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Abstract: The dopaminergic receptor system has been the focus for the deve-
lopment of new pharmacotherapeutic agents targeting a number of central
nervous system related disorders, such as drug addiction, schizophrenia, dep-
ression, and Parkinson’s disease, to name just a few. To date, the crystal struc-
ture for the human D2 receptor is not known, despite its vital function and
importance as a therapeutic target. Herein, a recent advancement in the
determination of key receptor—igand interactions for the available arylpiper-
azine-like ligands, using a D2 receptor model based on the crystal structure of
the D3 receptor is presented. To determine key interactions responsible for
high dopaminergic activity, computer-docking analysis was used together with
experimental data. A total of 4 dopaminergic ligands showing moderate to high
affinity were tested and the obtained results rationalized using ligand structures
docked into the proposed D2 receptor model.

Keywords. arylpiperazine; G protein-coupled receptors; docking; molecular
modeling.

INTRODUCTION

The second extracellular loop (ECL) of dopamine D2 (D2DA) receptorsis a
part of the ligand-binding site. The exact 3D structure of this receptor domain is
so far unknown.! The crystal structure for the ECL receptor area of G protein-
-coupled receptors (GPCRS) is not available because of the high flexibility of that

* Corresponding author. E-mail: vladimir.sukal ovic@abc-servis.com
doi: 10.2298/J5C140423070S
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1462 SUKALOVIC et al.

receptor domain. Still ECLs plays a significant role in ligand—receptor inter-
actions and therefore it is important to learn more about the molecular processes
involved in the ligand binding. A study of the structural and functional roles of
extracellular loops may help in the understanding of certain aspects of ligand
binding affinity that cannot be fully explained by interactions with the canonical
binding site located in the transmembrane part of the receptor.

Severa attempts were made to establish key receptor—igand interactions in
the ECL areal'2 by using the methods of molecular modeling. In this paper,
results are published that were obtained through an investigation of receptor—
—ligand interactions in the ECL area of D2DAR, and a set of aready available
four hydroxy-N-{[2-(4-phenylpiperazin-1-yl)ethyl]phenyl]nicotinamides3 (Table
1). For the sake of clarity, the ligand molecule was considered as a tail part (phe-
nylpiperazine), alinker part (meta- and para-amino-phenylethyl) and a head part
(heteroaryl group). The tail part was kept constant, while the linker and head
parts were varied as described below:

— Ligand 1 is a long linear molecule able to protrude and to bind into the
ECL receptor area. It contains polar groups in the head area to allow hydrogen

TABLE I. Structures of the tested hydroxy-N-{[2-(4-phenylpiperazin-1-yl)ethyl]phenyl]nico-
tinamides, i.e., 6-hydroxy-N-{ 4-[2-(4-phenylpiperazin-1-yl)ethyl]phenyl} nicotinamide (1), 2-
-hydroxy-N-{ 4-[ 2-(4-phenyl pi perazin-1-yl)ethyl] phenyl} nicotinamide (2), 6-hydroxy-N-{3-
-[2-(4-phenylpiperazin-1-yl)ethyl]phenyl} nicotinamide (3), 2-hydroxy-N-{ 3-[2-(4-phenylpi-
perazin-1-yl)ethyl]phenyl} nicotinamide (4), for binding to the D2DA receptors and the
determined K; vaues that are the mean of three independent experiments performed in tri-
plicate at 7 competing ligand concentrations

No. R
N N
(0] /@/\/ \ /
RLN
H
1 /,\@/ 19.5
g
HO

2 oH 154.3

Ki/nM

3 = 95.9

4 o 120.1
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D2 RECEPTOR AND ARYLPIPERAZINE LIGANDS INTERACTIONS 1463

bonding with D2DAR.

— Ligand 2 is the same as ligand 1 but with an altered polar group arrange-
ment in the head part.

— Ligand 3 is a meta-regioisomer of ligand 1, which makes it shorter and
therefore suboptimal for binding into the ECL D2DAR area.

— Ligand 4 is the same as ligand 3 but with an altered polar group arrange-
ment in the head part.

In thisway, it was assumed that only the hydrogen bond interaction between
the ligand and receptor ECL area could be studied, while keeping all other inter-
actions constant.

EXPERIMENTAL

Biological assays

Radioligand [3H]spiperone was purchased from Amersham Biosciences (Amersham,
UK). CHO-hD2S cells stably expressing the native human D2DA receptor were obtained
from Professor Phillip G. Strange (University of Reading, UK). The cell lines maintain the
isolation of membranes with the D2DA receptor. Competition binding assays at the D2 DA
receptor were performed using [3H]spiperone (0.4 nM) by the protocol provided in previous
publications.* Competition binding studies were performed with seven varied concentrations
of the test compounds run in triplicate tubes, and isotherms from three assays were calcul ated
by computerized nonlinear regression analysisto yield K; values.
Docking analysis

A D2DR homology model, used in the docking analysis, was built using the crysta
structure of D3DR as the template. The receptor binding site was defined to include al key
amino acid residues, as described previously.2®

The 3D structures of the ligand were generated using the Discovery Studio program.®
Assuming physiological conditions, the basic aliphatic nitrogen atom of piperazine was pro-
tonated. The geometry was optimized using the CHARMM force field applying the conjugate
gradient method until the energy difference between successive cycles was below 0.0042 kJ
mol-1.7

Docking of the selected ligands as presented in Table 1 was realized by simulated
annealing using the LIBDOCK module from Discovery Studio, employing the CHARMM
force field. The initial position of the ligand in the binding site was arbitrary, while the pro-
tonated nitrogen on the ligand part was kept in close proximity to Asp 114 of the receptor. No
further ligand constraints were applied. Up to 100 structures were produced in every run and
each finaly optimized in order to remove steric interaction with a gradient limit of 0.0042 kJ
mol-1 or 4000 optimization steps. A structure was selected based on the following criteria:
lowest total energy of the complex, shortest salt bridge formed between Asp 114 of the D2DR
and protonated piperazine nitrogen, chair conformation of the arylpiperazine ring and the aryl
part of the molecule positioned in the rear of the hydrophobic pocket of the receptor Phe 386,
Trp 390 and Tyr 420.8 After these initial criteria were satisfied, a second step was performed
to examine other interactions that could be formed between the receptor and ligand (hydrogen
bonds, aromatic—aromatic interactions, etc.). In this way, the best possible docking structures
were selected. The structures were visualized using DS Visualise, v. 2.5.18, and the obtained
images were rendered using PovRay Raytracer, v. 3.6.°
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1464 SUKALOVIC et al.

Electronic surface potential (ESP) calculation

The geometry of the ligands was further optimized in Gaussian 03W softwarel® using the
DFT B3LYP method with a 6-31g* basis set. The geometry obtained in this way was used for
calculation of the ESP. Only the head and linker part of the ligand were subjected to calcul-
ation, since the tail segment cannot influence the ESP distribution. The obtained results were
visualized in gOpenMol.11

RESULTS AND DISCUSSION

The experimental results showed that al ligands bind to D2DR with mode-
rate to high affinity (Table 1). The D2DAR receptor cavity is defined by two
binding sites, i.e., the orthosteric binding site (OBS) located in the receptor inter-
ior and the second binding pocket (SBP).> The OBS consists of the following
amino acid residues. Asp 114, Ser 194, Ser 197, Ser 167, Trp 386, Phe 390 and
Tyr 420. During ligand binding, the role of residue Asp 114 isto anchor via a salt
bridge with the charged nitrogen atom. Residues Trp 386, Phe 390 and Tyr 420
form a hydrophobic pocket inside the OBS. The hydrophobic tail segment of the
ligand forms multiple edge-to-face (ETF) interactions with the pocket amino acid
residues, resulting in correct orientation of the ligand inside the OBS. Ser
194/197 and Ser 167 form additional hydrogen bonds that result in a high affinity
complex.58

The head segment of ligands 1-4 can interact with amino acid residues
located in the SBP, including the ECL area (Ile 166, Leu 170, Leu 171, lle 184,
Phe 189, Va 190, His 397 and lle 398). Amino acid residues lle 166, Leu 170,
Leu 171, lle 184, Va 190 and lle 398 can form hydrophaobic interactions. Phe
189 and His 397 are oriented in a way that alows edge-to-face interactions to
occur. Ligand 1 can establish an additional hydrogen bond with Asn 186 (Fig. 1).

ILE184

LEU1TO y . VAL111
5 \ J
ASN186 "
- - A,
AN \ VAL115
ILE401 E

TRP390

Fig. 1. Docking results — 3D model of D2DR with the position of ligand 1 (black) inside the
binding site. Only key amino acid residues are displayed for clarity.
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D2 RECEPTOR AND ARYLPIPERAZINE LIGANDS INTERACTIONS 1465

The individual differences in the affinity of ligands could be explained by
the obtained docking resullts.

Ligand 1 was optimally positioned inside the binding site of the receptor,
leading to a high affinity complex. Key interactions include a short salt bridge
with Asp 114, the ligand tail part oriented between Trp 386, Phe 390 and Tyr
420, forming severa edge-to-face interaction, hydrogen bonds with Ser 194 and
Ser 167, the ligand head part correctly oriented between Phe 189 and His 397,
and a hydrogen bond between the ligand head part and Asn 186 (Fig. 2).

® @

® ® @ ®
: _.'. @ @ ) @ — - ®

TR

Fig. 2. Schematic representation of the key interaction between D2DR and ligand 1 (top left),
ligand 2 (top right), ligand 3 (bottom left) and ligand 4 (bottom right). The aromatic
interactions are shown as solid lines, while hydrogen bonds and the salt bridge
are denoted by dashed lines.

Ligand 2 occupied the same space inside the D2DR but its head part could
not form a hydrogen bond with Asn 186 due to the formation of an intramole-
cular hydrogen bond with the carbonyl oxygen. This led to reduced affinity for
D2DR.

Ligand 3, being shorter than ligand 1, could not benefit from the interaction
with Asn 186, but retained some interactions in the ECL area. The docking
results showed aromatic interactions with Phe 189 and His 397 but simultane-
ously, the positioning of the hydroxyl group of the head part of the ligand inside
the mainly hydrophobic pocket diminished the formation of aromatic interaction
with the surrounding hydrophobic groups.
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1466 SUKALOVIC et al.

Ligand 4, is ameta-isomer of ligand 2 and docks in a similar manner. Again
the intramolecular hydrogen bond leads to a reduced number of interactions with
D2DR, resulting in areceptor affinity in the same range as with ligand 2.

The ligand affinity depended on the aromatic interactions within the OBS
and SBP. These interactions were of the edge-to-face type and depended on the
correct ESP distribution. The negative ESP in the aromatic part of the ligand tail
segment, which forms the edge for ETF interactions with Trp 386 and Tyr 420
(OBS), was preferred, which led to high ligand affinity.8

The SBP amino acid residues Phe 189 and His 397 can establish ETF inter-
actions, contributing to ligand affinity. The ESP distribution in the head segment
of the ligands 14 show that aromatic interactions with Phe 189 and His 397
were possible via hydrogen atoms in the nicotinamide part of the molecule and
the negative ESP on Phe 189 (the ligand is the edge and Phe 189 is face), and via
the partially positively charged proton on His 397 and the negative ESP on the
nicotinamide nitrogen in the ligand head part (Fig. 3).

Fig. 3. ESP distribution in ligand 1 (top left), ligand 2 (top right), ligand 3 (bottom left) and
ligand 4 (bottom right). Only the head and linker parts are shown for clarity. The negative
ESPis shown in dark gray, while the positive ESP is shown in light gray.

CONCLUSION

In previous studies, a 3D model of D2DR was proposed; special focus was
on molecular modeling of key receptor-ligand interactions in the ECL area.2° In
this publication, the role of Phe 189, His 397 and Asn 186 in ligand binding was
stressed. Phe 189 and His 397 provided aromatic type interactions while Asn 186,
which is located in the middle of ECL2, provided hydrogen bonding interaction
with 6-hydroxy-N-{ 4-[ 2-(4-phenyl pi perazin-1-yl)ethyl] phenyl} nicotinamide.

The obtained results showed that the ECL receptor area plays an important
role in the binding of long linear-shaped ligands that cannot entirely fit into the
canonical D2DR bind site. The ECL domain is a part of the receptor-binding site,
and provides several key receptor—igand interactions, leading to high affinity
complexes.
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U3BOJ
HUCIIUTUBAE KIbYYHUX UHTEPAKIIUJA USMERY OPYTE EKCTPALIENTYJIAPHE
[TETJBE IOITAMHUHCKOT D2 PELEIITOPA U PA3JIMUUTHUX XUTPOKCHU-N-{[2-(4-
-OEHUJITITUITEPA3SUH-1-WI)ETUI]OPEHU/I}-HUKOTUHAMHUIIA

BJIALMMUP LIYKAJIOBUR', BYKUR LIOIIKHUR, BYPBULIA UTHATOBUR®, IEAHA AHIPUR',
JEJIEHA TTEBMIIEBUR' 1 CIABAHA KOCTHR-PAJAYNR'

TuxT™ - Leniuap 3a xemujy, Ynusepsuineii y beoipagy, Fbeiowesa 12, 11000 Beoipag, 20RGENTEC
Diagnostika GmbH, Carl-Zeiss-Str. 49, 55129 Mainz, Germany, 3Hﬂcu7uu7ym 30 OUOTIOWKA UCTHPANCUBAIDA
JCunuwa Cuanxosuh”, Ynusepsuiieit y Beoipagy, Bynesap geciiomia Ciuepana 142, 11060 Beoipag u
4Xemujcxu paxyniteni, Ynueep3uitiel y beoipagy, Ciiygeniticku wpi 12—16, 11000 Beoipag

JJomaMuHepruyku cuctem ce seh Oye BpeMe Hanlasd y OKyCy UCTpaKMBama yCMepe-
HUX Ka Pa3B0Ojy HOBUX dapMaKOTepaNUjCKUX CYICTAHIM, HAMEHhEeHUX Jiederwhy 0007pema [eH-
TpanHor HepBHOT cuctema (IITHC), xao mro cy: HapkoMaHHja, um3odpeHuja, nenpecuja u
IMapxuHcoHoBa bonect. Jlo gaHac, KpUCTaqHa CTYKTypa JonmaMuHckor D2 peunenrtopa Huje
N03HATa, YIPKOC BEroBoj OUTHOj (PYHKUMjU U BXKHOCTH y LM/baHOj Tepanuju odomserwa LTHC.
Y oBoM pajy, IpefcTaB/baMO Hampefak y ofpehuBamy KbYYHUX peLeNTOp—IUraH] UHTepak-
uuja, usMehy apuinunepasuHy CJIMYHUX JUraHajza 4 monena D2 peuenrtopa foOujeHor Ha
OCHOBY KkpucTasiHe ctpykype D3 peuenTopa. Yrorpebom DOKHMHT aHaK3e, yIIOPeNo ca eKcIe-
PUMEHTAJIHUM pe3yITaTiMa, ogpeheHe cy kwbyyHe HHTEpaKIHje Koje ZOIPUHOCe BUCOKOj AOT-
aMHHEPIUYKOj aKTUBHOCTH. YKYIHO 4 IUraHja apwilnunepasuHcke CTPyKType Cy TecTHpaHa,
N0Kasana Cy YMEPEHHU A0 BUCOKM aUHUTET Be3HBama, a JOOUjeHH Pe3y/ITaTd Cy OdjallmbeHH
IyTeM JOKOBama JIMraHaja y npeaioxeHu monen D2 peuenropa.

(ITpumsbeHo 23. anpuiia, peBUUpaHo 2. jyna, npuxsaheHo 6. jyna 2014)
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Synthesis and antioxidant activity study of pyrazoline carrying
an arylfuran/arylthiophene moiety
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Abstract: A novel series of N-acetyl-3-aryl-5-(5-(p/o-nitrophenyl)-2-furyl/
/thienyl)-substituted pyrazolines (3a—0) were synthesized by the reaction of
1-aryl-3-(5-(p/o-nitrophenyl)-2-furyl/thienyl)-2-propene-1-ones with hydrazine
hydrate in acetic acid medium. The structures of the newly synthesized com-
pounds were established by IR, 1H-NMR, mass spectra and a single-crystal
X-ray study. The antioxidant activities of the synthesized compounds were
determined using the DPPH scavenging assay. The compounds 3a, 3f, 3h and
30 showed moderate activity.

Keywords. N-acetyl-3,5-disubstituted pyrazoline; antioxidant activity; aryl-
furan; arylthiophene.

INTRODUCTION

Pyrazoline is an important five member heterocyclic compound containing
nitrogen as the hetero atom. Severa pyrazoline derivatives possess important
pharmacological activities. Pyrazoline and their derivatives were found to pos
sess a broad spectrum of biological activities, such as antitumorl and anti-inflam-
matory activities,2 MAO-B inhibition3 and antioxidant? activity. The derivatives
of pyrazoline are used in applications such as dyestuffs, analytical reagents and
as agrochemicals.® Similarly, substituted furan/thiophene derivatives also exhibit
significant biological activities, such as antibacterial, HIV-1 fusion inhibitions,
antitumor, anti-inflammatory and antioxidant properties, etc.5-10 Prompted by
these observations and in continuation of an ongoing search for biologically
active heterocycles,11-14 the synthesis of a novel series of N-acetyl pyrazoline
carrying an arylfuran/arylthiophene moiety is reported herein. These synthesized
compounds were evaluated for their antioxidant activity. A few of the tested

* Corresponding author. E-mail: bkalluraya@gmail.com
doi: 10.2298/J5C140109090J
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1470 JOIS, KALLURAYA and GIRISHA

compounds showed significant antioxidant activity, when compared with the
standard butylated hydroxytoluene (BHT).

EXPERIMENTAL
Materials, methods and instrumentation

All the employed chemicals were of anaytical reagent (AR) grade and were obtained
from Spectrochem and CDH. The formation of pyrazoline was confirmed by analytical IR,
IH-NMR and mass spectra and single crystal X-ray data. IR spectra of the compounds were
recorded on Thermo Nicolet Avatar 330-FTIR spectrophotometer. The melting points of the
newly synthesized compounds were determined in open capillary tubes and are uncorrected. The
IH-NMR spectra were recorded on a Bruker Avance-1l 400 MHz NMR spectrometer using
CDCl; as solvent and tetramethylsilane (TMS) as internal standard. All the chemical shift
values are expressed on the § scale downfield from TMS. The mass spectra were recorded on
a Water-Micromass Q-Tof Micro LC mass spectrometer. Elemental analyses were realized on
a Vario-El Elementar-111 model analyzer. The X-ray crystalographic study of compound 3h
was performed on a Bruker X8 Proteum CCD diffractometer. The homogeneity of the com-
pounds was controlled by thin layer chromatography using silica gel plates (Merck) using
petroleum ether: ethyl acetate (9:1) as the mobile phase.

General procedure for the preparation of 1-aryl-3-(5-(p/o-nitrophenyl)-2-furyl/thienyl)-2-
propene-1-ones (2a—0)

To amixture of substituted acetophenone (0.01 mol) and substituted 5-arylfurfural/5-aryl
thiophene-2-carboxaldehyde (0.01 mol) in ethanol (25 mL), 30% sodium hydroxide (5 mL)
was added drop by drop under ice bath and the mixture was agitated for 4 h. The solid
separated was filtered, washed thoroughly with water and recrystallized from ethanol-DMF
solvent. The structures of the propenones are givenin Tablel.

General procedure for the preparation of N-acetyl-3-aryl-5-(5-(p/o-nitrophenyl)-2-furyl/
thienyl) substituted pyrazolines (3a—0)

A mixture of chalcone (0.01 mal), hydrazine hydrate (0.05 mol) and glacial acetic acid
(40 mL) was refluxed for 4 h. The resulting mixture was poured into ice cold water (100 mL)
and allowed to settle. The solid that separated was collected by filtration, washed with cold
water and then recrystallized from DMF—ethanol mixture. The structures of the newly
synthesized pyrazolines are given in Table .

Biological evaluation

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was determined
following the method of Mensor et al.1> using ethanol with DPPH as the control. The per-
centage radical scavenging activity, RSA, was determined using the following equation:

RA =Mx100
A

where A. is the absorbance of the control and A is the absorbance of the sample. All the
experiments were performed in triplicate; the results are expressed as mean * standard
deviation (SD).

Antioxidant activity

All synthesized compounds were screened for their antioxidant activity against the
DPPH radical. A pre-screening of the various substituted pyrazolines 3a—o was performed as a
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preliminary evaluation. The compounds 3a, 3d, 3e, 3f, 3h, 3n and 3o were taken for further
screening. The compounds were dissolved in DM SO to obtain a solution of 0.001 mg mL1
concentration. From this stock solution, 0.2 mL was pipetted out and diluted to 2.5 mL with
ethanol. Ethanol with DPPH was used as the control. The absorbance of these compounds was
recorded at 518 nm. BHT was used as the standard for the antioxidant activity screening.

TABLE I. Structures of the synthesized 1-aryl-3-(5-(p/o-nitrophenyl)-2-furyl/thienyl)-2-pro-
pene-1-ones (2a—0) and N-acetyl-3-(substituted aryl)-5-(5-aryl-2-furyl/thienyl)pyrazolines
(3a—0)

Compd. R RL X
2a, 3a p-NO, p-CH; O
2b, 3b p-NO, p-OCH; O
2c, 3c p-NO, p-Cl (0]
2d, 3d p-NO, o,p-Cl (0]
2e, 3e p-NO, p-OH O
2f, 3f p-NO, p-NO, o]
29, 39 p-NO, p-NH, O
2h, 3h 0-NO, p-CH3 o]
2i, 3i p-NO, p-CH; S
2,3 p-NO, p-OCH; S
2k, 3k p-NO, p-Cl S
21, 3l p-NO, o,p-Cl S
2m, 3m p-NO, p-OH S
2n, 3n p-NO, p-NO, S
20, 30 p-NO, m-NO, S

RESULTS AND DISCUSSION
Chemistry

The 5-(p/o-nitrophenyl)furfural/2-thiophenecarboxaldehydes were obtained
by the coupling of p/o-nitrobenzene-1-diazonium salt with furfural/2-thiophene-
carboxaldehyde as per the reported procedure.16 5-Arylfurfural/aryl-2-thiophe-
necarboxaldehyde 1 was condensed with various substituted acetophenone in the
presence of sodium hydroxide to obtain a series of chalcones 2. The obtained
chalcones were treated with hydrazine hydrate in presence of glacial acetic acid
medium to obtain the 3,5-disubstituted-N-acetylpyrazolines 3.

The synthetic route for the compounds is outlined in Scheme 1. The anal-
ytical and spectral data of the prepared compounds are given in the Supple-
mentary material to this paper.
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Scheme 1. The schematic route for the synthesis of the N-acetyl-3-aryl-5-(substituted aryl-2-
-furyl/thienyl) pyrazolines.

The IR spectrum of compound 3b showed an absorption band at 1646 cm1
due to the N-acetyl carbonyl group. In the 1H-NMR spectrum of compound 3b,
the three N-acetyl protons resonated at 6 2.4 ppm as a singlet. The methoxy
protons appeared as asinglet a 0 3.8 ppm. The proton on the stereogenic carbon
of the pyrazoline ring appeared as a doublet of doublet centred at 6 5.7 ppm (J =
= 5.2 and 12.0 Hz) integrating for one proton. The prochiral CHy protons of pyr-
azoline ring appeared as two distinct doublets of doublet centred at 6 3.4 ppm
(J=5.2and 17.6 Hz) and a ¢ 3.6 ppm with coupling constants of 12.0 and 17.6
Hz. The C-3 and C-4 protons of the furan ring appeared as a doublet at 6 6.4 and
6.7 ppm in the 1H-NMR spectrum of compound 3b. The signal at ¢ 165.24 ppm
was assigned to the carbonyl carbon. The C=N carbon appeared at § 156.36 ppm.
The C-5 carbon and the C-4 carbon of pyrazoline appeared at 6 75.2 and 68.3
ppm, respectively. The CH3 carbon appeared at 6 12.5 ppm. The aromatic car-
bons resonated between ¢ 154.6-122.4 ppm. The mass spectrum of this com-
pound showed the molecular ion peak (M*+1) at m/z 406.2 consistent with its
molecular formula CooH19N305. Moreover, in atypical example, the single crys-
tal XRD of pyrazoline 3h was recorded and it was in conformation with the pro-
posed structure.1’ The structure of compound 3h determined from single crystal
XRD datais given in Fig. 1 and the crystallographic results for the compound are
summarized in TableIl.
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Fig. 1. The structure of compound 3h determined from single
crystal XRD data.

TABLE II. Summary of crystallographic results for the compound 3h

Parameter Vaue

Empirical formula CyoH19N30,

Formula weight 389.4

Description and colour Block, brown

Temperature, K 298(2)

Wavelength, A 0.71073

Crystal system, space group Triclinic, P1

Unit cell parameters a=7.6235(3) A, b=10.5652(4) A, c=13.1177(4) A,
a =103.344(2)°, B = 95.025(2)°, y = 108.221(2)°

Volume, A3 961.78(6)

Z, calculated density 2

Absorption coefficient, mm1 0.094

Crystal size, mm 0.23x0.22x0.21

Antioxidant activity

All the synthesized compounds were screened for their antioxidant activity
against the DPPH radical. The pre-screening of the various substituted pyrazol-
ines 3a—0 was redlized at different concentration level as a preliminary eval-
uation. The compounds 3a, 3d, 3e, 3f, 3h, 3n and 30 were taken for further
screening and tested at 0.2 mg. The percentage radical scavenging activities of
the compounds were compared with that of the standard BHT at the same con-
centration.

The tested compounds showed antioxidant activity ranging from 26.82—
—63.68 %, whereas the standard BHT showed 97.60 % inhibition. Compounds 3a
and 3h with a methyl substituent at the para position of the phenyl ring showed
good activity compared to that of the standard. Similarly, compounds 3f and 30
with a nitro substituent at the para and meta positions, respectively, exhibited
moderate activity. The title compound bearing a furan moiety showed significant
activity, whereas the compound bearing a thiophene moiety exhibited the lowest
inhibition towards the DPPH radical. A graphical representation of the results is
giveninFig. 2.
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BHT 3a 3d 3e 3f 3h 3n 30
Compound
Fig. 2. The antioxidant activity of some of the synthesized pyrazolines. The error bars show
themean + SD.
CONCLUSIONS

A novel series of pyrazoline derivatives containing a arylfuran/thiophene
moiety were reported. The results of the antioxidant screening by the DPPH
radical scavenging assay revealed that among the fifteen synthesized compounds,
only pyrazoline 3a, 3f, 3h and 3o showed moderate antioxidant activity.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of the prepared compounds are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
CHUHTE3A U AHTUOKCUIATHBHA AKTUBHOCT APUJI®YPUJI/TUEHHWII
CYIICTUTYUCAHUX JEPUBATA ITUPA30JIMHA

VIDYASHREE H. S. JOISi, BALAKRISHNA KALLURAYA' 1 KOTATHATTU S. GIRISHA?

1Department of Studies in Chemistry, Mangalore University, Mangalagangothri, Konaje — 574 199 u
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CuHTreTHCcaHa je cepuja N-aueTtun-3-apun-5-(5-(p/o-Hurpodenun)-2-bypusn/TUeHnn)
CYNICTUTYHUCAHUX [lepuBaTa NupasonuHa (3a—o0), peakuujom usmehy 1-apumn-3-(5-(p/o-HUT-
podenun)-2-bypun/THEHUN)-2-IPONEH-1-0Ha ca XUApa3sUH-XUIPAaTOM y IPUCYCTBY cupheTHe
kucenuHe. CTpyKType HOBHX JepuBata cy oppehene nmomohy IC u NMR cnexrpockonuje u
MaceHe CIIEKTPOMETpHje U PEHATeHCKe CTPYKTYpHE aHalM3e MOHOKpHcTana. Mcmurane cy
AQHTUOKCHIATHBHE aKTUBHOCTH NoOUjeHux jenumersa DPPH tectom. lepuatu 3a, 3f, 3h u 30
N0Ka3yjy yMepeHY aKTUBHOCT.

(TIpumiseHo 9. janyapa, pesunupaHo 4. centemdpa, mpuxsaheno 8. centembpa 2014)
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ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

1-(4-Methyl phenyl)-3-[ 5-(4-nitrophenyl)furan-2-yl] prop-2-en-1-one  (2a).
Mol. Form.: CooH15NO4 (FW: 333.3); m.p.: 149-150 °C (Lit. 148-150 °C1); 1H-
NMR (400 MHz, CDCl3, ¢ / ppm): 6.56 (1H, d, J = 15.3 Hz, H-3), 6.83 (1H, d, J
= 15.3 Hz, H-2), 7.0-8.2 (8H, m, Ar-H), 6.2 (1H, d, J = 3.6 Hz, furan H-3), 6.8
(1H, d, 3= 3.6 Hz, furan H-4), 2.4 (3H, s, CH3).

1-(4-Methoxyphenyl)-3-[ 5-(4-nitrophenyl ) furan-2-yl] prop-2-en-1-one  (2b).
Mol. Form.: CooH15NOs (FW: 349.3); m.p.: 163-165 °C (Lit. 165-1661); 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 6.63 (1H, d, J = 15.3 Hz, H-3), 6.71 (1H, d,
J=15.3 Hz, H-2), 6.9-8.1 (8H, m, Ar-H), 6.3 (1H, d, J = 3.6 Hz, furan H-3), 6.8
(1H, d, J = 3.6 Hz, furan H-4) 3.8 (3H, s, OCH3).

1-(4-Chlorophenyl)-3-[ 5-(4-nitrophenyl)furan-2-yl] prop-2-en-1-one  (2c).
Mol. Form.: C1gH1oCINOg4; (FW: 353.7); m.p.: 155 °C (Lit. 156-157 °Cl); 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 6.68 (1H, d, J = 15.4 Hz, H-3), 6.93 (1H, d,
J =154 Hz, H-2), 7.3-8.2 (8H, m, Ar-H), 6.4 (1H, d, J = 3.6Hz, furan H-3), 6.8
(1H, d, 3 = 3.6 Hz, furan H-4).

1-(2,4-Dichlorophenyl)-3-[ 5-(4-nitrophenyl)furan-2-yl] prop-2-en-1-one  (2d).
Mol. Form.: C1gH11CIoNO4 (FW: 388.2); m.p.: 157 °C (Lit. 157-158 °Cl); 1H-
-NMR (400 MHz, CDCl3, § / ppm): 6.71 (1H, d, J = 15.5 Hz, H-3), 7.02 (1H, d,
J =155 Hz, H-2), 7.3-8.0 (7H, m, Ar-H), 6.2 (1H, d, J = 3.6Hz, furan H-3), 6.7
(1H, d, J = 3.6 Hz, furan H-4).

1-(4-Hydroxyphenyl)-3-[ 5-(4-nitrophenyl )furan-2-yl] prop-2-en-1-one  (2€).
Mol. Form.: C1gH13NOs (FW: 335.3); m.p.: 152-153 °C (Lit. 152-154 °C2); 1H-

* Corresponding author. E-mail: bkalluraya@gmail.com
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NMR (400 MHz, CDCl3, ¢ / ppm): 6.64 (1H, d, J = 15.5 Hz, H-3), 7.12 (1H, d, J
=15.5 Hz, H-2), 7.3-8.0 (8H, m, Ar-H), 5.8 (1H, s, OH), 6.3 (1H, d, J = 3.6 Hz,
furan H-3), 6.8 (1H, d, J = 3.6 Hz, furan H-4).

1-(4-Nitrophenyl)-3-[ 5-(4-nitrophenyl)furan-2-yl] prop-2-en-1-one (2f). Mol.
Form.: C1gH19N2Og (FW: 364.3); m.p.: 205 °C (Lit. 205-206 °Cl); 1H-NMR
(400 MHz, CDCl3, 6 / ppm): 6.71 (1H, d, J = 15.3 Hz, H-3), 7.12 (1H, d, J = 15.3
Hz, H-2), 7.1-8.2 (8H, m, Ar-H), 6.6 (1H, d, J = 3.6 Hz, furan H-3), 6.8 (1H, d,
J=3.6 Hz furan H-4).

1-(4-Aminophenyl)-3-[ 5-(4-nitrophenyl)furan-2-yl] prop-2-en-1-one (20).
Mol. Form.: CygH1oN20O4 (FW: 334.3); m.p.: 234-236 °C (Lit. 235-236 °CY);
IH-NMR (400 MHz, CDCl3, 6 / ppm): 6.89 (1H, d, J = 15.2 Hz, H-3), 7.10 (1H,
d, J=15.2 Hz, H-2), 7.3-8.0 (8H, m, Ar-H), 6.4 (1H, d, J = 3.6 Hz, furan H-3),
6.8 (1H, d, J= 3.6 Hz, furan H-4), 9.1 (2H, s, NH>).

1-(4-Methyl phenyl)-3-[ 5-(2-nitrophenyl)furan-2-yl] prop-2-en-1-one  (2h).
Mol. Form.: CooH1sNO4 (FW: 333.3); m.p.: 133 °C (Lit. 134 °Cl); IH-NMR
(400 MHz, DM SO-dg, ¢ / ppm): 6.71(1H, d, J = 15.2 Hz, H-3), 7.05 (1H, d, J =
= 15.2 Hz, H-2), 7.3-7.6 (8H, m, Ar-H), 6.4 (1H, d, J = 3.2 Hz, furan H-3), 6.6
(1H, d, J = 3.2 Hz, furan H-4), 2.2 (3H, s, CH3).

1-(4-Methyl phenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one (2i).
Mol. Form.: CyoH1sNO3S (FW: 349.4); m.p.: 159 °C (Lit. 158-160 °C?); 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 6.78 (1H, d, J = 15.3 Hz, H-3), 7.15 (1H, d,
J=15.3Hz, H-2), 7.2-8.2 (8H, m, Ar-H), 7.0 (1H, d, J = 3.2 Hz, thiophene H-3),
6.8 (1H, d, J = 3.2 Hz, thiophene H-4), 2.13 (3H, s, CH3).

1-(4-Methoxyphenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one (2).
Mol. Form.: CogH15NO4S (FW: 365.4); m.p.: 152-153 °C (Lit. 151-153 °C?);
IH-NMR (400 MHz, CDCl3, 6 / ppm): 6.68 (1H, d, J = 15.3 Hz, H-3), 7.15 (1H,
d, J = 15.3 Hz, H-2), 7.2-8.0 (8H, m, Ar-H), 6.4 (1H, d, J =3.6Hz, thiophene
H-3), 6.6 (1H, d, J = 3.6 Hz, thiophene H-4), 3.89 (3H, s, CH3).

1-(4-Chlorophenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one (2K).
Mol. Form.: C19H12CINO3S (FW: 369.8); m.p.: 108-109 °C (Lit. 109-110 °C?);
IH NMR (400 MHz, CDCl3, 6 / ppm): 6.73 (1H, d, J = 15.5 Hz, H-3), 7.02 (1H,
d, J=15.5 Hz, H-2), 7.3-8.0 (7H, m, Ar-H), 6.2 (1H, d, J = 3.6Hz, thiophene H-
3), 6.6 (1H, d, J = 3.6 Hz, thiophene H-4).

1-(2,4-Dichlorophenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one (21).
Mol. Form.: Cq9H11CIoNO3S (FW: 404.2); m.p.: 102 °C (Lit. 103 °C?); 1H-
-NMR (400 MHz, CDCl3, 6 / ppm): 6.64 (1H, d, J = 15.3 Hz, H-3), 6.93 (1H, d,
J = 153 Hz, H-2), 7.0-7.8 (7H, m, Ar-H), 6.4 (1H, d, J = 3.6 Hz, thiophene
H-3), 6.7 (1H, d, J =3.6 Hz, thiophene H-4).

1-(4-Hydroxyphenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one  (2m).
Mol. Form.: CygH13NO4S (FW: 351.3); m.p.: 134-135 °C (Lit. 135 °C?); 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 6.58 (1H, d, J = 15.3 Hz, H-3), 6.98 (1H, d,
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J = 153 Hz, H-2), 7.1-8.2 (8H, m, Ar-H), 6.4 (1H, d, J = 3.6 Hz, thiophene
H-3), 6.8 (1H, d, J = 3.6 Hz, thiophene H-4).

1-(4-Nitrophenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one (2n): Mal.
Form.: C19H1oN20sS (FW: 380.3); mp.: 175-176 °C (Lit. 176-177 °C?); 1H-
NMR (400 MHz, CDCl3, ¢ / ppm): 6.81 (1H, d, J = 15.3 Hz, H-3), 7.14 (1H, d, J
= 15.3 Hz, H-2), 7.1-7.9 (8H, m, Ar-H), 6.4 (1H, d, J = 3.6 Hz, thiophene
H-3), 6.8 (1H, d, J = 3.6 Hz, thiophene H-4).

