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Abstract In this work, 9-(2-(benzyloxy)ethyl)-9H-carbazole
(BzOCz) and 1-tosyl-1H-pyrrole (TsP) monomers were chem-
ically synthesized and characterized by Fourier transform
infrared reflectance (FTIR) and proton nuclear magnetic res-
onance ("H-NMR) spectroscopy. BzOCz and TsP were elec-
trocoated on glassy carbon electrode (GCE) in various molar
fractions (X15p=0.5, 0.83, 0.91, and 0.98) in 0.1 M sodium
perchlorate/acetonitrile. The detailed characterization of poly
(BzOCz-co-TsP) was studied by cyclic voltammetry, FTIR-
attenuated total reflection spectroscopy and electrochemical
impedance spectroscopy (EIS). The effects of different molar
fractions during the preparation of modified electrodes were
studied by EIS technique. The AC impedance technique was
used to determine the capacitive behaviors of modified GCE
via Nyquist, Bode magnitude, and Bode phase plots. The
highest low frequency capacitance value was obtained as
CLr=23.94 pF cm 2 for X1p=0.98. Therefore, synthesized
copolymer has more capacitive behavior than its homopoly-
mers, such as C; p=7.5 uF cm * for poly(BzOCz) and Cy =
9.44 uF cm? for poly(TsP). In order to interpret the AC
impedance spectra, R(Q(RW)) electrical equivalent circuit
was employed with linear Kramers—Kronig test. A mechanism
for electropolymerization has been proposed for copolymer
formation.
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Introduction

Conducting polymers (CPs) are the subject of continuous
research and development for potential applications [1],
such as optical and electronic devices [2], organic transistors
[3], electromagnetic shielding [4], energy storage systems
[5], light emitting diodes [6], corrosion protection [7], sen-
sors [8], and solar cells [9].

Electrochemical polymerization reactions have been
studied for decades [10—12]. Although CPs can be polymer-
ized by two methods via chemical and electrochemical
techniques, they offer a better control over properties as
they can be tailored by the changing experimental condi-
tions, such as electrolyte, oxidation potential, solvent, etc.
[13]. The electrochemical technique gives the opportunity of
analytical investigations during the process of polymer for-
mation and comparison of different polymers deposited on
the same electrode under identical conditions.

Among conducting polymers, polycarbazole (PCz) has
received considerable attention due to its high hole-
transporting mobility of the charge carriers, and excellent
electro-active and photo-active properties [14], environmen-
tal stability, photoconductivity, and electrical and electro-
chromic properties [15-22]. It is well-known that
copolymerization is one of the most efficient approaches
to modify the properties of CPs, which can produce copoly-
mers with properties being intermediate between the indi-
vidual polymers. By means of the electrochemical
copolymerization, some new conducting polymers have
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been prepared with several obvious advantages such as
variation of electrical conductivity, enhancement of electro-
chemical activity, and improvement of thermal stability [23,
24]. The electrochemically polymerized PCz can exhibit
interesting electrochromic properties in the presence of
m-conjugated 3,6-linkages [25]. Wang et al. have carried
out electrochemical copolymerization of carbazole (Cz)
and dibenzo-18-crown-6 (DBC). They observed that
copolymers possessed better thermal stability and higher
electrical conductivity than those of poly(DBC) or PCz.
Nie et al. performed copolymerization of Cz and 3-
methylthiophene (3MeT). They showed that the inser-
tion of 3MeT units into PCz was helpful in improving
the conductivity of PCz and copolymers. Therefore, the
copolymer has good redox activity, good thermal stabil-
ity, and high conductivity. Sarac et al. have studied the
copolymerization of methylpyrrole with ethylcarbazole
[26] and methylcarbazole [27].

Thus, copolymerization could provide a convenient syn-
thetic method and process for preparing new conducting
materials with improved properties [28]. For the design of
specific copolymeric systems and control of the degree of
functionalization, it is important to be able to predict the
copolymer composition, i.e., the relative proportions of each
monomer constituent. This requires accurate knowledge of
the relative reactivity of the two monomers toward a radical
species and, in the case of electropolymerization, reactivity
toward the electrode surface [29].

