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Synthesis and antimicrobial activity of azepine
and thiepine derivatives
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Abstract: A series of new pyridobenzazepine and pyridobenzothiepine deri-
vatives was synthesized by Pd-catalyzed formation of C—N and C-S bonds. All
synthesized compounds were tested for their in vitro antimicrobial activity. The
pyridobenzazepine derivatives showed better antibacterial and antifungal
activity than the corresponding dipyridoazepine analogue. Among the synthe-
sized azepines, derivative 8 displayed potent activity against the tested bacteria
(MIC ranged 39-78 pg mL!), while azepine 12 showed promising antifungal
activity (MIC ranged 156-313 pg mL!). The synthesized thiepine derivatives
exhibited weak antibacterial activity, but showed pronounced antifungal
activity.

Keywords: azepines; thiepines; heterocycles; palladium; antibacterials; anti-
fungal.

INTRODUCTION

The tricyclic moieties of 5H-dibenz[b,f]azepine (1)! and dibenzo[b,f]thiepine
(2)2 are important heterocyclic pharmacophores in a number of drugs. Carbam-
azepine (3) and opipramol (4) belong to the dibenzazepine group of heterocyclic
compounds. Carbamazepine (3) is an anticonvulsant used to treat seizures, nerve
pain and bipolar disorder,!2 while opipramol (4) is a tricyclic antidepressant (TCA)
and is used to treat generalized anxiety disorders.!P The dibenzothiepine zotepine
(5) is an atypical antipsychotic, and it is used to treat schizophrenia (Fig. 1).3

Over the past few decades, several different strategies were developed for
the synthesis of 5H-dibenz[b,flazepines* and dibenzo[bf]thiepines.2-4¢-5 The use
of palladium-catalyzed reactions is an efficient procedure for the synthesis of 5H-

*** Corresponding authors. E-mails: (*)igorop@chem.bg.ac.rs; (**)bsolaja@chem.bg.ac.rs
# Serbian Chemical Society member.
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840 BOZINOVIC ez al.

-dibenz[b,f]azepines,® and methods based on the double N-arylation reaction are
of particular relevance.” Hitherto, only one method employing a Pd-catalyzed
reaction for the construction of the dibenzothiepine core has been reported.® The
Mizoroki—Heck cyclisation of the corresponding diaryl thioether was used for the
synthesis of dibenzothiepine 2.

COOOQO
ﬂﬁ‘“

3 5
0
(\ _(CHy)s
o~ \) Fig. 1. Tricyclic 5H-dibenz[b,flazepines and diben-

zo[b,f]thiepines.

Recently, a simple and efficient Pd-catalyzed method was developed for the
synthesis of 5H-pyrido[4,3-b:3',4'-f]benzazepine and SH-dipyrido[4,3-b][1]aze-
pine compounds (Scheme 1).9

P(t-Bu), m / \ { / i N/ T Ny Q\Pth
= Y s \= ©/PPh2

JohnPhos dppf

Reagents and conditions: i) Pd(QAc), (5 mol%), JohnPhos (10 mol%), RNH,, NaO#Bu, PhMe, 100 °C;
iiy Pd(OAGc), (5 mol%), dppf (10 mol%), KSAc, NaOt-Bu, PhMe, 175 °C, uW.

Scheme 1. Pd-catalyzed synthesis of SH-pyrido[4,3-b][ 1 ]benzazepine and
SH-dipyrido[4,3-b:3',4'-f]azepine compounds.

The protocol is based on a Pd-catalyzed double amination reaction of the
corresponding stilbenes. Additionally, as an expansion of the methodology, for
the first time Pd-catalyzed formation of C—S bonds was applied to the ring
closure of a thiepine derivatives from the corresponding stilbene precursors and
an S-nucleophile (Scheme 1). Formerly, the synthesized azepines and thiepines
are shown in Fig. 2.
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SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF AZEPINE AND THIEPINE DERIVATIVES 84 1

Herein, the synthesis of some new pyridobenzazepine and pyridobenzo-
thiepine derivatives using the previously described methodology is presented. All
synthesized compounds were evaluated for their in vitro antimicrobial activity
against eight bacterial and three fungal pathogenic strains.

MeZN/\) EtzN

8. Y=CH 10:Y = CH
9:Y=N 11:Y=N
Me, N/\/O
o
12: Y =CH 14:Y = CH
13:Y=N 15 Y=N

Fig. 2. Structures of the synthesized azepine and thiepine derivatives.

RESULTS AND DISCUSSION
Chemistry

The Wittig reaction between phosphonium salt 229 and aldehydes 1910 and
2111 provided the corresponding Z-stilbenes 24 and 25, respectively, in high
yield. For the preparation of ethylene derivative 26, commercially available
2-bromo-5-fluorobenzaldehyde 23 was used (Scheme 2).

Br Br Br
i) X0 X0 i) X0
E— E—
70% 83%
cl cl 0 0
18 19 20 21

Br — Cl
o Joal
PF‘h3Br — - 7\

19:R=Cl

21: R = OCH,

23:R=F

N=
R

24: R =Cl, 69%

25: R = OCH,, 82%

26:R=F,65%

Reagents and conditions: i) a) CrO,, Ac,0, ACOH, H,SO,; b) MeOH, H,0, H,SO,, A;
ii) @) Br,, ACOH, r.t.; b) Na,S,0,, H,0; iii) KOt-Bu, THF, r.t.

Scheme 2. The synthesis of Z-stilbenes 24-26.
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842 BOZINOVIC ez al.

The syntheses of new iminostilbene compounds 27-30 were achieved using
the previously described reaction conditions for Pd-catalyzed double amination
reactions (Scheme 3).°

/"N \ /
/\) G\J/\/\NH2 N/\/\NHZ
C/N 6: X = BrY CH MezN
7:X=Cl,Y=N

27:Y = CH, 68% 24: X =Br, Y = CClI

29:Y = CCl, 70%
28 Y = N. 69% 25: X =Br, Y = COCH, )

30: Y = COCH;, 40%
Reagents and conditions: i) Pd(OAc), (5 mol%), JohnPhos (10 mol%), amine (3 equiv), NaO#-Bu (2.8 equiv), PhMe, 100 °C

Scheme 3. The synthesis of new pyridobenzazepine and dipyridoazepine compounds.

The reactions of Z-stilbenes 6, 7 and 24-26 with potassium thioacetate (1.2
equiv.) in the presence of a catalyst composed from Pdy(dba); (5 mol %) and
dppf (10 mol %) under microwave-mediated heating afforded the thiepine
derivatives 16, 17 and 31-33 in moderate yields (Scheme 4). It should be noted
that higher proportions of KSAc (2.4 eqiuv.) resulted in significantly better yields
of 31 and 32, whereas the yield of thiepines 16 and 33 did not improve. In the
case of stilbene 7, the higher load of KSAc resulted in a complex reaction

mixture.
Cl — X —
A Vel va

6: X=Br,Y=CH
7:X=ClLY=N

24: X =Br, Y = CCI
25: X=Br, Y = COCH,
26: X=Br,Y=F

N7 N7 / NN
S S = S —

51% (49%)° 60%
adl o v ovMe N F
S S = S = S
32% (51%)° 19% (45%)° 35% (27)°

Reagents and conditions: i) Pd,dba, (5 mol%), dppf (10 mol%),
KSAc (1.2 equiv), NaO#-Bu (1.2 equiv), PhMe, 170 °C, pW

2.4 equiv KSAc

Scheme 4. The synthesis of thiepine derivatives.
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SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF AZEPINE AND THIEPINE DERIVATIVES 843

In the next synthetic step, the thiepine compound 31 was chemically trans-
formed into its tetrahydro and biphenyl derivatives 34 and 35, respectively. After
N-methylation, and NaBHy4 reduction, the tetrahydro derivative 34 was obtained
in 66% yield. The Suzuki-Miyaura reaction on thiepine 31 with phenylboronic
acid gave derivative 35 in moderate yield (Scheme 5). The coupling reaction was
performed with the catalytic system Pd(OAc),/SPhos—K3POy in toluene. These
transformations of thiepine 31 opened up new possibilities for the preparation of
structurally diverse substituted thiepines.

- o i T i =

D L 2 Oy 0 O
S 66% S 50% ~ g PCy,
34 35 MeO O

Cl
31 OMe

Reagents and conditions: i) a) CH,l, CH,CN, 50 °C; b) NaBH,, MeOH, r.t.

ii) P(OAC), (5 mol%), SPhos (10 mol%), K,PO,, PhMe, 100 °C SPhos

Scheme 5. The transformations of thiepine compound 31.

Antimicrobial activity

The synthesized azepine derivatives were screened for their antibacterial and
antifungal activities against five Gram-negative bacteria (Escherichia coli, Pro-
teus hauseri, Pseudomonas aeruginosa, Salmonella enterica subsp. enterica
serovar Enteritidis and Klebsiella pneumoniae), three Gram-positive bacteria
(Staphylococcus aureus, Micrococcus luteus ATCC 10240 and M. luteus ATCC
4698) and three fungal strains (Candida albicans, Saccharomyces cerevisiae and
Aspergillus brasiliensis). Amikacin (AMK) and chloramphenicol (CHL) were
used as standard antibacterials, and nystatin (NYT) and fluconazole (FLC) were
used as antifungal reference compounds. The minimum inhibitory concentration
(MIC) was determined as the lowest concentration of the compound that resulted
in inhibition of bacterial, respectively fungal growth, using a broth microdilution
method.

The results of antibacterial activities of azepine derivatives are given in
Table 1. The azepines 8-15 and 27-30 exhibited lower antibacterial activity with
respect to amikacin (Table I). Compound 8 was more potent than chloram-
phenicol against three Gram-negative bacteria (E. coli, P. hauseri and P. aeru-
ginosa) and one Gram—positive bacteria (M. [uteus ATCC 4698).

All pyridobenzazepine derivatives (8, 10, 12, 14 and 27) showed higher
inhibitory activity than the corresponding dipyridoazepine analogues (9, 11, 13,
15 and 28) against all bacteria. Azepine 8 with an N,N-dimethyl substituent was 4
times more potent than the corresponding N,N-diethyl substituted analogue 10.
Additionally, 27, which incorporates the side chain nitrogen in pyrrolidine ring
was more potent than 10, but less active than 8. The results of the antibacterial
screening for compounds 8 and 14 revealed that the introduction of an oxygen
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844 BOZINOVIC ez al.

atom in the side chain significantly decreased the antibacterial activity. The
substituted azepines 29 and 30 showed lower antibacterial potency than 8 against
all the screened bacteria.

TABLE I. Antibacterial minimal inhibitory concentrations (MIC / pg mL!) of the azepine
derivatives

Gram-negative bacteria Gram-positive bacteria
Cmpd. E. P.  P.aerugi- S. K. pneu- S. M. luteus M. luteus
coli hauseri  nosa  enterica moniae  aureus ATCC 10240 ATCC 4698

8 39 78 78 78 78 39 78 39

9 1250 1250 1250 1250 625 1250 1250 2500
10 156 313 313 625 625 156 313 313
11 1250 1250 1250 1250 1250 1250 1250 1250
12 39 313 313 313 313 39 156 78

13 1250 2500 1250 1250 1250 2500 1250 2500
14 313 625 625 625 625 313 625 313
15 1250 1250 1250 1250 1250 1250 1250 1250
27 78 156 313 313 313 156 156 156
28 625 625 625 625 625 625 625 625
29 78 156 313 313 313 156 313 156
30 156 313 313 313 625 313 313 313
AMK 5 7 50 8 8 11 2 2
CHL 62 125 250 43 62 15 31 125

Finally, among the synthesized azepines, derivative 8 was the most active
one and showed a broad spectrum of antibacterial activity (MIC ranged 39-78 pg
mL-1).

The minimum inhibitory concentrations (MIC) of the synthesized azepines
against three fungal strains are presented in Table II. Compounds 12 and 27
showed excellent activity (MIC = 156 ug mL-!) against C. albicans and S. cere-
visiae; they were more potent than nystatin and fluconazole. Compounds 12 and
27 are 16 times more active than nystatin against C. albicans, and 8 times more
potent against S. cerevisiae than nystatin. In addition, compound 8 was more
potent than nystatin and fluconazole against S. cerevisiae, while derivative 29
was more active than the reference compounds against the C. albicans strain.

Compounds 12 and 30 showed a four-fold greater potency (MIC = 313 ug
mL-1) than nystatin in inhibiting the growth of the A. brasiliensis strain, but were
less active when compared to fluconazole. Again, as with the antibacterial
activity, it was observed that the pyridobenzazepine derivatives (8, 10, 12, 14 and
27) showed better antifungal activity than the corresponding dipyridoazepine
analogues (9, 11, 13, 15 and 28).

The synthesized thiepines were screened for their antibacterial and anti-
fungal activities against four Gram-negative bacteria (E. coli, P. hauseri, P. aer-
uginosa and Salmonella enterica subsp. enterica serovar Enteritidis), four Gram-
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SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF AZEPINE AND THIEPINE DERIVATIVES 845

-positive bacteria (Clostridium sporogenes, S. aureus, M. luteus ATCC 10240
and Kocuria rhizophila) and three fungal strains (C. albicans, S. cerevisiae and
A. brasiliensis), using a disk diffusion method. Amikacin (AMK) was used as the
standard antibacterial drug, and nystatin (NYT) was used as the antifungal
reference compound. The antimicrobial activity was evaluated based on the
diameter of the zone of inhibition.

TABLE II. Antifungal minimal inhibitory concentrations (MIC / pg mL!) of the azepine
derivatives

Cmpd. C. albicans S. cerevisiae A. brasiliensis
8 2500 156 1250
9 2500 1250 1250
10 625 625 625
11 1250 1250 1250
12 156 156 313
13 2500 1250 1250
14 625 313 625
15 1250 1250 1250
27 156 156 625
28 625 625 1250
29 156 313 625
30 313 313 313
NYT 2500 1250 1250
FLC 313 313 156

The results of antimicrobial activities of thiepine derivatives (Table III)
revealed that all the tested thiepines displayed weak antibacterial activity with
inhibition zones of 10-20 mm.

TABLE III. Antibacterial activity expressed as inhibition diameter zones in millimetres (mm)
of thiepine derivatives

Gram-—negative bacteria Gram-—positive bacteria
Cmpd.? E. P. P.aeru- S. C. sporo-  S. M. luteus K.
coli  hauseri ginosa enterica  genes aureus ATCC 10240 rhizophila
16 N.A® NA. NA NA  NA NA N.A. N.A.
17 14 10 N.A. 10 16 N.A. N.A. N.A.
31 14 N.A. N.A.  NA. 20 N.A. N.A. 10
32 14 10 N.A. 10 14 N.A. N.A. N.A.
33 N.A. NA. N.A.  NA. N.A. NA. N.A. N.A.
34 10 14 N.A.  NA. 10 N.A. N.A. N.A.
35 N.A.  NA. N.A.  NA. N.A.  NA. N.A. N.A.
AMKE® 26 26 25 25 24 24 27 23

2 Compounds concentration 1 mg disk™; ® N.A.: no activity (inhibition zone <10 mm); © AMK concentration 30
g disk™
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846 BOZINOVIC ez al.

On the other hand, with the exception of 31, all compounds exhibited
pronounced antifungal activity against the three fungal strains (Table 1V). The
investigation of antifungal screening revealed that at a concentration of 1000 pg
disk-!, compounds 16, 17, 32, 33, 34 and 35 were very potent, and showed
complete growth inhibition against the C. albicans and S. cerevisiae strains.
Among synthesized thiepines, compound 32 showed excellent antifungal activity
particularly on the C. albicans strain with an inhibition zone of 50 mm at 250 ug
disk~!, 28 mm at 125 pg disk-! and 14 mm at 62.5 pg disk-! concentrations. In
addition, compound 32 at a concentration 125 pg disk-! displayed moderate
activity against the A. brasiliensis and S. cerevisiae strains (growth inhibition
zones 12—18 mm). All the tested thiepine derivatives were completely inactive
against the fungal strains at a concentration 31.3 pg disk 1.

TABLE 1V. Antifungal activity of the thiepine derivatives expressed as diameter of the
inhibition zones in millimetres (mm)

C. albicans? S. cerevisiae® A. brasiliensis®

Cmpd. Concentration, pg disk!

1000 500 250 125 1000 500 250 125 1000 500 250 125
16 ClLc 12 10 NA4 CI 18 15 11 18 14 12 10
17 Cl. CI. 30 NA. CI 20 16 12 CIL 16 12 10
31 N.A. N.A. NA. NA. NA. NA. NA. NA. NA. NA NA. NA.
32 Cl. CI 50 28 CI 30 22 18 CI 30 20 12
33 C.L 14 NA. NA CIL 22 16 12 12 10 N.A. NA.
34 Cl. CI. 10 NA. CI 26 18 N.A. CL 10 N.A. NA.
35 C.L 14 NA. NA. CIL 16 10 N.A. 12 NA. NA. NA.

aNystatin concentration 30 pg disk”, 30 mm including disk; Pnystatin concentration 30 pg disk”, 54 mm
including disk; °complete inhibition; 9no activity (inhibition zone <10 mm)

EXPERIMENTAL
Instrumentation

Microwave reactions were performed in a Biotage Initiator 2.5 microwave reactor.
Melting points were determined using a Boetius PMHK apparatus (Carl Zeiss, Germany) and
are not corrected. The IR spectra were recorded on a Perkin-Elmer spectrophotometer FTIR
1725X. The NMR spectra were recorded on a Bruker Ultrashield Advance III spectrometer
(500 MHz) using TMS as the internal standard. The chemical shifts are expressed in ppm (J)
values and coupling constants (J) in Hz. The ESI-MS (HRMS) spectra were acquired on an
Agilent Technologies 1200 Series instrument equipped with a Zorbax Eclipse Plus C18
column and a DAD detector in combination with a 6210 Time-of-Flight LC/MS instrument in
the positive ion mode. The samples were dissolved in MeOH. GC/MS spectra were acquired
on an Agilent Technologies 7890A instrument equipped with a DB-5 MS column and 5975C
MSD and FID detector. Lobar LichroPrep Si 60 or LichroPrep RP-18 columns (Merck, Ger-
many), coupled to a Waters RI 401 detector, were used for preparative column chromato-
graphy. Thin-layer chromatography was performed on pre-coated Merck silica gel 60 F254
and Merck RP-18 F254 plates. The solution MeOH (NHj3) stands for a combination MeOH/
/NHj3 aq. = 9:1. The compounds were analyzed for purity using an Agilent 1200 HPLC system
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SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF AZEPINE AND THIEPINE DERIVATIVES 847

equipped with Quat pump (G1311B) and DAD detector 1260 VL (other details are presented
in the Supplementary material to this paper). All compounds were >95 % pure.

Chemistry

(2-Bromo-5-chlorophenyl)methanediyl diacetate. A mixture of 1-bromo-4-chloro-2-
-methylbenzene (1.0 g, 4.9 mmol), acetic anhydride (6.4 mL), acetic acid (5.0 mL) and
concentrated sulphuric acid (1.5 mL) was cooled to 0 °C in an ice bath. Then an acetic acid
(5.0 mL) solution of CrO; (1.8 g, 18.0 mmol) was dropwisely added into the stirred mixture
over 1.5 h. The mixture was stirred for the next 2 h at 0 °C. The product was filtered, washed
with water (50 mL) and dried under reduced pressure.

2-Bromo-5-chlorobenzaldehyde (19). (2-Bromo-5-chlorophenyl)methanediyl diacetate
(1.5 g, 4.7 mmol) was refluxed in MeOH-H,O (15 mL, 1/1 V/V) containing H,SO,4 (1.6 mL)
for 30 min. The reaction mixture was then diluted with H,O (15 mL) and extracted with
EtOAc (3x20 mL). The combined organic layers were washed with H,O (20 mL) and brine
(20 mL), dried over Na,SO,4 and concentrated under reduced pressure. The residue and 1 M
hydrochloric acid (4.0 mL) were heated for 3 h in THF (15 mL) under reflux. The solvent was
removed under reduced pressure. The residue was purified by column chromatography (SiO,,
hexane/EtOAc = 95/5). Yield: 0.84 g, 83 %.

2-Bromo-5-methoxybenzaldehyde (21). To the solution of meta-anisaldehyde (3.03 g,
22.3 mmol) in AcOH (5.0 mL), Br, (1.4 mL, 26.8 mmol, 1.2 eq.) was drop wisely added, and
the reaction mixture was stirred for 36 h at room temperature. Upon completion, the reaction
was quenched with a saturated solution of Na,SO5 (25 mL), then poured into water (10 mL),
and extracted with EtOAc (3x25 mL). The combined organic layers were washed with water
(3%20 mL) and brine (15 mL), dried (Na,SO,), and concentrated to give the desired 2-bromo-
-5-methoxybenzaldehyde (21, 3.99 g, 83 %).

3-[(Z)-2-(2-Bromo-5-chlorophenyl)ethenyl]-4-chloropyridine (24). To a suspension of
phosphonium salt 22 (0.55 g, 1.2 mmol) in THF (12 mL) KO#Bu (0.16 g, 1.4 mmol) was
added. After 30 min, a solution of 2-bromo-5-chlorobenzaldehyde (0.26 g, 1.2 mmol) in THF
(3 mL) was added over 5 min. The reaction mixture was stirred at room temperature for 16 h,
when it was quenched with sat. aqueous soln. of NaHCOj3. The aqueous phase was separated
and extracted with EtOAc (3x25 mL). The organic extracts were combined, dried over
Na,SOy, concentrated under vacuum and purified by column chromatography (SiO,, hex-
ane/EtOAc = 95/5) to yield the Z-isomer (270 mg, 69 %).

3-[(Z)-2-(2-Bromo-5-methoxyphenyl)ethenyl]-4-chloropyridine (25). To a suspension of
phosphonium salt 22 (0.14 g, 0.30 mmol) in THF (1.6 mL) was added KOz-Bu (40 mg, 0.36
mmol). After 30 min, a solution of 2-bromo-5-methoxybenzaldehyde (65 mg, 0.30 mmol) in
THF (2 mL) was added over 5 min. The reaction mixture was stirred at room temperature and
after 18 h, it was quenched with NaHCOj;. The aqueous phase was separated and extracted
with EtOAc (3x10 mL). The organic extracts were combined, dried over Na,SO,, concen-
trated under vacuum and purified by preparative column chromatography (RP, MeOH/H,0 =
= 8:2) to yield the Z-isomer (60 mg, 82 %).

3-[(Z)-2-(2-Bromo-5-fluorophenyl)ethenyl]-4-chloropyridine (26). To a suspension of
phosphonium salt 22 (0.45 g, 0.96 mmol) in THF (12 mL) was added KO#-Bu (0.13 g, 1.2
mmol). After 30 min, a solution of 2-bromo-5-fluorobenzaldehyde (0.19 g, 0.96 mmol) in
THF (2 mL) was added over 5 min. The reaction mixture was stirred at room temperature and
after 18 h, it was quenched with saturated aqueous solution of NaHCOj; (15 mL). The aqueous
phase was separated and extracted with EtOAc (3x20 mL). The organic extracts were com-
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848 BOZINOVIC ez al.

bined, dried over Na,SO,, concentrated under vacuum and purified by preparative column
chromatography (RP, MeOH/H,0 = 8:2) to yield compound 26 (196 mg, 65 %).

General procedure for Pd-catalyzed amination

A reaction tube containing a stirring bar was evacuated and backfilled with argon. The
tube was then charged with Pd(OAc), (5 mol %), JohnPhos (10 mol %) and NaO#-Bu (2.8 eq.)
and filled with argon. Toluene was added. After stirring at room temperature for 5 min, an
aryl halide (1 eq.) and amine (3 eq.) were added, the tube was filled with argon and capped.
Reaction mixture was heated to 100 °C and stirred at the same temperature. Products were
purified by preparative column chromatography: SiO,, CH,Cl,/MeOH(NH;) = 9/1.

5-[3-(Pyrrolidin-1-yl)propyl]-5H-pyrido[4,3-b] [ 1] benzazepine (27). Following the gen-
eral procedure, a mixture of 3-[(Z)-2-(2-bromophenyl)ethenyl]-4-chloropyridine (24 mg,
0.080 mmol), 3-(pyrrolidin-1-yl)propan-1-amine (31 pL, 0.24 mmol), sodium tert-butoxide
(22 mg, 0.23 mmol), Pd(OAc), (0.9 mg, 5 mol %), JohnPhos (2.4 mg, 10 mol %) and toluene
(1.5 mL) was stirred at 100 °C for 48 h. Yield: 17 mg, 68 %.

5-[3-(Pyrrolidin-1-yl)propyl]-5SH-dipyrido[4,3-b:3" 4'"-flazepine  (28). Following the
general procedure, a mixture of 3,3'-(Z)-ethene-1,2-diylbis(4-chloropyridine) (20 mg, 0.080
mmol), 3-(pyrrolidin-1-yl)propan-1-amine (31 pL, 0.24 mmol), sodium tert-butoxide (22 mg,
0.23 mmol), Pd(OAc), (0.9 mg, 5 mol %), JohnPhos (2.4 mg, 10 mol %) and toluene (1.5 mL)
was stirred at 100 °C for 24 h. Yield: 17 mg, 69 %.

3-(8-Chloro-5H-pyrido[4,3-b][1]benzazepin-5-yl)-N,N-dimethylpropan-1-amine  (29).
Following the general procedure, a mixture of 3-[(Z)-2-(2-bromo-5-chlorophenyl)ethenyl]-4-
-chloropyridine (26 mg, 0.080 mmol), 3-(dimethylamino)-1-propylamine (30 pL, 0.24 mmol),
sodium zert-butoxide (22 mg, 0.23 mmol), Pd(OAc), (0.9 mg, 5 mol %), JohnPhos (2.4 mg,
10 mol %) and toluene (1.5 mL) was stirred at 100 °C for 48 h. Yield: 18 mg, 70 %.

3-(8-Methoxy-5H-pyrido[4,3-b][1]benzazepin-5-yl)-N,N-dimethylpropan-1-amine (30).
Following the general procedure, a mixture of 3-[(Z)-2-(2-bromo-5-methoxyphenyl)ethenyl]-
-4-chloropyridine (26 mg, 0.080 mmol), 3-(dimethylamino)-1-propylamine (30 pL, 0.24
mmol), sodium ferz-butoxide (22 mg, 0.23 mmol), Pd(OAc), (0.9 mg, 5 mol %), JohnPhos
(2.4 mg, 10 mol %) and toluene (1.5 mL) was stirred at 100 °C for 48 h. Yield: 10 mg, 40 %.

General procedure for the synthesis of the thiepine derivatives

A reaction tube containing a stirring bar was evacuated and backfilled with argon. The
tube was charged with tris(dibenzylideneacetone)dipalladium (Pd,dbas, 5 mol %), dppf (10
mol %), NaO#Bu (1.2 eq.), aryl halide (1 eq.) and KSCOCH; (1.2 eq.) and evacuated and
backfilled with argon. The flask was capped with a rubber septum, and toluene was added.
The reaction mixture was heated in a Biotage initiator 2.5 microwave at 170 °C for 60 min.
After completion of the reaction, the mixture was cooled to room temperature. The products
were purified by column chromatography: SiO,, hexane/EtOAc = 8/2.

[1]Benzothiepino/[3,2-c[pyridine (16). Following the general procedure, a mixture of
3-[(2)-2-(2-bromophenyl)ethenyl]-4-chloropyridine (35 mg, 0.12 mmol), KSCOCH; (16 mg,
0.14 mmol), sodium tert-butoxide (14 mg, 0.14 mmol), Pd,dbas (5.4 mg, 5 mol %), dppf (6.6
mg, 10 mol %) and toluene (1.5 mL) was heated in a Biotage Initiator 2.5 microwave at 170
°C for 60 min. Yield: 13 mg, 51 %.

Pyrido[3',4':6,7]thiepino[3,2-c]pyridine (17). Following the general procedure, a mix-
ture of 3,3'-(Z)-ethene-1,2-diylbis(4-chloropyridine) (30 mg, 0.12 mmol), KSCOCH; (16 mg,
0.14 mmol), sodium tert-butoxide (14 mg, 0.14 mmol), Pd,dbas (5.4 mg, 5 mol %), dppf (6.6
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mg, 10 mol %) and toluene (1.5 mL) was heated in a Biotage initiator 2.5 microwave at 170
°C for 60 min. Yield: 15 mg, 60 %.

8-Chloro[1]benzothiepino[3,2-c][pyridine (31). Following the general procedure, a mix-
ture of 3-[(Z)-2-(2-bromo-5-chlorophenyl)ethenyl]-4-chloropyridine (29 mg, 0.088 mmol),
KSCOCH; (12 mg, 0.11 mmol), sodium tert-butoxide (10 mg, 0.11 mmol), Pd,dbas (4.0 mg,
5 mol %), dppf (4.9 mg, 10 mol %) and toluene (1.1 mL) was heated in a Biotage initiator 2.5
microwave at 170 °C for 60 min. Yield: 6.8 mg, 32 %.

8-Methoxy[1]benzothiepino[3,2-c]pyridine (32). Following the general procedure, a
mixture of 3-[(Z)-2-(2-bromo-5-methoxyphenyl)ethenyl]-4-chloropyridine (60 mg, 0.18
mmol), KSCOCHj; (25 mg, 0.22 mmol), sodium tert-butoxide (21 mg, 0.22 mmol), Pd,dbas
(8.5 mg, 5 mol %), dppf (10 mg, 10 mol %) and toluene (2.3 mL) was heated in a Biotage
initiator 2.5 microwave at 170 °C for 60 min. Yield: 8.4 mg, 19 %.

8-Fluoro[l]benzothiepino[3,2-c]pyridine (33). Following the general procedure, a mix-
ture of 3-[(Z)-2-(2-bromo-5-fluorophenyl)ethenyl]-4-chloropyridine (30 mg, 0.096 mmol),
KSCOCH; (13 mg, 0.12 mmol), sodium tert-butoxide (11 mg, 0.12 mmol), Pd,dbas (4.4 mg,
5 mol %), dppf (5.3 mg, 10 mol %) and toluene (1.2 mL) was heated in a Biotage Initiator 2.5
microwave at 170 °C for 60 min. Yield: 7.6 mg, 35 %.

8-Chloro-2-methyl-1,2,3,4-tetrahydro[ 1] benzothiepino[3,2-c[pyridine (34). A solution
of 8-chloro[1]benzothiepino[3,2-c]pyridine (17 mg, 0.068 mmol) in MeCN (3 mL) was
refluxed with an excess of methyl iodide (25 pL, 0.27 mmol, 4 eq.). After 2 h, the solvent was
removed under reduced pressure. The resulting yellow solid was dissolved in dry methanol (3
mL) and NaBH, (6.0 mg, 0.13 mmol) was added under an inert atmosphere at room tem-
perature. After 15 min, the MeOH was removed under reduced pressure. The crude residue
was dissolved in EtOAc and washed with H,O. The organic layer was dried over anhydrous
Na,S0Oy, concentrated under vacuum and purified by column chromatography (SiO,, EtOAc/
/MeOH = 1:1) to yield the product (11.8 mg, 66 %).

8-Phenyl[1]benzothiepino[3,2-c]pyridine (35). A reaction tube containing a stirring bar
was evacuated and backfilled with Ar. The tube was then charged with Pd(OAc), (0.9 mg, 5
mol %), SPhos (3.2 mg, 10 mol %), phenylboronic acid (12 mg, 0.095 mmol, 1.2 eq.) and
anhydrous K;PO,4 (34 mg, 0.16 mmol, 2.0 eq.). The tube was capped with a rubber septum
and filled with argon. Dry toluene (1.0 mL) was added through the septum and the resulting
mixture was stirred at room temperature for 2 min. 8-Chloro[1]benzothiepino[3,2-c]pyridine
(20 mg, 0.079 mmol) was added and the tube was sealed. The reaction mixture was heated at
100 °C for 18 h. The reaction mixture was allowed to cool to room temperature. The product
was purified by column chromatography (SiO,, hexane/EtOAc = 8/2). Yield: 11.5 mg, 50 %.

Antimicrobial evaluation

Microbroth dilution method. The antimicrobial activity was evaluated using a broth
microdilution method according to NCCLS (National Committee for Clinical Laboratory
Standards (2000) Approval standard document M7-A5, Villanova, PA, USA). The following
Gram-negative bacterial strains used were: Escherichia coli (ATCC 25922), Proteus hauseri
(ATCC 13315), Pseudomonas aeruginosa (ATCC 9027), Salmonella enterica subsp. enterica
serovar Enteritidis (ATCC 13076) and Klebsiella pneumoniae (ATCC 10031). The Gram-
-positive bacterial strains used were: Staphylococcus aureus (ATCC 6538), Micrococcus lut-
eus (ATCC 10240) and M. luteus (ATCC 4698). The employed fungal species were: Candida
albicans (ATCC 10231), Saccharomyces cerevisiae (ATCC 9763) and Aspergillus brasilien-
sis (ATCC 16404). MIC determination was performed by a serial dilution method in sterile
96-well microtitre plates. Fresh Mueller—Hinton broth (for bacteria) and Sabouraud dextrose
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broth (for fungi) were used. Stock solutions of the compounds were prepared in dimethyl
sulphoxide (DMSO), and then serial dilutions of the compounds were made in the concen-
tration range from 10,000 to 4.9 ug mL"!. Amikacin (AMK) and chloramphenicol (CHL) were
used as positive controls for the bacteria, while nystatin (NYT) and fluconazole (FLC) were
used as positive controls for the fungi. The solvent (DMSO) served as negative control. In
each well of the plate, ten microlitres of bacterial cultures (10° cells mL-!) for antibacterial
activity and 10 mL of fungal cultures (10° spores mL!) were inoculated. The microtiter plates
were incubated at 37 °C for 24 h for the bacteria or at 28 °C for 48 h for the fungi. The MIC
was determined as the lowest concentration that resulted in inhibition of bacterial or fungal
growth.

Disk diffusion method. Antimicrobial activity was evaluated using a disk diffusion
method according to NCCLS (National Committee for Clinical Laboratory Standards (1997)
Approval standard document M2-A6 Performance standards for antibacterial disk suscept-
ibility test, Wayne, PA, USA).

Antibacterial activity. The antibacterial activity was evaluated using four different strains
of Gram-negative bacteria: E. coli (ATCC 25922), P. hauseri (ATCC 13315), P. aeruginosa
(ATCC 9027) and S. enterica subsp. enterica serovar Enteritidis (ATCC 13076), and four
different strains of the Gram-positive bacteria: Clostridium sporogenes (ATCC 19404), S.
aureus (ATCC 6538), M. luteus (ATCC 10240) and Kocuria rhizophila (ATCC 9341). The
determination of antibacterial activity was performed using the disk diffusion method. In each
Petri dish (90 mm diameter), 22 mL of nutrient agar and 100 pL of bacterial suspension were
added. The test substances were dissolved in CH,Cl, (1 mg 100 pL-!) and then 100 uL of
solution was applied to a filter paper disk (8 mm in diameter) and the solvent was evaporated.
The loaded disks were placed on the surface of the medium and left for 30 min at room
temperature for compound diffusion. Amikacin 30 pg per filter paper disk (8 mm in diameter)
was used as the positive control, while the disks of the same diameter impregnated with 100
pL of CH,Cl, were used as the negative control. The plates were incubated for 24 h at 37 °C.
The zones of inhibition were recorded in millimetres.

Antifungal activity._The antifungal activity was tested against three different strains: C.
albicans (ATCC 10231), S. cerevisiae (ATCC 9763) and A. brasiliensis (ATCC 16404). Sab-
ouraud dextrose agar was prepared according to the manufacture’s instruction. Into each
sterile Petri dish (90 mm diameter), 22 mL of previously prepared agar suspension was poured
and 100 pL of fungi was added. The test compounds were dissolved in CH,Cl, and applied on
filter paper disk (8 mm in diameter) at final concentrations 1000, 500, 250, 125, 62.5 and 31.3
pg/disk. Nystatin (30 pg disk™') was used as a positive control while a disk impregnated with
CH,Cl, was used as the negative control. Petri dishes were incubated for 48 h at 28 °C. The
zone of inhibition was measured in millimetres, including the disk.

CONCLUSIONS

New pyridobenzazepine and pyridobenzothiepine derivatives were syn-
thesized using a methodology for Pd-catalyzed formation of C—N and C-S
bonds.? Additionally, the successful transformations of thiepine 31 to tetrahydro
and biphenyl derivatives opened up new possibilities for the preparation of
structurally diverse substituted derivatives. All newly and previously synthesized
compounds were evaluated for their in vifro antimicrobial activity against eight
bacterial and three fungal pathogenic strains. All pyridobenzazepine derivatives
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showed better antibacterial and antifungal activity than the corresponding
dipyridoazepine analogues. Among the synthesized azepines, derivative 8 was
the most active and showed a broad spectrum of antibacterial activity (MIC
ranged 39-78 ug mL-!). The synthesized thiepine derivatives exhibited weak
antibacterial activity but, on the other hand, with the exception of 31, all thie-
pines showed pronounced antifungal activity.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of the compounds, as well as copies of the corresponding
'TH-NMR and 3C-NMR spectra of the products and HPLC purity chromatograms are
available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author
on request.
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U3BOJ
CHUHTE3A U AHTUMHUKPOBHA AKTUBHOCT A3EITMHCKHX WU TUEITMHCKUX
IOEPHUBATA

HUHA BOXXUHOBUR', UPEHA HOBAKOBUR’, CIABAHA KOCTUR PAJAYMR’, UTOP M. OTICEHHLIA'
v BOTIAH A. LIIOJIAJA!
1Xemujcrcu paxyniteni, Ynugep3uitieli y beoipagy, Citiygeniticku wipi 16, @. tip 51, 11158, Beoipag u
*Uncimuiiyi 3a Xemujy, WexHoN0Tujy U Metanypiujy, Ynusepsuinei y beoipagy,
Fbetowesa 12, 11000 Beoipag

CuHTeTHCaHa je cepHja NUPUAODEH3a3€NMUHCKUX U NMUPUIODEH30THEIIMHCKUX JepUBaTa
¢opmuparwem C-N u C-S Be3a momohy kaTanusaTopa Ha 0a3u Pd u ucnuraHa je wHX0Ba in
vitr0 aHTUMHUKPOOHa aKTHBHOCT. CHHTETHCAHM NUPHOOOEH3a3€NUHCKU AEPUBATH IOKa3yjy
Behy anTubakTepHjcky U aHTH(DYHraJHy aKTUBHOCT y nopehemy ca onrosapajyhum JUNUpH-
I0a3eNMHCKUM JepruBaTHMa. AsenuH 8 mokasao je Hajsehy anTudakrepujcky aktuBHOCT (MIC
y oncery 39-78 png mL1), a asenun 12 noxasao ce kao HajaKTMBHHMjH [A€pHBAT IIPeMa MCIIH-
TaHMM cojeBuMa I7buBa (MIC y oncery 156—313 pg mL™1). CuHTeTHCAHM THETIMHCKHM IEPHBATH
uMajy cnady aHTHOaKTEpHjCKy aKTHBHOCT, alM Cca ApYre CTpaHe MMajy A00pYy aHTH(YHTalHy
aKTHBHOCT.

(ITpumsbeHo 16. janyapa, peBuaupano 2. dpedpyapa, npuxsaheno 6. dedpyapa 2015)
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ANALYTICAL AND SPECTRAL DATA OF THE COMPOUNDS

(2-Bromo-5-chlorophenyl)methanediyl diacetate. Yield: 1.31 g, 84 %;
colourless powder; m.p.: 65-67 °C; IR (ATR, cm™!): 3077, 2995, 1759, 1466,
1435, 1374, 1234, 1202, 1140, 1096, 1068, 1032, 1006, 880; H-NMR (500
MHz, CDCl3, 6 / ppm): 7.85 (1H, s), 7.54-7.50 (2H, m), 7.27-7.22 (1H, m), 2.16
(6H, 5); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 168.23, 136.59, 134.30, 133.87,
131.12, 128.15, 120.33, 88.40, 20.66.

2-Bromo-5-chlorobenzaldehyde (19). White solid; m.p.; 72-74 °C; IR (ATR,
cm1): 3351, 3060, 2884, 1689, 1578, 1455, 1390, 1283, 1248, 1188, 1125, 1091,
1031, 899, 820; IH-NMR (500 MHz, CDCls, § / ppm): 10.30 (1H, s), 7.88 (1H,
d,J=2.5Hz), 7.60 (1H, d, J = 8.5 Hz), 7.43 (1H, dd, J = 2.5 Hz, J = 8.0 Hz);
I3C-NMR (125 MHz, CDCl3, 6 / ppm): 190.49, 135.12, 135.03, 134.61, 134.44,
129.66, 124.61; GC-MS, RT 23 min (m/z (%)): 218.9 (IM*] (100)), 190.9 (24),
138.0 (14), 110.0 (29), 84.0 (5), 75.0 (47), 50.0 (15).

