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Synthesis and characterization
of surface-aminated polypyrrole-silica

nanocomposites

Abstract Two synthetic routes to
surface-aminated polypyrrole—silica
nanocomposite particles have been
investigated. Route 1 involved the
initial synthesis of homopolypyrrole —
silica particles as described previously,
followed by surface amination

using 3-aminopropyltriethoxy-

silane. In Route 2 aminated
polypyrrole—silica particles were
synthesized directly by copolymerising
an N-substituted aminopyrrole
comonomer with pyrrole in the
presence of an ultrafine silica sol. Both
types of aminated particles were

characterized in terms of their particle
size and morphology, long-term
colloid stability and degree of
amination using transmission electron
microscopy, disc centrifuge
photosedimentometry and zeta
potential measurements, respectively.
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Introduction

In a series of recent papers we have reported the prepara-
tion and characterisation of polyaniline—silica, polypyr-
role—silica and polypyrrole—tin(IV) oxide particles using
ultrafine silica or tin(IV) oxide sols as particulate dispersants
in aqueous media [7-3]. These sols act as high surface area
colloidal substrates for the precipitating polyaniline or
polypyrrole, yielding stable colloidal dispersions of com-
posite particles with a “raspberry” morphology. These col-
loidal “raspberries” consist of micro-aggregates of the silica
(or tin(I'V) oxide) sol held together by the conducting poly-
mer binder component. Both the dimensions of the “rasp-
berries” and the conducting polymer loading can be varied
over a wide range by judicious selection of the oxidant type
and silica concentration [4, 5, 7]. Small-angle X-ray scatter-
ing studies on polyaniline—silica raspberries have confirmed
that these materials are true nanocomposites, since the
polyaniline chains are confined within nanoscale cavities

between the silica particles [8]. BET surface area measure-
ments on a series of conducting polymer—inorganic oxides
suggest that at least some of these nanocomposites exhibit
significant micro-porosity [9].

XPS studies [10] of a series of conducting polymer—
silica nanocomposites confirm that the conducting polymer
component is always present at (or very near) the surface of
the particles. On the other hand, their surface compositions
were invariably silica-rich, as judged from their Si/N atomic
ratios. Aqueous electrophoresis measurements [11] sup-
ported these observations since zeta potential vs. pH curves
obtained for various polyaniline- and polypyrrole—silica
nanocomposites are essentially superimposable on that of
a silica sol. This is consistent with a charge stabilisation
mechanism operating during both the initial formation of
the nanocomposite particles and also their subsequent long-
term colloid stability in aqueous media [ 12]. In this context
it is noteworthy that silica sols, unlike many other oxide
sols, are particularly resistant to electrolyte-induced floc-
culation [13]. This probably explains why so many other
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oxide sols proved to be unsuitable dispersants for nanocom-
posite syntheses [6].

Polypyrrole—silica nanocomposites are promising new
“marker” particles in immunodiagnostic strip assays [14].
In this context the “value-added” property is their intense
intrinsic coloration, rather than their electrical conductivity.
Other desirable characteristics are their small particle size,
narrow size distribution and good colloid stability at
physiological pH. One of the main problems in developing
such assays is non-specific binding [15]. In principle, this
can be overcome (or at least minimised) by incorporating
hydrophilic functional groups such as carboxylic acids
or amines onto the surface of the marker particles. This
promotes specific covalent attachment of the analyte of
interest. Recently, we have examined several synthetic
routes for the surface functionalisation of our polypyrrole-
silica nanocomposites. Carboxylated nanocomposites have

been successfully prepared simply by copolymerising a func-
tional pyrrolic comonomer (either 1-(2-carboxyethyl)pyr-
role or pyrrole-3-acetic acid) with pyrrole during the
nanocomposite synthesis[ 16, 17]. Subsequent X-ray photo-
electron spectroscopy studies confirmed that the carboxylic
acid groups are located at the surface of the particles, as
expected. In a collaborative study with Tarcha’s group at
Abbott Laboratories [18], it was demonstrated that car-
boxylic acid—functionalized polypyrrole—silica particles
could be used as marker particles in a simple strip assay for
the human pregnancy hormone, hCG.

