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Abstract: A series of new 5-(2,6-dichlorobenzylidene)thiazolidine-2,4-dione
and 5-(4-methoxybenzylidene)thiazolidine-2,4-dione derivatives (3a—h and
ba—h, respectively) were synthesized starting from 5-arylidenethiazolidine-
-2,4-dione and a-halo-ketones. The structural elucidation of the newly syn-
thesized compounds was based on elemental analysis and spectroscopic data
(MS, 1H-NMR and 13C-NMR). The synthesized compounds were screened in
vitro for their antimicrobia activities against several pathogenic strains of
Gram-positive and Gram-negative bacteria and one funga strain (Candida
albicans), as growth inhibition diameters. Some of the compounds displayed
better inhibitory activities than that of the reference drug against the Gram-
-positive Saphylococcus aureus, Bacillus cereus and Listeria monocytogenes
bacterial strains, and showed good antifungal activity against C. albicans,
while the antibacterial activity against the Gram-negative Escherichia coli and
Salmonella typhimurium bacterial strains was moderate.

Keywords. 5-arylidenethiazolidine-2,4-dione; a-haloketone; antibacterial; anti-
fungal.

INTRODUCTION

Heterocyclic compounds have long been recognized in the field of synthetic
organic chemistry as a very important class. Nitrogen-, oxygen- and sulphur-
-containing heterocyclic compounds are known to exhibit a large variety of bio-
logical activities and are used in various fields of pharmacy.!

* Corresponding author. E-mail: teodora_anca@yahoo.com
doi: 10.2298/J5C130114078S
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116 STANA et al.

Especially great attention has been given to thiazolidine-2,4-dione deri-
vatives as they posses a diverse array of pharmacological activities, such as
antidiabetic,2 antioxidant, analgesic, anti-arthritic,3 anti-inflammatory,4 antican-
cer,® antibacterial and antifungal .6 Besides showing a remarkable antidiabetic
activity by binding with PPARy, heterocyclic compounds bearing thiazolidine-
-2,4-dione moiety with substitution at the fifth position can reduce oxidative
stress and inhibit intracellular free radical overproduction.” They aso have inhi-
bitory effects on monocyte/macrophage activation, the expression of inflamma-
tory molecules® and tyrosinase activity.® It was reported that 5-arylidene-2,4-
-thiazolidinediones can act as potentially promising 15-hydroxyprostaglandin
dehydrogenase inhibitors,10 inhibitors of MurD ligase!! and antimicrobial
agents.12-14

The search for new high-effective antimicrobial drugs is a very important
issue because of the appearance of a large group of antibiotic and antifungal
resistant strains.15

In view of these facts and in continuation of efforts to discover potentially
active new antimicrobial agents,16 the synthesis of two series of various N-sub-
stituted 5-arylidene-thiazolidine-2,4-diones and an evaluation of their antibac-
terial and antifungal activities are reported herein.

RESULTS AND DISCUSSION
Chemistry

The synthetic strategy for the target compounds, N-(aryloxoalkyl)-5-(2,6-
-dichlorobenzylidene)thiazolidine-2,4-diones (3a—h) and N-(aryloxoakyl)-5-(4-
-methoxybenzylidene)thiazolidine-2,4-diones (5a—h) isillustrated in Scheme 1.

The genera method known as the Knoevenagel condensation was used to
synthesize the N-unsubstituted 5-arylidene-thiazolidine-2,4-diones (2 and 4) in
good yields (94-95 %). 5-(2,6-Dichlorobenzylidene)thiazolidine-2,4-dione (2)
and 5-(4-methoxybenzylidene)thiazolidine-2,4-dione (4) were prepared by the
condensation of thiazolidine-2,4-dione with the appropriate arylaldehyde, accord-
ing to procedures reported in the literature.17.18

In order to accomplish N-substitution, the 5-arylidenethiazolidine-2,4-diones
(2 and 4) were first converted into potassium salts at the nitrogen atom of the
thiazolidine-2,4-dione ring with the help of anhydrous potassium hydroxide in
dimethylformamide (DMF) under continuous stirring at room temperature. The
treatment of the obtained potassium salts with various o-halo-ketones in DMF
under continuous stirring at room temperature afforded the target compounds, N-
(aryloxoalkyl)-5-arylidene-thiazolidine-2,4-diones (3a—h and 5a—h, respectively)
in 45-95 % vyields.

The newly synthesized N-substituted 5-arylidenethiazolidine-2,4-diones (3a—h
and 5a—h) were characterized by melting point, elemental analysis and spectro-
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N-SUBSTITUTED-5-ARY LIDENETHIAZOLIDINE-2,4-DIONES 117

scopic data (YH-NMR, 13C-NMR and MS). All compounds gave good CHNS
guantitative elemental analysis results, in agreement with the calculated values.
All spectral and analytical data were consistent with the assumed structures.
Details of the synthetic procedures and the yields are presented in the Experi-
mental while the physical, analytical and spectral data for the synthesized com-
pounds are given in the Supplementary material to this paper.

H
Q NH—K\ Br-CH— c Ar C. c i\
[ACOH, anh anh oy ° CH@ KOH, DMF, rt. @

(o]

NH
OAS Bl
1

o

CHGOO i Br- CH C Ar  Ar- (; CH
4’
AcOH, anh. AcONa ° St <\ }Oc”‘ KOH, DMF, r.t. % KCH@
5a-h
Ar KQ a: R=H, X=H, Y=H

Y b: R=H, X=-0-CHj3, Y=H
c: R=H, X=NO; Y=H
d: R=H, X=Cl, Y=H
e: R=H, X=CN, Y=H
f: R=H, X=0H, Y=-CO-NH,
g: R=CHj, X=H, Y=H
h: R=H, Ar=2-naphtyl
Scheme 1. General synthetic route for the synthesis of the compounds 3a—h and 5a—h.

The IR spectra of the synthesized compounds 3a—h and 5a—h displayed three
strong absorption pesks at 1749-1731 cmrl, 1705-1692 cm1 and 1687-1668
cm1 due to C=0 stretching of the thiazolidine-2,4-dione ring and the arylalky!-
ketone, respectively. The absence of absorption bands corresponding to the
—NO group of the thiazolidine-2,4-dione moiety in the IR spectra of al the newly
synthesized compounds confirmed the formation of N-substituted derivatives.
Compounds 3b and 5a-h give two strong bands at 1043-1031 cm1 and 1258—
—1248 cmr1 due to the presence of phenyl methyl ether group. The absorption
bands at 1521-1517 cm1 and 1331-1324 cm1 in the IR spectra of compounds
3c and 5c¢ are due to the asymmetric and symmetric stretch of the -NO» group.
The IR spectra of compounds 3e and 5e exhibited one sharp absorption at 2235—
—2231 cmr1 due to the —=C=N stretch. In the IR spectra of compounds 3f and 5f,
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118 STANA et al.

the C=0 stretch of the amide group appeared at 1635-1628 cm1 and the phenol
group presented an absorption band at 1233-1231 cm1 due to the C-O stretch-
ing vibration and an absorption band at 3417-3411 cm® due to the intramole-
cular hydrogen-bonded OH stretch.

The 1H-NMR spectra of the synthesized compounds 3a—h and 5a-h showed
one signal for the methylidene proton, as a singlet at 7.879—-7.991 ppm, which
supported the occurrence of the Knoevenagel condensation between the thiazoli-
dine-2,4-dione and aromatic aldehydes. The absence of a singlet signal corres-
ponding to the NH proton from the thiazolidine-2,4-dione ring in the 12.50-12.52
ppm region6 in the 1H-NMR spectra of all compounds confirmed the formation
of N-substituted derivatives. The —-OCH3 protons resonated as singlets at 3.822—
—3.896 ppm and the aromatic protons appeared as characteristic doublets, triplets
or multiplets in the 7.043-8.902 ppm region of the IH-NMR spectra. 13C-NMR
spectra of the synthesized compounds were in accordance with the assumed
structures.

The mass spectra of the synthesized compounds gave idea about the frag-
mentation of the final compounds with their corresponding mass and revealed the
correct molecular ion peaks (M* or M+1), as suggested by their molecular
formulas.

Antibacterial/antifungal activity

All compounds were tested for their antibacterial activity against two Gram-
-negative (Salmonella typhimurium ATCC 13311 and Escherichia coli ATCC
25922) and three Gram-positive (Listeria monocytogenes ATCC 35152, Sta-
phylococcus aureus ATCC 25923 and Bacillus cereus ATCC 13061) bacterial
strains. The antifungal activity of the compounds was evaluated against a strain
of Candida albicans ATCC 90028.

The results of the antifungal and antibacterial activity of the N-(aryloxo-
alkyl)-5-arylidenethiazolidine-2,4-diones 3a-h and 5a—h in comparison with those
of reference drugs are presented in Tablel.

All the tested compounds presented modest to good inhibitory activity
against the Gram-positive and the Gram-negative bacteria, compared to cipro-
floxacin (50 ug well-1), employed as a standard drug. All of the synthesized
compounds were active and showed moderate activity against E. coli and S
typhimurium (10-18 mm inhibition zone). The 5-(4-methoxybenzylidene)thiazo-
lidine-2,4-diones (5a—h) were generaly more active than the 5-(2,6-dichloroben-
zylidene)thiazolidine-2,4-diones (3a—h), suggesting that substitution of the thia-
zolidine-2,4-dione ring with a methoxybenzylidene moiety in the fifth position
rather than with a 2,6-dichlorobenzylidene moiety favoured the antibacterial
activity of the compounds against Gram-negative bacteria. On the contrary, the
5-(2,6-dichlorobenzylidene)thiazolidine-2,4-diones 3a—h exhibited better anti

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




N-SUBSTITUTED-5-ARY LIDENETHIAZOLIDINE-2,4-DIONES 119

-bacterial properties than the 5-(4-methoxybenzylidene)thiazolidine-2,4-diones
(5a—h) did against the Gram-positive bacteria. Compounds 3a,c,e and f and 5a—c
displayed similar or better inhibitory activities than that of the reference drug
ciprofloxacin against S. aureus, while compounds 3e-f were more active than
ciprofloxacine against L. monocytogenes, and compound 3f was more active than
the standard against B. cereus. The antibacterial activity of compounds 3a, 3c
and 3e—f and 5a— was generally better than that of the other N-(aryloxoalkyl)-
-5-arylidenethiazolidine-2,4-diones, suggesting that the presence of an electron
withdrawing group, such as nitro, nitrile or carbonyl, on the aromatic ring plays
an important role in enhancing the antibacterial properties of the titled com-
pounds. Regarding the antifungal activity, most of the synthesized compounds
showed moderate to good inhibition (14—-24 mm inhibition zone) against C. albi-
cans, at the test concentrations.

TABLE I. Antimicrobial activity of the synthesized compounds 3a—h and 5a-h; inhibition
zone, mm; (-) no activity

c d Gram-positive bacteria Gram-negative bacteria Fungi
ompoun S aureus L. monocytogenes B. cereus E. coli S typhimurium C. albicans
3a 20 18 20 16 14 14
3b 18 16 12 12 12 18
3c 28 16 18 14 16 16
3d 18 16 16 12 14 18
3e 22 28 20 12 12 22
3f 20 22 24 10 16 22
39 18 18 16 10 14 24
3h 18 16 14 10 14 18
5a 20 18 14 14 18 18
5b 20 18 14 14 18 18
5c 24 16 12 12 18 16
5d 18 16 12 12 18 16
5e 18 18 12 14 16 14
5f 18 18 14 14 18 14
5g 18 16 12 18 18 16
5h 18 16 12 16 18 16
Ciprofloxacin® 20 22 22 24 22 -
Fluconazole? — — — — — 25

&Ciprofloxacin and fluconazole (50 ug wel I'l) were used as standard drugs

EXPERIMENTAL
Chemistry

All chemicals and reagents were obtained from commercial sources and were used as
supplied, without further purification. Compounds 2 and 4 were previously reported in the
literature.16-18

Melting points were determined with an electrothermal melting point meter in open glass
capillary method and are uncorrected. The reaction progress and purity of the synthesized
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120 STANA et al.

compounds were monitored by analytical thin layer chromatography (TLC) using Merck pre-
coated Silica Gel 60F,s5, sheets (Darmstadt, Germany), a heptane—ethyl acetate 3:7 elution
system and UV light for visualization. The IR spectra were recorded on a JASCO FT-IR-4100
spectrometer (Cremella, Italy) using the ATR technique (Attenuated Total Reflectance). The
nuclear magnetic resonance (*H-NMR) spectra were recorded at room temperature on Bruker
Avance NMR spectrometer (Karlsruhe, Germany) operating at 500 and 125 MHz for 1H- and
13C-NMR, respectively, using tetramethylsilane (TMS) as an internal standard (chemical
shifts, 4, in ppm). The spectra were in accordance with the assigned structures. The samples
were prepared by dissolving the compounds in DM SO-dg (0 = 2.51 ppm) as solvent and the
spectra were recorded using a single excitation pulse of 12 ps (*H-NMR). Spin multiplets are
given as s (singlet), d (doublet), t (triplet) and m (multiplet). The 13C-NMR spectra were
recorded on a Bruker Avance NMR spectrometer (Karlsruhe, Germany) operating at 125 MHz
in DM SO-dg, using awaltz-16 decoupling scheme. The M S analyses were performed at 70 eV
with an Agilent gas chromatograph 6890 (Darmstadt, Germany) equipped with an apolar
Macherey Nagel Permabond SE 52 capillary column (Dueren, Germany) and with an LCMS-
-2020 Shimadzu mass spectrometer (Shimadzu Corporation, North America). Elemental
analyses were realized using a Vario EI CHNS instrument (Hanau, Germany). Physical,
analytical and spectral data of the prepared compounds are given in Supplementary material to
this paper.
5-(2,6-Dichlorobenzylidene)- 3-(2-oxo-2-phenyl ethyl ) thiazolidine-2,4-dione (3a). 1 mmol
(273 mg) of 2 was dissolved in dimethylformamide (DMF) (3.5 mL) and finely dispersed
anhydrous potassium hydroxide (84 mg, 1.5 mmol) was added. The mixture was stirred for 30
min a room temperature to give the potassium salt of 5-(2,6-dichlorobenzylidene)thiazo-
lidine-2,4-dione. To the resulting suspension was added 2-bromo-1-phenylethanone (199 mg,
1 mmol) for N-substitution. The mixture was stirred at room temperature for 8 h. The reaction
was monitored by TLC. After completion of the reaction, the reaction mass was poured into
ice-cold water. The resulting precipitate was filtered, washed with water and ethanol, dried
and then recrystallized from absolute ethanol. Y ellow solid; yield: 85 %.
5-(2,6-Dichlorobenzylidene)-3-[ 2-(4-methoxyphenyl)-2-oxoethyl] thiazolidine-2,4-dione
(3b). Using 2-bromo-1-(4-methoxyphenyl)ethanone (229 mg, 1 mmol), the compound was
prepared according to the procedure described for 3a. White solid; yield: 93 %.
5-(2,6-Dichlorobenzylidene)-3-[ 2-(4-nitrophenyl)-2-oxoethyl] thiazolidine-2,4-dione
(3c). The compound was prepared according to the procedure for 3a using 2-bromo-1-(4-
-nitrophenyl)ethanone (244 mg, 1 mmol). Dark brown solid; yield: 69 %.
3-[2-(4-Chlorophenyl)-2-oxoethyl] -5-(2,6-di chl or obenzylidene)thiazolidine-2,4-dione (3d).
The title compound was prepared according to the procedure described for 3a using 2-bromo-
-1-(4-chlorophenyl)ethanone (233.5 mg, 1 mmol). Brown solid; yield: 74 %.
4-{2-[5-(2,6-Dichlorobenzylidene)-2,4-dioxothiazolidin-3-yl] acetyl } benzonitrile (3e). The
title compound was prepared following the procedure presented for 3a using 4-(2-bromo-
acetyl)benzonitrile (224 mg, 1 mmol) and was recrystallized from absolute ethanol. Yellow
solid; yield: 51 %.
5-{2-[5-(2,6-Dichlorobenzylidene)-2,4-dioxothiazolidin-3-yl] acetyl}-2-hydroxybenzamide
(3f). The compound was prepared using 5-(2-bromoacetyl)-2-hydroxybenzamide (258 mg, 1
mmol) following the synthetic procedure described for 3a. Brown solid; yield: 53 %.
5-(2,6-Dichlorobenzylidene)- 3-(1-methyl-2-oxo-2-phenyl ethyl ) thiazolidine-2,4-dione
(3g). The title compound was prepared following the procedure presented for 3a using
2-bromo-1-phenylpropan-1-one (213 mg, 1 mmol). Y ellow liquid; yield: 45 %.
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5-(2,6-Dichlorobenzylidene)-3-[ 2-(naphthal en-2-y1)-2-oxoethyl ] thiazolidine-2,4-dione
(3h). The title compound was prepared using 2-bromo-1-(naphthalen-2-yl)ethanone (249 mg,
1 mmol) according to the procedure described for 3a. White solid; yield: 78 %.

5-(4-Methoxybenzyli dene)-3-(2-oxo-2-phenyl ethyl ) thiazolidine-2,4-dione (5a). To a solu-
tion of 4 (235 mg, 1 mmol) in DMF (3.5 mL) was added finely dispersed anhydrous
potassium hydroxide (84 mg, 1.5 mmol). The mixture was stirred for 30 min at room tempe-
rature to give the potassium salt of 5-(4-methoxybenzylidene)thiazolidine-2,4-dione. To the
resulting suspension was added 2-bromo-1-phenylethanone (199 mg, 1 mmol) and then the
reaction mixture was stirred at room temperature for 8 h. TLC was used to monitor the reac-
tion progress. After completion of the reaction, the mass was poured into ice-cold water under
continuous stirring. The resulting compound was washed with water and ethanol, dried and
then recrystallized from absolute ethanol. White solid; yield: 79 %.

5-(4-Methoxybenzylidene)-3-(2-(4-methoxyphenyl)-2-oxoethyl thiazolidine-2,4-dione  (5b).
Using 2-bromo-1-(4-methoxyphenyl)ethanone (229 mg, 1 mmoal), the title compound was
prepared according to the procedure described for 5a. White solid; yield: 95 %.

5-(4-Methoxybenzylidene)-3-[ 2-(4-nitrophenyl)-2-oxoethyl] thiazoli dine-2,4-dione (5¢). The
titte compound was prepared according to the procedure for 5a but using 2-bromo-1-(4-
-nitrophenyl)ethanone (244 mg, 1 mmol). Pale yellow solid; yield: 92 %.

3-[2-(4-Chlorophenyl)-2-oxoethyl] -5-(4-methoxybenzylidene) thiazolidine-2,4-dione (5d).
The title compound was prepared according to the procedure described for 5a but using
2-bromo-1-(4-chlorophenyl)ethanone (233.5 mg, 1 mmol). White solid; yield: 78 %.

4-{2-[ 5-(4-methoxybenzylidene)-2,4-dioxothiazolidin-3-yl] acetyl }benzonitrile (5€). Fol-
lowing the procedure presented for 5a, the title compound was prepared using 4-(2-bromo-
acetyl)benzonitrile (224 mg, 1 mmol) and was recrystallized from absolute ethanol. Light
brown solid; yield: 53 %;

2-Hydroxy-5-{2-[ 5-(4-methoxybenzyli dene)- 2,4-di oxothiazolidin-3-yl] acetyl } benzamide
(5f). The compound was prepared using 5-(2-bromoacetyl)-2-hydroxybenzamide (258 mg, 1
mmol) according to the synthetic procedure described for 5a. Y ellow solid; yield: 62 %.

5-(4-Methoxybenzylidene)-3-(1-methyl -2-oxo-2-phenyl ethyl )thiazolidine-2,4-dione  (5Q).
Following the procedure presented for 5a but using 2-bromo-1-phenylpropan-1-one (213 mg,
1 mmol), thetitle compound was prepared. White solid; yield: 64 %.

5-(4-Methoxybenzylidene)-3-[ 2-(naphthal en-2-yl)-2-oxoethyl] thiazolidine-2,4-dione  (5h).
The title compound was prepared using 2-bromo-1-(naphthalen-2-yl)ethanone (249 mg, 1
mmol) according to the procedure described for 5a. White solid; yield: 81 %.

Antibacterial/antifungal activity

The in vitro antimicrobia activity was determined using the cup-plate agar diffusion
method according to the Clinical and Laboratory Standards Ingtitute (CLSI) guidelines.19

For antibacterial testing, Mueller—Hinton agar medium was used whereas for antifungal
testing, Mueller—Hinton medium supplemented with 2 % glucose (providing adequate growth
of yeasts) and 0.5 mg mL-1 methylene blue (providing a better definition of the inhibition zone
diameter) was used. The inoculum was prepared by suspending five representative colonies,
obtained from an 18-24 h culture on non-selective nutritive agar medium, in sterile distilled
water. The cell density was adjusted to the density of 0.5 McFarland standard by measuring
the absorbance in a spectrophotometer at a wavelength of 530 nm and adding sterile distilled
water as required (corresponding to a population of (1-5)x10% CFU mL™1). A sterile swab was
soaked in suspension and then the Mueller—Hinton agar plates were inoculated by streaking
the entire surface. After drying for 10-15 min, six mm-diameter wells were cut from the agar
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using a sterile cork-borer, and a volume of 10 pL of each compound solution (5 mg mL™1 in
DMSO) were delivered into the wells (50ug wellY). Ciprofloxacin (50 pg well'l) and
fluconazole (50 pg well'l) were used as standard drugs. The controls were performed with
only sterile broth, overnight culture and 10 uL. DMSO. The plates were incubated at 35 °C.
The inhibition zone diameters were measured to the nearest whole millimetre where there was
no visible growth after 24-48 h. The results were obtained in triplicate. The solvent used for
the preparation of each compound stock solution (5 mg mi-l), DMSO (Merck, Germany)
exhibited no inhibitory activity against the tested bacterial and fungal strains.

CONCLUSIONS

In conclusion, a series of new 5-(2,6-dichlorobenzylidene)thiazolidine-2,4-
-dione and 5-(4-methoxybenzylidene)thiazolidine-2,4-dione derivatives were
synthesized by Knoevenagel condensation of thiazolidine-2,4-dione with the
required aromatic aldehyde, followed by Ns-substitution with various a-halo-
-ketones. Their structures were confirmed by analytical techniques: 1H-NMR,
1I3C-NMR, mass and elemental analysis. The synthesized compounds were
evaluated for their antibacterial and antifungal activities against severa Gram-
positive, Gram-negative bacteria and Candida albicans. The results of the anti-
microbial screening revealed that all of the tested compounds have antibacterial
and antifungal properties, while some showed promising antimicrobial activities:
compounds 3c, 3e and 5¢ displayed better inhibitory activities than ciprofloxacin
against S aureus, compounds 3e and 3f were more active against L. mono-
cytogenes and compound 3f was more active against B. cereus than ciproflox-
acin.

SUPPLEMENTARY MATERIAL

Physical, analytical and spectral data of the prepared compounds are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

H3BOJ
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CuHTeTHCaHa je cepuja HOBUX AepuBaTta 5-(2,6-AUXIOpPODEH3UINAEH)THAa30IUANH-2,4-
-OUOHA U 5-(4-MeTOKCUDeH3WIHIEeH)THa30MuguH-2,4-nuoHa (3a—h u 5a—h) momasehu op
5-apWINAEHTHA30IUONH-2,4-1M0Ha U o-XaloreH-keToHa. CTpyKTypa HOBUX jeJUBEeHma Ofpe-
HeHa je Ha OCHOBY eJleMeHTalHe aHalu3e M CIeKTpockonckux nogataka (IR, MS, TH-NMR u
13C-NMR). Onpehena je aHTMMHKPOOHA aKTHBHOCT CHHTETHCAHHX jeIUECHAa IPemMa HEeKo-
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N-SUBSTITUTED-5-ARY LIDENETHIAZOLIDINE-2,4-DIONES 123

JIUKO COjeBa IrpaM-TIO3UTUBHUX U IrpaM-HeraTUBHUX DakrepHja u cojy meusuua (Candida albi-
cans). Heka o CHHTeTHCaHUX jeIUema MMoKasyjy odpy aktuBHocT mpema C. albicans, nok je
aKTHBHOCT MPEMa COjeBUMaA TpaM-HeraTUBHUX Dakrtepwja Escherichia coli u Salmonella typhi-
murium yMepeHa.

(ITpumibeHo 13. janyapa, peBungupano 2. jyna 2013)
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PHYSICAL, ANALYTICAL AND SPECTRAL DATA OF THE PREPARED
COMPOUNDS
5-(2,6-Dichlorobenzylidene)- 3-(2-oxo-2-phenyl ethyl)thiazolidine-2,4-dione
(3a). Yield: 85 %; yedlow solid; m.p.. 128-130 °C; Ana. Cacd. for
C18H11CIoNO3sS: C, 55.12; H, 2.83; N, 3.57; S, 8.17 %. Found: C, 55.23; H,
2.91; N, 348; S, 8.05 %; IR (ATR, cm1): 1673 (C=Oketone), 1695
(C=Othiazolidinedione), 1738 (C=Othiazolidinedione); *H-NMR (500 MHz, DMSO-
ds, 6 / ppm): 7.97 (1H, s, CH=), 7.76 (2H, d, J = 7.8 Hz, Ar-H), 7.65 (2H, d, J =
= 8.7 Hz, Ar-H), 7.62 (1H, t, J = 7.8 Hz, Ar-H), 7.55 (1H, t, J = 8.7 Hz, Ar-H),
7.53 (2H,t,J=7.8 Hz, Ar-H), 5.29 (2H, s, CH>); 13C-NMR (125 MHz, DM SO-dg,
o/ ppm): 185.88 (C=0), 170.13 (C=0), 164.98 (C=0), 133.67 (2C), 132.34 (C),
131.96 (C), 131.73 (CH), 131.23 (CH), 130.63 (C), 129.16 (2CH), 127.52 (2CH),
127.08 (2CH), 123.89 (CH), 50.98 (CH>); M S (nVz (relative abundance, %)): 392
(M+1, 100), 393 (M+2, 19.8), 394 (M+3, 62.4), 286 (15.3), 274 (22.7), 233
(39.1), 169 (69.9).
5-(2,6-Dichlorobenzylidene)-3-[ 2-(4-methoxyphenyl)-2-oxoethyl] thiazolidine-

-2,4-dione (3b). Yield: 93 %; white solid; m.p.: 165-166 °C; Anal. Calcd. for
C19H13CIoNO4S: C, 54.04; H, 3.10; N, 3.32; S, 7.59 %. Found: C, 54.30; H,
2.98; N, 358; S, 7.26 %; IR (ATR, cm1): 1038, 1254 (C—Omethoxy), 1676
(C=Oketone), 1698 (C=Otniazolidinedione); 1735 (C=Othiazalidinedione); ~H-NMR
(500 MHz, DMSO-dg, ¢ / ppm): 8.08 (2H, d, J = 9.0 Hz, Ar-H), 7.97 (1H, s,

* Corresponding author. E-mail: teodora_anca@yahoo.com
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CH=), 7.66 (2H, d, J = 8.7 Hz, Ar-H), 7.55 (1H, t, J = 8.7 Hz, Ar-H), 7.13 (2H, d,
J=9.0Hz, Ar-H), 5.29 (2H, s, CHy), 3.89 (3H, s, OCH3); 13C-NMR (125 MHz,
DMSO-dg, 6 / ppm): 185.66 (C=0), 170.32 (C=0), 165.41 (C), 164.76 (C=0),
133.87 (2C), 132.62 (C), 131.86 (C), 131.65 (CH), 129.74 (2CH), 129.12 (2CH),
128.34 (C), 123.44 (CH), 111.15 (2CH), 55.69 (CH3), 50.84 (CH2); MS (m/z
(relative abundance, %)): 423 (M+1, 100), 424 (M+2, 76), 425 (M+3, 12.1), 391
(39), 316 (18.4), 288 (8.1), 286 (9.2), 260 (45.9).

5-(2,6-Dichlorobenzylidene)-3-[ 2-(4-nitrophenyl)-2-oxoethyl] thiazolidine-
-2,4-dione (3c). Yield: 69 %,; dark brown solid; m.p.: 172-175 °C; Anal. Calcd.
for C18H10CIoN20sS: C, 49.44; H, 2.31; N, 6.41; S, 7.33. Found: C, 49.54; H,
2.12; N, 6.59; S, 7.25; IR (ATR, cmr1): 1324 (NOy, sym.), 1521 (NOy, asym.),
1671 (C=Oketone), 1692 (C=Ohjiazolidinedgione): 1733 (C=Othiazolidinedione): ‘H-
NMR (500 MHz, DMSO-dg, ¢ / ppm): 8.41 (2H, d, J = 9.0 Hz, Ar-H), 8.32 (2H,
d, J = 9.0 Hz, Ar-H), 7.99 (1H, s, CH=), 7.67 (2H, d, J = 8.7 Hz, Ar-H), 7.55
(1H, t, J= 8.7 Hz, Ar-H), 5.42 (2H, s, CHy); 13C-NMR (125 MHz, DMSO-dg, 6 /
/ ppm): 186.21 (C=0), 170.12 (C=0), 164.84 (C=0), 150.42 (C), 140.57 (C),
133.66 (2C), 132.44 (C), 131.81 (CH), 129.89 (2CH), 129.18 (2CH), 128.57 (C),
123.34 (CH), 123.15 (2CH), 50.72 (CH>); M S (nVz (relative abundance, %)): 437
(M+1, 100), 438 (M+2, 43.1) 439 (M+3, 25.2), 391 (13), 315 (11.8), 291 (37.5),
286 (9.6), 280 (8.3).

3-[ 2-(4-Chlorophenyl)-2-oxoethyl] -5-(2,6-dichl orobenzylidene)thiazolidine-
-2,4-dione (3d). Yield: 74 %; brown solid; m.p.: 106-108 °C; Anal. Calcd. for
C18H10CI3NO3S: C, 50.67; H, 2.36; N, 3.28; S, 7.51 %. Found: C, 50.88; H,
2.22; N, 3.42; S, 7.65 %; IR (ATR, cm1): 1674 (C=Oketone), 1696
(C=Cthiazolidinedione), 1731 (C=Othiazolidinedione); *H-NMR (500 MHz, DMSO-d,
o/ ppm): 7.98 (1H, s, CH=), 7.83 (2H, d, J= 8.9 Hz, Ar-H), 7.68 (2H, d, J = 8.9
Hz, Ar-H), 7.55 (1H, t, J = 8.7 Hz, Ar-H), 7.54 (2H, d, J = 8.7 Hz, Ar-H), 5.32
(2H, s, CHy); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 186.34 (C=0), 169.98
(C=0), 164.76 (C=0), 138.34 (C), 133.69 (2C), 133.01 (C), 132.41 (C), 131.60
(CH), 130.38 (C), 130.07 (2CH), 129.32 (2CH), 128.76 (2CH), 123.38 (CH),
50.77 (CHy); MS (m/z (relative abundance, %)): 428 (M+1, 100), 429 (M+2,
6.3), 430 (M+3, 32.2), 391 (25.7), 314 (5.9), 288 (18.4), 260 (58.6), 233 (20.6),
168 (72.2).

4-{2-[ 5-(2,6-Dichlorobenzylidene)-2,4-di oxothiazolidin-3-yl] acetyl } benzonit-
rile (3e). Yield: 51 %; yellow solid; m.p.: 163-164 °C; Anal. Calcd. for
C19H10CIoN2O3S: C, 54.69; H, 2.42; N, 6.71; S, 7.68 %. Found: C, 54.98; H,
2.17; N, 6.87; S, 7.77 %; IR (ATR, cm1): 1681 (C=Oketone), 1699
(C=Othiazolidinedione): 1745 (C=Othiazolidinedione): 2235 (C=N); H-NMR (500
MHz, DMSO-dg, ¢ / ppm): 8.01 (2H, d, J = 8.6 Hz, Ar-H), 7.99 (2H, d, J = 8.6
Hz, Ar-H), 7.97 (1H, s, CH=), 7.66 (2H, d, J = 8.7 Hz, Ar-H), 7.54 (1H, t, J= 8.7
Hz, Ar-H), 5.41 (2H, s, CHp); 13C-NMR (125 MHz, DMSO-dg, J / ppm): 186.54

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




514 STANA et a.

(C=0), 170.89 (C=0), 164.98 (C=0), 135.74 (C), 133.83 (2C), 132.49 (C),
132.01 (2CH), 131.24 (CH), 130.32 (C), 129.19 (2CH), 128.76 (2CH), 123.22
(CH), 116.66 (C=N), 116.13 (C), 50.79 (CH2); MS (m/z (relative abundance,
%)): 418 (M+1, 100), 419 (M+2, 23.4), 420 (M+3, 34.1), 391 (11.5), 288 (39.7),
274 (15.6), 161 (44.1).

5-{2-[5-(2,6-Dichlorobenzylidene)- 2,4-dioxothiazolidin-3-yl] acetyl} - 2-
hydroxybenzamide (3f). Yield: 53 %; brown solid; m.p.: 116-118 °C; Anal.
Calcd. for C1gH12ClIoN2OsS: C, 50.57; H, 2.68; N, 6.21; S, 7.11 %. Found: C,
50.37; H, 2.61; N, 6.49; S, 7.28 %; IR (ATR, cm): 1231 (C—Ophenal), 1628
(C=Oamide), 1668 (C=Oketone), 1695 (C=Otniazolidinedione)s 1749 (C=Othiazolidine-
dione), 3417 (OH); 1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 13.87 (1H, s, OH),
8.65 (1H, d, J = 1.1 Hz, Ar-H), 8.44 (1H, s, NH amide), 8.11 (1H, s, NH amide),
8.03 (1H, dd, J, = 8.8 Hz, J, = 1.1 Hz, Ar-H), 7.98 (1H, s, CH=), 7.69 (2H, d, J =
=8.7 Hz, Ar-H), 7.54 (1H, t, J = 8.7 Hz, Ar-H,), 7.09 (1H, d, J = 8.8 Hz, Ar-H),
5.29 (2H, s, CHy); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 191.88 (C=0),
175.12 (C=0), 170.45 (C=0), 164.91 (C=0), 157.66 (C-OH), 133.97 (2C),
132.58 (C), 132.09 (CH), 131.67 (CH), 129.99 (C), 129.31 (2CH), 128.77 (CH),
128.22 (C), 123.59 (CH), 122.41 (C), 117.24 (CH), 51.03 (CHj); MS (m/z
(relative abundance, %)): 452 (M+1, 100), 453 (M+2, 95.9), 454 (M+3, 21), 392
(8.1), 304 (4.8), 289 (3.1).

5-(2,6-Dichlorobenzylidene)-3-(1-methyl-2-oxo-2-phenyl ethyl )thiazolidine-
-2,4-dione (3g). Yield: 45 %; yelow liquid; m.p.: 16 °C; Ana. Calcd. for
C19H13CIoNO3sS: C, 56.17; H, 3.23; N, 3.45; S, 7.89 %. Found: C, 56.26; H,
3.05; N, 3.72; S, 7.97 %; IR (ATR, cm1): 1678 (C=Oetone), 1702
(C=Othiazolidinedione), 1743 (C=Othiazolidinedione); tH-NMR (500 MHz, DMSO-dg,
o/ ppm): 7.98 (1H, s, CH=), 7.78 (2H, d, J = 7.8 Hz, Ar-H), 7.67 (2H, d, J = 8.7
Hz, Ar-H), 7.61 (1H, t, J = 7.8 Hz, Ar-H), 7.55 (1H, t, J = 8.7 Hz, Ar-H), 7.50
(2H, t, 3= 7.8 Hz, Ar-H), 5.58 (1H, g, J = 6.9 Hz, CH), 1.53 (3H, d, J = 6.9 Hz,
CH3); 13C-NMR (125 MHz, DMSO-dg, J / ppm): 193.24 (C=0), 171.05 (C=0),
163.88 (C=0), 136.80 (C), 133.61 (2C), 132.75 (C), 131.43 (CH), 130.84 (2CH),
129.97 (2CH), 128.56 (C), 126.88 (2CH), 124.78 (CH), 123.12 (CH), 54.13
(CH), 20.92 (CH3); MS (m/z (relative abundance, %)): 407 (M+1, 100) 408
(M+2, 90.9), 409 (M+3, 5.5), 391 (14.7), 302 (67.4), 274 (44.2), 231 (56.9), 261
(11.5), 168 (62.9).

5-(2,6-Dichlorobenzylidene)-3-[ 2-(naphthal en-2-yl)-2-oxoethyl] thiazolidine-
-2,4-dione (3h). Yield: 78 %; white solid; m.p.: 176-178 °C; Anal. Cacd. for
CooH13CIoNOsS: C, 59.74; H, 2.96; N, 3.17; S, 7.25 %. Found: C, 60.05; H,
2.81; N, 3.25; S, 7.32 %; IR (ATR, cm1): 1672 (C=Oketone), 1705
(C=Othiazolidinedione): 1741 (C=Othiazolidinedione); tH-NMR (500 MHz, DMSO-dg,
o/ ppm): 8.90 (1H, s, Ar-H), 8.18 (1H, d, J = 8.0 Hz, Ar-H), 8.10 (1H, d, J=8.0
Hz, Ar-H), 8.04 (2H, t, J = 8.6 Hz, Ar-H), 7.89 (1H, s, CH=), 7.74 (1H,t,J=8.6
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Hz, Ar-H), 7.69 (1H, t, J = 8.6 Hz, Ar-H), 7.65 (2H, d, J = 8.7 Hz, Ar-H), 7.55
(1H, t, J= 8.7 Hz, Ar-H), 5.50 (2H, s, CHy); 13C-NMR (125 MHz, DMSO-dg, 5 /
/ ppm): 191.79 (C=0), 170.45 (C=0), 164.83 (C=0), 136.68 (C), 135.72 (C),
133.85 (2C), 133.44 (CH), 132.78 (C), 130.25 (CH), 130.11 (CH), 129.77 (CH),
129.17 (2CH), 128.71 (CH), 128.30 (CH), 128.15 (C), 127.74 (CH), 127.68
(CH), 125.27 (CH), 123.29 (CH), 50.39 (CHy); MS (m/z (relative abundance,
%)): 443 (M+1, 100), 444 (M+2, 43.9), 445 (M+3, 27.4), 297 (21.1), 274 (45.1),
288 (67.4), 168 (33.5).

5-(4-Methoxybenzylidene)-3-(2-oxo-2-phenyl ethyl )thiazolidine-2,4-dione (5a).
Yield: 79 %; white solid; m.p. 239-240 °C; Anal. Calcd. for C1gH15NO4S: C,
64.58; H, 4.28; N, 3.96; S, 9.07 %. Found: C, 64.73; H, 4.32; N, 4.07; S, 9.41 %;
IR (ATR, cm1): 1031, 1257 (C—Omethoxy), 1675 (C=Oketone), 1693
(C=Othiazolidinedione)s 1739 (C=Othiazolidinedione); "H-NMR (500 MHz, DM SO-dg,
o/ ppm): 7.95 (1H, s, CH=), 7.73 (2H, d, J = 7.8 Hz, Ar-H), 7.6 (2H, d, J = 9.0
Hz, Ar-H), 7.61 (1H, t, J = 7.8 Hz, Ar-H), 7.52 (2H, t, J = 7.8 Hz, Ar-H), 7.14
(2H, d, J = 9.0 Hz, Ar-H), 5.33 (2H, s, CHy), 3.82 (3H, s, OCH3); 13C-NMR
(125 MHz, DMSO-dg, ¢ / ppm): 189.85 (C=0), 170.33 (C=0), 163.76 (C=0),
162.65 (C), 136.53 (C), 135.87 (C), 131.96 (C), 131.34 (CH), 129.34 (CH),
129.23 (2CH), 127.52 (2CH), 127.04 (2CH), 118.32 (2CH), 56.18 (CH3), 49.78
(CH2); MS (m/z (relative abundance, %)): 354 (M+1, 100), 355 (M+2, 4.1), 356
(M+3, 6), 249 (5.7), 236 (4.9), 165 (60.5), 150 (16.5).
5-(4-Methoxybenzylidene)- 3-(2-(4-methoxyphenyl)-2-oxoethyl )thiazolidine-2,4-
-dione (5b). Yield: 95 %; white solid; m.p.: 223-224 °C; Ana. Calcd. for
CyoH17NOsS: C, 62.65; H, 4.47; N, 3.65; S %, 8.36. Found: C, 62.82; H, 4.27;
N, 3.88; S, 8.23 %; IR (ATR, cm™): 1036, 1255 (C—Omethoxy), 1683
(C=Oketone): 1701 (C=Othiazolidinedione): 1742 (C=Othiazolidinedione); H-NMR
(500 MHz, DMSO-dg, ¢ / ppm): 8.05 (2H, d, J = 9.0 Hz, Ar-H), 7.96 (1H, s,
CH=), 7.65 (2H, d, J = 9.0 Hz, Ar-H), 7.14 (2H, d, J = 9.0 Hz, Ar-H), 7.12 (2H,
d, J=9.0 Hz, Ar-H), 5.29 (2H, s, CH>), 3.90 (3H, s, OCH3), 3.86 (3H, s, OCH3);
13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 191.09 (C=0), 170.54 (C=0), 163.89
(C=0), 162.42 (C), 160.56 (C), 134.57 (C), 132.47 (C), 130.95 (C), 130.63
(2CH), 129.45 (CH), 129.31 (2CH), 118.62 (2CH), 116.43 (2CH), 56.11 (CH3),
55.78 (CH3), 49.95 (CHy); MS (nm/z (relative abundance, %)): 384 (M+1, 100),
385 (M+2, 2.6), 386 (M+3, 1.7), 277 (95), 269 (84), 250 (2.2).

5-(4-Methoxybenzylidene)-3-(2-(4-nitrophenyl)-2-oxoethyl ) thiazolidine-2,4-
-dione (5¢). Yield: 92 %; pale yellow solid; m.p.: 227-229 °C; Anal. Cacd. for
C19H14N20gS: C, 57.28; H, 3.54; N, 7.03; S, 8.05 %. Found: C, 57.03; H, 3.32;
N, 7.34; S, 8.22 %; IR (ATR, cmr1): 1037, 1251 (C—Omethoxy), 1331 (NOg,
sym.), 1517 (NOg, asym.), 1687 (C=Oketone); 1704 (C=Othiazolidinedione), 1747
(C=Othiazolidinedione); tH-NMR (500 MHz, DMSO-dg, J / ppm): 8.41 (2H, d, J =
= 9.0 Hz, Ar-H), 8.34 (2H, d, J = 9.0 Hz, Ar-H), 7.98 (1H, s, CH=), 7.66 (2H, d,
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J=9.0Hz, Ar-H), 7.15 (2H, d, J = 9.0 Hz, Ar-H), 5.44 (2H, s, CH>), 3.86 (3H, s,
OCHg3); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 186.79 (C=0), 170.53
(C=0), 164.92 (C=0), 162.33 (C), 151.61 (C), 140.77 (C), 133.26 (C), 132.24
(C), 129.81 (2CH), 129.44 (CH), 129.29 (2CH), 123.76 (2CH), 114.99 (2CH),
56.01 (CH3), 49.98 (CH>); MS (m/z (relative abundance, %)): 399 (M+1, 100),
400 (M+2, 9.7), 401 (M+3, 5.7), 276 (3.4), 236 (7.4), 193 (84), 150 (30.3).

3-[ 2-(4-Chlorophenyl)-2-oxoethyl] -5-(4-methoxybenzylidene)thiazolidine-
-2,4-dione (5d). Yield: 78 %; white solid; m.p.: 239-241 °C; Anal. Calcd. for
C19H14CINO4S: C, 58.84; H, 3.64; N, 3.61; S, 8.27 %. Found: C, 60.12; H, 3.87;
N, 3.44; S, 846 %; IR (ATR, cm1): 1041, 1248 (C—Omethoxy), 1681
(C=Oketone): 1697 (C=Otnizzolidinedione): 1744 (C=Otniazolidinedione); *H-NMR
(500 MHz, DMSO-dg, 0 / ppm): 7.98 (1H, s, CH=), 7.70 (2H, d, J = 8.9 Hz, Ar-H),
7.67 (2H, d, J=9.0 Hz, Ar-H), 7.51 (2H, d, J = 8.9 Hz, Ar-H), 7.14 (2H, d, J =
= 9.0 Hz, Ar-H), 5.34 (2H, s, CH), 3.83 (3H, s, OCH3); 13C-NMR (125 MHz,
DMSO-dg, 6 / ppm): 186.97 (C=0), 169.84 (C=0), 164.63 (C=0), 160.46 (C),
138.65 (C), 133.99 (C), 133.19 (C), 132.58 (C), 130.25 (2CH), 129.32 (CH),
129.12 (2CH), 128.64 (2CH), 118.06 (2CH), 55.87 (CH3), 50.23 (CH>); MS (m/z
(relative abundance, %)): 388 (M+1, 100), 389 (M+2, 18.6), 390 (M+3, 53.3),
266 (48.8), 248 (55.7), 236 (9.6), 178 (27.9), 166 (55.1).

4-{ 2-[ 5-(4-methoxybenzylidene)-2,4-dioxothiazolidin-3-yl] acetyl }benzonitrile
(5¢). Yidld: 53 %; light brown solid; m.p.: 212-214 °C; Ana. Calcd. for
CooH14N204S: C, 63.48; H, 3.73; N, 7.40; S, 8.47 %. Found: C, 63.29; H, 3.51;
N, 7.48; S, 8.69 %; IR (ATR, cm™): 1043, 1253 (C—Omethoxy), 1679
(C=Oketone), 1698 (C=Orhiazolidinedione), 1748 (C=Othiazolidinedione), 2231 (C=N);
IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 8.02 (2H, d, J = 8.6 Hz, Ar-H), 7.99
(2H, d, J = 8.6 Hz, Ar-H), 7.96 (1H, s, CH=), 7.61 (2H, d, J = 9.0 Hz, Ar-H),
7.15(2H, d, J= 9.0 Hz, Ar-H), 5.41 (2H, s, CHy), 3.84 (3H, s, OCH3); 13C-NMR
(125 MHz, DMSO-dg, ¢ / ppm): 186.97 (C=0), 170.34 (C=0), 164.23 (C=0),
160.30 (C), 135.43 (C), 134.08 (C), 132.38 (C), 132.27 (2CH), 129.69 (2CH),
129.41 (CH), 128.99 (2CH), 116.65 (C=N), 116.14 (C), 114.51 (2CH), 55.89
(CHg), 50.11 (CH»); MS (nm/z (relative abundance, %)): 379 (M+1, 100),
380(M+1, 10.1), 381 (M+2, 5.4), 274 (3.8), 193 (87.3), 165 (71.8), 150 (28.5),
121 (12.7).

2-Hydroxy-5-{ 2-[ 5-(4-methoxybenzylidene)-2,4-dioxothiazolidin-3-yl] ace-
tyl}benzamide (5f). Yield: 62 %; yellow solid; m.p.: 295-296 °C; Anal. Calcd.
for CooH16N206S: C, 58.25; H, 3.91; N, 6.79; S, 7.77 %. Found: C, 58.38; H,
359; N, 6.69; S, 7.91 %; IR (ATR, cm1): 1040, 1252 (C-Omethoxy). 1233
(C—Ophenol)- 1635 (C=Oamide), 1677 (C=Oketone), 1694 (C=Othiazolidinedione);
1741 (C=Othiazolidinedione), 3411 (OH); H-NMR (500 MHz, DMSO-dg, J / ppm):
14.01 (1H, s, OH), 8.81 (1H, s, NH amide), 8.67 (1H, d, J = 1.1 Hz, Ar-H), 8.20
(1H, s, NH amide), 8.07 (1H, dd, J; = 8.8 Hz, J, = 1.1 Hz, Ar-H), 7.98 (1H, s,
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CH=), 7.66 (2H, d, J = 9.0 Hz, Ar-H), 7.15 (2H, d, J = 9.0 Hz, Ar-H), 7.05 (1H,
d, J = 8.8 Hz, Ar-H), 5.28 (2H, s, CHy), 3.86 (3H, s, OCH3); 13C-NMR (125
MHz, DMSO-dg, 6 / ppm): 191.66 (C=0), 174.78 (C=0), 170.23 (C=0), 164.94
(C=0), 160.44 (C), 157.78 (C-OH), 133.98 (C), 132.74 (C), 132.22 (CH), 129.96
(C), 129.63 (CH), 129.35 (2CH), 128.46 (CH), 122.34 (C), 117.71 (CH), 116.38
(2CH), 55.78 (CH3), 50.03 (CH>2); MS (mvz (relative abundance, %)): 413 (M+1,
100), 414 (M+2, 13.9), 415 (M+3, 8.8), 391 (10.8), 276 (30.7), 248 (10.1), 266
(37.4), 177 (16.8).

