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Polypyrrole (PPy) with four different counterions was electrochemically synthesized in
homemade polycarbonate particle track-etched membranes with different pore sizes. A
dependence of the PPy growing rate on the pore size and on the electrolyte nature and
concentration has been observed. The morphology of the different template-synthesized
nanostructures has been carefully analyzed by field-emission scanning electron microscopy.
In all cases, nanotubules were observed. However, their thickness depends on the pore
diameter of the template membrane and on the nature of the supporting electrolyte. The
electrical conductivity of PPy in such a structure is known to increase compared to the bulk
conductivity, which is also shown here. In addition Raman spectroscopy showed that the
relative conjugation length increases with decreasing pore size.

Introduction

There is now a large interest in nanoscale materials
since they not only have potential applications in
various areas such as chemistry, physics, electronics,
optics, material science, and biomedical science, but they
are also of fundamental interest. When restricted to the
field of material sciences, the main interest is that the
physical properties of a material can change in the
transition between the bulk scale and the nanoscale.
Among the different strategies to synthesize nanoscopic
materials reported in the literature, template synthesis
is an elegant approach.1 This technique consists of
including metallic or organic constituents inside the void
spaces of nanoporous host materials. Though there now
exists a huge range of hosts, track-etched membranes
present a significant advantage, because they lead to
the production of different kinds of nanotubules and
nanowires with monodisperse diameters and lengths.
At present, a number of companies (Nuclepore, Poretics,
and Whatman2) sell microporous polymeric filtration
membranes with a wide range of pores diameters (0.03-
12 µm) and pores densities (105-109 pores/cm2).

Martin et al.3-5 have used these commercial mem-
branes as templates to prepare nanofibrils composed of
metals, semiconductors, and conducting polymers. Until
now, concerning the preparation and the characteriza-
tion of conducting polymers nanofibrils, most of their
work has focused on the synthesis of polypyrrole, poly-
(3-methylthiophene), and polyaniline inside the pores

of a polycarbonate Nuclepore membrane. These poly-
mers can be synthesized by oxidative polymerization of
the corresponding monomer. This may be accomplished
either electrochemically or with a chemical oxidizing
agent. Although they once reported the electrochemical
synthesis of pyrrole,6 Martin et al. essentially used the
chemical method.7,8 They showed that the electrical
conductivity of the so obtained conducting polymer
tubules could be an order of magnitude higher than in
the bulk form of the polymer.

Recently, in parallel to the development of a prepara-
tion process and characterization techniques for nano-
porous particle track-etched membranes (nano-PTM),9-11

we considered the use of these nano-PTM as templates
for the synthesis of nanoscale polymers.12-14 In particu-
lar, we focused our attention on the electropolymeriza-
tion of pyrrole inside the pores of polycarbonate (PC)
nano-PTM.13,14 Until now, not much attention has been
paid to the study of the influence of the synthesis
parameters on the electropolymerization of pyrrole in
confined medium. The aim of this paper is to determine
how the electrolyte nature and concentration as well as
the diameter of the nanopores in the template can
influence the pyrrole electropolymerization process and
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the morphology and electrical conductivity of the ob-
tained nanomaterials.

In this work, we present our study on the electro-
chemical growth of polypyrrole (PPy) inside the pores
of homemade PC nano-PTM. This study has been
performed using four types of doping agents: perchlorate
(ClO4

-), dodecyl sulfate (DS), toluenesulfonate (TS) and
polystyrenesulfonate (PSS). The morphology of the
different nanostructures has been carefully analyzed
using field-emission scanning electron microscopy (FE-
SEM). The relative conjugation length in the PPy chains
has been determined using Raman spectroscopy, and a
two-probe method has been used to measure the electri-
cal conductivity of template-synthesized polypyrrole
nanostructures.

Experimental Section

Materials. The present work was carried out in aqueous
solutions. Purified water obtained by passing distilled water
through a milli Q (Millipore) water purification system was
used as solvent (σ < 18 MΩ-1cm-1). Pyrrole (Acros) was
distilled prior to use. Poly(sodium 4-styrenesulfonate) (PSS,
Acros), lithium perchlorate (ClO4

-, Aldrich), dodecyl sulfate
sodium salt (DS, Acros), and p-toluenesulfonic acid sodium salt
(TS, Acros) were used without any prior purification. PC PTMs
with a thickness of 20 µm, a pore density of 109 pores/cm2,
and different pore diameters ranging from 35 to 100 nm
prepared by a our own procedure15 were used as template
membranes for the synthesis of PPy nanostructures.