1-(3-Nitrophenyl)-3-[ 5-(4-nitrophenyl)-2-thienyl] prop-2-en-1-one (20). Mol.
Form.: C1gH1oNo>OsS (FW: 380.3); mp.: 119-120 °C (Lit. 118-220 °C?) 1H-
-NMR (400 MHz, DM SO-dg, ¢ / ppm): 6.83 (1H, d, J = 15.3 Hz, H-3), 7.2 (1H,
d, J=15.3 Hz, H-2), 7.1-7.9 (8H, m, Ar-H), 6.4 (1H, d, J = 3.6 Hz, thiophene H-
3), 6.7 (1H, d, J = 3.6 Hz, thiophene H-4).

1-{3-(4-Methyl phenyl)-5-[ 5-(4-nitrophenyl)furan-2-yl] -4,5-dihydro-1H-pyr-
azol-1-yl}ethanone (3a). Yield: 78 %; m.p.. 143 °C; Ana. Cacd. for
CooH19N304 (FW: 389.4): C, 67.86; H, 4.92; N, 10.79 %. Found: C, 67.83; H,
4.87; N, 10.74 %; IR (cm1): 1661 (C=0 stretching of -N—COCH3 group), 3238
(Ar—H); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.3 (3H, s, COCH3), 2.4 (3H, s,
CH3), 5.5 (1H, dd, J=5.2 Hz, J = 12 Hz, pyrazoline H-5), 3.4 (H, dd, J = 5.2 Hz,
J=17.5Hz, pyrazoline H-4), 3.7 (1H, dd, J = 12 Hz, J = 17.5 Hz, pyrazoline H-4
trans), 6.2 (1H, d, J = 3.6 Hz, furan H-3), 6.8 (1H, d, J = 3.6 Hz, furan H-4), 7.0-
—8.2 (8H, m, Ar-H); MS (m/2): 390.23 (M*+1).

1-{3-(4-Methoxyphenyl)-5-[ 5-(4-nitrophenyl)furan-2-yl] -4,5-dihydro- 1H-pyr-
azol-1-yl}ethanone (3b). Yield: 81 %; m.p.. 152-153 °C; Ana. Calcd. for
CooH19N305 (FW: 405.4): C, 65.18; H, 4.72; N, 10.36 %. Found: C, 65.11; H,
4.68; N, 10.29 %; IR (cm1): 1646 (C=0 stretching of -N—COCH3 group), 3103
(Ar-H); IH-NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCH3), 3.8 (3H, s,
OCH3) 5.7 (1H, dd, J = 5.2 Hz, J = 12 Hz, pyrazoline H-5), 3.4 (H, dd, J = 5.2
Hz, J = 17.6 Hz, pyrazoline H-4), 3.6 (1H, dd, J = 12 Hz, J = 17.6 Hz, pyrazoline
H-4 trans), 6.4 (1H, d, J = 3.6 Hz, furan H-3), 6.7 (1H, d, J = 3.6 Hz furan H-4),
6.9-8.1 (8H, m, Ar-H). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 165.24 (C=0),
156.36 (C=N), 154.6, 151.9, 148.3, 145.7, 142.8, 134.2, 132.2, 130.2, 128.4,
127.3, 1255, 122.4 (Ar-C), 75.2 (C-5 of pyrazoline), 68.3 (C-4 of pyrazoline),
21.21 (CO—CH3j), 12.5 (CH3g). MS (m/2): 406.53 (M*+1).

1-{3-(4-Chlorophenyl)-5-[ 5-(4-nitrophenyl)furan-2-yl] -4,5-dihydro-1H-pyr-
azol-1-yi}ethanone (3c). Yied: 73 %; mp.:. 136 °C; Ana. Cacd. for
C21H16CIN3O4 (FW: 409.8): C, 61.54; H, 3.94; N, 10.25 %. Found: C, 61.50; H,
3.88; N, 10.21 %; IR (cm1): 1665 (C=0 stretching of -N—COCH3 group), 3246
(Ar-H): 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCH3), 5.7 (1H, dd,
J =5.2 Hz, J = 12 Hz, pyrazoline H-5), 3.4 (1H, dd, J = 5.2 Hz, J = 17.6 Hz,
pyrazoline H-4), 3.6 (1H, dd, J = 12 Hz, J = 17.6 Hz, pyrazoline H-4 trans), 6.4
(1H, d, 3= 3.6 Hz, furan H-3), 6.8 (1H, d, J = 3.6 Hz, furan H-4) 7.4-8.2 (8H, m,
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Ar-H); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 165.52 (C=0), 156.77 (C=N),
154.3, 151.5, 148.7, 145.7, 142.8, 134.8, 132.6, 130.9, 128.1, 127.3, 125.9, 121.9
(Ar-C), 75.9 (C-5 of pyrazoline), 67.6 (C-4 of pyrazoline), 21.9 (CO-CH3). MS
(m/2): 410.14 (M*+1), 412.11 (M*+3).

1-{3-(2,4-Dichlorophenyl)-5-[ 5-(4-nitrophenyl)furan-2-yl] -4,5-dihydro-1H-
pyrazol-1-yl}ethanone (3d). Yield: 63 %; m.p.: 150-151 °C; Anal. Calcd. for
Co1H15CIoN304 (FW: 444.2): C, 56.77; H, 3.40; N, 9.46 %. Found: C, 56.73; H,
3.37; N, 9.40 %; IR (cm1): 1669 (C=0 stretching of -N—COCH3 group): 1H-
NMR (400 MHz, CDCl3, 6 / ppm): 2.3 (3H, s, COCH3), 5.6 (1H, dd, J = 5.2 Hz,
J = 11.8 Hz, pyrazoline H-5), 3.4 (1H, dd, J = 5.2 Hz, J = 17.6 Hz, pyrazoline
H-4), 3.6 (1H, dd, J = 11.8 Hz, J = 17.6 Hz, pyrazoline H-4 trans), 6.2 (1H, d,
J = 3.6 Hz, furan H-3), 6.7 (1H, d, J = 3.6 Hz, furan H-4), 7.3-8.0 (7H, m, Ar-H);
MS (m/2): 445.7 (M*+1).

1-{3-(4-Hydroxyphenyl)-5-[ 5-(4-nitrophenyl)furan-2-yl] -4,5-dihydro-1H-pyr-
azol-1-yl}ethanone (3e). Yield: 69 %; mp.. 225226 °C; Ana. Cacd. for
C21H17N305 (FW: 391.3): C, 64.45; H, 4.38; N, 10.74 %. Found: C, 64.40; H,
4.37; N, 10.71 %; IR (cm1): 1665 (C=0 stretching of -N—COCH3), 3198 (Ar-
H); TH-NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCH3), 5.5 (1H, dd, J =
5.2 Hz, J = 11.2 Hz, pyrazoline H-5), 3.2 (H, dd, J =5.2 Hz, J =17.4 Hz,
pyrazoline H-4), 3.4 (1H, dd, J=11.2 Hz, J = 17.4 Hz, pyrazoline H-4 trans), 5.8
(1H, s, OH), 6.3 (1H, d, J = 3.6 Hz, furan H-3), 6.8 (1H, d, J = 3.6 Hz, furan H-4)
7.3-8.0 (8H, m, Ar-H); MS (m/2): 392.09 (M*+1).

1-{3-(4-Nitrophenyl)-5-[ 5-(4-nitrophenyl ) furan-2-yl] -4,5-dihydro-1H-pyr-
azol-1-yl}ethanone (3f). Yield: 56 %; m.p.. 125-126 °C; Ana. Calcd. for
Co1H16N40g (FW: 420.3): C, 60.00; H, 3.84; N, 13.33 %. Found: C, 59.96; H,
3.85; N, 13.29 %; IR (cm1): 1666 (C=0 stretching of -N—COCH3 group), 3229
(Ar—H): 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCH3), 5.6 (1H, dd,
J=5.2 Hz, J = 11.8 Hz, pyrazoline H-5), 3.4 (H, dd, J = 5.2 Hz, J = 17.6 Hz,
pyrazoline H-4), 3.5 (1H, dd, J = 11.8 Hz, J = 17.6 Hz, pyrazoline H-4 trans), 6.6
(1H, d, J = 3.6 Hz, furan H-3), 6.8 (1H, d, J = 3.6 Hz furan H-4), 7.1-8.2 (8H, m,
Ar-H); MS (m/2): 421.45 (M*+1).

1-{3-(4-Aminophenyl)-5-[ 5-(4-nitrophenyl)furan-2-yl] -4,5-dihydro-1H-pyr-
azol-1-yl}ethanone (3g). Yield: 53 %; m.p.. 247-248 °C; Ana. Calcd. for
Co1H18N404 (FW: 390.3): C, 64.61; H, 4.65; N, 14.35 %. Found: C, 64.58; H,
4.59; N, 14.31%; IR (cm1): 1652 (C=0 stretching of -N-COCH3 group), 3248
(Ar-H); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.3 (3H, s, COCH3), 5.7 (1H, dd,
J =5.0 Hz, J = 12.0 Hz, pyrazoline H-5), 3.1 (1H, dd, J = 5.0 Hz, J = 17.8 Hz,
pyrazoline H-4), 3.3 (1H, dd, J = 12.0 Hz, J = 17.8 Hz, pyrazoline H-4 trans), 6.4
(1H, d, J = 3.6 Hz, furan H-3), 6.8 (1H, d, J = 3.6 Hz, furan H-4), 9.1 (2H, s,
NH>), 7.3-8.0 (8H, m, Ar-H); 13C-NMR (100 MHz, CDCl3, § / ppm): 166.3
(C=0), 157.0 (C=N), 155.3, 152.5, 148.9, 145.2, 144.8, 134.1, 132.5, 130.3,
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128.9, 126.3, 125.1, 122.8 (Ar-C), 74.7 (C-5 of pyrazoline), 69.6 (C-4 of pyrazo-
line), 21.1 (CO-CHg). MS (m/2): 391.23 (M*+1).

1-{3-(4-Methyl phenyl)-5-[ 5-(2-nitrophenyl)furan-2-yl] -4,5-dihydro-1H-pyr-
azol-1-yl}ethanone (3h). Yield: 85 %; m.p.. 149 °C; Ana. Cacd. for
CooH19N304 (FW: 389.4): C, 67.86; H, 4.92; N, 10.79 %. Found: C, 67.80; H,
4.88; N, 10.75 %; IR (cm1): 1647 (C=0 stretching of -N—COCH3 group), 1H-
NMR (400 MHz, DMSO-dg, 6 / ppm): 2.4 (3H, s, COCH3), 2.1 (3H, s, CH3), 5.6
(1H, dd, J = 4.8 Hz, J = 11.4 Hz, pyrazoline H-5), 3.3 (H, dd, J = 4.8 Hz, J =
= 17.6 Hz, pyrazoline H-4), 3.5 (1H, dd, J = 11.4 Hz, J = 17.6 Hz, pyrazoline
H-4 trans), 6.4 (1H, d, J = 3.2 Hz, furan H-3), 6.6 (1H, d, J = 3.2 Hz, furan H-4),
7.3-7.6 (8H, m, Ar-H). 13C-NMR (100 MHz, CDCl3, ¢ / ppm):166.54 (C=0),
155.56 (C=N), 153.6, 151.9, 149.3, 145.2, 143.8, 134.5, 133.9, 131.4, 128.9,
127.7, 1245, 123.4 (Ar-C), 77.2 (C-5 of pyrazoline), 68.9 (C-4 of pyrazoline),
21.3 (CO—CHg), 13.6 (CH3). MS (m/2): 390.18 (M*+1).

1-{3-(4-Methyl phenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydro- 1H-pyr-
azol-1-yl}ethanone (3i). Yied: 79 %; m.p.. 89-90 °C; Ana. Cacd. for
CooH19N303S (FW: 405.4): C, 65.17; H, 4.72; N, 10.36 %. Found: C, 65.18; H,
4.68; N, 10.31 %; IR (cm1): 1658 (C=0 stretching of -N—-COCHg3 group), 1H-
NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCHg), 1.9 (3H, s, CH3), 5.8
(1H, dd, J = 4.4 Hz, J = 11.6 Hz, pyrazoline H-5), 3.3 (1H, dd, J =44 Hz, J =
= 17.6 Hz, pyrazoline H-4), 3.7 (1H, dd, J = 11.6 Hz, J = 17.6 Hz, pyrazoline
H-4 trans), 7.0 (1H, d, J = 3.2 Hz, thiophene H-3), 7.0 (1H, d, J = 3.2 Hz,
thiophene H-4), 7.2-8.2 (8H, m, Ar-H). 13C-NMR (100 MHz, CDCl3, ¢ / ppm):
165.24 (C=0), 156.36 (C=N), 154.6, 151.9, 148.3, 145.7, 142.8, 134.2, 132.2,
130.2, 128.4, 127.3, 125.5, 122.4 (Ar-C), 75.2 (C-5 of pyrazoline), 68.3 (C-4 of
pyrazoline), 21.21 (CO—CHsj), 12.5 (CH3); MS (m/2): 306.16 (M*+1).

1-{3-(4-Methoxyphenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydro- 1H-
-pyrazol-1-yl}ethanone (3j): Yield: 81 %; mp.. 89 °C; Ana. Cacd. for
CooH19N304S (FW: 421.4): C, 62.69; H, 4.54; N, 9.97 %. Found: C, 62.63; H,
4.51; N, 9.88 %; IR (cm1): 1656 (C=0 stretching of -N—-COCH3 group); 1H-
NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCHg), 3.7 (3H, s, CH3), 5.9
(1H, dd, J = 4.4 Hz, J = 11.6 Hz, pyrazoline H-5), 3.3 (H, dd, J =44 Hz, J =
= 17.6 Hz, pyrazoline H-4), 3.7 (1H, dd, J = 11.6 Hz, J = 17.6 Hz, pyrazoline
H-4 trans), 6.4 (1H, d, J =3.6 Hz, thiophene H-3), 6.6 (1H, d, J = 3.6 Hz,
thiophene H-4), 7.2-8.0 (8H, m, Ar-H); MS (m/2): 422.18 (M*+1).

1-{3-(4-Chlorophenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydro-1H-
-pyrazol-1-yl}ethanone (3k). Yield: 61 %; m.p.: 69-70 °C; Anal. Cacd. for
Co1H16CIN3O3S (FW: 425.8): C, 59.22; H, 3.79; N, 9.87 %. Found: C, 59.17; H,
3.75; N, 9.84 %; IR (cm1): 1661 (C=0 stretching of -N—-COCH3 group); 1H-
-NMR (400 MHz, CDCl3, 6 / ppm): 2.2 (3H, s, COCH3), 5.5 (1H, dd, J =5.2 Hz,
J = 11.8 Hz, pyrazoline H-5), 3.4 (H, dd, J = 5.2 Hz, J = 17.6 Hz, pyrazoline
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H-4), 3.6 (1H, dd, J = 11.8 Hz, J = 17.6 Hz, pyrazoline H-4 trans), 6.2 (1H, d,
J=3.6 Hz, furan H-3), 6.5 (1H, d, J = 3.6 Hz, furan H-4) 7.2-8.0 (7H, m, Ar-H);
MS (m/2): 426.7 (M*+1).

1-{3-(2,4-Dichlorophenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydr o-
-1H-pyrazol-1-yl}ethanone (3l). Yield: 63 %; mp.: 94 °C; Ana. Calcd. for
C1H15CIoN303S (FW: 460.3): C, 54.79; H, 3.28; N, 9.13 %. Found: C, 54.75;
H, 3.21; N, 9.09 %; IR (cm1): 1667 (C=0 stretching of -N—-COCH3 group),
3255 (Ar-H); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.4 (3H, s, COCH3), 5.7
(1H, dd, J = 5.0 Hz, J = 11.8 Hz, pyrazoline H-5), 3.4 (H, dd, J = 5.0 Hz, J =
= 17.4 Hz, pyrazoline H-4), 3.5 (1H, dd, J = 11.8 Hz, J = 17.4 Hz, pyrazoline
H-4 trans), 6.4 (1H, d, J = 3.6 Hz, thiophene H-3), 6.7 (1H, d, J =3.6 Hz,
thiophene H-4), 7.0-7.8 (7H, m, Ar-H); MS (m/2): 461.63 (M*+1).

1-{3-(4-Hydroxyphenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydro-1H-
-pyrazol-1-yl}ethanone (3m). Yield: 69 %; m.p.: 205-206 °C; Anal. Calcd. for
Co1H17N304S (FW: 407.4): C, 61.90; H, 4.21; N, 10.31 %. Found: C, 61.86; H,
4.19; N, 10.28 %; IR (cm1): 1667 (C=0 stretching of -N—COCH3 group), 3242
(Ar—H); IH-NMR (400 MHz, CDCl3, 6 / ppm): 2.2 (3H, s, COCH3), 5.2 (1H, dd,
J=5.2 Hz, J = 11.8 Hz, pyrazoline H-5), 3.3 (H, dd, J = 5.2 Hz, J = 17.6 Hz,
pyrazoline H-4), 3.5 (1H, dd, J = 11.8 Hz, J = 17.6 Hz, pyrazoline H-4 trans), 6.4
(1H, d, J = 3.6 Hz, thiophene H-3), 6.8 (1H, d, J = 3.6 Hz, thiophene H-4), 7.1-
-8.2 (8H, m, Ar-H), 5.8 (1H, s, OH); MS (m/2): 408.14 (M*+1).

1-{3-(4-Nitrophenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydr o- 1H-pyrazol -
-1-yl}ethanone (3n). Yield: 61 %; m.p.: 137-138 °C; Ana. Calcd. for
Co1H16N40sS (FW: 436.4): C, 57.79; H, 3.70; N, 12.84 %. Found: C, 12.84; H,
3.67; N, 12.80 %; IR (cm1): 1663 (C=0 stretching of -N—COCH3 group), 3232
(Ar-H); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.3 (3H, s, COCH3), 5.6 (1H, dd,
J =5.0 Hz, J = 12.0 Hz, pyrazoline H-5), 3.4 (H, dd, J = 5.0 Hz, J = 17.6 Hz,
pyrazoline H-4), 3.5 (1H, dd, J= 12.0 Hz, J = 17.6 Hz, pyrazoline H-4 trans), 6.4
(1H, d, J = 3.6 Hz, thiophene H-3), 6.8 (1H, d, J = 3.6 Hz, thiophene H-4), 7.1—
—7.9 (8H, m, Ar-H); MS (m/2): 437.26 (M*+1).

1-{3-(3-nitrophenyl)-5-[ 5-(4-nitrophenyl)-2-thienyl] -4,5-dihydro-1H-pyrazol -
1-yl}ethanone (30). Yield: 52 %; m.p.. 117-118 °C; Anal. Cacd. for
Co1H16N40sS (FW: 436.4): C, 57.79; H, 3.70; N, 12.84 %. Found: C, 57.76; H,
3.65; N, 12.81 %; IR (cm™1): 1669 (C=0 stretching of -N-COCH3 group), 1H-
-NMR (400 MHz, DM SO-dg, ¢ / ppm): 2.4 (3H, s, COCH3), 5.7 (1H, dd, J=5.2
Hz, J=12.0 Hz, pyrazoline H-5), 3.3 (H, dd, J = 5.2 Hz, J = 17.4 Hz, pyrazoline
H-4), 3.6 (1H, dd, J = 12.0 Hz, J = 17.4 Hz, pyrazoline H-4 trans), 6.4 (1H, d,
J = 3.6 Hz, thiophene H-3), 6.7 (1H, d, J = 3.6 Hz, thiophene H-4), 7.1-7.9 (8H,
m, Ar-H); MS (m/2): 437.59 (M*+1).
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Abstract: Trichinellosis is a parasitic disease of humans caused by nematodes
from the genus Trichinella, predominantly Trichinella spiralis. If Trichinella
infection is suspected based on an epidemiological link and clinical criteria
within defined period of time, then finding of Trichinella-specific antibodies in
the examined sera provides definitive proof of the establishment of infection.
Detection of a Trichinella-specific IgE that could precede, coincide or follow
IgG seroconversion not only confirms the existence of infection, but could
narrow the time frame in which the infection occurred to a year or even less.
Since there are no commercially available tests for monitoring the presence of
a Trichinella-specific IgE during the course of the disease, the present work
was aimed at establishing this kind of ELISA test. The specificity and
sensitivity of hitherto described Trichinella-specific IgE ELISAs are not
sufficiently satisfactory; the two major problems are poor discrimination
between positive and negative results and cross reactivity with sera of patients
with different parasitic diseases. In this study, a Trichinella-specific IgE
capture ELISA was developed that overcomes the problems of specificity and
sensitivity and enables the determination of Trichinella-specific IgE.

Keywords: Trichinella spiralis; Trichinella-specific IgE; capture ELISA.

INTRODUCTION

Trichinellosisis a parasitic disease of humans caused by nematodes from the
genus Trichinella, predominantly Trichinella spiralis.l Humans become infected
through consumption of raw or undercooked infected meat. Host defense is acti-
vated upon the parasitic invasion and could be monitored through changes in
blood parameters, such as eosinophilia (short lasting phenomenon, i.e., duration
measurable in days) and the presence of anti-Trichinella antibodies (long lasting,
i.e., detectible over months or years, as the presence of specific 1gG antibodies).
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However, the finding of Trichinella-specific 1gG in human sera might not be
proof of Trichinella infection per se? as it indicates that infection with this
parasite had occurred sometime in the past (antibodies can be detectable from 12
to 60 days post infection and may persist for more than 30 years after infection),3
regardless of whether it was asymptomatic or with visible clinical signs of ill-
ness, and that live parasites are still present in the host organism. In the case of
mild or asymptomatic trichinellosis, it is hard to distinguish between recently
acquired and chronic Trichinella infection. The presence of Trichinella-specific
IgE could help in narrowing the period in which the infection had occurred.
Namely, specific IgE appears early, within the first 2 weeks from infection, and
could be found in the sera of Trichinella-infected persons one year after inf-
ection.4

Although best known for its role in allergy, IgE has aso been studied in
parasitic diseases (helminth infections) that are accompanied with symptoms
resembling allergy, as is the case with trichinellosis. It is known that T. spiralis
infection induces the synthesis of a specific IgE, and its connection with eosi-
nophiliaand direct involvement in allergic manifestation was suggested.® Animal
models of Trichinella infection revealed a protective role to the host of a specific
IgE.” However, such arole, with the present knowledge, could not be ascribed to
a specific IgE in humans, although there are epidemiological studies for other
helminths that confirm protection from re-infection.8.9 Infection with Trichinella,
as with other helminths, also results in temporary elevation of the total IgE
during the course of the disease, which may not exceed the normal range. The
role of unspecific IgE is not as clear,6.10-12 put there are findings that connect
high concentrations of unspecific IgE with beneficial effects to the parasite.13

Numerous attempts have been made to detect the presence of a Trichinella-
-specific IgE, but the detection rates reported in the literature varied from 7—100
%, due to the differences in the type of the assay used, the reliability of the test
used for this purpose, and the acuteness of the infection.6 Problems in the detect-
ion of Trichinella-specific IgE antibodies by a classical indirect enzyme-linked
immunosorbent assay (ELISA) arise from its unfavorable competition with 1gG
antibodies for binding to antigen coated wells. Thisis a consequence of the natur-
aly low concentration of IgE in sera, compared to the many times higher values
for 1gG. This does not mean that Trichinella-specific IgE antibodies in the sera
could not be detected, but the probability for their detection with classical ELISA
is very low, due to reduced sensitivity of the technique, which causes false
negative (FN) results.

The goal of this study was to develop a sensitive ELISA test for deter-
mination of Trichinella-specific IgE in human serum samples, since there is no
such test on the market. Two types of ELISAs for Trichinella-specific IgE
detection were formulated and their analytical validation and comparison with
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classical indirect ELISA that uses untreated serum samples were performed. The
most commonly employed method for overcoming the problem of the excess 1gG
concentration and maximizing IgE detection is pretreatment of the examined sera
with various commercially available absorbents with the aim of removing 1gG
prior to specific-IgE determination.14.15 Thus, one type of test was classical
indirect ELISA using sera treated with an in-house designed 1gG absorbent. The
other, capture ELISA for Trichinella-specific IgE detection (capture Trichinella
IgE ELISA), solved the problem of competition between the two specific anti-
body isotypes — IgE and 1gG, by employing a specific approach, which paired
two monoclona antibodies, one that allowed the separation of IgE antibodies
from all other classes of antibodies in human sera (anti-human IgE monoclonal
antibody) and the other that recognized an epitope on Trichinella spp. muscle
larvae excretory—secretory antigens (detection 7C2C5 monoclonal antibody).

EXPERIMENTAL

Antigen preparation

T. spiralis muscle larvae (L1 larvae) were recovered from Wistar rats (infected with
7000 T. spiralisL1 per rat, ISSN 161, sacrificed three months post infection) by digesting the
carcasses in pre-warmed gastric juice (1 % pepsin in 1 % HCI, pH 1.6-1.8).16 For the pro-
duction of muscle larvae excretory—secretory antigens (ES L1), the larvae were kept under
controlled conditions (37 °C, 5 % CO,) in complete Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, Germany) supplemented with 10 mM HEPES, 2 mM L-glutamine, 1 mM
sodium pyruvate (all from Sigma-Aldrich, Germany) and 50 U mL-1 Pen/Strep (Galenika,
Serbia) for 18 h. Culture supernatants containing ES L1 products of the muscle larvae were
dialyzed, concentrated and stored at —20 °C until use.1”

Preparation of HRP conjugates

Monoclonal antibody (mAb) 7C2C5 has been maintained by the Serbian National
Reference Laboratory for Trichinellosis (STNRLT) since 1986, due to a joint project and with
agreement of Dr. Gamble HR, USA. This mAb is specific for the epitope unique for the
muscle larvae of the whole genus Trichinella, which is present on 45, 49 and 53 kDa protein
components of T. spiralis ES L1 antigens.1819 7C2C5 mAb does not exhibit any cross-react-
ivity with antigens from other parasites.1® MAbs, 7C2C5 and mouse anti-human IgE (Medix
Biochemica, Finland), were labeled with horseradish peroxidase (HRP) according to the pro-
cedure described elsewhere.20 In brief, activation of the reactive groups on antibodies and of
the enzyme was performed by incubation with carbonate buffer and buffer with Nal Oy, res-
pectively. After the incubation and blocking of the remaining reactive sites on the antibodies,
separation of labeled from un-labeled fractions was performed on a Sephacryl S-200 column.
The quality of 7C2C5-HRP conjugate was assessed by an in-house Trichinella-ELISA test,
while the quality of the anti-human IgE-HRP product was assessed by an in-house ELISA for
the quantitative determination of the total serum IgE.

Pre-treatment of serum samples with IgG absorbent

Purified sheep polyclona antibodies to human 1gG ()<chain specific, INEP, Serbia) were
used as the 1gG absorbent. The key step in serum stripping was the determination of the
optimal volume of polyclonal antibodies for efficient removal of 1gG antibodies from human
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sera. The optimal ratio between serum and 1gG absorbent was determined by absorbing fixed
volumes of sera with different volumes of 1gG absorbent. Finally, 50 uL of sera were mixed
and incubated with 100 uL of IgG-absorbent for 1 h at room temperature. The immune
complexes were removed by centrifugation at 6500 g for 10 min. The remaining supernatants
were transferred to new tubes and tested for the presence of 1gG by radioimmunodiffusion
plates (RID 1gG INEP, Serbia) and assayed for Trichinella-specific IgE.

Serum samples

This study included 28 serum samples collected from patients with confirmed diagnosis
of trichinellosis. All serum samples were from the bank of SINRLT, INEP, and were declared
positive for the presence of anti-Trichinella antibodies (true positive, TP). The positivity was
confirmed by two methods, ELISA (in-house Trichinella-ELISA test, INEP, Serbia) and indir-
ect immunofluorescence assay (FITC T. spiralis Antibody Detection Kit; INEP, Serbia), both
designed and validated for detection of parasite specific antibodies in serum samples. An
ELISA based on excretory—secretory antigens (ES L1) could yield false positive results (FP)
due to potential cross-reactivity with sera of patients with other parasitic or allergic diseases.
This study included atotal of 70 T. spiralis non-infected persons, covering 40 serum samples
from healthy blood donors used as negative controls, serafrom 20 patients with toxoplasmosis
and echinococcosis and 10 patients with alergic diseases, which were involved in the esti-
mation of the analytical specificity, diagnostic sensitivity and diagnostic specificity. Analyti-
cal specificity refers to the ability of an assay to measure a particular substance, rather than
others, in a sample (in the present case T. spiralis specific IgE); diagnostic sensitivity is the
percentage of persons who have confirmed infection (trichinellosis) and are identified by the
assay as positive for a given substance (specific IgE) — true positive; diagnostic specificity is
the percentage of persons who do not have the indicated infection and who are identified as
negative for a given substance (specific IgE) in the assay — true negative (TN).2

All sera samples were split into aliquots and stored at —20 °C until testing.

ELISA procedure

Classical indirect ELISA. To detect Trichinella-specific IgE antibodies, the standard test
configuration with a 3-step procedure was used. Briefly, 96-well polystyrene microtiter plates
(Immulon Microtiter 96-well plates and strips, Thermo Scientific) were coated with 100 pL
per well of ES L1 antigens (5 ug mL™1 in 0.1 M carbonate buffer, pH 9.6) and incubated
overnight at 4 °C. The plates were washed with washing solution (0.05 % Tween 20 in
phosphate buffer (PBS), pH 7.2), and the remaining binding sites were blocked with 1 % BSA
in PBS pH 7.2 for 1 h at room temperature. After the washing step, 100 uL per well of each
1/3 diluted serum sample was added in duplicate and incubated for 18 h at 4 °C. After exten-
sive washing, 100 pL per well of anti-human IgE mAb-HRP was added to each well and
incubated for 3 h at room temperature. After a final wash, 100 puL per well of chromogenic
solution (3,3',5,5'-tetramethylbenzidine hydrogen peroxide-TMB substrate) was added and
the plates were incubated at room temperature for 10 min. After stopping the reaction with 2
M H,SO,, the optical densities (OD) were measured at 450 nm using a Diamedix (Miami, FL,
USA) microassay BP-12 ELISA reader.

To reduce the IgG concentration in the sample and mitigate the IgG/IgE antibody
competition, the serum samples were pretreated with 1gG absorbent, as previously explained.
After removal of the immune complexes, the remaining supernatants were transferred to new
tubes and used for the detection of specific IgE in aclassical indirect ELISA.
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Capture Trichinella IgE ELISA. The test configuration was achieved through a 4-step
procedure. The 96-well plates were coated with 100 uL of mouse anti-human IgE mAb (2 ug
mL-1 in 0.1 M carbonate buffer, pH 9.6), and incubated overnight at 4 °C. The plates were
washed with washing solution (0.05 % Tween 20 in PBS, pH 7.2) and the remaining binding
sites were blocked with 1 % BSA in PBS, pH 7.2, 200 pL per well, for 1 h at room tem-
perature. After washing, the serum samples, diluted 1:3 in PBS, were added in duplicate and
incubated for 2 h at 37 °C. The plates were again washed and ES L1 antigens (2 pug mL1, 100
ML per well) were added for 2 h at room temperature, with mixing. After removal of unbound
ES L1 antigens with washing, 100 pL of HRP labeled 7C2C5 mAb (1:500 dilution) was
added to each well for 1 h at room temperature. The optimal concentrations of the reagents
(anti human-IgE mAb, serum dilution and ES L1 antigens) had previously been determined.
After afinal wash, 100 pL per well of chromogenic solution (3,3',5,5-tetramethylbenzidine
hydrogen peroxide-TMB substrate) was added and the plates were incubated at room tempe-
rature for 10 min. After stopping the reaction with 2 M H,SO,, the OD was measured at 450
nm using a Diamedix (Miami, FL, USA) microassay BP-12 ELISA reader.

Satistics

Receiver operating characteristic (ROC) analyses®? were performed using MedCalc
software, version 13.1 (MedCalc Software, Ostend, Belgium). Other results were analyzed
using GraphPad Prism software, version 6 (GraphPad Software Inc., LaJolla, CA, USA).
Accreditation

The INEP Laboratory (that includes SINRLT) has accredited services for human labor-
atory medicine according to UNI CEI EN 1SO/IEC 17025:2005.

RESULTS

Classical indirect ELISA for the detection of Trichinella-specific IgE using
untreated and treated serum samples

The results for the determination of the presence of anti-Trichinella IgE in
untreated sera by classical indirect ELISA are given in Fig. 1A. The obtained
absorbance (A) values were low (between 0.04 and 0.1). The ranges of A values
for the positive and negative samples were very similar and, consequently, discri-
mination between them and interpretation of such results could not be performed.

Using serum samples treated with 1gG absorbent, this kind of ELISA was
able to detect Trichinella-specific IgE in 93 % (26 out of 28) in Trichinella
antibody positive sera. The obtained absorbance values for the positive sera were
higher than those obtained in the Classical Indirect ELISA using unprocessed
sera, but still the range of the measured absorbance remained low (with a highest
OD value of 0.340). The results are shown in Fig. 1B. An ROC curve was built
with data from the positive reference population (28 samples from patients with a
confirmed diagnosis of trichinellosis) and the negative reference population (40
samples from blood donors) (Fig. 1C). According to the ROC analysis, the best
cut-off OD value was 0.078; based on this cut-off value, the sensitivity and spec-
ificity of the test were 92.9 and 100 %, respectively. The area under the ROC
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curve (AUC), which indicates accuracy, determined for the best cut-off OD value
was equal to 0.98.
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Positive control Negative control Positive control Negative control
(A) (B)
100 —
[ | Sensitivity: 92.9
Specificity: 1006.0
80H Crterion - »0.078
c\‘i -
£ 60f
Z [
@ 40H
[ Fig. 1. Detection of Trichinella-specific IgE
of antibodies in human sera by: A) classical indirect
i ELISA and B) classica indirect ELISA with pre-
s treated sera. Comparison of the mean values and
] - SN S S S ranges of absorbance values a 450 nm (A),
0O 20 40 60 80 100

Specificity, %

©

obtained for 28 positive and 40 negative sera. C)
The ROC curve analyses for classical indirect
Trichinella IgE ELISA using pre-treated sera.

Preliminary estimation of repeatability was determined using five positive
and five negative sera from the mentioned panel of sera. The intra- and inter-
-assay variability statistics are given in Table |. Results are shown as mean values
of standard deviations and coefficients of variation obtained in five times per-
formed intra- and inter-assays (CV / % = SD/mean values of samples absorb-
ance). Coefficients of variation with values less than 20 % indicate adequate

TABLE I. Intra- and inter-assay repeatability for classical indirect Trichinella IgE ELISA
using pre-treated sera; times run: 5

Assay Serum D CV/%

Intra Negative 0.0025 8.2
Positive 0.00258 2.93

Inter Negative 0.0061 18.23
Positive 0.005 6.0
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repeatability at this stage of the assay development (validation).23 All of the
obtained results were within the acceptable range of error.

Analytical specificity was assessed by use of panel of sera collected from
people suffering from parasitic (toxoplasmosis or echinococcosis) or other (aller-
gic) diseases where the presence of parasite-specific IgE or increased total IgE,
respectively, may influence the detection of Trichinella-specific IgE. Three out
of ten sera of patients with toxoplasmosis gave positive results in the test, and it
is aready well known that there is some degree of cross-reactivity between spe-
cific antibodies to Toxoplasma gondii and the ES L1 antigen of T. spiralis.2425
None of the sera of patients with echinococcosis were reactive in this type of
ELISA. The analytical specificity of theindirect Trichinella IgE ELISA was 90 %.

Diagnostic sensitivity and specificity were estimated from the results of the
testing of 28 serum samples of patients with confirmed diagnosis of trichinellosis
(TP), 40 sera samples from healthy blood donors — as the negative control (TN),
and 30 sera from patients with other known infection or alergy (having potential
to crossreact with the ES L1 antigen of T. spiralis). The results obtained by
testing the sera by indirect Trichinella IgE ELISA are summarized in Table II.
The diagnostic specificity was 95 %, calculated as TN/(TN+FP), and the sensi-
tivity was 89 %, calculated as TP/(TP+FN). The positive predictive value was 93
%, calculated as TP/(TP+FP), and the negative predictive value was 95 %, cal-
culated as TN/(TN+FN), where TP is the number of true positives, FN the num-
ber of false negatives, TN the number of true negatives and FP the number of
false positives.

