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Abstract Poly 3-methylthiophene (P3MT) modified
electrodes have shown an improvement for detecting
catecholamines when compared to classical ones. Past
work with this polymer electrode suggested the possible
presence of ‘‘active sites,’’ which are believed to be the
polymer’s center of electrocatalytic activity. The inter-
action of 1,5-anthroquinone-disolfonic acid (1,5-AQDS)
at the P3MT electrode showed a nonreversible behavior
resulting in the blocking of ‘‘the active sites,’’ suggesting
the specific electcatalytical activity of this polymer is
limited to catechol and similar compounds. In order to
improve catecholamine detection, two methods of elec-
tropolymerization for P3MT were compared under
similar conditions; (1) a constant potential for a specific
length of time, and (2) potential cycling. It was found
that cycling provided a more sensitive CV, i.e. increased
number of active sites. Under a controlled pH study (pH
range 2–9), the polymer electrode maintained its supe-
rior performance, manifested as lower DE and higher i,
toward catechol over the traditional electrodes. Two
different supporting electrolytes were used, sulfate and
phosphate, and it was found that in neutral or basic
solutions containing phosphate, the oxidation and
reduction potentials of catechol shifted to lower values.
Solutions containing sulfate exhibited no shift in the
oxidation potential at any pH value.

Keywords Poly-3-methylthiophene Æ Conducting
polymer electrode Æ Supporting electrolytes Æ Cyclic
voltammetry Æ Anthraquinone Æ Catecholamine

Introduction

Cyclic voltammetry (CV) studies of catecholamines (a
class of neurotransmitters) at poly(3-methylthiophene)
(P3MT) modified electrodes showed unusual character-
istics and properties compared to commonly used elec-
trodes, such as Pt, Au, glassy carbon, and chemically
modified electrodes [1–6]. P3MT exhibited improved
electrochemical reversibility, sensitivity, and selectivity
toward catechol(s), nicotineamide adenine dinucleotide
(NADH), and other molecules of biological importance
over the traditional electrode materials [6]. Further, the
polymer is easily deposited on the substrate surface and
is found to be chemically and mechanically stable.
P3MT has been shown to eliminate the issues of
adsorption fouling and passivation of electrode surface
by large molecules or oxidative products that are so
often encountered when using conventional electrodes in
biological fluids. Wang and Li [7] reported that vol-
tammograms of 2·10�4 M chlorophenol showed com-
plete fouling of the working glassy carbon electrode
within four cycles. However, when P3MT was used, a
highly reproducible current peak was observed with no
surface fouling after repeated cycles. They also reported
improved catecholamine detection under flow injection
and liquid chromatography conditions [7]. Other stud-
ies, based on diffusion coefficient measurements, have
suggested that the electron transfer reaction of the cat-
echol(s), NADH and ascorbic acid at P3MT film elec-
trodes takes place at the organic surface/solution
interface [8, 9].

Past research has shown that the electroactivity of the
polymer can be changed when an electrochemically
active molecule is incorporated into its matrix structure
[10, 11]. Galal et al. [10] reported that when P3MT was
polymerized in the presence of a ferrocene moiety, the
activity of the polymer was enhanced, but the general
structure of the polymer remained unchanged. They
explained this behavior in terms of a lack of com-
plexation of the ferrocene with the polymer backbone,
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indicating that the ferrocene merely interacted with the
polymer in a way that increased electroactivity. How-
ever, the presence of transition metal cations in or on the
polymer film was found to completely hinder this elect-
rocatalytic activity, even when the metal ion/sulfur atom
ratio is quite small. This suggests that very specific sites
are involved in the electron transfer with catechol(s) [7,
10]. It is believed that the explanation for the enhance-
ment and the inhibition of the polymer’s electroactivity
is related to the chemical environment in the sulfur
heteroatom, which is believed to be involved in the
formation of active sites for electron transfer through
the polymer. Previous studies on sulfur centers indicated
that they play an important role in charge-transfer
processes [12]. Similar enhanced analytical performance
using voltametric measurements was reported on a thin
film diamond electrode over the more traditional glassy
carbon electrode for ferro/ferri cyanide solution [13].

