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Abstract The effect of varying the
oxidant, monomer and silica sol
concentrations, silica sol diameter,
polymerization temperature, stirring
rate and oxidant type, on the particle
size, polypyrrole content and conduc-
tivity of the resulting polypyrrole—
silica colloidal nanocomposites has
been studied. Surprisingly, nanocom-
posite formation appears to be
relatively insensitive to most of the
above synthesis parameters. One
synthesis parameter which does have
a significant and reproducible effect is
the stirring rate: smaller, more
monodisperse nanocomposite particles
are obtained from rapidly stirred
reaction solutions. However, this
effect is only observed for the
(NH

4
)
2
S
2
O

8
oxidant. An alternative

oxidant, H
2
O

2
/Fe3`, was found to

give nanocomposites of similar

particle size, polypyrrole content and
conductivity to those obtained using
the (NH

4
)
2
S
2
O

8
oxidant. The colloid

stability of these polypyrrole—silica
nanocomposite particles depends on
their silica content. The colloid
stability of a silica-rich
nanocomposite prepared using the
(NH

4
)
2
S
2
O

8
oxidant in the presence

of electrolyte was comparable to that
of a silica sol, whereas a polypyrrole-
rich nanocomposite prepared using
FeCl

3
had markedly poorer colloid

stability under these conditions.
These observations are consistent
with a charge stabilization mechanism
for these nanocomposite particles.
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Introduction

Polypyrrole is a relatively air-stable organic conducting
polymer. It is generally considered to be insoluble in all
known solvents, probably due to some degree of cross-
linking [1]. One approach to improving the processability
of this otherwise intractable material is to synthesize poly-
pyrrole in colloidal form. Usually, this has been achieved
by aqueous dispersion polymerization using a suitable
water-soluble polymer as a steric stabilizer [2—5].

Recently we have shown that polypyrrole colloids
can be prepared in the absence of a polymeric stabilizer.

In this approach, pyrrole is chemically polymerized in the
presence of ultrafine silica [6, 7] or tin (IV) oxide [8, 9]
sols. The precipitating conducting polymer coats the
sol particles and ‘‘glues’’ them together. Under appropriate
conditions colloidally stable polypyrrole—silica (or poly-
pyrrole-tin(IV) oxide) ‘‘raspberry’’ particles can be ob-
tained (see Fig. 1). Average particle diameters can be
systematically varied from 100 to 300 nm and reasonably
narrow size distributions were obtained in some cases.
Polypyrrole loadings were up to 70% by mass, with
pressed pellet conductivities as high as 4 S cm~1 found for
the polypyrrole—silica particles.
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Fig. 1 Schematic
representation of the formation
of polypyrrole—silica
nanocomposites

Zeta potential measurements indicated that the surfaces
of the polypyrrole—silica ‘‘raspberry’’ particles were silica-
rich, which accounts for their excellent long-term colloid
stability [10]. Surface Si/N atomic ratios determined for
these nanocomposites using X-ray photoelectron spectro-
scopy [11] were always significantly higher than the corre-
sponding bulk Si/N ratios, which is consistent with the
zeta potential data. BET surface area measurements [12]
using nitrogen adsorbate at 77K indicated that some of
these nanocomposites particles have significant micro-
porosity. Colloidal nanocomposites can also be formed
with other conducting polymers such as polyaniline
[13, 14] and poly(3,4 ethylenedioxythiophene) [15]. Small
angle X-ray scattering studies [16] confirmed that the
average separation distance between silica particles within
polyaniline—silica raspberries is less than 5 nm. Thus, the
conducting polymer component is dispersed within the
raspberry particles at, or near, the molecular level and
these composite materials can be regarded as true
nanocomposites. It has been suggested that polypyr-
role—silica dispersions have some potential as novel
‘‘marker’’ particles for immunodiagnostic assays [17, 18].
Here, the attractive feature of these novel particles is their
intense intrinsic colouration, rather than their electrical
conductivity. Ideally, such applications require surface-
functionalized particles to aid the specific binding of the
biological molecule of interest (e.g. proteins, antigens, anti-
bodies, etc.). In this context we have recently demonstrated
that carboxylic acid groups can be readily introduced
during the nanocomposite synthesis simply by
copolymerizing pyrrole with carboxylic acid-functional-
ized pyrrolic comonomers in the presence of an ultrafine
silica sol. [19, 20].

In the present work we have investigated the effect of
several synthesis parameters on the particle size, conduct-
ing polymer content and conductivity of the polypyr-
role—silica nanocomposites. These include pyrrole,
oxidant, and silica sol concentrations, silica sol diameter,
polymerization temperature, oxidant type and stirring

rate. In addition, the relative colloid stability of these
nanocomposites in the presence of electrolyte has been
assessed by turbidimetry.