TABLE I1. Datafor the determination of the diagnostic specificity and sensitivity for classical
indirect Trichinella IgE ELISA using pre-treated sera

Number of infected Number of Trichinella
ELISA result Serum subjects Serum non-infected subjects
Positive True positive 26 False positive 3
Negative False negative 2 True negative 67
Total 28 70

Capture TrichinellalgE ELISA

Capture ELISA solved the problem of the competition between the excess
amounts of 1gG and the low concentration IgE for the same binding site on ES
L1. By using monoclonal antibodies against human IgE bound to the solid phase,
this test, in the first step, ensures separation of IgE antibodies in the serum from
al other classes of antibodies before determination of Trichinella-specific IgE
antibodies. Trichinella-specific IgE could then be detected using ES L1 antigens
as gpecific ligands. ES L1 antigens bound to specific IgE could be revealed by
the interaction with HRP-labeled 7C2C5 mAb. Capture ELISA produced higher
OD signals than the indirect ELISA, providing significantly better discrimination
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between samples from patients with trichinellosis and healthy persons (Fig. 2A).
ROC curve analysis was performed with the same panel of sera as in the previ-
oudly described ELISA. According to the ROC analysis (Fig. 2B), the best cut-off
for the OD values was 0.115; based on this cut-off value, the sensitivity and spec-
ificity were both 100 %. The AUC, which indicates accuracy, was determined for
the OD values and was equal to 1.

1.0
= 0.54
— ——
0.0 T T
Positive control Negative control
(A)
100

- | Sensitivity: 100.0
| Specificity: 100.0

| Criterion : =0,115
80

Sensitivity, %

Fig. 2. Detection of Trichinella-specific IgE
antibodies in human sera by capture ELISA.
A) Comparison of the mean values and
ranges of absorbance values at 450 nm (A),
obtained for 28 positive and 40 negative sera.
B) The ROC curve analyses for capture Tri-
(B) chinella IgE ELISA.

0 20 40 60 80 100
Specificity, %

Preliminary estimation of repeatability was again determined according to
the results of intra- and inter-assay testing of five positive and five negative sera.
The intra- and inter-assay variability statistics are presented in Table I1l. Since
differences between the absorbance values of the serum duplicates did not exceed
CV values of 2 % for the positives and 6 % for the negatives in the intra assay,
and 4% for the positives and 8 % for the negatives in inter assay testing, it is
clear that constructed capture Trichinella IgE ELISA test possessed great repro-
ducibility.

The analytical specificity was also assessed by the use of the same panel of
sera as in previously described ELISA (patients with toxoplasmosis, echinococ-
cosis and sera of patients with allergic diseases). This type of ELISA technique
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shows no cross-reactivity with any of the tested serum, with an analytical spec-
ificity of 100 %.

TABLE II1. Intra- and inter-assay repeatability for capture Trichinella IgE ELISA; timesrun: 5

Assay Serum D CV/%

Intra Negative 0.0025 55
Positive 0.0006 1.28

Inter Negative 0.0044 7.71
Positive 0.017 3.5

Diagnostic specificity and sensitivity were derived from testing samples with
known infection status — 28 serum samples with confirmed diagnosis of trichinel-
losis, 40 samples from blood donors as negative controls, and 30 sera with
potential cross-reactivity with the ES L1 antigen of T. spiralis (total of 70 T. spi-
ralis non-infected persons). The results obtained by testing the above-mentioned
sera with the capture Trichinella IgE ELISA are summarized in Table IV. The
diagnostic specificity was 100 %, the diagnostic sensitivity was 100 %, the posi-
tive predictive value was 100 % and the negative predictive value was 100 %.

TABLE IV. Datafor the determination of the diagnostic specificity and sensitivity for capture
Trichinella IgE ELISA

ELISA result Serum Number (_)f infected Serum Numt_)er of Trichi_nella
subjects non-infected subjects

Positive True positive 28 False positive -

Negative False negative - True negative 70

Total 28 70

Since the level of non-specific IgE also increases during helminth infection
and because this test utilizes anti-human IgE mAb for capturing IgE from human
sera, the effect of non-specific IgE on the result of the assay for Trichinella-spec-
ific IgE was estimated. No obvious decrease in the absorbance values for Trichi-
nella-specific IgE was observed after addition of non-specific IgE-containing
serum in range 0-180 kIU L1 (Table V).

To summarize &l the data from three previously described ELISAS, their
characteristics were compared. The results for the absorbance ranges and the
mean values, presented in Fig. 3, clearly show that the range of the obtained
absorbance values in the capture Trichinella IgE ELISA (0.260-0.960) was much
broader than in the classical indirect ELISA using treated sera (0.074-0.340) and
untreated sera (0.04-0.10), which enables better interpretation of the results and
increases the sengitivity of the test. Data obtained for the classical indirect ELISA
using treated sera and the capture ELISA are compared in Table VI and it is
obvious that the capture ELISA test for Trichinella-specific IgE exhibited very
good performances.
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TABLE V. The effect of non-specific IgE on the Trichinella-specific IgE determination by
capture Trichinella IgE ELISA

Concentration of added nonspecific IgE in serum sample, kiU L1 Aus0nm
0 0.377
3 0.357
7 0.378
10 0.368
30 0.377
60 0.369
120 0.366
180 0.369
_.l._
0.8
L J .0
.’. [

0.6 —.w’.—

~ 0.4
° d
S el
0.2
0.0 x T T
Capture IgE ELISA Classical indirect IgE ELISA ~ Classical indirect IgE ELISA

with pre-treated sera with untreated sera

Fig. 3. Comparison of the mean values and ranges for the absorbance results obtained in
ELISAsfor the detection of Trichinella-specific IgE: capture Trichinella IgE ELISA, classical
indirect Trichinella IgE ELISA with pre-treated seraand classical indirect
ELISA with untreated sera.

TABLE VI. Comparison of the characteristics of classical indirect Trichinella IgE ELISA
with pre-treated sera and capture Trichinella IgE ELISA for the detection of Trichinella-spec-
ific IgE antibodies in human sera

Classical indirect Trichinella IgE Capture Trichinella

Characteristic ELISA with pre-treated sera IgE ELISA
Ass0 nm Fange 0.074-0.340 0.260-0.960
Intra-assay repeatability for 2.93 128
positive samples, %

Inter-assay repeatability for 6 35
positive samples, %

Analytical specificity, % 90 100
Diagnostic specificity, % 95 100
Diagnostic sensitivity, % 89 100
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DISCUSSION

The herein presented investigation was focused on creating ELISA tests that
could give reliable results concerning the presence of T. spiralis specific IgE in
the examined sera. One approach was to utilize the formerly established classical
indirect ELISA but with serum samples treated with an 1gG absorbent to increase
the sensitivity of the test, and the other was to develop a new test, i.e., a capture
ELISA with performances adequate for the discrimination between specific IgE
positive and negative samples. The classical indirect ELISA using untreated
serum samples proved to be inadequate for the detection of Trichinella-specific
IgE antibodies, giving false negative results because of the large quantities of
specific 1gG that masked the presence of alow-level of specific IgE.

Other authors using the same type of ELISA were able to detect Trichinella-
-specific IgE in a small number of patients (7 %) or in percentages ranging from
13 to 46 %.46 Bruschi et al.26 amplified the indirect ELISA and reported detect-
ion rates of 80 % after two months and 20 % after one year for specific IgE deter-
mination. Although the amplified method was more sensitive than the classical
indirect test, this kind of ELISA does not solve the problem of competition,
which was the reason for the contradictory results presented in the litera-
ture.6:27.28 The present attempts to eliminate competition included pre-treatment
of serum samples with 1gG absorbent, with the aim of removing excess 1gG.
Many studies, however, showed that commercialy available absorbents were not
sufficient to improve IgE detection, 29 and the technique with protein A and G
agarose beads did not give consistent results in the assay.30:31 |t was observed
that these processing techniques resulted in aloss of certain amounts of IgE (data
not shown), which may cause variations between tests. In addition, commercial
1gG absorbents were not suitable due to the dilution effect. To avoid these prob-
lems, our own IgG absorbent was created and used in the Classical Indirect
ELISA. Range of absorbance values achieved by this test was higher than obtained
by classical indirect ELISA. However, the measured absorbance values remained
relatively low and the problem of discrimination between positive and negative
results still existed. According to the ROC analyses, the test expressed good sen-
sitivity (92 %) and specificity (100 %), which is better than results obtained with
Amplified ELISA.26 Asin other ELISA procedures, the problem of cross-react-
ivity remained (analytical specificity 90 %). Cross reactivity isin fact the magor
obstacle in serological diagnosis of various parasites and pathogens because of
the shared epitopes among them. The presence of shared antigens of Trichinella
spp. has been widely documented for other parasites and pathogens.22.25 Hitherto,
different laboratories have dealt with this problem, but they all had a common
approach and that was to use different antigens or their isolated components in
attempts to increase specificity. With tyvelose (carbohydrate epitope specific for
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Trichinella spp) coated plates, Gamble et al.32 obtained good specificity, how-
ever, the sensitivity of the test was not satisfactory.

Here, a completely new approach to solve the problems concerning the
determination of Trichinella-specific IgE is offered. First obstacle was to remove
the high levels of Trichinella-specific 1gG that cause false negative results for
specific IgE, and second to eliminate cross-reactivity. This challenge resulted in
the development of a capture Trichinella IgE ELISA that ensured the capturing
of the IgE antibodies by immobilized anti-human IgE mAb, and detection of
Trichinella-specific IgE among them by introducing ES L1 antigens and HRP
labeled 7C2C5 mAb. 7C2C5 mAb recognizes the immunodominant epitopes on
ES L1 antigens bound to specific IgE. Using HRP labeled 7C2C5 mAD, the sig-
nal was successfully amplified, thus solving the problem of low absorbance
values and ranges that were found in the application of previousy described ELISA
tests. More importantly, the obtained specificity of the capture Trichinella IgE
ELISA test was 100 % and fal se positive results were eliminated.

CONCLUSIONS

The herein presented results indicate the very good performances of the
capture ELISA test for Trichinella-specific IgE detection that, once validated,
could contribute to a better understanding of the diagnostic significance of spec-
ific IgE detection in patients with trichinellosis. Extended studies with this kind
of test could confirm whether specific IgE is suitable as a marker for the early
phase of infection with Trichinella or, at least, whether it could provide addi-
tional data for estimating the time when the infection occurred, and as such,
whether it could be used as atool for differentiating between newly acquired and
chronic infection.

Acknowledgment. This research was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia, Grant No. 173047.

H3BOJ
OTKPUBAIGE CITEHUOHUYHUX IgE AHTUTEJIA Y TPUXUHEJIO3U KOJ JBYIU —
CTBAPAILE HOBOTI TECTA

MAPHJA IEBUR, AJTUCA I'PYIEH-MOBCECHJAH u JBUJbBAHA CO®POHUR-MUJIIOCABJHEBUR
Hnciiuinyiu 3a iipumeny Hyxaeapre enepiuje — UHEII, Ynueep3uiueii y beoipagy,
Banatucka 316, 11080 Beoipag
TpuxuHeso3a je napasurcko obosbewe /byAU Koje U3a3uBa Hemarofia us poga Trichinella,
Hajuewrhe Trichinella spiralis. Hana3s Trichinella-cienndUyHUX aHTUTENA y CEPYMY je nedu-
HUTHUBHM JI0OKa3 MOCTOjama WHGEeKnrje 0BOM HeMaToNoM Yy CIy4ajy Kaja je uHdexuuja cyc-
MeKTHAa Ha OCHOBY KJIWHWYKE CIMKe U TOCTojehuX 1adopaTopHjcKUX U emHIeMUONIOIIKUX
noparaka. [Ipucycrso IgE anturena crnenuduynux 3a Trichinella y cepymy nauujeHara Moxe
Outu 3HaK HemaBHe MHMEKUMje WIK Nak Mociaefnlia HHPeKLHje Koja ce Jecuia y HeKOM Tpe-
HyTKy y npouutoctd. ITosutusan Hanas Trichinella-cnenuduunux IgE anTuTena ou, ¢ gpyre
CTpaHe, MOrao fia ykake Ha Bpeme Koje je MpoTekno of uHdeKkuuje, ¢ 003UpoM Ha TO Ha ce
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npucyctso IgE aHTHTENa MOXKe IPaTUTH y OTPaHUYE€HOM BPEMEHCKOM WHTepBally, HajBUILe 1O
TOIWHY aHa HakoH uHdexuuje. [TocToju, mehyTum, mpobnemM y neTekToBamwy CrielUPUIHUX
IgE aHTHTENA, KOjU Ce jaB/ba ycjen He3afoBosbaBajyhe CEH3SUTHBHOCTH M CIELU(HUYHOCTH
nocrojehux TecToBa o5 KOjUX HHjemaH HUje KOMEpLMjaaHO JocTynaH. Haume, mo caga onu-
CaHU TECTOBH Cy (1ad0 pa3rpaHUYaBalIy MO3UTHUBHE OJf HETAaTUBHUX CEPyMa M HUCY pellaBaiu
1I0jaBy JI&XKHO MO3UTHBHUX pe3ysTaTa yC/iel YHAaKpCHEe PEeakTHBHOCTH Ca JPYTHM IapasuT-
ckuMm donectuma. OBa cTyznuja je duna mocseheHa cTBapamwy HOBOr TecTta ceHaBUY ELISA 3a
nerexuujy cnenuduyHux IgE aHTHTena koju mpeBasuiasy Ipodieme y Besu ca crenuduy-
Howhy U ceH3uTHBHUIThY U oMoryhaBa moysgaHo oTkpuBawe Trichinella-cnenuduunux IgE
aHTHTeNa.

(ITpumsbeHo 2. anpuia, peBUOMpaHo 23. jyHa, mpuxsaheHo 24. jyna 2014)
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Abstract: It was verified that the serum N-acetyl-4-D-glucosaminidase (NAG)
activity is elevated in diabetes, but there are no reports about changes in the
sidic acid (SA) content in the carbohydrate parts of the NAG A form and its
influence on the total changes in NAG activity in type 1 diabetes mellitus
patients with and without secondary complications. The NAG A form was iso-
lated from the serum of 81 insulin-dependent diabetes mellitus (IDDM)
patients with and without secondary complications (retinopathy, polyneuro-
pathy and nephropathy) and 25 healthy persons, and purified and characterised.
The content of a-2,6-bound SA, the isoenzyme patterns of the purified A form,
and the total NAG and A form activities were determined. In al diabetic
groups, the sialylation levels of the A form were 2-3.5 times lower compared
to control, while their acidities (fractions with pl 4.25-5.1) increased, particul-
arly with progression of secondary complications. Total serum NAG activities
and percentages of A form were significantly higher (P < 0.001) in all diabetic
groups and negatively correlated with the a-2,6-bound SA content of the A
form. In addition, they decreased as secondary diabetic complications became
more complex. The observed changes could be the consegquence of structural
changes in the A form due to significant increases in its acidity, i.e., negative
charge, which originated from groups other than SA.

Keywords. N-acetyl-#-D-glucosaminidase; A isoenzyme isolation and char-
acterization; siadylation level, diabetes mellitus type 1; secondary compli-
cations.

INTRODUCTION
The serum N-acetyl-f-D-glucosaminidase (NAG, EC 3.2.1.52) activity and
sialic acid (SA) are elevated in individuals diagnosed with diabetes mellitusl—3
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and diabetic complications.4® NAG is a lysosomal enzyme that is involved in
the degradation of the oligosaccharide chains of glycoproteins, glycolipids and
glycosaminoglycans. All serum NAG isoenzymes are glycoproteins that can be
separated into two major isoenzymes, A and B, and several minor isoenzymes (I,
Pand S). They derive from different combinations of two polypeptide chains, a-
and S-subunits, with additional heterogeneity conferred by posttranslational mod-
ifications. Among them carbohydrate part of NAG A contains the highest level of
SA, which significantly contributes to the overall negative charge of its mole-
cules. Therefore, NAG A has the lowest isoelectric point (its pl iscloseto 5).7 In
addition, SA may contribute to the stability and survival of glycoproteins (e.g.,
NAG) in blood circulation.8 Many reasons for the increase in serum NAG
activity in diabetics have been proposed, such as poor glycemic control; the gly-
comaterial deposits on blood vessels; long-term disruption of metabolic equilib-
rium in diabetics with an aleviated release of lysosomal enzymes, especially the
A form,10 into the extracellular liquid, which interferes with the mechanisms
controlling the half-life of enzymes.11 However, none of these explanations have
been fully elucidated.

Increased NAG exocytosis, i.e., the redistribution of the percentage of sec-
reted enzyme compared to the percentage transported to lysosome, as well as
changes in the activity and half-life of serum NAG could result from posttrans-
lational modifications of enzymes (changes in the SA content in their carbohyd-
rate components) in patients with hyperglycaemia. To the best of our knowledge,
there are no reports that examine the changes in the carbohydrate components of
NAG isoenzymes in diabetic patients with various secondary complications. To
gain insight into these changes, the NAG A form from the serum of patients with
insulin-dependent diabetes mellitus (IDDM) with and without various secondary
complications was isolated and characterized, and the SA in the carbohydrate
components of the A forms was analyzed and their correlation with changes in
the total NAG activity examined. In this study, for the first time, the reduced
sialylation levels of the A form from patients with IDDM is reported. However,
the acidity of the A form (negative charge) increased as the diabetic complica-
tions progressed. These findings provide a deeper understanding of the changes
in NAG activity in diabetics compared to healthy individuals and between groups
of patientswith IDDM.

EXPERIMENTAL
Subjects

Eighty-one patients with IDDM were grouped according to the following secondary

complications:1° without complications (W.Compl., n = 24); with retinopathy (R, n = 19);

with retinopathy and polyneuropathy (R+P, n = 18); and with retinopathy, polyneuropathy and
nephropathy (R+P+N, n = 20). The characteristics of these patients are listed in Table I. The
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control group consisted of 25 healthy volunteers of appropriate ages and sex. This study was
approved by the institutional ethics committee on human research.

TABLE I. Clinical and biochemical characteristics of the control group and groups of patients
with IDDM; W.Compl. — without complications, R — with retinopathy, R+P — with retino-
pathy and polyneuropathy, R+P+N — with retinopathy, polyneuropathy and nephropathy. The
values are expressed as the mean + standard deviation (SD). @ < 0.001, PP < 0.01, °P < 0.05
compared with the control group. 9P < 0.001, P < 0.05 compared with W.Compl. fP < 0.001,
9P < 0.01, "P < 0.05 compared with R. P < 0.001, /P < 0.01, kP < 0.05 compared with R+P.
BP, systolic blood pressure; DBP, diastolic blood pressure

Characteristic Control group  W.Compl. R R+P R+P+N

n (M/F) 25(11/14) 24 (12/12) 19(7/12) 18 (117) 20 (9/11)
Age,y 30.248.7 246£74  262+2.2 33.8+148  31.2+10.1
Diabetes duration, y - 6.6+5.5 1484559  15.1+11d 18.3+9.4¢
SBP / mmHg 109+9 115+8° 1194528 122470e 132+9249
DBP / mmHg 83+6 7746 8315 80+7 88+6
Glucose concen-, 4.8+0.5 11.542.92 14.3+2.6%6 90+2.92  129+3.13K
tration, mmol L

HbA, % 4.9+0.5 9.3+0.82  11.1¥0.92 10.1+1.42  10.1+0.5?
Albuminuria, 13.34+6.1 18124540 15.32+7.2 10.25+3.5 192.5+99.52dfi
mg per 24 h

Proteinuria, g L™ - - - - 1.09+0.73
NAG activity, [UL™ 3.19+05%  454+1.15% 572+1.06%¢ 5.44+0.922 5,08+2.05
A form, % 69.38+4.98 83.8245.822 84.48+5.22 81.9+5.242 76.22+7.422ek

Chemicals and instrumentation

All chemicals that were used were of analytical grade and were purchased from Merck
(Darmstadt, Germany) and Sigma-Aldrich (Steinheim, Germany). Con A-Sepharose 4B and
Sephadex G-100 were obtained from GE Healthcare (Uppsala, Sweden). SNA-HRPO was
purchased from MyBioSource (San Diego, CA, USA). Spectrophotometric measurements
were performed using a Beckman DU-50 spectrophotometer (Fullerton, USA) and an LKB
5060-066 microplate reader (Uppsala, Sweden).

Serum samples

Blood samples were collected after the patients had fasted overnight between 07:00 pm
and 07:30 am.
Biochemical methods

Using 2-methoxy-4-(2-nitrovinyl)phenyl-2-(acetylamine)-2-deoxy--D-glucopyranoside,
the activity of NAG was determined as previously described.’0 A unit of enzymatic activity
(V) was defined as the amount of enzyme used to hydrolyse 1 umol of substrate in one minute
at 37 °C (IU L2 = pmol min L'1). Theintra- and inter-assay variations of the measurements of
total NAG activity were 1.8 and 3.2 %, respectively.

The fasting serum glucose, glycated haemoglobin (HbA;.) and microalbuminuria were
determined with a Hitachi 912 autoanalyser using commercia kits (Randox, Crumlin, UK).
The content of proteins was determined by the Bradford method.12

Isoelectrofocusing and native polyacrylamide gel electrophoresis (PAGE) were per-
formed according to the manufacturers recommendations using a Multiphor® 11 electropho-
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resis system (Pharmacia BioTech Ltd., Little Chalfont, Buckinghamshire, UK) and a Hoefer®
SE 260 electrophoretic unit (San Francisco, CA, USA), respectively. The enzyme activity was
determined by dividing the polyacrylamide gels into sections (3 mmx5 mm) and incubating
each section with substrate at 37 °C for 24 h.

Isolation and purification of the serum NAG A isoenzyme

lon-exchange chromatography on DEAE cellulose column was used to separate the NAG
isoenzyme forms from fresh serum (46 mL) of each person from the control and the IDDM
groups. Prior to the chromatography, the serum was dialysed overnight against 0.01 mol L1 of
phosphate buffer, pH 7.0, at 4 °C. The B form was eluted with 0.01 mol L1 phosphate buffer,
pH 7.0. The A form was isolated using a linear concentration gradient (0-0.3 mol L1) of
sodium chloride in the same buffer. Fractions containing 90 % of the total A isoenzyme acti-
vity were pooled according to the groups, concentrated by ultrafiltration (PM-30; Amicon)
and stored at —20°C.

Gel chromatography. All pooled solutions of the isolated A isoenzyme were dialysed
overnight at 4 °C against 0.05 mol L1 phosphate buffer containing 0.15 mol L1 sodium
chloride, pH 7.0 and applied to a Sephadex G-100 column. The enzyme was €eluted with the
same buffer. Fractions containing 35-50 % of the total eluted A isoenzyme activity were
pooled, concentrated by ultrafiltration and dialysed overnight at 4 °C against 20 mmol L1 of
2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris) buffer, pH 7.0, containing 1 mmol L1
manganese(ll) chloride, 1 mmol L1 calcium chloride and 0.5 mmol L1 sodium chloride
(wash buffer).

Affinity chromatography. The diaysed solution was then applied to a Concanavain
A-Sepharose 4B column equilibrated with wash buffer. The enzyme was eluted with 0.5 mol
L1 a-methyl-D-mannoside dissolved in wash buffer. The two fractions with the highest
enzyme activity were pooled and stored at —20 °C for electrophoresis, isoelectrofocusing and
enzyme-linked lectin binding assays.

Enzyme-linked lectin binding assays (ELBAS)

The ELBASs were performed in 96-well microtitre plates (Nunc, Roskilde, Denmark)
coated overnight at 4 °C with 200 pL of fetuin (0.01 mg mL'Y) or BSA (0.01 mg mL-1)
solution in 0.025 mmol L1 phosphate buffer, pH 7.4, containing 0.15 mol L1 sodium chloride
(PBS) per well. The plates were then washed once with 200 pL of PBS/0.05 % (V/V) Tween
20 buffer (PBS-T) and blocked with 200 pL of 1 % BSA dissolved in PBS-T buffer at room
temperature for 1 h. After blocking, the wells were washed twice with 200 uL of PBST
buffer and then 75 uL of the purified A isoenzyme of serum NAG (starting protein concen-
tration of 1 mg mL"1 that was serially diluted in PBS-T) of the control and IDDM patients and
75 pL of SNA conjugated with HRPO (diluted 1:5000 in assay buffer) were added. After
incubation in the dark at room temperature for 2 h, the wells were washed twice with 200 pL
of PBS-T buffer.

The spectrophotometric determination of the binding HRPO activity per well was per-
formed by mixing 100 pL of urea—hydrogen peroxide (1.8 mg mL"1) and 100 puL of TMB (1.4
mg mL-1). After 10 min at room temperature, 50 pL of sulphuric acid (2 mol L) was added,
and the absorbance at 450 nm was measured. All sample dilutions were analysed in triplicate
in two repeated experiments.

The reactivity of the A form of serum NAG with SNA lectin (binding SA) in the ELBA
system was expressed as the concentration of the A form of NAG (in ug mL-1), which led to
50 % inhibition of SNA linking to immobilised fetuin.
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The procedures and experiments were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2000.

Satistical analysis

The Student’ s t-test, linear regression analysis and Pearson’s correlation coefficient were

used to analyse the data. Only values in which P < 0.05 were considered to be significant.

RESULTS

In al IDDM groups (W.Compl., R, R+P and R+P+N), the mean values of
total NAG activity and percentage of the dominant A form (Table 1) in serum
were significantly higher (P < 0.001) compared to those of the control group
(3.19+0.5 1U L1 and 69.38+4.98 %, respectively). Significant positive correl-
ations were obtained (0.945, 0.943, 0.940 and 0.963, respectively; P < 0.001) by
comparing these two parameters as well as the activity of the A form of NAG
and glycaemia (0.511, 0.537, 0.609 and 0.568, respectively; P < 0.05).

During the separation of the NAG isoenzymes from the serum of the control
and IDDM groups by ion-exchange chromatography, a difference in the bonding
strength between the A form and DEAE-cellulose was observed (Fig. 1). Addi-
tionally, the A isoenzyme of patients with R+P+N was eluted with a dlightly
higher concentration ((6.95+0.89)x10~2 mol L) of sodium chloride compared
to those of the other three diabetic groups. However, the mean vaues of the
sodium chloride concentration used to elute 50 % of the serum A isoenzyme
activity of the control and diabetic groups did not differ statisticaly (Table I1).

{ Bform  —o— Patients with diabetes

0.14 1 —e— Control group
0.12—- A form
0.10—-
0.08—-
3 0.06—-
=

Fig. 1. NAG isoenzyme profiles of
the control and IDDM groups
obtained by ion-exchange chroma-

] tography on DEAE cellulose. The
0.00 : sodium chloride gradient from 0 to

0 20 40 60 80 ' 1(I)0 l 150 ' 14I10 l 1160 0.3 mol L-! was introduced after 54
Volume of eluate, mL mL of eluate.

0.04 -

0.02

To determine the origin of the increased negative charge of NAG A in dia
betics, the isoenzymes of NAG A were isolated and purified from the serum of
the control and all diabetic groups. In al groups, the A form was purified 180- to
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TABLE Il. Mean values of NaCl concentration (in 0.01 M of phosphate buffer, pH 7.0) used
to elute 50 % of the NAG A isoenzyme from the DEAE-cellulose column from the serum of
the control and IDDM groups, W.Compl. — without complications; R — with retinopathy; R+P
— with retinopathy and polyneuropathy; R+P+N — with retinopathy, polyneuropathy and
nephropathy

Group Cnacl / 102 mol L1
Control 6.37+0.37
W.Compl. 6.35+0.62
R 6.35+0.72
R+P 6.40+0.51
R+P+N 6.95+0.89

200-fold, yielding 10.8-16 % of enzyme (Table I11). The purity of the isolated A
forms was analysed by native PAGE €electrophoresis (Fig. 2), whereby one domi-
nant band was observed. This band was derived from the A form of NAG (mole-
cular mass of 120 kDa),13 which was confirmed by determination of enzyme
activity in the gel dlice. The relative electrophoretic mobility (REM) of the A
form gradually increased with progression of diabetic complications (Table 111),
indicating aslight increase in the acidity of the A form.

TABLE Il1l. Purification — fold, yield, % and relative electrophoretic mobilities (REM)
obtained by native PAGE of the A form isolated and purified from the serum of the control
and IDDM groups, W.Compl. — without complications; R — with retinopathy; R+P — with
retinopathy and polyneuropathy; R+P+N — with retinopathy, polyneuropathy and nephropathy

Line Group Purification —fold Yield, % REM

1 Control 200 11 0.560+0.018
2 W.Compl. 195 16 0.582+0.020
3 R 180 10.8 0.619+0.024
4 R+P 190 12 0.629+0.022
5 R+P+N 185 13 0.639+0.027

LT

Fig. 2. Native PAGE of purified serum NAG A

form from control (lane 1) and IDDM groups (lane

2, W.Compl.; lane 3, R; lane 4, R+P; lane 5,

R+P+N) showing the changes in mobility of the A

form. The electrophoresis was performed on 9 %

polyacrylamide gels and the protein bands were
—  visualised by Coomassie Brilliant Blue (CBB).
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Significant differences in the distribution of the A form fraction between the
control group and IDDM patients with secondary complications were observed
by isoelectrofocusing (Fig. 3A). In the IDDM group, apart from the dominant A
isoenzyme fraction (pl value approximately 5.6; pl range 5.1-6.0), more acidic
fractions were observed (pl values in the range 4.25-5.10, Fig. 3B). Using den-
sitometry, the percentage of these fractions (pl 4.25-5.10) was found to increase
with the progression of secondary complications, so that they were 2—4 times
higher compared to that of the control group (Table IV). In the R+P+N group, the
percentage of this fraction was reached 51.5+1.8 %.

Control

T T T T T T T 4 T T T T T T
4.00 4.50 5.00 5.50
pH

(A) (B)
Fig. 3. A) IEF (linear gel of pH 3-10) of purified A form from the serum of the control
(lane 1) and IDDM groups (lane 2, W.Compl; lane 3, R; lane 4, R+P; lane 5, R+P+N).
B) Densitometry of NAG A forms from the serum of the control a) and IDDM groups:
b), ), d) and €). B.L., base line in the determination of the abundance of the more
acidic fractions of the A form.

—r
6.00

TABLE V. Percentage of the more acidic fractions (pl in the range 4.25-5.1) of the A formin
the control group and the groups of patients with IDDM; The data presented are mean values
from three experiments £ SD; W.Compl. — without complications; R — with retinopathy; R+P
— with retinopathy and polyneuropathy; R+P+N — with retinopathy, polyneuropathy and
nephropathy

Group More acidic fractions of A form, %
Control 12.8+0.2
W.Compl 10.1+0.7
R 35.1+2.2
R+P 28.8+1.8
R+P+N 51.5+1.8
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The SA content in the carbohydrate parts of isolated A isoenzymes from the
serum of control and IDDM groups (Table V) was analysed using ELBA, which
is based on the competitive binding of NAG and fetuin (an immobilised glyco-
protein ligand) to SNA lectin (specific for terminally o-2,6-bound SA) con-
jugated with HRPO. The A form from the serum of the control group exhibited
the highest inhibitory effect on SNA binding to fetuin (i.e., the highest a-2,6-
-bound SA content). In the case of the A isoenzyme from the serum of all IDDM
groups, to achieve 50 % inhibition of SNA binding to fetuin, 2-3.5 times higher
concentrations of the A form were required compared to that of the control
group. Thus, the A forms in diabetic groups were less sialylated compared to
those of the control group. Furthermore, comparisons between diabetic groups
showed that the lowest and highest sialylation levels of the A form were obs-
erved in the R and R+P+N groups, respectively.

TABLE V. Content of a-2,6-bound SA in the isolated and purified A isoenzymes from the
serum of the control group and patients with IDDM, which was estimated based on the
concentration, pg mL-1, of the serum A form leading to 50 % inhibition of SNA binding to
fetuin. All measurements were performed in triplicate, in two repeated experiments, and are
presented as mean £ SD; W.Compl. — without complications; R — with retinopathy; R+P —
with retinopathy and polyneuropathy; R+P+N — with retinopathy, polyneuropathy and
nephropathy

Group C(a form) / 19 ML2, leading to 50 % inhibition
Control 18.99+0.84
W.Compl. 54.54+1.52
R 62.52+1.70
R+P 42.20+1.84
R+P+N 32.13+0.91

An overview of the changes in the total serum NAG activity, the contri-
bution of the A isoenzyme activity in the total NAG activity and the NAG A
isoenzyme a-2,6-bound SA content is presented in Fig. 4.

DISCUSSION

In al IDDM groups, the total NAG activity and percentage of the A form
were significantly higher compared to those of the control group, which is in
agreement with previously reported data.34 Changes in total NAG activity cor-
related with changes in the activity of the A form as diabetic complications
become more complex (from W.Compl. to R+P+N), which was confirmed by
the high correlation coefficients (from 0.940 to 0.963) determined between
these two parameters. Due to the significant positive correlation observed
between the activity of the serum NAG A form and glycaemia, it was concluded
that the total NAG activity increased in IDDM patients mainly as a result of the
increased exocytosis (release into circulation) of the A form in hyperglycaemic pat-
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Fig. 4. Summary of the changesin the total serum NAG activity (o), contribution of the A
isoenzyme activity to the total NAG activity (%), and NAG A isoenzyme a-2,6-bound SA
content () in the control and IDDM groups, which correspond to the concentration, pg mL-1,
of the A form leading to 50 % inhibition of SNA binding to fetuin. W.Compl. — without
complications; R — with retinopathy; R+P — with retinopathy and polyneuropathy;
R+P+N —with retinopathy, polyneuropathy and nephropathy.

*\*\*

Intensity, a.u.
£ W
1

ients.10 In hyperglycaemics, extracellular glucose passes through the metabolic
ways independent of insulin, leading to an increase in the flux of N-acetyl-
glucosamine (GIcNAC).1415 Disturbed glycosaminoglycane metabolism (sub-
stance deposition in the blood vessels of diabetics with complications) and excess
posttrandational O-glycosylation of proteins with GICNAc (via O-GIcNAC trans-
ferase) could be involved in the pathogenesis of diabetes and the development of
secondary complications.16:17 Thus, the increase in O-GIcNAc could result in the
activation and release of NAG for its removal.18 However, because no statis-
tically significant differences were found between the NAG activities from the
serum of diabetic groups with various complications, it was concluded that the
deposition of glycomaterial was not the main reason for the changes in NAG
activity.10

Increasesin the flux of GICNAc in diabetics could also cause increased intra-
cellular posttranslational protein modifications, 1415 |eading to changes in NAG
carbohydrate components and NAG distribution inside and outside cells.19 In
assays of NAG posttranslational modifications in fibroblast cultures, structural
differences between the NAG carbohydrate components from lysosomes and
NAG secreted into the medium were established.20

During ion-exchange chromatography and native PAGE of the serum NAG
isoenzymes, it was observed that the negative charge of the A form was higher in
the IDDM groups than in the control group. In the IDDM groups, apart from the
dominant A isoenzyme fraction (pl value approximately 5.6), more acidic frac-
tions were observed (pl values in the range 4.25-5.1). The percentage of these
fractions increased 2—4 times with the progression of secondary complications
compared to that of the control group. In the R+P+N group, the percentage of
fractions attained 51.5+1.8 %. Considering that NAG a-subunits (only present in
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the A form) contain oligosaccharide chains with SA as terminal residues?! and
that changes in the SA content could affect an increase in the acidity of the A
form, experiments were performed to determine whether there were increases in
the sialylation levels of NAG in the IDDM groups.

The obtained results demonstrated that the degree of «-2,6 sialylation of the
A formin all diabetic groups was lower compared to that in the control group.
Comparing the diabetic groups, the lowest sialylation level of the A form was
observed in the R group, whereas the highest was observed in the R+P+N group.
The reduced intensity of NAG siaylation in diabetics could be a consequence of
a reduced activity of sialyltransferases or an increased activity of sialidases. In
the endothelial cells of diabetic rats with hyperglycaemia, the sialidase activity
was reported to be increased by 78 %, whereas the sialyltransferase activity was
decreased by 15 %.22.23 On the other hand, an increase in serum neuraminidase®
and unchanged sialyltransferase activity24 were observed in diabetics. Thus, it is
assumed that the activation/inhibition ratio of these enzymes in diabetics deter-
mine the sialylation levels of glycoproteins, resulting in the occurrence of various
siadoforms as well as NAG. The molecular mechanisms of these effects, the
physiological consequences of the structural and functional changes in molecules
with modified glycosylation and how these changes are reflected in the develop-
ment of diabetic complications are unknown. Only the effects of modified glyco-
sylation patterns could be observed. The present results showed a reduced con-
tent of a-2,6 bound SA in the IDDM groups. These results also indicated that the
increased acidity of the A form in the IDDM groups compared to control group
had another cause.