1-Tosyl-1H-pyrrole is a monomer bearing a sulfonyl
group. Sulfonation of aromatic compounds is of great in-
dustrial importance due to the availability and low cost of
the reagent. Consequently, sulfonation reactions have been
studied extensively over the years, leading to the syntheses
of a multitude of various aromatic sulfonyl derivatives [30,
31]. Recently, a novel one-pot synthesis of tosyl pyrrole
derivatives, such as 1-tosyl-pyrrole, 1H-pyrrole-2(5H)-one,
5-hydroxy-1-tosyl-1H-pyrrole-2(5H)-one, and 5-oxo-1-
tosyl-2,5-dihydro-1H-pyrrole-2-yl-acetate has been reported
[32]. The synthesis and characterization of tosyl pyrrole
have been already described in earlier papers [33-35], but
the target molecule always was obtained in lower yields than
in the present study. Papadopoulos et al. have synthesized 1-
tosyl-1H-pyrrole (TsP) using metallic potassium salt in the
yield of 84% [36]. In our study, due to the use of BuLi, a
higher yield of TsP was obtained, which is of 94%.
Copolymerization of different monomers either through
chemical or electrochemical method can effectively modify
the structures and properties of CPs [37]. One can obtain
novel materials with controlled properties without suffering
the experimental disadvantages associated to the synthesis
of new homopolymers, e.g., complex synthetic routes to
sophisticated monomers. Thus, it is an easy alternative to
prepare copolymers with properties that are usually
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intermediate between those of individual homopolymers
but significantly distinct from those of a composite or a
blend.

In this study, the synthesis of 9-(2-(benzyloxy)ethyl)-9H-
carbazole (BzOCz) and TsP monomers have been chemically
synthesized. The monomers have been characterized by
Fourier transform infrared reflectance (FTIR) and proton
nuclear magnetic resonance ("H-NMR) spectroscopy. Poly
(BzOCz-co-TsP)/glassy carbon electrode (GCE) thin films
have been obtained in different molar fractions (from Xrop=
0.5 to X1;p=0.98) by cyclic voltammetry (CV) method.
Electrochemical impedance spectroscopy (EIS) analyses of
modified electrode have been defined via Nyquist, Bode
magnitude, and Bode phase plots.

Experimental
Materials

2-(9H-Carbazole-9-yl) ethanol (>95%), p-toluenesulfonyl
chloride (>98%), pyrrole (>98%), tricthylamine and sodium
perchlorate (>98%), and butyl lithium (>97%) were
obtained from Sigma-Aldrich. dichloromethane, silica gel
(60 F254), acetonitrile, magnesium sulfate, hydrochloric
acid, and tetrahydrofuran were purchased from Merck. All
chemicals were high-grade reagents and were used as
received.

Instrumentation

"H-NMR spectra were recorded on a Varian Gemini 400
spectrometer, operating at 400 MHz. Spectra were registered
in CDCIj; using the solvent as internal standard at 400 MHz.
Chemical shifts are expressed in terms of parts per million
(9) and the coupling constants are given in Hz. Infrared
spectra were recorded by using Mattson 1000 FTIR spec-
trometer as KBr pellets. Melting points were determined in a
capillary tube on Electro thermal IA 9000 apparatus.
Reactions were monitored by thin layer chromatography
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9-(2-(benzyloxy)ethyl)-9H-carbazole

Fig. 1 Synthesis way of 9-(2-(benzyloxy)ethyl)-9H-carbazole
monomer
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Fig. 2 Synthesis way of 1-tosyl-1H-pyrrole monomer

(silica gel 60 F254). Purification of solvents was performed
according to standard methods.

Cyclic voltammetry was performed using a PARSTAT
2273 (software, power suit and Faraday cage, and BAS cell
stand C3) in a three-electrode electrochemical cell employ-
ing GCE (diameter=3 mm) as the working electrode, plat-
inum disk electrode as the counter electrode, and Ag/AgCl
(3.5 M) as the reference electrode.

