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Abstract

The present study is focused on the electrochemical properties of poly(3,4-propylenedioxy-
thiophene) (Poly(ProDOT)), electrocoated on the single carbon-fiber microelectrode (SCFME)
in different electrolytic media, with different solvent dielectric constants (35.9, 41.7, 47.5,
53.3, 59.1 and 64.9). The highest deposition charge density of 24.49 mC cm? and the highest
specific capacitance of 23.17 mF cm™ were obtained for Poly(ProDOT) synthesized in a
medium with the lowest solvent dielectric constant (¢ = 35.9). Electrochemical impedance
spectroscopy (EIS) results of Poly(ProDOT) coated SCFME measured at open circuit potential
showed continuously increased impedance magnitudes as € was increased from 35.9 to 59.1.
For all films, almost capacitive impedance responses at lower frequencies at least were
obtained. The highest capacitance was observed for the polymer film synthesized in the
medium of € = 35.9. The impedance of this film was also measured in different solvent
mixtures with different dielectric constants at open circuit potential.

Keywords
carbon fiber; surface modification; electropolymerization; polythiophene derivate;
electrochemical impedance spectra.

Introduction

Today, electrochromic, optical and thermoelectric properties of conductive polymers used in many
fields continue to be investigated [1-5]. The conductive polymer materials with enhanced properties
can be produced by electrochemical methods [6-8]. Electrochemical properties of electrochemically
synthesized conductive polymers can be investigated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) [9-12]. Electrochemical impedance spectroscopy can be used both for
volume and interfacial region studies and is associated with time constants ranging from minutes to
microseconds [13].
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In conducting polymers of importance for biomedical devices, low interfacial impedance and
enhanced charge storage capacity are generally considered essential. It was already shown that
electroplating with poly(3,4-alkylenedioxythiophene) reduced electrical impedance in biomedical
devices and produced films with sufficient softness and large surface area [14-16]. Due to these film
properties, there is a significant reduction of the electrical impedance of biomedical devices in the
biologically relevant frequency range (around 1000 Hz), and just this frequency corresponds to the
typical pulse width of a neural signal (around 1-2 ms) [17]. Therefore, poly(3,4-alkylenedioxythio-
phene) and its derivatives are promising electronic materials used in organic bioelectronics for
biosensing [18-21]. Carbon-based electrodes electrochemically coated with Poly(ProDOT) exhibit
enhanced capacitive behavior and are promising materials for supercapacitor applications [22-24].

Micron size carbon fibers having low resistivity, high surface area, and small crystallites formed in
the stacking direction during electropolymerization can improve the interface properties between
polymer and carbon fiber. The approach of using a single carbon-fiber rather than a fiber bundle has
the advantage of precise characterization of the coated film by electrochemical techniques. Conduc-
tive polymers electrocoated on CFMEs were previously studied and reported in detail by Sarac and
coworkers [25-27]. FTIR-ATR, AFM and SEM characterizations of Poly(ProDOT) and Poly(ProDOT-co-
N-phenylsulfonyl pyrrole) films synthesized by electropolymerization in 0.1 M NaClOs/MeCN were
previously studied by the same group, and some characterization details are reported in [28].

In this study, polymer of 3,4-propylenedioxythiophene (ProDOT), a derivative of polythiophene
(PTH) [29-31] was electro-coated specifically on a single carbon-fiber microelectrode (SCFME) in
different electrolytic solutions having different solvent dielectric constants. The effect of the dielectric
constant of the solvent on electrochemical properties of Poly(ProDOT) coated SFCME was investigated
in detail by CV and EIS techniques.

Experimental

Chemicals

3,4-propylenedioxythiophene (ProDOT), propylene carbonate (PC), and tetrabutylammonium
hexafluorophosphate (TBAPFs) were purchased from Aldrich. Acetonitrile (MeCN) and propylene
carbonate (PC) were obtained from Riedel de Haén. Carbon fibers of Aksa Acrylic Co. were used in
all experiments. All chemicals were of high purity.

