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Abstract

Conducting polymers suffer from folds and kinks because of random nucleation and solvation of a free radical cation to yield a cross
linked/disordered polymer and therefore a solvent free electrochemical polymerization in a room temperature melt medium is adopted to yielc
a high degree polymer with high electronic conductivity. Electropolymerization of thiophene was performed on platinum/ITO substrates using
cyclic voltametry or galvenostatic mode in chloroaluminate room temperature melt medium to obtain a reddish brown free standing film which
can be peeled off from the electrode surface after a minimum of 10 cycles. The conductivity was found to be at@jch.10he degree of
polymerization was calculated to be around 44 from IR studies. A layered structure supportive for high degree of polymerization was withessec
from potential step technique. From UV spectra the charge carriers were found to be bipolarons. The morphology of the film was found to be
crystalline from SEM and XRD studies. Capacitative impedance properties for doped samples were interpreted from impedance spectroscopy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction properties is that of Roncal8]. The electropolymerization of
bithiophene was initially mentioned in 198§09] whereas the

Among the numerous conducting polymers, polythiophendirst report of the electropolymerization of thiophene appeared

(PT) has rapidly become the subject of considerable interes? years latef10]. Following these initial works a large number

From a theoretical viewpoint, polythiophene has been considef studies have been reported to the analysis of the electropoly-

ered as a model for the study of charge transport in conductinmerization reaction and to the optimization of electrosynthesis

polymers with a non degenerate ground state, while on the otheonditions.

hand the high environmental stability of both its doped and PT has been considered for various applications in nonlin-

undoped states together with its structural versatility have le@ar optical respongdé1-14] batteried15-17] electrochromic

to multiple developments aimed at applications such as conduclevices[18-20] electrochemical sensof21], modified elec-

tors, electrode materials and organic semiconductors. trodes, etc[22—24] Here, we discuss electropolymerization of
PTs have been considered in several reviews devoted to cothiophene to obtain a polythiophene with less number of defects

ducting polymers in general or to some of their more specifidue to solvent by polymerizing in a room temperature melt to

aspects such as electropolymerizatj@r3], electrochemistry yield a polymer with comparatively high conductivity.

[4,5], environmental stability6] and optical propertief’]. A

more updated review of the polythiophenes stating the consicy, Experimental

erable progress accomplished in their preparation and charac-

terization of their structure and electronic and electrochemica ;  reqgents

— Anhydrous aluminum chloride (98% Sigma Aldrich) recrys-
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fax: +91 4565 227713/227779. tallized ce_tyl_ pyridi_nium chloride (9_8% Sigmg Aldrich) and
E-mail addresses: trivedi_dc@rediffmail.com, trivedbdc@cecri.res.in vacuum distilled thiophene (99% Sigma Aldrich) were used.
(D.C. Trivedi). Each time the aluminium chloride was sublimed before use.
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2.2. Preparation of electrolyte

800 |-

Cetyl pyridinium chloride (33%) and aluminum chloride

(67%) were mixed together thoroughly inside a dry box to get a
highly viscous liquid (melt). The proportion of aluminum chlo- 600
ride is always maintained to be higher than cetyl pyridinium
chloride to get the acidic melt. This viscous melt is dissolved in
thiophene (monomer) to reduce the visco§y—28]
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2.3. Electrochemical polymerization

The electropolymerization of thiophene was carried out
by potentiodynamic technique at room temperature. A three-
compartment sealed glass electrochemical cell was used with
platinum 0.25-crf foil as the working electrode and platinum 200}~
wire as the counter electrode. A high purity aluminum wire ! ] I ] ]
was used as the reference electrode. The electro deposition of 0 05 1.0 1.5 20
PT was carried out by sweeping potential at 50 mV/s in the Potential / V
potential range of 0 and 2V versus Al wire from the 0.1 M Fig.1. Electrochemical growth pattern of polythiophene in the presence 0f 0.1 M

electrolyte prepared by adding the room temperature melt ihloroaluminate room temperature melt as the electrolyte, potential range 0 to
thiophene. 2V vs. Al at sweep rate of 50 mV/s.

