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Abstract This study compares the electrical properties of

two homopolymers, poly(3-methylthiophene) and poly(3-

octylthiophene), and their copolymers with polydiphenyl-

amine, previously synthesized electrochemically on a

platinum wire electrode (average area 0.19 cm2) in

0.100 mol L-1 LiClO4 at 18 �C. Based on the cyclic vol-

tammetry data from these systems, electrochemical imped-

ance spectroscopy (EIS) was used to evaluate the resistive

and capacitive properties of the homo- and copolymers

using the open-circuit potential (OCP) and overvoltage

potential methods. The copolymer of poly(3-methylthi-

ophene) and polydiphenylamine showed lower resistivity

between films obtained by OCP and overvoltage potential.

For all EIS images obtained by overvoltage potential there

was a drop in resistivity and lower variation among the

capacitance values. Using a Bode plot, we observed two

time constants related to the radical cation and dication

species, as characterized by Raman spectroscopy. Using

scanning electron microscopy, it was possible to observe the

changes in the morphological structures of the copolymers

by comparison with the homopolymers, confirming the

influence of greater active area on the improved conduc-

tivity of the copolymers.

1 Introduction

Considerable progress has been made in optoelectronics

using poly(3-alkylthiophene)s (P3ATs) which have found

applications in organic light-emitting diodes (OLED),

organic solar cells, low-cost integrated circuits and organic

field effect transistors (OFET) [1–6]. P3ATs are highly

photosensitive, with sufficient light absorption to allow

their use as optical absorbers in photovoltaic cells [3, 7, 8].

One significant characteristic of P3ATs is that they

change from insulator to semiconductor by a process of

oxidation or reduction of the conjugated p system [9–11].

This process induces a transition from aromatic to quinone

form, allowing the formation of radical cation and dication

segments in the polymer chain [12]. Redox reactions in the

polymer semiconductors are responsible for the electrical

conductivity, and also for the electrochemical and elec-

trochromic properties of these materials.

Understanding the conductive process in organic polymer

materials is extremely important, both for understanding the

factors that influence their electronic properties and in terms of

possible applications [13]. For characterizing semiconductor

polymer materials electrochemical impedance spectroscopy

(EIS) has been used in order to determine and understand the

electrical properties over a broad band of frequencies [14].

EIS is one of the most widely used electrochemical

analysis techniques. Various systems can be analyzed,

including electrodes coated with electroactive polymer

films, solutions containing immiscible liquids, ion-selective

electrodes, electrodes coated with fine inorganic oxide

films, etc. EIS provides information on the various time

constants associated with the electrochemical processes
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that occur at the interfaces of an electrode. One of its main

applications is in the study of electrodes coated with high-

resistance films, characterized in terms of their electrical

properties, such as film resistance and capacitance [15, 16].

This study presents an electrochemical synthesis of ho-

mopolymers poly(3-methylthiophene) (P3MT) and poly(3-

octylthiophene) (P3OT) and their copolymers with Po-

lydiphenylamine (PDPA). Chronoamperometry was used

to synthesize the blended copolymers: P3MT and PDPA

(CP3MT) and P3OT and PDPA (CP3OT) on platinum wire

in LiClO4 at 18 �C. The data obtained by cyclic voltam-

metry were used in conjunction with EIS. EIS was used to

evaluate and compare the resistive and capacitive proper-

ties of homo- and copolymers by open-circuit potential

(OCP) and overvoltage potential. The results obtained from

the Bode plots were confirmed by Raman spectroscopy,

and scanning electron microscopy (SEM) was used to

verify changes in the morphologies of the homo- and

copolymers; the morphology responsible for increasing the

active area of the film surface.

2 Experimental section

2.1 Chemicals

The 3-methylthiophene (C5H7S) and 3-octylthiophene (C12H2S)

monomers were used as received. The supporting electrolyte was

99 % pure lithium perchlorate (LiClO4) supplied by Acros

Organics. Acetonitrile (CH3CN) was obtained from JT Baker,

purity 99.5 %, HPLC grade. The diphenylamine ((C6H5)2NH)

supplied by Allkimia Ltda was recrystalized three times in

petroleum ether supplied by Labsynth Ltda, 99.8 %.

