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ABSTRACT: Polypyrrole with particles of uniform diameter was easily obtained from an emulsion of hydroxy-

propyl cellulose (HPC) and pyrrole by chemical oxidative polymerization, using iron chloride as an oxidizing agent.

The particle diameter of the polypyrrole could be controlled by changing the HPC concentration, and it was found that

the preparation of water-dispersible polypyrrole was possible. The conductivity of the polypyrrole particles was of the

order of 10�1 S/cm. [doi:10.1295/polymj.PJ2005198]
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Electrically conductive polymers such as polypyr-
role may be prepared by electrolytic polymerization
or chemical oxidative polymerization of a monomer.
Polypyrrole can be obtained as a polymer with high
electrical conductivity by polymerization under rela-
tively mild conditions, and its electrical conductivity
and structural stability are known to be excellent com-
pared with other electrically conductive polymers. For
these reasons, polypyrrole is the most extensively
studied of these materials, and its development has
been promoted in applications such as secondary
batteries,1–7 capacitors,8,9 sensors,10–12 conductive fi-
bers,13,14 and mechanical actuators.15,16

However, due to its strong intermolecular interac-
tions, polypyrrole is generally insoluble and infusible,
which has meant that its processability is poor and its
field of use has been limited.17,18 Various experiments
have been attempted in order to improve the process-
ability and solubility of this material.
By synthesizing chemically modified monomers

containing a linear alkyl group or carboxyl group at
the 1-position or 3-position of the pyrrole ring, poly-
pyrrole derivatives which are soluble in organic sol-
vents have been obtained.19,20 However, there are still
some problems associated with these materials. The
synthesis of derivative monomers involves many
steps. In addition, the conductivity of the resulting
polypyrrole derivative is lower than that of the unsub-
stituted polypyrrole. With the use of sodium alkylben-
zene sulfonate21 and sodium 2-ethylhexylsulfosucci-
nate22 as dopants, solubilization into organic solvents
was made possible because the bulkiness of the doped

anion prevented aggregation of the polypyrrole chains.
However, polypyrroles obtained by these methods
were found to be soluble only in organic solvents,
with low solubility, and were insoluble in aqueous
systems.
Water-dispersible colloidal polypyrroles have been

obtained by hybridization of a water-soluble polymer
and an electrically conductive polymer. Numerous re-
search groups have prepared sterically stabilized poly-
pyrrole colloids using polymers such as poly(vinyl
acetate),23 chitosan,24 methyl cellulose,25 poly(ethyl-
ene oxide),26 and poly(vinyl pyrrolidone).27 The prep-
aration of colloidal polypyrrole was also achieved by
depositing polypyrrole on polystyrene latex28,29 or
polybutylmethacrylate latex.30

In the application of electrically conductive poly-
mers in devices, electrochemical properties such as
electrical conductivity and redox properties must be
taken into consideration, but morphology is also im-
portant. For example, when an electrically conductive
polymer is used as the active material for a battery,
it is necessary to increase the contact area between
the electrode and electrolyte; in order to decrease
the ion diffusion distance, it is also required that the
active material be of small diameter and uniform
size.26 Although polypyrrole containing particles of
uniform diameter can be obtained from the colloidal
polypyrroles described above, most of the materials
used in this area are composites. Thus, the density
of the active material in the prepared electrode is
low.
In this paper, we report the preparation of a water-
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dispersible polypyrrole by polymerization of an emul-
sion of hydroxypropyl cellulose (HPC) and pyrrole
monomer. Polypyrrole containing particles of uniform
diameter may be easily obtained using this method. In
addition, HPC, which was used as a steric stabilizer in
the emulsion polymerization process, was found only
in insignificant amounts in the resulting polypyrrole
particles.