An interesting characteristic of various conducting
polymers that has been investigated by several groups is
their use as pH sensors [14–16]. Conducting polymers
that were under investigation included polypyrrole and
polyaniline. It was found that the polymers lost activity
at high pH values (>12). Talaie and Romagnoli [15]
postulated that this is because these polymers require a
certain movement of charge along the polymer chain for
electroactivity to occur. At higher pH’s, they claim that
hydroxy groups interact with the polymer chain and
inhibit the acidic response. Since the performance of the
polymers used appears to be pH dependent, the authors
[15] suggested that these polymers can be used as a basis
of a new class of pH sensors. However, the use of P3MT
in this context, or even the dependence of polymer’s
activity on pH, has not been reported in literature. One
of the intentions of this work was to study the activity of
the P3MT polymer in solutions of catechol in acidic,
neutral, and basic electrolytes with different pH values.
Determination of the effect of the supporting electrolyte
on the electrocatalysis of the polymer will be presented
as well.

Another aim of this work was to further study the
existence and specificity of the P3MT active sites toward
catechol/catecholamines. This concept has not been
extensively explored previously nor has the actual
interaction of the polymer with organic redox couples,
other than phenolic compounds, been studied. The
results of this investigation further characterize the
active sites and their role in the electron transfer step on
the P3MT electrocatalytical behavior. Anthraquinone-
based molecules have been used to probe the electron
transfer step in kinetic studies of several electrode
materials. They have also been used to investigate the
process of adsorption onto the surface of these electrode
materials. [17–20]. This work shows the results of
probing the polymer’s reaction with 1,5-anthraquinon-
edisulfonic acid (1,5-AQDS).

Images of the P3MT electrode surface were made
using an atomic force microscope (AFM). AFM images
can be used to discern structural differences at the

nano-scale. Another possible use of this technique is to
determine the film thickness, a measurement that can
be made by measuring a cross section of the film profile
over partial coverage on a flat substrate. An investi-
gation into the method of electropolymerization was
also carried out. Traditionally, the polymer has been
deposited on the substrate by applying a constant po-
tential at the metal electrode in a monomer solution.
This method was evaluated against cycling the applied
potential at the metal electrode in an identical solu-
tions. The performance of polymers formed by each
method has been evaluated based on the reversibility
and sensitivity that was probed by the response of CV
of catechol.

Materials and methods

Materials

The 3-methylthiophene and tetrabutylammoniumtetra-
fluoroborate (TBA-TFB) were obtained from Aldrich
(Milwaukee, WI, USA). Acetonitrile (AcN), HPLC
grade, was also obtained from Aldrich and was stored
over a molecular sieve. Concentrated sulfuric and
phosphoric acids (A.C.S. Reagents) were obtained from
Fisher Scientific Company (Pittsburgh, PA, USA) and
were diluted to 0.01 M. Phosphate and sulfate buffer
components, as well as sodium ferrocyanide and 1,5-
anthraquinone disulfonic acid, were obtained from
Aldrich, and Catechol was obtained from Acros
Chemicals (NJ, USA). All chemicals were used as
received. All aqueous solutions were prepared with
deionized water (>18 MX) obtained from Service
Deionization Column, US Filters (Warrendale, PA,
USA).

Instrumentation

Cyclic Voltammetry was done on an EG&G Princeton
Applied Research Potentiostat/Galvanostat Model 263
A (Oak Ridge, TN, USA). The instrument was con-
trolled through software packages PowerSuite and Vir-
tual Potentiostat 32. AFM images were taken on a Park
Scientific Instruments Autoprobe CP (Santa Barbara,
CA, USA) coupled with TM Microscopes ProScan
version 1.7.02.