5-(4-Methoxybenzylidene)-3-(1-methyl-2-oxo-2-phenyl ethyl )thiazolidine-2,4-
-dione (5g). Yield: 64 %; white solid; m.p.: 146-148 °C; Anal. Calcd. for
CooH17NO4S: C, 65.38; H, 4.66; N, 3.81; S, 8.73 %. Found: C, 65.56; H, 4.61;
N, 3.70; S, 8.87 %; IR (ATR, cm™): 1035, 1250 (C—Omethoxy). 1686
(C=Oketone): 1703 (C=Othiazolidinedione): 1736 (C=Othiazolidinedione); H-NMR
(500 MHz, DMSO-dg, ¢ / ppm): 7.88 (1H, s, CH=), 7.70 (2H, d, J = 7.8 Hz,
Ar-H), 7.59 (1H, t, J = 7.8 Hz, Ar-H), 7.56 (2H, d, J = 9.0 Hz, Ar-H), 7.49 (2H, t,
J=7.8Hz, Ar-H), 7.09 (2H, d, J = 9.0 Hz, Ar-H), 5.88 (1H, g, J = 6.9 Hz, CH),
3.82 (3H, s, OCH3), 1.54 (3H, d, J = 6.9 Hz, CH3); 13C-NMR (125 MHz,
DMSO-dg, 6 / ppm): 188.34 (C=0), 170.95 (C=0), 163.76 (C=0), 160.37 (C),
137.89 (C), 136.46 (C), 132.39 (C), 129.99 (2CH), 129.61 (2CH), 129.43 (CH),
126.67 (2CH), 124.89 (CH), 116.22 (2CH), 56.03 (CH3), 52.46 (CH), 20.79
(CH3); MS (m/z (relative abundance, %)): 368 (M+1, 100), 369 (M+2, 1.4), 370
(M+3, 1.4), 290 (14), 262 (97.9), 237 (17.3), 167 (11.7).

5-(4-Methoxybenzylidene)-3-[ 2-(naphthal en-2-y1)-2-oxoethyl] thiazolidine-2,4-
-dione (5h). Yield: 81 %; white solid; m.p.: 265-267 °C; Ana. Calcd. for
Cx3H17NO4S: C, 68.47; H, 4.25; N, 3.47; S, 7.95 %. Found: C, 68.61; H, 4.31;
N, 3.29; S, 812 %; IR (ATR, cm1): 1038, 1258 (C—Omethoxy), 1673
(C=Oxetone): 1700 (C=Othiazolidinedione): 1746 (C=Othiazolidinedione); *H-NMR
(500 MHz, DMSO-dg, ¢ / ppm): 8.90 (1H, s, Ar-H), 8.17 (1H, d, J = 8.0 Hz, Ar-
-H), 8.11 (1H, d, J = 8.0 Hz, Ar-H), 8.03 (2H, t, J = 8.6 Hz, Ar-H), 7.89 (1H, s,
CH=), 7.74 (1H, t, J = 8.6 Hz, Ar-H), 7.69 (1H, t, J = 8.6 Hz, Ar-H), 7.59 (2H, d,
J=9.0Hz, Ar-H), 7.12 (2H, d, J = 9.0 Hz, Ar-H), 5.45 (2H, s, CH>), 3.85 (3H, s,
OCHg3); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 190.89 (C=0), 170.24
(C=0), 164.88 (C=0), 160.54 (C), 136.57 (C), 135.31 (C), 134.46 (C), 133.40
(C), 132.61 (C), 130.13 (CH), 129.69 (2CH), 129.30 (CH), 129.24 (CH), 128.81
(CH), 128.54 (CH), 128.18 (CH), 127.68 (CH), 124.50 (CH), 116.27 (2CH),
55.29 (CH3), 50.12 (CH>»); MS (nvVz (relative abundance, %)): 404 (M+1, 100),
405 (M+2, 24.6), 406 (M+3, 10.8), 373 (5.4), 286 (32.4), 250 (7.9), 237 (19.5).
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Abstract: A series of novel 5-[(9H-carbazol-9-yl)methyl]-N-[(substituted phe-
nyl)(piperazin-1-yl)methyl]-1,3,4-oxadiazol-2-amines (4a—0) derivatives was
synthesized by starting with carbazole, which on reaction with ethyl chlo-
roacetate yielded ethyl 2-(9H-carbazole-9-yl)acetate (1). Compound 1 on
reaction with semicarbazide followed by cyclisation with sulphuric acid gave
5-((9H-carbazole-9-yl)-1,3,4-oxadiazol-2-amine (3), which through Mannich
reaction with piperazine and a variety of aromatic aldehydes in the presence of
acetic acid yielded the titled compounds (4a—0). The structures of compounds
were characterized by UV, FT-IR, H-NMR and MS spectral studies, and by
elemental analysis. All the derivatives were evaluated for their antibacterial,
antifungal and anticancer activities. Among the tested compounds, 4a, 4d, 4e
and 4n exhibited significant antibacterial and antifungal activity, while the
compounds 4a, 4d, 4k and 4n were found to be active on the human breast
cancer cell line MCF7.

Keywords._Mannich reaction; antibacterial activity; antifungal activity; MCF7;
synthesis; spectroscopy.

INTRODUCTION

Carbazole derivatives are well known for their pharmacological activities. It
is evident from the literature that the derivatives of carbazole moiety possess a
wide spectrum of pharmacological activities, such as antibacterial, 13 anti-
fungal 4> antitumour, antineoplastic,5-10 anticonvulsant,11 antioxidant,12 antidia-
betic,13 antipsychoticl4 and larvicidal activity.15

Various heteroannulated carbazole derivatives have drawn attention because
of their natural occurrence and the broad spectrum of biological activity asso-
ciated with these compounds. The carbazole moiety is a frequent moiety of
numerous drugs, such as olivacine, ondansetron, rimcazole, stauroapirone, carba-
zolol, carvedilol, carprofen, cacotheline, rebaccamycin, ellipticine and various

* Corresponding author. E-mail: dev_15@rediffmail.com
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naturally occurring carbazole alkaloids.16 Carbazole derivatives have docu-
mented consistent advances in the design of novel antipsychotic, neuroleptic and
anticonvulsant agents.1” Furthermore, various congeners of oxadiazole, thiadia-
zole, azetidinone and thiazolidinone have aso been reported to exhibit potential
antimicrobial, anticancer, antipsychotic, antidepressant and anticonvulsant acti-
vity.18-21 |n view of broad biological activity of carbazole derivatives, in this
study it was planned to synthesize new carbazole derivatives and by incorpor-
ation of new pharmacophores, such as oxadiazole at position 9 of carbazole
nucleus, with the hope of obtaining better pharmacologically active drugs as anti-
cancer and antimicrobial agents. In the same direction, a one pot method was
developed to synthesize a series of 5-[(9H-carbazol-9-yl)methyl]-N-[(substituted-
-phenyl)(piperazin-1-yl)methyl]-1,3,4-oxadiazol-2-amine derivatives (4a—0) as
Mannich bases.

EXPERIMENTAL

The purity of all the newly synthesized compounds were checked by TLC on silica gel-
-protected auminium sheets (type 60 Fos4, Merck) and the spots were detected by exposure to
iodine vapour and a UV-lamp at 2 254 nm. The melting points were determined in open
capillary tubes and are uncorrected. The infrared (FT-IR) spectra were recorded on a 470-
-Shimadzu infrared spectrophotometer using the KBr pressed pellet technique and the result
are expressed in cmrl. The H- and 13C-NMR spectra were recorded on a Bruker DRX-300
instrument using CDCl5 as a solvent. The chemical shifts, J, are given in ppm downfield from
the internal standard tetramethylsilane (TMS). The splitting patterns are designated as follows;
s: singlet; d: doublet and m: multiplet. The mass spectra were obtained on a Shimadzu 2010A
LC-MS spectrometer. Elemental analyses were realised on an Elemental Vario EL 1l Carlo
Erba 1108 instrument and the obtained values were within £0.04 % of the theoretical values.

Synthesis of ethyl 2-(9H-carbazol-9-yl)acetate (1)

To a solution of carbazole (2.01 g, 0.012 mol) in 18 mL of dry acetone, ethyl chloro-
acetate (1.472 g, 0.012 mol) was added dropwise in the presence of anhydrous potassium
carbonate (0.09 g) and the resultant mixture refluxed for 22 h. Then the mixture was cooled
and the thus obtained solid was filtered, dried and recrystallized from methanol to give com-
pound 1.1 Yield: 59.44 %; m.p.: 240-241 °C
Synthesis of 1-[ 2-(9H-carbazol -9-yl)acetyl] semicarbazide (2)

Compound 1 (2.53 g, 0.01 mol) was dissolved in 90 mL of acetone (solution A) and
semicarbazide (0.62 g, 0.01 mol) was dissolved in 20 mL of water (solution B). Solution B
was poured into solution A and the mixture was refluxed for 28 h. On cooling, the solid
product that separated out was filtered, dried and recrystallized from methanol to give com-
pound 2.17 Yield: 70.40 %; m.p.: 184-185 °C.

Synthesis of 5-[ (9H-carbazol-9-yl)methyl] -1,3,4-oxadiazol-2-amine (3)

A solution of compound 2 (2.83 g, 0.01 mol) with 25 mL of conc. H,SO, was kept
overnight at room temperature, then the reaction mixture was poured into ice-cold water,
neutralized with ammonia and extracted with ether. The ethereal solution was distilled off and
the product obtained was recrystallized from acetone to give compound 3.17 Yield: 65.9 %;
m.p.: 161-162 °C.
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General synthetic procedure for the synthesis of 5-[ (9H-carbazol -9-yl)methyl] -N-[ (substituted
phenyl)(pi perazin-1-yl)methyl] -1,3,4-oxadiazol -2-amines (4a—0)

A mixture of equimolar quantity (0.01 mol) of compound (3), derivative of aromatic
aldehydes and piperazine along with few drops of glacia acetic acid was refluxed in 15 mL of
methanol for 8-13 h. The hot solution was poured onto crushed ice and the thus obtained solid
mass was filtered, dried and recrystallized from acetone to give compounds 4a—o.

Antibacterial activity

The antibacterial activities of the newly synthesized compounds were tested by the disc
diffusion method on nutrient agar medium against the bacterial strains Staphyl ococcus aureus
ATCC 6538 and Bacillus subtilis ATCC 6633 (Gram-positive), and Escherichia coli ATCC
35210 and Pseudomonas aeruginosa ATCC 27853 (Gram-negative).

In the disc diffusion method, a paper disc (6 mm in diameter) was impregnated with the
test compounds dissolved in DMSO at concentrations of 25, 50 and 100 ug mL1. A disc
impregnated with DM SO was used as the solvent control because of the free solubility of the
test compounds. The nutrient agar medium in Petri dishes was inoculated with bacteria strains
and the discs impregnated with the solutions of different concentrations of the compounds
were placed over it. The plates were incubated a 35 °C for 24 h. The zone of inhibition
indicating the inhibited growth of microorganism around the discs was observed.
Ciprofloxacin was used as the standard (50 ng mL™1) to compare the efficacy of tested
compounds. Each testing was performed in triplicate. The results were interpreted in terms of
diameter (mm) of the zone of inhibition.

Antifungal activity

The antifungal activity of the newly synthesized compounds was tested on the fungal
strains Candida albicans ATCC 10261 and Aspergillus niger ATCC 9643 using the paper disc
diffusion method by using agar medium.

The procedure for the activity testing was similar to that described above for the anti-
bacterial testing and the same concentrations of the tested compounds were employed. The
results were recorded and reported after incubation for 48 h at 25 °C for the funga strains and
fluconazole was used as the standard (50 pg mL"1). The zones of inhibition indicating the
inhibited growth of microorganism by the prepared compounds around the discs was observed
and reported. Each experiment was performed in triplicate.

Anticancer activity

The newly synthesized compounds were evaluated for their anticancer activity by deter-
mining the percentage control growth of human breast cancer cell lines MCF7 by the in vitro
sulforhodamine B assay (SRB assay) method.22 The cell lines were grown in Roswell Park
Memoria Ingtitute (RPMI) 1640 medium containing 10 % foetal bovine serum and 2 mM
L-glutamine. The tested compounds were solubilised in appropriate solvent at 400-fold the
desired final maximum test concentration and stored frozen prior to use. At the time of drug
addition, an aliquot of frozen concentrate was thawed and diluted to 10 times the desired final
maximum test concentration with complete medium containing the test article at a concentra-
tion of 103 pug ml-1. Additional three 10-fold serial dilutions were made to provide a total of
four drug concentrations plus control. Aliquots of 10 L of these different drug dilutions were
added to the appropriate microtitre wells aready containing 90 uL of medium, resulting in the
required final drug concentrations, i.e., 10, 20, 40 and 80 pug mL-1. The absorbance was read
on a plate reader at a wavelength of 540 nm with 690 nm reference wavelength. The percent
growth was calculated on a plate-by-plate basis for the test wells relative to the control wells.
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The percent growth was expressed as the ratio of the average absorbance of the test well to the
average absorbance of the control wellsx100. Using the six absorbance measurements (time
zero (T,), control growth (C), and test growth in the presence of drug at the four concentration
levels (T))), the percentage growth was calculated at each of the drug concentration levels.
Percentage growth inhibition was calculated as: ((T; — T,)/(C — T,))*100 for concentrations for
which T; > T, (T; — T, is positive or zero) or ((T; — T,)/T,)*100 for concentrations for which T;
< T, (T; — T, is negative). The dose response parameters, i.e., growth inhibition of 50 %
(Glgp), total growth inhibition (TGI) and killing of 50 % of the cells (LCsgg), were calculated
for each test substance.

RESULTS AND DISCUSSION

The reaction sequences leading to different carbazole derivatives are out-
lined in Scheme 1. The carbazole derivatives were synthesized by incorporating
new pharmacophores, such as oxadiazole, at position 9 of the carbazole nucleus
by a conventional method in which carbazole was taken as a starting material to
produce the corresponding 5-[(9H-carbazol-9-yl)methyl]-N-[(substituted-phe-
nyl)(piperazin-1-yl)methyl]-1,3,4-oxadiazol-2-amines (4a—0). Synthesized com-
pounds were identified based on their physical parameters, i.e., solubility, melt-
ing point, chromatographic methods (TLC). The data is given in Table | and
spectroscopic methods (UV, IR, TH-NMR, MS and elemental analysis are given
in the Supplementary material to this paper. The TH-NMR spectra showed a peak
between ¢ 6.00—7.00 ppm, which was assigned to the N-H (aliphatic) proton. A
peak characteristic of -CH— appeared between 6 4.00-5.00 ppm. The peaks at ¢
6.00-8.00 ppm showed the presence of aromatic protons. In the FT-IR spectra, a
peak characteristic of N-H (aliphatic) appeared at 3200-3450 cm and a peak
for C=N was observed at 1500-1600 cm L,

Pharmacological screening

All the newly synthesized compounds 4a—0 were screened for their anti-
bacterial and antifungal activity (Table I1). The results revealed that among the
synthesized compounds tested, 4a, 4d and 4n were found to be more potent
against al the bacterial and fungal strains at a concentration 50 pg mL—1

Anticancer screening. All the synthesized compounds 4a—0 were evaluated
for their anticancer activity against the human breast cancer cell line MCF7 by
the SRB assay The in vitro anticancer study was realised at the Tata Memorial
Centre, Advanced Centre for Treatment Research and Education in Cancer
(ACTREC), Navi Mumbai, India. The obtained data are given in Table IlI.
Among al the synthesized compounds tested, 4a, 4d, 4k, 4m and 4n were found
to be most active against human breast cancer cell lines. It was found that for a
large variety of polycyclic compounds, basic moieties attached to the ring system
not only improve the solubility under physiological conditions, but also lead to
an increase in anticancer activity.l In the present study, it was established that
presence of an electronegative atom on the benzene ring makes MCF7 cell lines
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| 5-((9H-carbazol-9yl)methyl)-N-((substituted phenyl)
(piperazin-1-yl)methyl)-1,3,4-oxadiazol-2-amines (4a-0)
A
R

Scheme 1. Synthesis of carbazole derivatives 4a—o.

TABLE |. Physical data of the synthesized compounds 4a—0

Compound R Yield, % Reactiontime, h M.p.range, °C R; value?
da p-Nitro 82.55 4.0 236-237 0.73
4b p-Hydroxy 79.69 50 208-209 0.62
4c 3,4,5-Trimethoxy 61.5 4.3 184-185 0.69
4d p-Chloro 73.22 6.0 221-222 0.75
de p-(Dimethylamino) 53.78 55 202-203 0.59
af o-Nitro 63.96 44 225-226 0.65
4qg m-Hydroxy 72.71 52 213214 0.56
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TABLE I. Continued

Compound R Yield,% Reactiontime,h M.p. range, °C R; value®
4h m-Nitro 69.98 6.8 229-230 0.71
4i o-Hydroxy 59.33 5.0 218-219 0.60
4 m-Chloro 67.07 4.4 231-232 0.67
4k o-Chloro 56.45 6.2 237-238 0.66
4 m-Methoxy 52.54 45 192-193 0.77
4am p-Methoxy 58.75 7.0 189-190 0.79
4n p-Fluoro 55.0 6.0 234-235 0.54
40 H 51.23 52 176-177 0.63

®Solvent system: benzene:chloroform:methanol (4:3:2)

TABLE II. Antibacterial and antifungal activity of compounds 4a—0; diameter of zone of
inhibition at 50 ug mL"1, mm (mean+SD (n = 3))

c d Bacteria Fungi
ompoin B. subtilis S aureus E.coli P.aeruginosa C.albicans A. niger
4a 16.2+0.3 16.1+0.3 22.0+0.2 24.0+0.1 16.3+0.3 11.1+0.2
4b 12.6+0.1 14.6x0.1 20.2+0.1 19.5+0.2 13.1+0.1 9.9+0.1
4c 10.1+0.3 12.8+0.3 17.1+0.1 17.1+0.2 10.1+0.4 8.1+0.5
4d 15.6+0.1 16.2+0.1 21.8+0.1 24.1+0.1 16.1+0.1 11.7+0.2
4e 14.1+0.3 15.9+0.1 22.3+0.5 22.7+0.3 15.3+0.2 10.5+0.2
4f 13.6+0.2 14.8+0.2 21.6+0.2 23.0+0.4 14.9+0.1 10.2+0.1
4g 11.3+0.1 13.6£0.2  19.4+0.2 18.0+0.1 12.2+0.3 9.5+0.4
4h 15.4+0.1 15.2+0.1 21.9+0.2 22.4+0.1 15.1+0.4 10.9+0.1
4 10.8+0.2 11.4+0.1 18.6+0.1 19.1+0.4 14.9+0.2 10.3+0.3
4 14.3+0.3 13.74#0.2 20.8+0.1 23.7+0.2 15.6+0.3 10.8+0.4
4k 13.5+0.1 124403 21.0+0.3 21.5+0.3 15.1+0.1 10.4+0.3
4 10.1+0.4 8.8+0.1 15.8+0.1 15.6+0.1 8.9+0.4 7.1+0.2
4m 9.9+0.1 10.3+0.1 16.7+0.3 17.2+0.2 9.5+0.1 8.3+0.1
4an 16.8+0.2 16.5+0.1 22.6+0.1 23.610.1 15.9+0.3 11.4+0.4
40 8.2+0.1 9.9+0.3 14.5+0.1 15.9+0.2 8.1+0.2 5.8+0.1
Ciprofloxacin®  15.5+0.2 17.8+0.6 22.2+0.4 26.5+0.5 - -
Fluconazole® — - - — 16.9+05 11.8+0.3

8Standards — ciprofloxacin and fluconazole at 50 png mL1 concentrations. Statistical analysis of the data was
performed by one way ANOVA

TABLE Ill. Anticancer activity of compounds 4a—0 against human breast cancer cell line
MCF7

Control growth  Drug concentration Drug concentration, ug mL-*

Compound % pgmL- a

Glsg TGl LCsp

10 20 40 80

4a 404 274 103 21 <10 34.4 60.6
4b 58.5 453 382 308 <20 >80 >80
4c 52.4 409 347 292 <20 >80 >80
4d 43.7 191 100 28 <10 352 60.2
de 59.6 415 302 226 <20 >80 >80
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TABLE Ill. Continued

Control growth  Drug concentration Drug concentration, ug mL*

Compound % pgmL-t

G|5oa TGI LCg

10 20 40 80

Af 53.4 387 272 133 <20 >80 >80
49 61.6 50.2 419 360 <40 >80 >80
4h 519 337 285 164 <20 68.4 >80
4i 58.2 493 370 313 <20 >80 >80
4 55.8 385 276 181 <20 72.9 >80
4k 46.9 315 118 34 <10 26.5 53.6
4 50.6 37.3 297 20.2 <20 >80 >80
am 49.2 346 183 139 <10 60.3 >80
4n 354 11.3 84 12 <10 16.5 35.6
40 66.4 537 452 394 <40 >80 >80
ADR"® 0.3 —-10.7 -33.6 -59.7 <10 11.6 23.2

% al 50 value of <10 pg mL L is considered to demonstrate activity in the case of a pure compound; °sandard
—adriamycin (ADR), positive control compound

more susceptible towards the compound. The results revealed that the substi-
tution is more effective at position 4 than at position 2.

SUPPLEMENTARY MATERIAL

Analytic and spectral data for the prepared compounds are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgements. The authors are thankful to the management of Rajiv Academy for
Pharmacy, Mathura for providing research facilities and the Tata Memorial Centre, Mumbai
for determining the anticancer activity of the synthesized compounds.

H3BOJ

CHUHTE3A, KAPAKTEPU3ALIMJA U UCITUTHBAILE BMOJIOIIKE AKTUBHOCTH HOBUX
IOEPHUBATA KAPBA30JIA

DIVYANSHU SHARMA, NITIN KUMAR u DEVENDER PATHAK
Rajiv Academy for Pharmacy, Delhi-Mathura Highway, Chhattikara, Mathura - 281001, India

CuHTeTHCaHa je cepHja HOBUX AepuBaTa 5-[(9H-kapbason-9-un)metun]-N-[(cyncTuTyu-
caHu (enwun)(nunepasuH-1-wi)metun]-1,3,4-okcagruason-2-amuHa (4a—o), nonasehu oxn xap-
0asona. Y peakuuju kapbasona M eTwn-xjaopaueraTa fodujeH je etwn-2-(9H-kapbason-9-
un)aneratr (1), xoju y peakuuju ca ceMHKapba3ojioOM M HAKOH LHUKJIH3aLHdje y MPUCYCTBY
CyMIIOpHe KucenuHe naje 5-(9H-xapdason-9-mn)-1,3,4-oxcaguason-2-amuH (3). AMuH 3 y
MaH1KOBOj peakuuju ca IMUNEepasHHOM M PasIMYUTUM apOMaTHYHUM anfexuiuma, y IpH-
CycTBYy cupheTHe KHMCENMHE, [jaje LMbaHe JepuBaTe 4a—0. Jenumema cy okapaxkrepucaHa UV,
FT-IR, 'H-NMR, MS criekTpuma 1 eJleMeHTalHOM aHanu30M. UcruTade cy aHTHOAKTEpH]CKe,
aHTU(YHTalHA U aHTUKAHIIepCKa aKTUBHOCT CBUX H00MjeHuX nepBarta. Jepusatu 4a, 4d, 4e u
4n norasyjy 3Ha4yajHy aHTHOAKTEPHjCKy ¥ aHTU(QYHTalIHy aKTHBHOCT, IOK JepuBaTH 4a, 4d, 4k
¥ 4n 1oKa3yjy akTHBHOCT U IpeMa XyMaHUM henujckum nuHujaMa paka gojke MCF7.

(ITpumrbeHo 23. janyapa, peBuaupano 16. jyna 2013)

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




132 SHARMA, KUMAR and PATHAK

ONWN R

10.

11.
12.

13.
14.

15.

17.

18.

19.
20.

21.

22.

REFERENCES

. C. Asche, W. Frank, A. Antje, U. Kucklaender, Bioorg. Med. Chem. 13 (2005) 819

R. B. Bedford, M. Betham, J. Org. Chem. 71 (2006) 9403

R. B. Bedford, M. Betham, J. P. H. Charmant, A. L. Weeks, Tetrahedron 64 (2008) 6038
. A. Bombrun, G. Cad, Tetrahedron Lett. 43 (2002) 2187

. A. Bombrun, P. Gerber, G. Casi, O. Terradillos, B. Antonsson, S. Halazy, J. Med. Chem.
46 (2003) 4365

A. Carsuo, A. S. V. Chiret, J. C. Lancelot, M. S. Sinicropi, A. Garofalo, S. Rault,
Molecules 13 (2008) 1312

A. Caruso, J. C. Lancelot, H. El. Kashef, M. S. Sinicropi, R. Legay, A. Lesnard, S. Raullt,
Tetrahedron 65 (2009) 1040

M. Chakrabarty, N. Ghosh, Y. Harigaya, Tetrahedron Lett. 45 (2004) 4955

E. Conchon, F. Anizon, B. Aboab, M. Golsteyn, S. Leonce, B. Pfeiffer, M. Prudhomme,
Eur. J. Med. Chem. 43 (2008) 282

E. Conchon, F. Anizon, R. M. Golsteyn, S. Leonce, B. Pfeiffer, N. Prudhonne,
Tetrahedron 62 (2006) 11136

A. 1. Danish, K. J. R. Prasad, Indian J. Heterocycl. Chem. 14 (2006) 19

C. Guillonneau, A. Pierre, Y. Charton, N. Guilbard, L. K. Berthier, S. Leonce, A.
Michael, E. Bisagni, G. Atassi, J. Med. Chem. 42 (1999) 2191

T. Indumati, F. R. Fronczek, K. J. R. Prasad, J. Mol. Sruct. 1016 (2012) 134

S. Issa, N. Walchshofer, |. Kassab, H. Termoss, S. Chamat, A. Geahchan, Z. Bouaziz,
Eur. J. Med. Chem. 45 (2010) 2567

S. Kantevari, T. Yempala, G. Surineni, B. Sridhar, D. Sriram, Eur. J. Med. Chem. 46
(2011) 4827

16. http://pharma.financialexpress.com/ (accessed in Feb, 2014)

H. Kaur, S. Kumar M. Sharma, K. K. Saxena, A. Kumar, Eur. J. Med. Chem. 45 (2010)
2777

R. Kumar, U. Ramchandran, K. Srinivasan, P. Ramarao, S. Raichur, R. Chakrabati,
Bioorg. Med. Chem. 13 (2005) 4279

V. V. Mulwad, C. A. Patil, Indian J. Chem., B 44 (2005) 2355

M. Laronze, M. Boisburn, S. Leonce, P. Renard, O. Lozach, L. Meijer, A. Lansiaux, C.
Bailly, J. Sapi, J. Y. Laronze, Bioorg. Med. Chem. 13 (2005) 2263

R. V. Patdl, P. K. Patel, P. Kumari, D. P. Rgjani, K. H. Chikhalia, Eur. J. Med. Chem. 53
(2012) 41

P. Skehn, R. Storeng, A. Scudiero, J. Monks, D. McMohan, D. Vistica, T. W. Jonathan,
H. Bokesch, J. Natl. Cancer Inst. 82 (1990) 1107.

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




Journal of
the Serbian

R Chemical Society
WS

" ooty v ISCS@tmf.bg.ac.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 79 (2) S18-S23 (2014) Supplementary material

SUPPLEMENTARY MATERIAL TO
Synthesis, characterization and biological evaluation of some
newer carbazole derivatives
DIVYANSHU SHARMA, NITIN KUMAR and DEVENDER PATHAK*
Rajiv Academy for Pharmacy, Delhi-Mathura Highway, Chhattikara, Mathura - 281001, India
J. Serb. Chem. Soc. 79 (2) (2014) 125-132
ANALYTIC AND SPECTRAL DATA FOR THE PREPARED COMPOUNDS

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (4-nitrophenyl) (piperazin-1-yl)methyl] -
-1,3,4-oxadiazol-2-amine (4a). Anal. Calcd. for CogHosN703: C, 64.58; H, 5.21;
N, 20.28 %. Found: C, 64.57; H, 5.19; N, 20.25 5; IR (KBr, cm1) 3415, 3049,
2927, 2846, 1674, 1606, 1533, 1340, 1291, 1112, 837; 1H-NMR (300 MHz,
CDCl3, 6/ ppm): 1.89 (1H, s, NH, DoO exchangeable), 2.49 (4H, t, J = 4.5 Hz,
CH>), 2.67 (4H, t, J = 7.5 Hz, CH>), 3.97 (1H, s, NH, D0 exchangeable), 4.98
(1H, s, CH), 5.16 (2H, s, CH»), 7.10 (2H, d, J = 6.0 Hz, Ar-H), 7.26 (3H, t, J =
= 9.0 Hz, Ar-H), 7.46 (3H, t, J = 7.5 Hz, Ar-H), 7.71 (2H, d, J = 15 Hz, Ar-H),
8.06 (2H, d, J = 6.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, &/ ppm): 146.9,
144.4, 130.9, 129.8, 122.2, 120.8, 118.9, 111.1, 77.9, 50.0, 46.3; MS-ESI (m/z
(relative abundance, %)): 483.24 (M*, 100), 437.21 (29.9), 361.18 (22.2), 263.09
(16.6), 248.08 (38.0), 180.08 (14.4), 166.06 (13.3), 115.03 (6.0). UV (DMSO,
Amax / nm): 356.

4-[[ (5-[ (9H-Carbazol-9-yl)methyl] -1,3,4-oxadiazol -2-yl )Jamino] (piperazin-1-
yl)methyl] phenol (4b). Anal. Calcd. for CogHogNgO2: C, 68.70; H, 5.77; N, 18.49
%. Found: C, 68.66; H, 5.75; N, 18.46 %; IR (KBr, cm1) 3642, 3414, 3046,
2921, 2856, 1670, 1600, 1335, 1155, 844; IH-NMR (300 MHz, CDCl3, &/ ppm):
1.97 (1H, s, NH, D20 exchangeable), 2.45 (4H, t, J = 9.0 Hz, CH»), 2.69 (4H, t,
J = 6.0 Hz, CH>), 4.09 (1H, s, NH, D20 exchangeable), 4.91 (1H, s, OH, D>O
exchangeable), 5.15 (1H, s, CH), 5.29 (2H, s, CH»), 6.74 (2H, d, J = 9.0 Hz,
Ar-H), 6.95 (3H, t, J =7.5 Hz, Ar-H), 7.14 (3H, t, J = 9.0 Hz, Ar-H), 7.37 (2H, d,
J=6.0 Hz, Ar-H), 7.56 (2H, d, J = 15 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, &
/ ppm): 157.0, 130.9, 122.2, 120.1, 115.6, 111.1, 77.9, 58.1, 50.0, 46.3; MS-ESI
(m/z (relative abundance, %)): 454.21 (M*, 100), 437.36 (27.8), 361.25 (21.7),
263.17 (17.1), 248.01 (40.3), 180.05 (13.8), 166.10 (14.1), 115.85 (4.2); UV
(DM SO, Amax / nm): 353.

* Corresponding author. E-mail: dev_15@rediffmail.com
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5-[ (9H-Carbazol-9-yl)methyl] -N-[ (piperazin-1-y1)(3,4,5-trimethoxyphenyl) -
methyl] -1,3,4-oxadiazol-2-amine (4c). Anal. Calcd. for CogH3oNgO4: C, 65.89;
H, 6.10; N, 15.90 %. Found: C, 65.86; H, 6.07; N, 15.88 %; IR (KBr, cm1):
3413, 3047, 2908, 2812, 1661, 1601, 1323, 1236, 1166, 1068; IH-NMR (300
MHz, CDCl3, 6/ ppm): 1.96 (1H, s, NH, D20 exchangeable), 2.44 (4H,t,J=7.5
Hz, CH»), 2.68 (4H, t, J = 6.0 Hz, CH>), 3.73 (9H, s, (OCH3)a), 4.13 (1H, s, NH,
D,0 exchangeable), 4.99 (1H, s, CH), 5.18 (2H, s, CH>), 6.06 (2H, d, J = 12 Hz,
Ar-H), 6.10 (2H, d, J = 9.0 Hz, Ar-H), 6.96 (2H, d, J = 6.0 Hz, Ar-H), 7.19 (3H,
t, J=4.5Hz, Ar-H), 7.46 (3H, t, J = 7.5 Hz, Ar-H); 13C-NMR (75 MHz, CDCls3,
o/ ppm): 150.5, 137.7, 132.6, 130.9, 122.2, 120.1, 119.0, 111.1, 106.2, 78.5,
58.1, 56.23, 50.0, 46.3; MS-ESI (m/z (relative abundance, %)): 528.25 (M*, 100),
513.22 (34.2), 497.23 (30.6), 361.32 (24.3), 263.29 (15.9), 248.36 (36.6), 180.11
(15.8), 166.01 (13.1), 115.43 (3.9); UV (DMSO, Amax / NM): 360.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (4-chlorophenyl) (piper azin-1-yl ) methyl] -
-1,3,4-oxadiazol-2-amine (4d). Anal. Calcd. for CogHosCINGgO: C, 66.03; H,
5.33; N, 17.77 %. Found: C, 66.01; H, 5.32; N, 17.74 %; IR (KBr, cm1) 3417,
3053, 2920, 2854, 1660, 1601, 1330, 1147, 1063, 852; 1H-NMR (300 MHz,
CDCl3, d/ ppm): 2.01 (1H, s, NH, D20 exchangeable), 2.45 (4H, t, J = 6.0 Hz,
CH>), 2.63 (4H, t, J = 6.0 Hz, CH>), 4.12 (1H, s, NH, D20 exchangeable), 4.95
(1H, s, CH), 5.09 (2H, s, CHy), 7.08 (2H, d, J = 9.0 Hz, Ar-H), 7.21 (3H, t, J =
=7.5Hz, Ar-H), 7.32 (3H, t, J = 9.0 Hz, Ar-H), 7.42 (2H, d, J = 6.0 Hz, Ar-H),
7.68 (2H, d, J = 6.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, §/ ppm): 136.4,
130.3, 122.2, 120.1, 118.9, 111.1, 77.9, 58.1,50.0, 46.3; MS-ESI (nVz (relative
abundance, %)): 472.18 (M*, 100), 437.12 (26.2), 361.22 (23.5), 263.18 (18.4),
248.17 (38.0), 180.33 (14.2), 166.23 (12.8), 115.33 (5.2); UV (DMSO, Amax /
/ nm): 338.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (4-(dimethylamino) phenyl ) (pi perazin-1-yl)-
methyl] -1,3,4-oxadiazol-2-amine (4€). Anal. Calcd. for CogH31N7O: C, 69.83; H,
6.49; N, 20.36 %. Found: C, 69.81; H, 6.46; N, 20.32 %; IR (KBr, cm1): 3412,
3040, 2919, 2851, 1666, 1598, 1323, 1159, 817; 1H-NMR (300 MHz, CDCl3, &/
/ ppm): 1.90 (1H, s, NH, D20 exchangeable), 2.32 (4H, t, J = 9.0 Hz, CH>), 2.58
(4H, t, J = 7.5 Hz, CHy), 2.85 (6H, s, N(CH3)2), 4.01 (1H, s, NH, D,O
exchangeable), 4.89 (1H, s, CH), 5.08 (2H, s, CHy), 6.45 (2H, d, J = 6.0 Hz,
Ar-H), 6.68 (3H, t, J = 10.5 Hz, Ar-H), 6.90 (3H, t, J = 3.0 Hz, Ar-H), 7.02 (2H,
d, J = 6.0 Hz, Ar-H), 7.37 (2H, d, J = 6.0 Hz, Ar-H); 13C-NMR (75 MHz,
CDCl3, 6/ ppm): 148.1, 130.9, 129.8, 127.8, 122.2, 120.1, 118.9, 111.1, 58.1,
50.0, 46.3, 40.3; MS-ESI (m/z (relative abundance, %)): 481.25 (M*, 100),
466.23 (30.6), 437.20 (28.7), 361.14 (22.6), 263.22 (16.3), 248.13 (40.3), 180.23
(15.2), 166.05 (13.8), 115.28 (6.6); UV (DM SO, Amax / nm): 351.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (2-nitrophenyl) (pi perazin-1-yl)methyl] -
-1,3,4-oxadiazol-2-amine (4f). Anal. Calcd. for CogHosN7O3: C, 64.58; H, 5.21;
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N, 20.28 %. Found: C, 64.54; H, 5.20; N, 20.27 %; IR (KBr, cm1) 3417, 3055,
2923, 2855, 1659, 1610, 1525, 1343, 1296, 1153, 740; 1H-NMR (300 MHz,
CDCl3, 6/ ppm): 2.08 (1H, s, NH, D>O exchangeable), 2.37 (4H, t, J = 7.5 Hz,
CHy), 2.66 (4H, t, J = 7.5 Hz, CH>), 4.06 (1H, s, NH, D20 exchangeable), 4.84
(1H, s, CH), 5.03 (2H, s, CH»), 7.03 (2H, d, J = 9.0 Hz, Ar-H), 7.35 (3H, t, J =
=7.5Hz, Ar-H), 7.67 (3H, t, J = 7.5 Hz, Ar-H), 7.77 (2H, d, J = 9.0 Hz, Ar-H),
8.00 (2H, d, J = 6.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCls, 6/ ppm): 148.9,
131.4, 130.9, 122.2, 119.0, 1189, 111.1, 69.3, 58.1, 50.1, 46.3; MS-ESI (m/z
(relative abundance, %)): 483.78 (M*, 100), 437.21 (30.6), 361.26 (22.3), 263.01
(18.3), 248.02 (39.1), 180.14 (14.3), 166.26 (13.6), 115.13 (4.6); UV (DMSO,
Amax / nm): 352.

3-[[(5-[ (9H-Carbazol-9-yl)methyl] - 1,3,4-oxadiazol - 2-yl yamino] (piperazin-1-
-yl)methyl] phenol (4g). Anal. Calcd. for CogHoeNgO2: C, 68.70; H, 5.77; N, 18.49
%. Found: C, 68.69; H, 5.76; N, 18.48 %; IR (KBr, cm1): 3671, 3416, 3051,
2925, 2860, 1689, 1603, 1330, 1157, 738; IH-NMR (300 MHz, CDCl3, &/ ppm):
2.01 (1H, s, NH, D0 exchangeable), 2.38 (4H, t, J = 7.5 Hz, CH>), 2.68 (4H, t,
J = 6.0 Hz, CHy), 4.02 (1H, s, NH, D20 exchangeable), 4.92 (1H, s, OH, D>,O
exchangeable), 5.14 (1H, s, CH), 5.28 (2H, s, CHy), 6.42 (2H, d, J = 6.0 Hz,
Ar-H), 6.57 (3H, t, Ar-H, J = 7.5 Hz), 6.87 (3H, t, Ar-H, J = 10.5 Hz), 7.06 (2H,
d, Ar-H, J = 6.0 Hz), 7.37 (2H, d, J = 6.0 Hz, Ar-H); 13C-NMR (75 MHz,
CDCl3, ¢/ ppm): 158.2, 139.7, 130.9, 122.2, 120.1, 118.9, 111.1, 78.2, 58.1,
46.3; MS-ESI (m/z (relative abundance, %)): 454.63 (M*, 100), 437.31 (31.2),
361.19 (20.4), 263.24 (14.2), 248.09 (35.8), 180.27 (19.2), 166.02 (12.6), 115.15
(7.1); UV (DMSO, Amax / nm): 346.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (3-nitrophenyl) (pi perazin-1-yl)methyl] -
-1,3,4-oxadiazol-2-amine (4h). Anal. Calcd. for CogHosN7O3: C, 64.58; H, 5.21;
N, 20.28 %. Found: C, 64.55; H, 5.17; N, 20.24 %; IR (KBr, cnm1) 3415, 3053,
2925, 2858, 1672, 1602, 1518, 1348, 1302, 1157, 676; 1H-NMR (300 MHz,
CDCl3, 6/ ppm): 1.97 (1H, s, NH, DO exchangeable), 2.35 (4H, t, J = 10.5 Hz,
CHb), 2.66 (4H, t, J = 7.5 Hz, CH>), 4.08 (1H, s, NH, D20 exchangeable), 4.94
(1H, s, CH), 5.19 (2H, s, CHy), 7.13 (2H, d, J = 6.0 Hz, Ar-H), 7.36 (3H, t, J =
=10.5Hz, Ar-H), 7.56 (3H, t, J= 7.5 Hz, Ar-H), 7.66 (2H, d, J = 6.0 Hz, Ar-H),
8.09 (2H, d, J = 6.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, &/ ppm): 148.1,
139.3, 130.9, 124.1, 122.2, 120.1, 119.0, 111.1, 76.3, 58.1, 50.0, 46.3; MS-ES|
(mvz (relative abundance, %)): 483.59 (M+,100), 437.18 (27.4), 361.07 (21.6),
263.06 (18.3), 248.09 (38.3), 180.12 (13.4), 166.05 (12.2), 115.68 (6.8); UV
(DM SO, Amax / nm): 350.

2-[[(5-[ (9H-Carbazol-9-yl)methyl] -1,3,4-oxadiazol -2-yl )Jamino] (pi perazin-
-yl)methyl] phenol (4i). Anal. Calcd. for CogHogNgO2: C, 68.70; H, 5.77; N,
18.49 %. Found: C, 68.68; H, 5.74; N, 18.47 %, IR (KBr, cm1): 3691, 3415,
3053, 2924, 2853, 1668, 1606, 1333, 1149, 740; 1H-NMR (300 MHz, CDCl3, &/
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/ ppm): 2.01 (1H, s, NH, D20 exchangeable), 2.46 (4H, t, J = 7.5 Hz, CH>), 2.67
(4H, t, J = 6.0 Hz, CH)), 4.02 (1H, s, NH, D20 exchangeable), 4.99 (1H, s, OH,
D,0 exchangeable), 5.10 (1H, s, CH), 5.29 (2H, s, CH>), 6.64 (2H, d, J = 9.0 Hz,
Ar-H), 6.86 (3H, t, J = 6.0 Hz, Ar-H), 7.05 (3H, t, J = 12.0 Hz, Ar-H), 7.19 (2H,
d, J = 9.0 Hz, Ar-H), 7.50 (2H, d, J = 9.0 Hz, Ar-H); 13C-NMR (75 MHz,
CDCl3, 6/ ppm): 136.8, 130.9, 119.0, 111.1, 79.3, 50.0, 46.3; MS-ESI (m/z
(relative abundance, %)): 454.02 (M*, 100), 437.31 (25.3), 361.23 (21.5), 263.12
(16.1), 248.06 (41.3), 180.31 (13.2), 166.08 (11.4), 115.06 (3.5); UV (DMSO,
Amax / nm): 340.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (3-chlorophenyl) (pi perazin-1-yl)methyl] -
-1,3,4-oxadiazol-2-amine (4j). Anal. Calcd. for CogH2sCINgO: C, 66.03; H, 5.33;
N, 17.77 %. Found: C, 65.99; H, 5.31; N, 17.75 %; IR (KBr, cm1): 3415, 3050,
2912, 2827, 1649, 1581, 1307, 1151, 1080, 661; IH-NMR (300 MHz, CDCl3, &/
/ ppm): 2.10 (1H, s, NH, D>0 exchangeable), 2.35 (4H, t, J = 7.5 Hz, CH>), 2.58
(4H, t, J=6.0 Hz, CHy), 4.07 (1H, s, NH, D>0 exchangeable), 4.95 (1H, s, CH),
5.01 (2H, s, CHy), 6.97 (2H, d, J = 9.0 Hz, Ar-H), 7.07 (3H, t, J = 6.0 Hz, Ar-H),
7.16 (3H, t, J= 7.5 Hz, Ar-H), 7.25 (2H, d, J = 6.0 Hz, Ar-H), 7.40 (2H, d, J =
= 6.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, &/ ppm): 139.4, 134.0, 130.9,
118.9, 111.1, 77.4, 58.3, 50.0, 46.3; MS-ESI (m/z (relative abundance, %)):
472.91 (M*,100), 437.16 (26.9), 361.29 (23.0), 263.13 (16.5), 248.23 (38.6),
180.38 (14.9), 166.20 (13.1), 115.13 (7.2); UV (DM SO, Amax / nm): 333.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (2-chlor ophenyl) (pi per azin-1-yl)methyl] -
-1,3,4-oxadiazol-2-amine (4k). Anal. Cacd. for CosHosCINgO: C, 66.03; H,
5.33; N, 17.77 %. Found: C, 66.02; H, 5.30; N, 17.76 %; IR (KBr, cnm1): 3428,
3056, 2941, 2847, 1652, 1580, 1348, 1148, 1056, 756; 1H-NMR (300 MHz,
CDCl3, 8/ ppm): 1.99 (1H, s, NH, D»O exchangeable), 2.38 (4H, t, J = 7.5 Hz,
CHy), 2.60 (4H, t, J = 4.5 Hz, CH)>), 4.06 (1H, s, NH, D20 exchangeable), 5.01
(1H, s, CH), 5.20 (2H, s, CHy), 7.01 (2H, d, J = 6.0 Hz, Ar-H), 7.12 (3H, t, J =
= 4.5 Hz, Ar-H), 7.25 (3H, t, J = 7.5 Hz, Ar-H), 7.33 (2H, d, J = 6.0 Hz, Ar-H),
7.44 (2H, d, J = 9.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, &/ ppm): 138.4,
133.0, 129.9, 118.9, 111.1, 77.4, 58.3, 50.0, 46.3; MS-ESI (n/z (relative
abundance, %)): 472.59 (M* ,100), 437.14 (30.6), 361.34 (22.5), 263.20 (16.9),
248.11 (41.1), 180.46 (18.6), 166.12 (14.1), 115.06 (5.7); UV (DMSO, Amax /
/ nm): 330.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (3-methoxyphenyl ) (pi perazin-1-yl )methyl] -
-1,3,4-oxadiazol-2-amine (41). Anal. Calcd. for Co7H2gNgO2: C, 69.21; H, 6.02;
N, 17.94 %. Found: C, 69.20; H, 6.00; N, 17.91 %; IR (KBr, cm1): 3415, 3060,
2931, 2844, 1639, 1579, 1320, 1242, 1124, 1037, 667; 1H-NMR (300 MHz,
CDCl3, 8/ ppm): 2.06 (1H, s, NH, D»O exchangeable), 2.46 (4H, t, J = 6.0 Hz,
CHy), 2.70 (4H, t, J = 6.0 Hz, CHy), 3.73 (3H, s, OCH3), 4.06 (1H, s, NH, D>O
exchangeable), 4.95 (1H, s, CH), 5.15 (2H, s, CH>»), 6.61 (3H, t, J = 6.0 Hz,
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Ar-H), 6.81 (2H, d, J = 3.0 Hz, Ar-H), 6.99 (2H, d, J = 6.0 Hz, Ar-H), 7.08 (2H,
d, J = 6.0 Hz, Ar-H), 7.32 (3H, t, J = 13.5 Hz, Ar-H). 13C-NMR (75 MHz,
CDCl3, ¢/ ppm): 160.4, 130.5 129.9, 118.9, 111.1, 77.4, 58.3, 55.9, 50.0, 46.3;
MS-ESI (m/z (relative abundance, %)): 468.23 (M* ,100), 453.20 (31.3), 437.48
(26.1), 361.10 (22.9), 263.25 (15.4), 248.29 (37.7), 180.14 (15.1), 166.19 (12.1),
115.11 (5.2); UV (DM SO, Amax / nm): 328.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (4-methoxyphenyl ) (pi per azin-1-yl )methyl] -
-1,3,4-oxadiazol-2-amine (4m). Anal. Calcd. for Co7H2gNgO2: C, 69.21; H, 6.02;
N, 17.94 %. Found: C, 69.18; H, 6.01; N, 17.93 %; IR (KBr, cm1): 3416, 3053,
2935, 2839, 1645, 1595, 1323, 1251, 1161, 1016, 854; 1H-NMR (300 MHz,
CDCl3, 6/ ppm): 1.95 (1H, s, NH, D20 exchangeable), 2.45 (4H, t, J = 12.0 Hz,
CH>), 2.64 (4H, t, J = 6.0 Hz, CH>), 3.73 (3H, s, OCH3), 4.08 (1H, s, NH, D>0O
exchangeable), 4.89 (1H, s, CH), 5.20 (2H, s, CH»), 6.67 (3H, t, J = 6.0 Hz,
Ar-H), 6.89 (2H, d, J = 6.0 Hz, Ar-H), 7.05 (2H, d, J = 6.0 Hz, Ar-H), 7.14 (2H,
d, J = 9.0 Hz, Ar-H), 7.34 (3H, t, J = 10.5 Hz, Ar-H); 13C-NMR (75 MHz,
CDCl3, ¢/ ppm): 158.4, 131.9 129.9, 118.9, 111.1, 77.4, 58.3, 55.9, 50.0, 46.3;
MS-ESI (m/z (relative abundance, %)): 468.73 (M* ,100), 453.20 (31.3), 437.48
(26.1), 361.10 (22.9), 263.25 (15.4), 248.29 (37.7), 180.14 (15.1), 166.19 (12.1),
115.11 (5.2); UV (DM SO, Amax / nm): 330 nm.