Electrocoated polymer films were characterized by FTIR
reflectance spectroscopy (Perkin Elmer, Spectrum One B,
with an attenuated total reflection spectroscopy (ATR) attach-
ment Universal ATR with ZnSe crystal). Modified carbon
fiber microelectrodes (CFMEs) were washed in a solvent of
acetonitrile.

Electro-synthesis procedure

Electropolymerization process was achieved by CV method
at a scan rate of 100 mV s '. Electropolymerization

Fig. 3 FTIR spectrum of i
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experiments were done in 0.1 M sodium perchlorate
(NaClOy)/acetonitrile (ACN) containing different molar
fraction ratios (Xtsp=[TsP]o/[TsP]o+[BzOCz]y) from Xpp=
0.5 to X1;p=0.98 in the potential ranges from 0.00 to
1,800 mV at room temperature.

Electrochemical impedance spectroscopy

The EIS measurements were taken at room temperature (23+
2 °C) using a conventional three-electrode cell configuration.
EIS measurements were conducted in monomer-free electro-
lyte solution with a perturbation amplitude 10 mV root mean
square over a frequency range of 10 mHz to 100 kHz with
PARSTAT 2273 (software; Powersuit).

Results and discussion
Synthesis of 9-(2-(benzyloxy)ethyl)-9H-carbazole

2-(9H-Carbazole-9-yl) ethanol (5.0 g, 23.7 mmol) was dis-
solved in 200 mL dichloromethane solution. The solution
was cooled down to 0 °C. Triethylamine (1.7 mL, 12 mmol)
was added to the solution. Benzyl chloride (5.5 mL,
47.37 mmol) was poured slowly and added over a period
of 10 min. Afterwards, ice bath was removed and the mix-
ture was allowed to stir at room temperature for 2 h. At the
end of the chemical reaction period, unreacted benzyl chlo-
ride was extracted with 10% NaOH solution. After the
extraction with 300 ml dichloromethane, the organic layer
was dried over anhydrous Magnesium sulfate and evaporat-
ed, the residue was purified by Silica gel chromatography
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and crystallized from ethyl acetate (4.7 g) 65% of 9-(2-
(benzyloxy)ethyl)-9H-carbazole (Fig. 1). Melting point
was obtained as 83-85 °C.

Synthesis of 1-tosyl-1H-pyrrole

A solution of 3.48 ml (50 mmol) pyrrole in 200 ml tetrahy-
drofuran was cooled to =78 °C. After addition of 32.6 ml
(52.3 mmol) n-butyl lithium, the resulting mixture was
stirred for 30 min. After being stirred at =78 °C for
30 min, a solution of the p-toluenesulfonyl chloride 9.53 g
(50 mmol) in 30 ml of anhydrous THF was added dropwise.
The solution was allowed to warm overnight at room tem-
perature for (~20 h). Then, the solution was poured into
300 ml of 10% water and brine solution, and then extracted
with dichloromethane (100 ml). The organic layer was dried
with anhydrous magnesium sulfate and the solvent was
removed. The residue was purified by chromatography
using silica gel and ethyl acetate. The product was recrystal-
lized from ether to yield 10.25 g (94%) as a white solid; m.p.
108 °C, (Fig. 2).

Characterization of 9-(2-(benzyloxy)ethyl)-9H-carbazole
monomer

In this study, 9-(2-(benzyloxy)ethyl)-9H-carbazole mono-
mer was successfully synthesized in a higher yield of 65%.
The FTIR spectrum (KBr) of 9-(2-(benzyloxy)ethyl)-9H-
carbazole showed an absorption band due to the C—H aro-
matic (v 3200 cm '), C-H aliphatic (2920 cm '), C=C
aromatic (1580 and 1500 cm ™ '; Fig. 3).
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The most characteristic feature in '"H-NMR (CDCls)
spectra were dd at § 8.3, 7.65-7.58 due to the aromatic
proton, m at § 7.5-7.4, 7.25-7.12 due to the aromatic proton
and m § 4.6-4.4 due to the CH,, t § 3.8 CH,, s § 2.5 CH,
(inside of Fig. 3).

Analytical calculation for C,HoNO: C, 83,67; H, 6.35;
N, 4.65.

Found: C, 83.64; H, 6.30; N, 4.68.

