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The composite of polypyrrole and mesoporous silica MCM-48, polypyrrole@MCM-48, was prepared. The silica nanopores were
impregnated with dichloromethane solution of pyrrole by the capillary effect, and then monomer was polymerized inside the silica pores.
The polymer was deposited on the walls of mesopores. Therefore, mesoporous structure was preserved in the composite. The structural
features and physical properties of the composite were investigated by scanning and transmission electron microscopy, IR spectroscopy,
thermogravimetry, and nitrogen adsorption/desorption. The polymer was extracted from the composite in form of long wires. The
electrochemical properties of polypyrrole@MCM-48 composite and polypyrrole extracted from the composite were investigated. Both
materials show stable electrochemical activity at positive potentials due to the polypyrrole oxidation. The electrochemical response of
these polypyrrole wires is improved in comparison to the electrochemical behavior of polypyrrole incorporated into MCM-48 matrix.
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n-Conjugated polymers such as polypyrrole, polyaniline,
polythiophene, and their derivatives have attracted consi-
derable attention as electronic conductors. They exhibit
unique properties, such as good electrical conductivity, as
well as relatively good electrochemical and mechanical
stability and catalytic activity. Various facile preparation
methods have been reported to fabricate these macro-
molecular systems. Recent advances in the field of
conducting polymers have focused on the formation of
these materials at the nanolevel. The control of the size and
morphology of such nanoparticles is very important for
their practical potential application. Polymeric nano-
particles are very often incorporated into other materials to
form composites.

Mesoporous silica molecular sieves can be used as a
component of these composites."” Their pores are suffi-
ciently large to allow fast diffusion of bulk molecules from
the solution or from the gas phase. Mesoporous materials
with monomers accommodated into the pores can serve as
precursors for the polymerization process and composite
formation. In the porous silica templates, tubular or fibrous
conducting polymers are formed in the pores. Each pore in
the template acts as a tiny reaction vessel of a precise
diameter and length. The pores and channels of the
mesoporous materials provide extensive control over the
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structure and size of the incorporated polymers and over
the polymer-silica interaction.”

Mesoporous silicas MCM-48 and MCM-41 have
attracted considerable attention for use as a host for
polymeric particles because of their large surface area,
ordered pore structure architecture, and narrow pore size
distribution. The cubic MCM-48 contains two three-
dimensional interwoven systems in a mirror-plane position
relative to each other. MCM-41 exhibits a one-dimensional
hexagonal bisectional pore system.” Recently, new
procedures for forming MCM-48 small particles have been
reported.* > These procedures are based on modified
Stober's synthesis of non-porous silica spheres."

Conducting nanotubes or fibre polymers were prepared
by in situ polymerization in silica particles using organic
dopants. Most researchers have concentrated on meso-
porous silica-supported nanocomposites containing poly-
aniline as a guest material.'"** Procedures for preparing
mesoporous silica SBA-15 and polyaniline composites
have been developed.'*'° Silica was impregnated with the
aniline monomer from the gas phase and then chemically
oxidized to prepare the polyaniline@SBA-15 composite.'
Mesoporous silica SBA-15 functionalized with n-propyl-
aniline was used for in sifu graft oxidative polymerization
of aniline.” The polyaniline-grafted nanocomposite



Chemistry of Heterocyclic Compounds 2017, 53(1), 78-86

material exhibited higher conductivity in comparison to
non-grafted polyaniline/SBA-15 composite. A water
impregnation method based on the electrostatic interaction
between negatively charged mesopores and positive
anilinium ions has been also proposed.'® The gas-phase
synthesis was used for the preparation of poly-
aniline@MCM-41 composites.'”'® Polyaniline was depo-
sited in the channels of silica to form 1D polymeric wires.
These nanocomposite particles were adopted as a dispersed
phase in electrorheological fluids.'”"® Incorporation of
polyaniline into 3D interconnected mesopores of silica
KIT-6 via gas-phase method has been also performed."”
Formed composite exhibits relatively good conductivity
and can be used to monitor relative humidity of the
environment. Silica mesoporous particles, MCM-41*' and
MCM-48,% were also used as components of composites in
which polymeric material was deposited both on the
surface of the silica particles and in the mesopores.