Experimental

Chemicals and reagents

Pyrrole (BASF) was purified using a column of activated
basic alumina and then stored at!15 °C in the absence of
light prior to use. FeCl

3
) 6H

2
O, (NH

4
)
2
S
2
O

8
, H

2
O

2
(27.5 wt% aqueous solution), and HBr (48% aqueous
solution) were obtained from Aldrich Chemicals Ltd, and
were used without further purification. The ultrafine collo-
idal silica sols of 20 nm diameter (40 wt% solids in water)
and 2 nm diameter (15 wt% solids in water) were kindly
donated by Nyacol Products, USA. Colloidal silica sols of
50, 100 and 300 nm diameter (supplied at 40, 20 and
20 wt% solids in water, respectively) were provided cour-
tesy of Nissan Chemical Industries Ltd., Japan. All reac-
tions were carried out using deionized water.

Effect of temperature

Reactions at room temperature were carried out as
follows: The oxidant (9.10 g FeCl

3
) 6H

2
O, or 3.12 g

(NH
4
)
2
S
2
O

8
) was added to a 200 ml screw-cap bottle

containing a magnetic stirrer bar. The silica sol was then
added (2.50 g of a 40 wt% solution of a 20 nm diameter
sol), followed by the addition of deionized water, up to
a total solution volume of 100 ml. Pyrrole (1.00 ml) was
then added via syringe to this stirred solution, and the
polymerization was allowed to proceed for 24 h. The re-
sulting reaction solution was centrifuged at 5000 rpm for
30 min, and the supernatant containing the excess silica sol
and inorganic byproducts was decanted and discarded.
The black sediment was then redispersed in deionized

894 Colloid & Polymer Science, Vol. 276, No. 10 (1998)
( Steinkopff Verlag 1998



water. This centrifugation—redispersion cycle was repeated
three times in order to remove excess non-aggregated silica
and soluble (in)organic by-products.

Polypyrrole bulk powders were synthesized as de-
scribed above, but in the absence of any colloidal silica sol.
After the specified reaction time, the precipitated poly-
pyrrole powders were vacuum-filtered and washed with
copious amounts of deionized water until the washings
were clear.

In the reduced temperature experiments, the general
procedure described for the room temperature experi-
ments was followed, except that the oxidant/silica solution
was cooled to 0 °C in an ice bath prior to the addition of
the pyrrole monomer; this temperature was maintained for
the duration of the reaction. Similarly, in the elevated
temperature experiments, the oxidant/silica solution was
heated to 50 °C in a water bath with continuous stirring
prior to pyrrole addition. Again, this temperature was
maintained for the duration of the reaction.

Effect of reagent concentration

(1) Variation of silica and pyrrole concentration. In this
set of experiments the oxidant concentration was fixed
(9.10 g FeCl

3
) 6H

2
O in 100 ml water) but the pyrrole

and silica concentrations were varied. Thus, for entry
13 the FeCl

3
was in excess, for entry 14 the oxidant:

monomer molar ratio was the theoretical
stoichiometry of 2.33 :1 and for entries 15—17 the pyr-
role was in excess. All polymerizations were carried out
at room temperature for 24 h. The clean-up procedure
for the resulting nanocomposites was as described in
the previous section.

(2) Variation of silica, pyrrole and oxidant concentrations.
In this set of experiments the pyrrole and silica concen-
trations were varied as described in the previous sec-
tion, but this time the FeCl

3
) 6H

2
O oxidant was also

varied in order to maintain a constant oxidant: mono-
mer molar ratio of 2.33 : 1 (i.e. 9.10 g FeCl

3
) 6H

2
O for

1.00 ml of pyrrole, 18.15 g for 2.00 ml of pyrrole, etc.).
In this set of experiments both the yields and the rates
of reaction increased with increasing reagent concen-
trations. All polymerizations were carried out at room
temperature for 24 h. Dispersions were cleaned up by
repeated centrifugation—redispersion cycles in de-
ionized water.

Effect of silica particle diameter

The effect of varying the silica sol diameter on the final
particle size of the nanocomposites was investigated using

silica sols with nominal manufacturers’ diameters of 20, 50,
100 and 300 nm in conjunction with FeCl

3
) 6H

2
O (9.10 g).

Experiments using 20 and 50 nm diameter silica were
carried out using 1.00 and 2.50 g dry weight of silica,
respectively, and experiments using 100 and 300 nm dia-
meter silica were carried out using 5.00 and 15.00 g dry
weight of silica respectively. Thus the nominal total surface
area of silica sol was held constant at approximately
140 m2 in each experiment. Pyrrole (1.00 ml) was then
added via syringe, and the reaction was allowed to proceed
for 24 h. Once the reaction was complete, the dispersions
were cleaned by repeated centrifugation and redispersion
in deionized water, except in the case of the nanocom-
posite prepared using 300 nm diameter silica. In this case
the polypyrrole—silica particles were sufficiently large
and/or flocculated to be purified by gravitational sedi-
mentation—redispersion cycles.