In addition to SA, the total negative charge of NAG could aso be attributed
to other negatively charged groups (e.g., phosphate or sulphate). Newly syn-
thesised lysosomal enzymes lack or exhibit reduced levels of mannose-6-phos-
phate residues in their oligosaccharide chains, leading to hypersecretion and
intracellular deficiency of multiple lysosomal enzymes.2> Thus, NAG, which is
secreted in higher levels in diabetes, may have a reduced number of phosphate
groups. A sulphate cap could be added to the end of complex-type carbohydrate
chains?6 or Tyr residues of secretory proteins.2’ The sequence within the f-sub-
unit of the A form of serum NAG could be a site for Tyr sulphation.2’ Negative
charges derived from sulphation may contribute to the changes in the structure
and activity of the A form. Additional studies are required to understand better
these changesin NAG A.

How do the changes in the acidity of the NAG A isoenzyme correlate with
the increased activity of serum NAG in diabetics? Increased serum NAG activity
in patients with hyperglycaemia could result from an increased rate of exocytosis
and/or reduced clearance of enzymes. Hyperglycaemia could lead to an increase
in the exocytosis of lysosomal enzymes through several mechanisms?8-36 with

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



ACTIVITY OF N-ACETYL--D-GLUCOSAMINIDASE A FORM IN TYPE 1 DIABETESMELLITUS 1501

NAG packed in secretory vesicles with other secretory products. The clearance of
lysosomal enzymes from the serum proceeds through the asialoglycoprotein
(ASGR), mannose and cation-independent mannose 6-phosphate receptors
(CI-MPR).31-33 The sidylation of the carbohydrate chains of protein masks the
residues of D-galactose and N-acetyl-D-galactosamine, which are specifically
recognized by ASGR. The asialo A form of NAG was reported to be rapidly eli-
minated after injection from the circulation of rats.34 The decreased sialylation of
the A formin all IDDM groups compared to that of the control group should lead
to the rapid removal of the isoenzyme from the circulation. However, increasesin
the A form and total NAG activities were observed in al diabetic groups (Fig. 4).
Thus, it could be concluded that the rate of NAG exocytosis in patients with
hyperglycaemia is higher than that of its clearance. The results obtained in the
present study could be explained by the number of ASGR in diabetics, which
drastically decreases on the cell surface.35 The expression of ASGR requires a
balance between the intracellular concentrations of c-GMP and c-AMP. In dia-
betics, an intracellular increase in c-AMP leads to a decrease in the number of
ASGRs on the cell surface.36 The decreased number of ASGRs leads to slower
NAG remova from circulation (i.e., to prolongation of the enzyme half-life),
increasing the NAG activity in serum if the asialo derivative is active. In accord
with the present data, Miller et al.20 showed that sialidase action (removal of SA)
does not alter the activity of the NAG A form.

Lastly, the changes in total serum NAG activity and A isoenzyme profilesin
IDDM patients with various secondary complications negatively correlated with
changes in the SA content (Fig. 4) and negative charges (acidity, in general) of
the most abundant NAG A form. Due to the presence of alarger number of nega
tively charged groups (compared to those of SA) on the surface of more than 50 %
of the A form isolated from the R+P+N group, the activity of the A form is
reduced, leading to a significantly lower contribution to the total NAG activity
compared to those of the W.Compl (P < 0.01) and R (P < 0.05) groups. Thus, in
the diabetic groups, the decrease in total serum NAG activity with the prog-
ression of secondary complications could result from structural changes in the A
form due to significant increases in the negative charge (acidity, in general).
Based on the presented results, additional insight into these changes could be
obtained by investigating the contribution of sulphate and phosphate residues to
NAG, aswell as changesin the activity of other lysosomal enzymes.

CONCLUSIONS

The total serum NAG and A isoenzyme activities in IDDM patients were
negatively correlated with the a-2,6-bound SA content of the NAG A form. In
this study, for the first time, it was found that patients with IDDM have reduced
sialylation levels of the A form. However, the acidity of the A form increased in
IDDM compared to control group. These results indicate that the increase in aci-
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dity of the A form in the IDDM groups has another cause (e.g., the negative
charge could originate from groups other than SA).

Abbreviations. NAG, N-acetyl-4-D-glucosaminidase; IDDM, insulin-dependent diabetes
mellitus, R, retinopathy; P, polyneuropathy; N, nephropathy; BSA, bovine serum abumin;
TMB, 3,3'5,5'-tetramethylbenzidine; SNA, Sambucus nigra lectin; HRPO, horseradish perox-
idase; ELBA, enzyme-linked lectin binding assay; SD, standard deviation.
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U3BOJ
KAKO CAOPXAJ CUJAJTMHCKE KUCEJIMHE ¥ A-OBJIUKY CEPYMCKE
N-AUETWII-4-D-TJIVKO3AMUHUA3E YTUYE HA BhbETOBY AKTUBHOCT Y
IOUJABETEC MEJIUTYCY THIIA 1?

BECHA B. JOBAHOBHR', JEJTEHA M. ARUMOBHR', BECHA C. TUMHTPHJEBUF CPERKOBHR’
uJbYBA M. MAHITUR'
1Xemujcxu Qaxyninein Ynusepsuiueiia y Beoipagy, Kaitiegpa 3a duoxemujy, Ciuygeniicku wipi 12—16, 11158
Eeotpag u ZHHCLT,luLlew 3a eHgokpuHonoiujy, gujadetiiec u donecitiu memwiadbonusma, Knunuuku yenidap,
Ip Cybotuuha 13, Beoipag

ITo cana je moka3aHO Ia je akTUBHOCT cepyMcke N-anetun-f-D-rinykozamunungase (NAG)
nosehana y nujaberecy, anu nmpomeHa cafgpskaja CHjamHHCKe KHceTuHe (SA) y TITHKO-KOMIIO-
HeHTH A obnuka NAG u ®eH yTHIIaj Ha TpoMeHe Y YKyMHOj akTuBHOCTH NAG Kkop mauujeHaTta
odonenux ox nujadereca tuna 1 (IDDM, ca cekyHIapHHUM KOMIUTMKalHjaMa U Oe3 \bux), HUCY
pa3marpanu. Crora je A usoeH3uMcKd obiauk NAG wu3osnoBaH u npeuninheH u3 cepyma 81
IDDM mnauujeHTa, ca CeKyHZApHUM KOMIUIMKalWjama (peTHHONaTHja, MOJIUHEYpOoNaThja U
HedpomnaTtHja) u 6e3 BHUX, U U3 cepyMa 25 3mpaBux ocoda, a MOToM okapakrepucaH. Onpehena
je yxymHa aktuBHOCT NAG ¥ akTHBHOCT A 00nuKa, campxaj a-2,6 Be3aHe SA y npeyuirheHom
A 0obmuky u mpodui 0BOT M30eH3MMaA. 3aCTYII/eHOCT @-2,6 Be3aHe SA y A 0diIuKy CBUX rpyma
ojabetnuapa duna je 2-3,5 myta Mama y nopehemy ca KOHTPOJIOM, IOK je HBeroBa KHUCEIoCT
(dbpaxuuje ca pI ox 4,25 no 5,1) pacia, mocedHO ca HampenoBameM CEKyHIAPHUX KOMIUTH-
Kauuja. YKymHe akTUBHOCTH cepymckor NAG U MpoLeHTHH ynenu A oduka y YKyITHOj aKTHB-
HOCTH OWIK cy 3HavajHo noBuiueHu (P < 0,001) xox cBux rpyma aujadetnyapa, ¥ y HETaTUBHO]
KOpeJalLHdju ca cagpxajeM a-2,6 Be3ane SA y A odnuky. IToper Tora, oHe cy onagnase ca ycio-
)KIbaBabeM CeKyHIapHUX KOMIUIHKalMja. YTBpheHe npoMeHe Mory OuTH nocienuia NpomMeHe
CTpyKkType A oOmHuKka ycien 3HauajHOT MoBehama HEroBe KHCEIOCTH, OJHOCHO HeraTHBHE
map)xe Koja IMoTHYe Off rPyTa Koje HUCY ocTald SA.

(ITpumbeno 30. anpuia, peBusvpaHo 9. jyna, npuxsaheno 17. jyna 2014)
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Synthesis, characterization and antibacterial activitiesof Zn(l1)
and Cd(I1) complexes of a 3-amino-2-phenylquinazolin-4(3H)-
-one Schiff base
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Abstract: Zn(I1) and Cd(l1) complexes of a Schiff base derived from 3-amino-
2-phenylquinazolin-4(3H)-one and 2-(2-formylphenoxy) acetic acid were pre-
pared and characterized by elemental and different spectroscopic (IR, UV—Vis
and NMR) analyses. The elemental analysis indicated the formation of the
complexes: [ML(AcO)]-H,0, where M stands for Zn(I1) or Cd(ll) and L stands
for the Schiff base. The molar conductivities of the prepared complexes
revealed their non-electrolytic nature. The complexes were also investigated for
their antimicrobial activities using the turbidimetric assay method.

Keywords: Zn(I1); Cd(l1); quinazolin-4(3H)-one Schiff base; 2-(2-formylphen-
oxy) acetic acid; antibacterial activities.

INTRODUCTION

Schiff bases derived from an amine and aldehydes are an important class of
ligands that co-ordinate to metal ions through the azomethine nitrogen.1-3
Among the wide variety of nitrogen-containing heterocycles explored for the
development of pharmaceutically important molecules, quinazoline is an impor-
tant compound in medicinal chemistry and subsequently have emerged as an
important pharmacophore.4 The quinazoline moiety has O and N donor atoms
and can act, therefore, as a good chelating agent. Quinazolin-4(3H)-one and its
derivatives are versatile nitrogen-containing heterocyclic compounds that have
long been known as a promising class of biologically active compounds.® Com-
pounds containing 4(3H)-quinazolinone ring system were reported to possess
varied biological activities, such as antibacterial, antifungal, antitubercular,
antiviral, anticancer and anticonvulsant activities, depending on the substituents
in the ring system.6-9

* Corresponding author. E-mail: biswachem@gmail.com
doi: 10.2298/JSC140130093B
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The adehydic precursor 2-(2-formylphenoxy) acetic acid plays an important
role in reducing the toxicity of the parent drug and acts as a part of a pro-drug
called aconiazide.10.11 A survey of the literaturel?-19 revealed that the reaction
of quinazoline hydrazide 2 and 2-(2-formylphenoxy) acetic acid has hitherto
remained unattended. Therefore, it was thought worthwhile to synthesize a novel
quinazoline Schiff base and its complexes with transition metals. Hence, in this
work, the synthesis and characterization of the Schiff base ligand derived from
guinazolin-4-(3H)-one and 2-(2-formylphenoxy) acetic acid and its mononuclear
complexes with Zn(l1) and Cd(l1) ions are reported.

EXPERIMENTAL
Materials and measurements

Pyridine, benzoyl chloride, anthranilic acid, hydrazine hydrate, salicylaldehyde, mono-
chloroacetic acid, cadmium acetate dihydrate and zinc acetate dihydrate were procured from
S. D. Fine Chemicals, India. Except monochloroacetic acid (purity 98 %) and hydrazine
hydrate (purity 80 %), al the chemicals were of 99 % purity. The spectroscopic grade solvents
were also purchased from S. D. Fine Chemicals, India and used without further purification.
2-(2-Formylphenoxy) acetic acid and quinazolin-4(3H)-one were prepared by following rep-
orted procedures. 2021

The FT-IR spectra of the ligand and metal complexes were recorded in KBr discsin the
range 400-4000 cm® using a Shimadzu FTIR 8300 spectrophotometer. 1H- and 13C-NMR
spectrawere recorded on an FT-NMR Bruker Advance |1 400 MHz spectrometer with TMS as
the internal standard. Mass spectrum of the ligand was recorded employing a ZQMAA225
mass spectrometer using acetonitrile as a solvent. Due to the poor solubility of the synthesized
metal complexes in common solvents, their masses were not recorded. The UV—-Vis spectra
were measured in DMF with a JascoV-530 spectrophotometer. Elemental microanalyses were
realized using a CHNOS elemental analyzer (Model 550 Carlo-Erba). The molar conduct-
ances of the complexes (1x103 mol dm3) were measured in DMF with a Systronic-308
conductivity bridge at 25 °C under atmospheric pressure. The melting points of the ligand and
the compl exes were determined using the open capillary method.

Synthesis of the ligand

The syntheses of 3-amino-2-phenylquinazolin-4(3H)-one was reported earlier.?l The
synthesis of 3-amino-2-phenylquinazolin-4(3H)-one is shown in Scheme 1. A mixture of
2-phenyl-4H-3,1-benzoxazin-4-one (2.23 g, 0.01 mol), 1, and hydrazine hydrate (0.5 mL, 0.01
mol) in ethanol was refluxed for 8 h. The excess of solvent was then evaporated and the

NHwNHv
J\ : C,Hs0OH, Rbﬂu\ l : 7H OH, Reflux ,L :

Scheme 1. The synthesis of the | |gand (LH): 1, 2-phenyl-4H-3,1-benzoxazin-4-one;
2, 3-amino-2-phenylquinazolin-4(3H)-one; 3, the ligand (LH).
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resulting solid 3-amino-2-phenylquinazolin-4(3H)-one 2 was filtered off, dried under vacuum
and recrystallized from ethanol. Its melting point was 142 °C and its yield was 72 %.

Next, a mixture of 3-amino-2-phenylquinazolin-4(3H)-one and 2-(2-formylphenoxy)
acetic acid in equimolar amount (5 mmol each: 1.18 and 0.90 g, respectively) in absolute
ethanol was refluxed for about 5 h. The solution was then cooled and poured into ice-cold
water. The resulting white product, 2-{2-[((4-oxo-2-phenyl-3(4H)-quinazolinyl)imino)-
methyl]phenoxy} acetic acid 3 was filtered off, washed with dried ethanol and recrystallized
from ethanal.

Synthesis of complexes

A solution of 0.5 mmol of metal acetate dihydrate [Zn(l1) and Cd(l1)]: 0.109 and 0.134 g,
respectively) in 15 mL ethanol was added to 0.5 mmol, 0.200 g of the ligand dissolved in 20
mL absolute ethanol. The solution was heated under reflux for about 2 h. The resulting
precipitate was filtered off washed with cold dried ethanol and dried under vacuum over fused
CaCl,.

Antibacterial activity

The antibacterial activities of the ligand and its complexes were assayed against the
Gram-negative bacteria Escherichia coli (K12MTCC302) by the turbidimetric method. The
test compounds were dissolved in DMSO (SRL, Extra-pure, India) to prepare stock solutions,
which were asepticaly filtered through a bacterial membrane. The required volumes of filtrate
were transferred to tubes containing a defined volume of nutrient broth to achieve the desired
concentration of the compounds. The concentrations of the tested compounds were 25, 50,
100, 200, 300, 400, 600, 800 and 1000 pug mL! and the standard drug for comparison was
ampicillin. A loop full of bacteria from a 24 h-old slant culture were transferred to 10 mL of
nutrient broth (Himedia M 502) and incubated at 37 °C for 6 h. The tubes in duplicate
containing 5 mL nutrient broth were incubated with 0.1 mL of a 6-h liquid culture. The tubes
containing the nutrient broth were incubated at 37 °C for 18 h and the relative growths in the
tubes were determined turbidimetrically by spectrophotometry.

RESULTS AND DISCUSSION

All the isolated compounds were found to be air-stable and were character-
ized based on elemental and different spectroscopic analyses, the results of which
are given in the Supplementary material to this paper. The metal complexes were
insoluble in common organic solvents except in DMF and DM SO.

Molar conductivity

The molar conductivity (Ap) of the synthesized complexes were measured
at 25 °C and under atmospheric pressure in DMF. The molar conductivities of the
complexes (1x10-3 mol dm=3) indicated that the complexes behave as non-elec-
trolytes in DMF, which suggests that no anion was present outside the coordi-
nation sphere as a counter anion of the central metal ion.

Infrared spectra of the Schiff base ligand and its complexes

The comparative IR spectral study of ligand and its complexes revealed the
coordination mode of the synthesized ligand during the complex formations. The
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weak broad bands at 3084 cm1 and 3230-3294 cmr1 in the spectrum of the free
ligand may be attributed to the -NH stretching and the hydrogen bonded —OH of
the carboxylic moiety, respectively. In the complexes the disappearance of these
bands followed by a shift of acid carbonyl from 1734.6 to 1684-1690 cm1!
implied deprotonation and subsequent coordination of the oxygen of carbonyl
(C=0) group to the metal ions (M2*). In the spectra of the free ligand and the
complexes, the band at 1653.8-1654.8 cm~1 was due to the amide C=0 and this
band did not change, supporting the fact that the carbonyl oxygen of the amide
did not participate in the metallation. The azomethine band at 1602.7 cmL in the
spectrum of the free ligand shifted towards lower frequency range 1590-1597.9
cm1, which indicated coordination of the N-atom of the azomethine group to
M2+, This fact was further supported by concomitant increase in the w_n
stretching frequency from 930 cm1 towards the range 963-960 cm2 for free
ligand and the complexes, respectively.22.23 In addition, the coordination of the
ethereal oxygen (>C-O-C<) to M2* was confirmed by the observed frequency
increase of the 1215.1 cm2 band towards the range 1232-1256 cm1 on com-
plexation. The medium intensity broad bands at 3435 and 3420 cm?1 for the
Zn(I1) and Cd(I1) complexes, respectively, are due to the presence of water mole-
culesin the coordinating sphere.24 Assignment of the proposed coordination sites
was further supported by the appearance of medium bands at 592.1 and 594.1
cmL attributed to vy for the Zn(11) and Cd(11) complexes, respectively.25.26

1H- and 13C-NMR spectra

The 1H- and 13C-NMR spectra of the ligand and the Cd(I1) complex were
recorded in DM SO-dg. The 2D-NMR spectrum for the ligand was also recorded
in order to distinguish the different protons on the phenyl ring of the quinazoline
moiety. The IH-NMR spectrum of the ligand showed the following signals (J /
/ ppm): 4.79 (s), 6.99-8.56 (M), 8.87 (s) and 11.99-12.24 (s); these signals may
be assigned to the protons in -O—-CHo—, the aromatic moiety, the azomethine
(HC=N) group, —OH (carboxylic proton hydrogen bonded with —N= group) and
the free —OH (carboxylic) group, respectively. Since the TH-NMR spectrum of
the synthesized ligand showed close signals in the ¢ range 6.99-8.87 ppm, its 2D
spectra were recorded. In the 2D spectrum of the ligand, three sets of correl-
ations:. the quinazoline protons (Hs—Hg), the arylidene protons (H3"—Hg") and the
phenyl protons of the 2-phenyl group (H2'—Hyg'), were observed. In the total
correlated spectroscopy (TOCSY) spectrum, a distinct set of four cross-peaks
was observed, indicating four consecutive protons with ¢ values of 8.56, 7.95,
7.62 and 6.99 ppm. The atom numbering of the ligand is shown in Fig. 1A. An
analysis of the cross-peaks of H-1H correlation spectroscopy (COSY) spectra
(Fig. 1B) revealed the nearest member of each proton. Since the proton at the ortho-
-position to the amidic group was assumed to be most deshielded (marked as Hs),
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Fig. 1. A) Atom numbering of the ligand structure; B) TH-H COSY spectra of the ligand;
C) IH-13C COSY spectra of the ligand.
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1510 BRAHMAN and SINHA

al other protons were assigned with respect to this proton (Hs). The sequential
assignments were thus at 6 values: 8.56 (Hs), 7.61 (Hg), 7.65 (H7) and 7.27 ppm
(Hg). The arylidene protons (H3"-Hg") and the 2-phenyl protons (H>'—Hy4') were
also assigned in similar fashions. The arylidene protons were assigned the fol-
lowing ¢ values: 7.04 (H3"), 7.56 (H4"), 6.99 (H5") and 7.40 ppm (Hg"), and
2-phenyl protons were assigned the ¢ values: 7.95 (H»'), 7.91 (H3") and 7.93 ppm
(Hy)). After the assignment of the entire 1H-spectrum of the ligand, the 1H-13C
COSY spectrum was further analyzed to assign the eleven 1H-13C peaks (Fig. 1C).

In the TH-NMR spectrum of the Cd(l1) complex the signal due to carboxylic
proton had disappeared, which confirmed the involvement of the carboxylic
group in the coordination. The shiftsin the signal assigned to the azomethine pro-
ton and the methylene proton at 8.73 and 4.53 ppm in the complex were indi-
cations of the coordination of the nitrogen of the azomethine linkage and ethereal
oxygen of the -O—CHo— linkage to the metal ion. A signal at around 2.45-2.50
ppm was also observed and assigned to methyl protons of the acetate group coor-
dinated to the metal ion. This fact clearly indicated that during complex form-
ation, one proton (carboxylic) of the free ligand was deprotonated and it behaved
as a monobasic tridentate ligand. Unfortunately, it was not possible to perform
NMR studies on the Zn(I1) complex due to its poor solubility in DM SO-dg.

Electronic spectra

The electronic spectra of the ligand and its Zn(l1) and Cd(l1) complexes,
recorded in DMF, are shown in Fig. 2. In the electronic spectra, the n—n* trans-
ition associated with the azomethine group of the ligand was found at 332 nm but
was shifted to longer wavelengths for Cd(l1) and Zn(l1) complexes. These results
indicated that the nitrogen atom of azomethine group remained coordinated to the
metal ions in the complexes. From the electronic and other spectral data, it could

3
0.4
:_0.3-
g
2
-
§0.2—
=
<
014 Fig. 2. UV-Vis spectra of
the ligand and its Zn(ll) and
Cd(ll) complexes. 1, LH; 2,
00 B S Cd(Il) complex; 3, zn(ll)
300 320 340 360 380 400
A/mm complex.
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thus be concluded that both the complexes had tetrahedral geometry. The prob-
able structure of the metal complexesis shownin Fig. 3.

.H,0
N A

see
O/ \O
\_<

Antibacterial activities

The ligand and its Zn(ll) complex did not show any antibacteria activity
against E. coli up to 1000 pg mL-1, whereas the Cd(Il) complex showed anti-
bacterial activity at 100 pg mL—L. Thus, it could be concluded that the incorp-
oration of the 2-(2-formylphenoxy) acetic acid group in the quinazoline molecule
guenched the antibacterial activity of the parent quinazoline molecule.

CONCLUSIONS

In this paper, the syntheses and physicochemical characterization of a 3-
amino-2-phenylguinazolin-4(3H)-one Schiff base ligand and its Zn(l1) and Cd(I1)
complexes are described. The antibacterial activities of the synthesized com-
pounds are also described. The results of elemental analysis confirmed a 1:1 ratio
of ligand to metal binding. Based on the physical and spectral analyses (IR, UV—
—Vis and NMR), tetrahedral geometry was proposed for the complexes of quina-
zolin-4-(3H)-one Schiff base. In the complexes, the azomethine nitrogen, ethereal
oxygen and phenoxy oxygen occupied the three coordination sites. The fourth
coordination site was occupied by an acetate group and one water molecule of
crystalization was present in the complex, as confirmed by elemental analysis.
The Zn(I1) complex did not show any antibacterial activity, whereas the Cd(Il)
complex showed marked antibacterial activity. Again, it was found that the incor-
poration of the 2-(2-formylphenoxy) acetic acid group in the quinazoline mole-
cule quenched the antibacterial activity of the parent quinazoline molecule.

Fig. 3. Probable structure of the synthesized
metal complexes (M = Cd(Il) or Zn(1l)).

o
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SUPPLEMENTARY MATERIAL

Physical, analytical and spectral data for the ligand and its Zn and Cd complexes are
available electronically from http://www.shd.org.rs/’JSCS/, or from the corresponding author
on request.

Acknowledgements. The authors are grateful to the Departmental Special Assistance
Scheme under the University Grants Commission, New Delhi (SAP-DRS-II, No.
540/12/DRS/2013) for financia support and to SAIF, NEHU for elemental analysis and NMR
studies. We aso thankfully acknowledge the Department of Biotechnology, N. B. U for the
antibacterial analyses. One of the authors (D. B) is also thankful to UGC, India for granting
him UGC BSR Research Fellowship in Science [Ref. No: 4-1/2008 (BSR)].

U3BO[
CUHTE3A, KAPAKTEPU3ALIMJA U AHTUBAKTEPUJCKA AKTUBHOCT KOMIUJIEKCA
Zn(II) ¥ Cd(1I) CA IIN®OBOM FA30OM 3-AMHHO-2-OEHWIXWUHA3O0J/INH-4(3H)-OHA

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

Onucana je cunresa Zn(II) u Cd(1I) xomniexca ca [Indosom dasom 3-aMUHO-2-XHHA-
3omuH-4(3H)-0oHa U 2-(2-bopMundeHoKCH)-cupheTHe KUCeNlnHe Kao JurangoM. KoMruiekcn
Cy OKapaKkTepHCaHH NOMOhy eneMeHTalHe MUKpPOaHalM3e M PA3IMYUTHX CHEKTPOCKOTCKUX
metoza (IR, UV-Vis u NMR). Ha ocHOBY enleMeHTa/lHe MUKPOAHaIH3e TPeTIOCTaB/beHo je a
KOMIUTEKCH UMajy onuty dopmyny: [ML(AcO)]-H,0, roe je M Zn(II) unu Cd(I1), a L npen-
craspa llIudosy ba3y kao nurans. Ha oCHOBY KOHIYKTOMETPHjCKUX MEPEHA 3aK/by4€eHO je a
W30JI0BAaHU KOMIUIEKCH TIPe/ICTaB/bajy HEyTpajHe KOMIUIeKCHe Bpcre. [IpuMeHOM Typdunu-
METPHjCKUX METOJja UCIIUTHBAHA je aHTUMUKPOOHA aKTUBHOCT M30JI0BAHUX KOMITIEKCA.

(ITpumsbeHo 30. janyapa, peBupupaHo 18 jyHa, npuxsaheHno 11. centemdpa 2014)
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SUPPLEMENTARY MATERIAL TO
Synthesis, characterization and antibacterial activitiesof Zn(l1)
and Cd(l1) complexes of a 3-amino-2-phenylquinazolin-4(3H)-
-one Schiff base
DHIRAJBRAHMAN and BISWAJIT SINHA*
Department of Chemistry, University of North Bengal, Darjeeling-734013, India
J. Serb. Chem. Soc. 79 (12) (2014) 1505-1513

PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE LIGAND AND ITS Zn
AND Cd COMPLEXES

2-{2-[ ((4-oxo-2-phenyl-3(4H)-quinazolinyl )imino)methyl] phenoxy} acetic
acid. Yield: 74 %; white solid; m.p.: 174-178 °C, Anal. Calcd. for Co3H17N304:
C, 69.17; H, 4.29; N, 10.52 %. Found: C, 69.03; H, 4.33; N, 9.88 %; IR (KBr,
cmr1): 3230-3294 (-N-H stretching), 3084 (—O-H stretching, hydrogen bonded),
1734.6 (-C=0 stretching —COOH group), 1653.8-1654.8
(—C=0 stretching of -CONH> group) 1667 (—-C=0, free), 1623 (—C=0, hydrogen
bonded), 1602.7 (—C=N), 1215.1 ((>C-O-C< stretching), 930 (-N—N, stretch-
ing); TH-NMR (400 MHz, DMSO-dg, 6 / ppm): 4.79 (2H, s, O—CHy), 6.99-8.56
(11H, m, Ar-H), 8.87 (1H, s, HC=N), 11.99-12.24 (1H, s, OH, hydrogen bonded
with -N= group); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 169.94, 164.95,
164.51, 156.38, 144.61, 139.22, 134.26 132.56, 132.1, 131.68, 128.89, 128.59,
126.96, 125.82, 123.07, 122.29, 121.25, 120.88, 120.21, 112.61, 64.76; MS (n/z,
(relative abundance, %)): 400.8 (M+1, 25).

[ZnL(AcO)]-H20. Yield 70 %; white solid; m.p.: >300 °C, Anal. Calcd. for
CxH1gN3OgZn: C, 55.52; H, 3.91; N, 7.77. Found: C, 55.52; H, 3.43; N, 8.41; IR
(KBr, cmr1): 3435 (H,O of crystallization), 3165 (-N-H stretching), 1684—
—1690 (—C=0 stretching of —-COOH group), 1653.8-1654.8 (—C=0 stretching of
—CONH> group), 1667 (—C=0, free), 1630 (—C=0 stretching), 1590-1597.9 (-C=N
stretching), 12321256 (>C—-O—C< dtretching), 963-960 (—N—N, stretching), 592.1
(M—N stretching frequency); Am (DMF, S cm? mol—1): 4.07.

[CAL(AcO)] -H20: Yield: 68 %, white solid, m.p.: >300 °C, Anal. Calcd. for
CxH19N3OsCd: C, 51.08; H, 3.60; N, 7.15 %. Found: C, 50.55; H, 3.03; N, 7.69
%; IR (KBr, cmr1) 3420 (H,0 of crystallization), 3165 (-N—H stretching), 1684—

* Corresponding author. E-mail: biswachem@gmail.com
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—1690 (—C=0 dtretching of -COOH group), 1653.8-1654.8 (C=0 stretching of
—CONH> group), 1667 (—C=0, free), 1630 (—C=0 stretching), 1590-1595.9
(—=C=N stretching), 1232-1256 (>C-O-C< dtretching), 963-960 (N—N, stretch-
ing), 594.1 (M—N stretching frequency); IH-NMR (400 MHz, DM SO-dg, 6 / ppm):
4.53 (2H, s, O-CHy), 6.20-8.71 (11H, m, Ar-H), 8.73 (1H, s, HC=N); 13C-NMR
(100 MHz, DMSO-dg, 6 / ppm): 170.72, 169.79, 164.95, 155.33, 151.65, 139.26,
135.69, 133.11, 131.84, 131.30, 130.39, 129.93, 128.77, 127.33, 123.78, 122.41,
121.73, 121.41, 119.16, 113.11, 67.24; Ay (DMF, S cm2 mol—1): 5.64.
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Topological properties of altan-benzenoid hydrocar bons
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Abstract: The main topological characteristics of altan-benzenoids were estab-
lished. In particular, it was shown that the perimeter of Kekuléan altan-ben-
zenoids is of size 4k , having a destablizing (anti-aromatic) energy effect,
similar to (4k)-annulenes.

Keywords. altan-benzenoid hydrocarbon; benzenoid hydrocarbon; annulene;
molecular graph; cyclic conjugation.

INTRODUCTION

Altan derivatives of polycyclic conjugated molecules recently came into the
focus of attention of theoretical organic chemists.14 The name “altan” is an
abbreviated form of “aternating annulene”, which is a fragment encircling the
parent conjugated system.

The atan derivative of a conjugated hydrocarbon is constructed so that each
hydrogen atom is replaced by a vinyl group, and each two adjacent vinyl groups
are condensed into a new cycle. The construction of atan-phenanthrene is shown
inFig. 1.

Altan conjugated systems are interesting for two reasons. If al the cycles
surrounding the parent hydrocarbon are 5- and/or 6-memberd, then the atan
molecule is non-planar, bowl! shaped,1.2 thus being a distant relative of fullerenes
and nanotubes. The annulene system surrounding the parent hydrocarbon® may
contain 4k cyclically delocalized n-electrons.

According to the Huickel (4k+2)-rule,6-2 it thus contributes to anti-aromat-
icity and possesses a paratropic ring currect.1-4,10,11

The graph representation of an altan derivative of a conjugated molecule is
shownin Fig. 2.

* E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC140619080G
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altan-phenanthrene

Fig. 1. Construction of atan-phenanthrene from phenanthrene. Note that the perimeter of
atan-phenanthrene is a [20]annulene, encircling the phenanthrene subunit.

il l.,!"' il
Bi'kly o

Fig. 2. The molecular graph AG of an altan,

v V. the molecular graph G of its parent hydro-
s carbon, and the labeling of some of their
AG vertices; for details see text.

The molecular (Hiickel) graph? of a polycyclic conjugated hydrocarbon is
denoted by G, and is assumed to contain no =CH» groups. This graph has n
vertices, al of which are of degree 2 and 3. There are p vertices of degree two,
and in the diagram G in Fig. 2, these are indicated and labeled by vq,v,...,v, (the
n—p vertices of degree three are not indicated). These degree-two vertices
represent carbon atoms to which hydrogen atoms are attached. Thus, the formula
of the conjugated hydrocarbon represented by the graph G is ChHp,.

The altan graph, AG, corresponding to the parent molecular graph G (see
Fig. 2), consists of a central fragment identical to G, and a cycle of size 2p, in
which the vertex v;' is connected with the vertex v; of G, i =1,2,...,p. Therefore,
if G has n vertices and m edges, then AG has n + 2p vertices and m + 4p edges.

If the distance between the vertices and of G is equal to d, then the cycle of
AG embracing the vertices V;,V, ;,V;, V., isof sized + 4.

The parent conjugated system from which the altan derivative is constructed
needs not be a benzenoid hydrocarbon, 14 but atan-benzenoids are certainly the
most interesting (and also the most realistic) members of this class. In that which
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ALTAN-BENZENOID HY DROCARBONS 1517

follows, the considerations will be restricted to benzenoid atans, and their main
topological properties established.

STRUCTURAL FEATURES OF ALTAN-BENZENOIDS

Details on the structural characteristics of benzenoid hydrocarbons can be
found in the book3 and the recent papers.14-18 In particular, on the perimeter of
a benzenoid system, one distinguishes features called fissures, bays, coves, and
fjords,13.14.19.20 ¢f, Fig. 3. The numbers of fissures, bays, coves, and fjords will
be denoted by b1, b2, b3 and b4, respectively. The frequently used “bay number”
of abenzenoid system!3 isthen b = by + 2b3 + 3ba.

. pay
fissure

H\LH N\

H
C[H C@ Fig. 3. The five different constellations of

two nearest-lying hydrogen atoms on the
perimeter of a benzenoid hydrocarbon. In

cove fiord order that al the rings of the atan-benzenoid
H H\H be of size 5 and 6, bays, coves and fjords
cannot be present. Note that in an earlier
work,?! the hydrogen atoms attached to a
fissure, bay, cove, and fjord were labeled by

H-a, H-a3, H-a4, and H-a5, respectively.

In view of the above-described construction of atan derivatives, the sizes of
the newly formed rings depend on the mutual constellation of the nearest-lying
hydrogen atoms of the parent benzenoid system. The following regularities are
immediately established.

Rule 1. a) Two nearest-lying hydrogen atoms attached to neighboring carbon
atoms of the parent benzenoid system give rise to the formation of a 5-membered
ring in the corresponding atan. b) Two nearest-lying hydrogen atoms separated
by afissure on the perimeter of the parent benzenoid system (see Fig. 3) giverise
to the formation of a new 6-membered ring in the corresponding atan. ¢) Two
nearest-lying hydrogen atoms separated by a bay or cove or fjord on the peri-
meter of the parent benzenoid system (see Fig. 3) give rise to the formation of a
ring in the corresponding atan of size greater than 6.

A benzenoid systems is said to be convex1419.20 jf there are no bays, coves
or fjords on its perimeter, i.e., if b = 0. From Rule 1, the condition under which
an altan derivative consists of only 5- and 6-membered rings is evident:

Rule 2. In order that al rings of an altan-benzenoid be of sizes 5 and 6, the
parent benzenoid system must be convex.
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The number myo of edges of a benzenoid system connecting two vertices of
degree two satisfies the relation:13 mp, = 6 + b. Therefore, from Rule 14, it could
be concluded that the corresponding altan has 6+ b pentagons.

Rule 3. The number of 5-membered rings of an altan-benzenoid is 6 if and
only if the parent benzenoid is convex.

Rule 4. @) If the parent benzenoid system has h hexagons, then the corres-
ponding altan-benzenoid has h + by hexagons. b) The numbers of 7- , 8-, and
9-membered ringsin an altan are equal to by, b3 and by, respectively.

Note that all altan derivatives considered until now were derivatives of
convex (benzenoid or non-benzenoid) conjugated molecules, for which by = bz =
= b4 = 0. Thisis understandable, since the 7- and higher-membered rings in altan
derivatives of non-convex (benzenoid or non-benzenoid) n-electron systems
would cause in them high steric strain and drastic deviation from planarity (cf.
Fig. 3).

Let G be the molecular graph of a benzenoid system with h hexagons and n;
inner vertices.13 Then the number of its verticesis equal to:13

n=4h+2-n 1
The number of vertices of degree threein G is:13
ng=2h—2 )
In addition:
n=ng+p (©)

Combining Egs. (1)—<3), one obtains p = 2h + 4 — n;. Therefore, the size r of
the annulenering (i.e., the perimeter) of the corresponding atan AG is equal to:

r=4h+8-2n 4

In order that a benzenoid system be Kekuléan (i.e., to possess Kekulé struc-
tures),13 the number n of the vertices must be even. Then, by Eq. (1), nj must also
be even. Bearing thisin mind, Eq. (4) implies the following important result:

Rule 5. The size of the annulene ring (i.e., the perimeter) of an altan
derivative of a Kekuléan benzenoid hydrocarbon is divisible by 4, i.e., it contains
4k cyclically delocalized n-€lectrons.

