Applied Polymer

SCIENCE

Poly(2,6-di(thiophene-2-yl)-3,5bis(4-(thiophene-2-yl)phenyl)dithieno
[3,2-b;2',3"-d|thiophene)/Carbon Nanotube Composite for Capacitor
Applications

Murat Ates,® Nuri Eren,* Ipek Osken,? Suzan Baslilar,? Turan Ozturk®3

1Department of Chemistry, Faculty of Arts and Sciences, Namik Kemal University, Degirmenalti Campus, 59030 Tekirdag, Turkey
2Department of Chemistry, Faculty of Arts and Sciences, Istanbul Technical University, Maslak, Istanbul, Turkey

3Chemistry Group, Organic Chemistry Laboratory, TUBITAK UME, PBox 54, 41470, Gebze-Kocaeli, Turkey

Correspondence to: M. Ates (E-mail: mates@nku.edu.tr) or T.Ozturk (E - mail: ozturktur@itu.edu.tr)

ABSTRACT: A novel monomer, 2,6-di(thiophene-2-yl)-3,5bis(4-(thiophene-2-yl)phenyl)dithieno(3,2-5;23’-d]thiophene (Th,DTT) has
been synthesized and used as an electro-active material. It has been electropolymerized onto glassy carbon (GC) electrode in sodium
dodecyl sulfate (SDS) solution (0.1 M) together with multi-walled carbon nanotubes (MWCNT). A good capacitive characteristics for
P(Th,DTT)/MWCNT composite has been obtained by electrochemical impedance spectroscopy (EIS), which is, to our best knowl-
edge, the first report on capacitor behavior of a dithienothiophene. A synergistic effect has been resolved by Nyquist, Bode-
magnitude—phase and admittance plots. Specific capacitance of the conducting polymer/MWCNT, calculated from cyclic voltammo-
gram (CV) together with area and charge formulas, has been found to be 20.17 F g~ '. Long-term stability of the capacitor has also
been tested by CV, and the results indicated that, after 500 cycles, the specific capacitance is 87.37% of the initial capacitance. An
equivalent circuit model of Ry(C;(R;(Q(R,W))))(C,R;) has been obtained to fit the experimental and theoretical data. The double
layer capacitance (Cgy;) value of P(ThyDTT)/MWCNT (4.43 mF cm ™ ?) has been found to be 25 times higher than P(Th,DTT) (Cy=
0.18 mF Cm_z). © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40061.
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INTRODUCTION active electrode materials, such as metal oxides and conducting

5.6
. . . olymers.”
As the energy is one of the most important topics for human POty

being, development of renewable and clean energy sources has ~ Considerable attention has been focused on redox electrochemi-
been continuing to be among the top hot research subjects and  cal capacitors, containing conducting polymers, which enhance
will be in near future. High-performance batteries and capaci-  highly the stored energy through Faradic processes. Thin film
tors take important part in these subjects,' among which, elec-  polymer electrodes are widely used in such energy storage
trochemical supercapacitors (ECs) have a special importance  devices, which have three possible configurations, i.e., superca-
due to their advantages like high capacitive storage, fast charge/ ~ pacitors, having (i) two electrodes constituted by the same
discharge performance and long cycle-life.”> Two types of ECs,  p-dopable conducting polymer, (ii) two different p-dopable con-
based on charge storage mechanisms are available. Electric — ducting polymers, and (iii) a p- and n-dopable conducting
double-layer (EDL) capacitors generally use carbon-based active polymer, among which configuration (iii) is the most favored
materials, having high surface areas as electrodes, and energy ~ one due to its energy and power densities. However, complex
storage is performed through separation of electronic and ionic ~ morphology of the conducting polymers plays an important
charges at electrode-electrolyte interface. The second type of role in their physical properties. Generally, their conjugation
ECs is known as pseudo-capacitors or redox supercapacitors. length, interchain interactions and extent of disorder are signifi-
Their performance is based on charge storage through fast and  cant parameters, governing the final characteristics of the result-
reversible surface or near-surface Faradic reactions®® of redox  ing POIYmerS~7’8
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Design, syntheses, and preparation of conducting polymer films
has been an increasingly important subject of intensive
research,”' owing to the fact that these films can possess desir-
able physical, chemical, and electrochemical properties for many
applications, such as supercapacitors, energy storage batteries,
electronic,'"!? 0})'(0elec'[ronic,13’14 chemo-sensor,'>1° photo-
chromic,'”” and nonlinear optical devices."®'® The concept of
improving mechanical, thermal, electrical or physical properties
of materials through addition of reinforcements has received a
great momentum after the seminal work on carbon nanotube
(CNT) by lijima in 1991.° CNT has exceptionally high elastic
modulus (stiffness) and tensile strength (strengths), which is
10-100 times higher than the strongest steel as a fraction of
weight.”' It displays unique electrical properties and has 1000
time higher electric current carrying capacity than copper.®”
The properties of CNT are a kind of mixture of diamond
(strong and thermally conductive) and graphite (electrically
conductive) as well as light and very flexible,”> which make
CNT prime candidate for the development of potentially new
composite materials with improved mechanical properties and
electrical conductivity. CNT—polymer composites have a variety
of prospective applications ranging from ultra strong materials
for bullet proof vests, high performance materials for space and
aeronautics, biosensor, super capacitor for electrode applications
in modern electronics.***’