2-Bromo-5-methoxybenzaldehyde (21). Colourless solid; m.p.: 76-78 °C; IR
(ATR, ecm™1): 3339, 3095, 3074, 3008, 2981, 2944, 2876, 2845, 2746, 1890,
1677, 1689, 1600, 1570, 1471, 1419, 1384, 1301, 1281, 1243, 1200, 1169, 1136,
1061, 1014, 932, 866, 820; 'H-NMR (500 MHz, CDCls, 6 / ppm): 10.31 (1H, s),
7.52 (1H, d, J = 8.5 Hz), 7.42 (1H, d, J = 3.0 Hz), 7.03 (1H, dd, J = 3.0 Hz,
J=9.0 Hz), 3.84 (3H, s); 13C-NMR (125 MHz, CDCls, 6§ / ppm): 191.77, 159.25,
134.54, 133.95, 123.11, 117.95, 112.66, 55.71; GC-MS, RT 14.92 min (m/z (%)):
213.9 ([M*] (100)), 184.9 (15), 171.9 (14), 156.9 (8), 144.9 (16), 134.0 (10),
106.0 (20), 92.0 (16), 75.0 (18), 63.0 (55), 50.0 (9).

*** Corresponding authors. E-mails: (*)igorop@chem.bg.ac.rs; (**)bsolaja@chem.bg.ac.rs
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3-[(Z)-2-(2-Bromo-5-chlorophenyl)ethenyl]-4-chloropyridine (24). Colour-
less powder; m.p.: 65-67 °C; IR (ATR, cm!): 3107, 3081, 3054, 2967, 2928,
1754, 1732, 1639, 1572, 1546, 1471, 1449, 1404, 1386, 1309, 1267, 1224, 1204,
1166, 1109, 1087, 1023, 973, 936, 903, 882, 826; !H-NMR (500 MHz, CDCl3,
o/ ppm): 834 (1H, d, J = 5.5 Hz), 8.15 (1H, s), 7.51 (1H, d, J = 8.5 Hz), 7.34
(1H, d, J = 5.5 Hz), 7.07 (1H, dd, J = 2.0 Hz, J = 9.0 Hz), 6.92-6.89 (1H, m),
6.84 (1H, d, J = 11.5 Hz), 6.79 (1H, d, J = 12.0 Hz); 13C-NMR (125 MHz,
CDCl3, 6 / ppm) 150.92, 149.18, 143.29, 138.12, 133.99, 133.27, 132.17, 130.97,
130.12, 129.37, 126.03, 124.41, 121.77; (+)ESI-HRMS m/z: calcd. for [M+H]:
327.92899. Found: 327.92792.
3-[(Z)-2-(2-Bromo-5-methoxyphenyl)ethenyl]-4-chloropyridine (25). Col-
ourless oil; IR (ATR, cm1): 3397, 3007, 2935, 2835, 2356, 1618, 1591, 1567,
1464, 1411, 1346, 1295, 1237, 1174, 1129, 1082, 1052, 1016, 934, 872, 821; 1H-
-NMR (500 MHz, CDCls, ¢ / ppm): 8.32 (1H, d, J = 5.5 Hz), 8.21 (1H, s), 7.46
(1H, d,J=8.5Hz), 7.34 (1H, d, J= 5.5 Hz), 6.91 (1H, d, J= 12.0 Hz), 6.74 (1H,
d, J=12.0 Hz), 6.69-6.64 (1H, m), 6.46 (1H, d, J = 3.0 Hz), 3.53 (3H, s); 13C-
-NMR (125 MHz, CDCl3, 6 / ppm): 158.59, 150.82, 148.40, 143.60, 136.99,
133.63, 133.58, 131.75, 124.84, 124.42, 115.70, 115.56, 114.33, 55.24; (+)ESI-
HRMS m/z: caled. for [M + H*]: 323.97853. Found: 323.97699.
3-[(Z)-2-(2-Bromo-5-fluorophenyl)ethenyl]-4-chloropyridine (26). Colour-
less powder; m.p.: 109-110 °C; IR (ATR, cm™1): 3403, 3041, 2924, 2850, 1632,
1599, 1574, 1550, 1460, 1413, 1344, 1275, 1221, 1177, 1143, 1102, 1082, 1032,
962, 882, 819; IH-NMR (500 MHz, CDCl3, ¢ / ppm): 8.33 (1H, d, J = 5.5 Hz),
8.16 (1H, s), 7.54 (1H, dd, J = 5.5 Hz, J = 8.5 Hz), 7.34 (1H, d, J = 5.5 Hz),
6.90-6.75 (3H, m), 6.64 (1H, dd, J = 3.0 Hz, J = 9.0 Hz); 13C-NMR (125 MHz,
CDCls, 6 / ppm): 161.53 (d, J = 245.5 Hz), 150.98, 149.17, 143.29, 138.22 (d,
J = 8.1 Hz), 134.18 (d, J = 8.1Hz), 132.46, 131.04, 125.93, 124.41, 118.20,
117.26 (d, J = 23.5), 116.67 (d, J = 22.6 Hz); (+)ESI-HRMS m/z: calcd. for
[M+H]: 311.95854. Found: 311.95788.
5-[3-(Pyrrolidin-1-yl)propyl]-5H-pyrido[4,3-b] [ 1] benzazepine (27). Yellow
oil; IR (ATR, cm1): 3340, 3023, 2960, 2874, 2792, 1635, 1577, 1480, 1418,
1393, 1329, 1241, 1184, 1142, 1125, 1058, 912, 830; H-NMR (500 MHz,
CDCls, 6 / ppm): 8.35 (1H, d, J= 5.5 Hz), 8.17 (1H, s), 7.29-7.23 (1H, m), 7.05—
—6.98 (2H, m), 6.94 (1H, d, /= 8.0 Hz), 6.81 (1H, d, J=5.5Hz), 6.74 (1H, d, J =
= 11.0 Hz), 6.60 (1H, d, J = 11.5 Hz), 3.81-3.73 (2H, m), 2.57-2.50 (2H, m),
2.46-2.37 (4H, m), 1.85-1.77 (2H, m), 1.76-1.69 (4H, m); 13C-NMR (125 MHz,
CDCl3, 0 / ppm): 158.79, 150.45, 150.08, 149.09, 134.12, 133.59, 129.47,
129.30, 129.19,129.06, 124.04, 121.08, 114.68, 54.23, 53.89, 48.50, 26.71,
23.37; (+)ESI-HRMS m/z: calcd. for [M+H™]: 306.19647. Found: 306.19553.
5-[3-(Pyrrolidin-1-yl)propyl]-5H-dipyrido[4,3-b:3" 4"-f] azepine (28). Yel-
low oil; IR (ATR, cm1): 3330, 3028, 2958, 2858, 2803, 1732, 1645, 1580, 1483,
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1398, 1335, 1248, 1178, 1063, 929, 831; IH-NMR (500 MHz, CDCls, § / ppm):
8.39 (2H, d, J = 5.5 Hz), 8.16 (2H, s), 6.76 (2H, d, J = 5.5 Hz), 6.64 (2H, s),
3.82-3.75 (2H, m), 2.58-2.52 (2H, m), 2.47-2.39 (4H, m), 1.86-1.79 (2H, m),
1.78-1.71 (4H, m); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 157.08, 150.76,
150.74, 131.19, 128.68, 115.41, 54.24, 53.60, 48.08, 26.42,23.39; (+)ESI-HRMS
m/z: calced. for [M+H"]: 307.19172. Found: 307.19048.
3-(8-Chloro-5H-pyrido[4,3-b] [1] benzazepin-5-yl)-N,N-dimethylpropan-1-
-amine (29). Yellow oil; IR (ATR, cm1): 3387, 3026, 2944, 2858, 2817, 2768,
1682, 1578, 1472, 1391, 1327, 1241, 1184, 1132, 1101, 1058, 920, 841; 1H-
NMR (500 MHz, CDCl3, ¢ / ppm): 8.37 (1H, d, J = 5.5 Hz), 8.18 (1H, s), 7.21
(1H, dd, J = 2.5 Hz, J = 8.5 Hz), 6.99 (1H, d, J = 2.5 Hz), 6.86 (1H, d, J = 8.5
Hz), 6.80 (1H, 4, J = 5.5 Hz), 6.64 (2H, s), 3.79-3.70 (2H, m), 2.41-2.30 (2H,
m), 2.25-2.11 (6H, m), 1.76-1.68 (2H, m); 13C-NMR (125 MHz, CDCl;,
o0 / ppm): 158.60, 150.62, 150.42, 147.46, 135.26, 132.73, 130.50, 129.34,
128.98, 128.96, 128.66, 122.27, 114.72, 56.89, 48.29, 45.45, 25.23; (+)ESI-
-HRMS m/z: caled. for [M+H™]: 314.14185. Found: 314.14336.
3-(8-Methoxy-5H-pyrido[4,3-b] [ 1] benzazepin-5-yl)-N,N-dimethylpropan-1-
-amine (30). Yellow oil; IR (ATR, cm1): 3381, 2944, 2858, 2819, 2768, 1674,
1634, 1578, 1480, 1394, 1322, 1276, 1244, 1206, 1038, 972, 938, 876; 'H-NMR
(500 MHz, CDCl3, ¢ / ppm): 8.34 (1H, d, J= 5.5 Hz), 8.17 (1H, s), 6.87 (1H, d,
J=9.0 Hz), 6.85-6.78 (2H, m), 6.71 (1H, d, J=11.5 Hz), 6.62 (1H, d, J=11.5
Hz), 6.57 (1H, 4, J = 3.0 Hz), 3.76 (3H, s), 3.73-3.68 (2H, m), 2.44-2.36 (2H,
m), 2.20-2.15 (6H, m), 1.79-1.70 (2H, m); 13C-NMR (125 MHz, CDCls,
o0 / ppm): 159.36, 156.12, 150.53, 150.05, 141.73, 134.76, 133.68, 129.72,
128.82, 121.96, 114.69, 114.37, 114.08, 57.07, 55.47, 48.32, 45.50, 25.40;
(+)ESI-HRMS m/z: caled. for [M + H']: 310.19139. Found: 310.19142.
[1]Benzothiepino[3,2-c]pyridine (16). Colourless solid; 'H-NMR (500
MHz, CDCl3, ¢ / ppm): 8.49-8.42 (2H, m), 7.49-7.43 (1H, m), 7.38-7.29 (3H,
m), 7.28=7.23 (1H, m), 7.13 (1H, d, J = 12.0 Hz), 6.99 (1H, d, J = 12.0 Hz);
(+)ESI-HRMS m/z: calcd. for [M+HT]: 212.05354. Found: 212.05354.
Pyrido[3"4":6,7]thiepino[3,2-c]pyridine (17). Colourless solid; 'H-NMR
(500 MHz, CDCl3, ¢ / ppm): 8.51 (2H, d, J = 5.5 Hz), 8.47 (2H, s), 7.32 (2H, d,
J = 5.0 Hz), 7.09 (2H, s); (+)ESI-HRMS m/z: calcd. for [M+H*]: 213.04810.
Found: 213.04861.
8-Chloro[1]benzothiepino/3,2-c]pyridine (31). Colourless solid; m.p.: 132—
—136 °C; IR (ATR, cm1): 3965, 3356, 3080, 3048, 3021, 2959, 2928, 2855,
2024, 1989, 1952, 1919, 1894, 1852, 1812, 1754, 1676, 1630, 1569, 1546, 1468,
1395, 1362, 1306, 1273, 1195, 1163, 1099, 1053, 1027, 976, 946; 1H-NMR (500
MHz, CDCl3, 6 / ppm): 8.48 (1H, d, J = 5.0 Hz), 8.46 (1H, s), 7.38 (1H, d, J =
= 8.5 Hz), 7.34 (1H, 4, J= 5.0 Hz), 7.29 (1H, dd, J = 2.0 Hz, J = 8.0 Hz), 7.25—
—7.22 (1H, m), 7.03 (2H, s); 13C-NMR (125 MHz, CDCls, 6 / ppm): 150.16,
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150.03, 144.42, 141.10, 135.08, 134.91, 134.75, 134.06, 131.67, 131.06, 129.68,
129.34, 126.27; (+)ESI-HRMS m/z: caled. for [M+H"]: 246.01387. Found:
246.01318.

8-Methoxy[1]benzothiepino/3,2-c]pyridine (32). Colourless oil; IR (ATR,
em1): 3597, 3392, 3022, 2928, 2841, 1710, 1591, 1564, 1471, 1389, 1324, 1278,
1243, 1210, 1176, 1153, 1068, 1030, 926, 857, 829; IH-NMR (500 MHz, CDCl3,
o / ppm); 8.49-8.42 (2H, m), 7.38-7.32 (2H, m), 7.08 (1H, d, J = 12.5 Hz), 6.98
(1H, d, J=12.0 Hz), 6.87 (1H, dd, J= 3.0 Hz, J = 8.5 Hz), 6.78 (1H, d, J = 3.0
Hz), 3.79 (3H, s); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 160.12, 149.96,
149.74, 145.36, 140.92, 135.88, 135.36, 134.14, 130.71, 126.05, 123.70, 115.60,
114.72, 55.43; (H)ESI-HRMS m/z: caled. for [M+H']: 242.06341. Found:
242.06256.

8-Fluoro[1]benzothiepino[3,2-c]/pyridine (33). Colourless solid; m.p.: 110-
~112 °C; IR (ATR, cm1): 3336, 2923, 2854, 1740, 1682, 1647, 1598, 1568,
1468, 1391, 1310, 1245, 1205, 1177, 1121, 1058; 'H-NMR (500 MHz, CDCl3,
o/ppm): 8.48 (1H, d, J= 5.5 Hz), 8.47 (1H, s), 7.42 (1H, dd, J= 5.5 Hz, J= 8.5
Hz), 7.35 (1H, d, J = 5.0 Hz), 7.09-7.01 (3H, m), 6.96 (1H, dd, J = 2.5 Hz, J =
= 9.0 Hz); 13C-NMR (125 MHz, CDCls, § / ppm): 162.95 (d, J = 247.2 Hz),
150.12, 150.02, 144.73, 141.66 (d, J = 8.1 Hz), 135.13, 134.92, 134.62 (d, J= 8.1
Hz), 131.54, 127.88, 126.21, 116.81 (d, J = 21.8 Hz), 116.18 (d, J = 22.5 Hz);
(+)ESI-HRMS m/z: caled. for [M+H™]: 230.04342. Found: 230.04321.

8-Chloro-2-methyl-1,2,3,4-tetrahydro[ 1] benzothiepino[3,2-c]pyridine (34).
Pale yellow oil. IR (ATR, cm1): 3012, 2922, 2844, 2784, 2384, 1735, 1636,
1575, 1546, 1461, 1375, 1290, 1263, 1188, 1150, 1128, 1097, 1065, 813; H-
-NMR (500 MHz, CDCl3, ¢ / ppm): 7.28-7.22 (2H, m), 7.16 (1H, s), 6.88 (1H, d,
J=12.5), 6.27 (1H, d, J = 12.0), 2.99 (2H, s), 2.52 (4H, s), 2.34 (3H, s); 13C-
-NMR (125 MHz, CDCls, ¢ / ppm) 142.04, 135.71, 133.88, 133.42, 133.36,
133.33, 132.48, 129.68, 129.16, 128.24, 58.28, 52.12, 45.15, 34.51; (+)ESI-
-HRMS m/z: caled. for [M+HT]: 264.06082. Found: 264.06121.

8-Phenyl[1]benzothiepino[3,2-c/pyridine (35). Colourless foam; IR (ATR,
em1): 3389, 3026, 2925, 2852, 1670, 1565, 1542, 1470, 1389 ,1265, 1174, 1069,
1045, 836; IH-NMR (500 MHz, CDCls, 6 / ppm): 8.51-8.44 (2H, m), 7.59-7.34
(9H, m), 7.19 (1H, d, J = 12.5), 7.03 (1H, d, J = 12.0); 13C-NMR (125 MHz,
CDCl3, 6 / ppm): 150.00, 149.90, 144.72, 141.95, 140.00, 139.71, 136.09,
135.40, 133.38, 131.59, 130.71, 128.90, 128.52, 128.41, 127.87, 127.04, 126.27;
(+)ESI-HRMS m/z: calcd. for [M+HT]: 288.08415. Found: 288.08543.
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The 'H- and 13C-NMR spectra for (2-bromo-5-chlorophenyl)methanediyl diacetate.
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Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



5229

SUPPLEMENTARY MATERIAL

- ~E
951 e ) 2lia &
G
68T, | Nm
€8T — X 55 <8
goer’ Y NG E
5
bk
2L i—,
8521/ |
s
orlz,
[Tk
- 6EETy Y
< £56T— ey
E 8982/
o _
3
99— ————== 3|
4 1
S
¥6U9 | ooiE
sor9—=x 8 |F3
6199 _J Lt e
8999 —% 15 §2LE =
~dEa 6esc/
<
869 |
=y 5 : Ee
2R
<
96124 3
20z 1) pEN
Sz L7 m@_ ~
ozzi! £
o
e
£ E
g
<8
e
=
E B
foF
~E
5
E 2
GC
2wy ——————
£ P —
En 18695 3
N s/
E R
Fo RNTJ
-
o
24
o
Feo
2
E—T[\JK/ %b o
| < @©
Eer
2
5959 oTE
B 7”\% m; -
| =

pueti

665951 — ——3

Q
0
S
g
[ /A
° 3
2 =
N\ / 2T se—
=z Z—
o /
°
S
£5v'sr—
982°8Y—
w0
o
168°95
o
-
0
“
00022 3
o v
< E
o
<E -2 3
g 4
= 4
=
o @ ¢/zzTl—
6g E
)
£
2
0© Vel vh—
o
659871~ slTeTl— 3
L
©  L0S0Sk —3 Logor)- 559 8T
2 L050el —
il ————3%  zeLeel -
0 £9z'sEl
© 3
£9z5E —3
- 8PPy
2 22051 3
3 peoostt——g
N 3 665851 — —3
° E
2 3
95¥ Lk ——
22 0sin F E
#2901~ ———%
o 3 1
&>
o
- 4

3

112

6 88 80

o

104

Chemical Shift (opm)

Fig. S-9. The 'H- and 13C-NMR spectra for compound 29.
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Fig. S-10. The 'H- and 13C-NMR spectra for compound 30.
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Fig. S-12. The 'H- and 13C-NMR spectra for compound 31.
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Fig. S-14. The 'H- and 13C-NMR spectra for compound 32.
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Fig. S-16. The 'H- and '3C-NMR spectra for compound 34.
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Fig. S-17. The 'H- and '3C-NMR spectra for compound 35.

HPLC ANALYSES FOR PURITY

Compounds were analyzed for purity (HPLC) using a Agilent 1200 HPLC system
equipped with Quat pump (G1311B), injector (G1329B) 1260 ALS, TCC 1260 ( G1316A)
and detector 1260 DAD VL + (G1315C). All compounds were >95 % pure. The HPLC
analyses were performed in diverse systems:

Method A

Zorbax Eclipse Plus C18 4.6x150 mm, 1.8 p, S.N. USWKY01594 was used as the
stationary phase. The eluent was made from the following solvents: 0.2 % formic acid in
water (A) and methanol (B). The analysis were performed at the UV max of the compounds
(at 250 nm, 254 nm or 270 nm) to maximize selectivity. The compounds were dissolved in
methanol; the final concentrations were =1 mg ml!. The flow rate was 0.5 ml min'!,

Compounds 8-15, 27, 29, 30 and 34 were eluted using the gradient protocol: 0 — 1 min
95%A,1-5min95 %A —>5%A,5-14minS5 %A, 14—-15min 5% A — 95 % A, 15 -
16 min 95 % A.

Compounds 16, 17, 31, 32 and 33 were eluted using the gradient protocol: 0 — 1.5 min 95
%A, 1.5-5min95 %A —>5%A,5-16min5 % A, 16— 18 min 5 % A — 95 % A.

Compound 35 was eluted using gradient protocol: 0 — 1.5 min 50 % A, 1.5 — 3 min 50 %
A—30%A,3-6min30%A—>0%A,6-9min0%A—50%A,9—12min 50 % A.

Method B

Zorbax Eclipse Plus C18 4.6x150 mm, 1.8 p, S.N. USWKYO01594 was used as the
stationary phase. The eluent was made from the following solvents: 0.2 % formic acid in
water (A) and acetonitrile (B). The analyses were performed at the UV max of the compounds
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to maximize selectivity. The compounds were dissolved in methanol; the final concentrations
were =1 mg ml-!. The flow rate was 0.5 ml min~!.

Compounds 8 — 15, 27-30 and 34 were eluted using the gradient protocol: 0 — 1 min 95
%A, 1-6min95%A—>5%A6-11mns5%A, 11-14mins5%A—>95%A, 14-15
min 95 % A.

Compounds 31 and 32 were eluted using the gradient protocol: 0 — 1.5 min 95 % A, 1.5 —
Smn95S%A—->5%A,5-16min5%A,16—18min5 % A — 95 % A, 18 —21 min 95 %
A.

Compounds 16, 17, 33 and 35 were eluted using the gradient protocol: 0 — 1.5 min 50 %
A, 1.5-3min50% A —>30%A,3-6min30% A —>0%A,6-9min0% A — 50 % A,
9 — 12 min 50 % A.

Method C

Zorbax Eclipse Plus C18 2.1 x 100 mm, 1.8 p, was used as the stationary phase. The
eluent was made from the following solvents: 0.2 % formic acid in water (A) and acetonitrile
(B). The analysis was performed at the UV max of the compound to maximize selectivity. The
compound was dissolved in methanol; the final concentrations were =1 mg ml-!. The flow rate
was 0.5 ml min!.

Compound 28 was eluted using gradient protocol: 0 — 1 min 95 % A, 1 — 6 min 95 %
A—>5%A,6-11min5%A, 11— 14 min 5 % A— 95 % A, 14 — 15 min 95 % A.
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7 13.183 VB 8.0655 6.41428 1.18783 @.e717
DAD1 A, Sig=270,4 Ref=off (NINAWSEKVENCA 2 MIKLOS 2014-05-13 12-13-0MTEST0000004.0)
mAU o
3000 $
2500 |
2000
1500 ‘
1000 |
o9 o
500 g3 &
0 — SN\ E |
2 4 & 8 10 1 14 mi
Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s] [(mAU] %

1 6.706 BB 8.1018 60.67188 8.06409 ©.4295
2 7.044 BV 9.0583  17.64050 4.75640  ©.1249
3  7.152 VB @.0668 1.40376e4 3254.58472 99,3648

7.732 BB 8.0534  11.42744 3.18306 6.8809

Fig. S-18. HPLC elution profiles for compound 27, upper method A and lower method B.
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Fig. S-19. HPLC elution profiles for compound 28, upper method B and lower method C.

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

(CC) 2015 SCS. All rights reserved.



SUPPLEMENTARY MATERIAL S 2 3 7

N7 \ Cl
. N
MEQN 29
DADT C, 5ig=270.4 Ref=off (NINANBE0 2014-05-08 09-17-26.D) i i -
mAU 2
2000 I
1750 T
1500 |
1250 |
1000 |
750 ‘
500 oo o-o32 2 % 8
250 213 =835 T M =
0 e s
—r
2 4 6 8 10 12 14 mir
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
R LI EASTEEE | |---mmmme-- |---enmne-- |--=e=e-- |
1 7.885 BB 8.8521 38.19774 3.46898 ©.3188
2 8.186 BV 9.0686 9514.95703 2173.33716 97.9212
3 8.443 VB 8.8594 12.54338 2.71258 8.1291
4 9.31@ W 0.0665 15.16273 3.15939 9.1560
5 9.561 BB @.0557 8.65833 2.33926 ©.0891
6 9.836 BV ©8.0888 108.26755 1.43848 @.1e57
7 1@.824 W 8.1446 38.93267 2.65173 9.3183
8 10.240 VB @.1266 49.72878 5.34056 ©.5118
9 11.7e5 BB @.0903 7.55613 1.87135 0.0778
10 12.422 BV 9.8827 12.88099 2.22859 8.1326
11 12.531 VB 8.8779 18.59624 1.65874 8.1898
12 13.198 BB @.1318 13.47426 1.24490 ©.1387
DAD1 A, Sig=270,4 Ref=off (NINA\SEKVENCA 2 MIKLOS 2014-05-13 12-13-07\TES 0000001 D}
mAU
3000
2500
2000
1500
1000
500
o .
— —
2 4 & 10 12 14 mi
Peak RetTime Type Width Area Height
#  [min] [min] [mAU*s] [mau]
e [-===]-==---- [RELEILLLED |=mmmwmmmn e [-=mmmmnn |
1 6.718 BB ©9.1330 91. 36644 8.49679 9.5849
2 7.839 BV @.0464 9.06460 2.90784 0.8580
3 7.127 W ©9.9434 9.76251 3.31018 @.e625
4 7.19@ VB 0.8506 12.45709 3.53889 9.0798
5 7.3e4 BV ©9.0605 1.53765e4 3353.64998 98.4409
6 7.732 W 9.1027 58.085438 7.46597 @.3717
7 7.929 VB 9.8614 25.94724 6.25671 8.1661
8 8.289 BV 0.0665 11.27498 2.34898 0.0722
9 8.388 W 9.8794 25.60482 4.49576 9.1639

Fig. S-20. HPLC elution profiles for compound 29, upper method A and lower method B.
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Fig. S-21. HPLC elution profiles for compound 30, upper method A and lower method B.
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Fig. S-22. HPLC elution profiles for compound 16, upper method A and lower method B.
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Fig. S-23. HPLC elution profiles for compound 17, upper method A and lower method B.
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Fig. S-24. HPLC elution profiles for compound 31, upper method A and lower method B.

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

(CC) 2015 SCS. All rights reserved.



S242 BOZINOVIC ez al.

N/ \ OMe 32
— S
DAD1 A, Sig=254,4 Ref=off (NINAINB70 2013-11-29 11-35-44.D)
mAU b
o :
i |
400
300
200 |
2 3
100 1 3
& z
[ 1 — — . - — A i
———— - — - — —— — r . — —
25 5 75 10 125 15 175 20 min
Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAU] %
O ESR R R l-=nemmnes |-mmmmeees |-ommeeee \
1 12.671 VB 9.8719 3203.7@923 668.97974 95,0268
2 13.469 BV @.0602 5.36811 1.87582 ©.1592
3 14.952 BB @.0843 1e62.29872 28.98048 4.8140
DAD1 A, Sig=254.4 Ref=off (NINA\NB70 2013-11-29 12-14-15.0)
mAU ] =
1200 ;
1000 |
200 |‘
600 - ‘
400 | -
< |l &
200 3 [ 5
ol =
04 — — Ly ey —
o oo oo I T o R
10 12 14 16 18 mi
Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAU] %

1 12.134 BB 0.0664 7.48816 1.63641 ©.1128
2 12.571 W ©.0695 6308.89600 1362.75183 95,0506
3 14.797 BB 9.0826 321.82032 58.44611 4.8365

Fig. S-25. HPLC elution profiles for compound 32, upper method A and lower method B.
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Fig. S-26. HPLC elution profiles for compound 33, upper method A and lower method B.
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Fig. S-27. HPLC elution profiles for compound 34, upper method A and lower method B.
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Fig. S-28. HPLC elution profiles for compound 35, upper method A and lower method B.
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Abstract: Isoquercitrin is a rare flavonol glycoside with a wide range of bio-
logical activities and is a key synthetic intermediate for the production of
enzymatically modified isoquercitrin. In order to establish an ultrafast biopro-
cess for obtaining isoquercitrin, a novel continuous flow biosynthesis of iso-
quercitrin using the hesperidinase-catalyzed hydrolysis of rutin in a glass—poly-
dimethylsiloxane (PDMS) microreactor was first performed. Using the deve-
loped microchannel reactor (200 pm width, 50 pm depth and 2 m length) with
one T-shaped inlet and one outlet, the maximum yield of isoquercitrin (98.6 %)
was achieved in a short time (40 min) under the following optimum conditions:
rutin concentration at 1 g L°!, hesperidinase concentration at 0.1 g mL"!, reac-
tion temperature 40 °C, and a flow rate of 2 pL min'!. The value of the acti-
vation energy, E,, of the enzymatic reaction was 4.61 kJ mol!, and the reaction
rate and volume productivity were approximately 16.1-fold and 30 % higher,
respectively, than those in a batch reactor were. Thus, the use of a continuous-
flow microreactor for the enzymatic hydrolysis of rutin is an efficient and
simple approach to achieve a relatively high yield of isoquercitrin.

Keywords: biocatalysis; continuous flow; hesperidinase; isoquercitrin; micro-
reactor.

INTRODUCTION

Isoquercitrin is a rare flavonol glycoside with a wide range of biological
activities and is a key synthetic intermediate for the production of enzymatically
modified isoquercitrin (EMIQ), a new multiple food additive. Due to its sig-
nificant economic benefits and ecological acceptability when compared extract-
ion from natural sources and chemical synthesis,! there is a respectable number
of reports indicating that isoquercitrin can be efficiently synthesized from rutin
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using an enzymatic hydrolysis process under suitable reaction conditions.2 Rec-
ently, several methods for the transformation of rutin to isoquercitrin have been
investigated, including acid hydrolysis,? heating,* microbial transformation,> and
enzymatic transformation techniques.® Among these methods, the biotransform-
ation of rutin to isoquercitrin using selective hydrolysis would be a feasible pro-
cedure if the transformation could be performed at a reasonable cost.

The application of commercial hesperidinase as a biocatalyst in the bio-
synthesis of isoquercitrin by the selective biotransformation of rutin has many
advantages when compared with crude and recombinant enzymes. Hesperidinase
is more technically feasible for biological manufacturing approaches by con-
trolling the pH instead of the temperature.3-7 Consecutively, using an ionic liquid
as a novel co-solvent in the [Bmim][BF]-glycine—sodium hydroxide buffer (pH
9; 10:90, V/V) to improve the isoquercitrin synthesis could allow for greater dis-
solution of the substrates and exercise a significant effect on the conversion,
yield and selectivity of the enzymatic reaction system. These results indicated
that ionic liquids could effectively enhance the selective synthesis of isoquercit-
rin and that the reaction process is simple and eco-friendly.#-8 In addition, the
reaction time necessary to achieve the highest isoquercitrin yield of 91.41 % was
reduced from 30 to 10 h, while the conversion of rutin and the yield of isoquer-
citrin were increased by 1.67-fold and 2.33-fold, respectively.® However, the
industrial production of isoquercitrin is hindered by a low reaction rate in a batch
bioreactor. Therefore, a longer reaction time would significantly increase the
overall production cost of preparing isoquercitrin. For this reason, a better
method for a high-efficiency synthesis of isoquercitrin over a short time needs to
be developed.

Due to the rapid heat transfer and mixing in microreactors, reactions can be
performed significantly faster than those in batch reactors, typically with inc-
reases in both yield and selectivity.!0 Recently, the use of microreactor techno-
logies within the scope of bioprocesses as process intensification and production
platforms is gaining momentum.!1:12 Compared to traditional batch reactors, this
trend can be ascribed to a particular set of characteristics of microreactors,
namely the enhanced mass and heat transfer, combined with easier handling and
smaller volumes.!3 Haswell and co-workers demonstrated that the aldol reaction
between aldehyde and silyl enol ether in the presence of tetrabutyl ammonium
fluoride (TBAF) reaches completion in only 20 min when using a microreactor,
versus 24 h in a typical reactor.!4 Herein, miniaturized devices are gaining wide-
spread use in biocatalysis because this approach contributes to the rationalization
of process development with a significant reduction in the work force, in the
quantity of reagents required and in waste production, concomitantly contributing
to a significant cost reduction.!5 These microreactors have been shown to outper-
form conventional, large-scale vessels operating in the batch mode, given the
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favorable mass and heat transfer characteristics due to a large area to volume
ratio and the possibility of operating in a continuous mode.!® Under the correct
conditions, microreactors can also offer better selectivity, improved yields over
shorter periods, increased process control, greater safety, and flexible product-
ion.17 Kanno and co-workers showed that an enzyme-catalyzed reaction per-
formed homogeneously in a flow could yield higher conversions than that in the
batch counterpart.!8 In this case, a solution of a-galactosidase in phosphate
buffer at pH 8 was combined with a similarly buffered solution of p-nitrophenyl-
a-D-galactopyranoside (PNPGal) in a 200 um>200 pm microreactor. The authors
were able to show that the hydrolysis in the microreactor was 5-fold faster than
that in the analogous batch reaction performed in a micro-test tube.!® However,
no report has hitherto been published detailing the use of a continuous-flow
microreactor to significantly enhance the hesperidinase-catalyzed synthesis of
isoquercitrin.

The purpose of this study was to set up a continuous biocatalysis system for
the selective and effective biotransformation of rutin to isoquercitrin in a glass—
PDMS microreactor. The effects of the channel length of the microreactor, reac-
tion temperature, rutin concentration and enzyme concentration on isoquercitrin
yield were investigated. In addition, the activation energy value E, of the enzym-
atic reaction was determined.

MATERIALS AND METHODS
Materials

Hesperidinase (contains both a-L-rhamnosidase and f-D-glucosidase activities, >1 units
gl solid) produced by Aspergillus niger and standard isoquercitrin were purchased from
Sigma (St. Louis, MO, USA). The ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate
([Bmim][BF,]) was purchased from Shanghai Cheng-Jie Chemical Co. (Shanghai, China) and
had a residual chloride content of less than 50 ppm. All the reagents used were of analytical
grade except methanol and acetonitrile, both of which were of HPLC-grade (purchased from
Tedia Co. (Fairfield, OH, USA)). All other solvents and reagents were of analytical grade.
Water was purified using an Elga Purelab Option-Q purification system (Elga Labwater, High
Wycombe, UK) and had a resistivity of not less than 18.0 MQ cm. This water was used for
cleaning procedures and in the preparation of all buffer solutions. All aqueous solutions were
prepared with ultrapure water and filtered through a 0.45 um membrane filter.

Hesperidinase-catalyzed synthesis of isoquercitrin in a continuous-flow microreactor

Hesperidinase-catalyzed synthesis of isoquercitrin was realized in a glass—-PDMS micro-
reactor with rectangular microchannels. The microreactor developed by the laser burn techno-
logy had a T-shaped inlet and an outlet channel. The main channel dimension was 200 um
wide, 50 um deep and 2 m long (Fig. 1). The reaction substrate (rutin at pH 9 in glycine—
—sodium hydroxide buffer) and an enzyme solution containing 10 % [Bmim][BF,] were both
pumped into the microchannel by a two-channel syringe pump. The flow rates of the two
phases were the same.
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Syringe pumps
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Fig. 1. Ultrafast synthesis of isoquercitrin through the enzymatic hydrolysis of rutin in a
microreactor.

A scheme of isoquercitrin synthesis using hesperidinase-catalyzed hydrolysis of rutin is
presented in Fig. 2, which shows the chemical structures of rutin, isoquercitrin and L-rham-
nose.

Hesperidinase

+ H0

Rutin Isoquercitrin L-Rhamnose

Fig. 2. Scheme of isoquercitrin synthesis using hesperidinase-catalyzed hydrolysis of rutin.

HPLC analysis and LC-MS analysis

HPLC quantitative analyses were performed using a constant flow pump (2PB0540,
Beijing Satellite Factory, Beijing, China) with a UV—-Vis detector (L-7420, Techcomp Co.,
Shanghai, China) and an N-2000 workstation (Hangzhou Mingtong S&T Ltd., Hangzhou,
China). An Alltima C g column (250 mmx4.6 mm, i.d.; 5 pm; from W. R. Grace & Co.,
Deerfield, IL, USA) was used, and the column was maintained at 30 °C. The separation and
determination of rutin and isoquercitrin using the HPLC/UV method was performed on the
Alltima C¢ column with a mobile phase consisting of acetonitrile:0.02 % phosphoric acid
solution (20:80, V/V) at a flow rate of 1.0 mL min'!. Rutin and isoquercitrin were detected at
360 nm. All solutions were filtered through a 0.45 pum filter before injection. All of the
experiments were performed in triplicate.

The isoquercitrin yield of the hesperidinase-catalyzed isoquercitrin synthesis was
calculated using the following equation:

Moles of isoquercitrin

Isoquercitrin yield (%) = %100 (N

Initial moles of rutin
LC-MS was performed on a Thermo Fisher system. The LC equipment comprised a
Finnigan MAT Spectra System P4000 pump, an autosampler with a 50 puL loop, a UV6000 LP
diode array detector (DAD) and a Finnigan AQA mass spectrometer. LC separation was
performed on the Alltima C,4 column (250 mmx4.6 mm, i.d.; 5 um). The mobile phases con-
sisted of 0.1 % formic acid in water (A) and 0.1 % formic acid in acetonitrile (B). Separation
was performed under the following conditions: 0-35 min, 6-100 % B; 3540 min, back to 6
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% B. The column was equilibrated for 15 min prior to each analysis. The wavelength range of
the DAD was 200 to 400 nm. The flow rate was 1.0 mL min™! for LC, and the column rem-
ained at 40 °C during DA detection. Electrospray ionization (ESI) was performed using
nitrogen to assist nebulization (1.0 mL min™! flow rate). Selected ion monitoring (SIM) in the
negative ion mode with 1.6 kV capillary voltage was used, and the temperature of the curved
desolvation line (CDL) and heat block were both set at 200 °C. The data were processed using
Xcalibur 1.2 software. The intense peaks at m/z 463.17 in the ESI-MS spectra under negative
ion mode corresponded to the deprotonated [M—H]" of isoquercitrin.’

Kinetic analyses

To study the kinetics of the enzymatic synthesis of isoquercitrin, the reactions were per-
formed at different temperatures. The temperature ranged from 25 to 40 °C because the hes-
peridinase could exhibit its optimal activity at 40 °C and a temperature higher than 40 °C
might deactivate the enzyme. The reaction rates were calculated according to:

a 1
(a—x)t

k=In

2

where £ is the reaction rate constant (min'!), a is the initial concentration of substrate (umol L)
and x is the concentration of isoquercitrin at time ¢, where ¢ is the reaction time.
Statistical analyses

Triplicate experiments were performed for each investigated parameter. The standard
deviation of the values was calculated to check the reliability of the results. The differences in
mean values were evaluated using the analysis of variance (ANOVA) method. Significance
was determined at the 95 % level of probability.

RESULTS AND DISCUSSION
The effect of microchannel length

The continuous-flow microreactor in this study consisted of channel diamet-
ers of 50 pm deep and 200 um wide. The effects of the microreactor channel
length on isoquercitrin yield using a continuous-flow microreactor at different
flow rates are shown in Fig. 3A. Increasing the channel length from 0.5 to 2 m
had a beneficial effect on isoquercitrin yield. When the microfluid flow rate was
2 pL min~!, the channel length was 2 m, and the residence time was 40 min, a
maximum yield of 34.5 % was achieved. These results indicated that the shallow
depth of the microreactor channels provided for very short diffusion lengths of
reaction mixtures and induced the microfluid under laminar flow condition.20
This is one of the great advantages of using microscale reactors for rapid reac-
tions.

These results sufficiently confirmed that reducing the flow rate to induce a
prolonged residence time would facilitate enzymatic reactions. However, when
the liquid flow rate was too fast, the reaction droplets of hesperidinase increased
friction with the inner wall of the channel. This phenomenon prompted the
increased shear stress and local overheating and deactivated the enzyme.2!
Therefore, the yield of isoquercitrin was reduced.
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The effects of residence time on the efficiency of isoquercitrin synthesis are
shown in Fig. 3B. Using a 2 m long channel, the residence time (4—40 min) of the
reaction mixture in the microreactor was tuned by varying the flow rates (20-2
uL min"). As expected, the reaction appeared to be favored by an increase in the
residence time. When the enzymatic reaction was conducted at 20 pL min ', only
a 29.0 % yield was obtained, while at 2 pL min ', a maximum yield of 34.5 %
was achieved. Thus, a 2 m long channel was chosen for further experiments.

The effect of reaction temperature

The effects of temperature on isoquercitrin yield using a continuous-flow
microreactor at different flow rates are shown in Fig. 4A. The isoquercitrin yield
initially increased with temperatures ranging from 25 to 40 °C, whereas higher
temperatures led to a decline in isoquercitrin yield and enzyme denaturation,
which lowered the efficiency of enzymatic hydrolysis. The yield had a similar
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tendency at different flow rates. An optimal temperature of 40 °C at 2 uL min "'
was chosen to promote the maximum yield of isoquercitrin.

A 50+ —0—2 pL min”
—0—4 pL min?
—4—8 YL min’!
40 ——10 pL min*
x —<—20 pL min’!
=}
2 30+
>
£
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" 55
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S
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— | Fig. 4. A) Effects of temperature on the
7.0 isoquercitrin yield and B) the Arrhe-
] nius plot of In k vs. T'' using the
7.5+ °  developed continuous-flow microreac-
. . T T T tor at different flow rates at 40 °C.
9 10 1 12 13 14

Rutin concentration: 1 g L-; hesperidi-
T'/10° K" nase concentration: 0.01 g mL1.

An analysis was performed to study the effects of temperature on reaction
rate and energy of activation in the enzymatic synthesis of isoquercitrin. Depend-
ing on the reaction rate constant values at various reaction temperatures, the
value of energy of activation could be further estimated according to the Arrhen-
ius equation:

E
Ink=—2+In4 3)
RT

where k is the reaction rate constant, 4 is the frequency factor and £, is the
energy of activation.

An Arrhenius plot made based on In & vs. the reciprocal of temperature is
shown in Fig. 4B. The reaction rate increased with increasing temperature. In
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addition, the activation energy E, could be obtained from the slope of the straight
line. Thus, when the flow rate was 2 pL min ', the E, of the reaction was cal-
culated to be 4.61 kJ mol . E, represents the ability of the enzymatic reaction to
overcome the original “energy barrier”. In this continuous-flow microreactor, the
E, value is relatively small, and the enzymatic reaction occurs more easily. These
results suggest that heat transfer was compromised in the developed microreactor
with rectangular microchannels and that local temperature changes were signi-
ficant. Heat transfer was enhanced as the flow rate increased; therefore, the heat
dissipates faster from the active site of the enzyme,?? which subsequently dec-
reased the yield of isoquercitrin when the temperature exceeded 40 °C.