Characterization of 1-tosyl-1H-pyrrole monomer

The FTIR spectrum (KBr) of 1-tosyl-1H-pyrrole showed an
absorption band due to the 3053 cm ™' (aromatic C-H) and
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Fig. 5 FTIR-ATR spectrum of a poly(BzOCz)/GCE, [BzOCz],=
1 mM, b poly(TsP)/GCE, [TsP]p=1 mM, ¢ poly(BzOCz-co-TsP)/
GCE, [BzOCz]p=1 mM, and [TsP]p=1 mM
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2927 cm ! (aliphatic C—H), 1500, 1420, 1380 cm ™' (aromatic
C=C), 1168 cm ™' (S=0; Fig. 4). On the other hand, N-H band
did not show absorption in 34003500 cm ' region (pyrrole
N-H stretching), the infrared spectrum has a strong band in
the 1168 cm ™' (SO,—N stretching) [36].

In the '"H-NMR (CDCl;) spectra of the 1-tosyl-1H-
pyrrole, the methyl protons come from 3 ppm and aromatic
protons due to the 7,8, 7,4, 7,3 and 6,5 ppm. On the other
hand, N-H band did not show in 9-11 ppm (m, 4H,
pyrrole proton C—H), 3.3 (s, 3H, CHs) [38] (inside of

Fig. 6 Mechanism of

Electrocopolymerization of + e
BzOCz and TsP on GCE
—_—
Ry T
N { )
0=8:=0 @ N
0=8=0
CHs
GCE CHs

Fig. 4). Finally, we have developed an efficient preparation
of 1-tosyl-1H-pyrrole.

Analytical calculation for C;;H;;NO,S: C, 59.70; H,
5.01; N, 6.34.

Found: C, 59.74; H, 5.00; N, 6.32.

FTIR-ATR analysis

The FTIR-ATR spectra of poly(BzOCz), poly(TsP), and
poly(BzOCz-co-TsP) in molar fraction of Xtsp=0.5 were
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obtained by reflectance FTIR measurements (Fig. 5). In the
FTIR-ATR spectrum of poly(BzOCz-co-TsP), some shifts
and some new peaks appearances are observed when it
is compared to homopolymers. The band located at
1,362 cm™' is confirmed by the valance vibration of
C—N band of carbazole cycle [39]. The peaks 1066 cm ™' for
poly(BzOCz), 1045 cm™" for poly(TsP), and 1056 cm ™' for
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Fig. 7 Electrogrowth of a 9-(2-(benzyloxy)ethyl)-9H-carbazole
(BzOCz), 0=4.325 mC, [BzOCz]p=1 mM, b 1-tosyl-1H-pyrrole
(TsP), O=1.723 mC, [TsP]o=1 mM, ¢ poly(BzOCz-co-TsP), O=
3.571 mC, [BzOCz]p=1 mM and [TsP]p=1 mM, d poly(BzOCz-co-
TsP), 0=5.437 mC, [BzOCz]p,=1 mM and [TsP],=5 mM, e poly
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copolymer, which are attributed to dopant anion of
ClO,4  due to the doping of the electrolytes of NaClO4/ACN
[40]. The peaks at 2335 cm ' for poly(BzOCz) and
2324 cm™' for copolymer belong to aliphatic C—H.
The peak at 892 cm ' attributed to C—H deformation
of out of plane of trisubstituted 1, 2, 4 carbazole cycle.
The formation of copolymer was confirmed by FTIR-
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(BzOCz-co-TsP), 0=5.065 mC, [BzOCz]p=1 mM and [TsP]o=
10 mM, f poly(BzOCz-co-TsP), 0=6.516 mC, [BzOCz],=1 mM and
[TsP]o=50 mM. Scan rate: 100 mV s ', eight cycles, in 0.1 M NaClO,4/
ACN
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ATR images due to different peaks of homopolymers
and copolymer.

