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Micrometer-sized silica-stabilized polystyrene latex particles and submicrometer-sized polystyrene-
silica nanocomposite particles have been prepared by dispersion polymerization of styrene in alcoholic
media in the presence of a commercial 13 or 22 nm alcoholic silica sol as the sole stabilizing agent.
Micrometer-sized near-monodisperse silica-stabilized polystyrene latexes are obtained when the polym-
erization is initiated with a nonionic AIBN initiator. These particles are stabilized by silica particles that
are present on the latex surface at submonolayer concentration. The total silica content is no greater than
1.1 wt %, which corresponds to a silica sol incorporation efficiency of less than 1.3%. Reduction of the
initial silica sol concentration led to a systematic increase in the mean latex diameter. In contrast, submicro-
meter-sized polystyrene-silica nanocomposite particles are obtained when the polymerization is
initiated with a cationic azo initiator. The silica contents of these nanocomposite particles are significantly
higher, ranging up to 29 wt %. Zeta potential measurements, XPS, and electron spectroscopy imaging
by transmission electron microscopy (ESI/TEM) studies reveal a well-defined core-shell morph-
ology for these particles, whereby the core is polystyrene and the shell comprises the silica sol. After
calcination, these nanocomposite particles can form hollow silica capsules. Variation of the initial silica
sol and initiator concentration has relatively little effect on the final particle size and silica content of
these polystyrene-silica nanocomposite particles, but indicates silica sol incorporation efficiencies up to
72%.

1. Introduction

The field of polymer nanocomposites is of rapidly growing
interest.1 It is well-known that the intimate mixing of
polymers with either inorganic clays or silica on a nanometer
scale can lead to (i) composite materials with superior
mechanical properties and improved fire retardancy;2-5 (ii)
interesting building blocks for the fabrication of colloidal

crystals;6 and (iii) hollow polymeric particles for use in
photonic crystals.7 Recently, there has been increasing
interest in the synthesis of colloidal nanocomposite particles.8

Such syntheses typically involve either emulsion or disper-
sion polymerization,9-21 although other techniques such as
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mini-emulsion polymerization22-24 or the entrapment of
preformed polymer during sol-gel processes have also been
described.25,26

For example, Bourgeat-Lami et al.9-11 encapsulated silica
particles with diameters ranging between 13 and 629 nm
within polystyrene via dispersion polymerization in aqueous
ethanol in the presence of a poly(N-vinylpyrrolidone) or poly-
(styrene-block-ethylene oxide) stabilizer. Encapsulation only
occurred when the silica particles were surface-functionalized
by grafting 3-(trimethoxysilyl)propyl methacrylate (MPS)
prior to polymerization. The resulting composite particles
contained differing numbers of silica particles depending on
the silica sol size; for silica sols of 450 nm diameter, only
one silica particle was encapsulated per composite particle.
Yoshinaga et al.12 also encapsulated 470 nm silica particles
by dispersion homopolymerization of styrene and methyl
methacrylate using a cationic azobisisobutyramidine dihy-
drochloride (AIBA) initiator. Luna-Xavier et al.13-15 prepared
poly(methyl methacrylate)-silica (PMMA-SiO2) nanocom-
posites via emulsion polymerization in the presence of a
nonionic surfactant. Electrostatic adsorption of either the
cationic AIBA initiator and/or the cationic end-groups of the
polymer chains onto the anionic silica sol was shown to be
essential for successful nanocomposite formation. Raspberry-
like nanocomposite particles comprising polymer nodules
surrounding a silica core were obtained when using smaller
silica sols of 68 nm diameter. In contrast, larger silica sols
led to well-defined core-shell morphologies. A cationic
comonomer, 2-(methacryloyl) ethyltrimethylammnoium chlo-
ride, has been used by Chen et al.27 to prepare raspberry-
like PMMA-SiO2 composite particles in the range of 180-
576 nm utilizing 2-6 wt % cationic comonomer.

Armes and co-workers16-18 prepared a wide range of
nanocomposite particles by copolymerizing various vinyl
monomers with 4-vinylpyridine (4VP) in the presence of an
ultrafine aqueous silica sol. The presence of the basic 4VP
auxiliary comonomer ensured strong interaction of the vinyl
copolymers with the acidic silica surface, resulting in an
attractive “surfactant-free” route to colloidally stable nano-
composites. Following a similar strategy, Chen et al.19

prepared raspberry-like PMMA-SiO2 nanocomposites using
1-vinylimidazole as an auxiliary comonomer. Recently
Armes and co-workers reported that various commercial
alcoholic silica sols of 13-22 nm diameter can be used to
prepare either poly(3,4-ethylenedioxythiophene)-silica nano-

composite particles20 or various vinyl polymer-silica nano-
composite particles1,21 in an aqueous alcohol milieu in the
absence of any comonomer auxiliary.

In two recent communications,28,29 we have reported the
application of dispersion polymerization in methanol or
2-propanol to prepare polystyrene-silica (PS-SiO2) hybrid
particles. Herein, we present a comprehensive investigation
of these new composite particles. Improved silica incorpora-
tion efficiencies of up to 72% have been achieved, and
additional techniques such as XPS and electron spectroscopy
imaging in the TEM (ESI/TEM) are used to characterize
these PS-SiO2 hybrid particles. Furthermore, it is shown
that calcination leads to hollow silica nanostructures that
exhibit a blue coloration when placed on a dark background.

2. Experimental Section

2.1. Chemicals and Reagents.Styrene (Aldrich) was passed
through a column of basic alumina to remove inhibitor and then
stored at -20 °C prior to use. 2,2′-Azobis(isobutyramidine)
dihydrochloride (AIBA; Aldrich), 4,4′-azobis(4-cyanovaleric acid)
(ACVA; Acros), 2,2′-azobisisobutyronitrile (AIBN; BDH), metha-
nol, and 2-propanol (both ex. Fisher Scientific) were all used as
received. Three commercial alcoholic silica sols were obtained from
Nissan Chemicals (Texas): MT-ST (13 nm silica sol in methanol
at 30 wt %, viscosity 1.5 mPa s), MA-ST (22 nm silica sol in
methanol at 30 wt %, viscosity 2.2 mPa s), and IPA-ST (13 nm
silica sol in 2-propanol at 30 wt %, viscosity 5.8 mPa s); each
alcoholic sol was used as received.

