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1. INTRODUCTION

In the last years, the investigations of phenols,
diphenols and their derivatives received consider�
able attention. Phenolic compounds are known as
important contaminants of food, medical and envi�
ronmental, so their quantification in such media is
of great interest. As many of phenolic compounds
like phenol, catechol, aminophenols, chlorophe�
nols and so on, are easily oxidized the substantial
effort has been made to develop simple amperomet�
ric or voltammetric methods for their detection.
Unfortunately, the direct redox reactions of these
species on unmodified electrodes are quasi�revers�
ible or irreversible [1–5]. Moreover, the electro�
chemical oxidation of phenolic compounds often
causes electrode inactivation because of polymer
film formation [6–8]. Additionally, the oxidation
products are very susceptible to the nucleophilic
attack which results in the changes of electrode
response [9, 10].

The most promising approach to overcome experi�
mental difficulties in phenolic compound detection is
to use chemically modified electrodes [11–15] or
chemically modified electrodes with adequate bonded
enzymes [16–20]. It is well known that conducting

polymers deposited on electrode surface can signifi�
cantly improve the reversibility of redox reaction and
enhanced their efficiency, as can work as mediator and
demonstrate catalytic properties [19]. Also they can
act as excellent template for enzyme immobilization
as their molecular structure can be easily tailored by
the proper choice of monomers containing functional
groups which facilitate covalent coupling of the
enzymes [21].

In the previous report [22] we described the appli�
cation of modified electrode Pt/PIn5COOH/PPO
(PPO—polyphenol oxidase, tyrosinase) for determi�
nation of catechol (CT) concentration. It was shown
that reduction current of o�quinones produced in
enzymatic reaction depends linearly on CT concen�
tration up 15 M. The aim of this investigations was to
study the oxidation of catechol on Pt/PIn5COOH
bare electrode by means of electrochemical methods
and to find the relation between CT concentration in
higher concentration range.

In5COOH was for the first time electropolymerized
by Waltman et al. [23]. Subsequently, Bartlett et al.[24]
investigated the influence of pH and the mechanism of
electron transfer between the PIn5COOH and redox
couples like ferro/ferricyanide and [Fe(bipy)2]

2+/3+.
The molecular structure of PIn5COOH in acetonitrile
and acidic aqueous solution was determined by Talbi
et al. [25, 26].
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2. EXPERIMENTAL

2.1. Poly(indole�5�carboxylic acid) Deposition

Poly(indole�5�carboxylic acid) (PIn5COOH)
was deposited from acetonitrile solution containing
10–2 M of monomer and 0.1 M LiClO4, according to
the procedure previously described [22, 25]. For
polymer film formation cyclic voltammetry (CV) was
used with the potential scanned from –0.2 to 1.1 V
and back to –0.2 V at 10 mV/s. After polymerisation
the electrode was repeatedly washed with a mixture
of acetonitrile and water and finally rinsed with pure
water. Then, the polymer was examined in monomer
free solution (0.1 M LiClO4 + CH3CN) and in aque�
ous acid solution (2.5 M НСlO4) by cyclic voltamme�
try. The results were in good agreement with those
published by Talbi et al. [25, 26]. However, our exper�
iments showed that the thickness of polymeric film
was crucial for PIn5COOH application in aqueous
solutions. If the film was too thick the polymer layer
striped off Pt electrode surface. Consequently, in our
experiments we typically used the films formed dur�
ing four deposition cycles. To control polymer’s
thickness we monitored the charge passed during
polymerization reaction. The charge consumed by
film doping was subtracted from the polymerization
charge value. For that purpose after each polymeriza�
tion cycle a CV curve was recorded in a monomer free
acetonitrile solution. The average charge passed dur�
ing four electropolymerization cycles was found to be
0.56 C/cm2. In some experiments we used the films
obtained in two or in six polymerization cycles. The
average charge passed in those cases was 0.22 and
1.15 C/cm2 respectively. Based on the data (density,
number of electron) for polypyrrole [27] the roughly
estimated thickness values were in the range from 1.2
to 6.5 μm. The polymer films of different thickness
were applied in RDE experiments.

2.2. Electrode, Apparatus, Chemicals

Electropolymerization of indole�5�carboxylic acid
(In5COOH) was carried out on a Pt disc (geometric
surface area 0.03 cm2) or on ITO (indium tin oxide
coated glass electrodes. Before electropolymerization,
the disc electrode was polished to a mirror finish with
alumina powder. ITO electrodes were cleaned in sonic
bath.