Methods

Electropolymerization

Each electrode was polished for a minimum of 6 min on
a polishing pad in an alumina polishing solution (<12%
by volume) (Bioanalytical Systems, W. Lafayette, IN,
USA) mixed with deionized water. After polishing, it

398



was rinsed with deionized water and sonacated in a
methanol bath for 5 min. Polymerization took place in a
one compartment three-electrode cell containing argon-
deaerated acetonitrile, 0.125 M TBA-TFB, and 0.05 M
3-methylthiophene. All potentials were measured against
an Ag|AgCl saturated reference electrode. The auxiliary
electrode was a flag Platinum wire. The working elec-
trodes used were Pt electrodes obtained from Bioana-
lytical Systems (0.0113 cm2) and Ametek (Paoli, PA,
USA) or a Glassy Carbon electrode obtained from
Ametek. In the cycling method for electropolymeriza-
tion, the potential applied to the working electrode was
cycled between 0.4 and 2.0 V eight times to obtain a
polymer film. For the other method, a constant potential
(which was varied during the trials) was applied to the
working electrode and then the electrode was doped at
�0.2 V for 3 min in the same solution.

For the pH study, all pH reading were taken on a
Corning pH Meter 440 (Woburn, MA, USA). The
phosphate buffer was constructed in deionized water by
dissolving fixed amounts of Na2HPO4 and NaH2PO4,
and the pH was adjusted to 7 using concentrated phos-
phoric acid and 0.1 M NaOH. The sulfate buffer was
simply a solution of 0.1 M sodium sulfate with the pH
adjusted to 7 using 0.1 M sulfuric acid and 0.1 M
NaOH. The pH 2 solution was 0.01 M sulfuric or
phosphoric acid. The pH 7 and 9 solutions were made
from the phosphate and sulfate buffers, and the pH was
adjusted with 0.1 M NaOH and either phosphoric of
sulfuric acid.

The AFM images were made of a freshly electropo-
lymerized P3MT, following the fixed potential method
described above, on a platinum disk of a modified wet
cell (TM Microscope, Santa Barbara, CA, USA).

Results and discussion

Optimization of polymerization

Polymerization of the 3-methylthiophene onto the sub-
strate electrode (Pt or GC) was achieved using two dif-
ferent methods. One was cycling the applied potential
and the other was applying a constant potential for a
fixed period of time. Preliminary results comparing the
polymer response by the two methods of electropoly-
merization showed a difference in the catechol redox
reversibility and sensitivity, indicating structural differ-
ences between the two polymers. Although there have
been studies on the optimization of polymerization
conditions for the constant potential methods [8], it was
deemed necessary to optimize each method for our own
purposes and compare the optimal conditions to each
other to see if the discrepancy in reversibility and sen-
sitivity still existed. For cycling, the factors varied were
number of cycles and potential range, and the overall
optimized conditions for this method were 8 cycles (at
scan rate of 0.05 V/s) in a 0.05 M monomer solution
between 0.4 and 2.0 V versus Ag|AgCl. The resulting

film had an estimated thickness of 4.5 lm with 0.5 lm
roughness from the AFM study. For the constant po-
tential method, the factors varied were polymerization
time, applied potential, and concentration of the
monomer solution. The overall optimized conditions for
the constant potential method are polymerization at
1.903 V for 30 s in a 0.05 M monomer solution.

To compare the performances of P3MT formed by
each of these methods of polymerization, cyclic vol-
tammograms of 0.004 M catechol in 0.01 M sulfuric
acid solution were carried out. When the data collected,
shown in Fig. 1, were compared, they were found to
have comparable reversibility, both showing a DE of
slightly less than 0.10 V. The polymer that was made by
cycling did exhibit enhancement in sensitivity over the
polymer that was made by constant potential. This dif-
ference in sensitivity between the two polymers could be
due to the number and to the accessibility of the active
sites available on the surface. It is possible that in the
cycling method, the strands of the P3MT produced are
layered on top of each other; leading to a better chance
for the generation of more active sites that are available
for electrolysis, this conclusion was manifested as an
increased current flow and sensitivity. A thinner film,
produced by less than 8 cycles, would not generate
maximum number of active sites while a thicker film,
more than 8 cycles, causes higher impedence for the
current flow. Further AFM investigation may shed more
light on the relative effect of the film thickness on this
property of the polymer.