2.2. Particle Synthesis.A typical synthesis was carried out as
follows. Styrene monomer (2.50 mL), the appropriate alcoholic
silica sol (6.67 g, which corresponds to 2.0 g dry silica), and
depending on the silica sol that is used, either methanol or
2-propanol (19.0 mL) were added at 25°C in turn to a round-
bottomed flask equipped with a nitrogen gas inlet, a condenser,
and a magnetic stir bar. Twenty-three milligrams of the appropriate
initiator (1.0 wt % based on styrene) was added and the reaction
mixture was degassed with nitrogen prior to immersion in a 60°C
oil bath under a nitrogen blanket and stirred for 24 h. Monomer
conversions were determined gravimetrically and were usually at
least 90%. However, somewhat lower conversions were achieved
for two experiments conducted at lower initiator concentrations
(70-80%). The resulting milky white colloidal dispersions were
purified by eight centrifugation-redispersion cycles (3000 rpm),
with each successive supernatant being carefully decanted and
replaced, as follows. Initially, the supernatant was replaced three
times with pure methanol (or 2-propanol), and then with mixtures
of the alcohol and deionized water (2:1, 1:1, and 1:2); it was finally
replaced twice with deionized water. Excessive centrifugation rates
(>8000 rpm) and times (>1 h) were avoided, because these would
otherwise result in sedimentation of the excess silica sol and make
redispersion of the sedimented particles more difficult. Dynamic
light scattering and TEM studies confirmed that the particle size
and morphology were not affected by this purification protocol,
(data not shown).

3. Particle Characterization

3.1. Particle Size.Particle diameters were determined by
disk centrifuge photosedimentometry (DCP; Brookhaven
Instruments) which reports weight-average particle size
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distributions of the purified aqueous latexes. Solid-state
particle densities were measured by helium pycnometry
(Micromeritics AccuPyc 1330 instrument).

3.2. Particle Morphology. Particle morphologies were
determined by transmission electron microscopy (TEM).
TEM studies were conducted using a Philips CM 100
instrument operated at 100 kV. Ten microliters of the purified
latex sample was dried on a carbon-coated copper grid. SEM
studies were performed on a JEOL JSM 6400 scanning
electron microscope. Samples were dried on adhesive carbon
disks and sputter-coated with a thin layer of gold prior to
examination.

For hydrofluoric acid (HF) etching experiments, the
protocol described by Han and Armes30 was followed. The
aqueous latex (5.0 mL) was stirred for 2 h with 40 mL of
20 wt % aqueous HF. It was centrifuged and redispersed in
water repeatedly until the supernatant had acquired a neutral
pH.

Ultramicrotomy and ESI/TEM: The nanomorphology and
the spatial elemental distribution within the polystyrene-silica
nanocomposite particles were assessed by ESI using a Carl
Zeiss CEM 902 transmission electron microscope equipped
with a Castaing-Henry-Ottensmeyer filter spectrometer
within the column. The nanocomposite particle dispersions
were dried at room temperature under air and the resulting
solids were embedded in a soft epoxy resin that was cured
for 24 h at room temperature, followed by 24 h in an oven
at 60°C. The resin blocks were trimmed and cut in an EM
FC6 Leica ultramicrotome using a Diatome diamond knife.
40-nm ultrathin sections were collected over copper grids
for ESI/TEM analysis. Images were acquired using electrons
with element-specific threshold energies, 101 eV for silicon,
and 284 eV for carbon, recorded using a slow-scan CCD
camera (Proscan), and processed using AnalySis 3.0 soft-
ware. A more detailed description of an ESI/TEM study on
related nanocomposite particles has been recently published.31

3.3. Silica Content.Thermogravimetric analyses (TGA)
were performed using a Perkin-Elmer Pyris 1 TGA instru-
ment. Dried samples were heated in air to 800°C at a heating
rate of 10 °C min-1, and the observed mass loss was
attributed to the quantitative pyrolysis of the polystyrene,
with the remaining incombustible residues assumed to be
pure silica (SiO2).

3.4. Surface Analysis.Aqueous electrophoresis measure-
ments were performed in 1 mM KCl solution using a
Malvern Zetasizer NanoZS instrument. The solution pH was
adjusted by the addition of HCl or KOH.

X-ray photoelectron spectroscopy data were obtained with
a Shimadzu ESCA-3400 apparatus using magnesium KR
radiation (1253.6 eV) at a potential of 10 kV and an X-ray
current of 20 mA. The pressure in the measurement chamber
was ca. 8.0× 10-7 Pa. A Digital Equipment Corporation
DS-800 computer system was used for spectrometer control
and data handling. Dried particles were stored under reduced
pressure by continuous operation of a rotary pump just before
XPS measurement. The dried particles were spread on an
indium plate with a spatula.

3.5. Adsorption of AIBA onto Silica Sol.The adsorption
isotherm of the cationic AIBA initiator on the 22 nm
methanolic silic sol was determined using the depletion
method. Mixtures of 1.33 g of MA-ST silica sol (400 mg
dry silica) in 40 mL of methanol containing varied amounts
of AIBA initiator were equilibrated at room temperature for
30 min and then centrifuged at 20 000 rpm for 3 h. The AIBA
concentrations in the supernatants were determined by UV-
visible spectroscopy using the absorption at 368 nm and a
previously constructed calibration curve.

3.6. Calcination Experiments.Calcination of samples
prior to TEM studies was performed as follows. A drop of
a diluted latex dispersion was dried onto a carbon-coated
copper grid. The grid was then heated in the TGA pan under
air up to 550°C at a heating rate of 10°C per min. This
temperature was chosen to completely pyrolyse the poly-
styrene cores but to leave the TEM grid still useable for
subsequent TEM studies. Bulk samples were obtained by
heating selected nanocomposites in air up to 800°C at
10 °C min-1.

4. Results and Discussion

Dispersion polymerization of styrene was conducted in
either methanol or 2-propanol using commercial alcoholic
silica sols as the sole stabilizing agent; an overview of the
experimental protocol is shown in Figure 1. The polymeri-
zation was initiated using three different azo initiators (Figure
2), nonionic 2,2′azobisisobutyronitrile (AIBN), cationic
2,2′azobis(isobutyramidine) dihydrochloride (AIBA), and
anionic 4,4′azobis(4-cyanovaleric acid) (ACVA). Depending
on the type of initiator used, different particle sizes and
morphologies were obtained.
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Figure 1. Schematic representation of the experimental protocols used for
the preparation of silica-stabilized polystyrene latex particles (top) and
polystyrene-silica nanocomposite particles (bottom) by alcoholic dispersion
polymerization using ultrafine commercial alcoholic silica sols and either
nonionic AIBN or cationic AIBA azo initiators.

Figure 2. Chemical structures of the three initiators used for the dispersion
polymerization of styrene in alcoholic media in the presence of commercial
alcoholic silica sols.
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4.1. Micrometer-Sized Silica-Stabilized Polystyrene
Latex Particles (AIBN initiator). AIBN initiation of the
dispersion polymerization of styrene in either methanol or
2-propanol in the presence of any of the three commercial
alcoholic silica sols as the sole stabilizer led to the formation
of well-defined polystyrene latex particles.28 The effects of
varying the silica sol diameter, silica sol concentration, and
silica sol type on the latex particle diameter, particle density,
and silica content are summarized in Table 1.

