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Room temperature data of impedance and phase angle in pellets of electrochemically
synthesized ClO4

− doped poly(3-methylthiophene) (P3MT) were analyzed assuming the
sample being represented by a parallel resistor-capacitor (RC) circuit or by a series RC
circuit. The last assumption proved to be the correct one, and to confirm it we use the
sample as the RC component of a resistor-capacitor-inductor series resonator. We
discuss the possibility of this RC series behavior to be due to a charge-density wave
characteristic also evidenced from the huge values of the low-frequency dielectric
constant of the system.

I. INTRODUCTION

Conducting polymers are materials of increasing im-
portance for the fabrication of electronic and optoelec-
tronic devices. Conducting polymers exhibit novel prop-
erties not typically available in other materials. These novel
properties make possible a number of applications in-
cluding polymer light-emitting diodes (LEDs), conduct-
ing polymers as electrochemical materials, polymer pho-
todetectors, and polymer photovoltaic cells.1

Among the conducting polymers, the polythiophene
derivative poly(3-methylthiophene) (P3MT) has been
used with great versatility in a number of applications.
The electrochemical synthesis of this polymer allows
endless possibilities due to great number of variables that
can be changed in the synthesis process, giving rise to
polymers with different properties. According to Touril-
lon,2 responsible for the first electrochemical synthesis,3

the working electrode can be Pt, Au, or glass coated with
SnO2 or In2O3. A tin-oxide (TO) electrode has also been
used.4 The electrolytic medium typically consists of an
organic solvent like acetonitrile, dichloromethane, or
benzoitrile. The supporting electrolyte is in general a salt
of BF4

−, ClO4
−, PF6

−, or SO3CF3
−. The films can be

grafted on the electrode with either a controlled potential
or a controlled current. The molarity of the monomer and
the temperature are also synthesis variables giving dif-
ferent results concerning the electrical properties.5 The

oxidized polymer can be reversibly reduced. In the re-
duced form, P3MT was used in field-effect devices.6

In the oxidized state, it was used as a solar cell in a
P3MT/CuInSe2 junction.7 In a recent article,8 we have
shown room-temperature weak ferromagnetic behavior
in pellets of partially reduced P3MT. We have also
shown evidence of metamagnetic behavior in the same
system.

The stability of P3MT at ambient conditions is a sub-
ject far from being clarified. According to Tourillon,2 it
is stable in the oxidized and reduced forms at ambient
conditions. But the influence of light, oxygen,6 and mois-
ture on the P3MT properties has been already observed,
although the real role played by these agents in the ma-
terial is not understood. We have observed that partially
doped pellets are not stable at ambient conditions. The
electric properties are affected (decrease in the conduc-
tivity) as well as the magnetic properties (change from
ferromagnetic to diamagnetic behavior),9 evidencing the
decrease of the polarons with charge e and spin 1⁄2. The
ClO4

− doped pellets described in this work, on the other
hand, seem to be much more stable at ambient condi-
tions. Keeping the sample in the dark at ambient condi-
tions, we have only observed a reversible dependence on
moisture (increase in the conductivity). The same stabil-
ity at ambient conditions was not observed for BF4

−

doped pellets. This observation is in agreement with the
strong interaction of ClO4

− ions and the polymer in oxi-
dized poly(3-methylthiophene).10

Most of the low-frequency (�1 MHz) dielectric con-
stant measurements in conducting polymers have been
performed in films11 with values of dielectric constants
around 103. But low values (less than 103) were also
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observed in pellets.12 The use of the cavity perturbation
technique to measure microwave dielectric constants13

has shown in turn high values of microwave dielectric
constants (�104).

In this work, we report the measurement of room-
temperature impedance (Z) and phase angle (�) in the
range from 100 Hz to 1 MHz in pellets of doped poly(3-
methylthiophene). The values of dielectric constant and
resistivity were obtained from the Z and � values using
two different assumptions: (i) the sample being repre-
sented by a parallel RC circuit, and (ii) the sample being
represented by a series RC circuit. Although more un-
usual, we will show in this work that the second assump-
tion is the correct one. To prove this assumption, we use
the sample as the RC component of a resistor-capacitor-
inductor (RCL) series resonator.

II. EXPERIMENTAL

P3MT was electrochemically synthesized. at 5 °C on a
Pt electrode by a constant potential of 1.48V in an ace-
tonitrile solution with 0.1 M methylthiophene and 0.1 M
LiClO4. The powder deposited on the electrodes was
removed and uniaxially pressed (6.2 kbar) to make pel-
lets of radius r � 2 mm and thickness d � 405 �m. The
room-temperature values of the impedance and the phase

angle were obtained using a Solartron (England) 1260
Impedance Analyzer with the silver painted sample fixed
by mechanical clamping between two gold recovered
electrodes in a capacitive setup. The RCL series circuits,
with known L and small resistance (2 �), used the same
amplitude value for the ac voltage signal as the Solartron
measurements. The ac current was measured with a
Minipa (Brazil) ET-2051 A microammeter.