All electrochemical measurements were carried out
by AUTOLAB equipped with the potentiostat
PGSTAT (Ecochemie, Netherlands). Voltammetry at
RDE (rotating disc electrode) was performed with
Tacussel set�up. The CV measurements were made in
a three electrode cell with a platinum gauze counter
electrode and aqueous 1 M silver chloride electrode as
the reference electrode, in the case of RDE measure�

ments SCE was used as a reference one. Optical spec�
tra were recorded using a double beam UV�Vis spec�
trophotometer (Lambda 12, Perkin�Elmer).

Before the measurements the solutions were deox�
ygenated with pure argon. Indole�5�carboxylic acid,
CH3CN, LiClO4, НСlO4 were purchased from Aldrich
and used as received. 0.1 M phosphate buffer was pre�
pared with КН2РО4 and NaOH (POCh). Catechol
was of analytical grade (from POCh and Fluka respec�
tively). All solutions were prepared with milliQ water
(Millipore).

3. RESULTS AND DISCUSSION

3.1. Characterisation of Pt/PIn5COOH Electrode 
in Aqueous Solutions

The influence of pH on PIn5COOH electroactivity
was investigated in a broad pH range. Figure 1 presents
the CV curves of polymer modified electrode recorded in
supporting electrolytes: НСlO4 and LiClO4 + xHClO4.

It can be seen, that at pH < 2 two, different in char�
acter, redox processes exist. The first process, taking
place at low potential values is pH independent in
acidic solution (2 M, 1 M) This redox pair shifts to
more positive potentials as the pH increases and finally
disappears at pH > 4. The peaks of the second redox
pair observed at higher potentials are narrower and the
positions of the matching anodic and cathodic peaks
are strongly pH dependent. Considering the relation
between anodic Ера and cathodic Ерс peak potentials
and pH (the slopes of Ер vs. pH curves were about –115
and –111 mV/pH respectively), one may conclude
that in the solutions with pH < 2 two protons per one
electron are involved in the oxidation and reduction of
the polymer segment. At higher pH values the relation
is more complicated and cannot be described by a sim�
ple Nernst equation.

The CV curves were also recorded in solutions at
pH: 4.1, 5, 6.5. It can clearly be seen (from the inset in
Fig. 1) that in the crucial, from the application point
of view in biosensors, pH range (5–6.5) PIn5COOH is
still electroactive and conducting. Moreover, the CV
curves recorded at higher pH show, that only a single
redox process take place. The formal potential EF

of the polymer in buffered solution (at pH 6.5) calcu�
lated according to: (Ера + Ерс)/2 is equal to 0.25 V at
40 mV/s. The plot of the anodic (jpa) and cathodic (jpc)
peak currents densities as a function of the square root
of sweep rate v1/2 was linear. This suggests that the rate
of redox process of PIn5COOH film is probably lim�
ited by the diffusion of counter ions. On the other
hand, in acidic solutions with lower pH (2 and 1 M
НСlO4) the peak currents of the second redox pair vary
linearly with the sweep rate suggesting surface polymer
redox reaction. Our pH results only partially agreed
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with earlier studies of Bartlett et al. [24] who found
linear variation of formal potential with pH for the
second oxidation process in pH range changed from
0.5 to nearly 6.

The existence of a single electron transition in
polymer film in buffer solution was confirmed by in
situ UV�Vis measurements. In Figs. 2a, 2b the UV�Vis
spectra of PIn5COOH, recorded at various potentials
in acidic and buffer solutions, are compared. The CV
curves obtained on ITO electrodes are presented as
insets. In both cases the fully neutral, undoped state of
polymer (–0.2 V) is characterized by one electronic
transition (π to π* transition). This transition is mani�
fested by increasing absorption towards the UV part of
the spectra . Polarization of electrode in the potential
range from –0.2 to 0.6 V, which corresponds to the
first oxidation peak (acid solution) and single oxida�
tion peak in buffer solution, results in steady growth of
the 770–780 nm transition band . This band grows at
the expense of the π to π* transition peak and as result
a clear isobestic point is observed at 560 nm (acid solu�

tion) and at 440 nm (in buffer solution). The appear�
ance of the isobestic point suggested the co�existence
of two, optically different phases: the neutral, undoped
polymer form and the one consisting of radical�cat�
ions (polarons). There are no changes in UV�Vis spec�
tra of the polymer in buffered solution upon further
polarisation of electrode in anodic direction. In the
acidic medium, however the two additional isobestic
points appear at 420 and 680 nm when potential is
changed from 0.8 to 1.1 V indicating, that the second
redox process is rather complex.