2.2 Synthesis by chronoamperometry (CA)

and investigation by cyclic voltammetry (CV)

A platinum wire electrode with a surface area of 0.19 cm2

was used to synthesize the homo- and copolymers. All

potentials were determined by reference to Ag/AgCl in a

Luggin capillary and a 0.100 mol L-1 solution of LiClO4

in acetonitrile (LiClO4/ACN).

Table 1 gives the conditions at 18 �C under which the

P3MT and P3OT copolymer films were synthesized. The

copolymers were obtained by blending a 5:1 solution of

monomers 3MT and DPA, denoted copolymer CP3MT,

and of 3OCT and DPA, denoted copolymer CP3OT. After

producing the films, they were immersed in acetonitrile to

remove excess species of low molecular weight and excess

electrolyte [4].

CA and CV curves were obtained using an Autolab

PGSTAT 302 N potentiostat/galvanostat coupled to a

microcomputer running NOVA 1.8.

2.3 Electrochemical impedance spectroscopy (EIS)

Impedance spectra were obtained using an Autolab

PGSTAT 302 N potentiostat with FRAM32 impedance

module and varying the frequency from 100 kHz to

0.01 Hz. The open-circuit stabilization potential (EOC) was

reached when EOC remained constant ± 5 mV for 30 min.

The applied perturbation voltage was ± 10 mV of EOC.

2.4 Scanning electron microscopy (SEM)

For SEM analysis, the homo- and copolymers were depos-

ited electrochemically at 18 �C in 0.100 mol L-1 LiClO4/

ACN over indium-doped tin oxide (ITO) following the

method used by de Santana et al. [4]. The images were

obtained on a PHILIPS Quanta 200 (FEI) electron micro-

scope at a voltage of 25 keV, beam-sample distance of

7.9–8.1 mm, image scale of 2.0–50.0 lm, at a magnification

of 24000–30000X.

2.5 Spectroscopic characterization

Raman spectra were obtained using a DeltaNu Advantage532�

portable Raman spectrometer, excited at 532 nm with resolu-

tion of 8 cm-1. DeltaNu NuSpec software with baseline

resources was used to remove background fluorescence.

3 Results and discussion

Table 2 gives the values of anodic potential (Eox), potential

variation range (DE) and overvoltage potential (g) of each

system obtained from voltammograms and used in the EIS.

The cyclic voltammograms of the homo- and copolymers

deposited on the platinum wire reproduced those obtained

from the films produced on platinum plates with higher

surface area [1, 4].

Figure 1 shows the Nyquist plot of the homo- and

copolymers on platinum in 0.100 mol L-1 LiClO4/ACN

obtained at OCP. The Nyquist plot of the P3OT is highlighted

in Fig. 1 as exhibiting the largest diameter semicircle.

We observed semicircle diameter variations corre-

sponding to changes in the charge transfer resistances

(RCT) of the films [17]. The semicircles were not perfect

and the imperfections could indicate possible frequency

dependencies on conductivity and dielectric constant [14,

17–22].

Table 3 gives the values of maximum frequencies (f),

charge RCT and EOC obtained for the films using OCP.

Values of RCT rise in the following sequence:

CP3MT \ P3MT \ CP3OT \ P3OT. Bearing in mind that

among the films obtained using OCP, the smallest diameter
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semicircle was for CP3MT, this film had the lowest resis-

tivity. P3OT showed higher resistance (largest diameter

semicircle), as can be seen in the highlight in Fig. 1 and is

confirmed by the value of RCT.

Figure 2 shows the Nyquist plot obtained at overvoltage

potentials (g) for the homo- and copolymers on platinum in

0.100 mol L-1 LiClO4/ACN, as indicated in Table 2.