Effect of active sites

The enhanced performance of the P3MT electrode over
the traditional ones for the analysis of phenolic mole-
cules is explained in terms of active site formation within
the polymer that will play a role as catalyst for the

Fig. 1 Cyclic voltammograms i–E of 1.0 mM catechol in 0.01 M
H2SO4 at P3MT films electrodeposited; by cycling curve no. 1, and
by poteniostatic method curve no. 2
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conversion reaction. Several experiments were carried
out in which the anodic current was measured with
varying concentrations of the analytes such as catechol.
A property of the ‘‘active sites’’, similar to that found in
enzymes, is that the sensitivity of the reaction aided by
the active sites does not increase as concentration in-
creases after a certain point. This is because there are
only a limited number of active sites, and once they are
all in use, an increase in concentration cannot improve
the performance. This is true for the case of the active
sites in the polymer. At high concentrations of catechol,
> 1.0·10�3 M, P3MT-modified electrode has shown a
significant departure from the linear behavior between
the current peak intensity and concentration of the
analyte. Figure 2 shows a calibration plot of the anodic
current measured for a range of catechol concentrations
(1.0·10�5 –1.0·10�2 M) on a polished glassy carbon and
P3MT electrodes. The leveling-off of the current has
shown on the P3MT above the one millimolar concen-
tration is a result of the active sites saturation that were
addressed above. Since the same GC electrode was used
as a substrate to deposit the P3MT in this study, the
surface area of the polymer can be approximated to the
glassy carbon’s area. The GC electrode showed a linear
response with current values on the same magnitude of
the theoretical ones. A theoretical current value for a
semi-infinite diffusion condition can be calculated using
the Cottrell equation. Assuming a value for the diffusion
coefficient of 10�6 cm2 s�1 would give a current around
3.00·10�6 A on an electrode area of 0.03 cm2 [9]. It
should be mentioned here that the alumina-polishing of
the GC surface is not considered to be the optimal
method for this purpose; however it is the common
method of surface preparation. Extensive work has been
carried out to investigate the effect of surface pretreat-
ments on the electron kinetics on GC electrode by the
McCreery research group. They showed that alumina
polishing pretreatment alone would leave a significant

part of the electrode surface covered with oxide.[21–23]
A typical DE value associated with catechol on the
polymer electrode was measured around 0.095 V and it
stayed the same through a concentration range of 10�5 –
10�2 M, whereas the observed DE value on the GC
electrode was a function of concentration ranging from
0.090 V to about 0.175 V within the same concentra-
tions. Also, from Fig. 2 (at lower concentrations 0.001
and 0.01 mM) it can be seen that current intensity
associated with the catechol reaction is enhanced sig-
nificantly over the glassy carbon electrode. At the lower
catechol concentrations (10�5 and 10�4 M) this sensi-
tivity enhancement was more evident since the contri-
bution of the ohmic current is minimal. In other set of
experiments where differential pulse voltammetry (DPV)
was used to scan 0.10 and 0.01 mM solutions of catechol
in 0.01 M sulfuric acid at the P3MT, GC, and Pt elec-
trodes, the P3MT electrodes showed an oxidation peak
for the analyte ca. 0.680 mV that was more intense than
the peaks produced by the other two electrodes (results
are not shown here). In previous reports the authors
have addressed the catechol’s behavior on the P3MT in
some detail with diffusion coefficient measurement,
other theoretical concepts, and the presence of active
sites by showing x-ray photoelectron spectroscopic evi-
dence of the sulfur heteroatom’s possible involvement in
these active sites. [9, 24].