The results pointed out that redox properties of
PIn5COOH are strongly depended upon pH of solu�
tions. The great problem during polymerization of
indole molecules and its derivatives is possibility of
formation of polymers with different molecular struc�
ture [28, 29]. It means that polymer composition is
complicated and may be responsible for complex
redox behaviour.
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Fig. 1. CV curves recorded on Pt/PIn5COOH electrode in 2 M (1), 1 M (2), 0.1 M (3) HClO4 and in HClO4 + 0.1 M LiClO4
solutions at pH 1.8 (4). CV recorded at pH 5 (5) and in buffer solution pH 6.5 (6)—inset, sweep rate 40 mV/s, Qp = –0.56 C/cm2.
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3.2. Electrooxidation of Catechol at Pt/PIn5COOH 
and Pt Electrodes

Cyclic voltammetry results. During oxidation of
catechol (CT) the о�quinones, are produced accord�
ing the following reactions:

Consequently, the CV curves should exhibit a single
reversible redox process. Figures 3a, 3b presents a col�
lection of CV curves recorded at Pt and Pt/In5COOH
electrodes in buffer solution containing CT. In both
cases the values of Ера, Ерс and EF depended on sweep
rates. For sweep rates lower than 100 mV/s, the values
of Ера of CT oxidation at Pt/PIn5COOH electrode are
less positive than at Pt electrode. Ера values varied from
0.36 to 0.54 V during changes of sweep rate from 5 to
100 mV/s for polymer electrode while for bare Pt they
changed from 0.5 to 0.54 V. Formal potential deter�
mined at sweep rate 40 mV/s is equal 0.25 and 0.28 V
for polymer electrode and Pt electrode, respectively. It
suggests that polymer facilitates CT oxidation at lower
sweep rates and improves the reversibility of reaction.

In both cases the plot of jpa and jpc vs. v1/2 is linear
(see inset Figs. 3a, 3b). It indicates that the reaction
rate is controlled by CT diffusion. By using Randies�
Sevcik equation [30] and assuming a two electron CT
oxidation we determined the diffusion coefficient of
CT to be 3.6 × 10–6 cm2 s–1 (from data for
Pt/PIn5COOH electrode) and 3.3 × 10–6 cm2 s–1 (from
data for Pt electrode). These values are two times lower
than that determined by others authors [11, 31]. The
comparison of CV curves recorded in the presence of
CT on bare Pt with that one obtained in supporting
electrolyte (buffer solution) (Fig. 4) reveals that CT is
oxidized only after the oxidation of polymeric film is
initiated. Presence of oxidized polymer on Pt surface
enhanced oxidation current of CT values. It suggests
that polymer film is permeable for CT. It means that
CT penetrates the film and is oxidized not only at
polymer surface but also in the bulk of polymer, so that
real surface of reaction is much higher than in case of
bare Pt electrode.

CV curves were also recorded at Pt and
Pt/PIn5COOH electrodes for different CT concentra�
tions. Fig 5 shows the variation of jpa, jpc as a function
of CT concentration on Pt (1) and Pt/PIn5COOH (2).
In both cases the dependence is linear.

OH

OH O

O
– 2e – 2H+

In order to look more properly in mechanism of
CT oxidation we used the rotating disk electrode
(RDE) voltammetry.

RDE voltammetry results. The quasi�steady state
j,Е curves were recorded at different rotation speed
(from 10 to 2100 rpm), sweep rate 2 mV/s and under
various experimental conditions (reagent concentra�
tions, thickness of polymeric films) The typical RDE
voltammograms recorded on Pt/In5COOH electrode
in buffer solutions containing 5 mM of CT are pre�
sented in Fig. 6 where as the insets the Levich�
Koutecky plots [30] is shown.

The plots of  versus ω–1/2 gave a straight line. For
the conducting polymer electrode we may assume that
the redox reaction of solute species can take place at
polymer surface/solution interface, within polymer
layer and at metal support/solution interface. Since in
our case Ера and jpa for CT oxidation depend on the
polymer thickness we can suppose that the processes
take place not only at the polymer surface but also
within polymer film.

Consequently, to analyze the data we followed the
Rocklin and Murray [32] approach developed for the
reaction of redox couple at polymer modified elec�
trode which was later successfully used by Mandic
et al. [33] discription of behaviour of polyaniline.

We applied the limiting current density (jL) depen�
dence on rotating speed to described by equation:

(1)

where kch is the total reaction rate constant, cS is the
concentration of solute species (CT), Ds, pol is diffusion
coefficient of the solute species in the film, Р is the
partition coefficient of the solute species between
polymer layer and the solution, DCT is the charge
transport diffusion coefficient through the polymer, γ
is the surface concentration of polymer redox centers
available for reaction, γT is the total concentration of
polymer redox centers, d is the thickness of polymeric
film. All other symbols have the usual meaning.