Polypyrrole Electrochemical Synthesis. A metallic
layer serving as an electrode is evaporated onto one side of
the membrane: a 10-20 nm adhesion layer of Cr is applied
first, followed by a Au film with a thickness from 500 nm to 1
µm. The electropolymerization was performed, at room tem-
perature, in a conventional one-compartment cell with a Pt
counter electrode and an Ag/AgCl reference electrode. The
solutions contained 0.1 M pyrrole and various concentrations
of one type of supporting electrolyte: ClO4

-, DS, TS, or PSS.
The synthesis solutions were deoxygenated with N2 before
polymer electrodeposition. Polymers were grown potentiostati-
cally at 0.8 V using an EG&G Princeton Research Model 273A
potentiostat/galvanostat.

Characterization of Polypyrrole Nanostructures. A
field-emission gun digital scanning electron microscope (DSM
982 Gemini from Leo) with an accelerating voltage of 1 kV
was used to characterize the polypyrrole nanostructures. For
the morphology observation, the host membrane was dissolved
in dichloromethane, and the isolated PPy nanotubules were
collected by filtration on a silver filter. The PPy tubules were
then repeatedly rinsed with copious quantities of dichloro-
methane to remove any traces of the PC template membrane.

Raman spectra were recorded on a dispersive Dilor spec-
trophotometer with an incorporated microscope employing a
He-Ne+ laser emitting at 632.8 nm.

The electrical conductivity of the PPy nanostructures es-
tablished inside the pores was obtained by measuring the bulk
resistance across the filled membrane by a two-probe method.
The metalized side of the membrane was held on a copper
electrode, and two copper wires contacted the other side of the
membrane. Silver paste ensured a good contact and allowed
determining a well-defined cross section for calculating the
conductivity. The conductivity along a single fibril can be
calculated from the resistance measurement that provides the
bulk resistance of the composite membrane, R, which can be
written as:

Where Rf is the parallel sum of the resistances of the

conductive polymer tubules and Rm is the resistance of the PC
membrane. Rm can be neglected because Rm . Rf. So we can
write the following equation:

Where n is the number of tubules in the measurement area
and Ri is the resistance of an individual tubule. From the area
measurement determined by optical microscopy and from the
known pore density of the membrane, the number of contacted
tubules can be estimated. So, Ri can be calculated from R.
Knowing the length (L) of the pores and the outside (φï) and
the inner diameter (φι) of the tubules and from the calculated
value of Ri, the tubule conductivity (σ) can be determined by

Results and Discussion

Electrosynthesis of PPy Nanostructures. It is
well-established that the supporting electrolyte used to
synthesize a conducting polymer affects its morphology
and some of its properties. For this reason, we used
different types of electrolytes as doping agents during
the electropolymerization of pyrrole inside the pores of
a PC membrane. In each case, polypyrrole was gener-
ated by polarizing the working electrode at 0.8V vs Ag/
AgCl for a defined polarization time. One of the advan-
tages of the electrochemical method compared to the
chemical one is that the growth rate and the tubules
length are easily controlled. Indeed, with short elec-
tropolymerization times, short tubules can be obtained.
Alternatively, by depositing large quantities of PPy, long
tubules can be prepared. Figure 1 shows a potentiostatic
electric current vs time, i-t curve, characteristic for the
oxidation of pyrrole in nano-PTM.

In the same figure, two pores are schematically drawn
in cross section at three different stages of the growth
process. During the first stage, the polymer is growing
in the pores (step I). Growth proceeds in the pores until
they are filled up to the top surface of the membrane(15) To be patented.

1/R ) 1/Rf + 1/Rm (1)

Figure 1. Typical chronoamperogram obtained for the elec-
tropolymerization of pyrrole in pores of a homemade PC track-
etched membrane. The schematics display four different stages
of the growth process: step I, PPy tubules are growing in the
pores of the template membrane; step II, the pores are just
completely filled (this point corresponds to tfilling); step III, PPy
tips are appearing on the membrane surface; step IV, PPy
growth appears over the whole membrane surface.

1/R ) 1/Rf ) n/Ri (2)

σ ) L/[Riπ(φo
2 - φi

2)/4] (3)
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(step II). Beyond this, growth can continue in three-
dimensionals and hemispherical caps form on the top
of the tubules (step III), which grow in size. Since the
effective electrode area increases rapidly during this
stage, the electrochemical current increases. Once growth
proceeds on the whole membrane surface (step IV), the
current approaches an asymptotic value.

