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Abstract: Core/shell (£)PS/(-)silica nanocomposite particles were synthesized by dispersion polymerization using
an amphoteric initiator, 2,2"-azobis [N-(2-carboxyethyl)-2,2-methylpropionamidine] (HOOC(CH,),HN(HN=)
C(CH;3)CN=NC (CH;),C(=NH)NH (CH,),COOH), VA-057. Negatively charged (-6.9 mV) silica was used as the
stabilizer. The effects of silica addition time and silica and initiator concentrations were investigated in terms of poly-
merization kinetics, ultimate particle morphology, and size/size distribution. Uniform hybrid microspheres with a
well-defined, core-shell structure were obtained at the following conditions: silica content = 10-15 wt% to styrene,
VA-057 content=above 2 wt% to styrene and silica addition time=0 min after initiation. The delay in'silica addition
time retarded the polymerization kinetics and broadened the particle size distribution. The rate of polymerization
was strongly affected by the silica content: it increased up to 15 wt% silica but then decreased with further increase
in silica content. However, the particle size was only marginally influenced by the silica content. The zeta potential
of the composite particles slightly decreased with increasing silica content. With increasing VA-057 concentration,
the PS microspheres were entirely coated with silica sol above 1.0 wt% initiator.

Keywords: polystyrene, silica, colloids, dispersion polymerization, core-shell.

Introduction

Recently, the synthesis of polymer/inorganic composite
particles has received much attention because such hybrid
particles can possess combined properties of both incorpo-
rated inorganic materials and base polymers. Furthermore,
the combined materials exert much enhanced mechanical,
chemical, thermal, electrical, and optical properties due to
their unique 3-dimentional structure.”* Accordingly, many
results have been presented about the synthesis and proper-
ties of colloidal organic/inorganic composite materials. Var-
ious inorganic materials have been employed, including
titanium dioxide,* copper oxide,’ magnetic oxide,® alumi-
num hydroxide,” alumina,® clay,’ carbon black'® and so on.
Among them, silica is the most studied model system since
it has a long-standing history as the reinforcing filler in clas-
sical plastic or rubber materials. Currently, silica/polymer
hybrid particles find diverse applications in bio-materials
and structural materials in aerospace, electronics, and sensors.

These polymer/silica composite particles are generally
produced by the incorporation of colloidal silica at the
beginning of various heterogeneous polymerizations such
as cohventional emulsion, miniemulsion, soap-free emul-
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sion, and dispersion polymerization.' !¢

In such processes, silica is chemically or physically
manipulated to form a shell or core layer for a desired pur-
pose. In synthesizing well-defined controllable core/shell
structure of silica composite particles, chemistry between
silica surface and host polymer is important.

In order to improve the encapsulation efficiency, ie.,
compatibility, the surface of silica particles is often modi-
fied by using hydrophobic silane coupling agents'”'® since
hydrophobic vinyl monomers are generally used in hetero-
geneous polymerizations in an aqueous phase. In such
cases, surface-moditied colloidal silica is embedded in the
composite particles, resulting in silica as the core. By utiliz-
ing the negative surface charge of silica particles, a positive
surface charge is endowed to the polymer particles to maxi-
mize an electrostatic attraction between silica sol and polymer
colloids. For this method, a cationic initiator, azobisisobu-
tyramidine dihydrochloride, has been successfully used for
the capsulation of silica particles by dispersion'*” or emul-
sion polymerization.”® The use of cationic initiator drasti-
cally increases the silica adsorption efficiency up to 40 wt%
based on polymer. If there is no electrostatic attraction by
using a neutral initiator, a negligible amount of silica, ca
1 wt%, is adsorbed. Furthermore, severely coagulated parti-
cles in a resin form is obtained when a negative initiator is
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used due to electrostatic repulsion between silica and poly-
mer particles.”* Additionally, the use of basic comonomers
such as 4-vinylpyridine'* and 1-vinylimidazole”” has been
known to form a strong acid-base interaction with acidic
(due to hydroxyl groups) silica particles, which substan-
tially increases silica adsoprtion efficiency on the surface of
ultimate polymer particles.