Mesoporous silica MCM-41 was used as host for self-
assembly of monomer molecules inside the pores prior to
polymerization into tubular poly(diphenylamine).” A confi-
nement effect induced by mesoporous host MCM-41 on the
electronic properties of nanotubular poly(diphenylamine)
was reported. Poly(vinylacetate) was incorporated into the
pores of MCM-48 and the structure of this composite was
investigated.® In this case, the hydrophobic nature of the
surface of the silica nanoparticles was increased by
silylation with —Si(CH3); groups prior to polymerization.
Poly[2,6-(4-phenylquinoline)] and other m-conjugated
block polymers were incorporated into pores of silica from
the liquid phase by capillary effect.’® The size of pores
determines the degree of aggregation of polymer chains
within the pores. Polydiacetylene microsticks were formed
in ordered hexagonal channels of silica from micellar
structures of surfactant incorporated into the silica pores.”
The MCM-41 functionalized with Cu(Il) was used for
oxidative polymerization of 1,4-diethynylbenzene into
linearly aligned and highly conjugated polymer within the
channels of silica.® Ni(Il)-catalyzed polymerization of
alkenes inside the silicate channels of MCM-41 affords
polyyne@silica composite.*’

Polypyrrole is one of the most promising conducting
polymer because of its high conductivity, thermal, electro-
chemical, and environmental stabilities. A number of
methods for preparation of this polymer have been reported
in recent years, including electrochemical polymerization,™ >
chemical polymerization,”* and UV-induced polyme-
rization.* These synthetic procedures are mainly focused
on the formation of nanostructured polypyrrole materials.
A simple and environmentally friendly, one-step oxidative
polymerization method of fabrication of polypyrrole with
fixed size and morphology using H,O, as an oxidant was
developed by Ramanavicius and coworkers.>**> Nanostruc-
tured conductive polypyrrole hydrogel was also formed
using an interfacial polymerization method.”® Such material
exhibits good mechanical properties and excellent capa-
citance performance due to the three-dimensional porous
nanostructure. The interfacial chemical polymerization at
the interface of cyclohexane and water results in formation
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of highly-conducting and transparent polypyrrole sheets
with a thickness ranging from nanometers to submicrons.*
It was also reported that the nature of oxidant influences
significantly structure, morphology, and electrochemical
properties of chemically synthesized polypyrrole.*' Electro-
chemical quartz crystal microbalance technique was used
to evaluate mechanism of polypyrrole electropolymeriza-
tion under pulse voltammetry conditions.”® In general,
electrochemically formed polypyrrole exhibits good capa-
citance properties and can be applied for construction of
charge storage devices.” >’

Composites of polypyrrole and mesoporous silica
particles were produced.**** These studies were focused on
the formation of 1D polymeric nanofibers within the
ordered hexagonal arrays of silica MCM-41. Li and
coworkers*** obtained polypyrrole@MCM-41 composite
by pyrrole vapor sorption within the pores followed by
oxidative polymerization of the monomer. The same
procedure was used for the formation of the poly-
pyrrole@SBA-15 composites.”® The rheological and
dielectric properties of polypyrrole encapsulated in the
pores of MCM-41 and SBA-15 are reflected in the
increased interfacial polarizability of mesoporous silicate
material and a higher electrorheological effect.**” A sol-
gel-based MCM-41 template polymerization of a pyrrole-
containing diacetylic surfactant monomer succeeded in the
formation of composites with a dense filling of silicate
channels with the polymer.***’ Removing of silica from the
composite results in the formation of long polymeric
wires.* An interesting approach of polypyrrole deposition
in the pores and on the surface of mesoporous silica was
proposed by Choi and coworkers.”® This method is based
on the in situ generation of the NO" ions at the silica
surface. The NO' ions selectively polymerize pyrrole on
the silica surface to form uniform polymeric layer.
Mesoporous silica nanoparticles were also incorporated
into polypyrrole film under electrochemical conditions.”’