In the present work we describe our attempts to synthe-
size surface-aminated polypyrrole—silica particles. Two
synthetic routes were examined. Route 1 (see Fig. 1)
involved functionalization of homopolypyrrole—silica
nanocomposite particles using 3-aminopropyltriethoxy-
silane reagent (APTES). Route 2 (see Fig. 2) involved
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copolymerization of an amine-functionalized pyrrolic
comonomer with pyrrole in the presence of an ultrafine
silica sol. The resulting dispersions have been extensively
characterized in terms of their particle morphology and size
distribution, silica content, colloid stability and surface
composition using transmission electron microscopy, disc
centrifuge photosedimentometry, thermogravimetric analy-
sis, zeta potential measurements, surface-enhanced Raman
spectroscopy and X-ray photoelectron spectroscopy, re-
spectively.

Experimental
Materials

Pyrrole, 1-(2-cyanoethyl)pyrrole, ammonium persulfate,
iron(I1I) chloride, lithium aluminium hydride (1.0 M solu-
tion in diethyl ether), anhydrous diethyl ether, sodium
chloride, potassium hydroxide and acetic acid were ob-
tained from Aldrich. Pyrrole was passed through a column
of basic alumina and stored at 4 °C prior to use. Aqueous
silica sol (Nyacol 2034DI), with a nominal particle size of
20 nm, was kindly donated by Eka Chemicals (Sweden).
3-aminopropyltriethoxysilane (APTES) was obtained from
OSi Specialities Ltd. Water was de-ionized and doubly
distilled.

Synthesis of nanocomposites

The preparation of homopolypyrrole—silica nanocom-
posites involved the addition of pyrrole to an aqueous silica
sol in the presence of a chemical oxidant [4, 5, 7]. Thus,
pyrrole (1.0 ml) was added to a vigorously stirred dispersion
of colloidal silica (3.47 w/v%) in deionized water contain-
ing (NH,),S,05 (3.84 w/v%) as oxidant. Subsequently,
the mixture was stirred for a further 24 h to allow the
pyrrole polymerization to proceed to completion. The re-
sulting colloidal nanocomposite particles were isolated
from the soluble inorganic byproducts and excess silica sol
via four centrifugation/redispersion cycles (6000 rpm for
30 min), with successive supernatants being replaced with
water.

Nanocomposite preparation via copolymerisation

The 1-(3-aminopropyl)pyrrole comonomer was synthe-
sised by the reduction of 1-(2-cyanoethyl)pyrrole in anhyd-
rous diethyl ether [19]. 1-(2-cyanoethyl)pyrrole (5-10 g)
was added dropwise to a two molar excess of LiAIH, (1.0 M
solution in anhydrous diethyl ether) (total solvent volume

344 ml). The reaction was stirred under nitrogen for 2 h and
then quenched by successive additions of water, sodium
hydroxide (20 wt%) and water. The ethereal layer was
decanted and the product was collected as a yellow oil after
evaporation of the ether phase. The comonomer was char-
acterised by 'H NMR spectroscopy using a 250 MHz in-
strument (CDClj; solvent and TMS reference).

The preparation of poly(pyrrole-co-1-(3-aminopro-
pyl)pyrrole—silica nanocomposites involved incorporation
of the comonomer into the experimental protocol described
above. Thus, pyrrole and 1-(3-aminopropyl)pyrrole were
pre-mixed in 75:25 and 50:50 volume ratios. This
comonomer mixture (0.32 g) was then added to a vigorously
stirred solution containing the silica sol (ca. 4 g dry weight
silica) and FeCl; (3.04 g) in 40 ml de-ionized water. The
solution was stirred at 25 °C for 24 h. The resulting colloidal
nanocomposites were isolated by four centrifugation/redis-
persion cycles and redispersed in de-ionized water.