A rapid progress has already been made in the development of
hybrid materials, incorporating conducting polymers and car-
bon nanotubes (CNT), which is a promising route to attain
synergistic effect’*® and find applications in the fabrication of
various electronic devices, ranging from super capacitors to bio-
chips.**! Carbon nanotubes possess inherent extraordinary
structural, mechanical, electrical, electronic and thermal behav-
iors.”®* In the past few years, CNT/conducting polymer com-
posites have been used for many promising technological
applications such as corrosion resistance, battery, solar cell,
sensor, energy storage, microelectronics, and optoelectronic
devices.>*™*! Conducting polymers such as poly(3,4-ethylene-
dioxythiophene) (PEDOT)/CNT for generating a hole-
conducting layer in organic light-emitting diodes** and
poly(3-octylthiophene)/CNT** and poly(p-phenylene venylene)
(PPV)/(CNT)** for highly efficient photovoltaic cells*® have
been studied. Furthermore, it was reported that multi-walled
carbon nanotubes (MWCNTs) can store nearly twice energy
density per mass unit than single-walled carbon nanotubes
(SWCNTs).***” Because of the better accessibility of the ions to
the electrochemically active surface, which is responsible for
higher values of capacitance, nanometer-sized and well-ordered
mesoporous structures should be suitable for further increasing
the capacitance performance of conducting polymers. Swelling
and shrinkage of PANI caused by a volume change during the
insertion/removal of counter ions must be considered since the
mechanical stress in polymer film.

In this work, a novel dithienothiophene derivative, 2,6-di(thio-
phene-2-yl) —3,5bis(4-(thiophene-2-yl)phenyl)dithieno|3,2-1;273’-d]
thiophene (Th,DTT) was synthesized and characterized by 'H
NMR, "°C NMR, and FT-IR, which was then electropolymer-
ized on a glassy carbon electrode with dispersed MWCNTs in
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0.1 M SDS. Modified thin film was characterized by FTIR,
SEM-EDX, and EIS analyses. This study presents a new circuit
model parameters obtained from Ry(C;(R;(Q(R,W))))(C,R3).

EXPERIMENTAL

Materials

The 3,4-ethylenedioxythiophene (EDOT), tetraethylammonium
tetrafluoroborate (99%), dimethyl formamide (DMF), tetrahy-
drofuran (THF), and N-bromosuccinimide (NBS) were pur-
chased  from  Sigma—-Aldrich  (Steinheim,  Germany).
Dichloromethane (DCM) (>98) and acetonitrile (HPLC grade),
acetone (ACS, ISO) were supplied from Merck (Darmstadt, Ger-
many). Alumina polishing suspension (0.05 CB micron Gamma
Type, CR85S) was obtained from Balkowski International All
chemicals were high grade reagents and used as received. Multi-
walled carbon nanotubes had the following properties: average
diameter: 8-15 nm, length: ~ 30 um, purity: >95%, specific
surface area®® (SSA): 350 m*> g~ ', (Hayzen Engineering, Ankara/
Turkey).