It is clear that when the overvoltage is applied all the

semicircles produced show a better curvature than those

produced by OCP. Tolstopyatova et al. [23] observed that

the resistive behavior of alkylthiophenes in the presence of

overvoltage potential was dependent on the side chain

polymers in the matrix. Similarly, the plots show that

P3MT has a lower resistance than P3OT. The same applies

to CP3MT by comparison with CP3OT.

Table 4 gives the values of maximum frequencies

(f) and charge RCT obtained by overvoltage potential.

As observed in the high-frequency region of the Nyquist

plots, CP3MT has the lowest RCT (Table 4) and for all EIS

obtained at overvoltage potential, resistances were lower by

comparison with those obtained at OCP. Bearing in mind that

the overvoltage potential was chosen in the potential range in

which the polymer is most conductive, this drop in RCT is

directly related to increased conductivity. This fact shows

the importance of copolymerization on the behavior of these

materials, since the chains of these polymers act as an

alternate conductive pathway in resistive inorganic materi-

als, causes a drop in the charge transfer resistance between

particles and facilitates electron transport [24].

Figure 3 gives the Bode plots of the homo- and

copolymers produced, together with the Nyquist plots,

using overvoltage potential.

Table 1 Chronoamperometry (CA) experimental conditions for synthesizing homo- and copolymers

Films Concentration (mol L-1) Time (s) Applied potential

(V vs. Ag/AgCl)

Current density

(A cm-2)
DPA 3MT ou 3OT

P3MT – 0.035 240 1.70 6.05 9 10-6

P3OT – 0.040 240 1.75 8.42 9 10-6

CP3MT 0.020 0.100 600 1.70 1.54 9 10-5

CP3OT 0.020 0.100 600 1.75 11.15 9 10-6

Table 2 Anodic potential (Eox), potential variation range (DE) and overvoltage potential (g) values for each system determined by homo- and

copolymers’ CVs

Films Eox [V vs. Ag(s)/AgCl(s)] DE [V vs. Ag(s)/AgCl(s)] g (V vs. Ag(s)/AgCl(s))

P3MT 0.74 0.27:0.65:0.95:1.17:1.35 0.65 ± 0.10

P3OT 1.15 0.31:0.84:1.02:1.40:1.58 0.84 ± 0.10

CP3MT 1.00 0.42:0.65:0.77:1.00:1.00 0.65 ± 0.10

CP3OT 1.28 0.56:0.84:1.04:1.21:1.52 0.84 ± 0.10

Fig. 1 Nyquist plots obtained by OCP for the following films

deposited on a platinum plate in 0.100 mol L-1 LiClO4/ACN:

(square) P3MT, (filled square) CP3MT, (triangle) P3OT and (filled

inverted triangle) CP3OT. The highlight shows the P3OT semicircle

Table 3 Homo- and copolymers’ values obtained per the nyquist

plots using OCP for maximum frequency (f), charge transfer resis-

tance (RCT) and open-circuit potential (EOC)

Films f (Hz) RCT (ohm.cm2) EOC [V vs.

Ag(s)/AgCl(s)]

P3MT 39.811 3.73 9 105 0.591 ± 0.05

P3OT 0.3980 2.28 9 107 0.604 ± 0.05

CP3MT 630.96 0.49 9 105 0.458 ± 0.05

CP3OT 39.811 5.98 9 105 0.539 ± 0.05
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Analyzing the results in the Bode plots and the imper-

fect semicircles shown in the Nyquist plot (Fig. 2), we

observed two time constants. This result could indicate that

the process is occurring in two stages, and according to the

literature [1, 4] they relate to oscillations of the radical

cation and dication species in the polymer matrix.

Figure 4 gives the electrical double-layer capacitances

(CDL) based on the double-layer capacitance values (C) as

a function of frequency (f). Values of C were determined

based on the charge transfer resistance (RCT) and relaxation

frequency (f) obtained from the Nyquist plots for OCP and

overvoltage (g), for the homo- and copolymers in LiClO4/

ACN, by applying Eq. 1 [25].