Electrochemical experiments

Electrochemical polymerization was performed potentiodynamically by CV technique using a po-
tentiostat 2263 Electrochemical Analyser (Princeton Applied Research, USA) interfaced to a PC and
controlled by PowerSuit software package in one-compartment three-electrode cell. The elec-
trochemical behavior of polymer samples prepared in different solutions was examined by the CV
technique with the same three-electrode system. SCFME with an area of ~2.19x1073 cm?, a platinum
wire, and a silver wire were used as working, counter and reference electrodes, respectively. Ag wire
used as the reference electrode was checked and calibrated by ferrocene (0.1 M).

EIS measurements of Poly(ProDOT) coated SFCME in different dielectric media were performed
using potentiostat 2263 Electrochemical Analyser (Princeton Applied Research, USA) within a
frequency range between 100 kHz and 0.01 Hz and AC signal amplitude of 10 mV, at applied
potentials of -0.2, 0.0, and 0.2 V and open circuit potential (OCP) condition. Electrochemical
impedance software (PowerSine) was used to carry out impedance measurements of polymer
coated SCFMEs in monomer-free electrolytic solution with the same three-electrode system.
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Impedance data were analyzed using ZSimpWin (Version 3.1) AC impedance data analysis software
(Princeton Applied Research).

Results and discussion

Electropolymerization

Poly(ProDOT) was obtained from 2 mM ProDOT monomer solution by performing 20 CV cycles
at the scan rate of 50 mV/s in the potential range of -0.5-1.5 V, and the recorded graphical results
were compared. In all experiments, 0.1 M TBAPFs was used as the supporting electrolyte, while
acetonitrile (MeCN), propylene carbonate (PC), and their mixtures were used as solvents. Equation
(1) was used to calculate dielectric constant values of solvent mixtures:

&m = E1X1 + £2X2 (1)
The dielectric constant of solvent 1 is &1, the volume fraction of the same solvent is x1, & is the

dielectric constant of solvent 2, and the volume fraction of solvent 2 is x> [32]. Dielectric constants
of the solvents and their mixtures at room temperature are given in Table 1.

Table 1. Dielectric constants of solvents and their mixtures (at 293.15 K).

Solvent Solvent ratio (V/ V) Dielectric constant
MeCN 1 35.9
MeCN-PC 4:1 41.7
MeCN-PC 3:2 47.5
MeCN-PC 2:3 53.3
MeCN-PC 1:4 59.1
PC 1 64.9

Electropolymerization of ProDOT in electrolytic solutions with different solvent dielectric constants
is shown in Figure 1. As the number of cycles increased, the oxidation-reduction current values
increased, mostly for the coating obtained at ¢ = 35.9 (Figure 1a). Coatings obtained at solvent
dielectric constants 41.7, 47.5 and 64.9 changed to a much lesser extent (Figure 1b-d), while these
obtained at the solvent dielectric constants of 53.3 and 59.1 did not change at all (not shown). As the
solvent dielectric constant increased from 35.9 to 59.1, the maximum oxidation current value
decreased from 3.1 to 0.003 pA and then increased to 0.2 pA in the electrolytic solution with a solvent
dielectric constant of 64.9. The inner graphs in Figure 1 show the oxidation-reduction current values
versus scanning rate in electrolytic solutions where coatings were made but without monomer.
Accordingly, the current values increased as the scan rate increased from 50 to
200 mV s}, except in electrolytic solutions with solvent dielectric constant of 53.3 and 59.1. It can be
said that the system is diffusion-controlled [27,33,34] since the current values of the electrocoating
obtained in electrolytic solutions with solvent dielectric constants of 35.9,41.7, 47.5 and 64.9 increase
with the increase of the scan rate.

The linear dependence of the peak current with the square root of scan rate occurs with
electrodes dependent on the diffusion limited redox reaction, while for reaction molecules that
adsorb on the electrode surface, peak current will be linearly dependent on the scan rate [35].

The graphs of anodic and cathodic currents against the scan rate and square root of the scan rate
for £=35.9 are given in Figure 2. The linear dependence of the peak current with the scan rate for
Poly(ProDOT) coated SCFME in monomer-free solution indicates that redox reaction is primarily
dependent on the adsorption of molecules. Note that for the diffusion limited redox reaction, the
linear dependence of the peak current on the square root of scan rate was predicted [33,34].
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Figure 1. Cyclic voltammograms of polymerization (20 cycles, 50 mV/s) at SCFME from 2 mM
ProDOT monomer in 0.1 M TBAPF¢ and solvent dielectric constant: a) 35.9; b) 41.7; c) 47.5;
d) 64.9. Inset graphs: CVs of Poly(ProDOT) in monomer-free 0.1 M TBAPF; at different scan
rates (50 - 200 mV/s). Surface area of WE ~2.19x107 cm?
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Figure 2. Plot of anodic (i,) and corresponding cathodic (ic) peak current vs. a) scan rate;
b) square root of scan rate for € = 35.9 (inset of Fig. 1a)

