116 9861 991 00t€ (AD O*HZ (COSIHO'HAVEOHNDND]
€1 8SET 06¥1 - 958 - 0LST 6651 - (1D [Aee)(VIOHNDPD]
9L vIvI  06¥1 - $68 - 6951 €591 - (1D O*Hz [(ee)(VIDHNDOD]
601  08€1  68P1 - 8 - 6951 €091 - (D O°H-[Aoe)(VIOHNDND]
- - - - 058 - 7661 8991 - VEOHNI
Ay wisy  whsey omo] PAIBUIPIOO)) QUNOWOZY [ OPIUY
(000" Cosn NN Tioane T (=g (0= HOM punoduio)

soxa[dwod sy pue VGOHNI Jo (W) sdrouonbayy uondiosqe paregul pajod[es ‘I T1dV.L

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

)
O
(%2
-~
Q
)
N—
+
<
2
.
>
Q
Q
)
1
1
S
N



N-ISONICOTINAMIDO-4-CHLOROBENZALALDIMINE-METAL(II) COMPLEXES 1109

intense slightly anisotropic signal (gisotropic = 2.1096, Hisotropic = 319.971 mT),
assigned to the Cu(I1) ion in a quasi-isotropic octahedral environment.22

The [Cu(INHCBA)2(H20)2](S04)-2H20 complex (1V) was also examined
by EPR spectroscopy and the values for g and gL were determined for the
proper magnetic field (Table 1V). The EPR spectrum (Figure 2b) and the values
of the magnetic field parameters require an octahedral symmetry for the Cu(ll)
complex 1V.

TABLE V. EPR data of complex 1V

g H/mT
Compound
P 9 9. H) H.
[CU(INHCBA),(H,0),](SO,)-2H,0 (1V) 22648 21129 298.063 319.491

400 +
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-200
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-400
600 |
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Magnatic Fleld, mT complex | (a) and IV (b) at
(b) room temperature.
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The éectronic spectrum of the Co(l1) complex presents three bands at 8875,
17667 and 21834 cmL, attributed to the d-d transitions 4T1g—%T2g, 4T14(F)—
—%Aog and 4T1g—4T14(P), respectively. These transitions and the values of the
field parameters correspond to those characteristic for an octahedral geometry.21
For this complex, the experimentally determined magnetic moment was 5.51 up,
indicating a high-spin character and excluding oxidation to Co(l11). Thisvalueis
within the range of 4.3-5.7 ug corresponding to an octahedra geometry for a
cobalt ion.1/

The ligand field splitting energy (10Aq), the interelectronic repulsion
parameter (B) and the nephelauxetic ratio (f) for the Co(ll) complex were
calculated using the secular equations given by Konig23 and the values are pre-
sented in Tablelll.

In the spectra of the Cd(l1) and Zn(ll) complexes, the bands of the ligand
appear displaced to lower values. For d10 ions, the UV spectrum provides no
information about the environment. However, according to the IR spectra, an
octahedral environment of the metallic ion is proposed.

The Cd(I1) and Zn(l) complexes are diamagnetic, as expected for the d10
configuration.24

The Mn(l1) complex presents asignal in UV domain at 30487 cm1 assigned
to a transfer of electric load, according to the theory data for a d® ion. It is well
known that d—d transitions occur in d® systems but these transitions are of very
low intensity and hence no d—d bands for such transitions were observed.2>

The magnetic moment determined for the Mn(I1) complex was 5.78 ug. This
value falls in the range of 5.65-6.10 g and it is appropriate for manganese ions
in an octahedral environment.2>

Thermal behaviour of the complexes

The determined temperatures ranges and percent mass losses are given in
TableV.

The thermal TG/DTA and DSC curves of ligand are presented in Fig. 1-S,
Supplementary material. The TG/DTA curves of Schiff base ligand shows an
exothermal decomposition with a maximum at Tmgx = 603 K on the DTG curve.
The evaluation of the exothermal peak area (DSC curve) gave avaue of AH = —
1225Jg7L.

The TG/DTA and DSC curves of complex | are shown in Fig. 2-S, Supple-
mentary material. The mass loss observed between 323 and 373 K, correspond-
ing to an endothermic peak at 310 K on DTG curve, is due to dehydration with a
loss of one molecule of water (Calcd., 4.08 %; exp., 4.04 %). The thermal
decomposition occurred in two steps between 373-483 K and 483-1260 K with
total mass loss of 60.15 %. It can be observed from the TG curve that the
decomposition process was not completed. Decomposition of the complex was
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also confirmed by a strong exothermic effect on DSC curve with a maximum at
585 K. The evaluation of the exothermal peak area gave a value of AH =-9708.7
JgL. Thefinal residue, estimated as CuO and unreacted compound,26:27 had an
observed mass of 35.81 %.

TABLE V. Thermoanalytical results for the M(I1) complexes
Mass loss found

Compound TG range, K (calcd), % Assignment
[Cu(INHCBA)(ac),]"H,O (1) 323-373 4.04 (4.08)  Lossof lattice water
molecule
373483 10.15(10.45) Lossof CO, molecule
483-1260 50.00 Removal of theligand
(the thermal decom-
position was not
completed)
>1260 35.81 Leaving CuO and
unreacted compounds
[Co(INHCBA)(ac),]-2H,0 (11) 323-460 8.27 (8.26)  Lossof lattice water
molecule

460-1260 69.16 (69.44) Lossof CO, mole-
cules and decompo-
sition of ligand
>1260 22.57 (17.16) Leaving Co,0;
[CA(INHCBA)(ac),] (111) 500670 72.73(70.97) Lossof CO, mole-
cules and decompo-
sition of ligand
>670 24.48 (26.12) Leaving CdO
[CU(INHCBA)2(H20)5](SO,) 2H,O (1V)  323-383 7.31(7.34)  Lossof lattice water
molecule
383470 6.86 (7.34) Removal of coordi-
nated water molecule
470-1240 67.71(69.13) Removal of one mole-
cule of SO; and ligand
>1240 18.12 (17.48) Leaving CuO
[Mn(INHCBA),(H,0),](SO,) 2H,0 (V)  323-388 8.00 (7.46)  Lossof lattice water
molecule
388-523 7.83 (7.46) Removal of coordi-
nated water molecule
523-653 16.31(17.92) Removal of molecule
of SO,
653-1270 38.48(43.89) Removal of ligand
>1270 29.38 (29.00) Leaving MnO
[Zn(INHCBA),(H,0),](SO,4)-25H,0 (VI)  323-383 9.11(9.05)  Lossof lattice water
molecule
383473 6.28 (6.72) Remova of coordi-
nated water molecule
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TABLE V. Continued

Mass loss found

Compound TGrange, K (calcd), % Assignment
[Zn(INHCBA),(H20),](S0,)-2.5H,0 (VI) 473-673  16.32(17.51) Removal of molecule
of SO,

673-1270 37.29(38.43) Remova of ligand
>1270 31.00 (32.33) Leaving ZnSO,

The thermal decomposition of [Co(INHCBA)(ac)»]-2H>0 proceeded in four
stages (Fig. 3-S, Supplementary material). Therma dehydration occurred be-
tween 323 and 460 K with a mass loss of 8.27 %. The subsequent steps cor-
responded to the total decomposition of the complex. The DSC curve had a wide
range of thermal change with several exothermal superposed peaks with maxima
at 580, 660, 705 and 830 K. These are correlated with the decomposition of the
ligand molecules and loss of CO, molecules. The evaluation of the exothermal
peaks area (neglecting the partial superposition) gave a value of AH = -4657.9 J
g for the first peak and AH = —601.5 J g1 for the second one. The final
decomposition process corresponded to the formation of cobalt(l11) oxide as the
final product.

The TG/DTA and DSC curves of [Cd(INHCBA)(ac)o] complex are pre-
sented in Fig. 4-S, Supplementary material. The complex was stable up to 500 K.
The thermal decomposition progressed in one stage, as a complex process with
two superposed peaks. The end product, estimated as CdO, had an observed mass
of 24.48 %, compared with the calcul ated value of 26.12 %.

The complexes:

[Cu(INHCBA)2(H20)5](SO4)-2H20 (1V),

[MNn(INHCBA)2(H20)2](SOg4)-2H20 (V) and

[Zn(INHCBA)2(H20)5](SO4) 2.5H20 (V1)
underwent decomposition mainly in four stages (Figs. 5-S-7-S, Supplementary
material). The first stage occurred in the 323-383, 323-388 and 323-383 K
ranges, respectively, corresponding to dehydration process and release of two
crystallization water molecules for complexes 1V and V, and 2.5 molecules for
complex V1. The second decomposition
stage of the complexes corresponded to removal of coordinated water molecules.
The third decomposition stage of the complexes corresponded to partial decom-
position. The third stage for complex |V wasin the 470-773 K temperature range
with two strong exothermic peaks on the DSC curve with maxima at 484 K and
625 K. This correlated with the decomposition of the ligand molecule and
expulsion of SO3 molecules. The evaluation of the areas of the exothermal peaks
gave avalue of AH =-290.5Jg, and AH =-1735.9 Jg-1, respectively.
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The third decomposition stage of the complexes V and VI isin continuation
of the second stage, in the 523-653 K and 473-673 K temperature ranges,
respectively.

The final decomposition process for complexes IV and V corresponded to
the formation of copper oxide and manganese oxide, respectively, as the fina
product. The final residue for complex VI was estimated as ZnSOyg.

Based on the above analytical and spectral data and the thermal analysis, the
structural formula and stoichiometry for complexes indicated in Fig. 3 were

proposed.
0 N CH;3
o T
H3C< S y—0
0/7 \o
_N

i
H \

/

HC

N\

cl
@
— —_ 2+
cl
=
U\ H,0 )/\\)N
CH ~
I l O=¢
/N\ / \
HN /M\ NH
\(;40 f N/
= H,0 Il _
H ig. 3. Structural formula propo or a
\ 2 c Fig. 3. Structural f | sed for a)
N/ \©\ [M(INHCBA)(ac)s] xH,0 (M = Cu?*, x = 1,
cl M=Co®, x=2 M=Cd, x=0, a =
CH4CO0") and
(b) =Cu®, Mn?*, x=2and Zn**, x= 2.5.
CONCLUSIONS

Six new complexes of N-isonicotinamido-4-chlorobenzalaldimine (INHCBA)
with Cu(ll), Co(Il), Cd(I1), Mn(ll) and Zn(ll), were synthesized and characte-
rized. The spectroscopic data showed that the Schiff base ligand acted as bi-
dentate NO, being coordinated through the azomethine nitrogen and carbonylic
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oxygen. The structural formula of the complexes were proposed based on
elemental analysis, molar conductance, magnetic moment values, IR, UV-Vis
and EPR spectra and thermal analysis. The number of water molecules of crys-
tallization was determined by differential therma analysis. The thermal results
allowed information concerning the stoichiometry of these compounds to be
acquired.

SUPPLEMENTARY MATERIAL

The thermal TG/DTA and DSC curves of the ligand and complexes are available elec-
tronically at http://www.shd.org.rs/JJSCS/, or from the corresponding author on request.

U3BOJI

CUHTE3A 1 KAPAKTEPU3AIIUJA HOBUX KOMIIVIEKCA HEKX
JABOBAJIEHTHUX JOHA IIPEJIASBHUX METAJIA CA
N-U3OHUKOTNMHAMUIO-4-XJIOPBEH3AJIAJIIMMINHOM

LUCICA VIORICA ABABEI*, ANGELA KRIZA?, CRISTIAN ANDRONESCU® 1 ADINA MAGDALENA MUSUC?

“The House of Teachi ng Saff Giurgiu, 8, Nicholae Droc Barcian Street, Giurgiu, 2University of Bucharest,
Faculty of Chemistry, 23 Dumbrava Rosie Sreet, Bucharest u 3Romanian Academy, “ llie Murgulescu” Institute
of Physical Chemistry, 202 Independence Avenue, 060021 Bucharest, Romania

OmnucaHa je CHHTe3a M CTPYKTypHa KapaKTepH3allija HOBHUX KOMIUIEKCA JABOBAJCHTHHUX jOHA
npenasHux Merana ca N-usoHukotuHamun0-4-xnopoenzananauminom (INHCBA) kao nuranmom.
Haheno je ma xommiekcu Cu(ll), Co(ll) u Cd(Il) wumajy ommty ¢dopmyiay Tuma
[M(INHCBA)(ac),] - xH,0 (M = Cu?*, x = 1, M = Co?*, x = 2, M = Cd?*, x = 0, ac = CH3COO"),
nok je xom kommtekca Cu(ll), Mn(ll) u Zn(ll) wnahena ommra ¢dopmyna Tuna
[M(INHCBA)5(H50)5]SO4-XH,0 (M = Cu?*, Mn?*, x = 2 u Zn?* x = 2.5). 3a kapaxrepu3arjy
KOMILIEKCA YNOTPEOJbeHE Cy Pa3IMYUTE aHAIUTHYKE U (DU3MYKO-XEMHjCKEe METOAE, KaO IUTO Cy
enemeHTanHa Mukpoananu3a, IR, UV—VisNIR u EPR crnekrpockoruja, TepMaina aHanusa, Kao 1
pasnuunTa KOHAYKTOMETPHjCKa U MarHeTHa Mepera. TepMaiiHa aHii3a KoMIulekca ypaljeHa je Ha
6a3u TepmorpaBumerpujcke (TG) u audepenimjanae tepmanne ananuze (DTA), kao u nudepen-
mmjanne ckenupajyhe xanopumerpuje (DSC). Haljeno je ma ce mcnuTuBaHu Juranj OWUIESHTATHO
(NO) koopauHyje, 1 TO MPEKO a30METHHCKOT aTOMa a30Ta M KapOOHUITHOT aTOMa KHCEOHHKA.

(Mpumsseno 27. okrodpa 2010, peBuaupano 2. pedpyapa 2011)
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Abstract: Quantitative structure—activity relationship (QSAR) of tetrabutyl-
phosphonium bromide (TBPB) analogs as muscarinic acetylcholine receptors
(mAChRs) agonists was studied. A suitable set of molecular descriptors was
calculated and stepwise multiple linear regression (SW-MLR) was employed to
select those descriptors that resulted in the best fitted models. A MLR model
with three selected descriptors was obtained. Furthermore, the MLR model was
validated using the leave-one-out (LOO) and leave-group-out (LGO) cross-
validation, and the Y-randomization test. This model, with high statistical
significance (R%4n, = 0.982, F = 388.715, Q2 oo = 0.973, Q% ¢o = 0.977 and
RZe¢ = 0.986) could predict the activity of the molecules with a percentage
prediction error lower than 5 %.

Keywords: QSAR; muscarinic receptor; TBPB; multiple linear regression.

INTRODUCTION

Muscarinic acetylcholine receptors (mAChRS) are members of the GPCR fa-
mily A that mediate the metabotropic actions of the neurotransmitter acetylcho-
line (ACh).1=3 To date, five distinct subtypes of mMAChRs (M1-M5) have been
cloned and sequenced. M1, M3 and M5 activate phospholipase C and calcium
through Gqg, whereas M2 and M4 block the action of adenylyl cyclase through
Gi/0.1-3 mAChR-regulated cholinergic signaling plays a critical role in a wide
variety of CNS and peripheral functions, including memory and attention mecha-
nisms, motor control, nociception, regulation of sleep wake cycles, cardiovas-
cular function, renal and gastrointestinal function and many others.46 As a re-

* Corresponding author. E-mail: m_nekoei 1356@yahoo.com
doi: 10.2298/JSC101122102S
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sult, agents that can selectively modulate the activity of specific mAChRs have
therapeutic potential in multiple pathological states.1—6

Some novel tetrabutylphosphonium bromide (TBPB) analogs were recently
reported as highly selective M1 dlosteric agonists, which displayed robust effi-
cacy in severa preclinical antipsychotic models, as well as significant effects on
the processing of amyloid precursor protein (APP) towards the non-amyloido-
genic pathway and decreased AP production.’:8

Although there are several experimental methods available for screening the
biological activity of chemicals (e.g., in vivo and in vitro assay tests), and all
have been performed using receptors and other biological materials of human,
rat, mouse, and calf origin at least,® they are costly, time-consuming, and can
potentially produce toxic side products from the experimental methods used to-
day. This has meant that the development of computational methods as an alter-
native tool for predicting the properties of chemicals has been a subject of inten-
sive study. Among the computational methods, quantitative structure—activity re-
lationships (QSAR) have found diverse applications for predicting the properties
of compounds, including biological activity prediction,10 physical property pre-
diction!! and toxicity prediction.12 QSAR models are essentially calibration mo-
dels in which the independent variables are molecular descriptors that describe
the structure of molecules and the dependent variable is the activity of interest.

In the present work, stepwise multiple linear regressions were employed for
variable selection and model development in a QSAR analysis of the activity of
some novel TBPB analogs. Finally, the accuracy of the proposed model was il-
lustrated using leave-one-out (LOO) and leave-group-out (LGO) cross-valida
tions and the Y-randomization technique.

DATA AND METHODOLOGY

The data used in this QSAR study consisted of the half maximal effective concentration
(ECsp), which refers to the concentration of a TBPB analog that induces a response halfway
between the baseline and maximum, that were reported by Bridges et al.”8 The activity data
(ECsp (nM)) was converted to the logarithmic scale pECsy (- og ECsg (M)) and then used for
the subsequent QSAR analyses as the response variables. The z-matrices (molecular models)
were constructed with HyperChem 7.0 and molecular structures were optimized using the
AM1 algorithm.13 In order to calculate the theoretical descriptors, the Dragon package version
2.1 was used.!* For this propose the output of the HyperChem software for each compound
was fed into the Dragon program and the descriptors were calculated. As a result, a total of
1481 theoretical descriptors were calculated for each compound in the data set (32 com-
pounds).

The theoretical descriptors were reduced by the following procedure: 1) the descriptors
that were constant were eliminated (308 descriptors); 2) in addition, to decrease redundancy
existing in the descriptors, the correlation of the descriptors with each other and with the
PECs5q of the molecules were examined, and collinear descriptors (R > 0.9) were detected.
Among the collinear descriptors, the one that had the highest correlation with the pECsgq va-
lues was retained and the others were removed from the data matrix (736 descriptors).
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Multiple linear regression analysis

The multiple linear regression method (MLR) is one of the most used modeling methods
in QSAR. MLR regressions, a linear technique that can determine the relative importance of
descriptors, are usually used to generate QSAR models. The MLR method provides an equa-
tion linking the structural features to the pECsg of the compounds:

PECso = 8 + gd; +-...-+andy 1)
where the intercept (ag) and the regression coefficients of the descriptors (&) are determined
using the least-squares method. d; has the usual definition, variable or descriptor in this case.
The elements of this vector are equivalent numerical values of a 3D structure of the molecules
or the structural descriptors. The program used for the MLR analysis was written in Matlab
6.5.15
Stepwise multiple regression

The stepwise multiple regression technique based on forward selection was used to select
the most appropriate descriptors.1® The variable considered for inclusion at any step was the
one yielding the largest single degree of freedom F-ratio among the variables that were eli-
gible for inclusion. The variable was included only if this value was larger than a fixed value
Fi. Consequently, at each step, thejth variable was added to a k-size model if:

Rss<—Rssﬁ,-]>F
SK2+j "

In the above inequality, RSS is the residual sum of squares and S is the mean square
error. The subscript k+j refers to quantities computed when thejth variable was added to the k
variables that were aready included in the model.