The effect of rutin concentration

The effects of the rutin concentration on isoquercitrin yield using a micro-
reactor at different flow rates are shown in Fig. SA. As expected, the yield of
isoquercitrin increased with increasing inlet substrate concentration and lowering
the flow rate. At inlet concentrations of rutin of 1 g L™, a yield of isoquercitrin of

A 509 5 2 uL min
—0— 16 YL min”!
—4—8 pL min?
404 4 ML min?
—3+—2 YL min*!

30

Isoquerecitrin yield, %

T T T
0.0 0.5 1.0 1.5 2.0
Rutin concentration, g L

—o— 2 pL min I
100{ —o—8 pL min?!
—4—16 YL min"
—— 20 L min”
< 80
o)
3]
'S, 60 -
£ . .
= Fig. 5. A) Effects of rutin concen-
§ 40 tration and B) enzyme concentration
g on the isoquercitrin yield using the
£ 20+ developed continuous-flow micro-
reactor at different flow rates. Reac-
0 , , . . . . tion temperature: 40 °C; A) hesper-
0.00 0.02 0.04 0.06 0.08 0.10 0.12

idinase concentration: 0.01 g mL"!;
Enzyme concentration, g mL" B) rutin concentration: 1.0 g L1

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

(CC) 2015 SCS. All rights reserved.



SYNTHESIS OF ISOQUERCITRIN IN ENZYMATIC MICROREACTOR 861

approximately 34.5 % was obtained after 40 min. However, further increasing the
inlet concentration to 2 g L' decreased the yield of isoquercitrin significantly.
The reasons mainly include two aspects: 1) the hesperidinase concentration in
this experiment was very limited, resulting in an enzyme that could not fully con-
tact with the substrate; 2) substrate inhibition was present and enzyme denatur-
ation was detected at a high substrate concentrations. In addition, higher substrate
concentrations caused clogging in continuous flow reactors.23 The inlet concen-
tration of rutin used in the microreactor was in agreement with a previous study.’
However, some studies reported that the inlet substrate concentrations used in a
microreactor were 10 times lower than those in a batch reactor.24

Hence, the presented microreactor technology is economically feasible for
the large-scale production of isoquercitrin without reducing the substrate concen-
tration of rutin. Usually, substrate inhibition and product degradation were two
possible reasons for the decrease in isoquercitrin conversion when the concen-
tration of rutin was higher. Hypothetically, when the concentration of rutinis 1 g
L-1, a higher isoquercitrin yield should be obtained. However, if isoquercitrin is
abundantly produced and the substrate concentration is appropriately increased,
the yield and efficiency should be greatly improved. Thus, 1 g L~! of rutin was
chosen as a suitable substrate concentration for further study.

The effect of hesperidinase concentration

The effects of the hesperidinase concentration on isoquercitrin yield with
different flow rates are shown in Fig. 5B. Under identical conditions of tempe-
rature and substrate concentration, the effect of the concentration of hesper-
idinase in the range of 0.01 to 0.12 g mL-! on isoquercitrin yield at different flow
rates was observed. An increase in the concentration of hesperidinase up to 0.1 g
mL-! had a positive effect on the isoquercitrin yield. When the concentration of
hesperidinase was 0.1 g mL~!, the yield of isoquercitrin was near 98.6 %. Further
increases in the enzyme concentration up to 0.12 g mL-! increased the yield of
isoquercitrin only slightly. Hence, from an economic perspective, the best hespe-
ridinase concentration was 0.1 g mL—1.

The enzyme concentration plays an important role in enzymatic syntheses,2>
and the number of active sites in a particular enzyme can affect the reaction
rate.26 In addition, the separation of the product can be easily attained using
triacetin as an organic phase to extract isoquercitrin from the reaction mixture
after completion of the enzymatic reaction.2” As expected, the yield under
steady-state conditions increased with decreasing flow rate. A yield of approx-
imately 98.6 % was achieved at an inlet rutin concentration of 1 g mL-! and a
flow rate of 2 uL min~!. The aqueous phase with the hesperidinase and unreacted
rutin could be recycled, which makes this process much more economic.
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The effect of flow rate and residence time

To investigate the effect of flow rate on the hesperidinase-catalyzed syn-
thesis of isoquercitrin by the enzymatic hydrolysis of rutin, five different flow
rates, i.e., 2, 4, 8, 16 and 20 pL min~!, were selected for testing. As shown in
Figs. 3A, 4A, 5A and 5B, different isoquercitrin yields were obtained at various
flow rates. In every figure, a flow rate of 2 pL min~! resulted in a higher iso-
quercitrin yield than those obtained at the other rates. As the flow rate was
further increased, the isoquercitrin yield was clearly reduced and reached the
lowest yield at 20 uL min~!. In particular, Fig. 5B shows that the isoquercitrin
yield was the highest, up to 98.6 %, at a flow rate of 2 uLL min~!.

By using longer channels and reducing the flow rate, the residence time
increases. Longer residence times allow a more complete, full contact between
substrates and enzymes. However, increasing the channel length from 2 m to 4 m
did not obviously change the isoquercitrin yield, possibly because the stability of
hesperidinase was lower at longer channel lengths. In addition, the pressure
would increase with a further reduction in the channel dimension, and this is
disadvantageous to the actual operation.

Under different flow rates in a 4 m long microreactor with rectangular mic-
rochannels, the faster the flow rate, the longer was the residence time of the hes-
peridinase-catalyzed synthesis of isoquercitrin by enzymatic hydrolysis of rutin.
In this microreactor, flow rates ranging from 2 to 20 uL min~! were employed,
and the corresponding residence time was decreased from 2.5 h to 15 min. The
isoquercitrin yield increased as the residence time was extended, which was most
likely due to the increase in the mass transfer of the substrate towards hesperidi-
nase molecules because of the increase in the reaction time.28:29 As the residence
time increased, interactions between the substrate and enzyme increased, result-
ing in a higher yield of isoquercitrin. This result indicates that the flow rate is a
vitally important factor for the operation of a microreactor with rectangular mic-
rochannels. At low flow rates, the increased residence time in the reaction system
allowed for the completion of the enzymatic synthesis reaction.30 At high flow
rates, the residence time was most likely not long enough for the completion of
enzymatic synthesis because the synthesis of isoquercitrin was not fast enough to
complete the enzymatic reaction in such a short time.

Comparing the technology between the microreactor and the batch reactor

A maximum isoquercitrin yield of 98.6 % was obtained in the continuous-
flow microreactor after 40 min, which was 16.1-fold faster than the yield of 91.4
% in the batch reactor (10 h, Table I). The calculated volume productivity at a
rutin inlet concentration of 1 g L-! was 3.23 uM min~! at a residence time of 40
min, which was more than 1.2-fold higher than that reported within the batch
reactor,? where the highest volume productivity was 2.49 uM min~!. Thus, the
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volume productivity in the microreactor was 30 % higher than that in the batch
reactor. Herein, although isoquercitrin production in a specific time was lower
than that in a conventional reactor, the reaction time in the microreactor was 14
times lower than that in a batch reactor. Considering these two factors,
biocatalysis technology in the microreactor could be a feasible industrial tool in
the future.

TABLE 1. Comparative results for the hesperidinase-catalyzed transformation of rutin to
produce isoquercitrin in different reactors

Substrate Enzyme  Reaction Isoquercitrin ~ Volume

Reactor  concentration, (concentration) time, yield, productivity, Ref.
gLt gmL! h % uM min’!
Micro- 1 Hesperidinase <7 9g 6043 25 3.23 This work
reactor (0.10)
Batch Hesperidinase 3
reactor® 1 (0.05) 10 91.46+0.55 2.49 Wang et al.
Crude enzyme
Batch c 0.92 extract of 4 - - You et al.!
reactor .
A. niger (-)

Batch Naringinase Vila-Real et
reactor’ 0.46 (0.05) 6 61 B al 3!

reaction conditions: rutin concentration 1 g L'l, reaction temperature 40 °C, flow rate 2 pL min’! for 40 min,
[Bmim][BF 4]-buffer (pH 9.0), 10:90, V7V as the reaction medium; breaction conditions: rutin concentration 1 g
L'l, reaction temperature 40 °C, 120 rpm for 10 h, [Bmim][BF4]-buffer (pH 9.0), 10:90, V'/V, as the reaction
medium; Creaction conditions: rutin concentration 0.92 g L™, reaction temperature 60 °C, 50 pL of crude
enzyme extract of 4. niger was resuspended in a reaction system; dreaction conditions: rutin concentration 0.46
g L'!, reaction temperature 60 °C for 6 h in a 20 mmol L! citrate buffer system

As shown in Table I, You et al.l obtained isoquercitrin using a crude
enzyme extract of Aspergillus niger in 4 h. The reaction time and the substrate
concentration were 7.97-fold longer and 0.92-fold lower, respectively, than those
in the microreactor. In addition, the results of Vila-Real et al.3! indicated that
isoquercitrin was obtained using the enzymatic hydrolysis of rutin with a pro-
duction yield of 61 % under the conditions of 0.05 g mL~! naringinase and 0.46 g
L-! rutin in 6 h. The isoquercitrin yield and rutin concentration were 37.6 % and
2.18-fold lower, respectively, than those in the microreactor, and the reaction
time was much longer than that in the microreactor. This is due to the increased
specific interfacial area and the reduced diffusion length in the microreactor, both
improving the mass transfer rates in the reaction.32 These results imply that to
determine the suitable performance of a continuous-flow microreactor on an
industrial scale, a numbering up approach with parallel microreactors could be
adopted. Generally, the developed multi-channel microreactors and other similar
multi-input microreactors are more inclined to the demands of industrial pro-
duction.33-34 The higher the number of channels, the greater the injection volume
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of the substrates. The volume productivity of products would be significantly
increased.35 Thus, a shorter reaction time would significantly decrease the over-
all production costs of preparing isoquercitrin.

Due to the rapid heat transfer and mixing in microreactors, the reactions
could be performed significantly faster than those in batch modes, typically with
increases in both yield and selectivity.32 When examining rapid reactions that
allowed for equivalent reaction times in flow and batch modes, the yield was
improved.3¢ In addition to high yields, microreactors provide environments for
highly selective chemistry, most likely due to the precise temperature control.
When compared to a batch reactor, the microreactor had a higher efficiency.3”
This improvement could be attributed to two factors:38 1) the surface-to-volume
ratio in the microreactors is much higher than in batch reactors, which increases
the enzyme active sites available to the reactants at any time; and 2) the volume
of the microreactor is so limited that the reactants are forced to be in contact with
enzyme active sites because the diffusion paths in microreactors are much
smaller. Another advantage of using the developed microreactor is that the bio-
catalytic reaction could be performed continuously in the preparation of isoquer-
citrin. In summary, the developed biocatalysis method using a continuous-flow
microreactor in a shorter time (40 min) could produce a comparable amount of
isoquercitrin as in a batch reactor (10 h). Thus, the bioprocess is much more eco-
nomical in the industrial preparation of isoquercitrin and other precious natural
medicines.3® Thus, the novel approach using a continuous-flow microreactor
used to synthesize isoquercitrin through the enzymatic hydrolysis of rutin was
both efficient and simple.

CONCLUSIONS

An efficient and rapid process for isoquercitrin production using the hes-
peridinase-catalyzed hydrolysis of rutin was successfully developed in a conti-
nuous-flow microchannel reactor. The maximum isoquercitrin yield of 98.6 %
and a volume productivity of 3.23 umol L-! min~! were obtained under the fol-
lowing optimum conditions: a flow rate of 2 pL min~! (residence time of 40
min), a rutin concentration of 1 g L-1, a hesperidinase concentration of 0.1 g mL-1,
and a temperature of 40 °C. The value of the activation energy E, of the enzym-
atic reaction was 4.61 kJ mol~! at 2 uL. min~1. The enzymatic reaction rate in the
developed microreactor was approximately 26-fold higher than that in a batch
reactor. Thus, the novel approach using a continuous-flow microreactor for the
synthesis of isoquercitrin through the enzymatic hydrolysis of rutin was both
efficient and simple. Moreover, this microtechnology could also be applied in the
effective synthesis of other precious natural medicines.
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U3BOJ
bP3A CUHTE3A U30KBEPUUTPUHA EH3UMCKOM XHUJPOJIN30M PYTUHA Y
MUKPOPEAKTOPY CA HEITPEKUJHUM ITPOTOKOM

JUN WANG'?, AN GONG?, SHUANGSHUANG GU?* HONGSHENG CUI” u XIANGYANG WU'

1School of the Environment and Safety Engineering, Jiangsu University, Zhenjiang 212013, P R China u
2School of Biotechnology, Jiangsu University of Science and Technology, Zhenjiang 212018, P.R. China

W30KBEpUUTPHH je peTkH (hJIaBOHOTHM ITIMKO3WI IIUPOKOI OIcCera OMOIOLIKHUX aKTHB-
HOCTH U K/bYYHHU je UHTePMEeNUjep y CUHTEe3U eH3UMCKH MOIHU(HUKOBAHOT U30KBEpUUTPUHA. [a
Ou ce yCcrocTaBHO HM3y3€THO Op3 MOCTyNaK 3a Jodujame M30KBEPLUUTPHHA, KOpHUIheH je duo-
peaxkTop of CcTakia YU MOTUSUMETHICHIOKCAHAa Ca CTaTHUM NPOTOKOM, @ PYTHH je XUAPO-
JU30BaH XeclepuHUIa3oM. [I[piMeHOM HOBOT MHUKPOKaHAaHOT peakropa (mwupuxe 200 pm,
nybune 50 pm u myxuHe 2 m), ca jenHUM ynasom T obnvka U jeIHUM H371a30M, MaKCHMaTHU
NPUHOC M30KBepUUTPUHA (98,6 %) je mobujeH y xpatkom BpemeHy (40 min), nox ciepehum
ONTMMAJHHAM YCJIOBUMA: KOHIEHTpauuja pytuna 1 g L', konuenTpanuja xecnepunupase 0,1
g mL!, peaxkurona temneparypa 40 °C u npotok 2 pL min“!. Enepruja axTuBanuje 3a eH3uM-
CcKy peakuwjy je Suna 4,61 kJ mol !, a 6psuna peakuvje u 3ampeMUHCKH TPUHOC Cy dune 16,1
nyTa, ogHocHO 3a 30 % Behe Hero y craHzapiHOM peaxtopy. axie, mpuMeHa MHUKpOpeak-
TOpa Ca CTaJIHUM IIPOTOKOM 3a CHHTe3y M30KBEPLIUTPHHA €H3UMCKOM XUIPOIU30M PYTHHA je
edukacaH ¥ jefHOCTaBaH MOCTyNax.

(ITpumieHo 15. centemdpa, peBugrpaHo 6. Hopemdpa, mpuxsaheHno 13. HoBemdpa 2014)
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Abstract: In the reaction of 1,3-dimethylpyrazole-5-carboxylic acid (HL) with
M(OACc),"4H,0, (M = Cu or Co), two novel complexes were prepared, the
square-planar [CuL,(H,0),] and the octahedral [CoL,(MeOH),]. The crystal
structures were determined by single-crystal X-ray diffraction. In both com-
plexes, the deprotonated acid displays monodentate coordination to the metal
ions. According to the results of a CSD survey, this is the first structural report
on the metal complexes with an N!-substituted pyrazole-5-carboxylic ligand.

Keywords: pyrazole-based ligand; transition metal complex; crystal structure.

INTRODUCTION

Pyrazole-based compounds and their transition metal complexes have attracted
considerable research interest because of their potentially beneficial biological
properties. The wide biological activity of this class of compounds (anticancer,
antimicrobial, antiviral, anti-inflammatory and others) is described in several
reviews.! Apart from the investigation of the biological activity of pyrazole deri-
vatives, they have been extensively used as ligands or synthons in coordination
chemistry? and crystal engineering including the metal organic frameworks.3 The
most of these valuable functions of pyrazole ligands originate in their various
bonding modes to metal ions that can be further influenced and rationally
designed by the attachment of substituents with additional coordination sites.3~5
Another important property of pyrazole derivatives is the presence of hydrogen
bonding sites, either on the pyrazole ring (pyrrolic N—H donor and pyridinic N
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acceptor) or its substituents, which facilitates molecular association into the
hydrogen-bonded supramolecular structures.

Ligands derived from pyrazole-5-carboxylic acid also display various bond-
ing modes as they can coordinate in mono- or dianionic form through the pairs of
N- and O-donors from the heterocyclic ring and carboxyl groups. Despite this
coordination variety, the Cambridge Structural Databank (CSD)® does not con-
tain information about metal complexes with N!-substituted derivatives of pyra-
zole-5-carboxylic acid. Herein, the syntheses, IR characterization and crystal struc-
tures of Cu(Il) and Co(Il) complexes with 1,3-dimethylpyrazole-5-carboxylate
(Scheme 1) are presented, whereby the X-ray experiments revealed the not very
common monodentate coordination of this pyrazole-5-carboxylic acid based ligand.

C5
C4=——=N2

\
¢ N1
3\\(;2/ ~co

e Scheme 1. 1,3-Dimethylpyrazole-5-carboxylic acid (HL) with atom

H-02 o1 numbering.

EXPERIMENTAL
Preparation of the complexes

The [Cul,(H,0),] complex was synthesized in the reaction of a warm methanolic
solution (10 cm?® CH;0H) of 0.25 mmol (0.049 g) Cu(OAc), 4H,0 with a warm methanolic
solution (5 cm3 CH;0H) of 0.5 mmol (0.070 g) 1,3-dimethylpyrazole-5-carboxylic acid (HL)
mixed in a 1:2 mole ratio. After two days, the blue single crystal product was filtered off and
washed with methanol. The yield was 84.29 % (0.080 g).

The [CoL,(MeOH),] complex was synthesized in the reaction of a warm methanolic
solution (3 cm® CH;0H) of 0.125 mmol (0.031 g) Co(OAc),-4H,0 with a warm methanolic
solution (3 cm?® CH;O0H) of 0.25 mmol (0.035 g) 1,3-dimethylpyrazole-5-carboxylic acid (HL)
mixed in a 1:2 mole ratio. After two days, the single crystal product was filtered off and
washed with methanol. Yield was 32.75 % (0.019 g). The synthesis resulted in the mixture of
reactants, HL. and Co(OAc), 4H,0, and a very small amount of the [CoL,(MeOH),] complex.
After filtering off, the purple crystals of the complex were mechanically separated for IR and
X-ray analysis.

For both syntheses, the 1,3-dimethylpyrazole-5-carboxylic acid was used as purchased
from Sigma—Aldrich.

Infrared spectra

The infrared spectra (IR) of the synthesized complexes and corresponding uncoordinated
ligand were recorded as KBr pellet on a Thermo Nicolet Nexus 670 FT-IR instrument in the
wavenumber range of 4000400 cm™!. As expected, the IR spectra of complexes show rather
similar features, especially concerning the position of the relevant absorption band v(COO").
The spectrum of the uncoordinated ligand displayed v(COOH) at 1712.27 cm!, while in
spectra of the complexes, the band was replaced with v,i(COO") at ca. 1600 cm™! and v{(COO")
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at ca. 1350 cm!. The approximate Av of 250 cm’! is in accordance with monodentate
coordination of the carboxyl ligand.” IR (cm™): 2926.26, 2578.64, 2481.96, 1712.27, 1542.66,
1471.80, 1245.67; [CuL,(H,0),]: 3434.32, 2926.48, 1600.12, 1538.44, 1460.62, 1354.18,
1293.23; [CoL,(MeOH),]: 3380.68, 2927.31, 1605.24, 1536.72, 1459.10, 1350.08, 1287.29.
X-ray crystal structure determination

The diffraction data from selected single crystals of [CuL,(H,0),] and [CoL,(MeOH),]
were collected at 200 and 150 K, respectively on a Nonius Kappa CCD diffractometer equip-
ped with a monocapillary optics collimator, MoK, radiation (A = 0.71073 A). The data were
corrected for absorption by evaluation of multi-scans. The crystal structure was solved by
direct methods, using SHELXS and refined with SHELXL.® The H atoms attached to C atoms
were placed at geometrically calculated positions with the C—H distances fixed to 0.93 and
0.96 A from aromatic and methyl C atoms, respectively. The corresponding isotropic dis-
placement parameters of the hydrogen atoms were equal to 1.2U,q and 1.5Uq of the parent C
atoms. The H atoms attached to O atoms were located in the final electron density maps and
refined isotropically. The geometrical calculations were performed with PARST® and PLA-
TON.!0 The programs ORTEP!! and Mercury!2 were used for molecular graphics. The details
of the X-ray structural analysis are given in Table S-I of the Supplementary material to this

paper.
RESULTS AND DISCUSSION

Coordination modes of pyrazole-5-carboxylic acid ligands in metal complexes
extracted from CSD

The CSD analysis® focused only on the donor abilities of the pyrazole-5-
-carboxylic acid ligands (with four potential coordination sites in total) and
hence, the crystal structures of complexes with derivatives comprising additional
donor sites were not considered. In the complex compounds extracted from CSD,
the pyrazole-5-carboxylic ligands displayed seven different ways of coordination.
In over 70 % of the structures (40 of 56 extracted), the ligands derived from pyra-
zole-5-carboxylic acid coordinate only as N!, O bidentates forming the five mem-
bered chelate rings. The coordination of the remaining donors leads to the form-
ation of bi- or polynuclear metal complexes, while the formation of a chelate ring
is still preferential. There are only two examples of monodentate coordination of
pyrazole-5-carboxylic ligands.!3-14 In both of these complexes, the monodentate
coordination can be related to the possible steric hindrance between the ligands in
the coordination spheres of the corresponding metal ions. Up to now, the crystal
structures of complexes with Nl-substituted derivatives of pyrazole-5-carboxylic
acid have not been reported.

In the case of the ligand present in the title complexes (Scheme 1), the
methyl substituent on the Nl-pyrazole prevents the most frequently occurring
chelating form and confines the coordination to the carboxyl oxygen donor.
Moreover, the steric hindrance that this substituent produces on the third donor
site, N2-pyrazole, significantly reduces the coordination ability of this donor,
consequently monodentate coordination could be expected. It should be men-
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tioned that the crystal structures of complexes comprising N2-substituted pyra-
zole-5-carboxylic ligands are also scarce in the literature. In several reported
cases with phenyl substituents on pyrazole N2, the corresponding ligands coor-
dinate in the N!O-chelating mode.!>

Description of crystal structures

The [CuLy(H70);,] complex crystallizes in the space group P2i/c. The Cu
atom is placed in a nearly ideal square planar environment formed by pairs of
oxygen donors from the deprotonated carboxylic acid and H»O molecules, Fig.
la. The lengths of the two types of Cu—O bonds coincide within the s.u. values,
while the angle O2—Cul—O1w of 91.09(6)° actually shows the largest deviation
from the ideal square-planar geometry (Table S-II of the Supplementary mater-
ial). The Cu(Il) ion lies on an inversion center. The Cu—Olw and Cu—O1 bond
lengths are within the ranges of previously reported square-planar Cu(Il) com-
plexes comprising monodentately-coordinated carboxyl and H,O ligands.16 In
comparison to the crystal structure of the uncoordinated 1,3-dimethylpyrazole-5-
-carboxylic acid (HL),!7 the geometry of the coordinated ligand is slightly altered
(Table S-II). Apart from the expected changes in the carboxyl fragment due to
the acid deprotonation, the dihedral angle between COO™ and pyrazole planes
increases upon the ligand coordination form 4.0 to 8.7(2)°. Concerning the coor-
dination plane of the four oxygen donors, the pyrazole ring is rotated by 69.2(1)°.

Fig. 1. Molecular structures of: a)
[CuL,(H,0),] with indicated posi-
tions of pseudo-coordinated Olw
atoms (dashed lines) and b)
[CoL,(MeOH),], independent mol-
ecule A. The displacement ellip-
soids are drawn at the 40 % pro-
bability level.
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Two types of rather strong hydrogen bonds having H---A distances shorter
than 2.0 A stabilize the crystal structure of the [CuL,(H,0);] complex (Table I).
The Olw—H1w---O1 interaction between the HpO molecule and the uncoor-
dinated carboxyl oxygen atom links the complex units into a chain extending
along the a axis (Fig. 2a). It should be noticed that within this chain, each H,O
oxygen atom is closely adjacent to the Cu(Il) ions of the neighboring complex
unit. The Cul---O1w’ (i = x—1, y, z) distance is 2.802(1) A, which is significantly
shorter than the sum of the van der Waals radii of these two atoms (3.84 A).18
Taking into account these short Cu---Olw! contacts, the environment of each
Cu(Il) ion could be described as pseudo-octahedral. The positions of pseudo-
coordinated Olw’ atoms are shown in Fig. la. The angles formed between the
atom Olw’ and the O2 and Olw donor atoms from the Cu(Il) coordination
sphere are 87.9 and 105.8°, respectively. The separation distance between two
Cu(Il) in the chain is 3.826(1) A and coincides with the length of the shortest a
axis. Both H,O molecules coordinated to Cu(ll) further engage as hydrogen
bonding donors to the non-substituted pyrazole N atoms of the neighboring chain
(O1lw—H2w---N2), leading to cross-linkage and the formation of a three-dimen-
sional network. A fragment of this three-dimensional crystal packing is shown in
Fig. 2a.

TABLE I. The geometry of hydrogen bonding (A, °) for the Cu(Il) and Co(II) complexes;

symmetry codes for [CuL,(H,0),]: 1) x+1, y, z; ii) —x+1, y—1/2,—z+1/2; symmetry codes for

[CoL,(MeOH),]: 1) x, y, z; i) x, y—1, z

Structure D-H-—-4 D-H D4 H---4 D-H---4

[CuL,(H,0),] Olw—Hlw---03i 0.81(3) 2.611(2) 1.82(3) 165(3)
Olw—H2w---N2ii  0.83(3) 2.716(2) 1.89(3) 170(4)

[CoL,(MeOH)4] O4a—H4a---02a 0.793) 2.587(2) 1.83(3) 160(3)
04b—H4b---O1b! 0.82(3) 2.582(2) 1.78(3) 167(3)
03a—-H3a:--N2ail  0.73(3) 2.707(3) 1.98(3) 175(3)
03b—H3b---N2bil  0.79(3) 2.765(2) 1.97(3) 177(3)

The second complex [CoLy(MeOH)4] crystallizes in space group P-1, with
the asymmetric unit containing two halves of the corresponding crystallo-
graphically independent complex molecules (A and B). The two Co(Il) ions,
which are placed in the inversion centers (0,0,0 and 0.5,0.5,0.5), adopt deformed
octahedral coordination geometry (Table S-II) built by two monodentately coor-
dinated L ligands and four molecules of methanol, Fig. 1b. The Co—O1 coordi-
nation bonds in the two independent molecules are of similar lengths, while the
dihedral angles between the carboxyl and pyrazole planes are 8.6(2) and 3.5(2)°
for molecules A and B, respectively. The bonds within the L ligand show only
small variations with respect to the uncoordinated molecule!” and the same lig-
and in the Cu(Il) complex. Comparison of the monodentate coordination of the L
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ligand to the Co(II) and Cu(Il) ions in the two complexes revealed a pronounced
difference between the Cul-O1-C1 and each of the two Col-O1-C1 angles
(9.3° on average) (Table S-II). In both molecules of [CoL,(MeOH);], the car-
boxyl group of L is placed in the level of vicinal MeOH ligand and engages in
strong intramolecular (O4—H4---02) hydrogen bonding (Table I). This is in con-
trast to the Cu(Il) complex in which a carboxyl group points away from the vic-
inal ligand to engage in intermolecular O—H---O interaction.

(b)

Fig. 2. Crystal packing of: (a) [CuL,(H,0),] and (b) [CoL,(MeOH),]. Intermolecular
interactions are indicated by dashed lines.
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The MeOH ligands mostly contribute to the dissimilarity of the two inde-
pendent [CoLy(MeOH)4] molecules. Thus, the Co—O coordination bonds invol-
ving MeOH ligands (Table S-1I) are both longer in molecule B by 0.04A on
average. A closer comparison of the coordinated MeOH also showed marked dif-
ferences in the orientation of their methyl groups. Considering the MeOH ligands
that form strong intramolecular hydrogen bonds, it could be observed that their
C8 methyl atoms deviate from corresponding O1/01'/04/04’ planes by 0.18(1)
and 0.96(1) A in A and B, respectively. In both type of molecules another pair of
MeOH serves as donor in the O3—H3---N2 intermolecular hydrogen bond to the
pyrazole acceptor from the neighboring molecule (Table I). These interactions
lead to the formation of two distinct chains composed of the same type of mole-
cules, A or B. Both chains run in the direction of the b axis; the mutual inclin-
ation between the pyrazole rings belonging to different chains is 47.4(1)°. The
chains composed of A and B molecules mutually interact by van der Waals
interactions (Fig. 2b).

CONCLUSION

The report describes the synthesis, IR characterization and crystal structures
of Cu(Ill) and Co(Il) complexes with 1,3-dimethylpyrazole-5-carboxyle ligand
(HL), the square-planar [CulL,(H70);] and the octahedral [CoLy(MeOH)4]. The
presence of a methyl substituent on the N! atom of HL prevents bidentate coor-
dination common for pyrazole-5-carboxylic acid-based ligands; therefore, in both
complexes the ligand is monodentately coordinated to the metal ion. The crystal
structures of the complexes are stabilized by extensive O—H---O and O—H---N
hydrogen bonds, in which H,O and methanol ligands play a significant role as
hydrogen bonding donors.

SUPPLEMENTARY DATA

Crystallographic data of the structural analysis have been deposited with the Cambridge
Crystallographic Data Centre CCDC No. 1015253 and 1015254. The data are available free of
charge via www.ccdc.cam.ac.uk/data_request/cif (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). The
crystallographic data, and selected bond lengths and angles for the Cu and Co complexes are
given in Tables S-I and S-II, respectively, of the Supplementary material to this paper, which
is available electronically from http://www.shd.org.rs/JSCS/ or from the corresponding author
on request.
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U3BOJ
CHUHTE3A U KPUCTAJTHA CTPYKTYPA KOMIIJIEKCA Cu(II) K Co(II) CA
1,3-JUMETUJI-ITUPA30JI-5-KAPEOKCUJIHOM KHCEJIMHOM

XKE/BKO K. JARUMOBUER', MUIMLA KOCOBUR', CJIABAHA HOBAKOBWE?, GERALD GIESTER®
u AHA PAJJOBUR

1Memaﬂypmxo—mexmmomxu Qaxyninein Ynusepsuiueia y L[pnoj Fopu, ITogiopuya , Lpua Fopa,
ZHHcmumyw 3a HyKeapHe Hayke ,Bunua”, Jlabopaiiopuja 3a Qu3uky xkoHgeH308ane
mainepuje, Yrnueep3uitiewni y beoipagy, i. tip. 522, 11001 Beoipag, 3Institutf12r Mineralogie und
Kristallographie, Fakultit fiir Geowissenschaften, Geographie und Astronomie, University of Vienna
Althanstrafie 14, A-1090 Vienna, Austria u 4Aerguu7au,uouo weno LIpue F'ope, Josana Tomawesuha 1,
81000 Iogiopuya, Lipna I'opa

Y peakuuju 1,3-gumerunnupason-5-kapdoxkcunde xucenuHe (HL) u M(OAc),-4H,0

(M = Cu nnu Co) cMHTeTHCaHa Cy JBa HOBa KOMIUIekca, kBagpatHo-mnaHapau [Cul,(H,0),] u
oktaenapcku [CoL,(MeOH),]. HexoopouHOBaHY HUraHg U CUHTETHCAHU KOMIUIEKCH Cy OKa-
pakTepucaHu HWH(QPAUPBEHUM crekTpuMa. KpHcTaiHe CTYKType KOMIulekca cy oppeheHe
PEHITeHCKOM CTYKTYPHOM aHalIM30M. Y 0ba KOMIUIeKkca JelTpOTOHOBaHa KHUCETHHA Ce KOOPIH-
Hyje 3a joH MeTala Kao MOHOIeHTaTHU jiuraHn. [Ipema pesynratuma mpeTpare Kemdpuuke
DaHKe mofaTaka OBO je MPBH CTYKTYPHH OMMC KOMIUIEKca MeTana ca Nl-cymcruTymcanum
IepuBaTOM NTUPa30i-5-kapdoOKCUITHE KUCETHHE.

A

10.
11.
12.
13.

14.

(ITpumrbeno 22. jyna, pesupupao 30. nenemdpa 2014, npuxsaheno 30. janyapa 2015)
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Synthesis and crystal structure of Cu(Il) and Co(II) complexes
with 1,3-dimethyl-pyrazole-5-carboxylic acid ligand
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GERALD GIESTER? and ANA RADOVIC#

!Faculty of Metallurgy and Technology, University of Montenegro, Podgorica, Montenegro,
2Vinéa Institute of Nuclear Sciences, Laboratory of Theoretical Physics and Condensed
Matter Physics, University of Belgrade, P. O. Box 522, 11001 Belgrade, Serbia, 3Institut fiir
Mineralogie und Kristallographie, Fakultiit fiir Geowissenschaften, Geographie und
Astronomie, University of Vienna, Althanstrafie 14, A-1090 Vienna,, Austria and
YAccreditation Body of Montenegro, Jovana Tomasevié¢a 1, 81000 Podgorica, Montenegro

J. Serb. Chem. Soc. 80 (7) (2015) 867-875

TABLE S-I. Crystallographic data for Cu(Il) and Co(Il) complexes

Parameter [CuL,(H,0),] [CoL,(MeOH),]
Molecular formula C12H18N406CU C16H30N408C0
Formula weight 377.84 465.37
Temperature, K 200(1) 150(1)
Wavelength, A 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P2,/c P-1

Unit cell dimensions
al A 3.8258(8) 8.3416(17)
b/A 15.3819(15) 9.6067(19)
c/A 13.1874(12) 14.497(3)
al® 90 102.83(3)
ple 97.337(3) 91.81(3)
y/° 90 103.97(3)
V/A3 769.70(19) 1094.7(4)
Z 2 2
u/ mm! 1.456 1.412
F(000) 390 490
Deate / g cm 1.630 0.831
Crystal size / mm?3 0.42 x0.24 x 0.22 0.28 x 0.15 x 0.13
@range for data collection, ° 4.09-30.03 3.67-30.39
Reflections collected 4368/116 12527/289

* Corresponding author. E-mail: snovak@vin.bg.ac.rs
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TABLE S-I. Continued

Parameter [CuL,(H,0),] [CoL,(MeOH),]
Independent reflections/parameters 2251 6484
Reflections for I >2a(J) 1835 4590

Rint 0.0144 0.0357
Goodness-of-fit on F2 1.046 1.037

Ry, WR, [I >20(1)] 0.0288, 0.0772 0.0420, 0.0933
Largest AF peak and hole, e A3 0.36/—0. 35 0.37/—-0.49

TABLE S-II. Selected bond lengths (A) and angles (°) for the Cu(IT) and Co(II) complexes

Bond HL! [CuL,(H,0),] A[COLZ(MeOH)ZI]S
Cul-01/Col-O1 - 1.950(1) 2.075(1) 2.072(1)
Cul-Olw - 1.953(2) - -
Col-03 - - 2.066(2) 2.121(2)
Col-04 - - 2.071(2) 2.104(1)
C1-01 1.331 1.273(2) 1.270(2) 1.267(2)
C1-02 1.205 1.245(2) 1.244(2) 1.252(2)
C1-C2 1.471 1.493(2) 1.496(3) 1.494(2)
C2-C3 1.401 1.377(2) 1.375(3) 1.387(3)
C3-C4 1.382 1.392(2) 1.400(3) 1.389(3)
N2-C4 1.353 1.337(2) 1.334(3) 1.340(2)
N1-N2 1.350 1.347(2) 1.360(2) 1.359(2)
N1-C6 1.470 1.458(2) 1.454(3) 1.458(2)
N1-C2 1.355 1.361(2) 1.361(2) 1.354(2)
C4-C5 1.501 1.500(2) 1.498(3) 1.501(3)
Angle, °

O1-Cu-Olw - 88.91(6) - -
01-Co-03 - - 90.55(7) 93.22(6)
01-Co-04 - - 88.38(7) 91.29(6)
03-Co-04 - - 92.07(9) 91.43(6)
Cul-01-C1/Col-01-Cl - 120.36(12) 130.7(12) 128.34(12)
01-C1-02 124.7 126.54(16) 126.6717)  126.01(17)
01-C1-C2 110.9 114.44(15) 113.51(16)  114.79(16)
02-C1-C2 124.4 119.02(15) 119.82(16)  119.20(16)
C1-C2-C3 129.2 129.74(15) 128.49(17)  128.37(17)
C1-C2-N1 124.4 123.69(15) 124.83(17)  125.22(16)
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Nucleus-independent chemical shift profiles along the intrinsic
distortion path for Jahn-Teller active molecules. Study on the
cyclopentadienyl radical and cobaltocene
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! Center for Chemistry, ICTM, University of Belgrade, Njegoseva 12, 11001 Belgrade, Serbia
and *Faculty of Chemistry, University of Belgrade, Studentski Trg 12—16,
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(Received 7 November 2014, revised 11 March, accepted 12 March 2015)

Abstract: The aromatic/anti-aromatic behavior of the cyclopentadienyl anion
(Cp), bis(n3-cyclopentadienyl)iron(Il) (Fe(Cp),), as well as of the Jahn-Teller
(JT) active cyclopentadienyl radical (Cp") and bis(n’-cyclopentadienyl)-
cobalt(Il) (Co(Cp),) were investigated using density functional theory (DFT)
calculations of the nuclear independent chemical shifts (NICS). According to
the NICS values, pentagon ring in Fe(Cp), is more aromatic than that of the
isolated Cp". The NICS parameters were scanned along the Intrinsic Distortion
Path (IDP) for Cp® and Co(Cp), showing anti-aromaticity, which decreased
with increasing deviation from the high symmetry Ds;, to the low symmetry
(LS) C,,. Changes in the NICS values along the IDP revealed that Co(Cp), in
the LS nuclear arrangement has aromatic character, in contrast to the case of
Cp".

Keywords: vibronic coupling; DFT; aromaticity; metallocene.

INTRODUCTION

Aromaticity, an intuitive concept in chemistry and physics, is considered as a
property of systems that are thermodynamically stabilized due to cyclic electron
delocalization. The delocalized electronic structure of aromatic compounds
yields enhanced planarity, equalized bond lengths, enhanced stability due to the
resonance, favoring substitution instead of addition that would be typical for
isolated double bonds, and the ability to sustain ring currents when exposed to
external magnetic fields. Contrary to the concept of aromaticity, the Jahn—Teller
(JT) effect!-2 induces unequalization of bond lengths, leading to the stabilization

* Corresponding author. E-mail: gmaja@chem.bg.ac.rs
* Serbian Chemical Society member.
doi: 10.2298/JSC141107025A
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of a system upon distortion. The connection of aromaticity and the JT effect is of
utmost importance, since both effects have been very useful in the character-
ization and interpretation of the structure, stability and reactivity of many mole-
cules. For this reason, computational chemists seek the origin, explanation and
understanding of these two phenomena. According to The Hiickel molecular
orbital (MO) theory,3# species with 4n + 2 © electrons are aromatic, whereas
structures with 4n 7 electrons are defined as anti-aromatic. Structures with 4n+1
7 electrons with unpaired electrons in degenerate orbitals are JT active species,
and are supposed to show anti-aromaticity.5-8 Bearing in mind that the JT theo-
rem states that a molecule with a degenerate ground electronic state distorts along
non-totally symmetric vibrational coordinates, and in such a way removes the
degeneracy and lowers the energy, the question naturally arises: How does the JT
distortion influence the aromaticity/anti-aromaticity? Although it is well known
that different criteria of aromaticity may lead to different overall conclusions,’
nucleus-independent chemical shifts (N/CS) provide a widely accepted quanti-
tative measure of aromaticity/anti-aromaticity.10:11 Furthermore, a scan of the NICS
parameters along the intrinsic distortion path (IDP)!2-14 was found to be the
method of choice in the analysis of the aromatic behavior of JT active spe-
cies,’-8:15 since the distortion path provides direct insight into the microscopic
origin, mechanism and consequences of distortion.!3-14

A detailed density functional theory (DFT) computational analysis was per-
formed to investigate the aromaticity of the cyclopentadienyl anion (Cp"), bis(n?-
-cyclopentadienyl)iron(IT) (Fe(Cp),), the cyclopentadienyl radical (Cp®) and bis-
(m3-cyclopentadienyl)cobalt(II) (Co(Cp),). In spite of their relatively simple
composition, the aromaticity of the JT active Cp° and Co(Cp), have not been
fully rationalized so far. Therefore, the aim of this work was also to understand
the influence of the JT effect on the aromatic behavior of these species. The
NICS were determined for the reference non-JT active species, Cp and Fe(Cp),,
and molecules prone to the JT effect, Cp” and Co(Cp),. In order to preserve
chemically important features, an analysis of the full NICS profile of Cp® and
Co(Cp); along the IDP was performed.