This paper reports on the formation of a nanocomposite
based on the MCM-48 silica and polypyrrole. The MCM-48
was chosen for these studies because of its special pore
system providing effective mass transport,” particularly
important in the electrochemical measurements. The
synthesis was carried out in the liquid phase. The main goal
of this study was to obtain a composite while preserving
the mesoporous structure and depositing the polymer on
the walls of the MCM-48 pores. The structure of the
polypyrrole@MCM-48  composite was investigated.
Special attention was paid to the electrochemical properties
of the composite. Another goal of this study was to extract
pure polymer wires from the composite and investigate
their electrochemical properties.

Composites of MCM-48 and polypyrrole incorpo-
rated into pores of silica. The mesoporous silica MCM-48
was synthesized according to the procedure proposed by
Schumacher et al.® The morphology of the synthesized
material is shown in Figure 1a. The material takes the form
of spherical particles, 400-800 nm in diameter. The size
distribution of mesoporous MCM-48 particles is shown in
the inset in Figure la. Transmission electron micrographs
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Figure 1. SEM (left panels) and TEM (right panels) images of
a) MCM-48 and b) polypyrrole@MCM-48 composite. Inset in the
SEM image of panel a shows size distribution of MCM-48 spheri-
cal particles.

provide visualization of the pore structure on the MCM-48
particle surface. The regular pore structure with pore
diameter of about 3 nm is observed. The transmission
Fourier transform infrared (FTIR) spectrum of MCM-48 is
presented in Figure 2a. The strong band at 1090 cm™
is related to the asymmetrical stretching vibrations of the
Si—O-Si bonds. The signal at 802 cm ™' can be attributed to
the symmetric stretching of the Si—~O-Si bond. The signal
related to the Si-O-Si bending mood is observed at 464 cm .
The band at about 1630 cm ' is assigned to O—H bending
vibrations of water molecules adsorbed at the silica
surface.”

Polypyrrole was deposited in the mesopores of the
MCM-48 host by pyrrole wetting due to the capillary effect
followed by chemical polymerization. The color of the
silica changes from white for pure MCM-48 to beige for
the composite. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the
MCM-48 particles with the incorporated polypyrrole,
polypyrrole@MCM-48, are shown in Figure 1b. Virtually
no difference in the particle surface morphology of the pure
MCM-48 host and polypyrrole@MCM-48 composite mate-
rial was observed, which can serve as evidence of poly-
pyrrole confinement within the MCM-48 channels, rather
than surface adsorption and subsequent growth of the
polymer. The regular pore structure is still visible.
However, the morphology of walls of these pores differs
from that observed for unmodified MCM-48. They exhibit
much more irregular shape.

In Figures 2b,c, the IR spectra of polypyrrole and
polypyrrole@MCM-48 in KBr are presented, respectively.
In the case of pure polypyrrole, the characteristic bands of

80

Transmitance, %

100 E 9

20 F
1092

A 1472
1549

f

1044

921
1000

0
2000

800 600 400
Wave number, cm™’
Figure 2. FTIR spectra of a) MCM-48, b) chemically prepared
polypyrrole, ¢) polypyrrole@MCM-48 composite, and d) poly-
pyrrole extracted from the pores of MCM-48 in KBr pallets.
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the polymer are consistent with those reported previously.” >