4.1.1. Influence of the Silica Sol Type.Polymerizations
were conducted in methanol in the presence of a 13 or 22
nm silica sol dispersed in methanol and in 2-propanol in the
presence of a 13 nm silica sol dispersed in 2-propanol. Figure
3 shows electron microscopy images of the particles obtained
using each of the three silica sols. Narrow particle size
distributions were obtained in both cases in methanol,
whereas the particles obtained in 2-propanol had a somewhat
broader particle size distribution. DCP analysis, also shown
in Figure 3, confirmed narrow particle size distributions for
the two polymerizations carried out in methanol, with mean
particle diameters of 1.4µm for the 13 nm silica sol (entry
1 in Table 1 and Figure 3a) and 1.2µm for the 22 nm silica

sol (entry 4 in Table 1 and Figure 3b), respectively. The
particles prepared in 2-propanol using the 13 nm silica sol
had a mean diameter of 3.3µm (see entry 7 in Table 1 and
Figure 3c). These differences in size and polydispersity are
presumably related to the different degrees of solubility of
the growing polymer chains in methanol and 2-propanol. The
critical chain length for precipitation is shorter in the more
polar methanol, leading to smaller particles. In 2-propanol,
longer polymer chains are solubilized, leading to the larger
particles and a broader size distribution. Another important
parameter is likely to be the dielectric constant of the
continuous phase: both Lok and Ober and also Dawkins and
co-workers reported that larger polystyrene latexes were
obtained using less polar solvents in dispersion polymeri-
zation syntheses.32,33 On close inspection, the “patchy”
distribution of the silica sol on the latex particle surface is
clearly visible by TEM (see Figure 6).

Latex densities were around 1.07 g cm-3 and thus fairly
close to that of pure polystyrene (1.05 g cm-3). This

(32) Lok, K. P.; Ober, C. K.Can. J. Chem.1985, 63, 209.
(33) Dawkins, J. V.; Neep, D. J.; Shaw, P. L.Polymer1994, 35, 5366.

Table 1. Effect of Varying the Silica Sol Type, Particle Diameter, and Concentration on the Mean Particle Diameter and Silica Content of
Silica-Stabilized Polystyrene Latex Particles Produced via Alcoholic Dispersion Polymerization at 60°C Using the Nonionic AIBN Initiator

entry no.
silica sol

typea
silica sol

concn (w/v %)
solvent

type
silica contentb

(wt %)
silica sol incorporation

efficiency (%)
particle densityc

(g cm-3)
particle diameterd

Dw (µm)

1 MT-ST 8.0 methanol 0.7 0.8 1.07 1.36( 0.12
2 MT-ST 4.0 methanol 0.1 0.2 1.07 2.50( 0.36
3 MT-ST 2.0 methanol <0.1 0.4 1.07 3.10( 0.34
4 MA-ST 8.0 methanol 1.1 1.3 1.07 1.22( 0.11
5 MA-ST 4.0 methanol 0.5 1.1 1.06 1.64( 0.21
6 MA-ST 2.0 methanol 0.3 1.4 1.06 1.91( 0.29
7 IPA-ST 8.0 2-propanol 0.7 0.8 1.07 3.26( 0.49
8 none n/a methanol n/a n/a 1.05 n/a
9 none n/a 2-propanol n/a n/a 1.05 n/a

a IPA-ST, 13 nm silica sol in 2-propanol at 30 wt %; MA-ST, 22 nm silica sol in methanol at 30 wt %; MT-ST, 13 nm silica sol in methanol at 30 wt
%. The silica sol concentration was 8.0 w/v % based on total volume.b Determined from thermogravimetric analysis assuming that the incombustible
residues were SiO2. c As measured by helium pycnometry.d Weight-average diameter( standard deviations of the redispersed, purified particles as determined
by disk centrifuge photosedimentomety.

Table 2. Effect of Varying the Silica Sol Type and Silica Sol Particle Diameter on the Mean Particle Diameter and Silica Content of
Polystyrene-Silica Nanocomposite Particles Produced via Alcoholic Dispersion Polymerization at 60°C Using a Cationic AIBA Initiator;

Various Control Experiments Are Also Included (entries 12-15).

entry no.
silica sol

typea solvent
initiator

type
initiator amount

(mg/gSiO2)

temperature
for initiator

addition
(°C)

silica contentb

(wt %)

silica sol
incorporation

efficiency
(%)

particle
densityc

(g cm-3)

particle
diameterd

Dw (nm)

1 MT-ST methanol AIBA 11.5 25j 22 32 1.20 420( 40
2 MT-ST methanol AIBA 11.5 25k 29 46 1.25 374( 42
3 MT-ST methanol AIBA 11.5 60 26 40 1.24 331( 43
4 MA-ST methanol AIBA 11.5 60 18 25 1.16 362( 22
5 IPA-ST 2-propanol AIBA 11.5 60 13 17 1.14 464( 45
6 MA-ST methanol AIBAe 1.5 60 21 30 1.20 262( 125
7 MA-ST methanol AIBAf 3.3 60 24 37 1.23 326( 59
8 MA-STg methanol AIBA 5.7 60 25 19 1.24 322( 36
9 MA-STh methanol AIBA 3.8 60 24 12 1.24 335( 28

10 MA-STi methanol AIBA 23.0 60 24 72 1.23 354( 43
11 MT-ST methanol ACVA 11.5 25 precipitation
12 none methanol AIBA as in entry 1 25 n/a n/a 1.05 760( 50
13 none methanol ACVA as in entry 1 25 n/a n/a 1.05 967( 16
14 none 2-propanol AIBA as in entry 1 25 n/a precipitation
15 none 2-propanol ACVA as in entry 1 25 n/a precipitation

a IPA-ST, 13 nm silica sol in 2-propanol at 30 wt %; MA-ST, 22 nm silica sol in methanol at 30 wt %; MT-ST, 13 nm silica sol in methanol at 30 wt
%. The silica sol concentration was 8.0 w/v% based on total volume.b Determined from thermogravimetric analysis assuming that the incombustible residues
were SiO2. c As measured by helium pycnometry.d Weight-average diameter( standard deviation of the redispersed, purified particles as determined by
disk centrifuge photosedimentomety.e Initiator concentration) 0.13 wt % based on styrene.f Initiator concentration) 0.29 wt % based on styrene.g Silica
sol concentration) 16 w/v %. h Silica sol concentration) 24 w/v %. i Silica sol concentration) 4 w/v %. j Initiator added first.k Initiator added second.
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suggested that the silica contents of these polystyrene
particles were very low. This was confirmed by thermo-
gravimetric studies, which revealed silica contents between
0.7 and 1.1 wt % (see Table 1, entries 1, 4, and 7).