Cross-validation technique

The consistency and reliability of a method can be explored using the cross-validation
technique.l” Two different strategies, leave-one-out (LOO) and leave-group-out (LGO), can
be employed in this method. In the LOO strategy, by deleting each time one object from the
training set, a number of models will be produced. Obviously, the number of models produced
by the LOO procedure is equal to the number of available examples n (n = 26). The prediction
error sum of the squares (PRESS) is a standard index to measure the accuracy of a modeling
method based on the cross-validation technique. Based on the PRESS and SSY (sum of the
squares of the deviations of the experimental values from their mean) statistics, Q? can be
easily calculated from Eq. (3):

PRESS | 2iy(Yew— Yorea)
S5y zill(YGXp_y)z

In the case of the LGO, G represents a group of randomly selected data points which
would be left out at the beginning and would be predicted by the model which was developed
using the remaining data points. Thus, G molecules are considered as a prediction set. The
value of Q?_go can be calculated using Eq. (4):

3

2
QLOO -

PRESS =1— Z‘4itislt(ye><P B ypred)2

SSY z:i(ye(p_ytrain)z

(4)

2 -
QLGO -
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It is usual to choose 20 % of the total number of molecules to be left out. Therefore, in
the present work, five data points were removed from the data set and the model was refitted;
the predicted values for those points were then compared to their experimental values. Again,
this was repeated until each data point had been omitted once. The higher the Q2 oo or
Q4 co, the higher is the predictive power of the model.

Y -randomi zation test

This technique ensures the robustness of a QSAR model.1® The dependent variable
vector (biological action) israndomly shuffled and a new QSAR model is developed using the
original independent variable matrix. The new QSAR models (after severa repetitions) are
expected to have low RZ and Q2 values. If the opposite is the case, then an acceptable QSAR
model cannot be obtained for the specific modeling method and data.

RESULTS AND DISCUSSION

For the selection of the most important descriptors, the stepwise multiple re-
gression technique based on forward selection was used. According to a rule of
thumb, at least five data points (compounds) should be included in the equation
for every parameter (descriptor). On the other hand, the ratio of 5 training mole-
cules for each descriptor must be included in the equation. In order to investigate
the optimum number of descriptors to be used in a model for modeling pECsg,
the statistical parameters (R2 and Q2) for 1-5 parameter models were calculated.
The results showed that the models with 4 and 5 descriptors did not significantly
improve the statistics of the models, which determined that the optimum subset
size had been achieved with a maximum of 3 descriptors.

Since colinearity between the variables degrades the performance of MLR-
-based QSAR models, before a multiparametric analysis was undertaken, the cor-
relations between every one of the variables used in this study were examined.
The correlation matrix itself showed how the employed descriptors were mutu-
aly correlated. The correlation matrix obtained in the present case is shown in
Table |, from which it could be seen that the correlation coefficient value of each
pair of descriptors was less than 0.60, which meant that the selected descriptors
were independent.

TABLE |. The correlation coefficient matrix for the descriptors used in this study

ATS8m C-028 SIC2
ATS8m 1
C-028 0.43 1
SIC2 0.16 —0.58 1

Predictive power of the model

In order to build and test the models, a data set of 32 compounds was ran-
domly separated into a training set of 26 compounds, which was used to build
model and a test set of 6 compounds, which was applied to test the built model.
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With the selected two descriptors, a linear model was built using the training set
data, and the following equation was obtained:

PECsg = 15.15(0.34) — 5.88(+0.94)ATS8m — 2.18(+x0.11)C-028  (5)
N = 26, R2in = 0.964, Q2 0o = 0.953, Q2 go = 0.956,
F = 310.829, R%eq = 0.984

In this and the following equations, N is the number of compounds, R2 is the
squared correlation coefficient, Q2 is the squared cross-validation coefficient and
F isthe Fisher F statistic. The figures in parentheses are the standard deviations.
Then the built model was used to predict the test set data. The statistical quality
of Eg. (5) is good, but to gain better quality results, the MLR model was used
with three descriptors and the following equation was obtained:

PECsg = 24.91(+2.18) — 3.79(+0.83)ATS8m —
— 2.54(+0.12)C-028 — 13.62(+3.02) SIC2 (6)
N = 26, R2in = 0.982, Q2 0o = 0.973, Q2 go = 0.977,
F = 388.715, R%eq = 0.986

The prediction results and relative error percentages (RE / %) are given in
Table Il, from which it can be seen that the calculated values of pECgg are in
good agreement with those of the experimental values and also the variables used
in this equation can predict the activity of the molecules with a prediction error
percentage of lower than 5 %. The values of pECsg for the compounds in the
training and test sets calculated using the Eq (6) are plotted versus the corres-
ponding experimental values in Fig. 1. A plot of the residuals for the calculated
values of pECsg in training and test sets versus the corresponding experimental
values is illustrated in Fig. 2. As can be seen, the model did not show propor-
tional and systematic error because the propagation of the residuals on both sides
of zero are random.

The model obtained was validated using the leave-one-out (LOO) and leave-
-group-out (LGO) cross-validation processes. With the LOO cross-validation, a
data point is removed from the set and the model is recalculated. The predicted
activity for that point is then compared to its actual value. This is repeated until
each data point is omitted once. For LGO cross-validation, 20 % of the data points
are removed from the data set and the model is refitted; the predicted values for
these points are then compared to their experimental values. Again, this is re-
peated until each data point has been omitted once. The cross-validation para-
meters are shown in Eq. (1). The crossvalidated correlation coefficient (Q2) is
0.973 for the LOO and 0.977 for the LGO cross-validations. These confirm that
the obtained regression model has a good internal- and external-predictive power.

However, the small data size may produce an overfitted model. In order to
assess the robustness of the model, the Y-randomization test was applied. The de-
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pendent variable vector pECsg was randomly shuffled and a new QSAR model
was developed using the original variable matrix. The new QSAR model is ex-
pected to show alow value for R%;4n and Q2 oo. Several random shuffles of the
y vector were performed, for which the results are shown in Table Ill. The low
R2ain and Q2 oo values show that the good results in the original model were
not due to a chance correlation or a structural dependency of the training set.

TABLE II. Chemical structures and the corresponding observed and predicted pECsy values
by MLR method

Compound No. General structure R, R,  PECspexpy MLR(yreq) RE?/ %
1P Ro 2-MeBn H 6.54 6.69 2.29
b HN COEt H 8.68 8.72 0.46
3 °=KN 2-MeBn Cl 5.99 592  -1.17
4° Bn cl 6.45 637 -124
5 ﬁj 2-CFBn  H 6.39 6.48 141
6° N 2-CFBn Cl 5.82 571  -1.89
7° 2-CIBnh H 6.59 655  —0.61
g° 2-CIBn Cl 5.74 5.90 2.79
o° N 2-NO,Bn H 6.92 673 275
10° Ri 2-NO,Bn  Cl 5.96 592  -0.67
11° 2-CNBn H 6.31 6.58 4.28
12° 2-CNBn Cl 5.80 578 -0.34
13° N SR, CHs 4F 897 901 045
14° 0= \ 7 CH; 5F 907 905 02
15° N CH; 6F 912 9.17 0.55
16° fj CF;, 4F 877 8.83 0.68
17° N CF;, 5F 898 887 122

18° N SRo 2-CH; H 9.06 918 132
19° oxX_\7 2CH, Cl 857 850  -0.82
20° N 3CH; H 9.29 908 -2.26
21° ﬁj 3CH; Cl 8.68 845  -2.65
22° \ 2CF; H 9.04 9.00 -0.44
23 2-CF; Cl 7.95 8.32 4.65
24 h 3-Cl H 9.03 881 244
25° N 3-Cl Cl 8.15 8.37 2.70
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TABLE Il. Continued

Compound No. General structure R, R,  PECsyeq) MLR(eq) RE / %°
26 HN—( R, - 4F 859 855  -0.47
b \
27 o< N7 - 5F 864 859  -0.58
28" N - 6-F 848 8.74 3.07
29° ﬁj ~  5C 839 853 167

\ - 5Br 836 834 -024

O:é

1

SO
b
31b HN \\/Rz - 6-F 802 8.21 2.37
32 o< N7 - 5Cl 844 807 -4.38

N

ﬁNj

h SCF,

N

O)\N

H

3Relative error percentage; Ptraining set; Stest set

10 -

OTraining
" ®Test 6
= R*=0.981
z
T;;
=] T 4
2
2
6 -
S L T L} T
5 6 7 8 9
Experimental (pECsg)

Fig. 1. The predicted versus the experimental pECsq by MLR.

Besides demonstrating statistical significance, QSAR models should also
provide useful chemical insights for drug design. For this reason, an acceptable
interpretation of the QSAR resultsis provided below. By interpreting the descrip-
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tors contained in the model, it is possible to gain some insight into factors which

NEKOEI et al.

are related to the activity of the mAChRs sel ective compounds.

1 -

OTraining
®Test
0.5 A
o}
@ o}
= © o° oF O <6
3 0 i © QO
z %g O‘ Ve %
o o o 00
o
-0.5
-1 r T T ;
5 6 i 8 9
Experimental (pECs)

Fig. 2. Theresidual versus the experimental pECgo by MLR.

TABLE IlI. R34, and Q4 oo values after several Y-randomization tests

Iteration Rluain Qoo
1 0.156 0.004
2 0.087 0.059
3 0.399 0.219
4 0.108 0.009
5 0.108 0.010
6 0.279 0.064
7 0.347 0.171
8 0.149 0.002
9 0.171 0.002
10 0.077 0.058

To examine the relative importance as well as the contribution of each des-
criptor in the model, the value of the mean effect (MF) was calculated for each
descriptor. The MF value indicates the relative importance of a descriptor in
comparison with the other descriptors in the model. Its sign exhibits the variation
direction in the values of the activities as a result of an increase (or reduction) of
the value of this descriptor.

ATS8m is one of the 2D autocorrelation descriptors which appeared in the
model. The 2D autocorrelation descriptor was successfully employed by Fernan-
dez et al.1920 |n these descriptors, the molecule atoms represent a set of discrete
points in space, and the atomic property and function are evaluated at these
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points. The symbol for each of the autocorrelation descriptors is followed by two
indices d and w, whereby d stands for the lag, and w stands for the weight. Thus,
for example, ATS8m means. the Broto—M oreau autocorrelation descriptor of lag
8 that is weighted by atomic mass. The lag is defined as the topological distance
d between pairs of atoms. The topological distance between a pair of atoms (i,j)
is given in the ijt" entry in the topological level matrix. The lag can have any
value from the set {0,1,2,3,4,5,6,7,8}. The weight can be m (relative atomic
mass), p (polarizability), e (Sanderson electronegativity) and v (Van der Waals
volume). The relative mass is defined as the ratio of the atomic mass of an atom
to that of carbon. Similarly, the other three weights p, e and v are scaled by the
corresponding values for carbon. The physico—chemical property (weights) for
ATS8m is atomic mass, which shows the mass of the atoms or molecules play
the main role in this descriptor. The ATS8m mean effect (MF = 0.083) has a po-
sitive sign, which indicates that the pECsg value is directly related to this descrip-
tor. Hence, it was concluded that by increasing the molecular mass, the value of
this descriptor increased, causing an increase of its pECsg value.

C-028 is the second descriptor, appearing in the model. It is one of the atom-
-centered fragment descriptors that describes each atom by its own atom type and
the bond types and atom types of its first neighbors.2! The C-028 descriptor
displays R-CR-X. This atom centered fragment descriptor is defined for each ring
atom that has three neighbors. In this case, R-CR-X can be defined as a central
carbon atom (C) on an aromatic ring that has one carbon neighbor (R) and one
heteroatom neighbor (X) on the same aromatic ring and the third neighbor out-
side thisring is acarbon (R). The C-028 mean effect (MF = 0.346) has a positive
sign, which indicates that the pECsq value is directly related to this descriptor.
Hence, it was concluded that by increasing the number of heteroatom (with
R-CR-X format) in molecules the value of this descriptor increased, causing an
increase of its pECsg value.

The last descriptor appearing in the model is the second-order neighborhood
structural information content (SIC2). It is calculated based on a hydrogen-de-
pleted molecular graph and represents a measure of the structural complexity per
vertex.21 The positive sign of the descriptor mean effect (MF = 0.571) confirms
that complex molecular structures with a diverse set of atoms in addition to car-
bon, such as nitrogen, oxygen, and halogens, which can establish covalent bonds
in the lattice, have a high pECsg value.

Summarizing, it is concluded that the mass, the number of heteroatoms, and
the number of halogens play the main roles in determining the activity of mAChRs
sel ective compounds.
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CONCLUSIONS

Quantitative structure—activity relationships were applied on TBPB analogs
as muscarinic acetylcholine receptors using the multiple parameter linear regres-
sion method. The separation of the data into two independent sets (training and
test) showed that the obtained MLR model can predict external data with great
accuracy. The proposed method, due to its high predictive ability, is a useful aid
to costly and time consuming experiments for determining the activity of TBPB
analogs. Selection of three variables, i.e., ATS8m, C-028 and SIC2, by the step-
wise multiple regression technique indicates the complexity of the activity me-
chanism. Synthesis of the new proposed molecules and their biological evalua-
tion will show if this procedure can be used as a general rational drug discovery
tool.

U3BOA

CTYJUJA KBAHTUTATHBHOI' OTHOCA CTPYKTYPA-AKTHUBHOCT 3A AHAJIOT'E
TETPABY TUJII®OCOOHUNIYM-BPOMUJIA KAO ATOHUCTA MYCKAPUHCKUX
ALIETWIXOJIMHCKUX PELIEIITOPA

MEHDI NEKOEI1, MAHMOUD SALIMI2, MOHSEN DOLATABADI® 1 MAJID MOHAMMADHOSSEINI!

1Department of Chemistry, Faculty of Science, Islamic Azad University, Shahrood Branch, Shahrood,
“Department of Chemical Engineering, Faculty of Engineering, Islamic Azad University of Arak, Arak u
SDepartment of Chemistry, Faculty of Science, University of Birjand, Birjand, Iran

IpoyuaBaH je KBAHTHTATHBHU OJHOC CTpyKTypa—aktiuBHOCT (QSAR) 3a aHasnore TeTpalyTHiI-
dochonnjym-6pomua (TBPB) kao aroHWCTa MyCKApHHCKHX alETHIXOJIMHCKHX PELenTopa
(mMAChRS). Oapehen je moromaH CKym MOJEKYJICKAX ISCKPHUITOpA M IPUMEHEHA MOCTYITHA
Buiectpyka nuHeapra perpecuja (SW-MLR). Ha Taj naunn cy u3abpaHu OHU AECKPUITOPU KOjH
najy Hajoosbe ciarame. Jlobujen je MLR momen ca Tpu meckpumTopa, KOjU je Jajbe TEeCTHUpPaH
momohy LOO u LGO mpoctynaka, kao u Y-HacymuuHe pacrnozene. OBaj moxen, ca A00puM
cTaTHcTHUKHM mokasaTersuMa  (RZyq, = 0,982, F =388,715, Q2 o0=0973, Q4 o =0,977,
R2,e = 0,986), omoryhyje 1a ce IpeBUIM AKTHBHOCT MOJIEKYJIA Ca FPELIKOM MamoM 0f1 5 %.

(MTpumsbeno 22. HoBemOpa 2010)
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Effects of dopants on theisothermal decomposition kinetics
of potassium metaperiodate
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Abstract: The isothermal decomposition and kinetics of potassium metaperiod-
ate (K10,) were studied by thermogravimetry as a function of the concentration
of dopants. The thermal decomposition of KIO,4 proceeds mainly through two
stages: an acceleration period up to o = 0.50 and a decay stage. The thermal
decomposition data for both doped and untreated K10, were found to be best
described by the Prout—Tompkins Equation. The o~t data of doped and un-
treated samples of KIO, were subjected to isoconversiona studies for the de-
termination of the activation energy values. The isoconversional studies of the
isothermal decomposition of untreated and doped samples of K1O, indicated
that the thermal decomposition of KI1O, proceeds through a single kinetic mo-
del, the Prout-Tompkins model, throughout the entire range of conversion, as
opposed to earlier observations.

Keywords: doping; isoconversional analysis; isotherma decomposition; K10O;,.

INTRODUCTION

Thermal decomposition studies are one of the most common and widely
used techniques employed to obtain insight into the elementary steps of solid-
state reactions. The reactivity of solidsis greatly modified by pre-treatment, such
as doping, pre-compression, pre-heating, etc. The nature of influence of the pre-
-treatment provides valuable information of the elementary steps of solid-state
reactions and thereby on the mechanism and control of solid-state reactions.1.2
Kinetic studies are one of the important applications of thermal analysis. Solid-
state kinetic data are of practical interest for a large and growing number of
technologically important processes. A large number of reviews are available in
the literature on such processes.3-10

* Corresponding author. E-mail: kmuralika@gmail.com
doi: 10.2298/JSC090918099M
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The methods of kinetic analysis can be classified based on the experimental
conditions selected and the mathematical analysis performed. Experimentally,
either isothermal or non-isothermal methods can be used. The isothermal me-
thods are based on the initial assumption that a single conversion function and a
single set of Arrhenius parameters, A and E, apply over the full range of the
degrees of conversion. The main problem in isothermal kinetic analysisis that a
sample requires some time to reach the experimental temperature. We solved this
problem by fabricating a thermobalance particularly for studying the isothermal
kinetics of solid-state reactions. The effects of pre-treatments on the thermal
reactivity of several high-energy solids, such as halates and perhalates, were re-
ported11-19 that throw light on the mechanism of their decomposition. Thermal
decompositions of halates and perhaates, which occupy an important place in
modern solid-state chemistry, are extremely sensitive to the presence of impu-
rities, additives, etc., and more data of thiskind are desirable.

According to thermoanalytical studies, KIO4 decomposes in two steps.20.21
At about 570 K, KIO4 decomposes with heat evolution to potassium iodate
(K103) and oxygen. The decomposition of KIO3 to KI occurs in the range 780—
—800 K. In the thermal decomposition of KlQy4, the identification of the six-
-valent iodine compound, K2l O4, analogous to the compounds, M2l O4 formed in
the decomposition of lithium and sodium periodates has not been realised. The
effects of several pre-treatments on the kinetics and mechanism of the thermal
decomposition of KIO4 have been studied. It was observed that KlOy4
decomposes via the Prout—Tompkins mechanism. Earlier investigations!3.16:18,19
showed that the isothermal decomposition of KIO4 follows Prout—Tompkins
kinetics at all temperatures studied and it was proposed that the probable rate
determining step in the thermal decomposition of KIQy is the transfer of an
electron from the periodate anion to the potassium cation, rather than the rupture
of the 1-O bond or the diffusion of cations/anions.

Studies on the effect of metal oxide (CuO, MnO» and TiOy) additives on the
thermal decomposition kinetics of potassium metaperiodate (K104) to potassium
iodate (KI103), in air by thermogravimetry under isothermal conditions,18 re-
vealed that irrespective of whether p- or n-type, the metal oxides had little or no
influence on the rate of the decomposition, except for a small decrease when the
oxide concentration was as high as 10 wt. %. The rate law for the decomposition
of KlIO4 (Prout-Tompkins model) remained unaffected by the additives. The
behaviour of mechanical mixtures of KIO4 with n- and p-type semi-conducting
oxides suggests that the electron work functions of these oxides might be smaller
than that of KIQy4; hence, they lack electron acceptor property with respect to
K104 and thusfail to favour electron transfer processes.

In continuation of investigations on the thermal behaviour of periodates of
alkali metals,13.16-19 in this paper, the results of isoconversional analysis of the
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isothermal decomposition kinetics of doped and untreated samples of KIOg4 in the
temperature range 560-580 K are reported. Isoconversional kinetics rests upon
the evaluation of the dependence of the effective activation energy on conversion
and using this dependence for making kinetic predictions and for exploring the
mechanism of thermal processes.

EXPERIMENTAL

All the employed chemicals were of AnaaR grade reagents from Merck. Doped samples
of K10, at four concentrations, viz., 104, 103, 102 and 0.1 mol % were prepared by the me-
thod described earlier.1316 BaCl,, AlCl5-6H,0, K,S0, and K5PO, were used for doping Ba*,
Al3*, SO,% and PO, respectively. The thermogravimetric (TG) measurements in static air
were performed on a custom fabricated thermobalance, 16, an upgraded version of Hooley.22

A magjor problem? in isothermal experiments is that the sample requires some time to
reach the experimental temperature. During this period of non-isothermal heating, the sample
undergoes some transformations that are likely to affect the results of the following kinetic
analysis. The situation is especially aggravated by the fact that under isothermal conditions, a
typical solid-state process has its maximum reaction rate at the beginning of the transforma-
tion. Hence a thermobalance was fabricated particularly for isothermal studies, in which load-
ing of the sample is possible at any time after attaining the desired temperature. The opera-
tional characteristics of the thermobalance are: accuracy; balance: +1.0x10° g, temperature:
+0.5 K, sample mass. 5x102 g, particle size: 90-106 um and crucible: platinum. The fraction
of solid decomposed (&) was measured as a function of time (t) at five different temperatures,
viz., 560, 565, 570, 575 and 580 K.