Instrumentation

An Iviumstat model potasiostat/galvanostat (software, iviumsoft
and Faraday cage, BASI Cell Stand C;) was used for electro-
chemical studies, which was equipped with a three-electrode
electrochemical cell, employing GCE (glassy carbon electrode)
as a working electrode, platinum disk as a counter electrode,
encapsulated in epoxy resin (geometric area: 0.020 cm?) and a
saturated calomel electrode (SCE) as a reference electrode. All
potentials were presented on the SCE scale.

FTIR spectra of ThyDTT and P(ThyDTT) on ITO was recorded
with an ATR-FTIR Nicolet 6700. Electropolymerization of
ThyDTT on ITO was performed in 0.1 M TBABF,/DCM solu-
tion with a constant potential of +1.5 V.

Digital microscope (TENSION), ultrasonic bath (Elma, E30H,
Elmasonic), deionized water equipment (purelab Option-Q,
ELGA, DV25), accurate balance (OHAUS Pioneer), incubator
(DRY-Line, VWR) were used in various experimental steps.

EIS and Modeling

Electrochemical impedance spectroscopy (EIS) measurements
were recorded at room temperature (25°C = 1°C), using a con-
ventional three electrode cell configuration. EIS measurements
were conducted in monomer-free electrolyte solutions with a
perturbation amplitude 10 mV with a frequency range of 10
mHz to 100 kHz on an Iviumstat Model Potasiostat/Galvanostat
(software; iviumsoft). The «circuit model parameters were
obtained by Zsimpwin 3.22 programme.

The 3,5-bis(4-bromophenyl)dithieno|[3,2-5;2’,3’-d] thiophene
(2)*° and 4,4,5,5-tetramethyl-2-(thiophen-2-yl)-[1,3,2]-dioxa-
borolane (4)°' were synthesized following the literature
procedures.

2,6-dibromo-3,5-bis(4-bromophenyl)dithieno[3,2-b; 233’-
d/thiophene (3)

To a solution of 2 (0.3 g, 0.59 mmol) dissolved in DMF (40
mL) was added NBS (0.316 g, 1.77 mmol) portion wise at 0°C.
After stirring for 4 h, it was allowed to warm to room tempera-
ture. Then, the reaction mixture was poured into cold water
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and the precipitate was filtered. The crude product was recrys-
tallized from toluene to obtain the title compound 3 as a yellow
powder (0.35 g, 88%), mp 309-312°C; '"H NMR (600 MHz,
CDCl;) 6 (ppm) 7.62 (d, J= 8.4 Hz, 4H), 7.53 (d, /= 8.4 Hz,
4H); >C NMR (150 MHz, CDCl;) & (ppm) 139.7, 136.1, 132.5,
132.1, 131.0, 128.7, 124.0, 113.6; m/z= 667 (M*+1).

2,6-di(thiophene-2-yl)-3,5-bis(4-(thiophene-2-yl)
phenyl)dithieno[3,2-b;2’,3’-d]thiophene (1)

A mixture of 3 (0.3 g, 0.45 mmol), 4 (0.57 g, 2.71 mmol) and
Pd(PPh;), (26 mg, 0.0225 mmol) in a schlenk tube was
degassed for an hour. Then, THF (100 mL, dry) and K,CO; (2
mL, 2 M) were added and degassing was continued for one
more hour, after which the mixture was stirred at 65°C for 2
days. It was then cooled to room temperature, filtered through
celite and washed with THE The solvent was evaporated under
reduced pressure until a concentrated solution was obtained,
which was poured into a methanol/diethyl ether solution (1/1)
to obtain the title compound 1 as an orange powder (0.23 g,
75%), mp 284-287°C; 'H NMR (CDCls, 600 MHz): § (ppm)
765 (d, J=8.4 Hz, 4H), 751 (d, J=8.4 Hz, 4H), 7.35 (d,
J=13.6 Hz, 2H), 7.29 (dd, J=5.4 Hz, 1.2 Hz, 2H), 7.24 (dd,
J=5.4 Hz, 1.2 Hz, 2H), 7.09-7.08 (m, 4H), 6.98 (t, J= 4.2 Hz,
2H); C NMR (150 MHz, CDCl3) & (ppm) 143.8, 143.1, 136.0,
134.3, 133.3, 132.3, 131.6, 129.7, 128.3, 128.1, 127.4, 126.8,
126.3, 126.2, 125.1, 123.4; MS m/z= 677 (M+1).