4.1.2. Influence of the Silica Sol Concentration.For the
conventional dispersion polymerization of styrene in alco-

holic media in the presence of poly(N-vinylpyrolidone), it
has been previously shown that larger polystyrene latexes
are obtained at lower stabilizer concentrations.34 A similar
stabilizer effect on particle diameter was observed for the
alcoholic silica sols used in the present study. For example,
decreasing the concentration of the 22 nm silica sol from
8.0 w/v % to 2.0 w/v % (entries 4-6 in Table 1) led to a
systematic increase in the mean latex diameter from 1.2 to
1.9 µm, see Figure 4. Similarly, the mean particle diameter
increased from 1.4 to 3.1µm for the 13 nm silica sol (entries
1-3 in Table 1) under the same conditions. These observa-
tions support the hypothesis that the silica sol acts as a
stabilizer in these formulations.

4.1.3. Colloidal Stability.Aqueous electrophoresis studies
indicate that these latexes possess anionic surface charge over
a wide pH range, similar to the pristine alcoholic silica sols,
see Figure 5. This suggests that the silica sol is adsorbed at
the surface of the latex particles. Thus these latexes can be
considered to be charge-stabilized, albeit by highly localized

(34) Paine, A. J.; Luymes, W.; McNulty, J.Macromolecules1990, 23, 3104.

Figure 3. Scanning electron microscopy images of silica-stabilized
polystyrene latex particles prepared via alcoholic dispersion polymerization
initiated with AIBN (a) in the presence of a MT-ST 13 nm silica sol in
methanol (entry 1 in Table 1), (b) a MA-ST 22 nm silica sol in methanol
(entry 4 in Table 1), and (c) a IPA-ST 13 nm silica sol in 2-propanol (entry
7 in Table 1). Disk centrifuge studies of these silica-stabilized polystyrene
latex particles show the respective weight-average particle size distributions
in (d).

Figure 4. SEM images of silica-stabilized polystyrene latex particles
prepared via alcoholic dispersion polymerization initiated with AIBN in
presence of the 22 nm MA-ST silica sol at different silica sol concentra-
tions: (a) 8.0 w/v% (entry 4 in Table 1), (b) 4.0 w/v% (entry 5 in Table 1),
and (c) 2.0 w/v% (entry 6 in Table 1), as well as the corresponding disk
centrifuge particle size distribution curves.

Figure 5. Aqueous electrophoresis curves obtained for (a) the MA-ST 22
nm pristine commercial alcoholic silica sol, (b) the silica-stabilized
polystyrene latex particles prepared with AIBN in presence of the same
silica sol (entry 4 in Table 1) and (c) the polystyrene-silica nanocomposite
prepared with the cationic AIBA initiator using this silica sol (entry 4 in
Table 2).

Figure 6. TEM image of a silica-stabilized polystyrene latex particle
prepared via alcoholic dispersion polymerization initiated with AIBN in
presence of a 22 nm MA-ST silica sol (entry 4 in Table 1) before (left) and
after (right) treatment with HF. Note the disappearance of the silica sol
during this process. The inset shows the DCP curves of the particles before
and after HF etching, with visible flocculation occurring when the silica
sol is removed.

Polystyrene-Silica Colloidal Nanocomposite Particles Chem. Mater., Vol. 19, No. 10, 20072439



13 or 22 nm domains of ionized silanol groups (because the
hydrophobic AIBN initiator confers no ionic charge). More-
over, HF etching experiments on these silica-stabilized latex
particles led to complete digestion of the silica sol, see Figure
6. The loss in colloidal stability of these HF-treated latex
particles led to their weak flocculation, as indicated by disk
centrifuge studies and confirmed by visual inspection.

In addition to the TEM and zeta potential measurements,
which suggested that the silica particles are located at the
latex surface, XPS analysis (Figure 7) confirmed the surface
presence of the silica sol. Thus, weak Si2p signals were
visible for latex particles prepared in the presence of the silica
sol, but no Si2p signal was detected in precipitated polysty-
rene obtained in the absence of any silica sol. Comparison
of the surface Si/C atomic ratios calculated from the XPS
data (see entries 4-6 in Table 3) with the corresponding
bulk Si/C atomic ratios suggests that most, if not all, of the
silica sol is located at the latex surface. Moreover, comparing
the surface silicon atomic percent contents with that of the
corresponding silica sol (see entries 1-3 in Table 3) allows
estimation of the approximate surface concentration of the
silica sol, which ranges from 2.3 to 15%. This suggests that
the latex surface is dominated by the polystyrene component,
with the silica sol being present at only submonolayer
coverage. This interpretation is consistent with our TEM
observations.

Although their surface concentration is low, the surface
charge conferred by the surface-adsorbed silica particles is
essential for the colloidal stability of these polystyrene latex
particles. In this context, it is perhaps noteworthy that
Horozov et al.35,36 have also invoked charge stabilization to
explain the long-range ordering of silica particles adsorbed
at submonolayer coverage at a planar oil-water interface.

4.1.4. Control Experiments.Two important control experi-
ments were also conducted. Styrene was polymerized in

either methanol or 2-propanol after initiation with AIBN at
60°C. In both cases, a macroscopic precipitate of polystyrene
was obtained with no evidence for any colloidal particles.

It is clear that the stabilizer efficiency of these alcoholic
silica sols is very low, as only approximately 1% of the silica
sol actually gets incorporated into the polystyrene latex
particles, as calculated from thermogravimetric measure-
ments. However, it is emphasized that the presence of the
silica sol is absolutely essential for successful latex syntheses.
The actual mechanism of the silica incorporation remains
uncertain. Aπ-electron interaction between the aromatic ring
of the polymerized styrene residues and the silica surface
has been suggested by Agarwal et al.37 on the basis of13C
solid-state NMR studies using magic angle spinning. We
tentatively suggest that such an interaction is also likely to
be important for the formation of the silica-stabilized
polystyrene latex particles. However, similar NMR studies
are unlikely to be successful in the present case because of
the relatively low silica contents of these new particles.