To investigate the influence of salt concentration and
nature, PPy was synthesized using four types of elec-
trolytes: ClO4

-, DS), TS, and PSS, in different concen-
trations ranging from 0.1 to 0.5 M, while the pyrrole
concentration was kept fixed at 0.1 M. Electrochemical
syntheses was also performed using homemade PC
nano-PTM with different pore diameters: 35, 65, and
110 nm.

Morphological Study. The morphology of the dif-
ferent template-synthesized PPy nanostructures ob-
tained by electropolymerization inside nanopores of
different sizes and using the four different doping anions
in various concentrations were analyzed using FE-SEM
after the dissolution of the PC host membrane. In all
cases, nanotubules were obtained. Martin et al.,16 who
already reported on the formation of PPy tubules in the
case of PPy chemical template synthesis, propose to
explain this phenomenon by the electrostatic attraction
between the growing polycationic polymer and anionic
sites along the pore walls of the PC membrane. A
picture representative of the obtained nanostructures
is presented in Figure 2.

We observed that the thickness of the nanotubules
does not vary with the concentration of the electrolyte
used during the electrosynthesis. However, as shown
in Figure 3, the thickness of the nanotubules is a
function of the pore diameter of the template membrane
and of the nature of the supporting electrolyte.

Indeed, for pores diameter of 110 nm, thicker tubules
are obtained when using a large polymeric counterion
(PSS), and the thinner ones are yielded when using a
surfactant agent as counterion (DS). The difference of
thickness between the different PPy/counterion tubules
decreases when the pore diameter is reduced. Finally,

for the narrowest nanopores (i.d. ) 35 nm), all the types
of PPy tubules have the same thickness.

Effect of the Nature and Concentration of the
Electrolyte. For each electrosynthesis, the charge
(Qfilling) consumed after a period of electropolymerization
(tfilling) corresponding to the emergence of the PPy
tubules from the surface of the membrane was deter-
mined. By keeping the pore diameter constant at a value
of 110 nm while varying the electrolyte concentration,
one may study the influence of this parameter on Qfilling
and tfilling. Our results are presented in Figures 4 and
5.

A decrease of tfilling corresponding to an increase in
polymerization rate is observed when the electrolyte
concentration rises (Figure 4). This phenomenon has
already been reported for the electrosynthesis of con-
ducting polymer films17-19 and has been explained in
different ways: (a) an increase in the conductivity of the
electrolyte solution, (b) the stabilization of the growing(16) Martin, C. R. Adv. Mater. 1991, 3, 457.

Figure 2. FE-SEM image of PPy/ClO4 tubules obtained after
dissolution of the PC membrane. Figure 3. Dependence of the PPy thickness on pore diameter

in terms of the electrolyte nature; [pyrrole] ) 0.1 M, [electro-
lyte] ) 0.1 M.

Figure 4. Evolution of the time of electropolymerization
corresponding to the emergence of the PPy tubules from the
membrane surface (tfilling) in terms of the electrolyte concentra-
tion and nature. Pore diameter of the template membrane )
110 nm.
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radical cations by the anions of the electrolyte, their
coupling being favored over secondary reactions, and (c)
the effect of electrolyte concentration on the formation
of oxides on Pt electrode which catalyze the monomer
oxidation.20 Finally, some authors have suggested that
the polymerization process can be initiated by the
oxidation of the anion.21

Although the filling of the pores is more rapid when
increasing the electrolyte concentration, Figure 5 shows
that Qfilling remains constant. That means that the
amount of electrodeposited PPy does not vary in terms
of the electrolyte concentration. This result is closely
related to the morphological observations showing that
the thickness of the nanotubules also does not vary in
terms of the electrolyte concentration.

Influence of the Pore Diameter. The influence of
the pores diameter on Qfilling and tfilling has also studied
by keeping the electrolyte concentration fixed at a value
of 0.1M. The results of this study for the 4 different
electrolytes are reported in Figures 6 and 7.

For all the electrolytes, we observed that Qfilling
increases with pore diameter (Figure 6). Consequently,
the more the pore diameter increases, the more the
amount of electrodeposited PPy increases. This observa-
tion perfectly correlates with the fact that the tubule
thickness increases with the pore diameters in the
template membrane (Figure 3). Moreover, the fact that
similar Qfilling are obtained for the four types of electro-
lytes when the electrosynthesis of PPy is performed in
nanopores of 35 nm diameter is also in perfect agree-
ment with the observation of nanotubules of identical
thickness under these conditions (Figure 3).