C ¼ 1=2pfRCT ð1Þ

Figure 4 gives the drop in capacitance with increasing

frequency. In Fig. 4a and according to the Nyquist plot

(Fig. 1), CP3MT has a lower resistance and higher

capacitance; the greatest difference between P3MT and

CP3MT was obtained for OCP and amounted to less than

30 Hz. CP3OT has a higher capacitance at low frequencies

(up to 15 Hz) by comparison with its homopolymer [26].

The inset in Fig. 4a shows a better visualization of results.

These results show that copolymerization induces

increased conductivity for an open-circuit potential.

The capacitances obtained by overvoltage potential

(Fig. 4b) do not show any significant differences in value

for homo- and copolymers. This could be related to the

application of an overvoltage potential, for both homo- and

copolymers, within the range of potential in which the

polymers show the highest conductivity.

Figure 5 gives the Raman spectra of the homo- and

copolymers produced electrochemically in 0.100 mol L-1

LiClO4/ACN on a platinum wire electrode with a low surface

area, and obtained at excitation radiation of 532 nm. We note

that the Raman spectra were similar to those previously

obtained for films deposited on platinum plates [1].

Table 5 lists the frequency values for the main spectral

bands of the P3ATs and PDPA [4, 27]. The presence of

frequencies at around 1,205, 1,322, 1,527 and 1,607 cm-1 in

the copolymer samples shows that radical cation segments of

the PDPA are present in the copolymer matrix [27].

In the Raman spectra of copolymers CP3MT and CP3OT

(Fig. 5), we observed a broadening of the bands at 1,450 and

1,453 cm-1, assigned in Table 5 to the m(C = C) symmet-

rical ring stretching, by comparison with homopolymers

P3MT and P3OT. This stretching was used because it is

sensitive to changes undergone by the aromatic ring in the

Fig. 2 Nyquist plots in 0.100 mol L-1 LiClO4/ACN, obtained at an

overvoltage potential of 0.65 V for (square) P3MT and (filled square)

CP3MT, and at 0.84 V for (triangle) P3OT and (filled inverted

triangle) CP3OT

Table 4 Values obtain in the nyquist plots using overvoltage

potential for homo- and copolymers for f and RCT

Films f (Hz) RCT (ohm.cm2)

P3MT 199.53 7.81 9 104

P3OT 398.22 7.91 9 104

CP3MT 398.11 3.48 9 104

CP3OT 199.53 9.18 9 104

Fig. 3 Bode phase diagram in 0.100 mol L-1 LiClO4/ACN, obtained

at an overvoltage potential of 0.65 V for (square) P3MT and (filled

square) CP3MT, and at 0.84 V for (triangle) P3OT and (filled

inverted triangle) CP3OT
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presence of radical cation and dication segments in the

matrix of polyalkylthiophenes. Deconvoluting the copoly-

mer spectra, we observed three bands characteristic of rad-

ical cation, dication and aromatic segments with different

relative intensities [1, 4, 28, 29].

In the deconvoluted spectrum of CP3OT, it was possible

to observe an intense band for the dication segment,

whereas in that of the CP3MT the radical cation band was

most intense. This result has already been observed [1] and

is due to the higher stabilization of the dication species in

CP3OT and of the radical cation species in CP3MT, in

contrast to what was observed in the deconvoluted spectra

of the homopolymers, which showed higher intensity in the

band attributed to the aromatic species [4]. The stabiliza-

tion of the species in the film segments was already evident

in the Bode plots (Fig. 3), showing that the process

involves two stages.

Figure 6 shows SEM images of the homo- and

copolymers obtained in 0.100 mol L-1 LiClO4/ACN on

ITO.