Silylation of nanocomposites

Surface silylation of the pre-formed polypyrrole—silica par-
ticles was accomplished using a procedure described by
Goodwin et al. [20]. Nanocomposite particles (3.1 wt%)
were functionalized by the addition of APTES (1 wt%) at
pH 4 (adjusted by the addition of acetic acid) for 2 h at
25°C. The resulting silylated sols were purified by four
centrifugation/redispersion cycles at 4000 rpm for 40 min
and were redispersed in 0.01 M aqueous NaCl solution,
adjusted to pH 4 with 0.1 M HCL

Nanocomposite composition

The silica contents of the nanocomposites were determined
by thermogravimetric analysis (TGA) using a Perkin-Elmer
TGA-7 instrument at a scan rate of 20°C min~ ! in air.
After complete pyrolysis of the conducting polymer, the
remaining residues were assumed to be solely due to the
incombustible silica component. A small correction was
made to allow for the moisture content of the silica sol
(ca. 10%).

Nanocomposite morphology

Nanocomposite particle morphology and average particle
diameters were assessed using a Hitachi 7100 trans-
mission electron microscope. A dilute dispersion of the
nanocomposite particles was dried onto a carbon-coated
copper grid.
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Particle size determination

Weight-average particle diameters and size distributions
were determined by disc centrifuge photosedimentometery
(DCP) using a Brookhaven instrument operating in
the external line-start mode [2]. The densities of the
dried nanocomposites, required for DCP analysis, were
measured using a Micrometrics AccuPyc 1330 helium
pycnometer. DCP was also used to assess the degree of
dispersion of the nanocomposites on long-term storage at
25°C in solutions of varying pH.

Microelectrophoretic measurements

Electrokinetic data were obtained using a Malvern
ZetamasterS instrument. Zeta potentials were calculated
from mobilities using the Henry equation and determined
as a function of solution pH (background ionic strength
0.01 M NaCl; 25°C). The pH was adjusted by the addition
of HCI and NaOH. The silica particles (kindly donated by
Merck, UK; Monospher 250) which were used as a refer-
ence material for the amination experiments had a particle
diameter of approximately 250 nm.

Surface-enhanced Raman spectroscopy (SERS)

One drop of a dilute suspension of the polypyrrole—silica
nanocomposite particles was spin-coated at sub-monolayer
concentration onto an aluminium stub which had been
roughened with 400 mesh carborundum paper. This was
then sputter-coated with a thin (ca. 70 nm) overlayer of
silver at 10~ torr prior to recording a SERS spectrum. This
experiment was repeated for a dilute dispersion of aminated
polypyrrole-silica particles prepared using APTES accord-
ing to Route 1. Control experiments undertaken in the
absence of the gold overlayer gave no Raman signals, indic-
ating that the results obtained were due to a genuine SERS

effect and not normal Raman scattering. A Bruker FRA 106
spectrometer equipped with a 1064 nm laser was used to
record the SERS spectra (typically averaged over
2000 scans at 8 cm ! resolution).

X-ray photoelectron spectroscopy (XPS)

Spectra were obtained from compressed pellets of
homopolypyrrole—silica particles and aminated polypyr-
role—silica particles (obtained via Route 1) using a Kratos
Prism X-ray photoelectron spectrometer (unmonochro-
mated 1254 eV Mg Ka source and a vacuum of at least
10~ 8 torr). Samples were mounted on a stainless-steel bar
using double-sided adhesive tape. Survey scans were re-
corded at a pass energy of 80 ¢V, with a 0.1 eV step and
a dwell time of 300 ms. All peaks were referenced against the
Cls peak at 284.7 eV.

Results and discussion

The main advantage of Route 1 is that the precursor
homopolypyrrole—silica particles can be readily prepared
with relatively narrow size distributions [5, 7]. Since such
particles are known to have silica-rich surfaces [10], the
protocol described by Goodwin et al. [20] for the amination
of silica sols should be readily applicable. The potential
advantage of Route 2 is that the aminated particles are
synthesised in a single step. However, the amine-functional-
ized pyrrole comonomer required for Route 2 is not com-
mercially available and therefore had to be synthesised.
A summary of the synthesis conditions and the properties of
the aminated polypyrrole—silica particles is provided in
Table 1.