Syntheses using hydrogen peroxide oxidant

In these syntheses H
2
O

2
(2.00 ml; 27.5% sol in water), HBr

(1.00 ml; 48% sol in water) and a catalytic amount of
FeCl

3
) 6H

2
O (0.10 ml of a 0.10 M solution) were added in

turn to a 100 ml screw-cap bottle containing a magnetic
flea. The silica sol was then added (4.38 g of a solution of
40 wt% solids of 20 nm diameter silica particles), followed
by the addition of deionized water, up to 40 ml. Pyrrole
(1.00 ml) was then added via syringe, and the reaction was
allowed to proceed for 24 h. The resulting particles were
purified as described earlier.

Effect of stirring rate

(NH
4
)
2
S
2
O

8
(19.2 g) was dissolved in deionized water

(85 ml). Silica sol (51.0 g of a 34 wt% aqueous solution, i.e.
17.34 g dry weight silica; ex. Nyacol products) was added
and this solution was made up to 500 ml with deionized
water. This reaction mixture was stirred at 4 °C for 10 min
at 3000 rpm using a Silverson Laboratory mixer (model
L4R). The stirring rate was increased to 5000 rpm and then
pyrrole (5.0 ml) was added via syringe. The reaction mix-
ture immediately turned black and stirring was continued
for 30 min prior to clean-up via three centrifugation/redis-
persion cycles.

Characterisation of the polypyrrole—silica nanocomposites

Chemical composition. After clean-up, polypyrrole—silica
dispersions were oven-dried overnight at 60 °C prior to
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Table 1 Effect of reaction
temperature on the yield and
conductivity of polypyrrole
bulk powders synthesized in the
absence of any silica sol

Sample Reaction Oxidant type Reaction PPY yield p!)
ID temp. [°C] time [h] [%] [Scm~1]

1 0 FeCl
3
) 6H

2
O 24 94 12

2 25 FeCl
3
) 6H

2
O 24 93 16

3 50 FeCl
3
) 6H

2
O 4 98 1

4 0 (NH
4
)
2
S
2
O

8
18 86 0.6

5 25 (NH
4
)
2
S
2
O

8
18 84 0.6

6 50 (NH
4
)
2
S
2
O

8
1 50 0.2

Reactions were carried out in 100 ml water, using 1.00 ml pyrrole at an oxidant : pyrrole molar
ratio of 2.33 : 1.
!)By four-point probe method on compressed pellets.

CHN elemental microanalyses at an independent labora-
tory (Medac Ltd at Brunel University, UK).

Particle size analysis. The polypyrrole—silica nano-
composites were sized using disc centrifuge photo-
sedimentometry (DCP). All measurements were carried
out using a Brookhaven BI-DCP instrument, operating in
the line start mode. Samples for DCP analysis were pre-
pared by adding a few drops of the aqueous nanocom-
posite dispersion to 3 ml of a 1 :2 v/v% methanol :water
mixture. This solution was immersed in an ultrasonic bath
for up to 10 min just prior to DCP analysis. The centrifuge
rate was adjusted according to the size of the particles
being measured. Typically, centrifugation rates were in the
1000 to 6000 rpm range. The densities of polypyrrole and
silica were measured to be 1.46 and 2.17 g cm~3, respec-
tively, as measured by helium pycnometry. Assuming
additivity, particle densities were calculated from the
polypyrrole contents of the nanocomposites as determined
from CHN microanalyses. In the DCP analyses it was
assumed that the polypyrrole—silica nanocomposites had
the same scattering characteristics as carbon black.

Conductivity measurements. The conductivities (p) of
compressed pellets of the dried nanocomposites were de-
termined using the standard four-point probe method at
room temperature. Random errors associated with these
measurements are estimated to be$10%, with an addi-
tional systematic error of ca. 5—10%.