The a—t data, in the o range 0.05-0.95, of doped and untreated samples of KIO, were
subjected to isoconversiona studies for the determination of the apparent activation energy as
afunction of « from the sets of isothermals obtained. The activation energy value (for agiven
value of @) of the decomposition reaction was calculated from a plot of In t (t being the time
required to reach a given value of « at a constant temperature T) versus the corresponding
reciprocal of the temperature (1/T).

RESULTS AND DISCUSSION

The ot curves for the decomposition of the pure and doped samples of
KIO4 at 560 K are shown in Fig. 1. Similar curves were obtained for all other
samples of KIO4 (doped and untreated) at all temperatures. The decomposition
proceeded mainly through two stages: i) an acceleration period up to o = 0.50
and ii) a decay stage.

The a—t data in the « range 0.05-0.95 were fitted to various solid state ki-
netic equations, given in Table S| of the Supplementary material, using the me-
thod of weighted least squares, as described earlier.13 The Prout-Tompkins
Equation,24 In (ad(1-a)) = kt, which is the simplest case of an autocatalytic
reaction, gave the best fits for all the studied temperatures. A typica fit for the
Prout—Tomkin model for the decomposition of the untreated sample of KIO4 at
560 K isshown in Fig. 2. Typica fits for al kinetic models described in Table S+
for the decomposition of the untreated sample of KIO4 at 560 K are shown in
Figs. S-1-S-4 of the Supplementary material. Similar fits were obtained for all
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other samples of KIO4 and at al temperatures (not shown). Separate Kinetic
analyses of the ot data corresponding to the acceleration region (o range 0.05—
—0.5) and the decay region ((« range 0.5-0.95) showed that the acceleration stage
was best fitted by the Prout—Tompkins equation itself, whereas the decay stage
was better fitted by the contracting area equation.13.16,19 Doping did not change
the basic shape (sigmoid) of the o~t plots and the decomposition proceeded
through the two stages mentioned in the case of pure KIQO4, obeying the same
rate laws mentioned above for the two decomposition ranges.
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Fig. 1. The o~ curves for the isothermal decomposition of A: sulphate; B: phosphate; C:
barium- and D: aluminium-doped K10, at 560 K; 0 mol %, a, 10* mol %, b, 10" mol %, c,
102 mol %, d, 0.1 mol %, €; in C and D, curve ais superimposed on curve e.

The o+t data, in the a range 0.05-0.95 with an interval of 0.05, of the un-
treated and doped samples of KIO4 were also subjected to isoconversional stu-
dies for the determination of the apparent activation energy as a function of a. A
plot of In t (t being the time required to reach a given value of o at a constant
temperature T) versus the corresponding reciprocal of the temperature (1/T) leads
to the activation energy for the given value of «. Typica isoconversional plots
for the isothermal decomposition of sulphate doped KIQO4 (at different conver-

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

2011 Copyright (CC) SCS



ISOTHERMAL DECOMPOSITION KINETICS OF POTASSIUM METAPERIODATE 1133

sions) are shown in Fig. 3. Similar plots were obtained for all other doped samp-
les of KIO4. Values of slope and correlation coefficient obtained for the isocon-
versional plots of sulphate and barium doped samples of KIO4 at different dopant
concentrations at different conversions are given in Tables | and 11, respectively.
Similar values were obtained for isoconversional plots of all other doped samples
of KIOg4. In al cases, the isoconversional plots gave good correlations. A plot of
the apparent activation energy vs. conversion for untreated K1Og4 is shown in Fig.
4 and those of the doped samplesin Fig. 5.

Prout-Tompkins

r=0.9958

20 40 50 60 70 80
t/ min

Fig. 2. Typical modél fitting least square plot for the Prout—T ompkins model
for the decomposition of K10, at 560 K.

Philips and Taylor2> proposed that the rupture of the I-O bond determines
the rate of the decomposition of K1O4 to KIO3. Contrary to the observation of
Hill, 26 they pointed out that the autocatalytic stage does not involve a diffusion
chain and reported an activation energy (E) value of 191 kJ mol=1 for the decom-
position of KIO4. Our earlier investigations!3.16,18,19 showed that the isothermal
decomposition of KIO4 follows Prout—-Tompkins kinetics at all temperatures
studied with an E value of 2063 kJ mol—L. The acceleration stage was best de-
scribed by the Prout—Tompkins equation itself, with an E value of 21843 kJ mol—L.
However, the decay stage was best represented by the contracting area equation
with an E value of 185+3 kJ mol—1. Based on these previous results, we sug-
gested that KIO4 decomposes in accordance to the Prout—Tompkins model with
two dimensional nucleus growth up to 50 % decomposition, and thereafter
through the contracting area law. Several authorsl?2527-30 reported such a
description of the reaction kinetics using different rate laws for different ranges
of . We reported earlier that the rate law and the activation energy of the de-
composition remained unaltered by doping and observed that the basic mecha
nism of the decomposition was not affected by doping, the only effect being a
modification in the concentration of active sites.
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Fig. 3. Typical isoconversional plots for sulphate doped K10, at 560 K.

TABLE |. Vaues of dope and correlation coefficient obtained for the isoconversiona analysis
of sulphate-doped samples of KIO, at different dopant content and at different conversions

Dopant content, mol %
o 10* 10° 10° 0.1
Slope, K™ r SopeK' r SopekK' r  SopeK' r

0.05 243515 0.9982 244925 0.9996 24598.1 0.9987 24596.9 0.9985
0.10 24609.0 0.9985 248224 0.9996 24914.3 0.9988 24908.9 0.9988
0.15 248355 0.9987 249739 0.9988 25066.0 0.9990 25123.3 0.9989
0.20 24923.0 0.9989 25008.7 0.9988 24764.7 0.9981 25203.3 0.9989
0.25 249541 0.9988 25146.2 0.9989 253514 0.9991 25314.1 0.9989
0.30 25025.9 0.9989 25231.0 0.9990 25365.8 0.9991 25352.1 0.9989
0.35 25126.7 0.9990 25269.2 0.9991 254055 0.9992 25352.0 0.9990
0.40 25182.6 0.9991 25372.0 0.9992 25464.2 0.9992 25450.5 0.9989
0.45 25251.1 0.9989 25388.8 0.9991 254945 0.9990 25512.0 0.9989
0.50 25273.1 0.9991 25424.0 0.9992 25525.6 0.9991 255729 0.9990
0.55 25302.6 0.9991 253989 0.9992 25530.6 0.9992 25565.2 0.9990
0.60 252432 0.9991 25380.1 0.9993 25490.4 0.9992 25529.7 0.9992
0.65 25262.9 0.9993 25366.1 0.9993 25506.2 0.9994 25517.6 0.9991
0.70 25237.6 0.9993 25384.7 0.9994 25520.8 0.9994 255354 0.9992

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

2011 Copyright (CC) SCS



ISOTHERMAL DECOMPOSITION KINETICS OF POTASSIUM METAPERIODATE 1135

TABLE I. Continued

Dopant content, mol %
o 10" 10° 10° 0.1
Slope, K™ r  Sope K' r  SopeK' r  SopeK' r

0.75 25276.7 0.9993 25389.1 0.9993 25487.8 0.9994 25538.0 0.9994
0.80 25257.2 0.9994 25407.5 0.9993 25513.7 0.9996 25598.4 0.9994
0.85 25203.7 09994 25388.3 0.9994 25530.2 0.9996 25568.6 0.9996
0.90 25239.6 09995 25470.2 0.9995 25521.6 0.9996 25603.3 0.9996
0.95 25278.6 09996 254225 0.9996 25486.7 0.9997 25570.3 0.9998

TABLE Il. Vaues of dope and correlation coefficient obtained for the isoconversiona analysis
of barium-doped samples of K10, at different dopant concentrations and at different conversions

Dopant content, mol %
o 10* 10° 10° 0.1
Slope, K™ r SopeK' r  SopekK' r  SopeK' r

0.05 24322.1 0.9996 24355.6 0.9986 24387.2 0.9995 24591.4 0.9987
0.10 24635.0 0.9987 24231.8 0.9982 24313.2 0.9981 24957.9 0.9988
0.15 24808.8 0.9985 24393.3 0.9988 24585.6 0.9989 248325 0.9990
0.20 24792.8 0.9987 24530.4 0.9989 246954 0.9990 24777.8 0.9991
0.25 24853.0 0.9989 24824.8 0.9992 24966.2 0.9993 24935.0 0.9989
0.30 249129 0.9990 24972.3 0.9992 25086.5 0.9993 25104.3 0.9990
0.35 249155 0.9989 249754 0.9991 25122.0 0.9992 25286.7 0.9993
0.40 25018.1 0.9988 25147.6 0.9993 25289.1 0.9993 25376.4 0.9994
0.45 25081.4 0.9990 25253.6 0.9993 25407.3 0.9995 25467.3 0.9995
0.50 25138.2 0.9989 25373.1 0.9992 255229 0.9995 255104 0.9995
0.55 25160.2 0.9991 253535 0.9990 25518.6 0.9994 25548.6 0.9995
0.60 25175.2 0.9991 25267.4 0.9993 25442.6 0.9995 25507.5 0.9995
0.65 25160.6 0.9992 25162.7 0.9993 25336.4 0.9995 25433.2 0.9994
0.70 25181.1 0.9992 25101.3 0.9993 25201.5 0.9994 25336.5 0.9997
0.75 25238.2 0.9993 25085.0 0.9992 25070.0 0.9994 25333.0 0.9997
0.80 252985 0.9996 25091.3 0.9995 25062.3 0.9995 25225.7 0.9997
0.85 251915 0.9993 24978.1 0.9995 24962.1 0.9995 25213.7 0.9997
0.90 25092.0 0.9994 24930.0 0.9995 24831.2 0.9993 25320.0 0.9998
0.95 25140.0 0.9994 24890.2 0.9995 24795.8 0.9995 25330.4 0.9997

We found that the apparent activation energy values obtained by the
isoconversional method at different conversions (« range 0.05-0.95 with an in-
terval of 0.05) for sulphate- and barium-doped samples of KIOg4 lie in the range
203-213 kJ mol—1. However, in the case of the phosphate- and al uminium-doped
samples of K1Qy4, the apparent activation energy values varied only up to 210 kJ
mol~1 from 203 kJ mol—L. In the case of untreated KIOg, the activation energy
value increased from 203 kJ mol—1 with conversion, passed through a maximum
(=210 kJ mol—1), and decreased to the initial value (203 kJ mol-1). In all cases,
these values are in close agreement with the activation energy values obtained
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from the model fitting method (206+3 kJ mol-1) using the Prout—Tompkins
model.
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Fig. 5. Plot of the apparent activation energy vs. conversion for sulphate (A), barium (B),
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Perusal of Tables | and Il and Figs. 4 and 5 reveals that the deviation of
activation energy with conversion is less than £2 % for al samples of doped and
untreated K104. This indicates that the therma decomposition of KIO4 proceeds
through a single kinetic model, the Prout—Tompkins model, throughout the entire
conversion range, as opposed to our previous observation that the acceleration
stage was best fitted by the Prout—Tompkins Equation and the decay stage was
fitted better by the contracting area equation.16.19

CONCLUSIONS

The apparent activation energy values obtained previously by model fitting
analysis of the isothermal decomposition of untreated and doped samples of
K104 are in good agreement with the present results. The isoconversional studies
of the isothermal decomposition of untreated and doped samples of K1Oy4 indi-
cate that the therma decomposition of K1O4 proceeds through a single kinetic
model, the Prout—-Tompkins model, throughout the entire range of conversion,
contrary to our earlier observations.

SUPPLEMENTARY MATERIAL

Table S| and Figs. S-1-S-4 are available electronicaly at http://www.shd.org.rs/JSCY,
or from the corresponding author on request.

U3BOJ

YTUIAJ JOAATAKA HA U30TEPMCKY KUHETUKY PA3JIATABA
KAJIMIYM-METAIIEPJOJIATA

KARUVANTHODI MURALEEDHARAN, MALAYAN PARAMBIL KANNAN 1 THARAKKAL GANGADEVI
Department of Chemistry, University of Calicut, Kerala-673 635, India

W3oTtepMcka KUHETHKA pasnarama kKanujym-meranepjonara (KIO,4) ncnutuBana je Tepmorpa-
BUMETPH]CKH Y (YHKIHMjH KOHICHTpAIMje J0JaTaka. TepMallHO pa3jiarame ce O/BHja yIIIaBHOM
KpO3 JIBa CTyIha: nepuoj yop3ama 10 « = 0,50 u crynam pasnarama. Tepmanto pasiarame KlOy,
ca u 6e3 momaraka ce Moxke omucatu Prout—Tompkins-oBom jennaunHoM. 30KOHBEHIIMOHAIHU
Merto] je kopumheH y oapehuBamy €HEpruje akTHBalHje MONUPAHUX M HEAONHPAHMX Y30paKa.
V30KOHBEHIIMOHAIHA HCIUTHBAbha U30TEpPMCKe KHHETHKE HeTpeTHpaHux u ponupanux KlO4 y3o—
paka yka3yjy Ha TO J1a ce TepPMaJHO pa3iiaramke oJIBHja caMo Kpo3 jelaH KHHETHYKH CTynam, Prout—
—Tompkins Mozen, y IHPOKOM OIICery KOHBEP3H]e ILITO j€ CYHPOTHO HAIIMM PAHHjUM 3alaKambuMa.

(ITpumibeno 18. centemGpa 2009, peBumupano 9. maja 2011)
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TABLE S-. The different reaction models used to describe the reaction kinetics

Model No. Reaction model Function g()
1 Power law "

2 Power law "

3 Power law o

4 Power law a*?

5 One-dimensiona diffusion o

6 Mampel (first order) —n (1-0)

7 Avrami—Erofeev (Hn (1-a))*
8 Avrami—Erofeev (Hn (1-))*®
9 Avrami—Erofeev (-n (1-a))*?
10 Three-dimensional diffusion (1~(1-0)3)?
11 Contracting sphere 1(1-a)*®
12 Contracting area (cylinder) 1(1-0)*?
13 Prout—Tompkins In (od(1-0))
14 Second order (1-0) ™1

* Corresponding author. E-mail: kmuralika@gmail.com
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A novel platinum-based nanocatalyst at a niobia-doped titania
support for the hydrogen oxidation reaction
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Abstract: The kinetics of the hydrogen oxidation reaction (HOR) was studied at
Pt nanoparticles supported on niobia-doped titania (P/N—T). The catalyst sup-
port, with the composition of 0.05NbO, 5 s0.995TiO, (0 < § < 1), was synthe-
sized by a modified sol—gel procedure and characterized by the BET and X-ray
diffraction (XRD) techniques. The specific surface area of the support was
found to be 70 m?2 g'1. The XRD analysis revealed the presence of the anatase
TiO, phase in the support powder. No peaks indicating the existence of Nb-com-
pounds were detected. Pt/N-T nanocatalyst was synthesized by the borohyd-
ride reduction method. Transmission electron microscopy revealed a quite ho-
mogenous distribution of the Pt nanoparticles over the support, with a mean
particle size of about 3 nm. The electrochemical active surface area of Pt of
42+4 m2 g1 was determined by the cyclic voltammetry technique. The kinetics
of the HOR was investigated by linear sweep voltammetry at a rotating disc
electrode in 0.5 mol dm3 HCIO, solution. The determined value of the Tafel
slope of 35 mV dec’? and an exchange current density of 0.45 mA cm2 per real
surface area of the Pt are in good accordance with those already reported in the
literature for the HOR at polycrystalline Pt and Pt nanocatalysts in acid solu-
tions. This new catalyst exhibited better activity for the HOR in comparison
with Pt nanocatalyst supported on Vulcan® XC-72R high area carbon.

Keywords. niobia-doped titania support; Pt nanocatalyst; hydrogen oxidation
reaction; fuel cell.
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INTRODUCTION

In spite of the fact that proton exchange membrane fuel cells (PEMFCs) are
promising future energy providers, many requirements regarding both the ca
talyst support and the catalyst material remain still unresolved. The main goals of
contemporary research in this field are the development of inexpensive elec-
trocatalysts for anode and cathode reactions, with high activity and satisfactory
corrosion and chemical stability.

Platinum and Pt-based catalysts have been recognized as excellent catalysts
for the hydrogen oxidation reaction.1-3 The role of the supporting material for
the functioning of a catalyst is very important, as it could affect both the catalytic
activity and the durability of the catalyst. The catalyst support properties should
be a combination of high surface area, excellent chemical stability and corrosion
resistance. Hitherto, the most widely used supporting materials for Pt-based
catalysts for the hydrogen oxidation reaction were carbon-based supports.4-/
Carbon-based supports provide high electronic conductivity, an adegquate phy-
sical surface for the dispersion of nanoparticles that is necessary to achieve a
high surface area, also diminishing the catalyst loading. However, corrosion of a
carbon support that could proceed either during recharge of a regenerative fuel
cell at the air electrode at high overpotentials, or by start/stop of a smple fuel
cell8 is one of the main factors that could decrease the life time of PEMFCs. In
the presence of water, carbon can also be consumed through the heterogeneous
reaction: C + HoO — Hy + CO,9 especially in the presence of Pt which catalyses
this reaction. The reaction product CO might poison the Pt catalyst. The above-
mentioned disadvantages of carbon-based supports imply the need for new
supporting materials, in order to prevent damage of the Pt nanocatalysts, enhance
the reliability and reduce the total lifetime costs of PEMFC.

Severa titanium oxide phases, mainly TizO7 and TisOg, known as Magneli
phases, have been reported as promising catalyst supports for Pt-based nano-
catalysts, for electrochemical reactions in PEMFCs.10-12 The main disadvantage
of the above-mentioned titanium oxides as supporting materials are their very
low specific surface area. Namely, the maximum obtained value of the surface
areais too low to achieve high dispersion and compositional homogeneity of the
Pt nanoparticles over the support, which are important requirements for enhanced
electrocatalytic activity. loroi et al. reported good corrosion stability of a TizO7-
supported Pt catalyst, as well as almost the same catalytic activities as the XC-
72/Pt catalyst for both the hydrogen oxidation reaction and the oxygen reduction
reaction.13

According to the literature, 14 niobium oxide nanoparticles could be a
promising material for catalyst support for Pt-based nanaocatalysts, owing its
excellent chemical stahility in acid solutions.
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The aim of this work was to test a Pt nanocatalyst supported on a novel
niobia-doped titania support (Pt/N-T) for the hydrogen oxidation reaction (HOR)
and to compare the obtained results with those aready reported for carbon-
supported Pt-based nanocatalysts. A support with the composition 0.05NbO2 5_s5—
—0.995TiO2 (0 < 6 < 1) was synthesized and completely characterized by the
nitrogen adsorption/desorption isotherm and X-ray diffraction (XRD) techniques.
A Pt nanocatalyst was synthesized on this support using the borohydride
reduction method and characterized by the transmission electron microscopy
(TEM) technique. This catalyst has aready been tested for the oxygen reduction
reaction and enhancements of the specific and mass activities were found.