The evolution of tfilling in terms of the pore diameter
is more complex. Indeed, as illustrated in Figure 7, tfilling

is not only a function of the pore size but also of the
electrolyte size and charge. As already mentioned, the
morphological analysis of PPy tubules revealed that the
larger the pore diameter is, the greater the PPy depos-
ited amount is. This should lead to an increase of tfilling

with pore size. That is the behavior observed when using
a small counterion, such as ClO4

-. However, with larger
counterions, DS and TS, tfilling first decreases in the
110-65 nm pore diameter range and then slightly
increases for smaller diameters. This phenomenon is
even more pronounced with PSS, a polyelectrolyte. In
that case, an important increase of tfilling is measured
when using membranes with narrower pores (φ < 60
nm). We think that this effect can be attributed to mass
transport limitations in the pores, which are more
significant for smaller pores than larger ones. Of course,
the limited diffusion of the counterion inside the pores
results in a decrease of the PPy growing rate along the
pore walls, leading to an increase of tfilling. Moreover,
the relative surface coverage of filled pores is found to
be reduced for membranes with narrow pores. This
stresses the difficulty in getting all pores wetted by
water prior to electrodeposition.
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Figure 5. Evolution of the charge consumed at the emergence
of the PPy tubules from the membrane surface (Qfilling) in terms
of the electrolyte concentration and nature. Pore diameter of
the template membrane ) 110 nm.

Figure 6. Dependence of the Qfilling on pore diameter in terms
of the electrolyte nature; [pyrrole] ) 0.1 M, [electrolyte] ) 0.1
M.

Figure 7. Dependence of the tfilling on pore diameter in terms
of the electrolyte nature; [pyrrole] ) 0.1 M, [electrolyte] ) 0.1
M.
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Conductivity Measurements. The conductivity of
the different electrosynthesized PPy nanotubules has
been measured using the two-probe method described
in the Experimental Section. Calculation of PPy tubule
conductivity requires the accurate knowledge of the
pores’ diameter, shape, and density and of the mem-
brane’s thickness. In all the published papers 8,22-24

dealing with this topic, the authors assume that the
pores of the commercial membranes are cylindrical with
a diameter corresponding to the one tabulated by the
manufacturer, called the nominal diameter. This hy-
pothesis has now been challenged by different
groups11,12,25,26 who found that the pores shape of
commercial membranes are cigarlike and that real pore
diameters can be larger by up to a factor of 3 compared
to the nominal diameter. So, with respect to the effective
wires’ cross section the area can be on average up to a
factor of 10 larger than what is assumed if the nominal
values are used. This can, of course, drastically influence
physical parameters, in particular, the electrical con-
ductivity derived from measurements on these tubules
and wires. Moreover, the pores in the commercial
membranes are not aligned parallel but have a consid-
erable angular distribution of ( 34°. For this reason,
depending on the pore diameter and pore density of the
PTM, a number of pores may actually intersect within
the membrane. Consequently, the length of the pores,
measured through the membrane, is not constant. In
this work, we have used homemade PTM with a
perfectly cylindrical pore shape and with pores aligned
perfectly parallel. So, in this case, we obtain PPy tubules
without any intersections and with constant diameter
on their whole length. In Figure 8 we present a FE-
SEM image showing the perfectly cylindrical shape of
PPy tubules electrosynthesized in homemade PC mem-

branes. Another difference with already reported results
on the conductivity of PPy tubules is that here we have
taken into account the tubular nature of the PPy
nanostructures in the calculations of their electrical
conductivity. Until now, this parameter had always been
neglected.

Figure 9 shows the relationship between the tubules
outside diameter and the conductivity for the different
PPy/counterion combinations.

In complete analogy with previous results, the con-
ductivity increases as diameter of the tubule decreases.
It is clear that there is a dependence on the size and
type of the counterion, since the conductivity increases
more rapidly and reaches higher values for the samples
made with small counterions. This is in perfect agree-
ment with the results reported by Inganas et al.24 The
narrowest tubules show the highest conductivity be-
cause such tubules contain a higher portion of ordered
chain material. Note, however, that the values of
conductivity are much lower than those found by Martin
et al.22-23 Indeed, they report enhancement of conduc-
tivities to values of approximately 103 S cm-1.