5-[ (9H-Carbazol-9-yl)methyl] -N-[ (4-fluor ophenyl) (piperazin-1-yl )methyl] -
-1,3,4-oxadiazol-2-amine (4n). Anal. Calcd. for CogHosFNgO: C, 68.40; H, 5.52;
N, 18.41 %. Found: C, 68.39; H, 5.49; N, 18.38 %; IR (KBr, cm1): 3417, 3051,
2933, 2843, 1653, 1575, 1334, 1257, 1151, 860; 1H-NMR (300 MHz, CDCl3, &/
/ ppm): 2.05 (1H, s, NH, D20 exchangeable), 2.38 (4H, t, J = 7.5 Hz, CH>), 2.63
(4H, t, J=6.0 Hz, CH»), 4.15 (1H, s, NH, D>0 exchangeable), 4.89 (1H, s, CH),
5.10 (2H, s, CH»), 6.84 (2H, d, J = 9.0 Hz, Ar-H), 6.93 (3H, t, J = 7.5 Hz, Ar-H),
7.08 (3H, t, J = 6.0 Hz, Ar-H), 7.13 (2H, d, J = 6.0 Hz, Ar-H), 7.34 (2H, d, J =
= 9.0 Hz, Ar-H); 13C-NMR (75 MHz, CDCl3, &/ ppm): 161.4, 130.9 120.9,
118.9, 111.1, 77.4, 58.3, 55.9, 50.0, 46.3; MS-ES| (m/z (relative abundance, %)):
456.21 (M* ,100), 437.04 (27.3), 361.06 (22.1), 263.19 (15.4), 248.16 (39.3),
180.02 (16.3), 166.09 (12.8), 115.18 (7.6); UV (DM SO, Amax / nm): 342.

5-[ (9H-Carbazol-9-yl)methyl] -N-(phenyl (pi per azin-1-yl )methyl)-1,3,4-oxa-
diazol-2-amine (40). Anal. Calcd. for CogHogNgO: C, 71.21; H, 5.98; N, 19.16
%. Found: C, 71.19; H, 5.95; N, 19.15 %; IR (KBr, cm1): 3410, 3045, 2931,
2832, 1678, 1604, 1325, 1157; 1H-NMR (300 MHz, CDCl3, &/ ppm): 2.08 (1H,
s, NH, D20 exchangeable), 2.42 (4H, t, J = 6.0 Hz, CH)), 2.63 (4H, t, J = 7.5 Hz,
CH>), 4.08 (1H, s, NH, D>0O exchangeable), 5.01 (1H, s, CH), 5.21 (2H, s, CH>),
7.02 (2H, d, J=6.0Hz, Ar-H), 7.17 (3H, t, J = 6.0 Hz, Ar-H), 7.24 (3H,t,J=6.0
Hz, Ar-H), 7.32 (2H, d, J = 6.0 Hz, Ar-H), 7.41 (2H, d, J = 6.0 Hz, Ar-H); 13C-
-NMR (75 MHz, CDCl3, 6/ ppm): 138.6, 130.9 128.9, 120.5, 118.9, 111.1, 77.4,
58.3, 55.9, 50.0, 46.3; MS-ESI (m/z (relative abundance, %)): 438.22 (M*, 100),
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361.40 (22.4), 263.01 (16.5), 248.10 (38.0), 180.05 (17.4), 166.06 (13.2), 115.71
(5.5); UV (DM SO, Amax / nm): 320.
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Abstract: A bioinformatics study was performed to predict and compare the
structural and functional properties of human cavealins: caveolin-1, -2 and -3.
The computed local physicochemical properties, predictions of their secondary
structure elements and interacting partners of caveolin-2 and -3 were compared
to the experimentally determined structural and functional properties of cave-
olin-1. These data combined with sequence alignments of the three caveolins
dlowed the functional domains of caveolin-2 and -3 to be predicted and
characterised. The hydrophobic regions of these proteins are highly similar in
sequences and physicochemical properties, which is in good agreement with
their known membrane locations and functions. The most divergent in terms of
sequences and properties are the C-terminal regions of the caveolins, suggest-
ing that they might be responsible for their distinct predicted interactions, with
direct consegquences on signalling processes.

Keywords. secondary structure; disordered regions; functional domains.

INTRODUCTION

Cavealins belong to a family of small (around 20 kDa) integral membrane
proteins with both N- and C-termini facing the cytoplasm.l This family com-
prises three members in vertebrates: caveolin-1 (cavl), caveolin-2 (cav2) and
caveolin-3 (cav3). Cavl and cav2 are ubiquitously co-expressed, while cav3 is
muscle specific. Caveolins play essentia structural roles in the organisation of
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the caveolae and also participate in many important cellular processes, such as
vesicular transport, signal transduction, cholesterol homeostasis and tumour sup-
pression.2

Cavl isthe most studied member of the caveolin family. It is oligomeric and
is a cholesterol and fatty acid binding protein. There are two isoforms of cavl:
the a- and the S-isoform. The g-isoform lacks the first 32 amino acid residues of
the a-isoform.34 Two types of post-translational modifications have been shown
to affect cavl, i.e., pamitoylation and phosphorylation, both of which are impor-
tant for its functions.>6 Three palmitoylation sites at cysteine 133, 143 and 156
and two phosphorylation sites at tyrosine 14 and serine 80 have been identified.

Caveolin-1 is expressed in most types of cells, whereby adipocytes, endo-
thelia cells, fibroblasts and type | pneumocytes have the highest levels of its
expression.” It is found only in vertebrates and has been the subject of numerous
research studies, the data of which provide the basis of the present knowledge
regarding the interactions of these proteins with their cellular environment. A
structural biocinformatics analysis of cavl revealed its highly conserved sequence
among vertebrate organisms (more than 64 % for vertebrates and 99 % for mam-
mals), its high similarity with cav2 and cav3 and enabled to its structural organi-
zation and functional regionsto be predicted.8 The functional regions of Cav1 are
the hydrophobic domain (HD), composed of residues 102 to 134, and two adja-
cent regions flanking the HD: the N-terminal attachment domain (N-MAD, resi-
dues 82-101) and the C-termina attachment domain (C-MAD, residues 135-150),
which were found to bind to membrane with high affinity.”.® The C-terminal
domain of cavl contains three cysteine residues that are modified by palmitoyl-
ation and are supposed to be involved in caveolin—caveolin and caveolin-ipids
interactions.” The N-MAD domain, also known as the scaffolding domain (CSD)
of cavl, has been shown to act both as an anchor for different proteins within
caveolae and as aregulatory element able to activate or inhibit the signalling acti-
vity of a given protein.10.11 Moreover, the interactions of cavl with other pro-
teins may also be mediated by other regions.12 The CSD includes a short amino
acid sequence, residues 94-101, known as the CRAC (cholesterol recogni-
tion/interaction amino acid consensus) motif,13 which is involved in the mem-
brane interaction of cavl.l4 It was proposed that the CSD has two functional
regions. the CRAC region responsible for interactions with cholesterol and its
first segment (residues 82-93) being involved in asignal transduction process.8

Earlier studies considered that proteins interacting with caveolin have a
specific “caveolin binding domain” (CBD), yXyXXXy or yXXXXyXXvy,
where v is an aromatic residue (Trp, Tyr or Phe)l® that interacts with the CSD
via their aromatic residues.916 However, recent studies argue against the role of
this motif in caveolin interactions and involvement in signalisation pro-
cesses.8.10,12,17 Tyrosine and serine phosphorylation of cavl, as well as cysteine
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palmitoylation also seem to be involved in caveolin—protein interactions. Tyro-
sine phosphorylation of cavl occurs at its N-terminal domain (Tyr14) and phos-
phorylated cavl serves as a scaffolding protein to recruit SH2-domain containing
proteins.18 Serine phosphorylation occurs at Ser80 and is responsible for the
topology change of cavl from a membrane protein to a secreted protein.” Cavl
pamitoylation has been proposed to play a role in the interaction of cavl with
lipids,16 in cholesterol binding and transport and for the assembly of signalling
molecules in caveolae.>6

Caveolin-2 exists as a homo-dimer1® and acts as a scaffolding protein within
caveolar membranes directly interacting with cavl to form a stable hetero-oligo-
meric complex that is required for targeting to lipid rafts and for caveol ae forma-
tion.20 It has three isoforms. @, f and y. The a- and p-isoforms differ in their
subcellular locations and the p-isoform does not interact with cavl.2l Cav2 is
phosphorylated at tyrosine residues 19 and 27.22 Phosphocaveolin-2 (Tyr(P)19)
islocalized near focal adhesions, remains associated with lipid rafts/caveol ag, but
no longer forms a high molecular mass hetero-oligomer with caveolin-1.23-25
Information about the y-isoform of cav2 is lacking.

Caveolin 3 (also known as M-caveolin) is the muscle-specific member of
caveolin family being the only member of the family that is present in striated
muscle. It shares 65 % sequence identity and 85 % sequence similarity with
cavl,? it aso forms alarge homo-oligomeric complex of 350400 kDa molecular
weight26 and appears to have similar cellular functions, such as caveolae forma-
tion and cellular signalling. It is a modulator of the function of the dystrophin—
—glycoproteins complex with consequences for muscle diseases.2’

Cavealins cellular functions ascribed to caveolae are endocytocis, transcyto-
sis and signal transduction. Caveolins aso play a role in some diseases: 26,28
cancer (they are implicated in both tumour suppression and oncogenesis), cardio-
vascular diseases, lung diseases and muscular dystrophy.

The structural and functional characteristics of caveolin proteins have not yet
been well defined, but some useful information can be obtained through sequence
based predictions using structural bioinformatics tools. In the present study, a
bioinformatics investigation was performed in which, to the best of our know-
ledge, al the three human caveolins were considered for the first timein order to
predict and compare their structural and functional properties. The sequence
identity, hydrophobicity, apha-helix and beta-turn profiles were analysed and the
secondary structure elements, the disordered regions and the interacting partners
were predicted. Comparing the obtained results with known structural and func-
tional data concerning caveolin 1, the functional domains of caveolin 2 and cave-
olin 3 were predicted and characterized.
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EXPERIMENTAL

Within this study, bioinformatics tools were employed to analyse and predict structural
and physicochemical properties of the family of human caveolin proteins starting from
sequence information retrieved from SwissProt data base.?® Sequence analysis relating to the
sequence identity of the vertebrate caveolins was performed using the BLAST tool.3° The
sequence similarity between the human caveolins was studied using multiple sequence anal-
ysis performed with the CLUSTALW?2 on-line tool .31

The ProtParam tool32 was used to compute the global physicochemical properties of the
caveolins and of their predicted functional regions, i.e., the molecular weight, GRAVY index,
net charge and aiphatic index. GRAVY is the grand average of hydropathicity and indicates
the solubility of the protein. It is computed using the Kyte and Doalittle hydrophobicity
scale.33 A positive value of GRAVY reveals a hydrophobic protein and a negative value, a
hydrophilic one.

The aliphatic index is a measure of the relative volume occupied by the amino acids with
aliphatic side chains. This parameter is usually computed for globular proteins but it has also
been used for proteins containing membrane regions.3435

The ProtScale tool3? was also used to obtain the hydrophobicity, membrane tendency
and the alpha helix and beta-turn profiles for caveolins. The hydrophobicity shows the degree
of hydrophobicity of each amino acid in the protein chain versus its position in the chain. For
the hydrophobicity profiles, the Kyte and Doolittle hydrophobicity scale3? was used. Pre-
diction of the secondary structural elements of caveolins was performed using GOR,36
Jpred3,3” PsiPred,3 CFSSP® and ProtPred®? on-line tools and their results were compared.
Moreover, prediction of disordered regions of caveolins was obtained using ProtPred®,
RONN#! and GlobPlot*2 tools.

Caveolins are predicted to have an unusual membrane topology. They do not cross the
membrane, but they are anchored to one of its layers. A few computational tools for predicting
the re-entrant loops of membrane proteins can be found: OCTOPUS* and SPOCTOPUS*
and they were employed to predict the re-entrant |oops of the caveolins.

In order to obtain the membrane tendency (MT), the transmembrane tendency indexes
introduced by Zhao and London in 2006% were used, and for the alpha-helix and beta-turn
profiles, the apha-helix and beta-turn propensities indexes introduced by Deleage and Roux
in 198746 were employed. The MT sequence prediction scale shows the propensity of each
amino acid in the protein chain to participate in transmembrane helices® and the alpha-
-helix/beta-turn propensity is a measure of the tendency of an amino acid to adopt an apha
helix/beta-turn structure.4® All these profiles take into account the physicochemical back-
ground for every amino acid in the sequence, the average values of each considered property
being computed using a window of 21 amino acids with the considered amino acid at its
centre. The large window of 21 amino acids used for computation of profiles has been proven
to be good for membrane proteins®2 and the profiles that were computed in the present study
with windows of 9 and 13 residues did not significantly differ from the profiles computed
with a window of 21 residues (see Figs. S-1 and S-2 of the Supplementary material to this
paper). In the profiles computed with a window of 21 residues, predictions for the first 10 and
the last 10 amino acids of the sequence are lacking.

A short region of 8 amino acids was identified as identical in al three proteins,
FEDVIAEP, and it is named as the “ caveolin signature sequence” (CSS).2 Therefore, for cav2
and cav3, the profiles were translated in comparison to the cavl profile such that the caveolin
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signature amino acid sequence corresponds for al caveolins: 14 positions for cav2 and 28
positions for cav3.

STRING software?” was used to predict the interacting partners of the family of caveolin
proteins. STRING is based on both experimental and predicted interaction information and it
reports a network containing the highest scoring interacting partners and specifies if the
interaction has been proved experimentally. As parameters setting for using STRING, a me-
dium confidence score (i.e., higher than 0.400) was chosen and the following active prediction
methods: experiments, databases and text mining.

Cavl and cav2 have two and three identified isoforms, respectively. If not specified
further in the text, the cavl and cav2 notation will refer to the alphaisoforms.

RESULTS AND DISCUSSION

No three dimensional structure of caveolin proteins have been yet deter-
mined. Homology modelling using the Geno3D tool48 revealed that no satis-
factory template could be found for their sequences (see Fig. S-3 of the Supple-
mentary material to this paper).

The BLAST tool30 revealed that caveolin amino acid sequences have been
highly conserved throughout evolution, the sequence identity for vertebrates
being higher than 47 %. The members of the human caveolin family share high
sequence similarity: cavl and cav2 are 58 % similar, cavl and cav3 are 85 %
similar and cav2 and cav3 are 39.0 % similar. The sequence alignment was per-
formed using CLUSTALW2 software3! and the results are shown in Fig. 1, the
highly conserved regions being highlighted.

sp| 003135 CAVL HUMAN -MSGEKYVDSEGHL YTVPIRE QGNT YK PNNKAMADEL SEKQVYDAHTKET DIVNRDPRHL 59

3p| P36339 C@.VE_HH‘@N -MMAEEHTD LEAQTVKDIHCKEIDLVNRDPKNI 32
sp|P21636(CAVZ HUMAN MGLETEKADVQLFMD--------~------DDSY SHASGLE YADPEKFADSDQURDPHRL 45
B o ) K ek
(55— SRV N— A

5p| Q03135[CAVI HOMEN NDDWKIDFEDVIAEPECTHSFDG INKASFTT FTVIKYWFYRLLSALFGIPMALIWGIYE 119
sp|P26239 |CAV3 HUMAN NEDTVKVDFEDVIAEVGTY SFDGVRKVS YT TFTVSKYWCYRLLSTLLGVPLALLNGFLE 97
sp| P31636[CAVZ_HIMAN NS-HLKLGFEDVIAERVTTHSFDKVW ICSHALFELSKYVMYKFLIVFLATPIAFTAGITF 104

* [EEER 22212 - R SE L L ANE BEE SRR SR L IR TRE TS XL TN TR 1

___HD__________
sp|QD3135(CAVI HUMAY  ATLSFIAIWAVVRTCRSFLIETQCTSRVYSTYVHTVCDPLFFAVGKTFSNVRINLQKET 178
sp|PE539|CAV3 HUMAN  ACTSFCHIWAWVRCTRSYLIRTQCTSHTYSICTRTFCNPLFARLGQVCSSTRVVIRKEY 151
sp|Pa1636[CAV2 HUMEN  ATLSCLATWILMPFVKTCIMVLPSVOTIWKSVIDVIIAPLCTSVGRCESSVSLOLSQD- 162
AL L S N T A L
Fig. 1. Sequence alignment of the alphaisoforms of cavl, cav2 and cav3; * (asterisk) indicates
positions that have asingle, fully conserved residue; colon indicates conservation between
groups of very similar properties; period indicates conservation between groups of weakly
similar properties. The single-letter amino acid code is used. The caveolin signature sequence
(CSS) and the hydrophobic domain (HD) are highlighted in dark grey. The cholesterol
recognition/interaction amino acid consensus (CRAC) sequences of caveolins are highlighted

inlight grey.
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Being membrane proteins, it is expected that caveolins possess highly hydro-
phobic amino acid domains. The hydrophobicity profiles of the caveolin proteins
obtained using the ProtScale tool32 and the Kyte & Doolittle hydrophobicity
scale33 are shown in Fig. 2, in which the hydrophobic residues have positive
indexes.

cav1

hydrophobicity index
o
o

'25 ] T T T T T T T T T T
0 20 40 60 80 100120140160180
residue position
Fig. 2. Hydrophobicity profiles of cavl, cav2 and cav3 obtained using the ProtScale tool. For

cav2 and cav3 proteins, the residue position was translated so as the caveolin signature
sequence correspond for all caveolins.

The hydrophobicity profiles divide the amino acid sequences of caveolinsin
two different regions. a hydrophilic region (residues 1-93 for cavl, 1-60 for
cav2 and 1-50 for cav3) and a hydrophobic region (residues 94-178 for cavl,
61-162 for cav2 and 51-151 for cav3). Figure 2 aso reflects that the known
hydrophobic domain of cavl (residues 102—134) and a part of its adjacent regions
are highly hydrophobic. Using this profile, it is suggested that the hydrophobic
domains of cav2 and cav3 proteins are composed of the amino acid sequences
87-119 and 75-107, respectively, and this suggestion is in good agreement with
the sequence alignment presented in Fig. 1.

The membrane tendency profiles were also analysed (see Fig. S-4 of the
Supplementary material to this paper). The profiles are very similar for the three
caveolins and, as expected, they are also similar to the hydrophobicity profiles.
Moreover, both tools, OCTOPUS*3 and SPOCTOPUS,#4 did not predict any re-
-entrant loops for the caveolins.

The apha-helix and beta-turn profiles obtained using the ProtScale tool are
presented in Fig. 3.

Alpha-helix profiles show the high probability for the following amino acid
sequences to form helical regions: 29-60 and 94-140 for cavl, 84-125 for cav2
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and 77-141 for cav3. Except for cavl, these profiles are in reasonabl e agreement
with the predicted membrane helices. The beta-turn profiles depict the probable
regions adopting beta-structures, i.e., amino acid sequences 1-38 for cavl, 20-50
for cav2 and 2541 for cav3.

— CAV-1
------ CAV-2
o vy CAV-3
S 115
Q
® 1104
=
T 1.054
g 1.00]
s
2 0.951
0.90
0.851
0 25 50 75 100 125 150 175
residue position
@
— CAV-1
------ CAV-2
e CAV-3
Q1.1
Q
8
z 10
=)
® 09
i)
2 o8-
0.7-
06

0 25 50 75 100 125 150 175
residue position
(b)
Fig. 3. Alpha-helix (a) and beta-turn (b) profile for caveolin proteins obtained using the

ProtScale tool. For cav2 and cav3, the residue position was translated so that the caveolin
signature sequence corresponds for all caveolins.

The alpha helix and beta-turn profiles obtained using the ProtScale tool were
not fully confirmed by the prediction of the secondary structure elements using
the GOR, Jpred, PsiPred, CFSSP and ProtPred tools (Fig. 4), by the predictions
using RONN, GlobPlot, ProtPred of their disordered regions (Fig. 5) nor by other
published data concerning their structural properties.
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1 10 20 30 40 50 60
cavl MSGGEYVDSE GHLYTVPIRE QGNIYKPNNE EMADELSEEQ VYDAHTEEID LVNRDPEHLN
GOR ccecceeecce cceeeeccee ccccccccch hhhhhhhhhh hhhhehhhhh heceececee

Jpred - -
PsiPred ccceccccooe coeeccecce cocccceccee cchhhhocee cecececcee cocceccece
CFSSP ccttecectt cceeeseect cteccctcth hhhhhhhhhh hhhhhhhhbhh hectetechh

ProtPred

6l 70 80 80 100 110 120
cavl DDVVEIDFED VIAEPEGTHS FDGIWEASFT TFTVTKYWFY RLLSALFGIP MALIWGIYFA
GOR cceeeeccce eeccccccce ccceeeeece eseeccchhh hhhhhhheee chhhhhhhhh
Jpred ———BEe-——— EEE-——————— -—hehhhh eeeechhhhh hhhhhhhhhh hhhhhhhhhh

PsiPred ccceccococcoe eecceccccce coceeeeeee eeeeseeechh hhhhhhhhhh hhhhhhhhhh
CF3SP hhheeehhhh hhhttcecech hhhhheeeee eeeseeecee hhhhhhhhhh hhhhhhhhhh

ProtPred --—-egeeceee eg -——peeee—-e eeeechhhhh hhhhhhhhhh hhhhhhhbhh
121 130 140 150 160 170 178

cavl ILSFLHIWAV VPCIKSFLIE IQCISRVYSI YVHTVCDPLF EAVGEIFSNV RINLOKEI

GOR hhceeceeee eccccceecc ccccceeeee eeeecccccc cccchhhhhh hhhheeec

Jpred hhhhhhhhhh hhhhhheese -hhhhhhhhh hhhhhhhhhh hhhhhhb-ee eee-—--
PsiPred hhhhceeeee chhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhcccee eeseccce
CF3SP hhhhhheeee esehhhhhhe eeececececee eceseehhhh hhhhheesee eehhhhhe
ProtPred hhhhhheeee ehhheeeehh hhhhhhhhhh hhhhh--hhh hhhhhhh ee eeceee—-

@

1 10 20 30 40 50 60
cava MGLETEKADV QLEMDDDSYS HHSGLEYADP ERFADSDQDR DPHRINSHLK LGFEDVIAEP
GOR cceecechhh hhhecocecee ceoceccecee ceccececce cchhhhhbhh ceceeeecec
Jpred e ecee e e--eeeee—

PsiPred ccCcCcooce eeeecCcCcoCC CCCCCCCCCC CCCCCCCCCC CCCCCCCOCe BReeeeecee
CFSSP hhhhhhhhhe hhhhhttcce cctcechhhh hhhhtthhee tccecthhhh hhhhhhhhee

ProtPred eeee hhhhhhhee eceeeee--—-

61 70 80 90 100 110 120
cav? VITHSFDEVW ICSHALFETIS EYVMYKFLTV FLATPLAFIA GILFATLSCL HIWIIMPFVE
GOR ceeeeeceee ecccceeecc hhhhhhhhhh hhhchhhhhh hhhhhococe ceeeeeceec
Jpred = --———- heh hhh-eeeeeh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh

PsiPred ccccccccce eecceeeeee eeeeeehhhh hhhhhhhhhh hhhhhhhhhe eeeeehhhhh
CFSS5P eeeeeceeee hhhhhheeee hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh

ProtPred —---———- e ehhheeeeee hhhhhhhhhh hhhhhhhhhh hhhhhhhhh- eeeeee-hhh
121 130 140 150 160

cavz TCIMVLEPSVQ TIWKSVTDVI IAPLCTSVGR CFSSVSLQLS QD

GOR CCeEeEeCCCC CCCCCCCCee EECCCCCCCC CCOCCCeeCee eC

Jpred eeee-hhhhh hhhhhhhhhh hhhhhhhhhh hh—eeeeece --
PsiPred hhceccchhhh hhhhhhhhhh hhhhhhhhhh hecceeeeee cc
CFSSP hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh heeeeeeeee ec
ProtPred hhhhhhhhhh hhhhhhhhhh -hhhhhhhhh hh—eee--- --

(b)

Fig. 4. Prediction of the secondary structure elements of human: @) cavl, b) cav2 and c) cav3
using the GOR, Jpred, PsiPred, CFSSP and ProtPred tools (h — helix, e — beta strand, ¢ — cail,
t—turn).
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1 10 20 30 40 50 60
cav3 MMAEEHTDLE AQIVKDIHCK EIDLVNRDPK NINEDIVKVD FEDVIAEPVG TYSEDGVWKV
gor ccceccechh hhhhhhheec eeccccccee cocecceeeec ceceecccec eeeeceeeee
jpred = —-m—mmmmm— mmmmmmmmom —mmm—mmm o co- e——eeg-———— ————— hehhh

psipred cccecccech hhhhecccee coccocecccce coccccesee CCeeeCcCCCC CCCCCCeEee
CFSSP hhhhhhhhhh hhhhhhhhhh hhhhetectc ceeeseeeee eeeeceeeee esehhhhhhe

ProtPred --———————- hhhhbhh--—- -—-———- ———- ceee -———= - cee

61 70 80 90 100 110 120
cav3 SYTTFTVSKY WCYRLLSTLL GVPLALLWGE LFACISFCHI WAVVPCIKSY LIEIQCISHI
gor £eeeeeeCcC CeeeseCCCC COCEeeeese e8eeeCccCe eeeecCCCet cococesece

jpred h-eeeeehhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhee eee—hhhhhh
psipred eeeeeeeeee ehhhhhhhhh hhhhhhhhhh hhhhhhheee eeechhhhhh hhhhhhhhhh
CFSSP eeeeeeesee eeehhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhheeee
ProtPred ee-eeeceeh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh -eeeee---e eeehhhhhhh

121 130 140 150
cav3 YSLCIRTFCN PLFAALQVCS SIKVVLREEV
gor 2eeCcCCCcct CCCCCCCCCC eeeeeeceec

jpred hhhhhhhhhh hhhhhhhhh- -eeeee----
psipred hhhhhhhhhh hhhhhhhhhe ccceeseeec
CFSSP eeeeeeeeee hhhhhhhhhh hheeeccccce
ProtPred hhhhhhhhhh --hhhhhhhh -eececeee-

(©
Fig. 4. (Continued) Prediction of the secondary structure elements of human: a) cavl, b) cav2
and c) cav3 using the GOR, Jpred, PsiPred, CFSSP and ProtPred tools (h — helix, e — beta
strand, ¢ — coil, t —turn).

o8y e cav2

disorder probability
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Fig. 5. Prediction of the disordered regions of caveolins using RONN software (regions with
probability of disorder higher than 0.5 were predicted as disordered). For cav2 and cav3, the
residue position was translated so that the caveolin signature sequence corresponds for all
caveolins.
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The consensus of the secondary structure predictions made using different
bioinformatics tools led to the proposal that for cavl, the most probable helical
regions are 98-125 (predicted by all the used tools) and 141-165 (predicted by
Jpred, PsiPred and ProtPred).

Moreover, the consensus of the secondary structure predictions reflects that
the 86-94 and 126131 regions of cavl adopt a beta-strand secondary structure.
Furthermore, the prediction of the secondary structural elements of cavl (Fig. 4)
predicts that the first segment of the CSD contains a beta strand structural arran-
gement rich in hydrophobic amino acids and the segment 94-101 adopts a helical
structure. The hydrophobic domain of cavl is predicted to have a helical struc-
ture. The prediction of disordered regions of cavl obtained using RONN#L ref-
lects a quite disordered N-terminal domain with a long disordered region, 26-63
(Fig. 5).

The use of GlobPlot software?2 for the same purpose (see Fig. S-5 of the
Supplementary material to this paper) predicts the segment 24-47 as disordered
and the 102-135 region as hydrophobic. ProtPred tool reflects a disordered N-
terminal region (1-56) for cavl. These predictions of the secondary structure and
of disordered regions for cavl indicate that the N-terminal region of cavl is dis-
ordered and lacks secondary structure arrangement. It was also registered that all
tools used for secondary structure predictions (GOR, Jpred, PsiPred, CFSSP and
ProtPred) agreed in their prediction of a helical structure for the hydrophaobic
domain, but concerning the prediction of disordered regions, only Jpred and
ProtPred tools found the same amino acid sequences.

Comparisons of the computational and experimental data concerning the
structural properties of cavl or its fragments indicate controversial results. Based
on the analysis of cavl amino acids sequence using multiple computational
algorithms, a topology model for cavl was proposed.4® This model proposes that
the entire region of cavl has a high probahility to form helical structural elements
and that the highest helical probability is found for the region 113-127. Circular
dichroism (CD) and NMR spectroscopic studies of the hydrophobic domain of
cavl (96-136) revealed that this domain has a high a-helical content (57—65 %)
and possess a helix-break-helix structure, the helix breaking region being 108—
—110.%0 Other CD studies have been performed on cavl fragments in different
environments. In particular, a CD study of cavl fragments demonstrates that pep-
tides 2—20 and 1940 display 20 % content of alpha-helical structure and peptide
161-160 shows a 43 % content of alpha helix.51 Furthermore, CD analysis of
cavl (1-101) fragment in solution reflects that the amino acids 79-96 are
arranged in an alpha-helix>2. The same technique applied for the cavl (83-102)
in the presence of 1-pamitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
vesicles®3 and for cavl (82-101) in the presence of dodecylphosphocholine
(DPC) micelles™ revealed only a partially alpha-helical structure of this isolated
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domain. For alonger fragment, cavl (82-109), NMR studies indicate alpha-heli-
cal structures for the fragments 83-88 and 93-97 of the CSD domain and a stable
helical conformation only for the fragment 102—109 belonging to the first region
of the hydrophobic domain.>4 CD, FTIR and NMR experimental studies of cavl
(82-109) and cavl (83-102) in the presence of a POPC/cholesterol mixture indi-
cated that the CSD region of cavl contains both apha- and beta-structures, the
content of alpha-helices being higher for the longer fragment.>* The conforma-
tional model built by Hoop et al.®> proposes an anti-parallel beta-strand for the
region 84-94, which was also proposed by Spisni et al.8

For cav2, there is only one helical region in aphahelix profile, 84-125
which is in quite good agreement with predictions of the secondary structure
made using Jpred, PsiPred and CFSSP (Fig. 4) and this predicted helical region
also includes the predicted membrane region (87-104). The beta-turn profile
indicates that the region 20-50 adopts a beta-turn structure but this was not con-
firmed by the Jpred algorithm. The predicted disordered regions for cav2 are the
amino acid sequences 17-49 using RONN (Fig. 5) and 19-25 and 32-45 using
GlobPlot. These predictions are in good agreement with the results of the GOR,
Jpred and PsiPred algorithms (Fig. 4). GlobPlot software also predicts the amino
acid sequence 90-119 as the membrane domain of cav2 and this prediction
should be compared with the predicted helical region, amino acid sequence 84—
—125, with the proposed hydrophobic domain, 87-119 as well as with the pre-
dicted membrane region, 87-104. A CD experimental study of cav2 (1-73) frag-
ment indicated a 25 % helical content of this fragment.52 Only the CFSSP pre-
diction isin agreement with this experimental result.

Concerning cav3, the different algorithms used for the secondary structure
predictions unanimously predict the 77-141 amino acid sequence as helical. A
consensus for the membrane domain prediction was also obtained for the amino
acid sequence 84-104. No disordered regions of cav3 were identified using
RONN (Fig. 5) while the GlobPlot tools predict that the fragment 79-101 of cav3
is a hydrophobic domain and this prediction is in agreement with the hydropho-
bicity profile and with the membrane domain and secondary structure predic-
tions. An experimental CD study revealed that fragment 1-74 for cav3 contains
25 % of a-helical secondary structure,6 and the authors proposed that the CSD
of cav3 (residues 55—-72) forms an apha-helix and that the remaining region 1-54
lacks a stable secondary structure.®’

Taking into account the sequence alignments and the analysis presented
above, the following functional domains are proposed for cav2 and cav3.

For cav2: N-terminal domain — residues 1-66; CSD — residues 67-86, inc-
luding the CRAC motif (residues 79-86); HD domain — residues 87-119; C-MAD
domain — residues 120-135 and C-terminal domain — residues 136-162.
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For cav3: N-terminal domain — residues 1-54; CSD domain — residues 55-74,
including the CRAC motif (67-74); HD domain — residues 75-107; C-MAD
domain — residues 108-123 and C-terminal domain — residues 124-151.

To the best of our knowledge, no published data concerning the predicted
functional domains of cav2 have been published. Concerning cav3, the present
predictions are in good agreement with published data of Balijepalli and Kamp,
2009.57

The physicochemical properties of the predicted domains of cavl, cav2 and
cav3 arereported in Table.

TABLE |. Physicochemical properties of different functional domains of caveolins

Protein Net charge GRAVY Aliphatic index

domain  cavl cav2 <cav3 cavl <cav2 cavd cavl cav2 cav3
N-TER -8 -11 -9 -0.858 -0.889 -0.361 74.25 60.61 95.56
CSsD +2 +1 +2 -0.265 0.160 -0.385 39.00 9250 4350
HD 0 0 0 2009 2218 2015 17152 17152 165.45
C-TER +2 +3 +3 0212 0.774 0.796 108.46 118.89 118.21

As expected, the values presented in Table | show that the hydrophobic
domains have the highest hydrophobicity reflected by GRAVY and the highest
values of the aiphatic indexes. The GRAVY index of the CSD of cav2 strongly
differs from the GRAVY index of the CSD of cavl and cav3 as a result of the
different amino acid contents of these domains. The amino acid sequences of
cavl and cav3 CSD differ by 6 residues while cavl and cav2 CSD amino acid
sequences differ by 12 residues. The CSD of cav2 has a higher content of hydro-
phobic residues: Ile71 in comparison with Lys86 in cavl and Lys59 in cav3,
Ala75 in comparison with Thr90 in cavl and Thr63 in cav3, Leu76 in com-
parison with Thr91 in cavl and Thr64 in cav3 and Va83 in comparison with
Trp98 in cavl and Trp71 in cav3 (Fig. 1). The N-terminal domain of cav2 has a
more negative charge in comparison to that of cavl and cav3. These differences
could be responsible for the different folding of these proteins and/or for the
different properties of the associations with themselves or with other partners.

The predicted functional partners of human cav2 and cav3 were obtained
using STRING software?” and are compared with those of caveolin-1. There are
only a few common interacting partners for al the caveolins (they are presented
in Table Il), cavl and cav3 having more common partners than cavl and cav2
(Table ).

This may be due to the differences in the amino acid sequences of cavl and
cav2, but aso to the lack of data concerning these interactions. Some of the
predicted interacting partners of cav2 and cav3 do not contain the CBD, which is
in good agreement with recent literature data. 12
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TABLE Il. Proteins predicted to interact with all human caveolins: cavl, cav2 and cav3 (the
interactions that are experimentally proven are marked with an asterisk)

Interaction with CBM and/or CBM-like motif

Protein ini 1
cavl cav2 cav3 containing molecule
v-src Sarcoma viral oncogene homolog X*  X* X -
FYN oncogene related to SRC X* X X -
Nitric oxide synthase 3 ( NOS3) X* X X X
Gap junction protein, aphal (GJAL) X* X X X
Flotillin 2 (FLOT2) X*  X*  X* X
Integrin, beta 4 (ITGB4) X* X X -
Integrin, beta5 (ITGB5) X* X X -
Integrin, beta 6 (ITGB6) X* X X -
Integrin, beta7 (ITGB7) X* X X -
Integrin, beta 3 (ITGB3) X* X X -
Integrin, beta 8 (ITGB8) X* X X -
Integrin, beta 1 (ITGB1) X* X X -

TABLE |1 Proteins predicted to interact with cavl and cav2, respectively with cavl and cav3
(the experimentally proven interactions are marked with an asterisk)

Interaction with CBM and/or CBM-like

Protein cavl cav2 cav3 motif containing moleculel?
Caveolin 2 (CAV2) X* - = -
Insulin receptor (INSR) X* - X X
Insulin receptor substrate 1 (ISR1) X* - X X
Transient receptor potential cation channel, X* - X X
subfamily C

Nitric oxide synthase 3 ( NOS3) X* X X X
Rasrelated C3 botulinum toxin substrate1  X* - X X
(RACY)

Dystroglycan 1(DAG1) X* - X* X
Polymerase | and transcript release factor X* - X -
(PTRF)

Phospholipase D1, phosphatidylcholine- X* - X X
specific

Mal (MALL) X*  X* X
Platel et-derived growth factor receptor X* - X* X
Phospholipase D2 (PLD2) X*  X* X
Ras homolog gene family, member A X* - -
(RHOA)

Nitric oxide synthase 2, inducible (NOS2) X* - X*

V-Akt murine thymoma viral oncogene X - X -
homolog 1

Calcium channel, voltage-dependent, L type X - X -
Nitric oxide synthase 1 (NOS1) X* - X* X
Calcium channel, voltage-dependent, N type X X X
Solute carrier family 2 (SLC2A4) X - X -
RAS p21 protein activator (RASA1) X* X - -
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TABLE Ill. Continued

Interaction with CBM and/or CBM-like

Protein _— -
cavl cav2 cav3 motif containing moleculel’

Syndecan 2 (SDC2) - X - -
V-HarasHarvey rat sarcomaviral oncogene X* X - -

homolog

Solute carrier family 8, member 1 (SLC8A1) X* - X* X
Synaptosomal-associated protein (SNAP23) X* - X* X

SMAD family member 3 (SMAD3) X* - X* X

Stromal interaction molecule 1 (STIM1) X* - X* -

Dopamine receptor D1(DRD1) X* X* - X

CONCLUSIONS

For the first time, a bioinformatics study comparing all the three amino acid
sequences of human caveolins is presented. Taking into account the known data
about cavl (the most studied from this family), the functional domains of cav2
and cav3 were predicted and characterised. The predicted functional domains of
cav2 are: N-termina domain — residues 1-66; CSD — residues 67-86, including
the CRAC motif (residues 79-86); HD domain — residues 87-119; C-MAD
domain — residues 120-135 and C-terminal domain — residues 136-162. Simil-
arly, the predicted functional domains for cav3 are: N-terminal domain — residues
1-54; CDS domain — residues 55-74, including the CRAC motif (67—74); HD
domain — residues 75-107; C-MAD domain — residues 108-123 and C-terminal
domain residues 124-151.

The amino acid sequence of cav2 differs slightly from that of cavl and cav3
and its N-terminal is more hydrophilic and has a higher overall negative charge
than the N-terminal domains of cavl and cav3. All the caveolins possess three
cysteine residues in the C-terminal domains, their positions being conserved for
cavl and cav3 but not for cav2. Therefore, for cav3, the three cysteine residues
are most probably palmitoylated. The oligomerization domain of cavl contains
41 residues (region 61-101). Sequence alignment revealed that in the homol ogy
region of cav3 (residues 34—74), there are only 7 distinct residues (17 %) and in
the homology region of cav2 (residues 46-86), there are 17 distinct residues (41
%). This sequence dissimilarity may be responsible for the difference in oligo-
merization of the three caveolins: cavl and cav3 being able to form high weight
oligomers while cav2 forms only homo-dimers.19

The CSD of the three caveolins aso differ in sequence: there are 6 distinct
residues between the amino acids sequences of cavl (82-101) and cav3 (55-74),
and 12 distinct residues between the amino acids sequences of cavl (82-101) and
cav2 (67-86). These differences may be responsible for the specificity of the
interactions of the three caveolins, as the CSD domain has been proposed to be
involved in interactions with functional partners.
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The amino acid sequences of the hydrophobic domains of the three caveolins
are the most similar in sequence, they are highly hydrophobic and are predicted
to comprise helical structures. This expected result is in good agreement with
experimental data concerning the cavl (96-136) fragment in the presence of
lyso-myristoylphosphatidylglycerol .50

The amino acid sequences of the C-terminal domains of the caveolins are the
most divergent: there are 18 distinct residues between the amino acid sequences
of cavl (135-178) and cav3 (108-151) and 32 distinct residues between the
amino acid sequences of cavl (135-178) and of cav2 (120-162). The amino acid
sequence of the C-terminal segment of cavl is mostly hydrophilic, and has two
proposed functions: membrane anchoring for its first part (C-MAD, residues
135-150) and protein—protein interactions for its last part (residues 168-178),
which is also involved in homotypic interactions®® and contributes to the side-by-
side clustering of homo-oligomers of caveolin-1.7 There are few experimental
results concerning the C-terminal region of cav2, but it is known that the Ser154—
—Val155-Ser156 motif of the C-terminal of cav2 is essential for insulin-induced
phosphorylation and nuclear targeting of extracellular signal-regulated kinase;59.60
this motif being absent in the sequences of cavl and cav3. In addition, experi-
mental data suggest that the C-terminal domain of cav2 is necessary for targeting
cav2 to caveolae.2! Therefore, the divergence of the amino acid sequences of the
C-termina regions of the three caveolins may aso contribute to the different
location and distinct interacting partners of these proteins.

The performed bicinformatics analysis of the amino acid sequences of
human caveolins highlighted both similar and distinct structural and functional
properties of caveolins in correlation with their amino acid sequences. It also
highlighted the limitations of the currently existing tools concerning the predic-
tions of structural features of membrane proteins. An agreement between the dif-
ferent experimental structural data, especially obtained for cavl, is lacking. This
reflects that the structure adopted by the different regions of caveolin may be
distinct as a result of the different lengths of the considered fragments and of the
interactions with their environments. It must also be taken into account that the
computational tools for the prediction of the structural features of membrane pro-
teins have limitations.

Further research must be realised to elucidate the interaction network of
caveolins with physiological implications. From this point of view, knowledge
concerning their full length spatial structures would substantialy contribute to an
understanding of their functions.

SUPPLEMENTARY MATERIAL

Figures S-1-S-5 are available electronically from http://www.shd.org.r/JSCS/, or from
the corresponding author on request.
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Romania, 2Laboratory of Advanced Researches in Environmental Protection, West University of Timisoara, 4
Oituz, 300086 Timisoara, Romania, 3Teacher training Department, West University of Timisoara, 4
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Ypahena je duoundopmaTuuka cTyouja y Uumy npensuhama U ynopehusama CTPyKType
1 QyHKIIMOHATHUX CBOjCTaBa XyMaHOT kaBeoiuHa-1, -2 u -3. KomnjyTepcky npoueweHa Qu-
3WYKO—XEMHjCKa CBOjCTaBa, CEKyHIapHA CTPYKTypa U HHTeparyjyhu mapTHepy KaBeoanHa-2 U
-3 cy ynopehuBaHH ca eKCIIEPUMEHTAIHO JOKa3aHOM CTPYKTYPOM U CBOjCTBUMA KaBeolHHa-1.
OBu mopauy, 3ajefHO ca MPUMAPHOM CEKBEHLIHjOM TPH KaBeojaWHa, OMOryhuiu cy mpenBu-
hame u kapakrepusaurjy QyHKIHOHATHUX JOMEHA KaBeoaruHa-2 U -3. XunpododHU peruoHu
OBa TPHU NMPOTEHHa UMajy BeoMa CIIMYHY CeKBeHIHjy U (PU3NIKO—XEeMHjcKa CBQjCTBa, IITO je y
CKIafly ca HUXOBOM MeMOpaHCKOM JioKanusaudjom W QyHkuujama. Hajseha pasnuka y
CEKBEHLIUjU U CBOjCTBMMa HaheHa je y C-TepMHHAJHOM DETHOHY KaBEOJIWHA, TE CE MOXE
IPETIIOCTaBUTH [a je OH OATOBOPAH 3a Pa3IM4yMTe MHTepakuuje Koje OM MMaie AUPEKTHe
NOCJIeJULE Ha IPEHOC CUTHAIa.

(ITpumsbeno 16 jyna, pesupupano 21. centemdpa 2013)
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HYDROPHOBICITY, ALPHA-HELIX AND BETA-TURN PROFILES FOR CAVEOLIN 1
OBTAINED USING DIFFERENT WINDOW SIZES

The independence of the hydrophobicity, alpha-helix and beta-turn profiles
on the window size used to compute them is illustrated in Figs. S-1 and S-2 for
caveolin 1. The hydrophobicity profile of caveolin 1 for three different window
sizes, i.e, 9, 13 and 21 residues, isillustrated in Fig. S-1. It could be seen that the
profiles do not differ significantly.

Thisis also true for the apha-helix and beta-turn profiles, presented in Fig.
S-2aand b, respectively.

HOMOLOGY MODELLING USING THE GENO3D TOOL

The use of the Geno3D tool isillustrated in Fig. S-3. For any of the human
caveolin sequences, the obtained result was the same “No satisfying template
found for sequence 1”.
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Fig. S-1. The hydrophobicity profile of caveolin 1 for three different window sizes: 9 residues
—solid line, 13 residues — dashed line, 21 residues — dotted line.
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Fig. S-2. a) Alpha-helix and b) beta-turn profile of caveolin 1 for three different window sizes:
9 residues — solid line, 13 residues — dashed line, 21 residues — dotted line.
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MEMBRANE TENDENCY PROFILES FOR HUMAN CAVEOLINS

Membrane tendency profiles for the three caveolins are presented in Fig. S-4
in comparison to the hydrophobicity profile of caveolin 1. The similarity between
the membrane tendency profiles and their correspondence to the hydrophobicity
profile of cavl could be evidenced.

transmembrane tendency of cavl
- - -~ transmembrane tendency of cav3
~~~~~~~ transmembrane tendency of cav3
~~~~~~~~~~~~~~~~~~~ hydrophobiicty profile of ;:avl

Y

2.5-
2.0
1.5
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hydrophobicity score
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residue position
Fig. S-4. Membrane tendency profiles of cavl (solid line), cav2 (dashed line), cav3 (dotted
line) and the hydrophobicity profile of cavl (short dotted line) obtained using ProtScale tool.
For cav2 and cav3 proteins the residue position was translated such as the caveolin signature

sequence to correspond for all caveolins. Prediction of disordered regions
of cavl using GlobPlot.

PREDICTION OF DISORDERED REGIONS OF CAV1 USING GLOBPLOT SOFTWARE

Prediction of disordered regions of cavl using GlobPlot software is pre-
sented in Fig. S-5.
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Fig. S-5. Prediction of the disordered region of human caveolin 1 using the GlobPlot tool.
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Synthesis, spectral, DNA binding and cleavage properties of
ruthenium(l1) Schiff base complexes containing PPhs/AsPhs
as co-ligands
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Abstract: Dihydroxybenzal dehyde-based Schiff base ligands (L2-L3) and their
ruthenium(ll) complexes were synthesized and characterized by elemental
anaysis, 1H-, 13C- and 3IP-NMR, UV-Vis, IR and mass spectroscopy. The
DNA binding of the ruthenium(ll) complexes was investigated by UV-Vis
absorption spectroscopy. The experiments revealed that all the compounds
could bind to DNA through electrostatic interactions and the intrinsic binding
constants (K,) were estimated under similar sets of experimental conditions.
The absorption spectral study indicated that the ruthenium(1l) complexes had
intrinsic binding constants in the range of (1.6-8.6)x10* mol-1 dm3. The com-
plex [Ru(CO)(PPhs),(L3)] bound more strongly than the other complexes. In
addition, the DNA cleavage properties for all ruthenium(ll) complexes were
tested.