Electropolymerization of homopolymers and copolymer

The electrochemical synthesis of co-polymer formation mech-
anism of BzOCz and TsP on GCE is shown in Fig. 6. The
similar copolymer mechanism was given in our previous work
[41]. The copolymerization occurs between 2 and/or 5 posi-
tion of pyrrole and 3 and/or 6 position of carbazole derivative,
cation formation by electron transfer from monomers to GCE.
Radical cation coupling gives dimer formations of two mono-
mers by electron and 2 mol H" elimination. Active radical
cationic oligomers form. They added continuously in the
electrogrowth process to form random copolymer. The mech-
anism of the electrocoated process depends on the experimen-
tal parameters especially on the solution type, electrode type,
and the applied potential, etc [42].

Electrogrowth of 9-(2-(benzyloxy)ethyl)-9H-carbazole
(Fig. 7a), 1-tosyl-1H-pyrrole (Fig. 7b), and copolymer of 9-
(2-(benzyloxy)ethyl)-9H-carbazole and 1-tosyl-1H-pyrrole in
the molar fraction ratio of X1p=0.5 (Fig. 7c), X15p=0.83
(Fig. 7d), X1sp=0.91 (Fig. 7e), X1sp=0.98 (Fig.7f) on
GCE at a scan rate of 100 mV s ', eight cycles, in 0.1 M
NaClO4/ACN. The anodic and cathodic peak potentials are
affected by the increasing of TsP monomer concentrations.
Thus, we suggest that this reaction is a reversible system [43],
especially for X1,p=0.91 (Fig. 7e). The CV peaks also show
that the values of monomer peak potential difference (AE,q,)
and polymer peak potential difference (AE,,) are below
(AE=0.59 V/n) (Table 1). In the first CV cycle, the polymer
oxidation peak at ~0.88 V and the monomer oxidation
peak appear at ~1.18 V for BzOCz and only one
oxidation peak at ~1.61 V for TsP. They are attributed
to the radical cation formation using anodic potential of
BzOCz and TsP monomers. Polymer oxidation peak

Table 1 Redox parameters of electrogrowth of homopolymers and
copolymers were obtained from CV

Mole fraction of Xpgp AEpen/V AE,/V Q/mC (Ih‘ﬁi/l‘c)m(m (ja/jc)pol

Poly(BzOCz) 0.08 0.08 4.325 17.81 0.56

Poly(TsP) - - 1.723 — -

Poly(BzOCz-co-TsP) 0.07 0.07 3.571 8.0 0.42
XTSP:()‘S

X1p=0.83 0.05 0.06 5.437 8.81 0.58

X1ep=0.91 0.07 0.10 5.065 5.85 0.91

X1sp=0.98 - 0.36 6.516 — 6.61

Anodic and cathodic peak potential difference of polymers and
monomers (AE/V), electrodeposition charge (QO/mC) and anodic
and cathodic current density ratio (i,/i;) were determined

potentials were nearly 0.88 V for X1;p=0.5, X1,;p=0.91,
and X1;p=0.98. There is a little reduction amount of
oxidation potential (0.85 V) for X1,p=0.98. The CV of
X1sp=0.98 was distorted due to the higher amount of
TsP. Monomer oxidation peak potentials for poly(BzOCz-co-
TsP) at various molar fractions of TsP decreases to 1.16 V for
Xrsp=0.5, 1.13 V for X15p=0.83, 1.14 V for X1;p=0.91, and
1.14 V for X1,p=0.98.

The peak separation between anodic and cathodic peak
potentials (AE) during polymer growth was the highest for
X1sp=0.98 at a potential value of 0.36 V. It gives informa-
tion about polymer thickness and the ion transport resistance
involved in the redox reactions. The most coated thin film
was obtained from electro-growth process (0=6.516 mC).
As a result, the most coated polymer film is thicker, so
electron transfer between polymer and electrolyte will be
slower.

Effect of scan rate in monomer-free solution

Poly(BzOCz), poly(TsP), and poly(BzOCz-co-TsP)/GCE
thin film was inserted into monomer-free electrolyte solu-
tion and its redox behavior was studied. One oxidation
(~1.22 V) and one reduction peak (approximately —1.13 V)
for poly(BzOCz), one oxidation (~1.19 V) and one reduction
peak (approximately —0.90 V) for poly(TsP), and one
oxidation (~1.22 V) and one reduction peak (approxi-
mately —0.79 V) for poly(BzOCz-co-TsP) were observed
by increasing the applied potential by reverse scans in
monomer-free electrolyte solution (Fig. 8a—f).