The first term in this equation describes the current
induced by electron transfer between reacting species
and redox centers in the polymer. The second term is
the current resulting from diffusion of reactant
through the film and charge transfer through the film.
The third term is the Levich diffusion current. In our

jL
1–

jL
1
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+ 1
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Fig. 2. (a) Absorption spectra of ITO/PIn5COOH in 2 M НСlO4 for various potentials: –0.2, 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 0.9, 1.0,
1.1 V. CV curve of PIn5COOH in 2 M НСlO4, scan rate 10 mV s–1—inset. (b) Absorption spectra of ITO/PIn5COOH in buffer
solution pH 6.5 for various potentials: –0.2, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9 V. CV curve of PIn5COOH in buffer solution
pH 6.5, scan rate 10 mV s–1—inset.
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consideration the first term may be neglected, as at the
potentials of limiting current the polymer electrode is
fully oxidized. This the case, when the concentration
of charge carriers is very high, so the electron transfer
is not rate determining. For many polymers [34, 35]
the limiting current does not depend on polymer
thickness, therefore the second term is often omitted.
Unfortunately, it is not our case. Figure 7 presents
Koutecky–Levich plots for CT oxidation at electrode
modified with polymer films of different thickness in
comparison with the results obtained on bare Pt elec�
trode. It can clearly be seen that the values of inter�
cepts are thickness dependent. In addition we exam�
ined the influence of CT concentration on the values
of intercepts of 1/jL vs. ω–1/2 at ω = 0 and plotted the
intercept values against 1/cS. We found this relation
not linear. Concerning Eq. (1), the results point out
that probably two processes: diffusion of CT across
polymer film and the charge transport through the film
are the rate determining steps in CT oxidation on
Pt/PIn5COOH electrode. Comparing the values of
limiting current densities obtained for Pt bare elec�
trode and polymer electrode of different thickness we
can conclude that the polymer thickness increase
causes the increase of permeability of polymer films.

The diffusion coefficient D of CT determined from
the slope of Levich–Koutecky plots (Fig. 7) was found
to be c.a. 2.4 × 10–6 cm2/s for bare Pt electrode and was
in the range from 2 to 3 × 10–6 cm2/s for
Pt/PIn5COOH electrode. The values are in a good
agreement with those obtained from Randles–Sevcik
equation.

4. CONCLUSIONS

In this paper we described the investigation of
diphenol (catechol) electrooxidation on modified
electrode with conducting polymer PIn5COOH. Our
results pointed out that, due to its own redox proper�
ties, the polymer is able to enhanced oxidation of CT.

We found that, in comparison with Pt electrode, the
polymeric film significantly increases the oxidation cur�
rent of CT and shifts the peak of CT current oxidation
to less positive values. The results obtained from cyclic
voltammetry measurements pointed out that relation
between oxidation peak current of CT and CT concen�
tration is linear in the investigated range (up to 6 mM).
To find the rate—determining step of CT electrooxida�
tion, the influence of polymer thickness and CT con�
centration on RDE results was tested. The results point

2
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Fig. 4. CV curves recorded on Pt (1) and on
Pt/PIn5COOH (2) electrodes in buffer solution (pH 6.5)
containing 5 and 6 mM of catechol respectively. For com�
parison CV curve recorded on Pt/PIn5COOH (3) elec�
trode in pure buffer solution is shown. Sweep rate 40 mV/s.
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Fig. 5. The dependence of peak current densities on catechol
concentration recorded on Pt (1) and Pt/PIn5COOH (2)
electrodes in buffer solution, pH 6.5, scan rate 40 mV/s.

Fig. 3. (a) CV curves recorded on Pt electrode in buffer solution pH 6.5 containing 5 mM catechol at different sweep rate 5 (1),
10 (2), 20 (3), 40 (4), 60 (5), 80 (6), 100 (7) mV/s. Inset—jpa, jpc dependence on v1/2. (b) CV curves recorded on Pt/PIn5COOH

electrode (Qp = –0.56 C/cm2) in buffer solution pH 6.5 containing 6 mM catechol at different sweep rate 5 (1), 10 (2), 20 (3),

40 (4), 60 (5), 80 (6), 100 (7) mV/s. Inset—jpa,  jpc dependence on v1/2.
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out that the oxidation process take place not only on the
polymer surface but also in the vicinity of polymer film.
We supposed that the increase in reaction surface is the
main reason of enhancement of CT oxidation in the
presence of polymer.

Our previous and present studies have proven the
suitability of PIn5COOH electrode to be used as a
detector of catechol concentrations. In the lower cat�
echol concentration range the polymer can be used as
matrix for enzyme immobilization and simultaneously
as an electrode for reduction of o�quinones [22]. In the
higher concentration range polymer can worked as
mediator facilitating oxidation of catechol and
increasing reaction surface.
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