The polystyrene components of the silica-stabilized poly-
styrene latexes were extracted by dissolution in THF,
followed by centrifugation to remove the silica particles. GPC
analyses of these polystyrene samples are shown in the
Supporting Information (see Figure S3). The weight-average
molecular weight (Mw) of the polystyrene precipitate prepared
in the absence of any silica sol was significantly lower than
that obtained for the corresponding polystyrene prepared in
colloidal form (34 000 vs 107 000 for the methanol syntheses
and 58 000 vs 308 000 for the 2-propanol syntheses). Similar
results have been reported in the literature for other dispersion
polymerization syntheses.38

4.2. Submicrometer-Sized Polystyrene-Silica Nano-
composite Particles (AIBA initiator). In contrast to the
silica-stabilized polystyrene latex particles obtained using the
nonionic AIBN initiator, submicrometer-sized polystyrene-
silica nanocomposite particles were obtained using a cationic
AIBA initiator.29 The effects of varying the silica sol
diameter, silica sol concentration, and silica sol type on the
nanocomposite particle diameter, particle density, and silica
content are summarized in Table 2.

4.2.1. Influence of Initiator Addition.In principle, there
are at least three methods for carrying out these nanocom-
posite particle syntheses. Method A involves dissolving the
AIBA initiator first in part of the methanol, then adding the
silica sol and the styrene monomer with subsequent heating
to the desired reaction temperature (entry 1 in Table 2).
Method B involves diluting the silica sol with most of the
methanol, adding the styrene monomer, and then adding
the initiator dissolved in the remaining methanol with
subsequent heating to the reaction temperature (entry 2 in
Table 2). Method C involves dilution of the silica sol with
most of the methanol, addition of the styrene monomer,
then heating to the reaction temperature of 60°C with
subsequent addition of the AIBA initiator dissolved in the
remaining methanol (entry 3 in Table 2). Thus, methods A,

(35) Horozov, T. S.; Binks, B. P.Colloids Surf., A2005, 267, 64.
(36) Horozov, T. S.; Aveyard, R.; Binks, B. P.; Clint, J. H.Langmuir2005,

21, 7405.

(37) Agarwal, G. K.; Titman, J. J.; Percy, M. J.; Armes, S. P.J. Phys.
Chem. B2003, 107, 12497.

(38) Canelas, D. A.; Betts, D. E.; DeSimone, J. M.Macromolecules1996,
29, 2818.

Figure 7. XPS Si2p core-line spectra of silica-stabilized polystyrene latex
particles prepared via alcoholic dispersion polymerization initiated with
AIBN in the presence of three different alcoholic silica sols: (a) 13 nm
IPA-ST silica sol in 2-propanol (entry 7 in Table 1), (b) 13 nm MA-ST
silica sol in methanol (entry 1 in Table 1), (c) 22 nm MA-ST silica sol in
methanol (entry 4 in Table 1), and (d) polystyrene prepared in the absence
of any silica sol (entry 8 in Table 1).
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B, and C essentially differ in the timing of the initiator
addition. AIBA is added first at 25°C prior to the addition
of the silica sol (method A), added after the silica sol at 25
°C (method B), or after the reaction mixture is already heated
to 60 °C (method C).

These three modes of initiator addition were studied using
the 13 nm silica sols dispersed in either methanol or
2-propanol at a constant silica sol concentration of 8.0 w/v
%. The TEM images of the resulting particles are shown in
Figure 8. They are rather similar in size, regardless of the
mode of initiator addition. However, there is a distinct
difference in particle morphology. For methods A and B (in
which the initiator is added at 25°C), the particles either
have a somewhat ill-defined, non-spherical morphology or

have a broad size distribution. For method C, where the
initiator is added last at 60°C, the particles are distinctly
more spherical. These empirical observations are somewhat
perplexing, particularly in view of the fact that the cationic
AIBA initiator is adsorbed onto the silica sol (see later). In
this context, it might be supposed that surface polymerization
is important for successful nanocomposite particle formation
and that therefore method C would be theleast beneficial
for the preparation of well-defined particles. However, this
hypothesis does not seem to agree with the experimental
observations. Clearly, our understanding of the particle
formation mechanism in these syntheses requires substantial
refinement. One reviewer suggested that, because the AIBA
initiator was added at room temperature in methods A and
B, some decomposition might occur below 60°C (i.e., during
the heating stage), which may influence the observed particle
morphology. According to its manufacturer, the half-life of
this initiator is approximately 500 h at 30°C, 100 h at
40 °C, 21 h at 50°C, and 7 h at 60°C, so it is certainly
feasible that a small amount of polymer is formed during
the heating stage. However, it takes only around 30 min to
heat the reaction vessel up to 60°C, which suggests that the
extent of polymerization below this temperature is likely to
be rather low. It is also noteworthy that the TEM images
suggest much higher silica sol surface concentrations for all
three methods A-C, at least compared to the silica-stabilized
polystyrene latexes obtained with the AIBN initiator. These
observations were confirmed by TGA studies (see below).

4.2.2. Influence of Silica Sol Type.Addition of the AIBA
initiator after the reaction mixture is heated to 60°C leads
to approximately spherical nanocomposite particles. This
method was then applied to all three alcoholic silica sols
(MT-ST, 13 nm silica sol in methanol; MA-ST, 22 nm silica
sol in methanol; IPA-ST, 13 nm silica sol in 2-propanol),
which in all cases led to the formation of spherical
polystyrene-silica nanocomposite particles as shown in
Figure 9. Mean particle diameters of 331( 43 nm for the
13 nm silica sol in methanol (entry 3 in Table 2), 362( 22
nm for the 22 nm silica sol in methanol (entry 4 in Table 2),
and 464( 45 nm for the 13 nm silica sol in 2-propanol
(entry 5 in Table 2) were obtained by DCP measurements,
which suggests relatively narrow size distributions. Like the
silica-stabilized polystyrene latex particles, nanocomposite
syntheses conducted in the less polar 2-propanol also led to
larger particles than those obtained in the more polar
methanol.

Table 3. Comparison of Bulk and Surface Compositions for a Silica Sol Reference Material, Three Silica-Stabilized Polystyrene Latexes, and
Three Polystyrene-Silica Nanocomposites, as Calculated from Combined Thermogravimetric Analyses and XPS Studies

bulk composition (TGA) surface composition (XPS)

entry no. silica sol diameter, solvent initiator type Si at % C at %
bulk atomic
ratio Si/C Si at % C at %

surface atomic
ratio Si/C

1 13 nm, methanol 29a 0.4b 72.5 39 2.4 15.8
2 22 nm, methanol 29a 0.2b 145 35 5.5 6.4
3 13 nm, 2-propanol 29a 2.0b 14.5 39 1.9 20.5
4 13 nm, methanol AIBN 0.076 49.9 0.0015 2.5 86 0.03
5 22 nm, methanol AIBN 0.12 49.8 0.0024 5.4 79 0.07
6 13 nm, 2-propanol AIBN 0.076 49.9 0.0015 0.91 95 0.01
7 13 nm, methanol AIBA 3.41 44.9 0.076 26 26 1.0
8 22 nm, methanol AIBA 2.22 46.7 0.048 15 38 0.40
9 13 nm, 2-propanol AIBA 1.54 47.7 0.032 17 38 0.45

a Estimated by allowing for surface moisture and assuming that the TGA residue is SiO2. b Determined from carbon microanalysis.