EXPERIMENTAL

Materials
Pyrrole was purchased from Tokyo Kasei Kogyo

Co., Ltd. Before use, vacuum distillation was conduct-
ed using calcium hydride (CaH2). HPC (HPC-SL,
MW 77122), was obtained from Nippon Soda Co.,
Ltd. Calcium hydride and iron chloride hexahydrate,
which is an oxidizing agent for pyrrole, were pur-
chased from Wako Pure Chemical Industries, Ltd.
The molecular weight cut-off of the cellulose dialysis
tube was 12000–14000.

Preparation of Polypyrrole Colloids
Various amounts of HPC were dissolved in 10mL

of water to obtain solutions of predetermined concen-
trations. To each of these HPC aqueous solutions was
added, with stirring, 0.4 g (6.0mmol) of pyrrole, and
the mixture was stirred well and cooled to 0 �C.
FeCl3.6H2O (5.03 g, 18.6mmol) was dissolved in
3mL of water, and, using an ice bath, this solution
was slowly added, with stirring, to the HPC-pyrrole
mixed solution. Stirring was continued for 6 h, with
the temperature maintained in the range 0–5 �C. After
completion of the reaction, the solution was dialyzed
with a cellulose dialysis tube, followed by centrifug-
ing (10,000 rps) for 20min and water dispersion, each
of which were conducted three times. Thus, FeCl2,
unreacted FeCl3 and HPC were removed, and a black
solution was obtained.
To measure the viscosity of the solutions, a Sine-

wave Vibro Viscometer SV-10 (A&D Company,

Ltd.) was used. A particle size detector (Malvern
Instruments, model HPPS-ET) was used for particle
size measurements. The structure of the polypyrrole
product was confirmed using FT-IR. Conductivity
was determined, by a four-point probe method, for a
pellet obtained by pressing dried polypyrrole powder.
FT-IR spectra were obtained with a Nicolet MEGA IR
760 (Nicolet) (KBr pellet, 0.1wt% polypyrrole). Ele-
mental analysis was conducted using an Elementar
Model Vario EL III CHNSO elemental analyzer and
a Dia Instruments Model TOX-100 Sulfur/Chlorine
analyzer. For morphological observations of poly-
pyrrole, SEM (JEOL, model JXA-840) and TEM
(Hitachi, model H-7100FA) were used.

RESULTS AND DISCUSSION

Preparation of Pyrrole-HPC Emulsion
Transparent homogeneous solutions of HPC (1.0,

5.0, 10, and 20wt%) were prepared by dissolving
HPC in distilled water that had been bubbled with
nitrogen for 15min [Figure 1(a)]. Dropwise addition
of pyrrole to these aqueous solutions resulted in emul-
sification [Figure 1(b)]; as a result, a large change in
viscosity was observed for mixed solutions with an
HPC concentration of more than 10wt% (Table I).
The HPC aqueous solution was highly viscous, but
its viscosity decreased to less than 1/10 of its origi-
nal value after the addition of pyrrole due to emulsifi-
cation.
In solutions with low HPC concentrations, changes

in viscosity were not observed even when emulsions
were formed. However, changes in the particle diam-
eter of HPC were observed in particle-size distribution
measurements, for which a dynamic light-scattering
method was used. When the HPC concentration was
1%, the addition of pyrrole resulted in the formation
of an emulsion, and the particle diameter was ob-
served to decrease from 2500 nm to 539 nm. This phe-
nomenon may be explained as follows: in the absence
of pyrrole, the molecular chain of HPC is stretched,

(a) (b) (c) 

+ FeCl3+ Pyrrole 

Figure 1. Photographs of (a) 5wt% HPC aqueous solution, (b) pyrrole + 5wt% HPC emulsion, and (c) polypyrrole dispersion.