METHODOLOGY

All the DFT calculations were realized using the Amsterdam Density Functional prog-
ram package, ADF2013.01.16-18 Geometry optimization of all the investigated molecules was
performed using the local density approximation (LDA) characterized by the Vosko—Willk—
—Nusair (VWN) parametrization,!® as well as using general gradient approximations (GGA),
such as BP86,20-21 PW91,22 OPBE,? and S12g,2* and hybrids B3LYP25:26 and S12h.2* All
electron triple-zeta Slater-type orbitals (STO) plus one polarization function (TZP) basis set
were used for all atoms. All calculations were spin-unrestricted. Analytical harmonic fre-
quencies?’28 were calculated in order to ascertain that the low symmetry (LS) structures cor-
respond to the stationary points on the potential energy surfaces. Calculations of the NICS
values were performed at the B3LYP/6-311+G* level of theory using the Gaussian 09W
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program package using LDA optimized geometries.2-293! The NICS parameters were cal-
culated for ghost atoms located at the center of Cp~ and Cp”. In order to obtain the full profile
of aromatic/anti-aromatic behavior, calculations of the N/ICS parameters were performed from
0 A to5 A, in steps of 0.5 A. In order to avoid the influence of the magnetic field of the
central metal ion in metallocenes, the first N/ICS value was calculated 1 A above the metal ion
along the z-axis. For JT active species in a high symmetry (HS) nuclear arrangement, the
NICS values were calculated imposing HS (Ds),) nuclear arrangement and LS (C,,) of electron
density. The NICS parameters for JT active species, Cp” and Co(Cp),, were scanned along the
IDP.

Intrinsic distortion path — IDP

The IDP method!2-14 is based on the fact that all the information about the vibronic
coupling at the HS nuclear arrangement is also contained in the distorted LS minimum energy
structure. Hence, the distortion is given as a superposition of all totally symmetric normal
modes in the LS point group, linking the HS configuration with the LS structure. Every point
on the potential energy surface can be represented by a 3N dimensional vector, N being the
number of atoms, Ry , using mass-weighted generalized coordinates relative to the origin.
The geometry of the LS energy minimum obtained by DFT calculations was chosen to be the
origin of the configuration space, ELS =0. Within the harmonic approximation, it is possible
to express Ry as a linear combination of N,; totally symmetric normal coordinates in the LS:

Nai

Ry = szka (D
=1

where o yy, are weighting factors that represent the contribution of the displacements along the
different totally symmetric normal coordinates to Ry ; Q) are mass-weighted totally sym-
metric normal coordinates, which are the eigenvectors of the Hessian, obtained from the DFT
frequency calculations in the LS minimum energy conformation. The corresponding eigen-
values are /. -

Within this model, the energy of any nuclear configuration Ry , Ey, relative to the LS
energy minimum, is expressed as the sum of the energy contributions of all the LS totally
symmetric normal modes:

Nai Nai
1 -
Ey= ZEk =Eza’§(kQ1§/1k 2
k=1 k=1
The force at any given point (Ry), F 'vi 18 defined as a derivate of the energy over Car-

tesian coordinates and in the HS point, it indicates the main driving force for the JT distortion.
The total force is represented as a vector sum of the individual forces:

Nai Nai

= 1 1123 =

Fy e 252 Oy M0y = ZFA% )
k=1 k=1

where M is a diagonal 3Nx3N matrix with atomic masses in triplicate as elements (my, my, my,
my,..., my), and enables the calculation of the IDP exactly from the HS to the LS point. The
above details about IDP can be found elsewhere.!2-14
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RESULTS AND DISCUSSION

The planar Cp™ in its singlet state with Dsp, symmetry was optimized using
several different levels of theory. All chosen exchange correlation (XC) functi-
onals reproduced experimental geometrical parameters with sufficient accur-
acy,32 Table 1. The Fe(Cp); molecule has two possible conformations, eclipsed
D5y, and staggered Dsq. According to previous studies, the Dsp conformation is
the global minimum on the potential energy surface.33-38 The calculated bond
lengths, Table I, are in excellent agreement with the experimental data,3® and
with earlier theoretical investigations.*0 Since all the functionals reproduced geo-
metrical parameters with good accuracy, the NICS were computed at the B3LYP/
/6-311+G* level, using geometries obtained with the simplest LDA functional.
Calculated NICS values for Cp~ and Fe(Cp), are given in Table II. Previous
sophisticated computational studies provide a rather satisfactory insight into the
nature of the aromaticity of Cp and revealed that Cp is aromatic, which is in
accordance with the herein presented results.#1-46 It is important to emphasize
that the NICS parameters for Cp~ were computed at the center of the pentagon
and at various distances from the center of the ring. In the case of Fe(Cp);, the
starting point for the NICS calculation was 1 A above the central metal ion fol-
lowing the z-axis. The NICS value calculated at 1.6 A represent the NICS in the
center of the pentagon ring of the cyclopentadienyl ligand. According to the
results, both molecules show aromatic character, and Fe(Cp); is more aromatic,

TABLE 1. Selected bond lengths (A) for the stationary points of the investigated molecules,
calculated with different XC functionals

Molecule Bond LDA BP86 PW9I OPBE SI2g B3LYP SI2h  Exp.
Cp (Dsp, 'AY) C-C 1406 1420 1417 1413 1414 1410 1404 14133

Fe(Cp), (Dsy, 1A;") Fe-C 2.004 2.055 2.049 2.006 2.033 2.082 2.048 2.03%
C-C 1422 1434 1432 1429 1429 1422 1417 143%

Cp- (Cyy, 2B)) C-C 1364 1374 1372 1370 1371 1365 1360 -
1424 1439 1436 1432 1432 1432 1.426
Cp- (Cay, 2A2) C-C 1455 1471 1468 1462 1463 1465 1457 -

1390 1.402 1.400 1.397 1397 1394 1.389
Co(Cp), (Cay, 2B;) Co-C 2.029 2.091 2.084 2.038 2.070 2.129 2.092 2.119%
2070 2.134 2.128 2.080 2.112 2.175 2.137
2.098 2.155 2.149 2.108 2.135 2.185 2.151
C-C 1434 1447 1445 1441 1441 1435 1429 14295
1415 1426 1424 1421 1421 1415 1.409
1402 1412 1410 1408 1408 1.400 1.396
Co(Cp)s (Cavy 2A5) Co-C 2.090 2.150 2.143 2.101 2.129 2.184 2.149 2.119%
2047 2.111 2.104 2.056 2.089 2.153 2.115
2022 2.083 2.076 2.031 2062 2.118 2.083
C-C 1406 1416 1414 1412 1412 1404 1.400 14295
1426 1438 1436 1432 1432 1427 1421
1438 1450 1448 1444 1444 1439 1432
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Table 11.41-49 The isolated Cp ring has a NICS value of —12.52 ppm in the
center, Table II. When two Cp™ rings are placed at the distance which they have
in the Fe(Cp), molecule (3.2 A), the NICS parameter calculated at the center of
one 5-membered ring was —12.13 ppm. Hence, the difference between the NICS
parameters for the isolated Cp~ and for the Cp™ fragment in Fe(Cp); is caused by
the presence of the central metal ion.

TABLE II. Calculated NICS values (ppm) for Cp~ and Fe(Cp), using LDA optimized
geometries at various distances (A) from the center of the molecules (for Fe(Cp),, the NICS
calculated at 1.6 A corresponds to the NICS value at the center of the Cp- ligand)

Distance, A NICS NICS,,
Cp”
0.0 -12.52 -15.95
1.0 -9.44 -33.70
2.0 -3.97 -17.86
3.0 -1.63 -7.87
4.0 -0.77 -3.87
5.0 —0.40 -2.13
Fe(Cp)y
1.0 —-103.47 -65.35
1.6 -42.14 -29.40
2.0 -31.15 -29.73
3.0 -9.46 -29.07
4.0 -2.44 -13.37
5.0 -0.95 —6.38

It is worth noting that Cp® and Co(Cp), have a hole and an unpaired electron,
respectively, in a doubly degenerate highest occupied molecular orbital. Since it
was previously shown that the eclipsed conformation is more stable and the JT
effect does not depend on the rotation of the rings,3! the discussion will be
limited only to Co(Cp); in the eclipsed conformation. The ground electronic state
of the investigated species in Ds symmetry is 2E;"”, which couples with the
doubly degenerate vibration, e;’. According to group theory considerations, the
descent in symmetry goes from the D5y, to the Coy point group, and thus, the state
2E1" splits into 2A; and 2B;. The average bond distances for the distorted LS
structures of Cp® calculated at different levels of theory are consistent, Table 1.
The calculated bond lengths for Co(Cp); are in accordance with experiments,50
regardless of the choice of selected XC functional, Table 1. Recently, the JT
distortion in these molecules was analyzed in detail using a multideterminental
DFT approach and the IDP method.!2:14.51-53 The calculated JT parameters of
Cp® and Co(Cp); using a multideterminental DFT approach are given in Table
III. The results for Cp® obtained by Miller ef al., who used dispersed fluorescence
spectroscopy, are considered to be the benchmark (Ej1 = 1237 cm™!).54 The pre-
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TABLE III. Results of the DFT calculations performed to analyze the JT effect in Cp®-and
Co(Cp),; the energies are given in eV; the JT parameters E;p and A are given in cm™ and R)p
in (amu)!2A
Molecule Symmetry LDA  BP86 PW91 OPBE Sl12g B3LYP Sli2h
Cp’ Dsy, 2B;” —64.674 —59.989 —61.008 —60.966 —61.624 —67.948 —72.863
Dsp, 2A,  —64.653 —60.031 —61.042 —61.018 —61.658 —68.369 —73.402
Dy, 2B, —64.653 —60.031 —61.042 —61.018 —61.658 —68.369 —73.402
Co, 2A,  —64.808 —60.192 —61.203 —61.179 —61.817 —68.578 —73.596
Cy, 2B, —64.808 —60.192 —61.205 —61.179 —61.817 —68.578 —73.596
Ejr, 2A, 12445 1301.8 12945 1300.2 1281.6 1685.7 1567.9
E;1, 2B, 12445 1301.0 1312.3 1301.0 1284.0 1688.1 1568.8
A 0.0 —0.8 -177 -1.6 241 0.0 0.8
Ryt, 2A, 0.25 0.26 0.26 0.26 0.26 0.27 0.27
Ryt, 2B 0.25 0.26 0.26 0.26 0.26 0.27 0.27
Co(Cp), Dsp, 2B —142.290-130.675-133.049-133.385-134.525-149.601 -161.584
Dsp, 2A,  —142.261-130.690-133.061-133.381-134.528-150.140-162.247
Dsp, 2B;  —142.261-130.690-133.061-133.381-134.528-150.140-162.246
Coy, 2A,  —142.362-130.785-133.156-133.485-134.626-150.230-162.345
Cy, 2B,  —142.362-130.785-133.156-133.485-134.626-150.231-162.344
Ejr, 2A, 813.8 7622 7614 838.0 7839 7275 7912
E;r, 2B, 813.8 7614 759.8 839.6 7856 729.1 785.6
A 0.0 0.0 1.6 -1.6 0.0 2.4 13.7
Ryt, 2A, 0.35 0.34 0.34 0.35 0.34 0.34 0.34
Ryr, 2B, 0.35 0.34 0.34 0.35 0.34 0.34 0.34

sent calculations at the LDA level gave a value of 1244 cm™!, which is in great
accordance with the experimentally obtained one, although all other XC functi-
onals also give satisfactory results, Table III. The values of the JT stabilization ener-
gies in Co(Cp);, Table III, are in agreement with the value of 1050 cm! esti-
mated from its solid state EPR spectra.>> For both investigated JT active mole-
cules, the warping barrier is close to zero, independent of the level of theory
(Table III). The different ground states obtained by different XC functionals
(Table III) are due to the very small warping barriers, which are within the range
of the accuracy of the calculation. Furthermore, IDP analysis gave a deeper
insight into the vibronic coupling in these JT active molecules.!453 In both mole-
cules, it is possible to distinguish two distinct regions on the potential energy
profile. In the first region, the energy changes faster, and most of the Ejr is
achieved after 40 % of the path. In the second region, the change of the energy is
small, the adiabatic potential energy surface is flat and the molecule just relaxes
towards the global minimum. Three vibrations are most important for the dis-
tortion in Cp: C-C stretch, C—C—C bend, and C—C—H bend. These three modes
were experimentally found to be the most significant.5# In the case of Co(Cp)y,
the out-of-plane ring deformation and C—H wagging (the out-of-plane C—H bend-
ing), are the most important for the JT distortion. Although the JT effect in Cp°
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and Co(Cp), has often been studied,>45¢ the influence of the vibronic coupling
on their aromatic character has not been investigated. The question is whether the
distortion has a significant impact on the change of aromaticity. In Cp® and
Co(Cp), the degeneracy of the 2E;" state is broken by the JT distortion that
stabilizes the system. Therefore, the NICS parameters were computed at the LDA
optimized geometries for both the HS and LS points on the potential energy
surfaces. Observing the NICS values at the HS point of Cp°®, a high anti-aromatic
character is noticeable, Table IV. The calculated parameters for the global mini-
mum of Cp® show that it still possesses anti-aromatic character,’ but much
weaker than in the HS point, Table [V. Moving from the center of the pentagon
ring along the z-axis, the NICS indices decrease. In the case of Co(Cp)y, it is
evident that molecule at the HS point has high anti-aromatic character, Table V.
In the global minimum structure, Co(Cp), shows ¢ aromaticity and 7 anti-arom-
aticity according to the NI/CS and NICS,, values, Tables IV and V.

TABLE 1V. Calculated NICS values (ppm) for Cp” using LDA optimized geometries at HS
and LS geometries at various distances (A) from the center of the ring; the NICS values for
both LS structures are the same

Electronic state Distance, A NICS NICS,,
Cp” (Dsn)
2B, 2A, 0.0 86.88 273.95
1.0 72.10 217.30
2.0 21.36 61.38
3.0 6.65 18.12
4.0 2.69 7.06
5.0 1.34 3.40
Cp" (G
2B, 2A, 0.0 20.78 77.09
1.0 14.79 45.84
2.0 3.58 8.00
3.0 0.91 0.87
4.0 0.31 -0.12
5.0 0.13 —0.22

Since dependence of the NICS parameters on the distortion, Ry / Ry, and
distances (A) from the center of the molecules gives a more detailed picture, the
NICS parameters were monitored along the IDP path for Cp* and Co(Cp)», Fig. 1
and 2, respectively. The NICS parameters were scanned only for the 2B state,
since those computed for the 2A, state were almost the same. Due to the non-
totally symmetric electron density, both molecules in D5}, possess strong anti-
aromatic character. Near the point of electron degeneracy, i.e., near the HS
nuclear arrangement, the HOMO-LUMO gap is substantially small, thus the
NICS parameters have large positive values in the first region of the IDP (Figs. 1
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TABLE V. Calculated NICS values (ppm) for Co(Cp), using LDA optimized geometries at
HS and LS geometries at various distances (A) from central metal ion. The NICS value
calculated at 1.7 A corresponds to the NICS parameter in the center of the pentagon in
Co(Cp),; The NICS values for both LS structures are the same

Electronic state Distance, A NICS NICS,,
Co(Cp), (Dsn)
2B, /2A, 1.0 302.49 1135.98
1.7 67.59 281.61
2.0 42.20 182.76
3.0 24.86 73.78
4.0 9.80 24.48
5.0 4.04 9.32
Co(Cp), (Cov)
2B, /2A, 1.0 -3.91 209.45
1.7 —-10.86 42.41
2.0 -11.11 21.41
3.0 —-1.64 -5.91
4.0 -0.10 -5.08
5.0 —0.04 —2.92

NICS / ppm

Distance, A

Fig. 1. Schematic plot of the NICS values along the IDP for Cp® (from D5, to Cy,), 2B;/2A,
electronic states.

and 2). Going toward the global minimum point on the potential energy surface,
the NICS values decrease and hence, the initially strong anti-aromatic character
lowers, and finally, in the case of Co(Cp);, the NICS indices become negative, Figs.
1 and 2. It is worth noting that the negative NICS values in Co(Cp);, occur after
40 % of the IDP, where most of the JT stabilization is attained. The driving force
responsible for the removal of orbital degeneracy leads to an enlargement of the
HOMO-LUMO gap. Considering Cp°, for both the HS and LS nuclear arrange-
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ment, the calculations revealed that the N/CS decrease gradually along the z-axis,
Fig. 1. Moving apart along the z-axis in the HS configuration of Co(Cp)y, an
abrupt decrease in the NICS parameters was observed until a distance of 1.7 A
(center of pentagon ring), Fig. 2. Going even further, the N/CS parameters show
a smooth decreasing trend, as expected.

350

300

NICS / ppm

Distance, A

Fig. 2. Schematic plot of the NICS values along the IDP for Co(Cp), (from D5, to C,,),
2B,/2A, electronic states.

CONCLUSIONS

Aromaticity is one of the oldest and most fundamental concepts in chem-
istry. The nature of aromatic compounds is very attractive, thus these species are
among the most desirable synthetic targets. Since aromaticity is still awaiting
comprehensive investigation, a detailed analysis of the N/CS parameters, as one
of the most widely used and efficient magnetic criteria, was performed in Cp,
Fe(Cp),, Cp® and Co(Cp), by the means of DFT.

The calculations revealed that Cp~ and Fe(Cp), are highly aromatic mole-
cules. According to the NICS, the Cp™ ring in Fe(Cp); is far more aromatic than
the isolated Cp~, showing the impact of the Fe2". In other words, these results
would be highly attractive in applied sciences for the design of new advanced
materials with desired properties, and the understanding of electronic structure,
chemical bonding and properties in a moiety of aromatic species.

A thorough study of the influence of the JT effect on the aromaticity is pre-
sently of the utmost importance due to the increasing development of material
chemistry, and substantial differences in aromatic/anti-aromatic behavior of JT
active molecules. Thus, finding a method of choice to determine both chemically
relevant phenomena is essential since they lead to the different reaction pathways
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and the connection of aromaticity and vibronic coupling demands tremendous
caution. For this purpose, the monitoring of the NICS along the IDP was per-
formed. Similarly to the previous studies,’-8:15 the anti-aromaticity decreases
with increasing deviation from the high symmetry Dsp structures to the low
symmetry Coy global minimum structures, confirming that the JT distortion rep-
resents a mechanism for reducing anti-aromatic character. In the LS structure of
Co(Cp)y, the NICS become even negative, revealing aromatic character, in con-
trast to Cp".
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U3BOL
MMPO®WJI XEMHUJCKHUX ITOMEPALA HE3ABHCHUX O JE3I'PA YK CBOJCTBEHOT
ITYTA TUCTOP3UJE 3A MOJIEKYJIE ITOJIOXKHE JAH-TEJIEPOBOJ IUCTOP3UJH.
IMPOYYABAIE HUKJIIOINEHTAOUEHHWJT PATUKAJIA 1 KOBAJITOLIEHA.

JbYBULIA AHBEJIKOBUR', MAPKO ITEPHUR', MATHJA 3JIATAP' 1 MAJA TPYIEH-TIABJIOBUR

’Heuwap 3a xemujy, UXTM, Ynuegep3suineii y beoipagy, Fheiowesa 12, 11001 Beoipag u ZXemujcxu
Qaxyniuew, Ynueep3uiteii y Beoipagy, Cuiygeniticku wipi 16, 11001 Beoipag

ApOMaTHYHOCT/aHTHAPOMATHIHOCT LMKIONEHTagiHeHuT anjoHa (Cp), &uc(n’-muKimo-
nentaguenn)reoxba(ll) (Fe(Cp),), kao W, UMKIONeHTagHeHHN pamukana (Cp°) u ouc(n®°-
-nuxnonesTaguenwn)kodanTa(Il) (Co(Cp),), Monekyna nomynoxHUX Jan—TenepoBoj AUCTOP-
3MjH, UCIIUTHBaHa je kopuhemeM Teopuje dyHkuuoHana rycture (DFT) 3a m3pauyHaBame
XEMHjCKUX ToMepama He3aBUCHHMX off jesrpa (NICS). Ha OCHOBY M3pauyyHaTHX XEMHjCKHX
ToMepama, netowianu mpcred y Fe(Cp), je apomaTtuuHuju Hero usosnoBanu Cp . NICS Bpen-
HOCTH, mpaheHe oy cBojcTBEHOT myTa muctopsuje 3a Cp® u Co(Cp),, yKasyjy Ha aHTHApOMa-
TUYHOCT UCIIUTHBAHUX BPCTa, KOja CE CMamyje ca CHIKewmeM cuMeTpuje of Dsy mo Cy,. Ipo-
meHe y NICS napameTpuma Iy IyTa guctopsuje mokasyjy fa Co(Cp), y HUCKOj CUMETpHjH
rocefiyje apOMaTHYHHU KapakTep, 3a pasnuky ox Cp'.

(ITpumsbeHo 7. HoBemOpa 2014, pesunupano 11. mapra, npuxsaheno 12. mapra 2015)
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Abstract: The composite hydrogels based on 2-(dimethylamino)ethyl meth-
acrylate (DMAEMA) and polyethyleneimine (PEI) were prepared by amino
radical polymerization and confirmed by Fourier transform infrared (FTIR)
spectroscopy and elemental analysis. Then adsorption behavior and mechanism
of Cr(VI) ions adsorption on the obtained materials were investigated by scan-
ning electron microscopy, zeta potential determination and thermogravimetric
analysis, etc. The adsorption process was found to follow pseudo-second order
kinetics and the Langmuir model, and the maximum adsorption capacity of
Cr(VI) ions reached 122.8 mg g'!. X-ray photoelectron spectroscopy (XPS) and
pH analysis revealed that the Cr(VI) ions were adsorbed into the gels through
the electrostatic interaction mechanism, and SO,42 in the solution had a great
effect on the adsorption process. In addition, a high pH and ionic strength could
reduce the uptakes of the adsorbate, which could be used for desorption of
Cr(VI) ions from the gels.

Keywords: 2-(dimethylamino)ethyl methacrylate; polyethyleneimine; adsorp-
tion; Cr(VI); polymerization.

INTRODUCTION

At present, many techniques, such as chemical reduction, adsorption, elec-
trolysis, ion exchange, precipitation efc., are employed to remove Cr(VI) ions
from wastewater.!=3 Cr(VI) ions are more toxic than Cr(IlI).# Among the rep-
orted traditional techniques, adsorption is an effective method due to the advent-
ages of high selectivity, no secondary pollution, easy operation and the possi-
bility of adsorbent recycling. Various adsorbents have been used to remove
Cr(VI), such as macroporous 1,2-ethylenediamine-aminated polystyrene par-
ticles.> crosslinked cassava residue xanthate,® functionalized ordered mesoporous
carbon,’ hard walnut shell,® -FeOOH-coated sand,” nitrogen-enriched activated
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doi: 10.2298/JSC140701024H

889

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

(CC) 2015 SCS. All rights reserved.



890 HOU et al.

carbon from waste medium density fiberboard,!0 a chitosan-coated fly ash com-
posite,!! iron(IIl)-impregnated sorbent prepared from sugarcane bagasse,!? etc.
Their maximum adsorption capacities were 100.06, 37.76, 68.21, 80.24, 0.060—
—0.076, 89.21, 33.00 and 13.72 mg g, respectively. At present, the exploration
for new practical, economic and efficient adsorbents for the removal of Cr(VI)
ions is still meaningful and necessary.

In recent years, hydrogels prepared from 2-(dimethylamino)ethyl methac-
rylate (DMAEMA) and its co-polymers have attracted much interest due to their
pH and thermal sensitivity.13:14 A large number of research reports were con-
cerned with more special environment sensitivities and their applications for
water treatment.!5-17 Poly-DMAEMA exhibited a high adsorption capacity (70
mg g1) for Cr(VI).18:19 Polyethyleneimine (PEI) is a water-soluble polyamine
with many nitrogen atoms of amino groups on its macromolecular chains, which
could interact effectively with some kinds of pollutants. Therefore, the copoly-
merization of PDMAEMA and PEI was expected to provide a material with a
high adsorption capacity for the removal of Cr(VI) ions from aqueous solution.

In this study, PEI macromolecules were grafted onto PDMAEMA via free
radical polymerization on the amine nitrogen atoms, yielding PE/PDMAEMA
for the first time as a novel cationic composite material for the adsorption of
anions. The adsorption properties of Cr(VI) ions on the PE/PDMAEMA were
studied thoroughly. It was expected that this PE/PDMAEMA material would
possess satisfactory adsorption capacity and rate for Cr(VI) ions in water.

EXPERIMENTAL
Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA) monomer, N,N'-methylenebisacryl-
amide (MBAA) cross-linker, and azobisisobutyronitrile (AIBN) initiator were purchased from
Puguang Industrial Co., Ltd. (each of purity >99 % , Shanghai, China). Branched polyethyl-
eneimine (PEI) (,, = 1800 g mol!, 25 % aqueous solution, the content of primary, secondary
and tertiary amino groups were 35, 35 and 30 %, respectively) was obtained from Mengde
Electroplate Chemistry Co. (specific electro-plating class, Jiangsu, China). K,CrO4 was pro-
vided by Jingqiu Chemistry Factory (AR, Beijing, China).
Preparation of the adsorbents

The polymerization procedures for DMAEMA monomer and MBAA cross-linker were
studied in a previous study.!® For each polymerization, first, 3.144 ¢ DMAEMA, 0.154 ¢
MBAA, and 0.050 g AIBN were dissolved in 3 mL of ethanol solution and the PEI solution
was diluted with distilled water to prepare a solution with the mass concentration (05 wt. %).
Then, the ethanolic mixture was added into 18 mL PEI solution of different concentrations
and stirred under a nitrogen atmosphere for 10 min. Afterwards the solutions were imme-
diately poured into tubes with 6 mm inner diameter, which were sealed and submerged in
thermostatic water bath for 3 h at different temperatures. Finally, the PE/PDMAEMA gels
were rapidly cooled to room temperature and cut into 3-mm thick slices for further use. The
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composite materials prepared with 0, 3 and 5 wt. % PEI solution were marked as ED 0, ED 3
and ED 5, respectively.

The amount of PEI in the adsorbent (graft yield, GY) was determined by element
analysis. According to the content of elements, GY could be calculated as follows:

Wrg1
PDMAEMA

where Wpg and Wppmapma are the PET and PDMAEMA weight percentage in the PEI/
/PDMAEMA material, respectively, which were calculated from the results of the element
analysis.

Characterization of the PDMAEMA and PEI/PDMAEMA

The FTIR spectra of PDMAEMA and PEI/PDMAEMA were recorded on Spectrum One
FTIR spectrometer (Perkin—Elmer, USA) as KBr discs. The zeta potential analysis was
performed using a PALS Zeta Potential Analyzer, version 3.43 (Brookhaven Instruments,
USA). Elemental analyses were accomplished with 2400 Series II CHNS/O elemental anal-
yzer (PerkinElmer, USA). The DTG curves were obtained using a FRC/T-2 thermal analyzer
(Optical Instruments Factory, Beijing, China) at a heating rate of 10 °C min'! under a nitrogen
atmosphere. The morphology of the dried composite materials after drying under vacuum at
50 °C for 24 h was observed using a JEM-100CX-II scanning electron microscope (SEM).
(JEOL, Japan). X-ray photoelectron spectroscopy (XPS) data were obtained with an
ESCALab220i-XL electron spectrometer (VG Scientific, USA) using 300 W AIK,, radiation.
To compensate for surface charge effects, the binding energies were calibrated using the Cls
hydrocarbon peak at 284.8 eV.

The hydrogels were immersed in water to reach a swollen equilibrium at 40 °C. After-
wards, they were withdrawn and weighed after the removal of excess surface water. Equi-
librium Swelling Ratio (ESR) is the moisture content to dry weight of hydrogel ratio:

W
Wy

GY (%)= %100 (1

ESR 2)
where W is the weight of the swollen gel at the desired time and W} is the weight of the dried
gel.
Adsorption of Cr(VI) ions

A certain amount of K,CrO, was dissolved in redistilled water to obtain the stock
solution. The concentrations of Cr(VI) were determined by TU1810SPC UV—Vis spectro-
photometer (Puxitongyong Instrument Co., Ltd., China) at 540 nm. For each adsorption
experiment, the stock solution was diluted to desired concentration (c,, 25-225 mg L!), and
then the adsorbents were immersed into the conical flasks containing the diluted solution.
Finally, the conical flasks were placed in a shaking bed at different temperatures for desired
time, and the concentration in supernatant was determined as ¢,. In addition, the solution pH
was adjusted by 1 mol L' HCI or 1 mol L' NaOH and monitored by a digital pH meter
(Yulong Instrument Co., Ltd., China).The adsorption amount of Cr(VI) (Q, mg g'!) was
calculated according to the following equation:

_ Vleo-¢)

WpEIPDMAEMA

3)
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where V' (mL) and Wpgyppmarma (8) stand for the solution volume and the mass of the
adsorbent, respectively.
Desorption of Cr(VI) ions

Firstly, the sorbents were immersed in 150 mg L-! of Cr(VI) solution at pH 2.0 for 4 h to
reach equilibrium, respectively. The adsorption amount (Q,, mg g') of Cr(VI) ions, was
calculated by Eq. (3). Then the sorbents were filtered and soaked in 10 mL of 0.1 mol L!
NaOH solution for 24 h at room temperature. Finally, the concentration of Cr(VI) ions in the
eluent was determined, and the amount of desorption was denoted by Q4 (mg g!). The
desorption ratio was defined by the following equation:

Desorption ratio (%) = % x100 4

a
RESULTS AND DISCUSSION
Preparation process and characterization of PEI/PDMAEMA

As a very popular azo-initiator in polymerization processes, azobisisobutyro-
nitrile (AIBN) can easily produce nitrogen gas and radicals through splitting
reaction. Polyethyleneimine (PEI) possesses many free amino groups. When they
interact with the radicals of the AIBN initiator, the amino group will lose a pro-
ton. As the result, a nitrogen radical (N*) together with 2-cyano-2-propyl radical
(C%) could be obtained. Then, the former (N°) could initiate the copolymerization
of DMAEMA to form PEI/PDMAEMA. The role of amine in vinyl radical poly-
merizations was summarized and analyzed in a previous study.20 In addition, the
latter (C*) could either produce the polymerization among the monomer or abs-
tract a hydrogen atom from the PEI, resulting in the copolymerization of
DMAEMA and PEI. The related copolymerization process is shown in Scheme 1.

The ultrasound-assisted (at room temperature) and the Soxhlet extraction
methods with 95 % ethanol were first used to verify the copolymerization of PEI
on the polymer network. There was no or negligible residual remains in the
extracted liquid after the removal of solvent under vacuum. The results indicated
that PEI had been successfully grafted onto the network and the copoly-
merization product was stable. Furthermore, the formation of ED 0 and ED 5
could be further proved by FTIR spectroscopy according to an analysis similar to
that in previous reports.21-24 All of the IR spectra are shown in Fig. 1.

Moreover, zeta potential analysis was used to characterize the PEI/
/PDMAEMA products. The zeta potential of ED 0 was only +7.25 mV, but for
ED 5, it became +20 mV in pH 2 hydrochloric acid buffer solution. This could be
interpreted as proof of the incorporation of PEI, which contains many amino
functional groups. In order to analyze the content of nitrogen before and after
introduction of PEI, the ED 0, ED 3 and ED 5 materials were characterized by
elemental analysis (Table I). Compared with ED 0 and ED 3, ED 5 had a higher
content of nitrogen. According to elemental analysis, the amount of PEI in the
ED 5 was calculated to be 5.93 %.
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Scheme 1. Copolymerization process of PEI/PDMAEMA gels and adsorption of Cr(VI).
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Fig. 1. FTIR spectra of PEI, DMAEMA, PEI/PDMAEMA (ED 5) and PDMAEMA (ED 0).
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TABLE I. Elemental analysis (%) of ED 0, ED 3 and ED 5

Material - - Element N s GYpp1 | %
ED 0 58.50 1322 681 2147 -

ED 3 58.67 12.01 8.11 2121 3.76
ED 5 58.60 10.08 932 22,00 5.93

The thermal stability of the PEI, ED 0 and ED 5 gels were examined by
thermal analysis (Fig. 2). The removal of physically adsorbed and interlayer
water occurred up to 150 °C, and the raw PEI sample lost its 75 % weight in this
temperature range. In the second stage, a significant weight loss of 44.68 % could
be attributed to the decomposition of the functional amino-groups on the com-
posite material when the temperature ascended to 300 °C. As shown in the
differential thermogravimetric (DTG) curves, the rate of mass loss reached its
maximum at 281 °C for ED 0, but was postponed by 20 °C after incorporation of
PEIL In the last stage, a smaller mass loss of 14.83 % in the 300—400 °C range
was associated with degradation of the carbon skeletons, and the fastest decom-
position rate appeared at 413 °C. These results implied that the ED 5 gel was
successfully prepared and ED 5 could be applied in higher temperature system.

(-100dm, /m dT) / % °C’

| A B B R T T T T
100 200 300 400 500 600 700 800
Temperature, °C

Fig. 2. Thermogravimetric and differential thermogravimetric curves of
PEL ED 0 and ED 5.

Equilibrium swelling ratios (ESR) of PEI/PDMAEMA

The swelling behavior of the hydrogels in water at different temperatures is
shown in Fig. 3. As is clearly shown, the ESR of ED 0 and the ED 5 gels
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decreased with increasing temperature and exhibited a marked inflexion when the
temperature reached the special critical point, which is consistent with the lower
critical solution temperature?5-27 (LCST: around 40 °C and 65 °C for ED 0 and
ED 5, respectively). Figure 3 also shown the ESR of ED 5 immersed in buffer
solution as a function of pH value. The gel in the buffer solution with the low pH
value presented higher swelling ratios than those of the gel in the alkaline
solution. The results could be explained by the following reason: the free electron
pair of the amino group conjugated with the carboxyl in the DMAEMA units
when the gel was immersed in water. However, this coordination was severely
weakened in the acidic solution because of protonation of the tertiary amino
groups.2’

20 5 o 40
m—EDS5 A ED 5-pH2.0 A
—®—EDO & EDS-pHIO0 _ L.
N E R
A
-\. = A
16 N R0
o *
|
* * .
4 \ 5 .
& °
& : : : - :
5124 \.\ N 20 25 30 35 40
L Tempearture, “C
° AN P
I\
\ ]
8 - ° \.
\o i -
~e —~—n—y
—
—eo__
.~ o _
®—o oo

Temperature, ‘C

Fig. 3. Equilibrium swelling ratios of ED 0 and ED 5 gels in purified water and ED 5 in acid
or alkali solution at different temperatures.

Adsorption kinetics of Cr(VI) ions

Adsorption duration is an important factor affecting the adsorption process
and amount. The optimal duration of adsorption was investigated, and the results
(Fig. S-1 of the Supplementary material to this paper) showed that the intro-
duction of PEI onto PDMAEMA gels had a significant effect on the adsorption
behavior of Cr(VI). When the concentration of PEI was increased to 5 %, the
amount of adsorbed Cr(VI) ions increased to 122.8 mg g~! and the adsorption
rate was obviously improved, e.g., the adsorption by ED 5 reached complete
saturation after 120 min, but for ED 0, 180 min were needed. A high adsorption
rate is desirable to provide for a short contact time between the metal solution
and the adsorbent in an actual process.?8 Furthermore, the influence of tempe-

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

(CC) 2015 SCS. All rights reserved.



896 HOU et al.

rature in the preparation process could be ascribed to a change in the degree of
crosslinking. The higher the reaction temperature was, the faster was the reaction
rate, and the denser was the degree of crosslinking in the network. As the result,
the inflexibility of polymer became stronger and the elasticity became weaker. It
was very difficult for Cr(VI) anions to be adsorbed by the internal active site with
a too high degree of crosslinking.

The kinetic model provides information regarding the mechanism and thus
the adsorption data were correlated with the pseudo-first order kinetic model and
pseudo-second order kinetic model.2?

The adsorption kinetic parameters are summarized in Table II. It was found
that the theoretical Qg ca1 values for the adsorbate were very close to the expe-
rimental Qgq values in the case of the pseudo-second order kinetics. Furthermore,
all the linear fitting coefficients (R2) of the pseudo-second order kinetics were
above 0.99, which were slightly higher than were those of the pseudo-first order
kinetics. Thus, the pseudo-second order equation fitted well with the expe-
rimental data and could describe the adsorbent behavior well.

TABLE II. The adsorption kinetic parameters of Cr(VI) ions onto the gels; QO cp: the
equilibrium adsorption amount of Cr(VI) (experimental data); k;: the adsorption rate constant
for the pseudo-first order model; Qecqu: the equilibrium adsorption amount of Cr(VI)
(calculated data); k5: the adsorption rate constant for the pseudo-second order model

Sample Ocexp Pseudo-first order model Pseudo-second order model
mg g_l kl X 10_3 Qe,cal R2 k2>< 10_3 Qe,cal R2
min! mg g! gmg! mg g!
ED O 73.17 16.31 71.30 0.9508 0.2929 81.94 0.9932
ED3 95.34 22.98 87.91 0.9637 0.4276 102.1 0.9974
EDS 122.8 25.42 88.12 0.9643 0.6052 128.0 0.9991
75 °C 91.86 29.75 116.3 0.8881 0.4094 99.41 0.9967
85°C 122.8 25.37 88.12 0.9643 0.6047 128.0 0.9991
95 °C 85.03 15.59 68.44 0.9867 0.3897 92.25 0.9982

Adsorption isotherm of Cr(VI) ions

Adsorption isotherm is one of the important parameters for understanding
the adsorption behavior and mechanism. The adsorption equilibrium curves are
shown in Fig. S-2 of the Supplementary material, and the Langmuir and Freund-
lich isotherm models were used to fit the equilibrium data.30-33

As shown in Table IlI, the values of Qg a1 derived from the Langmuir model
increased with increasing temperature up to 40 °C but decreased with further
increasing of the temperature. This could be explained as follows: the elevated
temperature enhanced the deprotonation of amino-groups and resulted in a
weaker interaction between the amino groups and Cr(VI) ions.!® In addition,
from the comparison of R2, Ry and k values, it was found that the Langmuir
model could fit much better with the experiment data. Overall speaking, the
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Langmuir isotherm gave a better fit to the experimental data than the Freundlich
isotherm. The results indicated insights on the monolayer coverage of PEI/
/PDMAEMA composite and that there were no side interactions among the
adsorbates. Furthermore, the site-specific interactions took place between the
binding sites and anions, and the adsorbent surface was homogeneous.

TABLE III. The adsorption isotherms parameters of Cr(VI) ions onto the ED 5; K| : the
constant of the Langmuir isotherm; R; : the separation factor of Langmuir isotherm (favorable
(0 <R <1), unfavorable (R >1), linear relationship (R; = 1) and irreversible (R =0)30-32);
Ky: the constant of the Freundlich isotherm; 4: the slope of Freundlich isotherm model
(Langmuir isotherm (k <1), Freundlich isotherm (k >1)32-3%)

T/°C Langmuir model Freundlich model
K /10°Lmg! Q.cu/mgg! R? Ry Kp/mgg! &k R?
30 2.719 146.2 0.9915 0.4238-0.1379 1123 0.4980 0.9802
40 5.366 172.7 0.9879 0.2715-0.0749 19.41  0.4771 0.8967
50 3.745 159.0 0.9943 0.3481-0.1040 1536  0.4755 0.9764
60 3.063 153.1 0.9981 0.3950-0.1243 12.12  0.5035 0.9718

Effect of initial pH value on the adsorption process

The pH value influences the distribution of Cr(VI) ions species, Fig. 4 (main
forms: HyCr,O7 (pH < 1), HCrO4~ and Cry;O72~ (1 < pH < 6) and CrO42 (pH >
> 6)). For PE/PDMAEMA, the pH value affects the protonation and deproton-
ation of amino groups, which are the active adsorption sites for anions. The max-
imum amount of Cr(VI) ions adsorption onto ED 5 and ED 0 were both obtained
at pH 2.0. With increasing pH values, the interaction between anions and amine
groups weakened because of the deprotonation of the amino groups and the
competition of OH~. However, when the pH value was below 2.0, the uptake of

120 A
\ —e—EDO0 Cr(VI)

I —m—ED3 Cr(VI)
100 | \ —A—EDS5 Cr(VI)
80 | \
L .’\
60 |- \ \ \A
L \.\
_ AN

-1

Q/mge

40 F

20 -

Fig. 4. The effects of pH on the adsorption of Cr(VI) ions onto the gels at 40 °C.
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Cr(V]) ions decreased because the Cr(VI) ions converted into HyCr,O7, which
unfavorably interacted with the protonated amine groups. Furthermore, when the
pH value was 10.0, the Cr(VI) uptake was still up to 32 mg g~! onto the ED 5. It
could be concluded that the adsorption amount reached maximum values around
a pH value of 2.0, and the working pH range of the composite adsorbent for
Cr(VI) ions was obviously improved due to the introduction of PEIL

Effects of ionic strength and species on the adsorption process

The results are shown in Fig. S-3 of the Supplementary material. The
adsorption capacities of the gels remarkably decreased with increasing concen-
tration of NaCl because of the competition between Cl~ and the anionic adsorb-
ents. The effect of ionic species could be divided into two groups: cationic group
(NaCl, KCI and NH4Cl) and anionic group (NaCl, NaNO3 and NaySQOg4). The
results showed that the effects of ions (Na*, K*, NH4", Cl- and NO3~) on the
adsorption process were not obvious. Comparatively speaking, the SO42~ had a
great effect on the adsorption process. This could be summarized as the com-
petition between Cr(VI) and SO42-.