Colloid stability measurements. With the FeCl
3
) 6H

2
O-

synthesized polypyrrole—silica particles, 2.75 g of a 40 wt%
aqueous solution of 20 nm diameter silica (i.e. 1.10 g dry
weight of silica) was used. With the (NH

4
)
2
S
2
O

8
-syn-

thesized polypyrrole—silica particles, 8.50 g of a 40 wt%
aqueous silica sol (i.e. 3.4 g dry weight of silica) of 20 nm
diameter was used. Polymerizations were carried out at
room temperature for 24 h, prior to clean-up via repeated
centrifugation/redispersion cycles. The relative colloid
stabilities of the above two polypyrrole—silica dispersions
and also a silica sol of ca. 100 nm were assessed at 25 °C in
the presence of 0.10 M KCl. Absorbance vs. time measure-
ments were carried out using a Perkin Elmer Lambda 2S

UV-vis spectrophotometer operating at a fixed wavelength
of 500 nm. A second series of absorbance vs. time measure-
ments were also made on the (NH

4
)
2
S
2
O

8
-synthesized

polypyrrole—silica particles at KCl concentrations of zero,
0.01, 0.10 and 1.00 M KCl. In both sets of experiments
a decrease in the normalized absorbance ratio (A

5
/A

0
)

represented a reduction in colloid stability.

Results and discussion

The original aim of this fundamental study was to vary
several nanocomposite synthesis parameters systemati-
cally in order to control particle size, conducting polymer
content and electrical conductivity. Reasonably good con-
trol over particle size (i.e. 500 mm to 20 km) had already
been reported by Iler and McQueston in the patent litera-
ture for the preparation of analogous polymer-silica
nanocomposites [21]. In this earlier work the polymeric
component of the nanocomposites was a urea-formalde-
hyde resin synthesized by step polymerization chemistry.
The redox chemistry used to prepare polypyrrole in the
present study is obviously quite different. Nevertheless,
Maeda and Armes had previously reported that the par-
ticle size and chemical composition (silica content) of the
polypyrrole—silica nanocomposites could be systemati-
cally adjusted over a useful range by varying just two
parameters, the silica sol concentration and the nature of
the oxidant [6, 7]. In particular it was anticipated that the
particle size range of the nanocomposites could be ex-
tended by examining additional synthesis parameters.
These are considered in turn below.

Effect of temperature

Precipitation polymerization. Polypyrrole bulk powders
were synthesized as reference materials (see Table 1) to
enable determination of the polypyrrole contents of the
analogous polypyrrole—silica particles. Thus the nitrogen
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Table 2 Effect of reaction
temperature on the particle size,
conductivity and chemical
composition of the resulting
polypyrrole—silica
nanocomposites

Sample Reaction Oxidant Reaction PPY p") Weight-average
ID temp [°C] type time [h] content!) [S cm~1] diameter#)

[wt%] [nm]

7 50 FeCl
3
) 6H

2
O 4 62.6 0.2 270$70

8 25 FeCl
3
) 6H

2
O 24 61.6 1 250$50

9 0 FeCl
3
) 6H

2
O 24 52.5 3 220$60

10 50 (NH
4
)
2
S
2
O

8
1 49.7 8]10~3 170$40

11 25 (NH
4
)
2
S
2
O

8
24 51.8 6]10~3 180$40

12 0 (NH
4
)
2
S
2
O

8
18 52.2 0.5 150$50

Reactions were carried out in 100 ml water, using 1.00ml pyrrole, an oxidant : pyrrole molar
ratio of 2.33 : 1 and 1 g dry weight of 20 nm diameter silica sol.
!)By CHN elemental microanalysis.
")By four-point probe method on compressed pellets.
#)By disc centrifuge photosedimentometry.

content of the nanocomposite was compared with that of
the most appropriate bulk powder. The data presented in
Table 1 indicates that the polymerization temperature has
a surprisingly small effect on the conductivity of polypyr-
role bulk powders in the 0—50 °C range. The conductivities
of polypyrroles synthesized using the FeCl

3
oxidant are

usually around an order of magnitude higher than those
prepared using (NH

4
)
2
S
2
O

8
. Maeda and Armes [7] at-

tributed these differences to over-oxidation of the polypyr-
role chains by the latter oxidant; FTIR studies provided
some evidence for this hypothesis. The slightly lower con-
ductivities obtained at 50 °C with either oxidant in the
present study are probably also due to over-oxidation of
the polypyrrole backbone, leading to reduced conjugation
of the polypyrrole chains.

Excellent polypyrrole yields were generally obtained.
However, using the (NH

4
)
2
S
2
O

8
oxidant at 50 °C results in

a significantly lower yield of only 50% (see entry 6 in
Table 1). It is very likely that this reduced yield is
due to the well-known thermal decomposition of
(NH

4
)
2
S
2
O

8
into sulfate radical anions at this temper-

ature. Although capable of polymerizing a wide range of
vinyl monomers, the resulting radical anions cannot poly-
merize pyrrole, therefore loss of (NH

4
)
2
S
2
O

8
via this side

reaction would necessarily lead to lower polypyrrole
yields.