The property stated here as Rule 5 was certainly known to earlier investi-
gators of altans,1~# and might have been the chief motivation for the study of this
class of conjugated n-electron systems. Y et, a demonstration of the general valid-
ity of this rule seemsto be offered here for the first time.

n-ELECTRON PROPERTIES OF ALTAN-BENZENOIDS

The alternating double bonds in the annulene ring of an atan can be
arranged in two different ways, which causes a duplication of the Kekulé struc-
tures of the parent benzenoid system. An illustrative example is given in Fig. 4,
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ALTAN-BENZENOID HY DROCARBONS 1519

where the pairs k;, ki’; i = 1,2,3 should be compared. Therefore, any altan-ben-
zenoid has at least two times as many Kekulé structures as the parent benzenoid
hydrocarbon, i.e., K(AG) > 2K (G) . Now, it will be proven that in all cases, the
equaity K(AG) =2K(G) holds.

co:e‘o R

B
H
Bes
o
N

Fig. 4. Kekulé structures of altan-naphthalene.

Rule 6. The Kekulé structure count of an atan-benzenoid is exactly twice the
Kekulé structure count of the parent benzenoid hydrocarbon.

In order to verify Rule 6, the altan AG in Fig. 2 is considered and the indi-
cated labeling of its vertices is referred to. It is necessary to show that in all
Kekulé structures of AG, thebondsvjvy, i =1,2,...,p aresingle.

Suppose the opposite, namely that there is a Kekul é structure of AG in which
the bond vqvy' is double, see Fig. 2. Then aso the bond vi"vo' must also be
double, and, continuing the same argument, all the bonds vj+1', i = 1,2,...,p-1,
must be double. Then, however, the vertex Vp' remains isolated, which con-
tradicts the existence of a Kekulé structure. Therefore, the bond vqvq’ cannot be
double.

If al bonds vyvi', i = 1,2,...,p, of AG are single in al its Kekulé structures,
then the total number of Kekulé structures of AG is equal to the product of
K (G) and the number of Kekulé structures of the annulene ring, equal to two.
Thisimplies Rule 6.

In the terminology of Monaco and Zanasi,10 it could be stated that Rule 6
proves “K-factorization” of the parent benzenoid system and its envel oping annu-
lene. It is possible to show that such a “K-factorization” (i.e., Rule 6) holds for
all atan-species (both benzenoid and non-benzenoid).

From Rule 6, it can be see that the n-electron conjugation in the annulene
ring of an altan-benzenoid is only weakly influenced by the conjugation modes of
the parent benzenoid system. As a direct consequence of this, some n-electron
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properties of annulenes®22-24 are preserved also in altan-benzenoids. From Rule
5, it is known that these annulenes are of size 4k. Of their properties, the most
important may be that cyclic conjugation has a significant destabilizing energy
effect. Some characteristic examples are presented in Table |I. The energy effects
of the perimeters have been computed by means of a standard procedure, the
details of which were described e sewhere.15.25-27

TABLE I. Energy effects (in units of the HMO resonance integral ) of the perimeters of
some altan-benzenoids and their parent hydrocarbons. According to the Hickel (4k+2)-rule,
cycles of size 10, 14, 18,... have a positive (stabilizing) effect, whereas cycles of size 16, 20,
24,... have negative (destabilizing) energy effects. The destabilizing energy effects of the
annulene-type perimeters of atan-benzenoid hydrocarbons are remarkably strong, and (except
in the case of altan-naphthalene) exceed the stabilizing energy effect of the parent benzenoid
system

c d Altan-benzenoid Parent hydrocarbon
ompoun Size of perimeter Energy effect  Size of perimeter  Energy effect
Naphthalene 16 —0.0565 10 +0.0709
Anthracene 20 —0.0694 14 +0.0279
Phenanthrene 20 —0.0295 14 +0.0198
Pyrene 20 -0.0196 14 +0.0128
Coronene 24 —0.0082 18 +0.0039

Ancther characteristic feature of the m-electron configuration of (4k)-
annulenes is the existence of a pair of non-bonding molecular orbitals (NBMOS).
6,712 This property is also (partially) preserved in the case of altan-benzenoids.
Namely, the following regularity holds.

Rule 7. Altan-benzenoid hydrocarbons have NBMOs. Kekuléan altan-ben-
zenoids have a unigue NBMO.

The form of the single NBMO of Kekuléan altan-benzenoids should be evi-
dent from the examples depicted in Fig. 5.

x X X
N X Fig. 5. The unigue NBMO of atan-naph-
thalene (x=1/A/8) and atan-phenanthrene
(y=1//10). The coefficients of the NBMOs
X x X on all other carbon atoms are equal to zero.
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U3BOJ
TOITOJIOIIKA CBOJCTBA AJITAH-BEH3EHOUMIHUWX YIJbOBOJOHUKA

HWBAH I'YTMAH

IIpupogro—matiematiuuxy Gaxynimeii Ynueep3uiteiia y Kpaiyjesuy, Kpaiujesay, u
Jpwasnu ynueepsuinewi y Hosom Ilasapy, Hoeu Ilazap

OrnpeheHe cy BaXHHje TOMOJIOMIKE KapaTEPHCTHKE aNTaH-OeH3eHOUTHUX YI/bOBOLOHHKA.

Hsmehy octanor, nokasaHo je na nepumeTrap KekyneoBCKHMX anTaH-OE€H3€HOMIHUX CHUCTEM
uMa BelMuKHy 4k, 1 1a uMa pectabnusyjyhu (aHTHAapOMaTUYHU) EHEPTeTCKU edeKaT, CIU4aH
(4k)-aHyneHUMa.
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Abstract: Electrocatalytic decolorization of arylazo pyridone dyes was inves-
tigated in the presence of sodium chloride using a DSA Ti/PtO, €electrode in
dilute sodium hydroxide. The decolorization could be attributed to the indirect
oxidation of the investigated dyes by electrogenerated hypochlorite formed
from the chloride oxidation. The electrochemical decolorization was inves-
tigated for the different sodium hydroxide concentrations in the range from 40
mg dm3 to 4 g dm3, sodium chloride concentrations in the range from 15 to 40
g dm3, currents in the range of 100 to 250 mA and dye concentrations from 5
to 20 mg dmr3. The optimum electrolysis conditions are suggested. The effect
of substituents on the reaction rate was al so studied.

Keywords. pyridone; electrolysis; hypochlorite; UV—Vis spectroscopy; donor—
—acceptor effects.

INTRODUCTION

Arylazo pyridone dyes have become important in the last several decades
due to their high molar extinction coefficients and medium to high light and wash
fastness properties.! These dyes generally find application as disperse dyes and
are used for the dyeing of hydrophobic fibers (polyesters and nylons as the main
synthetic fibers). Furthermore, disperse dyes have been employed in the inks for
the heat-transfer printing of polyesters.2

Synthetic azo dyes are pollutants that represent a significant source of envi-
ronmental contamination. Due to the presence of an azo group, they are not easily
degradable. Most of the physico-chemical methods, such as chemical precipi-
tation and separation of pollutants, coagulation, elimination by adsorption, etc.,

* Corresponding author. E-mail: kavur@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC140409063M
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1524 MIRKOVIC et al.

do not degrade dye molecules but only transfer the contamination from one phase
to another, causing anew kind of pollution.3->

Photodegradation, ozonation, alkalinization, and electrochemical methods
are some of the methods that could be used for the decolorization or the degrad-
ation of the dyes.>6 Indirect oxidation, based on the homogeneous reaction
between anodically generated oxidizing species and dyes, is the most favorable
of the electrochemical methods. The addition of an electrolyte is necessary in
order to obtain better fixation and exhaustion during the dyeing process with
reactive and direct or substantive dyes. An amount of 50-80 g dm=3 of a sdlt is
generdly added as an electrolyte, most commonly sodium chloride or sodium
sulfate.” Since it is not necessary to add any salt during the dyeing process when
disperse dyes are used, some salt should be introduced into the wastewater before
the electrochemical treatment. Sodium chloride is one of the best solutions.
During the electrolysis, depending on the conditions, strong oxidizing species —
chlorine, hypochlorous acid or hypochlorite, are formed on the anode. At higher
pH, e.g., pH > 6, hypochlorous acid can dissociate to form hypochlorite and H*.
At pH lower than 3.5, hypochlorous acid yields Clo. Mixtures of these species are
usually named “active chloring”.”:8

During electrolytic hypochlorite production, the oxidation of the chloride to
solvated chlorine occursfirst at the anode surface:

2ClI==Cly(aq) + 2e- (1)

followed by the secondary solution phase reactions.”:8
Cly(aq) + HoO = HCIO + CI- + H*, K1 = 5.1x10~% mol2 dm—6 2
HCIO = CIO- + H*, pK, = 7.54 3)

Arylazo pyridone dyes were already subjected to photolysis and photocatal -
ysis. The photofading kinetics of 3-(p- and o-substituted arylazo)-5-cyano-2-hyd-
roxy-4-methyl-6-pyridone dyes in amide solvents (N,N-dimethylformamide,
formamide, and N,N-dimethylacetamide) and n-hexane were previously studied.
It was established that the photofading rate increases with increasing solvation of
the dyes, as well as in the presence of two electron-withdrawing substituents
(NO> and Cl) on the benzene ring.® The same authors also studied the photo-
stability of 3-(mono- and di-substituted arylazo)-5-cyano-2-hydroxy-4-methyl-6-
-pyridones in N,N-dimethylformamide under 254 nm light. It was found that the
simultaneous presence of two electron-withdrawing substituents in the diazo
component of the dyes caused an increase in the fading rate, while the intro-
duction of an hydroxyalkyl group to the coupling component resulted in a dec-
rease in the fading rate.10 In addition, the arylazo pyridone dyes were applied to
polyester fabrics and the effects of substituents on the photofading on polyester
substrates was studied.1112 Electron-withdrawing substituents on aniline inc-
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reased the photostability and improved the sublimation fastness of azo dyes on
polyesters, while the S-hydroxyethyl group increased the fading rate. Besides
direct photodegradation, photocatalytic degradation of 5-(4-sul phophenylazo)-3-
-cyano-6-hydroxy-4-methyl-2-pyridone in the presence of commercial TiO, was
studied in aqueous solution under simulated sunlight. Optimal conditions were
established and the dye was successfully degraded.13.14 Arylazo pyridone dyes
(Fig. 1) have not been previously solely subjected to the electrochemical treat-
ment except as a component of awastewater.1®

X
\©\ CHs Fig. 1. Structure of the 5-arylazo-3-cyano-6-hydroxy-4-
N’»N X CN methyl-2-pyridones (R = CH,CH,OH, X = OCHj; (1), OH
| (2), NO, (3), H (4), COCH3; (5), CH3 (6), COOH (7), ClI (8),
HO™ 'N” =0 Br (9), CN (10)); R = H, X = OCH; (11); R = CH,CHjg,

R X = OCHj3 (12)).

The aim of the present study was to investigate the electrocatalytic decolor-
ization of arylazo pyridone dyes in water by indirect electrochemical oxidation.
The effects of different operating factors, such as agitation speed, concentration
of supporting electrolyte, applied current density, initia dye concentration and
solution pH, on the dye decolorization were analyzed in order to optimize the
conditions of electrochemical treatment. The effect of the dye structure on the
reaction rate was also studied.

EXPERIMENTAL
Materials and methods

All starting materials were obtained from Aldrich and Fluka, and were used without
further purification. Sodium chloride was p.a. grade (Merck). Deionized water was obtained
from a Milipore Waters Milli-Q purification unit. The IR spectra were determined using a
Bomem Fourier transform-infrared (FT-IR) spectrophotometer, MB-Series in the form of KBr
pellets. The IH- and 13C-NMR spectral measurements were performed on a Varian Gemini
2000 (200 MHz). The spectra were recorded at room temperature in deuterated dimethyl
sulfoxide (DMSO-dg). The chemical shifts are expressed in ppm values referenced to TMS.
The ultraviolet—visible (UV—-Vis) absorption spectra were recorded on a Schimadzu 1700
spectrophotometer in the region 200-700 nm. All melting points were determined using a
Stuart SMP30 apparatus and are given in degree Celsius. Elemental analyses were performed
using aVario EL Ill elemental analyzer.

Preparation of arylazo pyridone dyes

The investigated arylazo pyridone dyes were synthesized from the corresponding diazo-
nium salts and substituted 2-pyridones using classical reaction for the synthesis of the azo
compounds.1®  3-Cyano-4-methyl-6-hydroxy-2-pyridone,  1-ethyl-3-cyano-6-hydroxy-4-
-methyl-2-pyridone and 3-cyano-6-hydroxy-1-(2-hydroxyethyl)-4-methyl-2-pyridone were
prepared from cyanoacetamide or substituted cyanoacetamide and ethyl acetylacetate.13.17
Substituted cyanoacetamides were prepared from corresponding amine and ethyl cyano-
acetate.18 Dyes 3, 4, 6, 8, 11 and 12 are described in literature.10-1219-22 The physical, analytic
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and spectral data for the synthesized dyes are given in the Supplementary material to this
paper.
Electrochemical decolorization

Electrochemical decolorization process was investigated in a cylindrical glass electro-
chemical cell with an electrolyte volume of 500 cm3. The electrolyte was prepared from
distilled water, NaCl and the required dye. A 5 cm? Ti/PtO, electrode, obtained by thermal
decomposition of H,PtClg in 2-propanol with 1 mg cm2 of platinum loading, was used as the
anode, while the cathode was a 10 cm? plate made from austenite 18Cr/8Ni stainless steel
series 304. The electrodes with agap of 3 mm wereimmersed at the top of the electrolyte. For
the electrolysis of solution, the galvanostatic mode of a PAR M273 potentiostat/gal vanostat
was used. Mixing of the electrolyte was accomplished by a magnetic stirrer with controlled
agitation speed. During the electrolysis, at certain times, 3 cm3 of solution was removed with
a micropipette and its UV-Vis spectrum was instantly recorded on a Shimadzu model 1700
spectrophotometer. This enabled the concentration of the dye to be followed during the course
of its degradation.

RESULTS AND DISCUSSION
Reaction kinetics and UV-Vis spectra

Arylazo pyridone dyes, as mentioned before, are the disperse dyes charact-
erized by low agueous solubility. In order to study the reaction kinetics of the
decolorization, an aqueous solution of the arylazo pyridone dye should be pre-
pared first. Since these dyes are more soluble in the basic media, the influence of

In [e(t)e,]

1 L L 1 1

-4 Il
0 20 40 60 80 100 12
1/ min

0.6

&

= o(NaOH) / g dm™
k1 —=—4.0
04+ ——1.0
—A— 04

—v—0.04

02

20 40 60 8 100
t/ min
Fig. 2. Dependence of the relative dye 1 concentration over time for different sodium
hydroxide concentration (marked in the figure). Insert: the logarithmic plot of the relative
concentration of dye vs. electrolysis time for different sodium hydroxide concentrations.
Conditions: ¢(dye 1) = 10 mg dm3 (30.4 uM), c(NaCl) = 20 g dm'3,
o =250 rpm, | =200 mA.

0.0
0
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sodium hydroxide concentration was studied and the results are given in Fig. 2.
To increase solubility, dyes from 3-cyano-6-hydroxy-1-(2-hydroxyethyl)-4-
-methyl-2-pyridone were synthesized and dye 1 was used as a model compound
to study the effect of the sodium hydroxide concentration on the reaction rate of
the decolorization. The sodium hydroxide concentration was varied between 4 g
dm=3 (0.1 M) to 40 mg dm~3 (1 mM). The initial sodium chloride concentration
and the applied current value were taken according to the results in a previous
paper.23 During the electrochemical treatment, at certain times, 3 cm3 of reaction
solution was taken for instant UV—Vis analysis.

The reaction rate of dye 1 decolorization could be given by the kinetic
expression:

r = SYCD _kc(dye1ymo(Clz uve)e(CI) @
where k is the rate constant, and m, n and p represent partial reaction orders. By
testing the different kinetic models for pseudo-m orders, the best consent was
obtained for pseudo-first order.

The apparent decolorization pseudo first-order rate constants for different
sodium hydroxide concentrations were determined from the slope of the log-
arithmic plot of the relative concentration of the dye 1 vs. the electrolysistime, as
shown in the insert of Fig. 2, in accordance with the kinetic equation:

IS0 __ ¢ (5)
o

where Ky is the apparent pseudo first-order decolorization rate constant expressed
in min—L. For all sodium hydroxide concentrations after 20 min of electrolysis the
color remova (CR), defined as:

%)%

€ Ji—g Co
)
C Ji-0

depends on the sodium hydroxide concentration between 21 to 97 %. The values
of kg with the corresponding regression coefficients, and CRare givenin Table|.

CR= t=20min 100 (6)

TABLE I. The influence of the sodium hydroxide concentration on the values of ky with the
corresponding regression coefficients and color removal (CR)

c(NaOH) / g dm-3 Kq/ mint R2 CR/ %
0.04 0.221 0.9938 97
0.4 0.0740 0.9871 67
1.0 0.0366 0.9843 33
4.0 0.0171 0.9958 21
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As can be seen from Fig. 2 and Table I, an increase in the sodium hydroxide
concentration (solution pH) decreased the reaction rate. The changes in the
absorption spectra of the dye 1 solution (sodium hydroxide concentration = 1
mM) during the electrochemical decolorization are presented in Fig. 3. Under the
basic conditions, dye 1 exhibited a main band with a maximum absorption at 389
nm. The decrease of absorption peak actually indicates a rapid decolorization of
the dye over time. After 20 min, amost complete decolorization was observed.
The absorption peak observed at 292 nm is attributed to hypochlorite.24

0.9 4
0.8 FE N [ 1 min
0.7

68+ AN ] —— 11 min

0.5 A . —— 15 min

0.4+
0.3+
0.2+

0.1+

00 4+—— 1
200 250

' 460 450 500 5&0 I 660
A/ nm
Fig. 3. Changesin the UV-Vis spectrum of dye 1 in water solution (c(NaOH) = 1 mM) during

electrochemical decolorization. Conditions: ¢(dye 1) = 10 mg dm3 (30.4 uM),
c(NaCl) = 20 g dm3, @ = 250 rpm, | = 200 mA.

T 1
300 350

The effect of the agitation speed is presented in Fig. 4. The obtained results
show a practically negligible effect of the agitation speed on the decolorization of
dye 1. Since the diffusion rate and heterogeneous or homogenous oxidation rate
are highly dependent on the hydrodynamic conditions, the only explanation is
that the rate determining step is activation controlled (charge transfer) reaction.
The only activation controlled reaction could be the oxidation of the chlorides to
chlorine given by Eq. (1), followed by fast chlorine dispropotionation to HOCI
and their dissociation to OCI—. In order to resolve which species were active
ones, the following experiment was performed: 450 ml of 10 g NaCl was elec-
trolyzed 5 min with 200 mA, and after that a solution of the dye 1 (5 mg in 50 ml
of water with 20 mg NaOH) was added. The decolorization occurred practically
with an identical rate as during the electrolysis, as can be seen from the inset of
Fig. 4. Since pH of the solution was almost constant with a value of ~10, it could
be concluded that hypochlorites were the active species.
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1.0

o/ rpm
—m— 150
—e—250
08+ —A— 325
—v— 500
0.6
OO
= 0.8
T 04 &
= 04
(53
0.0 ) ;
021 0 10 20 30 Fig. 4. Dependence of the relative con-
t/ min centration of dye 1 over time for different
agitation speeds (marked in the figure).
0.0 — Inset: change of the normalized concen-
0 5 10 15 20

tration with time when the dye was added
t/ min to a hypochlorite solution (e« = 325 rpm).

Effect of the initial sodium chloride concentration

The influence of the sodium chloride concentration on the reaction rate of
the decolorization was studied in the range from 15 to 40 g dm3 in solution
containing 10 mg dm3 of dye 1. The sodium hydroxide concentration was 1 mM
and applied current 200 mA. As it can be seen, the rate constant increased with
increasing salt concentration up to 30 g dnm3 (Fig. 5). At higher concentration,
namely at 40 g dm3, asmall decrease in the reaction rate was observed.

01 btte e
10/15.20 25 30 35 40 Fig. 5. Dependence of the relative

P c(NaCl)/ g dmi” X .
2 dye 1 concentration over time for
= 20 oNaCh/gdm’ different sodium chloride concentra-
1+ tions (marked in the figure). Insert:
25r A 35 the reaction rate constant of dye
ol : £ B decolorization vs. electrolysis time
: s for the different sodium chloride
35 ¥ concentrations. Conditions: c(dye 1)
0 5 10 15 =10 mg dm3 (30.4 uM), w = 325

¢/ min rpm, ¢(NaOH) =1 mM, | = 200 mA.

According to the Faraday Law, the amount of the produced hypochlorite
should be proportional to the current and the rate should remain constant, i.e., by
applying the same current to different solutions, the same amount of hypochlorite
should be produced and the rate should be independent (constant) of the elec-
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trolyte concentration. One possible explanation is that the production of hypo-
chlorite (Egs. (1)—(3)) occursin competition with the production of oxygen:

40H-= 0Oy + 2H50 + 4e @)

If this hypothesisis correct, then higher chloride concentrations will increase
the percentage proportion of the reaction via hypochlorite and decrease the
relative production of oxygen.2> This is connected with current efficiency of the
hypochlorite production. Namely, as determined by Kraft et al.,8 in the concen-
tration range of NaCl from 1 to 20 g dm=3, the current efficiency of hypochlorite
production on a Ti/PtOy electrode linearly increase from =10 to 70 %. Hence, in
a solution with a smaller concentration of NaCl, e.g., 15-25 g dm3, the oxygen
evolution reaction occurs at the high rate. In a solution with a higher concen-
tration of NaCl, the steady state conditions of current efficiency are reached and
the amount of the hypochlorite production becomes constant. Based on this data,
the optimum concentration of NaCl would be =30 g dm—3. However, due to eco-
nomic and environmental reasons, a sodium chloride concentration of 20 g dm3
was used for the further experiments.

Effect of theinitial dye concentration

The next step in this study was to investigate the influence of the initial dye
concentration (dye 1) on the decolorization reaction rate. This investigation was
realized using a sodium chloride concentration of 20 g dm=3, an applied current
of 200 mA and an agitation speed of 325 rpm. The effect of different initial dye
concentrations (5-20 mg dnm3) on the decolorization rate of dye 1 is displayed in
Fig. 6. As can be seen from Fig. 6, and from the inset of Fig. 6, increasing the
dye concentration decreased the reaction rate, while above a concentration of 20
mg dm3, there was a small decrease in the electrocatalytic rate of the decolor-
ization.

e(Dye) / mg dm”
"5

e 10

A 20

In[c(1)c,]

2k 03
_:
Eo2

0 10 20
o(Dve) / mg dm”

Fig. 6. Dependence of the relative concentration of
dye 1 over time for the different dye concentrations
(marked in the figure). Insert: the reaction rate
constant of dye decolorization vs. electrolysis time

. v .1 .. for the different dye concentrations. Conditions:
01 2345 6 7 8 9 ¢(NaCl)=20gdm3 o =2325rpm, 1 mM NaOH,
t/ min | =200 mA.
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Effect of applied current and pH

Applied current is an important variable in electrochemical engineering.
Different current values (100, 120, 200 and 250 mA) were applied to the cell in
order to investigate the influence of applied current on the electrochemical
decolorization of dye 1 a sodium chloride concentration of 20 g dm3 and a dye
concentration of 10 mg dm~3. Figure 7 shows the dependence of the relative dye
1 concentration over time and the decolorization kinetic rate constants for differ-
ent values of applied current are shown in Fig. 7. As can be seen, the rate cons-
tant, ~0.21 min-1, was partialy independent of the applied current in the range
from 100 to 200 mA. Above 200 mA, the rate constant deviated from the linear-
ity, probably due to direct oxidation of the dye on the electrode surface.26 There-
fore, the current for the further electrochemical studies was fixed at 200 mA.

0.4
- 03
= /
Eo2
0.1

0.0
50 100150200250
I/ mA

Fig. 7. Dependence of the relative concentration
of dye 1 over time for the different values of the
applied current (marked in the figure). Inset: the
reaction rate constant of dye decolorization vs.
: electrolysis time for different values of the appl-
. . . . ied current. Conditions: ¢(dye 1) = 10 mg dm3
0 5 10 15 (30.4 uM), c(NaCl) = 20 g dm™3, » = 325 rpm,
t/ min 1 mM NaOH.

1/ mA
100
150
200
250

"pen

In addition, the pH value of the reaction mixture was measured during the
electrolysis of dye 1. As mentioned before, due to the low solubility of arylazo
pyridone dyes, the reactions were performed under basic conditions. It was
shown earlier that an increase of pH is evident during electrochemical decolor-
ization.23 The increase in the solution pH decreases the reaction rate, which
could be connected with the dissociation of hypochlorous acid to hypochlorite.
Here, the initial pH was 10.3 and there was almost no change in the pH value
during the reaction. The increase in the hypochlorite concentration is evident
from UV-Vis spectra, as shown in Fig. 3.

Influence of the dye structure

It is well known that arylazo pyridone dyes exhibit azo—-hydrazone tauto-
merism, which is presented in Fig. 8.27,28 Structure (1) presents the azo tautomer,
while structure (4) presents the hydrazone tautomer. Under the basic conditions,
they form the azo (2) and hydrazone anion (3), which are resonance hybrids.

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



1532 MIRKOVIC et al.

Generally, arylazo pyridone dyes exist in the hydrazone form in the solid state,
while in solvents, depending on the dye structure and the solvent used, the azo—
—hydrazone equilibrium exists.16:27 Under basic conditions, depending on the
substituent in the aryl component of dye, the dye exists mainly as the azo or hyd-
razone anion. As it can be seen from Fig. 3, the main absorption peak for dye 1
was at 389 nm, which corresponds to the azo anion structure. The shoulder
observed at ~470 nm is ascribed to the hydrazone form. The same pattern was
observed for other dyes (Fig. 9), except for dye 2, which exhibited a distin-
guished peak for the hydrazone form at 460 nm.

H-O R Ho R
AN N Ar—N N
N 0 . N= 0
H,C  CN H,C  CN
(1 (4)
H* | oH H* |oH-
0 R o R
Ar=N =N Ar—N N
N 0 - N= 0
HsC  CN HsC  ©N
2) (3)

Fig. 8. Azo—hydrazone tautomerism in the arylazo pyridone dyes (azo tautomer (1), azo anion
(2), hydrazone anion (3) and hydrazone tautomer (4)).
1.1 4
1.0 —
0.8 —
08
0.7 -
06 -

05 |

YRR
03]
02
0.1

0.0

20 250 300 350 400 450 500 550 5;)0
A/ nm
Fig. 9. UV—Vis spectra of the dyes (5-(4-substituted-phenylazo)-3-cyano-1-(2-hydroxyethyl)-
-6-hydroxy-4-methyl-2-pyridones (1-10) in water solutions (1 mM NaOH).
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In order to obtain more information on the reaction mechanism, a series of 5-
(4-substituted-phenylazo)-3-cyano-1-(2-hydroxyethyl)-6-hydroxy-4-methyl-2-pyr-
idones (1-10) were subjected to electrochemical decolorization under the follow-
ing conditions: dye concentration = 30.4 uM, sodium chloride concentration = 20
g dm3, agitation speed = 325 rpm, sodium hydroxide concentration = 1 mM and
current = 200 mA. A lower sodium chloride concentration was selected in order
to obtain slower reactions, which made the experimental work (UV—-Vis hand-
ling) easier. The obtained results are presented in Table 1.

The effects of the substituents in the investigated compounds were inter-
preted by correlation of the reaction rate constants with the Hammett substituent
constants op/op. Where opl/op. measures the electronic effect of the substituent in
the para position.31,32

TABLE Il. Substituent effect on the electrochemical decolorization of 5-(4-substituted-phe-
nylazo)-3-cyano-1-(2-hydroxyethyl)-6-hydroxy-4-methyl-2-pyridones (1-10)

Dye X Amax / NM Kapp / minr? oo,

1 OCH3 389 0.221 —0.283%
2 (on 460 0.3557 —2.30%
3 NO, 434 0.1233 1.2731
4 H 388 0.21 0.0031
5 CH3CO 412 0.171 0.47%1
6 CHs; 389 0.234 —0.1431
7 COO 398 0.3463 0.3132
8 cl 390 0.2724 0.2431
9 Br 390 0.2847 0.2631
10 CN 411 0.158 1.0031

A better correlation of the reaction rate constants was obtained with the op,.
constants for electron-accepting substituents, than with the op constants (exc-
luding CI, Br and COO~ groups as substituents with negative inductive and posi-
tive resonance effects), which indicates extensive delocalization of the negative
charge on the reaction center. The correlation presented in Fig. 10 is interpreted
as the existence of the hydrazone anion in the transition state of this reaction.
Electron-accepting substituents inhibit the reaction, while electron-donating sub-
stituents promote the reaction.

In addition, dye 11 was decolorized under the same conditions as given in
Table 1, in order to determine the effect of a substituent in position 1 of the
2-pyridone ring. Dye 12 was partially soluble in the aqueous sodium hydroxide
water at a concentration of 1 mM and so only the reaction with dye 11 was
achieved. The obtained results are given in Fig. 11, indicating that group in
position 1 of the pyridone ring has negligible influence on the reaction rate. This
indicates that the substituents on the phenyl ring have more influence on the
reaction center during the electrochemical decolorization of the dyes.
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Fig. 11. Dependence of the relative dye con-
centration over time for dyes 1 and 11. Con-
ditions: c(dye) = 10 mg dm3 (304 pM),

Yo 5 10 15 2 c(NaCl) = 20 g dm3, » = 325 rpm, 1 mM
¢/ min NaOH, | =200 mA.

According to Kanazawa and Onami, the conversion of the hydrazone tauto-
mer (here anion) to hydrazone chloride (N(CI)—N=) is considered to be the rate
determining step of the reaction.33 Moreover, Omura suggested that the elec-
trophilic attack of the chloronium ion (CI*) on the nitrogen atom in the hydra-
zone tautomer of azo dyesis arate-determining step and because of that the deg-
radation rate of the azo dyes depends on the first power of the dye concentra
tion.34 Thus, the hydrazone anion would be attacked by chloronium ion. Then
OCI— attacks the imino group of hydrazone chloride giving a single bond
between two nitrogens and thus producing the decolorization of an azo dye.
Since it was suggested that the rate-determining step is the electrophilic attack of
the chloronium ion on the nitrogen atom of the hydrazone anion, it is clear why
electron-accepting substituents retard the reaction, while electron-donating sub-
stituents promote the reaction. The electron-donating substituents promote the
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reaction by increasing the electron density on the nitrogen atom of the hydrazone
anion, thus lowering the energy barrier for the electrophilic attack.

CONCLUSIONS

Based on the presented data, the following could be evaluated. The agitation
speed between 150 and 500 rpm had a negligible effect of on the decolorization
rate. The rate constant increased with increasing salt concentration up to 30 g
dm3. At a higher concentration, namely at 40 g dm3, a small decrease in the
reaction rate was observed. Increasing the dye concentration decreased the
reaction rate, up to concentration of 10 mg dm3, above which there was a small,
amost negligible decrease in the electrocatalytic rate of decolorization. Above
200 mA, the rate constant deviated from linearity, probably due to the direct
oxidation of the dye on the electrode surface. The optimum electrolyte should
contain =30 g dm3 NaCl, and the current should be 200 mA (400 mA dm2). It
could aso be concluded that electron-accepting substituents inhibited the reac-
tion, while electron-donating substituents promoted the reaction. Electron-donat-
ing substituents promoted the reaction by increasing the electron density on the
nitrogen atom of the hydrazone anion thus lowering the energy barrier for the
electrophilic attack by chloronium ion.

SUPPLEMENTARY MATERIAL

Physical, analytic and spectral data for the synthesized dyes are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
OIITUMHU3ALINJA EJIEKTPOXEMUJCKOI OBE3BOJABALA OOPEREHUX APUJIA30
MUPHUIOHCKHUX BOJA

JEJIEHA M. MUPKOBUR, HEBEHA XK. I[IPJIAMHOBHWR, TOPJAHA C. YITRYMJINR, BPAHUMUP H. TPI'YP n
JOYIIAH X. MUJUH

Texnomowxo—mewmanypuxu Gaxynieid, Ynusepsutei y beoipagy, Kapueiujesa 4, 11020 Beoipag

EnexrpokatanuTuuko obe3dojaBame apuaa3o MUPHUOOHCKUX 00ja UCIHUTHBAHO je y MpHU-
CYCTBY HaTpPHjyM-XJIOpHAA Y pa3diakeHOM pacTBOPY HATPHjyM-Xugpokcupa kopucrtehu DSA
Ti/PtO, enextpony. Obe3bojaBame ce MOKe MPUMHACATU UHAWPEKTHOj OKCUIALUjU UCTIUTHBA-
HuXx Doja moMohy XHUIOXJIOpHUTa HACTaJIOT €JIEKTPOXEMH]CKOM OKCHAALUjoM xinopuga. IIponec
obe3bojaBama je UCIUTUBAH BapUpameM KOHLIEHTpaluje HaTPHUjyM-XHUIPOKCUIA Y OMCETy Of
40 mg dm> g0 4 gdm™3, xonnentpanuje HaTpujym-x1opuga on 15 mo 40 g dm3, jaumme
cpyje om 100 go 250 mA u koHuenTpanuje 6oje ox 5 1o 20 mg dm3. Ha ocHoBy modujeHux
pesynTara yTBpheHu Cy ONTUMaHU YCI0BHU enekTpoause. Ilopen Tora, UCOIUTHBAH je U YTULIA]
CYIICTUTYeHaTa Ha Op3UHy eneKkTpoxeMujckor ode3dojaBama apuia3o NUPUIOHCKUX Doja.

(ITpumibero 9. anpuna, pesuaupano 30. Maja, mpuxsaheno 18. jyna 2014)
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Optimization of electrochemical decolorization of certain
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PHYSICAL, ANALYTIC AND SPECTRAL DATA FOR THE SYNTHESIZED DYES

6-Hydroxy-1-(2-hydr oxyethyl)-5-((4-methoxyphenyl ) diazenyl )-4-methyl-2-oxo-
-1,2-dihydropyridine-3-carbonitrile (1). Yield: 38 %; red orange powder; m.p.:
232.8-233.3 °C; Andl. Calcd. for C1gH16N404: C, 58.53; H, 4.91; N, 17.06 %.
Found: C, 58.35; H, 5.01; N, 16.95 %; IR (KBr, cm1): 3459 (N-H stretching of
hydrazone unit), 2221 (-C=N stretching of cyano group), 1667, 1630 (C=0
stretching of carbonyl groups); H-NMR (200 MHz, DMSO-dg, 6 / ppm): 2.50
(3H, s, CH3), 3.54 (2H, t, J = 6.2 Hz, CH>CH>0H), 3.79 (3H, s, OCH3), 3.94
(2H, t, 3= 6.2 Hz, CH>CH>0H), 7.04 (2H, d, J = 9.0 Hz, Ar-H), 7.67 (2H, d, J =
= 9.0 Hz, Ar-H), 14.75 (1H, s, NH hydrazone); 13C-NMR (50 MHz, DMSO-dg
o / ppm): 160.9 (Py), 160.5 (Py), 159.1 (Py), 158.9 (Ar), 134.7 (Ar), 122.2 (Py),
119.4 (Ar), 115.6 (CN), 115.3 (Ar), 99.3 (Py), 57.6 (CH2CH>0H), 55.7 (OCH3),
41.5 (CH,CH20H), 16.4 (CH3). UV-Vis (EtOH) (Amax / nm (¢ / L mol~1 cm1)):
460.0 (26360), 273.5 (6400).