A reversible cyclic voltammogram is generally observed if
both the oxidized and reduced species are stable and the kinetic
of the electron transfer process is fast. The peak current (7, for
a reversible voltammogram at 25 °C is given using the
Randles-Sev¢ik equation: i,=(2.69x 10%)xAxD"*x Cyx1/"?
where v is the scan rate, 4 is electrode area, and D is the
diffusion coefficient of electro-active species in the solution.
The scan rate dependence of the anodic and cathodic peak
currents shows a linear dependence on scan rate for poly
(BzOCz), poly(TsP), and poly(BzOCz-co-TsP) against v as
shown in Fig. 8a, c, and e. This demonstrates that the electro-
chemical process has thin layer formation due to higher corre-
lation coefficients Rpnq=0.95966, Rc,=0.99086 (Fig. 8a),
Ranot=0.99589, Rc,=0.99840 (Fig. 8c), Rano=0.97500, and
Rc=0.97272 (Fig. 8e). Electrochemically modified polymer
electrode shows linear dependency between scan rate and
current density. It means that the polymer electrode process is
a thin film formation. Peak current density is also proportional
to % in the range of scan rates, where it occurs by diffusion
control [44] as given in Fig. 8b, d, and f. The correlation
coefficient values were obtained as Rp,,i=0.99306, Rcyi=
0.99395 (Fig. 8b), Ranot=0.99658, Rc,=0.99039 (Fig. 8d),
Ranet=0.99073, and Rc,=0.99524 (Fig. 8f).
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Fig. 8 a Scan rate dependence of poly(BzOCz), b plots of anodic and
cathodic peak current density vs. the square root of scan rate depen-
dence of poly(BzOCz), ¢ scan rate dependence of poly(TsP), d Plots of
anodic and cathodic peak current density vs. the square root of scan
rate dependence of poly(TsP), e scan rate dependence of poly(BzOCz-

Electrochemical impedance spectroscopic study

The electrochemical impedance data is often given by use of
Nyquist plot, shown in Fig. 9, which plots the Z' and Z" of
the impedance on x- and y-axis, respectively. Impedance
measurements were carried out on the polymer/electrolyte
systems at room temperature. All electrodes show a devia-
tion from the capacitive line (Z"), indicating fast charge
transfer at the GCE/(co)polymer and (co)polymer/solution
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co-TsP), f plots of anodic and cathodic peak current density vs. the
square root of scan rate dependence of poly(BzOCz-co-TsP). All
measurements are taken in monomer-free solution in 0.1 M NaClO,/
ACN. Scan rates were given from 25 to 500 mV s '

interfaces, as well as fast charge transport in the polymer
bulk. The increase in steepness in Nyquist plot is given in
Fig. 9.

Nyquist plot for poly(BzOCz), poly(TsP) and poly
(BzOCz-co-TsP) indicate the highest low frequency capac-
itive behavior at the frequency of 0.01 Hz in the molar
fraction of Xrxp=0.98 as 23.94 uF cm > The lowest fre-
quency (f) value (0.01 Hz) and the highest Z;;,, (Z") values
put in the formula: Cyg=1/2x7wXfxZ";, to obtain for low
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Fig. 9 Nyquist plots for poly(BzOCz), poly(TsP) and poly(BzOCz-co-
TsP) as X14p=0.5, 0.83, 0.91, and 0.98, respectively

frequency capacitance results. The Cpg results can be
obtained as 7.5, 9.44, 6.36, 11.65, 13.97 uF cm > for poly
(BzOCz), poly(TsP), and poly(BzOCz-co-TsP) as X1;p=0.5,
0.83, and 0.91, respectively. C| r has been obtained in higher
value than its homopolymers especially for X15p=0.98. In
previous studies, poly(TsCz)/CFME indicates the highest
CLp=50 mF cm 2 in 0.1 M NaClO4/ACN in the initial
monomer concentration of 10 mM [44]. Poly(vinylbenzyl
carbazole)/CFME shows a higher C; z=564.1 uF cm 2 and
Cq=108 uF cm 2 in the initial monomer concentration of
10 mM in 0.1 M LiClO4/ACN [43]. All impedance spectra
show Warburg impedance at high frequencies, a transition to
a capacitive behavior at medium frequencies and an approx-
imately—capacitive line at low frequencies. In our EIS sys-
tem, the minimum frequency was taken at 0.01 Hz [45].