The bands at around 1544 and 1470 cm ™' can be assigned to
the pyrrole ring fundamental vibrations. The bands that are
observed in the 1000-1400 cm ™' range are very complex.
The bands at around 1040 cm™ correspond mostly to C—H
in-plane bending and ring deformation. The broad band at
about 910 cm ' corresponds to the C—H and N—H ring out-of-
plane bending. In the wave number range around 790 cm ™',
the bands responsible for the complex C=C stretch, C—C in-
ring stretch, C—N stretch, C—C inter-ring stretch, C-N-C
deformation, as well as C-H and N-H in-plane bending are
observed. In the polypyrrole@MCM-48, the amount of
polymer is relatively low. Therefore, the IR spectra of the
polypyrrole@MCM-48 composite (Figure 2c) are predo-
minated by the signals corresponding to the host silica. The
bands related to polypyrrole are hidden in the large signal
of MCM-48. To overcome these problems, the diffuse
reflectance infrared Fourier transform (DRIFT) spectra of the
chemically formed polypyrrole and polypyrrole@MCM-48
deposited on the surface of the SiC crystal were recorded.
The relevant data are shown in Figure 3. In the wave
number range below 1250 cm ™, the spectrum is dominated
by the large bands corresponding to the MCM-48 and SiC
crystals. However, the bands for wave numbers higher than
1300 cm ™' indicate the presence of polypyrrole within the
pores of MCM-48. These signals are much less intense
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Figure 3. DRIFT spectra of a) MCM-48 and b) polypyr-
role@MCM-48 composite with polypyrrole deposited at the sur-
face of SiC crystal.
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than the bands of silica because of the presence of smaller
amount of polypyrrole in the composite. The band assigned
to the pyrrole ring fundamental vibrations is observed at
around 1460 cm'. The absorption at 1607 cm™
corresponds probably to the C=C ring stretching of
pyrrole.”> There is also number of bands related to
polypyrrole presence in the wave number range from 1300
to 1400 cm™' which are not observed for the pure MCM-48.

Figure 4 shows the results of a temperature gravimetric
analysis (TGA) of the polypyrrole, MCM-48, and poly-
pyrrole@MCM-48 samples. The silica particles are stable
within the studied temperature range. Therefore, the
residual weight percentage of the polypyrrole@MCM-48
sample refers to the weight percentage content of the silica
in the composite. The thermal behavior of polypyrrole
exhibits three weight-loss steps. The first weight loss below
100°C can be attributed to the loss of water. A slow
decrease in the mass over the temperature range 100-250°C
is related to the departure of the anionic dopant from the
polymeric material. Polypyrrole is formed in its oxidized
form and it is doped with Cl" anions during the synthesis.
The third weight loss, starting at around 250°C, is assigned
to the decomposition of the polymeric material. The
thermal stability of polypyrrole in the composite is higher
than that of the pure polymeric material. The decompo-
sition temperature of polypyrrole incorporated into the
pores of MCM-48 is about 50°C higher than that of pure
polypyrrole. The results of the TGA measurements enable
the estimation of the polypyrrole amount present in the
polypyrrole@MCM-48 composite. The mass loss at tempe-
ratures higher than 250°C, corresponding to the polymer
decomposition, shows that the amount of polypyrrole
within the composite does not exceed 5%.
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Figure 4. TGA curves of @) MCM-48 (curve I), pure chemically
synthesized polypyrrole (curve 2), and b) polypyrrole@MCM-48
composite.
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The polymer product confined within the channels of the
host silica was also confirmed by nitrogen sorption
measurement. The N, adsorption-desorption isotherms and
pore size distribution curves of the host MCM-48 and
polypyrrole@MCM-48 composite are shown in Figure 5.
The structural properties of these materials, obtained by
nitrogen sorption measurements, are summarised in Table 1.
Both samples show isotherms of type IV, suggesting that
filling the MCM-48 pores with polypyrrole does not
destroy the mesoporous structure of the host material. The
incorporation of polypyrrole into the pores of MCM-48
results in a slight decrease in the average pore diameter
from 3.1 nm for pure MCM-48 to 2.7 nm for the
polypyrrole@MCM-48 composite. It has to be also noted a
satisfactory agreement between the MCM-48 pore size
obtained from nitrogen adsorption isotherm and from TEM