6-Hydroxy-1-(2-hydroxyethyl)-5-((4-hydr oxyphenyl ) diazenyl )-4-methyl -2-oxo-
-1,2-dihydropyridine-3-carbonitrile (2). Yield: 45 %; red powder; m.p.: 272.2—
—272.4 °C; Anal. Calcd. for C15H14N4O4: C, 57.32; H, 4.49; N, 17.83 %. Found:
C, 57.46; H, 4.58; N, 17.71 %. IR (KBr, cnm1): 3494 (O-H stretching of hydroxy
group, substituent), 2221 (—C=N stretching of cyano group), 1661, 1618 (C=0
stretching of carbonyl groups); H-NMR (200 MHz, DMSO-dg, 6 / ppm): 2.50
(3H, s, CHy), 354 (2H, t, J = 6.2 Hz, CH,CH>0OH), 3.95 (2H, t, J = 6.2 Hz,
CH>CH>0H), 4.82 (1H, bs, CH>,CH>0OH), 6.87 (2H, d, J = 9.0 Hz, Ar-H), 7.57
(2H, d, J = 9.0 Hz, Ar-H), 9.99 (1H, s, OH substituent), 14.84 (1H, s, NH
hydrazone); 13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 161.0 (Py), 160.5 (Py),
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159.0 (Py), 157.7 (Ar), 133.4 (Ar), 121.9 (Py), 119.7 (Ar), 116.6 (Ar), 115.8
(CN), 98.7 (Py), 57.7 (CH2CH20H), 41.5 (CH,CH20H), 16.4 (CH3). UV—-Vis
(EtOH) (Amax / nm (g / L mol—1 cm1)): 466.5 (33280), 276.0 (8260).

6-Hydroxy-1-(2-hydroxyethyl)-4-methyl-5-((4-nitrophenyl)diazenyl)-2-oxo-1,2-
-dihydropyridine-3-carbonitrile (3). Yield: 54 %; Yellow powder; m.p.: 279.6—
280.4 °C; IR (KBr, cmr1): 3467 (N-H stretching of hydrazone unit), 2227 (-C=N
stretching of cyano group), 1675, 1630 (C=0 stretching of carbony! groups); 1H-
-NMR (200 MHz, DMSO-dg, ¢ / ppm): 2.52 (3H, s, CH3), 3.56 (2H, t, J = 6.2
Hz, CH>CH,0OH), 3.94 (2H, t, J = 6.2 Hz, CH,CH,0H), 4.80 (1H, bs,
CH2CH0H), 7.90 (2H, d, J = 9.0 Hz, Ar-H), 8.29 (2H, d, J = 9.0 Hz, Ar-H),
14.32 (1H, s, NH hydrazone); 13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 160.5
(Py), 160.1 (Py), 159.3 (Py), 146.7 (Ar), 144.6 (Ar), 125.7 (Ar), 125.6 (Py),
117.8 (Ar), 114.8 (CN), 103.3 (Py), 57.5 (CHoCH,0H), 41.8 (CHo,CH,OH),
16.6 (CH3); UV-Vis (EtOH) (max / nm (¢ / L mol=1 cm1)): 429.0 (27360),
315.5 (8940), 270.0 (5320).

6-Hydroxy-1-(2-hydroxyethyl )-4-methyl-2-oxo-5-(phenyl diazenyl)-1,2-dihydro-
pyridine-3-carbonitrile (4). Yield: 48 %; yellow orange powder; m.p.: 227.2—
227.8 °C; IR (KBr, cmr1): 3447 (N-H stretching of hydrazone unit), 2225 (-C=N
stretching of cyano group), 1671, 1626 (C=0 stretching of carbonyl groups); 1H-
NMR (200 MHz, DM SO-dg, 6 / ppm): 2.51 (3H, s, CH3), 3.55 (2H, t, J = 6.2 Hz,
CH>CH>0H), 3.94 (2H, t, J = 6.2 Hz, CH,CH>0H), 4.29 (1H, bs, CH,CH>0H),
7.28 (1H,t,J=7.6 Hz, Ar-H), 7.47 (2H, t,J=7.6 Hz, Ar-H), 7.69 (2H, d, J= 7.6
Hz, Ar-H), 14.54 (1H, s, NH hydrazone); 13C-NMR (50 MHz, DMSO-dg, 6 /
ppm): 160.9 (Py), 160.3 (Py), 159.3 (Py), 141.3 (Ar), 130.0 (Ar), 127.2 (Ar),
123.1 (Py), 117.6 (Ar), 115.3 (CN), 100.7 (Py), 57.6 (CHo,CH,0H), 41.6
(CH2CH20H), 16.5 (CH3); UV-Vis (EtOH) (Amax / nm (¢ / L mol=1 cm1)):
428.5 (36340), 275.5 (7580).

5-((4-Acetyl phenyl)diazenyl)-6-hydr oxy-1-(2-hydr oxyethyl)-4-methyl - 2-oxo-
-1,2-dihydropyridine-3-carbonitrile (5). Yield: 35 %; dark yellow powder; m.p.:
229.7-230.9 °C; Anal. Calcd. for C17H1gN4O4: C, 59.99; H, 4.74; N, 16.46 %.
Found: C, 59.84; H, 4.84; N, 16.57 %; IR (KBr, cm1): 3509 (N-H stretching of
hydrazone unit), 2224 (—C=N stretching of cyano group), 1679, 1636 (C=0
stretching of carbonyl groups); 1H-NMR (200 MHz, DMSO-dg, § / ppm): 2.51
(8H, s, CH3 on heterocyclic), 2.56 (3H, s, COCH3g), 3.56 (2H, t, J = 6.0 Hz,
CH>CH>0H), 3.94 (2H, t, J = 6.0 Hz, CH,CH>0H), 4.83 (1H, bs, CH,CH>0H),
7.78 (2H, d, J = 9.0 Hz, Ar-H), 8.02 (2H, d, J = 9.0 Hz, Ar-H), 14.41 (1H, s, NH
hydrazone); 13C-NMR (50 MHz, DMSO-dg, ¢ / ppm): 196.8 (COCH3), 160.6
(Py), 160.2 (Py), 159.3 (Py), 144.9 (Ar), 134.5 (Ar), 130.2 (Ar), 1245 (Py),
117.3 (Ar), 115.0 (CN), 102.1 (Py), 57.6 (CH2CH20H), 41.7 (CH>CH>0H),
26.8 (COCH3), 16.6 (CH3); UV-Vis (EtOH) (Amax / nm (¢ / L mol-1 cm1)):
439.0 (35420), 281.5 (9380).

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



SUPPLEMENTARY MATERIAL 5177

6-Hydroxy- 1-(2-hydr oxyethyl)-4-methyl-2-oxo-5-(p-tolyldiazenyl)-1,2-dihyd-
ropyridine-3-carbonitrile (6). Yield: 52 %; orange powder; m.p.. 231.2—
—231.9 °C; IR (KBr, cm1): 3420 (N-H stretching of hydrazone unit), 2223
(-C=N stretching of cyano group), 1676, 1627 (C=0O stretching of carbonyl
groups); IH-NMR (200 MHz, DM SO-dg, J / ppm): 2.31 (3H, s, CH3 substituent),
2.48 (3H, s, CH3 on heterocyclic), 3.54 (2H, t, J = 6.2 Hz, CH>CH>0OH), 3.93
(2H, t, J=6.2 Hz, CH,CH20H), 4.83 (1H, bs, CHo,CH,0H), 7.26 (2H, d, J = 8.6
Hz, Ar-H), 7.56 (2H, d, J = 8.6 Hz, Ar-H), 14.59 (1H, s, NH hydrazone); 13C-
-NMR (50 MHz, DM SO-dg, ¢ / ppm): 160.9 (Py), 160.4 (Py), 159.2 (Py), 139.0
(Ar), 137.2 (Ar), 130.5 (Ar), 122.7 (Py), 117.6 (Ar), 115.4 (CN), 100.1 (Py), 57.6
(CH>CH20H), 41.6 (CHoCHo0OH), 20.9 (CH3 substituent), 16.6 (CH3 on
heterocyclic); UV-Vis (EtOH) (Amax / nm (¢ / L mol-1 cm1)): 441.0 (37280),
277.5 (7960).

4-((5-Cyano-2-hydroxy-1-(2-hydr oxyethyl )-4-methyl-6-oxo-1,6-dihydropyridin-
-3-yl)diazenyl)benzoic acid (7). Yield: 41 %; yellow powder; m.p.: 289.8-290.9
°C. Anal. Cdcd. for C16H14N40s5: C, 56.14; H, 4.12; N, 16.37 %. Found: C,
55.98; H, 4.23; N, 16.50 %; IR (KBr, cm1): 3410 (N-H stretching of hydrazone
unit), 2227 (-C=N stretching of cyano group), 1684, 1635 (C=0 stretching of
carbony! groups); IH-NMR (200 MHz, DMSO-dg, J / ppm): 2.50 (3H, s, CH3),
3.56 (2H, t, J= 6.2 Hz, CH,CH,0H), 3.94 (2H, t, J = 6.2 Hz, CH,CH>,0OH), 4.46
(1H, bs, CHoCHo0H), 7.72 (2H, d, J = 8.6 Hz, Ar-H), 7.96 (2H, d, J = 8.6 Hz,
Ar-H), 12.90 (1H, bs, COOH), 14.39 (1H, s, NH hydrazone); 13C-NMR (50
MHz, DMSO-dg, 6 / ppm): 166.8 (COOH), 160.7 (Py), 160.2 (Py), 159.3 (Py),
144.7 (Ar), 131.2 (Ar), 128.4 (Ar), 124.3 (Py), 117.3 (Ar), 115.1 (CN), 102.0
(Py), 57.6 (CHoCH,OH), 41.7 (CH>CHo0H), 16.6 (CH3); UV-Vis (EtOH)
(Amax / nm (e / L mol—1 cm1)): 433.0 (34940), 270.0 (8040).

5-((4-Chlorophenyl)diazenyl)-6-hydr oxy-1-(2-hydr oxyethyl )-4-methyl-2-oxo-
-1,2-dihydropyridine-3-carbonitrile (8). Yield: 55 %; orange powder; m.p.:
246.8-247.2 °C; IR (KBr, cmr1): 3447 (N-H stretching of hydrazone unit), 2227
(—C=N stretching of cyano group), 1677, 1626 (C=0O stretching of carbonyl
groups); IH-NMR (200 MHz, DMSO-dg, J / ppm): 2.49 (3H, s, CH3), 3.53 (2H,
t, J = 6.4 Hz, CHo,CH,0H), 3.94 (2H, t, J = 6.4 Hz, CH>CH>0H), 4.80 (1H, bs,
CH2CH0H), 7.49 (2H, d, J = 9.0 Hz, Ar-H), 7.68 (2H, d, J = 9.0 Hz, Ar-H),
14.43 (1H, s, NH hydrazone); 13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 160.7
(Py), 160.3 (Py), 158.7 (Py), 142.2 (Ar), 131.1 (Ar), 129.7 (Ar), 123.7 (Py),
119.9 (Ar), 116.1 (CN), 100.2 (Py), 57.8 (CHoCH,0H), 41.5 (CHo,CH,OH),
16.7 (CH3); UV-Vis (EtOH) (imax / nm (¢ / L mol=1 cm1)): 430.5 (27700),
264.0 (6540).

5-((4-Bromophenyl)diazenyl)-6-hydroxy- 1-(2-hydroxyethyl)-4-methyl -2-oxo-
-1,2-dihydropyridine-3-carbonitrile (9). Yield: 52 %; yellow powder; m.p.:
258.0-258.6 °C; Anal. Calcd. for C15H13BrN4O3: C, 47.76; H, 3.47; N, 14.85 %.
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Found: C, 47.88; H, 3.59; N, 14.98 %; IR (KBr, cm1): 3491 (N-H stretching of
hydrazone unit), 2227 (—C=N stretching of cyano group), 1679, 1633 (C=0
stretching of carbonyl groups); 1H-NMR (200 MHz, DMSO-dg, § / ppm): 2.50
(3H, s, CH3), 355 (2H, t, J = 6.2 Hz, CH>CH>0H), 3.94 (2H, t, J = 6.2 Hz,
CH>CH20H), 4.60 (1H, bs, CHo,CH20H), 7.55-7.74 (4H, m, Ar-H), 14.41 (1H,
s, NH hydrazone); 133C-NMR (50 MHz, DMSO-dg, ¢ / ppm): 160.7 (Py), 160.3
(Py), 159.3 (Py), 140.8 (Ar), 132.8 (Ar), 123.6 (Py), 119.6 (Ar), 119.4 (Ar),
115.2 (CN), 101.3 (Py), 57.6 (CH2,CH20H), 41.6 (CH>CH>0OH), 16.6 (CH3);
UV-Vis (EtOH) (Amax / nm (¢ / L mol=1 cm1)): 435.5 (39840), 275.0 (9240).
5-((4-Cyanophenyl)diazenyl)-6-hydr oxy- 1-(2-hydr oxyethyl)-4-methyl - 2-oxo-
-1,2-dihydropyridine-3-carbonitrile (10). Yield: 44 %; yellow powder; m.p.:
279.1-280.9 °C. Anal. Calcd. for C16H13Ns03: C, 59.44; H, 4.05; N, 21.66 %.
Found: C, 59.61; H, 4.16; N, 21.77 %; IR (KBr, cm1): 3423 (N-H stretching of
hydrazone unit), 2230, 2219 (-C=N stretching of cyano groups), 1683, 1641
(C=0 stretching of carbonyl groups); I1H-NMR (200 MHz, DMSO-dg, 6 / ppm):
2.51 (3H, s, CH3), 3.56 (2H, t, J = 6.2 Hz, CH,CH20H), 3.94 (2H, t, J = 6.2 Hz,
CH>CH>0H), 4.82 (1H, bs, CH>CH>0H), 7.83 (2H, d, J = 9.0 Hz, Ar-H), 7.90
(2H, d, J = 9.0 Hz, Ar-H), 14.28 (1H, s, NH hydrazone); 13C-NMR (50 MHz,
DMSO-dg, ¢ / ppm): 160.5 (Py), 160.1 (Py), 159.2 (Py), 145.0 (Ar), 134.1 (Ar),
1249 (Py), 1189 (Ar), 118.0 (Ar), 114.9 (CN on heterocyclic), 108.2 (CN
substituent), 102.8 (Py), 57.6 (CH,CH>0OH), 41.8 (CH2CH>0H), 16.6 (CH3);
UV-Vis (EtOH) (Amax / nm (¢ / L mol=1 cm1)): 42.0 (30120), 268.0 (7080).
6-Hydroxy-5-((4-methoxyphenyl)diazenyl)-4-methyl-2-oxo-1,2-dihydropyridi-
ne-3-carbonitrile (11). Yield: 53 %; red powder; m.p. 271.8-272.5 °C. IR (KBr,
cml): 3433 (N-H stretching of hydrazone unit), 3121 (N-H stretching on
heterocyclic ring), 2221 (—C=N stretching of cyano group), 1655, 1603 (C=0
stretching of carbonyl groups); TH-NMR (200 MHz, DMSO-dg, § / ppm): 2.50
(3H, s, CH3), 3.80 (3H, s, OCH3), 7.06 (2H, d, J= 8.4 Hz, Ar-H), 7.65 (2H, d, J
= 8.4 Hz, Ar-H), 11.96 (1H, s, NH heterocyclic), 14.75 (1H, s, NH hydrazone);
13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 161.7 (Py), 161.1 (Py), 160.5 (Py),
158.8 (Ar), 134.7 (Ar), 122.8 (Py), 119.2 (Ar), 115.5 (CN), 115.3 (Ar), 99.5 (Py),
55.7 (OCH3), 16.6 (CH3). UV-Vis (EtOH) (Amax / Nm (¢ / L mol=1 cm1)): 457.0
(13740), 273.5 (3780).
1-Ethyl-6-hydroxy-5-((4-methoxyphenyl)diazenyl)-4-methyl-2-oxo- 1,2-dihyd-
ropyridine-3-carbonitrile (12). Yield: 73 %; red powder; m.p.: 215.6-217.2 °C;
IR (KBr, cm1): 3433 (N-H stretching of hydrazone unit), 2221 (C=N stretching
of cyano group), 1672, 1627 (C=0 stretching of carbony! groups); IH-NMR (200
MHz, DMSO-dg, ¢ / ppm): 1.13 (3H, t, J = 7.0 Hz, CH3CH>), 2.50 (3H, s, CH3),
3.80 (3H, s, OCH3), 3.89 (2H, g, J = 7.0 Hz, CH3CH>), 7.06 (2H, d, J = 9.0 Hz,
Ar-H), 7.71 (2H, d, J = 9.0 Hz, Ar-H), 14.81 (1H, s, NH hydrazone); 13C-NMR
(50 MHz, DMSO-dg, ¢ / ppm): 161.8 (Py), 161.2 (Py), 160.6 (Py), 158.9 (Ar),
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134.8 (Ar), 122.9 (Py), 1195 (Ar), 115.4 (Ar), 115.3 (CN), 99.6 (Py), 55.8
(OCHg), 34.5 (CH3CH>), 16.6 (CH3), 12.9 (CH3CH2); UV-Vis (EtOH) (Amax /
/ nm (¢ / L mol=L cmr1)): 460.0 (15380), 273.5 (4180).
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Abstract: An ultra-performance liquid chromatographic—triple guadrupole mass
spectrometric (UPLC-QqQ-MS/MS) method with a multiple reactions moni-
toring mode (MRM) was developed and validated for the quantification of
vanillin and syringaldehyde in plum brandy. The method showed good linearity
(0.05to 10 mg L-1) and low limits of detection and quantification (the LOD and
LOQ values were 11.6 and 38.2 ug L1 for vanillin, and 12.7 and 42.0 pg L1
for syringaldehyde, respectively). The overall intra-day and inter-day variations
were less than 4.21 % and the overall recovery was over 93.0 %. The correl-
ation coefficients (R?) of the calibration curves were higher than 0.9999. In
order to evaluate whether the method was suitable for use as a routine anal-
ytical tool, vanillin and syringal dehyde were determined in 31 samples of Serb-
ian plum brandy.

Keywords: vanillin; syringaldehyde; plum brandy; LC-MS/MS.

INTRODUCTION

Plum tree (Prunus domestica L.) is a traditional plant in Serbian village
households. Serbian plum brandy (Serbian Slivovitz) is the most popular Serbian
alcoholic beverage obtained by distilling fermented fruit pulp. The production of
aged brandy consists of: i) preparation of the raw material and fermentation, ii)
distillation and iii) aging in oak wood casks when the organoleptic qualities of
the distillate devel op to produce the mature brandy.t

* Corresponding author. E-mail: vtesevic@chem.bg.ac.rs
doi: 10.2298/J5C140225079T
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Plum brandy, as well as other spirits, is aged in oak barrels for a period that
can last for several years. Aging is the stage of the production process important
for the extraction of phenolic compounds that enhance the sensory qualities,
and the antioxidant capacity of a brandy, which may have health benefit if con-
sumed in moderation.

The aromatic phenolic aldehydes, among others vanillin and syringaldehyde,
formed by degradation of lignin from the oak barrels during coopering are ext-
racted into spirit.2 In a simulated experiment with four oak wood samples, the
content of syringaldehyde was more than double the vanillin content.3 Previous
studies performed with several spirits showed ratio of syringaldehyde to vanillin
was 1.4 to 2.5 when these aldehydes were produced by ageing of the spirit in oak
barrels over along period.4 Thus, their concentrations could indicate the time of
aging in oak casks. Since vanillin is an aldehyde that contributes the most to the
aroma of alcoholic beverages and is easily obtained industrially, producers may
be encouraged to add it to brandies, thereby simulating an aged character.® The
syringaldehyde/vanillin ratio seems to be one of the characteristics of the original
composition of a brandy, and may be considered as a marker to distinguish
counterfeit alcoholic beverages from genuine ones.4

The undeniable appeal of oak aging makes the caution of the industry to
change a tradition that is fundamental to the finished product understandable.6
The analytical methods reported in the literature to quantify aromatic aldehydes
in alcoholic beverages are HPLC with UV detection,”.8 gas chromatography
coupled with mass spectrometry (GC/MS),® derivative spectrophotometry10 and
high performance capillary electrophoresis with UV detection.2

The aim of the present study was to develop and validate a fast method for
the quantification of vanillin and syringaldehyde in mature plum brandies of dif-
ferent origin using ultra-performance liquid chromatography (UPLC) combined
with atriple quadrupol e tandem mass spectrometry (QqQ-MS/MS) system oper-
ated in the multiple reaction-monitoring (MRM) mode. The advantage of UPCL
over HPLC is higher resolution and speed of analysis owing to small particle
sizes (2 pum compared to 5 um), large surface areas, and application of high pres-
sure to the solvent flow. UPLC is just a specia variant of HPLC that affords
better separation and very fast analysis.1! The analytical procedure was tested on
specimens of authentic Serbian plum brandy obtained directly from the producers.

EXPERIMENTAL

Chemicals and materials

Ultra high-purified water, acetonitrile HPLC grade, and formic acid (Merck Darmstadt,
Germany) were used as solvents for the chromatography. Vanillin and syringaldehyde used as
external standards were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Samples

Specimens of Serbian plum brandy produced from single or mixed plum varieties of the
genus Prunus L. that were aged in oak wood casks (29 samples) and mulberry wood casks (2
samples), were filtered through 0.45um pore size membrane filteres and injected directly
without preliminary treatment such as concentration, extraction, etc.
UPLC Analysis

The development and validation of chromatographic method and analysis of plum
brandy samples was performed on a Waters Acquity UPLC system, equipped with a binary
solvent manager, an autosampler, a column heater, a PDA detector, and interfaced to a tandem
quadrupole detector. The separation column was an ACQUITY UPLC BEH C18 column (2.1
mm i.d.x50 mm, 1.7 um particle size). The column heater was set at 30 °C and the mobile
phase flow rate was maintained at 0.5 mL min'L. The gradient (solvent A, 100 % acetonitrile,
solvent B water/formic acid 99.8:0.2, V/V) was 0-3.0 min (16.0 % A), 3.0-8.0 min (98.0 %
A). The injection volumewas 1 pL. The DAD detector range was 190-600 nm.
QuQ-MSMS-MRM

Identification of vanillin and syringaldehyde was performed by comparing the retention
times and UV and mass spectra with those of the reference standards. Quantification of the
identified compounds was performed using the external standard method. Calibration curves
were established for vanillin and syringaldehyde. MS detection performed using a Waters
TQD tandem quadrupole detector interfaced with an Acquity UPLC system via an ES| probe.
The ESI source was operated in the positive ionization mode at 150 °C, with a desolvation
temperature of 450 °C, a 700 L h1 desolvation gas flow rate, and the capillary voltage was set
at 3.5 kV. Argon was used as the collision gas at a flow rate of 0.10 mL min-L. The collision
energy used for vanillin was 16 eV and for syringaldehyde 10 eV. Based on the full-scan mass
spectra of the aldehydes, the most abundant ions were selected and the mass spectrometer was
set to monitor the transitions of the precursors to the product ions as m/z 153/93 for vanillin
and m/z 183/155 for syringaldehyde. Data acquisition, peak integration and calibration were
performed with Mass Lynx 4.0 software.

RESULTS AND DISCUSSION
UPLC method validation

The proposed method was validated for linearity, accuracy, precision and
limits of detection and quantification.

Linearity. Calibration graphs were plotted based on linear regression anal-
ysis of the integrated pesk areas vs. concentration (mg L-1) in the standard
solution at four different concentrations. The correlation coefficients obtained
from the standard curves were for vanillin (0.99997) and syringaldehyde
(0.99992). There was a strong linear correlation of the concentrations of the com-
pounds with the peak aress.

Precision. Three different concentrations of vanillin and syringadehyde
(0.05, 0.5 and 1.0 mg L-1) were analyzed in six independent series in triplicate
during the same day (intraday precision) and over 3 consecutive days (interday
precision). The relative standard deviation (RSD) was taken as a measure of
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precision, and the results are given in Table I. The method showed a high degree
of precision for both of the analyzed compounds.

TABLE |. Regression equations, linearity ranges, correlation coefficients, limits of detection
(LOD), limits of quantification (LOQ), recoveries and relative standard deviations (RSD) for
vanillin and syringaldehyde determination

. Linearity Reco- Intra-day Inter-day
Cmpd. Regron range R? LOL[? 1 LOLQ_l veey RD/% RD/%
equation ug Lt ug % (=6 (=3
Vanillin  y=6921900x + 0.05-10 0.99997 11.6 38.2 99.0- 0.59 1.23
+184.24 103.2
Syring- y=5254820x + 0.05-10 0.99992 12.7 420 93.0- 1.93 421
aldehyde + 83.07 106.8

Limits of detection and quantification. The limit of detection (LOD) and
limit of quantification (LOQ) were estimated from the signal-to-noise ratio. The
LOD is defined as the lowest concentration resulting in a peak area of three times
the baseline noise. The LOQ is defined as the lowest concentration that provides
a signal-to-noise ratio higher than 10. The limits of detection and quantification
observed for vanillin and syringaldehyde are listed in TableI.

Accuracy. The recovery (R) was used to evaluate the accuracy of the
method. A known amount (G) of the considered compound (0.05, 0.5 and 1.0 mg
L-1) was added into a hydroalcoholic (40 vol. %) solution and the samples were
injected under identical conditions in six replicate determinations (each concen-
tration in triplicate). The values were calculated using the following equation:

Gadded
The proposed method afforded a recovery of 96.8-103.2 % for vanillin and
93.0-106.8 % for syringaldehyde (Table I). The accuracy was expressed as the
percentage recovery.

Determination of vanillin and syringaldehyde in Serbian plum brandies

In order to evaluate whether the method is suitable for use as a routine analytical
tool, vanillin and syringaldehyde were determined in 31 Serbian plum brandy
samples and the results are given in Table 1l. The analyses were performed in
triplicate and data are presented as mean £3D. The concentrations of aldehydes
were calculated by reference to the peak areas of the externa standards.
Checking for matrix effect was performed by addition of reference standards in
the same concentration as obtained for brandy samples from the calibration
curve. No matrix effect was found.12 The chromatogram of plum brandy sample
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5 is shown in Fig. 1, together with the extracted MRM chromatograms of
vanillin and syringaldehyde.

TABLE Il. Description of plum brandy analyzed and its quantification of vanillin (V) and
syringaldehyde (S); hm. — homemade; in. —industrial, 0.n.y.p. —old, no year of production
Typeof Type/yearof Age EtOH VzSD S+SD Qv
barrel production y vo.% mgLl mgL?
PoZegaca + Crvena Oak hm. / 1979 34 3896 5.11+0.18 6.76+0.09 1.32
ranka

Plum variety

Pozegata Oak hm./1983 30 37.62 5.10+0.08 6.25+0.13 1.23
Mixed varieties Oak in./ 1997 16 42.88 0.69+0.06 1.05+0.11 1.52
Mixed varieties Oak in. /1992 21 38.64 3.02+0.13 3.89+0.42 1.29
Mixed varieties Oak in./ 1995 16 44.60 2.68+0.06 2.71+0.04 1.01
Mixed varieties Oak hm./onyp. — 4380 241+0.11 1.94+0.07 0.80
PoZegaca + Trnovaca Oak hm. / 1991 22 4556 1.23+0.04 1.46x0.13 1.19
Mixed varieties Oak hm./1992 21 43.17 1.37+0.09 2.03+0.14 1.48
Mixed varieties Oak in./onyp. - 4374 0.12+0.003 0.07+0.01 0.57
Mixed varieties Oak in./ 1998 15 4145 0.65+0.03 0.25+0.02 0.38
Mixed varieties Oak hm./1992 21 3850 1.92+0.08 1.02+0.05 0.53
PoZegaca Oak hm./1951 62 40.92 3.46+0.03 5.21+0.34 151
Mixed varieties Oak hm./1998 15 38.59 1.65+0.05 0.66+0.03 0.40
Pozegata Oak hm./1991 22 41.17 1.33+0.07 1.35+0.31 1.01
Mixed varieties Mulberry hm./o.ny.p. — 4544 0.82+0.08 0.95+0.04 1.16
Mixed varieties Oak hm./2003 10 41.20 0.36+0.01 0.34+0.01 0.94
PoZegata Oak hm./onyp. - 4208 1.04+0.02 1.17+0.04 1.13
Mixed varieties Oak hm./1990 23 43.10 3.16+0.30 2.86+0.06 0.91
PoZegaca Oak hm./ 1978 35 42.67 4.23+0.15 5.32+0.12 1.26
Mixed varieties Oak in./ 1992 21  44.47 0.23+0.0070.25+0.003 1.08
Pozegata Oak hm./1998 15 44.95 0.83+0.02 1.05+0.01 1.26

PoZegaca + Crvena Oak hm. / 2003 10 523 0.67+0.07 0.58+0.06 0.87
ranka

PoZegata + Crvena Oak hm. / 1993 20 523 3.05+0.25 5.11+0.34 1.67
ranka

PoZegaca + Crvena Oak hm. / 1994 19 50.7 4.23+0.28 10.61+0.67 2.51
ranka+ Catanska

rodna + Stenli
Mixed varieties Oak hm. / 1999 14 497 1.76%0.23 4.06+0.52 2.31
PoZegata Oak hm. / 1997 16 56.3 2.44+40.31 4.01+0.43 1.64

PoZegata + Crvena Oak hm. / 2003 10 446 0.30+0.02 0.66+0.03 2.18
ranka

Mixed varieties Oak hm. / 2006 7 53.3 4.27+0.21 8.89+0.32 2.08
PoZegata + Crvena Oak hm. / 1998 15 50.7 2.26+0.17 3.03+0.27 1.34
ranka + Catanska

rodna + Stenli
Mixed varieties Oak hm. / 1996 17 395 2.74+0.22 5.77+0.35 2.11
Mixed varieties Oak hm. / 2002 11 533 2.36x0.29 5.37+0.36 2.27
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Fig. 1. DAD chromatogram of a plum brandy and extracted MRM chromatograms of vanillin
and syringaldehyde, a8) HPLC-UV-DAD chromatogram of plum brandy (Sample 5), b and c)
extracted MRM chromatograms of vanillin and syringaldehyde in the ES+ mode, respectively.

CONCLUSIONS

This novel UPLC-QqQ-MSMS-MRM method is proposed for the simple
and reproducible detection and quantification of vanillin and syringaldehyde in
one rapid chromatographic analysis. The short analytical run time (about five min
per run) allows the use of alow amount of solvent and hence, the small amount
of waste generation makes the method well suited for routine analysis. The
method is useful for the identification of counterfeit brandy, which is easy to
recognize by the ratios of syringaldehyde to vanillin.
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U3BOJ
PA3BOJ U BAIMJALIUJA LC-MS/MS METOJE ¥ MRM PEXXUMY 3A
KBAHTUOUKALINIY BAHUJIMHA U CUPUHTAJIJEXUA Y PAKUJAMA
HNIJBMBOBUIJAMA

BEJIE TEIIEBMR', HBAHA AJBAHUME’, BIIATKA BAJC'?, MAPHJAHA JKMBKOBUR’, HHHOC/IAB HUKUREBHER’,
WBAH YPOIIEBHER® u JbYBOIPAT BYJUCHR'
1Xemujcxu Qaxynitein, Ynugep3uitieil y Beoipagy, Ciygeniticku wwipi 16, 11058 Beoipag, ZI/IHCWMWym 3a
Xemujy, WexHoN0Tujy U Metanypiujy, Ynusepsuiuein y beoipagy, Ebeiowesa 12, 11001 Beoipag u
3Homoﬁpuepeguu Qaxyniuein, Ynueep3utieti y beoipagy, Hemawuna 6, 11080 3emyn

PasByjena je u BanunoaHa UPLC-QqQ-MS/MS metona y MRM pexumy 3a KBaHTUPU-
KalMjy BaHWIVHA U CUPUHTaNNEXU/a Y Pakyju LIJbUBOBULIM. MeTona mokasyje fodpy iuHeap-
Hoct (0,05-10 mg L!) u Husak numurt netexuvje u kantudukanuje (LOD u LOQ 3a BaHWIHH
cy 11,6 u 38,2 pg L1, a 3a cupunranpexun 12,7 u 42,0 pg L'1). Bapujauuje pesynrara y Toky
jemHor u BULIe faHa cy Mawe of 4,21 %, a Recovery npeko 93,0 %. Kopenauuonu koedbuu-
jenT (R2) xanuparnmonux kpuBuXx je sehu ox 0,9999. Y 1uby IIpoIeHe MOTOJHOCTH KOPHII-
hemwa MeTone xao pyTHHCKe, ofpeheH je cafprkaj BaHWIMHA W CUDHIaJIEXUfia Y TPUAECET U
jemHOM Y30DKy CpIICKe LIJbUBOBULIE.

(ITpumsbeHo 25. edpyapa, peBupupano 21. jyna, npuxsaheno 22. jyna 2014)
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Abstract: ZnS nanoparticles stabilized by cetyltrimethylammonium bromide
(CTAB) were modelled in the Materials Studio environment. Four types of
models with different distances between the ZnS nanoparticles and different
amounts of cetyltrimethylammonium (CTA) cations without water and in a
water environment were built and characterized by calculation of sublimation
energies. The results of the molecular modelling without water showed that the
most favourable model consisted of two ZnS nanoparticles with a distance of
8-9 nm separated without immersion of CTAs. On the contrary, the most
favourable model in a water environment was composed of ZnS nanoparticles
that nearly touched each other. CTA cations exhibited a tendency to be located on
the ZnS surface forming sparse covers. The size distributions of the ZnS
nanoparticles obtained by transmission electron microscopy (TEM) measure-
ments agreed well with the molecular modelling results.

Keywords: molecular modelling; ZnS nanoparticles; cetyltrimethylammonium
bromide; interactions.

INTRODUCTION

Semiconductor nanoparticles, such as metal oxides or metal sulphides, are
well known for their outstanding electrochemical properties, which make them
utilizable in photo-optics, opto-electronics, photocatalysis, etc.l One of the most
important factors related to nanomaterials is the dependence of physical and
chemical properties on their particle sizes. Decreasing particle size of a semicon-
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ductor leads to an increase of its specific surface area and gap energy, which is
known as the quantum size effect or quantum confinement.23

Zinc sulphide is a semiconductor with a wide direct band gap energy of
about 3.7 €V. ZnS nanoparticles have been synthesized by precipitation of zinc
ions with sulphides forming ZnS in the sphalerite (solubility product, Kg =
= 1.6x10%) and wurtzite structure (Kg = 2.5x10722). Freshly prepared ZnS
nanoparticles, as well as other nanoparticles, tend to agglomerate and, therefore,
are mostly stabilized by macromolecules or surfactants.4—5

Stabilization mechanisms of nanoparticles cannot be directly observed by
laboratory experimental methods but can be simulated by molecular modelling
based on empirical force fields. The analysis of some the characteristics of the
interaction energy can provide information on the stability of systems, mutual
interactions of their parts and probability estimation for some processes.

The aim of this work was to model the interactions between ZnS nanopar-
ticles and CTAB by molecular simulations. From the simulation point of view,
some authors published papers dealing with structure of ZnS nanoparticles and
their characteristics, e.g., structural changes of the ZnS nanostructure depending
on its size and on the species surrounding the nanoparticles.”~10 Although
interactions between CTAB and some nanoparticles were modelled by several
authors, 11,12 mutual interactions of ZnS nanoparticles stabilized by CTAB were
simulated for the first time in this study. In previous papers,4° only the structure
of CTAB layers formed on the ZnS nanoparticles surface were modelled. Along
with molecular modelling, colloid dispersions of ZnS nanoparticles and CTAB
were examined by transmission electron microscopy, and the growth of the ZnS
nanoparticles was studied to confirm the modelling results.

EXPERIMENTAL
Material and chemicals

The used chemicals were of analytical reagent grade: zinc acetate, sodium sulphide, (all
from Lachema, Czech Republic), cetyltrimethylammonium bromide (Sigma, USA). Water
deionised by reverse osmosis (Aqua Osmotic, Czech Republic) was used for the preparation
of all solutions.

Precipitation of ZnS nanoparticles

ZnS nanoparticles were precipitated by adding zinc acetate to sodium sulphide.® The
precipitation was performed in the micellar dispersion of CTAB with the concentration of 3
mmol L L. The S:Zn?* mole ratio was kept at 1.5:1.

Transmission el ectron microscopy

Transmission electron microscopy was performed on a JEM 1230 (Jeol, Japan) micro-
scope operated at 80 kV. The freshly prepared samples of the ZnS nanoparticles stabilized by
CTAB were placed on a copper grid (400 mesh) coated by a film of 1.5-3 % of poly(vinyl
formaldehyde) in chloroform and dried by blotting paper. The contrast of the micrographs was
improved by the addition of a 1 % solution of ammonium molybdate to the samples.
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Molecular modelling

The data for the wurtzite structure were used for building the ZnS nanoparticles.® Crys-
tallographic data for wurtzite are the following: space group P6;mc, a = b = 0.382 nm, ¢ =
= 0.626 nm.13 According to experimental data, nanoclusters in the shape of a sphere with radii
of 2.0 nm were created in a nanostructure builder module and two ZnS nanoparticles were
used in the simulations. Molecular modelling was performed in the Materials Studio model -
ling environment.14

Since the CTAB molecule dissociates in water to form a CTA cation and a bromide
anion, interactions of ZnS nanoparticles and CTA cations were modelled. The ZnS nano-
particle with adsorbed CTA cations was denoted as ZnS-CTA in this manuscript. The inter-
actions and structure of two ZnS-CTA nanoparticles can be subsequently generalized for
interactions and behaviour of alarger amount of ZnS-CTA ones. The number of CTA cations
surrounding each ZnS nanoparticle was 30, 50, 70 and 90 and the following four models were
built:

1. ZnS nanoparticles were nearly touching each other; the distance between ZnS nano-
particle centres was about 4.0 nm.

2. One ZnS-CTA nanoparticle shared CTA cations with other ZnS-CTA nanoparticle so
that CTA cations were immersed in one another. The distance between the centres of the ZnS
nanoparticles was about 6.0 nm.