Transmission electron micrographs of the aminated
polypyrrole—silica particles obtained from Routes 1 and
2 are shown in Fig. 3. The particle morphologies are clearly
different. Route 1 produces “raspberry” particles which are

Table 1 Effect of synthesis conditions on the particle size distributions, isoelectric points and silica contents of the aminated polypyr-

role—silica nanocomposite particles prepared via Routes 1 and 2

Pyrrole:aminopyrrole Silica Oxidant type Weight-average ie.p. Silica

comonomer ratio w/v% DCP diameter/nm content/wt%"
PPy-SiO, 100:0 1.73% (NH,),S,04 113+ 12 ~ 2.0 54.9
PPy-SiO,-APTES 100:0 1.73 (NH,),S,04 159 + 309 7.5 —
COP-Si0, 75:25 9.5 FeCl, 348 + 150 8.5 25.8
COP-SiO, 50:50 11.5 FeCl, 215 + 60 9.0 10.7

¥ The increase in particle diameter after amination indicates some degree of flocculation.
® As determined from thermogravimetric analysis in air at 20 °C per minute.
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Fig. 3 Representative transmission electron micrographs for amin-
ated polypyrrole—silica nanocomposite particles obtained from (A)
Route 1 and (B) Route 2. Note the difference in particle morphology:
“raspberry” particles are obtained from Route 1 (APTES treatment)
whereas more spherical particles are obtained from Route
2 (copolymerisation)

indistinguishable from the homopolypyrrole —silica precur-
sor particles prior to surface amination using APTES. On
the other hand, the particles obtained via Route 2 are much
more spherical. This latter observation is consistent with

Particle Diameter / nm

Fig. 4 Weight-average particle size distributions obtained using the
disc centrifuge photosedimentometer for homopolypyrrole—silica
nanocomposite particles (a) before APTES and (b) after APTES treat-
ment. The apparent increase in particle diameter indicates incipient
flocculation of the aminated particles, rather than an actual increase in
particle size

that reported by both Maeda et al. [16] and McCarthy
et al. [17], who each obtained relatively spherical mor-
phologies for composite particles prepared by copolymeris-
ing carboxylic acid—functionalized pyrrole comonomers
with pyrrole in the presence of ultrafine silica sols. The
smoother, more spherical morphologies are also consistent
with the relatively low silica contents (10.7 and 25.8%,
respectively) of the aminated particles obtained via Route 2.
In contrast, the surface-rough raspberry particles obtained
from Route 1 have a much higher silica content. The pri-
mary particle size for both types of aminated polypyr-
role—silica particles is in the 100-150 nm range as judged
by transmission electron microscopy. However, DCP
analyses indicate differing degrees of dispersion (see
Table 1). The homopolypyrrole—silica particles become
weakly flocculated on amination with APTES (see Fig. 4),
with the weight-average particle diameter increasing from
113 £+ 12 nm to 159 + 30 nm. It is noteworthy that Giesche
and Matijevic also reported [21] incipient flocculation of
similar-sized silica sols treated with APTES, although in
their case this aggregation appeared to be reversible. Com-
parison of the DCP data obtained for the aminated par-
ticles synthesized via Route 2 with their TEM particle
diameters indicates that both these dispersions (see entries
3 and 4 in Table 1) are weakly flocculated.