Recently, amphoteric initiators have been employed in
emulsion polymerization to produce monodisperse polysty-
rene (PS) and poly(methyl methacrylate) microspheres in
aqueous media.”*” In these articles, the amphoteric initia-
tors bearing both positively and negatively ionizable groups
have been effectively used for stabilizing polymer colloids.

We have found that an amphoteric initiator, 2,2'-azobis
[N-(2-carboxyethyl)-2,2-methylpropionamidine] (HOOC(CH,),
HN(HN=)C(CH;),CN=NC(CH;),C(=NH)NH (CH,),COOH),
VA-057, is completely soluble in methanol and used this
type of initiator in dispersion polymerization of styrene.” In
this study, we extended the utilization of the amphoteric ini-
tiator to synthesize silica/PS hybrid microspheres in disper-
sion polymerization which is a now widely used method to
produce micron-sized polymer micropheres.’'*? The effects
of addition time of silica and the concentrations of silica and
initiator are investigated in terms of polymerization kinet-
ics, ultimate particle morphology, and size/size distribution.

Experimental

Materials. Styrene (99%, Kanto Chemical, Japan) was puri-
fied using a basic inhibitor removal column (Aldrich, USA)
and stored at -5 °C prior to use. 2,2'-Azobis [N-(2-carboxy-
ethyl)-2,2-methylpropionamidine] (VA-057, Wako Chemicals,
Japan) were used as initiator without further purification.
The chemical structure of VA-057 is shown in Scheme I.
Reagent grade methanol (Samchun, Korea) was used as the
polymetrization medium. Negatively charged colloidal silica
(NANOS-AM20) having a zeta potential of -6.9 mV at pH
7.0 (diluted in distilled and deionized water), an average
diameter of 25+ 5 nm, and a specific surface area of 150
m’/g was kindly donated from ABCNanoTech Co., Korea
and used without any surface modification. The as-received
silica sol dispersed in water (20 wt%) had pH of 10.0.

Polymerization. The dispersion polymerization of sty-
rene with silica sol was conducted in methanol with VA-057
as an initiator. 20 g methanol was poured into the reaction
vessel and 2 g styrene, 10 wt% relative to the medium, was
charged. The various amounts of silica sol were added to the
vial. The net amount of silica was varied from 5 (0.1 g) - 20
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Scheme I. Chemical structure of VA-057.

330

(0.4 g) wt% relative to styrene. In some cases, the pre-
weighed silica was added after the initiation of polymeriza-
tion in order to find optimum time for silica addition. When
the temperature of reactants in the reactor reached 60 °C, the
VA-057 dissolved in aliquot of methanol was added to the
reaction system. The amount of VA-057 was varied from
0.5 to 3.0 wt% relative to styrene. The polymerization was
carried out in 50 mL scintillation vial with the stirring at
300 rpm under nitrogen atmosphere at 60 °C. The recipe
and the parameters are given in Table I. After completion of
the polymerization, the colloidal solution was washed with
methanol in order to remove unreacted species.

Characterization. A Hitachi SEM (Scanning Electron
Microscopy) S-4300 was used to observe the morphology
of PS/silica composite particles. The number-average parti-
cle diameter (D,) and the coefficient of variation (C,) of par-
ticle diameter were measured by a particle size analyzer
(LS230%, Beckman Coulter, USA). To measure the zeta-
potential, the rinsed composite particles were redispersed in
water (pH of nearly 7.0) and measurement was performed
on a zeta-potential analyzer (Zetasizer4 1308, Malvern).
The rinsed composite particles were dried in a vacuum oven
and thermogravimetric analysis was performed on TGA Q50
(TA Instrument, USA). Conversion was measured gravi-
metrically and the rate of polymerization was achieved by
taking the first-order derivative from the conversion vs time
curve.