EXPERIMENTAL
Synthesis of N-T support

The N-T support was synthesized by a modified sol—gel procedure proposed by Boujday
et.al.15> This procedure considers the acid-catal yzed sol-gel method in a non-agueous medium.
The sol was prepared by adding 0.9 ml of a 37 % solution of hydrochloric acid (Zorka, Serbia)
to 40 ml of a 97 % solution of titanium tetra-isopropoxide, Ti(O-iPr), (Alfa Aesar, Germany),
and the appropriate volume of 0.17 ml of 99.95 % niobium(V) ethoxide (Aldrich, Germany)
under vigorous stirring (0.5 % Nb in aNb/Ti atomic ratio to obtain a Nbg go5Tig 9950, solid so-
lution). Finally, 4.8 ml of deionized (D.l.) water was added under continuous stirring. The
mixture was placed in glass tubes, sealed and left at room temperature for 5 days. In the pre-
sence of such an amount of hydrochloric acid, the hydrolysis proceeded without the formation
of aprecipitate, leading to atransparent sol. Gellification of the sol was achieved by adding an
appropriate amount of water.

The sample was freeze-dried using a Modulyo Freeze Dryer System, Edwards, England,
consisting of a freeze dryer unit and a high vacuum pump E 2 M 8, Edwards. The sample was
pre-frozen in a freezer at —30 °C for 24 h. Subsequently, the sample was freeze-dried in the
acrylic chamber with the shelf arrangements mounted directly on the top of the condenser of
the freeze dryer. The vacuum during the twenty-hour freeze-drying was around 4 mbar. The
dried sample was heated at 400 °C for 2 hin a conventional furnace to obtain crystallized ana-
tase phase and to remove traces of organics. After the treatment, the furnace was cooled to
room temperature. Finaly, to activate the Nb-donor dopant in the TiO,, the nanoparticles
were additionally annealed at 400 °C for 2 h under a pure H, gas flow and cooled to room
temperature under a H, gas atmosphere.16

Synthesis of the Pt/N-T catalyst

The Pt/N-T catalyst containing 20 mass % Pt was prepared by means of the borohydride
reduction method.1® An appropriate amount of H,PtClg was dissolved in D.l. water. The sup-
port powder was dispersed in D.I. water and then the metal salt solution was added under cons-
tant stirring. The mixture of metal salt and the support was reduced by using an excess of so-
dium borohydride solution. The precipitate was washed with D.I. water and then dried at 80 °C.

The Pt/XC catalyst (with areal active Pt surface area of 96 m? g1, determined by cyclic
voltammetry), which was used for comparison of the activities for the HOR, was synthesized
by a modified ethylene glycol method on commercial carbon (Vulcan XC-72R) support. The
details of the synthesis have already been reported.>
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Cell and electrode preparation

Pt/N-T catalyst (20 mg) was ultrasonically suspended in 9.5 ml of water and 0.5 ml of
Nafion solution (5 mass %, Aldrich solution) to prepare a catalyst ink. Then, 20 ul of ink was
transferred with an injector to a gold disk electrode (5 mm diameter). After volatilization of
the water, the electrode was heated at 80 °C for 10 min. The so-prepared electrodes were al-
way's characterized by cyclic voltammetry in order to confirm their similar real Pt surface area
(estimated from the H underpotential deposition (upd) region). The reproducibility (10 %) of
the determined real Pt surface area was very good; hence, the amount of Pt on the electrode
was considered to be 8.0+0.8 ug.

For the electrochemical measurements, a conventional rotating disk electrode (RDE)
three-compartment cell was used. The working electrode compartment was separated from the
other two compartments by fritted glass discs. The counter electrode was a platinum sheet of
5 cm? geometric area. All measurements were performed with a Pt/H, reference electrode
(RHE) in the same solution, at the same temperature as the working electrode. The RHE was
kept in a compartment separated from the working electrode by a wetted, closed glass stop-
cock and purified hydrogen was bubbled continuously through the solution.

Electrode characterization

Adsorption and desorption isotherms. The nitrogen adsorption and desorption isotherms
were measured on the N—T support at —196 °C, using the gravimetric McBain method. The
specific surface area, S3et, and the pore size distribution were calculated from the isotherms.
Pore size distribution was estimated by applying the Barrett—Joyner—Halenda (BJH) method.1”

XRD Analysis. Structural analysis (XRD) was realized using a Siemens D-500 diffracto-
meter. Cu Ko radiation was used in conjunction with a Cu KB nickel filter. The XRD pattern
was used to evauate the crystalite size of the Nb-TiO, support. The average crystallite size,
D, was calculated from the Scherrer formula: D = 0.94/5cos 6, where 1 is the wavelength of
the X-rays, 6 is the diffraction angle, f = (52 — S, f is the corrected half-width, g, the
observed half-width and g is the half-width of a standard Si sample (provided by Siemens).

TEM Measurements. Transmission electron microscopy (TEM) measurements were per-
formed at the National Center for Electron Microscopy (NCEM-Berkeley) using a FEI (Fillips
electronic instruments)-CM200 super-twin and CM300 ultra-twin microscopes operating at
200 and 300 kV and equipped with Gatan 1kx1k and 2kx2k CCD cameras, respectively. Spe-
cimens were prepared for TEM by making suspensions of the catalyst powder in ethanol, using
an ultrasonic bath. These suspensions were dropped onto clean holey carbon grids, and then
air-dried.

The particle size distribution was determined from images of, on average, 20 different
regions of the catalyst; each region contained 1020 particles. The particle shapes were deter-
mined by real space crystallography with the use of high-resolution images taken from par-
ticles near or on the edge of the N—T substrate, and/or by numerical Fourier filtering of the di-
gitized image intensity spectrum of particles on top of the support.

Electrochemical characterization. The cyclic voltammetry experiments were performed
in the potential range between hydrogen and oxygen evolution (0.04-1.4 V vs. RHE), in 0.5
mol dm3 HCIO, solution, with various scan rates at the Pt/N-T and Pt/X C electrodes. Prior to
recording the cyclic voltammograms, the electrode surface was stabilized by repetitive cycling
from 0.04 to 1.4 V vs. RHE. The solution (HCIO,, Spectrograde, Merck) was prepared in D.1.
water (“Millipore’— 18 MQ cm resitivity), at a temperature of 25 °C, which was saturated
with high purity nitrogen by continuously bubbling through the working electrode compart-
ment during the experiments.
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Linear sweep voltammetry curves for the HOR in 0.5 M HCIO, solution saturated with
pure hydrogen, continuously bubbling through the working electrode compartment, were re-
corded at 10 mV s sweep rate. A PAR universal programmer, model 175, was used to pro-
vide the potentiodynamic voltage time program addressed to a PAR model 371 potentiostat/
/galvanostat.

RESULTS AND DISCUSSION
BET and XRD analysis of N-T support

The nitrogen adsorption isotherm for the N-T support, according to the
IUPAC classification, belongs to type 1V, associated with mesoporous materials.
The specific surface area of the support powder calculated by the BET equation
was determined to be 70 m2 g-1. The pore size distribution is presented in Fig. 1.
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Fig. 1. Pore size distribution for the

r,/nm N-T support.

The X-ray pattern of the N—T support sample is shown in Fig. 2. It could be
seen that al peaks present belong to the anatase phase of titanium dioxide. No
peaks corresponding to niobium compounds were detected. The broad peaks
indicate to nano-sized particles. The obtained values for lattice parameters were
a =b = 0.37854 nm and ¢ = 0.94835 nm. The determined values of the lattice
parameters for anatase titanium oxide were enlarged compared to those of pure
anatase (JCPDS 21-1272), indicating niobium incorporation into the lattice. It is
well known that Nb (or V and Ta) can be substitutionally incorporated within the
TiO, lattice.18.19 Investigation of the structural properties of niobia-doped titania
even up to 38 % of Nb, showed the existence of only a pure anatase or rutile
phase, depending on the growth temperature.20 In the present study, in order to
activate the Nb-donor dopant in TiOp, the nanoparticles were additionally an-
nealed at 400 °C and XRD analysis showed the existence of anatase TiO,. This
result is in good accordance with literature results which reported that up to 550
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°C, only anatase was present, while at 800 °C and higher, pure rutile phase was
obtained.20

1 1 iL T T T 1 ] T
1000 |- _ -
{- T|O2 anatase
800 | _
S
S 600} -
>
‘B
% 400
kS i R |
J
B \? i
200 L
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Fig. 2. XRD Diffraction results for the N-T support.

TEM Analysis of the Pt/N-T catalyst

TEM Micrographs of the N—T-supported Pt nanocatalyst are presented in
Fig. 3. Figure 3a shows a low-magnification transmission electron micrograph of

(b)

Fig. 3. TEM micrographs of the Pt/N-T nanocatalyst: a) low magnification image showing
a homogeneous distribution of Pt particles on the catalyst support; b) high resolution dark
field image of the catalyst, showing no pronounced agglomeration of the particles.
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the Pt nanoparticles on the N—T support. It is evident that the Pt nanoparticles are
globular in shape and quite uniformly distributed over the N—-T support. Using
these results, it was possible to determine the Pt particle size distribution, as well
asto calculate the total surface area of the particles by analyzing the images from
different regions of the catalyst, taking into account the hypothesis that al the
particles are globular in shape and have the same average particle size. A high
resolution electron microscopy image of the Pt/N-T sample is shown in Fig. 3b.
There is no evidence of pronounced particle agglomeration. The determined ave-
rage size of the nanoparticle was about 3 nm.

Cyclic voltammetry results

The cyclic voltammetry responses at the N-T support, and the Pt/N-T and
the Pt/XC nanocatalysts were recorded in the potential range between oxygen
and hydrogen evolution in 0.5 mol dm=3 HCIO4 solution. The obtained results
are presented in Fig. 4. The cyclic voltammetry response of the N—T support
(Fig. 4 inset) shows the rectangular shape that is expected for an ideal electro-
chemical double-layer capacitor. No significant peaks revealing the presence of
oxidative-reductive processes were observed. This result proves that N-T was an
electrochemically inert support over the whole range of applied potential (0.04—
—1.40 V vs. RHE). The cyclic voltammetric curve of the Pt/N-T electrode (Fig.

06

04

| N-T support 14

00 0.2 04 06 08 10 12 14
IE IV vs IIQHE

A s | s .
00 02 04 06 08 10 12 14 16 18

E/Vvs RHE

Fig. 4. Cyclic voltammograms obtained at the N-T support, and the Pt/N-T and Pt/XC na-
nocatalysts in nitrogen-purged, 0.5 mol dm™ HCIO,, usinga 0.1V s* sweep rate, at 25 °C.
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4), in the same solution saturated with N», has atypical voltammogram shape for
Pt in acid solution, with very clear hydrogen adsorption—desorption and PtOH
formation and reduction regions. The cyclic voltammogram of the Pt/XC nanoca
talyst, under the same experimental conditions, is also presented in Fig. 4. A si-
milar Pt-like shape could be observed and a lower specific surface area of Pt in
the Pt/N-T catalyst, estimated based on the desorption charge of hydrogen in the
under potential deposition region. The PU/N-T catalyst in comparison with the
Pt/XC was aso characterized by a very narrow, symmetric double layer region,
as a consequence of its lower capacitance current contribution.

The eectrochemically active surface area of Pt for the Pt/N-T catalyst was
determined from the adsorption/desorption charge of hydrogen atoms, after sub-
traction of the double layer charge, taking the reference value of 210 uC cm=2 for
a charge of full coverage with adsorbed hydrogen species at Pt.21 This cal-
culation gave the value of specific electrochemical active area of 42+4 m2 g1 Pt
for the Pt/N-T electrode.

Hydrogen oxidation reaction at Pt/N-T electrode

It is well known that hydrogen oxidation on Pt-based electrodes in acid
solution is one of the fastest electrochemica reactions. The measured currents
reach the diffusion limitation rising to the diffusion-limited level within less than
0.10 V vs. RHE, even at a RDE. For this reason, the mixed controlled potential
region must be analyzed in order to collect kinetic information from experi-
mentally obtained results.

The basic assumption of the analysis is that the measured current is de-
termined by the overall resistance that consists of three components: one related
to electron transfer kinetics, the two others result from mass transport limitations.
According to this, the kinetically controlled current, I, a a given potential E can
be determined from RDE curves using the equation proposed by L awson:22

i 1,11 )
| DS P T
and
I =0.62nFD2/3¢y~V64l/2 )

where Iy is the kinetic current in the absence of any mass-transfer effects,
and I isthe so-called Levich current, controlled mainly by diffusion. Other para-
meters have their usual significance in the conventional Levich Equation. Is re-
presents the diffusion current controlled by reactant diffusion through the Nafion
film and is equal to:

I+ =nFDfc L1 3
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where Dy, ¢; and L stand for the diffusion coefficient and the concentration of
dissolved hydrogen in the Nafion film, and the film thickness, respectively. At a
sufficiently large potential, E, and if the rotation rate of the electrode is increased
enough (w—<o), the kinetic current, I, and I become very large and under such
conditions, the measured current | is equal to Is+. Based on the above conside-
ration, it is possible to obtain the value of It from the intercept of /I |im axis by
extrapolating the relationship of 1/1,_vs. Y2, where I|_jim represents the diffu-
sion-limited current density at a given rotation rate.

The potentiodynamic curves for the oxidation of H, on the Pt/N-T electrode
at different rotation rates in 0.5 mol dm—3 HCIO4 solution at 25 °C are presented
in Fig. 5. It can be seen that the HOR starts at 0.0 V vs. RHE and reach the dif-
fusion-limited current at approximately 0.05 V. Linear sweep voltammograms
for the HOR at two different rotation rates for the Pt/XC and Pt/N-T electrodes
are presented in Fig. 6. Although very similar values of currents were observed,
Pt/N-T catalyst is characterized by a higher specific activity for the HOR, ex-
pressed in terms of the current density, taking into account its lower real surface
area, determined by cyclic voltammetry. It should be mentioned that it is not
common to refer to cataytic activity for the HOR at Pt based catalyst in terms of
current density value at any given potential, as it is usually reported for the oxy-
gen reduction reaction.

ol r'pm
4L 3262 _
2297
1652
958
3k 402 ]

0 20 40 60 80 100 120 140

E/mV vs RHE
Fig. 5. Linear-sweep voltammograms for the HOR at the Pt/N-T nanocatalyst (current density
expressed per geometric surface area), for different rotation ratesin 0.5 mol dm3 HCIO,
solution saturated with pure H,, (scan rate 0.01 V s1) at 25 °C.

A Levich-Koutecky plot based on the experimental data at 0.15 V is shown
in Fig. 7. The value of the current density controlled by diffusion of the reactant
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through the Nafion film, determined from the intercept in Fig. 6, was about 55
mA cm2 (the current density is expressed per geometric surface area). Never-
theless, its contribution to the measured current densities is negligible if the va-
lues of Ik determined from Eq. (1) are less than 10 % of the minimum value of .
This means that is not possible to obtain accurately a polarization curve for the
HOR from the corresponding modified L evich—-Koutecky plots.

4L i
3 -
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o
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S 3260
= ---- PtXC 1650
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0 20 40 60 80 100 120 140
E/mV vs RHE

Fig. 6. Linear sweep voltammograms for the HOR at the Pt/N-T and Pt/X C nanocatalysts
(current density expressed per geometric surface area) at two different rotation ratesin
0.5 mol dm3 HCIO, solution saturated with pure H,, (scan rate 0.01 V s1) at 25 °C.

35F E=0.150Vvs RHE

17 I mA™

Fig. 7. Levich-Koutecky plot for
the HOR at a Pt/N-T RDE in 0.5
00 . s mol dm3 HClO, solution at 25 °C,

0.000 0.005 0.010 0.015 0.020  in the diffusion-limited potential re-
gionat E=0.15V vs. RHE.

© -0.5 / min-O.S

Tafel plots are commonly used to obtain kinetic information for the
HOR.123.24 A summary of the theoretically predicted values of the Tafel slopes
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for different types of mechanisms for the HOR at platinum electrodes in acid
solutions are presented in Table I. For the HOR on platinum electrodes, the most
widely accepted mechanism is chemical adsorption (Tafel step) or electroche-
mical adsorption (Heyrovsky step), followed by adsorbed hydrogen discharge
(Volmer step), asis presented by the following equations:3

Ho + 2M — 2MH (Tafel step) (4)
H)+M — MH +H* + e (Heyrovsky step) (5)
MH—->M +H"+e" (Volmer step) (6)

TABLE I. Theoretica values of the Tafel slopes (b = 2.303RT/AF) and mechanisms for the HOR
in acid solutions at 25 °C

Mechanism b/ mV dec? Rate-determining step
Tafel-Volmer 30 Tafel
Heyrovsky—Volmer 118 Heyrovsky
Tafel-Volmer and Heyrovsky—Volmer 59 Volmer

In order to obtain information about the kinetics of the HOR at the Pt/N-T
catalyst, the RDE polarization data were analyzed in terms of mass transport
corrected Tafel diagrams and the obtained results are presented in Fig. 8.

30 -

20

E/mV vs RHE

10 -

L 1 $ L 2 1 2 n n 2 1 L 2 n 2 1 n .
Fig. 8. Mass corrected Tafed plot for
025 0.00 0.25 930 the HOR a a PUN-T RDE in 05
log/ *// (1,-1)] mol dm3 HCIO,, at 25 °C.

The Tafel slope of 35 mV dec! is in good accordance with the already
reported slope for the hydrogen oxidation reaction at platinum single crystals,23
smooth platinum?2> and platinum nanocatalysts in acid solutions.35

It is not possible to determine the exchange currents (Ig) simply by ex-
trapolating the Tafel lines to the reversible potential due to the absence of awell-
-defined Tafel region. The exchange current was estimated from the sope of the
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linear polarization response and after correction for diffusion, using the following

equation:®
AE_RT(1, 1 -
Al nFllo ILJim

wheren=2and I_jim iSsthe limiting current.

This calculation assumes that the HOR and the hydrogen evolution reaction
(HER) follow the same reaction mechanism around the equilibrium potential.
The obtained value for the exchange current density of 0.45 mA cm2 isin good
accordance with previously reported values for the HOR at Pt in acid solu-
tions,23:26 determined using the RDE technique. The determined exchange cur-
rent density, expressed per real surface area, is twice as high as that obtained for
the HOR at a Pt nanocatalyst on a carbon support.®

This new catalyst was already tested for the oxygen reduction reaction and a
five times enhancement in the catalytic activity per mass Pt loaded, as well as ten
times enhancement in the specific activity (per rea electrochemically active sur-
face area) were reported.2” Bearing in mind that the overall cell performance in
PEMFCs is influenced much more by the oxygen reduction reaction, owing to its
much higher overvoltage compared with the hydrogen oxidation reaction, it could
be concluded that this new catalyst is promising for applicationsin PEMFCs.

CONCLUSIONS

An N-T support was successfully synthesized by a modified sol—gel proce-
dure. The specific surface area of the support, determined by the BET technique,
was found to be 70 m? g-1. The presence of anatase TiO; in the synthesized
catalyst support powder was determined by XRD measurements. No peak cor-
responding to Nb-compounds was detected.

A PUN-T nanocatalyst was successfully synthesized by the borohydride
reduction method. TEM Analysis revealed a quite homogenous distribution of Pt
nanoparticles on the N—T support, with an average particle size of about 3 nm.