Polymerization Procedure with Carbon Nanotube

Carbon nanotube (CNT) (15 mg) was dispersed in supporting
electrolyte sodium dodecyl sulfate (SDS) solution (5 mL 0.1M)
for 45 min.”* The electrode was produced by modifying the lit-
erature®® procedure. CNT (5uL) was applied on to a glassy car-
bon (GC) electrode surface and dried initially in air and then
by blowing nitrogen. ThyDTT was electro-synthesized by chro-
noamperometric method in tetraethyl ammonium tetraflorobo-
rate (TEATF,, 0.1M)/dichloromethane (CH,CI,) solution at a
constant potential of 1.2 V at different polymerization time
(100, 200, 300, and 400 s). Then, nafion solution (5 pL, 5%)
was dropped on to the surface of the electrode. CNT—polymer
ratio was calculated by using the following formula;

CNT % ratio = MCNT/MPolme 100

The polymer mass was calculated by using the following for-
mula; QderMMonl ZXF

where F: Faraday constant (96485 C), Z=2 (for our polymer),
Quaep: Deposition charge, Myyon: mass of monomer.

Calculation of Specific Capacitance with Cyclic Voltammetry
Cyclic voltammograms and electrochemical impedance spectros-
copy data for [ThyDTT]p= 2 mM and 3 mM in total solution
of 5 mL of H,SO, (0.5M) were measured and specific capaci-
tance calculated by using two different formulas.

Specific capacitance (Sc)
Sc = AQ/MXAV (1)

where AQ; Voltammetric charge integrated from cyclic voltam-
mogram (C), AV; Potential range ( V),>* M; Mass of the elec-
trode material on the electrode surface (g), calculated by using
the following formula;
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Figure 1. Synthesis of 2,6-di(thiophen-2-yl)-3,5-bis(4-(thiophen-2-yl)phe-
nyl)dithieno[3,2-5;233’-d]thiophene, (Th,DTT).

M=Mcnr + MPolym

Sc = JIXdV/SXmXAV (2)
where f(l X dV); area integrated from CV, S; scan rate (mV
s~ 1), AV: potential range and #z; mass of the electrode material
on the electrode surface (g).>>>°

EIS was measured in H,SO, 0.5 (M) in monomer-free solution
at different scan rates of 25, 50, 100, 250 for polymers, coated
with CNT for 100, 200, 300, 400 s.

RESULTS & DISCUSSION

Synthesis of ThyDTT 1

The 2,6-di(thiophene-2-yl) —3,5-bis(4-(thiophene-2-yl)phenyl)-
dithieno[3,2-5;233’-d] thiophene (Th,DTT) 1 was synthesized in
two steps (Figure 1). Dibromination of the DTT 2 with NBS
produced the tetrabromo-DTT 3 in 88% yield,”” Suzuki cou-
pling of which with 4,4,5,5-tetramethyl-2-(thiophene-2-
yl)[1,3,2]dioxaborolane 4 yielded the target compound 1 in
75%.

Electrocopolymerization

Th,DTT was electropolymerized by chronoamperometric
method at different polymerization time (100, 200, 300, and
400 s) in 0.1M TEABF,/DCM at a constant potential of 1.2 V.
The highest specific capacitance (20.17 F g~') was obtained for
P(Th,DTT)/MWCNT in the initial monomer concentration of
2 mM at the polymerization time of 100 s (Figure 2).

Cyclic voltammetry (CV) measurements of the composite elec-
trode, ie. P(ThyDTT)/MWCNT, was conducted in H,SO,
(0.5M) solution at various scan rates of 25, 50, 100, 250, 500,
and 1000 mV s ' (Figure 3). The specific capacitances were
obtained from the area and charge formulas of CV (Table I),
which indicated that the highest C,, was 20.17 F g ' for
P(Th,DTT)/MWCNT in the scan rate of 100 mV s '. It means
that Cg, was increased ~10 times in area and charge formulas
compared to P(ThyDTT). Generally, combination of
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Figure 2. ThyDTT/MWCNT was electrocoated by chronoamperometric
method in 0.1 M TEABF,/DCM at a constant potential of 1.2 V in 400 s.
[ThyDTT]o= 2 mM.