Effect of pH and supporting electrolyte

The effects of the supporting electrolyte and the pH of
the solution on the electrocatalytic behavior of the
P3MT deposited on Pt or GC electrodes were deter-
mined by using sulfate and phosphate solutions at pH
values of 2, 7, and 9 and monitoring the results of CV of
4.0 mM catechol in these solutions. Changes in the
potential of the oxidation and reduction peaks (DE), the
anodic current intensity, and/or any loss of electroac-
tivity due to these changes were observed. Throughout
the trials, the substrate, whether it was the glassy carbon
or the platinum that was employed for the deposition of
P3MT did not have a significant effect on the catechol
CV. At pH 2, CV’s obtained on GC and Pt in phosphate
and sulfate were almost identical, signifying that at this
pH these supporting electrolytes do not have an effect on
the electroactivity of the polymer electrode. Each DE
was approximately 0.1 V. At pH 7, the CV’s done in a
phosphate buffer showed a shift in potential in the
negative direction. The oxidation peak occurred at
approximately 0.4 V and the reduction peak occurred at
approximately 0.26 V. Figure 3 shows the results ob-
tained in pH 7 using the GC substrate for the polymer
electrode in curve 1 (phosphate) and curve 2 (sulfate).
Curves 3 and 4 were obtained using a bare GC electrode
in the same solutions respectively. The electroactivities
of the glassy carbon electrode appears to be extremely
diminished at this pH. On a platinum substrate P3MT
electrode in sulfate buffer, pH 7 caused only a slight

Fig. 2 Calibration curves for catechol at bare glassy carbon (linear)
and at P3MT electrodes
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negative shift in the oxidation potential peak of the
catechol without any change to DE. On a bare platinum
electrode the change in pH of the electrolyte caused a
shift only in the reduction potential (ca. 90 mV) without
a significant change to the oxidation potential that re-
sulted in an increase in DE. Figure 4 compares the per-
formances of the polymer on both Pt and GC substrates
at pH 7 in both supporting electrolytes. At pH 9, the
potentials obtained from all electrode materials in either
supporting electrolyte solution were similar to those
obtained at pH 7. The only difference was that the
reaction became more sluggish and less reversible at
pH 9, as shown in Fig. 5. This behavior showed more
dramatically in the phosphate solution.

The shift in potential observed as the pH increases is
caused by several factors including the availability of the
protons that are involved in the catechol oxidation-
reduction reaction, and the form of the supporting
electrolyte. The form of the supporting electrolytes
(sulfate and phosphate) and the concentrations of the
protonated versus the deprotonated species have a great
impact on the makeup of the double layer and the
transport mechanism in the bulk solution. Since the
catechol-polymer reaction is diffusion controlled, based
on the linear dependence of the peak current on the
square-root of scan rate [9], the capacitance behavior of
the double layer has an effect on the potential of oxi-
dation and reduction. At the basic pH the reversibility of
the catechol redox reaction is severely limited due to the
lack of hydrogen ions which are reactants in the reduc-
tion reaction. At pH�2, most of the hydrogen sulfate
and all of the dihydrogen phosphate electrolytes exist in
the protonated form due to the greater concentration of
H+ ions in the solution. As the pH increases, these
species of the supporting electrolytes solution would
exist in the deprotonated form carrying negative char-
ges. The double layer involves more charged species at
higher pH values and the polymer itself does not appear
to be affected by the pH of the solution. In fact, it shows
much less dependency on pH than the traditional Pt and
GC electrodes. The traditional electrodes lost their
electroactivity as the pH of the solution increased, pos-
sibly due to adherence of the negatively charged elec-
trolytes to the positively charged electrode surface.
While the polymer did lose some electroactivity in
solutions with higher pH values, this loss was not nearly
as significant as that of the Pt and GC electrodes, and
overall the polymer retained most of its activity. This
effect was particularly striking on the glassy carbon
electrode, which by itself lost almost all activity, but
when coated with the polymer retained a good deal of