Results and Discussion

Addition Time of Silica. Basically, the adsorption phe-
nomenon in this dispersion polymerization is ascribed to the
electrostatic attraction between negative charges (-) on the
surface of silica sol and both negative and positive charges
() of the polymer microspheres. The surface charge of
polymer particles originates from the reaction between the
amphoteric initiator and propagating polymer chains, which
further grow to stable polymer colloids. In series of experi-
mental setup, key parameters which would affect the degree
of silica adsorption on polymer particles were chosen,
including the addition time of silica, concentration of silica
sol, and the amount of the amphoteric initiator. The formu-
lation with summarized results is listed in Table 1.

First, the addition time of silica sol was varied from 0 to
60 min after dispersion polymerization was initiated. Zero
means that silica was added to the polymerization system
prior to initiation. In this investigation, the amount of silica
was fixed at 12.5 wt% to styrene. When the silica sol is
present before the polymerization starts, the conversion
curve follows a typical dispersion polymerization kinetics.
However, as the silica addition time is delayed after initia-
tion, the polymerization rate becomes sluggish and the final
conversion also decreases as seen in Figure 1. This can be
understood in terms of the role of silica sol as a stabilizer in

Macromol. Res., Vol. 16, No. 4, 2008



In-Situ Synthesis of PS/(-)Silica Composite Particles in Dispersion Polymerization Using An () Amphoteric Initiator

Table 1. Polymerization Parameters for the Synthesis of (-)Silica/(+)PS Composite Microspheres and Summarized Results

Run Conc. of Silica (wt%) Conc. of Initiator (wt%) Addition Time of Silica (min) Dy (um) Cl (%)
1 12.5 2 0 1.04 12.1
2 12.5 2 5 1.09 14.4
3 12.5 2 10 1.13 28.7
4 12.5 2 30 115 41.7
5 12.5 2 60 1.17 42.1
6 5 2 0 1.04 15.7
7 7.5 2 0 1.02 15.1
8 10 2 0 1.22 16.8

9(1) 12.5 2 0 1.04 12.1
10 15 2 0 0.91 17.0
11 20 2 0 0.91 18.2
12 12.5 0.5 0 0.99 224
13 12.5 1 0 1.09 15.1

12(D) 12.5 2 0 1.04 12.1
15 12.5 3 0 1.17 16.8

“Number-average diameter. "The coefficient of variation.
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Figure 1. Effect of different addition times of (-)silica 12.5 wt%
relative to styrene on the conversion of dispersion polymerization.

dispersion polymerization. When charged silica sol particles
are present in the dispersion polymerization system, they
adsorb on the forming polymer microspheres due to the
columbic interaction, thereby the polymer particles are sta-
bilized and further individually grow to discrete particles. If
the external stabilizer is absent at the moment when grow-
ing oligomeric chains precipitate to form polymer particles,
the stabilization is limited with the only aid of amphoteric
initiator. In the lack of stabilization, primary polymer nuclei
are destabilized and polymerization rate is retarded. If seri-
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ous destabilization occurs, the particles undergo coagula-
tion, finally leading to gelation. Dispersion polymerization
is relatively more sensitive than other heterogeneous poly-
merizations to the reaction conditions such as the existence
of oxygen in the reactor and the formulation of the ingredi-
ents. Especially, a slight change in the concentration of a
single polymerization ingredient in the formulation turns
out a dramatic variation in the uniformity of ultimate parti-
cles. Moreover, the retardation of polymerization rate espe-
cially in a nucleation stage causes the broadening of final
particle size distribution.