The electrochemically active surface area of the Pt in the Pt/N-T nano-
catalyst, determined by the cyclic voltammetry technique, was found to be 42+4
m2 gL,

Electrochemical characterization of the fabricated catalyst for the HOR re-
vealed a Tafel sope of 35 mV dec! and an exchange current density of 0.45 mA
cm2, This value of the Tafel slope and the exchange current density are of the
same order of magnitude already accepted in literature for the HOR at a pla-
tinum-based catalyst in acid solutions. The determined exchange current density
was two-times higher than the corresponding value obtained for the hydrogen
oxidation reaction at a Pt carbon supported catalyst.
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U3BO/

HOBH Pt KATAJIU3ATOP HA HOCAUY HA BA3U TIO, 3A PEAKLIJY
OKCHUJIAIIMJE BOJOHUKA

HEBEHKA P. EJJE30BURY, BUJbAHA M. BABUR?, BEJIUMUP PAJIMUJIOBUT®, JbUJbAHA M. TAJUR-KPCTAJUR?,
HE/IEJKO B. KPCTAJUR® n JBJbAHA M. BPAUAP®

! HHciiuimiy i 3a myAluOUCYURAUHAPHA UCTUpaxcusara, Yrugepauitieii y beozpady,Knesa Buwecaasa 1, 11030
Beozpad, *Uncimiuitiy i 3a Hykaeaphe Hayke Bunua, ii. iip. 522, Beozpad, *National Center for Electron
Microscopy, LBNL University of California, Cyclotron Road, CA 9472_0— Berkeley, USA "I/IHcmuLEym

itiexnuuuxux Hayka CAHY, Knes Muxaunoea 35, 11000 Beozpad u” Texnoaouiko—meiianypuxi
akyaitieini Yrueepauitieiia y beozpaoy, Kapuezujesa 4, beozpao

Kunernka enekTpoxeMHjcke OKCHIALMje BOJOHHKA je MCIUTHBaHA Ha P{ HaHOKaTanuzatopy
Ha Hocauy cacTaBa 0,05NbO; 5 50,995TiO; (0 < ¢ < 1) (y rexcry P/N-T). Hocau karanusaropa je
CHHTETHCaH NPUMEHOM MOAM(HUKOBAHOT COJ-TEN IOCTyNKa M okapakrepucaH BET meromom mn
MetooM audpaxnuje X-3paka. Crnenuduyna mospmrHa Hocada je 6mma 70 m? gL Oudpaxuujom
X-3paka je yrBpheHo npucyctBo TiO, y dopmu aHarasa, J0K IMHKOBU KOjH OM yKa3HUBaJIU HA IPHU-
cyctBo jenumersa ND Hucy merekroBanu. Hanokaramuszarop PUN—T je cuHTETHCAH METOIOM pe-
nykuuje nomohy 6op-xunpuna. [IpuMeHOM TpPaHCMHUCHOHE eEKTPOHCKE MUKPOCKOIIH]jE je MoKa3a-
Ha XOMOT'eHa pacroiena HaHoyecTuna Pt Ha Hocady, ca MPOCEYHOM BEIMYMHOM YECTHIA OKO 3 NM.
[TpumeHOM LMKINYHE BOJNITAMETpHje je ofpel)eHa eNeKTpOXeMHUjcKa akTHBHA TTOBPILIHA KaTann3a-
TOpa NMPHOIIKHE BpenHocTH 42+4 m’ g L. Kunernka peakiyje okcuaauuje BOJOHHKA je MCIIHTH-
BaHa IIPHMEHOM JIMHEapHe cKeHupajyhe BontaMeTpuje Ha poTupajyhoj AUCK eIEKTPOAU y pacTBOPY
0,5 mol dm™3 HCIO,. [lo6ujene Bpexroctn TaenoBor Harnda u rycTuue crpyje n3mene ox 35 mV
nexl u 0,45 mA cm2 (o6pauyHaTo MO €IEKTPOXEMHJCKH aKTHBHOj mospuikau PY) cy y carmac-
HOCTH Ca JINTEpaTypHUM BPEIHOCTHMA 32 PEaKLHjy OKCUAALMje BOJOHHUKA Ha MIOJHUKPHCTAIHO]j Pt 1
Ha HaHouecTHIamMa Pt y kucenum pactBopuma. Hou karanmuszarop PUN-T je mokasao Behy akTus-
HOCT 3a OKCHJAIjy BOAOHMKa o Pt HaHOKaTamm3aTopa Ha HOcady OX yriba pa3BHjeHE MOBpIINHE
(Vulcan® XC-72R).

(TMpumbeno 26. asrycra 2010, pesuanpano 15. janyapa 2011)
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Abstract: The results of a study related to the processing and characterization
of poly(methyl methacrylate) (PMMA)-Y ,05 (Eu3*) nanocomposites are pre-
sented herein. The nanocomposite samples were prepared using a laboratory
mixing molder with different contents of Eu-ion doped Y ,O3 nanophosphor
powder. The influence of particle content on the optical and dynamic mecha-
nical properties of the nanocomposites was investigated. The intensity of the
luminescence emission spectra increased as the nanophosphor content in the
composite increased. The results of dynamic mechanical analysis revealed that
the storage modulus, loss modulus and glass transition temperature (Tg) of the
polymer composites increased with increasing content of the nanophosphor
powder. The microhardness data also confirmed that the hardness number in-
creased with nanoparticles concentration in the PMMA nanocomposites. The
obtained results revealed a relatively linear relationship between Ty and the
Vickers hardness.

Keywords. nanocomposites, luminescence; mechanical properties; dynamic
mechanical anaysis, microhardness.

INTRODUCTION

Nanocomposites are a distinct form of composite materials, which involve
embedding nano- or molecular domain-sized particles into organic polymer,
metal or ceramic matrix materials.1.2 The intimate inclusion of nanoparticles in
these matrices can greatly change the mechanical, electrical, optical or magnetic
properties of these materials. The reason for this is that with such small in-
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clusions, a large amount of interfacial phase material exists in the bulk of these
nanocomposites.

This paper is related to the processing and characterization of polymer—
—nanophosphor composites, as promising materials for the production of nano-
composite fibers. Plastic optical fibers (POF) can be used for a number of ap-
plications, such as light transmission for signs and illumination, sensors and data
communication.3-> Signa attenuation of commercial polymer fibers is much
higher than that of glass fibers. In order to improve POF optical efficiency, re-
search and processing are being developed in the direction of nanocomposite
POF doped with dyes, and fluorescent or phosphorescent nanopowder.®

The optical properties of nano-sized phosphors are significantly improved in
comparison to bulk materials (stronger luminescence emission and modified
radiative lifetime).’=20 Poly(methyl methacrylate), PMMA, nanocomposites con-
taining Y 203 doped with rare earths (RE) ions have been investigated and it was
suggest that doped Y 203 nanocrystals embedded in PMMA would have potential
for various photonic applications, including laser systems and optical commu-
nication devices.21.22 Nanocomposites PMMA-Y ,03:RE were successfully pre-
pared by mixing Y 203/Eu*,Yb3* or Y ,05/Eud* with PMMA for infrared cards.22
The Eu-ion doped Y >03 nanophosphor is useful for nanocomposite POF light
guides because the luminescence wavelength of the Eu-ion (611 nm) is in the
visible range of spectrum. It is very important to preserve their optical properties
for a synergetic effect in functional nanocomposites.

In this work, Eu-ion doped Y O3 nanophosphor powder was dispersed in
PMMA as the host. The influence of the content of nanopowder on the optical
properties, dynamic mechanical properties, transition temperature, Tg, and mic-
rohardness of the nanocomposites was investigated.

When an amorphous polymer is heated, it undergoes a phase transition from
the glassy state to the rubbery state at the Ty, when abrupt jumps in the thermal
expansion and heat capacity occur. The temperature coefficients of the molar
volume, free volume and enthalpy change of the glass—rubber transition are
closely related to the cohesive energy density of the polymer. The glass transition
temperature, Tg is linearly related to the cohesive energy density (CED) by the
following equation:23

Tg = (2Ec/mR) + C; Q)
where Ec is the CED, Ty isthe glass transition temperature (in K), m a parameter
that describes the internal mobility of the groups in a single chain, R is the gas
constant and Cj is a constant. The CED is also the main factor determining
hardness, H, which results in an almost linear relationship between Tg and H for
anumber of amorphous glassy polymers;24-26

H=KkTg+C )
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where C and k are experimental fitting parameters.

The nanoparticles penetrate into the polymer matrix and establish cohesive
forces between the polymer chains and decrease the segmental mobility thereby
increasing the Ty value.2” Therefore, it is to be expected that the microhardness
will also be increased. The expression for the Vickers hardness (HV) is:

HV = 1.854Pd-2 A3)

where P is the applied load and d is the mean diagonal length of the diamond-
-shaped indent.

Dynamic mechanical analysis (DMA) is a sensitive technique that charac-
terizes the mechanical response of materials by monitoring property change with
respect to the temperature and frequency of an applied sinusoidal stress. This
technique separates the dynamic response of materialsin to two distinct parts: an
elastic part (E') — storage modulus and a viscous component (E”) — loss modulus.
The loss factor, tan ¢, is the ratio of the energy dissipated to the energy stored.
The transition temperature (Tg) of a polymer is associated with the onset of the
storage modulus — Tge); the loss modulus peak — Tge"y and the tan § peak —
Tg(tan ¢). The onset of E' occurs first at the lowest temperature and relates to me-
chanical failure. The E” peak occurs next and is associated with the Tq as the
temperature of the onset of segmental motion. The tan 6 peak occurs at the high-
est temperature and represents a good measure of the “leather like” midpoint
between the glassy and rubbery state.28:29

EXPERIMENTAL

The nanopowder was synthesized by a complex polymer solution method (PCS), em-
ploying poly(ethylene glycol) (PEG) fuel. The particle size was about 3040 nm.30

The nanocomposites were prepared by melt compounding in a Laboratory Mixing
Molder (Atlas, USA), at aworking temperature of 250 °C and a rotor speed of 180 rpm for 20
min. The polymer component of the composite was extrusion grade PMMA pellets, Acryrex®
CM-205, Chi Mei Corporation, Taiwan. Samples with different contents of (Eud*)Y,O;
powder: 0.1, 0.5, 1.0 and 1.5 % by weight were processed.

The infrared (IR) spectra of the powder, pure PMMA and the composites were obtained
by Fourier transform infrared (FT-IR) spectroscopy (Hartmann & Braun, MB-series) in KBr
discs. The scanning range was between 4000 and 400 cmr® with a resolution of 4 el

The emission spectra of the PMMA-Y ,05 (Eu3*) nanocomposites were collected at room
temperature after excitation into the “F, — 5D, absorption band. The excitation source was an
Optical Parametric Oscillator (O.P.O.) pumped by the third harmonic of an Nd:YAG laser.
The emission was analyzed using an HR250 monochromator (Jobin-Yvon) and then detected
by an ICCD camera (Princeton Instrument).

The microhardness measurements were performed at the room temperature using a
Vickers microhardness tester Leitz, Kleinharteprufer Durimet |. The Vickers microhardness
test uses a square based pyramidal indenter with an apex of « = 136°, producing a diamond-
shaped indent on the surface. A pressload of 490 mN, a presstime of 15 s, and a holding time
of 5 s after completing the indentation were used. Individual Vickers microhardness values
(HV) were calculated as the mean value of at least five indentations.
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A dynamic mechanical analysis (DMA) instrument (TA Instruments Q800) was used to
determine the dynamic mechanical properties of the samples. The experiments were realized
in the single-cantilever mode over atemperature range from 25 to 160 °C at a fixed frequency
of 1 Hz. The heating ramp rate was 3 °C min'l. The temperature dependence of the storage
modulus, loss modulus and tan dwere obtained.

RESULTS AND DISCUSSION

The FT-IR transmission spectra of the powder, PMMA and composites are
illustrated in Fig. 1. The peaks at 2946 and 1735 cm! are assigned to C-H and
C=0 stretching vibrations in PMMA, respectively. The absorption bands of
PMMA (1439, 840, 750 and 440 cm1), and the vibration bands of PMMA
(3458, 1385, 1133 and 974 cnm1), were observed in the spectra. In the spectrum
of Y203 (Eu3*), the transmission band centered at 560 cm1 is attributed to Y-O
lattice vibrations. This peak also appeared in all the spectra of all the composites.

TPMMA

3+
Y203(Eu )

~

A

0
1.5%

A

i

i

Transmittance, arb.units

0.1%

1 T T 1 T T 1 1
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm -1

Fig. 1. FT-IR Spectraof Y,05 (Eu*), PMMA and the composites with
different contents of Y,03 (Eu3*).

The emission luminescence spectra of nanocomposite are presented in Fig.
2. The spectra exhibit groups of distinctive emission peaks in the 580—711 nm
range. These emission peaks can be related to each of the ®Dg — 'FI(J=0, 1, 2,
3 or 4) transitions of Eu3*, which are characteristic for Eus* within a crystallized
cubic phase. The strongest emission peak at 611 nm is caused by the electron
dipole transition of Eu3* (°Dg — ’F»), corresponding to the red luminescence.
The intensity of the emission peak increased with increasing powder content in
composite. It is very important that the nano-phosphors maintain their optical
properties in the composites. The strongest emission peak at 611 nm was ob-
tained in the range of wavelengths where the maximum signal attenuation of
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PMMA optical fiber is expected to be found. This feature will improve the trans-
mission properties of POF and will prolong the length of alight guide.

1x10"-
B
=]
1]
o
h—1
172
[=]
g 5x10°4
|
1.5 % Y,05
n 1.0% Y,04
o 0.5% Y,0;
d 0.1% Y,03
v 1 v ] v 1
560 640 720 800

Wavelength, nm

Fig. 2. Emission spectra of the PMMA-Y ,05 (Eu3*) nanocomposites
at room temperature.

Investigations of the dynamic mechanical properties of the samples provided
information on the transitions occurring in the materials (Fig. 3). The DMA re-
sults revealed that the storage modulus of the all the composite samples were
higher than that of a pure PMMA at 30 °C (Table I). The increase of nanopowder
content up to 1 % increased the storage modulus of composite by 15.5 % com-
pared to that of pure PMMA. With 1.5 % of the nanophosphor, the storage mo-
dulus of the composite was only 5.1 % higher than that of PMMA, because of
agglomeration of the nanoparticles. The corresponding loss moduli were between
175 and 200 MPa and obviously increased with increasing content of nanopow-
der in the same manner as the storage modulus. The Ty values of the PMMA-—
-Y 5,03 (Eu3*) composites were also higher than that of PMMA and increased
with increasing content of the nanoparticles. The results suggested that the nano-
particles did not disperse individually but as aggregates, however, notable in-
creases in the glass transition temperature in the order of 2 to 8 °C were evi-
denced.

The hardness (H) of a material is ameasure of its resistance to shear stresses
under local volume compression. The hardness number increased with Y203
(Eu3*) concentration in the PMMA nanocomposites. The increased resistance to
surface deformation of the PMMA nanocomposites may be due to a decrease in
the free volume of the matrix associated with the formation of apparent physical
cross-linking and entanglements. The Tg is linearly related to the microhardness

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

2011 Copyright (CC) SCS




1158 MUSBAH et al.

35001

@ — pvma
-———- 0.1%Y203
3000 S 0.5%Y203
© ——--  1.0%Y203
225004 — — 1.5%Y203
o~
g
520004
O
=
o 15001
jo)
o
21000
[
500
0 . v . v 1 v
30 50 70 90 110 130 150
Temperature, °C
3001 b
b PMMA
- 0.1%Y203
2%0 ——  0.5%Y203 .
—--  1.0%Y203
— — 1.5%Y203 \ \

N

o

(=
3

~.
~.
S~

Loss Modulus, MPa
3 @
< <

52
o
X

0 T T v v T
30 50 70 90 110 130 150
Temperature, °C

2.0

© _  puma
————  0.1%Y203
. 0.5%Y203
1.54 — ——  1.0%Y203
— —  1.5%Y203
8
3
01.04
c
©
S
0.5-
0.0 . . . . . ,
30 50 70 90 110 130 150

Temperature, °C

Fig. 3. Temperature dependence of a) the storage modulus, b) the loss modulus and
c) tan dfor composites with different contents of Y ,03 (Eu).
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TABLE I. Results of DMA: E'" and E” at 30 °C, values of T, obtained by E' onset, E”
maximum, tan ¢ maximum and microhardness (HV)

Croa!% E IMPa AE /% E /MPa Tye)/°C, Tyey/°C Tymg!°C HV/MPa

0 2147 - 156.9 100.68 112.70 126.40 254.87

0.1 2199 24 175.0 102.05 111.33 125.48 259.256
0.5 2352 9.5 184.6 103.29 111.84 126.20 269.812
1.0 2481 15.5 200.6 105.71 114.44 127.60 276.631
15 2256 5.1 189.0 108.47 116.73 129.70 280.139

according to Eqg. (2). The correlations between HV and the Tg derived from the
DMA curves by the E' onset, by the E” peak and by the tan ¢ peak are presented
in Fig. 4. The fitting coefficients of these correlations, C, k and R2 are presented
in Table Il for all three lines. The value of R2 of the linear correlation between
HV and Tg(e) isthe highest. This means that the E' onset is the most sensitive to
local shear stresses and it exhibits the best linearity with microhardness.

®E
2 -
290 - mE" R*=09166 R¥=05199 R*=08786
A tans
280 4
]
=
E
1m0 m
=
o]
260
]
250
240 T T T T T T T T
365 370 375 380 385 390 395 400 405
Te/ K

Fig. 4. Linear correlations of HV and T, obtained from the DMA results —
Tyey To@) @ Tygans)

TABLE II. Fitting parameters of the Tg—HV correlations

Fitting parameter HV —Tye) HV — Tye HV — Tytan )
C/MPa —969.28 —1272.6 17736
k/MPaK™ 3.2825 3.9911 5.108

R? 0.9166 0.8199 0.8786
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CONCLUSIONS

The optical and mechanical properties of PMMA-Y 03 (Eu3*) nanocom-
posites were investigated. The luminescence spectra of the nanocomposites re-
vealed that the phosphorescence of the powder remained on compositing and the
emission intensity was enhanced as the content of the powder in the composites
increased. The results obtained from the DMA showed that on the addition of
nanopowder, the Tq of the PMMA increased, but only by a few degrees; this also
suggests that the nanoparticles did not disperse individualy but as aggregates.
The microhardness number increased with increasing Y 203 (Eu3*) content in the
PMMA nanocomposites. A nearly linear correlation between Tg and microhard-
ness was obtained, because both properties are closely related to the cohesive
energy density. This result is in accordance with previously reported results for
amorphous glassy polymers, and now this linear correlation is applicable to si-
milar composite configurations.

Acknowledgement. Thiswork was supported by the Ministry of Education and Science of
the Republic of Serbia, Project No. TR 19047.

U3BOJ
HAHOKOMIIO3UT PMMA-Y ,03 (Eud*): OIITUYKA U MEXAHWYKA CBOJCTBA

SALAH S. MUSBAH!, BECHA J. PAZIOJEBURY, HAJIEXKIA B. BOPHA®, IVIIIUIIA B. CTOJAHOBHUR?Y, MUPOCJIAB
JIIPAMIRAHUH?, AIEKCAHJIAP Jl. MAPUHKOBUR® u PAJIOCJIAB P. AJIEKCUR®

"Texnoaowro—meimanypuiu axyaifiedsi, Ynuseauitieii y Beozpady,, Kapuezujesa 4, Beozpad u
*Uncitiuitiyiti 3a nyxaeaphe nayke “Bunua’, ii. iip. 522, beozpad

VY OKkBHpY OBOr paja NPE3EHTOBAaHO j€ HCTPaKHBAmE IpolecHpara M KapaKTepH3aldje
HAHOKOMIIO3UTHOT MaTepujana momu(Merui-merakpunar) (PMMA)-Y 505 (Eud). Yzopuu ca pas-
JTUYUTHM caapkajeM HaHodocdopa Y03 mommpanor ca EU jormMa mponecupanu cy y madopa-
TOpHjCKOM ypehajy 3a yMmeliaBame TEPMOIUIACTUYHHX IOjMMepa. McnuTuBaH je yTuuaj yiena
HAHOYECTHI[A Ha ONTHYKA M IMHAMHUYKO—MEXaHHYKA CBOjCTBA KOMIIO3MTA. MIHTEH3UTET JIyMUHHUC-
LIEHTHOT EMHCHOHOTI CIIEKTpa KOMIIO3UTa pacTe ca yneiaoM HaHogocdopa. Pesynratm DMA
MIOKa3yjy Z1a MOy AEHIOHOBAaHE SHEeprHje, MOy I I'yOuTaKa u TeMIiepaTypa TpaHc(opMaryje pacty
ca moBehameM ynena HaHodecTrna. Mukpotspaoha KoMro3uTa Takohe pacre ca nosehameM yzaena
HAHOYECTHI[A y KOMIIO3UTY M MOKa3yje CKOpO JMHEapHY 3aBHCHOCT OJ TeMmIeparype TpaHchop-
marmje (Tg).