A value of double layer capacitance, Cy;, can be calcu-
lated from a Bode magnitude plot by extrapolating the linear
section to a value of w=1 (log w=0) and employing the
relationship 1Z1=1/Cy,, as shown in Fig. 10.

Double layer capacitance values (Cg=~14.0 uF cm ?)
were nearly obtained for poly(BzOCz), poly(TsP), and poly
(BzOCz-co-TsP) as X1;p=0.5, 0.83, 0.91, and 0.98, respec-
tively. Cq value is higher than poly(9-tosyl-9H-carbazole)
[44] (C4=11.0 uF cm?) in the initial monomer concentra-
tion of 10 mM. Higher Cy values were obtained for poly(9-
(4-vinylbenzyl)-9H-carbazole) [46] (C4;=108 pF cm 2) in
the initial monomer concentration of 10 mM and for poly(9-
benzyl-9H-carbazole) [47] (Cq=21.14 uF cm?) in the ini-
tial monomer concentration of 3 mM.

The phase angle is plotted versus the logarithm of the
angular frequency. The spectra of the homopolymers and
copolymers for various molar fractions had the same appear-
ances towards lower impedances especially at ~10 Hz. The
maximum phase angle was obtained as ~73.26° for poly
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Fig. 10 Bode magnitude plot for poly(BzOCz), poly(TsP) and poly
(BzOCz-co-TsP) as X1yp=0.5, 0.83, 0.91, and 0.98, respectively

(BzOCz-co-TsP), X1,p=0.83 at the frequency of 15.56 Hz.
However, the lowest phase angle (~66.25°) was obtained for
poly(BzOCz) at the frequency of 15.56 Hz, as given in
Fig. 11.

Based on the R(O(RW)) electrical equivalent circuit,
linear Kramers—Kronig (K-K) test was used to simulate
the impedance results [48], and then the values of charge
transfer resistance (R ) and Rg were extracted from the fit.
The validation of the impedance spectra was done by using
(K-K) transformations as described in literature [49, 50].
The double layer capacitance in the circuit of irreversible
system was represented by a constant phase element (inset
of Fig. 11). Impedance of the constant phase element Z¢pg, is

" BzOCz

b] 4 TsP
o 804
Eh i“ * Cop.(X;30.5)
> o, ﬁ*a! 5 « Cop.(X_=0.83)
a) 60 as;,,ﬂ&_.gx TsP

-4 ¥ .‘l -
= I X Cop.(XT;O.Ql)
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Fig. 11 Bode-phase plot for poly(BzOCz), poly(TsP) and poly
(BzOCz-co-TsP) as X1yp=0.5, 0.83, 0.91, and 0.98, respectively. Inset
Equivalent circuit model of R(Q(RW))
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given by Zcpp=0a ' (7% w) ™, where j is imaginary unit, w
is the angular frequency, Qyq is the double layer pseudo-
capacitance of a nonstationary interface [51, 52]. The
appearance of the CPE is often related to the electrode rough-
ness or in homogeneity in the conductance or dielectric con-
stant [53]. Qg turns into the real Cy4 when the exponent
reaches to 1. However, in our system, n varies from 0.72 to
0.78. The deviation of n from unity is a common situation for
nonstationary systems due to the frequency independent
capacitor [54]. For an ideal capacitor, n is equal to 1. At very
low frequencies, the current is almost purely capacitive and
the phase angles close to 90°. In literature, ion permeation
might occur on poorly self-assembled monolayers, thus
increasing the capacitance and decreasing the phase angle at
low frequency [55-57]. Warburg impedance (W) is the im-
pedance that results from diffusion of electro-active particles
and it is defined by the following equation for the semi-infinite
diffusion: Zy=A(jxw) *, where 4 is Warburg coefficient. W
shows higher deviation in our polymer systems.