In Figure 2, the SEM micrographs of the ultimate silica/
PS hybrid microspheres are displayed in which the compos-
ite particles are prepared with different addition times of sil-
ica sol. When silica sol is present before nucleation, 0 and
5 min, fairly monodisperse composite particles are resulted.
As the addition time of silica is delayed, small secondary
particles are generated (10 min) and eventually the particle
size becomes quite broad (30 and 60 min). The D,/C, of the
particles are 1.04/12.1, 1.09/14.4, 1.13/28.7, 1.15/41.7, and
1.17 um/42.1% for the addition time of silica, 0, 5, 10, 20,
and 60 min, respectively. It is noted that the turbidity occurs
at approximately 10-20 min after injection of the initiator.
Therefore, it is evident that the particle size distribution
becomes greatly broad when the silica sol is injected after
initiation of the dispersion polymerization. In the cases of
30 and 60 min, the C,’s are 41.7 and 42.7%. In our previous
study on the synthesis of positively charged silica/nega-
tively charged PS hybrid particles by conventional emulsion
polymerization initiated by potassium persulfate in water,
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Figure 2. SEM micrographs of (-)silica coated PS microspheres prepared with different addition times of silica 12.5 wt% relative to sty-

rene. (a) 0, (b) 5, (¢) 10, (d) 30, and (e) 60 min.

the particle formation was significantly suppressed when
silica sol was present in the beginning of polymerization,
0 min. In that case, collapsed particle morphology due to the
lack of colloidal stability was obtained.*

The addition time of silica greatly atfects conversion and
particle size distribution, however it does not influence the
adsorption efficiency as determined from TGA analysis
(Figure 3). Based on the above results, the addition time of
silica was determined to 0 min.

Varying Concentration of Silica. Polymerization was
conducted in the presence of an increasing amount of silica
from 5 to 20 wt% relative to styrene. Figure 4 represents the
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Figure 3. TGA thermograms of (-)silica/PS composite micro-
spheres prepared with different addition times of silica 12.5 wt%
relative to styrene.
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effect of the concentration of silica on the polymerization
kinetics. With 5 wt% silica, the conversion is very low so
that the final conversion reaches only 38.9% at 24 h. Since
silica acts as a stabilizer in this system, ordinary polymer-
ization is not achieved at low concentration of silica due to
the lack of colloidal stability in dispersion polymerization.
Above 7.5 wit% silica, the final conversions exceed 90% at
24 h and the conversion tends to become greater with the
amount of silica as shown in Figure 4(a). Figure 4(b) shows
the rate of dispersion polymerization with respect to the
amount of silica. The lines in Figure 4(a) were achieved by
fitting the experimental conversion data using the Mar-
quardt-Levenberg algorithm in SimgaPlot®. Then, the rate
of polymerization was calculated by taking the first-deriva-
tive of each curve from Mathematica®. At 5 wt% silica, the
rate of polymerization is quite slow and it substantially
increases with the amount of silica above 7.5 wt%. How-
ever, the rate of polymerization is reduced at 20 wt% silica
since the nucleation is hindered by the possible aggregation
of silica at a high concentration. Truly, the maximum rates
of polymerization are 1.24x107, 3.98x107,3.99x10°?, 4.09x10~,
4.69x107, and 3.52x10° mol/L-s for 5, 7.5, 10, 12.5, 15,
and 20 wt% silica, respectively. In order to obtain the fastest
polymerization, the optimal quantity of silica can be chosen
from 12.5 to 15 wt% to styrene.

The particle size distribution of the PS/silica composite
particles prepared with an increasing amount of silica is
shown in Figure 5. The distribution of the particles is uni-
modal and narrow for all concentrations of silica from 5 to
20 wit%, which suggests that (-) silica effectively serves as
the stabilizer in dispersion polymerization initiated with the
amphoteric initiator. The D,/C, of the particles are 1.04/
15.7, 1.02/15.1, 1.22/16.8, 1.04/12.1, 0.91/17.0, and 0.91

Macromol. Res., Vol. 16, No. 4, 2008
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Figure 4. Effect of different concentrations of (~) silica relative to styrene on the (a) conversion and (b) rate of dispersion polymerization.
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Figure 5. Particle size distribution of PS/(-)silica composite particles with different concentrations of silica injected after 0 min from the
initiation; {a) 5, (b} 7.5, () 10, (d) 12.5, (¢} 15, and (f) 20 wt% relative to styrene.