P(Th,DTT)/MWCNT is based on electrochemical interaction
onto the surface of CNTs by covalent bonding.”*™*"'

Specific capacitance (Sc) obtained from area and charge formu-
las are nearly the same values by changing of scan rates. For
example, at the scan rate of 25 mV s~ ! Sc was obtained as 1.62
F ¢! from area formula and 1.69 F g~ ' from charge formula.
The similar results were obtained for composite (P(Thy,DTT)/
CNT) materials such as Sc=15.39 F g~ ' from area formula
and Sc= 15.35 F g~ ' from charge formula as shown in Table .

FTIR Analysis of Monomer and Polymer

The FTIR-ATR spectra of ThyDTT in 0.1M TEABF,/DCM was
obtained by reflectance FTIR spectrophotometry (Figure 4). The
peak at 940 cm ™' was attributed to dopant anion BE, . While
the peak at 2950 cm™ ' was due to symmetric stretch of
C=C—H of benzene ring, the peak at 720 cm ™' was assigned to
C—S stretch of thiophene ring. Typical broad polymeric bands
belonging to the polymer, P(Th,DTT), compare with more
sharper bands of the monomer Th,DTT, proved a successful
polymerization process.

SEM-EDX Analyses of the Polymer and the Composite

Morphological studies of P(ThyDTT) and P(Th,DTT)/MWCNT
samples were performed by scanning electron microscopy. SEM
images of the polymer and composite, obtained at 30-pm mag-
nification are depicted in Figure 5(a,b), respectively. While the
SEM image of P(Th,DTT) displayed only a porous structure

Figure 3. Cyclic voltammograms of Th,DTT/MWCNT electrodes in
H,SO, solution (0.5M) at a scan rate of 25, 50, 100, 250, 500, and 1000

mVs L.

having small and bigger pores with ~5 and ~20 pm sizes,
respectively [Figure 5(a)], SEM image of P(Th4DTT)/MWCNT
showed homogeneously scattered strand like structure [Figure

5(b)].

EDX analyses of P(ThyDTT) and P(Th,DTT)/MWCNT indi-
cated a clear difference between P(Th,DTT) and P(Th,DTT)/
MWCNT as P(Th,DTT)/MWCNT had a composite material
structure, in which the weight percent of carbon, fluorine and
sulfur elements decreased in 21.60, 59.79, and 1.27%, respec-
tively, as the weight percent of nitrogen and sodium elements
increased in 16.64 and 0.70%, respectively. Moreover, nitrogen
and sodium elements were obtained in composite structures
from SDS and MWCNT. Therefore, EDX analyses indicated a
successful composite structure formation (Table IT).

Capacitor Behaviors of P(Th,DTT) and P(Th,DTT)/MWCNT
Obtained from Circuit Model R,(C;(R;(Q(R,W))))(C;R3)

The polymer and composite were evaluated by employing
ZSimpWin 3.22 software from Princeton Applied Research. The
circuit model R (C;(R;(Q(R,W))))(C,R3)was obtained almost
among 90 circuit models as its chi-square ( %*) and relative error
were below 10~ * and 10%, respectively. In circuit components,
R; is the bulk solution resistance of the polymer and electrolyte,
C; and R, are the double layer capacitance and resistance of the
polymer and electrolyte, respectively. A series connection to R;
was established using as a constant phase element parallel to R,
and W, which are the charge transfer resistance and Warburg

Table I. Specific Capacitances Obtained by Chronoamperometric Method (400 s) from Area, and Charge Formulas at Different of Scan Rates from 25 to