Figure 8. TEM images of polystyrene-silica nanocomposites prepared
by dispersion polymerization in methanol (left) or 2-propanol (right) initiated
with AIBA in the presence of a 13 nm silica sol. The method of initiator
addition was varied as follows: AIBA added (A) before the silica sol at 25
°C, (B) after the silica sol at 25°C, and (C) after the reaction mixture was
heated to 60°C. Methods A and B led to particles with either ill-defined
morphologies or broad polydispersities, whereas method C produced well-
defined spherical particles with narrow polydispersities.
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Nanocomposite densities ranged from 1.14 to 1.24 g cm-3,
which are significantly higher than that of pure polystyrene
(1.05 g cm-3). Assuming additivity, and taking the mean
density of the silica sols to be 2.15 g cm-3, these nanocom-
posite densities indicated approximately silica contents
ranging from 15 to 29 wt %. Thermogravimetric analysis
confirmed silica contents of 26 wt % (entry 3 in Table 2)
for nanocomposites prepared with the 13 nm silica sol in
methanol, 18 wt % (entry 4 in Table 2) for nanocomposites
prepared with the 22 nm silica sol in methanol, and 13 wt
% (entry 5 in Table 2) for nanocomposites prepared with
the 13 nm silica sol in 2-propanol. These silica contents
correspond to silica incorporation efficiencies of up to 40%
for nanocomposites prepared with the 13 nm methanolic
silica sol but only 17% for the particles prepared with the
13 nm silica sol in 2-propanol. Given their relatively high
silica contents, these particles can be described as genuine
polystyrene-silica nanocomposites. Moreover, taking into
account the imperfect 2D packing of small spheres around
a larger sphere, these silica contents are approximately those
expected for monolayer coverage and hence a core-shell
morphology. This interpretation is fully consistent with our
ESI/TEM studies of ultramicrotomed polystyrene-silica
nanocomposite particles, see later.

As the choice of initiator is the only difference in the
synthesis protocol, it is likely that electrostatic attraction
between the cationic initiator and the anionic silica sol
promotes successful nanocomposite formation; this explana-
tion was also offered by Luna-Xavier et al.13,14 To test this
hypothesis, the extent of adsorption of the cationic AIBA
initiator from methanol onto the 22 nm methanolic silica sol
at room temperature was determined by the depletion method
using UV-visible absorption spectrometry to monitor the

characteristic AIBA absorption atλmax ) 368 nm. A
Langmuir-type isotherm was obtained as expected (see Figure
10). The maximum adsorbed amount of AIBA was deter-
mined to be 3.48 mg g-1, which equates to 0.028 mg m-2.
This should be compared to a value of 2.0 mg g-1 (or 0.050
mg m-2) reported by Luna-Xavier and co-workers13 for
AIBA adsorbed onto an aqueous 68 nm silica sol (Klebosol
30N50). Presumably, these differing values simply reflect
differences in surface charge density and/or hydroxyl content
for the two types of silica sol. Such differences in surface
charge density between aqueous and alcoholic silica sols are
clearly evident in zeta potential measurements, as reported
by Percy et al.1,21 Under the chosen polymerization condi-
tions, we calculate that the AIBA concentration is ap-
proximately three times greater than the minimum amount
required for monolayer coverage (this assumes no temper-
ature dependence for the extent of adsorption; this is probably
not correct, but it would be very difficult to determine the
AIBA adsorption isotherm at 60°C, because the AIBA
decomposes at this temperature). Thus the silica particles
are most likely completely coated with initiator and excess
initiator is also present in solution. It is also noteworthy that,
on addition of the cationic AIBA initiator, there is a reduction
in zeta potential from-47 to-15 mV (for the MA-ST silica
sol at pH 7 diluted in water before and after initiator
addition). However, there is no visible flocculation of the
silica sol in the presence of this AIBA initiator and there is
no significant increase in the mean sol diameter, as judged
by DLS studies. Given the significant proportion of adsorbed
AIBA initiator, some degree of surface polymerization
probably occurs, which should favor more efficient silica
incorporation. Nevertheless, it is difficult to confirm that
surface polymerization is actually essential for the formation
of colloidally stable nanocomposite particles.

4.2.3. Influence of Initiator Concentration.Given the
extent of AIBA adsorption onto the silica sol, the effect of
varying the initiator concentration was investigated. In the
polymerizations conducted so far, approximately 11.5 mg
of initiator was used per gram of silica, which equates to
more than three times the maximum adsorbed amount of
AIBA determined from the adsorption isotherm (i.e., 3.5 mg
per gram of silica). This protocol inevitably leads to a

Figure 9. TEM images of polystyrene-silica nanocomposites prepared
via alcoholic dispersion polymerization initiated with AIBA. Three different
silica sols were used: (a) 13 nm MT-ST silica sol in methanol (entry 3 in
Table 2), (b) 22 nm MA-ST silica sol in methanol (entry 4 in Table 2), and
(c) 13 nm IPA-ST silica sol in 2-propanol (entry 5 in Table 2). The disk
centrifuge data show the weight-average particle size distributions of these
three different types of nanocomposite particles.

Figure 10. Langmuir-type isotherm of the cationic AIBA initiator adsorbed
onto 22 nm MA-ST silica sol in methanol, determined by the depletion
method (using UV-visible absorption spectroscopy to monitor the AIBA
initiator concentration remaining in the supernatant after centrifugation of
the silica sol).
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substantial fraction of soluble initiator. Therefore, two
additional syntheses were carried out using either 1.5 mg of
AIBA per gram of silica (corresponding to approximately
40% of the amount of AIBA required for maximum
coverage, see entry 6 in Table 2) or 3.25 mg of AIBA per
gram of silica, which is just below the maximum possible
amount of initiator (to ensure that no free initiator is present
in solution; see entry 7 in Table 2). These reduced initiator
concentrations also led to the formation of colloidally stable
polystyrene-silica nanocomposite particles. Moreover, the
silica contents (and therefore the silica incorporation ef-
ficiencies) were somewhat higher than for polystyrene-silica
nanocomposite particles prepared at the original higher
initiator concentration. Silica contents were 18% at 11.5 mg
g-1 (entry 4 in Table 2), 21% at 1.5 mg g-1 (entry 6 in Table
2) and 24% at 3.25 mg g-1 (entry 7 in Table 2), which
correspond to silica incorporation efficiencies of 26, 30, and
37%, respectively. Furthermore, the weight-average particle
diameter also decreased from 362 nm (for 11.5 mg g-1

initiator) to 262 nm (1.5 mg g-1 initiator) and slightly broader
size distributions were obtained when less initiator was used,
as judged by DCP. This smaller mean particle diameter is
best explained by the lower rates of polymerization obtained
at reduced initiator concentrations.39