The two elements of the circuit, Rg and Zcpg that are not
affected by the reaction occurring the electrode surface,
represent the bulk solution properties and the diffusion of
the redox. Rg values CPE and R, depend on the insulating
and barrier properties at the electrolyte/electrode interface
[58]. The equation for R, changing with molar fraction of
copolymer at this initial condition was presented by Lasia
[59]. 1/R linearly increases with molar fraction of copoly-
mer. It means that by addition of TsP to the copolymer
structure, the copolymer conductivity is higher with higher
concentration of TsP monomer in the electrolyte for
copolymerization. R, value of copolymer decreases
from 2.48x10° © for poly(BzOCz) to 9.42x10° Q for
X1sp=0.98 by increasing the TsP concentration (Table 2).
Therefore, total impedance of copolymer is higher than homo-
polymers. R values are obtained as 2.47, 1.97 u€2 for homo-
polymers of BzZOCz and TsP, respectively. And R values of
copolymer have been obtained as 3.37, 1.72, 1.4, 0.90, and

Table 2 Equivalent circuit components of R(Q(RW)) for poly
(BzOCz), poly(TsP) and copolymer at various molar fractions Xrgp=
0.5, 0.83, 0.91, and 0.98

Polymers Equivalent circuit components of R(O(RW))

Rs/Q Q/Sxs™ n  Ret/Q WiSxs™  x*

Poly(BzOCz) 1583 1.07x107° 0.77 2.48x10° 7.29x10' 1.47x107

Poly(TsP) 129.5 1.00x107° 0.77 1.98x10° 4,208 1.96x1073
Copolymer  126.5 7.43x10°° 0.78 3.37x10® 5.6x10*  1.98x107°
Xrp=0.5

Xrp=0.83 1289 1.08x107° 0.72 1.73x10° 4.13x10'" 2.56x1073
Xrp=0.91 127.1 9.96x107° 0.73 1.41x10° 2.78x10% 2.52x107°
Xrpp=0.98 1244 1.09%x107° 0.73 9.42x10° 3.96x10* 3.90x107°

@ Springer

0.96 uQ, for X1,p=0.5, 0.83, 0.91, 0.98, and 0.99, respective-
ly. Functional groups of copolymer are very important to
enhance the capacitance behavior of polymers [60, 61].

Experimental and theoretical values were fitted for com-
bination of Bode magnitude and Bode phase plot in the
equivalent circuit model of R(Q(RW)), as shown in
Fig. 12. The high frequency region of the system (region 3
of Fig. 12) consists of the resistance of the copolymer film
R, and the copolymer capacitance C, and electrolyte resis-
tance Rg. The medium frequency (region 2 of Fig. 12) can
be related to redox process taking place at the copolymer/
solution interface given as the R and the Cy. The lower
frequency (region 3 of Fig. 12) is given by the adsorption of
cations and can be described as adsorption resistance paral-
lel to an adsorption capacitance [62].

Conclusion

In this study, BzZOCz and TsP monomers were chemically
synthesized to obtain a new copolymer formation. Monomer
characterizations were done by FTIR and "H-NMR spec-
troscopy. BzZOCz and TsP monomers were electrochem-
ically copolymerized on GCE in various molar fractions.
Polymer characterizations of poly(BzOCz), poly(TsP),
and poly(BzOCz-co-TsP)/GCE were performed via CV,
FTIR-ATR, and EIS. The highest electro-active film
was obtained for Xp;p=0.98 compared to poly(BzOCz),
poly(TsP), and copolymer of Xp;p=0.5, 0.83, and 0.91.
Double layer capacitance values were obtained as
Cq=~14.0 uF cm? for poly(BzOCz), poly(TsP), and
poly(BzOCz-co-TsP)/GCE. R(Q(RW)) electrical equiva-
lent circuit model was used to interpret the impedance
data. R linearly decreases with molar fraction of copolymer.
R value of copolymer decreases by incorporation of TsP
concentration into the copolymer structure.
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Angle, Msd
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Fig. 12 Bode magnitude—phase graph obtained by simulation ZSimp-
Win 3.10 program
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