1000 mV s~ ! for P(ThyDTT) and P(Th,DTT)/CNT, [Th,DTT],= 2 mM

P(Th,DTT) P(Th4DTT)/CNT P(Th,DTT) P(Th,DTT)/CNT
Scan rates/mV s~t Area/F g~ Area/F g~ QF g* QF g*
25 1.62 15.39 1.69 15.35
50 0.58 20.12 0.58 20.05
100 217 20.17 2.24 20.17
250 017 16.78 1.72 16.38
500 0.13 13.71 1.34 13.61
1000 0.10 10.84 0.99 10.84
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Figure 4. FTIR spectra of ThyDTT and P(Th,DTT). Electropolymerization
of ThyDTT on ITO was performed in 0.1M TBABF,/DCM solution with a
constant potential of +1.5 V. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

impedance of the polymer and composite, respectively.®* The
Warburg impedance is often observed at high frequencies,
which is signaling some type of anomalous diffusion process.
Q-n (constant phase element) defines the capacitor between the
film and electrolyte interface, considering the irregular geometry
of the surface of the composite electrode.®>** Comparison of
the polymer and composite simulation results are given in Table
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III. R, value of polymer (R;=126 Q) decreased with compari-
son of the composite material (R;=25.74 Q). In parallel to
these results, Cy, and Cg values increased in Nyquist and Bode-
magnitude plots, as well as equivalent circuit parameters. The
circuit parameters and SEM images indicated that the polymer
and composite had inhomogeneous
morphology.

material surface

Low frequency capacitance (C,) values for P(Th,DTT) and
P(Th,DTT)/MWCNT (10 mHz) were obtained by using the fol-
lowing equation: Cy,= (21 X f X Z')"', where C,, is the spe-
cific capacitance, Z’ is the slope of a plot of the imaginary
component of impedance versus the inverse of the frequency
(N.°>°° While the C,, value of P(Th,DTT) was determined to
be 0.31 mF cm™ %, P(Th,DTT)/MWCNT had the C, as 4.01 mF
cm 2, which indicated that the composite material had 15 times
higher Cj, than that of the polymer (Figure 7).

Double layer capacitance (Cy) can be calculated from a Bode-
magnitude plot, by extrapolating the linear section to a value of
o =1 (log ®=0), a formula of IZI = 1/Cy (Figure 8). The Cy
value of the composite material (4.43 mF cm™?) was found to
be ~25 times higher than that of the Cy value of the polymer

Figure 5. SEM images of (a) P(ThyDTT) and (b) P(Th,DTT)/MWCNT. Electropolymerization of ThyDTT on Au electrode was performed in 0.1M
TEABE,/DCM solution with a constant potential of +1.2 V in 400 s. [ThyDTT]o= 2 mM.
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Figure 6. EDX images of (a) P(Thy,DTT) and (b) P(Th,DTT)/MWCNT. Electropolymerization of ThyDTT on Au electrode was performed in 0.1M
TEABE,/DCM solution with a constant potential of +1.2 V in 400 s. [ThyDTT], =2 mM. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Table II. EDX Analyses of (a) P(Th,DTT) and (b) P(Th,DTT)/CNT

Elements/% P(ThsDTT) P(Th4DTT)/CNT
Carbon 32.69 21.60
Fluorine 69.36 59.79
Sulfur 3.95 1.27
Nitrogen ... 16.64
Sodium . 0.70

Electropolymerization of Th4DTT on Au electrode was performed in 0.1
M TEABF4/CHxCl, solution with a constant potential of +1.2 V in 400
s. [ThyDTTlg= 2 mM.

(0.18 mF cm™?). The increasing value of Cg could be explained
due to the incorporation of MWCNT into the polymer.

The maximum phase angles of the composite material and
polymer were measured to be 0 =60.7° and 0= 51.6°, respec-
tively, at 1 Hz frequency (Figure 9). When the frequency was
increased up to 10° the phase angle decreased ~20° and, in the
higher frequencies, the phase angle increased sharply [Figure
9(b)].*” Charge storage of the composite electrode had an
increase of charge storage at the frequency of ~1 Hz to 60.7°
[Figure 9(a)] compared with the charge storage of the polymer
at 51.6° [Figure 9(b)].°® Theoretically, Bode-phase angle is
nearly close to 90° as observed in a capacitor behavior.*””
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Table III. Equivalent Electrical Circuit Model, R((C,(R;(Q(R,W))))(C,R;),
Parameters for P(Th,DTT) and P(Th,DTT)/CNT in 0.1M TEABE,/
CH,Cl, Solution by Chronoamperometric Method with a Constant Poten-
tial of +1.2 V in 400 s

Circuit components P(Th,DTT) P(Th,DTT) / CNT
Rs/Q 126 25.74

Cy1/uF 1.4 x10°2 0.91

R./Q 2760 163.1
Q-Y,/Sxs" 41 x10°° 8.6 x 1073
n 0.61 0.66

Ro/Q 9.64 x 10° 6.64 x 10°
W/uSxs™ 1.68 2.02

CaluF 3.0x 1073 0.14

Rs/Q 1577 1072.4

Va 183 x10°* 573 x10°*

[ThyDTTlo= 2 mM.

