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Size Control of Polypyrrole Particles
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Size control of polypyrrole particles prepared by chemical polymerization was achieved
by varying the concentration of the oxidant in the presence of poly(styrenesulfonate). At
higher concentrations, smaller polypyrrole particles are formed. Poly(styrenesulfonate)
functions as a molecular template, causing local preconcentration of both pyrrole and Fe3*.
These increased local concentrations result in faster nucleation and polymerization, which
favors the formation of small particles. Average particle sizes ranging from ca. 40 nm to 1

um have been obtained.

Introduction

Polypyrrole is one of the most widely investigated
conducting polymers.=2 It can be generated both
chemically and electrochemically.24-6 Electrochemical
polymerization leads to formation of a polymer film on
the working electrode. Although this technique has
many advantages, including control of the film’'s thick-
ness, morphology, and conductivity and the incorpora-
tion of selected ions, it is not suitable for mass produc-
tion. In contrast, chemical polymerization is simple,
cheap, and fast and can easily be scaled up. Unfortu-
nately, conventional chemical polymerization produces
a nonprocessable conducting polymer precipitate with-
out controllable shape and size, which seriously restricts
its applications.

Certain efforts have succeeded in producing conduct-
ing polymers with some degree of controlled dimensions
and shapes.”"1? Conducting polymer fibrils and tubules
with nanometer-scale diameters have been synthesized
using microporous membranes as templates.”® Encap-
sulation of conducting polymers in the channels of
zeolites®10 and a porous glass composite!! has also been
reported. All these fabrications used a similar templat-
ing concept where the guest conducting polymers are
synthesized within the channels or pores of a host
material. The size and shape of the resulting polymers
are determined and limited by the channels or pores.
Such a host—guest inclusion templating idea is probably
the most popular strategy used today by chemists and
materials scientists to synthesize nanostructures.!?

Colloidal polypyrrole particles with diameters be-
tween 50 and 400 nm have been synthesized in the
presence of various steric stabilizers such as poly(vinyl
alcohol), poly(vinylpyrrolidone), and poly(vinyl ace-
tate).13-19 The polypyrrole colloids are believed to be
two-component systems, consisting of an inner core of
polypyrrole and an outer layer of adsorbed stabilizer.20-2%
The stability of the dispersions arise from steric repul-
sion between the stabilizer molecules. Colloids have the
advantage of being processable, but their dispersion in
aqueous media will not be acceptable for applications
that require the polymer particles to stay in the solid
state.

We report here a simple procedure for preparing
polypyrrole (PPy) particles with controllable dimensions
down to tens of nanometers. The presence of poly-
(styrenesulfonate) (PSS) in the reaction medium allows
the size of chemically synthesized PPy/PSS particles to
be controlled by varying the concentration of the
Fe(ll1l) oxidant. The higher the concentration, the
smaller the resulting polymer particles.

The particles are insoluble in both water and organic
solvents and do not form colloidal dispersions. This is
an advantage over colloidal polypyrrole particles for
certain applications (e.g., as a catalyst support in
polymer electrolyte fuel cells??). Because of their in-
solubility, they can be easily and quickly separated from
the reaction medium and washed using either filtration
or centrifuging. In contrast, colloids are normally
washed by dialysis, which normally takes several days.
Even with a ultrahigh-speed centrifuge, washing would
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Table 1. Effect of Reagent Concentration on the Average
Polypyrrole Particle Size and Electronic Conductivity at
120 kg cm—2

size conductvity
sample [PSS] [pyrrole] [Fe3*] Fe3*/Py/PSS (nm) (Scm™1)

0.042 0.14 0.70 5.0/1.0/0.30 40 3
0.015 0.14 0.15 1.1/1.0/0.11 180 0.71
0.015 0.035 0.15 4.3/1.0/0.43 150 a
0.015 0.035 0.15 4.3/1.0/0.43 180 0.12
0.015 0.014 0.15 11/1.0/1.1 180 0.035
0.018 0.053 0.13  2.5/1.0/0.34 a 0.46
0.015 0.035 0.05 1.4/1.0/0.43 550 a
0.0015 0.0035 0.01 2.9/1.0/0.43 850 a

co~NOO OB WNE

a2 Not measured.

take several hours. Our procedure is also easy to
perform and control. It is much cheaper than tem-
plated-fabrication methods, where the cost of the tem-
plate may limit the commercial viability.