[Pyrrole] = 0.6M. [FeCl3] = 1.9M.
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but when an emulsion is formed due to the addition of
pyrrole, the molecular chain becomes spherical. In the
absence of pyrrole, an HPC solution with a concentra-
tion of 5% exhibited a unimodal particle distribution
with a peak at 4363 nm. The solution was observed
to become cloudy when an emulsion was formed on
addition of pyrrole; however, the particle distribution
diagram, with a peak at 4395 nm, changed very little.
This indicates the presence of unreacted HPC, which
was not involved in emulsification. With an HPC con-
centration of 10%, the particle diameter measure-
ments for HPC before addition of pyrrole gave a result
of more than 6 mm, which was beyond the measure-
ment limit.

Preparation of Water-Dispersible Polypyrrole
An oxidizing agent, iron chloride, was added to the

emulsified pyrrole-HPC solution to initiate pyrrole
polymerization. The entire solution swiftly turned
black.
When the HPC concentration was 5wt%, the black

reaction solution contained no precipitate. In order to
remove excess iron chloride, inorganic by-products
(FeCl2, HCl, etc.), and HPC, the black solution was
dialyzed and centrifuged, and the resulting sediment
was redispersed in water. These centrifugation and
redispersion steps were carried out several times until
a neutral pH was obtained, resulting in a black solu-
tion of polypyrrole (polypyrrole colloid solution)
[Figure 1(c)].
For an HPC concentration of 1wt%, the reaction

solution contained a black precipitate. The mixture
was filtered, and the precipitate was washed several
times with water and methanol and then dried under
vacuum to obtain a black powder. For HPC concentra-

tions of 10 and 20wt%, the reaction solution formed a
gel 1 h after the addition of iron chloride. This may
have been due to entangling of the polypyrrole chain
with the HPC molecular chain as polypyrrole was
formed.

IR Spectra of Polypyrrole
IR absorption spectra for HPC, pure polypyrrole,

and four HPC-polypyrrole composites are shown in
Figure 2. In all spectra, absorption bands due to the
polypyrrole ring structure [1529 cm�1 (� ring: anti-
symmetric), 1443 cm�1 (� ring: symmetric), and 1289
cm�1 (� ring: C–C, C–N, C=C)] were identified.31,32

The IR spectra for polypyrrole prepared in 1wt%
and 5wt% HPC solutions (b, c) generally matched
the IR spectrum of polypyrrole without HPC (a). The
fact that an absorption band due to HPC was not
observed implies that the amounts of HPC present in
the polypyrrole were relatively small. Because HPC
does not act as a dopant, it is thought that HPC is ad-
sorbed onto the polypyrrole surface rather than form-
ing a composite with the polypyrrole molecule. In con-
trast, the IR spectra for the polypyrrole gel prepared
using 10wt% and 20wt% HPC solutions (d, e) show
absorption bands [3451 cm�1 (�OH), 2972 cm�1 (� C–
H)] due to HPC. The strength of the absorption bands
became greater as the HPC concentration of the origi-
nal solution increased. Thus, it was confirmed that the
hydrogel consisted of polypyrrole and HPC.

Elemental Analysis of Polypyrrole
The results of elemental analysis of the polypyrrole

samples prepared with HPC solutions of various con-
centrations are shown in Table II.
A control sample containing no HPC yielded a C:N

Table I. Viscosity and average particle diameter of HPC-pyrrole monomer emultion, and the effect

of varying HPC concentration on conductivity and particle diameter of the resulting polypyrrole

HPC concentration/wt%

1.0 5.0 10 20

I) HPC aqueous solution

Viscositya/mPa�s 2.32 16.4 131 860

Diameterb/nm 2542 4363 >6000 >6000

II) HPCþ Pyrrolec emulsion

Viscositya/mPa�s 2.26 15.2 76.2 76.0

Diameterb/nm 539 4395 >6000 >6000

(Pyrrole)c/(HPC unit)d mole ratio 22.1 4.42 2.22 1.11

Polypyrrole prepared in HPC solutions

III) Formation precipitate
colloidal
dispersion

gel gel

III) Pellet conductivitye/S�cm�1 2:0� 10�1 1:2� 10�1 4:4� 10�3 1:3� 10�4

VI) Particle size rangef/nm 500� 40 130� 25 — —

aMeasured at 20 �C. bDetermined by dynamic light scattering at 20 �C. cPyrrole monomer concentration was