1m/18.2% for the concentration of silica, 5, 7.5, 10, 12.3,
15, and 20 wt%, respectively. The result indicates that the
average size and uniformity of the composite particles are
marginally influenced by the amount of silica as the stabi-
lizer. The most common stabilizer used in dispersion poly-
merization is poly(vinylpyrrolidone; PVP) without doubt.**
Paine et al.”® have reported the size of PS decreases with an
increasing amount of PVP to the power of -0.33, -0.36, and
-0.27 for PVP with molecular weight of 10,000, 46,000, and
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360,000 g/mol, respectively. Unlike PVP, the influence of
the concentration of silica as the stabilizer on the variation
of the size of particles is negligible in this system. In the
case of PVP, PVP molecules serve as initiation sites enabling
grafting reaction so that chemical grafting of PVP with
polymer chains abruptly increases the molecular weight of
growing oligomers which further results in the small parti-
cle size. On the other hand, the effect of the silica concentra-
tion on the size variation of the ultimate particles is marginal
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Figure 6. SEM micrographs of (-)silica coated PS microspheres
prepared with different concentrations of silica injected after
0 min from the initiation; (2) 5, (b) 7.5, (¢) 10, (d) 12.5, (e) 15, and
(f) 20 wt% relative to styrene.

since silica particles exert only physical absorption.

Figure 6 depicts the morphology of the PS/silica compos-
ite particles prepared with an increasing amount of silica
(refer to Supporting Information for a low magnification).
The existence of colloidal silica particles adsorbed on the
PS microspheres is evident for all hybrid microspheres. At 5
and 7.5 wt% silica contents, the surface coverage by silica is
not complete so that some bare PS surfaces are observed. At
20 wt% silica, it is seen that the surface of PS microspheres
is adsorbed by excess amount of silica. Therefore, the opti-
mum range of silica content can be judged from 10 to 15 wt%,
and preferably 10-12.5 wt% in order to achieve complete
coverage of PS microspheres by silica particles. It is noted
that the thickness of the silica shell is the same as the pris-
tine silica particles, i.e., 25 nm.

Adsorption of (-)silica on (£)PS microspheres changes the
surface nature of composite particles. The state of surface
charge with the incorporated silica content is investigated
by measuring the zeta potential of PS/silica hybrid particles
suspended in water (Figure 7). The zeta potentials of bare
silica sol and bare PS particles prepared by VA-057 in the
absence of silica are -6.9 and +10.2 mV at pH 7.0, respec-
tively. For measuring zeta potential of PS microspheres
without silica, neat PS particles were prepared by conven-
tional dispersion polymerization using 1 wt% VA-057 (0.1 g)
and 10 wt% PVP (1 g) to styrene (10 g) in methanol (100 mL)
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Figure 7. Zeta potential of PS/(-)silica composite particles with
different concentrations of silica in methanol; ( I ) only PS parti-
cles, ( @ ) PS/(-)silica composite particles, and ( A ) only silica
particles.

at 60 °C for 24 h. With increasing silica amount from 5 to
20 wt%, the zeta potential steadily decreases from -2.0 to
-4.7 mV. Since the zeta potential of silica sol is only -6.9 mV,
that of composite particles changes within that limit.
Varying Concentration of Initiator. Determined from
the previous sections, the optimum condition for the synthe-
sis of evenly (-)silica adsorbed uniform (£)PS microspheres
is 12 wt% silica present at the beginning of polymerization.
Here, the concentration of VA-057 initiator was changed
from 0.5 to 3.0 wit% with respect to styrene. In Figure 8,
polymerization kinetics in terms of the amount of initiator is
demonstrated. As expected, the conversion with time increases
with the amount of VA-057. At 0.5 and 1.0 wt% VA-057,
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Figure 8. Effect of different concentrations of initiator on the
conversion of dispersion polymerization of styrene/(-)silica. 12
wt% silica to styrene was added before the initiation of polymet-
ization.
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Figure 9. SEM micrographs of (-)silica coated PS microspheres
prepared with different amounts of initiator; (a) 0.5, (b) 1.0, (¢)
2.0, and (d) 3.0 wt% VAO057. 12 wt% silica to styrene was added
before the initiation of polymerization.