Keywords. Schiff base; ruthenium(l1) complexes; CT-DNA; nuclease activity.

INTRODUCTION

It is well known that deoxyribonucleic acid (DNA) plays an important role
in the life process since it contains al the genetic information for cellular func-
tion. However, DNA isthe primary intracellular target of anticancer drugs due to
the interaction between small molecules and DNA, which cause DNA damagein
cancer cells, blocking the division of cancer cells and resulting in cell death. This
is due to their possible application as new therapeutic agents and their photoche-
mical properties that make them potential probes of DNA structure and confor-
mation.1=3 The binding interaction of transition metal complexes with DNA is of
interest for both therapeutic and scientific reasons.4 Many transition metal com-
plexes are known to bind to DNA via both covalent and non-covalent interac-

* Corresponding author. E-mail: cjayabal akrishnan@gmail.com
doi: 10.2298/J5C121201073S
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tions. In covaent binding, the labile ligand of the complexes is replaced by a
nitrogen base of DNA. On the other hand, the non-covalent DNA interactions
include intercalative, electrostatic and groove (surface) binding of cationic metal
complexes along the outside of the DNA helix, and the mgor or minor groove.
Schiff bases are potential anticancer drugs and when administered as their metal
complexes, the anticancer activity of these complexes is enhanced in comparison
to that of the free ligand. Schiff base complexes are considered the most impor-
tant stereochemical modelsin transition metal coordination chemistry dueto their
preparative accessibility and structural variety. It was suggested that the azo-
methine linkage in Schiff bases is responsible for their biological activities, such
as antitumour, antibacterial, antifungal and herbicidal activities.

Metal complexes are employed in many fields of drug discovery. Platinum
coordination complexes are widely used as antitumour drugs. The first platinum
antitumour drug introduced into clinical practice was cis-diamminedichloroplati-
num(l1) (cisplatin), which became the most widely used anticancer drug in the
world. However, intrinsic and acquired tumour resistance diminishes the clinical
efficacy of cisplatin and other platinum drugs. In addition cisplatin is of high
toxicity, leading to side effects that limit the administered dose.6 These limiting
issues have led to an intense effort to design new transition metal-based com-
pounds that are capable of overcoming problems associated with cisplatin while
maintaining the same level of activity and broadening the spectrum of the thera-
peutic effect. In attempts to find a new, metal-based anticancer drug with activity
complementary to cisplatin, several ruthenium complexes have recently been
investigated for their antitumour activity.’

Bearing these facts in mind, our interest was focused on the synthesis of
ruthenium(l1) complexes containing tridentate Schiff base ligands and triphenyl-
phosphine or triphenylarsine as co-ligands. The Schiff base ligands were derived
by the condensation of 2,4-dihydroxybenzaldehyde with 2-aminobenzothiazole,
2-amino-6-methylbenzothiazole or o-aminophenol (Scheme 1). Then the new
Schiff base ligands and their ruthenium(l1) complexes were characterized by ele-
mental analysis, FT-IR, electronic, mass spectra, and 1H-, 13C- and 31P-NMR
spectroscopy. Additionally, a comparative study of the interaction of the ruthe-
nium complexes with CT-DNA has been employed in order to investigate the
potential mechanism of their biological properties using UV—-Vis spectroscopic
and gel electrophoresis techniques.

EXPERIMENTAL

Materials and instrumentation

Reagent grade chemicals were used without further purification in all the synthetic work.
All solvents were purified by standard methods. RuCls-3H,0, triphenylphosphine / arsine
were purchased from Himedia. Calf thymus DNA (CT-DNA) was purchased from Bangalore
Genel, Bangalore, India. Infrared spectra were recorded on a Perkin EImer FT-IR spectro-
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photometer (model RX1) as KBr pellets in the range 4000-400 cmrl. Elemental analyses were
performed with aVario ELIII CHNS instrument at the Sophisticated Test and Instrumentation
Centre (STIC), Cochin University, Kerala, India. Electronic spectra were recorded in DMSO
solution in a Systronics 2202 double beam spectrophotometer in the 800-200 nm range. The
1H-, 13C- and 3P-NMR spectra were recorded on Bruker WM DCX 500 MHz instrument
using TMS and orthophosphoric acid as internal standards at SAIF, Indian Institute of
Technology, Chennai. The mass spectra were recorded using a JEOL GC mate instrument at
SAIF, Indian Institute of Technology, Chennai, India. The DNA cleavage studies were per-
formed using the gel documentation system, Gelstan. Melting points were recorded on a
Veego VMP-DS model heating table and are uncorrected. The metal precursors
[RUHCI(CO)(PPhs)5],2 [RUHCI(CO)(AsPhg)4],° were prepared according to reported proce-

dures.
_ ) N HO
Benzothiazol-2-amine - @[ \>—N
S OH
H
L1
3
HO OH - | Ny e
2@@ Ethanol 6-methylbenzothiazol-2-amine . @[ \>—N
51 C/’O Reflux for 6 h H3C s 3 OH
6 R H
LZ

OH
2-hydroxybenzaldehyde . @7,\] HO
H
L

3

Scheme 1. Preparation of the Schiff base ligands.

Preparation of the Schiff base ligands

A solution of 2,4-dihydroxybenzaldehyde (1.38 g, 10 mmoal) in ethanol (15 ml) was
added to a stirred solution of 2-aminobenzothiazol e/2-amino-6-methylbenzothiazole/o-amino
phenol (1.09-1.64 g, 10 mmoal) in ethanol (20 mL). The mixture was refluxed for 6 h. Upon
cooling, a precipitate was formed, which was filtered off, dried and recrystallized from
ethanol (Scheme 1).

Preparation of the ruthenium(l1) Schiff base complexes

All the new ruthenium(l1) complexes were prepared by the following general procedure
(Scheme 2). A solution of [RUHCI(CO)(B)3] (0.190-0.216 g, 0.20 mmol) in benzene (20 mL,
B = PPhs/AsPh;), was added to a stirred solution of Schiff base ligands (0.045-0.056 g, 0.20
mmol) in methanol (15 mL). The mixture was refluxed for 12 h. The solvent was then eva-
porated under reduced pressure and the solid mass filtered and washed with petroleum ether.
The purity of the complexes was checked by thin layer chromatography and was further
purified by column chromatography using 1:10 CH,Cl,:n-hexane as an eluent. This solid was
recrystallized from CH,Clo/n-hexane mixture. All attempts to obtain single crystals of the
complexes were unsuccessful.
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DNA-binding and cleavage assay

Electronic absorption spectroscopy. Experiments involving the interaction of the ruthe-
nium(l1) complexes with CT-DNA were realized in double distilled water containing tris(hyd-
roxymethyl)aminomethane (Tris, 5 mM) and sodium chloride (50 mM), with the pH adjusted
to 7.2 using hydrochloric acid. A solution of CT-DNA in the buffer gave a UV absorbance
ratio at 260 to 280 nm of about 1.9, indicating that the DNA was sufficiently free of protein.
The DNA concentration per nucleotide was determined by absorption spectroscopy using the
molar extinction coefficient value of 6600 dm3 mol-1 cml at 260 nm. Electronic absorption
titration experiments were performed by maintaining the concentration of the complexes
constant (25 uM) but with variable nucleotide concentrations from 0 to 25 uM. While mea-
suring the absorption spectra, equal amounts of DNA were added to both compounds and
reference solutions to eliminate the absorbance of DNA itself. The data were then fitted into
the following equation and the intrinsic binding constant Ky, was calculated in each case:10

[DNA]/(e5e1) = [DNA]/(e5e1) + (1/Kp)(erer) 1)

where [DNA] is the concentration of DNA in base pairs. The apparent absorption coefficients
e4 & and g correspond to Agpeg/[complex], the extinction coefficient of the free compound
and the extinction coefficient of the compound when fully bound to DNA, respectively. In
plots of [DNA]/(e—) versus [DNA], K, is given by the ratio of the slope to the intercept.

DNA cleavage studies. The DNA cleavage activity of the ruthenium(ll) complexes was
monitored by agarose gel electrophoresis on CT-DNA. Each reaction mixture contained 30
MM of CT-DNA, 30 and 60 uM of each complex in 50 mM Tris-HCI, (pH 7.1). The reaction
was incubated at 37 °C for 2 h. After incubation, 1uL of loading buffer (0.25 % bromophenol
blue, 0.25 % xylene cyanol and 60 % glycerol) was added to the reaction mixture and loaded
onto a 1 % agarose gel containing 1.0 ug mL™1 of ethidium bromide (3,8-diamino-5-ethyl-6-
-phenylphenanthridinium bromide). The electrophoresis was performed for 2 h at 50 V in
Tris—acetic acid-EDTA (ethylenediaminetetraacetic acid) buffer, pH 7.1. The bands were
visualized under UV light and photographed.

RESULTS AND DISCUSSION

A new series of ruthenium(ll) dihydroxybenzaldehyde Schiff base com-
plexes were synthesized, stable in air at room temperature, non-hygroscopic in
nature and soluble in common solvents such as dichloromethane, dimethylform-
amide and dimethyl sulphoxide. The analytical data (Table I) of the ligands and
complexes are in good agreement with the calculated values, thus confirming the
proposed molecular formulae (Scheme 2).

IR spectra

The IR spectra of the complexes, in comparison with those of the free
ligands, display certain changes, which gives an indication about the mode of co-
ordination and their structure. The significant IR spectral bands of the ligands
and the complexes are listed in Table 1. The free Schiff bases show a very strong
absorption around 1636-1626 cm~1, which is the characteristic of the azomethine
(>C=N) group.11 Coordination of the Schiff bases to the ruthenium ion through
the azomethine nitrogen atom is expected to reduce the electron density in the azo
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TABLE |. Physicochemical analysis data of the ligands and ruthenium(l1) Schiff base com-
plexes

Yield, M.p. Found (Calcd.), %

Ligands and complexes Empirical formula Colour % °C ¢ H N S

L1 C14H10N205S Yel- 82 221 6256 3.81 10.11 12.14
low (62.21)(3.73)(10.36)(11.86)
L2 Ci5H15N-0.S Yel- 78 212 6342 448 9.44 11.49
low (63.34) (4.24) (9.85) (11.28)
L3 Ci3H11NO3 Or- 72 245 6780 451 6.37 -
ange (68.11)(4.84) (6.11)
[RUCI(CO)(PPh3)(LY)] Ca3H24CIN,OsPRUS Pink 66 285 56.62 4.03 428 4.73
@ (56.94) (3.69) (3.94) (4.52)
[RUCI(CO)(PPh3)(L9)] CasH6CIN,OsPRUS Pink 62 275 57.12 401 404 4.42
2 (57.50)(4.15) (4.17) (4.55)
[Ru(CO)(PPhs)»(L3)] C51H4 NOsP,RU Green 61 293 68.12 451 1.05 -
3 (68.45) (4.62) (1.57)
[RUCI(CO)(AsPhg)(LY)] C33H24CIN,OsASRUS Brown 68 267 5321 3.70 4.02 454
4 (53.56)(3.27) (3.79) (4.33)
[RUCI(CO)(AsPh3)(L3)] C34H6CIN,OsASRUS Brown 64 271 53.40 3.01 392 430
(5) (54.15)(3.48) (3.71) (4.25)
[RU(CO)(AsPh3)5(L3)]  CsiHaiNOsAs,Ru  Black 63 288 62.67 4.42 167 -
(6) (62.33)(4.20) (1.43)
[RUHCI(CO)(B)3]
OH
N HO HO
TSy o
R S OH N OH
H H
Benzene/Methanol
Reflux 12 h
B
oc__i _cCl TO
N/ u\o O— UA/ B

o
R S \>—©*OH N@
H OH
H

Where, R=H/CH3; B=PPh3/AsPhg
Scheme 2. Formation of the new ruthenium(l1) Schiff base complexes.

methine link and thus lower the v(C=N) absorption frequency. Hence these bands
undergo shift to lower frequencies (1621-1594 cm™1) after complexation,
indicating coordination of the azomethine nitrogen to ruthenium.1213 The IR
spectrum of the ligands revealed a medium intensity band at 1599-1598 cm1
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(C=N) of the thiazole ring, which were shifted to lower frequencies (1586-1580
cml) after complexation in the spectra of complexes 1, 2, 4 and 5, which also
indicated that the thiazole ring was affected upon coordination to the ruthenium
metal ion.24 The free ligands exhibit a broad band at 3426-3370 cm™1, which
may be assigned to the phenolic v(OH) and this band was absent in the spectra of
al the complexes, implying deprotonation of the Schiff bases prior to coordi-
nation. The hydroxy protons were displaced by the metal leading to higher 1 C-O)
values (1285-1252 cm1) compared to those of the free ligands (1274-1242 cm 1),
suggesting that the other coordinating atom was the phenolic oxygen.1® The
binding of the metal to the ligand through nitrogen and oxygen atoms was further
supported by the appearance of new bands in the 460-400 cm~1 and 540-510
cm~1 ranges due to v(M-N) and v(M-0),16 respectively, in the spectra of all the
complexes. A strong band for all the complexesin the region 1957-1931 cm1 is
due to terminally coordinated carbonyl groups. The v(C-S-C) at 743 cm™1 of the
thiazole ring remained unchanged, which demonstrated that the sulphur atom of
the thiazole group does not coordinate to the ruthenium metal. In addition, the
Schiff base complexes showed strong vibrations near 520, 695, 740 and 1430 cm™1,
which are attributed to the triphenylphosphine or triphenylarsine fragments.1/

TABLE Il. FT-IR and electronic spectral data for the ligands and ruthenium(l1) Schiff base
complexes

Ligands and complexes FT-IR, v/ et UV-Vis
C=N_Ph-OH Ph-CO C=O C=N thiazole  Ama/Nm
L1 1649 3390 1254 - 1598 309, 368, 416, 448
L2 1626 3426 1242 - 1599 307, 368, 420, 442
L3 1651 3370 1274 - - 310, 366, 392, 435
[RUCI(CO)(PPho)(LD)] (1) 1597 — 1285 1941 1573 308, 365, 421,
450, 486
[RUCI(CO)(PPhy)(LD)] (2) 1597 — 1258 1931 1575 308, 362, 425,
452, 481
[RUCO)(PPh),(LY)] (3) 1611 — 1313 1943 - 308, 368, 420,
452, 480
[RUCI(CO)(AsPha)(LD)] (4) 1594 — 1284 1939 1568 306, 368, 416,
441, 481, 524
[RUCI(CO)(ASPha)(LD)] (5) 1594 — 1252 1957 1582 304, 363, 412,
442, 483, 521
[RUCO)(AsPhy),(L3)] () 1621 — 1309 1943 - 307, 369, 420, 454

Electronic spectra

The eectronic spectra of al the ligands and complexes in DM SO showed
four to six bands in the 306-524 nm regions as given in Table Il. The electronic
spectra of al the free ligands showed two types of transitions, the first one
appeared in the range 309-368 nm that could be assigned to n—x* transitions,
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which were due to transitions involving molecular orbitals located on the phe-
nolic chromophore. These peaks were shifted in the spectra of the complexes.
This may be due to the donation of alone pair of electrons by the oxygen of the
phenoxy group to the central metal atom.18 The second type of transitions
appeared at the range 309448 nm that could be assigned to n—r* transitions,
which were due to transitions involving the molecular orbitals of the C=N chro-
mophore. These bands were also shifted upon complexation, indicating that the
imine group nitrogen atom could be coordinated to the metal ion.1°

The ground state of ruthenium(ll) in an octahedral environment is 1Alg,
arising from the to® configuration. The excited state terms are 3T1g, 3Tog, 1T14
and 1T29. Hence four bands corresponding to the transition Alg—>3Tlg,
1A1g—3T2g, 1A1g—1T1g and 1A1g—1Tog in order of increasing energy are pos-
sible. The bands around 521-524 nm and 392-486 nm are assigned to
1A14—1T1g and charge transfer (CT) transitions, respectively.1220 The charge
transfer bands observed in al the complexes due to M—L transitions are possible
in the visible region. Moreover, the presences of carbonyl, triphenylphos-
phine/arsine and heterocyclic bases as ligands, which are capable of producing
strong ligand field ea levels place these levels relatively high in energy. There-
fore, the lowest charge bands due to excitation of an electron from the metal tyg
level to an unfilled molecular orbital derived from the n* level of the ligands
should appear in the relatively high energy region compared to those due to
tog— €y transitions.20-22 The other high intensity bands in the region 306-369
nm region were assignable to ligand centred (LC) transitions and have been
designated as n—n* and n—xt* transition. The pattern of the electronic spectra of
all the complexes indicated the presence of an octahedral environment around the
ruthenium(l1) ion, similar to that of other ruthenium(ll) octahedral complexes.23

Mass spectra

The El mass spectra of the ligands and complexes were recorded. The
maximum peaks are observed at m/z, 284, 230, 696, 755 for the ligands L2 and
L3 and for complexes [RuCI(CO)(PPhg)(L1)] and [RuCI(CO)(AsPhs)(L2), res-
pectively, which match well with the corresponding calculated masses.

NMR spectra

The 1H-NMR spectra of ligands and complexes were recorded in DM SO-dg
solution for confirming the binding mode of the Schiff base to ruthenium ion and
the values are given in Table |11 and the spectra are shown in Figs. 1 and 2. The
aromatic proton for the ligands appears as a multiplet at 6 6.24-8.03 ppm. On
complexation, the protons on the phenyl ring remain more or less unchanged in
the complexes, even if there are dlight variation in their resonances due to the
delocalization of electron density in the system,24 and these signals in the com-
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plexes cannot be distinguished from the aromatic signals of PPhg/AsPhz due to
their extensive overlap appearing at 6 6.22-8.24 ppm.2> The protons of the
hydroxyl groups appear as broad singlets at 6 11.64-11.98 (2-OH), ¢ 9.79-9.92
ppm (4-OH) and 14.27 ppm (Ph—OH) for the free Schiff base ligands. In the
spectra of the complexes, the resonances arising from the hydroxyl (2-OH) and
(Ph—OH) proton were not observed, indicating the coordination of the hydroxyl
oxygens to the metal ion.14 The signa due to the azomethine proton (-HC=N)
was found to be considerably deshielded at 6 9.12-9.35 ppm relatively to that of
the free Schiff base ligand ¢ 8.77-9.24 ppm as a consequence of electron dona-
tion to the metal centre. The methyl proton for L2 and its complexes appeared as
asinglet at 0 2.90-2.34 ppm.

TABLE I11. 1H-NMR data for the ligands and ruthenium(l1) Schiff base complexes

Ligands and complexes IH-NMR data, 6 / ppm
LT 6.39-8.03 (M, Ar), 9.24 (s, HC=N), 11.98 (s, 2-OH),
9.92 (s, 4-OH)

L2 6.20—7.65 (m, Ar), 9.07 (s, HC=N), 11.90 (s, 2-OH),

9.79 (s, 4-OH), 2.29 (s, CH>)
L3 6.24-7.43 (m, Ar), 8.77 (s, HC=N), 11.60 (s, 2-OH),

9.92 (s, 4-OH), 14.27 (s, OH)
[RUCI(CO)(PPhs)LY] (1) 7.15-7.67 (m, Ar), 9.32 (s, HC=N), 9.94 (s, 4-OH)
[RUCI(CO)(PPho)LY (2)  7.26-7.70 (m, Ar), 9.12 (s, HC=N), 9.84 (s, 4-OH), 2.34 (s, CH2)
[Ru(CO)(PPhs),L3] (3) 6.62-8.23 (m, Ar), 9.14 (s, HC=N), 9.92 (s, 4-OH)
[RUCI(CO)(AsPhy)LY] (4) 6.92-7.76 (m, Ar), 9.35 (s, HC=N), 10.14 (s, 4-OH),
[RUCI(CO)(ASPhy)LY (5)  6.26-7.83 (m, Ar), 9.32 (s, HC=N), 9.91 (s, 4-OH), 2.28 (s, CHs)
[RU(CO)(AsPhs),L 3] (6) 6.82-7.66 (M, Ar), 9.16 (s, HC=N), 9.85 (s, 4-OH)

)| A

13 12 11 10 9 8 ? é 5 ; ‘3 2 1

Fig.1. IH-NMR spectrum of ligand L2.
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Fig. 2. 1TH-NMR spectrum of [RuCI(CO)(PPhg)L2].

The 13C-NMR data were recorded in DMSO-dg solution and the assign-
ments for the ligands and the complexes are listed in Table IV and a respective
spectrum is shown in Fig. 3. The 13C-NMR spectra of all the Schiff base ligands
displayed a single resonance at § 150-152 ppm,26 showing that the azomethine
carbon atoms were equivaent, which also confirms the structure of the ligands.
The signal at 6 164-165 ppm corresponds to thiazolic C=N carbon.2’ The down-
field shift of these two signals at 6 164-165 and 169-172 ppm clearly indicates
that both the C=N carbons were affected by coordination.28 The aromatic car-
bons of the free ligands and the corresponding complexes show signals in the
region 6 102-139 ppm. The signal due to the methyl carbon of L2 and the cor-
responding complexes appeared at § 21-22 ppm. For al the complexes, the ter-
minal carbony! carbon appeared in the range 6 191-194 ppm.29

TABLE IV. 13C-NMR datafor the ligands and ruthenium(l1) Schiff base complexes

Ligands and complexes 13C-NMR data, 6 / ppm
Lt 117-137 (Ar C), 152 (C=N), 164 ( thiazole, C=N)
L2 102-134 (Ar C), 151 (C=N), 165 ( thiazole, C=N), 21 (CH)
L3 107-134 (Ar C), 150 (C=N),
[RUCI(CO)(PPhs)LY] (1) 128-133 (Ar C), 164 (C=N), 170 ( thiazole, C=N), 194 (C=0)
[RUCI(CO)(PPhs)L?] (2) 122-134 (Ar C), 165 (C=N), 169 ( thiazole, C=N),

191 (C=0), 21 (CHa)
[RU(CO)(PPha),L3] (3) 122-139 (Ar C), 165 (C=N), 191 (C=0)
[RUCI(CO)(AsPhy)LY] (4) 112-134 (Ar C), 165 (C=N), 172 ( thiazole, C=N), 191 (C=0)
[RUCI(CO)(AsPhy)L7] (5) 127-133 (Ar C), 164 (C=N), 171 ( thiazole, C=N),

192 (C=0), 22 (CHy)
[RU(CO)(AsPhs),L 3] (6) 128-139 (Ar C), 164 (C=N), 193 (C=0)
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Fig. 3. 13C-NMR spectrum of [RuCI(CO)(PPhg)L?].

In order to confirm the presence of triphenylphosphine groups and to deter-
mine the geometry of the complexes 31P-NMR spectra were recorded. The 31p-
-NMR spectra of the complexes [Ru(CO)CI(PPhz)L1] and [Ru(CO)(PPh3),L 3]
were recorded in DM SO-dg solution. The observation of a sharp singlet at 6 28.2
and 32.2 ppm for the complexes [Ru(CO)Cl(PPhg)L1] and [Ru(CO)(PPh3),L3],
respectively, confirmed the presence of only one triphenylphosphine group. The
appearance of only one signal for [Ru(CO)(PPhs),L 3] suggests that the two tri-
phenylphosphine groups are magnetically equivalent and hence, they must be
transto each other in the complex.

DNA binding study

The interactions of metal complexes with DNA are of interest for the deve-
lopment of effective chemotherapeutic agents. Transition metal centres are parti-
cularly attractive moieties for such research since they exhibit well-defined coor-
dination geometries and often possess distinctive electrochemical or photophy-
sical properties, thus enhancing the functionality of the binding agent.2 Electro-
nic absorption spectroscopy is one of the most useful techniques for DNA-bind-
ing studies of metal complexes. The interactions of the ruthenium complexes with
CT-DNA were investigated by UV-Vis absorption titrations. The binding of the
ruthenium(ll) complexes to DNA helices were characterized by following the
changes in the absorbance and shift in wavelength on each addition of DNA
solution to the complex. Upon addition of increasing amounts of CT-DNA from
0to 25 uM, a significant “hyperchromic” effect of the intraligand bands at 252—
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—323 nm was observed accompanied by a moderate red shift of 2-3 nm, indi-
cative of the breakage of the DNA helix. However, there were no appreciable
wavelength shifts in the charge transfer band. These spectral characteristics sug-
gest that the complexes and ligand bind either to the external contact (electro-
static binding) or to the major and minor grooves of DNA. As the concentration
of the DNA was increased, the absorption bands of the [RuCI(CO)(PPhg)L2]
complex initially showed hyperchromism but on further increasing, hypo-
chromism with a blue shift of 5 nm was observed. An isosbestic point was
observed at 295 nm. This behaviour reveals an electrostatic association of the
complex with the helix surface.30:31 Generally, hypochromism and hyperchro-
mism are the two spectral features which are closely connected with the double
helix structure of DNA. The observation of hypochromism isindicative of inter-
calative mode of binding of DNA to the complexes aong with the stabilization of
the DNA double helix structure.32 On the other hand, the observation of hyper-
chromism is indicative of breakage of the secondary structure of DNA.33 The
binding constant of the complex [RuCl(CO)(PPhg)L2] could not be evaluated due
to the random changes in the absorption on the addition of DNA. Hence, the
observation of hyperchromism with a red shift for the ligand and complexes
showed that they interact with the secondary structure of CT-DNA by breaking
its double helix structure.

In order to compare the DNA-binding affinity of the ruthenium(ll) com-
plexes quantitatively, their intrinsic binding constants were calculated by moni-
toring the changes in absorption of the higher energy band with increasing con-
centration of DNA(Eg. (1) and Fig. 4). The intrinsic binding constants Ky, were
calculated and were found to be (1.6-8.6)x10% mol—1 dm3, for the ruthenium(ll)
complexes (Fig. 4 and Table V). The magnitude of the binding constant clearly
showed that complex [Ru(CO)(PPh3)2(L3)] bound more strongly with CT-DNA
than the other complexes. The significant difference in DNA-binding affinity of
the ruthenium(l1) complexes may be a result of the fact that complex with dif-
ferent co-ligands shows different binding affinity with DNA. Interestingly, the
Kp values obtained for the above ruthenium(ll) complexes are comparable with
those for another known complex [Ru(dmp)>(APIP)]2*, APIP = 2-(2-amino-
phenyl)-1H-imidazo[4,5-][1,10] phenanthroline, (2.3-3.3)x10% mol—1 dm3.34

DNA cleavage activity

To assess the DNA cleavage ability of the new ruthenium(ll) complexes,
caf thymus DNA was incubated with two different concentrations of the
complexesin 5 mM Tris-HCI/50 mM NaCl buffer at pH 7.2 for 2 h without the
addition of a reductant. Upon gel electrophoresis of the reaction mixture, con-
centration-dependent DNA cleavage was observed. When the concentration of
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Fig. 4. Plots of [DNA]/(ez;)
0 y T T T y T y — versus [DNA] for the titration of

5 10 1 20 % the prepared compounds with
[DNA] / pM CT-DNA.

TABLE V. Binding constant value for interaction of the ruthenium(ll) complexes with
CT-DNA

Complex Kpx104 / mol-1 dmd
[RUCI(CO)(PPhs)(LD)] (1) 8.2
[RUCI(CO)(PPhs)(L2)] (2) -
[RU(CO)(PPha),(L3)] (3) 8.6
[RuCI(CO)(AsPhy)(LY)] (4) 56
[RuCI(CO)(AsPh,)(L)] (5) 33
[RU(CO)(AsPha)o(L3)] (6) 16

the complexes 1-6 was increased from 30 to 60 uM, the production of Form |1 of
DNA increased, (Fig. 5 for complexes 1-3, and Fig. 6 for complexes 4-6). No
DNA cleavage was observed for the control in which metal complex was absent
(Fig. 5, lane 1, and Fig 6, lane 8). With increasing concentration of the
ruthenium(l1) complexes (Fig. 5, lanes 2 and 3 for complex 1; lanes 4 and 5 for
complex 2; lanes 6 and 7 for complex 3 and Fig. 6, lanes 9 and 10 for complex 4;
lanes 11 and 12 for complex 5; lanes 13 and 14 for complex 6) the amount of
Form | of CT-DNA diminished gradually and the amount of the nicked circular
DNA (Form I1) increased remarkably. When the concentration was increased to
60 uM for all the complexes, the DNA was completely converted from Form | to
Form |1, showing the potential chemical nuclease activity of the complexes.
Moreover, complex [RuCIl(CO)(PPh3)(L1)] (1) exhibited greater cleavage
efficiency than other complexes, which could be attributed to the longer metal-to-
ligand charge transfer (ML CT) excited state lifetime of [RuCI(CO)(PPhg)(L1)].
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Form I
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Fig. 5. Gel electrophoresis showing the chemical nuclease activity of CT-DNA incubated at
37 °Cfor 2 h with different concentrations of complexes 1-3; lane 1, DNA control; lane 2,
DNA + complex 1 (30 uM); lane 3, DNA + complex 1 (60 uM); lane 4, DNA + complex 2
(30 uM); lane 5, DNA + complex 2 (60 uM); lane 6, DNA + complex 3 (30 pM);
lane 7, DNA + complex 3 (60 pM).
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Fig. 6. Gel electrophoresis showing the chemical nuclease activity of the CT-DNA incubated
at 37 °C for 2 h with different concentrations of complexes 4-6; lane 8, DNA control; lane 9,
DNA + complex 4 (30 uM); lane 10, DNA + complex 4 (60 uM); lane 11, DNA + complex 5
(30 uM); lane 12, DNA + complex 5 (60 uM); lanel3, DNA + complex 6 (30 uM);
lane 14, DNA + complex 6 (60 uM).

CONCLUSION

Three novel Schiff base ligands and their ruthenium(ll) complexes were
designed, synthesized and characterized by elemental analyses, stoichiometric
and spectroscopic studies. Based on the characterization, an octahedral geometry
was tentatively proposed for all the new ruthenium(ll) complexes. Furthermore,
in vitro DNA binding studies were performed for complexes 1-6 using the
absorption titration technique. These complexes are unique and act synergis-
tically at the molecular level but with different binding modes. This study
revealed that the complexes bind electrostatically to the DNA double helix sur-
face. The binding constants were found to be (1.6-8.6)x104 mol-1 dm3 for com-
plexes 1 and 3-6. Interestingly, the Ky values obtained for the above ruthe-
nium(l1) complexes were comparable to those for other known [Ru(dmp)>(APIP)]2*
complexes (APIP = 2-(2-aminophenyl)-1H-imidazo[4,5-f][1,10] phenanthroline),
(2.3-3.3)x104 mol-1 dm3. From the values of the binding constant, it was
inferred that the triphenylphosphine complexes bind more with CT-DNA than the
corresponding triphenylarsine complexes. The DNA cleavage study revealed that
al ruthenium complexes had the ability to cleave nucleic acids and the extent of
the cleavage was found to be dose dependent. The information obtained in this
study could be helpful in the understanding of the mechanism of interactions of
ruthenium(l1) complexes with nucleic acids and should be useful in the develop-
ment of potential probes for investigation of the structure and conformation of
DNA, or new therapeutic agents for some diseases.
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H3BOI

CUHTE3A U CITEKTPAJTHA KAPAKTEPU3AILIMJA KOMIIJIEKCA PYTEHUIJYMA(II) CA
ITUPOBUM BA3SAMA KOJU CAIP)XE PPh3/AsPh; IUTAHIE U UCITUTUBAE
BUXOBUX UHTEPAKIIUJA CA JHK

SUBBAIYAN SATHIYARAJ, GANESAN AYYANNAN u CHINNASAMY JAYABALAKRISHNAN

Post Graduate and Research Department of Chemistry, Sri Ramakrishna Mission Vidyalaya College of Arts
and Science, Coimbatore - 641 020, Tamil Nadu, India

Y oBoM papy cy cunretusosase IlIngose dase nonasehu on puxuppoxcudeHsangexusa
(L'-L3), xao u omrosapajyhu pyrenujym(I1) xommiexcu. CBa jenumera Cy OKapakTepHCcaHa
IIPUMEHOM eJleMeHTanHe mukpoaHanuse, H-, 13C- u 31P-NMR, u IR cnexrpockonuje, UV—
—Vis cnexrpooTomeTpuje u MaceHe cexkrpomerpuje. IIpumenom UV—Vis cnextpodoTomer-
PHje ucnuTHBaHe Cy WHTepakuuje komiuiekca pyreHujyma(ll) u ITHK. Ha ocHoBy mobujeHux
pe3yiiTaTa, 3aK/by4eHO je Jla Ce CBU KOMIUIEKCH eleKTPOCTaTHIKH Bedyjy 3a JHK, mpu uemy cy
onrosapajyhe koHcTanTe BesuBama (Ky,) y oncery (1,6-8,6)x10% mol ! dm3. opaTHo je ucmu-
THUBAHO packHiame Be3a y monexyny JHK nomohy xommnexca pyrenujyma(Il).

(ITpumsbeHo 1. neuembpa 2012, pesunupano 8. maja 2013)
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Abstract: The nine-valence-electron HMgN- and HNMg have been inves-
tigated for the first time theoretically using complete active space self-con-
sistent field (CASSCF) and multiconfiguration second-order perturbation
theory (CASPT2) methods in conjunction with the contracted atomic natural
orbital (ANO) basis sets. The structures of the low-lying electronic states of
HMgN- and HNMg were predicted. The possible unimolecular conversions
between HMgN- and HNMg were discussed. The calculated results indicated
that the ground-state of HMgN- is linear, while the ground-state HNMg" is
bent, which is in contradiction to the Walsh rules, which predict linear
structures for HXY systems containing 10 or fewer valence electrons.

Keywords: HMgN-; HNMg'; complete active space self-consistent field; multi-
configuration second-order perturbation theory.

INTRODUCTION

One of the predictions of the Walsh rules is that molecules of the class HXY
containing 10 or fewer valence electrons should be linear in their ground elec-
tronic states.! However, some ten-valence-electron HXY systems,2 such as HSB,
HSAI, HOAI, and HOB, and some nine-valence-electron systems, such as
HSB*3 HSAI*4 HPB,> and HNAI® have been predicted to be bent in their
ground states using theoretical calculations.

HMgN~ and its tautomer HNMg~ are iso-electronic species with HMgO,
HOMg, HAIN and HNAI, which all have nine valence electrons. The high-level
ab initio theoretical calculations indicated that the ground states of HMgO,”
HOMg” and HAIN® are linear, which obey the Walsh rules. However, the ground
state of HNAIS is bent, which is in contradiction to the Walsh rules. HMgN~— and
HNMghave not hitherto been studied by any experimental and theoretical
works. What are the structures of the HMgN— and HNMg~? Are their ground

* Corresponding author. E-mail: liwenzuo2004@126.com
doi: 10.2298/JSC130412044X
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states linear or bent? Do the two anions obey the Walsh rules or not? What are
the unimolecular conversions between the low-lying states of two anions? All of
the above questions inspired the present large-scale theoretical studies on
HMgN—and HNMg. In the present paper, calculated results are reported, which
include the geometries, energies and the frequencies of the low-lying states of
HMgN~- and HNMg-, and the potential energy curves (PECs) for the isomeri-
zation reactions between the two anions.

COMPUTATIONAL DETAILS

The low-lying states of HMgN- and HNMg™ were calculated using the complete active
space self-consistent field (CASSCF)8 and the multiconfiguration second-order perturbation
theory (CASPT2)%10 methods. The CASSCF and CASPT?2 cal culations were performed using
MOLCAS 7.4 quantum chemistry software.l1 In the CASSCF and CASPT2 calculations, the
atomic natural orbital basis setswere used:1214 [3s2pid] for H, [5s3p2dif] for N and
[6s4p3d1f] for Mg, denoted as ANO. All stationary points along the potential energy surfaces
(PESs) of the HMgN- and HNMg isomerization reactions were optimized a the CASSCF/
/ANO level. To confirm the stationary points as minima or transition states, the vibrational
frequencies of all stationary points were calculated at the same level. The CASPT2/ANO
energies were calculated at the respective CASSCF/ANO optimized geometries. Nevertheless,
for the method of CASSCF does not contain dynamic electron correlation, the CASSCF
optimized geometries might not be sufficiently accurate. Therefore, CASPT2/ANO geometry
optimization calculations on all stationary points were also performed. The potential energy
curves (PECs) for the isomerization reaction between HMgN- and HNMg™ were computed as
functions of the HMgN bond angle at the CASPT2/ANO level. In the point-wise calculations
of the surfaces, the HMgN bond angle (denoted as 6, ranging from O to 180°) was fixed and
other geometric parameters were optimized at the CASSCF/ANO level. In the CASSCF cal-
culation, full-valence space was selected as the active space: nine electrons were active and
the active space included nine orbitals [CASSCF (9,9)]. For the linear isomers, the calcul-
ations were performed in the C,, subgroup of C,,, where £* corresponds to the A; irreducible
representation, ¥ to A,, and IT to B; + B,. Labeling the orbital within the C,, point group in
the order of aj, ay, by, and by, the active space was identified as (5022). Labeling the orbitals
within the Cq point group (in the calculation for the PECs) in the order @’ and a”, the active
space was identified as (72).

Throughout this article, CASSCF/ANO is referred to as CAS and CASPT2/ANO//
//CASSCF/ANO as CASPT2.

RESULTS AND DISCUSSIONS

The CAS optimized geometries and the CASPT2 energies of all stationary
points along the HMgN— <> HNMg~ PECs are listed in Table I. The CASSCF/
/IANO calculated frequencies are listed in Table I1. The CASPT2 PECs cal culated
as functions of the HMgN bond angle for the HMgN— < HNMg~ system are
shownin Fig. 1.
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TABLE I. CAS optimized geometries and CASPT2 relative energies for al stationary points
of the 12A", 12A" and 22A" surfaces of the HMgN™ <> HNMg" system; data in brackets were
calculated using the CASPT2 ¢ method (CASPT2/ANO optimized geometries and CASPT2/
IANO//CASPT2/ANO energies

Stationary point  Rygn /A Ri-mg/ A Ryn/A  zHMgN/° AE?/kcal* molt

HNMg (XZZ¥) 1.821[1816] - 1.016 [1.013] 0.0 0.00 [0.00]
M1 (12A) 1.892 [1.903] - 1.032[1.029] 19.2[19.7] -1.25[-1.26]
TSL (12A) 1.944[1.912] 1.807 [1.797] - 69.9[67.1] 65.59[67.43]
HMgN- (X2IT)  1.957[1.955] 1.785[1.779] - 1800 = 41.40[41.41]
HNMg (A2T) 2.000 [1. 990] - 1.024[1.022] 0.0 2.81[2.81]
M2 (12A") 2.048 [2.039] - 1.031[1.030] 15.7[165]  2.46[2.45]
TS2(1°A")  2.052[2.024] 1.859[1.824] 1.982[1.992] 60.7[62.1] 64.26 [64.16]
TS3(22A) 1.962[1.892] 1.750[1.755] - 89.4[92.5] 88.19[89.56]
HMgN- (A%Z*) 1.845[1.838] 1.751[1.740] - 1800 = 52.12[52.11]

®Relative energy to the X2 state of HNMg

TABLE Il. The CASSCF/ANO calculated frequencies (in cmrl) of the stationary points

Stationary point UH-Mg)2 UH-N)2 v(Mg-N)2  yHMgN/HNMg)P
HNMg (X2z*) - 3546 798 93i

M1 (12A") - 3515 646 97

TS1 (12A)) 1335 - 613 1693
HMgN- (X2) 1409 - 638 300
HNMg (AZI) - 3441 522 176i

M2 (12A") - 3358 503 294

TS2 (1°A") 1156 - 518 1254i
TS3(22A) 1237 - 580 1469i
HMgN- (AZx) 1504 — 742 452

aStretching vibration; Phendi ng vibration

Geometries for stationary points

Based on the CASPT2 calculations, it is predicted that the ground and first
excited states of the linear structure of HMgN~ are the X2I1 and A2X* states,
respectively. At the CASPT2 level, the A2X+ state is about 10.72 kcal mol—1
higher in energy than the X2I1 state. The CAS frequency calculations indicated
that the X2IT and A2x* states of HMgN— have no imaginary frequency and there
should be minima on the PESs.

The CASPT2 calculations indicated that the energy of the AZIT state for the
linear HNMg- is about 2.81 kcal mol—L higher than the X2+ state. Therefore, the
ground and first excited states of the linear HNMg~ were predicted to be the
X2x* and A2[T states. However, the CAS frequency calculations showed the X2+
and A2IT states both have a unique imaginary frequency. Therefore, the X22* and
A2[] states of the linear HNMg~ should be first-order saddle points. In other
words, the ground-state HNM g~ should not be linear.

*1kecal =4.184 kJ
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Fig. 1. The CASPT2/ANO potential energy curves as functions of HMgN angle (0) for the
HMgN" <~ HNMg system calculated at the CASSCF/ANO partly optimized geometries.

There is a bent equilibrium conformation M1 on the 12A" potential energy
surface (see Fig. 1). The energy of M1 is about 1.25 kcal mol-1 lower than the
X2x* state of HNMg~ and about 42.65 kcal mol—1 lower than the X2I1 state of
HMgN- at the CASPT2 level (see Table 1). The CAS frequency calculation
indicated that M1 has no imaginary frequency (see Table I1). Therefore, M1 isa
global minimum and the X2+ state of HNMg~ should be the transition state of
the isomerization reactions of M1 < M1. At the CAS level, the Mg—N and H-N
bond lengths of M1 are 1.892 and 1.032 A, respectively, and the HMgN bond
angleis 19.2° (the HNMg bond angle is about 123.7°).

There is a bent equilibrium conformation M2 on the 12A" potential energy
surface (see Fig. 1). The energy of M2 is about 0.35 kcal mol-1 lower than the
A1 state of HNMg~ and about 38.94 kcal mol—1 lower than the X2I1 state of
HMgN~ at the CASPT2 level (see Table 1). The CAS frequency calculation
indicated that M2 has no imaginary frequency (see Table Il). Therefore, the M2
is also a global minimum and the A2IT state of HNMg~ should be the transition
state of the isomerization reactions of M2—~M?2. At the CAS level, the Mg—N and
H-N bond lengths of M2 are 2.048 and 1.031 A, respectively, and the HMgN
bond angle is 15.7° (the HNMg bond angle is about 131.8°).

There are three bent transition states TS1, TS2, and TS3 along the PECs at
the CAS geometry optimization level (see Fig. 1). They are al in Cg symmetry
and in A’, A” and A’ states, respectively. The CAS calculations indicated that they
have a unique imaginary frequency. The CAS calculated HMgN bond angles of
TS1, TS2 and TS3 are 69.9, 60.7 and 89.4°, respectively. In the next section,
“Potential energy curves’, it will be shown that the three transition states should
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be the transition states for the three different PECs of the isomerization reactions
of HMgN~ < HNMg~.

CASPT2/ANO geometry optimization calculations were also performed on
al the stationary points (see Table I). The results showed that the CASPT2 opti-
mized geometries of the stationary points are different from the CASSCF opti-
mized geometries though the CASPT2//CASPT2 and CASPT2//CASSCF calcul-
ated relative energies are almost equal. The difference in the optimized bond
lengths between the two methods is not larger than 0.07 A and the difference in
the bond angles is not larger than 3.1°. This is due to the absence of a dynamic
electron correlation with the CASSCF method. The CASSCF calculated fre-
quency results, which give the theoretical evidence for future analysis of the
infrared spectrum of HMgN—and HNMg-, arelisted in Table ll.

Potential energy curves

It was found that there are three surfaces (12A", 12A" and 22A") on the iso-
merization reaction of the HMgN— <« HNMg~ system. From Fig. 1, it can be seen
that the shape of the 12A’ curve is the same as that of the 12A” curve, i.e., thereis
one minimum and one saddle point connecting the two linear structures. Along the
12A’ curve, M1 connects with the X211 state of HMgN~ via the transition state TSL.
The X2x+ state of HNMg~ should be the transition state between the two same M1
structures. Along the 12A” curve, M2 connects with the X211 state of HMgN- via
the transition state TS2. The A2l state of HNMg~ should be the transition state
between the two same M2 structures. On the 22A’ curve, the A2IT state of HNMg~
connects with the A2+ state of HMgN- via the transition state TS3.

Based on the CASPT2 calculations, M1 is the mot stable conformation
among al the stationary points; therefore, it is the globa minimum. According to
the CASPT2 calculated relative energies listed in Table |, the energy barrier for
isomerization from M1 to the X2I1 state of HMgN~ on the 12A’ curve is 66.84
kcal mol—1, whereas the energy barrier in the reverse order is 24.19 kcal mol—1.
The CASPT2 energy barrier for isomerization from M1 to M1 is 1.25 kcal mol-1.

Along the 12A" curve, the CASPT2 calculated energy barrier for isomeri-
zation from M2 to the X211 state of HMgN~ is 61.80 kcal mol—1, whereas the
energy barrier in the reverse order is 22.86 kcal mol—1. The CASPT2 energy
barrier for isomerization from M2 to M2 is 0.35 kcal molL.

Along the 22A" curve, the CASPT2 calculated energy barrier for isomeri-
zation from the AZ[1 state of HNMg- to the AZX+ state of HMgN- is 85.38 kcal
mol—1, whereas the energy barrier in the reverse order is 36.07 kcal mol—1.
Therefore, the isomerization of the A2x+ state of HMgN— to the A2IT state of
HNMg~iseasier than in the reverse order.

As shown in Fig. 1 for the HMgN— < HNMg~ system, 12A’ and 12A" are the
two components of the Renner-splitting of the X2IT state of HMgN—, and 12A"
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and 22A are the two components of the Renner-splitting of the A2IT state of
HNMg~. The Renner-splitting pattern for the X2I1 state of HMgN- is pattern (a)
of the Pople and Longuet—Higgins Scheme,15 and the Renner-splitting pattern for
the A2 state of HNMg- is pattern (b) of the Pople and Longuet—Higgins
Scheme.1®

CONCLUSIONS

HMgN~and HNMg~ were studied for the first time by large-scale theoretical
calculations using the CASSCF and CASPT2 methods in conjunction with the
contracted atomic natural orbital (ANO) basis sets. The possible unimolecular
conversions between HMgN— and HNM g~ were discussed.

The geometries of all stationary points along the potential energy surfaces
were optimized at the CASSCF/ANO level. The CASPT2/ANO potential energy
curves of the isomerization reactions were calculated as functions of the HMgN
bond angle. The CASPT2 calculations indicated that the ground and the first
excited states of the linear HMgN— are the X2IT and A2x+ states, respectively; the
ground and the first excited states of the linear HNMg~ are the X2x+ and AZ[1
states, respectively. The X2x+ and A2IT states of HNMg- are first-order saddle
points because they have a unique imaginary frequency. Two bent structures M1
and M2 were found along the 12A" and 12A" curves respectively. In addition, M1
and M2 are two global minima. The X2x* state of HNMg~ should be the tran-
sition state of the isomerazation reactions for M1 <> M1 and the A2IT state of
HNMg~ should be the transition state of the isomerazation reactions for M2 «— M2.
Based on the calculated results, it was concluded that the ground-state of HMgN-
is linear, while HNMg is strongly bent in the ground state, which is in contra-
diction to the Walsh rules that predict linear structures for HXY systems con-
taining 10 or less valency electrons.
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HMgN™ 1 HNMg™ ca neBeT BaJIEeHTHUX €/IEKTPOHA UCIIMTUBAHU Cy MO IMPBH MYT TEOPET-
cky, mpuMeHoM metopa CASSCF i CASPT2 nosesanum ca ANO dasuunum cetom. Onpehene
Cy CTPYKType HajHWKUX eeKTPOHCKUX cTaka 38 HMgN™ u HNMg™. PasmaTpaHa je moryhHocT
yHUMoOnekycke kousepsuje HMgN™ 1 HNMg . Pesyntatu uspauyHaBama ykasyjy Ha TO [ia je
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ocHoBHO ctane HMgN™ nuneapHo nok je HNMg™ caByjeH, mro je cympotHo Walsh npasunnma
koja mpensubajy ma cy csu HXY cucremu ca 10 wix Mame BalIeHTHUX eJIeKTPOHA JTHHEeapHHU.
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Abstract: The dopaminic receptors for a long time have been major targets for
the development of new small molecules with high affinity and selectivity to
treat psychiatric disorders, neurodegeneration, and drug abuse, and in other
therapeutic areas. In the absence of a 3D structure for the human dopamine D2
(HDD2) receptor, the efforts for the discovery and design of new potential
drugs rely on comparative models generation, docking and pharmacophore
development studies. To obtain a better understanding of the HDD2 receptor
binding site and the ligand-receptor interactions, a homology model of the
HDD?2 receptor based on the X-ray structure of the f2-adrenergic receptor was
built and used to dock a set of partial agonists of the HDD?2 receptor. The main
characteristics of the binding mode for the HDD2 partial agonists set are given
by the particular folding of a ligand and a complex network of contacts
represented by stacking interactions, salt bridge and hydrogen bond formation.
The characterization of the binding mode of the partial agonists at the HDD2
receptor provides the information required to generate pharmacophore models,
which represent essential information for future virtual screening studies in
order to identify new potential HDD2 partial agonists.

