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Abstract We describe electrochemical and microscopic
(SEM) studies on the electrochemical polymerization of
poly(o-methoxyaniline). The crystalline form of the
polymer was obtained. The poly(o-methoxyaniline)
crystals are formed on a membrane electrode from an
acidic solution of the monomer. It is suggested that the
pores of the membrane work as nuclear crystallization
points.
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Introduction

Conjugated polymers, in particular the more than a
century-old polyaniline (PANI) [1, 2, 3] and its
derivatives, have attracted significant attention thanks
to the straightforward methods of their preparation
(e.g. [4, 5, 6]) and the good stability of the conductive
form in aqueous solution [7, 8], as well as multiple
potential applications [9, 10]. Considering the large
number of papers devoted to research either on redox
processes or physicochemical properties and the poly-
merization mechanism of conducting polymers, there
have been relatively fewer studies on the morphology

and type of the crystalline form of the synthesized
polymers, even though it is known that polymer
properties are dependent on the crystalline structure
and morphology [11, 12, 13, 14, 15, 16, 17]. Two
forms of morphology are considered: globular and
fibrillar.

In the quest for improved performance, better pro-
cessable newer compounds of different crystallographic
structure have been synthesized. The modification of the
polymeric structure can produce materials with new
physical characteristics. The crystalline structures of
polyacetylene, polyethylene, and polythiophene have
already been observed and widely discussed ([16] and
references therein). The first observations of crystallinity
in some chemically grown polyaniline samples were re-
ported by Wang et al. [18] and Moon et al. [19]. The
different structural models, dependent on the oxidation
state and doping level, have been proposed on the basis
of X-ray studies [20, 21].

A report on the crystallinity of PANI samples
grown under electrochemical conditions has recently
been published [22]. It was observed by scanning
electron microscopy (SEM) and X-ray diffraction
techniques (XRD). The authors of the article [22]
attributed the catalytic activity of PANI to its crys-
talline form, pointing out that crystalline PANI is
more active towards certain reactions than amorphous
PANI. The thickness of the PANI crystalline layer
was reported to be about 0.08 lm.

In this paper we report the results of the electro-
chemical polymerization of o-methoxyaniline on mem-
brane electrodes. Currently, membrane electrodes are
widely used in electrochemistry because they work as a
template for different nano- and microstructure synthe-
ses. Generally, the processes taking place on the top of
the membrane during the electrosynthesis are not stud-
ied. Our studies were focused on the polymerization
process taking place on the top of a membrane. To
prove the presence and to characterize the polymeric
film, we have employed SEM and X-ray energy disper-
sive spectroscopy (EDS) techniques.
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Experimental

Electrodes

The working electrodes were made of Nucleopore track-etched
polycarbonate membranes (Whatman, USA). The backside of the
membrane (the one opposite to the solution) was covered with
platinum by the sputtering technique in order to secure an ohmic
contact. The membrane pore diameters were 100 nm and 400 nm.
The membrane electrodes were washed with acetone and then with
Millipore water before being placed in the electrochemical cell. For
comparison, a polished Pt disk was also used as a working elec-
trode in some experiments. The working surface of the Pt disk was
polished with alumina down to 1 lm. After polishing, the Pt
electrode was placed in an ultrasonic bath and washed with Mil-
lipore water to remove all polishing residues.

The counter electrodes were made of Pt/Pt gauze or wire and
the electrode potential was measured against an Ag/AgCl electrode
placed in saturated KCl solution.

Solutions

All solutions were prepared from Millipore-Q water. The sup-
porting electrolyte solution, 1 M HClO4, was prepared from con-
centrated reagent-grade perchloric acid and stored under an argon
atmosphere in a glass flask; the o-methoxyaniline monomer was
obtained from Aldrich and was distilled prior to use. The transfer
of the supporting electrolyte from the storage flask to the electro-
chemical cell was done under an argon atmosphere. All experi-
ments were carried out at ambient temperature, 22±2 �C.

Equipment and experimental procedures

A three-electrode cell was used in all experiments. The current–
voltage behavior was monitored with a programmed potentiostat
(EG&G 263A, USA).

