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ABSTRACT: Poly(1-substituted pyrrole)s were prepared on a platinum electrode with
different electrolysis times, and their properties were studied by cyclic voltammetry.
The oxidation potential for most of the poly(1-alkylpyrrole)s were almost 0.3 V versus
the Ag/Ag1 reference electrode, except for poly(1-butylpyrrole). The electron transfer
rate in polymer films depends on the electrolysis time and the size of the substituent.
The difference of the redox peak potential of poly(1-phenylpyrrole) was smaller than
that of poly(1-anisylpyrrole) films. The role of a substituent in the electrochemical
behavior of the polymer main chain is discussed. © 1998 John Wiley & Sons, Inc. J Appl
Polym Sci 70: 471–475, 1998
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INTRODUCTION

It is very important for industry to increase the
solubility of a conducting polymer in popular sol-
vents. Conducting polymers with high solubility
to some solvents were recently synthesized by
introducing alkyl and other substituents on the
conducting polymer chain.1,2

An alkyl substituted conducting polymer, how-
ever, usually shows lower conductivity than the
original unsubstituted polymer. Diaz et al. mea-
sured the conductivity of poly(1-alkylpyrrole)
polymer films and found that the conductivity
decreased as the size of the substituent in-
creased.3 They also found that the oxidation po-
tential of poly(1-alkylpyrrole) films depends on
the size of the substituent. Electroconducting
polymer has a p-conjugation system along the
polymer chain, and the nature of the conjugation

system is reflected on the oxidation potential of
the polymer.4 The electronic and steric structure
of a substituent both contribute to the polymer
p-conjugation system.5 However, the steric factor
of n-alkyls is usually not so different from each
other.6–8 On the other hand, the packing and
orientation of polymer molecules in a solid are the
important factors in understanding its electric
conductivity.9,10 Substituents on the polymer
chain may change these factors.

We are interested in the role of substituent size
on the electrochemical properties of conducting
polymer film, and we studied the poly(1-substi-
tuted pyrrole) films on the electrode by cyclic vol-
tammetry.

EXPERIMENTAL

Materials

1-Propylpyrrole (PP), 1-butylpyrrole (BP), 1-oc-
tylpyrrole (OP), and 1-dodecylpyrrole (DP) were
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prepared from alkyl bromide and pyrrole in alka-
line dimethyl sulfoxide.11 1-Methylpyrrole (MP)
was obtained form Aldrich. These pyrroles were
purified by distillation. 1-Anisylpyrrole (AnP) was
synthesized using 2,5-dimethoxytetrahydrofuran
and p-anisidine in acetic acid.12 1-Phenylpyrrole
(PhP) was obtained from Tokyo Kasei Co. Ltd.
and recrystallized from methanol. All the synthe-
sized pyrroles were identified by NMR, IR, and
comparison to other physical data in the litera-
ture.

Alkyl halides and pyrrole were obtained from
Tokyo Kasei Co. Ltd. and distilled prior for use.
2,5-Dimethoxytetrahydrofuran was obtained from
Tokyo Kasei Co. Ltd. and was used as received.
Tetraethylammonium fluoroborate (TEAFB) was
obtained from Aldrich and was recrystallized from a
methanol/petroleum ether mixture and dried under
reduced pressure. HPLC grade acetonitrile was ob-
tained from Wako Chemicals and was dried over
3-Å molecular sieves for a few days. Then it was
fractionally distilled over calcium hydride.

Electrochemical Experiments

Electrochemical experiments were performed
with a Hokuto HA-301 potentiostat/galvanostat
and a Hokuto HB-111 function generator. Cyclic
voltammograms were recorded on a Rikadenshi
X–Y recorder. A one-compartment cell equipped
with a platinum disk (1 mm in diameter), a work-
ing electrode, a platinum wire counterelectrode,
and an Ag/Ag1 reference electrode were used for
the electrochemical experiments.

Electrochemical polymerization and cyclic vol-
tammetry were carried out in acetonitrile con-
taining 0.1 mol dm23 TEAFB as the electrolyte.

Preparation of Polymer Films

A 1-substituted pyrrole (SP) was electropolymer-
ized on a platinum electrode in acetonitrile. The
concentration of the SP was 50 mmol dm23. The
potential was repeatedly swept between 20.2 and
1.0 V at a scan speed of 50 mV s21. The material
produced on the electrode was electrochemically
undoped. The chemical structure of the material
was identified by FTIR. Different amounts of sev-
eral films on the electrode were prepared by a
potential sweep with a different number of scans.
The amount of the polymer on the electrode was
assumed to be proportional to the oxidation peek
current Ipa.

Cyclic Voltammetry of Polymers

Experimental conditions for cyclic voltammetry
were almost the same for electrochemical poly-
merization. The polymer coated electrode was
moved to a monomer free electrolysis cell, and
cyclic voltammetry was carried out. The poten-
tial sweep rate for a typical measurement was
100 mV s21, and the sweep range was from 20.2
to 1.0 V.

RESULTS AND DISCUSSION

Growth of Polymer Film

Figure 1 shows cyclic voltammograms of an OP
containing solution during electrolysis. The oxi-
dation wave of the monomer changed at around
1.1 V, and a new oxidation and reduction wave
appeared at 0.3 V. By continuing the electrolysis,
the peak current of the new oxidation wave Ipa
increased and the oxidation peak potential Epa
shifted anodically. After the electrolysis, the
working electrode was covered with a brownish
film. The same kind of changes were observed on
the cyclic voltammogram of the SP solutions dur-
ing the electrolysis.