Fig. 3 Cyclic voltammograms i–E of 4.0 mM catechol at P3MT
buffer solutions at pH 7, curves 1 and 2 obtained in phosphate and
sulfate respectively, curves 3 and 4 obtained at GC electrode in
sulfate and phosphate, respecyively

Fig. 4 Cyclic voltammetries i–E of 4.0 mM catechol in buffer
solutions at pH 7 obtained at P3MT coated on GC and Pt
substrates, curves 1 & 2 in phosphate and curves 3 & 4 in sulfate

Fig. 5 Cyclic voltammetries i–E of 4.0 mM catechol in buffer
solutions at pH 9 obtained on P3MT coated on GC and Pt
substrates, curves 1 & 2 in phosphate and curves 3 & 4 in sulfate
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that activity. The only effect the pH seems to have is a
shift in the oxidation and reduction potentials when a
phosphate electrolyte is used. Again, this phenomenon
can be explained through the presence of the active sites.
The majority of the polymer surface is organic in nature
and would not carry charges like the platinum or the
glassy carbon would at a positive potential, and the
change in the thickness of the double layer is minimal
making the effect on the active sites of the P3MT is
much less severe than on the charged other surfaces at
the same potential. This finding presents a clear advan-
tage of the P3MT over the traditional electrodes for the
detection of catecholamine in neutral or basic solutions.

1,5-Anthraquinonedisulfonic acid

The use of 1,5-AQDS was another attempt to probe the
P3MT electrode’s behavior with a phenolic molecule
that is much larger than the catechol’s, and has the
ability to form hydrogen bonding. The electroactivity of
the P3MT electrode in a solution containing 1,5-AQDS
was limited to a nonreversible process with an oxidation
peak at ca. +200 mV. The CV obtained by a bare
platinum electrode in the same solution gave a reduction
peak around �0.16 V and an oxidation peak around
�0.44 V, both of which are well-defined. A CV of 1,5-
AQDS on Pt electrode when compared to a CV of 1,5-
AQDS on the polymer electrode would make it appears
similar to the one obtained from a blank solution.
Furthermore, it was found that when the same P3MT
electrode that was cycled in a 1,5-AQDS solution was
immediately used to detect catechol, the electrochemical
activity of the P3MT was significantly blocked even at a
very low concentration (1.0·10�5 M) of 1,5-AQDS. To
investigate this phenomenon, the potential of a fresh
polymer electrode was cycled in a 0.01 mM 1,5-AQDS
solution between �0.5 V and +0.6 V several times with
constant decreasing current density. The peak that was
found around 0.23 V was presumed to be the oxidation
peak for the analyte, its current intensity started to be-
come smaller with each successive cycle. This suggests
that the 1,5-AQDS was adsorbing to the polymer in a
way that appears to follow a nonreversible process. It is
possible that the 1,5-AQDS is covalently bonded to the
polymer through the sulfite (–SO3

�) part of the molecule
as recently described by Arslan Udum et al. [25]. To
determine the extent of the inhibition of 1,5-AQDS to
the active sites of the polymer electrode a fresh P3MT
electrode was used to obtain a catechol CV before cy-
cling it in a 0.01 mM 1,5-AQDS solution and one after
cycling it in the 1,5-AQS solution. Lower concentrations
of the 1,5-AQDS were also tested. The results are shown
in Fig. 6. The catechol CV obtained after cycling the
electrode in 1,5-AQDS solution resembles a background
CV. This apparent fouling of the P3MT active sites by
trace amounts of 1,5-AQDS is similar to what has been
found by using an active metal such as Mo, Ni, or
Fe.[24]. This finding suggests that the polymer’s

enhanced electrocatalysis toward catechol and similar
molecules is not applicable to all organic redox couples.

