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Studies on polypyrrole film in room temperature melt
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Abstract

A bluish-black shining free standing polypyrrole film (PPy) of electronic conductivity∼130 S cm−1 has been prepared by electrochemical
oxidative polymerization of pyrrole on Pt/transparent glass conducting electrode∼ resistance 15� cm−1, using a room temperature melt as an
electrolyte, composed of 1:3 stoichiometric ratio of cetyl pyridinium chloride and anhydrous aluminum chloride at 0.58 V versus Al wire as a
reference electrode. The film possessed a charge transfer resistance of 132�, and showed two absorption peaks at 457 and 1264 nm in the UV-
vis–NIR diffused reflectance spectra. The morphology of the film was hexagonal. The potential step technique suggested a layered structure.
This thin film can easily be peeled off from the electrode surface after three cycles and can be used for various applications like dissipation of
e etc. It w
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lectrostatic charge, battery electrode materials, solid electrolytic capacitor, electrochromic windows and displays, microactuatorsas
lso characterized by IR, thermal and SEM studies.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, conducting polymers with conjugated dou-
le bonds have attracted much attention as advanced materi-
ls. Among these conducting polymers, polypyrrole (PPy) is
promising material for commercial applications because of

ts good environmental stability, easy electrochemical prepa-
ation and biocompatibility.

Pyrrole is susceptible to aerial oxidation and gets read-
ly polymerized to give a black conducting powder[1]. This
hemistry is particularly taking place on the outside of the
ottles of pyrrole down which the monomer has been allowed

o flow. The resulting conducting powder have been referred
o as pyrrole black for many years. Oxidation of these pow-
ers with KMnO4 has been shown to lead predominantly
,5 dicarboxylic acid and this has been interpreted as evi-
ence that the polymerization leads to an�-�′ bonded poly-
er [1]. The polymerization can take place chemically and

∗ Corresponding author. Tel.: +91-456-522-7775;
ax: +91-456-522-7713.

electrochemically[2]. Chemically pyrrole can be oxidative
polymerized in both solution and vapor phase[3]. Though
chemical oxidation usually leads to powders, films can
obtained by allowing the oxidation to take place at a soli
liquid surface[3,4], however these films are of poor qual
Thus, eventhough preparation of polypyrrole films rema
desirable goal, presently the electrochemical synthesis
vides the only satisfactory route. Good quality films w
first obtained by Kanazawa et al[5,6] and Diaz et al[7], us-
ing modification of the electrochemical technique, pione
by Dall’alio et al.[2].

PPy can often be used as biosensors[8,9], gas sen
sors [10,11], wires [12], microactuators[13], antielectro
static coatings[14], solid electrolytic capacitor[15,16], elec-
trochromic windows and displays, and packaging, polym
batteries, electronic devices and functional membranes
[17–19]. PPy coatings have an excellent thermal stab
and are good candidate for use in carbon composites[20].
Furthermore, the electrochemical process parameters a
ing the properties of the PPy coatings are also investig
[21]. However, synthetically conductive PPy is insoluble
E-mail addresses:trivedi dc@rediffmail.com, trivedi@cecri.res.in
D.C. Trivedi).

infusible, which restricts its processing and applications in
other fields. The problem has been extensively investigated
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and new application fields have also been explored in the past
several years. For example, PPy-based polymers can be used
to load and release drugs and biomolecules[22]. PPy-based
polymer blends can protect the corrosion of metals[23]. Be-
cause of the strong adhesion of PPy to iron or steel treated
with nitric acid, PPy polymers can be used as good adhesives
[24]. In a recent report[25], PPy-modified tips for func-
tional group recognition are applied in scanning tunneling
microscopy. Here, we are introducing a novel method to syn-
thesize highly conducting polypyrrole film, using chloroalu-
minate room temperature melt as the electrolyte.

2. Experimental

2.1. Reagents

Anhydrous aluminum chloride, recrystallized cetyl pyri-
dinium chloride and distilled pyrrole were used (Sigma-
Aldrich.).

2.2. Preparation of electrolyte

Cetyl pyridinium chloride (67%) and aluminum chloride
(33%) were mixed together thoroughly inside a dry box to get
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Scheme 1. General set-up for electrochemical polymerization.

trochemical impedance studies and electrochemical growth
by step potential techniques.

2.4.1.1. Cyclic voltammetric studies.The electrochemical
characterization was done by potentiodynamic technique, us-
ing EG & G PARC Model175 universal programmer and
Tacussel bi-pad type potentiostat with BBC-GOERZ ME-
TRAWATT SE790 model recorder at room temperature.