The average conductivity of P(Th,DTT)/MWCNT was found to
be 19.5 mS, obtained from Admittance plot by EIS analysis, at
the frequency of 100 kHz (Figure 10). On the other hand, the
conductivity of P(ThyDTT) (Y’ = 1.29 mS) was measured to be
15 times lower than that of the composite material (Table III).
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-»- Calculated / 00 —v— Calculated //
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4 =2 400 /
& e = /
N 20+ N A
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Figure 7. Nyquist plots of (a) P(ThyDTT)/MWCNT, and (b) P(ThyDTT), [ThyDTT]y, =2 mM in H,SO,4 (0.5M). Polymerization was performed by chro-
noamperometric method (400 s). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Bode-magnitude plots of (a) P(ThyDTT)/MWCNT, inset: Equivalent circuit model of R (Ci(R;(Q(R,W))))(C,R;) and (b) P(Th,DTT),
[ThyDTT]o =2 mM in H,SO,4 (0.5M). Polymerization was performed by chronoamperometric method (400 s). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Bode-phase plots of (a) P(ThyDTT)/MWCNT, and (b) P(Th,DTT), [ThyDTT], =2 mM in H,SO, (0.5M). Polymerization was performed by
chronoamperometric method (400 s). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Admittance plots of (a) P(Th,DTT)/MWCNT, and (b)
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P(ThyDTT), [ThyDTT]y= 2 mM in H,SO, (0.5M). Polymerization was performed by

chronoamperometric method (400 s). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Stability of Polymer Film

As it is well-known, long-term stability is a significant consider-
ation for the practical application of a capacitor. Stability mea-
surement for P(Th,DTT)/MWCNT system was performed with
a scan rate of 100 mV s~ ' through the same voltage (0-0.8 V)
over 500 cycles. Long-term stability of the capacitor was also
tested by CV, and the result of the specific capacitance was
found to still at 87.37% of the initial capacitance (Figure 11),
which indicated that the composite P(Th,DTT)/MWCNT is

Ao
1

w
L

Specific capacitance / F g*
[ ]

—

0 200 400
Cycle number

Figure 11. Stability test measurements of P(Th,DTT)/MWCNT. Potential
range: 0-0.8 V, scan rate: 100 mV s~ '. Nearly 500 cycles were performed
for stability test. Cy, was calculated and plotted on the graph at every 10
cycle.
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suitable for the capacitor applications as it had high stability for
practical applications.

CONCLUSION

In this study, synthesis and characterization of a novel com-
pound, 2,6-di (thiophene-2-yl)—3,5bis(4-(thiophene-2-yl)phe-
nyl)dithieno [3,2-b;2',3'-d]thiophene, (Th,DTT) have been
reported. Its electro-deposition, applying chronoamperometric
method on glassy carbon electrode as a composition with
MWCNT was conducted, and comparison of the specific
capacitance of P(ThyDTT) and P(Th,DTT)/MWCNT compos-
ite were studied in H,SO, (0.5M) by cyclic voltammetry (CV).
C,p obtained from the area and charge formulas was deter-
mined as 20.17 F g~ ' with a scan rate of 100 mV s~'. An
equivalent circuit model of R(Ci(Ri(Q(RaW))))(C,R;) was
used to fit the theoretical and experimental data. Nyquist,
Bode-magnitude, Bode-phase and Admittance plots were
obtained to explain the impedance parameters. The Cg, value
of P(Th,DTT)/MWCNT (4.01 mF cm™?) was found to be
~15 times higher than that of P(Th,DTT) (0.31 mF cm?),
and long-term stability test by CV measurements indicated
that the specific capacitance of the composite was still 87.37%
of the initial capacitance.

To our best knowledge this the first report on capacitor behav-
ior of a dithienothiophene as the composite P(Th,DTT)/
MWCNT displayed a good capacitive characteristics.
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