It is possible that the electron transfer reaction of the
1,5-AQDS on the P3MT electrode is taking place at
spots that are different than the ones usually involved in
the catechol or this activity involves the adsorbed 1,5-
AQDS molecules on the surface. The reaction of the 1,5-
AQDS on P3MT electrode follows a model that has
been described by He, et.al. for a GC electrode with the
difference being that it is not as efficient a process at the
P3MT [17]. Clearly the reaction of the 1,5-AQDS with
the ‘‘active sites’’ that have been proposed for the cate-
chol is permanent and nonreversible, the subsequent
inhibition of the catechol catalysis is further evidence for
that.

Atomic force microscope study

Images were taken of the bare platinum substrate, a dry
polymer electrode, and a wet polymer (which is the state
it would be in while detecting analytes). The dry polymer
images were taken in contact mode, in which the AFM
tip actually drags across the surface. The wet polymer
measurements were taken in non-contact mode, in which
the tip oscillates at a microscopic distance above the
surface and generates the image. Figures 7 and 8 are
AFM images showing some structural detail difference
between the dry and wet surfaces respectively. The re-
sults demonstrate a rod-like formation of the polymer
on the surface of the substrate. And as predicted earlier,
the wet polymer appears more swollen than the dry
polymer, which could make the ‘‘active sites’’ confor-
mation more accessible to the redox couple from solu-
tion. The wet film thickness was measured by this
method and found to be about 4.5 Mm. The AFM
images of the polymers obtained by the two methods of

Fig. 6 Cyclic voltammetry (CV) i–E of 4.0 mM catechol in 0.01 M
H2SO4 solutions at P3MT electrode, curve no. 1 before and curve
no. 2 after treatment with 1,5-AQDS
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electropolymerization described above have revealed
that the constant potential method would generate a
smaller number of sites of polymerization initiation
(polymer initiated on the substrate from which the
polymer coating can grow) than the method with cycling
technique. It has been proposed previously that the
polymer is initiated on the substrate surface and grown
in a rod-like form, causing what has been termed ‘‘edge
effect’’ [9].

The layered structure shown by the AFM could be a
key to understanding the involvement of the heteroatom
in the electrocatalysis process of the P3MT. It is possible
that the nonbonding electrons of the sulfur form an
intermediate complex with certain phenols such as cat-
echol while the polymer is in the reduced state (und-
oped). Based on these results, not every thiophene ring
gets involved in this complex formation that leads to
catalysis. Only such a confirmation of the layered
polymer may form an active site. Similar processes take
place in proteins and peptides containing sulfur atoms.

Conclusions

The electrocatalytical activities of poly-3-methylthioph-
ene electrode have been further investigated. Several new
evidences have been presented in support of the unique

structure of the polymer toward the electrocatalysis of
catechol and similar molecules. The term ‘‘hot spot’’ has
been coined for this uniqueness and it is believed to be
composed of some structural conformation involving
possibly more than one sulfur heteroatom that provide
the suitable environment for the electron transfer step
for this class of molecules. These sites are completely
deactivated when a molecule such as 1,5-AQDS binds to
them, a result that is similar to what has been seen for
the effect of transition elements. It is believed that the
sulfite groups on the 1,5-AQDS are responsible for this
phenomenon, because the polymer has previously
proved able to detect plain phenol molecules. The pH
sensitivity of P3MT appears to depend on the support-
ing electrolyte. This suggests that the mechanism of
P3MT does not depend on surface charge or movement
of charge along the polymer, but rather on the confir-
mation of its structure. In the sulfate supporting elec-
trolyte, the polymer demonstrated activity that was only
decreased by a small amount at basic pH’s. In the
phosphate electrolyte, the polymer still did not lose
activity at neutral and basic pH’s, but merely experi-
enced a shift in oxidation and reduction potential. This
shift is most likely due to the ionic form of the phos-
phate ions in the solution that depends on the pH, be-
cause it did not occur in the sulfate solution.
Furthermore, it appears that the P3MT polymer would

Fig. 8 A non-contact mode
AFM image of a wet P3MT
surface on Pt substrate

Fig. 7 A contact mode AFM
image of a dry P3MT surface
on Pt substrate
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not be suited for work as a pH detector, as other con-
ducting polymers are being considered for, because the
change in activity as pH increases is not significant. To
elucidate a detailed mechanism of the polymer activity,
further investigation needs to be carried out using vari-
ous other organic and inorganic molecules.