2.4.1.2. Impedance studies.The impedance studies were
carried out, using EG & G impedance analyzer (Princeton
Applied Research, USA model no.6310) under open circuit
potential in the ac frequency range 100 kHz to 0.1 Hz with an
amplitude of the excitation signal of 10 mV.

2.4.1.3. Electrochemical growth—potential step technique.
The growth of the polymer film was studied at various
potentials by potential step technique, using EG & G
PARC Model175 universal programmer and Tacussel bi-pad
type potentiostat with BBC-GOERZ METRAWATT SE790
model recorder. All studies were carried out at room temper-
ature.

2.4.2. Conductivity measurements
The electronic conductivity measurements were carried

o se-
r eter
e

highly viscous liquid (melt). The proportion of aluminu
hloride is always maintained to be higher than cetyl p
inium chloride to get the acidic melt. This viscous me
issolved in diethylether (solvent) to reduce the viscosit

.3. Electrochemical polymerization

The electro polymerization of pyrrole was carried ou
otentiodynamic technique, using EG & G PARC Model
niversal programmer and Tacussel bi-pad type potent
ith BBC-GOERZ METRAWATT SE790 model recorder

oom temperature. A three compartment sealed glass el
hemical cell was used with platinum sheet as the wor
lectrode and platinum wire was used as the counter

rode. A high purity aluminum wire was used as the refere
lectrode. The electrochemical cell type used in the pro

s shown inScheme 1. The electro deposition of PPy was c
ied out by sweeping potential at 50 mV s−1 in the potentia
ange of 0 and 1.1 V versus Al wire from the 0.1 M electro
repared by adding the room temperature melt in pyrro

.4. Characterization

The characterization of PPy film was carried out unde
ydrous conditions by electrochemical techniques, spe
copic methods, conductivity measurements, thermal a
is and scanning electron micrograph.

.4.1. Electrochemical characterization
The electrochemical characterization was carried ou

yclic voltammetric experiments at various sweep rates,
ut by four probe method, using Keithley Model 2400
ies Source meter and Keithley Model 2182 Nano voltm
quipment under nitrogen atmosphere.
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2.4.3. Electronic spectral studies
UV spectra of the electrode surface were recorded on Cary

500 scan UV–vis–NIR spectrophotometer, using high alu-
mina pellet as reference in the range 200–1500 nm.

2.4.4. Vibrational spectral studies
FTIR spectra were recorded, using Perkin–Elmer

Paragon−500 FTIR spectrophotometer, using KBr pellets in
the region between 400 and 4000 cm−1.

2.4.5. Thermal analysis
The thermal studies were carried out in the air at the heat-

ing rate of 10◦ min−1, using Simultaneous Thermal Analyzer
(Model No STA 1500, PL Thermal Sciences, UK).

2.4.6. Morphology—scanning electron micrograph
Scanning electron micrographs were recorded at various

magnifications, using Hitachi-S-3000H SEM machine.

3. Results and discussions

3.1. Film appearance

The color of the PPy film depends on the thickness and
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This melt has been found to be useful as an electrolyte in
battery systems, using conducting polymers. Acidic ionic liq-
uids with chloroaluminate ions proved to be effective Friedel
Crafts catalysts[27].

3.2.1. CV studies—electrochemical polymerization of
pyrrole by cyclic voltammetry

The growth of conducting polymer film has been a subject
of intensive studies by various techniques to understand its
various properties like ion transport and optical studies. In
principle, the growth of the conducting polymer can be com-
pared with electrodeposition of metals, the difference being
that the former is an anodic reaction The filming on an anode
surface during electrolysis of a monomer in a suitable elec-
trolytic medium occurs via oxidative generation of radical
cations near the vicinity of an anode which on further cou-
pling leads to precipitation of conducting polymer leading to
a filming anode surface suggesting that particles are added
one at a time to a cluster or aggregate of particles via ran-
dom walk trajectories, that is to say that competing growth of
polymer on anode surface leads to formation of a cluster and
can be considered as an alloy of macromolecule with counter
ion giving it a distinct entity.

The electrodeposition reaction from solution phase is a
transformation reaction, thus there is a tendency in the system
b amic
fl e.

ee-
s elt
i se

F e of
c range
−0.2 to 1.2 V vs. Al at sweep rate of 50 mV s−1.
aries from dark green to black in doped state on the plat
ubstrate. The film turned to blue in the undoped state w
as obtained by washing with aqueous ammonia and
ashings with water for 4 h.