Cyclic Voltammetry of Polymer Film

Figure 2 shows cyclic voltammograms of polyDP
prepared with different scan times. With in-
creasing scan times, the oxidation peak current
increased. The polySP showed the same behav-

Figure 1 Cyclic voltammograms of a DP containing
solution during electrolysis. [DP] 5 50 mmol dm23;
[TEABF] 5 0.1 mod dm23; scan rate 5 50 mV s21.
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ior, too. The Ipa should be proportional to the
amount of substance oxidized on the electrode.
For a more quantitative expression of the
amount of polymer on the electrode, we used Ipa
as the scale.

Plots of Epa versus Ipa for polyAPs are shown
in Figure 3. The plots for the polymer with a
large substituent shows a large shift of Epa with
increasing Ipa. The half-wave potential E1/2 was
calculated for polyAnP and polyPhP from their
Epa and Epc. The E1/2 also changed with the Ipa.
Extrapolation of the E1/2 2 Ipa plots and the
Epa 2 Ipa plots gave almost an equal intercept.

At the intercept, chemical and structural
changes of the polymer film can be negligible.
Therefore, we attributed the intercept Epa,0 to
the oxidation potential of the polymer itself.
The Epa,0 for polyPhP, polyAnP, polyMP,
polyPP, polyBP, polyOP, and polyDP, was 0.40,
0.24, 0.27, 0.28, 0.55, 0.29, and 0.25 V, respec-
tively. The experimental error for these values
was within 10%.

Influence of Scan Rate on Ipa

Voltammograms of polyPhP and polyAnP were
recorded for scan rate v in the 10–200 mV s21

range. The Ipa versus v plots are shown in Figure
4. These plots demonstrate that the peak current
tends to be proportional to v. These results sug-
gest that the electrochemical behavior is limited
by the electron transfer rate. This is in good
agreement with a literature result for polyPhP in
a mixture of polyvinylidene fluoride and carbon

Figure 2 Cyclic voltammograms of polyDPs electro-
chemically polymerized with scan times of (a) 15, (b) 20,
and (c) 30. Scan rate 5 100 mV s21.

Figure 3 Plots of Epa versus Ipa for (E) polyMP, (F)
polyPP, (‚) polyBP, (h) polyOP, and (■) polyDP.

Figure 4 Plots of Ipa versus v. Scan times: (a)
polyPhP: (■) 2, (E) 4, (F) 8, and (‚) 12; (b) polyAnP: (h)
10, (■) 19, and ({) 30.
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black.13 From the electrochemical point of view,
the difference between Epa and Epc, DEp, gives an
estimate of the rate of electron transfer. These
values were measured for the polyPhP and poly-
AnP and are plotted against Ipa in Figure 5. The
DEp between polyAnP and polyPhP increased
with the increase of Ipa. This means that the
electron transfer process in polyAnP is slower
than in polyPhP.

The anodic shift of oxidation potential can be
explained by the change of electron transfer rate
in the polymer film. What then changes the elec-
tron transfer rate in these polymer films? Novák
and Vielstich studied electrochemical degrada-
tion of polypyrrole by nucleophilic contaminants
such as water. Degradation of a conjugated poly-
mer results in an anodic shift of its oxidation
peak.14 The substituent effect could be explained
by the degradation: the conjugation system of
polyAnP was cut during electrochemical prepara-
tion, because polyAnP was easily oxidized. How-
ever, degradation of the electronic structure can-
not explain the relationship between the anodic
shift of Eap and the size of the substituent of the
polymer.

The electron transfer rate can also be changed
by the distance between polymer chains. Because
a substituent of a polymer can act as a spacer
between polymer chains, the electron transfer

rate for a polymer that has large substituents is
expected to be slow.

Because the larger anodic shift of Epa is ob-
served for polymers that have larger substitu-
ents, the size of the substituent is the controlling
factor for the electron transfer rate in the polymer
film.

Influence of Substituent on Oxidation Potential

The Epa,0 of polyBP and polyPhP are more anodic
than the others. The steric factor of phenyl is
obviously larger than n-alkyl. The difference be-
tween anisyl and phenyl probably comes from
their different electronic structures. On the other
hand, the steric factor based on the van der Waals
radius of butyl is almost the same as that of octyl
and dodecyl.7,8

The low Eap,0 of polyOP and polyDP may be
explained by the interaction between substitu-
ents. The structure change of poly(3-alkylthio-
phene)s has been studied by many workers.15 Ac-
cording to these results, most of the poly(3-alkyl-
thiophene)s shows thermochromism, which could
be the result of a change of the conjugation length
along the polymer chain. This kind of phenomena
was not observed for the polymers with short
substituents. Therefore, long alkyl substituents
in the polymer may order the structure of the
polymer main chain.

CONCLUSIONS

The influence of the n-alkyl substituent in polySP
does not appear on the electronic structure of the
polymer molecule, instead appearing on the elec-
trochemical behavior of the polymer film. The
substituent acts as a spacer between polymer
chains and controls the electron transfer rate in
the polymer film.
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