Table 2 shows the effect of varying the reaction temper-
ature and oxidant type on the polypyrrole contents,
particle size and electrical conductivities of the resulting
polypyrrole—silica nanocomposites. Entries 7—9 were syn-
thesized using the FeCl

3
) 6H

2
O oxidant, and entries 10—12

were synthesized using the (NH
4
)
2
S
2
O

8
oxidant. For both

oxidants, varying the polymerization temperature between
0 and 50 °C had surprisingly little effect on either the
weight-average particle diameter or the particle size distri-
bution (PSD). The same temperature range was recently
investigated by Riede et al. [22] for the synthesis of poly-
aniline-silica nanocomposite particles. It is noteworthy

that these workers reported that stable colloidal disper-
sions could not be obtained above 30 °C. As with the bulk
powder syntheses, polymerizations at 0 °C led to
nanocomposites with the highest conductivities. Slightly
smaller particle diameters were also obtained under these
conditions.

According to the data presented in Table 2, polypyr-
role—silica particles synthesized using FeCl

3
) 6H

2
O have

significantly higher conductivities than those synthesized
using (NH

4
)
2
S
2
O

8
. Generally, the former nanocomposites

also have higher polypyrrole loadings and larger particle
diameters. These results are in general agreement with
previous work published by Maeda and Armes [7].

Effect of varying pyrrole and silica concentrations

The data in Table 3 reveals that the ‘‘standard’’ formula-
tion for polypyrrole—silica syntheses (i.e. 1.00 ml pyrrole,
1.00 g dry weight of silica in 100 ml of reaction solution,
entry 14) yields relatively monodisperse particles with
a weight-average diameter of 240$50 nm. A representa-
tive transmission electron micrograph of these particles is
shown in Fig. 2. This nanocomposite also had a relatively
high conductivity (ca. 1 S cm~1). These results are in very
good agreement with those of Maeda and Armes and
therefore serve to demonstrate the excellent batch-to-
batch reproducibility of these nanocomposite syntheses
[7]. Increasing both the pyrrole and the silica concen-
trations at a fixed oxidant concentration produced appar-
ently larger particles, but with significantly broader
particle size distributions (entries 15—17). These nanocom-
posites have much lower electrical conductivities
((10~6 S cm~1). These observations are particularly sur-
prising given that the volume fractions of polypyrrole in
these nanocomposites (0.66—0.73) are significantly higher
than the threshold value of 0.16 expected on the basis of
classical percolation theory.
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Table 3 Effect of varying the
pyrrole and silica concentra-
tions at a fixed FeCl

3
concen-

tration (corresponding to that
required to polymerise 1.00 ml
pyrrole) on the particle size,
conductivity and chemical
composition of the resulting
polypyrrole—silica
nanocomposites

Sample Pyrrole Silica PPY content!) p") Weight average
ID concn. concn. [wt%] [Scm~1] diameter#)

[w/v%] [w/v%] [nm]

13 0.50 0.50 81.1 2 280$110
14 1.00 1.00 59.8 1 240$50
15 2.00 2.00 64.5 (10~6 330$70
16 3.00 3.00 54.3 (10~6 890$220
17 4.00 4.00 57.1 (10~6 1070$400

The polymerizations were carried out at 25 °C for 24 h using a 20 nm diameter silica sol in
100 ml water.
!)By CHN elemental microanalysis.
")By four-point probe method on compressed pellets.
#)By disc centrifuge photosedimentometry.

Table 4 Effect of varying the
pyrrole, silica and oxidant
concentrations on the particle
size, conductivity and chemical
composition of the resulting
polypyrrole—silica
nanocomposites

Sample Pyrrole Silica Oxidant PPY p") Weight-average
ID concn. concn. concn. content!) [S cm~1] diameter#)

[w/v%] [w/v%] [w/v%] [wt%] [nm]

18 0.50 0.50 4.55 82.7 3]10~3 870$610
8 1.00 1.00 9.10 61.6 1 250$50

19 2.00 2.00 18.20 57.7 5 390$180
20 3.00 3.00 27.30 53.5 5 380$180
21 4.00 4.00 36.40 57.1 3 390$200

FeCl
3
) 6H

2
O was used as the oxidant in all polymerizations, which were carried out in 100 ml

water at 25 °C for 24 h using the 20 nm silica sol.
!)By CHN elemental microanalysis.
")By four-point probe method on compressed pellets.
#)By disc centrifuge photosedimentometry.