.2. Innovation of the melt

Interest in room temperature melt in the study of cond
ng polymers is due to the fact that electrolyte is free f
olvent, thus one can prevent a side reaction of a so
olecule with moderately stable radical cation generated

ng electrochemical synthesis near the vicinity of an an
hus, the electrolyte devoid of solvent can yield a be
riented polymer with better conjugation and electronic
uctivity. However, these melts in the synthesis of conduc
olymers were elusive, because of the cathodic depo
f aluminum, thereby, non-availability of AlCl4

−/Al2Cl7−
o initiate the polymerization reaction in an electrochem
ersion of Friedel Crafts reaction and also to act as a do
rivedi [26] carried out extensive work on this aspect

ound that when bulky cetyl pyridinium chloride is used
repare a room temperature melt, the cathodic depositi
luminum is completely inhibited due to preferential abs

ion of bulky cetyl groups on the cathode. The other chlo
uminate melts are vogue to study the generation of org
ations due to its wide electrochemical window, which is
ended upto 4.4 V.

RCl + AlCl3 → AlCl4
− + R+

2AlCl4− → Al2Cl7− + Cl−
(1)
etween order and disorder, which results in thermodyn
uctuations leading to the formation of an ordered phas

The electrochemical polymerization of pyrrole to fr
tanding polypyrrole (PPy) film in room temperature m
s shown inFig. 1. The growth is reflected by the increa

ig. 1. Electrochemical growth pattern of polypyrrole in the presenc
hloroaluminate room temperature melt as the electrolyte, potential
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in peak current. The color of the film was black. The elec-
tropolymerization of pyrrole to freestanding polypyrrole film
in chloroaluminate room temperature melt medium was car-
ried out by potentiodyanamic method. In the very first cycle
of polymerization the peak appearing at 0.5 V corresponds to
the oxidation of pyrrole to pyrrole radical cation. In subse-
quent cycles, new oxidation peaks appear at 0.58 V indicating
that these radical cations undergo further coupling and the
peak current increases continuously with successive poten-
tial scans indicating the buildup of electroactive polypyrrole
on the electrode surface. Though the peak potential of the
peak observed in the first cycle is at 0.5 V (very broad: for-
mation beginning around at 0.45 V), this suggests that even
by keeping the potential around this value can lead to for-
mation of polymer at a slow growth rate, which is benefi-
cial for obtaining a more ordered thin polymer film useful
for electrochromic displays. Once the polymerization pro-
cess is initiated it is influenced by the anion for the following
factors:

• Adsorption of the anion on the electrode surface;
• Redox potential of the anion;
• The ionic charge;
• The ionic size and
• The hydration shell.
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Fig. 2. Cyclic voltammogram of polypyrrole in the absence of monomer,
potential range 0 to 1.2 V vs. Al at a sweep rate of 50 mV s−1.

of the polymer from the organic solvents onto inorganic sur-
faces is a process involving acid–base interactions between
polymer and solvent and between solid and solid, a triangular
competition.

S s po-
t

Electrochemical studies reveal the influence of the cou
nion on the peak potentials as well as on the polymer de

ion rate indicating that the electron transfer and protona
rocesses are greatly influenced by the anion.

The electro active PPy is obtained only when the me
cidic, i.e. the proportion of aluminum chloride in the me
ore giving rise to AlCl4− anion, which is the dopant respo

ible for the oxidation of pyrrole. The electro polymerizat
oes not occur in the neutral or basic melts.

In the forward cycle, during growth a well-defined pe
as observed at 0.58 V versus Al wire which is shifted
.6 V with increase in scan numbers and similarly in
everse cycle two peaks were observed at 0.56 V whi
hifted slightly to 0.55 V and at 0.4 V versus Al wire wh

s shifted to 0.2 V in the negative side. This shows tha
olymerization reaction is reversible.