The graph of anodic and cathodic peak potential values against the scan rate is given in Figure 3.
With increasing scan rate, the anodic peak potential is shifted positively, while the cathodic peak
potential is shifted negatively. An increase of the scan rate can limit the time interval of the
electrochemical process, which results in a shift towards more positive potentials (for anodic peaks)
and negative potentials (for cathodic peaks). The shift is mainly due to the delay of the electro-
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chemical reaction due to the shortness of time compared to a lower scan rate that allows more time
for the reaction to occur (Figure 3).
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Figure 3. Anodic (E,) and cathodic (E.) peak potential values vs. scan rate for € = 35.9
(inset of Fig. 1a)

Figure 4 presents schematic steps of the electrochemical polymerization of ProDOT on the SCFME.
Electron transfer from ProDOT monomer to SCFME working electrode due to oxidation is the first step
of electropolymerization. In the next step, coupling reactions with the formed ProDOT radical cations,
followed by a dehydrogenation step can be realized. By coupling radical cations, oligomers are formed,
and further oxidation of these oligomeric and polymeric radical cations can interact with electrolyte
anions (PFg’), depending on the solvent medium dielectricity.

Solvent with a high dielectric constant is easily polarized. Polarization allows countercharges to
be placed around an ion, which results in coulombic interactions between solvent and radical
cations of Poly(ProDOT), and reduces the polymerization ability of oligomers of ProDOT during the
radical cation coupling (Figure 4). Therefore, the deposition charge density of polymer (o thickness)
was found to decrease by increasing the dielectric constant of the medium.

Solvents influence the solubility, stability and reaction rates, and choosing the appropriate solvent
allows thermodynamic and kinetic control over a chemical reaction. Stabilization of the intermediates
may occur through different non-covalent interactions with the solvent i.e., H-bonding, dipole-dipole
interactions, van der Waals interactions, etc. Stabilization of radical cations (ProDOT radical cation
and/or oligomeric radical cation) is larger in polar solvents than in less polar solvents. Polar solvent -
one with a high dielectric constant - will stabilize radical cations by forming interactions and reducing
the reactivity of these intermediates with each other (Figure 4).

The deposition charge density of the polymer electrogrowth (q) and specific capacitance (Csp) in
monomer free solution were calculated from CV measurements according to equations (2) and (3):

| idv

a7y 2
-9

Sp_dV (3)

where [idVis the integrated area under the CV curve, v is the scan rate, V s1; AV / V is the potential
window in CV measurements and A / cm? is the electrode surface area.
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The graph of the calculated deposition charge density of ProDOT and specific capacitance (Egs. 2
and 3) versus dielectric constant of the solvent, obtained from CVs of Poly(ProDOT) in monomer-
free solution is shown in Figure 5.
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Figure 5. Deposition charge density of electrogrowth (50 mV/s, 20 cycles) of ProDOT (left axis), and specific
capacitance (right axis) vs. dielectric constant of solvent obtained from CV (200 mV/s) of Poly(ProDOT) in
monomer-free 0.1 M TBAPFs. Surface area of WE ~2.19x10° cm?
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As the solvent dielectric constant increased, the deposition charge density in the system
decreased. Accordingly, the highest deposition charge density value was obtained from the coating
realized in the media with a dielectric constant of 35.9.

The deposition charge density of film electrogrowth can be generally correlated with its thickness
which becomes lower at higher dielectric constants. According to Figure 5, specific capacitance values
of these films show a similar trend with the exception of £ = 41.7. The highest deposition charge
density of 24.49 mC cm™, and the highest specific capacitance of 23.17 mF cm™2, were obtained for
Poly(ProDOT) synthesized in the solvent with the lowest dielectric constant (= 35.9).

Electrochemical impedance spectroscopy

Impedance (2) defined by Eq. (4) is the angular frequency (w) dependent resistance of a system
to the alternating current (AC) flow caused by the application of frequency-dependent potential. In
the limit of zero frequency, impedance becomes frequency independent resistance against the
electrical current, or DC resistance [36].