Morphology and XPS analysis

Figure 5 shows the SEM images of ED 0, ED 5 and ED 5 after adsorption of
Cr(VI). These samples were coated with a thin layer of gold and examined by

Fig. 5. The SEM images of (a) ED 0, (b) ED 5
and (c) ED 5 after Cr(VI) adsorption.
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SEM. After the introduction of PEI on the polymer, there were no significant
changes in the morphology of the gels. However, clearly ragged topographies
appeared after Cr(VI) ions adsorption, which was relevant to the formation of
bubbles during the adsorption process.

The XPS spectra of the ED 5 composite material before and after Cr(VI)
adsorption are shown in Fig. 6a. Before adsorption, only the peaks at the binding
energies of ca. 284.8, 399.5 and 532.4 eV, corresponding to C, N and O, res-

Ols
A
Cls
Cr2p
Nls
\L\Nu\"ﬁv
1 L 1 1

| n
1000 800 600 400 200 0
Binding Energy, eV

T T T T T
595.0 588.0 581.0 574.0 567.0
Binding Energy, eV
(b)

Fig. 6. a) The XPS spectra of ED 5 composite material before (A) and after (B) Cr(VI)
adsorption; b) the results of a meticulous XPS analysis of the ED 5 composite material for (A)
Cr,0-% and (B) HCrO, adsorption.
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pectively, could be found in the XPS spectrum of ED 5. After adsorption, new
significant bands corresponding to Cr(VI) appeared at binding energy of ca.
577.2 and 586.8 eV. The result confirmed that Cr(VI) had been adsorbed onto
ED 5. Furthermore, a meticulous XPS analysis was performed using fitting soft-
ware and the results were presented in Fig. 6b. The main peak of ca. 277.5 eV
was made up of 577.8 and 576.2 eV peaks, which indicated that the forms of the
adsorbed Cr(VI) ions were HCrO4~ and CrO72-35 This conclusion was in
accord with the fact that HCrO4~ and CrpO72- exist mainly in the pH range of
1.0-6.0.

Desorption of Cr(VI) ions

According to repeated experiments, the pH value of the solution could
obviously affect the interaction between anionic adsorbates and the amine groups
in the composite materials. Thus, 0.1 mol L-! NaOH solution was chosen for the
desorption process. The results showed 96.3 % of Cr(VI) ions were eluted from
ED 5 by the alkali liquor, far higher than the 56.8 % by distilled water. Then, the
ED 5 was washed to neutral with distilled water and reused to adsorb Cr(VI)
ions. The adsorption capacity remained high at 108.5 mg g! after being recycled
five times. There was no significant reduction in its adsorption efficiency. The
results also revealed that the PEI/PDMAEMA gels were stable under these
experimental conditions.

CONCLUSIONS

Using the amino radical polymerization technology, the composite material
PEI/PDMAEMA was conveniently fabricated, and the complex grafting process
was avoided. The composite material was characterized by FTIR spectroscopy,
elemental analysis, thermogravimetric analysis and zeta potential analysis. The
equilibrium adsorption amount of Cr(VI) on ED 5 was 122.8 mg g~!. The results
of the influence of temperature, pH and XPS analysis showed that the adsorption
mechanism was electrostatic interaction, and the forms of Cr(VI) ions adsorbed
onto the ED 5 at pH 2 were HCrO4~ and Cr,O72~. The desorption ratio of Cr(VI)
ions could be 96.3% using 0.1 mol L~! NaOH solution as the eluent and the com-
posite material PEI/PDMAEMA showed an excellent recyclability efficiency.

SUPPLEMENTARY MATERIAL

Additional Cr(VI) adsorption data are available electronically from http://
//www.shd.org.rs/ JSCS/, or from the corresponding author on request.
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U3BOJ
HUCIIUTUBABE MEXHU3MA AIICOPITIIUIJE ITPU YKITIABBARY Cr(VI) JOHA TEJIOBUMA
MMOJIU(2-(JUMETUIIAMUHO)ETUJI-METAKPUJIAT)/TIOJTU(ETUJIEHUMHUH)

ZHENGBO HOU, WEIXIA ZHU, HANG SONG, PENGFEI CHEN u SHUN YAO
School of Chemical Engineering, Sichuan University, Chengdu, 610065, China

KoMno3uTHu XuOporeysoBu 0OasupaHH Ha 2-(JUMETHIIAMHUHO)eTHI-MeTaKpUIaTy
(DMAEMA) u nonuetunenumuny (PEI) cy mobdujeHn monmvmeprsalnujoM aMHUHO pafuKana,
IITO je NoTBpheHo HH@paupBeHOM CcHeKTpockonujom ca PypujeoBom TpaHChOpPMaLHjoM
(FTIR) 1 enemeHTanHOM aHanu3oM. MexHuszam apcopnuuje Cr(VI) Ha nodujeHHM Martepu-
januma je MCHUTHBAH CKeHUPajyhoM enekTpOHCKOM MHKpOCKomujoM, oxpehusamem 3era
MOTeHIWjala U TepMOrpaBUMeTpHjckoM aHanu3oM. HaheHo je ma mpouec apcoprigje mpatu
KWHETHKy ICeyno-Ipyror pefa ¥ JIaHrMUPOB MOJielT, Kao U Jia je MaKCUMaJIHU afiCOPILIMOHU
xamanurter Cr(VI) joma 122,8 mg g¢!. Anamusom GoTOENEKTPOHCKOM CIEKTPOCKOMHjOM
X-3pauema (XPS) m pH mepemuma je moxasaHo ga cy Cr(VI) apcopdoBaHu Ha renoBuma
eNeKTPOCTaTHYKUM HHTepaKuujama, u fia SO42° y pacTBOpy MMa 3HadajaH YTHIj Ha MpoLec
azcopnuyje. Y3 To, BUCOKe BpengHOCTH pH 1 joHCKe jaurHe NOrofyjy pesyKuuju ancopboBaHux
Cr(VI) joHa, ITO CE MOXKe HCKOPUCTUTH MPUJINKOM BUX0BE JeCOpIIHje ca TeoBa.

(ITpumisero 14. jyna, pesuaupano 24. neuemdpa 2014, npuxsaheno 4. mapra 2015)
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Electrochemical decolorization of the Reactive Orange 16 dye
using a dimensionally stable Ti/PtOx anode

DUSAN Z. MIJIN*# VUK D. TOMIC and BRANIMIR N. GRGUR

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
11020 Belgrade, Serbia

(Received 17 September, revised 5 November, accepted 6 November 2014)

Abstract: The electrochemical decolorization of Reactive Orange 16 in a chlo-
ride containing solution was studied using a dimensionally stable Ti/PtOx
anode. Different reaction parameters, agitation speed, applied current, sodium
chloride concentration, and dye concentration were varied and the optimum
electrolysis conditions were suggested. Hypochlorous acid was suggested to be
the active species in the electrochemical decolorization. Moreover, the reaction
was studied using UV—Vis spectrophotometry, high-pressure liquid chromato-
graphy (HPLC), total organic carbon (7OC) and total nitrogen (7N) analyses.

Keywords: reactive dye; azo dye; electrolysis, hypochlorite; hypochlorous acid.

INTRODUCTION

The wastewaters from the textile industry contain, among other chemicals,
unreacted dyestuffs. Even a small amount of dye in water (=1 ppm) is highly
visible and affects the water transparency, the gas solubility, and possesses
potential carcinogenic and mutagenic properties.!-2 Textile dyes can be classified
based on the method of fixation to the textile fiber (e.g., reactive, direct, acid) or
chemical structure (e.g., azo, anthraquinone, indigoid).

Azo dyes are synthetic organic colorants with a chromophoric azo group
(-N=N-). On the one side, the azo group is attached to an aromatic or hetero-
cyclic nucleus and on the other, to an unsaturated molecule of the carbocyclic,
heterocyclic or aliphatic type. Azo colorants are the most widespread and vers-
atile class of organic dyestuffs. As published in the Kirk—Othmer Encyclopedia
of Chemical Technology in 2003, there are more than 10,000 Color Index (CI)
generic names assigned to commercial colorants. Approximately 4,500 of them
are in use, and over 50 % belongs to the azo group of compounds. The broad

* Corresponding author. E-mail: kavur@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC140917107M
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usage range of the azo dyes is due to the number of variations in chemical
structure and methods of application, which are not complex in general.3

Most dyes are resistant to biodegradation or physico-chemical treatments
(e.g., chemical precipitation and separation of pollutants, coagulation, elimin-
ation by adsorption, etc.).*7 These methods are not destructive, leading to the
formation of sludge, and thus transferring pollutant from one phase to another,
causing a new kind of pollution. An alternative to the mentioned processes are
the advanced oxidation processes (AOPs), which are able to decolorize and
mineralize dyestuffs and other organic pollutants.8-13

Different electrochemical methods, such as direct or indirect anodic oxid-
ation, cathodic reduction or electrocoagulation, could be used for decolorization
and/or degradation of dyes.!4-13 In order to achieve better fixation and exhaust-
ion of reactive, direct or substantive dyes, an electrolyte, NaCl or NaySQy, is
usually added. The salt also acts as an electrolyte during the further electrochem-
ical treatment.!7 Due to its low price and the formation of strong oxidizing elec-
trolysis products, sodium chloride is considered as one of the best choices.!8
During the electrolysis, depending on the reaction conditions, strong oxidizing
species — chlorine, hypochlorous acid and/or hypochlorite are formed on the
anode. At pH > 6, hypochlorous acid dissociates to hypochlorite and H*, and at
pH lower than =3.5, HOCI reacts with CI~ to yield Clp. A mixture of these
species is commonly called “active chlorine”.17-19

CI Reactive Orange 16 (RO16, M = 617.5 g mol~!), with the structural
formula shown in Fig. 1, was the subject of electrochemical degradation studies.
The electro-oxidation of RO16 dye was studied using boron-doped diamond
(BDD) and dimensionally stable anode (DSA) type electrodes in acidified 0.1 M
K5S04.29 The results showed that the BDD electrode had superior characteristics
for color removal and in the mineralization of organic materials present in the
dye. Decolorization was achieved within 90 min, following the pseudo-first order
reaction kinetics with rate constants ranging from 0.02 to 0.08 min~! for the
applied current densities from 75 to 200 mA cm2. For a commercial DSA elec-
trode, the values of the rate constants were not obtained, because only a 10 %
decrease in the initial dye concentration was observed at 200 mA cm2 after 90

HO3SOCH2CHZSOZ\©\
N OH

N ! ! NHCOCH,
HO,S

Fig. 1. Structure of CI Reactive Orange 16.
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min of electrolysis.20 The same authors also investigated two different boron-
-doped diamond films on a Ti substrate for electrochemical degradation of
RO16.21 The highest doped BDD electrode at current densities higher than 75
mA cm—2 showed better efficiency for the reduction of aromaticity and azo group
fracture. This tendency was confirmed by total organic carbon (7OC) and chrom-
atographic measurements.2!

Electrochemical decolorization of RO16 was also performed in electrochem-
ical flow—cell, using a Pt electrode.22 The influences of the process variables, i.e.,
flow-rate, NaCl concentration, applied potential and pH, were studied. Using 1.0
g dm=3 NaCl as the supporting electrolyte at 2.2 V vs. RHE, the determined first
order rate constant was ~0.025 min—!, and a color removal of 93 % was achieved
after 60 min electrolysis. The best TOC removal of 57 % was at 1.8 V, without a
membrane, indicating that the ideal conditions for color removal are not neces-
sarily the same as those for TOC.22 Dimensionally stable Ru(Ta, Sn)O,-based
anodes were used for the electrochemical oxidation of different reactive dyes,
including RO16. The reactions were performed in either the presence or absence
of NaCl. At a low chloride concentration (0.01 M), total color removal was
obtained after 10 min of electrolysis, and a significant increase in total dye
degradation was achieved (reaching ca. 80 %, chemical oxygen demand, COD,
decrease).23 The oxidation was studied using a combination of electrochemical
and photo-electrochemical methods in 0.02 M NaySOy at a current density of 50
mA cm2 in a photo-electrochemical flow-cell.24 The photo-electrochemical
method was demonstrated to be more efficient considering the specific energy
consumption, 7OC removal and a slightly higher first order rate constant of
~0.012 min~! compared to the one obtained for the electrochemical method,
~0.009 min~!. The photo bleaching of RO16 in aqueous solution using TiO; thin-
film electrodes prepared by the sol-gel method was also studied.25 The best
conditions for maximal photo-electrocatalytic degradation was found to be
pH > 10 for a Na;SO4 medium and pH < 6 for a NaCl medium, but only for the
low dye concentrations. In both cases, 100 % color removal was obtained after
20 min. Oxalic acid was identified by HPLC and UV-Vis spectrophotometric
methods as the main degradation product generated after 180 min of photoelec-
trocatalysis.25

In this paper, a study of the electrochemical decolorization of RO16 in
sodium chloride-containing solutions using for the first time DSA Ti/PtOx is
reported. The influences of the basic operational parameters, such as hydrodyn-
amic conditions, applied current, and the initial concentrations of RO16 and
NaCl, were studied in order to optimize the process of electrochemical decolor-
ization of RO16.
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EXPERIMENTAL
Materials

The textile dye, CI Reactive Orange 16, was obtained from Aldrich (dye content 50 %)
and used without purification. Sodium chloride was p.a. grade (Merck). Acetonitrile (HPLC
grade) was purchased from J.T. Baker. Deionized water was obtained from a Millipore Waters
Milli-Q purification unit.

Electrochemical decolorization

The electrochemical decolorization process was investigated in a cylindrical glass batch
reactor, with an electrolyte volume of 500 cm?. The electrolyte was prepared from distilled
water, NaCl and RO16. A 5 cm? DSA Ti/PtOx anode obtained by thermal decomposition of
H,PtClg in 2-propanol with 1 mg cm2 of platinum loading was used, while the cathode was
10 cm? plate made from austenite 18Cr/8Ni stainless steel series 304. The electrodes with a
3-mm gap between them were immersed at the top of the electrolyte. A PAR M273
potentiostat/galvanostat operated in the galvanostatic mode was used for the electrolysis of
solution. Mixing of the electrolyte was accomplished by a magnetic stirrer. At certain times
during the electrolysis, 3 cm? of the solution was taken with a micropipette and its UV-Vis
spectrum was instantly recorded. The concentration of dye was followed by measuring the
absorption of the solution at 493 nm using a Shimadzu UV-Vis model 1700 spectrophoto-
meter.

HPLC analysis

For HPLC determination, all samples were filtered through 0.45 pm syringe filters and
analyzed at 245 nm and at ambient temperature (25 °C) on a SpectraSYSTEM P4000 liquid
chromatograph with a SpectraSYSTEM UV1000 detector, equipped with a reversed phase
column type Zorbax SB C8 (150 mmx4.6 mm i.d., 5 pm particle size). The mobile phase
(flow rate 1.0 cm® min!) was a mixture of acetonitrile and water (30:70, V/F), 0.1 % formic
acid solution. The sample injection volume was 20 pL.

Total organic carbon (TOC) and total nitrogen (TN) analyses

The TOC and TN analyses during the electrolysis were performed using an Elementar

liquiTOC II instrument.

RESULTS AND DISCUSSION
UV=Vis spectral changes

The UV—Vis spectral changes during the electrolysis are shown in Fig. 2.
Several peaks were observed in the spectrum of the RO16 at the beginning of the
reaction. The peak at 295 nm corresponds to the gamma acetylated acid structure,
which is a precursor in the synthesis of RO16. The peak at 254 nm is indicative
of benzene ring, and the peak at 386 nm could be associated with the azo
group.24 Finally, the peak at 493 nm corresponds to the hydrazone form of the
dye because an azo-hydrazone tautomerism is possible in the ROI16
molecule.!7-26 The decreases in the absorption peaks at 386 and 493 nm during
electrolysis indicate fast decolorization of RO16 dye over time (Fig. 2). Com-
plete decolorization was observed after ~10 min of electrochemical treatment,
insert in Fig. 2. At the end of the oxidation reaction, the spectrum showed small
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peaks at 254 and 295 nm. Considering that the reaction was very fast, the
concentrations of hypochlorite and hypochlorous acid are very low and cannot be
observed in the spectra (the absorption maximum of hypochlorite is at 292 nm
and the absorption maximum for hypochlorous acid is at 236 nm).27

1.5+

=
=]
1

Decolorization level, %

Absorbance, a. u.

o
W
1

12 Fig. 2. Typical UV-Vis spectra changes
14 of RO16 (60 mg dm3) in 10 g dm?
16  aqueous NaCl water during electrochem-
ical decolorization, / = 100 mA, w= 250
rpm. Inset: decolorization level over
A/ nm time.

Effect of the applied current

In order to investigate the influence of the current on the electrochemical
decolorization of the RO16 dye, currents in the range from 50 to 250 mA were
applied. The dependence of the relative dye concentration over time for different
values of applied current is shown in Fig, 3a. More than 95 % decolorization was
achieved within ten minutes for applied currents greater than 50 mA. Examining
different pseudo n-orders, the first-order gave the best linearity, and pseudo first-
order decolorization rate constants, kq, min~!, were determined in accordance
with the kinetic equation:

I =—kyt (1)
€0

From the slopes of the straight lines, Fig. 3, the rate constants were
determined and are shown in Fig. 3b. The decolorization rate constant practically
linearly increased from 0.14 to 0.33 min! in the investigated range of applied
currents, while electrolysis voltage increased from 3.5 to 5 V. The faster reaction
was achieved with current of 250 mA, but considering that the specific energy
consumptions with reaction rate increase, some optimum current lies at 100—150
mA. For example, an increase of current from 100 to 250 mA increases the reac-
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tion rate 1.5 times, while the specific energy consumption is increased 2.5 times,
from 1.1 to 2.8 Wh g1, calculated using the cell voltage shown in Fig. 3b.

0.0-
-0.51
-1.04

-1.5

In[c/c)

2.0
©
2.5

-3.04

¢t/ min

Fig. 3. The logarithmic plot of the relative RO16 concentration vs. the electrolysis time for
different values of applied current (marked in the figure) under the conditions m(NaCl) = 10 g
dm3, m(RO16) = 60 mg dm3, @= 250 rpm. Insets: a) the dependence of the relative RO16
concentration over time for different values of the applied current; b) the dependence of the
pseudo first-order reaction rate constants and the electrolysis voltage on the values of the
applied current.

The influence of the hydrodynamic conditions

The influence of the solution mixing (rpm of magnetic stirrer) on the RO16
decolorization is shown in Fig. 4. The apparent decolorization rate constant of
~0.24 min~! are practically independent of the agitation speed, as shown in Fig.
4. During the first five minutes of the electrolysis, the pH increased relatively fast
from the initial =5.5 to 8, and reached a steady state value of =8.5 after 10 min,
Fig. 4b. The changes in pH provoked changes in the relative ratio of the different
active chlorine species in the solution (see Section: Possible active chlorine
species).

Considering that diffusion, heterogeneous or homogeneous oxidation rate
was highly dependent on the hydrodynamic conditions,2® the possible expla-
nation is that the rate determining step is an activation controlled (charge trans-
fer) reaction. The only activation-controlled reaction could be the oxidation of
the chloride anions to the solvated chlorine, given by Eq. (3).

Effect of the initial sodium chloride concentration

The influence of the initial NaCl concentration on the reaction rate was
investigated in the range from 10 to 30 g dm=3 and the results are shown in Fig.
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5. The determined reaction rate constants increased with increasing salt concen-
tration up to 25 g dm 3, and above that concentration, a small change in the reac-
tion rate is observed, as shown in the insert of Fig. 5.

0 9
b)
k,=0.241::0.0085 min’
8
R =0.9945
-14
\? :)‘Z 10 15
S 0'6 ¢/ min
= < 0'4 ®/rpm
Al m 100
3 o 150
0.04 % 250
¢/ min v 3
0 2 4 6 8 10 12

t/ min
Fig. 4. The logarithmic plot of the relative concentration of the dye vs. the electrolysis time for
different agitation speeds (marked in the figure), m(NaCl) = 10 g dm, 7= 100 mA, m(RO16)
= 60 mg dm. Insets: a) the dependence of the relative RO16 concentration over time for
different agitation speeds; b) the change in the pH value during electrolysis.

0-
0.6
=
‘E
= 04
-14 ~
02
& 510 15 20 25 30 35
o 5 m(NaCl) / g dm’®
£ m(NaCl) / g dm
m 10
o 15
& 20
=31 g © 2
v 30
0 2 4 6 8 10 12 14

¢/ min
Fig. 5. The logarithmic plot of the relative RO16 concentration vs. the electrolysis time for
different sodium chloride concentrations (marked in the figure), and in 10 g dm™ Na,SO,
during continuous electrolysis. Inset: the dependence of the pseudo first-order reaction rate
constants on the sodium chloride concentration, / = 100 mA, m(RO16) = 60 mg dm™,
@=250 rpm.
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According to the Faraday law, the amount of the produced active chlorine
should be proportional to the passed charge (/) and the rate should remain
constant independently of the chloride concentration. However, the oxygen
evolution:

40H™ = 0y + 2H,0 + de- )

and the production of active chlorine (Egs. (3)—(5)) compete.!9:29 Thus, the
current efficiency of active chlorine production is connected with the chloride
concentration. Namely, as determined by Kraft et al,!9 in the concentration
range of NaCl from 1 to 20 g dm3, the current efficiency of active chlorine
production on a Ti/PtOx electrode linearly increases from =5 to 75 %. Therefore,
in the solution with a NaCl concentration in the range of 10 to 20 g dm3, the
oxygen evolution reaction proceeds at a relatively high rate. In the solution with
higher NaCl concentrations, the current efficiency steady state conditions are
attained and the amount of the active chlorine production becomes nearly
constant.

Possible active chlorine species

In order to resolve which of the active chlorine species are the most active,
the following experiment was performed: a solution of 5 g NaCl in 500 cm3 of
water was pre-electrolyzed for 1 and 5 min at 100 mA, and then, 30 mg of RO16
dye was added. The results of these experiments are presented in Fig. 5. It can
bee seen that decolorization occurred practically with a similar rate as during the
electrolysis with higher currents (Fig. 3a). The rate in the electrolyte pre-electro-
lyzed during 5 min was =20 % faster than in the electrolyte pre-electrolyzed for
1 min.

In Fig. 3, the results obtained during electrolysis with current of 100 mA in a
solution containing 10 g dm=3 of NaySO4 and 60 mg of RO16 is also shown,
because of the possibilities that anodic water oxidation could result in the
formation of hydroxyl radicals, which can easily oxidize RO16.17-30 Under such
conditions, no activity was observed. Hence, it could be concluded that hydroxyl
radicals were not involved in the reaction mechanism. One more important con-
clusion from this experiment is that RO16 is not cathodically reduced during
electrochemical degradation.

The oxidation of the chloride anions to the hydrated chlorine is given by the
complex overall reaction:

2ClI==Cly(aq) + 2¢e~ 3)
which is followed by the fast disproportionation of the hydrated chlorine to HOCI
and its dissociation to OCI:13,19

Cly(aq) + HoO = HCIO + CI" + H, K; = 5.1x10~4 M2 4
HCIO =ClO~+H', K, =2.9x108 M ®)
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The distribution of different active chlorine species in a solution containing
chloride as a function of pH can be calculated starting from the chemical equi-
librium equations given above. Assuming that concentration corresponds to acti-
vity and that water has unity activity, the following procedure was used starting
from the mass balance equation:

c(Clzact)7= c(Cla) + ¢(HOCI) + ¢(OCI) (6)
The total active chlorine concentration in solution can be calculated using
the Faraday law:
_n(Cly) It
T 05dm> F

c (C12,act ) (7

where 77 is the current efficiency for chlorine formation. By rearranging Eq. (6),
the concentration of hydrated chlorine is obtained:

-1
c¢(HOCI) ¢(OCl-

c(Ch) = C(CIZ,act)T 1+ ( ) + ( ) ®)

c(Cl)) c(Cly)

Using a mathematical procedure, it can be evaluated that:
c(HOCI) _ K ©)

c(Cly)  ce(H%)ce(Cl7)
and:

c(OCI7) KiK, (10)

c(Cly)  ¢2(H*)c(ClH)

Introducing Egs. (9) and (10) into Eq. (8), the free solvated chlorine con-
centration as a function of pH could be calculated. Once the pH dependence of
the free chlorine concentration is known, it is possible to calculate, by a similar
procedure, the pH dependence of the concentrations of all the other species in the
solution. Taking into account that for the NaCl concentration of 10 g dm=3 (0.17
M), current efficiency is 0.45!9 and using Eq. (7), the total active chlorine con-
centration for 1 and 5 min of electrolysis was calculated to be 0.028 and 0.125
mM. Applying the above-described mathematical treatment, the distribution of
different active chlorine species in solution as a function of pH was calculated
and shown in Fig. S-1 (Supplementary material to this paper). The pH for 1 and 5
min of electrolysis was ~6 and 8, respectively, Fig 4b. At these pH values,
corresponding concentrations of HOCI are 29 and 37 pM, and for OCI~ =0 and
0.1 mM, respectively. Therefore, the ~20% higher rate in the electrolyte pre-
electrolyzed during 5 min than in the electrolyte pre-electrolyzed for 1 min cor-
responds to the ratios of HOCI concentration, suggesting that hypochlorous acid
is the active species in RO16 decolorization.
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Effect of the initial dye concentration

The dependence of logarithm of the relative concentrations over time for
different RO16 concentrations, 20-80 mg dm3, is shown in Fig. 6. As it could
be seen in the insert of Fig. 6, increasing the dye concentration decreased the
reaction rate. This trend could be connected with the pH distribution of the sug-
gested active HOCI species. Namely, for a low RO16 concentration, e.g., 20 mg
dm3, the decolorization was practically completed within 3 to 4 min and cor-
responding pH was lower than 7.5. At this pH value, the dominant species is
practically pure HOCI. Increasing the dye concentration, the decolorization time
and pH increased as well, which is connected with a decrease in HCIO concen-
tration and a slower reaction rate. However, the observed behavior could also be
explained by taking into consideration that the overall rate of RO16 decolor-
ization was controlled by active chlorine production, as was inferred in the
previous section. It could be postulated that the rate of active chlorine production
was approximately the same independently of the initial concentration of RO16,
because in all the measurements current was the same, /= 100 mA, as well as the
chloride concentration, m(NaCl) = 10 g dm=. Consequently, in the solutions
with a lower initial dye concentration, proportionally lower relative concentra-
tions of RO16 were to be expected for the same electrolysis time (Fig. 6). The
concentration of generated HOCI active species during the electrolysis is
unknown, but from the kinetics point of view, it is reasonable to assume that it
was lower in the solutions with a higher initial concentration of RO16. Taking
into account that the concentration of active chlorine was included in the pseudo
first-order rate constants, the dependence shown in the inset of Fig. 6 was anti-
cipated.

0.0+
0.5
-1.04
F 5 20 40 60 80
% mROI6) /mg dnt Fig. 6. The logarithmic plot of
= 204 mRO16 Y mgdm®  the relative RO16 concentration
m 20 against electrolysis time for dif-
”s o 40 ferent initial dye concentrations.
= ° gg Inset: dependence of the pseudo
v first-order reaction rate constants
3.0 T r T T T r T T on RO16 concentration, m(NaCl)
0 2 4 6 8 10 12 14 16 =10 g dm?3, I = 100 mA,
t/ min @=250 rpm.
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HPLC and TOC/TN analyses

High-performance liquid chromatography (HPLC) was used to obtain a
better insight in the decolorization process of the RO16 dye. As suggested by
Miglirioni et al.,2! the reaction was followed at 245 nm using HPLC with a UV
detector because the appearance of signal at this wavelength is related to the
n—7* transition of conjugated systems, which is characteristic for aromatic
compounds. The chromatograms of the RO16 azo dye solution before the electro-
chemical treatment (0 min) and after 16 min of electrochemical treatment at 100
mA are presented in Fig. S-2 (Supplementary material). The chromatogram for
the RO16 azo dye solution before the electrochemical treatment showed four
peaks related to aromatic compounds with different polarities and retention
times. These aromatic peaks were named in the chromatogram from A to D. The
highest intensity peak C is probably related to the RO16 dye while the less
intense peaks are probably related to impurities in the 50 % RO16 dye solution.
After the electrochemical treatment at 100 mA with DSA Ti/PtOx electrode (16
min), peak C had almost disappeared while peaks D and B were reduced. At the
same time, new peaks emerged (peaks E-J) due to the reaction indicating the
presence of smaller, less polar aromatic molecules.

TOC and TN analyses were also performed in order to assess the effect-
iveness of used electrochemical method in the mineralization of the RO16 dye.
The UV-Vis absorption spectrum (Fig. 2) shows that absorption in the visible
part of the spectra was almost completely removed. However, the absorption in
the UV region was not removed, which indicates the presence of intermediate
compounds after color removal. The 7OC and TN changes during the reaction are
shown in Fig. S-3 (Supplementary material). As could be seen, =10% of the dye
was mineralized. The obtained results confirm that the degradation of RO16 was
only partial, but the rate of the achieved decolorization is much faster than in
photocatalytic processes,3!-32 except when H,O; was added.33

CONCLUSIONS

The dimensionally stable Ti/PtOx anode was found to be effective in the
decolorization process of CI Reactive Orange 16 dye solutions containing chlo-
ride. The decolorization proceeded via a pseudo-first order reaction with hypo-
chlorous acid as the main active chlorine species. Depending on the electrolysis
conditions, the apparent first-order reaction constant was in the range of 0.2 to
0.5 min—!. Complete decolorization within 15 min could be successfully realized
with currents in the range of 100 to 200 mA (2040 mA cm2), sodium chloride
concentrations in the range of 10 to 30 g dm™ and low (few mg dm3) and
medium (~0.1 g dm=3) contents of dye. A negligible effect of the hydrodynamic
conditions on the RO16 decolorization was recorded. The specific power
consumption was estimated in the range of 1 to 3 kWh kg1, depending on the
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9 14 MUIN, TOMIC and GRGUR

applied current. Some optimum electrolysis conditions can be suggested: 10—15 g
dm=3 of NaCl, with anodic current density of 20-25 mA c¢cm 2 under moderate
steering.

HPLC analysis revealed the formation of smaller aromatic molecules, which
were less polar than the starting molecule. The obtained results of TOC/TN anal-
yses confirmed that the degradation of RO16 was only partial.

SUPPLEMENTARY MATERIAL

The distribution of different active chlorine species in solution as a function of pH,
HPLC chromatograms and relative 7OC and TN change during electrochemical treatment of
the RO 16 dye solution are available electronically from http://www.shd.org.rs/JSCS/, or from
the corresponding author on request.
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H3BOJ
EJIEKTPOXEMUHICKO OBE3BOJABAIGE REACTIVE ORANGE 16 BOJE IIOMORY
JUMEH3UOHO CTABUJIHE Ti/PtOx AHOJE

IYIIAH ).MHAJY', BYK . TOMUB u BPAHUMUP H. TPTYP
Texnonowxo-mewanypwxu Gaxyniieiri, Ynugepsuiteitl y Beoipagy, Kapneiujesa 4, 11120 Beoipag

Enexrpoxemujcko odesbojaBame CI Reactive Orange 16 je HCIUTHBAHO Ha AUMEH3UOHO
crabunnoj Ti/PtOx aHopu y pacTBopuMa Ha Da3u HaTPUjyM-XJIOpUAA. Pa3IMuUTH peakLMOHU
napaMmeTpH, Kao IITo Cy Op3uHa Mellama, jayuHa CTPYje, KOHLEHTpallkja HaTpUjyM-XJI0pHia U
KOHLIeHTpanuja Ooje, Cy BapUpaHHd M Ha OCHOBY J0DWjeHHX pe3yiTara yTBpheHH cy OnTH-
MaJIHU PeaKl[MOHU YCIIOBH. [IpeTnocTaBsbeHo je fa je akTHBHA BpCTa y peakuuju odbe3bojaBama
XMITOXJIOpacTa KucenrHa. Peaxnyja je npahena nomohy UV—-Vis criektpockonuje, TeyHe Xpo-
Marorpaduje BUCOKOT IPUTHCKA, Kao ¥ ogpehuBameM YKyITHOT OPraHCKOT YIJbeHHKaA U a30Ta.
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Fig. S-1. The distribution of different active chlorine species in solution as a function of pH
after 1 (open symbols) and 5 (closed symbols) min of electrolysis.
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Fig. S-2. HPLC chromatograms of the RO16 dye solution recorded at 245 nm before and after
16 min of electrochemical treatment, m(NaCl) = 10 g dm3, m(RO16) = 60 mg dm™ I = 100
mA, @= 250 rpm.
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Fig. S-3. The relative TOC and TN change during electrochemical treatment of the RO 16 dye
solution, m(NaCl) = 10 g dm3, m(RO16) = 60 mg dm= /=100 mA, @w= 250 rpm.
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Abstract: This work presents the synthesis and characterization of soluble and
conducting polyaniline—poly(itaconic acid) PANI-PIA according to a chemical
polymerization route. This polymerization pathway leads to the formation of
doped polyaniline salts, which are highly soluble in a number of mixtures
between organic common polar solvents and water, the solubility reaches 4 mg
mL-!. The effect of synthesis parameters, such as doping level, on the con-
ductivity was investigated and a study of the solubility and other properties of
the resulting PANI salts were also undertaken. The maximum of conductivity
was found equal to 2.48x10* S cm™! for fully protonated PANI-EB. In addi-
tion, the synthesized materials were characterized by various methods, i.e., vis-
cosity measurements, XRD analysis and FTIR and UV—Vis spectroscopy. Fin-
ally, TGA was performed to obtain some information concerning the thermal
behaviour of the materials.

Keywords: conducting polymer; PANI; itaconic acid; polymerization; solubility
properties.

INTRODUCTION

The synthesis and improvement of new materials with special properties
have attracted much attention in the last decade. Polyaniline (PANI) is one of the
most promising polymers due to its good flexibility, low cost, oxidative stability
and unique conduction mechanism.!-3 However, there are some major draw-
backs, which limit its application, such as low thermal stability and poor sol-
ubility in common solvents due to the stiffness of backbone and H-bonding inter-
actions between adjacent chains.*5

* Corresponding author. E-mail: hicheming@yahoo.fr
doi: 10.2298/JSC140719003Z
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Recently a number of studies have been devoted to the search for different
synthetic methods that allow PANI to be obtained with good solubility in the
presence of different polymeric acids with different structures,®-2 which improve
processibility, special electrical conductivity and optical and spectroscopic pro-
perties.

Barrios et al.10 reported the electro-synthesis of PANI in the presence of
poly(itaconic acid) and they evaluated the effect of the presence of dicarboxylic
acids on the electrochemical behaviour of the obtained films. Nevertheless, the
electrochemical methods generated polyaniline with very low solubility that was
difficult to process and had restricted application.

Travas-Sejdic et al.!! studied the electrochemical properties of self-assembled
multilayer films based on polyaniline and two polyanions: poly(styrene sul-
phonate) (PSSA) and an oligonucleotide (ON), and found by cyclic voltammetry
experiments that PANI/PSSA and PANI/ON films had different electrochemical
behaviours, with PANI/ON films showing lower electroactivity.

Gizdavic-Nikolaidis et al.1? recently demonstrated that a conductive poly-
mer nanofibrilar network of poly(lactic acid) can be electrospun with PANI, and
its copolymers with m-aminobenzoic acid (m-ABA) from DMSO/THF solutions.
Abdul Rahman et al.13 found that the number average molecular weights of the
copolymers decreased significantly with increasing m-ABA fraction in the
copolymers, and the solubility increased with increasing proportion of m-ABA.
This increase was due not only to the functional COOH groups, but also to the
decrease in the average length of the polymer chains.

Gribkova et al.!4 reported the chemical polymerization of aniline in the pre-
sence of aromatic polyamides containing sulphonic groups. They observed that
the presence of the flexible-chain of polyamides with a regular distribution of
sulphonic groups along the polymer chain allowed the polyaniline to exhibit a
random coil conformation in the presence of strong electrolytes and the for-
mation of water-soluble interpolymer complexes of PANI with polyacids.

Wang et al.l5 prepared polyaniline nanorods by chemical oxidative poly-
merization using itaconic acid as dopant. The polyaniline salt obtained, compared
to the undoped form, possessed high productivity, conductivity and excellent
solubility in organic solvents such as NMP, THF and DMF, which reached 19
mg mL-1,

The main goal of the present work was the chemical doping of PANI in the
presence of poly(itaconic acid) (PIA). PIA is a very exciting material due to its
biocompatibility with natural systems. In addition, PIA is very attractive because
it has two negatively charged carboxylic groups in each monomer unit. The
essential advantage of the resultant PANI was the possibility of producing con-
ductive PANI blends with good solubility. The spectral, thermal and electrical
properties of the obtained PANI molecular composites were studied.
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EXPERIMENTAL
Materials

Aniline (ANI, 99 % pure) was purchased from Fluka. Other provided materials were
hydrochloric acid (35.37 %) from Organics Stinnes Chemicals, methanol (99.5 %) and ammo-
nium peroxodisulphate (APS, 99 %) from Prolabo. Potassium peroxodisulphate (PPS, 99 %)
was from Riedel-de Hagen, acetone (99 %) from Acros Organics, while ammonia (25 %
solution), N-methylpyrrolidone (NMP, 99.5 %) and tetrahydrofuran (THF, 99 %) were from
Merck. Itaconic acid (99 %) was purchased from Aldrich, dimethyl sulphoxide (DMSO, 100
%) from Analytical Reagent. Deionised water was used throughout the experiments and all
chemicals were used without previous purification.

Synthesis of PANI

The synthesis of the PANI-EB was as follows: 4.8 g of aniline (4.75 mL) and 15 ml of
HCI were dispersed in 50 mL of deionised water under vigorous stirring at room temperature
for 2 h to obtain a uniform solution. Then, an aqueous solution of APS (11.8 g + 50 mL
deionised water) was added to the above mixture in one portion (the mole ratio ANL:APS = 1).
The resulting solution was stirred for 30 min to ensure complete mixing, and then the reaction
was followed by continuous stirring at 2 °C for 4 h. The precipitate that formed was filtered
off, washed with deionised water and methanol until the filtrate was colourless to remove
excess acid and possible oligomers. Finally, the powder was dried under vacuum for 48 h.
Then, the obtained PANI as the emeraldine salt (PANI-ES) was stirred in 1 M solution of
ammonium hydroxide at room temperature for 72 h to completely convert it to emeraldine
base (PANI-EB) form. Upon filtering and drying under a dynamic vacuum in an oven at 60 °C
for 24 h, the base form of PANI was obtained as a blue powder. The yield of the polymer-
ization was 80 %.

Poly(itaconic acid) synthesis

The synthesis was carried out similarly to that described in work of Larez et al.'® Thus
deionised water (10 mL) was heated until boiling and left to reach ambient temperature with
continuous stirring and under nitrogen bubbling. Itaconic acid (IA, 0.023 mol) and PPS
(2.22x10* mol) were added and the system was sealed and placed in a thermostatic bath at 60
°C with continuous stirring during 48 h. A heterogeneous mixture was initially obtained due
to an incomplete dissolving of IA that went transparent after 5 min. After the polymerization
reaction time was over, the reactor was left to cool down to room temperature under con-
tinuous stirring (about 30 min). Polymer was separated by precipitation in cool acetone. The
repeat unit of the resulting polymer (PIA) is shown in Scheme 1.

OH
&0
i —¢
CHZ_,C,:_OH Scheme 1. Chemical structure of the repeat unit of poly(itaconic
0] acid) PIA.

Doping
The polymeric acid-doped PANI was prepared by mixing 0.9 g of PANI-EB (0.0025 mol,
based on the approximate tetrametric repeat unit) in a THF dispersion with the appropriate quantity
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of poly(itaconic acid) solution of different mole ratios (based on its acidic repeat unit). The
suspension was sonicated in a bath-type sonicator for 2 h followed by electromagnetic stirring (12
h) to make the dispersion homogeneous. The dispersion of PANI-PIA was filtered using poly-
tetrafluoroethylene membrane filters of pore size 0.45 um. The resultant powder was washed with
large quantities of distilled water until the filtrate became colourless and the powder was dried in an
oven at 60 °C for 24 h. The reaction mechanism is shown in Scheme 2.

[sasyeasy!

N
H
+
(I)H
C’O
CH ——C
CH2 ﬁ—OH n
O
Doping

LT
R e

Scheme 2. Mechanlsm of PANI-EB dopmg with PIA.

Characterization

The Fourier transform infrared (FTIR) spectra were recorded between 400 and 4000 cm!
from KBr pellets on an infrared Fourier transform spectrometer (Shimadzu type 8400 S). The UV—
—Vis spectra of all samples dissolved in different solvents were recorded using a UV-Vis
spectrometer Shimadzu UV-2401PC, in the wavelength range of 250-900 nm. The intrinsic
viscosity measurements of solutions were made using a Micro-Ubbelohde Schott-Gerate
viscosimeter. The X-ray powder diffraction patterns were recorded on a PANalytical X'Pert PRO
diffractometer fitted with CuK,, radiation (A = 1.5404 nm) at 40 kV and 40 mA in the 20 range 5—
—60° region. Thermogravimetric (TG) analysis was performed using a Setaram MTB instrument
with “10°%” sensitivity, operating at a heating rate of 10 °C min’!, from room temperature up to 450
°C under an air atmosphere. The sample mass ranged between 3 and 6 mg.