2.4. Characterization tored during film growth. The polymer growth patternis givenin
Fig. 1 After deposition the working electrode was removed from
The characterization of PT film was carried out underthe growth solution, washed with ether and placed in a monomer
anhydrous conditions by electrochemical techniques, spectrdree solution of the room temperature melt for post polymeriza-
scopic methods, conductivity measurements, thermal analyst®on CV analysis. Itis common feature of the post polymerization
and scanning electron micrograph. CV that the first curve is slighltly different from the subsequent
The electrochemical characterization was carried out byycles. The origin of this is not understood but it is evident
cyclic voltammetric experiments at various sweep rates, eledhat it takes the first electrochemical cycle for the film to fully
trochemical growth by step potential techniques and impedanag-establish its normal electrochemical activity following trans-
studies under open circuit potential in the ac frequency rangéer from the growth solution into the fresh electrolyte. There is
100kHz to 0.1 Hz with an excitation signal of 10mV using extensive and inconclusive discussion in literature regarding the
IM6 Bioanalytical Systems, USA at room temperature. Thepossible origin of the multiple redox peaks sometimes observed
electronic conductivity measurements were carried out byor polythiophene species. It has been proposed that these peaks
four probe method using Keithley Model 2400 series Sourcare due to the transitions between the neutral, polaron, bipo-
meter and Keithley Model 2182 Nano voltmeter equipmentlaron and metallic states of polym§9] which may also be
under nitrogen atmosphere. The electrical contacts were madefluenced by the rate of continuation transg8g] the reduc-
with a mercury drop between the polymer film and the fourtion of different areas of the polymer film or of polymer chains of
probes. significantly different lengthf31,32] the effect of charge trap-
The electronic spectra of the polythiophene as deposited oping [33], conformational changes accompanying radical cation
electrode surface were recorded on Cary 500 scan UV-vis—NIFrmation[34] or consideration of the mechanical strain on the
spectrophotometer using high alumina pellet as reference in thgolymer that results from the forced intrusion of anions into the
range 200-1500 nm. FTIR spectra were registered using Perkifitm [35].
Elmer Paragor-500 FTIR spectrophotometer using KBr pellets  All CVs indicate a significant dependence on the nature of
in the region between 400 and 4000t the melt. The growth CVs show the increase in current with suc-
The thermal studies were carried out in the air at the heatingessive cycles indicative of successful electroactive film growth.
rate of 10/min using Simultaneous Thermal Analyzer (model As the film thickness during polymerization increases the volta-
No. STA 1500, PL Thermal Sciences, UK). Scanning elec-metric wave associated with oxidation of the polymer becomes
tron micrographs were recorded at various magnifications usinglightly more cathodic and reduction becomes more anodic with

Hitachi-S-3000H SEM machine. successive scans, which is due to heterogeneous electron trans-
ferkinetics and a increase in kinetics consequently anincrease in

3. Electrochemical polymerization of thiophene—CV conductivity, counter ion mobility and possibly the conjugation

Studies length.Fig. 2 shows the post-polymerization CV characteriza-

tion of polythiophene film.
It is an advantageous technique for detailed electrochemical Usually thiophene requires a high potential of 2—2.5 V which
analysis of redox characteristics of the polymer can be moniean result in side reactions involving solvent molecule with
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Fig. 2. Cyclic voltammogram of polythiophene in the absence of monomer, irFig. 4. Cyclic voltammogram of polythiophene in the absence of monomer, in

chloroaluminate room temperature melt medium in the potential range of 0 t@.1 M LiClO, in acetonitrile in the potential range of 0 to 2.5V vs. Ag/AgCl at
2V vs. Al at a sweep rate of 50 mV/s. a sweep rate of 50 mV/s.

free radical generated during the oxidative polymerization of_I ¢ h it and dedoni led
a monomer and possible overoxidation of the polythiophené'hm f.:om_ the room t?mpferatucrje met ar;]_ edoplné; f\,';'e cycle
polymer film, i.e. polythiophene is not stable at the potentialst efnimin 0'1,M LICIO; for re oping. This redoped film was
required for its synthesii86,37] But here the polymerization chgra(_:terlzed |n'perchlorate medlum.we ob;erved a blue shift of
occurs at a lower potential of 1.6 V and to overcome to somé”(Idatlon potential from 2.110 ;.5Vg|ven fig. 5 The current.
extent the polythiophene paradox’ [38]. The reduction of poly- Is also more comparanvely_ which reflects that p_olymer obtmn_ed
thiophene occurs at a more negative potential, which may refle room temperature melt is better ordered which reflects in its
an increase in the mean conjugation length of the polymer. T igher electronic conductivity. This infers that whenever there
prove the high degree of polymerization we electropolymer—!s an increase_in t.he polymgrization length there is a decrgase
ized thiophene in 0.1 M LiCl@solution in acetonitrile medium ' the polymerization potential. Another advantage of redoping
(Fig. 3 and characterized its behaviour in the same mediurﬁesu“s in the rise in the conductivity and also renders the film
without the monomeiKig. 4). The oxidation potential was found environmentally stable.