Zeta potential vs. pH curves for aminated polypyr-
role—silica particles, aminated silica particles and a reference
silica sol are presented in Fig. 5. The silica sol has
an isoelectric point at around pH 2 in accordance with
the literature [11], whereas the APTES-treated silica
has an isoelectric point at around pH 6.5. The aminated
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Fig. 5 Zeta potential vs. pH data for: () a silica sol (Monospher 250,
ex. E. Merck); (0) the aminated silica sol obtained after APTES
treatment; (®) aminated polypyrrole—silica nanocomposite particles
obtained after APTES treatment

polypyrrole—silica particles also exhibit a classical ‘S’
shaped curve. This confirms successful surface amination of
the particles, since the positive zeta potentials found in
acidic media are due to protonation of the surface amine
groups. The observed isoelectric point at pH 7.5 is compara-
ble to the isoelectric points reported by Goodwin et al. [20]
using the same APTES derivatization protocol, but lower
than the isoelectric point of pH 9-9.5 obtained by Giesche

Fig. 6 Survey X-ray
photoelectron spectra for R
homopolypyrrole-silica
nanocomposite particles before
APTES treatment (upper
spectrum) and after APTES :
treatment (lower spectrum). E
Note the increased intensity of
the N1s signal relative to the
Si2p signal, which confirms
successful surface amination

Arbitrary Counts

and Matijevic, who preferred a mixed APTES/ammonia/
ethanol/water solution for surface functionalization [21].
X-ray photoelctron spectroscopy studies were also consis-
tent with surface amination (see below).

X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron survey spectra for the homo-
polypyrrole—silica nanocomposite prior to and after amina-
tion with APTES are shown together in Fig. 6. The Nls
signal at ca. 400 eV clearly becomes more intense relative to
the other peaks after amination. In order to quantify this
effect we determined N/Si atomic ratios from the respective
N1s and Si2p coreline spectra (not shown). The N/Si atomic
ratio increased from 0.05 for the homopolypyrrole—silica
particles to 0.22 for the APTES-treated particles. Given that
XPS is a highly surface-specific technique with a typical
analysis depth of 5-10 nm, these observations confirm the
presence of surface amine groups on the polypyrrole—silica
particles after APTES treatment.

Route 2 also produced aminated polypyrrole—silica
particles. Zeta potential data (not shown) obtained for
nanocomposites synthesised using a comonomer feed of
50 mol% 1-(3-aminopropyl)pyrrole (entry 4 in Table 1) in-
dicated an isoelectric point at pH 9, whereas the particles
synthesized using 25mol% 1-(3-aminopropyl)pyrrole
(entry 3 in Table 1) had a isoelectric point at 8.5. Thus
a higher surface concentration of amine groups was ob-
tained using a higher proportion of 1-(3-aminopropyl)pyr-
role in the comonomer feed, as expected. In this context, it is
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Fig. 7 Surface-enhanced
Raman spectra obtained from
homopolypyrrole-silica
particles (upper spectrum) and
APTES-treated polypyrrole—
silica particles (lower spectrum).
Note the reduced intensities of
the two bands at 1588 and
1388 cm ™! which is consistent
with surface de-doping of the
polypyrrole chains by the
APTES

Arbitrary Raman Intensity

noteworthy that highly aminated polypyrrole-silica par-
ticles cannot be obtained by simply replacing all of the
pyrrole with the 1-(3-aminopropyl)pyrrole comonomer
since homopoly(1-(3-aminopropyl)pyrrole) is too water-sol-
uble under the synthesis conditions to act as a binder for the
silica sol [22].

Surface-enhanced Raman scattering (SERS)

SERS spectra obtained from unfunctionalised and
aminated polypyrrole—silica particles deposited at sub-
monolayer coverage on a silver-coated, roughened surface
are shown together in Fig. 7. Since SERS is highly surface-
specific [23], these Raman spectra should should be rep-
resentative of only the surfaces of the nanocomposite
particles which are in intimate contact with the silver over-
layer. The strong polypyrrole signature in the Raman spec-
trum of the unfunctionalized polypyrrole—silica particles is
identical to that reported in the literature [24,25] and
confirms that the conducting polymer component must be
located at (or very near) the surface of the particles. This is
in good agreement with an earlier XPS study on a series of
polypyrrole—silica nanocomposites reported by Maeda et
al., who observed Nls signals due to the polypyrrole com-
ponents in each case [ 10]. It is noteworthy that there are no
Raman features which can be assigned to silica since this
component produces only very weak Raman scattering.
The SERS spectrum of the aminated polypyrrole—silica
particles obtained using APTES (Route 1) is markedly
different to that of the unfunctionalised homopolypyr-
role—silica particles. In particular, the relative intensities of
the two bands at 1588 and 1380 cm ™! are markedly re-