(Mpumsseno 30. mapra 2010, peBuaupano 18. dpebpyapa 2011)
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Abstract: This paper presents an attempt to define the non-linear correlation
dependence between the degree of decomposition of the aluminate solution, the
average diameter of the crystallized gibbsite, the total Na,O content in the ob-
tained alumina and the specific utilization level of the process on the one hand
and important input parameters of the process on the other. Asinput parameters
having an influence on the process, the concentration of Na,O (caustic), the
caustic ratio and the crystallization ratio, the starting and final temperature of
the process, the average diameter of the crystallization seed and the duration of
the decomposition process were considered. As the result of measurements of
these process parameters and the acquisition of the resulting output parameters
of the process, a database with 500 data lines was obtained. To define the
correlation dependence, with the aim of predicting the process parameters of
the decomposition process of the sodium aluminate solution, the artificial
neural network (ANN) methodology was applied.

Keywords. aluminate solution; crystallization; modelling; artificial neural net-
works.

INTRODUCTION

In 1888, Karl Josef Bayer developed and patented a process which has
become the cornerstone of the aluminium production industry worldwide.l The
Bayer process involves the digestion of crushed bauxite in a concentrated sodium
hydroxide (caustic) solution at temperatures of up to 270 °C.2 The temperature
depends on the mineral composition of the bauxite.3 Under these conditions, the
majority of the aluminium bearing species from the ore are dissolved leaving an
insoluble residue (red mud) composed primarily of quartz, iron oxides, sodium
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aluminosilicates, calcium carbonate and titanium dioxide, which is removed by
settling/filtration.3

The dissolved aluminium is precipitated entirely in the form of gibbsite
(Al(OH)3) with the characteristics of the final grains depending on the initial
(seeding) material used and the conditions of the process.4° This is achieved by
cooling the solution to 52-55 °C and seeding with gibbsite grains, essentially re-
versing the initial dissolution process. The crystallization of aluminium hydro-
xide (AlI(OH)3) from caustic aluminate solution is the rate determining step
within the Bayer cycle, which is used for alumina production.6:7 In addition, due
to the complexity of Bayer liquor speciation, the mechanisms of Al(OH)3 crys-
tallization are still not completely understood and are the subject of considerable
research effort.8

The kinetics of gibbsite crystallization from the caustic sodium auminate
solution, as well as the size and the shape of the obtained particles, depend on the
following process parameters. temperature, alumina/caustic ratio, amount and
size distribution of the crystallization seeds, stirring speed and the presence of
activation ions added to the solution.%-12

Most of the results published recently concerning gibbsite crystallization
from the sodium aluminate solutions were obtained from laboratory investiga-
tions using the synthetic solutions, 21013 in this way only simulating the condi-
tionsin the industrial Bayer process.14 The industrial conditions of gibbsite crys-
tallization are much more complex than those in laboratory experiments. At the
same time, the process of gibbsite crystallization is much slower compared with
other processes in the Bayer technology of alumina production,® which is another
reason why this process demands further analysis under industrial conditions.

The main motive for the investigations presented in this paper was to draw
conclusions about the possibilities of predicting the results of gibbsite crystalli-
zation from caustic sodium aluminate solutions under industrial conditions. The
outputs of the process, the possibilities of prediction of which were analysed, are
degree of decomposition of the solution, average diameter of the obtained gib-
bsite grains; content of NapyO in the produced alumina and the specific utilization
level of the process. As input parameters the concentration of caustic sodain the
starting solution and its caustic ratio, the crystallization ratio of the solution (ratio
between the content of Al(OH)3 introduced into the solution in pulp form as crys-
tallization seeds and the Al(OH)3 content in the caustic sodium aluminate solu-
tion); the starting and the final temperatures of the process; the average diameter
of the crystallization seeds and the duration of the process were considered. De-
fining the correlation dependence between the outputs and the inputs of this in-
dustrial process, with significant values of the correlation coefficient (R2), pre-
sents a possibility for improved management of gibbsite crystallization from so-
dium aluminate solutions, as a part of the Bayer technology for alumina produc-
tion.
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THEORETICAL BACKGROUND AND THE METHODOLOGY
OF THE INVESTIGATIONS
Parameters influencing the decomposition process of the caustic sodium aluminate solutions

The precipitate from a dilute aluminate solution is Bayerite, a-Al(OH)5, and from a satu-
rated solution, Gibbsite, AI(OH)3.8 The content of Na,O (caustic) in the starting industrial
solutions ranges between 150 and 160 g dm3 with a caustic ratio (Na,O/Al,O3 molar ratio) in
the range 1.45-1.60. The starting temperature is in the range 6070 °C, while the temperature
at the end of the decomposition process ranges between 50 and 55 °C, which were reported to
be the optimal temperatures of the process.®15 The amount of added crystallization seeds (CS)
at the beginning of the process is determined by the crystallization ratio (CR), which presents
the relationship: 7 = Al;O3(cg)/AlO03as) (Where AS is the content of Al,Oz in the aluminate
solution). Increasing CR positively influences the rate of the process, as does increasing the
CS average diameter of the CS, under constant CR.2-1012.14

Under industrial conditions, CR is in the range 2-2.5, with an average particle diameter
of 100-120 pm. With time, the rate of the process decreases and the time required for 80 % of
the AI(OH)5 to precipitate is about 70 h under laboratory conditions.®1216 Under industrial
conditions, the degree of decomposition is even lower, ranging between 45 and 55 %, during
70-80 h. In addition, if producing coarse alumina (Sandy type), the granulation of the final
product should be above 100 um with an as low as possible content of NayOyoray (< 0.4 %).7

RESULTS AND DISCUSSION

Modelling the dependence between the outputs (results) and the inputs
(parameters of the process)

Industrial practice of the alumina production suggests that the input parame-
ters of the process should be controlled on a daily basis because al have an in-
fluence on the kinetics of the decomposition of the sodium aluminate solution,
the granulation of the produced AlI(OH)3 and the NaxO content in the resulting
alumina. Their synergetic action results in the output of the process, which deter-
mines its efficiency and effectiveness.

For the modelling of technological processes with established mathematical
dependences between its results (dependent variables) and the predictors (process
parameters), multiple linear regression analysis (MLRA), nonlinear regression
(NLR) and artificial neural networks (ANNS) are the most employed methods.17—23
Comparative analysis of the results of these statistical methods, indicate that the
best results are usualy obtained using ANNs.20.21 For this reason, this metho-
dology was used in the investigations presented in this paper.

Data from the factory Birac, Zvornik (Bosnia and Herzegovina), were used
for modelling the process of the decomposition of aluminate solutions. The data
were collected during the years 20082009 by measuring the input and output
process parameters under stable operation of the production line. A total number
of 500 data sets were collected this way, comprising the following:

a) Input parameters of the process. the NapO (caustic) content in the solu-
tion (g dm3) — Xq; the caustic ratio (o) of the solution — Xo; the crystallization
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ratio — Xg; the starting temperature of the solution (°C) — Xg; the final tempe-
rature of the solution (°C) — Xs; the average diameter of the crystallization seed
(um) — Xg and the duration of the crystallization process (h) — X7.

b) Output parameters of the process. degree of decomposition of the solution
(%) — Yq; average diameter of the crystallized gibbsite (um) — Yo; total NapO
content in the calcined alumina (%) — Ys; and the specific level of solution
utilization (t m3) — Ya.

The values of the measured input parameters of the technological process
(X1—X7) and the process quality indicators — outputs of the process (Y1—Yy), are
presented in Table | in the form of the results of descriptive statistics.

TABLE |. Vaues of the input (X;) and the output (;) variables of the process of industria
sodium aluminate solution decomposition — descriptive statistics of 500 data sets

Mean Standard

Parameter Range Minimum Maximum Statisic . Standard error . deviation Variance
X1 12.330 144.000 156.330 150.944 0.076 1.703 2.900
Xo 0.180 1.470 1.650 1.530 0.001 0.033 0.001
X3 3.410 1.260 4.670 2.285 0.030 0.662 0.438
Xa 11.000 58.000 69.000 64.656 0.054 1.199 1.437
Xs 22,200 36.300 58.500 50.582 0.184 4112 16.909
Xs 37.710 87220 124930 106.473 0.381 8510 72.416
X7 76.000 49.000 125000  77.080 0.624 13.944 194.426
Y, 24.330 32.300 56.630 46.658 0.124 2775 7.699
Ys 37.630 86.520 124.150 107.703 0.382 8.552 73.135
Y3 0270  0.220 0.490 0.309 0.002 0.055 0.003
Yy 0.039  0.052 0.091 0.076 0.000 0.005 0.000

It should be noted that one of the input parameters (Xo) has a small variance
(Table I). However, it presents the caustic ratio of the solution that is one of the
most important parameters of the Bayer process; thus, it cannot be omitted from
the analysis. A small change in X5 leads to a considerable change in the value of
the output parameters, especialy the degree of decomposition of the solution (Yy).

For defining the correlation dependence in the form: outputs of the process
(Y1—Y4) as function of the inputs of the process (X1—X7), a bivariate correlation
analysis was performed. As the result of this analys's, the Pearson correlation (PC)
coefficients with the corresponding statistical significance were calculated (Tablel-S,
Supplementary materia).

To finally define the dependence of the output parameters as functions of the
input parameters, using linear regression analysis (LRA) with an acceptable level
of fitting (strong correlation), the value of PC must be above 0.5 or less than —0.5
with statistical significance (p < 0.05).2425

The data presented in Table |-S reveals that this constraint is attained only in
following cases: Y; (degree of aluminate solution decomposition) and Xg (final
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temperature of the process) with PC = —0.720 and p = 0.000 and X7 (duration of
the process) with PC = 0.661 and p = 0.000; Y> (average diameter of the crys-
tallized gibbsite) and Xg (average diameter of the crystallization seed) with PC =
=0.921 and p = 0.000; Y3 (NapxO —total in the produced alumina) and X, (caustic
ratio) with PC = —0.602 and p = 0.000; Y4 (specific utilization level) and X5 (final
temperature of the process) with PC = —0.583 and p = 0.000, and X7 (duration of
the process) with PC = 0.555 and p = 0.000. This was also the case for the fol-
lowing interdependence between outputs of the process: Y1 (degree of aluminate
solution decomposition) and Y4 (specific utilization level of the process) with
PC = 0.900 and p = 0.000.

Considering that only a small number of variables had an acceptable level of
correlation (PC) and statistical significance (p < 0.05), it was concluded that the
MLRA approach should not be considered as an adequate tool for modelling the
investigated process because it would result in inadequate data fitting. In such
cases, ANNSs usually offer much better results.20.21

ANN Modelling

An artificial neural network is a network with nodes or neurons analogous to
biological neurons.2627 ANNs have become a powerful tool for many complex
applications, such as function approximation, optimization, non-linear system
identification and pattern recognition. Artificial neural networks have seen an
explosive growth in the last decade and are still being developed at a breath-
taking pace. These methods represent a class of tools that can facilitate the ex-
ploration of large systems in ways not previously possible. Although neural net-
works originated outside the field of statistics, and have even been seen as an
aternative to statistical methods in some circles, there are sings that this view-
point is making way for an appreciation of the ways in which neural networks
complement classical statistics.28

Owing to several attractive characteristics, ANNs have been widely used in
chemical engineering applications, such as steady state and dynamic process mo-
delling, process identification, yield maximization, non-linear control, and fault
detection and diagnosis.2%32 The most widely utilized ANN paradigm is a multi-
-layered perception (MLP) that approximates non-linear relationships existing
between an input set of data (causal process variables) and the corresponding out-
put (dependent variables) data set. A three layer MLP with a single intermediate
(hidden) layer housing a sufficiently large number of neurons (also termed nodes
or processing elements) can approximate (map) any non-linear computable func-
tion to an arbitrary degree of accuracy. It learns the approximation through a nu-
merical procedure called “network training” wherein network parameters (weights)
are adjusted iteratively so that the network, in response to the input patterns in an
example set, accurately produces the corresponding outputs. A number of algo-
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rithms,28 each possessing certain positive characteristics, are employed to train
an MLP network, e.g., the most popular error back-propagation (EBP), quickprop
and resilient back-propagation (RPROP).33

Error back-propagation has been applied to a wide variety of practical prob-
lems and it has proven very successful in its ability to make non-linear relation-
ships. A typical back-propagation net, which was used for modelling procedure
described in this paper, is presented in Fig. 1.

Input layer Hidden layer

(‘N‘ 'l
SR RX AN ‘\ /
N A A Y3

""“0“.‘ W 'f»'::s?
KK
J.o,x;\* ._ -

Hidden layer activation function: Sigmoid
Output layer activation function: Sigmoid

Fig. 1. The ANN architecture for the determination of Y;, Y5, Yz and Y, in the
industrial process of decomposition of sodium aluminate solutions.

Generadly, a MLP-EBP neural network contains one input layer, one or more
hidden layers, and one output layer. Each layer comprises one or more neurons.
The neurons are interconnected using weight factors. A neuron in a given layer
receives information from all the neurons in the preceding layer (Fig. 1). It sums
information, weighted by factors corresponding to the connection and the bias of
the network, and transmits this sum to all neurons of the next layer using a ma
thematical function.21.23
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As shown in the ANN architecture depicted in Fig. 1, the network used for
modelling in this work consisted of three layers of neurons. The layers described
as input, hidden and output layers comprise i, | and k numbers of processing
nodes, respectively. Each node in the input (hidden) layer is linked to all the
nodes in the hidden (output) layer using weighted connections. In addition to the
i and j numbers of input and hidden nodes, the ANN architecture also houses a
bias node (with afixed output + 1) initsinput and hidden layers and they provide
additional adjustable parameters (weights) for model fitting. The number of the
nodes i in the ANN network input layer is equal to the number of inputs in the
process and the number of output nodes k equals the number of the process
outputs. However, the number of hidden nodes j is an adjustable parameter the
magnitude of which is determined by issues such as the desired approximation
and generalization capabilities of the network mode!.26.34

The back-propagation algorithm modifies the network weights to minimize
the mean squared error between the desired and the actual outputs of the network.
Back-propagation uses supervised learning in which the inputs, as well as desired
the outputs, are controlled and selected.2”

The use of an ANN usually comprises three phases. First is the training
phase, which is facilitated on 70 to 80 % randomly selected data from the starting
data set. During this phase, the correction of the weighted parameters of the con-
nections is achieved through the number of iterations to attain the minimal mean
squared error between the calculated and measured outputs of the network. Du-
ring the second phase, the remaining 20-30 % of the data is used for testing the
“trained” network. In this phase, the network uses the weighted parameters deter-
mined during the first phase. These data lines, excluded during the teaching of
the network, are now incorporated in it as new input values X; which are then
transformed to new outputs Yk. The third phase is the validation of the network
on a new data set. This data set consists of aready measured data or data from
new experimental measurements. The validation phase presents the final level of
successful or unsuccessful prediction using the network developed in the pre-
vious two stages on a new database.20:21

Accordingly, ANN methodology was applied for modelling the process of
sodium aluminate solution dissociation under industrial conditions using avail-
able data, the descriptive statistics of which is presented in Table |. The assembly
of 500 input and output data sets was divided into two groups. The first group,
which was used to train the network, consisted of 350 (70 %) randomly selected
data lines, while the second group consisted of the remaining 150 (30 %) remain-
ing from the starting database and was used to test the network.

For the development of the relational ANN configuration (Fig. 1), previously
defined input parameters X;—X7 and output parameters Y1—Y4 were used as the
elements of the network architecture. The ANN presented in Fig. 1 consists of
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three layers: input, output and hidden layer. The neurons of the input layer are
presenting the information on input process parameters, X; (independent variab-
les), while the neurons of the output layer generate the output information, i.e.,
process quality indicators, Yk (dependent variables). In the present case, i = 7 and
k = 4. In addition, the best results of the model fitting were obtained with 7
neurons in hidden layer, i.e., j = 7. The appropriate number of neurons in the
hidden layer was determined by training and testing several networks. This pro-
cess is necessary because too few neurons in the hidden layer produce high train-
ing and testing errors because of underfitting and statistical bias. On the contrary,
too many hidden layer neurons leads to alow training error but high testing error
as a result of overfitting and high variance. In this study, an iterative approach
was employed to determine the optimal number of hidden layer neurons, yielding
minimum model prediction error on the “test data set”. In this way, 13 different
network architectures were tried, ranging from 2 to 14 neurons in the hidden
layer. The best results were obtained with the network architecture presented in
Fig. 1.

The input to any neuron j, in the hidden layer, without its bias, is given by:

i = 2WijX; (1)
where W; is the weight of the interconnection between neuron i and j and X; re-
presents the signal at the connection concerned.

An important component of an ANN is its activation function appearing after
the input layer. Each hidden node and output node applies the activation function
to its net input. For the case in question in this paper, a log sigmoid activation
function was chosen. This function was most frequently used one for modelling
similar systems;20,21,34

FX)=1U(1-e% 2
The overdl transfer function of aneuron is thus structured as:
O = A = fEW;jX) 3)

where O; is the output of the neuron, A; is its activation, X is the input to the
neuron in the hidden layer, which is identical to the output of the preceding neu-
ron with index j of the observed element.

The aim of the learning process is to minimize the overall network error:

E = /2x(y; - 0))? (4)

wherey; is the target output value.
Adaptation of the weights is affected according to the equation:3®

AW = Wj(t + 1) — Wij(t) = —aoE/oOW; )
where «is defined as the learning rate. Thisresultsin:
AWj = afFX (6)
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where the local error of ahidden element is calculated via:
B = H)NZAWk @
The px components represent the errors of the elements in the subsequent

layer, while Wik represent the connection weights for these elements. The error of
aneuron of the output layer is obtained via:
Bc=f (1 (yk— O )

The error is first calculated and then back-propagated into the hidden layer
located before the output layer.

The connection weights can then be modified according to the calculated
AW in the concluding stage of this process. To resolve a problem of a local
minimum of the error space, a momentum term was introduced. The equation for
the adoption of aweight is modified as follows:

AWj(t) = oiXj + uAW;j(t — 1) ©
where [ is defined as the momentum, t is the current learning step and (t — 1) the
previous learning step.

The training used in this study is summarized in Fig. 2, for the benefit of the
Y values in the investigated process.

In this way, in the training phase of the network, the necessary number of
iteration was performed until the error between the measured outputs of the
decomposition process of an industrial sodium aluminate solution (Y1-Y4) and
the calculated values were not minimized and remained constant. The obtained
results from the training stage can be evaluated by comparison of the calculated
Y 1-Y4 values with the measured ones. The obtained coefficients of determi-
nation, R2: 0.729, 0.868, 0.785 and 0.732 for Y1, Yo, Y3 and Y, respectively,
present satisfactory fitting of the calculated and measured values obtained during
the training phase and can be used in subsequent testing and validation.

After the development of this kind of “trained” network, the testing stage
was performed using the second part of the database (a total of 150 vectors). In
this phase, all 13 hidden layer structures were involved until a minimum model
prediction error was obtained. The ANN structure presented in Fig. 1, with seven
neurons in the hidden layer, resulted in the minimum model prediction error.
During the ANN testing phase, the calculated coefficients of determination (R2)
were dightly increased in comparison with the training phase and equalled:
0.801, 0.91, 0.857 and 0.802, respectively, for Y1, Yo, Y3 and Y4. A comparative
presentation of the measured and the values calculated using the ANN approach
for the investigated process is presented in Figs. 1-S and 2-S, Supplementary
material. The improvement in the fit obtained on the test set compared to that
obtained on the training set suggests that most of the extreme points that are more
difficult to model were in the training set. The selection of the variables for the
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training and the testing stage was performed using a random number generator
and hence, was not subjectively influenced.

Input the X1 to X7 parameters of the process
and corresponding Y1 to Y4 values

.l
y
Calculate the outputs of the neurons in the hidden
layer and the output layer

:

Calculate the error e between the actual output and
desired output

:

Is e small Are all e
F—Y—» small —Y—» END
enough?
enough?