III. RESULTS

Figure 1 shows the values of capacitance (left) and
dielectric constant (right) versus frequency obtained
from the Z and � data on the assumption that the sample
behaves as a RC parallel circuit. Figure 2 shows the
values of capacitance (left) and dielectric constant (right)
versus frequency on the assumption that the sample be-
haves as a RC series circuit. Figure 3 shows for both
assumptions, RC parallel (open triangles) and RC series
(full triangles), the values of resistance (left) and for RC
series the values of resistivity (right) versus frequency.
From Fig. 2, we can observe that a series RC circuit will
imply huge values of dielectric constants. On the other
hand, a RC parallel circuit will imply high values of
dielectric constants (Fig. 1).FIG. 1. Room-temperature values of capacitance (left) and dielectric

constant (right) versus frequency (log-log scale) under the assumption
that sample behaves as a RC parallel circuit.

FIG. 2. Room-temperature values of capacitance (left) and dielectric
constant (right) versus frequency (log-log scale) under the assumption
that the sample behaves as a RC series circuit.
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To check both hypotheses, we tried to see a minimum
in the current arranging the sample with known inductors
in a RCL parallel circuit or to see a maximum in the
current for a RCL series arrangement. The second option
proved to be the correct one, and the values of I2 versus
frequency are shown in Fig. 4. The data obtained from
the RCL series measurement are summarized in Table I.

The value of the resonance frequency was confirmed
using the modulus of the reactance values obtained
from the Solartron 1260 impedance data and is shown
in Fig. 5. The capacitive reactance of the sample was
obtained assuming the RC series circuit. The inductive
reactance of the inductor was obtained assuming a RL
series circuit. The frequency for which both reactance
modulus data coincide is the same frequency at which
the RCL series resonator shows a current maximum in
Fig. 4. We can also observe very good agreement of the
capacitance and resistance values shown in Table I with
those for the corresponding frequency (C � 13.2 �F and
R � 943 �) shown in Figs. 2 and 3.

A possible explanation for this RC series–like behav-
ior and the huge values of dielectric constant in pellets of
doped P3MT could be a charge-density wave character-
istic. It is well established that in charge-density wave

(CDW) systems, there is a dipole moment associated
with the phase mode, and huge values of dielectric con-
stant have been measured at low frequencies in conven-
tional charge-density wave materials like NbSe3 and
TaS3.14 The CDW system was modeled15 as a resistance
due to normal electrons in parallel with the CDW con-
densate contribution that can be represented by a resis-
tance in series with a capacitance. The normal electrons
contribute to a frequency-independent conductivity. If
the conductivity due to normal electrons is small, the
resistance is high and can be neglected compared to the
CDW contribution. The system will behave as a RC se-
ries circuit. Other evidences of room-temperature CDW
behavior in pellets of P3MT have already been discussed,
such as field-dependent conductivity for very low elec-
tric fields.16

TABLE I. Parameters obtained from the RCL series circuit with a
known inductor.

Temperature Inductor
Resonance
frequency Capacitance Resistance

294 K 3.62 mH 702 Hz 14.2 �F 1.1 k�

FIG. 3. (�) Room-temperature values of resistance versus frequency
(log scale) under the assumption that the sample behaves as a RC
parallel circuit. (�) Room-temperature values of resistance (left) and
resistivity (right) versus frequency (log scale) under the assumption
that the sample behaves as a RC series circuit.

FIG. 4. Room-temperature values of I2 versus frequency in a RCL
series circuit.
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IV. CONCLUSIONS

The behavior of the pellet of ClO4
− doped poly(3-

methylthiophene) as a RC series–like component of a
RCL series resonator revealed a huge value for the low-
frequency dielectric constant. A possible explanation
for both the RC series–like behavior and the huge
low-frequency dielectric constant could be a CDW be-
havior. If the CDW characteristic is confirmed, the sys-
tem could find an application in electronic devices. A
room-temperature “Josephson like” junction could use

the CDW-conducting polymer system as the condensate
instead of using the superconductor as the condensate.
For the metal–CDW–metal junction, some theoretical
calculations have already appeared in the literature.17,18
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FIG. 5. Room-temperature reactance modulus versus frequency. The
capacitive reactance values were obtained under the assumption that
the sample behaves as a RC series circuit. The inductive reactance
values were obtained under the assumption that the inductor behaves
as a RL series circuit.
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