Table 1. Morphological parameters of the MCM-48 and
polypyrrole@MCM-48 composite obtained by the nitrogen
adsorption/desorption measurements

. BET surface, Pore volume, Average pore
Material 2. 1 3,1 .
m-g cm’g diameter, nm
MCM-48 1520 0.74 3.1
Polypyrrole@MCM-48 1270 0.70 2.7
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Figure 5. a) Nitrogen adsorption (black) / desorption (red) iso-
therms and b) pore size distribution for MCM-48 (curve /) and
polypyrrole@ MCM-48 (curve 2) composite.

images. These changes in the pore diameters correspond to
changes in the pore volume from 0.74 to 0.70 cm’-g ',
respectively. Such small changes, both in the pore size and
pore volume, indicate the partial filling of the MCM-48
pores with the polymer. A significant decrease in the BET
specific surface area from 1520 to 1270 m* g™ was also
observed after the incorporation of polypyrrole into the
pores of MCM-48. Reductions in average pore diameter,
pore volume, and surface area have been reported
elsewhere after the incorporation of conducting polymers
into particles of mesoporous silica.>'*'*2* However,
changes of these parameters after polymer incorporation
into the silica particles were much higher in comparison to
values reported in this paper. In these composite materials,
pores of the silica were almost completely filled with the
dense polymeric phase.**’ Relatively small changes in the
parameters listed in Table 1 for pure MCM-48 and the
polypyrrole@MCM-48 composite indicate that the
polymer is deposited at the surface of the silica pores rather
than throughout the pores. Therefore, the mesoporous
structure is preserved in the formed composite. The
structure of the polypyrrole@MCM-48 composite is
schematically presented in Figure 6.
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Figure 6. Schematic representation of a) the MCM-48 surface

and b) MCM-48 surface with the pores filling with polypyrrole.

Polypyrrole extracted from the pores of MCM-48. In
the next phase of the study, polypyrrole particles were
extracted from the polypyrrole@MCM-48 composite. The
composite was placed in a 2 M aqueous solution of NaOH
for 10 min at 60°C. Under these conditions, the silica is
dissolved.

The structure of polypyrrole extracted from the pores of
silica MCM-48 was examined with SEM and TEM. The
relevant data are shown in Figure 7. The images presented
in this Figure clearly provide evidence for the nanotubular
morphology of polypyrrole. The diameter of the long
polypyrrole whiskers (around 1 nm) is lower in comparison
with the diameter of the MCM-48 pores. The length of
these polymeric nanowires ranges from 50 to 150 nm. The
polypyrrole whiskers are aggregated into spherical
structures (Fig. 7a), which resemble the shape, size, and
mesoporous morphology of host MCM-48. However, they
are very irregular and distorted due to the multiple washing
and filtration steps. Further disintegration of these struc-
tures with high-energy ultrasound in aqueous suspension
results in the formation of bundles of polypyrrole in which
polypyrrole whiskers aggregate in parallel to each other
after the removal of the solvent. The results of X-ray
fluorescence spectroscopy (EDX) elemental analysis of
polypyrrole extracted from the pores of MCM-48 show
only signals corresponding to the carbon, nitrogen, and
chlorine. These results indicate that silica MCM-48 was
completely removed from the composite.