to be 2.1V versus Ag/AgCI. After synthesizing polythiophene
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Fig. 5. Cyclic voltammogram of polythiophene (grown in chloroaluminate
Fig. 3. Electrochemical growth pattern of polythiophene in the presence of 0.1 Mnedium and redoped by perclorate ion) in the absence of monomer, in 0.1 M
LiClO4 in acetonitrile between the potentials 0 to 2.5V vs. Ag/AgCI at sweepLiClO4 in acetonitrile in the potential range of 0 to 2V vs. Ag/AgCl at a sweep
rate of 50 mV/s. rate of 50 mV/s.
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the bulk of the film. The undoped sample constitutes of a
200 b depressed semicircle due to the non-homogenous separation
surfaces. Thereis also mid-frequency Warburg impedance quasi-
45°-slope segment that reflects the diffusion migration of ions
at the boundary surface between solution and polymer inside

o 150 the latter medium. A key point is that ion transport is the slow
N4 process in the neutral state. Neutralization of p-doping process
% is completely in-charge of the AIgT exit. As a consequence in

‘; 100 }- the potential region where the polymer is neutral the ion concen-
g tration is negligible and the ionic conductivity is consequently
g very low, so that the generalized transmission circuit model can

be simplified into the classified Randle’s circuit. On the other
hand, in the oxidized state the conductivity due to the pres-
ence of counter-ions inside the polymer is much higher and the
impedance behavior can be described by a different simplifica-
ot tion of the same equivalent circuit, which is now coincident with

1 1 1 , . .
=0 100 150 Albery’s model described in referenf2].
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Fig. 6. Impedance spectra of doped PT film in the a.c frequency range 100 kH§' Mechanisms of electropolymerization
to 0.1 Hz with an excitation signal of 10 mV.

The electrochemical formation of conducting polymers is an
unique process. Although it represents some similarities with

the electrodeposition of metals since it proceeds via a nucle-

For CP modified electrodes, electrochemical impedanc&ton and phase growth mechani$sd-58] the major infer-
spectroscopy (EIS) has proved to be quite a useful tool fofnce I!es in the fact that the gh_a}rged species precursors of the
studying the charge transport inside the polymer coating and tHdeposited materials must be initially produced by oxidation of
charge transfer at the metal/polymer and polymer/solution intet1® neutral monomer at the anode surface. The consequence
faces[39-54] EIS data were obtained for doped and undopeoOf this is that various electrochemical and chemical follow-up
films at ac frequency varying from 0.1Hz to 100KHz cor- reactions are possible making the dedication of the electropoly-
responding to their electroactivity (p-doping) for 0.1 M melt Merization mechanism a very complex. An important aspect
solution. Figs. 6 and 7show the impedance spectra of dopedOf the electropolymerization reaction is that it proceeds with
and undoped species. The spectra of the doped sample shof€ctrochemical stoichiometry with" values in the range of
a 90 trend at the lowest frequency region, due to capacita-2'07_2'5 F/mol[59]. The oxidation of the monomer requires

tive impedance, accounts for the charge transport process insid#C €lectrons per molecule while the excess of the charge cor-
responds to the reversible oxidation or doping of the polymer.

Scheme Bives the different forms of thiophene obtained during
electropolymerization.

20k The first electrochemical step consists of the oxidation of the
monomer to its radical cation. Since the electron transfer reac-
tion is much faster than the diffusion of the monomer from the
15k bulk solution, it shows that a high concentration of radicals is

4. Impedance studies
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Fig. 7. Impedance spectra of undoped PT filminthe a.c frequency range 100 kHgcheme 1. Different redox forms of polythiophene: (a) reduced, (b) half-
to 0.1 Hz with an excitation signal of 10 mV. oxidized (polaronic), and (c) oxidized (bipolaronic).