RESULTS AND DISCUSSION
Conductivity measurements

The electrical conductivity measurements of compressed pellets of PIA-
-doped PANI were made by the conventional four-point probe technique at room
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temperature; the data are plotted in Fig. 1. The curve showing the evolution of the
electric conductivity (o) according to the doping level follows an exponential
form. Indeed, the values of the electrical conductivity order of 104 were found for
PANI-PIA, whereby a high conductivity value of 2.48x104 S cm! for the
PANI-PIA was reached when the PANI-EB (conductivity value of 8.14x10-10
S ecm!) was fully protonated, showing that the resultant PANI-PIA was less
conductive than the PANI-HCI, which has a conductivity of 4.6 S cm~!. This was
confirmed by the narrower band gap for PANI-HCI around 3.2 ¢V compared with
the PANI-PIA (Table I). Note that each measured value of conductivity is an
average of four measurements for each face of the pellet.

2.6 l
2.4 T
2.2

2.01
1.81 %
141 v
12 é/
Fig. 1. The conductivity of PANI-PIA at

025 0.50 0.75 100 different [PIA repeat unit]/[EB tetramer]
[PIA repeat unit]/[EB tetramer] mole ratio mole ratio.

o/10*Sem’

TABLE I. Conductivity and the energy band gap of different forms of PANI
UV-Vis band, nm

1

Sample Conductivity, S cm" Energy band gap, eV

1 2
PANI-HCI 387 467 4.60 3.20
PANI-EB 331 626 8.14x10°10 -
PANI-PIA 304 347 2.48x10*4 4.08

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of IA and its polymer (PIA) are shown in Fig. 2. The assign-
ments of the FTIR bands of 1A, PIA, PANI-EB and PANI-PIA are given in Table
II. The spectra of IA and PIA showed a broad band between 2775 and 3480
cm~1,17 which was attributed to O-H stretching vibrations. The spectrum of 1A
showed peaks at around 1700,18 143018 and 1220 cm™1,19 indicating the stretch-
ing vibrations of C=0 (carboxylic acid), C—O-H in plane and C—-O, respectively.

The spectrum of the PIA showed the peaks at around 1730,20 1400!9 and
1193 cm 12! indicating the stretching vibrations of C=0, C-O-H and C-O,
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respectively. The peak at 1629 cm™! in the curve (¢ = 0 h) in Fig. 2,18 charact-
erizes the presence of C=C bond coming from itaconic acid. However, this peak
was absent in PIA spectrum, which confirmed the polymerization of 1A.

2 b oo oo on

® = aSa &S Ao
o~~\o

o N et

T ™ T T T
1500 1000 500
Wavenumber, cm’

T T 1
3500 3000 2500

Fig. 2. Kinetics of the polymerization reaction of itaconic acid from IA (¢ = 0 h) to PIA
(t = 48 h) determined by FTIR spectroscopy.

TABLE II. Assignment of FTIR bands (wavenumber, cm™) of IA, PIA, PANI-EB and PANI-PIA

Sample

A PIA Assignment
2775-348017 2775-348017 O-H stretching vibration
170018 173020 C=0 stretching vibration
162918 - C=C stretching vibration
143018 140019 C-O-H stretching vibration
122019 11932 C-0 in of plane bending vibration
PANI-EB PANI-PIA Assignment
343522 343522 N-H stretching vibration
- 1719%7 C=0 stretching vibration
158323 156828 N=Q=N Stretching rings
149424 148529 N-B-N stretching ring
129225 129225 C-NT stretching in secondary amines
51126 51126 C—H out-of-plane bending 1,4 ring
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The position of wavenumber of C=0 stretching depends on hydrogen bond-
ing and conjugation within the molecule. With polymerisation of 1A, the C=0
stretching band was shifted to higher wavenumbers, because the possibility of
conjugation with a C=C band resulting in delocalization of the C=0O group was
eliminated on polymerisation.!8 In addition, shifting of the typical bands for the
C—0O and C—O-H groups were detected. This effect is related to hydrogen bonding
between the COOH groups of PIA.

The FTIR spectrum of pure polyaniline (PANI-EB) is shown in Fig. 3. The
formation of polyaniline was confirmed from the predominant peaks at the wave-
number of 1583 cm!, corresponding to C=C stretching of the quinoid ring,23
1494 ¢cm! for C=C stretching of the benzenoid ring,24 1292 cm! for C-N*
stretching,25 and 511 cm™! for C-H out-of-plane bending.26 After PIA doping, the
quinoid and benzenoid ring bands were shifted to lower wavenumbers by 15 and 9
cm™ !, respectively. This red shift phenomenon, corresponding to the transform-
ation of quinoid rings into benzenoid rings, may result from conjugation effects
after doping with the polymeric acid.28

S oot
- 000®
= wnass

- 3435
221292
=511

PANI-PIA

PANI-EB

T : T T T T T T T
3500 3000 2500 1000
Wavenumber, cm’'

Fig. 3. FTIR spectra of PANI-EB, PIA and PANI-PIA.

UV—Vis spectroscopy

Absorption spectroscopy is a valuable tool for detecting the presence of PANI
base and its salts. All the absorption spectra of the PANI-PIA samples and the
PIA spectrum, Fig. 4, showed a peak in the range of 249-285 nm, corresponding

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

(CC) 2015 SCS. All rights reserved.



924 ZEGHIOUD et al.

to m—* or n—m* transitions in the carbonyl groups of the poly(itaconic acid),3°
(Table III).

a
b
C . .

Fig. 4. UV-Vis spectra of: a)
—— T 1 71— 71— 71— water/NMP, b) water/THF and c)
300 400 500 600 700 800 PIA and PANI-PIA salts recorded

A/ nm in different solvents.

TABLE III. Absorption bands (4 / nm) of PIA and PANI-PIA samples in different solvents

Attribution of absorption bands

Sample (solvent)

n—n* and/or n—m* ¥ Polaron—nt* n—Polaron
PIA (water) 282 - - -
PANI-PIA (THF/water) 249 304 347 790
PANI-PIA (NMP/water) 285 347 410 816

The electronic absorption spectra of the PANI-PIA samples in different
solvents showed bands corresponding to the following transitions: n—n* (304—347
nm), polaron—-n* (347-410 nm), and n—polaron (in the region from 790 to 816
nm) of the alternating benzenoid—quinoid structures, respectively.31:32 The finding
of the latter two absorption bands in the electronic spectra of all the PANI-PIA
samples indicates that these polymers were well doped.

When the solvent molecules interact with a PANI-PIA, its chain configur-
ation may be changed depending on the structure and polarity of the solvents,
which is reflected by peak shifts.33

Solubility determination

PANI-PIA dispersion in THF/water mixture (20 mL) was oscillated in a
bath-type sonicator for 2 h at room temperature. The suspension was filtrated to
remove undissolved polyaniline. The obtained solution was analyzed by UV—-Vis
spectroscopy to confirm the protonated state of PANI, then it was dried in an oven
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at 60 °C for 12 h. The maximum solubility was the quantity of resulting poly-
aniline powder after drying 20 mL of solvents mixture with an optimal volume
ratio, which is measured in mg mL-1. Note that the optimal ratio was determined
by the intrinsic viscosity method.

The solutions of PANI-PIA in different solvents are shown in Fig. 5. The
picture proves that the PANI synthesized in the present work was highly soluble
in tetrahydrofuran/water and NMP/water mixtures with a dark green colour (Fig.
5a and b, respectively).

|

Fig. 5. Photographs of solutions of PANI-PIA in mixtures, a)
water/THF = 0.428 and b) water/NMP = 0.428.

a) b)

The carbonyl groups of extended polyacid chain of the PIA facilitate the
solubility of PANI in some polar solvents.3* PANI-PIA is not soluble in pure
THF and NMP. The presence of water with each organic solvent improves the
solubility of the PANI-PIA significantly, which could be explained by the number
of carboxylic groups that is higher than the number of hydroxyl groups in the
dopant which require a solvent with more groups containing hydrogen to create
hydrogen bond. These groups (C=0), more negatively charged can create a
stronger hydrogen bond with the water hydrogen. This idea is presented sche-
matically in Scheme 3.

1 PANI repeat unit
Iy

PIA repeat unit
THF
i Scheme 3. Effect of the presence of
water as co-solvent on PANI-PIA
Water solution in THF.
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Intrinsic viscosity

The viscosity of macromolecular substances in solution is one of the most
commonly used methods for characterizations. Intrinsic viscosity is defined as the
limiting value of the ratio of specific viscosity to concentration of the solute
(11sp/c), extrapolated to zero concentration.

Different solutions of PANI-PIA were prepared with different volume ratios
of solvents (THF or NMP)/water at room temperature. This method is based on
the calculation of the difference between the efflux time of the mixture of solvents
(t0) and polymeric solution (f) between two points in a capillary tube.

Basing on the most recent work performed by Yilmaz et al.35 using the
values of constant K and a at room temperature (26 °C) obtained for the leuco-
emeraldine form in NMP solution in the presence of LiCl:

K=234x102mL g !and a=0.73

[n] = KM* (D
If two values are introduced into the Mark—Houwink equation (Eq. (1)),3¢ the
obtained value of the intrinsic viscosity [7] = 13.26 mL g~! of the emeraldine salt

form results in an apparent viscosity average molar mass of /M, = 5915 g mol 1.
The evolutions of the intrinsic viscosity of solutions having various (THF or
NMP)/water volume ratios of polyaniline doped with poly(itaconic acid) are
shown in Fig. 6. The increase in viscosity with increasing water content indicates
an increase in the hydrodynamic volume of the doped polymer chains, consistent
with a progressive change in molecular conformation from “compact coil” to
“expanded coil”.37 This type of behaviour indicates that water interacts more
strongly with the polymer chains and/or with poly(itaconic acid) (PIA) dopant

3.6 4
...’... (a)
==
3.0 : ®)
_ 244
"o ;
=
E 1
1.2
0.6 - ‘
’ <>,___._——<> Fig. 6. Relationship between
\ & . the intrinsic viscosities of
007 < polyaniline doped with poly-
' T T T T T (itaconic acid) and volume
0.0 0.2 0.4 0.6 0.8 1.0 1.2

ratio of the mixtures of: a)
Vivater "V sotven water/THF and b) water/NMP.
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anions than does THF. Conversely, when the value 0.428 for the volume ratio was
exceeded, the intrinsic viscosity began to decrease with further water addition,
which could be explained as follows: the PANI-PIA chains take an extended coil
conformation also because there are H-bonding interactions of the hydrogen of the
amine groups with the oxygen present in the molecular structure of THF. When
the value of the volume ratio was more than 0.428, the water excess was used to
decrease the interaction chain—organic solvent that led thereafter to decreases in
the hydrodynamic volume of the chains of the doped polyaniline (compact coil).
The change in intrinsic viscosity values is so large that also the quality of
solvent/water mixture for PANI-EB and PANI-PIA should be considered.
Namely, water in this case can act as a non-solvent. After reaching an optimal
proportion between solvent and water (good solvation, intermolecular interaction),
its increased share might worsen the solvent quality, which could lead to more
compact random coils due to stronger intramolecular chain interaction.38

Thermogravimetry (TGA)

The results of the thermogravimetric analysis of the pure PIA and PANI-PIA
samples are presented in Fig. 7. Four degradation steps could be observed for PIA
(Fig. 7, curve b) in the temperature range from 26-450 °C, with a residue of 30
wt. %. In the temperature region from 50-280 °C, two processes were detected;
the first one is assigned to the elimination of free water adsorbed to the hydro-
philic polymer and presence of residual solvent in the polymer,3? and the second
to anhydride ring formation in the PIA chain.40 In the second temperature region,
from 280 to 450 °C, two degradation stages were observed, probably related to
some decarboxylation and carbonization processes.!0:41

100 4 —TGA
===DTG | o

801 e
1S
®
< 604 -0l =
° <
£ £
& 40 g
3 ©
.\ / \ ./“-\‘ ~ T 0.2 8
\ s \ I', N Z

20 4 N \, ; /|

= NS
p
0 I -0.3
50 100 150 200 250 300 350 400 450
7/°C
Fig. 7. Thermogravimetric (TG) and differential TG (DTG) curves for: a) PANI-PIA and
b) PIA.
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In the TGA thermograms of the PANI-PIA shown in Fig. 7, curve a, there are
three major stages of weight losses of PANI-PIA powder sample. The first weight
loss occurred around 67—-198 °C (10 %) resulting from the elimination of water
and other volatiles.*? The second stage in the temperature range 198-337 °C was
assigned to the decomposition of excess dopant PIA.43 The third weight loss at the
higher temperature could be attributed to the detachment of doping agent and the
chemical decomposition of the short chains of PANI with maximum decom-
position rates at 367 and 427 °C, respectively.44

It is notable that as much of 50 % of the initial mass was preserved for
temperatures up to 500 °C. This residual mass relates to the existence of reticule
polymer, which is formed at high temperatures,*> and the influence of the doping
agent on a real thermal stability is not clear in this temperature region.

X-Ray diffraction pattern (XRD)

The X-ray diffraction pattern of PANI-EB, PIA and PANI-PIA are given in
Fig. 8. The crystalline (/) and amorphous (/;) peaks were both integrated in 26
space. From these integrated peaks areas ([, /,), the ratio X /X, can be calculated
by X/X, = 1.8x(I./I;). A Ryland factor of 1.8 is commonly used for semi-crys-
talline polymers.#> The percentage of crystallinity X, (%) was obtained as:40

Xc (%) =100 —100/(1 + X/ X,) 2)

The XRD pattern of PANI-EB (Fig. 8, curve a) contains some sharps peaks
at 26 9.57, 15.22, 20.75 and 24.29°, representing the crystal planes of (001),
(011), (100) and (110) of dedoped PANI, respectively.4” The peak intensities are
listed in Table IV, indicating the pseudo orthorhombic space.26 The peak centred
at 260 24.29° could be ascribed to periodicity perpendicular to the polymer chain

W*W
WW”WWW

(b)

(©)

r . | . , . r . : . . Fig. 8. XRD patterns of: a)
10 20 30 40 50 60 PANI-EB, b) PANI-PIA and c)
20/° PIA.
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(m stacking),47 and the peak centred at 26 20.75° may be ascribed to periodicity
parallel to the conjugated chain of PANI (emeraldine base).#® The sharpness of
the peaks represents the degree of orientation of the polymer chains in that
particular crystal plane, and the intensity represents the population of crystallites
in that plane.*® This result suggests a low degree of crystallinity of 9.64 %.

TABLE IV. The 26 values, intensity and indexation (#k/) of PANI-EB, PIA and PANI-PIA

Sample 20/° Intensity, a.u. d/ A (hkD) Crystallinity, X,/ %
09.57 167.46 09.23 001 9.64
PANI-EB 15.22 176.44 05.82 011
20.75 202.06 04.28 100
24.29 203.40 03.66 110
PIA 11.80 016.88 07.50 - 9.50
PANI-PIA 19.99 008.60 04.44 100
37.27 005.71 02.41 110 2.03

As shown in Fig. 8, curve c, the poly(itaconic acid) showed a moderate
degree of crystallinity (X, = 9.5 %, broad peaks in the spectrum) and a single
sharp peak at 11.8°. On the other hand, the diffractogram of PANI-PIA powder,
presented in Fig. 8, curve b showed two peaks; the first at 19.99° and the other at
37.27° with a characteristics distances of 4.44 and 2.41 A, respectively. It should
be noted that the chains of the PANI-PIA were less ordered than those of the
PANI-EB, which was confirmed by the value of X; =2.03 % for PANI-PIA.

CONCLUSIONS

Soluble conducting polyaniline salts were successfully synthesized via che-
mical polymerization. Undoped and poly(itaconic acid)-doped polyaniline were
characterized by a number of methods. The doped polyaniline had good solubil-
ity in mixtures of NMP/water and THF/water with a maximum solubility of 4 mg
mL-! in the latter mixture at room temperature; on the other hand, this polyani-
line salt was not soluble in the pure polar organic solvents (THF and NMP)
except when the temperature is above 60 °C. The optimum volume ratio of 0.42
between water and THF was determined by intrinsic viscosity measurements.
The electrical conductivity of the doped form of polyaniline presents a pro-
portional relationship with the concentration of the doping agent (PIA). A dec-
rease in crystallinity was detected in the new PANI salt due to the presence of
poly(itaconic acid) in the composite.
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U3BOJ
CUHTE3A U KAPAKTEPU3ALIMJA ITPOBOJHOT U Y CMEIIIX PACTBAPAYA BEOMA
PACTBOPHOT ITOJIMAHUIMHA

HICHEM ZEGHIOUDi, SAAD LAMOURIi, ZITOUNI SAFIDINE' 1 MOHAMMED BELBACHIR?

"Laboratoire de Chimie Macromoléculaire, Ecole Militaire Polytechnique, BP 17, Bordj El Bahri, Alger,
Algeria u 2Laboratoire de Chimie des Polymeres, Département de Chimie, Faculté des Sciences,Université
d’Oran, BP 1524 EI'Menouer Oran 31000, Algeria

Y pany je mpHkasaHa CHHTe3a M KapaKTepusalldja PaCTBODHOI M INPOBOJHOI NOJHAHH-
nuHa PANI-PIA nmodujeHor XxeMHjCKUM TOCTYIIKOM Tj. monumepusandjom. Ha oBaj HauuH je
nodujeHa CO TOJTWAHWIMHA JOMUPAHOT MONM(UTAKOHCKOM KHCETWHOM), Koja je Beoma pac-
TBOpHa Yy OpPOjHMM CMelllama MoJIapHUX OPTraHCKUX pacTBapaya U BOJE, IIPHU YEMY je HOCTHI-
HyTa pacTBOP/MBOCT off 4 mg mL 1. Ananusupan je yTulaj mapameTapa CHHTe3€, Kao IITO je
CTEIEH JONUpama, Ha MPOBOI/BUBOCT, PACTBOP/BUBOCT U IPYra CBOjCTBA CHHTeTHCaHMX PANI-
—PIA conu. MakcuManHa NPOBOIBMBOCT Yy M3HOCy of 2,48x1074 S cm! je octapena mpu
MOTIYHOM TPOTOHOBAaWYy IMOJMMAHWINHA Y 00nuKky emepannuHcke dasze (PANI-EB). ITopen
TOra, CHHTETHUCAaHU MaTepHjajy Cy NOAAaTHO KapaKTepUCaHW BUCKO3WMETPHjOM pasdiakeHux
pactBopa, UV-Vis cnextpockonujom, nudpaxnujom X-3paka (XRD), undpaupBeHoM criek-
TPOCKOINKjOM U T€PMOrpaBUMETpUjcKOM aHanu3oM (TGA) 3a aHa/lIU3y BHUXOBUX TEPMHUYKHX
CBOjCTaBa.

(ITpumibeHo 19. jyna, pesuaupano 29. nenemdpa 2014, npuxsaheno 8. janyapa 2015)
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Abstract: Experimental density p, refractive index np and viscosity 77 data of
three binary systems of poly(ethylene glycol) diacrylate (PEGDA) + ethanol, +
1-propanol and + 1-butanol were measured at eight temperatures from 288.15
to 323.15 K, with temperature step of 5 K, and at atmospheric pressure. The
experimental data were correlated as a function of the PEGDA mole fraction
and temperature. The densities and refractive indices of the investigated mix-
tures could be fitted well with exponential function vs. composition, including
the temperature dependence of the parameters, while in the case of the visco-
sities, a polynomial function fits well the composition of the mixtures. In the
case of the temperature correlation, all three properties (o, In # and np) exhi-
bited linear trends. The viscosity modeling was performed using four models:
the UNIFAC-VISCO, ASOG—VISCO, McAllister and the Teja—Rice models.
For application of the UNIFAC-VISCO model, interaction parameters of fol-
lowing groups were determined: CH,=CH/CH;, CH,=CH/CH,, CH,=CH/OH,
CH,=CH/CH,0 and CH,=CH/COO. In addition, in the same way, the binary
interaction parameters used in the ASOG-VISCO model of the following
groups were determined: CH,=CH/CH,, CH,=CH/OH, CH,=CH/CH,O and
CH,=CH/COO.

Keywords: density; viscosity; refractive index; new UNIFAC-VISCO para-
meters; new ASOG—VISCO parameters.
INTRODUCTION

For a complete understanding of the thermodynamic and transport properties
of pure organic compounds and multicomponent liquid mixtures, knowledge of
their thermodynamic and transport properties over wide composition and tem-
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doi: 10.2298/JSC141009005V

933

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

(CC) 2015 SCS. All rights reserved.



934 VUKSANOVIC et al.

perature ranges is necessary. Studies of thermodynamic properties contribute to
the understanding of the behavior of various organic compounds and their
functional groups, and are of great importance for the understanding of the mole-
cular interactions in multicomponent mixtures. This work is a continuation of
ongoing research related to determination of thermophysical and transport pro-
perties of mixtures containing polymers.!=5 In this work, a biodegradable and
biocompatible polymer, i.e., poly(ethylene glycol) diacrylate (PEGDA), was
investigated in binary mixtures with small chain alcohols, i.e., ethanol, 1-pro-
panol, and 1-butanol.

Poly(ethylene) glycol diacrylate (PEGDA) is a low volatility and medium
viscosity clear liquid with good flexibility and elongation, good water disper-
siblity, low skin irritancy and good reactivity. It is soluble in water and is used as
a functional co-monomer for flexible plastics and as a cross linking agent
between the molecular chains of polymers.® Furthermore, PEGDA is a synthetic,
hydrophilic starting material for the production of hydrogels in the presence of a
photo-initiator and UV light. This polymer is widely known as a biocompatible
and non-immunogenic material suitable for various chemical manipulations, with
application in tissue engineering and regenerative medicine.” One of the impor-
tant usages of PEGDA in biological and biomedical applications could be for
controlled release of drugs by producing well defined micro- or nano-channels
inside the polymer, which would make the release of drugs through the pathways
more readily predictable and controlled. A procedure for producing PEGDA par-
ticles with specific, internal channels for drug release is described in detail in the
literature.8

The investigated short-chain alcohols are completely miscible with water
and used as solvents in various fields of industry. In this particular case, their
application in pharmaceutical industry is of great importance because mixtures of
PEGDA and alcohols could be potentially applied in the pharmaceutical industry
for the controlled release of drugs. In addition, they find application for the rem-
oval of CO, from the air or in biochemical applications.®

Alcohols are polar compounds with the following dipole moments: 5.67x10~
30 C'm for ethanol, 5.67x10-30 C-m for 1-propanol and 6.00x10-30 C-m for
1-butanol.” PEGDA, as a hydrophilic polymer, contains polar or charged func-
tional groups (carbonyl groups adjacent to an ether linkage) which make them
soluble in polar compounds, such as alcohols. From the chemical structures of
PEGDA and alcohols, it is evident that alcohols contain a hydrogen responsible
for hydrogen bonding between the molecules of the same alcohol or with an
oxygen from the polymer, while in the PEGDA molecule, ester COO groups are
present. It could be conclude that these molecules might form intermolecular
hydrogen bonds, i.e., hydrogen from the hydroxyl group in alcohols with the oxy-
gen from the COO group in a polymer. There are also van der Waals dispersion
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forces and dipole—dipole interactions between alcohols and polymer, and mole-
cules of the same compound. The hydrogen bonding and dipole—dipole inter-
actions will be much the same for all the alcohols, but the dispersion forces will
increase as the alcohol becomes larger.

The intention of this work was to investigate how the thermodynamic and
transport properties of PEGDA and alcohol mixtures change with respect to the
alcohol chain length and with temperature, bearing in mind the possible inter-
actions between the above-mentioned components. Thus, in this work, the den-
sities p, refractive indices np and viscosities 77 of three binary systems of poly-
(ethylene glycol) diacrylate (PEGDA) + ethanol or + 1-propanol or + 1-butanol
were measured at eight temperatures (288.15, 293.15, 298.15, 303.15, 308.15,
313.15, 318.15 and 323.15 K) and at atmospheric pressure. Additionally, the vis-
cosity data were modeled using the UNIFAC-VISCO, ASOG-VISCO, McAllis-
ter and Teja—Rice models. Generally, if a viscosity calculation is based on
already determined parameters given in the literature, the UNIFAC-VISCO and
ASOG-VISCO models are actually predictive. However, since in the case of the
systems investigated in the present study, some of the parameters were not
known, the intention was to determine accurately their values and the UNIFAC—
—VISCO and ASOG-VISCO models were considered as correlative.

EXPERIMENTAL
Chemicals

Poly(ethylene glycol) diacrylate (PEGDA), with molecular formula C,,1¢Hy,,+60,+3 and
with number average molecular weight 700 g mol'!, was purchased from Aldrich (CAS No.:
26570-48-9, Cat. No.: 455008, Lot No.: MKBH4151V). Alcohols of reagent grade: ethanol
(= 99.9 mass %), 1-propanol (= 99.5 mass %), and 1-butanol (> 99.5 mass %) were purchased
from Merck. The chemicals were kept in dark bottles under an inert atmosphere and ultrasoni-
cally degassed before sample preparation.

Apparatus and procedures

The density p measurements were performed using an Anton Paar DMA 5000 digital
vibrating U-tube densimeter (with automatic viscosity correction). The temperature in the cell
was regulated to £0.001 K with a built in solid-state thermostat. Calibration of the apparatus
was performed daily using ambient air and Millipore quality water. A Mettler AG 204 bal-
ance, with a precision 1x1077 kg, was used for precise measurement of mass composition for
all binary mixtures, using the cell and the procedure described previously.!? The uncertainty
of the mole fraction calculation was less than +1x10. The experimental uncertainty in den-
sity was about £1x102 kg m™3,

The refractive index np measurements were performed using an automatic Anton Paar
RXA 156 refractometer, which works with the wavelength of 589 nm. Throughout this pro-
cedure, the temperature of the sample was kept constant with a built-in thermostat within an
accuracy of £0.03 K. The estimated experimental uncertainties in the refractive index were
about £1x10.

The viscosity, #, measurements were performed using a digital Stabinger viscometer
(model SVM 3000/G2). The instrument contains two measuring cells; one of which is used
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936 VUKSANOVIC et al.

for measuring the density of the sample, while the other one measures the dynamic viscosity.
The kinematic viscosity was calculated from the measured density and dynamic viscosity.
During this procedure, the temperature in the cells was regulated to £0.01 K with a built in
solid-state thermostat. The relative uncertainty in the dynamic viscosity measurements was
estimated to be 0.35 %.

The densities, dynamic viscosities and refractive indices of the pure substances at several
temperatures and at atmospheric pressure are compared with literature values’-11-1° in Table 1.
The agreement with the literature for the density measurements in most cases was within 0.55
kg m™, while the viscosity measurements were within 0.02 mPa s. The experimental refractive
indices of pure components agree with literature values within 8x10* for alcohols and within
0.002 for PEGDA.

TABLE 1. Densities, p, viscosities, #, and refractive indices, np, of the pure components at
temperature 7 and at atmospheric pressure; the standard uncertainties ¢ for each variables are
o(T) = 0.01 K; o(p) = 5 %; o(x;) = £1x10%, and the combined uncertainties oc are oc(p) =
=+1x102 kg m’3; oc(np) = £1x104; oc(y7) = 0.35 %, at the 0.95 level of confidence (k =2)

p/10° kg m> n/mPas np
Substance T/K This work Lit. This work  Lit. This work Lit.
PEGDA 293.15 147012 14707
303.15 146618 1.4657
313.15 1.46228 1.4607

Ethanol 293.15 0.789547 0.7900'"  1.1885 1.2097"
298.15 0.785257 0.7857''  1.0838 1.0990'' 1.35999 1.35922"
303.15 0.780942 0.7809''  0.98999 0.9971'
313.15 0.772202 0.7733'"  0.82807 0.8280"
323.15 0.763276 0.7636" 0.69427 0.7081"

1-Propanol 288.15 0.807931 0.80749"
293.15 0.803946 0.80375'
298.15 0.799932 0.79975'* 1.9222  1.943" 1.38334 1.3837'¢
303.15 1.7158  1.725%

1-Butanol  293.15 0.810205 0.8097"* 2.9321  2.941' 139929 1.39929'°
208.15 0.806384 0.8060' 2.5656 2.571'¢ 139725 1.39741'¢
303.15 0.802538 0.80191' 22518 2271 1.39519 1.3959"
308.15 0.798659 0.79807'

RESULTS AND DISCUSSION

The experimental data of density, viscosity, and refractive index for three
binary systems (PEGDA + ethanol, PEGDA + 1-propanol, and PEGDA + 1-but-
anol) at eight temperatures (288.15 to 323.15 K), over the entire composition
range and at atmospheric pressure are reported in Table S-1 of the Supplementary
material to this paper.

Fitting of the experimental values of density and refractive index was per-
formed as a function of PEGDA mole fraction with temperature dependant para-
meters. The quality of the fitting was estimated by the deviation between experi-
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mental value and those calculated by different equations. The best results were
obtained using the following equation:

AlO +A11T
X1 +(A20 + A21T)

p.np =exp| (oo + Ao T)+ (1)
where Agg, Ao1, 410, A11, A20 and A»1 are the fitting parameters, x; is PEGDA
mole fraction and 7 is temperature.

The viscosity values, unlike density and refractive index values, varied
greatly with change in temperature and hence, a single equation that combined
the temperature and composition dependencies did not give good results and so
fitting the viscosity values as a function of PEGDA mole fraction or temperature
was performed separately using the following equations:

1= By + Bix + Byx? + Byx} ()
In77 = Cy +% 3)

where By, B1, By, B3, Cp and C are the fitting parameters, x; is the PEGDA mole
fraction and 7 is the temperature.

For the three binary mixtures at different temperatures and compositions, the
parameters of Eq. (1) are presented in Table S-II and the parameters of Egs. (2)
and (3) in Table S-III (Supplementary material). The corresponding root-mean-
-square deviations (rmsd) o; defined by Eq. (4) are presented in Tables S-II and
S-III of the Supplementary material:

1/2

4 2
Z(Yexp _Ycal)
i

n

4)

o=

Yexp and Ycq are experimental and calculated values of p, 57 or np, respectively,
and » is the number of experimental data points.

Comparison of the densities, viscosities and refractive indices of binary sys-
tems of PEGDA and alcohols at 288.15 and 323.15 K and at atmospheric pres-
sure are given in Fig. la—c, respectively. It is obvious from Fig. 1 that the expe-
rimental values of the density, viscosity, and refractive index data of pure
PEGDA are significantly higher than those of the analyzed alcohols. In addition,
it is evident that the densities and refractive index data of the mixtures increased
exponentially with increasing PEGDA mole fraction, while the increase in the
viscosities vs. PEGDA composition followed a polynomial trend. It can be obs-
erved that the density and refractive index increased considerably in the range of
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938 VUKSANOVIC et al.

lower PEGDA concentrations (from 0 to 0.3 mole fraction), while approaching
higher PEGDA mole fractions, the curves trended to constant values. This means
that the influence of PEGDA on the overall densities and refractive indices of the
PEGDA + alcohol mixtures was far greater in comparison to the influence of the
alcohols. In the case of viscosity, there was a constant increase in the values with
increasing PEGDA mole fraction. In addition, it is noticeable that the densities,
viscosities and refractive indices of pure compounds and their mixtures decreased
as the temperature increased. This temperature influence was the most pro-
nounced for the viscosity data. Namely, the viscosity of pure PEGDA at 288.15
K was almost six times higher than at 323.15 K.

p110°kgm®

Fig. 1. Comparison of experimental data for:
a) density, b) viscosity and c) refractive
index vs. mole fraction for the three systems
at 288.15 and 323.15 K and at atmospheric
pressure, where the symbols refer to:
’ PEGDA (1) + ethanol at (m) 288.15 and (O)
/i 323.15 K; PEGDA (1) + 1-propanol (2) at
1_36_;; (A) 288.15 and (A) 323.15 K; PEGDA (1)

+ 1-butanol (2) at (e) 288.15 and (o) 323.15
1344, . . : : K; the lines present the results calculated by
o0 2 o o8 """ Eq. (1) for the p and np data and by Eq. (2)
] for the # data.

Experimental values of the density and refractive index against temperature
at atmospheric pressure are presented in Figs. 2 and 3, respectively, while In # vs.
1/T changes at atmospheric pressure are depicted in Fig. 4.

One can conclude that density and refractive index data exhibit linear depen-
dences on temperature, with a decreasing tendency of the property with inc-
reasing temperature. Figs. 2 and 3 also prove that the changes of densities and
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refractive indices are greater in the range of smaller PEGDA mole fractions
(from 0 to 0.3). Function of In # vs. 1/T exhibited a linear trend as well,
confirming that with increasing temperature the PEGDA + alcohols mixtures
become less viscous (Fig. 4).

1.10 E a t 4 1.10 4 % i 3 3
R B O S I I
1054 o . ° : S s g 1054 & & a4 : : i 3
° ° ° . ° . A A
1.00 o . °
@ o o N » 1.00 L4 ° °
c O o o ° _ "
@ 0954 © o o = ° 5 .
5 LS . o < 095 o o 5 o
2 o904 M - ©
R Jowd e e 4,
0.85-] A SRS
0.85 4
0.80 + o o -
R o
0.75 0.80+ R P SN
<& >
285 200 205 300 305 310 315 320 325 285 200 205 300 305 310 315 320 325
TIK TIK
(a) (b)
3
1.10 é g % § % % § %
A o
s 2 A 4 4 S E a U
& A
o 00 e o, o
€ . . . .
2ol o o Fig. 2. Experimental data of density, p, vs.
e S % ° o o 4 temperature, T (288.15 to 323.15 K), at
20O e e ., , . . atmospheric pressure, for the systems: a)
0.854 PEGDA (1) + ethanol (2); b) PEGDA (1) +
o o 1-propanol (2); ¢) PEGDA (1) + 1-butanol
080 M T 2). The symbols refer to mole fractions of
Y

285 280 205 300 305 310 315 320 325 PEGDAL: () 0; (¢) 0.05: (©) 0.1; (e) 0.2; (A)
TIK 0.3; (A) 0.4; () 0.5; (m) 0.6; (V) 0.7; (V)
(© 0.8;(+)0.9; (W 1.

In addition, modeling of viscosity experimental data was performed using
predictive and correlative types of models. In this work UNIFAC-VISC0Q20.2!
and ASOG-VISCO?2 models were used for the determination of the dynamic
viscosity of the three binary mixtures. UNIFAC-VISCO and ASOG-VISCO are
group contribution models aimed at activity coefficient determination. In both
methods, the activity coefficients in the mixtures are related to interactions
between structural groups. Consequently, the parameters characterizing interac-
tions between pairs of structural groups, called group interaction parameters, are
necessary (og,m for UNIFAC—VISCO and myq and ny for ASOG—VISCO). If the
parameters are given in the literature, it is not necessary to determine them again.
In this work, new group interaction parameters were determined from the experi-
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mentally measured viscosities using the Marquardt?3 optimization technique for
the minimization of the objective function:

2
n —_—
orF =1 (—%"p ”C*“J —>min 5)
i=1

ne= Tlexp i

where 7¢xp and 71¢,) denote the experimental and calculated values of the dynamic
viscosity 77 and n is the number of experimental data points.

S IR I
° ° A o a A I A a 2 A i ¥ §
1.44 ° . . A . . A A A A
® ° o 144 ° ° . o a
[ ]
1.42 4 o ° o . o . L] °
[e] o
< . ° o oo 2 © o o
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147
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] [ ] A A
1.44 * ° . ° o a
4 [ ]
R 1434 © o 5 R ° * ) ) )
< 1 o o Fig. 3. Experimental data of the refractive
1424 ¢ . o o . g p
] ¢ ., index, np, vs. temperature, 7 (288.15 to
41 * e 4 323.15 K), at atmospheric pressure, for the
a4 O o systems: a) PEGDA (1) + ethanol (2); b)
130 AR N . PEGDA (1) + 1-propanol (2); c) PEGDA (1)
1 ¢+ 1-butanol (2). The symbols refer to mole

T e o as a0 o o fractions of PEGDA: (0) 0; (#) 0.05; (0) 0.1;
TIK (8) 0.2; (A) 0.3; (A) 0.4; (D) 0.5; (m) 0.6;
© (V)0.7; (V) 0.8; (+) 0.9; (@) 1.

The new UNIFAC—VISCO interaction parameters, 0y, between the follow-
ing groups: CH,=CH/CH3, CH,=CH/CH,, CH,=CH/OH, CH»=CH/CH;0 and
CH,=CH/COQO are summarized in Table II. The remaining interaction para-
meters were taken from the original model20-2! and previous papers.5-24

In the similar way, new ASOG—VISCO group interaction parameters, my|
and ny), of following groups CH»=CH/CH,, CH,=CH/OH, CH»=CH/CH;0,
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CH,=CH/COO were determined using the original interaction parameters22 and
parameters from previous papers.3-24 The results are summarized in Table III.

5.0 § 504 3 §
4.5 i i E 4.5 § g i
N I R S B S
3.5 ﬁ ﬁ ﬁ AL, L 35] i i § 2 o
— 304 N ° — § N ©
0 2 . o o @ 3.0+ A ° ° ©
o] o * o eE 5] 4 e * 0O
E ] o ° . ¢ ET1 ¢ o o 7 . ¢
= . s . * ) < E 204 © * * ¢
£ 154 P * ‘ < < < 1.5; . * < P <
04 ¢ | « « -
0.5 074 6 © ©
& o 0.5 O
.Z:Z: o © ° o o 00l © ¢ o
0.0031 0.0032 0.0033 0.0034 0.0031 0.0032 0.0033 0.0034
7K™ T/K!
(a) (b)
5.0 §
45 i g R
4.0 § g ; : A
o] o 3 BOL o2 B e
. B 1 & 5 0 . 0
E 2.5 ° (] ) ° © *
S.0] o © © . * * . Fig. 4. Experimental data of viscosity, In 7,
T 5] o« * « <« ° vs. 1/T (288.15 to 323.15 K), at atmospheric
10.] : « < ° o © pressure, for the systems: a) PEGDA (1) +
o o ° © ethanol (2); b) PEGDA (1) + 1-propanol (2);
051 o © ¢) PEGDA (1) + 1-butanol (2). The symbols
0.0 b o omm oo refer to mole fractions of PEGDA: (0) 0; (#)
K 0.05; (0) 0.1; (®) 0.2; (A) 0.3; (A) 0.4; (O)
(©) 0.5; (m) 0.6; (V) 0.7, (¥) 0.8; (+) 0.9; (@) 1.
TABLE II. The UNIFAC—-VISCO interaction parameter, o4,
CH; 0 -709.52  —570.8614 594.42 -50.17° -172.42
CH, 66.532 0 1161.7424 498.6* -319.930b 11722
CH,=CH -872.8564  1489.0364 0 —-869.8514 22438974 —57.4404
OH 12092 —634.5% -549.0414 0 —-619.360° 68.35%
CH,0 456.91°  —340.250>  248.1579  25.340b 0 —56.95¢
COO —44.25° 541.6° —445.3444 186.82 —137.945° 0

20riginal UNIFAC-VISCO parameters;?*?! P"UNIFAC-VISCO parameters from the literature;> “UNIFAC—
—VISCO parameters from the literature;2* 9new UNIFAC-VISCO parameters

Moreover, the experimental viscosity data were correlated with the one-
parameter Teja and Rice,25:26 and McAllister?’ two-parameter three-body and
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three-parameter four-body models. These models are described in detail in a
previous papers.28:29

TABLE III. The ASOG—-VISCO interaction parameters

kil CH, CH,=CH OH CH,0 COO0
M1
CH, 0 0.24284 —0.35708  —10.9924b 0.36822
CH,=CH 1.76034 0 1.62454 -6.32874 -2.58914
OH 14.14602 —0.33304 0 22661  —40.2000?
CH,0O -33.9591b ~173.2012d 1.5287° 0 -2.9720¢
C00 0.09522 197.14964 19.13102 —4.7468¢ 0
Nkl
CH, 0 356.1024 469.6502 —1.928b 112.5902
CH,=CH 187.2294 0 413.3794 299.0954 298.6144
OH —6137.000? 476.5844 0 —-14.965>  11583.0002
CH,0 -8.176b 298.9664 —127.018P 0 —835.188¢
COO —383.6002 300.5774 —5747.000°  —433.643¢ 0

Qriginal ASOG-VISCO parameters;?2 PASOG-VISCO parameters from the literature;> *ASOG-VISCO
parameters from the lierature;>* 9new ASOG—VISCO parameters

The ability of these models to predict successfully the dynamic viscosities of
the investigated binary mixtures and to correlate the experimental viscosity data
is presented with percentage deviations, PDpax, between the experimental and
calculated viscosities, using the following equation:

100 ¢
P Dmax =

i=1

Nexp —Tlcal

(6)

(nexp )max ;

where (77exp)max 18 the maximum of the experimental 7 values.

The results obtained by the UNIFAC-VISCO, ASOG—VISCO, Teja—Rice
and McAllister models for the mixtures of PEGDA + ethanol or 1-propanol or
1-butanol over the investigated temperature range are given in Table IV. A gra-
phical presentation of the experimental viscosity deviation from the values
obtained by the selected models is given in Fig. 5.