The FTIR spectra of polypyrrole nanowires (Fig. 2d) are
very similar to the spectrum recorded for chemically
polymerized pyrrole. This spectrum also shows that the
MCM-48 silica host was completely removed from the

Figure 7. a) SEM and b) TEM images of polypyrrole extracted
from the polypyrrole@MCM-48 composite.
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composite. In the spectrum of the polypyrrole removed
from the MCM-48 matrix, bands at around 1549 and
1472 cm™', assigned to the pyrrole ring fundamental vibra-
tions, are observed. The bands at 1044 cm™', corresponding
to C—H in-plane bending and ring deformation, as well as
band at around 920 cm ', related to the C—H and N—H ring
out-of-plane bending, are also observed. There is also a
broad band at 793 cm™' which is also present in the
spectrum of pure pyrrole.

Electrochemical properties of polypyrrole@MCM-48
composite and polypyrrole extracted from composite.
A large portion of the study focused on the electrochemical
properties of the polypyrrole@MCM-48 composite and
polypyrrole nanowires obtained after the host MCM-48
dissolution. The electrochemical properties of the poly-
pyrrole depend on many factors such as the conditions of
polymerization, dopant nature, morphology of the poly-
meric particles, and structure of polymeric film deposited
at the electrode surface.”®' In Figure 8, the voltammetric
behavior of a thin film of chemically produced polypyrrole
and polypyrrole@MCM-48 composite are compared. In
both cases, the material deposited at the electrode surface is
electrochemically active at positive potentials due to poly-
pyrrole oxidation. The Faradaic process is accompanied by
anion transport from the solution to the solid phase. The
pure, chemically produced polypyrrole exhibits very low
electrochemical reversibility. A large capacitance current is
observed on the voltammograms. The Faradaic currents of
the polypyrrole oxidation (peak O;) and reduction (peak
R,) are very low and overlap the capacitance current. This
is typical of the behavior observed in aqueous solutions of
chemically formed polypyrrole.®*%

Significant changes in the polymer redox processes were
observed for the polypyrrole@MCM-48 composite com-
pared to the pure polymer. In the composite, the poly-
pyrrole oxidation potential shifts toward less negative
potentials by about 100 mV. Peaks related to the oxidation
and reduction of the polymeric phase are more pronounced,
relative to those of the pure polymer. It is also observed
that, within the potential range of the polypyrrole oxidation
current, separated peaks are observed (indicated by arrows
in Fig. 8b). The oxidation of polypyrrole occurs in the
pores of the MCM-48 particles. The different sizes of the
pores and different degree of filling of these pores with
polypyrrole are responsible for the observation of multiple
peaks in the potential range of polypyrrole oxidation. For a
sweep rate range of 10-100 mV-s ', a linear relationship
between the polypyrrole oxidation peak current and the
sweep rate is observed, indicating the electrode processes
involving surface-confined electroactive materials.

The voltammetric behavior of the polypyrrole extracted
from the pores of silica MCM-48 is presented in Fig. 9.
A very significant improvement in the electrochemical
reversibility of this material, in comparison to the electrode
processes of the chemically produced polypyrrole and
polypyrrole@MCM-48 composite, is observed. The
potential separation between the polymer oxidation and
reduction processes also decreases. The dependence of the
voltammetric behavior on the sweep rate was also
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Figure 8. Cyclic voltammograms recorded for Au electrode
(diameter 1.5 mm) covered with a) chemically synthesized
polypyrrole and b) polypyrrole@MCM-48 composite in water
containing 0.1 M NaCl. The sweep rate was 10 mV-s™ (curve 1),
25 mV-s™ (curve 2), 50 mV-s™ (curve 3), 100 mV-s™ (curve 4).
The inset in panel b shows dependence of the polypyrrole oxida-
tion peak current on the sweep rate.
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Figure 9. Cyclic voltammograms recorded for Au electrode
(diameter 1.5 mm) covered with polypyrrole whiskers extracted
from the polypyrrole@MCM-48 composite in water containing
0.1 M NaCl. The sweep rate was 10 mV-s* (curve /), 25 mV-s
(curve 2), 50 mV-s ' (curve 3), 100 mV-s™' (curve 4). The inset
shows dependence of the Faradaic component and total polypyr-
role oxidation peak current on the sweep rate.
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investigated for the electrode coated with a film of poly-
pyrrole wires. Both the Faradaic and capacitance compo-
nents of the polypyrrole oxidation process are linearly
dependent on the sweep rate, in the same way as the
behavior observed for an electrode coated with the
polypyrrole@MCM-48 composite. The improvement in the
electrochemical properties of the polypyrrole wires,
particularly in comparison with the voltammetric behavior
of chemically produced bulk materials (Fig. 8a), is related
to the structure of the polypyrrole particles. Film formed
from long and thin needles of polypyrrole is more porous.
The real surface of such material is also very large. These
two factors are responsible for the observed improvement
in the electrochemical properties of polypyrrole extracted
from the pores of silica MCM-48.