4.2.4. Influence of Silica Sol Concentration.For the
synthesis of silica-stabilized polystyrene latex prepared with
a nonionic AIBN initiator, it was shown that variation of
the silica sol concentration directly influences the mean
particle size of the resulting particles. The effect of varying
the silica sol concentration from 4 to 24 w/v % was also
investigated in the case of polystyrene-silica nanocomposites
(entries 8-10 in Table 2). In contrast to the silica-stabilized
polystyrene latex particles, the mean particle diameters vary
only slightly between 362 and 322 nm. Thermogravimetric
analysis reveal that the final silica contents of 24-25 wt %
were also independent of the initial silica sol concentration.
This is also reflected in the silica sol incorporation efficiency,
which in the case of the lowest initial silica sol concentration
of 4 w/v % was as high as 72% (entry 10 in Table 2).

This set of experiments provided some interesting results.
The final silica content and, to some extent, the particle size
of the polystyrene-silica nanocomposites were essentially
independent of the initial silica sol concentration. Thus it
seems that, above a certain value, higher silica sol concentra-
tions have little effect on the properties of the final
polystyrene-silica nanocomposite particles. The polymeri-
zation appears to proceed up to a mean particle diameter of
around 330 nm and a silica content of approximately 24%
is attained, regardless of the level of excess silica sol.
Currently, we have no satisfactory explanation for these
limiting conditions, although we note that Percy et al.
reported that poly(4-vinylpyridine)-silica particle syntheses
were similarly insensitive to systematic variation of the
synthesis parameters.17

Comparing entry 9 in Table 2 with the low initiator
concentration experiment (entry 7 in Table 2) indicated that

identical silica contents and very similar mean particle
diameters were obtained in these syntheses. This reproduc-
ibility is presumably related to the almost constant initiator/
silica mass ratios used in these two protocols. Moreover, the
initiator concentration was close to the maximum adsorbed
amount (3.8 mg g-1 and 3.25 mg g-1, respectively) in
both cases.

4.2.5. Particle Morphology.Aqueous electrophoresis
measurements of the three types of nanocomposite particles
indicated negative zeta potentials over the whole pH range,
as observed for the three pristine silica sols. This is illustrated
for the nanocomposite synthesis conducted using the 22 nm
silica sol, see Figure 5. This suggests that the surface of the
nanocomposite particles is silica-rich. This finding is cor-
roborated by the following observations. Treatment of one
of the nanocomposites prepared with the 22 nm silica sol
(entry 4 in Table 2) with excess 20% aqueous HF solution
ensured complete digestion of the silica sol component but
left the polystyrene component untouched. Subsequent

(39) Lovell, P. A.; El-Aasser, M. S.Emulsion Polymerisation and Emulsion
Polymers; John Wiley & Sons: Chichester, U. K., 1997.

Figure 11. Selected TEM images and DCP curves obtained for polystyrene-
silica nanocomposites (a) before and (b) after treatment with 20% HF, which
leads to digestion of the silica sol and flocculation of the remaining
polystyrene particles, as confirmed by the disk centrifuge particle size
distribution curves shown in (c); (d) calcination at above 550°C leads to
complete pyrolysis of the polystyrene component, leading to the formation
of hollow silica particles; (e) the digital photograph shows the blue color
observed when these silica particles are viewed on a dark background after
calcination; (f) the corresponding SEM image of this calcined sample.
Images a-c were obtained for entry 4 in Table 2, whereas images d-f
were obtained for entry 7 in Table 2.
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examination by transmission electron microscopy revealed
that the original surface roughness due to the presence of
the ultrafine silica particles was replaced with a much
smoother particle surface, see images a and b of Figure 11.
This digestion of the silica sol was accompanied by a
concomitant loss in colloidal stability (i.e., weak floccula-
tion), as judged by both visual inspection and DCP studies
(Figure 11c). Moreover, calcination of the same nanocom-
posite particles at 800°C led to selective pyrolysis of the
polystyrene component, leaving self-supporting hollow silica
shells. Thus, these three experiments are consistent with the
original polystyrene-silica nanocomposite particles possess-
ing a core-shell morphology. This hypothesis was further
confirmed by XPS analysis. Figure 12 shows the survey
spectra for the polystyrene-silica nanocomposite particles
prepared with the three alcoholic silica sols and also
polystyrene latex particles prepared in the absence of any
silica sol. Surface Si/C atomic ratios were calculated from
the corresponding Si2p and C1s core-line spectra and
compared with bulk Si/C atomic ratios calculated from TGA
data (see Table 3). The surface Si/C atomic ratio is always
at least 1 order of magnitude greater than the bulk Si/C ratio.
Given that the typical XPS sampling depth is 2-5 nm, this
indicates that the silica sol is located at the surface of the
nanocomposite particles. Moreover, comparing the surface
silicon compositions of entries 7-9 with that of the pristine
silica sols (entries 1-3) suggests that the silica sol occupies
43-75% of the surface of the nanocomposite particles. This
range of surface compositions is significantly greater than
that calculated for the silica-stabilized latexes (see earlier)
and is consistent with approximately monolayer coverage,
because 2D packing of the silica particles can only cover
50-60% of the available surface. There are two reasons for
the relatively high C1s signal observed by XPS. First, the
silica particles contain surface carbon due to unhydrolyzed

alkoxy groups (see entries 1-3 in Table 3). Second, the
inefficient 2D packing of the silica particles leaves 25-57%
of the underlying polystyrene still visible on the surface.

The core-shell morphologies of these nanocomposite
particles were verified using the ESI/TEM technique in
combination with ultramicrotomy, which provided element-
specific information at high spatial resolution. In the carbon
maps shown in Figure 13, the cross-sectioned particles are
easily visualized within the diffuse gray epoxy resin matrix.
Bright halos with dark interiors within the gray matrix were
observed in the silicon maps. These images confirm that each
nanocomposite particle has a well-defined core-shell mor-
phology, consisting of a polystyrene core, containing es-
sentially no silica particles, surrounded by a thin monolayer
shell of ultrafine silica particles. The somewhat elliptical
particle geometry observed in the TEM images shown in
Figure 13 is an artifact due to sample shearing during
ultramicrotomy and does not reflect the original particle
geometry.