7 E@

") (4)

Solution resistance is an important factor in electrochemical impedance measurements of an
electrochemical cell. In a three-electrode system, the uncompensated solution resistance is
measured between the working and the reference electrode [37].

EIS results are usually presented by plotting the measured impedance against the frequency
(f = ®/2m). Impedance spectrum presentation is the frequency (f) dependence of two real quantities
(absolute impedance value - |Z| and phase angle - ¢). In the spectrum set as Bode plot, log |Z|and ¢
are drawn against log w. In Nyquist plot, the imaginary part of impedance (Zim) is put against the real
part of impedance (Z.). For capacitive systems, complex capacitance, C = (iwZ)?, is the most valuable
presentation, where total capacitance can be evaluated directly from a spectrum as Cre for @ — 0. The
impedance spectrum is generally studied with equivalent circuit modelling (ECM) containing different
electric elements. Each element in ECM and its connection with other elements point to some specific
physical event. There are three basic elements used in ECM [38-40]. The first is a resistor that appears
in the Bode plot as a plateau having zero phase angle, a capacitor that appears as a straight line with
a slope of -1 and phase angle of -90°, and element related to the diffusion of reaction species, showing
a straight line with a slope of -0.5 and phase angle of -45°. In the Nyquist plot, resistance appears as a
point at Z., and capacitance as a vertical line (angle of 90°), where capacity value can be calculated
from Zim value at certain w as C = (wZim) . The element related to diffusion (Warburg element) shows
a straight line having a slope of 45°.

EIS results of Poly(ProDOT) coated SCFMEs measured in monomer-free electrolytic solutions under
open-circuit potentials are given in Figure 6. For each Poly(ProDOT) coated SCFME, EIS was taken in
the same electrolytic solution from which the coating was made but under monomer-free conditions.

According to the EIS results in Figure 6a, for higher dielectric constants (53.3 and 59.1), more or
less inclined capacitive lines are generally observed, with impedance much higher than these mea-
sured for low dielectric media (35.9, 41.7, 47.5). Impedance for & = 64.9 lies somewhere between
these two groups. Also, for higher ¢(53.3 and 59.1), it seems that Nyquist plots are started to bend
with a significant increase of the real resistance at the lowest frequencies, tending to form a semicircle.

For all films, Bode plots in Figure 6b show resistive impedance at higher frequencies and almost
capacitive impedance responses at lower frequencies. Two groups of impedance spectra can be
generally distinguished, a group with lower impedances (£=35.9, 41.7 and 47.5) and consequently
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higher capacitances and a group with higher impedances (¢ = 53.3 and 59.1) and hence lower
capacitances. The impedance spectrum for & = 64.9 lies somewhere between these two groups.
Bode phase plots in Figure 6d clearly show that almost pure capacitive impedance response,
characterized by phase angle near -90°, are obtained for £=35.9, and £=53.3 and 59.1. The other
films, including that for £=64.9, show more complex behavior, with clear resistive contribution(s)
making peaks in phase angle responses at higher frequencies and almost capacitive impedance
responses at lower frequencies. Anyhow, it is clear that going from films formed at higher dielectric
constants (¢=53.3 and 59.1), there is a continuous change from almost pure capacitive response
showing lower capacitance, via complex impedance response involving some resistance
contribution(s) (e=41.7, 47.5, 64.9), to pure capacitive impedance response showing higher
capacitance (&= 35.9) (Figure 6c).
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Figure 6. EIS results of Poly(ProDOT) synthesized in solvents with different dielectric constants
and measured in monomer-free 0.1 M TBAPFs under open circuit potential: a) Nyquist; b) Bode
magnitude; c) complex capacitance; d) Bode phase plots

EIS results of Poly(ProDOT) coated SCFME, measured in monomer-free electrolytic solutions at
different applied potentials (-0.2, 0.0 and 0.2 V), are given in Figure 7. For each Poly(ProDOT) coated
SCFME, EIS was taken in the same electrolytic solution from which the coating was made but without
a monomer. Generally, films formed in solutions of higher dielectric constant (¢ = 53.3 and 59.1)
showed the highest and almost capacitive impedances, independent of the potential of
measurements (Figure 7a-b). For other films at all three potential values, much lower impedances are
generally observed. Phase angle Bode plots in Figure 7c show that almost pure capacitive impedance
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responses are observed for the films (¢ = 35.9, 41.7 and 47.5), all measured at 0.2 V. This might be
related to the fact that 0.2 V is closest to the potential of redox peak of the faradic/doping process
recorded by CVs shown in Figure 1. Other films measured at either 0.0 or -0.2 V, showed more complex
behavior involving some clear resistance contribution(s), which is less prominent for films of lower &
and the most prominent for the film £=64.9 at both 0 and -0.2 V.