A composite consisting of mesoporous silica MCM-48
and conductive polypyrrole confined within the channels of
MCM-48 was synthesized by wet impregnation of the host
material with a solution containing pyrrole, followed by
chemical polymerization within the pores. The insertion of
polypyrrole was confirmed by the N, adsorption measure-
ments, IR spectroscopy, and thermogravimetry. The
amount of polymer deposited on the silica was relatively
low, at about 5%. The polypyrrole was deposited inside the
pores on their walls. Therefore, the mesoporous structure of
the host material was preserved. Polypyrrole was
frequently used for inorganic, organic, and biologically
active compounds sensing.**"® Composite of polypyrrole
and MCM-48 can be also used for sensor construction. The
significant enhancement of analytical signal should be
expected because of high surface area of polypyrrole
deposited inside of MCM-48 pores.

The polypyrrole can be removed from the MCM-48
matrix by silica dissolution in an aqueous solution of NaOH.
The polypyrrole forms spherical structures consisting of
thin and long whiskers of the polymer. Both the whiskers
of polypyrrole and polypyrrole incorporated into the pores
of MCM-48 exhibit electrochemical activity due to polymer
oxidation and the doping of the solid phase with anions
from the solution. The electrochemical response of the
polypyrrole extracted from the composite is superior to that
of chemically synthesized bulk material and the polymer
incorporated into a silica matrix. Such an improvement in
the electrochemical properties of polypyrrole is particularly
important for further practical application of this polymer
in charge-storage and energy-conversion devices.

Experimental

Chemicals. The supporting electrolyte NaCl was used
as received from Aldrich Chemical Co. Pyrrole and FeCls
were used as received from Aldrich Inc. The n-hexa-
decyltrimethylammonium bromide template, tetraethyl
orthosilicate, aqueous ammonia, and ethanol were used as
received from Aldrich Chemical Co. These were used for
the synthesis of MCM-48 spheres. Pure deionized water
with a resistivity of 18.2 MQ-cm was obtained from a
Milli-Q/Millipore system.

Instrumentation. Voltammetric experiments were per-
formed using a potentiostat/galvanostat Model 283 (EG&G
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Instruments) with a three-electrode cell. An AUTOLAB
system was controlled with the GPES 4.9 software of the
same manufacturer. A gold disc with a diameter of 1.5 mm
(Bioanalytical Systems, Inc.) was used as the working
electrode. Prior to the start of the experiment, the electrode
was polished with a fine carborundum paper and then with
a 0.5-pm alumina slurry. Subsequently, the electrode was
sonicated in water to remove traces of alumina from the
gold surface, washed with water, and then dried. An
Ag/AgCl-saturated KCl electrode was used as the reference
electrode. The reference electrode was separated from the
working electrode by a ceramic tip (Bioanalytical Systems
Inc.). The counter electrode was a platinum tab with an
area of about 0.5 cm”.