236 S. Geetha, D.C. Trivedi / Synthetic Metals 155 (2005) 232-239

continuously maintained near the electrode surface. The second 35F
step involves the coupling of two radicals to produce di-hyro-
dimer-dication which leads to a dimer after loss of two protons 300}
and rearomatization. This rearomatization constitutes the driv-

ing force of the chemical step. Due to the applied potential, the _ 280
dimer which is more easily oxidized than the monomer occurs
in its radical form and undergoes a further coupling with a rad-

ical. Electropolymerization proceeds then through successive
electrochemical and chemical steps until the oligomer becomes — 240f
insoluble in the electrolytic medium and precipitates onto the
electrode surface. 220f

T

260}
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The potential step techniqgue has been used to investigate Time / sec

nucleation and growth of PPP. In this experiment, a sudden hig . . .

. - . ig. 8. Current versus time response of a polythiophene growth in the presence
potential is applied to the working electrode and the current angk oom temperature melt at 1.7 v vs Al wire for 30.
time transients are recorded. The shape of the transient indicates

hom: the_ nucleat?ofr: for thz groﬁr OT poiymer tf?‘kes place. The, e indicates the formation of a polymer with a layered struc-
hucleation gets influenced by following factors: ture which is uncommon in conducting polymers. The growth
processes depend upon the following factors:

6. Potential step technique—nucleation studies

(i) nature of anion present,
(ii) concentration of the monomer, and

(iii) preparation of the electrode surface. () monomer concentrations,

(ii) oligomerizations,

After each experiment the electrode surface has to be clean 'r'J) d|ffu3|qn of monomer into polymer film, and
Iv) formation of critical cluster and nucleus.

and reconditioned. The polymer growth was studied by fixing
potential and time scale. The experimental set-up was the same )

as that for CV studies. The growth of the conducting polymer In CV curve the.random adsorption Of, monomer on a bare

can be compared with the electrodeposition of metals, the dn@lectrode gurface is seen more clearly in a dIBDOSI.tIOI-’I. curve
ference being that the former is an anodic reaction. In 1981, thhere relatively a broad peak appears at potentials significantly
diffusion limited aggregation (DLA) model was introduced by less positive than required for bulk oxidation of monomer and

Witten and Sander$0]. In this model, particles are added one is followed by sharp peaks resulting from nucleation and mono-
at a time, to a cluster or aggregate of particles via random wal

layer spreading. The sharp rising edge of these peaks is linear

trajectories. According to this model, there is competing grothNith time which suggests that two-dimensional patch has been

of polymer chains from a surface which leads to the formatiorfXPanding in a shape preserving way. The close similarity of the
of independent clusters. MeaKi1] modified the DLA model, peaks shape suggests that nucleation has occurred repeatedly on

in which the growth process is in a direction perpendicular to thdn€ same site.

surfaces of growth sites. Initially, each site at the electrode sur-

face is active. Random walkers (radicals) are launched one atZa Conductivity measurements

time and eventually either move along distance from the growing

deposit and are terminated or find an active site. If an active site The conductivity of freshly deposited doped PT film was
is found this site becomes inactive and the site occupied by th@round 18 S/cm. Multiple experiments showed the conductivity
random walker before it enters the active sites become the net@nge to be around 3-4 107 S/cm. When exposed to air the con-
active site. That is how the surface of an electrode becomes coglLictivity slowly decreases to 0.06 S/cm, because exposure to air
ered progressively. Electrodeposition of conducting polymers igopantin a polymer film reacts with moisture to yield aluminum
a polynucleation process and transients are triggered by singfxychloride and aluminum hydroxide, thereby to large extent
potential step. Nucleation is independent of the size and shap#doping occurs, however, polymer film can be redoped. The
of the electrode and polynucleation starts in synchronism witt§onductivity of undoped PT was observed to be im38/cm.