Conventional oven-drying of a polystyrene-silica nano-
composite (entry 7 in Table 2) at 60°C for 24 h results in

Figure 12. XPS survey spectra of polystyrene-silica nanocomposites
prepared via AIBA-initiated alcoholic dispersion polymerization in the
presence of three commercial alcoholic silica sols: (a) 13 nm IPA-ST silica
sol in 2-propanol (entry 5 in Table 2), (b) 22 nm MA-ST silica sol in
methanol (entry 4 in Table 2), and (c) 13 nm MT-ST silica sol in methanol
(entry 3 in Table 2). As a comparison, a survey spectrum recorded for a
polystyrene latex prepared in the absence of any silica sol (entry 12 in Table
2) is shown in (d). Given the typical XPS sampling depth of 2-5 nm, these
spectra confirm the presence of the silica sol at the surface of the
nanocomposite particles.

Figure 13. Elemental distribution maps obtained for silicon (left) and
carbon (right) from ultramicrotomed polystyrene-silica nanocomposite
particles prepared by alcoholic dispersion polymerization using AIBA: (a)
nanocomposites prepared in the presence of the MT-ST 13 nm silica sol in
methanol (entry 3 in Table 2), (b) MA-ST 22 nm silica sol in methanol
(entry 4 in Table 2), and (c) IPA-ST 13 nm silica sol in 2-propanol (entry
5 in Table 2). Silicon is present on the surface of the particles, whereas the
core comprises only carbon with no evidence for any silicon. These
observations confirm the core-shell morphologies of these nanocomposite
particles.
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a white nanocomposite powder, as expected. However,
calcination at 800°C pyrolyzes the polystyrene component
completely, leaving the incombustible silica as a powder.
This remaining silica appears yellowish when viewed in
transmitted light, but a distinctive blue color is observed if
the silica is placed on a dark background, see Figure 11e.
TEM studies of the calcined silica confirmed the presence
of hollow particles formed by partial fusion of the ultrafine
silica sol during calcination due to dehydration of the surface
silanol groups (see Figure 11f). SEM studies confirm that
most, if not all, of these hollow silica particles contain defects
or holes, presumably caused by loss of organic volatiles
during the polystyrene pyrolysis. We believe that this
unexpected blue coloration is due to the hollow silica
diameter being comparable to approximately half the wave-
length of visible light7 (see entries 4 and 7 in Table 2 for
the original polystyrene-silica nanocomposite diameters).

4.2.6. Anionic ACVA Initiator.Performing dispersion
polymerization syntheses using an anionic ACVA initiator
in the presence of an alcoholic silica sol only led to
precipitation of amorphous polystyrene, with rather little
evidence for particle formation (see the Supporting Informa-
tion). This underlines the importance of a strong electrostatic
interaction between the initiator/growing polymer chain and
the anionic silica sol for successful nanocomposite formation.

4.2.7. Control Experiments.Four control experiments were
conducted by polymerizing styrene in methanol or 2-propanol
using either AIBA or ACVA initiators in the absence of any
silica sol. Only those dispersion polymerizations conducted
in methanol led to the formation of colloidally stable
(presumably charge-stabilized) polystyrene latexes. Poly-
merizations in 2-propanol merely led to precipitation of amor-
phous polystyrene, with no evidence of particle formation.

GPC analyses of the polystyrene extracted from a poly-
styrene-silica nanocomposite prepared in methanol (entry
4 in Table 2) and the corresponding charge-stabilized
polystyrene latex obtained in the control experiment con-
ducted under identical conditions in the absence of silica
(entry 12 in Table 2) are shown in the Supporting Information
(see Table S1). The molecular weight and polydispersity
obtained for the polymeric component of the nanocomposite
(Mw ) 423 000; Mw/Mn ) 5.55) are comparable to that
obtained for the charge-stabilized polystyrene latex (Mw )
456 000;Mw/Mn ) 4.44). Thus the presence of the silica sol
appears to have little, if any, effect on the styrene polym-
erization. The molecular weight of the polymeric component
of the polystyrene-silica nanocomposite prepared in 2-pro-
panol is a little higher (Mw ) 518 000), but this is likely to
be within experimental reproducibility. These nanocomposite
Mw values are significantly higher than those obtained for
the silica-stabilized polystyrene latexes (see earlier).

Typical particle growth curves were obtained by DLS
studies of the polymerization of styrene in the presence of
the 22 nm methanolic MA-ST silica sol initiated by either
AIBN (entry 4 in Table 1) or AIBA (entry 4 in Table 2). In
a control experiment, a particle growth curve was also
obtained for a cationic polystyrene latex prepared with AIBA
in the absence of any silica sol (entry 12 in Table 2). For
the AIBN-initiated polymerization, the final particle diameter

was attained after around 12 h. In contrast, no further change
in particle diameter was observed after only 3-4 h for the
two styrene polymerizations conducted with the AIBA
initiator. This difference simply reflects the differing half-
lives for these two initiators at 60°C (approximately 440
min for AIBA and around 1300 min for AIBN). More
importantly, no significant differences were observed for the
particle growth curves obtained from the two AIBA-initiated
polymerizations conducted in the presence and absence of
the silica sol. This suggests that if surface polymerization
does occur under these conditions, it does not appear to affect
the overall kinetics of polymerization.

5. Conclusions

Alcoholic dispersion polymerization can be used to prepare
both silica-stabilized polystyrene latex particles and poly-
styrene-silica nanocomposite particles using alcoholic ul-
trafine silica sols as the sole stabilizer. When a nonionic
AIBN initiator was used, polymerizations of styrene con-
ducted in either methanol or 2-propanol led to micrometer-
sized, silica-stabilized polystyrene latexes. These latexes had
very low silica contents (no more than 1.1%). Nevertheless,
the silica sol is located exclusively at the particle surface
and is solely responsible for the colloidal stability. Decreasing
the silica sol concentration in the polymerization mixture
leads to an increase in particle diameter, as expected. The
silica incorporation efficiency was typically very low in such
syntheses.

Similar polymerizations conducted using a cationic AIBA
initiator led to the formation of submicrometer-sized poly-
styrene-silica nanocomposite particles. Mean particle diam-
eters varied between 262 and 464 nm and silica contents
ranged between 13 and 29 wt %, depending on the precise
reaction conditions and the silica sol type used. Variation of
the silica sol concentration and initiator concentration, as
exemplified for the 22 nm silica sol, has surprisingly little
influence over both the final silica content and particle
diameter. XPS and ESI/TEM studies confirm well-defined
core-shell morphologies for these nanocomposite particles
(i.e., polystyrene cores and thin silica shells). Hollow silica
particles can be formed after calcination, suggesting that the
surface layer of silica nanoparticles is reasonably contiguous.
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