1500 1000 500

Wavenumbers / cm’!

duced compared to that of the 1488 cm™! band. These
spectral changes are consistent with a significant degree of
de-doping of the cationic polypyrrole chains at the surface
of the nanocomposite particles [26]. With the benefit of
hindsight, this observation is not particularly surprising
since it is well known that even weak bases such as aliphatic
amines (e.g. APTES) are sufficient to de-dope polypyrrole
[27]. It is worth emphasising that, with the possible excep-
tion of XPS (which would involve very careful peak decon-
volution), SERS is probably the only analytical technique
capable of confirming surface-dedoping of the polypyrrole
chains by the APTES.

Long-term colloid stability of the dispersions

The degree of flocculation of the aminated particles ob-
tained by Routes 1 and 2 increased irreversibly on long-
term storage at room temperature, eventually leading to
precipitation of the particles after several weeks. Attempts
to improve colloid stabilities by varying the solution pH
(pH 4, 7 and 10 were investigated) proved fruitless. There
was a good correlation between loss in colloid stability and
reduction in zeta potential. For example, a fresh dispersion
of aminated particles obtained via Route 1 had an initial
zeta potential of +45 mV (see Fig. 8A). The zeta potential
of this dispersion decreased monotonically to less than
+25mV after three weeks storage at pH 4 and room
temperature. An even more marked reduction (from + 30
to +8 mV) was observed within one week at pH 10. Similar
observations were reported by Goodwin et al, who at-
tributed the reduction in zeta potential to hydrolysis of the
surface APTES groups [20]. However, similar, albeit
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Fig. 8 (A) Variation of zeta potential of APTES-treated polypyr-
role—silica particles obtained from Route 1 on long-term storage at (®)
pH 4 and (o) pH 10; (B) Variation of zeta potential of aminated
polypyrrole—silica particles obtained from Route 2 on long-term stor-
age at (®) pH 4 and (o) pH 10

slower, systematic reductions in zeta potential were also
observed for the colloidally unstable aminated particles
obtained via Route 2 (see Fig. 8B). In this case the amine
groups are covalently attached via carbon—carbon bonds to

the copolymer component of the nanocomposite and it is
therefore more difficult to envisage a plausible hydrolysis
mechanism.

Conclusions

Zeta potential measurements confirm the successful syn-
thesis of surface-aminated polypyrrole—silica nanocom-
posite particles by both Routes 1 and 2. Isoelectric points at
pH 8.5 to 9.0 were obtained via Route 2, which suggests that
this method produces the highest degree of surface amina-
tion. X-ray photoelectron spectroscopy studies confirm the
presence of amine groups at the surface of APTES-treated
polypyrrole-silica particles. In addition, SERS studies re-
veal some degree of surface de-doping of the conducting
polymer component occurs via Route 1. Disc centrifuge
photosedimentometry data indicate that incipient floccula-
tion of the polypyrrole—silica particles occurs during surface
amination using APTES.

TEM studies indicate that the aminated polypyr-
role—silica particles obtained via Route 2 have a more
spherical morphology than the “raspberry” particles
produced by Route 1. Unfortunately, neither Route 1
nor 2 produced aminated polypyrrole—silica particles
with acceptable long-term colloid stability. The observed
reduction in zeta potential over a time-scale of weeks
correlated quite well with the observed irreversible
aggregation of these dispersions. With the APTES-modified
particles obtained from Route 1 this reduction in zeta
potential presumably corresponds to the slow hydrolysis
of the APTES groups. Varying the solution pH during
storage did not prevent particle aggregation. Unless their
shelf-life can be improved significantly, these particles are
unlikely to be useful as marker particles in immunodiagnos-
tic assays.
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