Keywords. GPCR; homology modeling; D2 receptor; molecular docking.

INTRODUCTION

Once the link between psychosis and dopamine was established, the modul-
ation of dopaminergic activity intermediated by the dopamine D2 receptors as a
possible treatment for schizophrenia continues to remain a chalenging research
problem. Based on their impact on diagnosis and treatment, the symptoms of
schizophrenia are separated into positive symptoms that involve an excess or
distortion of normal functions and negative symptoms that are given by a reduc-
tion or loss of normal functions. The negative symptoms are present during epi-
sodes of low (or absent) positive symptoms and are related with hypoactive

* Corresponding author. E-mail: lili.ostopovici @acad-icht.tm.edu.ro
doi: 10.2298/JSC1302080460
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prefrontal cortex whereas the positive ones are associated with hyperactive dopa
minergic transmission in the mesolimbic brain region.

Dopamine D2 receptor antagonists were initially used to treat schizophrenia
and related psychiatric disorders. Traditional D2 antagonist antipsychotics have
good results in the treatment of the positive symptoms since they block the D2
receptors but an excessive attenuation of brain dopamine neuronal activity is
comparable to the neuronal activity recorded in Parkinson's disease. Thus, nor-
malization of dopaminergic activity can be achieved by using dopamine D2
partial agonists. An effective D2 partial agonist would be very efficient in treat-
ing the positive symptoms by selectively activating the inhibitory presynaptic D2
autoreceptors while weakly antagonizing the postsynaptic D2 receptors. A partial
D2 agonist is theoretically effective in the treatment of positive symptoms based
on hyperactivity and in the treatment of negative symptoms based on hypo-
activity.

Among the synthesized partial D2 ligands, compounds having Kinigh and
Kijow vaues determined for both high- and low-affinity agonist states of the
HDD?2 receptor (D2high and D2oy) were selected for this study.1-3 The set of
ligands was docked at the agonist site of the homology model of HDD2 receptor
in order to explore the pharmacophoric requirements of HDD2 receptor and to
identify the features of the pharmacophore models for HDD2 receptor ligands.

METHODS
Sequence alignment

The sequence of the HDD2 receptor was extracted in Fasta format from the UniProt/
/Swiss-Prot database®® (P14416) and was automatically aligned using the T-coffee server6?
with the sequence of human S2-adrenergic receptor (52-AR) taken from the RSCB Protein
Data Bank (accession code: 2RH1). The resulting aignment was further manualy refined
according to the template structure. The lysosome T4 fragment was removed from the
sequence of the crystal structure of the f2-AR.

Model building

The homology modeling package Modeller8® (version 9v6) was used to generate ten
homology models for the HDD2 receptor based on the X-ray structure of f2-AR using the
sequence alignment presented in Fig. 1. The C- and N-terminal parts were not modeled. The
obtained models were energy-minimized using the standard AMBER99 force field imple-
mented in the HyperChem7.52 package.19 In the minimization process, the Polak—Ribiere
conjugate gradient was used as the optimization algorithm, the stop criterion for the opti-
mization was set to a RMS gradient equal or less than 0.01 kcal/A-mol. The refined models
were stereochemically validated using PROCHECK software.11:12

Ligand docking

Ligand setup. A set of previously synthesized and evaluated ligands!-3 for their affinity
and selectivity for high- and low-affinity agonist state of the D2 receptor were chosen for this
study (Table 1). The structures of the ligands were generated with 1SIS Draw!3 and converted
into 3D-structures with the Model Builder module of the HyperChem7.52 program.19 All
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ligands were considered in the protonated form and Gasteiger—Marsili atomic partial charges
were computed for al of them. The Polak—Ribiere conjugate gradient was used as the opti-
mization algorithm, the stop criteria for the optimization step was set up to a RMS gradient
equal or less than 0.01 kcal AL-molL.

TABLE |. General structures 1 and 2 for the selected set of ligands taken in this study
Sz

m,n,0=0,1,2,3
ﬂ S; X
\ X YL _R J@: ]\Wx Yo _R
SN M sy Y 7N M

S4 Structure 1 Structure 2
Substituent Structure
XY CH,; O; NH
S1 H; Cl; CO-CF3
S2 H; CI; OH
S3 H; OH
Ring R1 2-thienyl; 3-thienyl; 2-furyl;3-furyl; cyclohexyl; 4-pyridyl;

4-hydroxyphenyl; 4-fluorophenyl; 4-chlorophenyl; 3-aminophenyl;
1-naphthyl; 2-naphthyl; 1-biphenyl; 1,2,3,4-tetrahydroisoquinoline; 2-indolinyl;
2-indolyl; 2-benzoxazolyl; 3-methyl-1,2-benzo[d]isoxazolyl;
3-amino-1-methylphenyl; 3-amino-1-methylphenyl-5-yl;
3-amino-2-chlorophenyl; 2-amino-4-pyrimidiny!

Receptor setup._The 3D structure of the HDD2 receptor was used in the docking process
with all the polar hydrogen atoms included. The Kollman united atom charges were aso
computed.

Docking protocol. The molecular docking was performed with the AutoDock 3.0.5
software package.1* During the docking simulations, the protein is required to be rigid but the
ligands are flexible. The ligand torsional flexibility depends on the number of rotatable bonds
from each molecule and it does not apply to bonds in the rings, amide or guanidinium bonds,
etc. Docking was performed applying a standard protocol, with an initial population of 10
randomly placed individuals, a maximum number of 1.5x108 energy evaluations, a mutation
rate of 0.02, a crossover rate of 0.8, and an elitism value of 1. Ten independent docking runs
were computed for each ligand. Results differing by less than 0.5 A in the positiona root-
-mean-sguare deviation (rmsd) were clustered together and represented by the result with the
most favorable free energy of binding. The initial charges were kept and solvation parameters
were added to the final protein using the ADDSOL utility of AutoDock 3.0.5.

The grid maps representing the protein in the actual docking process were calculated
with AutoGrid. The grids were chosen to be sufficiently large to include not only the active
site but also significant portions of the surrounding surface. Thus, the dimensions of the grids
were set to 2.44 nmx2.44 nmx2.44 nm, with a spacing of 0.0375 nm between the grid points.
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RESULTS AND DISCUSSION

The recently solved structure of the human 2 adrenergic receptor structure
(PDB code: 2RH1) was selected as the structural template to model the three-
dimensional structure of the HDD2 receptor. The sequence alignment generated
with T-coffee server was manually refined using as a guide the three dimensional
structure of the template. The refinements were conducted in order to avoid dele-
tions or insertions in the transmembrane domain and to preserve the highly con-
served amino acid motifs specific for each transmembrane helix identified based
on the conserved residues within the GPCR amino acid sequences. The deletions
and insertions were merged into a single piece per loop and moved to the most
adequate point according to the template structure. A structural feature common
to many GPCR receptors, the formation of a conserved disulfide bond between
two cysteine residues placed at the beginning of TM3 and the middle of the
second extracellular loop was taken into consideration. The C-termina part and
the second intracellular loop (IL2) were not modeled because these fragments do
not have a correspondent in the template structure. The lysosome T4 fragment
was removed from the initial structure for ease of use.

The alignment shown in Fig. 1 was used to generate ten 3D models of the
HDD?2 receptor using the MODELLER software package.8° Each model was
further refined with the help of the HyperChem?7.52 program as described else-
where.15 Shortly, the torsion angles, bond lengths, and peptide-bond planarity
were checked with the PROCHECK program and were found to be within the
interval of the standard values for nine out of the ten models.

2RH1 DEVWVVGMGIVMSLIVLAI lmM{FERLQTWNYFI:]SLgﬁ VMGLAVV 87
D2_HUMAN DRPHYNYYATLLTLLIAVI 51 VSREKALOTTTNYLIVSL. DLLVATLVM 88
R e T P
™Y T™Z

2RH1 PFGAAHIIMKMWTFGNFWCEFWTSIDVLCVTASIE R SPFKYQSL-L 145
DZ_HUH?\N PWVVYLEVVGEWKFSRIHCDIFVILDVIMMCTAS SODR MPMLYNTRYS 144
\./'\M

2RH1 T}mmRVIILMvﬁ \é LTSFLPIQMHWYRATHQEAINCYAEETCEDFFTNQAYATIASS 204
D2_HUMAN SKRRVTVMISI ISCPLLFGLN------——-—- NADONECIIANP- AFWYSS 194

WW
2RH1 IVS%W&;&@QEM@LK—FCM LGIIMG':EEII_( ﬁi}mwu 294
D2_HUMAN T1VS TVLRRRRKLSQQKEKKATOMLATVLG FITHI 394
\/‘V‘\NWM\/\ W‘\/“\N\/‘NNW‘V

2RH1 monmxmwxumsﬁgﬁﬁ RSP? AFQELLCLRR 344
DZ_HUI’M LNIHCDCHNIPPVLYSAFTWLG KILHC-- 443
\/”\NW\,
Il-h

Fig. 1. Sequence alignment of the human beta2-adrenergic receptor and the HDD?2 receptor
showing a sequence similarity of 59.8 %. The seven transmembranes are underlined with a
curved line; the highly conserved residues in the GPCR family are shown in grey and are
enclosed in rounded rectangles; the residues involved in the sulfur bridge formation have a
grey background.
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Site-directed mutagenesis studies showed that Aspl14, Ser193, Ser194 and
Ser 197 are the most important residues involved in dopamine binding at the
active site of the HDD2 receptor.16 Mutation of Asp114, a highly conserved
residue that has been studied in a number of GPCRs, resulted in a marked reduc-
tion of ligand binding, emphasizing its importance at the binding site for the
agonists and antagonists containing ammonium groups. The serine residues of
helix 5: Ser193, Ser194 and Ser 197 are important for binding catechol hydroxyl
groups. To check if the present models confirm and support this essential infor-
mation, docking tests using the endogenous ligand of the HDD2 receptor, dopa-
mine and the nine homology models were performed.

The docking results of two models confirmed the involvement of the previ-
ously mentioned residues in the binding of dopamine and the model showing the
best stereochemical quality was chosen to be used in further docking experiments
(Fig. 2). The three-dimensional coordinates of the final model are provided as
Supplemental material to this paper.

Fig. 2. A) 3D structure of the human dopamine D2 receptor. B) Ramachandran plot for the
human dopamine D2 receptor. The final model has 93.6 % amino acidsin the most favorable
regions, while the other 6.4 % amino acids are placed in the additional allowed regions of the

Ramachandran plot.

The positively charged nitrogen atom of dopamine forms a salt bridge with
the carboxylate group of the Aspl14 residue from helix 3, the distance between
the two charged functional groups being 4.26 A. The meta- and para-OH groups
of the ligand interact with the side-chains of the Ser193 and Ser197 residues,
respectively, via the formation of two hydrogen bonds. The aromatic ring of dop-
amine is accommodated in a hydrophobic pocket defined by several aromatic
residues found on helix 6: Trp245, Phe248 and Phe249 (Fig. 3).

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




180 OSTOPOVICI-HALIP and RAD-CURPAN

In order to highlight the molecular characteristics of the active site, a com-
bined docking and pharmacophoric approach was performed using the 3D struc-
ture of the HDD2 receptor and a set of HDD2 partial agonists.

The molecular mechanics minimized conformation of each ligand was placed
and oriented in the binding site by superposition to the docked dopamine as
reference agonist. The rotatable bonds and the torsion angles of the ligands were
set up using the AutoDock Tools package. The docking results were analyzed
based on their ligand—receptor free binding energies and population clusters. The
prediction of the binding affinity for each compound was not very accurate, with
a difference of two-log units seen in some cases. Still, the correlation with the
experimental results is reasonable if one keeps in mind the dynamics of the
binding site and the fact that a homology model was used.

Fig. 3. Molecular model of dopamine in the binding site of the HDD2 receptor.

Analyzing each lowest binding-energy conformation in the binding site, it
was observed that the ligands, depending on their size, adopt an L- or a U-shape
folded conformation. This folding seems to be very important for biological acti-
vity since it allows the formation of one salt bridge between the aspartic acid
residue on helix 3, Aspl14 and the positively charged nitrogen atoms of the
ligands (Fig. 4). Depending on the ligand size, the distance between the two
charged functional groups (the carboxyl group from the D2 receptor and the
amino function from the ligands) varies between 2.9 and 4.8 A.

Many compounds showing high affinities against the HDD2 receptor display
another important contact, namely a n—r interaction resulting from the stacking
of the chromane ring of the ligands on the benzene ring of the Phe248 side-chain.
Thanks to this stacked arrangement of the two aromatic rings, another important
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interaction for ligand binding could be established. This interaction refers to the
formation of a hydrogen bond between the hydroxyl group of one serine residue
of helix 5 (usually Ser194) and the hydroxyl group from the chromane ring (Fig.
4). This hydrogen bond seems to be essential for the biological activity of these
derivatives against the D2 receptor, being only observed for the R-diastereo-
isomers of the chiral compounds from this set.

7\
Fig. 4. The best docking pose of apartial D2 agonist in the binding site of the D2 receptor.

According to the experimental data (Table Il), the R-diasterecisomers are
more potent compounds than the S-diastereoisomers, allowing the conclusion that
substitution at position 2 of the chromane ring is specifically stereoselective (Fig.
5A and B).

TABLE Il. Inhibition constants for the R- and S-diastereocisomers

T J

o
Compound R Stereochemistry Kigxp /MM Kigps/ UM
1 H R 0.2 13

1 H S 12 68.2

2 (@ R 0.6 1

2 Cl S 32 49.6

#he values were taken from the | iterature1

The most relevant features that define the binding mode of the studied
HDD2 partial agonists are described by the ligand folding and a complex net-
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work of interactions represented by stacking interactions, a salt bridge and hyd-
rogen bond formation.

_ «k&\k& ,‘
«(L % 0%‘

Aspiid

(B)
Fig. 5. View of the R-stereoisomer (A) and S-stereoisomer (B)
in the binding site of the D2 receptor.

CONCLUSIONS

A homology model of the HDD2 receptor based on the X-ray structure of the
[S2-adrenergic receptor was built using comparative modeling. The model has all
steric and topologic parameters within the normal range and its accuracy was
confirmed by docking experiments using endogenous ligands. In addition, the
importance of Aspl14, Ser193 and Ser197 residues in ligand binding and affinity
at the HDD2 receptor, according to experimental data, was explained via docking
experiments.

The binding mode of 2-aminochromane derivatives acting as partial agonists
against HDD?2 receptor is characterized by the following key interactions. 1) a
salt bridge formed between Aspl14 and one positively charged nitrogen atom of
the ligand; 2) one or two hydrogen bonds between the Ser193, Ser194 and/or
Ser197 side-chains and hydroxy! group of the chromane ring; 3) an—r interaction
between chromane ring and Phe248. These features of the binding mode of par-
tial agonists at the HDD2 receptor provide the required information to generate
pharmacophore models, which represents essential information for future virtual
screening studies aimed at identifying new potential HDD2 receptor partial
agonists.
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U3BOL
MOJEJIOBAIGE BE3SUBAA JIMTAHIOA HA JJOITAMHWHCKH D2 PELHEIITOP
LILIANA OSTOPOVICI-HALIP 1 RAMONA RAD-CURPAN

Romanian Academy, Institute of Chemistry Timi oara, Computational Chemistry Department,
24 Mihai Viteazul Av., 300223-Timi oara, Romania

IomaMuHCKH penentopu Beh Iye Bpeme Cy IylaBHA MeTa ITPU Pa3BOjy HOBHUX MaJlUX

MOJeKyJa KOju UMajy BeJUKH aUHUTET U CeJIeKTUBHOCT 3a Taj PeLernTop, a Moy Ou 1a ce
MMpUMEY]jy 3a TpeTupame NMCUXUjaTPHjCKUX CMEeTHH, HeypolereHepauyje, HApKOMaHHje U Jp.
bynyhu nma 3D crpykrypa xymaHor D2 pmomamunckor peuentopa (HDDZ2) Huje mosHaTa,
UCTpa’KUBama Ce 3aCHUBAjy Ha KOMIapaTHUBHUM Mopenuma. a Ou ce dosme pasymeno mMecro
Be3uBawa Ha HDD2 peuenTop, ¥ TUraHg—peLienTop HHTepakloje, KOHCTPYUCAH je XOMOJIOTHU
mopen HDD2. peuenTtopa 3aCHOBaH Ha PEHATEHCKOj CTPYKTYPH [2-afipEHEPTHUYHOT PeLen-
Topa. Onpehene cy riaBHe kapakTepucTHKe BedWBaka Ha HDD2 mapuujanaux aronucra. To
naje morpebHe nHpopmanyje ga ce noduje papmakodopcku Mmogen 3a dynyha ucrpaxusama
Y 3a UIeHTU(PUKaUHjy HOBUX noTeHuujanaux HDD2 napuujanHux aroHuCTa.

(ITpummeno 8. dbebdpyapa, pesugupano 4. anpuna 2013)
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Abstract: The application of the high-sensitivity method of time resolved laser
induced fluorescence (TR-LIF) and a flow-injection system by thermal lens
spectrometry (FIA-TLS) for the analysis of Cr-phycoerythrin (Cr-PE) isolated
from a proprietary cyanobacterium is presented. In the excitation wavelength
range (340470 nm), the fluorescence spectra exhibited a pronounced maxi-
mum at 575 nm. Another maximum at about 600 nm could also be observed.
The obtained results were used to verify the technical parameters of the
employed thermal lens technique, which is complementary to spectrofluori-
metry and subject to lower sensitivity in the case of high fluorescence quantum
yields and photolability of the measured compounds.

Keywords:. time resolved laser induced fluorescence spectroscopy; thermal lens
spectroscopy; phycoerythrin; cyanobacteria.

INTRODUCTION

Cyanabacteria are photosynthetic microorganisms that are worldwide dis-
tributed in marine and fresh waters. During their ageing and decay, they release
secondary metabolites (cyanotoxins) that are toxic to the environment and
humans. Cyanotoxins have dermatotoxic, hepatotoxic and neurotoxic effects!
and can also lead to death.2 Moreover they are tumor promoters and recently they
have been related to neurodegenerative diseases, such as amyotrophic lateral
sclerosis and Alzheimer's disease.3 Under particular conditions (for example
eutrophication and rising temperature), cyanobacteria can grow abnormally,
leading to so called harmful algal blooms (HABS) with a consequent release of
large amounts of cyanotoxins during their senescence and death.4 During such
events, the mass of cyanobacteria in water can reach over 100 g m—3.5 Concern

* Corresponding author. E-mail: sevic@ipb.ac.rs
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about HABSs has grown in the last decades due to their increase in occurrence and
severity and because cyanotoxins are not efficiently removed by conventional
water treatment technologies; hence, they can be found in recreational and drink-
ing waters. In 2004, the World Health Organization (WHO) set a provisional
limit of 1 ug L~ for the presence of microcystin-LR (the most harmful among
the cyanotoxins) in drinking water.6 Cyanobacteria represent a serious threat to
the environment and human health, and therefore, the development of sensitive
and rapid analytical tools that could be used in early warning systems for the
detection of cyanobacteriais of high interest.

Phycoerythrin (PE), isolated from cyanobacteria, is a highly fluorescent
pigment with a broad and high absorption of light over a wide range of the vis-
ible spectrum. Its content in cyanobacteria is about one percent dry weight, but in
some species, up to 8 % PE can be found.” The spectral properties of PE depend
on the native structure of the polypeptide and interaction with different
chromophores. PE was among the first molecules to be observed at the single-
-molecule level using laser-induced fluorescence.® PE fluoresces in a spectral
region that is distinct from the region of emission of the simple organic dyes
commonly used as fluorescent indicators. Therefore, PE is commonly used for
fluorescent immuno-labeling, particularly in applications involving fluorescent-
-activated cell sorting.910 Sometimes, the relatively high-molecular weight of PE
may be problematic in a spectrofluorimetric detection system, due to steric hind-
rance caused by conjugation to other proteins.11

Among the PEs, Cr-phycoerythrins (Cr-PE) provide additional spectral
characteristics that can complement the common phycoerythrins (B-PE and
R-PE). Besides this, the Cr-PEs have a lower molecular weight (around 40 kDa).
Due to these features, Cr-PEs can provide additional functionality to the phyco-
biliprotein pigments when multiplexing assays or the introduction of the dye into
cells is concerned. In addition Cr-PE could find many applications in cellular
analysis, flow and laser scanning cytometry.11.12 Similarly, PEs and other cyano-
bacterial pigments could serve as early indicators of the presence of cyanobac-
teria and of the associated risk of cyanotoxins in water, as was shown for
phytoplankton cell lysis based on release of carotenoids and the application of
thermal lens spectrometry.1314

According to literature data, three different Cr-PE types (Fig. 1) are recog-
nized. They are designated based on their characteristic absorption maxima,
A 1517

In the present study, a commercially available Cr-PE, a low molecular
weight phycobiliprotein (40 kDa) with an absorption maximum at 550 nm, was
examined. The characteristics of this Cr-PE, i.e., high extinction coefficient and
high fluorescence quantum yield, make it an ideal fluorophore for use in immu-
noassays.10.18 To date, not much data for this phycoerythrin type has been pub-
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lished. However, information on the fluorescence quantum yield would be valu-
able for the development of an alternative method for detection of PEs in water,
such as, for example, thermal lens spectrometry (TLS). In such a case, however,
higher fluorescence quantum yields result in lower sensitivity of the method,
which is based on the indirect measurement of absorbance through radiationless
de-excitation processes. It is therefore important to estimate eventual differences
in the fluorescence quantum yields for excitation in the main PE absorption peak
at 550 nm, which is accessible by Ar-ion laser lines (458.9-514.5 nm) and the PE
absorption peak at 375 nm, reachable by Kr laser lines (406.7 and 413.1 nm) in
the visible spectra range, which are the most frequently used in TLS spectro-
metry.19

Cr-PE
Cr-PE 1 Cr-PE II Cr-PE 111
ar or or
Cr-PE 545 Cr-PE 555 Cr-PE 566
Amax: 540-550 nm Amax: 555 nm Amax: 560-566 nm

Fig. 1. Schematic illustration of Cr-PE types, modified from the literature.”*’

Two laser-based techniques were used for the characterization and detection
of Cr-PE: laser-induced fluorescence (LIF)20 and flow-injection analysis with
thermal lens spectrometric detection (FIA-TLS).2! The fluorescence technique is
based on measurement of photons emitted by the excited fluorophore. Detection
of absorbed energy by thermal lens techniques is achieved by measurement of
heat released by non-radiative relaxation of the excited fluorophore.

The obtained results were used to verify the technical parameters of the
employed thermal lens technique, which is complementary to spectrofluorimetry
and subject to lower sensitivity in the case of high fluorescence quantum yields
and photolability of measured compounds under irradiation by intensive light
sources such as lasers.

EXPERIMENTAL

The study was realized using phycobiliprotein Cr-PE | type with a molecular weight of
40 kDa, isolated from a proprietary cyanobacterium. The pigment Flogen® Cr-PE was sup-
plied by FEBICO Taipei (Taiwan) in: 100 mM potassium phosphate buffer, pH 7.0, with 60 %,
saturated (NH,4),SO,4, 1 mM EDTA and 1 mM sodium azide. The absorption spectrum of
Cr-PE was characterized by an absorbance maximum at 550 nm. The purity ratios Assg/Asgg >
> 5.5 correspond to pure Cr-PE and Agyo/Asso < 0.005 demonstrates the absence of phyco-
Ccyanin contamination.
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Time resolved laser-induced fluorescence

The TR-LIF experimental setup used in this work, shown on Fig. 2, was described
previously.?? Solutions of Cr-PE in quartz cuvette were illuminated using a tunable Nd:YAG
laser system (Vibrant model 266-1, Opotek, Inc.). This system includes an optical parametric
oscillator (OPO) that is pumped by the fourth harmonic of the Nd:Y AG Brilliant laser at 266
nm and control electronics. The output of the OPO can be continuously tuned over a spectral
range from 320 nm to 475 nm, providing pulses of 5.4 ns and an energy per pulse of between
5.5and 4 mJat a 10 Hz repetition rate.

Nd:YAG Laser OPO ! pl
L
bandpass
filter
spectrograph
digital delay/ pulse | ——
generator streakscope
[ | head
streakscope

signal processing controller

HPD-TA System

Fig. 2. Experimental set for TR-LIF spectrometry.

The fluorescence signals from Cr-PE solution were measured using a streakscope
(Hamamatsu model C4334-01) with an integrated video streak camera. For all measurements
of the Cr-PE spectra, the emission was collected in the right angle arrangement and dispersed
by a 0.3 m focal length triple grating imaging spectrograph (SpectraPro-2300i). The fluores-
cence data was acquired in the photon-counting mode using Hamamatsu HPD-TA software.
All the measurements were performed at room temperature.

Flow-injection system with thermal lens spectrometric detection

The FIA-TLS experimental set-up used in this work is shown in Fig. 3. The sample is
injected into the stream of carrier buffer pumped at 1 mL min't by an HPLC pump (Knauer
Smartline pump 1000). A Knauer injector (Knauer A1358) equipped with a 200 pL injection
loop was used for this purpose. The detection was realized in an 8 puL flow-through sample
cell (Hellma 176.050-QS) by a dual-beam (pump/probe) thermal lens spectrometer.1® The
pump beam (514.5 nm) was derived from an Ar-ion laser (Inova 90, Coherent) with 100 mW
power measured at the laser head. A helium—neon laser (632.8 nm, 2 mW) (Meles Griot,
1103P) was used as a source of the probe beam. The pump and probe beams were properly
focused with respect to the sample cell by a set of lenses and their collinear propagation
through the sample cell was assured by a dichroic mirror. The pump beam, modulated by a
mechanical chopper (Scitec Instruments) at 40 Hz, induces the photo-thermal effect, consist-
ing of periodic changes in the refractive index gradient in the sample, which is related to the
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concentration of the sample. The refractive index gradient causes defocusing of the probe
beam, resulting in changes of the probe beam intensity at its axis, which can be sensed by a
PIN photodiode connected to alock-in amplifier (Stanford Research, SR830). The signal from
the lock-in amplifier is then recorded, stored and later elaborated by a computer.

For batch mode measurements, a 1 mL cuvette (1 cm path length) (Hellma 101-QS) was
used, and was placed at the position of the flow-through cell in the FIA-TLS system.

mirror

pump laser

detector

interference

filter
lens

Lock-in optical
amplifier chopper

dichroic
mirror

injector C

carrier

lens

pump

Fig. 3. Experimental set-up for FIA-TLS.

RESULTS AND DISCUSSION
TR-LIF

The fluorescence spectra of Cr-PE (50 ug mL—1) excited at 400 nm are
presented in Fig. 4. The spectra exhibit a strong emission maximum around 575
nm, which is expected for this phycoerythrin. Two additional maxima located
below and above 575 nm could also be observed. Similar behavior was found for
other phycoerythrins.”-23.24 |n order to locate the position of the maximum and
their relative contribution in a fluorescence spectrum, the spectra were analyzed
by the Gauss peak spectrum (GPS) method?> for pigment quantification. The
method is based on the description of each pigment spectrum by a series of Gaus-
sian peaks. The experimental data were deconvoluted into three emission bands
(Fig. 4). A high correlation (R2 = 0.93) was observed. The three overlapping
Gaussians were resolved at 530.2, 575.9 and 592 nm. The two most dominating
peak were at 575.9(3) nm (full width at half maximum (FWHM) about 27 nm)
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and a shoulder at 592.5(18) nm (FWHM about 115 nm). These components con-
tributed 34.5 and 63.8 % to the total area of the fluorescence emission spectrum,
respectively. The third, minor peak at 530.2(18) nm (FWHM about 13 nm) is act-
ually the second harmonic of the laser, not attenuated enough in this measure-
ment.

300}

Experimental data
fit curve
Pred bnds (95 %)

Cr-PE (50 pg/mL)

[yl
o
(=]

A exc =400 nm

— } component curve
200F

150F

100F

Fluorescence intensity, a.u.

(4]
(=]
T

580 600 620 640 660 680
Wavelength, nm

0 __/"\

500 520 540

560

Fig. 4. Emission spectra of Cr-PE (50 ug mL-1) at 400 nm OPO excitation and deconvolution
of the emission spectra.

The emission spectrum of the R-PE subunit also showed a maximum at 575
nm and a shoulder at 593 nm.26 Noticeably, the difference between these two
peaks for Cr-PE and R-PE is nearly the same (about 17 nm). Chekalyk and
Hafe2? found a peak at 589 nm for phycoerythrin. An additional fluorescence
peak (at 511 nm) before the main peak (555 nm) for PE2b was also detected.28
The authors indicated that a PE isoform might have been present. The difference
between these two fluorescence peaks for PE2b was about 44 nm. A somewhat
larger difference between the two peaks was measured for Cr-PE (585 nm and
675 nm for absorption maximum at 550 nm).15

In solutions at 25 ug mL~1 (diluted in potassium phosphate (KPi), 0.1 M, pH
7), fluorescence spectra were induced by varying the excitation wavelength in 10
nm steps between 340 and 470 nm to obtain the corresponding excitation—emis-
sion matrixes (EEMs). The absorption of Cr-PE in this excitation wavelength
range is weak. For lower excitation wavelengths (lexc < 44 nm), an emission
maximum appears at about 576 nm and shoulder at about 599 nm. Hence, the
fluorescence spectra for 340 < Jexc < 430 nm were deconvoluted into two over-
lapping Gaussian peaks (Fig. 5), which were resolved at 575.9 nm (FWHM about
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34 nm) and 600 nm (FWHM about 109 nm). These components contributed 41
and 59 % to the total area of the fluorescence emission spectrum, respectively. A
third peak in the fluorescence spectra appeared at longer excitation wavelengths
(Lexc > 440 nm. The position of this peak is at about 520 nm.

experimental data

) e fit CUTVE
100F  Agye =400nm i pred bnds (95 %)

Cr-PE (25 pg/mL)

—— component
curves

Fluorescence intensity, a.u.

500 520 540 560 580 600 620 640 660 680
Wavelength, nm

Fig. 5. Emission spectra of Cr-PE (25 ug mL-1) at 400 nm OPO excitation and deconvolution
of the emission spectra

The main advantage of EEMs is that more information about the fluorescent
species can be extracted, because the bands arising over a wider area are con-
sidered. The three-dimensional EEM of Cr-PE (25 ug mL—1) recorded by mea-
suring the samples within the spectral excitation and emission ranges 340470
nm and 500-660 nm, respectively, are shown in Fig. 6.

HPD-TA software was applied to determine the fluorescence lifetime of Cr-
PE (Aexc = 400 nm, 50 pg mL—1). The best exponential fit deconvoluted with
OPO gave a fluorescence lifetime of 2.44 ns. This is in good accordance with
literature data for PE, where values in the range of 1.7-4.0 ns were reported.26

To the best of our knowledge, the value of the fluorescence quantum yield of
Cr-PE has not been published. A simple indirect method was used to determine
the fluorescence quantum yield of Cr-PE. Rhodamine B has similar wavelengths
for absorption and emission maxima as Cr-PE. The second harmonic of aNd:YAG
laser (532 nm, close enough to absorption maxima of both pigments) was used as
an excitation source. An ethanolic solution of rhodamine B and a buffered solu-
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Fig. 6. Emission—excitation spectra of Cr-PE (25 ug mL-1), bottom part. The top part shows
the recorded fluorescence spectra, curve fitted spectra at 470, 400 and 340 nm OPO
excitation. As an example, the third emission/excitation peak for excitation
at 470 nm is marked.

tion of PE were diluted in 10 mm cuvettes until the absorption values measured
with an Ocean Optics spectrometer at 532 nm were about 0.2. After that, streak
images of both solutions were obtained using 532 nm excitation. The obtained
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images are shown in Fig. 7. As can be seen, the streak images of both pigments
look very similar, so it seems that an appropriate reference standard for the
indirect measurement of the quantum yield of Cr-PE was chosen. Taking into
account the value of the quantum yield of an ethanolic rhodamine B solution of
0.7,29 and comparing the integrated areas of fluorescence on both images, the
fluorescence quantum yield of Cr-PE was estimated to be 0.68.

Fig. 7. Streak images of an ethanolic rhodamine B solution (left) and a buffered phycoerithrin
solution (right), excitation at 532 nm (second harmonic of the Nd:Y AG laser).

Most importantly, by comparison of fluorescence resulting from excitation at
selected wavelengths in the two absorption maxima (375 and 550 nm), the ratio
of the fluorescence quantum yields for various excitation wavelengths was cal-
culated. For the wavelengths of interest for TLS reachable by the used lasers
(458.9, 476.0 nm and 514.5, 406.7 and 413.1 nm) the ratio of the fluorescence
guantum yields for excitation at 470 and 410 nm was found to be F470/F410 =
= 1.6+£0.2. Assuming a similar fluorescence quantum yield for Cr-PE when
excited at 550 nm as when excited at 532 nm (0.68), it was calculated that the
conversion of absorbed energy into heat could be by a factor of 1.8 higher (58
compared to 32 %) when exciting in the 375 nm absorption band (Kr laser emis-
sion lines) instead of in the 550 nm absorption band (Ar lasers emission lines).
However, the sensitivity of TLS measurement can not be improved due to lower
absorbances at the Kr laser lines as compared to the 476 nm (A476.0/A406.7 =
= 1.86) and particularly the 514.5 nm Ar laser line (As14.5/A406.7 = 12.57). It was
therefore decided that the Ar laser would be used for excitation in the FIA-TLS
system for the detection of phycoerythrin.

FIA-TLS

Batch mode measurements of phycoerythrin showed a considerable degree
of photodegradation of the pigment under the intensive irradiation by the tightly
focused pump laser beam. As can be observed in Fig. 8, the TLS signal decreases
by 0.48 mV over a period of 400 s. Taking into account the 0.22 mV background
signal, this represents a 72.4 % decrease of the signal from phycoerythrin. This
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can affect the sensitivity aswell as the reproducibility of the method, therefore all
further measurements were performed in a flow injection mode to reduce the
exposure of the pigment to the intense laser light (Fig. 9). The residence time of
the sample (8 uL) within the flow through the cell under the given experimental
conditions was only 480 ms. Under such conditions, a limit of detection (LOD)
of 81 ug mL—1 was obtained for phycoerythrin.

074
0.6
05
0.4

0.3 4

TLS signal, mV

Phycoerythrin

0.2 4

0.1+
KPi

00

0 I 1(I)O l 2C|)0 l 3(|)O ' 4(')0 I 5(IJO
t/s
Fig. 8. Batch mode experiments showing photodegradation of phycoerythrin (20 ug mL-1)

which resulted in a decrease of the thermal lens signal as opposed to the stable signal of the
blank (phosphate buffer-KPi).

TLS signal, mV

0.5
i blank

00

o 10 200 300 400 500
t/s
Fig. 9. Thermal lens signal in aflow injection system. Signals corresponding to injection of
the blank, and of 5, 10 and 15 ug mL1 of phycoerythrin are shown.

To reduce the loss of absorbed energy and therefore to increase the degree of
radiationless de-excitation processes, which are directly related to the magnitude
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of thermal lens effect, the effect of Kl as a fluorescence quencher was tested. An
obvious decrease in fluorescence efficiency was observed (Fig. 10) and a 1.7-fold
decrease in the fluorescence intensity at the emission maximum (580 nm, excit-
ation at 540 nm) was calculated. Assuming again that the fluorescence quantum
yield was 0.68, it was calculated that 59.5 % of the absorbed energy was con-
verted to heat in the presence of Kl. Based on this, an increase in sensitivity of
1.9 times is expected in comparison to phycoerythrin in buffer solution (32 % of
the absorbed energy was released as heat). As calculated from the ratio of slopes
of calibration curves for phycoerythrin in 0.5 M potassium iodide solution and in
buffer (Fig. 11), the sensitivity of phycoerythrin determination by TLS increased
by 2.25 times, lowering the LOD to 36 ug mL~1 which exceeds the predicted
increase of 1.9 times by 18 %. This additional increase could be attributed to an
increase in the thermal lens enhancement factor (increase in the temperature
coefficient of the refractive index and a decrease in thermal conductivity) due to
the high concentration of Kl, as could be extrapolated from literature data where
a 2.6 times enhancement of the thermal lens signal, as compared to water, was
reported for 2.5 M KI.21.30.31 |t was also interesting to observe, that the photo-
degradation of the pigment in batch mode measurements was reduced in the pre-
sence of Kl (as demonstrated by a constant value of the TLS signal over 75 s,
Fig. 8).

KPi0.1 M

Counts x10°

Phycoerythrin 0.25 ug mL™
A= 540 nm

560 580 600 620 640 660 680 700
Wavelength, nm

Fig. 10. Fluorescence spectra of Cr-PE in phosphate buffer and in 1 M K.
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Fig. 11. Calibration curves for phycoerythrinin 8 0.5 M potassium iodide (k = 0.09 VL g1,
R2 = 0.9846) and b) in phosphate buffer — KPi, 0.1M (k= 0.04 VL g1, R2=0.9734).

Currently, LODs achieved by FIA-TLS compare favorably with recently
reported techniques,32 which could be used as early warning systems for micro-
cystins and are based on detection of cyanopigments. Taking into account that on
average one cyanobacterial cell (60 pm3) produces about 0.2 pg of microcystin,33
then 5000 cells mL~1 are required to reach the limit of 1 ug L=1 for microcystin
in water. Using a conservative estimation of 1 % PE in the dry weight of cyano-
bacterial cells, which can actually reach up to 8 %, and accepting that on ave-
rage cyanobacteria contain 264 g dry weight um=3,34 then a comparable concen-
tration of 0.8 ug L1 PE for the maximum contaminant level (MCL) of micro-
cystin could be calculated.

As demonstrated in this work, such low concentrations of PE are within the
reach of FIA-TLS, which can easily detect early onsets of massive HABs in
natural waters, where concentrations of cyanobacteria can peak at up to 1000
times higher levels as required to reach the MCL for microcystin.

It is however expected that further improvements in the sensitivity of phyco-
erythrin detection by TLS could be achieved by using higher concentrations of
KI or other compounds for fluorescence quenching and to improve the thermo-
optical properties of the analyzed samples, which will be the focus of future
research. The achieved LODs aready indicate that TLS could represent a power-
ful tool for the detection of cyanobacteriain water.

CONCLUSIONS

The performances of two laser-based systems: TR-LIF and FIA-TLS for the
detection of Cr-PE are presented. The fluorescence and thermal lens signals are
complementary. Thefirst oneis generated via radiation relaxation and the second
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via nonradiative relaxation. Hence, the combination of these two laser-based
techniques could be suitable for the measurement of various physical quantities
of phycobiliproteins with the aim of detecting the presence of cyanobacteria in
water.

Acknowledgment. This work was realized within the projects MES RS Ol 171020 and
COST Action FA0906 “UV-B radiation: A specific regulator of plant growth and food quality
in achanging climate (UV4growth)”.

U3BO[J

HUCIIUTHUBAILE U AHAJIM3A Cr-0MKOEPUTPUHA U3 THJAHOBAKTEPUJE
JIACEPCKHMM TEXHUKAMA

BPATHUCIIAB I1. MAPUHKOBUR', AMBRA DELNERI?, MAJA C. PABACOBWR', MUPA TEP3UE’,
MLADEN FRANKO? 1 [IPATYTHH IIEBUR'

1I/Ich7uL_uyu7 3a pusuxy, Beoipag, 4. tip. 68, Ynusepsuiueit y Beoipagy, ZLaboratoryfor Environmental
Research, University of Nova Gorica, Slovenia u 3IIpupogno—mamemMamuuxy Gaxynimend, YHusepsuiem y
Hosom Cagy

[lpencras/beHa je MpUMeHa MeTola BEJIUKe OCET/bMBOCTH — BPEMEHCKH pasioKeHa
nmacepcku MHAykoBaHa ¢myopecuennuja (TR-LIF) u cuctem 3a yOpusraBawme y NpOTOK ca
cnektpoMetpujom Tepmuukor counBa (FIA-TLS) — Ha ananusy Cr-duxoeputpuHa (Cr-PE)
W30JI0BaHOT M3 MocedHe BpCTe LMjaHobakTepHje. Y omcery nodyne TanacHUX OykuHa (340—
—470 nm) ¢IyopecLeHTHH CHEeKTPH IMOoKa3yjy U3pasUT MakCHUMyM Ha 575 nm. 3amaxeH je
Takohe W Opyru MakcumyM, Ha oko 600 nm. JTobujeHu pe3ynTaTd ce KOPUCTE 3a ITPOBEPY
TEXHUYKHX TlapameTapa 3a YInoTped/beHy TeXHUKY TepMHUUYKOr coyuBa. OHa je KOMIIEMEH-
TapHa CNeKTPO(UIyOPOMETPHjH, Ca MamOM OCET/bMBOLINY y CIydajy BUCOKHUX (PIIyOpecLieHT-
HUX KBAaHTHUX NIPUHOCA U QOTONaOUITHUX jeJUbemha.

(ITpumsbeHo 17. ampuna 2013)
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Abstract: In this paper, the interaction of cupferron (Cup) and its lead(l1) com-
plex [Cup—Pb(I1)] with chondroitin sulfate (CS) was investigated by the linear
sweep voltammetric method. In the selected medium of pH 5.5 (acetic acid—
—hexamine buffer solution), Cup can interact with Pb(ll) to form a stable com-
plex of [Cup—Pb(ll)], which has a sensitive second order derivative polaro-
graphic reductive peak at —0.64 V vs. SCE. After the addition of CS into a
solution of the Cup-Pb(ll) complex, the reductive peak current decreased
without any shift of the peak potential and no new peak appeared, which indi-
cated that a non-electroactive supramolecular complex of CS with [Cup—Pb(I1)]
was formed. The binding reaction conditions were carefully investigated. The
interaction mechanism under the optimal conditions was discussed. The
decrease of reductive peak current, 1,”, was directly proportional to the CS
concentration, thus a new quantitative determination method for CS was estab-
lished with the linear regression equation as Al,” / nA =36.97(c / mg L1 +
+ 12.45 (n = 10, y = 0.995). The effects of other substances on the determi-
nation were carefully investigated and three synthetic samples were determined
with satisfactory results. The binding constant (55) and the binding number (m)
of CS with [Cup—Pb(ll)] complex were calculated from the voltammetric data
with the results S = 1.89x10%0 and m~ 2.5.

Keywords. cupferron; lead(l1); chondroitin sulfate; linear sweep voltammetry;
interaction.
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INTRODUCTION

Chondroitin sulfate (CS) is a glycosaminoglycan with a disaccharide unit of
p-D-galactosamine and S-D-glucuronic acid.1 CS was first extracted from cartel-
age in 1984 and it was reported to have many important biological and pharma-
cologica activities, such as anticoagulant and anticancer properties, anti-inflam-
matory activity, lipid metabolism promotion, osteoporosis treatment, etc.2:3 Thus,
in clinical therapy CS has been used as an effective medicine for the treatment of
chronic diseases such as rheumatism, degenerative arthritis, lumbago, gastric
ulcer, cirrhosis and chronic photo damage.# Recently, more biomedical activities,
including drug delivery, tissue engineering, regenerative medicine and surgery,
have been reported.>—7

The determination of the content of polysaccharide is the most efficient way
to inspect the effective components of a product in the quality control of poly-
saccharide drug, as well as the best stable basis for a study of drug stability.
Therefore, it is significant to establish a sensitive method for the determination of
CS. Nowadays, many different kinds of analytical methods have been proposed
for CS determination, such as the Elson-Morgan method,8° spectrophoto-
metry,1011 HPLC12-14 and electrophoretic methods.1>-17 However, these
methods often suffer from some disadvantages, such as low sensitivity, poor
selectivity or a complicated procedure. Owing to the advantages of higher sen-
sitivity, wider liner range, faster response and cheaper instrumentation, electro-
chemical methods have drawn much attention and have been used to determine
successfully different kinds of biomolecules, such as DNA,1819 RNA,20 pro-
tein, 2122 heparin2324 and chondroitin sulfate.?> However, most of the papers
were based on the interaction of the biomolecules with electroactive substances.
To the best of our knowledge, they are seldom based on the interaction of bio-
molecules with metal complexes.

As a commonly used organic compound, cupferron (Cup) can form stable
complexes with many metals, which has been widely applied for the determi-
nation of trace metal elements, such as Cr, Al, Pb, Zn, etc., by spectrophotometry
and electrochemical methods.26-2° The metal complexes can also form a polaro-
graphic adsorption wave on a mercury working electrode, which can be used for
the sensitive detection of metal ions.30 Sun et al. studied the interaction between
Cup and Cd(Il) and a new €electrochemical method for determining proteins was
established by using the complex of [Cup—Cd(I1)] as a voltammetric probe.31

In thiswork, Pb(I1) was selected to interact with Cup and a stable electroche-
mically active complex of [Cup—Pb(Il)] was formed, which showed a sensitive
and stable voltammetric reductive peak at —0.64 V (vs. SCE) on a dropping mer-
cury working electrode. The polarographic behaviors of the [Cup—Pb(I1)] com-
plex was carefully investigated on a dropping mercury electrode.32 Thus, the
[Cup—Pb(I1)] complex was selected as an electrochemical probe to study the
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binding reaction with CS and its further use to determine CS. The addition of CS
into a solution of the [Cup—Pb(11)] complex resulted in a decrease in the concen-
tration of the free [Cup—Pb(I1)] complex in solution and consequently a decrease
in the electrochemical response without any change of the peak potential, which
indicated that the [Cup—Pb(I1)] complex could interact with CS to form a supra-
molecular complex. The decrease in the electrochemical response was directly
proportional to the CS concentration; thus, a new sensitive anaytica method for
CS determination was established.

EXPERIMENTAL
Apparatus

The second order derivative linear sweep voltammetric measurements were performed
on a model JP-303 polarographic analyzer (Changed Apparatus Factory, China) with a
conventional three-electrode system, composed of a dropping mercury electrode as the work-
ing electrode (DME), saturated calomel as the reference electrode (SCE) and a platinum wire
as the auxiliary electrode. A pHS-25 acidimeter (Shanghai Leici Instrument Factory, China)
was used for the pH measurement. All the experiments were performed at 25+1 °C. All
potentialsin the paper are expressed against SCE.

Reagents

Chondroitin sulfate (CS, 99 %, Shandong Linyitianli Biochemical Company, China) was
used as received without further purification. A 1.0 mg mL-1 stock solution of CS was pre-
pared by directly dissolving 0.1000 g of CS in water, then diluting to the mark in a 100-mL
volumetric flask and stored at 4 °C. The working solutions were obtained by directly diluting
the stock solution with water. A 1.0x103 mol L1 solution of cupferron (Cup, Shanghai Far
Navigation Chemical Reagent Factory, China) was prepared by dissolving 0.0155 g Cup in
water and diluting to 100 mL. A 1.0x10"3 mol L-1 solution of lead nitrate (Shanghai Jinshan
Chemical Plant, China) was prepared by dissolving 0.0333 g of the substance in water and
diluting to 200 mL. A 1.0 mol L1 acetic acid-hexamine buffer solution was used to control
the acidity of reaction solutions. The buffer solution was prepared by mixing 34.05 g of
hexamine diluted to 250 mL and adjusting the pH to 5.5 by diluting with 1.0 mol L1 acetic
acid (HAc). All of other employed reagents were of analytical reagent grade and doubly dis-
tilled water was used throughout.