Acknowledgements The authors would like to extend their thanks to
Professor Steve Herbert of the Physics Department, Xavier Uni-
versity for his help with the collection and interpretation of the
AFM images.

References

1. Atta N, Ma YL, Petticrew K, Lunsford SK, Rubinson JF,
Zimmer H, Galal A, Mark HB Jr (1995) Bioelectrochem Bio-
energetics 38:229–245

2. Atta N, Galal A, Karagozler AE, Zimmer H, Rubinson JF,
Mark HB Jr (1990) J Chem Soc Chem Commun 1347–1349

3. Galal A, Atta N, Rubinson JF, Zimmer H, Mark HB Jr (1993)
Anal Lett 21:1361–1375

4. Atta N, Galal A, Karagozler AE, Russell GC, Zimmer H,
Mark HB Jr (1991) Biosens Biotech 6:333–341

5. Mark HB Jr, Atta N, Ma YL, Petticrew KL, Zimmer H, Shi Y,
Lunsford KL, Rubinson JF, Galal A (1995) Bioelectrochem
Bioenergetics 38:229–245

6. Zhang H, Galal A, Rubinson JF, Marawi I, Ridgway T,
Lunsford SK, Zimmer H, Mark HB Jr (1998) Electrochim Acta
43(23):3511–3524

7. Wang J, Li R (1989) Anal Chem 61:2809–2811
8. Zhang H, Lunsford SK, Marawi I, Rubinson JF, Mark HB Jr

(1997) J Electroanal Chem 424:101–111
9. Atta N, Marawi I, Petticrew KL, Zimmer H, Mark Jr HB,

Galal A (1996) J Electroanal Chem 408:47
10. Galal A, Atta N, Darwish SA, Abdallah AM (1997) Bull Chem

Soc Jpn 70:1769–1776
11. Li G, Kobmehl G, Zhang Y, Bhosale S, and Plieth W (2003)

Polym Bull 51:217–224
12. Asmus K (1979) Acct Chem Res 12:436–442
13. Strojek JW, Granger MC, Swain GM, Dallas T, Holtz MW

(1996) Anal Chem 68:2031–2037
14. Talaie A, Romagnoli JA (1996) Synthetic Metals 82:231–235
15. Talaie A (1997) Polymer 38(5):1145–1150
16. Nath A, Kanungo M, and Contractor AQ (2003) J Electroanal

Chem 557:119–125
17. He P, Crooks RM, Faulkner LM (1990) J Phys Chem 94:1135–

1141
18. McDermott MT, McCreery RL (1994) Langmuir 10:4307–4314
19. Bechtold T, Burtscher E, Turcanu A (1999) J Electroanal Chem

465:1:80–87
20. Prince RC, Gunner MR, Dutton PL (1982) In: Trumpower BI

(ed) Function in quinones in energy conserving systems. Aca-
demic, New York, pp 29–33

21. Fryling CP, McCreery MA, Richard L (1995) Anal Chem
67(18):3115–3122

22. Chen P, McCreery RL (1996) Anal Chem 68(22):3958–3965
23. DuVall, McCreery SH, Richard L (1999) Anal Chem

71(20):4594–4602
24. Marawi I, Khaskelis A, Galal A, Rubsinson JF, Popat RP,

Boerio FJ, Mark HB Jr (1997) J Electroanal Chem 434:61–68
25. Udum AY, Pekmez K, Yildiz A (2004) Eur Polym J 40:1057–

1062

404


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Fig1
	Sec10
	Fig2
	Fig3
	Fig4
	Fig5
	Sec11
	Sec12
	Fig6
	Sec13
	Fig8
	Fig7
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25