This could result from the multiple differences be-
tween the two works: (1) PPy nanotubules have not been
synthesized the same way. Martin et al. performed
electrical measurements on chemically synthesized PPy
nanotubules, we did it on electrochemically synthesized
PPy nanotubules. (2) The syntheses have not been
performed using the same template membranes; com-
mercial membranes (Nuclepore) were used in the case
of Martin et al., and homemade track-etched mem-
branes were used in our case. (3) The parameters
(nominal or real pore diameter, PPy wires or tubules,
etc.) taken into account in the calculation of the con-
ductivity are not the same. (4) To reduce the contact
resistance, they applied pressure to their samples to
perform the electrical measurement. We did not do that
in order to avoid any possibility of PPy tubular nano-
structure destruction. However, we have probably higher
contact resistance. (5) They estimated the number of
contacted PPy nanotubules from the pore density of the
template membrane considering that 100% of the pores
are filled. This assumption is rather unrealistic, espe-
cially in the case of small pore diameters. On the basis
of electrochemical data, we have corrected this number

(22) Cai, Z.; Lei, J.; Liang, W.; Menon, V.; Martin, C. R. Chem.
Mater. 1991, 3, 960.
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1993, 2, 637.
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Figure 8. FE-SEM picture showing typical cylindrical-shaped
PPy nanotubules obtained by electropolymerization in home-
made PC nano-PTM

Figure 9. Plot of PPy tubules conductivity in terms of their
outside diameter for three different PPy counterion combina-
tions.
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by estimating the percentage of filled pores, called the
filling ratio. The filling ratio can be estimated by making
a ratio between the Qfilling measured experimentally
(Figure 6) and the theoretical Qfilling calculated by the
Faraday law assuming that all pores are filled. Never-
theless, even by doing this correction, incertitude still
remains on the exact number of contacted PPy tubules.
Therefore, to solve this problem and get reliable absolute
values of the electrical conductivity of PPy nanotubules,
we are now developing a method allowing the measure-
ment of the conductivity of only one nanotubule.

Raman Spectroscopy. Raman spectroscopy is a
unique tool in providing information on the structural
and electronic properties of polyconjugated materials,
since it shows features peculiar to the delocalization of
the π electrons. It is usually thought that there is a
direct relationship between the conductivity of a poly-
mer and its state of conjugation. For that reason, we
determined the relative conjugation length in the PPy
tubules using Raman spectroscopy. By conjugation
length we mean the length of the polyene segment along
which the delocalization can take place. The fact that

Raman spectroscopy is based on scattering phenomena
leads to the possibility of analysis of insoluble samples
without any specific preparation. The Raman analyses
were performed on the different PPy/counterion nano-
tubules of different diameters after dissolution of the
PC membrane. This allowed us to get the characteristic
spectrum of polypyrrole, which is presented in Figure
10 with the assignment of the bands based on the works
of Furakawa et al.27

The peaks at 934 and 1086 cm-1 have been associated
with the bipolaron structure and those at 968 and 1055
cm-1 with the polaron structure. The CdC stretching
peak at 1595 cm-1 is considered to be an overlap of the
two oxidized structures. More information can be ex-
tracted from Raman spectra. By calculating the bands
ratio between the intensity of a band sensitive to the
oxidation state of the polymer (the band at 1595 cm-1)
and the intensity of the skeletal band (the band at 1500
cm-1), we determined the relative conjugation length.
As reported in Table 1, we observed an increase of this
band ratio when the PPy tubule diameter decreases.
This effect is particularly well -marked for PPy/ClO4

-

tubules.
We must notice that for the three other electrolytes,

the samples showed small fluorescence, which perturbed
the recording of the Raman spectra. The increase of the
intensity of the CdC stretching band vs the intensity
of the skeletal band means that the polarizability of the
system is higher for narrower PPy tubules or, in other
words, that the conjugated length increases. These
results are in perfect agreement with the observed
increase of conductivity for narrower PPy tubules. One
should mention that the conclusions of our Raman work
are identical to the conclusions reached by Martin et
al. from polarized infrared absorption spectroscopy.8
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“Services Fédéraux des Affaires Scientifiques Tech-
niques et Culturelles” for their financial support in the
frame of the “Pole d’Attraction Interuniversitaires”.

CM9807541

(27) Furukawa, Y.; Tazawa S.; Fujii, Y.; Harada, I. Synth. Met.
1988, 24, 329.

Figure 10. Raman spectrum of PPy/ClO4 (i.d. ) 35 nm)
tubules, and bands assignment based on the works of Furu-
kawa et al.27

Table 1. Raman Bands Intensity Ratio in Terms of PPy
Tubule Diameter for Different Electrolytes

I1595/I1500PPy tubule
diameter (nm) PPy/ClO4

- PPy/DS PPy/TS PPy/PSS

110 1.4 1.3 1.4 1.2
65 1.9 1.4 1.5 1.3
35 2.4 1.5 1.7 1.4
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