N N
Calculate the errors of the neurons in the hidden
layer

.

Calculate the gradients and manipulate the
connection weights

|

Fig. 2. Flow chart of the back-propagation learning algorithm.

According to the results presented in Figs. 1-S and 2-S, it could be con-
cluded that the output variable Y (average diameter of the crystallized gibbsite)
has the best modelling potential, while other output variables, Y1; Y3 and Yy, have
to some extent smaller potentials for modelling. However, al the calculated co-
efficients of determination (R2) were large enough to advocate that the investi-
gated process can be adequately modelled using the approach presented in this
paper.

Furthermore, the obtained results of the non-linear correlation defined using
the ANN methodology enables aranking of each individua input parameter (X1—X7)
according to the degree of significance of their influence on the output results
(Y1—Ya), Fig. 3.

The significances of the influence of the input parameters on the decompo-
sition process of the industrial sodium aluminate solution are; Xg = 0.26; Xo =
= 0.175; X3 = 0.165; X5 = 0.155; X4 = 0.105; X7 = 0095 and X1 = 0045. The
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obtained results could be quite important for managing the process of decompo-
sition of industrial sodium aluminate solutions, concerning the minimization of
Y3, maximization of Y1 and Y4 and optimization of the Y> values.

Normalized Importance,%
0 29 4q 6Q 8q 100

X6 -
X2
X3
X5 -
X4
X7
X1

T I T
0.00 0.05 0.10 0.15 0.20 0.25
Importance

Fig. 3. Degree of significance of the individual input parameters (X;—X7)
on the values of the output parameters (Y1—Y,).

CONCLUSIONS

Vaues of the degree of decomposition of an industrial sodium aluminate
solution, the average diameter of crystalized gibbsite grains, the total NayO
content in calcined alumina and the specific level of solution utilization (Y1 to Yg,
respectively), under industrial conditions in the factory Birac, Zvornik (Bosnia
and Herzegovina) were determined using MLRA methodology. The values of the
coefficient of determination (R2) were 0.801, 0.91, 0.857 and 0.802, respectively,
for Y1, Yo, Y3 and Y. These results indicated a highly acceptable degree of fitting
of the dependence Y; = f(X1—X7), obtained using an ANN procedure as a part of
the SPSS software application, version 18 (PASW Statistics). The selected ANN
structure consisted of 350 (70 %) samples for training and 150 (30 %) for testing
the network.

The significances of the influence of the input parameters of the process of
the decomposition of the industrial sodium aluminate solution are: Xg = 0.26,
Xo =0.175, X3 = 0.165, X5 = 0.155, X4 = 0.105, X7 = 0095 and X1 = 0045.

The variables with highest influence on the process output are the average
diameter of the crystallization seeds and the caustic ratio of the solution. In addi-
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tion to these parameters, the starting and final temperatures of the solution also
have a large influence. The remaining inputs of the process demonstrated less
importance on outcome of the process (Yj), under industrial conditions of the
Bayer technology for alumina production. The defined elements of the ANN
structure can be applied generally to conditions in any factory that uses the Bayer
technology for alumina production.

Since the training of the ANN structure could be facilitated on 70 to 80 %
randomly selected data from the starting data set, further research will include the
possibility of ANN training with different training set sizes. In this way, the
influence of increasing the training set size from 70 to 75 or 80 % on the outcome
of the model will be investigated.

SUPPLEMENTARY MATERIAL

Table I-S and Figs. 1-S and 2-S are available electronically at http://www.shd.org.rs/
/ISCS/, or from the corresponding author on request.

M3BOJ

MOJIEJIOBAKE ITPOLIECA KPUCTAJIM3ALIMIE Al(OH)3 N3 NTHAY CTPUICKOT!
HATPUIYM-AJIIYMUHATHOI' PACTBOPA TIOMORY BEIITAUKHX
HEYPOHCKHX MPEXA

PAJIEHKO CMUJbAHIRY, IPATULIA JIA3WR?, MUJIA IUH [JIUNTOPUR?, MUJIOBAH JOTAHOBUR?,
KUBAH XUBKOBIR? u UBAH MUXAITIOBIR®

! Dabpura arymurujyma bupaq A.J1., 36opHruk, 2)’Hu6€p3uu_teu7 y Hcitiounom Capajesy, Texrnoaowku paxyaitieini y
3eopruky, bocha u Xepuyezosuna u 3YHueep3mEemy Beozpaody, Texnuuku axyaitei y bopy

VY oBOM pamy je HpHKa3aH HOKyIlaj AedHHHCAmba HEIMHEApHE KOpEIalMOHE 3aBHCHOCTU
u3Mely creneHa pasnarama aqyMHHATHOI PacTBOPA, NPOCEYHE BEIMYMHE NMPEYHUKA KPHCTAIUCA-
HOT 3pHa rudcuTa, ykymHor caapxkaja NayO y 1o0ujeHoj IMHAY U CHe(UIHOT CTEeTeHa UCKO-
puirhema mpomeca Ha jeIHOj CTpaHH, M BAXKHHUX YJIa3HHX IapaMeTapa mporeca, Ha Apyroj. Kao
yJIa3HH MapaMeTpH KOjU YyTHYY Ha Mporec y o03up Cy y3eTH: KoHIeHTpanuja kayctudaor NasO,
KayCTHYHHU OJHOC, KPUCTAJIM3ALMOHN Opoj, MOJIa3Ha U Kpajiba TeMIIepaType Hpoleca pasiarama,
IIpOCeyYHa BeJIMYMHA MPEYHHKA KPUCTAIN3ALMOHMX LIEHTapa U Tpajarbe Ipolieca KpUCTalu3aluje.
Kao pesynrar Mepema U KOHTPOJIC HAaBEICHUX TEXHOJIOUIKUX I1apaMeTapa, Kao 1 Oenexema pesyli-
Tyjyhux u3nasHux BennuuHa, popMmupaHa je 6a3a monxaraka ca 500 nuuuja yHoca. Kako 6u ce ne-
¢$uHMCaNe KopeTanyje ca IuJbeM MpeaBrhama TEXHOIOMIKUX TapaMeTapa Mmpoleca pasjiarama any-
MHHATHUX PAacTBOpA, KopuuhieHa je MeTo1a BEITAYKUX HEYPOHCKUX MpexKa.

(Mpumibeno 31. oktobpa, pesuaupano 30. neremGpa 2010)
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TABLE I-S. Correlation matrix for the input (X;—X7) and the output (Y,—Y,) variables of the

industrial sodium auminate solution dissociation process (number of data points for each
variable was 500)

Eaertae-r Correlation X]_ X2 X3 X4 X5 Xe X7 Yl Yz Y3 Y4
X1 Pearson 1
Sig.
(2-tailed)
Xo Pearson -319° 1
Sg. .00
(2-tailed)

X3 Pearson —149° .361° 1
Sig.  .001 .000
(2-tailed)

X4 Pearson —150° .209° —030 1
Sig.  .001 .000 .500
(2-tailed)

Xs Pearson .090° —252° —489% 214* 1
Sig.  .045 .000 .000 .000
(2-tailed)

Xg Pearson .115° —084 .458° —040 .066 1
Sig. 010 .061 .000 .372 .139

(2-tailed)

Xy Pearson —125° 159" .421% —156* —716* —147° 1
Sig.  .005 .000 .000 .000 .000 .001
(2-tailed)

* Corresponding author. E-mail: imihajlovic@tf.bor.ac.rs
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TABLE I-S. Continued

zaétaerr Correlation X; Xo Xg X4 Xs X6 X7 Yo Yo Ys Y,

Y, Pearson —143* 073 .447° —108° —720° —227° 661° 1
Sig. .001 .101 .000 .016 .000 .000 .000
(2-tailed)

Y, Pearson .124° —121* 424* —016 .079 .921° —129* —222° 1
Sig.  .005 .007 .000 .729 .079 .000 .004 .000
(2-tailed)

Ys Pearson .307° —602° —121° —489" .031 .098" .006 —011 .110° 1
Sig. .000 .000 .007 .000 .490 .029 .88 .805 .014
(2-tailed)

Y, Pearson .149° —328* .270° —198* —583" —173" .555* .900" —154* .250* 1
Sig.  .001 .000 .000 .000 .000 .000 .000 .000 .001 .000
(2-tailed)

Correlation is significant at the 0.01 level (2-tailed); Pcorrelation issignificant at the 0.05 level (2-tailed)
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Fig. 1-S. Comparison of the measured and the values calculated using the ANN: a) the degree
of decomposition of the industrial sodium aluminate solution (Y1).

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

2011 Copyright (CC) SCS



SUPPLEMENTARY MATERIAL 531

120+ o

o o
(o]
@ o
o~ o0 o
> o8
le]
1} O &

110
g o c“0 (-'8
o
> oo
3 ° 8
© o o)
-.g 1001 : . < ?
o

le}
© ()
90
R? Linear = 0.91
80
T T T T T T
80 90 100 110 120 130
Measured Value - Y2
(b)

Fig. 1-S (continued). Comparison of the measured and the values calcul ated using the ANN:
b) average diameter of the gibbsite grains (Y,).
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b) specific utilization level of the process (Yy).

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

2011 Copyright (CC) SCS




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

2011 Copyright (CC) SCS




Journal of
the Serbian
Chemical Society

.““w\-[m.\'ﬂldu

%"ﬁ'mm Te m.u-"—‘*‘ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 76 (8) 1177-1190 (2011) UDC 546.711-145.1+502.521+
JSCS-4194 544.723:633/.635(497.11)

Original scientific paper

Distribution and forms of manganese in vertisols of Serbia
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Abstract: Soil samples taken from the Ap horizont of arable land and meadows
at ten different localities were analyzed for different forms of manganese,
including total (HF), pseudo-total (HNOs3), 0.1 M HCl-extractable and di-
ethylentriaminepentaacetic acid (DTPA)-extractable. A seguentia fractional
procedure was used for Mn portioning into fractions: water soluble and ex-
changeable Mn (1), specificaly adsorbed Mn with carbonates (I1), reductant
releasable Mn in oxides (I11), Mn bonded with organic matter (IV) and Mn
structurally bonded in silicates (residua fraction) (V). Serbian vertisols have a
normal Mn content, comparable with similar soils. The total (HF) and pseudo-
total (HNO3) Mn contents were not correlated with soil properties, whereas the
humus content positively influenced the 0.1 M HCl-extractable Mn in soil (r =
= 0.49). Soil pH and CaCO; (r = 0.57 and 0.43) showed significant negative
correlations with the DTPA-extractable Mn, respectively. The different extrac-
tion methods showed similar patterns of Mn content in arable and meadow
soils. The sequential fractional procedure showed that reductant releasable Mn
occluded in oxides of Fe and Mn was the prevailing Mn fraction in soil, how-
ever, water soluble and exchangeable Mn and Mn bonded with organic matter
had significant correlations with most of the examined soil characteristics.
Potential Mn toxicity in vertisols could be observed under lower pH and satu-
rated conditions.

Keywords. soil; manganese solubility; plant availability; adsorption; distri-
bution of manganese.
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INTRODUCTION

Being a multi-complex system, soil comprises mineral, organic, organic-mi-
neral, liquid and gaseous phases and it possesses certain physical, chemical and
biological properties. The original geologic substrate and subsequent geochemi-
cal and pedogenic impacts determine the total levels of micronutrients in soils.
The total levels are rarely indicative of plant availability, because availability
depends on soil pH, organic matter content, adsorptive surfaces, and other physi-
cal, chemical, and biological conditionsin the rhizosphere.l

The accumulation of heavy metals in soils represents a potential risk to hu-
man health due to the transfer of these elements to aguatic media, their uptake by
plants and their subsequent introduction into the food chain. Chemical fraction-
ation schemes for partitioning trace metals in soils and sediments have been used
extensively since the 1970s and are based on three to six fractions,>> many of
them being slightly modified Tessier's schemes.? Chemical extraction is em-
ployed to assess operationally defined metal fractions, which can be related to
chemical species, as well as to potentially mobile, bioavailable or ecotoxic pha-
ses of a sample. The sequential extraction procedure for environmental studies
provides an important tool for the determination of the different chemical forms
or ways of binding between trace metals and soil components.® It is generally
accepted that the ecological effects of metals (e.g., their bioavailability, ecotoxi-
cology and risk of groundwater contamination) are related to their mobile frac-
tions rather than to the total concentrations.” Sequential extraction was confirmed
as a convenient method for the investigation of heavy metals in agro—ecological
conditions.®

Manganese (Mn) is an essential micronutrient for plant growth. Through its
involvement in various enzymes and other physiologically active molecules, this
micronutrient affects the gene expression, biosynthesis of proteins, nucleic acids,
growth substances, chlorophyll and secondary metabolites, metabolism of carbo-
hydrates and lipids, stress tolerance,® etc. of plants. Mn oxides are not only an
important solid phase component of soil micronutrients, but also play an impor-
tant role in the redistribution of micronutrients in soils. Changes in the redox sta-
tus and consequent transformation of mineral forms of Mn act as an important
driving force for the redistribution of trace elements and other heavy metals in
soils.1° Patrick and Jugsujinda,™! and Han and Banin'2 found significant transfor-
mations and redistribution of heavy metals among the solid-phase componentsin
soils due to the redistribution of Mn during incubation under a saturated regime.
High values of Mn are usually attributed to the presence of Mn-oxides concentra-
tions due to locally reduced conditions.2® Therefore, proper land use, i.e., cropped
soil, permanent crops or meadows, can strongly influence the soil moisture re-
gime.
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The aim of this study was to assess the distribution and forms of manganese
occurring in vertisol soils under the environmental conditions of Serbia using dif-
ferent extraction methods and a sequential extraction procedure.

EXPERIMENTAL

Samples of the Ap horizon of vertisol soil were taken from the following ten locationsin
Serbia: 1) Milutovac, 2) Pridtina, 3) Trnava, 4) Rekovac, 5) Vranje (Neradovac), 6) Zajecar, 7)
Bela Crkva, 8) Blace, 9) SalasS and 10) Kragujevac (Fig. 1). Sub-samples were taken from
field and meadow ecosystems, from a depth of 0 to 20 cm, after which they were air-dried and
crushed in a porcelain mortar to particles of 2 mm in size. A stainless steel screen was used in
the preparation for characterization and Mn-fraction analyses.

7. Bela Crkva

& Fed B o salas
;
B

Fig. 1. Geographical location of
the investigated soil samples in
the Republic of Serbia.

Deter mination of the soil characteristics

Soil pH was determined in a suspension with water and 1 M KCI mixture, with the ratio
of soil:solution 1:2.5 after a 30-min equilibration period; the organic content was determined
using the humus method of Kotzmann,# the available P,Os and K,O contents were deter-
mined by the AL method of Egner—Riehm.1> Cation exchange capacity (CEC) was determined
using the method with 1 M NH4OAc, pH 7, and the particle size distribution was determined
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by a pipette method.16-17 The total manganese was determined by atomic adsorption spectro-
photometry (AAS, Carl Zeis Jena, model AAS 1N). The cold extraction method was used for
the determination of the total and pseudo-total manganese where 0.5+0.001 g of sample was
transferred into a centrifuge tube, and then 10 cm3 of 0.5 M HCI were added. The solution
was shaken and centrifuged for a short time and then placed on a shaking-table and agitated
for 1 h. After agitation, the solutions were centrifuged at 3000 rpm (1,900x%g) for 15 min, and
then filtered through a 0.45-pum syringe filter to remove particul ates.

Sequential fractional procedures

Manganese (Mn) in different soil fractions was extracted using the procedure proposed
by Tessier et al.2 The methods used for the fractionation procedure are outlined below.

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

2. Specifically adsorbed Mn and Mn bonded with carbonates were determined utilizing
extraction with 1 M NaOAc (pH 5.0). Again, 10 g of soil were added to 100 cm?® of solution,
and agitated for 5 h a room temperature and then filtered. In this case, the sum of 1. and 2.
was calculated and the value of fraction 2 was obtained by subtraction.

3. Reductant releasable Mn occluded in Fe and Mn oxides was determined in the 2.5 mg
of soil placed in a centrifuge tube. After extraction of fractions 1. and 2., 50 cm® of 0.04 M
hydroxylamine hydrochloride were added (in 25 % HOAc, pH 3). The tubes were then kept in
a water bath for 6 h at 85 °C under stirring. Subsequently, the total volume of 50 cm3 was
attained by adding distilled water, and the tubes were closed, agitated for 10 min, and centri-
fuged for 10 min at 3000 rpm. The clear supernatant was removed from the reagent bottles
and the remains of the soil were rinsed with 20 cm? of distilled water.

4. Mn bonded with organic matter was determined in the following way: 7.5 cm? of 0.02
M HNOj3 and 12.5 ml of H,O, pH 2.0 were added to the centrifuge tubes with the soil remain-
ing from the previous three extractions. The tubes were kept in a water bath at 86 °C for 2 h
and then stirred. After cooling, 7.5 cm3 of 30 % H,0, were added and again the suspension
was kept at 86 °C for 3 h. After cooling, 12.5 cm? of 3.2 M NH4OAc in 20 % HNO; were
added. The final volume was set by adding distilled water and then the tubes were closed.
They were then shaken for 30 min and centrifuged for 10 min at 3000 rpm. The resulting clear
supernatant was transferred to reagent bottles.

5. Mn structurally bonded in silicates (residual fraction) was determined by calculating
the difference between the total content determined with HNOz—-HF-HCIO,4 and the sum of
thefirst four fractions.

The total Mn content was determined by destructing the samples with a mixture of the
acids HNO3, HCIO,4 and HF. Through this procedure, all the forms of Mn present in the soil
were transferred into solution. The pseudo-total content of the Mn was obtained by application
of concentrated HNO5 and H,0,.18-20

The distribution of manganese in various chemical fractions (1.—4.) was determined by
flame atomic absorption spectrometry (AAS).

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

ferent chemical fractions) in the vertisol samples were statistically processed by the Student’s
t-test and Pearson correlation coefficients.2!
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RESULTS AND DISCUSSION

Basic soil characteristics of the investigated vertisols are given in Table I.
The vertisols showed marked heterogeneity in terms of pH. Most of the studied
soil samples were acid to dightly akaline. In terms of the content of readily
available phosphorus, the selected samples belonged to the class of soils with a
low P availability, but the observed levels of P>Og varied widely among the
samples: from 0.6-28.0 mg 100 g1 soil in the samples from cultivated fields to
0.8-17.8 mg 100 g1 soil in the samples from meadows. The investigated soils
showed a moderate to high content of available K2O. The selected sampling sites
also differed in the humus concentration with an average range from 3.3 % (field)
to 3.5 % (meadow) and with a high capacity for cation adsorption, ranging from
15.5to 34.7 meq per 100 g soil.

TABLE |. Examined physical-chemical characteristics of vertisol in Serbia (mean, standard
deviation and range)

Field Meadow

Soil characteristic Mean Range Standard Mean Range Standard

9 deviation 9 deviation
pH (H,0) 7.1 5.88.1 0.9 6.9 5.6-8.1 0.9
pH (KCI) 6.0 4.6-6.9 0.9 5.8 47-7.0 0.9
Humus content, % 33 254.0 0.5 35 2.0-5.6 1.1
P,0s content, mg 100g™ 7.7 0.6-28.0 85 4.2 0.8-17.8 5.0
KO content, mg 100g™ 344 19.0596 118 311 204535 104
CEC, m.e 100g™ 251 155315 5.6 238 16.9-34.7 6.6
Sand content, % 296 21.4-36.0 4.8 322 223505 9.0
Silt content, % 246 18.8-31.2 3.6 228 11.9-294 5.6
Clay content, % 458 335544 7.2 449 289643 111
Silt + clay content, % 704 64.0-78.6 4.8 67.7 495777 9.0

The mean value of the total Mn content in the field and meadow vertisols
amounted to 927 and 882 mg kg1, respectively (Table 11). However, the exa-
mined samples showed high heterogeneity regarding the total Mn content.