Fig. 4 Electrical double-layer capacitance (CDL) as a function of

frequency for homo- and copolymers in 0.100 M LiClO4/ACN.

a obtained at OCP and b at overvoltage potential of 0.65 V for

(square) P3MT and (filled square) CP3MT, and at 0.84 V for

(triangle) P3OT and (filled inverted triangle) CP3OT. The inset

shows as a function of the log of frequency

Fig. 5 Raman spectra of homo- (solid line) and copolymers (dotted

line) as deposited on a platinum wire in 0.100 mol L-1 LiClO4/ACN,

a P3MT and CP3MT: b P3OT and CP3OT. k = 532 nm
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Figure 6a, b shows that homopolymers are characterized

by a more clustered and compact morphology, resulting in

a material with a lower active area, whereas their

copolymers CP3MT and CP3OT (Fig. 6c, d) exhibit a more

porous morphology, giving them a higher active area, with

the result that these materials have a higher charge density,

lower resistivity and greater capacitance [30].

4 Conclusions

The results presented above show that it might be possible to

vary the charge density values of P3ATs by copolymeriza-

tion with PDPA. EIS enabled us to determine the charge

transfer resistance and capacitance values for all systems

studied. The Bode plot shows two time constants related to

the radical cation and dication species. The CP3MT

copolymer exhibited lower resistivity between the films

obtained by OCP and overvoltage potential. The P3OT film

exhibited lower resistance, but copolymerization changed

this property, increasing conductivity. For all EIS obtained

using overvoltage potential, we observed a drop in resistivity

and lower variation between capacitance values of homo-

and copolymers.

Table 5 Characteristic Raman frequencies assigned to homo- and

copolymers of P3ATs and PDPA

Raman frequencies (cm-1) Assignment

P3MT CP3MT P3OT CP3OT PDPA

984 1,000 1,094 1,099 – ma(C–Csubst)

1,186 – 1,210 – – m(C–Cinter ring)

– 1,205 – 1,205 1,205 bb(C–H)

– 1,322 – 1,325 1,324 m(C–Cinter ring)

1,360 1,366 1,372 1,368 – m(C–Cring)

1,454 1,450 1,450 1,453 – m(C=Cring)

1,520 – 1,522 – – mas
c (C=Cring)

– 1,527 – 1,528 1,525 m(C–N)

– 1,608 – 1,607 1,609 m(C=Cring)

a Symmetric stretching
b Bending mode
c Asymmetric stretching

Fig. 6 Scanning electron microscopy images of homo- and copolymers deposited in 0.100 mol L-1 LiClO4/ACN on ITO: a P3MT, b P3OT,

c CP3MT and d CP3OT
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Raman spectroscopy enabled us to confirm and charac-

terize the formation of the copolymers due to the simul-

taneous presence of the characteristic frequencies of

P3ATs and PDPA. In the copolymer Raman spectra we

observed that the radical cation segment was more stable

than that of the homopolymers because of the contribution

of the PDPA. Scanning electron microscopy enabled us to

observe the morphological changes in the homo- and

copolymers, confirming the influence of the more extensive

active area on improvement of the copolymer conductivity.
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ézio, G.J. Moore, H. De Santana, J. Serb. Chem. Soc. 78, 507

(2013)

30. M.R.V. Lanza, R. Bertazzoli, J. Appl. Electrochem. 30, 61 (2000)

4738 J Mater Sci: Mater Electron (2013) 24:4732–4738

123

http://dx.doi.org/10.1007/s10854-013-1254-7
http://dx.doi.org/10.1007/s10854-013-1254-7

	Poly(3-alkylthiophenes) and polydiphenylamine copolymers: a comparative study using electrochemical impedance spectroscopy
	Abstract
	Introduction
	Experimental section
	Chemicals
	Synthesis by chronoamperometry (CA) and investigation by cyclic voltammetry (CV)
	Electrochemical impedance spectroscopy (EIS)
	Scanning electron microscopy (SEM)
	Spectroscopic characterization

	Results and discussion
	Conclusions
	Acknowledgments
	References