Fig. 2shows the cyclic voltammogram for PPy on Pt e
rode surface (0.25 cm2) in 1 M chloroaluminate room tem
erature melt electrolyte diluted in diethyl ether (without
onomer) at the scan rate of 50 mV s−1. It shows a signifi

ant redox peak at 0.85 V and at 1.1 V in the forward c
nd at 0.38 V in the reverse cycle. In order to explain
lectrochemical behavior of PPy, the radical cations are
ized to give PPy in observed loop. The doping and dedo
echanisim corresponding to different potentials is give
cheme 2.
The decrease in polymerization potential in a solvent

edium is probably due to the fact that all nucleophillic s
ndary reactions are inhibited. The adhesion of the poly
lm to the electrode surface was also observed which
ood agreement with the Fowkes theory[28]. The adsorptio
cheme 2. Doping and dedoping mechanism of polypyrrole at variou
entials in cyclic voltametry.
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3.3. Electrochemical properties

The electrochemistry of various pyrrole monomers and
polymers has been studied extensively by Diaz and Kanazawa
[29] Bidan and others[30]. Although, the polymer is prepared
in its oxidized conducting state by a simultaneous polymer-
ization and oxidation of the� system of the resulting polymer,
the films can be reduced electrochemically or chemically to
the neutral polymer. The neutral polymer has played a vital
role in the characterization of the pyrrole system[3]. Hence,
pyrrole was undoped by dissolving in ammonia solution or in
sodium hydroxide solution for 1 h, washing with distilled wa-
ter and then drying. The electrochemical switching between
the conducting and insulating state is accompanied by a color
change and could form the basis of the electrochromic display
[29]. The electrochemical mechanism is given inScheme 3.

In the given reactionScheme 3, the initial oxidation reduc-
tion of the monomer gives a radical cation HPH+ that couples
to form the dimer with expulsion of 2H+. This process is re-
peated with 2e− and 2H+ involved in each addition step. The
oxidation potential of the polymer is always lower than that
of the monomer, and, thus reaction 5 is always favoured.

The final monomer is in the oxidized form and is generally
associated with one anion per 3–4 monomer unit.

3
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mer takes place. The nucleation gets influenced by following
factors:

(i) Nature of anion present;
(ii) Concentration of the monomer and

(iii) Preparation of the electrode surface.

After each experiment, the electrode surface has to be
cleaned and reconditioned. The polymer growth was stud-
ied by fixing potential and time scale. The experimental set
up was the same as that for CV studies. The growth of the
conducting polymer can be compared with the electrodepo-
sition of metals, the difference being that the former is an
anodic reaction. In 1981, the diffusion limited aggregation
(DLA) model was introduced by Witten and Sanders[31].
In this model, particles are added one at a time, to a cluster
or aggregate of particles via random walk trajectories. Ac-
cording to this model, there is competing growth of polymer
chains from a surface, which leads to the formation of inde-
pendent clusters. Meakin[32] modified the DLA model, in
which the growth process is in a direction perpendicular to
the surfaces of growth sites. Initially, each site at the electrode
surface is active. Random walkers (radicals) are launched one
at a time and eventually either move a long distance from the
growing deposit and are terminated or find an active site. If
an active site is found this site becomes inactive and the site
o ctive
s ce of
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t and
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i and
p step
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.4. Potential step technique—nucleation studies

The potential step technique has been used to inves
ucleation and growth of PPy. In this experiment, a sud
igher potential is applied to the working electrode and
urrent and time transients are recorded. The shape
ransient indicates how the nucleation for the growth of p

Scheme 3. Mechanism for electropolymerization of pyrrole.
ccupied by the random walker before it enters the a
ites become the new active site. That is, how the surfa
n electrode becomes covered progressively. Electrode

ion of conducting polymers is a polynucleation process
ransients are triggered by single potential step. Nucle
s independent of the size and shape of the electrode
olynucleation starts in synchronism with the potential
nd is illustrated inFig. 3. The current-time transient can
eplotted, using various equations as given by Li and Al
33]. Fig. 3 shows the potential step growth of PPy at 0.
ersus Al wire, as per CV curveFig. 1 the growth of the
olymer occurs at 0.58 V and at 0.6 V the CV curve has

ig. 3. Current vs. time response of a polypyrrole growth in the presen
oom temperature melt at 0.6 V vs. Al wire for 10 s.
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Fig. 4. Impedance spectra of doped PPy film in the ac frequency range
100 kHz–0.1 Hz with an excitation signal of 10 mV.

maximum current. To observe proper growth transients, time
scale was fixed at 10 s cm−1 with a total growth time of 280 s.
There is rise in the current from 166 to 229�A in steps. The
steps in the growth curve, indicates the formation of a layered
structure, which is uncommon in conducting polymers. The
growth processes depend upon the following factors:

i) Monomer concentrations;
ii) Oligomerizations;

iii) Diffusion of monomer into polymer film and
iv) Formation of critical cluster and nucleus.