the potential step and is illustrated ig. 8 The current-time

transient can be replotted using various equations as given by Bi Vibrational spectroscopy

and Albery[62]. Fig. 8shows the potential step growth of PT at

1.7V versus Al wire, as per CV curveig. 1) where the growth The peaks at 842 cmt (medium), 785-788 crt (strong),

of the polymer occurs at 1.6V and shows the maximum curand 701 cm! (weak) are attributed to-@H out-of-plane vibra-
rent. To observe proper growth transients, time scale was fixetions. The strong intensity of the 785-788¢thband which

at 5s/cm with a total growth time of 180s. There is rise in theis characteristic of 2,5-disubstituted thiophene rings indicates
current from 166 to 220.A in steps. The steps in the growth that the electrochemical coupling of thiophene ring occurs
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Fig. 9. FTIR spectra of doped and undoped PT in the region 4008 ¢m Wavelength (nm)

400cnT ! in the KBr medium.
Fig. 10. The diffused reflectance UV spectra of doped and undoped PT using

preferentially at 2,5 position§63]. Two medium bands at high alumina as reference in the range 200 to 1500 nm.

1490-1491 and 1437-1439ctare assigned to stretching

vibrational modes of the thiophene rifgg]. For the IR spectrum

of doped polythiophene film a wide band occurs at 3460%tm

mtu;}@;ggﬁz?gync;lﬁsgI:hsetrde;g;lgg vibrations resuting from The results of differential thermal analysis show that both the

The degree of polymerization (DP) of the PT films was eval-Pelymer films show an exothermic peak at 3&Din air which
uated as 44 using the procedure given by Furakawa §34jl. implies the breakdown of the polymer backbone. On the other

and Sauvajol et a[65] according to the expression, see EX). handthereisa pgak around 23Din the doped specie_s, Whi_ch is
due to the expulsion of the dopant. The thermo gravimetric anal-

DP = 2 Ro (1) ysis (TGA) curve of doped polymer shows initial weight loss of
N R+2 10% around 78C due to the expulsion of benzene. This elimi-

. . . ) ) nation of benzene is due to the fact that the specimens are stored
whereR is the ratio of the integrated intensity of the IR bands at,, ,jer benzene and given for analysis for avoiding the contact

l . .
701 and 788 cm. Fig. 9gives the FTIR spectra for doped and i mojsture. There is a weight loss between 190 and*&00
undoped polymer films. due to expulsion of dopant and thereafter polythiophene begins

11. Thermal studies

9. Electronic spectroscopy

- - 25
Fig. 10shows the UV-vis—NIR spectra of polymer samples. o

Oxidized polymer shows a red shift in the blue range at 490 nm
compared to previously observed band at 480 nm. The tail of this
band extends to the infrared region indicating that the charge
carriers are bipolarons or otherwise called as trapped excitons.

- 20

15

om
Microvolts

10. XRD studies

The undoped PT observed by X-ray diffractometer appears to
be completely amorphous, which reflects great local disorders.
An amorphous sample yields a diffused halo and a partially crys-
talline sample may yield some high intensity rings superimposed
onsuchahalo. These disorders mustbe correlated with structural
defects ¢—3-coupling), which affects the conjugation. AlCI
doped film shows partial crystallinity with @&alue around 25
for conducting thiophend§6]. Fig. 11. TG/DTA curve for doped PT.

0 100 200 300 400 500 600 700 860
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Fig. 12. TG/DTA curve for undoped PT. 13. Conclusion

_ ~ Our study reveals that thiophene can be polymerized at a
to decompose. However for undoped there is no decompositiogwer potential in a room temperature melt medium to yield a

till 500 °C. _ more ordered polymer with a layered structure. Our CV stud-
Figs. 11 and 13ive the TG/DTA curves for doped(g. 1)  jes show that the polymer has comparatively high degree of
and undoped PTHig. 12, respectively. conjugation and can be redoped with any dopant to obtain an

environmentally stable polymer for various applications. The

conductivity improved due to increase in conjugation length,

which also reflects in the capacitative properties obtained from
Figs. 13 and 14re the scanning electron micrographs 0fimpedance studies. The XRD and SEM analysis @ndicate acrys-

doped and undoped polythiophene, respectieily. 13shows tallme_morphology _for the doped_ polymer. A staircase type of

that doped polymer has a hexagonal geometry. The study shog&"ve in the potential step technique shows the formation of a

that the size of the largest hexagon is 68 and that of small- l2yered structure.

est is 0.8um in the doped sample and the undoped polymer

has globular structures with a size ranging from 4 tquis ~ References
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