Generally, higher capacitances are obtained for polymer films formed in lower dielectric media
than those from higher dielectric solvent media. In addition to the ordinary double-layer capacitance
formed at interfacial regions of polymer films, high capacitance of conducting polymers originates
from the film's active layer, where fast redox reaction with low charge transfer/transport resistances
results in pseudocapacitance.
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Figure 7. EIS results of Poly(ProDOT) synthesized in solvent mixtures with different dielectric
constants and measured in monomer-free 0.1 M TBAPFsat -0.2, 0.0 and 0.2 V: a) Nyquist;
b) Bode magnitude; c) Bode phase plots

EIS results of Poly(ProDOT) synthesized on SCFME in 0.1M TBAPFs/MeCN, &= 35.9) measured in
different dielectric media under monomer free conditions at open circuit potential presented in
Figure 8. Bode plots (Figure 8a and 8d), Nyquist plots (Figure 8b) and complex capacitance spectra
(Figure 8c) indicate that the polymer coating on the SCFME is very stable since all measured spectra
are rather similar for different dielectric solvent media.
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Figure 8. EIS results of Poly(ProDOT) synthesized in the solvent with € = 35.9 and measured in solvent
mixtures with different dielectric constants at open circuit potential: a) Bode magnitude; b) Nyquist; c)

complex capacitance; d) Bode phase plots; e) comparison of measured (Fig. 8b and 8d) for € = 35.9, and
calculated (according to ECM in Fig. 8a) Bode phase and magnitude plots

Equivalent circuit modeling

Poly(ProDOT) were synthesized by electrochemical polymerization in electrolytic solutions
containing different solvent mixtures that have different dielectric constants. Electrochemical
parameters of Poly(ProDOT) electrocoated on SCFME were evaluated with ZsimpWin program and
complex nonlinear least squares (CNLS) analysis, using the presumed equivalent circuit model. If x?
(Chi-squared) value obtained from the comparison between measured and calculated impedance
spectrum is around 104, it means that the circuit fits the measured results. The value of 42 is
expressed as the sum of squares of the residuals.
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The model (ECM) drawn within Figure 8a was chosen for the electrical equivalent circuit
modelling procedure. It consists of three resistances (Rs, R1, and Rz), two CPE elements (Q1 and Q)
and a pure capacitor (C). The constant phase element (CPE) is used instead of ideal capacitors (C) to
compensate for the porosity, roughness, and inhomogeneity of the electrode surface in the system
[41]. Rs should be ascribed to the pore, and uncompensated electrolyte resistances, a combination
(Qzand Ri1) presents interfacial impedance, characterized by the double-layer capacitance (Ca) and
charge-transfer resistance (R«) in the first parallel combination [42]. The second parallel
combination (Q2 and Rz + C) is related to the active interior of polymer film, where R, comprises ion
transfer/transport resistances within the film of pseudocapacitance (C). R3 was put into ECM in
Figure 8a to account for not ideal capacitive impedance response at the lowest frequencies.

ECM was well fitted to the experimental data for Poly(ProDOT), as is already shown in Figure 8e
by drawing measured and calculated impedance spectra for the film formed in the solvent with ¢=
39.5 and measured at the open circuit potential. Table 2 summarizes impedance parameter values
obtained after fitting of ECM from Figure 8a to impedance spectra of Poly(ProDOT) obtained at some
£and measured in monomer-free solution at 0.0 V (Figure 7).

Table 2. Values of elements calculated by ECM in Fig. 8a fitted to EIS results of Poly(ProDOT) presented in
Fig. 7 for 0.0 V. Surface area of WE = 2.19x103 cm?