In CV curve, the random adsorption of monomer on a
bare-electrode surface is seen more clearly in a deposition
curve where relatively a broad peak appears at potentials
significantly less positive than required for bulk oxidation
of monomer and is followed by sharp peaks resulting from
nucleation and monolayer spreading. The sharp rising edge
of these peaks is linear with time, which suggests that two-
dimensional patch has been expanding in a shape preserving

F range
1

Table 1
Rs, Rct and C values of doped and undoped PPy film from complex plane
impedance spectra (Figs. 4 and 5)

Nature of polymer film Rs (�) Rct (�) C (Farads)

Doped PPy 1.0495 132.27 8.8505 e−5

Undoped PPy 824.89 1001.49 2.00659 e−6

Rs: solution resistance; Rct: charge transfer resistance; C: capacitance.

way. The close similarity of the peaks shape suggests that
nucleation has occurred repeatedly on the same site.

3.5. Impedance studies

The impedance spectra of conducting polymer matrix de-
posited, using constant polarization mode may be considered
to study the characteristics of film structures and the charge
transfer resistance and ion transport in the metal/polymer in-
terface and polymer film/electrolyte interface. After prepara-
tion of PPy film by constant polarization mode the film was
subjected to an ac field under open circuit potential in the
frequency range 100 kHz–0.1 Hz with an amplitude of the
excitation signal of 10 mV.Figs. 4 and 5gives the impedance
spectra of doped and virgin PPy films in the room temperature
melt.

As can be seen in figures of doped and undoped, the doping
process dramatically modifies the impedance response of the
systems. The semicircle obtained from the high-frequency
region is ascribed to the blocking properties of a single elec-
trode, which render extremely slow the faradic process of the
ion-exchange at the polymer/electrolyte interface[34].

The electrochemical impedance for undoped PPy shows
semicircle only in the high frequency region and there is no

F oped
P

ig. 5. Impedance spectra of undoped PPy film in the ac frequency
00 kHz–0.1 Hz with an excitation signal of 10 mV.
ig. 6. The diffused reflectance UV spectra of (a) doped and (b) und
PP, using high alumina as reference in the range 200–1500 nm.
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Table 2
The major shifts of bands in FTIR spectra of doped PPy from virgin PPP
(Fig. 7)

Assignment of IR bands
Undoped PPy Doped PPy

3421 cm−1 (NH str) No band
3100 cm−1 (C H str) Diminished band
1535 cm−1 (C C and C C str) 1529 cm−1

1450 cm−1(N H str) 1445 cm−1

1295 cm−1(C H and N H def) 1290 cm−1

1050 cm−1(C H def) 1010 cm−1

diffusion impedance in the low frequency region. It reveals
that the system is controlled by activation, whereas the EIS
of the doped PPy shows a semicircle in the high frequency
region and a straight line with slope of nearly 45◦ in the low
frequency region, Warburg diffusion impedance. The high
value at the low frequency side may be due to diffusional
impedance created by the charge carriers across the poly-
mer/electrode/electrolyte interface and this is bound to be
higher and this is understandable from the low capacitance
value 8.8�F. This may be due to the diffusion of AlCl4

−
dopant ion across the interface and consequently to the de-
crease in the mobility of the dopant ions. Regarding the semi-
circles, both in doped (uncompleted) and in undoped (com-
pleted) forms are somehow compressed indicating a relax-
ation process. When a ‘Nyquist plot contains a depressed
semicircle with the center at the real axis’ such behavior is
characteristic for solid electrodes and often referred to as
frequency dispersion and has been attributed to roughness
and other inhomogeneties of the solid surface.[35,36]. Nor-

F egion
4

Fig. 8. TG/DTA curve for doped PPy.

mally, the intercept of Warburg impedance (corresponding to
Z′′ minimum) should lead to a value of dc conductivity. From
the impedance plot, this value seems to be 132� for the doped
species and this value will not correspond with the measured
dc conductivity. This is because, the semicircle corresponds
to various processes taking place at he electrode/electrolyte
interface. The method of finding the dc conductivity by ex-
trapolating the low frequency Warburg behavior will be valid
only for simple cases, and, hence this method of getting dc
conductivity value is not appropriate in the present case. In
spite of similar shape of impedance spectra, there is a re-
markable difference in the diameters of the two semicirles,
i.e. the diameter of semicircle in undoped is larger than that
in doped PPy system. On the other hand, it can be found that
the undoped PPy having higher charge transfer resistance are
electrochemically inactive[37], whereas the doped PPy hav-
ig. 7. FTIR spectra of doped (a) and undoped PPy (b) in the r
000 cm−1 to 400 cm−1 in the KBr medium.
 Fig. 9. TG/DTA curve for undoped PPy.
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ing a small radius of curvature indicates low resistance to
charge transfer process.