The SEM images were taken with a LEO 435 VP microscope
(Germany). The device was working with a low sample current to
give the highest possible resolution and detailed structure imaging.
Under such conditions the effect of charge-up was diminished. The
chamber pressure was 10)6 Torr and pictures were registered for
7 keV or 15 keV electron beam energy to obtain the best quality
images. Before placing in a vacuum the samples were washed with
Millipore water and then dried.

Elemental analysis measurements were carried out with a
multichannel EDS device (Röntec, model M1, Germany).

Results and discussion

Electrochemical studies

The current–potential (i–E) dependences for a Pt disk
electrode over a wide potential range ()0.20 to 1.20 V,
solid line) and over a narrow one (0–1.0 V, dotted line),
as well as for a membrane electrode over the narrow
potential range (dashed line), placed in the supporting
electrolyte solution are shown in Fig. 1. The application
of a narrow scanning potential range for membrane
electrodes was necessary in order to avoid, on the one
hand, the splitting of the sputtered platinum layer from
the membrane because of hydrogen and oxygen evolu-
tion, and, on the other, in order to avoid electrochemical
degradation of the electrodeposited poly(o-methoxyani-
line) (POMA) layer [23].

The first, fourth and steady-state i–E curves regis-
tered for the Pt disk electrode and for the membrane
electrode after addition of the o-methoxyaniline mono-
mer to the electrochemical cell are shown in Fig. 2 and
Fig. 3, respectively. The steady state i–E curves were
reached after about 1 h cycling at a sweep rate of
50 mV s)1. The slight potential shift of the anodic and
cathodic peaks for the platinum disk electrode and
membrane electrode, especially for the steady-state
dependence, can be noted. We link these differences to
the different diffusion conditions comparing the Pt disk
electrode with the membrane electrode. The electro-
chemical results presented show that the polymerization
process takes place at the membrane electrode analo-

Fig. 1 Cyclic voltammograms of a Pt disk electrode over a wide
potential range (solid line) and over a narrow potential range for a
Pt disk electrode and a membrane electrode (dotted line and dashed
line, respectively) in 1 M HClO4 solution in the absence of
monomer in the bulk of solution. Sweep rate: 50 mV s)1

Fig. 2 Cyclic voltammograms of a Pt disk electrode and a
membrane electrode in 1 M HClO4 solution after addition of the
o-methoxyaniline monomer (c=0.03 M) to the bulk of solution.
The first and fourth curves are presented for the Pt electrode (solid
line and dashed lines, respectively) and for the membrane electrode
(dotted line and dashed-dotted line, respectively). Sweep rate:
50 mV s)1 and 5 mV s)1 for the membrane and Pt disk electrodes,
respectively
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gously to the polymerization process occurring at the Pt
electrode. It is worth noticing that the oxidation peak at
ca. 0.6 V, showing the oxidation of the benzoquinone
species formed in the hydrolysis process, is more distinct
at the membrane electrode (Fig. 2). The replacement of
the monomer-containing solution for the monomer-free
solution did not influence the shape of the steady-state i–
E dependences. From this observation it seems apparent
that under the studied conditions a stable layer of
POMA was attained. Obtaining a stable layer of poly-
meric deposit allowed safe transfer of the samples to the
microscopy vacuum chamber.

SEM and EDS studies

The membrane electrode surface after an electrochem-
ical experiment was carefully washed with Millipore
water, then dried and transferred into the microscope
vacuum chamber. Typical images registered for mem-
brane electrodes with 100 nm and 400 nm pore diam-
eter are shown in Fig. 4a and Fig. 4b, respectively. The
pores are easily distinguishable and their diameter is
about that specified by the producer. The whiter wafts,
which are in particular visible for membranes with
400 nm diameter pores, are the result of a local charge-
up effect occurring because of the low conductivity of
the membrane. Such an effect was not observed when
the membranes were covered with a thin gold layer,
which is the usual way to increase the conductivity of
SEM objects. The microscopic images presented were
taken for the membranes not covered with the gold
layer because we did not want to introduce into the
monitored system any species other than those
obtained in the electrochemical cell.