Experimental Section

Chemicals. Sodium poly(styrenesulfonate) (Aldrich, My ~
70 000), Nafion 117 membrane (Ballard Power Systems), PTFE
(poly(tetrafluoroethylene), 15% solution, Ballard Power Sys-
tems), carbon fiber paper (Toray TGPH090 + 10% PTFE;
Ballard), and other chemicals were used as received. Pyrrole
(Aldrich) was purified by passing through a SiO; (230—400
mesh) column and was used immediately.

Preparation of Polypyrrole Particles. Pyrrole was
dissolved in an aqueous sodium poly(styrenesulfonate) solu-
tion. After a few minutes to allow equilibration, Fe(NO3)s(aq)
in 0.1 M HNOg; (or FeCl; in HCI for samples 3, 7, and 8) was
added as an oxidant. Polymerization of the pyrrole was
observed immediately, as a darkening of the reaction mixture,
and was complete within ca. 30 min. The polymer particles
were separated from the reaction medium by centrifuging,
washed three times with water, and dried overnight at room
temperature under vacuum. The concentrations of the re-
agents are specified in Table 1.

Electron Microscopy. A Hitachi S-570 scanning electron
microscope and a Zeiss EM 109 transmission electron micro-
scope were used to examine the shape and size of the
polypyrrole particles.

X-ray Emission Analysis. Energy-dispersive X-ray analy-
sis was performed with a Tracor Northern 5500 energy-
dispersive X-ray analyzer associated with the scanning elec-
tron microscope. Relative elemental concentrations were
estimated using Tracor Northern’s software package “SQ”
Standardless Quantitative Analysis.?® This program provides
a rapid, easy, and standardless analysis of X-ray spectra
acquired from a bulk specimen. It removes background,
extracts peak areas, calculates normalized intensity ratios, and
corrects for matrix effects.

Cyclic Voltammetry. The electrochemistry of the poly-
pyrrole particles was investigated in a gas-diffusion electrode
(Figure 1). The polymer powder was mixed with a PTFE
solution to form a sticky slurry, which was spread on a 4 cm?
area of a Toray TGPHO090 carbon fiber paper containing ca.
10% PTFE. A Nafion 117 membrane was then hot-bonded on
the polymer side of the carbon paper at a pressure of ca. 3000
psi and a temperature between 120 and 130 °C for 90 s.
Circular sections (1 cm?) of the carbon paper/polymer/Nafion
membrane assembly were tested in the cell illustrated in
Figure 1. A Pt wire was used as the counter electrode, and a
saturated sodium chloride calomel electrode (SSCE) was used
as the reference electrode. All potentials are quoted with
respect to the SSCE reference electrode. Voltammetric mea-
surements were made using a Solartron electrochemical
interface (Model 1286).

(23) Qi, Z.; Pickup, P. G. Anal. Chem. 1993, 65, 696—703.
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Figure 1. Schematic diagram of the gas diffusion electrode
cell.
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Figure 2. Schematic diagram of the four-point probe.

Infrared Spectroscopy. KBr pellets were used for FTIR
spectra. About 0.4 mg of the polymer was ground with 300
mg of KBr and pressed under vacuum with several increments
in pressure to 3.5 x 10° psi. The sample was kept at each
intermediate pressure for 5 min. Spectra were collected using
a Mattson Polaris FTIR spectrometer at a nominal resolution
of 4.0 cm™2.

Conductivity Measurements. A modified four-point
probe assembly (Figure 2) was designed to measure electronic
conductivities. The problem with a conventional four-point
probe?42> when applied to conducting polymers is that the
needles penetrate the sample and cause it to crack. In the
modified device (Figure 2), the electrodes are flush with the
base surface and the powder is pressed into a pellet in situ,
avoiding a separate pressing step. The pressure was controlled
by a torque wrench, which enabled the study of the effect of
pressure on conductivity. Such information will be important
for applications in gas diffusion electrodes (e.g., in PEM fuel
cells??), where the pressure applied to the electroactive polymer
layer may be quite low.