Fig. 2 Typical transmission electron micrograph of polypyrrole—sil-
ica nanocomposite particles obtained using the FeCl

3
) 6H

2
O

oxidant at 20 °C at an initial silica concentration of 1.0 w/v%

Maeda and Armes have previously reported [7] that,
prior to addition of the pyrrole monomer, Fe3` ions
adsorb onto the surface of the ultrafine silica sol. Thus in
the synthesis of polypyrrole—silica nanocomposites the in-
itial locus of polymerization is likely to be at the surface of
the silica particles. As the amount of silica in the reaction is
increased, the total surface area of silica and the amount of

adsorbed Fe3` is also increased, thus the polypyrrole layer
formed is less likely to be continuous. This may account
for the lower conductivities of entries 15—17. During the
first centrifugation—redispersion cycle it was also noted
that the reaction supernatants were brown for entries
15—17. This suggests that the excess pyrrole monomer in
the reaction led to the formation of soluble pyrrole
oligomers in the reaction solution.

Lowering both the pyrrole and the silica concentra-
tions (entry 13) resulted in a nanocomposite with a sur-
prisingly high polypyrrole content (ca. 81%) and slightly
larger, more polydisperse particles than those obtained
using the ‘‘standard’’ formulation. The reason(s) for these
differences remain unclear at present.

Effect of varying pyrrole, oxidant and silica sol
concentrations

This series of experiments were carried out using only the
FeCl

3
) 6H

2
O oxidant, which has relatively high solubility

in aqueous media. Reagent concentrations were varied
relative to the ‘‘standard’’ formulation for nanocomposite
syntheses.

Halving the pyrrole, FeCl
3
) 6H

2
O and silica sol con-

centrations (entry 18 in Table 4) led to the formation of
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Table 5 Effect of silica sol
diameter on the particle size,
conductivity and chemical
composition of the resulting
polypyrrole—silica
nanocomposites

Sample Silica size Silica concn. PPY content!) p") Weight average
ID [nm] [w/v%] [wt%] [S cm~1] diameter#)

[nm]

8 20 1.00 61.6 1 250$50
22 50 2.50 32.9 4.3]10~3 240$60
23 100 5.00 18.5 (10~6 440$130
24 300 15.00 7.1 (10~6 770$180

Reactions were carried out at 25 °C for 24 h using 1.00 ml pyrrole and 9.10 g FeCl
3
) 6H

2
O in

100 ml water.
!)By CHN elemental microanalysis.
")By four-point probe method on compressed pellets.
#)By disc centrifuge photosedimentometry.

Fig. 3 Bimodal particle size distribution obtained for entry 21
(Table 4) using disc centrifuge photosedimentometry

large nanocomposite particles and an extremely broad
PSD, which suggests significant flocculation. Again, it ap-
pears that a relatively high polypyrrole content (ca. 83%)
does not necessarily lead to high conductivities (cf. entry
13 in Table 3). Simultaneously increasing the pyrrole,
oxidant and silica concentrations by a factor of two, three
or four (entries 19—21) yields nanocomposites of very sim-
ilar particle size, polypyrrole content and conductivity.
This is surprising given that increasing the reagent concen-
trations might be expected to lead to much faster poly-
merization rates [23], which might be expected to
affect particle size and perhaps have a deleterious effect
on conductivity. All three nanocomposites apparently
had a weight-average diameter of just under 400 nm,
as judged by DCP. This average size was, however,
misleading. These dispersions each have bimodal distribu-
tions, with a primary population at 200—250 nm, and a
secondary population at around 500 nm (see Fig. 3).
The secondary peak may indicate some degree of weak
flocculation.

Effect of silica particle diameter

TEM studies indicated that the 100 nm diameter silica sol
was relatively monodisperse whereas the 300 nm diameter
silica sol was rather polydisperse, containing a consider-
able number of particles in the 50—150 nm diameter size
range. Thus the manufacturer’s nominal diameter for the
latter sol should be treated with some caution.

The nanocomposites synthesized using both the 100
and 300 nm diameter silica sols were colloidally unstable,
flocculating approximately 1 h after addition of the
pyrrole monomer. After clean-up it was possible to re-
disperse the particles sufficiently in order to obtain a rea-
sonable DCP analysis.

It is clear from Table 5 that increasing the silica sol
diameter from 20 up to 300 nm leads to larger polypyr-
role—silica nanocomposites, as expected. However, signifi-
cantly lower polypyrrole contents and conductivities were
obtained for nanocomposites prepared using the 50, 100
and 300 nm sols. These conductivities suggest that very
little polypyrrole is present at the surface of the nanocom-
posites, leading to poor electrical contact between adjacent
particles at the microscopic level. The maximum theoret-
ical polypyrrole contents for entries 23 and 24 are 18.7 and
7.1 wt%, respectively (assuming that all of the silica sol
was incorporated into the composite). Since the polypyr-
role contents of these samples are so close to the theoret-
ical values, it is probable that the polypyrrole and silica are
merely co-precipitating rather than forming colloidal
nanocomposite structures. Similar observations were
made by Armes et al. who polymerized pyrrole in the
presence of a micrometer-sized silica sol [24]. This hy-
pothesis is supported by the gross flocculation of these
dispersions only 1 h after pyrrole addition.

