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Abstract In this work, polypyrrole ®lms with ferro-
cenecarboxylic acid incorporated (PPy/FCA) were pre-
pared on a glassy carbon (GC) electrode in chloroform
as an aprotic solvent with low dielectric constant, con-
venient for the preparation of the ®lms by a precipita-
tion mechanism. The electrochemical behaviour of the
PPy/FCA-coated GC electrode was studied by cyclic
voltammetry in aqueous solution with low pH. The re-
sults obtained show that the electrochemical response of
FCA incorporated in polypyrrole is consistent with a
reversible surface oxidation. An obvious electrocatalytic
e�ect of PPy/FCA on the oxidation of ascorbic acid is
observed in aqueous solution.

Key words Polypyrrole á Ferrocenecarboxylic acid á
Electrocatalysis á Ascorbic acid á Chloroform

Introduction

Polypyrrole (PPy) has received much attention owing to
its convenience of preparation, good stability and ap-
propriate range of applications [1±5]. In order to obtain
®lms with the expected properties, functionalized poly-
pyrrole ®lms must be prepared [6±24]. One method is to
attach a functional group to the pyrrole ring by a cova-
lent bond and then polymerize electrochemically [6, 14].
The ability of anions to incorporate into the polypyrrole
matrix as counter-anions provides a fast and convenient
method of preparing functional polypyrrole ®lms [15±
23]. We believe that ferrocenecarboxylate anions cannot
be incorporated into polypyrrole ®lm as doping ions
during the electropolymerization of pyrrole in water,
because owing to the electropolymerization potential of

pyrrole, ferrocenecarboxylate is oxidized to a neutral
ferricinium species, which is no longer an anion.

We describe in this paper an alternative procedure for
the incorporation of ferrocenecarboxylic acid (FCA)
into polypyrrole. The method involves the electropoly-
merization of pyrrole in the presence of FCA in chlo-
roform, because chloroform is (1) an aprotic solvent,
convenient for electropolymerizations which proceed via
a radical mechanism [25], and (2) a solvent with a low
dielectric constant suitable for the incorporation of the
less soluble ferriciniumcarboxylic acid cation FCA+

formed at the oxidation potential of pyrrole via a pre-
cipitation mechanism. In addition, we report the elec-
trochemical behaviour and electrocatalytic activity of
polypyrrole/ferrocenecarboxylic acid (PPy/FCA) ®lms
prepared in chloroform and water in order to compare
and subsequently con®rm the assumed incorporation
mechanism. The electrocatalytic activity of the PPy/
FCA ®lms for the oxidation of ascorbic acid as a typical
example is also reported here.

Experimental

Reagents and chemicals

The solvent for electropolymerization studies was chloroform GR,
used without further puri®cation. Pyrrole was distilled prior to use.
Terabutylammonium salts of perchlorate (TBAP), tetra¯uorobo-
rate (TBATFB), benzoate (TBABz), hydrogensulfate (TBAHS),
tosylate (TBAT) and iodide (TBAI) from Aldrich were used as
supporting electrolytes in chloroform. Lithium perchlorate was
used as supporting electrolyte in bidistilled water. The FCA was
used without further puri®cation. The solutions were bubbled with
N2 gas (99.999%) and kept under a N2 atmosphere during the
electrochemical experiments.

Instrumentation

Polymerization and other electrochemical experiments were carried
out using an EG & G Potentiostat/Galvanostat model 273 coupled
with an IBM PC and connected to an Epson printer, model
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FX-850. A conventional three-electrode cell with a calomel elec-
trode as the reference electrode, a platinum wire as the auxiliary
electrode and a glassy carbon (GC) disk as the working electrode
(A = 0.126 cm2 from EG & G) were used. The reference electrode
in chloroform was Ag/AgI (satd); 0.05 M TBAI and 0.5 M TBAP
in chloroform, prepared in a separate compartment with a dense
ceramic plug in the bottom, were used.

Preparation of PPy and PPy/FCA ®lms

The PPy/FCA ®lms were prepared under the following conditions.
The working electrode was polished with alumina powder
(0.05 lm), then washed with water and acetone in turn and im-
mersed in a chloroform solution containing 0.05 M pyrrole, 0.1 M
FCA and 0.25 M of supporting electrolyte. The electropolymer-
ization was performed potentiostatically by holding the potential of
the working electrode at 1.2 V versus the reference electrode for a
required time. The charge passed was determined by chrono-
amperometry and the thickness of the ®lm was obtained according
to Diaz and Castillo's method [26]. The ®lm was washed with
bidistilled water before being used. For electropolymerization of
pyrrole in water we used an aqueous solution containing 0.01 M
FCA, 0.05 M pyrrole and 0.1 M LiClO4, with an adjusted pH of
6.5. The potential of the PPy/FCA-coated glassy carbon electrode
was scanned for two cycles over the range )0.8 to 1.3 V in a 0.1 M
aqueous solution of LiClO4.The PPy ®lms were prepared under
similar conditions in the absence of FCA.