For the device used in this work, the distance between each
electrode was 1.3 mm, and the diameter of the sample chamber
(and pellet) was 16 mm. The thickness (d) of the sample was

(24) Smits, F. M. Bell Syst. Techn. J. 1958, 37, 183—190.
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Brown, R. P.; Read, B. E., Eds.; Elsevier Applied Science Publishers:
London, 1984; pp 195—209.
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Figure 3. Scanning electron micrographs of PPy/PSS samples 1 (A), 3 (B), 7 (C), and 8 (D) prepared using the various reagent
concentrations given in Table 1.

measured using a Linear Vernier Microscope (Griffin) while o=1/4.27vd (1)
still in the device. For pellet thickness/electrode distance
ratios below 0.7, the conductivity is given by the following where | is the current applied between the outer two electrodes
equation:?* and V is the voltage drop between the inner two electrodes.
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Figure 4. Conductivity vs pressure for PPy/PSS sample 6.

Results

Electron Microscopy. Figure 3 shows micrographs
of four polypyrrole samples prepared using different
reagent concentrations. The reagent concentrations
along with the average particle size are summarized in
Table 1. The particle size of sample 1 was estimated
from a transmission electron micrograph.22 When the
PPy/PSS particles are small (e.g., samples 1-5), they
are of irregular shape and tend to agglomerate. The
larger particles (samples 7 and 8) are spherical. It is
clear from the data in Table 1 that higher concentra-
tions of oxidant result in smaller PPy/PSS particles. The
pyrrole concentration and Py:PSS ratio have no notice-
able effect. A comparison of samples 3 and 4, prepared
at the same concentrations but with different Fe3" salts,
shows that the counteranion added with the Fe3* has
little effect.

Elemental Analysis and X-ray Emission Analy-
sis. Elemental analysis (Canadian Microanalytical
Service Ltd.) of sample 1 gave a S:N atomic ratio of 0.18.
If the sulfonate groups of the PSS are the only counter-
ions in the oxidized PPy, then its oxidation level was
ca. 0.18, i.e., ca. five pyrrole units share each positive
charge. This is a typical oxidation level for chemically
prepared polypyrrole.?®

X-ray emission spectroscopy indicated that there was
residual Fe, from the oxidant, in the polymer powders.
Semiquantitative analysis indicated a S to Fe atom ratio
of ca. 8. The Fe species is probably Fe3* associated with
sulfonate groups of the PSS. This would lower the
calculated doping level to 0.11, but the uncertainty in
the X-ray emission results makes such a calculation
unreliable.

Conductivity. Figure 4 shows the conductivity vs
pressure relationship for sample 6. The conductivity
calculation was based on the thickness of the sample
pellet at the final pressure (e.g., 120 kg/cm?), so it
overestimates the conductivity slightly at lower pres-
sures. The conductivity increases with pressure but
begins to level off at the highest pressures used. The
density of the pellet at the final pressure was ca. 0.5 g
cm~3, suggesting that it was quite porous. Polypyrroles
typically have densities of ca. 1.5 g cm=3.%7

(26) Roncali, J.; Yasser, A.; Garnier, F. Chem. Commun. 1988, 581—
582.
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Figure 6. Cyclic voltammograms of PPy/PSS sample 1.

The conductivities of the PPy/PSS powders at a
specific pressure were found to increases with increasing
oxidant (compare samples 1 and 2) and pyrrole (samples
2, 4, and 5) concentration (Table 1).

Infrared Spectroscopy. Figure 5 shows the FTIR
absorption spectra of sample 1 and NaPSS. Except for
the sharp peak at 1384 cm™!, the PPy/PSS sample
shows an IR spectrum of characteristic of PPy alone,28-35
with the IR absorption of the PSS being completely
suppressed, as reported previously.3® The origin of the
peak at 1384 cm~1 is unclear.

Cyclic Voltammetry. Figure 6 shows cyclic volta-
mmograms of sample 1 in a gas-diffusion electrode
(Figure 1). These voltammograms are quite character-
istic of polypyrrole.2 The cathodic peak at ca. —0.20 V
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during the first scan can be assigned to the uptake of
protons by the polymer.37:38 Since the PPy/PSS layer
contains immobile polyanions and was separated from
an acid electrolyte solution by a Nafion film, which is
impermeable to anions, protons are the only charge-
compensating ion that are likely to be involved.

Discussion

Table 1 clearly shows that the size of the PPy/PSS
particles is controlled by the concentration the oxi-
dant: the higher the concentration, the smaller the
particles. Qi%° has proposed that there is a nucleation
process in the chemical polymerization of conducting
polymers. It becomes more easily observable if the
polymerization rate is slowed by reducing the concen-
trations of both pyrrole and the oxidant. We assume
here that the number of nuclei will determine the
average size of the PPy/PSS particles. Increasing the
oxidant concentration will generate a large number of
nuclei, and thus the average particle size will decrease.