Effect of oxidant

Table 6 summarizes the data obtained from nanocom-
posites synthesized using three different oxidants. Entries
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Table 6 Effect of oxidant type
on the particle size,
conductivity and chemical
composition of the resulting
polypyrrole—silica
nanocomposites

Sample Oxidant Pyrrole Silica PPY p") Weight average
ID type concn. concn. content!) [S cm~1] diameter#)

[w/v%] [w/v%] [wt%] [nm]

8 FeCl
3
) 6H

2
O 1.00 1.00 61.6 1 250$50

11 (NH
4
)
2
S
2
O

8
1.00 1.00 51.8 6]10~3 180$40

25 H
2
O

2
/Fe3`/HBr 3.00 5.25 &55.0 7.5]10~3 180$30

Reactions using FeCl
3
) 6H

2
O and (NH

4
)
2
S
2
O

8
were carried out in deionized water at 25 °C

for 24 h using an oxidant : pyrrole molar ratio of 2.33 : 1 and the 20 nm diameter silica sol. For
details of the H

2
O

2
/Fe3 /̀HBr reaction, see experimental section.

!)By CHN elemental microanalysis.
")By four-point probe method on compressed pellets.
#)By disc centrifuge photosedimentometry.

Fig. 4 Effect of stirring rate on the particle size distribution of
polypyrrole—silica nanocomposite particles as judged by disc centri-
fuge photosedimentometry. Synthesis conditions were as follows:
(NH

4
)
2
S
2
O

8
oxidant at 4 °C at an initial silica concentration of

3.4w/v%. Note the smaller particle diameter and narrower size
distribution obtained using the Silverson stirrer (5000 rpm) com-
pared to magnetic stirring

8 and 11 are taken from Tables 2 and 4, respectively; they
are presented again to aid comparison with entry 25. Use
of the H

2
O

2
/Fe3 /̀HBr catalytic oxidant as described by

Yamamoto and co-workers [25] resulted in nanocom-
posite particles which are very similar in character to those
synthesized using the (NH

4
)
2
S
2
O

8
oxidant. In an attempt

to improve the conductivity of the particles synthesized
using the H

2
O

2
/Fe3` oxidant, p-toluenesulfonic acid was

used instead of HBr as the added acid. Thus the tosylate
ion was expected to replace the bromide ion as the major
dopant anion for the cationic polypyrrole chains. Such
aromatic sulfonate dopants are known to improve the
conductivity of polypyrrole [26]. However, the resulting
nanocomposite has only a marginally higher conductivity
(ca. 10~2 S cm~1) and the particles were colloidally unsta-
ble as judged by DCP.

Effect of stirring rate

As far as we are aware, there has been only one literature
report of the effect of stirring rate on the formation of
conducting polymer particles. For the synthesis of steri-
cally stabilized polyaniline dispersions using poly(vinyl
alcohol) or poly(N-vinylpyrrolidone) stabilizers, Stejskal
et al. [27] reported that stirring was detrimental to colloid
formation. The dramatic effect of a faster stirring rate is
illustrated in Fig. 4. With conventional magnetic stirring
a relatively broad particle size distribution was obtained
using the (NH

4
)
2
S
2
O

8
oxidant, with a weight-average par-

ticle diameter of 134$25 nm (NB a rather higher silica sol
concentration of 3.4 w/v% was used in this experiment,
which led to a slightly smaller particle size than that
indicated by entry 12 in Table 2). However, using the
Silverson stirrer under the same conditions resulted in
a much narrower particle size distribution, with a signifi-
cantly reduced weight-average particle diameter of
92$10 nm. On the other hand, the polypyrrole contents
of these two dispersions were fairly similar at 38% (mag-

netic stirring) and 42% (Silverson stirring at 5000 rpm),
respectively. This stirring rate effect on particle size was
completely reproducible: very similar results were obtain-
ed from three separate Silverson syntheses. Surprisingly,
the effect of higher stirring rates on the FeCl

3
-

synthesized polypyrrole—silica particles was much less ap-
parent. It is well known [22] that the (NH