Procedure

Into a dry 10 mL calibrated tube, the following reaction solutions were added in the
following order: 1.5 mL of pH 5.5 HAc-hexamine buffer, 0.5 mL of 1.0x103 mol L1 Cup,
0.25 mL 1.0x10°3 mol L1 Pb (I1) and an appropriate amount of CS or sample solution. The
mixtures were diluted to the mark with water, mixed thoroughly and allowed to stand for 20
min at 25 °C. A blank solution was aso prepared by the same procedure but without the
addition of CS. Then the solution was transferred to a 10 mL electrochemical cell and the
second order derivative linear sweep polarographic curve was recorded over the potential
range from —0.3 to -0.8 V vs. SCE. The vaues of peak current of the [Cup—Pb(I1)] complex in
the presence (1,") and absence (I, 0" of CS at —0.64 V were measured, and the difference in the
peak currents (Al," = 1,0"-1,") was used for CS determination.
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RESULTS AND DISCUSSION
Second order derivative linear sweep polarogram

The second order derivative linear sweep polarograms of HAc—hexamine,
Cup, Pb(l1) and their mixture with CS are shown in Fig. 1. Curve 1 is the pola-
rogram of the HAc-hexamine buffer solution and no polarographic peak
appeared, which indicated that no electroactive substances existed in the HAc—
—hexamine buffer. Curve 2 is the polarogram of the Cup solution; a reductive
peak at —0.54 V was obtained, resulting from the reduction of Cup on the mer-
cury electrode. Curve 3 is the polarogram of Pb(Il); no peak appeared in the
scanned potential range. Curve 4 is the polarogram of the Cup-Pb(Il) solution; a
new well-defined polarographic reductive peak at —0.64 V was obtained, which
was due to the interaction between Cup and Pb(l1) and the deoxidization of the
newly formed complex [Cup—Pb(l1)] on the mercury electrode. Curve 5 and 6 are
the polarograms of the mixture of different amount of CS with [Cup—Pb(11)].
Owing to the interaction of CS with [Cup—Pb(Il)], the concentration of free
[Cup—Pb(11)] in solution decreased, resulting in decreases in the reductive peak
current. The decrease in the peak current was proportional to the concentration of
CS, which could be further utilized for the determination of CS.
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Fig. 1. Second order derivative linear sweep voltammograms of the Cup—Pb(I1)-CS
interaction system. 1. pH 5.5, HAc-hexaming; 2. 1 + 5.0x10° mol L1 Cup; 3. 1 + 2.5x10®
mol L-1 Po(11); 4. 1 + 5.0x10-°> mol L1 Cup + 2.5x10°°> mol L1 Pb(I1); 5. 4+ 10.0mg L"1 CS;
6. 4+20.0 mg L1 CS. The potentials are expressed vs. SCE.

Optimal reaction conditions

The influence of the reaction conditions, such as the acidity of the buffer
solution, the ratio of Cup and Pb(Il) concentrations, reaction time, reaction tem-
perature, the instrumental conditions, the ion strength, etc., were carefully inves-
tigated.
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The effect of buffer acidity on the difference of peak current (Alp") was
investigated by keeping the Cup, Pb(ll1) and CS concentration constant and
changing the buffer pH in the range from 3.5 to 6.5. The results are shown in Fig.
2, from which, it can be seen that the value of Alp" reached its maximum at pH
5.5; hence, pH 5.5 was selected for this assay. The volume of HAc—hexamine
buffer solution added into the solution was investigated in the volume range of
1.0-5.0 mL and 1.5 mL was found suitable for the following procedures.

The effect of the ratio of Cup and P(I1) on the value of Al,"” was studied by
keeping CS concentration at 20.0 mg L1, the Cup concentration at 5.0x10~° mol
L-1 and changing the Pb(ll) concentration. The results showed that the value of
Alp" reached its maximum when the Pb(l1) concentration was 2.5x10~° mol L—L.
Hence, the ratio of Cup to Pb(Il) was kept constant at 2:1 in the following expe-
riments.

35 40 45 50 55 60 65
pH
Fig. 2. Theinfluence of pH on the binding interaction; 5.0x10° mol L1 Cup + 2.5x10°> mol L-
1Pb(I1) +15.0 mg L-1 CSiin different pH (HAc-hexamine buffer) solutions.

After mixing Cup, Pb(Il) with CS, the value of Aly” reached the maximum
within 20 min and remained constant for about 2 h. Thus, the system gave suffi-
cient time for routine experiments.

The influence of adding order of Cup, Pb(Il), CS and buffer on the value of
Alp" was also studied. The order Cup, Pb(l1), buffer and CS was selected as the
optimal adding order, which indicated that the formation of the [Cup—Pb(ll)]
complex was the key for the binding reaction.

The effect of the reaction temperature on the interaction was also tested in
the range of 10-40 °C. The results showed that there were no obvioudly diffe-
rences on Alp" in the selected temperature range. Therefore, the reaction tempe-
rature had little influence on the interaction and 25 °C was used throughout.

The effect of instrumental conditions, such as the scan rate and the dropping
mercury standing time (the lifetime of the mercury drop) were tested. As shown
in Fig. 3, the results indicated that the value of Aly” increased with increasing
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potential scan rate in the range of 300 to 1000 mV s-1 and mercury drop time.
However, the mercury drop would fall down naturally when the dropping mer-
cury standing time exceeded 24 s. Hence, the scan rate and the standing time
were selected as 1000 mV s1 and 22 s, respectively.

The effect of NaCl concentration on this assay was also examined and the
results are shown in Fig. 4, from which it could be seen that the presence of NaCl
had a significant influence on the interaction. The value of Al," decreased with
increasing salt concentration in the range 0.01-0.2 mol L-1, which proved that
the interaction of [Cup—Pb(l1)] with CS was mainly caused by electrostatic
attraction. The electrostatic shielding effect of the charges on binding reaction
with the increasing Na* concentration was detrimental to the formation of the
CS—Cup—Phb(Il) complex.
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Fig. 3. Theinfluence of scan rate on the binding interaction. 5.0x10° mol L-1 Cup +
2.5x10° mol L-1 Po(I1) + 15.0 mg L-1 CSin pH 5.5 HAc-hexamine buffer.
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Fig. 4. The effect of NaCl concentration on the binding interaction. 5.0x10" mol L1 Cup +
2.5x10° mol L1 Pb(I1) + 15.0 mg L1 CS and different amount of NaCl in pH 5.5
HAc—hexamine buffer.
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Influences of co-existing substances

The influences of co-existing substances on the determination of 15.0 mg
mL—1 CS were also tested and the results are listed in Table |. They show that the
commonly present substances such as metal ions, amino acids and glucose, had
little effects on the determination.

TABLE I. Influence of co-existing substances on the determination of 15.0 mg L1 CS

Co-existing Concentration  Relative | Co-existing Concentration  Relative
substance mg L1 error, % | substance mg L1 error, %
Ni2* 2.0x106 mol L1 0.62 L-Glutamate 1.0 -1.55
Zn%* 2.0x108mol L1  —7.57 L-Glutamine 1.0 3.40
SDS 1.0 10.51 L-Valine 1.0 4.02
B-CD 1.0 -10.05 L-Arginine 1.0 1.22
RNA 1.0 -8.04 L-Cysteine 1.0 4.82
HSA 1.0 2.94 L-Leucine 1.0 0.93
DNA 1.0 4.79 Glycin 1.0 —2.78
Glucose 1.0 124 L-Tyrosine 1.0 4,50

Calibration curve

Under the optimal conditions, a calibration curve for CS determination, Fig. 5,
was obtained in the concentration range of 1.0-25.0 mg L—1 with the linear regres-
sion equation: Alp” / nA = 36.97(c / mg L-1) + 12.45 (n = 10, y = 0.995). The
relative standard deviation (RSD) for eleven parallel determinations of 15.0 mg
L-1 CSwas 2.59 % and the detection limit was calculated as 0.69 mg L1 (30).

]

0 5 10 15 20 25
C./mgL

Fig. 5. Relationship between the difference in the peak current and the concentration of CS.
5.0x10°5 mol L1 Cup + 2.5%105 mol L1 Pb(I1) and different amount of CSin pH 5.5
HAc-hexamine buffer.
Sample determinations

Three synthetic samples containing CS, metal ions, amino acids, etc. were
analyzed by the proposed method with the results listed in Table I1. It can be seen
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that this new method was practical and reliable in the determination of CS in
synthetic samples with arecovery in the range of 94.3-105.8 %.

Stoichiometry of CS-Cup—Pb (1) complex

According to a method given in the literature,33 the binding number and the
equilibrium constant of the supramolecular complex were determined. It was
presumed that Cup—Pb(I1) interacting with CS formed only a single complex of
CS-mCup—Pb(I1). The binding number (m) and the equilibrium constant (85) of
the binding reaction could be calculated from the following equations:

CS+mCup—Pb(ll) — CS-mCup—Pb(ll) Q)
The equilibrium constant was deduced as follows:
_ [CS-rnCup-Pbr]n B
[CS][Cup-Pb]
Since:
A Imax = kecs (©)
A 7 =K CS-mCup—Pb(11)] 4
[CS] + [CS-MCup—-Pb(ID] = ccs (5)
Therefore:
A Imax—A 1 = k(ccs{ CS-mCup-Pb(I1)]) = [CY (6)
Combination of Egs. (2), (4) and (6) gives.
log [A 7] (A lmax —A)] =log B+ mlog [Cup—Pb(l1)] @)

where Al is the difference of the peak current in the presence and absence of CS
and Almax corresponds to the obtained value when the concentration of [Cup—
—Pb(11)] is much higher than that of CS. CCS, [CS], [CS-mCup—Pb(Il)] corres-
pond to the total, free and bound concentration of CS in the solution, respecti-
vely.

TABLE Il. Determination results of CS in synthetic samples (n = 5); conditions: L-glutamine,
L-leucine, glucose, L-arginine and glutamic acid, 1.0 mg L-%; Ni2*, Mg?* and Ni2*, 2.0x10°®
mol L-1

Sample Foreign co-existing substances Added Found - Recovery  RD

mgLl mgL1 % %
1 L-Glutamine, L-leucine, glucose, Mg2* 10.0 9.43 94.3 3.84
2 L-Arginine, glutamic acid, Mg?*, Ni2* 10.0 9.68 96.8 0.51
3 L-Arginine, glutamic acid, Mg?*, Ni2* 20.0 21.16 105.8 112

The relationships between 15", Alp” (151" —152") and the concentration of CS
are shown in Fig. 6. The relationship of log [Al / (Almax — Al)] with log [Cup—
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—Pb(I1)] is shown in Fig. 7. From the intercept and the slope m ~2.5 and fs =
= 1.89x1010, respectively, were deduced. The results indicate that a 2:5 complex
of 2CS-5Cup—Pb(I1) was formed under the selected conditions.
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Fig. 6. Relationship between I," and Ceompiex (1 and 2) and Al," and Ceomplex (3)- 1) ccs =0, 2)
Ccs=15mg L, 3) Al =1" — 1"
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Fig. 7. A plot of log (Al/(Alyax — Al)) against log [Pb(11)].

CONCLUSIONS

This paper described a new el ectroanalytical method for the determination of
CS by using Cup—Pb(Il) as an electrochemical probe. The interaction of Cup with
Pb(Il) in the solution formed a stable complex, which had a sensitive linear
sweep voltammetric peak at —0.64 V vs. SCE. The addition of CS into the Cup—
—Pb(I1) solution caused a decrease of the reductive peak current of Cup—Pb(ll)
without a change in the peak potential, indicating a new supramolecular complex
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had been formed. The binding interaction of CS with [Cup—Pb(I1)] could be further
applied to the determination of micro-amounts of CS with satisfactory results.
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HOBA EJIEKPOXEMHUJCKA METOJA 3A OOPEBHMBAILE XOHOPUTHUH-CYJIPATA
BA3SUPAHA HA CYIIPAMOJIEKYJIAPHOJ UHTEPAKLIMJH CA [KYII®EPOH—- Pb(II)]
KOMIUVIEKCOM

XUELIANG NIU"*, PINGPING ZHANG'? WEILI ZHANG'* 1 WEI SUN?
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HcnuruBaHa je uHTepakuuja kyndepona (Cup) u Pb (II) xommiexkca [Cup—Pb(II)] ca
XOHApUTHH-Cyndarom (CS) nomohy BosTameTpHje ca TMHEapHOM IIPOMEHOM IOoTeHIHjana. Y
menujymy pH 5,5 (nmydep cupheTtHa kucennHa—xexcamuH), Cup pearyje ca Pb(II) dopmu-
pajyhu cradunan xommiexc [Cup—Pb(1I)], xoju maje ocetssuB momaporpadcku pemyKIHOHU
nuk gpyror pega Ha —0.64 V npema 3KE. Ilocne mopatka CS y pactBop kommiekca [Cup—
—Pb(I1)], cTpyja pemyKUHOHOT MHUKA Ce CMamyje He3 moMepamwa U He3 1ojaBe HOBOT MHKA, IITO
yKasyje Ha GOpMHUpame eleKTPOXeMHjCKH HEaKTUBHOT CynpaMoJsieKynapHor komiiekca CS ca
[Cup—Pb(II)]. YcimoBu oBe peakuuje Cy [eTa/bHO MCHUTHBAaHU. [JUCKYTOBAaH je MeXaHHM3am
HMHTEpaKUyje MojJ ONTHMATHUM ycloBUMa. CMameme CTpyje PeOyKLHOHOT MHKa je JTUPEKTHO
NPONOPLUOHANHO KOHLeHTpanuju CS, ma je mocraB/beHa HOBa KBaHTHTAaTHBHA MeToja 3a
onpehusame CS, ca THHEApHOM PErpecloHoM jenHaunHoM Alp” / nA = 36,97(c / mg L71) +
+ 12,45 (n =10, y = 0,995). UcnutrBaH je edexat yTuliaja APYTUX CyTNCTaHIM Ha ofpehuBame
U aHaIM3MpaHa Cy TPU CHUHTETHYKa y30pKa ca 3aloBo/baBajyhum pesynrtatuma. M3 BolTameT-
PHjCKMX ITofaTaka U3padyyHaTH Cy KOHCTaHTa popmupama (fs) u dpoj Besanux CS (m) ca kom-
nnexcom [Cup—Pb(11)] u usHoce S, = 1,89x1010 u m = 2,5.

(ITpumiseno 19. pedpyapa, pesuaupano 25. anpuna 2013)
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Abstract: The interpenetrating polymer network of fast temperature-responsive
hydrogels based on soy protein and poly(N-isopropylacrylamide) were success-
fully prepared using sodium bicarbonate (NaHCO,) solutions as the reaction
medium. The structure and properties of the hydrogels were characterized by
Fourier transform infrared spectroscopy, scanning electron microscopy, diffe-
rential scanning calorimetry and thermal gravimetric analysis. The swelling
and deswelling kinetics were also investigated in detail. The results showed
that the proposed hydrogels had a highly porous structure, good miscibility and
thermal stability, and a fast temperature response. The presence of NaHCO;5
had little effect on the volume phase transition temperature (VPTT) of the
hydrogels, and the VPTTs were at about 32 °C. Compared with the traditional
hydrogels, the proposed hydrogels had much faster swelling and deswelling
rates. The swelling mechanism of the hydrogels was non-Fickian diffusion.
These fast temperature-responsive hydrogels may have potential applicationsin
thefield of biomedical materials.

Keywords. soy protein; poly(N-isopropylacrylamide); hydrogels; fast response.

INTRODUCTION

Stimuli-responsive hydrogels have attracted more and more attention in bio-
medical and pharmaceutical fields.! Increasing interest in a new class of mate-
rials based on blends of natural and synthetic polymers has been observed during
the last three decades, 24 as the blends have the advantages of both natural and
synthetic polymers. In recent years, natural polymers due to their renewability,
biodegradability and biocompatibility have attracted great interest in blending
with stimuli-responsive polymers for biomedical applications.2® An effective
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212 Lueal,

method to prepare these blends is the interpenetrating polymer network (IPN)
technology.57 Recently, poly(N-isopropylacrylamide) (PNIPAAM), a typical
temperature-responsive polymer with a volume phase transition temperature
(VPTT) around 32 °C, has been utilized to blend with some natural polymers
using IPN technology to develop new temperature-responsive hydrogels for bio-
medical utilization.8-11

It is noteworthy that natural proteins have also been the subject of significant
interest in the design of biomedical materials in recent years. Some animal pro-
teins, such as collagen, gelatin, casein, albumin and whey protein, have been
investigated for drug, nutrient, and bioactive peptide delivery.12 Soy protein, a
very important plant protein, was used to blend with other polymers for drug
delivery13,14 and wound dressing materials.1> However, plant proteins, particul-
arly soy protein, as new devices for drug delivery have not been fully investi-
gated.

It iswell known that the response rate of stimuli-responsive hydrogelsis one
of the most important parameters for evaluating their performance. Hydrogels
with a dow response rate may be limited in their applications. Therefore, various
strategies have been proposed to improve the response rate. These strategies
include the introduction of comb-type grafted chains,16:17 the fabrication of mic-
rogelsi8 or nanogels,19.20 and the formation of macroporous structures in hydro-
gel matrices using pore-forming agents,21.22 foaming agents?3.24 and phase sepa-
ration technologies.2>.26

In a previous work, the preparation and properties of soy protein/PNIPAAmM
IPN hydrogels were discussed.2’ In this work, a new strategy was developed to
obtain fast responsive soy protein/PNIPAAmM IPN hydrogels using phase sepa
ration and foaming agent technologies. The structure and properties of the pro-
posed hydrogels were studied by Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), differential scanning calorimetry (DSC)
and therma gravimetric analysis (TGA), and their swelling and deswelling
kinetics were also investigated in detail.

EXPERIMENTAL
Materials

Soy protein isolate (SPI, protein content > 95 %) was kindly provided by Dupont Y un-
meng Protein Ltd., China. N-Isopropylacrylamide (NIPAAmM) was purchased from Tokyo
Chemical Industry Co. Ltd., Japan. Ammonium persulfate (APS) was obtained from Y ongda
Chemical Reagent Ltd., China. N,N'-Methylenebisacrylamide (BIS, a crosslinking agent for
NIPAAmM), glutaraldehyde (GA, a crosslinking agent for SPl) and sodium bicarbonate
(NaHCOg3) were supplied by Kermel Chemical Reagent Ltd., China. Tetramethylethylene-
diamine (TEMED) was purchased from Qianjin Chemical Reagent Ltd., China. All reagents
were of anaytical grade.
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Preparation of hydrogels

A certain amount of NaHCO3; was added into a mixture composed of NIPAAm (2.0 g),
SPI (0.4 g) and deionized water (15 mL) and dissolved completely. The mixture was bubbled
with nitrogen and then GA (0.2 mL), BIS (0.04 g), APS (0.02 g) and TEMED (20 pL) were
added in order. Finally, this mixture was injected immediately into poly(vinyl chloride) tubes
(6 mm diameter) to polymerize at 15 °C in alow temperature reactor for 24 h. The hydrogels
obtained were cut into pieces of 3 mm in length and put into 0.1 mol L-1 HCI solutions until
bubble formation ceased. Then, the hydrogels were taken out from HCl solutions and
immersed in deionized water for three days. The deionized water was refreshed every 4 h
during this period. The swollen hydrogels were dried at room temperature and further dried at
40 °C in a vacuum oven for three days. The sample code, PNSO, PNS1, PNS2 and PNS3
means that the amount of NaHCOj5 in the above mixture was 0.0, 0.2, 0.3 and 0.4 g, res-
pectively.
FTIR spectroscopy

The FTIR spectra (Equinox 55, Bruker, Germany) of the vacuum-dried samples were
recorded. Each sample was ground with KBr (ratio of sample to KBr 1:100) and compressed
into a pellet. The spectra were recorded in the transmission mode as an average of six scans at
aresolution of 0.2 cmrL,

Morphology investigation

The hydrogels swollen to equilibrium in deionized water at 25 °C were first frozen at <40
°C for 10 h, and then freeze-dried for 24 h using a SHKY LGJ18 freeze-dryer (China). Cross-
sections of the freeze-dried gels were sputter-coated with gold and the morphologies of the
coated gels were examined using an SEM (Quanta 400F, FEI, The Netherlands) operated at an
acceleration voltage of 20 kV.

Differential scanning calorimetry investigation

The glass transition temperatures (Tg) of the dried samples were determined by diffe-
rential scanning calorimetry (DSC 204, Netzsch, Germany). All samples were first heated
from room temperature to 120 °C at a rate of 20 °C min'l under a nitrogen atmosphere and
then cooled to room temperature. The samples were then reheated to 180 °C at 10 °C min'L,
The Ty of the samples was determined from the second cycle. The midpoint of the inflection
was taken asthe T,

Thermal gravimetric measurement

The thermal stability of the hydrogels was examined using a thermal gravimetric anal-
yzer (TG 209, Netzsch, Germany). All vacuum-dried samples were heated from room tempe-
rature to 700 °C under a nitrogen atmosphere at a heating rate of 10 °C minL.

Swelling kinetics measurements

Pre-weighed dried hydrogels were immersed in deionized water to swell. At regular time
intervals, the swelling hydrogels were taken out to weigh after removal of the surface water
through blotting with filter paper and then put back into the same vials. The swelling ratio
(SR) was calculated using the following equation:
M t— M d

d

R= %100 ()
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where My is the weight of a dried hydrogel and M is the weight of the swollen hydrogel at
timet.
Measurement of the deswelling kinetics
The swollen hydrogels at equilibrium in deionized water at 25 °C were weighed and then

immersed in deionized water at 37 °C to deswell. At regular time intervals, the hydrogels were
taken out to weigh and then put back into the same vials. The water retention (WR) was
defined as the deswelling ratio and was calcul ated using the following equation:
M —My

e Vid
where My is the weight of a dried hydrogel, M; is the weight of the swollen hydrogels at the
timet and M, is the weight of the swollen hydrogels at the equilibrium state at 25 °C.

RESULTSAND DISCUSSION
Preparation of hydrogels

According to the preparation strategy, fast temperature-responsive soy pro-
tein/PNIPAAmM IPN hydrogels were obtained through the following two steps.
First, the polymerization was performed in NaHCOg3 solutions. During the reac-
tion, the presence of NaHCOg led to phase separation and consequently made the
polymer chains curled, intertwisted together and finally agglomerated due to the
salt effect,28 which resulted in the formation of a heterogeneous porous struc-
ture.29 Second, after the polymerization, the NaHCO3 in the hydrogel network
was used as a foaming agent. When the hydrogels were removed, cut into pieces
and put into HCI solution, carbon dioxide gas was generated due to the reaction
between NaHCO3 and HCI, which was released from the hydrogel matrix, result-
ing in the formation of a highly porous structure. As aresult, the proposed hydro-
gels (PNSL, PNS2 and PNS3) with fast response rates were accordingly achieved.

WR= %100 ©

Sructure and morphology analysis

The FTIR spectra of PNSO (prepared in the absence of NaHCO3) and PNS2
are shown in Fig. 1, and the data of the characteristic absorption bands are listed
in Table I. The main characteristic absorption band of PNSO were found at 3434
and 3302 cm1, due to the stretching vibration of O-H and N—H groups, respec-
tively, and at 1649 and 1543 cm1, attributed to amide | (C=0 group) and amide
Il (N-H group), respectively. The spectrum of PNS2 was very similar with the
respective bands appearing at 3436, 3305, 1652 and 1543 cm1. This similarity
indicates that the NaHCO3 had been completely removed from the PNS2 hydro-
gel matrix. The presence of soy protein in the hydrogels was hard to evidence
because the characteristic absorption bands of soy protein and PNIPAAmM are
similar.

The morphological images of the cross-sections of the freeze-dried hydro-
gelsare shown in Fig. 2. It was found that the structures of the porous network of
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the hydrogels are influenced by the presence of NaHCOg3 in the reaction medium.
The conventional soy protein/PNIPAAmM IPN hydrogel (PNSQO) prepared in water
had alower porosity than that of the proposed hydrogels. These porous structures
were created during the freeze-drying step, when the ice crystals sublimate and
pores are left behind in the hydrogel matrices.30 Compared with PNSO, the poro-
sity of the proposed hydrogels increased with increasing content of NaHCOg in
the polymerization medium. These results indicate that the presence of NaHCO3
had an effect on the structures of the hydrogel network.

124
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Fig. 1. FTIR spectraof PNSO and PNS2.

TABLE |. Characteristic absorption bands of the samples

OH and NH bands, cmt Amide| band, cmt Amidel band, cm?
Sample
Vo-H WN-H Vc=0 ON-H T VoN
PNSO 3434 3302 1649 1543
PNS2 3436 3305 1652 1543
DSC analysis

The glass transition temperature, Ty, is one of the characteristic temperatures
for polymer blends. A single Tgq means that the blends are miscible. The DSC
thermograms of the hydrogels are shown in Fig. 3. All the samples had only a
single Tg, which indicates that the samples had good miscibility. The Tg of PNSD,
PNS1, PNS2 and PNS3 depicted in Fig. 3 were almost the same, which demon-
strates that content of NaHCOg3 had almost no effect on the Tq of the proposed
hydrogels.
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Fig. 3. DSC thermograms of dried hydrogels.
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Thermogravimetric analysis

Therma gravimetric analysis (TGA) is a useful technigue to study the
thermal stability of composite polymeric materials. The rate of weight loss of the
samples as a function of temperature is depicted in Fig. 4. It could be observed
that all samples underwent two decomposition stages. The first stage of weight
loss for the samples was observed at ca. 210 °C (4.65 % weight loss) due to the
decomposition of small molecules. In the second stage, the maximum weight loss
of the samples was observed. The maximum decomposition temperature of
PNSO, PNS1, PNS2 and PNS3 were 419.5 (95.63 % weight loss), 409.4 (88.93 %
weight loss), 410.1 (91.01 % weight loss) and 411.6 °C (91.06 % weight 10ss),
respectively. These results show that the hydrogels had good thermal stability for
biomaterial applications.

X
=
20
L
=

11‘)0 2(‘]0 3l‘)0 4(‘]0 5(‘)0 6(‘]0

T T T T T T T 1
350 375 400 425 450
Temperature, ‘C
Fig. 4. TGA thermograms of dried hydrogels.
Temperature responsivity

The temperature response of the samples was evaluated by measuring their
equilibrium swelling ratios, and the results are shown in Fig. 5. It could be seen
that the samples had similar equilibrium swelling ratios and almost the same
VPTT (around 32 °C). The equilibrium swelling ratios decreased with increasing
temperature. Hydrophobic groups (—CH(CH3)2) and hydrophilic groups
(-CONHR) existed in the hydrogels, which correspond to the hydrophobic and
hydrophilic regions, respectively. When the temperature was below the VPTT,
hydrogen-bonding interactions between the hydrophilic groups and water mole-
cules were dominant, resulting in high equilibrium swelling ratios, while when
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the temperature was above the VPTT, the hydrophobic interactions in the hydro-
gels become dominant and weakened the hydrophilic interactions, eventually
leading to hydrogel shrinkage and the equilibrium swelling ratio decrease mark-
edly. It is noteworthy that the presence of NaHCOs3 in the polymerization
medium had little effect on the VPTT of the hydrogels.

800
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Swelling ratio, %
L B wr
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100

25 30 35 40 45
Temperature, ‘C

Fig. 5. Equilibrium swelling ratios as a function of temperature.

Swelling kinetics

Pre-weighed dried hydrogels were immersed in deionized water at 25 °C to
swell, and the swelling ratios were measured to evaluate their swelling pro-
perties. The results are shown in Fig. 6. In the initial swelling stage, the hydro-
gels had a smilar swelling profile. However, as the swelling continued, the
swelling rates of PNS1, PNS2 and PNS3 were faster than that of the conventional
hydrogel (PNSO). Moreover, the swelling rate increased with increasing amount
of NaHCO3. PNS3 hydrogel reached equilibrium swelling first. Initially, the
much smaller distance between the polymer chainsin the dry hydrogels produced
strong interaction forces that prevented the water molecules from diffusing into
the hydrogel matrices, which resulted in low swelling rates and similar swelling
profiles. As the swelling continued, the polymer chains become stretchable and
the porous structures become the dominant factors, which enabled the water
molecules to permeate easily into matrices of the hydrogels and resulted in a fast
swelling rate. As a result, the higher the content of NaHCOg3 in the polymeri-
zation mixture, the higher was the achieved swelling rate. It was also found that
PNSO had a higher swelling ratio in the late stages of swelling than those of the
proposed hydrogels. As mentioned above, the proposed hydrogels obtained in
NaHCO3 solutions had more physical entanglements among the polymer chains
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due to the salt effect and consequently had a relatively low swelling ratio in the
late stages of swelling.
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Fig. 6. Swelling kinetics of hydrogelsin deionized water at 25 °C.

In order to investigate the swelling mechanism of the hydrogels, a simple
and effective method was employed to analyze the swelling data for MM, < 0.6,
that is;31-34

M¢ / M., = ktn (©)

where Mt and M, are the amount of water absorbed at time t and at equilibrium,
respectively; k is a characteristic constant and n is the characteristic exponent of
the mode. The exponent n was obtained from the slope of a plot of In (Mi/Mc)
versusint (Fig. 7), and the results are given in Table Il. The values of nin Table
Il indicate that the swelling mechanism of the hydrogels was non-Fickian
diffusion and the value of n increased with increasing amount of NaHCOs in the
polymerization mixture. Thus, the content of NaHCO3 influenced the swelling
kinetics of the hydrogels.

Deswelling kinetics

The hydrogels swollen to equilibrium in deionized water at 25 °C were
immersed in deionized water at 37 °C to deswell. The water retention was
measured to evaluate their deswelling properties, and the results are shown in
Fig. 8. It could be seen that the deswelling rates of the proposed hydrogels were
much faster than that of the conventional hydrogel (PNSO). The water retention
of PNS1, PNS2 and PNS3 after 30 min were 37.56, 27.70 and 25.72 %, respect-
ively, whereas it was 47.35 % after 300 min for PNSO. When a to equilibrium
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Fig. 7. Fitting of swelling kinetics for hydrogels in deionized water at 25 °C.

TABLE II. Diffusional exponents and deswelling constants for swelling and deswelling
kinetics

Equation (3) Equation (4)
sample n R? k/ min? R?
PNSO 0.68 0.99749 0.00274 0.97955
PNS1 0.73 0.99599 0.03164 0.98486
PNS2 0.76 0.99799 0.04196 0.96967
PNS3 0.83 0.99446 0.04527 0.97621

swollen hydrogel is transferred into higher temperature deionized water, the
temperature rises first on the hydrogel surface; hence, if the initial temperature
was below and the final temperature above the VPTT, the surface PNIPAAmM
molecules shrink first in the surface, which results in the formation of a dense
skin layer on the hydrogel surface. This skin layer can hinder the outward
permeation of water molecules from the hydrogel interior.35 As the shrink
continues, the water molecules inside the hydrogels continue to be extruded. As a
result, PNSO deswells slowly and some bubbles on its surface were observed
during the deswelling. In an earlier study,2’ hydrogels containing soy protein
were shown to have a higher deswelling rate than that of a PNIPAAmM hydrogel,
which indicates that soy protein on the hydrogel surface could reduce the density
of the skin layer, resulting in relatively high deswelling rates. In the present case,
the proposed hydrogels have highly porous structures on the surface and in the
interior of the hydrogels. The porous effect is greater than the soy protein effect
on the skin layer, and consequently the dense skin layer has little effect on PNS1,
PNS2 and PNS3. Therefore, PNS1, PNS2 and PNS3 had faster deswelling rates.
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To investigate the deswelling kinetics quantitatively, a semi-logarithmic plot
of afirst-order rate analysis was used to fit the time dependence of the deswelling
given by Eq. (4):36

Mt -Mq _
Me—Mg

where k is the deswelling constant and t is time. A larger k means a faster
deswelling process. The value of k obtained from the slope of the plot of In (M—
—Mg)/(MeMg)) versust (Fig. 9) are given in Table 1. As shown in Table I, the
value of k for PNS3 is 16 times greater than that for PNSO. Moreover, the value

In —kt (4)

0.0
0.2
-0.4

-0.6

In ((M-M /(M -M))

-+ Fig. 9. Deswdling rate
0 50 100 150 200 250 300 analysis of hydrogels in
Time, min deionized water at 37 °C.
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of k increases with increasing mass of NaHCOg in the polymerization medium
(Fig. 10), which further confirms the analyses above.
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£ 002
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0.01
u
0.00
T T T T T T T T — Fig. 10. Dependence of slope
00 01 02 03 4k on mass of NaHCO; in the
Mass of NaHCO, g feed.
CONCLUSIONS

Fast temperature-responsive soy protein/PNIPAAmM IPN hydrogels were
successfully prepared using the phase separation and foaming agent technologies.
All the proposed hydrogels showed good miscibility and thermo-response, and
thermal stability. The hydrogels prepared in NaHCO3 solutions had a highly
porous structure and showed fast swelling and deswelling rates.
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ITOBUJAILE U CBOJCTBA TEMITEPATYPHO-OCET/BMBUX XUPOTEJIOBA HA BA3HU
[TPOTEUHA COJE/PNIPAAm IPN CA bP3UM OJJTOBOPOM

YONG LIU', YINGDE CUT?, GUOJIE WU* u MIAOCHAN LIAQ®

1School of Chemistry and Chemical Engineering, Zhaoging University, Zhaoging 526061, P.R. China,
2Institute of Green Chemical Engineering, Zhongkai University of Agriculture and Engineering, Guangzhou
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Hnrepnenerpupajyhe nmonumepse mpesxe, IPN, TeMnepaTypHO OCET/bUBUX XHIPOTe0Ba
Ha 0a3u mporenHa coje u moau(N-u30nponuIakpruiIaMuia) YCIelHO Cy CHHTeTHCaHe y pac-
TBOpPY HaTpujym-xupporeHkapdonara (NaHCOg3). CTpykTypa M CBojcTBa CHHTeTHCaHUX IPN
XUIPOTesaoBa Cy OKapaKTepUCaHH MH(paUpPBEHOM CHEKTPOCKONMjOM, CKeHHpajyhom enex-
TPOHCKOM CIIEKTPOCKONHjOM, JU(EPEHLIHjaTHOM CKEHUPajyhoM KaJOpPUMETPHjOM U TEPMO-
IrpaBUMETPHjCKOM aHannu3oM. KrHeTwka mpoueca Oydpema M Jexunpartandje XUAPOTENOBa,
npaheHa npeko npomeHe creneHa dydpema, AETa/BHO je MprKa3aHa. Y pany je rmokasaHo fAa
CUHTETHCaHW XUIPOTeN0BH MOCeNyjy MOpPO3HY CTPYKTYpY, NOOpPY MELIJBUBOCT KOMIIOHEHTH
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NOTMMEpHe CMellle, TepMUYKY CTabWIIHOCT, Kao ¥ Op3 TemmnepatypHH ozarosop. IIpucycrso
noporeHa, NaHCOj3, y peakilMOHOj CMELIH He3HaTHO je yTUIIaa0 Ha TeMIIepaTypy 3alpeMHUH-
ckor nceyno-dasHor npenasa (VPTT) (oxo 32 °C). ¥ nopehewy ca KOHBEHLIMOHATHUM XUIPO-
resoBUMa, cuHTeTHCaHu IPN XumporesnioBu ca MOpPO3HUjOM CTPYKTYpOM Nokasyjy Behe Gp3une
Oybpema u mexupparauyje. IIpouec dydopema XUAporenosa ce MOXKe ONUCAaTH He-(QUKOBCKUM
3axoHOM ax(ysuje. CHHTETHCAHU XHUAPOTENIOBH ca OP3UM TEeMIIEPaTypHUM OJTOBOPOM MOTY
HahH MoTeHIHjaTHy TPUMeHY y 001acTi SHOMeIULIMHCKHAX MaTepHjasa.

(ITpumiseno 19. pedpyapa, pesuaupano 25. anpuna 2013)
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Solution behaviour of (N,N’-ethylenebis(salicylideneiminato))-
iron(l11) chloridein agueous methanol
at 298.15, 303.15 and 313.15K
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Abstract: In this study partial molar volumes (¢9) and viscosity B-coefficients
of (N,N'-ethylene-bis(salicylideneiminato))iron(lI1) chloride, abbreviated as
Féell(salen)Cl, in different aqueous methanolic solutions were determined
from solution density and viscosity measurements at the temperatures
298.15, 303.15, and 313.15 K under ambient pressure. The apparent molar
volumes (py) and densities (p) were used to calculate the apparent molar
expansibilities (pg), the partial molar expansibilities (p2) and the tempe-
rature dependence of the partial molar expansibilities () at constant pres-
sure, (g2 /dT), of Fe'll(salen)Cl solutions to reveal the nature of different
interactionsin the ternary solutions. The transition state theory was applied to
analyze the viscosity B-coefficients based on the activation parameters of
viscous flow. The overall results indicated strong solute-solvent interactions
between Fé'!'(salen)Cl and the solvent molecules, preferentially with water
molecules and that Fe!'l(salen)Cl acts as a net structure promoter in the
ternary solutions. The UV—-Vis absorption spectra of the ternary solutions
stand in support of the obtained results.

Keywords. partial molar volumes; viscosity B-coefficients; (N,N'-ethylene-
bis(salicylideneiminato))iron(l11) chloride; aqueous methanol.

INTRODUCTION

Many natural products contain structural units similar to those of metal
heterocyclic compounds that could be used as targets for synthetic, methodolo-
gica, and biological applications.1 Schiff base metal complexes belong to class
of the many potential materials that deserve extensive studies and, amongst the
traditional metal complexes, salen-type Schiff base ligands or their derivatives
are of great importance in coordination chemistry and homogeneous catalysis.2
They can also be regarded as models of reaction centres for metalloenzymes3 and

* Corresponding author. E-mail: biswachem@gmail.com
doi: 10.2298/JSC170413082B
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nonlinear optical materials.# According to Groves et al.,>/ simple iron(I11) por-
phyrins can be used as models for the reaction site of cytochrome P-450. In this
regard, metal complexes of the salen ligand are also of great interest to synthetic
chemists, since they share features in common with metalloporphyrins as far as
their electronic structure and catalytic activities are concerned. Interestingly,
Felll(salen)Cl and Fe'll porphyrins have some structural and chemical simil-
arities.89 Like Fe!l porphyrins, the iron atom of Fe!ll(salen)Cl has a penta-coor-
dinated pyramidal geometry wherein the tetradentate salen ligand is in a square
planar coordination and the chloride ligand is attached at an apical position. The
complex has an open sixth coordination site and salen forms some complexes
that mimic porphyrin chemistry.10 Moreover, Fell(salen)Cl has an affinity for
oxygen molecules and is capable of forming oxo-species as do Fe!l porphyrin
derivatives.89 Amongst the conventional solvents, methanol is used in numerous
chemical processes and it is has a structure analogous to water but with a —CHs3
group in place of a proton. This substitution affects the liquid structure and
causes significant differences between methanol and water. Hence it is important
to understand how solutes such as Fé!ll(salen)Cl behave in these mixed metha-
nol-water solvents, because an understanding of such behaviour could throw
light on the effects of solute concentration on the hydrogen-bonded network,
solvation structure and solute dynamics, etc.11

However, such studies on Felll(salen)Cl in various pure and mixed
solvents are still rare in the literature. To the best of our
knowledge, only one report on the solvent effects on the electrochemical
behaviour of Fe!ll(salen)Cl is available in the literature.12 Hence in this work,
the solution behaviour of Fell(salen)Cl in different aqueous methanol solutions
were studied at 298.15, 303.15 and 313.15 K under ambient pressure and the
results are discussed in terms of solute—solute and solute—sol vent interactions.

EXPERIMENTAL
Materials

Analytical reagent (AR) grade ferric chloride, FeCl3-6H,0 (s), 1,2-ethylenediamine (1),
and sdlicyladehyde (1), each of purity > 99 %, were purchased from Merck, India. These
chemicals were used as received. Spectroscopic grade methanol (minimum assay, GC, purity
> 99.8 %) with 0.05 % of water was purchased from Merck, India and used as received.
Doubly distilled de-ionized water with a specific conductance of 1x10% S cm® at 298.15 K
was used for preparing the mixed solvents. Various binary solvents were prepared by mass,
with necessary adjustments by volume, to achieve the exact mass fraction of methanol (w, =
= 0.60, 0.70, 0.80 and 0.90) at 298.15 K. The relative error in solvent composition was
estimated to be about 1 %. The physical properties of different solvent/solvent mixtures at the
experimental temperatures are reported in Table S-1 of the Supplementary materia to this
paper and compared against available literature val ues. 1316

Felll(salen)Cl was prepared by a known method?’ taking FeCl;-6H,0(s) and the Schiff
base, salenH,(s) in ethanol (in a 1:1 molar ratio). SalenH, (N,N’-ethylenebis(salicylidene-
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amine)) was obtained from an ethanolic solution of 1,2-ethylenediamine and salicylaldehyde
(in a 1:2 molar ratio) for 1 h. The bright yellow crystalline solid (m.p. 128 °C) was filtered
and washed with ethanol several times and dried under vacuum. Metallation was realized by
refluxing an ethanolic solution containing FeCl;-6H,0 (s) (1.08 g, 4 mmol) and salenH, (1.07
g, 4 mmol) with little triethylamine (NEts3) for 30 min at 60 °C. Fe!/(salen)Cl was obtained
as a deep brown microcrystalline solid from the mixture and was dried under vacuum at 50—
60 °C and then recrystallized from ethanol. It was kept in a vacuum desiccator over anhydrous
CaCl,. The purity of the complex was checked by elemental analysis (Calcd.: C, 53.74; H,
3.95; N, 7.84; Cl, 9.91; Fe, 15.63 %. Found: C, 53.64; H, 4.01; N, 7.94; Cl, 9.85; Fe, 15.60 %)
and IR spectroscopy. Elemental micro-analyses were realised with the aid of a Perkin—EImer
(Model 240C) instrument. The IR spectra ware recorded on a Perkin—Elmer FT-IR
spectrophotometer. Characteristic IR bands for the prepared complex (KBr, cmrl) are 585.76,
617.44, 757.92, 795.02, 904.87, 1445.82, 1544.35, 1629.76, 3448.17. The magnetic moment
(measured with a Sherwood Scientific magnetic balance) was found to be 5.31 ug (5.29 ugl8)
a room temperature. The molecular structures of the ligand SalenH,, the complex
Fell(salen)Cl and its dimer [Fe!'(salen)Cl], areillustrated in Fig. S-1 of the Supplementary
material. The IR spectra of the ligand SalenH, and Fé!'(salen)Cl are shown in Fig. S-2 of the
Supplementary material.