PSS plays a critical role in the polymerization and
size-controlling processes. Without PSS, it is very
difficult to control the shape and size of PPy. It was
found that pyrrole polymerized much faster in the
presence of PSS, and almost no polymerization occurred
on the surface of the reaction vessel. Similar results
were observed when PPy colloids were prepared using
anionic surfactants or polyelectrolytes as stabilizers.3°
It is believed that PSS functions as a molecular tem-
plate.®® Pyrrole is accumulated around the PSS chains
via a hydrophobic interaction, resulting in a higher local
concentration. Such an interaction is supported by the
fact that pyrrole dissolves much more rapidly in NaPSS-
(aq) solutions than in pure water. When a ferric salt is
added, the mixture immediately becomes cloudy due to
the coagulation of PSS by the Fe®", and the coagulate
blackens quickly due to polymerization of the associated
pyrrole. The coagulation implies that the electrostatic
interaction between PSS and Fe3* concentrates the Fe3"
around the PSS. Therefore, PSS causes a local precon-
centration of both pyrrole and Fe* and enhances the
polymerization rate. The absence of polymerization on
the surface of the reaction vessel in the presence of PSS
is an indication that the PSS provides nucleation sites
for the polymerization. In the absence of PSS, the first
sign of polymerization usually appears on the surface
of the reaction vessel.

Since polymerization is accompanied by parasitic side
reactions such as overoxidation,*® the properties of the
final polymer will be affected by their extent. Martin
et al.3> have studied the effect of reagent concentration
on the properties of PPy and found that lower initial
concentrations of Fe3* and pyrrole result in a lower yield
of PPy, shorter conjugation lengths, lower doping levels,
and lower conductivity. The conductivity results pre-
sented in Table 1 are consistent with this.

Planche et al.*! showed that overoxidation occurred
mainly at the beginning of the polymerization and was

(37) Duffitt, G. L.; Pickup, P. G. J. Chem. Soc., Faraday. Trans.
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enhanced by low oxidant (FeCls) concentrations. Quan-
titative measurements indicated that the polymeriza-
tion followed second-order kinetics with respect to FeCls,
while overoxidation appeared to be first order.** This
explains why a higher oxidant concentration results in
higher conductivities. Since PSS has the ability to
preconcentrate both Fe* and pyrrole, their local con-
centrations are much higher than normal, and so the
resulting PPy would be expected to exhibit high con-
ductivity.

The maximum conductivity reported here (3 S cm™1)
is not particularly high. This in part arises from our
measurement technique in which the sample is pressed
at a relatively low pressure. Our conductivity measure-
ments therefore underestimated the inherent conductiv-
ity of the materials.

Under the condition employed in this work PSS is the
main counterion incorporated into the oxidized PPy
particles during their formation. Its presence modifies
the properties of PPy and can be very important in
certain applications. Most importantly, the PPy/PSS
composite is a cation-exchanger under most conditions
because reduction or partial reduction of the PPy leaves
an excess of immobile sulfonate groups.*? Also, since
cations normally move faster than anions, the charge
transport rate in the PPy/PSS composite will be faster.*®

There are numerous reports on the electrochemical
generation of PPy in the presence of PSS, and the
exploration of the properties and applications of PPy/
PSS composites,*4~5° but there is only one report
describing the chemical synthesis of PPy in the presence
of PSS.36

Our current interest in PPy/PSS is as a catalyst
support in proton-exchange membrane fuel cells.?? Its
ability to conduct both electrons and protons should
provide significant advantages over carbon supports.

Because the use of PSS to control the size of PPy
particles is much simpler and cheaper than using
microporous membranes’2 or zeolites®1° as templates,
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this procedure is more suitable for commercial produc-
tion. As an extension of this approach, molecular
assemblies such as micelles or vesicles formed from
surfactants, lipids, or polymers can be used as temp-
lates.60-62 These assemblies are easy to obtain since
they form spontaneously, and their shape and size are
controllable by changing the concentration.6354 Qi has
produced conducting polymer nanofibers and nanorings
using DCgoPC lipid tubules as templates.®® The nano-

(60) Schnur, J. M. Science 1993, 262, 1669—1676.
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fibers were of a length of hundreds of microns, and the
diameter could be controlled to as thin as 10 nm. Itis
believed that using molecular assemblies as templates
in the fabrication of conducting polymer nanostructures
will be very fruitful.
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