The morphology of the obtained materials was
secondary-electron imaged using an Inspect S50 scanning-
electron microscope (FEI Company, Hillsboro, Oregon,
USA). The accelerating voltage of the electron beam was
either 20 or 25 keV and the average working distance was
10 mm. TEM images were obtained using a Tecnai G* 20
X-TWIN microscope (FEI Company, Hillsboro, Oregon,
USA) with an LaB6 emitter and an HAADF detector
operating at 120/200 kV. For energy dispersive X-ray
fluorescence measurements, an EDX instrument and
software of Ametek (Berwyn, Pennsylvania, USA) were
used. This software facilitates standardless quantification
of atomic weight and atomic percentage. The accelerating
voltage for the electron beam was 20 keV, and the working
distance was 10 mm. The FT-IR spectra were recorded
using a Magna IR 550 Series II spectrometer with a
spectral resolution of 4 cm ™.

Thermogravimetric analysis (TGA) was performed
using a Mettler Toledo Star TGA/DSC system. Nitrogen
was used as the purge gas (0.1 dm’ min). Samples
weighing 2 mg were placed in aluminum pans and heated
from 50 to 1000°C at a heating rate of 10°C min .
Nitrogen adsorption/desorption isotherms were recorded at
77.15 K with a Micrometrics ASAP 2020 automatic
sorption analyzer.

Synthesis procedures. MCM-48 was produced according
to procedure proposed by Schumacher et al.® A template,
n-hexadecyltrimethylammonium bromide, was dissolved in
a H,O-EtOH mixture. Aqueous ammonia was added to the
surfactant solution. The solution was then stirred for 10 min.
Next, tetraethoxysilane was added. The molar composition
of the gel was 1 mol tetraethoxysilane / 12.5 mol NH; /
54 mol EtOH / 0.4 mol template / 174 mol H,O. After 2 h
of stirring at room temperature, the formed solid was
filtrated, washed with distilled water, and then dried in air.
The template was removed by calcination at 550°C for 6 h.

To obtain the polypyrrole@MCM-48 composite, silica
particles were placed in 1,2-dichloromethane containing
1 mol-dm™ pyrrole for 2 h. Next, MCM-48 particles with
incorporated polypyrrole were filtered and washed in water
a few times to remove the pyrrole from the MCM-48
particle surface. Pyrrole accumulated in the pores of the
MCM-48 was polymerized in an aqueous solution con-
taining FeCl; for 2 h. The mass ratio of FeCl; to MCM-48
was 13:1. The formed polypyrrole@MCM-48 composite
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was filtered, washed with water, and then dried at 50°C
in air.

To extract the polypyrrole wires from the poly-
pyrrole@MCM-48 composite, silica particles with poly-
pyrrole filling the pores were placed in 2 M aqueous
solution of NaOH at 60°C for 10 min. Under these
conditions, the silica was dissolved. The remaining
polypyrrole was filtered and washed with water a few
times. This procedure was repeated four times. Finally, the
polypyrrole extracted from the composite was dried at 80°C
for 12 h under a nitrogen atmosphere.

Electrochemical measurements. In the electrochemical
measurements, the synthesized materials were deposited at
the electrode surface by a drop-coating method. A certain
amount of composite material was dispersed in dichloro-
methane by sonication. The amount of the composite
dispersed in the dichloromethane varied, depending on the
desired thickness of the solid layer. Typically, a 5 pl drop
of solution was applied to the electrode surface and heated
to dry it before the addition of subsequent drops to form a
coat of the desired thickness. The thickness of the film
deposited at the surface of the gold electrode was
determined with scanning electron microscopy.

The electrochemical properties of the composite film
were studied in water containing only the supporting
electrolyte. In this case, the electrode covered with the film
was rinsed several times with dichloromethane and water,
and then placed in a solution containing the supporting
electrolyte. The modified electrode was allowed to equili-
brate for 10 min while degassing with argon in a fresh solu-
tion before electrochemical measurements were performed.

The authors thank Dr. Alina Dubis for her assistance with
the IR measurements and Olena Mykhailiv for her assistance
with the nitrogen adsorption/desorption analysis.
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