Results and discussion

Electrochemical behaviour of PPy/FCA ®lms

Prepared in chloroform

In Fig. 1A the cyclic voltammograms recorded for the
PPy/FCA ®lms in 0.5 M aqueous glycine bu�er solution
(pH 4) and 0.1 M LiClO4 exhibit a less prominent pair
of peaks, confused with the charging current of the ®lm.
With thicker coatings of polypyrrole the non-prom-
inency of the peaks remained unchanged. The experi-
mental investigations showed that a well-de®ned and
reproducible cyclic voltammogram was obtained after
scanning of the potential of PPy/FCA-coated GC elec-
trode over the potential range )0.8 to 1.3 V for two
cycles (Fig. 1B). This requirement could be attributed to
the morphological change in the ®lm, allowing improved
electrolyte penetration. As seen in Fig. 1B, the volta-
mmograms exhibit two anodic and cathodic peaks with
peak potentials of 0.37 and 0.21 V, respectively. Note
that a shoulder with a potential of 0.16 V preceded the
anodic peak, which may be attributed to the doping of
pyrrole. The comparison with the cyclic voltammograms
of a PPy-coated GC electrode prepared in chloroform
(Fig. 2A) and dissolved FCA (Fig. 2B) in 0.1 M LiClO4

aqueous solution indicate clearly that the two nearly
symmetric anodic and cathodic peaks relate to the redox
system FCA+/FCA in PPy. The peak separation po-
tential �DE � Ea

p ÿ Ec
p� for a very low scan rate of

5 mV s)1 was about 42 mV. In addition, at potential
scan rates over the ranges 5±320 mV s)1 the peak cur-
rent was linearly dependent on the rate v, with a corre-

lation coe�cient of 0.999 (Fig. 3). These characteristics
are expected for surface ®lm oxidation and indicate that
the charge transport within the polypyrrole is fast
compared with the timescale of the potential scan rate of
about 5±300 mV s)1. Continuous cycling of coated
electrodes between )0.8 and 1.3 V produced no dimi-
nution in the FCA+/FCA redox peak currents. This
suggested that the FCA+ cation was not replaced and
released by supporting electrolyte ions, and even further
penetration of perchlorate anions stabilised the FCA+

cations in the PPy ®lms by formation of insoluble
FCA�ClOÿ4 ion pairs.

E�ect of supporting electrolyte. The electrochemical ac-
tivity of a PPy/FCA-coated GC electrode prepared in
chloroform solutions of TBAP, TBATFB, TBABz,
TBAHS and TBAT was investigated by cyclic volta-
mmetry. The well-de®ned and reproducible cyclic vol-
tammogram with the lowest charging current, and
minimum peak separation potential DE � Ea

p ÿ Ec
p, was

obtained in the case of TBAP. Note that in the case of
TBABz the polymerization does not occur, owing to the
basicity of the benzoate ion preventing the growth of
polymer via a cation radical mechanism.

Prepared in water

The cyclic voltammograms of PPy/FCA ®lms prepared
in water under experimental conditions quite similar to
those in chloroform are shown in Fig. 4 for potential
scan rates of 10±40 mV s)1. As seen in this ®gure, the

Fig. 1 Cyclic voltammograms of PPy/FCA at pH 4 in 0.5 M glycine
bu�er + 0.1 M LiClO4 at a scan rate of a 20, b 40, c 80, d 160 and
e 320 mV s)1, A before conditioning of the ®lm, B after conditioning
of the ®lm by two cycles scanning of the electrode potential between
)0.8 and 1.2 V; polymer thickness 0.28 lm
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quantity of FCA incorporated into the polymer was
much smaller, compared with that obtained in chloro-
form (see Fig. 1B). The peak currents remained un-
changed or even decreased with increase of the scan rate,
owing to the release of FCA for repetitive scanning of
the electrode potential. These observations suggest that
the FCA+ species formed in aqueous solution is very
soluble in water and cannot be trapped in PPy ®lms
either as a counter-ion or as insoluble ion pairs during
the electropolymerization of pyrrole.