The morphology of the membrane electrode after the
polymerization process was shown in Fig. 5. In Fig. 5a a
large-area picture of a 100-nm pore diameter membrane
is presented. The surface consists of many easily distin-

guishable solid structures of different length, ranging
from ca. 0.2 lm to 2 lm. The shape of the observed
surface structures differs from that observed for poly-
mers deposited on metallic electrodes (e.g. [24, 25]).
Moving the microscope sample holder in the X and Y
directions proved that the surface polymeric structures
could be found at any part of the surface. To identify the
nature of monitored structures it is necessary to consider
their possible origin. They could be formed either in
some salt crystallization process, or during evaporation
of platinum on the backside of the membrane if Pt were
to come through the pores onto the working side of the
membrane. Then they could be formed from the poly-
mer during the electropolymerization process. The first
considered source of the surface structures (salt crys-
tallization) is the least likely to occur, firstly because the
polymerization process was carried out from an acidic
solution, and, secondly, because the membrane was
carefully washed with water before being placed in the
microscope chamber. The second source (platinum
evaporation) was excluded by EDS analysis, which did
not show the presence of platinum on the working sur-
face of the membrane. Similarly, EDS did not show the
presence of any metals which could be present in some
salts. Under such circumstances it is assumed that the
observed surface structures are made only of POMA.

The magnification of the discussed POMA struc-
tures is given in Fig. 5b. Under higher magnification
the crystalline-like structure of the polymeric structures
is easily recognized. The grain boundaries are easily

Fig. 3 Steady-state cyclic voltammograms of the Pt electrode and
the membrane electrode covered with POMA (solid line and dashed
line, respectively). Monomer concentration: 0.03 M in 1 M HClO4

solution. Sweep rate: 50 mV s)1

Fig. 4 SEM images of the membrane electrode surface:
A membrane with 100 nm pores; B membrane with 400 nm pores
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distinguishable and visible grain angles are equal to
57±6�, 91±4� and 141±9�. The crystallographic
structures determined by XRD for PANI crystals re-
ported in the literature differ from each other, e.g. for
PANI grown chemically the orthorhombic structure
was proposed [21], while for thin films of electro-
chemically grown PANI on a Ni electrode the rectan-
gular structure was proposed [22]. In the case of the
results presented in this paper, only a preliminary
structure determination can be suggested. This is be-
cause at the present stage of our studies the X-ray
diffraction and X-ray powder diffraction techniques
cannot be applied to crystallographic characterization
because of the too small dimensions of the grown
crystals and problems in distinguishing the POMA
signal from the membrane signal, respectively. On the
basis of the determined grain angles, an oblique

structure of the grown POMA crystals is the most
probable one.

The dimension of the crystallites depends on the
pore diameter. The crystals grown on the 400 nm pore
diameter membrane electrode were found to be up to
10 lm long (Fig. 5c). A preliminary analysis of the
results presented in Fig. 5b suggests that the surface
structures start to grow at the membrane pores (cf.
pointing arrows in Fig. 5b). Hence, it can be assumed
that pores, as the surface discontinuity, work as crys-
tallization nuclei. Our observations indicate that the
dimensions of the polymeric crystallites are both pore
diameter and time dependent. These observation indi-
cate that the growing of larger crystals than presented
in this paper can be achievable; consequently the
application of the XRD technique for crystallographic
structure determination should also be possible in
future.

The images shown in Fig. 5b and Fig. 5c demonstrate
that the polymer blocks only part of the pores. The still
visible pores are of smaller diameter than those observed
before the polymerization process was carried out (cf.
Fig. 4a, b and Fig. 5b, c). It is proposed that the
diminishing of the pore diameter results from the growth
of polymeric tubules along the pore walls.

Conclusions

Membrane electrodes are generally used as a matrix for
polymeric tubule synthesis. Studies of the membrane
surface after the electropolymerization process have
shown that they can also be used for the electrochemical
growth of the crystalline form of POMA. Furthermore,
the dimensions of synthesized crystallites depend on the
membrane pore diameter.
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