0.6mol dm�3. dMole ratios of pyrrole monomer to HPC unit (MW 368). eDetermined by the four-point probe

method on compressed pellets at room temperature. fDetermined by SEM and TEM.
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ratio of 4.0:1, as expected for polypyrrole. The results
demonstrate the difference between the theoretical
polypyrrole structure (C4H3N)n and synthesized poly-
pyrrole. Oxygen is present in polypyrrole in the form
of C–O, C–OH and C=O bonds.33,34 These bonds may
be formed during the polymerization process as a con-
sequence both of the presence of water in the solution
and of the reaction of atmospheric oxygen with poly-
pyrrole. The Cl anions act as a doping agent.35 The
presence of a small amount of Fe is due to the use
of FeCl3 as an oxidation agent.

The results of elemental analysis of the polypyrrole
powder and colloid samples prepared in 1wt% and
5wt% HPC solutions were different from those ob-
tained for the bulk polypyrrole powder, indicating
the presence of HPC. The reason this was not ob-
served in the IR spectra may be that the intense bands
of the polypyrrole, which is a strong IR absorber,36

submerged the HPC bands. The polypyrrole gels pre-
pared in 10wt% and 20wt% HPC solutions show
higher C, H, O ratios relative to those of powder
and colloid polypyrroles, which supports the FT-IR
results.

Conductivity of Polypyrrole
The obtained polypyrroles were in a doped state,

and exhibited electrical conductivity. To measure the
conductivity of the polypyrrole obtained, powder sam-
ples were made into pellets, and the four-point probe
method was applied. Polypyrrole colloid and gel were
cast on a glass board, dried, and made into powders,

Figure 2. FT-IR spectra of (a–e) polypyrrole prepared using HPC solutions of different concentrations and (f) pure HPC. The concen-

trations of HPC in the aqueous polymerization solutions were (a) none, (b) 1.0, (c) 5.0, (d) 10, and (e) 20wt%.

Table II. Elemental analysis of polypyrrole samples

prepared at different initial HPC concentrations

C H N O Cl Fe

PPy (without HPC) 4.03 3.19 1.00 0.44 0.34 0.001

PPy (1wt% HPC) 4.81 4.28 1.00 0.83 0.25 0.005

PPy (5wt% HPC) 5.12 5.29 1.00 0.97 0.23 0.006

PPy (10wt% HPC) 7.38 9.44 1.00 2.57 0.28 0.009

PPy (20wt% HPC) 12.83 19.22 1.00 5.44 0.28 0.005
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and their conductivities were measured in the same
way as for the first powder sample.
The pellet conductivity of the polypyrrole colloid

was found to be 1:2� 10�1 S/cm, which was compa-
rable to that of the powder (Table I). The pellet con-
ductivity of the gel was lower than those of the pow-
der and colloid (10�4 � 10�3 S/cm). This may be due
to the presence of large amounts of HPC in the gel, so
that the HPC chain disturbs the contact between poly-
pyrrole chains, causing a decrease in conductivity.

Morphology of Polypyrrole Colloid
Figures 3 and 4 show SEM and TEM micrographs

of the polypyrrole colloid and powder particles. These
were used to determine particle diameters, which are
shown in Table I. Both types of particle (colloid and
powder) were spherical. However, the polypyrrole

particle sizes were found to vary depending upon
HPC concentration. HPC was not observed in the
TEM micrographs shown in Figure 4; only polypyr-
role was found to be present.
The diameters of colloid particles obtained by poly-

merization in 5wt% HPC solution were small (140�
30 nm) [Figure 4(b)]. Powder particles obtained from
1wt% HPC solution were spherical, with diameters
of 500� 40 nm [Figure 4(a)]. In contrast, polypyrrole
particles prepared in the same way but without HPC
were found to be non-uniform, non-spherical, and
chain-like [Figure 3(c)].6,29