3. ZnS-CTA nanoparticles were connected together via CTA chains. Models were used
with various amounts of CTA (12-25), which formed chains of various distances between
ZnS nanoparticle centres, ranging from 8.0 to 10.0 nm.

4. ZnS-CTA nanoparticles were separated without immersing CTA cations and without
chain connection. The distance between ZnS centres ranged from 8.0 to 9.0 nm.

For each type of presented structure model, a set of initial models was created and the
models were optimized without water and in a water environment. The models optimized
without water contained two ZnS nanoparticles and CTA cations. Each model optimized in a
water environment contained an additional 5760 water molecules together with compensating
bromide anions randomly surrounding the ZnS nanoparticles. As found recently,* the ZnS-
—CTA structure exhibited a bilayer arrangement of CTA cations around the ZnS nanoparticles,
i.e., half of CTA cations were oriented with their polar headgroup towards the outer space and
the half with their polar headgroup towards the ZnS nanoparticle surface. In case of model 1,
due to the close arrangement of ZnS nanoparticles, some of the CTA exhibited a bilayer arran-
gement and some was randomly distributed around the ZnS nanoparticles and among the CTA
cations in the bilayer arrangement. The geometry optimization was realised in the Universal
force field!® in the Materials Studio modelling environment. The advantage of this force field
is ahigh speed of convergence, especially in case of large systems like those presented in this
paper. On the other hand, the parameters in this force field can be used for a wide class of
structure, which leads to less precise results, e.g., infrared spectra. Nevertheless, this force
field was employed in previous papers*® deding with one ZnS-CTA nanoparticle and the
results were in a good agreement with the experimental data. Therefore, this force field was
used for the simulation of two ZnS-CTA particles. The geometry optimization was performed
with all variable atomic positions and with the following convergence criteria: E = 1x104 kcal
mol-T", force = 0.05 kcal mol-1 nmr! and atomic displacement of 5x10-6 nm. The electrostatic
and van der Waals energy were calculated by cubic spline with a cut-off distance of 1.55 nm.
The charges of ZnS nanoparticles were calculated by the QEq method (charge equilibrium

*1kecal =4.184 kJ
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approach)® and the partial charges of water molecules and CTA cations were assigned by the
Compass force field.1”

After geometry optimization, the models with the lowest energy were chosen for quench
dynamics. The quench molecular dynamics simulations were performed in an NVT statistical
ensemble (constant number of particles, constant volume and constant temperature) at a
temperature of 298 K. One step of the simulation was 0.5 fs and 500-1000 ps were performed.
The time interval between two quenches was 50000 steps (25 ps) of the simulation. The
atomic positions of the ZnS nanoparticles were fixed and the other atomic positions were
variable during the simulations. After quench dynamics, the optimized models with minimum
energy were selected and they were subsequently minimized with the reguested convergence
criteria mentioned above and with all atomic positions variable to obtain the final structure of
the models.

RESULTS AND DISCUSSION
Models of ZnS nanoparticles without water

Although real ZnS nanoparticles were dispersed in water, mutua inter-
actions of two ZnS-CTA nanoparticles without water were calculated for com-
parison and the results are summarized in Table I. This table shows the depen-
dence of the total sublimation energy Eiotg, Which is the sum of van der Waals
Evgw and electrostatic Eqg interaction energies between ZnS-CTA nanoparticles,
on the number of CTA cations for all the tested models. The interactions were
calculated as interactions between rigid bodies. A rigid body is defined as a part

TABLE I. Total sublimation energies for various types of models and CTA concentrations
without water

No. of CTA cations Eota / kcal mol-1 E,qw / kcal mol-1 Eqq / kcal molt
Model 1
30 -81 -8 —73
50 -59 -10 -49
70 =37 -13 24
90 27 -16 -11
Model 2
30 -96 -10 -86
50 —74 -11 —-63
70 37 -1 -36
90 —40 -15 25
Model 3
30 94 -8 -86
50 -70 -9 —-61
70 54 -11 -43
90 41 -14 27
Model 4
30 —-99 -10 -89
50 —79 -10 —-69
70 -58 -13 -45
90 —45 =14 =31
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of a system where al the interactions (bonded and non-bonded) between atoms
within this part are neglected. To investigate the stability and probability of the
occurrence of various models, the total sublimation energy (Table I) was divided
into several energy contributions: i) interactions between CTA cations and ZnS
nanoparticles, ii) interactions between CTA cations and iii) interactions between
ZnS nanoparticles.

The interactions between CTAs and ZnS nanoparticles were the main energy
contribution to the Eigig sublimation energy. The average CTA and ZnS inter-
actions of al amounts of CTA for models 1 and 3 exhibited higher energy values
(64 kcal mol-1) than for models 2 and 4 (71 kcal mol—1). This could be
explained by the fact that in models 2 and 4, all the CTA cations interacted with
the ZnS nanoparticle surface via attractive interactions while some of the CTA
cations in models 1 and 3 interacted only with one another via repulsive inter-
actions. Moreover, the CTA-ZnS interaction energies increased with increasing
amounts of CTA from an average value of —86 kcal mol—1 for 30 CTA cations to
—54 kcal mol—1 for 90 CTA cations. The increase in the CTA-ZnS interactions
could be explained by changes in the arrangement of CTA on the ZnS nanopar-
ticlesin dependence on the amount of CTA.

The arrangement of CTA with respect to the ZnS nanoparticle can be charac-
terized by atilted angle. Thisis defined as the angle between the tangent plane of
a ZnS nanoparticle at the point of the perpendicular projection of nitrogen or the
last carbon atom of CTA to the ZnS surface and the CTA chain. In the case of the
perpendicular orientation of CTA, the value of the tilted angle is of 90°, whilein
the case of the paralel arrangement, it is 0°. The tilted angle distribution is
shown in Fig. 1 for model 4 and in Figs. S-1-S-3 of the Supplementary material
to this paper. Another suitable characteristic of the CTA arrangement is the dis-
tribution of nitrogen with respect to the ZnS surface. This is characterized by the
distances of the nitrogen of the CTA cations from the ZnS surface and can give
us information about a width of the CTA bilayer structure. The distribution is
shownin Fig. 2.

In case of 30 CTAS, 14-25 % of CTAs adopted a nearly paralel arrange-
ment with respect to the ZnS surface and more than 60 % of CTAs exhibited an
angle lower than 40° with an average of 28°. On the other hand, in case of 90
CTAs, alarger part of the ZnS surface was occupied by CTA cations that tended
to adopt an orientation with a higher tilted angle. In this case, less than 10 % of
CTAs on average adopted paralel orientation and more than 50 % of CTASs on
average exhibited the tilted angle larger than 40°. If the distributions of CTA
nitrogen atoms in Fig. 2 are compared, it can see that in case of 30 CTAS, the
distance of nitrogen atoms of CTA oriented with their polar headgroups towards
to the ZnS surface is about 0.3 nm with arelatively low deviation. In the case of
90 CTAs, the distance and its deviation is higher due to repulsive CTA-CTA inter-
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actions leading to a partial expelling of CTA from the ZnS surface, which caused
weaker CTA-ZnS interactions.

The mutual interactions between CTA cations depended on the amount of
CTA. The van der Waals energy decreased as follows: -5 kcal mol—1 on average
for 30 CTAs and —12 kcal mol—1 on average for 90 CTAs. The electrostatic inter-
actions rapidly increasing amount of CTA from < 1 kcal mol—1 on average for 30
CTAs to 29 kcal mol—1 on average for 90 CTAs. The resulting value of mutual
CTA interactions was negative in case of 30 CTAs. For 50 CTASs, models 1 and 2
exhibited repulsive CTA—CTA interactions (6 kcal mol—1 on average).

Models 3 and 4 exhibited attractive CTA—CTA interactions (-3 kcal mol-1
on average) due to the lower electrostatic interactions in comparison to the abso-
lute value of the van der Waals energy. In case of higher amounts of CTA the
interactions between CTAs were repulsive: 12 kcal mol—1 for 70 CTAs and 17
kcal mol=1 for 90 CTAs. Model 4 for 30 CTAs is shown in Fig. 3. Model 4 had
the lowest total sublimation energy and, therefore, was the most probable.

Fig. 3. Cross section of model 4 for 30 CTAs without water. Green chains
represent CTA cations.

The interactions between ZnS nanoparticles represented the least energy
contribution in the total sublimation energy, i.e., 15 % of the maximum total sub-
limation energy for model 1. For example, the total sublimation energy in case of
90 CTAs was —2452 kcal mol—1 and the value of ZnS-ZnS interactions was —378
kcal mol—L. The interactions between ZnS nanoparticles were calculated only for
model 1. For the other models, they were neglected due to the large distance
between the nanoparticles. The complete information on the mutual interactions
in the systems can be found in Table S-1 of the Supplementary material.

Models of ZnS nanoparticlesin water environment

In the next modelling calculations, ZnS-CTA particles were simulated in
water environment together with bromide anions to be similar to real laboratory
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conditions. Total sublimation energies and their components E, gy and Eqg Were
also calculated for different numbers of CTA cations related to each ZnS nano-
particle (30, 50, 70 and 90 CTASs). The non-bonded interactions E representing
Eag, Evgw and their sum E;qig Were calculated as follows:

_ E@ns-cra)+Br+H,0 — BH,0 — BEzns+h,0) 1)
n

where Ezns cTa)+Br+H,0 1S the non-bonded interaction energy within all parts
of the systems, En,o represents the interaction energy within the bulk of the
water surrounding the ZnS nanoparticles, Eizns+H,0) represents the interaction
between the ZnS nanoparticles and the surrounding water molecules and n repre-
sents the number of CTA cations related to each ZnS nanoparticle. The values of
the interactions used in Eq. (1) can be found in Table S-II of the Supplementary
material. As in the models without water, the total sublimation energies can be
divided into these components: i) interactions between CTA cations and water
molecules, ii) interactions between bromide anions and water molecules, iii)
interactions between CTA cations and bromide anions and iv) interactions
between ZnS nanoparticles and water molecules.

First, the interactions between different parts of the system were compared,
i.e., the interactions were cal culated without mutual repulsive interactions between
atoms or molecules in the same part of the system (Br-Br and CTA-CTA
interactions). The most significant energy contributions were CTA—H»>0 inter-
actions (the interaction energy was calculated only between the bulk of CTA cat-
ions and the bulk of water molecules). The average value of these interactions
was —440 kcal mol—1. The CTA-Br interactions decreased linearly with increas-
ing amount of CTA, e.g., from —136 kcal mol~1 for 30 CTAs to —232 kcal mol-1
for 90 CTAs. The Br—H»O interactions decreased linearly with decreasing
amount of bromide, e.g., from =352 kcal mol—1 for 30 CTAs to —330 kcal mol—1
for 90 CTAs. The interaction energy between one ZnS nanoparticle and water
was —19400 kcal mol-1 on average. The absolute values of the interactions
between CTA cations and ZnS nanoparticles were very low, i.e., 32 kcal mol-1
on average. In comparison with the models optimized without water, the absolute
values of the CTA-ZnS interactions was about 50 % lower due to strong inter-
actions with water and bromide anions causing a change in the geometry and
positions of CTAs with respect to the ZnS nanoparticles. ZnS-ZnS interactions
were similar to those calculated for the systems without water and were hundreds
of kcal mol~1 at the maximum. The absolute value of these interactions was at
least two times lower in comparison with total CTA-ZnS interactions (see Table
S| of the Supplementary material). The indicates the ability of CTAS to separate
the ZnS—-CTA nanoparticles.

E
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Secondly, the average repulsive CTA—CTA and Br—Br interactions increased
with increasing amount of CTA cations: 55 kcal mol—1 for 30 CTAs and 109 kcal
mol-1 for 90 CTAs. Moreover, the repulsive CTA-CTA interactions in the
models with water significantly differed from those without water. As an illus-
tration, the average interaction energy for the systems without water was 7 kcal
mol~1 and for the systems in a water environment, it was 33 kcal mol=1. This
change was ascribed to CTA—H>0 interactions and CTA-Br interactions, the
absolute values of which were much higher in comparison to the CTA-CTA
interactions without water. The CTA-H>0 and CTA-Br interactions caused geo-
metry changes of CTA leading to the increase in the CTA—CTA interactions.

The total sublimation energies related to the number of CTAs corresponding
to each ZnS nanoparticle are presented in Table |1, from which it can see that the
total sublimation energies were nearly independent of the number of CTAs.
Therefore, CTA cations exhibited a similar probability of being located on the
ZnS surface. Due to the lowest interaction energies between different parts in
model 1, this model had the lowest total sublimation energy in comparison with
the others. Therefore, model 1 was the most probable one and it is presented in
Fig. 4 together with models 2, 3 and 4.

TABLE II. Total sublimation energies for the various types of modelsin awater environment

No. of CTA cations Eiota / kcal mol-1 Eyqw / kcal mol1 Eqs / kcal molt
Model 1
30 -973 -15 —-958
50 —996 -3 —993
70 —-957 —7 —950
90 —956 -13 —943
Model 2
30 —3845 20 —825
50 —895 -3 —892
70 —-864 -1 —-863
90 —906 7 —913
Model 3
30 -935 4 —-931
50 -916 -11 —905
70 —892 —12 —880
90 —3861 —22 —839
Model 4
30 —-894 -5 —-889
50 -845 -10 -835
70 872 -10 —-862
90 —931 —17 —914

The coverage of the surface depended on the CTA concentration and it could
be estimated by calculating the surface area of the ZnS nanoparticle occupied by
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model 2

model 3 e model 4

Fig. 4. ZnS nanoparticles of models 1-4 with water surrounded by 30 CTA cations and
compensating bromide anions. The green chains represent CTA cations and
the brown balls represent bromide anions.

headgroups and by the ends of CTA chains using van der Waals radii. One polar
headgroup occupies 0.27 nm? and 0.04 nm? is occupied by one end of CTA. The
coverage of the ZnS nanoparticle surface with aradius of 2 nmis of 9, 15, 22 and
28 % in case of 30, 50, 70 and 90 CTAs, respectively. If the fact that the orient-
ation of CTA istilted with respect to the ZnS nanoparticle is taken into account, a
higher coverage of the surface could be expected. Nevertheless, the ZnS nanopar-
ticles are not “hermetically” isolated by CTA from the surrounding water envi-
ronment (see Fig. S-4 in the Supplementary material) and the CTA cations tend
to form sparse covers around the nanoparticles. This indicates that these nano-
particles should grow in time, which was verified by a study of the growth kine-
tics. A final radius of 2.46 nm after 24 h was determined and no coagulation was
observed. In addition, the recently evidenced photocatalytic activity of ZnS-CTA
nanoparticles in the decomposition of phenol18 confirms that various chemical
compounds can move to the surface of such nanoparticles to react with photo-
generated hydroxyl radicals.

As for the models without water, the CTA arrangement on the ZnS surface
can be described by the angle distribution, as shown in Fig. 5 for model 1. The
angle distributions for models 2, 3 and 4 are given in the Supplementary material
(Figs. S5-S-7). In case of the lower concentrations of CTA, the average angle
values in the models with water were about 10 higher than those without water,
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while at higher CTA concentrations, the average angle values were comparable
to those without water. The average angle values ranged in the interval of 35—
49°. In case of model 1, the angle values range in the interval of 40-45°.
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Fig. 5. Angle distribution of CTAsin model 1 with water.

The TEM micrograph presented in Fig. 6 shows the agglomeration of ZnS-
—CTA nanoparticles into flocs (flakes of precipitate that come out of solution
during flocculation) of different sizes. The size histogram is included in Fig. 6 as

Namlser of partiches %

445 5 55 6 65 7 75 B &5 9 95 1010511

I‘::I:Lkdlmml",nm | . ‘ﬁo rﬁ‘l
Fig. 6. TEM micrograph of ZnS-CTA dispersion.

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



1556 KOVAR et al.

well. The mean radius was determined to be about 3.25 nm. This value covers the
radii of ZnS nanoparticles and the thickness of the CTA cover around it. The
radii of single ZnS nanoparticles increased from 2.07 to 2.39 nm within a time
interval of 0.05-3 h at room temperature. At longer times up to 24 h the radii
increased up to 2.46 nm. These radii were calculated based on band-gap energies
estimated from UV spectra of ZnS colloid dispersions as described, e.g., in our
earlier papers.#6 The TEM micrograph was obtained during the early stage of the
ZnS nanoparticles growth, that is, at 3 min when the calculated ZnS nanoparticles
radius was about 2 nm. Sizes of these flocs in arange of 9-122 nm with a modus
of 16 nm were found by the dynamic light scattering method.>

The results of TEM compared with models 1-4 showed that ZnS nanopar-
ticles tended to adopt the mutual arrangement close to that presented in model 1.
The flocs with the size of 9 nm likely correspond to the case when they are
consisted of two ZnS nanoparticles touching each other as it is shown in Figure
4. Tota sublimation energy values of model 1 were about 9 % lower on average
in comparison with other types of models. It indicates that one can expect the
occurrence of these models with lower probability. Figure 6 shows that some
ZnS nanoparticles are isolated by CTA or joined together by CTA chains (see
Fig. 4). The histogram of diameters of nanoparticles (Fig. 6) represents the sum
of ZnS nanoparticle diameter and the thickness of the bilayer that can be charact-
erized by distances of outer nitrogen atoms of CTA and ZnS nanoparticle sur-
face. All types of models exhibited similar distributions of nitrogen atoms and
they are demonstrated for model 1. The results of modelling showed a weak
dependence of total sublimation energy on the number of CTAS surrounding ZnS
nanoparticles and we can suppose that CTA of all studied concentrations have
similar probability to be located on ZnS nanoparticle surface.

Figure 7 shows a combination of distributions of nitrogen atoms for all
studied concentrations in mode! 1 fitted by a polynomial of 9t" order to obtain the
best fit. We can observe three maxima. The first maximum at the distance of 0.3
nm corresponds to the nitrogen atoms of CTAs with their polar headgroups
oriented towards the surface of the ZnS nanoparticle. The distance between the
nitrogen atom and the hydrogen atom of the polar headgroup is 0.15 nm and, if
one take into account the van der Waals radius of hydrogen atom, i.e., 0.06 nm, it
could be stated that the polar headgroups nearly touch the surface of the ZnS
nanoparticle. The other maxima at 1.5 and about 2.2 nm represent the positions
of outer CTA nitrogen atoms. If a ZnS nanoparticle radius of 2 nm is considered
and the length of CTA cation represented by the maximum at 1.5 nm, a total
diameter of 7 nm is obtained, which is close to the maximum at 6.5 nm obtained
from TEM measurements. The maximum at the distance of 2.2 nm (8.4 nm in
diameter) is in agreement with the measured distance of 8.5 nm. It shows good
agreement between the experimental and cal culated results.
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CONCLUSION

ZnS nanoparticles stabilized by CTAB were modelled in the Materials
Studio environment. The nanoparticle geometry was optimised in the Universal
force field and charges of ZnS nanoparticles were calculated by the QEq method.
The partial charges of water molecules and CTA cations were assigned by the
Compass force field. ZnS nanoparticles with radii of 2.0 nm surrounded with
various amounts of CTA cations were modelled without water and in a water
environment. Four models with different distances between the ZnS nanopar-
ticles and the arrangement of the CTA cations were built and characterized by
calculated sublimation energies.

Based on the molecular modelling results without water, it could be con-
cluded that the most favourable model consisted of two ZnS nanoparticles at a
distance of 8-9 nm separated without immersing CTAs. In a water environment,
the energies of the ZnS-CTA interactions were significantly higher than in
vacuum. The most favourable model was composed of two ZnS nanoparticles
that nearly touched each other. The CTA cations acted as a sparse cover around
the ZnS nanoparticles and exhibited a tilted orientation with respect to ZnS nano-
particle surface with tilted angle values ranging from 26 to 43° in the models
without water and from 35 to 49° in the models with water. Size histogram of
ZnS-CTA particles measured by TEM was compared with the models using the
distribution of outer nitrogen atoms and good agreement between the experiment
and calcul ated results was obtained.
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Figures S-1-S-7 and Tables S1 and Sl are available electronicaly from http://
/lwww.shd.org.rs/JSCS/ or from the corresponding author on request.
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U3BOJ
MOJIEKYJICKO MOJEJIOBAE ITOJIOXAJA IIUHK-CYJIONIHUX HAHOYECTHULIA
CTABMIMCAHUX HETUJITPUMETHUIIAMOHNIYM-BPOMUJIOM

PETR KOVAR', PETR PRAUS>®, MIROSLAV POSPISIL' 1 RICHARD DVORSKY"

ICharles University in Prague, Faculty of Mathematics and Physics, Ke Karlovu 3, 12116 Prague 2, Czech
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Listopadu 15, 708 33 Ostrava-Poruba, Czech Republic, 3Department of Chemistry, VSB-Technical University
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IMonoxaj ZnS HaHOYeCTHLA CTAOWINCAHUX LETHWITPUMETWIaMOHUjyM-Opomuaom (CTAB)
MoJiesioBaHa je y Materials Studio mporpaMmckoM OKpy»emwy. ITocTaBbeHa Cy YETUPH Mofena
Ca pa3IMYUTHM pacTojamrma usmMely ZnS HaHOYeCTHIA U Pa3TUUIUTOM KomuunHOM CTAB y
HEBOJIEHOj ¥ BOAEHOj CPEAUHHU U OKapaKkTepHcaHa MIOMOhy HU3padyHaTHX eHepruja cyoaumarmje.
Pesynratu y HeBoaeHoj cpenunu 6e3 CTAB cy moka3sanu ga ce HajlmoOBOJbHHjU MOJET CacTOjH O
JIBe ZnS HaHOYeCTHIle Ha pactojawy of 8 1o 9 nm. C apyre cTpaHe, y BOAEHOj CPENUHY Haj-
NIOBOJBHUjH MoJen npensubha fa ce HaHodecTUle rotoBo nopupyjy. CTAB nokasyje TeHzeH-
UUjy CMellTama Ca PETKUM MaKOBameM Ha MOBPIIMHY HaHodectwua. Pacrmopgena ZnS—CTA
YecTHlla 10 BEJIMYHHU Koja je mobujeHa TPAaHCMHUCHOHOM eJIeKTPOHCKOM MHKPOCKOIIHjOM
1o0po ce ciaraia ca pe3yjaTaTuMa JOOMjeHUM MOJIEKYJICKOM MOJIENIOBABEM.

(TIpumsseno 15. Hopembpa 2013, pesuaupano 28. pedpyapa, npuxsaheno 10. maja 2014)
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Fig. S-4. A ZnS nanoparticle covered with 90 CTAs, simulated according to Model 1. The
green chains represent CTA cations and the brown balls represent bromide anions.
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TABLE S-1. Nonbonded interactions and their components for the model s without water

Model type CTA amount Interaction Eiqy / kcal* mol-t E,q, / kcal moll Eqg / kcal mol-t

1 30 Total —2431 252 -2179
CTA-CTA -99 -140 41
ZnS-CTA -2116 -106 -2010
ZnS-ZnS -215 -5 -210
2 Total —2894 -308 —2586
CTA-CTA -147 -148 1
ZnS-CTA 2747 -159 —2588
3 Total —2820 —248 2572
CTA-CTA -97 -107 10
ZnS-CTA 2723 -141 -2582
4 Total —2992 —284 -2708
CTA-CTA 231 -171 —-60
ZnS-CTA 2761 -114 —2647
1 50 Total —2935 -523 2412
CTA-CTA 266 -365 631
ZnS-CTA -3107 -148 —2959
ZnS-ZnS 94 -9 -85
2 Total -3683 -556 3127
CTA-CTA 308 334 642
ZnS-CTA -3991 222 -3769
3 Total —3479 —426 -3053
CTA-CTA -81 257 176
ZnS-CTA -3398 -169 -3229
4 Total -3930 —473 3457
CTA-CTA =177 247 70
ZnS-CTA -3753 -225 -3528
1 70 Total —2597 -909 -1688
CTA-CTA 1336 —753 2089
ZnS-CTA -3802 -146 -3656
ZnS-ZnS -131 -9 -122
2 Total —2601 54 2547
CTA-CTA 1205 —740 1945
ZnS-CTA —-3806 686 —4492
3 Total -3803 —790 -3013
CTA-CTA 535 -599 1134
ZnS-CTA —4338 -190 -4148
4 total -4026 -902 -3124
CTA-CTA 393 —705 1098
ZnS-CTA —4419 -197 —4222
1 20 total —2452 -1401 -1051
CTA-CTA 2168 -1196 3364
ZnS-CTA —4242 -198 -4044
ZnS-ZnS -378 —7 -371

*1kecal =4.184 kJ
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TABLE S-1. Continued
Model type CTA amount Interaction Ey / kcal mol'l E,q, / kcal moll Eqg / kcal mol-t

2 total —3562 -1311 —2251
CTA-CTA 1719 -1074 2793
ZnSCTA —5281 —237 -5044
3 total -3716 -1216 —2500
CTA-CTA 1189 —967 2156
ZnSCTA —4905 —248 —4657
4 total —4022 —1249 2773
CTA-CTA 1116 -1011 2127
ZnS-CTA —5138 —239 —4899

TABLE S-11. Nonbonded interactions obtained by the simulations for the models with water
Number of CTA  Ezns_cra)+reH,0/ ke mol™t Ey o /keal mol™t Ezpsipy,o / keal mol

Modd 1
30 -488140 —439046 —19900
50 -503913 -433381 —20729
70 -513910 —427110 -19813
90 -529874 —422786 —21034
Model 2
30 —483663 —438661 -19649
50 —470433 -406874 -18787
70 —487375 —409768 -17120
90 —521702 —420507 -19629
Model 3
30 —454654 —407826 -18770
50 —468993 —403851 —19358
70 —479255 —396095 —20699
20 —490624 —393556 -19594
Model 4
30 —459347 —412522 —20010
50 —444415 -383126 -19019
70 -467141 —-388087 -18024
90 -500200 —397597 -18827
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Abstract: The end of each research is the presentation of its results to the
public, especialy to those who are engaged in similar research. This is part-
icularly true for scientific research. A scientific paper is a written report that
contains a presentation of the results of original scientific research. Itsformat is
defined by centuries-old tradition of writing, the editorial practices of the pub-
lishers, scientific ethics, accepted standards and requirements of modern print-
ing and publishing. Unfortunately, the experience of publishers and editors of
scientific books and journals show that a large number of submitted contri-
butions do not meet the minimum requirements to be even considered for pub-
lication. This article indicates the most important principles that one should
bear in mind during the creation of afull text paper or presentation of scientific
results.

Keywords. scientific paper; instructions for authors; creating tables; creating
illustrations; article submission.

INTRODUCTION

It is noticeable that the real explosion of scientific research worldwide and
the vast number of papers submitted each year flood the publishers with poorly
written and poorly prepared articles. It is obvious that many authors, especially
younger ones, have not acquired knowledge about how to write and to prepare
technically a manuscript. This is confirmed by the increasing number of articles
and texts which are devoted to this problem.1-8 Before the decision to publish the
results of a scientific research is made, two things must be kept in mind: first,
there must be a clear and logical message to the readers, and second, the
manuscript must be prepared in the required form. The first is, of course, much

* E-mail: dekanski @ihtm.bg.ac.rs

# Serbian Chemical Society member.

doi: 10.2298/JSC140610066D

* Presented as an Invited L ecture on the 2 Conference of the Y oung Chemists of Serbia, Ni§,
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more important. No matter how carefully and well results are processed, if there
is nothing important and significant to say, the work may be rejected. So, before
writing or preparing a presentation, the results should be discussed with others
dealing in the same or similar area of research, either in ones immediate environ-
ment or beyond.

Creation of scientific manuscripts

Any scientific paper, as a rule, should contain the following: title, abstract,
introduction, experimental part (materials and methods), results (and) discussion
and conclusions. Some journals do not require the existence of all these parts, or
require some other with a similar name, but when creating manuscript, it is advis-
able to adhere to this structure. Each of these parts has its own characteristics and
each of them will be discussed below. Before that, a few general remarks:

Firstly, the Instructions for authors and Artwork instructions (instructions for
creating illustrations), must always be read and then the writer should proceed in
accordance with these instructions.

It is recommended that a paper undergo editing before submission, either by
someone who is conversant in the language in which the paper is written, or by a
professional editor, especialy if the writer does not know the language very well.
Nevertheless, it is advisable that the manuscript be read by someone who is able
to check the language. Of course, the final version of the manuscript should
“pass’ through the Spelling checker.

It is best to avoid jargon terms and acronyms (if it is necessary to use them,
with the first mention in the text they must to be precisely defined, no matter how
well-known they are)

Paying attention to the style of writing is strongly advised, some journals
require writing in active (we are investigating...) not in passive (the investigation
was carried out...).

Title

Title should be as short as possible and without unnecessary words such as
study, research, analysis and so on. Indexing and database searches use words
from the title and thus, the more accurate the title, the more successful is a
search. If the article subject is a concrete material, chemical, species, area,
region,..., it is beneficial to have their names appear in thetitle.

Keywords

Nearly always, the keywords in papers include parts of the title, which is
completely wrong. Keywords are entered into the system for indexing (Indexing
and abstracting services), as well as the title, so keywords should include some
others words that will best indicate the content of the paper. This increases the
likelihood that the paper reaches the targeted readers.
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Abstract

Abstract is a concise and comprehensive view of the whole paper. When
writing the author should be guided by the aim: title and abstract must clearly
describe the contents of the whole paper, it could be published independently of
the paper (as, for example, in Chemical Abstracts or Current Contents). The
abstract should not repeat the information clear from the title; any literature cit-
ations, tables, illustrations, acronyms, descriptions of methods or experimental
procedures should be omitted. Abstracts should simply introduce the subject and
the aims of the research, as well as the conclusions. Journals often limit the num-
ber of words in the abstract, but if such limit is 200 words, and all matters may be
indicated by 100 words, there is no need to burden the abstract. The reader is
most likely based on reading the abstract to decide whether to read the whole
article or not!

Introduction

In genera, the introduction has a dual role: to introduce the reader to a
review the literature related to the subject of the research and to present clearly
the reasons and aims of the research presented in the paper.

Very often, the review of the literature is reduced to arid listing of relevant
papers, without mentioning the main findings presented in them. Bearing in mind
that this is the place where the reader first meets the essence of the research, the
introduction should be easy to read, and the sentence should not be interrupted by
citing the names of the authors and redundant phrases. It is best to cite the lite-
rature at the end of a sentence or phrase, whether by the names of the authors or a
number from the list of references. The introduction must clearly show the need,
the reason and the purpose of the research. The reader must have a clear idea of
what kind and how significant are the contributions of the presented results.

Experimental (materials and methods)

The aim of this part of the paper is to show all the procedures and describe
all materials used in the research, in a way that the reader is able to repeat them
in full. The scientific method of working means that the results are reproducible,
so the reader has to get identical results if the details presented in this section are
followed.

The employed equipment must be described in detail, including the model
and the name of the manufacturer. The material should aso be described in
detail. For example, if the quality of aused chemical is affected by itsorigin, itis
necessary to specify the name of the manufacturer. Modification or construction
of equipment must be described in detail, as well as the methods of preparation
of reagents or chemicals and methods used (unless it involves a well-known
standard procedure, when it is sufficient to specify the relevant literature).
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Whenever possible, experiments and measurements should be listed in chro-
nological order, in order to avoid confusion of the readers. The best way to check
the clarity and precision is to ask a person who is engaged in a similar area of
research but had not participated in the study to read this section. When asked if
they would be able to repeat the measurements based on what was written, the
answer must be affirmative.

Results (and) discussion

Results and discussion can be presented in one or in two separate chapters.
Some journals insist on either of the options, but the choice is usually left to the
authors. The decision depends on personal preferences, but also on the content of
the presented. Sometimes one way is more appropriate, sometimes the other way.
In any case, it is desirable to follow some recommendations:

This section presents the obtained research results; figures and tables are the
basis of this part of the manuscript. Data should be presented very concisely,
stating the basic description of the most important trends and results. Since these
results mean new information, i.e., the contribution of the paper to the world, it is
important to present them simply and clearly. In order to convey as much infor-
mation to the readers, authors often burden this chapter with unnecessary details
and lots of irrelevant information. Identical or similar information, which lead to
the same conclusion, should not be displayed in both tables and figures; one or
the other is enough. However, the presentation of the results should not be too
concise; the reader cannot be expected to be able to draw conclusions from the
text or to identify trends without your help. Hence, the text, images and tables
have to be combined to highlight the most important findings and the most
important data. When creating tables and figures, it is recommended to follow the
Instructions for authors or Artwork instructions of the chosen journal. Otherwise,
there is a possibility that the manuscript will be rejected for technical reasons,
regardless of the value of the content.

The text should be easy to read, arid enumeration of facts and data makes the
text incomprehensible and repugnant. Established and cumbersome phrases such
as “Figure 1 clearly shows that the yield increases with reaction temperature” is
better replaced with the sentence: “A greater yield was achieved with increasing
reaction temperature (Fig. 1).”

Discussions need to show which general principles were established or con-
firmed by the research, which general conclusions could be drawn from it, and
how findings have come to agree with expectations and the findings of other
authors. Finally, the discussion should show the practical and theoretical contri-
butions of the presented information.

It iscrucial that the discussion directly refers to the evidence presented in the
results. A clear reference to the results should be the basis for the discussion.
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Conclusions should not go beyond that shown by the results. It is acceptable to
make assumptions concerning the significance of the results on a global scale,
but not to be the basis of this part of the manuscript. The discussion must be in
accordance with the aims and objectives of the research set out in the intro-
duction and the significance of the results should be clearly explained. After
reading this chapter, the reader must not think, “Well, and what then.”

Conclusions

It is not necessary that the conclusions exist as a separate chapter; it can be a
logical completion of the discussions. Nevertheless, it should summarize the
most important inferences set forth in the discussion and briefly explain the
importance of the research. What and how it was investigated should be clear
from the conclusions, together with the Abstract, as well as what new knowledge
was revealed.

Nomenclature, physical quantities, units and measures

The chemical nomenclature recommended by the IUPAC (International
Union of Pure and Applied Chemistry) must be respected.®-14

Units of physical quantities must be in accordance with the International
System of Units (SI). The officia site of the International Bureau of Weights and
Measures (Bureau International des Poids et Mesures), which is responsible for
the system of units, is the best place for the elimination of all concerns regarding
the choice of units.1°

In accordance with the recommendations of IUPAC and SI, the appointment
of physical quantities and their units can be twofold:

The designation of physical quantities must be in italic throughout the text
(including figures, tables and equations), whereas the units and indexes (except
for indexes having the meaning of physical quantities) are in upright letters. A
slash should be used to separate the designation of a physical quantity from the
unit, for example: p/ kPa, t / °C, T/ K, 7/ h. When it comes to complex units,
and contain the fractiona line, this unit must be placed in brackets, for example,
units of concentration can be written as: mg dm3 or as (mg/dm3).

If the full name of a physical quantity is unavoidable, it should be given in
upright letters and separated from the unit by a comma (example: Pressure, kPa;
Temperature, K; Current density, mA cm1...).

Creating tables

When creating tables the following should be born in mind:

The names and titles of tables, as well as rows and columns in it, must
ensure that the table is completely clear, without reading the text of the manu-
script.
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The data presented in the text should not appear in the tables, and vice versa.
It iswrong to repeat same data in tables and figures (charts or graphs).

A tablethat is not referred to in the text should not be used.

A table that can be explained simply with a sentence or two in the text is
unnecessary and preferably avoided. In other words, a table with one column or
onerow isusually not required.

Quantities and units in the tables should be displayed with the smallest
number of digitsor letters.

Tables with the same value in the columns (rows) or with many empty cells,
as well as large tables with lots of data should be avoided. This information is
much better shown by graphs or diagrams

Highlighting important data in the tables in a footnote or in the titles of the
tableis advised.

Long titles of columns or rows should be replaced with abbreviations that
are explained in afootnote to the table.

Except when necessary, it is best to avoid vertical lines between columns.