Stock solutions of the complex in different aqueous methanol solutions were prepared by
mass and the working solutions were prepared by mass dilution. Solute molalities (m) were
converted into molarities (c) using experimental density values. All solutions were prepared
fresh and degassed with dry nitrogen before use. The uncertainty in the molarity of
Fé!ll(salen)Cl solutions was eval uated to be +0.0001 mol dmr3,

Methods

The mass measurements were performed on a digital electronic analytical balance
(Mettler, AG 285, Switzerland) with a precision of £0.01 mg. The densities were measured
with a vibrating-tube density meter (Anton Paar, DMA 4500M), which was cdlibrated at the
experimental temperatures with doubly distilled, degassed water and dry air at atmospheric
pressure. The temperature was automatically kept constant with an accuracy of #1x103 K
using a built-in Peltier device. The stated repeatability and accuracy of the densities were
+1x10° and +5x10° g cm3, respectively. However, when the accuracy of the measured
densities was checked with the density of an aqueous NaCl solution of known molality based
on the data given by Pitzer,1® the uncertainty of the measured densities for most of the
solutions was estimated to be +1x10° g cm3. The viscosity was measured by means of a
suspended Ubbel ohde (Canon-type) viscometer thoroughly cleaned, dried and calibrated at the
experimental temperatures with triply distilled, degassed water and purified methanol 2022 |t
was filled with experimental solution and placed verticaly in a glass sided thermostat
(maintained constant to + 0.01 K) with the aid of wooden clumps. Sufficient time was allowed
for the attainment of thermal equilibrium and the flow times of the solutions were recorded
with adigital stopwatch (correct to £ 0.01 s). In al determinations, adequate precautions were
taken to minimize evaporation losses and at |east three repetitions of each data (reproducible
to £0.02 s) were taken as the average of the flow times. The uncertainty in viscosity measu-
rements was estimated to be within +4x104 mPa s. The absorption spectra of Fé'!'(salen)Cl
(5%10° mol dm3 ) in different agueous methanol solutions at 298.15 K were recorded on
Jasco V-530 double beam UV—Vis spectrophotometer (coupled with a thermostatic arrange-
ment). A quartz cell with a path length of 1 cm was used and the reference solvent was
spectroscopic grade methanol for all the spectroscopic measurements.
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RESULTS AND DISCUSSION

Molalities (m), densities (p) viscosities (77) and the apparent molar volumes
(pv) for the experimental solutions of Fe!ll(salen)Cl in different agueous metha-
nol solutions at various temperatures are given in Table S-11 of the Supplement-
ary material. The apparent molar volumes (py) of Félll(salen)Cl in different
aqueous methanol solutions were determined from the solution densities by using
the following equation:

ov =(M [ p1)—1000(p — p1) / (Mppn) 1)

where M is the molar mass of Fe!ll(salen)Cl, mis the molality of the solution, p1
and p are the densities of the solvent and solution, respectively. When the ¢y
values were plotted against the square root of molal concentrations (Ym), a linear
dependence was observed. Hence the partial molar volumes ((p\(}) at infinite dilu-
tion and the experimental slopes (Sy)were determined using the least squares
fitting of gy valuesto the Masson Equation:23

ov =99 +SyVm @)

The ¢Q and S values are reported in Table I, which shows that the ¢
values are positive and increase as the amount of water in the mixtures increases

TABLE I. Partial molar volumes (¢0) and the slopes (Sy) of Eg. (2) with the corresponding
standard deviations (o) for Fe!ll(Salen)Cl in different aqueous methanol solutions at different
temperatures (standard errors are given in parenthesis); w; —mass fraction of methanol

T/K @Y x 108/ mé mol-t Sy x1068 / m3 kg2 mol-3/2 ox10% / m3 mol-1

w; = 1.00

298.15 247.37 (+4.65) —1537.95 (+56.44) 3.10

303.15 228.45 (+4.26) ~1400.29 (+51.76) 2.84

313.15 216.30 (+5.18) —1335.03 (+62.88) 3.45
w; = 0.90

298.15 257.09 (+5.83) ~1659.90 (+72.09) 3.86

303.15 243.14 (+3.17) —1554.86 (+39.15) 2.10

313.15 232.10 (+4.65) —1524.93 (+57.44) 3.08
w; = 0.80

298.15 260.72 (+4.47) —1779.20 (+56.26) 2.96

303.15 253.03 (+0.02) —1734.17 (+50.46) 2.66

313.15 244.78 (+3.02) —1672.77 (+38.05) 2.00
w; = 0.70

298.15 262.39(+3.59) —1830.54 (+45.76) 2.39

303.15 257.29 (+3.95) ~1799.56 (+50.35) 2.63

313.15 256.91 (+3.95) —1826.92 (+50.39) 2.63
w; = 0.60

298.15 264.36 (£5.07) —1012.71 (+65.74) 3.40

303.15 261.07 (+6.86) -1917.72 (+88.93) 4.60

313.15 261.20 (+4.89) —1031.27 (+63.41) 3.28
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but decrease with increasing temperature. This indicates the presence of strong
solute—solvent interactions?2.24 and these interactions were further strengthened
at higher contents of water but weakened at higher temperatures. The depend-
ences of the (p\o/ values on the solvent composition and temperature are shown in
Fig. 1. Fé'll(salen)Cl can exist either as dimer or monomer in the solid state. Its
behaviour in the solid state depends on the nature of the solvent used in its
recrystallization. However, the two forms can be distinguished by their magnetic
moments and IR spectra (shown in Fig. S-2 of the Supplementary material). For
monomeric complexes, the range of the magnetic moment is 5.29-6.06 ug. A
value of 5.31 ug was obtained for the complex Fe'll(salen)Cl and the IR spectra
are devoid of any band near 850 cm1. Thus, the complex was in monomeric
form2> rather than in the dimeric form and hence, it contains a d® high spin
electronic configuration?6:27 with a square planar geometry around Fe3* at the
centre and an apical chlorine atom as coordinated to the fifth coordination site.
Thus, solvent molecules can coordinate to the unoccupied sixth position of the
coordination site. In this regard, the donor power of individual solvents plays a
crucia role. Aqueous methanol solutions are characterized by hydrophobic and
hydrophilic interactions. Both computer simulation?8 and experimental studies?9-34
revealed that water strongly interacts with methanol to form complexes. Recent
spectroscopic and high performance liquid chromatographic studies revealed that
methanol forms a number of complexes with a number of water molecules at low
methanol but at high methanol content, it forms a 1:1 complex.29-34 According
to Zhang and Wu,35 the two critical solvent compositions are H,O:CH30H =~ 5:1
and ~ 1:1. Thus, as the methanol concentration decreases, more water molecules
become free in the bulk solvent mixtures. Hence methanol and water molecules
may coordinate for the sixth vacant coordination site of Fe!ll(salen)Cl via O---Fe
interactions. Moreover, methanol/water may also interact with Fel!l(salen)Cl via
hydrogen bond interactions with ONNO sites of the complex and thereby
affecting its spin-equilibrium in solution. No doubt, H,O will have comparatively
more such hydrogen bond interactions than CH30OH and because of the fact that
methanol (with an effective hard sphere diameter 0.364 nm36) is more bulky than
water (with effective hard sphere diameter 0.284 nm35), the increase in the gy
values as well as the concomitant increase in the (p\o/ values with increasing
water content in the mixtures may be attributed to preferential coordination of the
unoccupied sixth position of Fe'll(salen)Cl by water molecules or preferential
solvation of Fe'll(salen)CI by water molecules due to stronger electrostatic inter-
action and comparatively more donor strength of water than methanol .37 Again,
asthe ga\f} values for the ternary systems increase with more water or polarity of
the solvent mixture (the order of relative permittivity of the solvent mixtures:24
31.5, 35.7, 40.1, 45.0 and 50.1 for wy = 1.00, 0.90, 0.80, 0.70 and 0.60, res-
pectively), the complex most probably remains in its monomeric form in the
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solution phase, because the Fe-atom is comparatively more available to the
solvent molecules for O---Fe interactions in the monomeric form18 than in the
dimeric form. However, the decrease in the (p\o/ values with rising temperature
indicates disruption of hydrogen bonds and O:---Fe interactions at elevated
temperatures. The slight increase in the (p\(} values at 303.15 and 313.15 K for
solvent mixtures with wy; = 0.60 may probably arise from a delicate balance
between the loosely bound dimer and the monomer in this solvent compo-
sitions.2527 The parameter Sy is avolumetric viral coefficient and characterizes
the pair-wise interactions between solvated species3839 in solution. Its sign is
determined by the interactions between solute species (solute-solute inter-
actions). The negative values of Sy and their trend opposite to that of the (p\(}
values indicate weak solute-solute interactions for Felll(salen)Cl in the studied
experimental aqueous methanol solutions.
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These results are reflected in the UV—Vis absorption spectra of the studied
solutions. The absorption spectra of the Schiff base, salenH> in methanol and
various aqueous methanol solutions at 298.15 K are shown in Fig. 2. The spec-
trum of salenH» in methanal is characterized by the presence of two strong peaks
at 254 and 316 nm and a weak peak at 404 nm, which were discussed pre-
viously.22 Interestingly, when water was introduced, the pesk at 404 nm of
salenH» gradually disappeared and a valley was formed as the concentration of
water increased in the ternary solutions and thus, the position of the weak peak at
404 nm varies with the polarity of the aqueous methanol solutions. In addition,
the 316 nm peak underwent hypochromic shifts on addition of water. The absorp-
tion spectra of Felll(salen)Cl in methanol and various agueous methanol solutions
at 298.15 K are shown in Fig. 3, which shows that the 404 nm peak of the Schiff
base disappeared in methanol as well as in al the aqueous methanol solutions
due to coordination of solvent moleculesto Fe(l11). Simultaneously, an additional
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peak at around 500 nm appeared and suffered hypsochromic shifts, indicating
coordination or solvation by solvent molecules.40 The peak at 258 nm did not
change appreciably but a new peak at around 320 nm appeared as the amount of
water in the ternary systems increased.2”
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Fig. 2. Changesin the UV—Vis absorption spectra of salenH, solutions in different agueous
methanol solutions at 298.15 K for wy: 1, 0.70; 2, 0.60; 3, 0.90; 4, 0.80. w; isthe mass fraction
of methanol in the aqueous methanol solutions. Inset: 1, salenH, in methanol; 2, average
absorption spectrain agueous methanol mixtures at 298.15 K.
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Fig. 3. Changes in the UV-Vis absorption spectra of Fe'!!(salen)Cl solutions in different
agueous methanol solutions at 298.15 K for wy: 1, 1.00; 2, 0.90; 3, 0.70; 4, 0.80. w, isthe
mass fraction of methanol in the agueous methanol solutions. Inset: 1, Fe'!!(salen)Cl in
methanol; 2, average absorption spectrain agueous methanol mixtures at 298.15 K.
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The apparent molar volumes (py) and densities (p) were used to derive the
apparent molar expansibilities (pg) of Fe!ll(salen)Cl solutions by using the rela-
tion:24

¢E = orpy +1000(c — ap) / (Mpo) (©)
where o and ag are the coefficients of isobaric therma expansion of the solvent
and solution, respectively, and the other symbols have their usual significances; o
and ag are defined as: a = -pg(8p0/dT)p and a = —p~L(3p/5T)p, respectively. The
uncertainty of the a and ag values was +6x10-6 K—1 and the uncertainty in the g

values was within +(0.006-0.061)x10-6 m3 mol~1 K-1. The partial molar expan-
sibilities (¢ ) were determined from the relation:24

9e = 92+ Sg/m (4)

The (pg values for the different experimental solutions at different tempera-
tures are listed in Table S-1I of the Supplementary material. The Table reveas
that the gog values are negative and decrease further as the temperature increases
but increase with increasing content of H»>O for all the solutions. These facts may
be attributed to structural perturbation influenced by the gradual appearance or
disappearance of the caging/packing effect4! as the water content increases in the
ternary solutions or as the temperature of the solutions increases, respectively.

According to Hepler,42 the sign of (5 ¢2/3T)p is a better criterion in charac-
terizing the long-range structure making or breaking ability of a solute in the
solution phase. If the (o gog /3T)p values are small negative or positive, the solute
acts as a structure maker, otherwise it acts as a structure breaker. The
(392 /5T)p values were obtained from the slope of a linear fit of the go% values
against the experimental temperature (T). The correlation coefficients (R¢) values
were within the range (0.97210-0.99552). The (6 (pg /6T)p values for different
ternary solutions are given in Table Sl of the Supplementary material and
Fe!ll(salen)Cl was found to act as a net structure promoter in the aqueous meth-
anol solutions.

It is reported3 that Fe!ll(salen)Cl can produce a stable [Fe!!! (salen)]* cation
but the experimental solutions did not respond to the AgNOg test for free Cl—.
Hence, the solution viscosities (;7) were analysed with a modified Jones-Dole
equation:44

n/m=nr =1+Bc (5)
where 5y = 5/n1 is the relative viscosity; 51 and # are the viscosities of solvent
and solution, respectively. The adjustable parameter B, referred to as the visco-
sity B-coefficient, was obtained by least squares analysis and the obtained values
are reported in Table I1. Similar to ¢J, the viscosity B-coefficient>46 provides

another avenue to the effects of solute—solvent interactions based on the solution
viscosity. Table Il shows that the viscosity B-coefficients for Fe!ll(salen)Cl in the
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studied solvent systems were positive but their temperature dependence was
negative. A solute that has positive viscosity B-coefficients with a negative
dependence on temperature is generally considered as a structure maker. Accord-
ingly Fe!ll(salen)Cl can be considered as a structure maker for the present solvent
systems studied. However, the viscosity B-coefficients decreased on the intro-
duction of water (wq from 1.00 to 0.90), but after that the viscosity B-coefficients
increased monotonically with further addition of water to the ternary solutions.
This is probably due to a sudden perturbation of the arrangement of methanol
molecules in the bulk methanol structure arising from strong solvent—solvent
interactions in the solvent mixture with wy = 0.90. However, for the remaining
solvent compositions, solute—solvent interaction seems to dominate in the charac-
terisation of the solution viscosities and the viscosity B-coefficients.

TABLE II. Viscosity B-coefficients with standard deviations (o) for Fe!'(salen)Cl in different
aqueous methanol solutions for linear regression of Eq. (5) at different temperatures (standard
errors are given in parenthesis); w; — mass fraction of methanol

Parameter T/K
298.15 303.15 313.15

wj = 1.00
Bx103/ m3 mol-1 8.424 (+0.254) 8.255 (+0.161) 8.124 (+0.143)
R2 0.99459 0.99772 0.99815
ox103 0.002 0.001 0.001

wy = 0.90
Bx103 / m3 mol-! 7.295 (+£0.156) 6.941 (+0.265) 6.706 (+0.124)
R2 0.99725 0.99131 0.99794
ox103 0.001 0.002 0.001

wy =0.80
Bx103/ m3 mol-1 7.649(+0.180) 7.123 (£0.244) 6.887 (+0.199)
R2 0.99667 0.99302 0.99502
ox103 0.001 0.002 0.001

wy =0.70
Bx103/ m3 mol-1 7.883 (+0.364) 7.193 (+0.004) 6.991 (+£0.079)
R2 0.98738 0.99999 0.99922
ox103 0.002 0.001 0.001

w; = 0.60
Bx103 / m3 mol-! 7.891 (£0.231) 7.439 (£0.261) 7.133 (x£0.298)
R2 0.99490 0.99265 0.98962
ox103 0.002 0.002 0.002

According to Eyring and co-workers,46 the application of statistical thermo-
dynamics to the hole model of viscous flow based on the absolute reaction rate
theory yielded the following relation for the free energy of activation for viscous
flow per mole of the solvent/solvent mixture (A,ul@*) :
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n 0
gl 1} ©

A" =AG* =RTIn :
s -] 2

where Np and q, 1 ae the Avogadro number and the partial molar volumes of
the solvent, respectively. Other symbols have their usual meanings.#5 The above
relation was also used for liquid mixtures?>46 and when rearranged this relation
can be expressed as:

0 O* O*
RTIn[—m%’lJ:—(ASl J+(AH1 ](% (7)
hNa R R T

Hence, the values of AH;™ and AS™ were obtained from a linear
regression treatment of Eq. (7) with correlation coefficient (R2) values within the
range 0.99866-0.99961. Plots of In (771¢\9’1/hNA‘) against (103/T) are shown in
Fig. S-3 of the Supplementary material. A correlation between viscosity B-
coefficients and the deviation between the contribution per mole of a solute to the
free energy of activation for viscous flow of the solution (A,ug*)and the free
energy of activation of viscous flow per mole of the pure solvent or solvent
mixture (Azy ") was suggested by Feakins et al.,47 in the form of the following
relation:

Ay —vAu
:(V¢\91‘¢’\92)+‘P\91( = R-Il-/ﬂl ) (8)

where the coefficient v is 1 for an undissociated uncharged sol ute and gov , isthe
partial molar volume of the solute. Thus, the (A,u2 —A,ul *) values were cal-
culated using relation (8) and the B-coefficient values were obtained from Eq.
(5). Again, the (Au,™ — Awy”™) values can also be expressed as:

Ay™ = A, AS," —AS® AH,” —AH; ™
(ﬂzRT!ﬁ) (SzR )+(2R1)(%j ©

where AS and AH; “* arethe standard partial molar entropy and enthalpy, res-
pectively, of actlvatlon for viscous flow per mole of ith component in the solu-
tion. Hence, a linear regression treatment of Eqg. (9), with the corrélation
coefficient (R2) values within the range 0.81698-0.96863, provided the values of
(AS," —AS") and (AH," —AH; ") fr from the corresponding slopes and inter-
cept. The parameters A’ o and (Au, —A,u®9 ) are reported in Table IlI.
AH{™ (AH“ _AH; "), AS" and (A —ASl ) are reported in Table IV.
Plots of (Ay2 — Ay Y RT against (10°/T) are shown in Fig. S-4 of the Sup-
plementary material.
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TABLE III. The free energy of activation for viscous flow per mole of the solvent—solvent
mixture, A;zi , its dewatlon from the free energy of activation for viscous flow per mole of
the solute, Au, ™, and (Au, " —Aw; ") for Fe'l(salen)Cl in different aqueous methanol solu-
tions at different temperatures (standard errors are given in parenthesis); w; — mass fraction of
methanol

T/K A" I kImolL (A, " =A™ 1 kI molL
Wqp = 1.00

298.15 9.97 (+0.01) 525.22 (+0.26)

303.15 9.97 (+0.01) 519.26 (+0.17)

313.15 10.00 (£0.02) 521.15 (+0.15)
w; =0.90

298.15 10.52 (+0.02) 511.29 (+0.16)

303.15 10.53 (+0.02) 491.39 (+0.27)

313.15 10.61 (+0.01) 484.95 (£0.13)
w; =0.80

298.15 10.95 (+0.01) 593.23 (+0.18)

303.15 11.04 (+0.02) 559.14 (+0.25)

313.15 11.22 (+0.02) 553.04 (+0.20)
Wq = 0.70

298.15 11.12 (+0.02) 671.90 (+0.37)

303.15 11.23 (+0.02) 621.36 (+0.01)

313.15 11.43 (£0.02) 618.75 (+0.08)
w; = 0.60

298.15 11.33(0.02) 734.73 (£0.24)

303.15 11.47 (+0.02) 701.61 (£0.27)

313.15 11.73 (+0.01) 689.83 (+0.30)

TABLE V. The standard partial molar enthalpy of activation for viscous flow of a solvent—
solvent mixtures, AH{”, and its deviation from the standard partial molar enthalpy of
activation for viscous flow of the solute, AHS", (AH5" —AH{”"), along with the standard
partial molar entropy of activation for viscous flow of asolvent—solvent mixture, AS”", and
its deviation from the standard partial molar entropy of activation for viscous flow of the
solute, ASy", (ASy" —AS™"), for Fe'l(sdlen)Cl in different aqueous methanol solutions;
w; —mass fraction of methanol

w AH" (AHS" —AH{) AS” (ASy" —AS")
1 kJ mol-1 kJ mol-1 Jmol-1K-1 Jmol-1K-1
1.00 9.28 (+0.01) 587.17 (+7.34) —2.31 (x0.04) 214.20 (+4.09)
0.90 8.56 (+0.02) 988.83 (+7.72) —6.54 (+0.07) 1617.19 (+6.17)
0.80 5.62 (+0.01) 1307.11 (+4.45) —17.89 (+0.03) 2423.24 (+8.32)
0.70 4.95 (+0.01) 1592.97 (+3.39) —20.72 (+0.03) 3135.12 (+6.59)
0.60 3.37 (+0.01) 1552.35 (+4.52) —26.70 (+0.02) 2767.67 (+7.28)

Table |11 shows that the Aﬂi@* values are amost invariant of the solvent

composition and temperature, |mpIy|ng that A,u

viscosity B-coefficients and the (gov
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solvent as well as the contribution from the movement of solute molecules. The
Aug* values were positive at all the experimental temperatures and decreased as
the temperature increased and increased as the content of water in the ternary
solutions (except for those with wi= 0.90) increased. Such atrend of the A,ug*
values suggest that the viscous flow becomes easier at higher temperatures but
becomes more difficult with increased amount of water in the ternary solutions,
i.e., the formation of the transition state becomes less favourable with increased
amounts of water but higher temperature favour its formation.4>

According to Feakins et al.,4” a solute molecule interacts with every solvent
molecule and the sum of these interactions for all solute and solvent moleculesis
collectively defined as the solute-solvent interaction. A solute molecule interacts
with al the solvent molecules in solution including any solvent molecule in its
transition state. Thus the effect of the solute on the activation free energy of the
solvent molecule is the difference between the solvation energies of the solute in
the ground state solvent and the transition state solvent or free energy of transfer,
AGS” (1-1") between them. The second contribution to Ax5” comes from the
movement of the solute through its own viscous transition state, AG@ (2—2).
Hence, the term A,u;3 can also expressed as:

AuS" =AGS" (1-1)+AGS" (2— 2) (10)

The values of AGS" (2 2)) can be approximated with the Ayl@ values and the
values of AGgD (1—>1’) sumply become equal to the (A/zz —Ayi ") values.

Thus, the quantity (Au2 A,u1 ") isthe change in the activation energy per
mole of solute on replacing one mole of solvent by one mole of solute at infinite
dilution. The obtained values of (Aus” —Auy”™) are positive for al the solvent
mixtures and the values decrease amost linearly as the temperature increases for
al the solvent mixtures, but they increase with further addition of water in the
ternary solutions (except for those with wy = 0.90). The positive (A" —Aup™)
values and their negative temperature dependence with a similar trend in the
viscosity B-coefficients for Fe!ll(salen)Cl indicated the structure making ability
of the solute and transfer of solute molecules from the ground state solvent to the
transition state solvent is thermodynamically hindered.

Table IV shows that the AH 59* values are positive for al the solvent sys-
tems and thus indicate rupture and distortion of the solvation bonds or intermole-
cular forces in the activated state of viscous flow and that the viscous process is
endothermic. Thus, the viscous flow will be accompanied by a decrease in order
and thus positive AS%9 values were obtained for all the studied solutions. How-
ever, the negative ASl@ values for al the solvent mixtures may be attributed to
the negative entropy of mixing of the solutions over the entire range of concen-
tration for agueous methanol; such a negative entropy of mixing originates from
the strong association between the solvent molecules at low methanol contents3®
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and the tendency of the solvent molecules to segregate and form clusters*8-50 in
aqueous methanol solutions, which dominate the thermodynamics of aqueous
methanol solutions.51.52

CONCLUSIONS

In the present study, derived parameters such as partial molar volumes
(¢9), partial molar expansibilities (¢2), viscosity B-coefficients and various
activation parameters for viscous flow for the under investigation Fe'll(salen)Cl
indicate the presence of strong solute-solvent interactions and these interactions
are further strengthened at higher content of water in the ternaries but decrease at
higher temperatures. The results further show that Fel!l(salen)Cl is preferentially
more solvated by water than methanol and it acts as a net structure promoter in
the studied ternary solutions. The UV-Vis absorption spectra of the ternary
solutions support of the obtained results. A transition state theory treatment of
viscosity B-coefficients revealed that the transfer of the solute molecules from
ground state solvent to transition state solvent is thermodynamically hindered and
the viscous process is endothermic.

SUPPLEMENTARY MATERIAL

The physical properties of different agueous methanol solutions and experimental
densities, viscosities of F&!'l(salen)Cl solutions along with derived parameters at the expe-
rimental temperatures and their dependence on solvent composition and temperatures, etc.
(listed in Tables S-Sl and Figs. S 1-S-4) are available electronically from http://
/lwww.shd.org.rs/JSCS/ or from the authors on request.
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n3BOJ

[TOHAIIIALE PACTBOPA KOJU CAIPXH (N,N “BUC(CATTUIIUITUIEH)-
ETUWIEHOUAMHUHATO)I'BOXBE(IID)-XJIOPUI Y CMEILIY BOOE U METAHOJIA
HA 298,15; 303,15 U1 313,15 K

DHIRAJ BRAHMAN u BISWAJIT SINHA
Department of Chemistry, University of North Bengal, Darjeeling-734013, India

Y oBoM papy cy onpeheHe mapuujanHe MolapHe 3allpEMKHE ((p\o,) U B-koeduuujeHTH
Jones—Dole jemnaumne (N,N ~duc(canuuunupen)etunengruamunaro)rsoxbe(I11)-xmopuna,
ckpaheno Felll(salen)Cl, y pacTBopuma cMelne pacTeapaya BOAE M METAHONA MEDPEHEM
TyCTHUHE U BUCKO3HOCTH pacTBOpa Ha TemnepaTtypama 298,15; 303,15 u 313,15 K nox atmo-
cepckum mpuTUcKkoM. IIpuBUIHE MoapHe 3ampeMuHe (¢y) U rycTuHe (p) cy kopuinrheHe 3a
IpopayyH NMpOMeHa NPUBUIHUX MOJIADHUX 3allpeMHHA Off TeMIepaType (¢g)d NapLUjaTHUX
MOJapHHX 3anpemuHa of Temneparype (¢f) kao u ogpehuBame 06/IMKa TEMIIEPATYPHE 3aBHC-
HOCTH IIPH KOHCTAaHTHOM nputHcky (090 /0T ), y pactsopuma Fe!ll(salen)Cl ca mmusmem ga ce
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OTKpHje MPUPOJa Pa3HUUTHX WHTEPAKIMja y TepHAPHUM pacTBOpUMa . TeopHja mpenasHoTr
CTama je MpUMemeHa y aHamu3u B koeduuujeHaTa Ha OCHOBY aKTHBAIlMOHHUX IapameTapa
BUCKO3HOT Toka. CBEyKYIIHHM pEe3y/ITaTH yKkasyjy Ha jake MHTepaklHje pacTBOpak—pacTBapay
usmehy Felll(salen)Cl u monexyna pacTeapaya, MpeBacxodHO MOJEKY/Ia BOME Kao M 1a ce
Fel'l(salen)Cl moHama xao KOMIOHEHTa Koja CTalHMIH3yje CTPYKTYpy TepPHapHHX PacTBOpa.
UV-Vis ancopnuioHy CIeKTpH TepHAPHUX pacTBopa NOTBphyjy modujeHe pesyntare.

(ITpumrseno 14. anpuna, pesuaupano 19. jyna 2013)
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SUPPLEMENTARY MATERIAL TO
Solution behaviour of (N,N’-ethylenebis(salicylideneiminato))-
iron(l11) chloride in aqueous methanol
at 298.15, 303.15 and 313.15K

DHIRAJBRAHMAN and BISWAJIT SINHA*
Department of Chemistry, University of North Bengal, Darjeeling-734013, India
J. Serb. Chem. Soc. 79 (2) (2014) 225-239

TABLE S-1. Densities (p) and viscosities () of different aqueous methanol solutions at diffe-
rent temperatures; w; — mass fraction of methanol

Wy T/K px103 [ kg m3 n ! mPas
Exp. Lit. Exp. Lit.
1.00 298.15 0.78662 0.78645! 0.5469 0.5421
303.15 0.78188 0.78192 0.5092 0.5102
313.15 0.77280 0.77203 0.4488 0.44703
0.90 298.15 0.81582 0.81584 0.7619 0.7885%
303.15 0.81084 0.8108* 0.7112 -
313.15 0.80236 0.80234 0.6344 -
0.80 298.15 0.84237 0.84244 1.0036 1.02414
303.15 0.83769 0.8378* 0.9634 -
313.15 0.82961 0.82944 0.8871 -
0.70 298.15 0.86761 0.8675% 1.1849 1.23354
303.15 0.86310 0.8630% 1.1430 -
313.15 0.85532 0.8550% 1.0620 -
0.60 298.15 0.89113 0.8910% 1.4091 1.42644
303.15 0.88649 0.88644 1.3689 -
313.15 0.87885 0.87874 1.3017 —

TABLE S-l. Moldities (m), densities (p), viscosities (), and apparent molar volumes (¢y/) of
Fell(salen)Cl in different aqueous methanol solutions at different temperatures; w; — mass
fraction of methanol

m/ mol kg1 px103 [ kg m3 n ! mPas @y x 108/m?3 mol-1
Wq = 1.00
T=298.15K
0.0025 0.78706 0.5539 170.12
0.0036 0.78728 0.5575 158.24

* Corresponding author. E-mail: biswachem@gmail.com
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TABLE S-1I. Continued

m/ mol kg1 px103 [ kg m3 n ! mPas @y x 108/m?3 mol-1
Wq = 1.00
T=298.15K
0.0056 0.78774 0.5638 131.25
0.0076 0.78825 0.5710 107.82
0.0097 0.78876 0.5781 97.84
0.0117 0.78931 0.5879 82.80
T=303.15K
0.0025 0.78234 0.5164 156.34
0.0036 0.78256 0.5209 148.30
0.0056 0.78302 0.5272 124.24
0.0076 0.78353 0.5327 102.06
0.0097 0.78405 0.5399 91.22
0.0117 0.78459 0.5472 78.26
T=313.15K
0.0025 0.77327 0.4551 147.90
0.0036 0.77349 0.4595 141.73
0.0056 0.77397 0.4650 112.78
0.0076 0.77446 0.4705 96.85
0.0097 0.77498 0.4761 86.23
0.0117 0.77552 0.4815 73.26
Wy = 0.90
T=298.15K
0.0025 0.81625 0.7659 179.86
0.0034 0.81646 0.7697 155.44
0.0054 0.81692 0.7772 132.14
0.0074 0.81741 0.7884 115.32
0.0093 0.81794 0.7961 95.63
0.0113 0.81849 0.8055 83.10
T=303.15K
0.0025 0.81129 0.7151 167.20
0.0034 0.81149 0.7189 150.17
0.0054 0.81195 0.7246 128.25
0.0074 0.81244 0.7321 111.99
0.0093 0.81298 0.7415 90.84
0.0113 0.81353 0.7509 78.73
T=31315K
0.0025 0.80282 0.6383 159.83
0.0034 0.80303 0.6428 139.52
0.0054 0.80350 0.6494 117.64
0.0074 0.80399 0.6559 103.37
0.0093 0.80453 0.6625 83.07
0.0113 0.80508 0.6692 71.60
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TABLE S-1I. Continued

m/ mol kg1 px103 [ kg m3 n ! mPas @y x 108/m?3 mol-1
w; = 0.80
T=298.15K
0.0024 0.84279 1.0096 177.85
0.0033 0.84300 1.0126 155.41
0.0052 0.84346 1.0251 128.99
0.0071 0.84395 1.0377 110.74
0.0090 0.84448 1.0503 93.93
0.0109 0.84507 1.0639 75.24
T=303.15K
0.0024 0.83812 0.9693 171.52
0.0033 0.83833 0.9732 150.45
0.0052 0.83879 0.9820 125.32
0.0071 0.83928 0.9926 107.60
0.0090 0.83981 1.0051 91.02
0.0109 0.84041 1.0178 71.09
T=31315K
0.0024 0.83005 0.8948 164.63
0.0033 0.83025 0.8987 149.19
0.0052 0.83072 0.9064 120.78
0.0071 0.83121 0.9169 103.47
0.0090 0.83175 0.9266 85.39
0.0109 0.83230 0.9381 72.29
Wq = 0.70
T=298.15K
0.0023 0.86802 11921 175.32
0.0032 0.86822 1.1961 158.86
0.0051 0.86869 1.2081 130.73
0.0069 0.86919 1.2240 107.82
0.0088 0.86971 1.2389 94.96
0.0106 0.87032 1.2597 72.35
T=303.15K
0.0023 0.86352 1.1470 169.15
0.0032 0.86371 1.1536 158.36
0.0051 0.86419 1.1667 127.30
0.0069 0.86468 1.1799 106.78
0.0088 0.86521 1.1930 92.27
0.0106 0.86582 1.2054 69.69
T=31315K
0.0023 0.85574 1.0651 168.44
0.0032 0.85593 1.0708 157.45
0.0051 0.85642 1.0820 123.15
0.0069 0.85691 1.0938 102.96
0.0088 0.85745 1.1066 87.06
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TABLE S-1I. Continued

m/ mol kg1 px103 [ kg m3 n ! mPas @y x 108/m?3 mol-1
w; = 0.80
T=313.15K
0.0106 0.85802 11176 69.74
W, = 0.60
T=298.15K
0.0022 0.89153 1.4105 172.30
0.0031 0.89172 14197 161.56
0.0049 0.89219 14321 128.77
0.0067 0.89270 1.4523 106.06
0.0085 0.89321 1.4707 92.97
0.0103 0.89386 1.4912 67.36
T=303.15K
0.0022 0.88688 13734 177.78
0.0031 0.88711 1.3795 148.83
0.0049 0.88756 1.3938 12541
0.0067 0.88808 1.4091 101.27
0.0085 0.88863 1.4263 82.87
0.0103 0.88918 1.4477 70.89
T=313.15K
0.0022 0.87925 1.3061 171.46
0.0031 0.87945 13121 156.25
0.0049 0.87992 1.3243 124.07
0.0067 0.88045 1.3385 97.58
0.0085 0.88097 1.3537 83.82
0.0103 0.88154 1.3736 68.60

TABLE SHI1. Limiting partial molar expansibilities (¢2) for Fe'!'(salen)Cl in different aque-
ous methanol solutions at different temperatures; w; — mass fraction of methanol

w @2 x10-3 / m® mol-1 K1 §x103/ m3kg¥2mol-t K1 (5¢2/58T),*10%
! "298.15K 303.15K 313.15K 298.15K 303.15K 313.15K m?3 mol-! K-2
100 -2158 -2208 -2278 13809 14152 14.584 -0.785
(£0.203) (+0.206) (+0.214) (+2.468) (+2.502) (+2.600) (£0.044)
090 -1.804 -1844 -1898 9623  9.868  10.130 -0.612
(+0.085) (+0.091) (+0.091) (+1.060) (+1.121) (+1.120) (+0.035)
080 -1252 -1277 -1313 8491 8641 8890 -0.389
(+0.262) (+0.265) (+0.274) (+1.299) (+1.33) (+1.449) (+0.015)
070 -0550 -0562 -0575 1504 1558 1576 -0.160
(+0.261) (+0.265) (+0.272) (+0.326) (+0.379) (0.347) (+0.015)
060 -0409 -0418 -0427 0496 0506 0518 -0.115
(+0.319) (+0.329) (+0.334) (+0.146) (+0.265) (+0.333) (+0.011)
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Fig. S-1. Molecular structures of A) salenH,, B) Fé'!'(salen)Cl and C) [Fe!!(salen)Cl]..

55
50
45
40
30
a5
15
10 -
40

40000 3600 3200 2500 2400 2000 1800 1600 1400 1200 1000 00 00 4000
Wavenumber, cin’

w
ey

Transmittance, %%

b
(=1

Fig. S-2. IR spectraof A) salenH, and B) Fe'/(salen)Cl in KBr pellets.

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




532 BRAHMAN and SINHA

In( 7714)\,710//1]\/;)

w -
(=)}

1 1 1
320 322 324 326 328 330 332 334 3.
77107 K
Fig. S-3. Plotsof In(m¢) ,/ hN,) against T for Fe'(salen)Cl in agueous methanol
mixtures. Symbols: wy = 1.00, o; wy = 0.90, o; wy =0.80, A; wy =0.70, @; w; = 0.60, A; w, is
the mass fraction of methanol in the agueous methanol solutions.
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Fig. S-4. Plotsof (Auy" —Awf™)/ RT against T-1 for Fe/!'(salen)Cl in aqueous methanol -
water mixtures. Symbols: wy = 1.00, o; wy = 0.90, o; wy = 0.80, A; wy = 0.70, e; wy = 0.60,
A ; wy isthe mass fraction of methanol in the agueous methanol solutions.
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Rheological behaviour of castor oil mixed with different
pyromellitic esters
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"Politehnica" University of Timisoara, Vasile Parvan Blv. 6, RO-300223 Timisoara, Romania

(Received 29 January, revised 29 April 2013)

Abstract: The paper presents the rheological behaviour study of castor oil
mixed with different pyromellitic esters. The pyromellitic tetra-esters used
were obtained through the esterification of pyromellitic anhydride with a spe-
cia acohol with a complex alkyl—-aryl structure (2-phenoxy-ethanol) in con-
junction with linear aiphatic alcohols with variable length (n-butanol, n-deca-
nol). The influences of the structure and concentration of the pyromellitic
esters as well as that of temperature, on the rheological behaviour were deter-
mined from the dependence between the shear stress r and the shear rate 5. An
analysis of the dependence between r and y demonstrated that the studied
solutions exhibited Newtonian behaviour. The evolution of the viscosity of the
samples with temperature was characterized by Arrhenius type equations, the
values of activation energy of viscous flow, E,, were established. This constant
can be correlated with the effect of friction reduction in the presence of addi-
tives. Characterization of the annulus of fluids flow under the effect of rota-
tional motion was also realized by the calculation of the values of the Taylor—
—Reynolds number (Tage).

Keywords. flow activation energy; Newtonian behaviour; oil additives; visco-
sity.

INTRODUCTION

The use of lubricants dates back over 3000 years when animal or vegetable
fats were used to anoint wood or to facilitate transport processes. The main
functions of a lubricant is to reduce friction and wear, to dissipate heat, to dis-
perse deposits and to inhibit corrosion and rusting, while the main properties of a
base oil are a relatively constant viscosity, low solidification temperature, low
deposit formation, low volatility, good thermal-oxidative and hydrolytic stability,
and biodegradablity.! The performance and features of lubricants differ from one
another. Their only common point is that of composition that includes a main

* Corresponding author. E-mail: andra.tamas@upt.ro
doi: 10.2298/JSC130129062B
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element called “the basis lubricant” (base ail) in proportion of 75 to 92 mass %
and various additives.23 Mineral base oils are a mixture of paraffinic, aromatic
and naphthenic hydrocarbons extracted from crude oil. Their physico-chemical
characteristics depend on the oil source and quality, as well as on the employed
processing method.!

Semi-synthetic lubricants are a mixture of mineral and synthetic oils, designed
to maintain their viscosity grades. Additives are designed to improve the perfor-
mance of lubricants and/or give them new properties. Today, practically all types
of lubricating oil contain at least one additive, and some oils contain additives of
several different types. The amount of additive used varies from a few hund-
redths of a percent to 30 % or more# They are designed to protect surfaces
(decrease friction and implicit wear, increase resistance to high pressure and inhi-
bit corrosion), to meliorate some properties of the base oil (improvement of the
pour point and/or viscosity index, de-emulsifier) or to protect it (inhibit oxidetion
and foaming).>6

Along with the need to protect the environment, the use of vegetable oil-
-based Iubricants has become an important alternative in tribology. The basic
materials suitable for producing ecological lubricants are vegetable oils because
of their high biodegradability, regeneration capacity, low toxicity and wide vari-
ety of sources.” Unlike mineral oil-based lubricants, those based on vegetable
oils are rapidly and completely biodegradable, without having a negative effect
on the ecosystem. However, their thermal and hydrolytic stability are lower than
those of synthetic oils and require improvement through a variety of measures.8-10

The vegetable oils used for this purpose can be both edible (sunflower,
soybean, coconut, peanut, palm and rapeseed) and inedible (castor oil).11.12 The
lubricating properties of castor oil were studied and were reported to be similar
or better than those of the commonly used vegetable oils.913

Pyromellitic structures are known for their thermal resistance and polyfunct-
ionality. In order to vary the properties of these esters, aliphatic alcohols of vari-
able length in conjunction with a special alcohol of a complex akyl-aryl
structure (2-phenoxyethanol) were used. The special acohol has an etheric bridge
the influence of which can be expressed by the effect of increased flexibility.

In terms of using aliphatic alcohols with a very long chain, the length of
akyl chain enables fluids of high performance in terms of thermal and tribolo-
gical properties to be obtained, which could be useful in metalworking or as
valuable [ubricants.

The existence of the pyromellitic structure ensures the maintenance of ther-
mal resistance while the amount of the special alcohol with a mixed aiphatic—
—aromatic structure can increase this resistance and, respectively, ensures a wide
range of viscosity values, a determinant aspect for their use in tribology.
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Viscosity is one of the main properties of the employed oil and its value
should vary as little as possible in operation, under all engine-operating
conditions. It is desirable that any additive added to a base oil to improve its
lubricating qualities should not have a negative influence on its rheological
properties.

In this study, castor oil was used as the base vegetable oil with as auxiliary
materials, paraffin oil and two pyromellitic esters, the synthesis and character-
ization of which were previously published.14.15

The aim of this work was to analyze the rheological behaviour of castor ail
mixed with different pyromellitic esters. The influence of the structure and con-
centration of the pyromellitic esters, as well as that of temperature, on the rheo-
logical behaviour were followed. In addition, rheological relations z = f( ) were
established and the activation energies, E,, of flow were determined.’*™®

EXPERIMENTAL
Materials

The preparation of the mixed esters is realized by reacting pyromellitic anhydride with
2-phenoxyethanol and n-butanol or n-decanol, using p-toluenesulphonic acid as catalyst. The
formed water was extracted azeotropically by means of toluene.b16 These two esters are
illustrated in the following general structure:

R,00C

R,00C COOR,

where R; = 2-phenoxyethyl and R, = n-butyl or n-decyl.

The two esters differ in the number of carbon atoms from the aliphatic alcohol used in
the esterification of pyromellitic anhydride: 4 for PEL ester (coming from n-butanol) and 10
for PE2 ester (coming from n-decanol). In both cases, the mole ratio between the residues
2-phenoxyethyl and n-butyl or n-decyl was 2:2.

The thus-prepared esters were analyzed in terms of tribological properties. 1

The main characteristics of the pyromellitic esters (PE1 and PE2) are given in Table |
and those of the castor oil and paraffin oil are given in Table I1. Both oils were supplied by
Fluka.

TABLE |. The properties of the pyromellitic esters at 20 °C
Saponification index, mg KOH g1

-1 -3
Ester Formula M/gmolt p/kgm Nnp Theoraiical Andytica
PE1 Ca4H35019 606 1169.6  1.5373 370.36 369.51
PE2 CaeHe2010 774 1067.6  1.5135 289.97 292.32
Methods

The samples preparation was redized at room temperature (25 °C) by dispersing the
pyromellitic ester, under intense stirring, in the oil mixtures. The composition of the samples
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with the esters content is presented in Table I11. Castor oil was used as the standard (sample
C0). The samples were analyzed after one day of preparation.

TABLE Il. The properties of the castor oil and paraffin oil

Property Castor ail Paraffin ail
Composition Ricinoleic acid, min. 85 mass %; oleic acid, -
min. 2 mass %; linoleic acid, min. 1 mass %

Boiling point, °C 313 -

Pour point (by ASTM -33 -

D97 method), °C

p?/ kg m3 960 860

np20 1.479 1.473

7%/ mPas 903.3 1000

TABLE Ill. The composition of the samples

Sample Composi_ti onj, wt. % | sample Composition,.wt. % _
PE1  Paraffinoil  Castor oil PE2 Paraffin oil Castor oil

C1 2 5 93 D1 2 5 93

c2 35 35 D2 35 35

C3 5 2 D3 5 2

C4 7 0 D4 7 0

The rheological characterization of the samples was performed under thermostatic
conditions (temperature range 50-80 °C), using a Rheotest-2 rotation viscometer with the
system vat-drum S/S; suitable for the viscosity range of these fluids and high sensitivity. The
device alows the measurement of the torsion moment appearing thanks to the ring-shaped
substance layer placed between a fixed cylinder and one rotating at a known revolution. The
torsion moment was correlated with the shear stress. The revolution and the thickness of the
ring-shaped layer determine the shear rate.

Shear rate values were changed in the range 9-1312 s1.

RESULTS AND DISCUSSION

The influence of ester type used as an additive on the rheological behaviour
of castor oil was studied for different concentrations of additive, at three tem-
perature values. In Fig. 1, the = f(7) dependence is shown for an ester con-
centration of 5 % by weight.

The rheological equations corresponding to these dependencies are given in
TablelV.

It was registered that for these pyromellitic esters, increasing the number of
carbon atoms of the aliphatic alcohol used for the esterification did not change
the viscosity of the oil significantly and did not modify its Newtonian behaviour.
Increasing the temperature led to a decrease in the viscosity of the samples but
without change of the Newtonian behaviour.

In addition, the influence of the additive concentration on the rheological
behaviour of castor oil was studied. Thus, the z = f(7) dependence at a tempe-
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rature of 50 °C when using the pyromellitic ester PE1 as an additive is shown in
Fig. 2.

——C3;t=50°C —=-C3t=60°C ——C3;t=80°C

60 -
D3; t=50 °C D3;t=60°C  —m—D3;t=80°C "
40
~
==
W
20
0 1 1 1 1 1 1
0 200 400 600 800 1000 1200
A

Fig. 1. Shear stress vs. shear rate for samples C3 and D3 at different temperatures.

TABLE 1V. Rheologica equations for samples C3 and D3

t/°C Ea. (z=77) Viscosity decreasing?, %
C3 D3

50 7=0.1565y 7=0.1538y 1.725

60 7=0.0939y 7=0.0937y 0.213

80 7=0.04075 7 =0.04055 0.490

aSample D3 compared with sample C3

From the slopes of the obtained straight lines, it was observed that the
addition of a pyromellitic ester leads to a decrease of in the viscosity of the
samples in comparison with the viscosity of oil without additives. The viscosity
decrease is relatively small (about 15 %), the most pronounced decrease corres-
ponds to an additive content of 2 mass %, followed by its increase with
increasing the ester content, but without reaching the corresponding value of the
pureoil. A similar situation occurs when PE2 pyromellitic ester was added to the
oil. The obtained viscosity values are presented in Table V.

The exponential decrease of the samples viscosity with temperature is
described by an Arrhenius-type equation:

n= Aexp[%j )
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where E, is the activation energy of flow, Jmol—1, Ris the universal gas constant,
Jmol=1 K-1, T is the absolute temperature and A represents a material constant,
Pas.

——0% ——2 % ——35%
50 ¢

—5% -7 %

T/ Pa

0 50 100 150 200 2350
7/ s
Fig. 2. Shear stress vs. shear rate for samples CO-C4 at 50 °C.

TABLE V. Dynamic viscosities of the samples

n/ mPas n/ mPas
Sample 50°C  60°C 80°C | 2"P® ¢ w°c  80°C
co 1714 1036 435 |D1 1494 872 36.0
c1 1497 882 376 |D2 1505 925 395
c2 1534 904 392 |D3 1538 937 405
c3 1565 939 407 |D4 1672 1012 428
ca 1671 983 423

Through the measurements at different temperatures, it was possible to
establish the dependence In # = f(1/T) and to calculate the E4 values. Particular
expressions of Eq. (1) for the castor oil with the two types of pyromellitic esters
additivesare given in Table VI.

It was found that for the same type of ester, the variation of the activation
energy of flow with the concentration of additive was insignificant. Moreover,
this finding was valid even when the type of additive was changed, although they
were of very different molecular weights.

Using particular expressions of the In # = f(1/T) dependence, the values of
the dynamic viscosity of the samples was determined in the temperature range
20-100 °C. Thus, for pure castor oil (C0O) and samples C3 and C4, the evolution
of the viscosity isshown in Fig. 3.
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TABLE VI. Arrhenius-type equations for samples C0—C4 and D1-D4

Sample Eq. (7= Ax10°exp(E,/RT)) Ea/ kJmol?
Co 7=1.70exp(5212/T) 43.3
c1 7 =1.35exp(5237/T) 435
c2 7=1.70exp(5167/T) 42.9
C3 1 =2.10exp(5108/T) 425
c4 7 =1.65exp(5204/T) 43.2
D1 7 =0.80exp(5398/T) 44.9
D2 7=1.75exp(5160/T) 42.9
D3 1 =2.10exp(5096/T) 42.3
D4 77=1.80exp(5178/T) 43.0
1000 - +0% ®m5% a7%
*
'y
800 t -
= 600 |
"
E :
=400
H
200 a
.
0 | | 1 . * L | -
0 20 40 60 80 100
t/°C

Fig. 3. Dynamic viscosity vs. temperature for samples C0O, C3 and C4.

It is found that with increasing temperature, the values of the dynamic vis-
cosity of the samples became more similar, regardless of the percentage of addi-
tive used.

Rotation in the annulus bounded by the concentric cylinders consisted of the
relative flow of successive fluid layers. Changes in the additive process could be
guantified by measuring the shear stress of the fluid layers when they were sub-
jected to a controlled rotational motion. This change is reflected on the viscosity
of the liquid.20.21

Since lubrication is usually used in rotating systems (bearings, gears, etc.),
the dynamic characteristics (speed, dynamic pressure and shear stress) are
expressed in terms of Taylor—Reynolds number (Tare) specific to this type of
motion. This criterion is aso used to characterize fluids flow in the annulus under
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the effect of rotational motion and allows all the changes that appear in the flow
layers through the gradual increase in revolution to be highlighted.

The values of Tare number were calculated using relation (2), taking into
account the radii of the inner and outer cylinder (rj and r), the inner cylinder
revolution number, n, and the fluid properties (viscosity # and density p):18

27N (rg =15 ) p
n
Increasing the hydrodynamic regime (characterized by the Tage number)
leads to a pronounced decrease of the ratio between shear stress 7 (experimentally
determined) and dynamic pressure Pgyn, cal culated with the maximum speed.

By analogy with fluids flow through straight pipes, the dynamic pressure of
the fluid in motion in ring-shaped spaces is calculated by:

(2

TaRe =

W2
den = P ;n e 3
Wmax = 7tdin (4)

where Wipax 1S the speed of fluid laminar layer placed next to the moving wall
(inner cylinder) and d; isthe inner diameter of the ring-shaped space.

The variation of the 7/Pgyn ratio vs. Tage for the samples CO, D2 and D4 at a
constant temperature (50 °C) is shown in Fig. 4. The variation of the same ratio
for sample D2 as afunction of temperatureis shown in Fig. 5.

74 «0% m35% 7%

Taylor-Reynolds number
Fig. 4. Ratio 7:Pgyp, vs. Tage at 50 °C for samples CO, D2 and DA4.
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Fig. 5. The influence of temperature on the dependence of the 7:Pyy, ratio on
Tage for sample D2.

It can be seen from Figs. 4 and 5 that that neither the additive concentration
nor the temperature have a significant effect on the dependence of the o/Pgy, ratio
on the Tare number. The profile of both dependencies shows an accentuated
decrease with increasing hydrodynamic flow regime.

By analogy, for circular motion of the fluid in stirring processes,22 the ratio
t/Pgyn is correlated with Tare number by arelationship of the type:

7/Pyyn =CTafl (5)
or in the linear logarithmic form:
In(z/Ryn) =INC +min(Tage) (5a)

The linear forms of the relationship, Eq. (5a), determined for sample D2 at
different temperatures and for CO, D2 and D4 at 50 °C are given in Tables VII
and VIII, respectively.

TABLE VII. Linear forms of Eq. (5a) for sample D2

t/°C Eq. (In(z/Ryn) =INC +minTag, ) C

50 IN(z/Pyn) = 0.1004—1.0102InTage 1.105
60 In(z/Pyy) = 0.0824—1.002InTage 1.086
80 In(7/Payn) = 0.1256~ 1.013In Tag 1.134

Considering that the shear stress 7 is equivalent to the friction pressure drop,
it could be assumed that the ratio of the two quantities is equal to the friction
coefficient, 4, which in the laminar flow regime has a value of 64Re™1.
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TABLE VIII. Particular forms of Eq. (5a) for samples C0O, D2 and D4, at 50 °C

Sample Eq. (In(z/Ryn) =InC +minTag, ) C

Co IN(z/ Pyyn) = 0.0850— 1.0055In Tag, 1.089
D2 In(z/Py) = 0.1004—1.0102InTag, 1.105
D4 In(z/Pyyn) = 0.1735-1.0247InTag, 1.189

This assumption was confirmed from two directions: on the one hand, the
Tare values lower than 60, which is the critical value that separates the laminar
from the turbulent regime, for fluids flow in annulus.21.23.24 On the other hand,
from the equations presented in Tables VII and VIII, it could be seen that the
values of the m coefficient are very close to the value —1, similar to the Reynolds
exponent from the expression of the friction coefficient, and the values of the C
coefficient increase slightly with increasing additive content.

CONCLUSIONS

The rheological behaviour of castor oil mixed with was studied, whereby the
influence of the type and concentration of the pyromellitic ester and of tempe-
rature were monitored.

For each analyzed sample, alinear dependence between shear stress and the
shear rate, without ayield point, was found, which shows Newtonian behaviour.

The addition of castor oil led to a slight decrease in viscosity, the most pro-
nounced decrease corresponding to an additive content of 2 mass %. This finding
was independent of the nature of the additive used and the temperature. More-
over, increasing the number of carbon atoms of the aliphatic alcohol had an
insignificant influence on the viscosity of the castor oil and did not change its
Newtonian behaviour.

The viscosity of the samples decreased exponentially with temperature in an
Arrhenius-type manner, which enabled the calculation of the activation energy of
flow. It is found that these values are insignificantly influenced by changing the
type and concentration of the additive.