& Rs/Qcm? | Qi/uSs"ecm? | nm | Ri/Qcm? |Q/uSs"cm?| n2 |R2/Qcm?| C/Fem? | Rs/kQcm?
35.9 17.03 38.0 0.78 26.92 2610 0.96 26.25 0.01035 65.2
41.7 15.96 11.3 0.89 113 2930 0.97| 4.49x10* - --
47.5 20.64 11.2 0.85 136.8 1150 0.96| 1.45x10° - --
59.1 23.76 4.65 0.97 3.73x10° - - - - --

Data in Table 2 show well resolved parameters for Poly(ProDOT) formed at & = 35.9. For higher &
however, a reduced number of parameters was obtained, which is obviously due to higher resistance,
primarily Rz values. For polymer film formed at low &, R1 and R; resistances are relatively low, allowing a
pseudocapacitance (C) of about 10 mF cm™ to be achieved. R1 and R, values for Poly(ProDOT) are
significantly increased for higher ¢, but at the same time, a decrease is observed for Q values. Decrease
of double layer capacitance with the increase of £of medium is due to doping of polymer cationic sites
(Figure 4). R1 and Rz increase under higher dielectric constants, where the deposition charge densities
decrease (Figure 5). This indicates that less thickness and less conductive films are obtained at a higher
dielectric constant. Dielectric constant (&) is a measure of a substance's ability to insulate charges from
each other. By considering solvent polarity, higher € means higher polarity and greater ability to
stabilize charges. Increasing the polarity of the solvent increases the solvation of the anion of
electrolyte (PF¢). There will be an increase in dipole-dipole interactions between the solvent and
dopant PFe. As the polarity of the solvent increases, the mobility of PFs ions is reduced, reducing the
polymer doping, which results in less conductive material than that formed at low dielectric
conditions.

When prepared in favourable conditions of low solution dielectric constant, Poly(ProDOT) shows
low resistance and high capacitance values (Figure 9). Due to these properties, Poly(ProDOT) can be
used in biosensing applications because it has sufficient electronic conductivity and is also
biocompatible and stable. Enzymes can be immobilized on conductive polymer coated electrodes in
several ways, such as physical adsorption [43,44].
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Figure 9. Q;, Q;and R vs. dielectric constant data of Poly(ProDOT) taken from Table 2

Conducting polymers based on thiophene are used as a transducer in lactose biosensor [45],
glucose biosensor [46], vitamin C biosensor [47], and hydrogen peroxide biosensor[48]. The ProDOT
can be used as a new material for neural interfaces [49,50], for flexible supercapacitors [51,52],
capacitive sensors, and charge storage electrodes.

Conclusions

In this study, 3,4-propylenedioxythiophene (ProDOT) was successfully electro-coated on SCFME
in different electrolytic solutions and solvent mixtures having different dielectric constants. The
effect of dielectric properties of solvents on Poly(ProDOT) coating on SFCME was investigated by CV
and EIS techniques in detail.

As the solvent dielectric constant increased, the deposition charge density in the system decreased.
Accordingly, the highest deposition charge density value was obtained from the coating made in the
media with the lowest dielectric constant of 35.9. The deposition charge density of electrogrowth and
specific capacitance values versus dielectric constant of solvent shows a similar trend, indicating both
processes of electrogrowth and that in monomer free conditions are in line. The highest deposition
charge density and specific capacitance were obtained from Poly(ProDOT) synthesized at the lowest
solvent dielectric constant medium (&= 35.9).

All resistance values (charge transfer/transport) are lower, while capacitances (double layer and
film) are higher for Poly(ProDOT) films formed in solutions of lower dielectric constant. An opposite
trend with high resistance and low capacitances is observed for films formed in solutions of higher
dielectric constant where deposition charge densities were decreased.

Increasing the polarity of the solvent increases the solvation of the anion of electrolyte (PF¢). In
these conditions, increased dipole-dipole interaction between the solvent and dopant PFs will
reduce the mobility of PFs ions and doping of polymer, resulting in a less conductive material
compared to low dielectric conditions.

This study may help researchers pave the way toward more efficient strategies to optimize
structural properties of Poly(ProDOT) in different application fields, i.e., flexible electronics, sensors,
and organic photovoltaics.

Acknowledgement: The authors acknowledge the suggestions and inputs provided by Dr. Baran
Sarac.
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