The instructions and requirements of publishers (if any) specified in the
Instructions for Authors, must always be followed.

Creating illustrations

Caption must exist for every illustration. As a rule, it should be located
below the illustration. It is recommended that a legend in the illustration be kept
to aminimum, all the explanations, if needed, should be stated in the caption.

General recommendations for creating illustrations are as follows:

Each axis on the charts and graphs must be named, including units.

The length of the axis should be adjusted to the extent of the data presented.
For example, if the maximum value shown in the diagram is 105, the axis should
not extend above a value of 110.

Displaying images that are not cited in the text or that can be replaced with a
few sentencesis not advised.

Adherence to recommendations of IUPAC and Sl is required.

The decision of whether to present an illustration in color or not depends on
several factors. Printing color images in the paper editions of ajourna is expen-
sive and often has to be paid for by the authors (this information is usually found
in the Instructions for Authors). However, in the electronic version of a paper,
color illustrations are published without charge. In this case, two versions of the
image can be prepared (in color and in black and white), if the publisher offers
this option. For electronic journals (which are issued only in electronic form on
the Internet), the choice of whether to prepare color or black and white illus-
tration depends on the authors. In all other cases, it is advisable to prepare black
and white illustration, unless it is necessary to bein color.
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The size and format of illustrations must be in accordance with the require-
ments of the publisher. Some formats are unsuitable for printing on paper, and
depending on the publisher, the alowed formats are limited. For graphics and
diagrams (line-art), TIF, EPS, Al and PDF formats are usually allowed, while for
photos and halftone image, JPG format is also allowed. Concerning combined
images (line-art and halftone), JPG format is usually not allowed.

More and more publishers are allowing the inclusion of multimedia content
in the electronic versions of works — videos, animations, sound recordings. As
there are a number of multimedia formats, it is necessary to enquire about the
possibilities offered by different publishers. Elsevier, one of the leading and
largest publishers in the world, has very detailed instructions for preparing illus-
trations on its Web site.16 Bearing in mind that many other publishers draw on
the experience of Elsevier, it isagood ideato visit this site to gain knowledge of
current opportunities, requirements and standards.

References

For any data taken from literature, the source must be specified, immediately
afterwards. The way in which references appear in the text, as well as in the
reference list, differ from journal to journal, but they are always explained in
detail in the Instructions for authors!?.18, The authors are required to comply
with these instructions!

If the entire part of the text is taken from the literature, it must be placed in
guotation marks, while the list of literature must state the page number(s) from
which the quotation was taken.

Publications that are not cited in the text must not be mentioned in the list of
references. If the stated literature is written in alanguage different to that used in
the paper, it must be indicated in the list, next to the reference.

Additional material

Additional material can be joined to the article (Appendix or Supplementary
material). It usually contains detailed information regarding the content presented
in the text of the paper, which is primarily for a close group of readers who are
engaged in a narrow area close to the subject of the article.

The existence of additional material must be indicated at the appropriate loc-
ations within the article. Spectra, measurement data, large tables, multimedia,
etc., are the most common contents of an Appendix. Frequently, the additional
material is published exclusively in electronic form. The printed version of the
article only mentions its existence and gives the Internet address where the addi-
tional material islocated.
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Format, technical processing and submission of the paper

Each publisher provides guidance for application and submission of manu-
scripts — Instructions for Authors, or Guide(lines) for Authors. The guidance des-
cribes how to write and to prepare technically a paper, how to create illustrations,
charts or other specific contents. Very often, there are special instructions for the
preparation of the graphical material — figures, diagrams, graphics, photos, etc. —
caled Artwork Instructions.

Before writing, one must ALWAYS read the directions and prepare the
article according to the Instructions for Authors. Moreover, before sending, it is
advisable to check once again whether the manuscript was prepared in accor-
dance with these instructions. This not only saves the Editor’s time and accele-
rates the process of manuscript evauation, but also, more importantly, helps to
avoid the possibility that the submitted paper be rejected for “technical” reasons.
If the article used materials that are protected by copyright of the publisher (org-
anization or individual), along with the submitted manuscript, the agreement of
the rights holder that copyrighted material can be used, should also be submitted.

A supporting letter (Cover letter) must always be submitted in addition to the
article. It must contain a statement that the research paper is original, not pub-
lished or submitted for publication to another publisher and that does not contain
copyrighted materia (or if it does, refer to the attached agreement that these
materials can be used).

After paper submission

After the article is submitted, it is likely that the author will obtain feedback
that the paper arrived at the editorial office and a reference number will be
assigned to the contribution. If there is no response after a few weeks, it is
recommended to contact the editorial office with a brief e-mail in which the con-
firmation that the paper came to the office and the reference number of the manu-
script is requested. The message should be addressed to the name of the editor to
whom the manuscript was sent (especially if the journal has multiple editors).

After the reviews, the editor, or someone on behalf of the editors, will send a
letter with the decision on the fate of the paper, usually along with reports of the
reviewers. If the work reguires revision, the comments should be read and each
one should be answered, whether or not the author accepts or rejects them. No
remarks should be ignored. In case a remark is not understandable, the editor
should be contacted with a request to explain and/or clarify the instruction. Even
asking for advice on how to revise the manuscript is appreciated, in this case.

In preparing the text of a manuscript text and the presentation of results, it
may be useful to read the article by Bornman et al.,19 which analyzes the process
of the peer review of scientific papers and the contents of reviewers' reports.
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If paper is rejected, before deciding what to do next, the Editor’s report
should be discussed with co-authors and colleagues. It is crucial to consider all
comments of the reviewers and editors seriously. After additional measurements
are performed and the manuscript is refined, it is ready to be re-submitted to the
same, or if decided, some another journal. In the case that there are no valid
reason for the rejection of the manuscript (rejection based on misinterpretation or
misunderstanding of the content by the editor or reviewer), submitting an appeal
to the Editor is welcomed.

If the manuscript is accepted for publication, information on copyright and
reprints should be requested from the editorial office immediately, as well as any
possible additional conditions of publications, if they are unknown. If the journal
is charges for author’s copies, it is often still possible to obtain a few free copies,
but only if requested in due time. Finally, one should not forget to inform al of
the co-authors that the paper will be published, and in which Journal.

U3BOJ
KAKO IMPE3EHTOBATH U [TYBJIMKOBATH PE3YJITATE HAYUHUX UCTPAXXHBAKBA

AJIEKCAHIAP JEKAHCKHU
HUXTM — Llentuap 3a enexiupoxemujy, Ynusepsuinein y beoipagy, Ibeiowesa 12, beoipag

Ha xpajy cBakor ucTpakuBama, 1MocedHO HaydyHor, noTpedHO je nmodujeHe pesynraTe
MPEeCTaBUTH jaBHOCTH, TTOCEDHO OHOM ey Hay4dHe jaBHOCTH KOju ce DaBU CIMYHUM TeMama.
To ce Hajuemrhe YUHM KpO3 HAay4YHM pal, MHCAHU H3BELITaj KOjH CafipXU IIPHUKAa3 pe3ynaTara
OPUTHHAJIHOT HAYYHOT UCTPaKHUBawa. Ibero dopmar je nepuHICaH BEKOBUMA CTAPOM TpPak-
WIMjOM MHCaka HAyYHUX PafioBa, ypehrUBauKkoM MpaKCOM H3[aBaya HAyYHHX IyOiMKauuja,
HayYHOM €THKOM, NpuxBaheHHM CTaHJapiuMa M 3axTeBUMa CaBPEMEHOI H3[aBallTBa U
mTaMiama. HaxkanocT, HCKyCTBa U3[jaBaya U ypeJHUKA HAyYHUX KIUTA M YaCONHUCa MOKa3yjy
Ila BEJIUKH OpOj JOCTaB/beHUX NMPUIOTa He UCIyHhaBa MUHUMAJIHE YCIIOBE YaK HHU Jia Ce Y3MY ¥
pa3maTpame. OBaj WwiaHak yka3dyje Ha HajBakKHUje MPUHLIMIE Koje Tpeda UMaTH y BUAY NpHU
Mpe3eHTallujyu HayYHHUX pe3yiTaTa MUCalkeM OPUTHHATHOT HyYHOT paja.

(ITpumsbeHo 10. jyHa. mpuxsaheno 23. jyna 2014)
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(Received 28 December 2013, accepted 17 October 2014)

This letter and comments within refer to the article by Srdan Stankovi¢,
Ivana Mori¢, Aleksandar Pavi¢, Branka Vasiljevi¢, D. Barrie Johnson and Vla-
dica Cvetkovi¢, “Investigation of the microbial diversity of an extremely acidic,
metal-rich water body (Lake Robule, Bor, Serbia)” (hereinafter: Paper) pub-
lished in the Journal of the Serbian Chemical Society, 2014, Volume 79, Issue 6,
Pages: 729-741.

This communication highlights only the most relevant comments, while the
Addendum part (given as Supplementary material to this letter) comprises all the
essential and technical issues and also shortcomings of the review of this Paper,
listed one by one, issues that could attract the attention of colleagues dealing with
biogeochemical cycles, especiadly in extreme environments.

The results of an investigation of the microbia diversity in the said habitat
are published in the Paper for which the authors used culture-dependant and
culture-independent (T-RFLP) methods. T-RFLP analysis revealed that the domi-
nant bacteria in the lake water samples were the obligate heterotroph Acidi-
philium cryptum (=50 % of the total bacteria) and the iron-oxidizing autotroph
Leptospirillum ferrooxidans (=40 %).

* Corresponding author. E-mail: vbeskoski @chem.bg.ac.rs
doi: 10.2298/JSC131228100B
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The authors of the Paper compared their results with those of another paper:
V. P. Be3koski, P. Papi¢, V. Dragisi¢, V. Mati¢, M. M. Vrvi¢, Long term studies
of the impact of thionic bacteria on the global pollution of waters with toxic ions,
published in Advanced Materials Research, Proceedings of the 18t Inter national
Biohydrometallurgy Symposium 2009, Bariloche-Argentina, 105 (2009) p. 71.1
In this study, on selective media, sulphur- and iron-oxidizing microorganisms
were monitored (primarily Acidithiobacillus ferrooxidans), which produce sul-
phuric acid and Fe3* and it is these which, as potent oxidants in an acid envi-
ronment, contribute to the release of heavy metals into the environment. How-
ever, there is not a single reference to microbial communities or biodiversity in
the cited paper, since these were not the focus of that investigation; rather, the
cited study presents the results of multi-year monitoring of the impacts of thionic
bacteria on water polluted by toxic metals.

The claim that the authors of the Paper grew At. ferrooxidans on solid
medium is inexplicably contrasted with their inability to identify it by the use of
T-RFLP method (without any reference to statistical data). This leads to the only
possible conclusion, that some methodological and/or conceptual errors may
have been made in this Paper, both during the sampling procedure and the anal-
ysis of the results, and which would normally be addressed during the scientific
review process. Such misunderstandings can be seen in numerous sections of the
Paper. The result that the obligate heterotroph A. cryptum comprised approx-
imately 50 % of the total bacterial population in a habitat where the concentration
of dissolved organic substance is low is particularly dubious. The result that L.
ferrooxidans makes up about 40 % of the total bacteria population of the lake
water also seems highly unlikely to be correct.2 If the native preparation of
sampled water was examined microscopically by the authors of the Paper, it
would be clear to them that this bacterial species was sporadic.2:3

It is inappropriate for a reputable journal to publish, and for the reviewers to
allow the publication of, statements which are notoriously false, and which is
found in the 3rd paragraph of page 6: “Redox potential of the lake water was
measured by calomel electrode (personal correspondence with author).” Any
competent chemistry technician is aware that redox potential cannot be measured
by using only areference electrode.

Additional confusion is contributed by the fact that the Paper draws con-
clusions based on speculation. For example, the authors extrapolated meaning
outside the framework of the data presented (in the context of timeframe), and
made an ill-founded comparison to data in other studies (they compared their
estimates of bacterial percentages in water sample(s) to bacterial most probable
number (MPN) counts).

Among the flaws in the Paper, we highlight the analysis of water samples
(probably more than 50 mL should have been taken), and that this analysis
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should have been more complete and conducted at multiple times (the current
analysis, as published in the Paper, appears to be lacking basic chemical data
and is described as being “point-like’, since water samples were taken only
once). Scientific doubts about the obligate heterotrophy of the habitat would, in
this case, have been removed. Furthermore, talking about the presence of organic
substance in the lake based only on the determined microorganisms and without
conducting any basic analysis, such as determination of the chemical oxygen
demand (COD), biologica oxygen demand (BOD) and total organic carbon
(TOC), should be unacceptable.

Readers are left with the impression that the speed with which this Paper
was reviewed and accepted contributed to such flaws.

The main aim of publishing scientific work in peer-reviewed journas is to
ensure quality standards are maintained in science. Good peer-review also serves
to improve studies in the natural sciences, and must necessarily encompass these
points. 1) Does the work express a clear aim which has been achieved?; 2) Are
the methods and materials used suitable for purpose?; 3) Is the work able to be
repeated by other experts in the field, and is enough detail given in the
Experimental to alow this without hindrance?; 4) Have quantifiable results been
collected impartially in a suitable manner?; 5) Are data anaysis methods
correctly applied to all the data?; 6) |s the data analysis valid and are the datasets
of an appropriate size?; 7) Does the work fairly and correctly represent and
discuss the relevant work of other experts in the field, and other findings?; 8)
Does the work compare the results obtained with those of other studies in a
suitable manner?; 9) Are the conclusions based on the results presented and the
discussion?, 10) Are there any novel findings in the work, or does the work
contribute to the body of knowledge? The review of this Paper seems to be
lacking in severa of these fundamental areas.

The authors believe that the publication of these well-meaning comments
will be of benefit not only to the authors of the Paper, but also to all who work
or intend to work in this complex and difficult multidisciplinary scientific field,
which requires a substantial understanding of all aspects of biogeochemical
cycles.

SUPPLEMENTARY MATERIAL

Adendum to this Commentary is available electronically from http://www.shd.org.rs/JSCS
or from the corresponding author on request.
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U3BOJ
KOMEHTAPHU HA PALI 1O HACJIOBOM ,MCTPAXUBAKBE MUKPOBHOJIOIIKOr
IOUBEP3UTETA EKCTPEMHO KHCEJIE BEIITAUKE AKYMYJIALIMJE BOIE CA
BHUCOKHUM CAIPXAJEM METAJIA (JE3EPO POBYIJIE, BOP, PEITYBJIMKA CPEHJA),
AYTOPA CPHhAH CTAHKOBHWR, UBAHA MOPUT, AJIEKCAHIAP ITABUKL, BPAHKA
BACHJBEBUT, D. BARRIE JOHNSON U BJIAOJWLIA IBETKOBHUR, OBJABJLEHOTI' Y
JOURNAL OF THE SERBIAN CHEMICAL SOCIETY, VOLUME 79, ISSUE 6, PAGES: 729-741
(ETEKTPOHCKH OBJABJBEHOT 27. JYHA 2013)

BJIADVUMHUP II. BEIIKOCKH n MUPOCJIAB M. BPBUR

Xemujcxu paxynimet, Ynusepsutieni y Beoipagy, Cliygentucku wipl 16, t. tp. 51, 11158 Beoipag u Llentwiap
3a xemujy, HHCIOUiiy i 3a Xxemujy, lexmHoIoiujy u mettanypiujy, Ebeiowesa 12, i. ip. 473, 11001 Beoipag
OBa KpaTka KOMyHHKal{ja ca mpunagajyhum KomMmeHTapuma ce 0fHOCH Ha paj objaB/beH
y Journal of the Serbian Chemical Society, a koju je duo odjaBmeH enekTpoHckU 27. jyHa 2013
roguHe, MO HAc/oBOM ,HcTpakuBame MHUKPOOHOIOIIKOT JUBEp3UTeTa €KCTPEMHO KHcene
BELITaYKe akyMyJaluje BOJE ca BUCOKMM canpkajemM meTana (jesepo Podyne, Bop, Cpbuja)
yyju cy ayropu Cphan Crankosuh, UBana Mopuh, Anekcanpap ITaBuh, bpanka Bacumesuh,
D. Barrie Johnson u Bnapuia IIBetkoBuh, doi: 10.2298/JSC130605071S. KomyHukaudja u
npunazgajyhu nojatak UCTHYy HajpesieBaHTHHjE KOMEHTape, CyLITUHCKA U TEXHUYKA NUTama,
a Takohe ¥ HejocTaTKe Mpolleca peLeH3yje OBOT paja, MUuTama Koja 01 morna NpuByhy naxmy
KoJlera KOju ce DaBe DMOreOXEMHjCKMM LUKIyCHMMa, MOCEDHO y EKCTPEMHHM YCIOBHMA.
AyTopu oBe KOMYHUKalHje Bepyjy na he ofjaB/brBame OBUX JOOpOHAMEPHHUX KOMEHTapa dUTH
0]l KOPUCTH He CaMO ayTOpHMMa MpeIMeTHOT paza, Beh u cBHMa Koju ce HaBe WM HaMepaBajy
Ia paje y OBOj KOMIUIEKCHOj M TEIUIKOj MYITUOUCLUHIUIMHAPHOj HAy4YHO] OOJIacTH, Koja
U3UCKYj€ CYIUTHHCKO pasyMeBame CBUX acleKkara OMOre0XeMHUjCKUX LUKIyca.

(ITpumsbeHo 28. neniemdpa 2013, mpuxsaheno 17. okrodpa 2014)
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J. Serb. Chem. Soc. 79 (12) (2014) 15711574

ADDENDUM

Page 731, paragraph 2. “Lake water samples were collected in 50 mL sterile
plastic containers on July 26th, 2012. Water temperature, pH, and conductivity
were measured on site using a Hanna Instruments HI98311 mobile instrument.”
The location or the site from which the samples were taken is not specified (the
former cementation plant; at the foot of Visoki planir; at the centre of the lake; at
the exit point; from the lake bottom; in the vicinity of communal wastewater,
etc.). The authors should provide the GPS coordinates of the sampling sites.
Authors also say “water samples’, without specifying how many different water
samples were actually taken on this day.

Page 731, paragraph 2. “The redox potential of the water was measured
using a combined Pt—Ag/AgCl electrode.” In the experimental section, it is not
clear whether the oxidation/reduction potential (ORP) was measured in the field
or not, so this data should be included. Furthermore, the authors do not specify
the temperature conditions under which the samples were later transported to the
laboratory. Finally, there are no data concerning the timeframe after sampling,
and within which the microbiological analyses were commenced/finished.

Page 731. The authors do not mention whether microscopy methods were
used to aid in the identification of the microorganisms (MOs). It is presumed they

* Corresponding author. E-mail: vbeskoski @chem.bg.ac.rs
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did use microscopy, as this is such a fundamental method for identification of
MOs.

Page 731. The authors aso do not specify whether biochemical character-
ization of any of the isolated MOs grown on solid media was conducted, or,
indeed, any other standard microbiological characterization.

Page 731. MOs were isolated on a solid medium, but they were not counted,
so the authors do not mention the number of MO per mL (or at |east the order of
magnitude) obtained by the methods of classical microbiology. Later on, they
specify the prevalence of the MOs in percentages by T-RFLP methods. Unfor-
tunately, their presence was confirmed only by this method (and this involved
making a comparison with a database that is available only to the authors, but is
not publically available to the scientific community).

Page 732, paragraph 2. “PCR products were analyzed by gel electrophoresis
on 0.7 % agarose gel.” The authors studied the 16S rRNA gene of colonies
grown on a solid medium. However, they do not specify whether the identity of
these MOs was confirmed by the sequencing of this gene, which is a standard
method of identifying microorganisms, including environmental isolates, and is
the best confirmation that the isolated MO is really the one that is being pre-
sumed.

Page 732, paragraph 3. “Approximately 400 mL of lake water was filtered
through a 0.2 um (pore size) sterile membrane filter.” The authors should specify
what type of membrane was used.

Page 734, paragraph 1. “The approximate relative abundance of bacteriain
the lake water was calculated from the peak areas of each terminal restriction
fragment as a percentage of the total peak area.” The authors give the approx-
imate relative presence based on the T-RFLP results, without the specification of
any statistics. Data on the use of statistics should be included.

Page 734, paragraph 1. “The most abundant colonies were colonies of A.
cryptum, followed by those of L. ferrooxidans; colonies of At. ferrooxidans were
the least abundant.” The authors must state clearly whether there were also other
types of colonies on the solid medium. The authors should provide complete
colony descriptions for all three species growing on their solid medium at a spe-
cified temperature, under a specified atmosphere and for a specified time in order
to allow other researchers to replicate the methods of the study. The authors
provide results in a descriptive manner, without specific numbers and the study
would be enhanced if actual numbers were provided.

Page 735, paragraph 2. “After three weeks of bioleaching experiment, the
pH value of the solution was 2.20 and redox potential was +820 mV. The con-
centration of total iron was (815+1.633) mg L~1 and the concentration of the total
copper was (808.97+5.735) mg L—1. Concentrations of total iron and copper are
mean values of three measurements.” and page 8, paragraph 1. “The concen-
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tration of copper determined in bioleaching solution was greater than this, 808.97
mg L=1.” Such over-precision and mixing of the number of decimal places is
seen throughout the Paper .

Page 736, paragraph 1. “The redox potential of the lake water was
measured by a calomel electrode (personal correspondence with the author).” In
the personal correspondence with the authors of the cited paper, it has been stated
that the ORP was determined using a setup consisting of a calomel reference
electrode and a platinum electrode, which the authors of the Paper wrongly
quote, stating only that the reference electrode was used for the measurement.
This does unfortunately cast doubt on knowledge of the authors' of the Paper of
analytical chemistry. We would aso like to mention that authors of the Paper
were not granted authorization for publishing the personal correspondence.

Page 737, paragraph 1. The authors mention the presence of Acidisphaera
rubrifaciens based on T-RFLP and confirmed the negligible presence of At. fer-
rooxidans regardless of biogeochemical indicators which show otherwise. Dis-
cussion about these extremely interesting results is missing and some discussion
on this point should have been included.

Page 737, paragraph 1. “Interestingly, At. ferrooxidans, previously reported
as the dominant bacterial species in Lake Robule, was not detected in the lake
water by T-RFLP analysis, though was isolated on solid medium (FeSo plates),
along with A. cryptum and L. ferrooxidans.” The authors should have explained
this.

Page 737, paragraph 2. “Earlier studies suggested that microbial commun-
ities in acidic environments were dominated by At. ferrooxidans, but it appears
this was an artefact of the methods, particularly enrichment culture and most pro-
bably number (MPN) counts. Media for cultivation of acidophilic bacteria that
have been widely used, and sometimes still are, such 9K, contain very high con-
centrations of Fe2* iron (9 g L= in 9K) and favour the growth of At. ferrooxi-
dans.” The authors suggest that 9K is a selective media that favours the growth
of At. ferrooxidans. Of course, this cannot be disputed, since in the cited inves-
tigation, it was of interest to determine, as accurately as possible, the count of At.
ferrooxidans in the environment which was very heavily burdened with iron. We
chose to do so using the MPN technique, which is a very common and well-
accepted standard technique for estimating bacterial numbers in liquid samples
(http://www.fda.gov/Food/FoodScienceResearch/L aboratoryM ethods/
/ucm109656.htm). In fact, the medium, 9K reflects, in an excellent manner, the
natural conditions under which At. ferrooxidans live, it is a widely-accepted and
the most suitable medium with which to obtain MPN counts of this MO from
these types of water samples. The authors should note that the use of any
medium, including their solid medium, is selective, as is the choice of the inc-
ubation atmosphere, time and temperature. For any given sample (e.g., food,
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water, soil, biological tissue, etc.), the choice of medium, atmosphere and time/
/temperature combination affects the ability of individual microorganisms con-
tained within that sample to form colonies (and thus be noticed and “counted”
under the chosen conditions). Thus, in any given sample, the “total bacterial
population” or “total bacterial count” only ever encompasses those bacteria able
to thrive under the given conditions on the given medium, while those which
cannot do so are not included. Therefore, to selectively count a given microorg-
anism in any given sample, the medium, atmosphere, time and temperature are
al adjusted to suit the organism of interest, and to allow/promote its growth. The
authors should have explained that it is not possible to compare the estimates of
bacterial percentage prevalences obtained in the Paper with bacterial MPN
counts obtained in the cited study.

Page 737. We note that polymerase chain reaction (PCR) is also selective
and that it will multiply only those fragments for which primers have been added.
It is only with repetition using different primer sets that the probability of finding
al 16SrRNA present in a PCR-tube is increased.

Page 737, paragraph 3. “Reports on the composition of the microbial com-
munity in the lake published by BeSkoski et al. (2009) that differ significantly
from the results presented in this paper are...” In the quoted paper of Be3koski et
al. (2009), the microbial community was not studied and is not mentioned, so this
appears to be a misinterpretation of results obtained by us, and therefore, com-
pares things that cannot be compared at all. Neither the total community nor the
biodiversity were analysed in our study, but instead, At. ferrooxidans and other
thionic bacteria were the main targeted MOs. The authors of the Paper speculate
about a historical bacterial population, which is difficult to justify, as, to the best
of our knowledge, no published record of the microbial community in this lake
exists, and there is no evidence of its change, or lack thereof, over time.

Page 738, paragraph 1. “The obligatory acidophilic heterotroph A. cryptum,
the most abundant bacterium in the lake water as determined by T-RFLP analysis
and isolation on solid medium”. Since the solid medium was prepared with the
addition of A. cryptum, the issue of contamination cannot be excluded. The
authors should have provided information about the steps they took to prevent
such contamination, and their proof that the solid medium could not have been
contaminated with supplemented A. cryptum.

Page 738, paragraph 2. “One potential source of organic matter in the lake
is a municipal waste dump, which is in close proximity to the lake, while other
potential sources could be acidophilic algae.” and page 9, paragraph 1. “The
most abundant microorganism in lake is the heterotrophic bacterium A. cryptum.
This finding suggests that the lake water has a constant supply of organic matter.
A possible source of organic matter could be municipal waste dump that is very
close to the lake. Another source of organic matter in the lake is probably acido-
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philic algae that populate the microbial mat at the bottom of the lake.” The
authors state that the organic substance from the municipal waste dump (or the
acidophilic algae) is the reason for the presence of organic substance which sti-
mulates the growth of A. cryptum and Acidisphaera rubrifaciens. However, they
have not confirmed the presence and the quantity of the organic substance using
basic analysis (COD, BOD, TOC, €tc.).

Page 739, paragraph 1. “The most abundant microorganism in the lake is
heterotrophic bacterium A. cryptum.” The authors reach this conclusion based on
one point-like sampling and the use of the solid medium on which this MO was
used anyway to remove organic compounds. One (or even several) water
sample(s) taken on one day would not seem to be representative of the entire
lake. The authors should have replaced the word “lake” in this sentence with “the
water samples’.

Page 739, paragraph 1. “Those conditions are |ess suitable for the growth of
At. ferrooxidans, which was not detected by T-RFLP analysis, but was isolated
directly from lake water on overlay solid medium.” This result, which indicates
that this MO was present in sufficient numbers that its colonies appeared on the
solid medium, but it was not present in sufficient numbers to enable isolation of
metagenomic DNA, is very interesting and it is surprising that the authors did not
attempt to explore it further. This is an important scientific point which must be
developed, asit has wider scientific repercussions than just for the current Paper .

Page 739, paragraph 2. “Physical and chemical properties of the lake
display both seasonal and long-term variations.” This cannot be concluded for
Lake Robule from the results of the authors of the Paper, since the results of the
Paper are based on one sampling time. Nor can the results regarding microorg-
anisms be compared directly with the results of others, as explained above.

Page 740, paragraph 1. “Takole, ucrnuTHBaHa je CHOCOOHOCT HATUBHHX
OakTepuja W3 je3epa Ja BpIIe JyKeme Oakpa M3 y30pKa MHUHEPAITHOT KOHIICH-
tpara.” The term “indigenous bacteria’ is trandlated into non-standard terminal-
ogy by the authors as “marusue Gaktepuje”.

Page 733, Table |I. No data are available about the concentration of dissolved
Oy, or the content of organic substance.

Pages 733 and 736, Figures 1 and 2. Figure 2 has been produced based on
the data taken from Figure 1. The authors should have specified what fragment of
T-RF (Haelll, Alul or Cfol) was used for this quantification and provide statis-
tics.

Page 734, Figure 2. The quality of the black and white photograph is not
satisfactory, so that readers cannot see what the authors refer to in the Paper.
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Thisis areply to the Commentary (hereafter: Commentary) by V. BeSkoski
and M. Vrvi¢ on the article entitled “Investigation of the microbial diversity of an
extremely acidic, metal-rich water body (Lake Robule, Bor, Serbia)” by Srdan
Stankovi¢, lvana Mori¢, Aleksandar Pavi¢, Branka Vasiljevi¢, D. Barrie Johnson
and Vladica Cvetkovi¢, published in the Journal of the Serbian Chemical
Society, Volume 79, Issue 6, Pages. 729-741.

We welcome the Commentary and thank the authors for showing interest in
our research. In this reply, we only address the most important remarks of the
Commentary, and provide additional arguments for the conclusions originally
presented in the paper. We, therefore, put the strongest emphasis on the com-
ments related to the mgjor scientific results of our paper, leaving aside all tech-
nical remarks of the Commentary as well as those comments focused on imp-
roving the editorial handling of the Journal of the Serbian Chemical Society.

The aim of our work was to study the microbial diversity of Lake Robule
using the molecular fingerprinting method (Termina Restriction Fragment
Length Polymorphism — T-RFLP) and cultivation of bacteria on selective solid
media. In the last twenty years or so, new molecular methods were introduced
into microbiology, allowing more comprehensive detection of bacterial diversity
in environmental samples in comparison to traditional cultivation-based appro-
aches.1 It is estimated that traditional cultivation based methods can isolate only
0.1to 1 % of total bacterial species present in the analyzed samples.2

* Corresponding author. E-mail: srdjan.stankovic@gmail.com
doi: 10.2298/JSC141105111S
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At the time of sampling (July 2012), the most abundant bacteria in the
analyzed samples of the water collected at several locations from Lake Robule
were Acidiphilium cryptum and Leptospirillum ferrooxidans, with a relatively
smaller number of Acidithiobacillus ferrooxidans. We clearly showed that the
diversity and relative abundance of bacteria grown on selective solid media
reflects the relative abundance and diversity of bacteria determined by T-RFLP
analysis. Of course, both methods have their drawbacks and for this reason, we
combined these two approaches.

The authors of the Commentary ignore strong evidence presented in the
paper and suggest that microscopic examination of the samples would be enough
to prove that our findings were wrong. We performed microscopic examination
of the samples and saw numerous small spirilli and larger bacilli. It is al doc-
umented in microscopic images that can be presented on the Editor’ s request.

The authors of the Commentary based their conclusion that “some metho-
dological and/or conceptual errors may have been made in this paper” on the fact
that At. ferrooxidans was not detected in the T-RFLP profile, but it was detected
on the selective solid media. In order to remove confusion and to solve this dis-
pute, we need to explain in more detail some basic concepts of the T-RFLP
anaysis.

The T-RFLP analysis of the bacterial community structure is a technique
based on Polymerase Chain Reaction (PCR) amplification of the bacterial 16S
rRNA genes, enzymatic digestions of the amplified genes, and detection of the
size of each of the individual resulting terminal restriction fragments.3 PCR reac-
tion in T-RFLP analysis requires the use of a primer labeled with a fluorescent
dye at its 5’ end. The primers used for 16S rRNA gene amplification (fluores-
cently labeled 27F and unlabeled 1387R) are designed to bind to a highly con-
served region in bacterial DNA. These primers are regularly used to amplify suc-
cessfully 16S rRNA genes of al known species of acidophilic bacteria, and many
other bacterial species. After PCR amplification, the amplified fragments were
digested by endonucleases, producing restriction fragments of different lengths.
Capillary electrophoresis instrument (DNA sequencer) detects restriction frag-
ments labeled with a fluorescent dye; the so-called terminal restriction fragments
(T-RFs), and determines their length. The most abundant T-RFs produce the
most intensive fluorescent signals, identified as peaks in the electropherogram,
while T-RFs with low abundance produce low intensity peaks, which are undet-
ectable, or masked, by more intensive signals. It is not uncommon to isolate
bacterial species on solid media, but not to detect it by T-RFLP analysis since, at
least theoretically, a single bacterial cell is enough to produce a colony on select-
ive solid media. On the other hand, T-RFLP analysis can revea the presence of
bacteria that were unable to grow on selective solid media. The best approach to
estimate microbia diversity of environmental samples is to use both molecular-

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



REPLY ON THE COMMENTARY 1577

and cultivation-based methods.4~’ The T-RFLP analysis was performed in the
laboratory of Bangor Acidophile Research Team (BART), Bangor University,
UK under supervision of Professor D. Barrie Johnson, one of the most influential
authors in this area of microbiology. Professor Johnson kindly provided BART's
comprehensive database of the T-RFs of acidophilic bacteria, since this infor-
mation is not available in public T-RF databases.

Chunbo et al. (2010) reported A. cryptum as the dominant bacteria in an
extremely acidic open pit lake in China. The physicochemical properties of the
lake at the time of sampling were very similar to those of Lake Robule.8 The
physical and chemical conditions in both lakes at the time of sampling were
nearly optimal for the growth of A. cryptum.10 This fact could be one of the
reasons for the dominance of this bacterial speciesin the analyzed water samples.

Again, it must be stressed that our results reflect only the structure of the
bacterial community at the moment of sampling. Summer of 2012 was one of the
hottest and driest summers ever recorded in Serbia, and it certainly affected the
structure of the bacterial community of the Lake. The physical and chemical
properties of Lake Robule express significant seasonal variations.1! In the con-
clusion of the paper, we suggested tracking seasonal changes in physicochemical
properties and microbial diversity of the Lake in order to provide a more detailed
insight into the dynamics of the bacterial population of the Lake.

In conclusion, we truly hope that this reply clarifies the mgjor scientific
results of our paper on the microbial diversity in Lake Robule.

Acknowledgements. On behalf of all authors, this response was written by the first and
corresponding author, Srdjan Stankovi¢, and the principal investigators, Vladica Cvetkovié
and Branka Vasiljevi¢, of Project Nos. 176016 and 173048, supported by the Ministry of
Education, Science and Technological Development of the Republic of Serbia.

H3BOJ
OITrOBOP HA KOMEHTAP HAYYHOT PAJIA “INVESTIGATION OF MICROBIAL
DIVERSITY OF AN EXTREMELY ACIDIC METAL-RICH WATER BODY LAKE ROBULE
(BOR, SERBIA)” OBJAB/BEHOI' Y JOURNAL OF THE SERBIAN CHEMICAL SOCIETY
(2014), VOLUME 79, ISSUE 6, PP. 729-741

CPBAH CTAHKOBHR', BPAHKA BACH/bEBUE” u BJIATIULIA IBETKOBHE'
1YHueep3uu7€m y Beoipagy, Pygapcko—iconowxu paxyniteni, Bywuna 7, 11000 Beoipag u ZYHusepsumew y

Beoipagy, Unctuutiyit 3a MOneKyIapHy leHeluky u leneiiuuxy unicerwepuni, Bojeoge Cineiie 444a,
11000 Beoipag

Kornere B. bemkocku u M. Bpsuh ca Xemujckor dakynrtera YHuBep3ureTa y beorpamy cy
y CBOM KOMEHTAapy M3pa3wik CyMmy Yy pe3ynraTe odjaBibeHe Yy CTynuju “Investigation of the
microbial diversity of an extremely acidic metal-rich water body lake Robule (Bor, Serbia)”
odjaBweH0j y Journal of the Serbian Chemical Society (2014), Volume 79, Issue 6, pp. 729-741.
AyTOpH KOMEHTapa Cy U3HEJId TBPIY [a Cy 00jaB/beHH Pe3yJITaTh oCIeSula MEeTOLOIOMKUX
WIH KOHIENTyaJHHUX Ipellaka y HayYHO—HUCTPKHUBAUYKOM paZiy ONHCAHOM y OBOj MyOiHKa-
nuju. Kao ooroBop Ha OBe TBPAE, U3HEIH CMO JJOJATHE I0Ka3e KOjU MOTKPEeIUbyjy pe3yiraTe
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W3HETe Y OBOM HAayYHOM Dajy, kao U NOJaTHA NOjalliermha NMPUMEHBEeHUX MEeToIa HIeHTH(H-
Kalllje MUKPOOpPraHHW3ama, Koja he OTKIOHWUTH HeNOyMHIle y Be3U Ca BAIUAHOIINY MTpPHKa-
3aHHX pe3yiTara.

(ITpumibeHo 5. HoBemOpa, mpuxsaheno 11. HoBemdpa 2014)
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