A TEM micrograph of the polymerization reaction
mixture containing pyrrole and 1wt% HPC solution is
shown in Figure 5. Here, we can see the process of
formation of polypyrrole particles; polypyrrole and
HPC are present in a cluster. The following polypyr-
role formation process may be suggested: initially,
an emulsion is formed by the pyrrole and HPC due
to a hydrophilic interaction between the hydroxyl
groups associated with the ether moieties of HPC
and water, and a hydrophobic interaction between
the pyrrole monomer and the HPC main chain;37 poly-
merization then occurs in this state. HPC prevents fur-

(a) 

(b) 

(c) 

Figure 3. SEM micrographs of polypyrrole prepared in

HPC solutions of different concentrations. The concentrations of

HPC in the aqueous polymerization solutions were (a) 1.0,

(b) 5.0wt%, and (c) none.

(a) 

(b) 

Figure 4. TEM micrographs of polypyrrole prepared in

HPC solutions of different concentrations. The concentrations of

HPC in the aqueous polymerization solutions were (a) 1.0 and

(b) 5.0wt%.

Preparation of Polypyrrole by Emulsion Polymn. Using HPC

Polym. J., Vol. 38, No. 7, 2006 707



ther aggregation by providing steric stabilization dur-
ing the polymerization, so that spherical particles are
obtained. The polypyrrole particles formed are in an
oxidized state and have a cationic charge. For this rea-
son, they do not form a connection with the non-ionic
HPC, and gradually become separate. The resulting
polypyrrole particles contain a small amount of HPC.
Thus, it was found that HPC concentration controls

the shape and size of the polypyrrole particles, and
that the amount of HPC present during the reaction
has a significant influence on the shape of the resulting
particles. It was also found that the formation of an
HPC-pyrrole emulsion plays an important role in the
formation of polypyrrole particles with uniform diam-
eters.

CONCLUSION

Polypyrrole particles with uniform diameters were
obtained by chemical oxidative polymerization of an
HPC-pyrrole emulsion. By changing the HPC concen-
tration, the particle diameter of the obtained polypyr-
role could be controlled, and water-dispersible poly-
pyrrole was obtained. The resulting polypyrrole par-
ticles show conductivity of the order of 10�1 S/cm.
Because polymerization takes place in a water-based
system without organic solvent, it is less expensive
than other polymerization methods and ecologically
ideal.
In the future, we plan to prepare electrodes from the

resulting polypyrrole, study its electrical properties,
and apply the material in lithium secondary batteries.
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33. J. C. Thiéblemont, J. L. Gabelle, and M. F. Planche, Synth.

Met., 66, 243 (1994).

34. N. Toshima and O. Ihata, Synth. Met., 79, 165 (1996).

35. S. Machida and S. Miyata, Synth. Met., 31, 311 (1989).

36. S. F. Lascelles and S. P. Armes, J. Mater. Chem., 7, 1339

(1997).

37. Y. K. Yarovoy and M. M. Labes, J. Am. Chem. Soc., 119,

12109 (1997).

Preparation of Polypyrrole by Emulsion Polymn. Using HPC

Polym. J., Vol. 38, No. 7, 2006 709


	Preparation of Polypyrrole by Emulsion PolymerizationUsing Hydroxypropyl Cellulose
	EXPERIMENTAL
	Materials
	Preparation of Polypyrrole Colloids

	RESULTS AND DISCUSSION
	Preparation of Pyrrole-HPC Emulsion
	Preparation of Water-Dispersible Polypyrrole
	IR Spectra of Polypyrrole
	Elemental Analysis of Polypyrrole
	Conductivity of Polypyrrole
	Morphology of Polypyrrole Colloid

	CONCLUSION
	REFERENCES