4
)
2
S
2
O

8
oxidant

polymerizes pyrrole much faster than FeCl
3
. Thus it is

perhaps understandable that the much more rapid and
efficient mixing of reagents achieved with the Silverson
stirrer has a bigger influence on the size distributions of
polypyrrole—silica particles synthesized using the former
oxidant. It is noteworthy that smaller, more monodisperse
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Fig. 5 Absorbance vs. time curves obtained for (a) silica, (b) a FeCl
3
-

synthesized polypyrrole—silica nanocomposite (entry 8 in Table 6)
and (c) a (NH

4
)
2
S
2
O

8
-synthesized polypyrrole—silica nanocomposite

(entry 11 in Table 6) in the presence of 0.10 M KCl at 25 °C. The
colloid stability of the (NH

4
)
2
S
2
O

8
-synthesized polypyrrole—silica

nanocomposite is very similar to that of the silica sol and is superior
to that of the FeCl

3
-synthesized polypyrrole—silica nanocomposite

Fig. 6 Absorbance vs. time curves obtained for a (NH
4
)
2
S
2
O

8
-syn-

thesized polypyrrole—silica nanocomposite (entry 11 in Table 6) in
the presence of 0.00, 0.01, 0.10 and 1.00M KCl at 25 °C. Note the
very poor colloid stability (rapid decrease in absorbance) obtained at
the highest salt concentration

polypyrrole—silica particles may perform better as
‘‘marker’’ particles in immunodiagnostic strip assays since
they will diffuse faster and more uniformly than larger,
more polydisperse particles [28].

Colloid stability

The absorbance vs. time plots shown in Fig. 5 indicate that
the colloid stability of (NH

4
)
2
S
2
O

8
-synthesized polypyr-

role—silica particles in 0.10 M KCl at 25 °C is comparable
to that of a similar-sized silica sol, whereas the FeCl

3
-

synthesized polypyrrole—silica particles are markedly less
stable under the same conditions. These results are in good
agreement with the X-ray photoelectron spectroscopy
studies reported by Maeda et al. [11], who showed that the
surface compositions of (NH

4
)
2
S
2
O

8
-synthesized polypyr-

role—silica particles were distinctly more silica-rich than
polypyrrole—silica particles prepared using FeCl

3
. In addi-

tion, Butterworth et al. [10] recently reported that the zeta
potential vs. pH curves of a series of polypyrrole—silica
dispersions were superimposable on that obtained for con-
ventional silica particles. The effect of increasing electro-
lyte concentration on the colloid stability of the
(NH

4
)
2
S
2
O

8
-synthesized polypyrrole—silica dispersion is

shown in Fig. 6. As expected, the highest colloid stability
was observed in the absence of KCl and the dispersion

became flocculated in 1.0 M KCl. Reasonable (and very
similar) colloid stabilities were obtained at the two inter-
mediate KCl concentrations (0.01 and 0.10 M). Bearing in
mind the peculiarly high resistance to salt-induced floc-
culation exhibited by conventional silica sols [29], these
colloid stability results are consistent with a charge stabil-
ization mechanism for these nanocomposite particles.

Conclusions

The particle size and chemical composition of polypyr-
role—silica nanocomposites prepared using FeCl

3
) 6H

2
O

are remarkably insensitive to a wide range of synthesis
parameters, including oxidant, monomer and silica sol
concentrations, silica sol diameter and polymerization
temperature. This is rather surprising since Maeda and
Armes had previously demonstrated that varying two
other parameters, the silica sol concentration and the
nature of the oxidant, had a considerable effect on the
particle size and the silica content of the nanocomposites.

One synthesis parameter which does have a significant
and reproducible effect is the stirring rate. Smaller, more
monodisperse nanocomposite particles are obtained from
rapidly stirred reaction solutions. However, this effect is
only observed when using the (NH

4
)
2
S
2
O

8
oxidant. An

alternative oxidant, H
2
O

2
/Fe3`, was found to give
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nanocomposites of similar particle size, polypyrrole
content and conductivity to those obtained using the
(NH

4
)
2
S
2
O

8
oxidant.

The colloid stability of these polypyrrole—silica
nanocomposite particles depends on their silica content.
The colloid stability of a silica-rich nanocomposite pre-
pared using the (NH

4
)
2
S
2
O

8
oxidant was comparable to

that of a silica sol of similar size in the presence of electro-
lyte, whereas a polypyrrole-rich nanocomposite prepared
using FeCl

3
had markedly poorer colloid stability under

these conditions. These observations are consistent with
earlier XPS studies, which indicated that the surface com-

positions of (NH
4
)
2
S
2
O

8
-synthesized nanocomposites are

much more silica-rich (as judged by their Si/N atomic
ratios) than FeCl

3
-synthesized nanocomposites. Thus the

combined experimental evidence suggests a charge stabil-
ization mechanism for these nanocomposite particles.
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