TABLE IV. Results of the viscosity prediction and correlation for the investigated binary
systems at the temperatures (288.15 to 323.15) K and at atmospheric pressure

T/K Predictive approach Correlative approach
UNIFAC—VISCO ASOG-VISCO Teja—Rice = McAllister-3  McAllister-4
PDya | % PDyac/ %  PDyux!%  PDyay ! % PD oy | %
PEGDA (1) + ethanol (2)

288.15 7.62 2.16 11.03 4.46 1.59
293.15 5.79 2.65 10.48 4.66 1.67
298.15 4.08 2.40 10.10 4.88 1.84
303.15 2.82 1.76 9.70 4.97 1.84
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TABLE IV. Continued

T/K Predictive approach Correlative approach
UNIFAC-VISCO ASOG-VISCO Teja—Rice  McAllister-3  McAllister-4
PD jax | % PD,jax /| % PDyax /% PDpax | % PDax | %
PEGDA (1) + ethanol (2)
308.15 2.20 1.08 9.38 5.15 1.92
313.15 2.19 0.66 9.04 532 2.05
318.15 2.95 1.17 8.88 5.49 2.20
323.15 3.74 1.57 8.51 5.50 2.15
PEGDA (1) + 1-propanol (2)
288.15 4.66 1.54 5.96 3.01 1.11
293.15 3.14 0.77 5.68 3.13 1.15
298.15 1.76 0.50 5.52 3.30 1.15
303.15 0.87 0.84 5.29 3.40 1.20
308.15 1.39 1.34 5.07 3.49 1.27
313.15 2.78 1.95 4.90 3.59 1.31
318.15 4.17 2.61 4.72 3.66 1.36
323.15 5.32 3.07 4.65 3.73 1.42
PEGDA (1) + 1-butanol (2)

288.15 4.56 1.56 3.89 2.13 0.65
293.15 3.46 0.78 3.79 222 0.68
298.15 2.47 0.66 3.63 232 0.78
303.15 1.69 0.51 3.57 245 0.72
308.15 1.04 0.47 3.49 2.54 0.78
313.15 0.72 0.44 3.41 2.64 0.82
318.15 1.25 0.44 3.35 2.74 0.86
323.15 1.98 0.45 3.35 2.78 0.92

UNIFAC-VISCO model gave very good results for the prediction of the
viscosity of the three investigated binary systems. In almost all cases, the max-
imum percentage deviation PDpax did not exceed 5 %. The largest deviations
were obtained at the lowest temperature (systems with ethanol and 1-butanol), or
at the highest investigated temperature in the case of the system containing
1-propanol. Inspection of Figs. 5a and 5b confirms this conclusion. The ASOG—
—VISCO model gave even better results, with maximum percentage deviations
PDpax of 2.65 % in almost all cases. The best results were obtained for the
PEGDA + 1-butanol binary mixture, with PDy,x of less than 0.78 %, except at
288.15 K, when the deviation was 1.56 %. However, this model fits the experi-
mental data satisfactorily (Fig. 5c¢). From the results obtained from correlative
models, it could be concluded that the best results for all three systems were
obtained with the McAllister-4 model. This conclusion is supported by the gra-
phical representation given for the systems PEGDA + ethanol, or + 1-butanol
(Fig. 5a and c) where the model correlates the experimental points very well. The
Teja—Rice model gave the worst correlations of the experimental data, with the

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

(CC) 2015 SCS. All rights reserved.



944 VUKSANOVIC et al.

highest PDpyax values, up to 11.03 % for the PEGDA + ethanol binary mixtures.
This conclusion is obvious from Figs. 5b and 5c, especially at lower tempe-
ratures. The best results for all three types of correlative models were obtained
for the PEGDA + 1-butanol binary system, for which the lowest PDy,x devi-
ations were obtained for theMcAllister-4 model (less than 1 %).

160 .
1404 o i B
120 ® ]
4q ; / ,/,/'
100 o 50+ e
g 80—. v"v// § 40 o )
£ . E
= 60 = 30 ol A
40 A 20 ' X -
20 4 e -
| 10 1
04
0 T T T T
0.0 OI2 0T4 0‘6 OI8 0.0 0.2 0.4 0.6 0.8
X, X,
(@ (b)
160
A
140 ‘L/
120 . '
w 1907 H,,cfffi//
% 80 P Fig. 5. Modeling of the viscosity data for the
= ol systems: a) PEGDA (1) + ethanol (2), b)
p PEGDA (1) + 1-propanol (2) and ¢) PEGDA
407 2 . (1) + 1-butanol (2). The symbols refer to
w{ A . a A experimental points () at 288.15 and (A)
ol Lt at 323.15 K, while the lines present the
o oA T T T results calculated by models given in Table
' ' X, ) IV: (—) ASOG-VISCO, (---) Teja—Rice and
(© (+**) McAllister-4 models.
CONCLUSIONS

In this work, the experimental data of the density p, viscosity #, and refract-
ive index np are reported for PEGDA + ethanol, PEGDA + 1-propanol and
PEGDA + 1-butanol binary mixtures at temperatures in the range 288.15 to
323.15 K, with a temperature step of 5 K, over the whole composition range, and
at atmospheric pressure. All measured physical properties increased with inc-
reasing PEGDA mole fraction and with decreasing temperature. The measured
physical properties were correlated as a function of temperature and of PEGDA
mole fraction. The densities and refractive indices of the mixtures showed
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exponential dependence vs. composition, including the temperature dependence
of the parameters, while the viscosities exhibited polynomial dependence over
the mixture composition. In the case of the temperature correlation, all three pro-
perties (p, In n and np) exhibited linear trends. The influence of temperature on
the viscosity of the mixtures was larger than its influence on the density and
refractive index. Moreover, the influence of the PEGDA mole fraction on the
overall densities and refractive indices of the PEGDA + alcohol mixtures was far
greater in comparison to the influence of the alcohol type. In addition, viscosity
modeling was performed using two types of models: the predictive UNIFAC-
—VISCO and ASOG-VISCO, and the correlative McAllister and Teja—Rice
models. The predictive ASOG—VISCO gave better results between the predictive
models, while of the correlative models, the best results were obtained using the
McAllister-4 equation, for all three investigated binary systems. Furthermore,
new UNIFAC-VISCO and ASOG-VISCO binary interaction parameters were
determined from the experimental viscosity data.

SUPPLEMENTARY MATERIAL

Experimental data of densities p, viscosities # and refractive np indices and fitting
parameters and root-mean-square deviations for Egs. (1)~(3) of PEGDA + alcohol binary
mixtures are available electronically from http://www.shd.org.rs/JSCS/ or from the corres-
ponding author on request.
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U3BOJ
EKCIIEPUMEHTATHO UCITUTUBAILE TEPMOJUHAMHWYKHUX U TPAHCIIOPTHHX
CBOJCTABA BUHAPHUX CMEIIA ITOJIM(ETUJIIEHIJTIUKOJI)-DUAKPUJIATA U
AJIKOXOJIA HA PA3JIMYUTUM TEMIIEPATYPAMA

JEJIEHA M. BYKCAHOBHWR, UBOHA P. PAIIOBUR, CJIOBOJAH I1. IIEPBAHOBUR 1 MUPJAHA Jb. KWJEBYAHUH
Texnomowxo—mewmanypuxu Gaxynieid, Ynusepsutiei y beoipagy, Kapueiujesa 4, 11120 Beoipag

ExcneprMeHTaIHY Nofaly 3a TYCTHHY, 0, UHAEKC pedpakxiyje, np, 1 BACKO3HOCT, 7], TPU
OuHapHa cucreMa nomnu(eTuneHruKon)-guakpunara (PEGDA) + etaHon, + 1-mpomnaHon U +
1-OyTaHon cy mMepeHH Ha ocam Temnepartypa (288,15 to 323,15 K), ca xopakom 5 K, u Ha
aTMOC(EPCKOM IPUTUCKY. EXCiepUMeHTaNHy NoJaly Cy KOpelnucaHH Y GMYHKIMjU MOJICKOT
yoena PEGDA u temnepatype. ['ycTuHe W MHAEKCH pedpaKLuje UCIUTHBAHUX CMEIIA Cy
(uTOBaHM EKCIIOHEHLHjaTHOM (PYHKIIMjOM Yy 3aBHCHOCTH Of CacTaBa, JJOK C€ y CIy4ajy BHC-
KO3HOCTH MOJIMHOMCKA (PYHKLHja mokasaja Kao Hajboska Kpo3 LIe0 OMCer MOJICKUX ymena. Y
CJly4yajy TemIiepaTypHe 3aBHUCHOCTH, CBe TPH BequuyuHe (p, In # U np) nokasyjy JuHeapaH
TpeHn. BuckosHocT je mopenoBaHa nomohy uetupu mogpena: UNIFAC-VISCO, ASOG-VISCO,
Mc-Allister u Teja—Rice. Ilomohy UNIFAC-VISCO mogmena oppeheHH cy HMHTepakLUOHH
napametpu cnegehux rpyna: CH,=CH/CH3, CH,=CH/CH,, CH,=CH/OH, CH,=CH/CH,0 n
CH,=CH/COO. Takohe, Ha uctu HauuH nomohy ASOG-VISCO mogena cy onpehenu u duHap-
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HU UHTEepaKUHWOHU napamerpu cinepehux rpyma: CH,=CH/CH,, CH,=CH/OH, CH,=CH/CH,0
and CH,=CH/COO0.
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TABLE S-I. Experimental data of densities, p, viscosities, #, and refractive indices, np, of
PEGDA + alcohol binary mixtures in the temperature range 288.15 to 323.15 K and at
atmospheric pressure; standard uncertainties, o, for each variables are o(7) = 0.01 K; a(p) =5
%; o(x;) = £1x10%, and the combined uncertainties, o,, are o.(p) = £1x102 kg m*3; 6.(np) =
=£1x10%; ac) = 0.35 %, at the 0.95 level of confidence (k = 2)

x| p/103kgm3 5/ mPas np x; p/103kgm3 n/mPas  np
PEGDA (1) + cthanol (2)
7=288.15 K
0.0000 0.793813 1.3056 1.36397 0.5001 1.106579 87.166 1.46472
0.0513 0.926776 5.8557 1.40385 0.6010 1.112252 106.30 1.46611
0.1000 0.983459 10.549 1.41928 0.7000 1.115287 123.85 1.46785
0.2000 1.045931 26.970 1.44576  0.8047 1.120624 141.33 1.46973
0.3000 1.076323 46.252 1.45522  0.9000 1.123135 156.85 1.47038
0.3987 1.096773 66.690 1.46170 1.0000 1.126811 173.59 1.47212
7=293.15 K
0.0000 0.789547 1.1885 1.36193 0.5001 1.102063 66.525 1.46273
0.0513 0.922428 5.0933 1.40241 0.6010 1.104806 80.078 1.46414
0.1000 0.979024 8.9407 1.41755 0.7000 1.110772 92.609 1.46586
0.2000 1.041435 21.752 1.44371 0.8047 1.116127 104.99 1.46777
0.3000 1.071807 36.608 1.45316  0.9000 1.118635 115.54 1.46841
0.3987 1.092253 51.720 1.45971 1.0000 1.122337 127.08 1.47012
7=298.15 K
0.0000 0.785257 1.0838 1.35999  0.5001 1.097558 51.880 1.46079
0.0513 0.918001 4.5238 1.40010  0.6010 1.100298 61.948 1.46218
0.1000 0.974586 7.6692 1.41581 0.7000 1.106269 71.074 1.46390
0.2000 1.036939 18.299 1.44168 0.8047 1.111629 79.932 1.46582

* Corresponding author. E-mail: ivonag@tmf.bg.ac.rs
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TABLE S-I. Continued

x| p/103kgm3 5/ mPas np x;  p/103kgm3 y/mPas  np
PEGDA (1) + ethanol (2)
7=298.15 K
0.3000 1.067296 29.548 1.45114  0.9000 1.114147 87.385 1.46646
0.3987 1.087741 40.997 1.45774 1.0000 1.117853 95.723 1.46814
7=303.15K
0.0000 0.780942  0.98999 1.35789  0.5001 1.093060  41.531 1.45886
0.0513 0.913586 3.9406 1.39785 0.6010 1.095805 49.098 1.46024
0.1000 0.970141 6.6501 1.41351 0.7000 1.101780 55.811 1.46198
0.2000 1.032449 15.069 1.43963 0.8047 1.107149 62.283 1.46390
0.3000 1.062797 24.263 1.44913 0.9000 1.109663 67.850 1.46454
0.3987 1.083240 33.127 1.45579 1.0000 1.113381 73.921 1.46618
7=308.15K
0.0000 0.776592  0.90491 1.35581  0.5001 1.088575  33.790 1.45697
0.0513 0.909154 3.5103 1.39558  0.6010 1.091325 39.595 1.45834
0.1000 0.965685 5.8188 1.41166  0.7000 1.097304 44.693 1.46007
0.2000 1.027959 12.895 1.43761 0.8047 1.102683 49.630 1.46198
0.3000 1.058302 20.223 1.44719  0.9000 1.105191 53.833 1.46263
0.3987 1.078750 27.218 1.45385 1.0000 1.108930 58.351 1.46424
7=313.15K
0.0000 0.772202  0.82807 1.35359  0.5001 1.084103  27.893 1.45506
0.0513 0.904645 3.1239 1.39380  0.6010 1.086860 32,496 1.45645
0.1000 0.961219 5.1336 1.40966  0.7000 1.092842 36.521 1.45818
0.2000 1.023472 11.052 1.43564  0.8047 1.098227 40.430 1.46005
0.3000 1.053814 17.079 1.44527  0.9000 1.100743 43.452 1.46070
0.3987 1.074270 22.701 1.45188 1.0000 1.104486 46.952 1.46228
7=318.15 K
0.0000 0.767765  0.75816  1.35137  0.5001 1.079643  23.316 1.45311
0.0513 0.900167 2.8255 1.39126  0.6010 1.082406 27.038 1.45452
0.1000 0.956736 4.5616 1.40763 0.7000 1.088392 30.252 1.45625
0.2000 1.018982 9.7554 1.43364  0.8047 1.093790 33.272 145810
0.3000 1.049334 14.592 1.44332  0.9000 1.096306 35.627 1.45875
0.3987 1.069794 19.179 1.44992 1.0000 1.100066 38.428 1.46031
7=323.15K
0.0000 0.763276  0.69427 1.34857  0.5001 1.075189  19.865 1.45115
0.0513 0.895623 2.5022 1.38954  0.6010 1.077900 22.948 1.45255
0.1000 0.952239 4.0812 1.40565 0.7000 1.083956 25.534 1.45430
0.2000 1.014492 8.3221 1.43175 0.8047 1.089367 28.002 1.45616
0.3000 1.044856 12.573 1.44141 0.9000 1.091885 29.940 1.45679
0.3987 1.065333 16.414 1.44798 1.0000 1.095664 32.136 1.45839
PEGDA (1) + 1-propanol (2)
7=288.15 K
0.0000 0.807931 24573 1.38736  0.4997 1.094608 83.644  1.46362
0.0508 0.910173 6.8564  1.41324  0.5994 1.106090 103.07  1.46616
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x| p/103kgm3 5/ mPas np x;  p/103kgm3 y/mPas  np
PEGDA (1) + 1-propanol (2)
7=288.15 K
0.1001 0.966543 11.958 1.42624  0.7004 1.113163 122.69 1.46781
0.1999 1.026686 26.654 1.44562  0.7993 1.118460 140.20 1.46984
0.2999 1.060564 43.501 1.45426  0.8997 1.123611 156.67 1.47074
0.3999 1.081882 63.061 1.45967 1.0000 1.126811 173.59 1.47212
7=293.15 K
0.0000 0.803946 2.1677 1.38537 0.4997 1.090116 63.947 1.46154
0.0508 0.905986 5.8703 1.41132  0.5994 1.101596 77.818 1.46416
0.1001 0.962254 9.9488 1.42455  0.7004 1.108661 91.694 1.46580
0.1999 1.022280 21.508 1.44358  0.7993 1.113970 103.89 1.46780
0.2999 1.056101 34414 1.45224  0.8997 1.119120 11528 1.46872
0.3999 1.077403 48.937 1.45766  1.0000 1.122337 127.08 1.47012
7=298.15 K
0.0000 0.799932 1.9222 1.38334  0.4997 1.085631 50.051 1.45958
0.0508 0.901723 5.1015 1.40923  0.5994 1.097111 60.253 1.46217
0.1001 0.957954 8.4345 1.42243  0.7004 1.104169 70.063 1.46383
0.1999 1.017874 17.773 1.44158  0.7993 1.109480 78.986 1.46578
0.2999 1.051646 27.756 1.45022  0.8997 1.114632 87.332 1.46674
0.3999 1.072926 38.983 1.45568 1.0000 1.117853  95.723 1.46814
7=303.15 K
0.0000 0.795891 1.7158 1.38129  0.4997 1.081162 39.980 1.45755
0.0508 0.897515 4.4556 1.40636  0.5994 1.092633 47.665 1.46017
0.1001 0.953651 7.2395 1.41998  0.7004 1.099690 55.018 1.46183
0.1999 1.013476 14.846 1.43958  0.7993 1.105010 61.588 1.46379
0.2999 1.047200 22.769 1.44822  0.8997 1.110155 67.786 1.46478
0.3999 1.068469 31.451 1.45369  1.0000 1.113381 73.921 1.46618
7=308.15 K
0.0000 0.791813 1.5385 1.37920 0.4997 1.076708 32.517 1.45552
0.0508 0.893236 39118 1.40526  0.5994 1.088171 38.441 1.45818
0.1001 0.949333 6.2755 1.41821 0.7004 1.095224 44.168 1.45985
0.1999 1.009075 12.540 1.43754  0.7993 1.100550 49.114 1.46180
0.2999 1.042761 18.960 1.44623  0.8997 1.105693 53.720 1.46280
0.3999 1.064015 25.848 1.45170  1.0000 1.108930 58.351 1.46424
7=313.15K
0.0000 0.787692 1.3883 1.37704  0.4997 1.072259 26.872 1.45352
0.0508 0.888949 3.4626 1.40145 0.5994 1.083716 31.531 1.45618
0.1001 0.945001 5.4866 1.41625  0.7004 1.090767 35.991 1.45787
0.1999 1.004673 10.738 1.43557  0.7993 1.096100 39.818 1.45981
0.2999 1.038323 15.999 1.44423  0.8997 1.101241 43.408 1.46083
0.3999 1.059571 21.579 1.44972 1.0000 1.104486 46.952 1.46228
7=318.15K
0.0000 0.783522 1.2614 1.37488  0.4997 1.067823 22.516 1.45152
0.0508 0.884636 3.0840 1.40099  0.5994 1.079281 26.251 1.45421
0.1001 0.940651 4.8338 1.41433  0.7004 1.086327 29.806 1.45590
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x| p/103kgm3y/mPas np x) p/103kgm3y/mPas np
7=318.15 K
0.1999 1.000264 9.2867 1.43345  0.7993 1.091670 32.821 1.45787
0.2999 1.033890 13.657 1.44221  0.8997 1.096809 35.637 1.45886
0.3999 1.055137 18.230 1.44773  1.0000 1.100066 38.428 1.46031
PEGDA (1) + 1-propanol (2)
7=323.15K
0.0000 0.779300 1.1488 1.37278  0.4997 1.063402 19.229 1.44960
0.0508 0.880283 2.7763 1.39895 0.5994 1.074854 22.290 1.45230
0.1001 0.936280 4.3193 1.41215 0.7004 1.081897 25.165 1.45397
0.1999 0.995856 8.1572 1.43161 0.7993 1.087250 27.604 1.45593
0.2999 1.029459 11.865 1.44037  0.8997 1.092388 29.862 1.45695
0.3999 1.050706 15.672 1.44579 1.0000 1.095664 32.136 1.45839
PEGDA (1) + I-butanol (2)
7=288.15 K
0.0000 0.814002 3.3696 1.40128  0.5001 1.089122 77.514 1.46339
0.0539 0.903840 7.4289 1.42152  0.5996 1.100203 97.184 1.46579
0.1001 0.951448 11.632 1.43202  0.6994 1.109189 116.70 1.46774
0.2001 1.013127 24.426 1.44631 0.7993 1.116370 136.23 1.46956
0.2998 1.052143 40.317 1.45495  0.8999 1.122425 155.26 1.47075
0.4004 1.071754 58.088 1.45951 1.0000 1.126811 173.59 1.47212
7=293.15K
0.0000 0.810205 2.9321 1.39929  0.5001 1.084661 59.498 1.46135
0.0539 0.899778 6.3500 1.41946  0.5996 1.095730 73.674 1.46380
0.1001 0.947302 9.6960 1.42996  0.6994 1.104713 87.498 1.46574
0.2001 1.008822 19.843 1.44429  0.7993 1.111886 101.16 1.46756
0.2998 1.047757 31.996 1.45293  0.8999 1.117939 114.38 1.46875
0.4004 1.067325 45.291 1.45747 1.0000 1.122337 127.08 1.47012
7=298.15 K
0.0000 0.806384 2.5656 1.39725  0.5001 1.080219 46.442 1.45931
0.0539 0.895739 5.4714 1.41745 0.5996 1.091271 57.220 1.46181
0.1001 0.943150 8.1956 1.42805  0.6994 1.100243 67.356 1.46376
0.2001 1.004523 16.358 1.44230 0.7993 1.107405 77.233 1.46557
0.2998 1.043376 25.815 1.45090  0.8999 1.113458 86.707 1.46679
0.4004 1.062912 35.881 1.45545 1.0000 1.117853 95.723 1.46814
7=303.15 K
0.0000 0.802538 2.2518 1.39519  0.5001 1.075785 37.439 1.45727
0.0539 0.891646 4.7591 1.41549  0.5996 1.086830 45.133 1.45986
0.1001 0.938991 7.0189 1.42615 0.6994 1.095781 53.032 1.46183
0.2001 1.000228 13.723 1.44034  0.7993 1.102943 60.318 1.46360
0.2998 1.039005 21.259 1.44887  0.8999 1.108986 67.299 1.46484
0.4004 1.058505 29.260 1.45346  1.0000 1.113381 73.921 1.46618
7=308.15 K
0.0000 0.798659 1.9916 1.39313  0.5001 1.071366 30.535 1.45531
0.0539 0.887569 4.1658 1.41344  0.5996 1.082394 36.714 1.45794
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x| p/103kgm3 5/ mPas np x;  p/103kgm3 y/mPas  np
PEGDA (1) + 1-butanol (2)
7=303.15K
0.1001 0.934817 6.0799 1.42421 0.6994 1.091340 42.535 1.45994
0.2001 0.995932 11.646 1.43839  0.7993 1.098489 48.162 1.46164
0.2998 1.034639 17.787 1.44686  0.8999 1.104531 53.427 1.46292
0.4004 1.054110 24.131 1.45150 1.0000 1.108930 58.351 1.46424
7=313.15K
0.0000 0.794741 1.7672 1.39101 0.5001 1.066960 25.296 1.45332
0.0539 0.883452 3.6706 1.41141 0.5996 1.077973 30.180 1.45600
0.1001 0.930633 5.3106 1.42224  0.6994 1.086915 34.775 1.45805
0.2001 0.991636 9.9944 1.43639  0.7993 1.094056 39.138 1.45967
0.2998 1.030279 15.050 1.44486  0.8999 1.100089 43.191 1.46097
0.4004 1.049725 20.185 1.44956  1.0000 1.104486 46.952 1.46228
7=318.15K
0.0000 0.790780 1.5735 1.38890  0.5001 1.062560 21.251 1.45134
0.0539 0.879316 3.2526 1.40939  0.5996 1.073564 25.181 1.45404
0.1001 0.926432 4.6740 1.42023  0.6994 1.082498 28.828 1.45610
0.2001 0.987335 8.6592 1.43438  0.7993 1.089636 32.293 1.45771
0.2998 1.025922 12.883 1.44288  0.8999 1.095662 35.484 1.45900
0.4004 1.045348 17.097 1.44760  1.0000 1.100066 38.428 1.46031
7=323.15K
0.0000 0.786774 1.4177 1.38683  0.5001 1.058173 18.188 1.44940
0.0539 0.875197 2.9182 1.40739  0.5996 1.069171 21.403 1.45217
0.1001 0.922213 4.1743 1.41831 0.6994 1.078100 24.385 1.45423
0.2001 0.983035 7.6158 1.43251 0.7993 1.085230 27.144 1.45578
0.2998 1.021567 11.202 1.44095  0.8999 1.091254 29.678 1.45708
0.4004 1.040982 14.756 1.44572 1.0000 1.095664 32.136 1.45839

TABLE S-II. Fitting parameters and root-mean-square deviations (rmsd) o of Eq. 1 for the
PEGDA + alcohol binary mixtures at temperatures (288.15 to 323.15) K and at atmospheric

pressure

Property Ao Aoy /K Ao A /K1 Ayy Ay /K' o
PEGDA (1) + ethanol (2)

p/103kgm3 0.370515 —0.000778 —0.020648 —0.000024 0.073749 —0.000001 0.0023

np 0.48360 —0.00031 —0.01491 0.00002 0.18838 —0.00030 0.0016

PEGDA (1) + 1-propanol (2)

p/103kgm3 0.375663
np 0.47056

—0.000765 —0.028148 —0.000038 0.098665 0.000026 0.0006
—0.00026 ~ —-0.00713 -0.00001 0.12950 0.00001 0.0007

PEGDA (1) + 1-butanol (2)

p/103kgm? 0.388889
np 0.47126

—0.000780 —0.042574 —0.000027 0.135574 0.000002 0.0008
—0.00027 —0.00867 0.00000 0.17556 -0.00005 0.0002
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TABLE S-III. Fitting parameters and root-mean-square deviations (rmsd) o of Eqs. 2 and 3
for the PEGDA + alcohol binary mixtures at temperatures (288.15 to 323.15) K and at
atmospheric pressure

Property T/K By By B, B3 o
PEGDA (1) + ethanol (2)
n/mPas 288.15 —0.64267 118.80 158.92 -105.14 1.4619

293.15 —0.31062 100.60 96.008 —70.420 1.0931
298.15 —0.07072 86.966 52.898 —44.968 0.8104

303.15 0.05082 74.390 29.523 -30.759 0.6683
308.15 0.16603 64.579 12.939 —-19.859 0.5122
313.15 0.25578 55.716 4.4642 —-13.902 0.3930
318.15 0.30445 49.361 -3.8550 —7.7126 0.3054

323.15 0.32762 42.666 —5.0895 —6.0363 0.2528
PEGDA (1) + 1-propanol (2)

n/mPas 288.15 1.6415 92.930 197.51 —119.60 0.7883
293.15 1.4509 80.832 125.50 —81.588 0.6454
298.15 1.2877 71.334 76.395 -53.944 0.5262

303.15 1.2081 61.561 48.481 -37.827 0.4125
308.15 1.1356 53.139 31.148 -27.473 0.3246
313.15 1.0551 46.504 18.475 -19.395 0.2627
318.15 0.98725 40.787 10.293 -13.894 0.2144
323.15 0.91941 36.353 4.4007 -9.7536 0.1796
PEGDA (1) + 1-butanol (2)
n/mPas 288.15 2.8354 74.864 197.69 -102.30 0.4282
293.15 2.4309 65.883 130.57 -72.254 0.3856
298.15 2.1826 56.316 90.060 -53.174 0.2883
303.15 1.8880 50.197 58.993 -37.427 0.2595
308.15 1.6853 43916 40.558 -28.029 0.2149
313.15 1.5151 38.557 27.738 -21.034 0.1731

318.15 1.3601 34.166 18.396 —15.637 0.1455
323.15 1.2259 30.820 11.304 —11.366 0.1351
Property X1 Co C, o
PEGDA (1) + ethanol (2)
In (y / mPa s) 0.0000 —5.5483 1677.4 0.0042
0.0513 -6.0329 2246.8 0.0050
0.1000 —6.4100 2521.1 0.0097
0.2000 —7.4548 3089.9 0.0159
0.3000 —8.1825 3453.8 0.0177
Property X Cy C o
PEGDA (1) + ethanol (2)
0.3987 —8.7488 3720.9 0.0209
0.5001 -9.1953 3925.5 0.0233
0.6010 -9.5023 4070.0 0.0257
0.7000 -9.7806 4193.9 0.0268
0.8047 —-10.022 4301.2 0.0280
0.9000 —10.269 4402.0 0.0287
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TABLE S-III. Continued

Property X1 Cy C 4
PEGDA (1) + ethanol (2)
1.0000 —10.446 4481.6 0.0294
PEGDA (1) + 1-propanol (2)

In (7 / mPa s) 0.0000 —6.1308 2023.7 0.0045
0.0508 —6.4396 2407.0 0.0068
0.1001 —6.9256 2704.0 0.0130
0.1999 —7.6696 3148.1 0.0160
0.2999 —8.2524 3455.9 0.0191
0.3999 —8.7353 3701.1 0.0210
0.4997 -9.1750 3907.9 0.0236
0.5994 -9.5310 4069.8 0.0254
0.7004 -9.8371 4207.2 0.0275
0.7993 —-10.085 4316.6 0.0282
0.8997 -10.271 4401.9 0.0285
1.0000 —10.446 4481.6 0.0294

PEGDA (1) + 1-butanol (2)

In (# / mPa s) 0.0000 —6.8094 2311.3 0.0028
0.0539 —6.6488 2490.7 0.0068
0.1001 —7.0270 2725.6 0.0130
0.2001 —7.5850 3098.9 0.0157
0.2998 —8.1438 3402.5 0.0193
0.4004 -8.6100 3640.9 0.0217
0.5001 -9.0514 3850.2 0.0238
0.5996 -9.4165 4019.9 0.0255
0.6994 —9.7206 4159.8 0.0261
0.7993 —9.9938 4282.4 0.0273
0.8999 -10.243 4391.6 0.0281
1.0000 —10.446 4481.6 0.0294
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Abstract: The oxidation of iron(IT) dissolved in groundwater and subsequent
precipitation of the oxidation products on the screens and discharge pipes of
water wells that tap shallow alluvial aquifers leads to the formation of well
encrustations. The main goal of the presented research was to determine the
reasons for the rapid clogging of water supply wells. In the particular case of
the alluvial aquifer of the Velika Morava River, Serbia, the encrustations inc-
lude mostly iron-(hydr)oxides (62.6 to 76.2 wt. %). Groundwater over-exploit-
ation leads to the mixing of different geochemical zones and the formation of a
redox front. During the two-year survey, the concentrations of the dissolved
oxygen in the groundwater varied over a wide range from 0.1 to 7.1 mg L' as
the result of unsuitable exploitation regime. The on site measured groundwater
temperature, concentrations of dissolved oxygen and pH values, and the labor-
atory analysis of dissolved iron concentrations showed that iron precipitation
was favorable under groundwater over-exploitation conditions.

Keywords: iron encrustations; groundwater over-exploitations; Trnovce; redox
front formation.

INTRODUCTION

The rapid formation of encrustations inside the wells of the water supply
source Trnovcée in Serbia necessitated detailed research of the clogging process.
Decreasing groundwater levels and well discharges indicated over-exploitation
conditions at this groundwater source. Over-exploitation could be defined as the
situation in which the average rate of aquifer abstraction is greater than, or close
to, the average recharge rate. Over-exploitation implies intensive use of ground-
water, resulting in declining groundwater levels in the wells and over an
extended area of the source, changes in the hydraulic gradients and aquifer
recharge regime, reduced discharges of natural springs and variations in the oxic
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state and groundwater quality, which usually deteriorates due to groundwater
inflow from the upland. Case studies of rapid well clogging under over-exploit-
ation conditions were presented in the USA,! Germany? and France.3 An unsuit-
able pumping scheme produces a general decline in the groundwater levels and
disturbs the geochemical conditions of the initial system.3 Under such conditions,
anoxic groundwater become oxidized, while the groundwater composition and
microbial ecology are changed.3-4

Based on the chemical analyses of the groundwater samples, a study of data
derived from microbiological analyses and assessments of the data on the static
and dynamic groundwater levels inside the wells, the Trnovce source was charac-
terized as an alluvial setting where oxic and anoxic ground waters blend.5:¢ High
concentrations of dissolved oxygen in the upper, water unsaturated part, of the
aquifer and the inflow of anoxic groundwater featuring elevated iron concentra-
tions from deeper, saturated parts of the aquifer have created a redox front within
the well screens (Fig. 1), leading to a thorough precipitation of iron-(hydr)ox-
ides.® The conditions that lead to the formation of ferric deposits in water wells
were analyzed in this study. Hydrochemical data were collected during a two-
-year survey (2010-2011), while the discharge data were analyzed for the last ten
years.

4916000

75080007 = 4916500 4917000
<.

7509000

Fig. 1. 3D representation of ground-
water levels in the wells and piezo-
meters at the water supply source of
Trnovée on 1 September 2011,5
modified. Legend: 1 — Zero eleva-
tion of the well, 2 — well construct-
ion, 3 — well screens above the satu-
ration zone, 4 — water saturated part
of the aquifer, the thickness of which
varies during the year, 5 — aquifer
floor consisting of Neogene clays, 6
— semi-pervious overlying stratum,
3—6 m thick, 7 — zone of blending of
oxic and anoxic ground waters.
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Applin and Zhao! were the first to describe chemical clogging of production
wells with iron compounds. The chemical oxidation of ferrous to ferric ions by
oxygen and subsequent precipitation is a complex process. The oxidation of
dissolved Fe(Il) from the groundwater to Fe(III) tends to be gradual.”-8 The over-
all process involves a variety of partially oxidized low-crystalline Fe(Il)-Fe(III)
intermediate species in aqueous solution. These Fe-intermediates could re-
crystallize into a variety of stable iron (hydr)oxide end-products (such as
goethite) during time.?

The iron oxidation in the presence of dissolved oxygen is expressed as:

Fe2™ + Oy + 2H'S Fe3t + 20H- (1)
The produced Fe3* is immediately hydrolyzed:
Fe3* + 3H,0 S Fe(OH)3 + 3H' ()

The overall reaction that describes formation of insoluble iron encru-
stations2-3:8 is given as:

4Fe2* + 0y + 10H,0 & 4Fe(OH)3(s) + 8H 3)

As a result, encrustations appear on the well screen, in the near-well region
and, in extreme cases, in the discharge pipes, pumps and equipment installed
inside the well (Fig. 2).

Fig. 2. Encrustations in a discharge pipe of
Well Bn-6 at the water supply source of
Trnovce (picture taken on 1 Sep, 2011).

The rate law of Fe(Il) oxidation for mildly acid to neutral waters (pH value 6
to 8) was found to be first-order with respect to the concentrations of both Fe(II)
and O and second-order with respect to the OH—:7-12

~d[Fe]/dt = k[Fe2*]p(0,)[OH ]2 4)

The reaction is rather fast. At pH less than 4, iron as Fe(Il) dominates and

the oxidation rate is dependent on the pH value.® In addition, studies showed that
ferrous oxidation is not dependent on pH if the value exceeds 8.%:10

Many researchers’® showed that the formed iron-(hydr)oxides have a catal-
ytic effect on the oxidation of dissolved iron. Tamura et al.” established an
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expanded rate law that includes both Eq. (4) and a heterogeneous reaction at the
solid iron-(hydr)oxides surface:

r = ki[Fe"][Oz(aq.)I[H']2 + ko[Fe(IID][Fe2*][O2][H ]2 )

In Eq. (5), k1 is the rate constant for iron oxidation and ky represents the
product of the equilibrium constant, K,4, for the adsorption of ferrous iron onto
ferric oxide and the rate constant, kg, of the oxidation at the surface of the already
formed precipitates.>? Earlier research mentioned that this auto-catalytic effect
gains measurable influence only if the initial concentration of Fe(Il) is above
3 mg L-1.7 Houben presented that only newly formed precipitates that coat older
precipitates could act as catalyst and states that the catalysis is more a function of
the amount of available surface sites than of the total concentration of ferric
iron.8 For understanding the process of well clogging, it is also important to
consider that low-crystallinity iron-(hydr)oxides, such as ferryhydrite, are more
reactive than thermodynamically more stable iron oxides, such as goethite.

The abiotic oxidation presented by the rate law (5) is insufficient to explain
the rapid well clogging, which is often observed. In iron-deposits, large numbers
of different bacteria are often found that are able to use iron for their metabolic
activity. In the presence of low amounts of dissolved oxygen (0.1-1.0 mg L1),
dissolved iron can cause substantial bacteria growth, particularly iron-oxidizing
bacteria such as the stalked Gallionella and sheathed Leptothrix.®13-15 It is
believed that these bacteria accelerate iron oxidation.!3.16

EXPERIMENTAL

The in situ groundwater tests included the determination of the physicochemical
parameters: redox potential, Ey, groundwater temperature, concentration of dissolved oxygen,
mg L1, the conductance, puS cm!, and pH value of the groundwater. The measurements were
conducted using a multi-parameter probe (SEBA multiparameter Dipper KLL-Q, SEBA
Hydrometrie, Germany), with the following electrodes: OPP-polymer for the redox potential
and SEBA Oxysens II for oxygen. The multi-parameter probe was equipped with an auto-
mated groundwater level sensor that enabled sampling from the same depth in each campaign,
and allowed data to be collected from various water column depths, in case of depth profile
analyses.

The total iron concentration was determined from an acidic solution!” using ICP-OES
(ICP Spectro Genesis EOP I, Spectro Analytical Instruments, Germany). Fe(II) was analyzed
in samples filtered on site (0.45 pum) and preserved with HCL!7 Well discharge data were
collected from individual flow meters, to monitor capacity decline over time. Groundwater
levels were measured with a level-meter (SEBA level-meter KLL-T, SEBA Hydrometrie,
Germany).

The aggressiveness of iron-related bacteria (IRB) was analyzed using the commercial
BART test (IRB BARTSs, Draycon Bioconcept Inc.). The IRB aggressiveness in water samples
was used to estimate the activity level of the bacteria rather than the number of cells
(population commonly presented as colony forming units per ml). The IRB aggressiveness
was obtained from the relationship between the time lag (expressed in days) and the first
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reaction in the IRB-BART™ tests. The bacteria that may be detected by this test include iron
oxidizing and reducing bacteria, the sheathed iron bacteria, Gallionella, Pseudomonas and
enteric bacteria.

Chemical analysis on the encrustations were performed using an INCA energy-dis-
persion X-ray analysis (EDS) instrument, model JEOL JSM-6610LV, USA. The samples were
placed in sterile jars and immediately refrigerated to prevent oxidation after sampling. The
samples were dried at a temperature of 60 or 37 °C, if the samples contained manganese.2-¢
For analytical purposes, the samples were ground into powder in an agate mortar. The
powdered samples were sputter-coated with 24-carat gold. The detection limits of the applied
EDS measurements were 0.2 wt. %.

X-Ray powder diffraction (XRPD) analysis of the sample from well Bn-5 was conducted
using a Philips PW-1710 automated diffractometer (equipped with a diffracted beam curved
graphite monochromator and an Xe-filled proportional counter), including a Cu-tube operated
at 40 kV and 30 mA.

RESULTS AND DISCUSSION

The rate of precipitation of low-crystallinity iron-(hydr)oxides under natural
conditions also depends on the groundwater retention time in the well, well pump
operation and the groundwater abstraction regime. Apart from the above, the rate
of formation of well deposits is affected to a considerable extent by previous well
regenerations and the state of “cleanliness” of the near-well region and the well
screen. If regeneration was only a short-term, with poor removal of deposited
iron-(hydr)oxides, precipitation will be more intensive. The in situ measured
parameters are given in Table I.

TABLE I. Hydrochemical parameters from the Trnovce water supply source

Sampling t [O2¢aq)] [Fe?'] EC Ey
Well date oc PH mg(Ijl')1 mg L1 pS cm! mV
Bnz-1 3/2/2010 132 7.1 0.3 1.53 857 163
Bnz-1 24/5/2010 13.1 7.2 1 1.16 814 181
Bnz-1 9/11/2010 13.0 7.1 0.5 1.45 838 156
Bnz-1 13/5/2011 132 7.1 0.6 1.13 862 155
Bnz-1 1/9/2011 134 7.1 0.4 2.32 863 110
Bn-5 3/2/2010 119 7.1 0.8 0.30 532 262
Bn-5 24/5/2010 11.8 7.2 0.1 0.25 620 246
Bn-5 13/5/2011 11.9 7.1 1.2 0.21 619 212
Bn-5 1/9/2011 146 7.2 7.1 0.32 672 249
Bn-6 3/2/2010 126 7.1 2.3 1.53 623 236
Bn-6 24/5/2010 124 7.1 0.8 1.20 635 233
Bn-6 9/11/2010 125 7.1 0.5 3.40 644 138
Bn-6 13/5/2011 12.8 7.0 0.8 1.44 645 148
Bn-6 7/11/2011 12.7 7.2 0.1 2.12 541 78
Bn-9G 1/9/2011 12.3 7.1 1.1 0.49 695 280
Bn-9G  7/11/2011 119 6.9 7.9 0.82 688 188
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The main question is whether the parameter values given in Table I are
favorable for the considerable well clogging shown in Fig. 2.

The groundwater at the Trnovce water supply source has pH values between
6.9 and 7.2 (Table I). For roughly neutral groundwater, as in the presented case
study, iron oxidation is strongly pH dependent. It also means that small variation
in pH values could change the amount of mass converted from ferrous to ferric
iron during time. These conditions favor the rapid formation of iron-(hydr)oxide.