For the studied system, the dependence between the rheological parameters
and the Taylor—Reynolds number (Tare) Was established. From graphical repre-
sentations of this dependence, it could be concluded that circular motion of the
fluid occurred in the laminar regime.

H3BOJ

PEOJIOIIIKO MMOHAINAKE PUITUHYCOBOT YJbA IOMEIIAHOT CA PA3JIMYUTHUM
[MMPOMEJINTHYKUM ECTPUMA

SORINA BORAN 1 ANDRA TAMAS'

CAICON Department, Faculty of Industrial Chemistry and Environmental Engineering, "Politehnica"
University of Timisoara, Vasile Parvan Blv. 6, RO-300223 Timisoara, Romania

OBaj pan npencraB/ba UCIIMTHBAKE PEOJIOMIKOT MOHAalllalkha PULIIUHYCOBOT yJ/ba IIOMELIAHOT
Ca PA3IUYUTUM NUPOMEIUTHYKUM €CTPpHUMa. KOpI/ILLIhEHI/I MMAPOMETIUTUYKH TETPAECTPU CYy
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nodujeHH eCcTUPU(PHUKALNjOM MUPOMENTUTHIKOT aHXUIPHUA CIelHjaTHUM alIKOX0JIOM CJIOXKe-
He aJIKWI—apwi CTPyKkType (2-peHWneTaHosn), 3ajefHO ca JIMHEeapHUM aTudaTUYKUM ako-
XOJIOM IPOMEHJbHBE IOy)kUHe (n-OyTaHon U n-gexaHos). YTBpheH je yTulaj CTpyuType U KOH-
LeHTpaLH’je MTUPOMEIUTHYKUX ecTapa, Kao U TeMIlepaType, Ha PEosIOLIKO MOHAllakke, MoCTa-
B/balbe€M 3aBUCHOCTH M3Mely HaloHa CMULIamka, 7, U OpP3UHE CMHULIaRka, . AHA/IN3a 3aBUCHOCTH
usMely 7 My mokasyje la MCIIMTHBAHH PAaCTBOPH MMajy IbyTHOBCKO moHamame. IlpomeHa
BHCKO3HOCTH y30paka ca TeMIepaTypoM je KapaKTepHhcaHa jeIHaYHHOM ApPEeHHjyCOBOT THIA,
V3 YCIOCTaBbake BPENHOCTH aKTHBALMOHE eHepruje BUCKO3HOr Toka, E,. OBa KOHCTaHTa
MOJKe Jia ce JoBelle Y Kopenalujy ca eekToM CMambenha Tpewka y IPUCYCTBY anuTuBa. Takohe
je U3BplIeHAa KapaKTepu3aluja aHy/lapHOT ToKa diyuna npu edekTHMa POTAaLMOHOT KpeTamwa,
y3 u3pauyHaBame BpegHocTH Taynop—PeyHonncosor dpoja (Tage).

(ITpumsbeHo 29. jaHyapa, peBupupaHo 29. anpuna 2013)
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Abstract: The aim of this study was to find a low cost, easy to synthesize and
efficient adsorbent for the simultaneous adsorption of both organic and inor-
ganic pollutants (including textile dyes, toxic metals, etc.). The starting mate-
rial, domestic bentonite clay from Bogovina, was modified with amounts of
hexadecyltrimethylammonium cations corresponding to 0.5 and 1.0 times the
value of the cation exchange capacity. The organobentonites were tested as
adsorbents in a three-dye-containing solution, a three-component solution of
Pb?*, Cd?* and Ni2* and a hexa-component solution containing all the inves-
tigated dyes and toxic meta cations. The used adsorbents showed the highest
affinity toward acid yellow 99 and Ni2*. Dye adsorption was enhanced in the
presence of toxic metal cations, while the adsorption of al toxic cations from
the hexa-component solution was lower than from the three-component solu-
tion containing only toxic cations. The synthesized hexadecyltrimethyl-
ammonium bentonite could be regarded as an efficient multifunctiona adsor-
bent for the investigated types of water pollutants.

Keywords. simultaneous adsorption; multi-component solutions; dyes; toxic
metals; adsorption affinity.

INTRODUCTION

The treatment of soil and water contaminated with mixtures of organic and
inorganic pollutants is a challenging task since inorganic and organic contami-
nants have different transport mechanisms and fate in the environment.1

Naturally occurring bentonite clays are able to adsorb toxic metal cations
from their aqueous solutions. In general, there are two mechanisms of adsorption:

* Corresponding author. E-mail: natasha@nanosys.ihtm.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130125065J
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ion exchange in the interlamellar region and adsorption on the surface by com-
plexation and precipitation. lon exchange involves interlamellar cations in smec-
tites.2:3 The second mechanism is pH dependent. Surface complexation and pre-
cipitation occur at surface sites (hydroxyl groups on the externa layers and
edges).4° By organomodification, bentonite clays obtain the ability to adsorb
organic contaminants (non-polar organic compounds, toxic organic dyes, etc.).6.”
The adsorption of inorganic compounds on these materials was also studied.8.9
The earlier approach was to study independently metal uptake by bentonitel® and
the uptake of organic contaminants by organobentonites.!! However, the most
current and potential uses of organoclays, i.e., as landfill additives and reactive
barriers, demand the simultaneous removal of organic and inorganic contami-
nants. The simultaneous adsorption of non-polar organic compounds and toxic
metal cations on organoclays was studied812 but there is a lack of data on the
simultaneous adsorption of polar organic compounds and toxic metals cations
from their solutions.

In previous studies, 1314 organobentonites with partially substituted exchan-
geable cations were synthesized. The obtained materials exhibited simultane-
ously organophilicity and hydrophilicity. Therefore, these materiads showed
adsorption ability for the simultaneous adsorption of dye acid orange 10 and
Pb2*,14 as well as reactive black 5 and Pb2*.15 According to these results, two
hexadecyltrimethylammonium bentonites (HDTMA-B) were chosen to be tested
as multifunctional adsorbents for both organic and inorganic water pollutants.
The 0.5 HDTMA-B and 1.0 HDTMA-B, obtained by ion exchange with amounts
of hexadecyltrimethylammonium cation (HDTMA™) corresponding to 0.5 and
1.0 times of the cation exchange capacity (CEC) value, respectively, were tested.
The selected adsorbents differed in the composition of the interlamellar region
and, therefore, expressed different affinities toward the adsorption of organic and
inorganic pollutants.1®

In this paper, adsorption from different solutions was investigated. The
investigated solutions contained either the three selected organic dyes or the three
selected toxic metals and finally all six chosen pollutants. The aim of this study
was to show whether the investigated organobentonites are potential multifunc-
tional adsorbents for the treatment of complex wastewaters.

EXPERIMENTAL

Adsorbates

Three commercial dyes, namely acid orange 10 (AO10), acid yellow 99 (AY99) and
reactive black 5 (RB5) were selected as organic pollutants in this study (Fig. 1). These dyes
are widely used in the dyeing of wool, leather, silk, paper and polyamide textiles. All dyes
were purchased from Sigma-Aldrich. Toxic metal cations (Po?*, Cd?* and Ni?*) as nitrate
salts were used as test models of inorganic pollutants. Lead (I1) nitrate (Pb(NOg3),) with the
purity of 99.99 %, was supplied by the Aldrich Chemical Company, cadmium (I1) nitrate
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(Cd(NO,),) with the purity of >99 % was purchased from Carlo Erba and nickel (I1) nitrate
(Ni(NOg3),) with the purity of 99.8 % was purchased from Kemika, All compounds were used
asreceived.

SO,Ha 50,Ha
o OH
Haly$ St o
H
Oy oo,
W @ i
HO
Ha0,3 I sofa O @
i) i)
I I
H

OH NH X
- 0L
50,
e,

50
2
Ma0,50 7 esea

Fig. 1. The chemical structure of the investigated dyes: AO10 (1); AY 99 (2); RB5 (3).

Adsorbents

Bentonite was obtained from the Bogovina Coa and Bentonite Mine in Serbia. It was
crushed, ground and sieved through a 74-um sieve. The chemical composition was reported
previously.16

Na-enriched bentonite (NaB) and partially exchanged organobentonites were syn-
thesized using previously described procedures.11314 The organobentonites (OBs) were
obtained by the modification of Na-B with hexadecyltrimethylammonium (HDTMA) bromide
(supplied by the Alfa-Aesar Chemical Company with purity of 98 %). For this study, the OBs
with HDTMA/bentonite ratios of 0.317 and 0.633 corresponding to 0.5 and 1.0 times the
value of CEC of the clay were chosen. The samples were denoted as 0.5 HDTMA-B and 1.0
HDTMA-B. Detailed characterization of these samples was reported previously. 111314

Methods

The agueous adsorbate solutions used in the adsorption study were: i) a three-component
solution containing AO10, AY 99 and RB5 dyes, ii) a three-component solution of Pb?*, Cd?*
and Ni2* toxic cations and iii) a hexa-component solution containing all the investigated dyes
and toxic cations (AO10, AY99, RB5, Pb?*, Cd?* and Ni2*). The initial concentration of each
adsorbate in all solutions was 50 mg dm 3. Theinitial pH value was unadjusted (5.5+0.5).15

The adsorption was investigated with respect to the contact time (10, 20, 60, 90, 120,
180, 1440 and 2880 min). The experiments were realized at room temperature (25 °C) and
using equal volumes of adsorbate solutions, V =50.0 cm?3. The mass of adsorbent (myg) in all
the adsorption studies was 10.0 mg. The adsorption experiments were performed in a thermo-
stated shaker (Memmert WNE 14 and SV 1422). The samples were withdrawn from the
shaker at predetermined times and the removed suspension was centrifuged (model Heittech
Eva21) at 17000 rpm for 10 min.

The amount of adsorbed pollutant after time t (g; / mg g’ or mmol g1), was calculated
using the following mass balance relationship:
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g =@V )
Megs
where ¢ and ¢; are concentrations of adsorbate at the initial and at time t, respectively. An
equilibrium time of 24 h was taken for al the investigated processes, although for some
experiments, equilibrium was reached after significantly shorter times. The equilibrium-
-adsorbed amount was denoted as Q.

The absorbance of supernatant solution was measured. The spectra of dyes were obtained
using a Thermo Electron Nicolet Evolution 500 UV-Vis spectrophotometer.

In preliminary research, it was confirmed that the presence of the investigated toxic
metal cations affected neither the position nor the intensity of the dye absorption band at the
applied concentrations of the investigated pollutants.

The content of Pb?*, Cd?* and Ni2* in the supernatant solutions was determined by
inductively coupled plasma optica emission spectrometry (ICP-OES). The ICP-OES
measurements were performed using a Thermo Scientific iCAP 6500 Duo ICP instrument
(Thermo Fisher Scientific, Cambridge, UK). For each run, the ICP-OES measurements were
performed in triplet. The emission lines Pb I at 220.353 nm, Cd | at 228.802 nm and Ni |l at
231.604 nm were employed.

Calculation of the concentrations of the dyes. The determination of concentrations of
each dye in the three- and hexa-component solutions was based on the Lambert—Beer Law,
where the absorbance is considered as being proportional to the concentration in the lower
concentration range, and the additive property of absorbance (Egs. (2)—(4)). Prior to the
concentration determination, calibration curves for each investigated wavelength and dye
were plotted. In each case, a linear relationship between the absorbance and the dye con-
centration was obtained (correlation coefficients >0.999 within the concentration range 0-75
mg dm3).

The UV-Vis spectra of each investigated dye together with spectrum of three-component
solution of all the investigated dyes are presented in Fig. 2.

~~~~~ AO10 - single solution

45 —-—- AY99 - single solution

- RBS - single solution

—— Three component solution of dye (AO10, AY 991 RB 5)

Absorbance

0

T T T T T T I T T T
200 300 400 500 600 700

A/ nm
Fig. 2. UV—Vis spectra of the single component solutions of AO10, AY 99, RB5 and their
three-component solution.

Available online at shd.org.rs/JSCS/

2014 Copyright (CC) SCS




ORGANOBENTONITESAS MULTIFUNCITIONAL ADSORBENTS 257

In the solutions that contained the three dyes (AO10, AY 99 and RB5), the calculations
were performed using the absorbance at the wavelengths 478, 449 and 599 nm. Consequently,
the measured absorbances were denoted A47g, Aug and Asgg. These wavelengths were chosen
since they represent the maximum absorption peaks for each of the investigated dyes. The
concentration of each investigated dye was determined using the following equations:1’

Ayﬂg = CAOlOO'0414* +CAY990-0109 + CR550.0076 (2)
Auso = Cac100-0266+ Cay g50.0163* +Crps0.0065 €)
Ag,gg = CRBSO-0243* (4)

where Cao10, Cayge and Crps are the concentrations of AO10, AY99 and RB5, respectively.
The symbol * indicates the calibration constants at the wavelength of maximum absorption
peaks of each dye.

RESULTS AND DISCUSSION
Adsor ption from the three-component solution of the selected dyes

The influences of the adsorption time on percent of the dyes removed are
presented in Fig. 3aand b for the as adsorbents 0.5 HDTMA-B and 1.0 HDTMA-

@ o AY99
1 o RBS . .
G0l A AOI0
- L]
on 3
eh 404
g
— [ ]
>
204 ©
L [m] o
0-eak X = X “ “
T T T T T T T T T 7/T T T T 1
0 50 100 150 2001000 2000 3000
¢/ min
® o Ay99 . .
o RB5
4 AOI0
100
TO!) .
on ° L4
g
~—
v 50 o
[ ]
n N
/T
1 ak . .
072 Fig. 3. Adsorption of AO10, AY 99

0 50 100 150 2001000 2000 3000 and RB5 onto: @) 0.5 HDTMA-B
¢/ min and b) 1.0 HDTMA-B.
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-B, respectively. The obtained values of the equilibrium-adsorbed amounts for
each dye are given in Table |. For the sake of comparison, previously published
(e values obtained for adsorption from single dye solutions are also provided in
Tablel.

TABLE I. The ge (mg g1) vaues for the dyes from the single-component and the three-
-component solutions

Three-component solution Single-component solution
Adsorbent Dye
AY99 AOQ10 RB5 AY99 AQ10™ RB51°
0.5HDTMA-B 68.12 8.26 3.97 103.53 9.16 119
1.0 HDTMA-B 138.26 19.12 25.00 142.25 22.83 54.67

The adsorption from three-component solution is slow and equilibrium was
reached after 1440 min. Further extension of the adsorption time up to 2880 min
did not lead to additional adsorption. Therefore, 1440 min was defined as equi-
librium time. Both 0.5 HDTMA-B and 1.0 HDTMA-B had the highest affinity
toward AY 99. By analyzing the structure of the investigated dyes (Fig. 1), some
possible explanations of the greater affinity of the adsorbents for AY99 in com-
parison to other two dyes can be given. Among the investigated dyes, AY 99 has
only one —SO3~, while the others have more than one. This somewhat reduced
molecule polarity might be the reason for the enhanced affinity of AY 99 toward
the organic interlamelar layers. In addition, only AY99 has coordinatively
bonded chromium, while AO10 and RB5 have no metalic cation in their struc-
ture. In order to explain the influence of presence of chromium in dye structure
on the adsorption, additional investigations should be conducted. On the other
hand, the adsorption efficiencies of AO10 and RB5 depend on the organophil-
icity of the adsorbents. The AO10 was better adsorbed on 0.5 HDTMA-B, while
1.0 HDTMA-B was more efficient in the adsorption of RB5. It is possible that
the larger RB5 molecule is could be adsorbed more easily on the more organo-
philic 1.0 HDTMA-B due to the larger interlamelar spacing.1®

Undoubtedly, it was shown that the adsorption of al dyes was more efficient
on the more organophilic adsorbent, namely on 1.0 HDTMA-B. The ge vaues for
AY99 and AO10 adsorption onto 1.0 HDTMA-B were approximately doubled
those on 0.5 HDTMA-B. This effect was even more pronounced for the adsorp-
tion of RB5, since the ge was more than six times higher onto 1.0 HDTMA-B.
Such trend was expected since it was aready confirmed for different single com-
ponent dye solutions.14.1518 The adsorption of each dye is more pronounced
from single component solutions than from three-component solution. These results
were expected since competitive adsorption from the three-component solutions
was expected to occur (each dye competing for the same organophilic sites).
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Adsor ption from the three-component solution of the selected toxic metal cations

The adsorption of selected toxic cations; Pb2*, Cd2* and Ni2* from their
three-component solution onto 0.5 HDTMA-B and 1.0 HDTMA-B was inves-
tigated (Fig. 4a and b, respectively). The obtained ge values for these adsorption
processes are givenin Tablel.
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0.0 Fig. 4. Adsorption of Po2*, Ni2*
T T T T T T T T T 7/T T T T 1
0 50 100 150 2001000 2000 3000 and Cd** onto: & 0.5 HDTMA-B
¢t/ min and b) 1.0 HDTMA-B.

TABLE II. The g, (mmol g1) values for the toxic metals from the single component and the
three-component solutions

Three-component solution Single-component solution4
Adsorbent Metal
Ni2* Cd?* Pb2* Pb2*
0.5 HDTMA-B 0.70 0.24 0.27 0.13
1.0HDTMA-B 0.31 0.16 0.19 0.09

The adsorption of inorganic cations was the most efficient on unmodified
clay (sodium-bentonite) and further decreased with the increase of organophil-
icity of adsorbents.14 Thus, the amount of adsorbed toxic cations was higher onto
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0.5 HDTMA-B than onto 1.0 HDTMA-B. Corresponding ge values for the adsorp-
tion on 1.0 HDTMA-B were approx. 30 % lower for Cd2* and Pb2* (Table I1).
The adsorption of Ni2* on 1.0 HDTMA-B athough still higher than adsorption of
Cd2* and Pb2* was more than two time lower than on 0.5 HDTMA-B.

It was observed that 0.5 HDTMA-B and 1.0 HDTMA-B showed the same
selectivity for the investigated toxic metals: Ni2* > Pb2* > Cd2*. The higher
adsorption of NiZ* in comparison to Cd2* and Pb2* onto both investigated
adsorbents could be explained by the strong tendency of Ni2* cations to form
mixed hydroxo-Ni precipitates at the edges of phyllosilicate particles.1® More-
over, the observed dlightly more pronounced adsorption of Pb2* in comparison to
Cd2* isin accordance with literature data.2%-22 Despite the organophilicity of the
0.5 HDTMA-B and 1.0 HDTMA-B adsorbents, the obtained ge values for al the
investigated toxic metal cations were higher than for some hydrophilic adsorb-
ents reported in the literature.23

After 180 min (Fig. 4aand b), an increase in the g; values for al investigated
cations was observed. It is assumed that for shorter adsorption times (up to 180
min), the main adsorption mechanism was cation exchange, while the mecha-
nisms of surface complexation and precipitation were more pronounced for
longer adsorption times.

Adsor ption from the hexa-component solution

The above-obtained results showed that both adsorbents (0.5 HDTMA-B and
1.0 HDTMA-B) were able to adsorb textile dyes and toxic metal cations, and that
they could be used as multifunctional adsorbents. However, sincethe 1.0 HDTMA-
-B possessed a more organophilic surface, it is more appropriate for effluents
with a higher content of organic pollutants and a lower concentration of toxic
cations, such as textile wastewaters.2425 Therefore, in this study, only 1.0
HDTMA-B was used as adsorbent for the purification of the hexa-component
solution from al the investigated dyes (AO10, AY 99 and RB5) and toxic metals
(Pb2*, Ni2* and Cd2*). The obtained results are presented in Fig. 5a and b and
Tablelll.

The affinity of 1.0 HDTMA-B toward each of the investigated textile dyes
from their three- component solution (Table 1) and from the hexa-component
solution (Table I11) followed the same trend AY99 > RB5 > A0O10. Comparing
the qge values for the adsorption of the dyes from the hexa-component solution
with those from the three-component solution of the dyes, it was observed that
the ge values were higher for the hexa-component solution. Therefore, the
adsorption of the dyes was more efficient from the hexa-component solution.
This almost unexpected result could be explained through the adsorption mecha
nism in the presence of cations. The adsorption textile dyes occurs on organo-
philic sites,18 while the adsorption of toxic metal cation occurs on hydrophilic
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sites. 22026 The toxic cations adsorbed by the surface complexation mecha-
nism*20 could be considered as new adsorption sites for the adsorption of textile
dyes via electrostatic interaction of the toxic cations with the -SO3~ groups of the
dyes (Fig. 1).
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TABLE I1l. The g values for the dyes and toxic metals from the hexa-component solution

Adsorbent ge/ mg gl ge/ mmol g1
AY99 AO10 RB5 Ni2* Cd2* Pb2*
1.0HDTMA-B 151.18 18.96 57.16 0.13 0.07 0.15

Generaly, the adsorption of all toxic cations from the hexa-component
solution (Table I11) was lower than from the three-component solution containing
only toxic cations (Table I1). This effect was very pronounced in the case of Ni2*
and Cd?*, while it was less expressed in the case of Pb2*. It appears that the
presence of adsorbed dyes acts as an obstacle for toxic metal cations, perhaps due
to the large dimensions of the dye molecules.
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CONCLUSIONS

Two organobentonites were obtained by modification of sodium bentonite
with the hexadecyltrimethylammonium (HDTMA) cation. The bentonite/HDTMA
ratio used for modification corresponded to 0.5 and 1.0 times of the value of the
cation exchange capacity. The obtained adsorbents were denoted as 0.5
HDTMA-B and 1.0 HDTMA-B. Three different solutions were used for the
adsorption studies at room temperature: a) a three-component solutions of the
dyes (AO10, AY99 and RB5), b) a three-component solution of the toxic metal
cations (Pb2*, Ni2* and Cd?*) and c) a hexa-component solution of al the
selected organic and inorganic pollutants. Both 0.5 HDTMA-B and 1.0 HDTMA-B
showed the highest affinity toward AY 99 and Ni2*. The amount of adsorbed dyes
was higher on the more organophilic adsorbent (1.0 HDTMA-B). The adsorption
of the toxic cations was the reverse. The adsorption from the hexa-component
solution (AO10, AY 99, RB5, Pb2*, Ni2* and Cd2*) was performed only on the
multifunctional adsorbent with a higher affinity toward organic dyes (1.0
HDTMA-B), which are the main type of contaminant in textile industry waste-
waters. A synergistic effect of the simultaneous adsorption of dyes from hexa-
component solution was observed. Dye adsorption was enhanced in the presence
of the toxic metal cations. It was assumed that the previously adsorbed metal
cations acted as new adsorption sites for dye adsorption. On the other hand, the
adsorption of al toxic cations from the hexa-component solution was lower than
from the three-component solution containing only toxic cations.
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OPTAHOBEHTOHHUTHU KAO BUIIE@YHKIIMOHAITHU AIICOPEEHTHU OPTAHCKUX U
HEOPTAHCKHX 3ATAFMBAYA BOJE

HATAIIA JOBI/IE*JOBI/I‘-II/Iﬁi, AJIEKCAHIIPA MHHYTHHOBHB*HHKOHI/IEP, MAPHIJA )KYHI/IT#, 30PHULIA
MOJOBHR', TIPEAIPAT BAHKOBHH', BU/bAHA OJYHHOBHR?, AHA HBAHOBUE-IIAIIHE'
u JYIIAH JOBAHOBHER'
1YHueep3umeu7 y Beoipagy, Hnctiuitiyiti 3a xemujy, WexHonotujy u mewanypiujy, Llenitap 3a xkamanusy u
xemujcro uncerepcinigo, Fbeiowesa 12, 11000 Beoipag u ZYHueepsuwem y Beoipagy, Hnctuuitiyii 3a Xemujy,
wexHonoIujy u metmanypiujy, Llenttiap 3a xemujy, Fbeiowesa 12, 11000 Beoipag

Llum oBor pana je 6uo podujame jedTHHOr M eduKacHOTr agcopdeHca KOju MOXE [ia ce
KOPHUCTH 3a CHMYJITaHY a/ICOPILHjY OPraHCKUX U HEOPraHCKHUX 3arahuBava (ykmydyjyhu Texc-
THIHE Doje, TokcHyHe MeTane U 1p.). IlomasHu maTepujan je nomaha DEHTOHMTHA ITIMHA U3
pynHuka boroBuHa. koja je MomuduKOoBaHA XeKCaZeLUWITPUMETHIAMOHHUjyM KaTjOHHMa
(HDTMA™). Komuuuna HDTMAY kopuinrheHa 3a Monudukaidjy onrosapasia je MoJOBHHH K
LIeJI0j BPEOHOCTH KalauuTeTa KaTjOHCKE U3MeHe IonasHe ruHe. OBako [0OMjeHH OpraHo-
DEHTOHUTH Cy TECTUPAaHH Kao ancopOeHCH TPOKOMIIOHEHTHE CMelle TEeKCTWIHUX 0oja, Tpo-
KOMIIOHEHTHe cMmenle MeTana (Pb2+, Cd2+ u Ni%*) u mecToKOMIIOHEHTHE CMelle Koja je caap-
)KaBaJla CBe MCIUTHBAHe Doje W KaTjoHe TOKCHMYHUX MeTana. Kopumhenu ancopdencu moxa-
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y Hajsehu adurMTeT Mpema Boju acid yellow 99 u jounma NiZ*. Axcopruja Soja je Sua
CrielleHa IPUCYCTBOM KaTjOHA TOKCHYHHMX MeTana, IOK je aICcOpNLHja CBUX TOKCHYHHX

KaTjoHa DM/Ia HUKa U3 LIECT-KOMIOHEHTHOT HETO M3 TPU-KOMIIOHEHTHOT PacTBOpa TOKCHYHHX
KaTjoHa. CHHTETHCAHM XEKCaJEeLUWITPUMETHIaMOHUjYM-DEHTOHUTH MOIy OWTH edHKacHU
MyNTHGYHKLIMOHATAHU afCOPOEHCH 3a UCIUTaHe TUIIOBe 3arahuBava Boja.
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Abstract: During December 2009, snow was collected at twenty two locations
across the urban area of Novi Sad, directly from roads and from traffic islands
near crossroads. The total metal concentration was determined for each of ten
metals (Al, Ca, Cu, Fe, K, Mn, Na, Ni, Pb and Zn) using the ICP-OES anal-
ytical technique. Ni was found to have the lowest concentration (0.0265 mg
dm3). Na was the metal with the highest concentration (10786 mg dm-3),
which was the consegquence of sodium chloride being used as a de-icing salt on
the roads. The metal with the second highest concentration at all locations was
Ca; this was most likely the result of soil dust. The Spearman rank correlation
coefficients between analyzed metals were calculated to determine how the
concentrations of the metals were related. Cluster analysis was performed on
the obtained data sets, using both the hierarchical and partitioning methods in
order to identify associations among metals and/or locations. It was shown that
traffic density was not the most important factor that caused the differences
between the concentrations of the metalsin the samples.

Keywords: metal concentration; snow; traffic; correlation; cluster analysis.

INTRODUCTION

There has been an interest in investigating the chemistry of urban snow in
recent years.1=4 Road runoff after the melting of snow presents a significant
source of pollution in the environment. Snow melting usualy exerts an acute
impact on waters receiving road runoff. Snow on the road contains high con-
centrations of pollutants from both natural and anthropogenic sources including
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heavy metals.1>6 A part of this snow is ploughed to the roadside and therefore is
a contributing factor in the pollution of urban land in the vicinity of the roads,
especidly traffic islands.

The natural sources of road snow pollutants are materials from surrounding
soils (windblown soil dust), particles from atmospheric deposition and biological
materials from vegetation.”-8 Road-deposited particulate matter can be attributed
to anthropogenic sources, such as emissions from industrial plant processes,
vehicle exhaust emissions and wear of automobile parts.®-11 Traffic intensity is
one of the most important factors influencing pollution in road runoff.12.13

Significant differences in the levels of pollutants in urban snow have been
found in studies performed in different regions, thus indicating the need for local
data. This is caused by differences in climate, surrounding land-type and land-
-use, vehicular traffic density, neighbouring industrial plants, etc.14 Pollutant
load is very high during snow melting in regions where snow cover lasts several
months.6 In northern countries, various efforts have been made to address this
problem, but little is known about the pollution of urban snow in the Balkan
region. In regions where the snow cover does not remain for longer periods, the
environmental impact of snowmelt is not as acute but it should be investigated.
The present case study was performed in the city of Novi Sad (Serbia). In regions
such as Serbia, snow has a short lifespan and usually does not remain for longer
than ten days. The intention of the study was to determine whether there was any
significant pollution in urban road/roadside snow.

The melt water with al its pollutants is often directly discharged without
treatment into the receiving water. In all urban areas in the city of Novi Sad,
water that enters the sewage system discharges into the Danube River without
any chemical or mechanica treatment. During snowmelt, pollutants are usually
rapidly released from snow piles® and the pollutant load can rise suddenly thus
having a significant impact on the receiving watercourses.3 The toxicity of metal
pollutants in receiving waters is mostly connected to the dissolved fraction, but
knowledge about total metal concentration is also very important.15-17

In this study, two statistical techniques: descriptive statistics and multivariate
analysis of experimental data were employed. Correlation analysis is often per-
formed to estimate the extent of arelationship between any pair of variables, e.g.,
in a group of selected metals.1819 Cluster analysis, a multivariate statistical
technique, has been widely used to interpret complex data and to identify sources
of pollution.20.21

The objectives of the work presented in this paper were: to analyze the metal
concentration in snow collected: i) directly from the road near crossroads and ii)
from traffic islands in the urban area of Novi Sad and to identify pollution
sources using statistical analysis of the data.
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EXPERIMENTAL

Novi Sad isthe second largest city in Serbia, located on the Danube River in the southern
part of The Pannonian Plain. The urban area of the city is 129.7 km2. The population was
estimated to be 370,000 at the end of 2009. Novi Sad has a moderate continental climate, with
an average of 22 days of complete sub-zero temperatures. January is the coldest month, with
an average temperature of —1.9 °C.

From December 20 until December 22, 2009, snow was collected at twenty-two loca-
tions across Novi Sad. The snowfall started on December 15 and continued intermittently until
December 23. The snow cover persisted for ten days due to cold weather, with temperatures
constantly below 0 °C. The snow depth was in the range of 18-25 cm. Sampling locations are
shown on the map of Novi Sad presented in Fig. 1.

TI7
l/"J R =F N

: \ ‘ HT _
,’\ A P kY
B Low raffic locations |4 - [

@ Iligh traffic locations
Q Iraffic islands
O Reference point

0 500 1000 15(00m
S —

Fig. 1. Sampling locations on the map of the city of Novi Sad.

Fourteen of the sampling points were situated directly on roads near crossroads and were
divided into two subgroups. For subgroup one, “high traffic”, the average traffic volume at the
crossroads was in the range of 400-800 vehicles per hour, while for the second, “low traffic”,
it was 30-150 vehicles per hour. Seven sampling points were located on traffic islands sepa-
rating lanes of opposing traffic. Sampling locations in the high traffic subgroup, low traffic
subgroup and traffic island subgroup are denoted by H1-H7, L8-L14 and TI1-TI7, respecti-
vely. The reference sampling point is R15.

Samples were collected using polyethylene (PE) bags, PE trowels and PE gloves. Prior to
sampling, the trowels were cleaned with nitric acid and rinsed with distilled water. One-two
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litres of snow were collected at each sampling site, except at the reference site where fifteen
litres of snow was collected.

Before analysis, samples were allowed to melt slowly. To avoid potential problems with
detection limits, only the reference sample was 50-fold pre-concentrated. Pre-concentration
was realized by non-boiling evaporation. The melted samples were acidified with nitric acid to
apH of lessthan 2. Sub-samples of 100 mL, taken from homogenized acidified samples, were
acid digested with nitric acid. Prior to analysis, the sub-samples were filtrated through a blue
ribbon filter (Whatman) with an average retention 2—4 pm. The filtrates were used for measu-
rements. The total concentration of metals was measured using ICP-OES (Vista-Pro, Axial;
Varian) in accordance with the US EPA method 200.7:2001. Quality assurance and quality
control (QA/QC) were conducted by performing laboratory blanks and NIST standard refe-
rence material 1643e (trace elements in water). Deviations from the obtained results were
within £10 % of the certified value. The limits of detection for the examined metals were: 15
(Al), 1 (Ca), 6 (Cu), 4 (Fe), 5 (K), 0.5 (Mn), 1.5 (Na), 3 (Ni), 15 (Pb) and 3 pug dm3 (Zn).

All statistical analyses were performed using the software package Statistica 10.22 Non-
-parametric correlation analysis was performed due to the non-normal distribution of some
parameters and because non-parametric correlation analysis is less sensitive to outliers. The
Spearman rank correlation coefficients between the analyzed variables were calculated. Only
correlation coefficients significant at the 0.05 level are discussed within this paper. A cluster
analysis was aso performed on the obtained data sets, using both hierarchical and partitioning
methods by minimizing the squared Euclidean distances.

RESULTS AND DISCUSSION

Basic statistical parameters of the data are given in Table I. Concentrations
of metals at reference site were: 2.6 (Al), 545 (Ca), 1.5 (Cu), 11 (Fe), 129 (K),
1.6 (Mn), 603 (Na), 0.7 (Ni), 1.3 (Pb) and 14 pug dm3 (Zn). Concentrations of all
metals investigated from locations H1-H7, L8-L14 and TI1-TI7 were severa

TABLE |. Results of multi-element analysis

Parameter Element
Al Ca Cu Fe K Mn Na Ni Pb Zn
Low traffic

Cmin/ Mgdm=3 0.61 10270 0.10 4.68 323 027 23380 0.030 006 0.34
Crmax /Mgdm3 296 58650 0.26 29.39 1924 201 510450 0.058 0.49 1.39
Cmean/ Mg dm3 1.86 347.43 0.18 17.09 1066 1.10 1924.30 0.042 0.27 0.92
D /mgdm3 094 16448 0.06 857 549 052 1676.18 0.011 0.13 0.32
High traffic
Crin/ Mgdm3 127 19290 0.14 9.81 5.67 052 1149.80 0.027 0.20 0.45
Crax/ Mgdm3 614 849.40 0.32 30.82 3425 1.99 10786.00 0.086 1.37 2.37
Crmean/ Mgdm= 238 45334 020 1597 11.96 0.95 349491 0.045 0.46 0.94
D /mgdm3 170 27362 0.06 7.01 9.96 048 3393.07 0.024 041 064
Traffic islands

Cmin/ mgdm=3 022 3485 004 178 0.88 0.10 235.30 - 005 012
Cmax/ Mgdm3 074 116.30 0.09 5.72 320 030 217450 - 023 043
Cmean/ Mgdme 0.35 59.34 0.05 3.01 192 015 98331 - 010 019
S /mgdm3 018 26.65 002 135 0.73 0.07 624.20 - 006 011
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orders of magnitude higher than ambient background levels measured at the
reference site. Reference sampling point (R15) was located in a residential area
in Novi Sad near the Danube River away from roads and industrial plants. There-
fore, the reference sample was believed not to be directly polluted by traffic or
human activities, but affected only by atmospheric pollutants. The lowest metal
concentration was found for Ni (0.0265 mg dm=3) while, as expected, the highest
was for Na (10786 mg dm=3). The high concentration of Na, which exceeds the
other concentrations by orders of magnitude, is a consequence of sodium chloride
being used as a de-icing agent on roads during winter. Sodium chloride has only
been considered a pollutant since 2001.23 The metals, in descending order of
mean concentration were Na> Ca> Fe> K > Al > Mn > Zn > Pb > Cu > Ni.
This order was the same for both high traffic and low traffic locations. The order
was the same for traffic islands, but the Ni concentration was below the limit of
detection. This indicates only small variations in the composition of the snow at
the selected locations in urban areas of Novi Sad. It also indicates that the
samples were in general impacted by the same source(s). It is considered that the
main pollution sources in the area studied in this work may be traffic, oil refining
and combusting for home heating in some parts of the city. The only large facil-
ity isthe oil refinery located in the northeast part of the city. The second highest
concentration of Ca at all locations was, most probably, due to contribution from
soil particles containing minerals. Soil dust is the most likely source of this high
level of Ca as well as of K. Another source of Ca and K was the de-icing salt.
Namely, according to its Quality and Safety Certificate, the de-icing salt used by
the Public Utilities Company of the city of Novi Sad contained 0.281 Ca, 0.040
Mg and 0.012 % K. The salt was imported from Ukraine (produced in salt mines
in Soledar).

The calculated ratio between mean values of metal concentration at high and
low traffic locations, shown in Fig. 2a, indicates the impact of traffic volume.
The most significant differences in concentrations of elements that mainly ori-
ginate from anthropogenic sources at locations near the high and the low traffic
crossroads were for Na (1.73) and Pb (1.58). For a number of years, only
unleaded petrol has been in use in many countries, but in Serbia, leaded petrol
was dtill in use at the time of sample taking. Therefore, it was assumed that the
lead content was mostly a result of traffic pollution. Considering de-icing salt as
the main source of Na, it is evident that more salt was applied at high traffic
locations.

The main source of metas at traffic isand locations was snow ploughed
from the roads. As expected, the mean concentration of metals at traffic islands
was considerably lower compared with those at high traffic density locations.
The ratio between mean values of metal concentration at traffic islands and high
traffic locations was not significantly different, as can be seenin Fig. 2b.
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The results of this study were compared with the results of the total metal
concentrations in urban snow reported for Cu, Zn and Pb,3 as well as for Al, Ca,
Cu, Fe, Na, Pb and Zn.1 Concerning Cu, Zn and Pb, the results of this study were
in the same range as those reported in the literature.3 Mean values of Cu and Zn
were of the same order of magnitude but lower than the values measured in
Innsbruck3 for both high and low traffic locations. The mean Pb concentration at
low traffic locations was approximately the same, while at high traffic locations
the result of this study was higher than that reported by Engelhard et al.3 The
results of this study were compared with the values reported by Glen and Sansa-
lonel for snow collected on highways in Cincinnati, OH (USA). The maximum
concentrations for Cu, Al, Fe and Zn were one order of magnitude lower that the
corresponding concentrations reported in the literature.l The smallest difference
between the results reported here and in the literaturel concerns Ca and Ph. The
highest concentration level obtained for Na was one order of magnitude greater
than that reported by Glen and Sansalone.l

Correlation analysis was performed to estimate the extent of the relationship
between any two variables in the group of investigated metals. The Spearman
rank correlation coefficient values were calculated for high and low traffic loca-
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tions data and the results are given in Table I1. Interestingly, all correlation coef-
ficients significant at the 0.05 level were positive. The correlation analysis results
showed the absence of significant correlations between the concentration of Na
and any other metal considered in the study. This result is consistent with the fact
that the total metal concentration was measured. An observation on polluted
snow from other studies?3.24 was that increased values of dissolved metal con-
centrations are correlated with greater levels of de-icing salt concentrations. The
chloride ion is highly mobile and causes the washout of pollutants, such as heavy
metals, from deposited sediments.25-27

TABLE Il. Spearman rank correlation coefficient values between the measured parameters for
combined data: high + low traffic locations; * — values significant at the 0.05 level

Ca Cu Fe K Mn Na Ni Pb Zn
Al 0.45 0.81* 0.86* 0.30 0.52 -0.03 0.87* 0.67* 0.45
Ca 0.39 0.32 0.68* 0.68 0.52 0.57* 0.85* 0.60*
Cu 0.67* 0.23 0.28 -0.28 0.73* 0.56* 0.25
Fe 0.28 0.70 -0.05 0.83* 0.51 0.64*
K 0.56 0.46 0.36 0.43 0.56*
Mn 0.28 0.64* 0.64* 0.88*
Na 0.09 0.30 0.36
Ni 0.66* 0.67*
Pb 0.51

In agreement with expectations, metals originating predominantly from natu-
ral sources were strongly correlated (at the 0.05 significance level), e.g., strong
positive correlations were found between Ca and K. Furthermore, the results
indicated a strong positive correlation between the Fe and Ni concentrations,
which could be a result of attrition of steel parts. The strong positive correlation
between Cu and Ni could be a consegquence of the emission of these two metals
from brake-lining wear, and metal plating parts.16:28 This was aso the case for
Ni and Zn, for which a strong statistically significant positive correlation was
found. Potential sources of Zn are tire wear and motor 0il.10 The statistically
significant positive correlation between Al-Ni, Al-Fe, AlI-Cu, Fe-Cu, Fe-Zn is
consistent with the fact that the traffic related emission sources contribute to the
levels of these elements in the environment.9.25

Interestingly, a very strong, statistically significant, positive correlation was
found between Ca and Pb, which means that there could be some kind of rela-
tionship between them. This result is not consistent with the mentioned assump-
tion that the main source of lead was vehicle exhausts. As aready stated, the
main source of Caat all locations was probably minerals from soil dust particles.

Cluster analysis is a very efficient tool for the identification of metal
sources.29 The main purpose of cluster analysis is to split a number of variables
into groups that have similar characteristics or behaviour.30.31 Cluster analysis
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can be performed either by clustering variables or samples. In multi-element anal-
ysis, obtained concentration levels are usually very different. Therefore, the data
must be “prepared” for cluster analysis by using appropriate standardization
techniques. The Z-scale standardization was used in this analysis. Although some
cluster analysis procedures do not require the data to be normally distributed, the
Box—Cox transformation32 was performed as well. In this study, the most
common approach, hierarchical clustering, was used to cluster variables. Hierar-
chical clustering was first performed on the data from the high and low traffic
locations using the Ward method33 with squared Euclidean distances as a mea-
sure of similarity. This approach resulted in grouping the metals into two clusters
with significant differences between them. The dendrogram of the hierarchical
cluster analysis of total metal concentrations at the high and low traffic locations
is shown in Fig. 3. The first cluster consists of Al, Cu, Fe and Ni, divided into
two sub-clusters: Al-Cu and Fe-Ni according to the degree of association
between the metals. As mentioned in the subsection concerning correlation anal-
ysis, very strong statistically significant correlation coefficient values were found
for pairs of metals within this group. These metals are typical road run-off pol-
lutants and many sources for all of them are traffic related: moving engine parts
and brake-lining attrition, auto body rust and wire corrosion.2>:34 The second
cluster contained K, Ca, Pb, Mn, Zn and Na. Such a groupation in the second
cluster was unexpected because of the close linkage between Ca and Pb, and
between Mn and Zn. It is assumed that Ca and Mn mainly originated from
natural geochemical sources (soil erosion products, windblown soil dust) while
Pb and Zn may have derived mostly from traffic pollution (leaded gasoline, tire
wear, motor oil). While interpreting the results, it was born in mind that sampling
locations with high (low) anthropogenic input could additionally be influenced
by high (low) natural input. In other words, high anthropogenic input does not
exclude high natural input.

When hierarchical clustering was performed for al data, including those
from traffic island locations, three distinct clusters were obtained. Fig. 4 displays
the hierarchical dendrogram for high traffic + low traffic + traffic isand data. Ni
was not detected on traffic island locations and therefore was not included in the
analysis. As could be seen in Fig. 4, cluster 1 contained Al, Cu and Fe; cluster 2
K, Ca, Pb, Mn, and Zn, while cluster 3 contained only Na. As already mentioned,
the main source of Nais de-icing salt and the results of the multivariate statistical
analysis are consistent with this fact.

The partitioning method was used to cluster sampling locations. In contrast
to the hierarchical method, this method requires the number of clusters to be pre-
determined. Considering the vehicular traffic density as one of the primary
variables that influences metal concentration, a hypothesis that all samples could
be divided into two groups was proposed. The idea was to check how the
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samples would cluster if there was the possibility to separate them into two
groups. The K-means algorithm with a predetermined number of clusters was
used. The partitioning method was initially performed on data for both high and
low traffic metal concentration values, then traffic density data (an additional
variable) was added. The results were the same. One of the clusters included
locations L2, L4, H5 and H7. The other included L1, L3, L5, L6, L7, H1-H4, and
H6. Each cluster comprised sampling locations from both high and low traffic
locations. Thus, the results showed that traffic density was neither the only nor
the most important factor that divided the samples into two groups.
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Fig. 3. The dendrogram of the hierarchical cluster analysis of the total metal concentrations
for combined data: high traffic locations + low traffic locations.

Al
Cu —

Fe

Ca
Pb
K

i —
/n

05 10 15 20 25 30 35 40 45 50 55
Linkage Distance
Fig. 4. The dendrogram of the hierarchical cluster analysis of total metal concentrations for
combined data: high traffic locations + low traffic locations + traffic islands.
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CONCLUSIONS

The metal contents of twenty-two snow samples taken directly from the
roads and traffic islands in the urban area of Novi Sad were determined using the
ICP-OES analytical technique. The small variation in the composition of snow at
the selected |ocations indicates that the samples were, in general, impacted by the
same source(s).

The hierarchical clustering applied to the variables (metals) for samples
taken directly from the roads comprised two distinct groups of metals according
to the degree of their association. The results of metal clustering were consistent
with the fact that very strong statistically significant correlation coefficient values
were obtained between pairs of metals within both groups. The partitioning
method of cluster analysis was a so performed on sampling locations. The results
showed that the traffic density was neither the only nor the most important factor
that divided the samplesinto two groups.

The results of non-parametric correlation analysis and multivariate statistical
analysis revealed that common sources (most likely traffic related) mainly con-
tribute to the contents of Al, Cu, Fe and Ni. Associations between some inves-
tigated elements (Ca, K, Mn, Pb and Zn) may suggest inputs from both anthropo-
genic activities and natural geochemical sources. Considering al of the analyses
conducted in this study, no categorical conclusion concerning the pollution
sources could be made.
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n3BOJ

MYJITUBAPUJALIMOHA AHAJIU3A CAOPXAJA METAJIAY CHETY CA YPBAHOT'
[NOOPYUJATPAJA HOBOI CAIIA

AJIEKCAHJIPA MAXAWIOBHR', MUJTMLIA BYYUHWE BACHR', JOPIAHA HUHKOB®, CY3AHA EPUR’,
HEBOJIUA M. PATIEBUR', TOMAC HEMEII' # ATIEKCAHJIAP AHTHR'

1CDaKymmw wexHuukux Hayka, Yrnusepsutieii y Hosom Cagy, Tpt Jocuitieja Odpagosuha 6, 21000 Hosu
Cag, 2Hucumyu7 3a pawmapcineo u uospmapcuieo, Maxcuma I'opxoi 30, 21000 Hosu Cag u 3Pygapcxo—
—Teonowxu paxyniteii, Ynusepsuitei y beoipagy, Bywuna 7, 11000 Beoipag

Toxom pmenemdpa 2009. roguHe cakyImbeH je CHer Ha JIBafieceT U /IBe JIOKalldje Ha MoJ-
Pyyjy rpana Hosor Caza ¥ To JUPEKTHO ca acanTHUX MyTeBa U ca Melavykux ocTpBa. Mero-
nom ICP-OES cnexTpockonuje ofpehena je ykynHa xkoHueHTpauuja cinesehux merana: Al, Ca,
Cu, Fe, K, Mn, Na, Ni, Pb u Zn. Hajmamwa u Hajseha koHUeHTpanuja MeTana y HCIIUTUBAHUM
y3opuuMa yTBpheHe Ccy 3a HUKI U HaTpujyMm, penom. Ipyru mo omazajyhem penocieny KoH-
LeHTpaudja O1o je KalalujyM U TO Ha CBHUM JIOKalljama. Y LWy ompehuBama MOBE3aHOCTH
MeTasa “3padyHarte cy BpedHocTH CnupmaHoBor (Spearman) KopenalMOHOT KoedHUIMjeHTa
3a mapoBe MeTana. Takohe, na Om ce yTBpAWia moBe3aHOCT u3Mel)y caMUX MeTana Kao H
n3Mehy meTasna U JIoKalidja U3BpILIEHa je ¥ KIacTep aHaau3a NodHjeHHX mojaTaka U TO KOPUC-
Teh¥ XujepapxujCcKy ¥ MapTUUUOHK MeTon. Ha oCHOBY M3BpLIEHHX aHanW3a yTBpheHo je ma
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ryctuHa caodpahaja Huje HAjOUTHHjU dAKTOP KOjU je Y3POKOBAO pa3ivKe y KOHLEHTpaluKWjama
MeTajia Y UCTIUTUBAHUM Y30pIUMa.

(ITpumspeno 11. mapTa, pesupupano 13. maja 2013)
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