final conversions are quite low, 58.5 and 72.4% at 24 h,
respectively. High conversions above 90% are obtained above
2 wit% VA-057. Above 2 wit% initiator, the polymerization
kinetics shows a similar behavior. Therefore, 2 wi% VA-057
seems to be sufficient to achieve satisfactory conversion.
Figure 9 presents the effect of VA-057 on morphology of
silica (12.5%) adsorbed PS microspheres. At 0.5 wt%, the
discrete silica sol particles on the surface of PS micro-
spheres are clearly observed due to the incomplete coverage
by silica due to insufficient surface charges on PS micro-
spheres to attract silica particles. From 1.0 wi% VA-057, the
PS microspheres are entirely adsorbed by silica sol particles
leaving no bare PS surface. The D,/C, of the particles are
0.99/22.4,1.09/15.1, 1.04/12.1, and 1.17 tm/16.8% for the
concentration of VA-057, 0.5, 1.0, 2.0 and 3.0 wi% to sty-
rene, respectively. The average diameter of the composite
particles slightly increases with the initiator concentration,
which is typical in dispersion polymerization. In case of
high concentration of initiator, the molecular weight of oli-
gomers in a nucleation stage becomes low, which reduces
the number of primary particles. The small number of nuclei in
turn grows to larger particles with the help of copious sup-
ply of monomer. Considering the conversion and morphol-
ogy together, 2 wt% VA-037 is adequate to prepare well-
defined (-)silica/(+:)PS shell/core hybrid microparticles.

Conclusions

The core/shell (+)PS/(-)silica nanocomposite particles are
synthesized by dispersion polymerization using an amphot-
eric initiator, 2,2'-azobis[N-(2-carboxyethyl)-2,2-methyl-
propionamidine} (HOOC(CH,),HN(HN=)C(CH;),CN=NC
(CH; ,C(=NH)NH (CH,),COOH), VA-057. It has been found
that this water-soluble initiator completely dissolves in meth-
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anol. The PS microspheres having the amphoteric nature by
means of VA-057 are synthesized and silica sol with nega-
tive surface charge (-6.9 mV) adsorbs on the growing PS
microspheres for imparting colloidal stability. When the sil-
ica sol 1s present before the polymerization starts, the con-
version curve follows a typical dispersion polymerization
kinetics. However, as the silica addition time is delayed
after initiation, the polymerization rate becomes sluggish
and the final conversion also decreases since silica serves as
the stabilizer in this system. Moreover, the retardation of
polymerization rate especially in a nucleation stage causes
broadening of final particle size distribution. When the con-
centration of silica is varied from 5 to 20 wi% to styrene, it
is seen that the polymerization rate strongly depends on the
amount of silica. At 5 wt% silica, the rate of polymerization
is quite slow and it substantially increases with the amount
of silica above 7.5 wit%. However, the rate of polymeriza-
tion is reduced at 20 wt% silica due to the possible aggrega-
tion of silica at a high concentration. Since silica acts as a
stabilizer, ordinary polymerization with high conversion
over 90% is achieved above 7.5 wt% silica. The number-
average diameter of the composite particles is 1.02+0.20 gm
and the size and uniformity of the ultimate particles are mar-
ginally influenced by the amount of silica. Between 10 and
15 wt% silica, the complete coverage of PS microspheres
by silica particles as a shell layer is attained. The zeta poten-
tial of the composite slightly decreases with the amount of
silica. When the initiator concentration is increased from
0.5 to 3.0 wi% at a fixed amount of silica, 12.5 wt%, it has
been found that the conversion with time increases with the
amount of VA-057. High conversions above 90% are
obtained above 2 wt% VA-057. Above 2 wt% initiator, the
polymerization kinetics shows a similar behavior. From
1.0 wt% VA-057, the PS microspheres are entirely adsorbed
by silica sol particles and the average diameter of the com-
posite particles slightly increases with the initiator concen-
tration, which is typical in dispersion polymerization.
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