On the other hand, the oxidation rate shows a linear dependence on Oy, Eq.
(5).7:10.18 During the two-year survey, the concentrations of dissolved oxygen in
the groundwater varied over a wide range (Table I). Generally, as river waters
flow into the aquifer, removal of O, may occur through oxidation of organic mat-
ter or adjacent sediments. There are several reasons for the large variations in Oy
content: the setting of submergible pumps into the screen slot, the declining of
static and dynamic groundwater levels into the casing interval, an unsuitable
pump work scheme and aquifer recharge mode. Research performed in France?
showed that the well de-watering process induced important perturbations of the
physical and chemical equilibria in the water within the aquifer around the well,
which led to deposition of scale materials. An introduction of the piezometric
heads into the screen slots (Fig. 1) leads to exposure of the groundwater to
atmospheric conditions, resulting in an oxygen uptake (high values presented in
Table I). The formation of mixed oxic—anoxic zone, caused by an unsuitable pump
work scheme and groundwater abstraction regime, also favors the rapid clogging.
Propagation of the clogging process in and around the well and the mixing of
different geochemical zones are explained in following separate section.

The concentrations of dissolved oxygen are also important for iron-related
bacteria. The results of IRB BART tests indicated that bacterial aggressiveness
was high in 16 %, mediate in 36 % and low in 48 % of the samples. Low
aggressiveness means that the bacterial population is too small (or that it has very
low activity), whereas mediate indicates that there is either a moderately active or
modest population of the targeted bacteria. High aggressiveness was shown only
by the bacterial consortium sampled on the 15t of September 2011. The most
important iron-oxidizing bacteria found in water samples and encrustations, were
Gallionella ferruginea, Lepthotrix sp. and Siderocapsaceae. According to Roden
et al.,!9 Fe(Il)-oxidizing bacteria dwell in micro-aerobic environments of low
oxygen concentrations (Table I, values less than 1 mg L-1), but Vet et al.1¢ con-
cluded that Gallionella spp. can grow under neutral pH and aerated conditions
when chemical iron oxidation is inhibited by low water temperature (about 13
°C) and suppression of auto-catalytic iron oxidation.

The concentration of iron in the groundwater is also important for the form-
ation of encrustations. Usually, drinking water has a relatively small concentra-
tion of dissolved iron. In the case of the Trnov¢e water supply source, the aver-
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age concentration of total iron was 1.79 mg L-!, while the maximum value was
18.8 mg L' (Bnz-1, before the regeneration). The values of the dissolved iron
concentrations are given in Table I. The concentrations of iron in the ground-
water could vary over the year, depending on the mode of aquifer charging.
During the summer or drought periods, the groundwater feeds the Velika Morava
River.20 Charging of the aquifer is slower and the groundwater comes from the
upland. Generally, groundwater from deeper part of the aquifer is anoxic and iron
is present as dissolved ferrous iron. In contact with dissolved oxygen, the Fe(Il)
is rapidly oxidized to Fe(III). Pham and White noticed that the rate at which
Fe(Il) is oxidized to Fe(Ill) is critical in determining the fate of iron and its bio-
availability in many natural waters.?! In the particular case of Trnovce, this
means that bacteria have to compete with rapid chemical oxidation.

The values of the conductance were higher for the Bnz-1 well than for the
other wells. Bnz-1 well is located in the hinterland while the other three wells are
closer to the riverbed. The values of the redox potential also indicate the mixing
of different geochemical zones.

XRPD analysis detected low-crystalline (hydr)oxides and kaolinite in the
sample collected from the Bn-5 well (Fig. 3).
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Fig. 3. XRPD pattern of encrustation from Bn-5 well.
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Chemical analyses of the encrustations sampled from the water supply wells
(Bn-5, Bnz-1, Bn-6 and Bn-9G) performed by EDS revealed the presence of iron
and manganese (hydr)oxides. The proportion by weight of manganese (hydr)ox-
ides in the well deposit samples ranged from 0.3 to 21.3 wt. %, while that of iron-
(hydr)oxides was from 62.6 to 76.2 wt. %. In addition to these (hydr)oxides,
there were also carbonates (5.4 wt. % on average), phosphates (4.3 to 7.2 wt. %)
and silicate grains (clay and sand), drawn in from the alluvial matrix through the
screen slots. The chemical oxidation of manganese is slower than that of iron.
Compared to iron, the rate of manganese oxidation is at least 10¢ times slower in
waters with a pH value close to neutral.?? Chemical oxidation of manganese
accelerates with increasing pH value (pH > 8).22 The joint occurrence of low-
crystallinity manganese and iron (hydr)oxides in the deposits of Trnovce wells
can be explained by the microorganisms present in the environment.'# It is well
known that the iron-oxidizing bacteria Leptothrix sp. are also able to oxidize
manganese(1I).
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Propagation of clogging around the Trnovce wells

Assessments of well clogging rates need to address the groundwater reten-
tion time in the near-well region (gravel pack). The Bn-5 well, which exhibited
the poorest performance at Trnovce, was selected for detailed analysis. Its dril-
ling diameter is 500 mm, the diameter of the screen 219 mm, and the screen
length 7 m. In order to explain the iron hydr(oxide) precipitation process in and
around the well screens, leading to screen slot clogging in shallow alluvial aqui-
fers, four phases can be distinguished.24 These phases illustrate the formation of
ferric deposits and a discharge loss for the Bn-5 well.

In the first stage, prior to the development of the water supply source, the
underground environment was undisturbed; the aquifer is sub-artesian and the
groundwater was anoxic (Fig. 4).24 In this stage, the concentration of dissolved
0O, was much lower than in stages of exploitation. Following the commissioning
of the wells during the second stage, a cone of depression is formed and the front
of the potential blending of traces of groundwater with different geochemical
zones moved downwards. The initial capacity of the studied well was Q =15 L
s7! (in 1999), lasting over a relatively short time, only until 2001. The third stage
of the life cycle of the well began as early as 2002, when its capacity dropped to
O =7Ls! (46 % of its initial capacity). In the period 2002-2008, the number of
production wells at Trnovce increased to 18; the dynamic groundwater level
reached the upper zone of the screen (Figs. 1 and 4), moving the redox front to
the water-receiving part of the well. Iron-(hydr)oxides were deposited on the
walls of the well screen and casing. As soon as iron-(hydr)oxides were present on
the screen slots, the oxidation reaction accelerated and, besides homogeneous
oxidation, heterogeneous oxidation also occurred.?323-24 The first regenerations at
this site were conducted in 2004, combining mechanical cleaning with the chem-
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Fig. 4. Stages of well clogging due to blending of oxic and anoxic ground waters?*
with permission from IWA Publishing.

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

(CC) 2015 SCS. All rights reserved.



IRON OXIDATION IN THE GROUNDWATER 95 5

ical action of hydrochloric acid and citric acid as an inhibitor. This procedure inc-
reased the capacity of the well to O = 12 L s7! (Fig. 5). The next regeneration of
water supplying Bn-5 well was undertaken in 2008, when the capacity of the well
had dropped to 2 L s~1. The same method was applied and the discharge was
increased to 8 L s1,

20 W Initial discharge rate
15
‘v
10
(¢}
5
0 - LI 11 LT
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

years
Fig. 5. Declining discharge of Well Bn-5 over 10 years of service.

At stage four, iron was precipitated in the well itself and over an extended
area around the well. Insoluble (hydr)oxides were deposited on the grains of the
pack in the near-well region, as well as further afield from the well, on alluvial
sediment grains. In near-well region, coated grains were found in 2010 during
drilling for piezometers near the wells Bnz-1, Bn-5 and Bn-6. Deposition of iron
(hydr)oxide on sediment grains reduces porosity and change the entrance velo-
cities in the screen slot. In connection with the problem of a general decline of
the groundwater level over the wide area of the Trnovce source, the pumps were
occasionally stopped. During the pumping stops (from several hours to more than
one month), there was sufficient time for the iron species that remained within
the column of water within the well to be oxidize and the screen and casing were
encrusted.

This final stage of the life cycle of the well resulted in complete shutdown of
the well.

CONCLUSIONS

The exploitation wells at the TrnovCe water source are jeopardized by the
clogging process. Variations in values of chemical parameters, such as the
concentration of Fe(Il), dissolved oxygen and redox potential, are the result of an
unsuitable pumping scheme and general declining of the groundwater levels. As
the groundwater level dropped to the screen zone, the redox front shifted to the
water-receiving part of the well. Mixing of water containing oxygen with anoxic
groundwater reaching Fe(Il) led to mineral encrustations, especially iron (hydr)o-
xides.
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At pH values around 7, as is the case of the Trnovée water source, the
chemical oxidation of Fe(Il) is strongly pH dependent. Small variations in the
measured values could significantly change the oxidation rate. The conditions
present in the groundwater are favorable for the rapid oxidation of dissolved iron.
Iron-oxidizing bacteria could accelerate this process. The role of bacteria in clog-
ging process depends on the availability of dissolved iron and the concentration
of dissolved oxygen.

In alluvial aquifers, variable amounts of ions, catalysts, inhibitors, bacteria
and minerals could be present simultaneously. The definition of an exact rate law
for such a complex aquatic system is very difficult.

During the precipitation, newly formed precipitates coat older ones. Preli-
minary results showed high contents of low-crystalline iron and manganese
(hydr)oxides inside the water supply wells. With time, if the regeneration
methods were not proper, the early formed iron deposits will be re-crystallized
into a variety of stable iron oxide end-products. This could be expected in the
extended area around the well.

Due to the poor design of the well casings (small diameter and short tail-
pipe), the pumps were housed inside the screen and this additionally accelerated
precipitation. Iron oxidation did not occur solely inside the well; the process
tended to extend into a much wider zone, beyond the well. Especially vulnerable
is the well pack, but the process propagates further when there are considerable
fluctuations of the groundwater level in the extended zone of the Trnovce water
supply source. An adequate exploitation scheme could reduce these phenomena
and extend the life of the wells.

Acknowledgment. The authors express their gratitude to the Ministry of Education,
Science and Technological Development of the Republic of Serbia for financially supporting
this work, Project No. TR37014.

U3BOJ
E®PEKAT OKCUIOALIUJE T'BOXBA Y IIOO3EMHUM BOOAMA AJIYBUJATHOTI' AKBUDEPA
BEJIMKE MOPABE HA KAITAIIMTET BYHAPA 3A BOOIOCHABJEBAILE

BPAHKHIIA MAJKWR-IYPCYH, AHBEJIKA ITIETKOBUR 1 MUJIAH TUMKHWR
Hucmutuyt 3a sogoupuspegy “Japocnas Yepnu*, Japocnasa Yeproi 80, 11226 Beoipag

[Tpouec oxcupanyje JBOBaJIEHTHOT IBOKha U3 IIOA3EMHE BOZle Ha (DUITPUMA U IOTUCHUM
ueBoBoAMMa OyHapa KOjU KanTHpajy IUIMTKE alyBHjalHE CpeluHe, NOBOAU Lo dhopMmHpama
OyHapckux Tasora. OCHOBHM LIW/b OBOT UCTPaKuBama OMO je yTBphuBame pasnora dp3or Komi-
Mupama OyHapa 3a jaBHO BOJOCHadeBame. Y KOHKPETHOM CJIy4ajy, Talore YNHE XUAPOKCUIU
reoxkha (62,6 5o 76,2 Mac. %). IIpexomepHa excrioaTandja OyHapa JOBOIH IO Mellama pas-
JIMYUTHX TEOXEMMjCKUX 30Ha U opmMHpama penokc dpoHTa. TOKOM [Be TOfWHE HUCTPaKH-
Bama, KOHLIEHTpallMja paCTBOPEHOI KUCEOHMKA y MOA3EMHOj BOOM Bapupasa je y LIMPOKOM
oncery og 0,1 go 7,1 mg L'! xao mocnenuna Heoaropapajyher ekcrioaTallHOHOT PEXHMA.
TepeHncka Mepema TeMIEpaType NOA3EMHE BOZ€e, KOHLIEHTPalLlUje paCTBOPEHOT KUCeOHUKa, pH
BPEIHOCTH, Kao U 1adopaTOpHUjCKe aHA/IM3€ pacTBOPEHOr reoxha, okasana cy Aa U3MepeHe
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BPEJHOCTH IOTOAYjy Tajoxewy IBokha U hopMUpamwy Haclara, y yCjIoBUMa IIPEKOMEpPHE eKC-
nloatauyje Mo3eMHUX BOZa.
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Abstract: Journal of the Serbian Chemical Society (JSCS) is the scientific
journal of the Serbian Chemical Society and this year is celebrating 85 years of
its publishing and the 80™ volume. After so many years of publishing, the idea
of the Editorial Board of the JSCS was to investigate the opinion of the authors,
reviewers and Sub-Editors concerning the journal and whether their evaluation
and suggestions could aid in its improvement. Questionnaires were sent to the
three investigated groups as an e-mail link. The responses were analyzed and
only the most general and the most important data are presented in this article.
The grades, comments and suggestions showed that most of the contributors
are satisfied with the present handling and publishing policy of the JSCS, but
certain technical aspects should be improved. After a thorough inspection of
the data, the Editorial Board decided to introduce a fully automatic on-line
system, to speed-up the peer review process, to improve the Instructions to
Authors and Reviewer’s Report Form. All these novelties commenced from the
beginning of March 2015.

Keywords: peer review; publishing; questionnaire; evaluation

INTRODUCTION

Evaluation of journals, especially the peer review process, has attracted great
attention in the last decade. There are number of scientometric methods, mostly
of the quantitative type, to express the “value” of the journal.1-3 The best known
is the one that measures journal’s impact via the citation index. An intensive
debate on the positive and negative aspects of the journal evaluation via the
impact factor (IF) has been in progress for a long time, but officially the IF has
been recognized as the measure of impact recognition and a tool for journal

* Corresponding author. E-mail: olgica@inep.co.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC150306036N
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ranking.# There are other ways to investigate the quality of a periodical and one
of which is to determine the opinion of associates of the journal.

After so many years of publishing, the idea of the Editorial Board of the
Journal of the Serbian Chemical Society (JSCS) was to investigate the opinion of
authors, reviewers and Sub-Editors concerning the journal and to determine
whether their evaluation and suggestions could help in the improvement of the
quality of the journal and the managing process, and raise the prestige of the
JSCS. Prior to this study, an educational article recommending how to write a
good scientific paper was published.> Both scientific and technical aspect were
discussed, as it is equally important to obtain significant research results and to
know how to present them.

Journal of the Serbian Chemical Society, as its name says, is an official
journal of the Society. The Society was founded in 1897 and its first bulletin
appeared in 1899.6.7 The Journal was first published in 1930 as the Journal of the
Chemical Society of the Kingdom of Yugoslavia, the name was changed in 1947
to the Journal of the Chemical Society Belgrade and under the present name, it
exists since 1985.7 In this year, the 80t volume of the JSCS is being published.
All papers are published only in English. There are 12 issues per volume, 10—13
articles per issue and 2000-2200 pages a year. The JSCS is an open access
publication, without page charges and with on-line submission. It has been
indexed in the Science Citation Index Expanded since 1995, in the category
Chemistry: Multidisciplinary, and its last impact factor (IF 2014) is 0.871 (rank
114/157); 5-year IF is 1.009 (rank 105/157)*.

The journal is managed as a non-profit making periodical by the members of
the Serbian Chemical Society (SCS), who work mostly voluntarily. It is sup-
ported by membership fees, various institutions of the University of Belgrade, the
Ministry of Education, Science and Technological Development of Serbia and
occasionally by sponsors. In the last five years, 2130 articles were submitted of
which 872 were accepted. During this period, 7 authors complained about reject-
ion of their papers, 33 withdrew their manuscripts after reviewing and 3 manu-
scripts were recognized as plagiarism.

A questionnaire is a widely recognized method to obtain relatively reliable
data on the posed questions and it is used by many publishers. In contrast to the
most publishers who interview the authors of accepted papers, it was decided to
interview all contributors to the publishing process. It was felt that by examining
the entire partnership network, a more reliable overview could be obtained. More-
over, potential authors, a category of researchers whose manuscripts were not
accepted for publication, were also interviewed. In addition, a very important
decision was made by the Editor-in-Chief to publish openly the results of the
survey.

* Data announced June 2015.
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Thus, three questionnaires adapted to suit the three investigated population
groups were composed and sent as an e-mail link to all participants in the
publishing activity of the journal in the last five years. There were cases when
individuals performed two or even all three roles, so they received the appro-
priate number of questionnaires. The questions were composed to evaluate the
publishing process in quantitative and qualitative ways, both at the level of peer
review and managing, and the results obtained are presented accordingly.

METHOD AND APPROACH

Study population

There were three groups of persons involved in the study. In total, 2422 invitations were
sent: 13 for Sub-Editors, 980 for reviewers and 1429 for authors. Certain number of invit-
ations returned undelivered (80 for reviewers and 170 for authors). The inclusion criterion for
the survey was at least one type of activity in relation to the JSCS over a five-year period
(November 2009—October 2014).

Questionnaires

The three questionnaires contained some questions that were the same for all participants
and others that were more specific, suitable for the role played by the surveyed persons (see
Supplementary material to this Letter). The participants were asked for their academic title,
research field, professional background, previous experience in the same kind of activity that
was being investigated in the survey, before being asked direct questions about the JSCS. The
survey contained two types of questions: those to be answered by scaling (from 5, excellent to
1, poor) and those to be answered by choosing offered responses (in some cases more than
one response could be chosen). Finally, in the last section of the survey, the participants were
given the opportunity to express their personal suggestions and remarks.

The surveys were sent time-shifted: the Sub-Editors first, the reviewers two weeks later
and the authors a month later. Two weeks after the first invitation, a reminder was sent to
those who had not responded. The reports were collected and analyzed. The results of the
survey offered many more correlations and conclusions than presented in this paper, but in
order not to overload the article, only the most general and the most important data are shown.
Thus, the three surveyed populations were analyzed as entire entities.

Data analysis

Data on questions that were answered by scaling (5—1) are given as an average grade.
Data on questions that could be answered by multiple responses were grouped as the fre-
quency of each response and are reported as such (in % of the total number of questionnaires).
Suggestions and remarks were grouped according to their similarity and are reported as lists.

RESULTS AND DISCUSSION

Twelve Sub-Editors responded to the survey (92 % of the interviewed), 309
reviewers (43 %) and 511 authors (41 %). Depending on the type of data, the
analyzed results are presented graphically (in the case of frequency distributions),
in tables (in the case of scaling) or in lists (suggestions and remarks). All surveys
were analyzed separately and the results reported by the Sub-Editors are given in
Fig. 1, Table I and Frame 1, for the reviewers in Fig. 2, Table II and Frame 2, and
for the authors in Fig. 3, Table III and Frame 3.
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A) How do you search for reviewers?
37 responses in 12 results, more than one response could have been chosen

10

[ | ask a colleague whom | know

[ | ask a colleague who has already reviewed papers for the JSCS
[ | ask a colleague who was the author of the paper in JSCS

[ often find reviewers by using scientific databases (WoS, SCOPUS...)
[ | often review the papers by myself

[ Other (Overview of the papers in the field covered by the manuscript)

C) For how many papers do you have to conduct
a second round of invitation to reviewers?

<25 %
[ 25-40 %
I 41-60 %
16180 %
[ > 80 %

E) How many reports do you find inadequate?

12 %
35%
I 6-10 %
C1-15%
> 15 %

NEDIC and DEKANSKI

B) How many reviewers do you invite in the first round?

[ one or two
[ three

[ four

[ more than four

D) For how many invitations for reviewing do
you not receive a response?

5

1

A

I <10 %
[ 10-20 %
[ 21-40 %
[141-60 %
I > 60 %

Fig. 1. The responses of Sub-Editors to
particular questions, expressed as fre-
quency distributions (individual answers).

TABLE I. Sub-Editors’ responses to questions that were recorded by scaling

Grade
Question 5 4 3 2 1 Aver(zilge
Number of responses grade
Comprehensiveness of the Instructions to Authors 4 6 2 0 0 4.2
Choice of the questions for reviewers in the form 2 7 3 0 0 3.9
Communication with the Editorial Office 9 2 1 0 0 4.7
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FRAME 1. Sub-Editors’ major suggestions and remarks grouped by topics

1. Introduction of fully automatic on-line system for submission and management of
manuscripts

2. Improvement of the Instructions to Authors (considerable number of inappropriate figures)

High tendency of potential reviewers to refuse the invitation to review

4. Examination of manuscripts by use of software to detect plagiarism

hed

Sub-Editors were first asked about the procedure they conduct while search-
ing for reviewers and their general opinion on this process. They responded that
they most often find reviewers by using scientific databases (WoS, Scopus,...) or
by asking colleagues who they know (Fig. 1A). In the first round, some Sub-Edi-
tors invited only one or two reviewers, whereas others invited more, even more
than four (Fig. 1B). The responses to this question illustrate the different indi-
vidual approaches of the Sub-Editors to peer review. Six Sub-Editors conduct a
second round of search for reviewers in the case of less than 25 % of the
manuscripts, while another six reported a greater number of papers that could not
be finalized after the first call (Fig. 1C). The number of unanswered calls for peer
review is rather high (expressed as the percentage of the total number of calls in
Fig. 1D). Sub-Editors found between 1 and 15 % of reviewers’ reports inade-
quate (Fig. 1E), due to a complete absence of peer review (“publish as is” in con-
trast to other reports that suggested major revision or even rejection) or due to
unprofessional conduct of reviewers (humiliating or malicious attitudes). As for
the quality of the reports in terms of their usefulness to authors to improve the
manuscripts, ten Sub-Editors evaluated the reports as mostly good, while two
Sub-Editors stated that they receive the same number of good and poor reports.
Responses to this question probably illustrate the different individual criteria of
Sub-Editors. On the grading scale, Sub-Editors valued relatively highly the tech-
nical aspects of the publishing process (Table I), giving an overall average grade
of 4.3. To improve the work of the JSCS, most Sub-Editors suggested a complete
on-line submission and management system (Frame 1).

Reviewers who responded to the survey were from Serbia (43 % of the total
number) and from other countries (57 %, Fig. 2A). Slightly more than half
reviewers defined themselves as chemists (Fig. 2B) and approximately 70 %
were experienced reviewers (Fig. 2C). Reviewers accept to review manuscripts
for the JSCS for many reasons, but the predominant one is the professional ethics
of an expert who feels that it is part of his scientific activity (Fig. 2D). Reviewers
graded technical aspects of the peer review with an average grade of 4.0 (Table
IT). Most reviewers (58 %) either had no additional remarks or expressed an
affirmative opinion in a free form of comments and the greatest number of sug-
gestions were focused on the introduction of a complete on-line system that
would enable easier submission and communication (Frame 2).
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A) What is your country of residence? B) What is your main research field?

23 14 2 21

19

13 101098

37

41
134
171

[ Serbia, 43.4 % [ India, 6.15 % [ Chemistry, 55.3 %
I Italy 4.21 % [iran, 3.24 % [ Biochemistry, 7.4 % I Materials, 4.5 %
[ Spain, 3,4 % [ Greece, 2.9 % [ Metallurgy, 0.7 % [ Biology, 6.8 %
[ Croatia 2.6 % M USA, 2.6 % [JPhysics, 1.0 % [ Medicine, 2,3 %
I China, 2.3% [l Other, 29.4 % Il Chemical Engineering, 8.7 % [l Other, 13.3 %
C) How many papers do you review per year? D) What are your reasons to accept to review
for the JSCS?

507 responses in 309 results, more than one can be selected

212

33

51

144
B 0-5-29.7 %

[6-10-23.5% [ Quality and impact of the journal, 28.4 %
B 11-15-18.3 % [ Professional ethics of an expert, 41.8 %
[116-25-10.8 % [ Previous experience as an author, 19.7 %
N >25-17.7 % [ Impact on the career, 10.1 %

Fig. 2. Reviewers’ responses to particular questions expressed as frequency distributions.

TABLE II. Reviewers’ responses to questions that were recorded by scaling

Grade
. 5 4 3 2 1  Average
Question Share of the number of grade
responses,%
Comprehensiveness of the Reviewer’s Report Form 20 57 23 1 0 4.0
Period given for reviewing 20 51 25 4 0 3.9
Communication with Sub-Editors and Editor 40 39 18 3 0 4.2

Authors who responded to the survey were from Serbia (30 % of the total
number), as well as from the other countries (70 %, Fig. 3A). The affiliation of
the authors illustrates the international character of the JSCS. The main research
fields of the authors who submit papers to the JSCS were organic chemistry,
analytical chemistry, biochemistry and biotechnology, environmental and inorg-
anic chemistry (Fig. 3B). Early-stage researchers made up 31 % of all authors
and the others were more experienced ones (Fig. 3C). The main reasons for sub-
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FRAME 2. Reviewers’ major suggestions and remarks grouped by topics (number of
individual comments)

58 % of all comments were affirmative, +:

1. Introduction of fully automatic on-line system for submission and management 26
of manuscripts

2. Free access to Scopus or other databases for the reviewers 11

3. Prolongation of the period for reviewing 8

4. Improvement of the Instructions for Reviewers 7

5. Information to reviewers on the final decision on the manuscript 5

6. Introduction of scaling in the Reviewer’s Report Form 4

mitting their manuscripts to the JSCS, authors report as: quality and the impact of
the journal, no publishing fee, previous positive experience and the speed of
reviewing (Fig. 3D). Grading of the technical parameters related to JSCS, inc-
luding periods for reviewing and publishing, resulted in an average grade of 3.7.
As for the suggestions and remarks, besides no additional comments or affirm-
ative opinion of 50 % of the interviewed authors, many contributors stated that
they would appreciate faster reviewing and publishing after manuscript accept-
ance (approximately 30 % of suggestions). A significant number of authors sug-
gested improvement of the Instructions to Authors and reduction of the technical
requirements for submission (especially for figures). Additionally, a few authors
suggested a more careful choice of reviewers and a few recommended elevation
of the criteria for article acceptance.

After collection of the surveys, the responses were summarized and anal-
yzed. A meeting of the Editorial Board was organized on this occasion and all
points were discussed individually. Certain conclusions were drawn enabling a
detailed overview of the entire publishing process of the JSCS, which further led
to decisions directed at improvement of the process.

All participants in the survey, in one way or another, strongly supported the

idea of a fully automatic on-line system: a) Sub-Editors in order not to have to
remind or thank reviewers by themselves and not to have to archive all reports
and letters to authors as their own database, b) reviewers in order to have the
ability to quickly review the abstract on-line, to have a direct choice to accept or
decline to review and to have access to an on-line Report Form and c) authors in
order to facilitate the submission step and to speed-up the reviewing process.
Members of the Editorial Board agreed that a complete on-line system would
improve the management of the JSCS and the decision was made to practice
exclusively on-line communication from March 2015.
It was noticed that similar number of reviewers suggested longer (expected) and
shorter (unexpected) period for reviewing which initiated deeper data analysis.
Reviewers who were also authors could not separate these two roles and the
impression of the author dominated the impression of the reviewer.
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A) What is your country of residence? 'B) What is your main research field?
[ Serbia, 29.9 % [ Organic Chemistry, 22.3 %

[ India. 1’o 7% [ Biochemistry and Biotechnology, 9.2 %
[ Iran 18.0 % I Analytical Chemistry, 11.0 %

46 32

[CIChina,98% 50 2 a2 5 [ Materials, 9.2 %

47 27

92 116

73

55 47

[ Romania, 5.9 % [ Electrochemistry, 6.3 %

[ Turkey, 4.7 % [ Inorganic Chemistry, 9.0 % 114
[ Pakistan, 2.9 % [ Environmental Chemistry, 9.2 %

I Egypt, 2.2 % I Theoretical Chemistry, 5.3 %

I Brasil, 1.8 % I Food Chemistry and Technology, 4.3 %
I Other, 22.7 % I Other, 142 %

C) How many years have you worked
as a researcher?

[ 0-5, 8.6 % s
[ 6-10, 22.5 %
I 11-15,21.9%
[C116-20,17.6 %
[ 21-25, 10.0 %
[C1>25,194 %

D) What are your reasons to submit a manuscript to the JSCS?
1914 answers in 511 resonses, more than one can be selected

Impact on obtaining grant or project, 8.2 %*
Impact on the career, 14.7 %*

No fee, 59.9 %*

Open access, 28.1 %*

Speed of publication, 26.8 %*

Speed of reviewing, 38.7 %*

Quality of reviewing, 32.9 %*

and ing p! , 29,0 %* |

by 28.0 %

Previous positive experience, 41.6 %*

Quality and impact of the journal, 66.5 %*

*Values (%) are relative to the number of {C:35) L L B B B B e S S BN B S B R E B S B B B

0 50 100 150 200 250 300 350

No of affirmative answers

Fig. 3. Authors’ responses to particular questions expressed as frequency distributions.
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TABLE III. Authors’ responses to questions that were recorded by scaling

Grade A
Question 5 4 3 2 1 o
Share of the number of responses,% &

Comprehensiveness of the Instructions to 22 41 27 5 5 3.7
Authors

Usefulness of the Reviewers’ Reports 19 46 27 5 3 3.7
Period for reviewing 22 36 30 9 3 3.6
Period for publishing 19 38 31 7 5 3.6
Communication with Sub-Editors and Editor 35 37 23 3 2 4.0

FRAME 3. Major suggestions and remarks of authors, grouped by topics (number of indi-
vidual comments)

50 % of all comments were affirmative, +:

1. Speeding-up reviewing and publishing process 150
2. Improvement of the Instructions to authors and reduction of technical 88
requirements for manuscript submission
3. Better choice of reviewers and “blind” review 30
4. Promotion and advertising of the JSCS 15
5. Increasing the number of published articles per year 12
6. Periodical special issues 5
7. Invitation of respectable scientists to write review articles 5
8. Addition of new research fields (chemical education, nano-chemistry, chemistry 5

in agriculture)

Authors who suggested faster publishing do not seem to differentiate clearly
between peer review and publishing. Members of the Editorial Board agreed to
contribute personally to speed-up the reviewing part by faster communication
with (potential) reviewers and/or by increasing the number of initially invited
reviewers. It is, however, difficult to stimulate researchers to review for the
JSCS. Many invited persons do not respond at all, many refuse, some accept but
never send the report and a considerable number of reviewers send inappropriate
reports. The reasons for such a situation may be seen as a lack of profession-
alism, not very good opinion on the JSCS based on the journal’s ranking and/or
prejudices. Potential reviewers from West Europe and North America are among
those who most frequently do not respond or decline to review. A similar attitude
towards the journal is also valid for the (potential) authors. When nationalities of
the JSCS authors were analyzed, it became obvious that contributors from West
Europe and North America are rare.

The second part of the publishing process, which includes the actual print-
ing, can hardly be faster, as there are many accepted papers and the JSCS is
already publishing more articles per year than similar non-profitable journals run
by scientific societies. Since accepted papers receive DOI numbers and are avail-
able in an on-line version of the journal few days after their acceptance, the print-
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ing step is not crucial from the point of article visibility by the scientific com-
munity. Steps will be taken to see how this part of the process could also be
improved.

It was interesting to notice that certain number of authors suggested the
application of more rigorous criteria for the evaluation of manuscripts. In their
opinion, some of the published articles should not have been accepted. Thus, a
considerable number of our authors have the potential to produce high quality
papers and they will certainly be engaged as reviewers if they agree.

Instructions to Authors and Reviewer’s Report form were revised and new
versions up-loaded. Moreover, the Editorial board decided to reduce the technical
requirements for figures and to make small alterations if necessary without
asking authors to do so.

For the moment, the comments and suggestions that raised the greatest con-
cerns were dealt with and some new approaches applied. Other conclusions that
could be drawn from the responses in the questionnaires and members of the
Editorial board will continue to analyze the data, both at the level of the entire
journal and at the level of sections run by particular Sub-Editors.

The Editorial Board thanks all participants of the survey who have helped to
evaluate the publishing process in the Journal of the Serbian Chemical Society
and to become aware of the imperfections. It is also hoped that the actions
undertaken after the survey will be welcomed by past, present and future contri-
butors.

SUPPLEMENTARY MATERIAL

The questionnaires that the Sub-Editors, Reviewers and Authors were requested to fill
out on-line are available electronically from http://www.shd.org.rs/JSCS/, or from the corres-
ponding authors on request, as portable document format (pdf) files.

Acknowledgment. This survey and article resulted as part of scientific activity in the
COST Action TD1306 “New Frontiers of Peer Review (PEERE)”.

U3BOJ
AHKETA O YACOIIHCY ,JOURNAL OF THE SERBIAN CHEMICAL SOCIETY" —
OBEJIEXXABAIGE HITAMITAIGA 80. TOOUIITA

OJITULIA HETUR! u ATTEKCAHIAP TEKAHCKH2

"Uncmuimyin 3a upumeny nyxneapue enepiuje (HHEII), Ynusep3uiuei y Beoipagy u ZI/IHCL_uuw.yL_u 3a xemujy,
wexHonoTujy u metnanypiujy, Llenttiap 3a enexwipoxemujy, Ynugepsuiteini y beoipagy

Yacomuc Journal of the Serbian Chemical Society (JSCS) je Hayunu yacomuc Cpmnckor
XEMHjCKOT APYLITBA U OBE TOJUHE CE 0deexaBa 85 roguHa BEroBOr H3axkemna U u3nasak 80.
roxpuiuTa. IToce Tonuko roguHa objaB/brBaka HAYUHHUX PAloBa, XKejba YPeJHUIITBA je Owia na
YTBpAY LITa ayTOPH, PELIEH3EHTH U MOAPYYHU YPENHHULIM MHUCIIE O YACONMCY U ypehusaukoj
NOJIUTULIM, U MOTY JIM BUXOBE IPOLIEHe W NMpenio3u NoMohH fa ce [enaTHOCT Yacomuca Io-
Oosplia. YOUTHUIIM aHKETe Cy MOC/IATH e-TIOITOM UCITUTaHUIMMa. [JoOHjeHr 0OroBOpH Cy aHa-
JIM3MpaHY U OBJEe Cy NMPHUKAa3aHU CaMO HAajONIUTHjHU M Haj3HayajHUjH mojauu. OueHe, KOMEH-
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TapH U IpeIo3u Cy Mmokasanu Ja je BehuHa yuyecHUKa y MOCTYIKY oOjaBbHBama 3aJ0BOJbHA
nocrojehuM HayMHOM paza U ypehuBaukoM MOITHUTHUKOM, ajli MHUCIU U Aa Ou ce onpehenu
TEXHUYKU JeTa/by MOCTyNka MOINIM nodospiiaTd. HakoH carnefaBama JOOHjEHMX OATOBOPA,
YpenHUIITBO je NOHeIo OMIyKy [a yBele BUCOKO-ayTOMAaTH30BaHW KOPHUCHHUYKH CEPBHC 3a
pHjaBy U odpany pamoBa M Tako yop3a MOCTyNaK pelleH3upama U 0djaB/buBama, U Ja Mojen-
HOCTaBU U JIOJATHO MOjaCHU YIYTCTBO 3a ayTope U PenensenTcku dopmynap. CBe HaBeeHe
HOBUHe Cy yBeneHe 1. mapta 2015.

(ITpummeno 6. mapTa, mpuxsaheHo 6. anpuna 2015)
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OLGICA NEDIC'*# and ALEKSANDAR DEKANSKI

!Institute for the Application of Nuclear Energy (INEP), University of Belgrade, Serbia and
2[nstitute of Chemistry, Technology and Metallurgy, Department of Electrochemistry,
University of Belgrade, Serbia

J. Serb. Chem. Soc. 80 (7) (2015) 959-969

QUESTIONNAIRE FOR SUB-EDITORS (ORIGINALLY IN SERBIAN)

1. Please indicate the field of chemistry for which you are sub-editing:

Theoretical Chemistry

Organic Chemistry

Biochemistry and Biotechnology
Food Chemistry, Technology and Engineering
Inorganic Chemistry —,

Polymers

Analytical Chemistry __

Physical Chemistry

Spectroscopy —

Electrochemistry

Thermodynamics

Chemical Engineering

Textile Engineering

Materials

Ceramics

Metallurgy

Geochemistry

Environmental Chemistry

History of and Education in Chemistry __

* Corresponding author. E-mail: olgica@inep.co.rs

5259
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2. For how long have you been engaged as a JSCS Editor:

3. Were you, or are you, a member of the Editorial Board of some other journal?
Yes —,No__

4. Please grade:

— The instructions for Authors are:

Excellent _, Very good —, Good __, Weak __, Bad __

— The Questionnaire in the Referee’s Report is:

Excellent —, Very good —, Good —, Weak __, Bad _

— Your communication with the editors (Editor-in-Chief, Sub-Editors,
Technical Editors) and the JSCS Office is:

Excellent _, Very good _—, Good __, Weak __, Bad __

— The Editorial Office practice is:

Excellent —, Very good —, Good —, Weak __, Bad __

5. How do you select the reviewers?

I ask colleagues I know to review

I preferably choose colleagues who have already reviewed manuscripts for
the JSCS in the JSCS __

I search for potential reviewers using a scientific database (WoS, Scopus,
Google Scholar ...)

I often review the manuscripts myself

Others: (please specify) —

6. How many people do you ask to review in the first round?
12,3 __,4__ 4<__

7. Do you ask for an approval for the acceptance to review?
Yes —,No__

8. Do you send reminders to the reviewers who are late with reports?
Yes —,No __

9. How many manuscripts were subjected annually, in %, to a second round of
reviewers’ selection?

<25 _,25-40 _, 40-60 —, 60-80 —, 80< _

10. What is the percent of invitations for review to which you received no
response at all?

<10 —, 1020 —, 2040 —, 4060 —, 60< __
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11. What percent of the reviewer’s responses did you find inappropriate (lacking
expertise or with improper comments)?

<1-2_,3-5_,5-10 —, 10-15 —, many more (please specify)

12. What was the quality of Reviewers’ Reports (competence, clearness, good
will for improvement of the manuscript)?

very good __, good __, average __, bad __

13. Please make additional comments specify the steps of the exiting reviewing
procedure to which, in your opinion, special attention should be given (not more
than 250 words, please):

14. Do you have any suggestions for improvement of the reviewing procedure
(not more than 350 words, please):

QUESTIONNAIRE FOR REVIEWERS

1. Main research field:

_Chemistry

_Chemical Engineering
_Metallurgy

_Physics
_Biochemistry
_Materials

_Biology

_Medicine

_Other: (please specify)

2. Experience as a reviewer (not only for this journal) (Number of reviews during
the year):
_0-5 _6-10 _11-15 1620 _21-25 ~25-30 _>30
_many more: (please specify)

3. Reasons to accept to review for this journal (More than one answer can be
selected):

_Quality and impact of the journal
_Professional ethics of an expert
_Previous experience as an author
_Impact on the career

4. How would you rate specific points in article reviewing in JSCS (offered rates:
excellent, very good, good, fair, poor):

Comprehensiveness of the Referee’s report form:
Appropriateness of questions in the form:
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Period given for reviewing:
Communication with corresponding person from the journal:
Acknowledgement of reviewer’s effort on behalf of the journal:

5. Rate the importance of the following for a high quality papers (5 — very
important...1 — not imortant):

Scientific contribution and originality:

Clarity and conciseness of the written:

Appropriate length of the manuscript:

Conclusions supported by the presented results:

Relation to the recent publications (appropriate references):

Quality of illustrations (including legends and axes labelling):

Nomenclature and units in accordance with SI and IUPAC Recommend-
ations:

English grammar and syntax:

6. Your suggestion to improve reviewing process in JSCS (up to 250 words):

QUESTIONNAIRE FOR AUTHORS

1. Main research field:

_Organic Chemistry
_Biochemistry and Biotechnology
_Analytical Chemistry

_Materials

_Electrochemistry

_Inorganic Chemistry
_Environmental Chemistry
_Theoretical Chemistry

_Food Chemistry and Technology
_Other: (please specify)

2. Years in research:
_0-5 _6-10 _11-15 1620  21-25 _>25
3. Factors to select this journal (More than one answer can be selected):

_Quality and impact of the journal
_Previous positive experience
_Recommendation by colleagues
_Submission and handling procedure
_Quality of reviewing

_Speed of reviewing

_Speed of publication

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

_No fee

_Impact on the career

_Impact on obtaining grant or project

4. How would you rate processing of article in JSCS (offered rates: excellent,
very good, good, fair, poor):

Speed of reviewing:

Usefulness of reviewers’ comments:

Communication with corresponding person from the journal:
Speed of publishing (Accepted manuscript with assigned doi):
Comprehensiveness of the Guide for authors:

5. My article submitted in JSCS is processed by:

_Inorganic Chemistry Sub-Editor
_Biochemistry & Food technology Sub-Editor
_Materials Science Sub-Editor
_Physical Chemistry Sub-Editor
_Environmental Chemistry Sub-Editor
_Chemical Engineering Sub-Editor
_Polymers Sub-Editor

_Organic Chemistry Sub-Editor
_Analytical Chemistry Sub-Editor
_Electrochemistry Sub-Editor
_Theoretical Chemistry Sub-Editor
_Thermodynamics Sub-Editor

_Editor in Chief

_I do not know

6. How many articles you have published in JSCS in the last 5 years? (please
specify):

7. Your suggestion to improve publishing in the Journal of the Serbian Chemical
Society (up to 250 words):
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