Catalytic oxidation of ascorbic acid
on the PPy/FCA-coated GC electrode

It has been previously shown that ferrocene is able to
electrocatalyze the oxidation of ascorbic acid both via a

homogeneous process, when ferrocene is present in
dissolved form [27, 28], and heterogeneously, when a
polyvinylferrocene ®lm is covalently bound to a plati-
num electrode [29] or ferrocene adsorbed at the
graphite electrode [30]. Accordingly, in this paper we
report the ability of FCA incorporated into PPy, de-
scribed above, to catalyze the ascorbic acid oxidation.
In a previous paper, we have reported that the elec-
trocatalytic e�ect of FCA in dissolved form for ascorbic
acid oxidation on the GC electrode is maximum at pH 4
in 0.5 M glycine bu�er [27]. The cyclic voltammograms
obtained for a 5 mM ascorbic acid solution on the bare
and PPy/FCA-coated GC electrodes are shown in
Fig. 5. The oxidation of ascorbic acid on the bare GC

Fig. 2 Cyclic voltammograms of A PPy-coated GC electrode at scan
rates of a 40, b 100 and c 200 mV s)1 and B dissolved FCA at a bare
GC electrode at scan rates of a 20, b 40, c 100, d 200 and e 400 mV s)1

at pH 4 in 0.5 M glycine bu�er + 0.1 M LiClO4

Fig. 3 Dependence of the anodic current of the cyclic voltammo-
grams (Fig. 1B) on the scan rates

Fig. 4 Cyclic voltammograms of PPy/FcA prepared in water at pH 4
in 0.5 M glycine bu�er + 0.1 M LiClO4 at scan rates of a 10, b 20, c
30 and d 40 mV s)1
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electrode occurred irreversibly with a peak potential of
0.64 V vs. SCE under the solution conditions (curve a),
while its oxidation peak on the PPy/FCA-coated GC
electrode appeared at 0.34 V oxidation potential of the
FCA (curve b). Therefore the ferrocene catalytic e�ect
is 300 mV. As seen in curve b, the anodic current was
increased over that ordinarily observed just for the in-
corporated FCA+/FCA couple, while the correspond-
ing cathodic peak was substantially depressed on the
reverse-scan. This behaviour is typical of that expected
for electrocatalysis, and the following EC steps are in-
volved:

FCA� FCA� � eÿ E

2FCA� �AH2 ! 2FCA�A� 2H� C

where AH2 and A represent ascorbic acid and de-
hydroascorbic acid, respectively.

The anodic peak current for cyclic voltammograms
with a scan rate of 10 mV s)1 was proportional to the
ascorbic acid concentration within the limited range
5 ´ 10)4±5 ´ 10)3 M (Fig. 6).

Stability of the ®lm

The stability of the PPy/FCA ®lm and reproducibility of
its electrochemical behaviour were investigated by cyclic
voltammetry after exposing the ®lm to air or storing it in

glycine bu�er at pH 4 for several weeks. According to
the results obtained, the current response of the elec-
trode was not changed by storing in glycine bu�er for
three days, but decreased to 70% of the initial value of
the current response after storing it for a week. In con-
trast, the current reponse of the ®lm was not changed by
exposing it to air for more than two weeks. Further-
more, the reproducibility of the electrocatalytic e�ect of
the PPy/FCA-coated GC electrode was examined by
repetitive recording of the cyclic voltammograms in
ascorbic acid solution. A small decrease in height of the
voltammograms was observed for 20 cycles of potential
scanning over the range 0±0.8 V. However, the primary
catalytic activity of the ®lm was drastically decreased
after prolonged use.

Conclusion

The simultaneous oxidation of FCA during the anodic
polymerization of pyrrole in chloroform solution al-
lowed the formation of PPy ®lm which incorporated
FCA�ClOÿ4 by a precipitation mechanism. Several cy-
cles of potential scan between )0.8 and 1.3 V to mini-
mize the charging current of the PPy matrix is required.
The redox reaction of FCA+/FCA in the polymer ma-
trix shows a reversible surface oxidation behaviour at
low scan rates.

Fig. 5 Cyclic voltammograms of 0.5 mM ascorbic acid solution at
a bare GC electrode and b at PPy/FCA-coated GC electrode (®lm
thickness of 0.28 lm) c cyclic voltammogram of PPy/FCA-coated GC
electrode in electrolyte solution of 0.5 M glycine bu�er pH 4 +
0.1 M LiClO4; scan rate: 10 mV s)1

Fig. 6 Cyclic voltammograms of PPy/FCA-coated GC electrode in
0.5 M glycine bu�er, pH 4, + 0.1 M LiClO4 a in the absence of
ascorbic acid (AH2), and in the presence of b 0.5, c 1.00 and d
2.00 mM AH2; polymer thickness: 0.28 lm
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The prepared PPy/FCA-modi®ed GC electrode is
able to catalyze the electrochemical oxidation of ascor-
bic acid as a typical organic compound in aqueous me-
dia with an optimized pH value using glycine bu�er. The
catalytic ability of the PPy/FCA ®lms remains un-
changed with time owing to the good stability of FCA in
the ®lms. However, the dynamic concentration range of
the electrode is restricted, which limits the analytic ap-
plications of the PPy/FCA-modi®ed electrodes. These
®ndings led us to conclude that the incorporation of
some mediators in the polypyrrole matrix on the basis of
a precipitation mechanism in a solvent with low dielec-
tric constant suggests a new procedure for the prepara-
tion of the modi®ed electrodes.
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