TABLE Il. Manganese content in the tested vertisols of Serbia determined using different
extraction methods (X+SD and interval, mg kg'1)

Location HF HNO; 01MHcl  0.005M dtpa
Field (n = 10) 927+311 850+306 117+17.1 52.5+21.7
650-1675 550-1600 89.0-154.0 21.0-90.0
Meadow (n = 10) 882+252 803+286.5 113+32 59.8+22.2
5601460 500-1490 49-178 28.0-106.0
t-Test (field and meadow) 0.40° 0.35° 0.05° 0.74°

*The Student t-test showed that there a statistical significance between the examined characteristic of the field
and meadow soil; bThe Student t-test showed that there was no statistical significance between the examined
characteristic of the field and meadow soil
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The average values of Mn extraction from the samples of arable land, when
mild extraction agents were used, were 117.0 mg kg1 in 0.1 M HCI and 52.5 mg
kgL in 0.005 M diethylentriaminepentaacetic acid (DTPA), indicating that the
soils were sufficiently provided with this element. The high values of available
Mn in the arable soil samples indicated a low strength of its binding with the
solid soil phase. The meadow soil samples were aso adequately supplied with
readily available Mn, athough the Mn concentrations found by 0.1 M HCI ex-
traction (113 mg kg1) were dightly lower and by DTPA extraction (59.8 mg kg2)
dightly higher compared with the corresponding values found for the arable ver-
tisols. Thus, a solution of 0.1 M HCI extracted twice the amount of Mn extracted
by a DTPA solution.

On average, about 91 % of the total content of Mn in vertisols from arable
land and meadows was extracted with HNO3 (pseudo-total content), i.e., 850 and
803 mg kg1, respectively (Table 111). Conversely, 0.1 M HCI extracted about
13.5 % of the total content of Mn in vertisol from the arable and the meadow
samples. The relative values of the individual Mn extractions with 0.1 M HCI so-
Iution, between the two land uses, varied over awide range (7.6-16.5 % from the
arable soil samples and 5.8-21.7 % from the meadow samples).

The average relative values of Mn extracted with DTPA were 5.6 (arable
soil) and 7.4 % (meadow). The individual values varied widely and were related
to the soil pH. The highest relative amount of DTPA-extractable Mn was ex-
tracted from the soil with the lowest pH value. The extraction with 0.1 M HCI
and DTPA 0.005 extracted much greater amounts of Mn (2-3 times more) from
the arable land samples 7 and 10.

These results are in agreement with a number of previous observations.22
Han and Banin23 reported that Mn in arid-zone soils was mainly in the easily re-
ducible oxide-bound fraction and it redistributed into the carbonate-bound and
soluble plus exchangeable fractions after a year of water saturation. The EDTA-
extractable Mn in savanna soils ranges from 13 to 54 mg kg2 soil, which is far
greater than the 1.0 mg kg1 considered critical for most soils, suggesting that
savanna soils have adequate reserves of available Mn.24

Generaly, the contents of total and readily available Mn in the analyzed
vertisols were not dependent on the properties of the investigated soils. However,
this finding was not confirmed for Indian vertisols, where the total Mn was nega-
tively correlated with coarse clay and silt but positively correlated with fine clay.
Contrary to this, the DTPA-available form of Mn was negatively correlated with
pH (r = =0.55 and —-0.57) and the CaCO3 content (—0.43). Similar results for
DTPA-Mn were presented by Vermaet al.25 and for Indian vertisols.26 From this
association, it can be inferred that the addition of organic matter increases the
availability of Mn and, as the soil become coarser, Mn deficiency becomes a pro-
blem.27 Manganese extracted with 0.1 M KCI is positively correlated with the
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humus content (r = 0.49). Bloom?8 reported that Mn2* formed outer-sphere com-
plexes (non-specific sorption) with the carboxyl groups of the soil organic matter
(SOM); this mechanism explains the weak association of Mn with the soil orga-
nic matter. The Mn content in soil showed no relation with the soil texture of the
investtigated vertisols. Some studies aso found that Mn movement is inde-
pendent of clays, as shown by the weak correlation between Mn and the clay dis-
tribution in soils.29.30

TABLE I11. The relative content of manganese in different extraction agents (in % of HF-total)

. Extraction method
Locality
HF HNO; 0.1 M HCI 0.005 m dtpa
Field
Milutovac 720 819 14.4 3.8
Prigtina 1675 955 7.6 5.0
Trnava 778 99.6 14.0 4.6
Rekovac 780 83.3 13.7 51
Vranje 740 94.6 16.5 3.9
Zajecar 760 97.4 155 7.0
BelaCrkva 650 84.6 13.7 7.1
Blace 1020 97.0 11.8 5.4
Saas 950 96.3 12.5 6.8
Kragujevac 1200 829 12.8 75
X 927 91.3 13.3 5.6
Meadow

Milutovac 813 87.9 14.4 7.4
Prigtina 1460 102.0 9.0 4.1
Trnava 1041 86.9 115 6.4
Rekovac 764 85.7 15.8 6.8
Vranje 800 93.8 13.6 5.6
Zajecar 620 80.6 15.3 7.4
BelaCrkva 560 88.4 21.2 15.2
Blace 995 97.0 9.5 49
Saas 900 99.4 5.8 33
Kragujevac 820 86.6 21.7 129
X 877.3 90.8 13.8 7.4

Sequential extraction analysis

Considering that the tested vertisols from Serbia were established at loca-
tions with manganese deficiency in the parent material, sequential extraction
enabled the determination the form of its presence in the soil, alowing a clear
understanding of its potential mobility and accessibility to plants. The Mn dis-
tribution among the various chemical fractions of the examined vertisols showed
that Mn was predominantly located in the fraction of oxides of Fe and Mn(ll1).
Its presence in this fraction was 56.4 % of its total content in the meadow ver-
tisols and 54.2 % in the arable soils. Similar Mn values in the fraction of metals
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associated with Fe and Mn oxides were found by other authors. Sims et al.31
found that the reduced fraction contained approximately 45 % of the total content
of Mn, and Maria Isabel et al.32 found 33.1 % in oxide-bound phase according to
a modified Tessier procedure and 48.9 % according to Community Bureau of
Reference Protocol for Spanish Soils. The high content of extractable Mn in this
fraction was derived from the fixed Mn and Mn coupled with oxides (MnO and
MnOy).2 The individual samples from the fields and meadows showed a marked
heterogeneity in terms of the Mn content in this fraction, which could be
explained by the fact that the content of Mn in this fraction occurs in samples
with larger Mn contents.

The fraction of specifically adsorbed Mn and Mn bound to carbonates (I1)
was the second largest Mn pool. In the arable soil samples, this fraction ac-
counted for 13.7 % of the total Mn content, while in the meadow vertisols, the
value was 15.45 %. The higher relative content of Mn in the meadow samples
might indicate that the Mn in the arable soils could have a stronger association to
the solid phase of the soil, despite its higher content. This finding was confirmed
by the fact that the relative content of Mn in the arable soils was significantly
lower in the exchangeable fraction of adsorbed metal (fraction I), which leads to
weak associations with the soluble part of the total Mn, which is directly acces
sible to plants. In addition, the extracted amount of Mn and its relative preva
lence in this fraction, in individual samples, varied over a wide range, which
were significantly higher in samples of the arable soils (9.7-28.4 %) compared
with the meadow soil. It was also found that the largest amounts of Mn were
extracted from samples with the highest total content. Contrary to the above, the
samples with the highest total contents of Mn had lower values of relative Mn
abundance, indicating that the increase in the total Mn content reduces its per-
centage in the fractions of specifically adsorbed Mn and Mn bonded to carbo-
nates. Based on those findings, it could be assumed that the potential availability
of Mn is determined by specific soil properties and less by itstotal content.

In the arable vertisols, the relative content of Mn in the organic (1V) fraction
averaged 13.2 %, while in the meadow vertisols, the average was 12.8 %. Similar
differences were observed for the Mn content in the third fraction. These diffe-
rences probably derived from the chemical and mineralogical properties of the
individual soil samples and, similarly, the lowest soil pH values led to the least
amount of organically bound Mn. Another observation was that the samples with
the highest relative content of organically bound Mn were the highest in K20, the
texture clay fraction and the CEC. This could be explained by the fact that the
complexes of organic matter with Mn can be easily adsorbed to the clay particles
of soil, which affects the content of organically bound Mn. The positive relation-
ship between the organic bound Mn and the available potassium is probably due
to their appearance in the same forms of bonds, since the investigated vertisols
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had sufficient clay contents, which explains the considerable amount of potas-
sium in the soil.

The fraction of exchangeable adsorbed metal (fraction |) was relatively high
in Mn (3.7 % of the total content of Mn) in the arable land samples (35.9 mg kg—1)
and 5.6 % of the total Mn content in the meadow samples (42.3 mg kg1). This
fraction is dependent on soil pH, content of K50, clay (CEC), silt and CaCOs,
respectively.

The t-test found no significant differences between the respective chemical
fractions for both uses of the vertisols, indicating the same geochemical origin of
the soils at the examined locations and no effects of cropping technology on the
distribution of Mn among the different fractions.

Positive correlation coefficients for the Mn content were found between
fractions| and I1, Il and 1V, I11 and the total content and IV and the total content,
whereas negative correlations were observed between fractions | and 1V, 1l and
IV and the total content (Table IV). The negative correlation between the content
of Mninfractions| and IV indicates that the increase of Mn in the organic matter
(fraction 1V) was aresult of the high complexation of Mn and its decrease in the
soluble fractions. The results also showed that al of the stable fractions (11, I11
and IV) were correlated with the total Mn, but not with the residua fraction. Me-
dium to high correlations (r = —0.51 and 0.96) were observed between total Mn
and Mn in fractions [1-1V. The coefficients indicate that the individual forms of
Mn were in a state of dynamic equilibrium.

TABLE 1V. Correlation coefficient between the manganese content in different chemical frac-
tionsin the soil from fields and meadows

Fraction | I I v Vv Mn content total (HF)
| 1.00

] 0.52% 1.00

1l NS NS 1.00

v -0.61° NS 0.57° 1.00

V NS -0.51° NS NS 1.00

Mn content total NS —0.46 0.96° 0.53% NS 1.00

aStatistically significant at the probability level of 0.05; Pthere is no statistical significance, Cstatistically
significant at the probability level of 0.01

The correlation coefficients between the Mn content in different chemical
fractions and selected soil properties are presented in Table V. The analysis
showed that the content of Mn in fraction | decreased significantly (—0.49 and
—0.90) as the soil pH and the contents of clay (CEC), K20 and CaCOs3 increased.
Conversely, plots with high values of silt had an increased Mn content in fraction
I (r =0.52).

The high negative correlation coefficients between the content of Mn in the
first fraction and soil properties, such as pH, clay content (CEC) and K20, in-
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dicated that these soil properties had a dominant influence on the distribution of
Mn in this fraction. When the pH value of the sail is high, Mn is less soluble due
to the oxidation process that occurs in an alkaline reaction and the transition of
Mn oxides into the more inaccessible forms. As the clay content and pH in-
fluence the CEC to a large extent, the increase of CEC strengthens the bond be-
tween cations (Mn) and the solid phase of soil, which reduces the mobility and
solubility of Mn in this fraction.

TABLE V. Correlation coefficient between the manganese content in different chemical frac-
tions and some soil characteristics

il ch erisi Fraction
Il charactenstic | T i IV vV Mn content total

pH (H,0) -090° NS NS 0.71% NS NS
pH (NKCl) -0.90° NS NS 0.70° NS NS
Humus content NS NS NS NS —0.46° NS
P,0Os NS NS NS NS NS NS
K,0 -0.60° NS NS 0.57° NS NS
CEC —-0.64° NS NS 0.76° NS NS
Sand NS NS NS -0.61° NS NS
Silt 0.52° NS NS —-0.61° NS NS
Clay -0.49° NS NS 0.79° NS NS
Silt + clay NS NS NS 0.61° NS NS

Statistically significant at the probability level of 0.01; Pthere is no statistical significance; “statistically
significant at the probability level of 0.05

The positive correlation between the Mn content in fraction | and silt is
caused by weaker bond strengths between the silt and Mn, since silt particles are
coarse and positioned at the junction between sand and clay. It could be assumed
that the solubility of Mn (fraction I) is higher in soil with a coarser texture than
clay soil with a similar total content of Mn. Specifically adsorbed Mn and Mn
bound to carbonates (fraction I1) and Mn bound to oxides (fraction |) were not
significantly correlated with any of the studied soil properties (Table V).

The amounts of Mn extracted from the organic fraction (IV) had signifi-
cantly high positive correlations with soil pH, clay (CEC) and K>O (from 0.57 to
0.79), and negative correlations with coarse soil particles (silt and sand). The
high and positive correlation of Mn in the organic fraction and clay showed that
most of the Mn was associated with clay organic matter. Therefore increasing the
content of fine particles (clay with organic matter) results in increases in the free
surface, and therefore the CEC, as well as bond strength compared to the coarser
particles (silt and sand).

The positive correlation (r = 0.70 and 0.71) between soil pH and Mn content
in the organic fraction indicates that the pH had a positive effect on the Mn con-
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tent in the organic fraction. These results are similar to the results of other au-
thors.25.33-35

Based on the correlation coefficients shown in Table VI, it was found that
the applied extraction techniques extracted significantly higher amounts of dis-
solved Mn compared with the amounts that plants could adopt. With 0.005 M
DTPA and 0.1 M HCI addition, besides the water-soluble + exchangeable amounts
of Mn, specifically adsorbed forms also dissolve. HF and HNO3 dissolve metals
that are bound with much stronger bonds (fraction 11-V). These metals are not
accessible to plants and, therefore, this method cannot be used as an indicator of
Mn accessibility to plants. The availability of micronutrients to crops is control-
led by many soil factors, such as pH, soil organic matter, temperature and mois-
ture.36-37 Increased microbial activity can also result in a decrease in the oxi-
dation—reduction potential of the soil, increasing Mn availability; consequently,
manganese (I1) forms only relatively weak bounds with organic ligands.3® Ac-
cording to Fageriaet al., the main ionic Mn speciesin a soil solution is Mn2*, and
its concentrations decrease 100-fold per unit increase in soil pH.3” Thisisin agre-
ement with the results obtained in other studies on Brazilian soils.37:3°

TABLE VI. The correlation coefficients between the content of manganese in different chemi-
cal fractions of soil and its contents obtained by using different extraction procedures

. Fraction
Extraction procedure I T i v v
HF NS 0.512° 0.959° 0.534° NS
HNO; NS 0.443° 0.966° 0.572° NS
0.1 M HCl 0.516" 0.703° NS NS NS
0.005 M DTPA 0.786° 0.882° NS NS NS

*There is no statistical significance; bstatistica]ly significant at the probability level of 0.05; Cstatistically
significant at the probability level of 0.01

CONCLUSIONS

The contents of Mn (total and pseudo-total) were found to be similar in the
samples of field and meadow vertisols and to have similar levels as the average
values determined in other studies. The extraction of Mn with NHO3 produced
values similar to the real total content (about 90 %). The availability of Mn
(DTPA-Mn) depends on the pH value and CaCOs3 content, since negative corre-
lations were observed. Reductant releasable Mn occluded in the oxides of Fe and
Mn was found to be the most abundant fraction of Mn according to sequential
extraction procedures, however, the Mn bonded with organic matter had signify-
cant correlations with most of the examined soil properties. Mn availability in
soil could be controlled by appropriate water regime and management practices
that modify the pH value of soil.
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U3BOJ
JUCTPUBYLIMIA 1 ®OPME MAHI'AHA ¥V BEPTUCOJIMMA CPBUJE

JEJIEHA . MUJTUBOJEBUR', UBULIA T. BAJIOBUR?, MUOJIPAT XK. JEJUE®, CPERKO P. TPUOGYHOBUR,
JAPMHKA M. BOFIIAHOBI/ITIS, JIPATMIIA C. MI/IHOHIEBS, BFPAHMCIIAB 1. HEHEJ'I;KOBI/I"B6
n IPATAHA 'b. BIEJITR?

Henimap 3a ciipna weuitia, Case Kosauesuha 31, 34000 Kpazyjesau, *Mnciiuitiyii 3a paiiapciiiso u fospiiapciiieo,
Makcuna Iopkoz 30, 2100, Hosu Cao, 3H0/boﬁpu6pebuu pakyaitieii, Ynusepauitein y Kocoscxoj Muitiposuyu,
Jeaene Anncyjcxe 66, 38228 3y6un ook, *Unciiuimy @ 3a xemujy, Ipupodno—maiiemaiiiuuicu daiyaiieid,
Yuusepauitieiri y Kpazyjesuy, Padoja lomanosuha 12, 34000 Kpazyjesau, * Iomoiipuspedni daxyitiei,
Yuusepsuitieiri y Hosom Cady, Hocuitieja O6padosuha 8, 21 000 Hosu Cad u’®abpuxa ayiiionobuaa
Kpazyjesau, Tpz Totioausaua 4, 34 000 Kpazyjesay

VY mmby onpehuBama paznmmuuTX OOJIMKAa MaHraHa y BepTHcoiMMa ca mojapydja Cpouje
(opaHuue u nMBaje) MOPEKIOM Ca JEeCeT PA3IMYUTUX JOKAIUTETa aHAIM3UPAH je YKYIIaH CaapiKaj
manrana (HF), nceymo-ykynan caapxaj (HNOg), 0,1 M HCI pacreopssus u DTPA pactBopsbHB
manraH. CeKBeHIMjaTHOM eKCTPaKIIKjOM M3BPIICHO je pa3Bajambe (pakiuja MaHraHa Ha pacTBOp-
JbHB Y BOJM ¥ pa3MeHsbuB MaHraH (1), cnenuduyno agcopbosaH ca kapbonatuma (1), okiaynosan y
okcuauma (I11), manran Besan 3a oprancky marepujy (IV) m MaHraH CTPyKTYypHO BE3aH y CHIIM-
katuma (pesuayanuu neo) (V). Caapxaj MaHraHa y aHaJTM3HPAHOM 3eMJBUIITY (BepTHCOI) mopeheH
je ca moOujeHrM pe3ysTaTiMa Ha CIIMYHHM 3eMJBMINTUMA. YKynaH caapxaj manrana (HF) u ncey-
no-ykymnan caapxaj (HNOs3) Hucy Ouin y KOpenanuji ca MCIUTHBAHUM CBOjCTBUMA 3EMJBHUINTA,
JOK je caapkaj xymyca nosutuBHO ytuiao #a 0,1 M HCl pacrBopseus manran (r = 0,49).
3emubrmian PH 1 CaCOs (r = 0,57 u 0,43) cy nokasany BUCOKO 3Ha4ajHy HEraTHBHY KOpEJalujy ca
DTPA pacTBOp/bHBUM MaHIaHOM. Pazinuurta eKCTPaKIMOHA CPElCTBA Cy HCIOJbHIIA CiiMYaH ede-
KaT Ha cajapxaj Mn'y o6pauBoM 3eMJBHIITY U JMBagaMa. CEeKBEHIIMOHA EKCTPAKIIMOHA aHAIN3a je
MoKa3ajia Ja MaHraH OKJIyIOBaH Yy OKCHANMA YMHH MPOLIEHTYaTHO HajBehy Qpakiujy y 3eMIBHIITY,
HCTOBPEMEHO MOCTOj€ CTATUCTHYKHU 3Ha4YajHe Kopenanuje u3melhy MaHraHa pacTBOPJbHBOT Y BOJIH U
MaHraHa BE3aHOT 3a OPraHCcKy MaTepujy U BehnHe cBojcTaBa 3eMJbUINTa. [IOTEHIHMjad €KOTOKCH-
YHOCTH MaHI'aHa Ce MOXE HCIOJBUTH CaMo Y CliydajaBiMa HHUCKe PH BPEAHOCTH 3eMJBHIITA H I10-
jaBe 3acuharba 3eMJBHIITA Ca BOJIOM.

(TTpumsbero 29. nenem6Gpa 2010, pesuaupano 12. anpuna 2011)
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