Table 1gives the Rs, Rct and C values of doped and un-
doped PPy film synthesized, using room temperature melt.

It was found that the charge transfer resistance (Rct) in-
creases to the nine times the greater values for undoped PPy
when compared to doped species. From this, it is evident
that the reactivity of doped PPy film is very high, and, hence
when exposed to air it is easily attacked by moisture and a
passive layer is formed which loses conductivity and reactiv-
ity, and, thus attains the undoped form. This is evident from
the impedance values, which are high in the high frequency
region for the undoped form and consequently low conduc-
tivity, while that of doped form reaches the origin of the graph
stressing that it is highly conducting in nature.

3.6. Conductivity measurements

The conductivity of freshly deposited PPy (doped) film is
around 133 S cm−1. But gradually when exposed to air this
conductivity decreases.

This is because, after exposure to air the dopant in doped
PPy film reacts with moisture to yield aluminum oxy chlo-
ride and aluminum hydroxide, thereby the undoping occurs,

however this PPy film can be redoped. The conductivity of
undoped PPy was observed to be in 10−9 S cm−1. The dc
conductivity obtained from the four-probe method is more
accurate as it involves direct measurement of resistance of
the polymer films, whereas the impedance is the combination
of solution resistance and the two resistor–capacitor combi-
nation of two electrodes. Hence, it is not justified to compare
the two methods to get the dc conductivity of the film.

3.7. UV–vis–NIR spectroscopic studies

The diffused reflectance UV–vis–NIR spectra of (a) doped
and (b) undoped PPy are shown inFig. 6.

The absorption peak observed between 350 and 390 nm is
assigned to�–�* transition associated with benzenoid ring.
The band due to cation radicals lie between 400 and 600 nm.
The band observed near or more than 800 nm is due to the
charge carriers. The tail of this band extends to the infra-red
region indicating that the charge carriers are bipolarons or
otherwise called as trapped excitons.

The first absorption peak around 0.7 eV (1264 nm) can
be related to a transition from the valance band to the half
filled polaron bonding level while the peak around 1.4 eV
(882 nm) associated with the transition between bonding and
Fig. 10. Scanning electron micrograph of cond
ucting PPy film showing crystalline structure.
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antibonding polaron levels. The peak around 2.1 eV (457 nm)
corresponds to the transitions from valance band to the anti-
bonding polaron state. As the extent of oxidation increases,
bipolaron formation increases. The bipolaron introduces the
two states in the gap, at 0.75 eV above the valance band edge
and 0.79 eV below the conduction band edge. However, the
bonding bipolaron state is empty, the presence of bipolarons
leads to only two optical transitions in the gap which explains
the appearance of absorption spectra at higher oxidation lev-
els where the two intense bands within the gap are accounted
for the two wide bipolaron bands. It is important to note that
the gap between these bipolaron bands never goes to zero
even at the highest doping levels achieved. Hence, polypyr-
role is never a metal.

3.8. FTIR spectroscopic studies of PPy film

Principal absorption bands observed in the IR spectra of
doped and undoped polypyrrole are given in theTable 2.

All the characteristic IR absorption bands due to polypyr-
role are observed in doped PPy film with a slight shift in
the position of absorption band. For example, a band at
3400 cm−1 due to NH stretching in neutral PPy vanishes in
the doped form and 1529 cm−1 band due to CC stretching
has been observed at 1545 cm−1 in doped film. The spec-
t ow
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Fig. 11. Scanning electron micrograph of undoped PPy film showing non-
conducting dark portions.

of smallest is 2.5�m and the undoped polymer has globular
structures with particle size ranging from 0.85 to 14.7�m.
The brightness of hexagon in an uniform way indicates the
homogeneity of doping.

4. Conclusion

Pyrrole can be anodically polymerized at comparatively
lower potentials in acidic room temperature melt as an elec-
trolyte to yield a black, highly conducting free standing PPy
film. The Al2Cl7− anion generated from the melt has equal
bond lengths and bond angles giving rise to a well-ordered
polymer.
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