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ABSTRACT: Waterborne raspberry-like PMMA/SiOs nanocomposite particles were prepared via a free
radical copolymerization of methyl methacrylate (MMA) with 1-vinylimidazole (1-VID) in the presence
of ultrafine aqueous silica sols. The strong acid—base interaction between hydroxyl groups (acidic) of
silica surfaces and amino groups (basic) of 1-VID was strong enough for promoting the formation of long-
stable PMMA/SiO2 nanocomposite particles when 10 mol % or more 1-VID as auxiliary monomer was
used. The average particle sizes and the silica contents of the nanocomposite particles could range from
120 to 350 nm and 5 to 47%, respectively, depending upon reaction conditions. The influence of synthetic
conditions, for instance, initial silica charge, reaction temperature, pH value, and 1-VID charge, on the
particle properties was studied in detail. Stable nanocomposite particles could only be obtained at base
conditions, and the silica content in the nanocomposite particles reached the maximum when pH value
was 8.0. TEM and SEM indicated a raspberry-like morphology of the obtained nanocomposite particles.
Zeta potential measurements confirmed that part of the 1-VID was located on the surface of the
nanocomposite particles, which was consistent with the raspberry-like morphology. A possible formation
mechanism of nanocomposite particles was proposed.

Introduction

In the past few years, organic—inorganic nanocom-
posite particles have become the subject of rapidly
growing interest for their superior properties (optical,
mechanical, rheological, electrical, catalytic, and fire
retardance);!~7 these nanocomposite particles usually
have core—shell structures.®~1®> However, since the
surfaces of inorganic particles are usually hydrophilic,
while polymers are usually hydrophobic, the surfaces
of inorganic particles usually need to be modified or
pretreated using some so-called coupling agents in order
to promote the compatibility between polymeric phase
and inorganic phase to obtain core—shell morphology.
For instance, Bourgeat-Lami et al.16:17 reported the syn-
thesis of polystyrene/silica nanocomposite particles with
core—shell structure by dispersion polymerization of sty-
rene in aqueous ethanol medium in the presence of
surface-modified silica particles and poly(N-vinylpyr-
rolidone) as stabilizer. Tissot et al.’®1? described the
coating reaction of polystyrene latex with a silica layer
by using a silane coupling agent to improve the compat-
ibility of organic core and inorganic shell materials.
Reculusa et al.2? described the process of synthesizing
raspberry-like core—shell hybrid particles with silica
beads supporting smaller polystyrene particles via a
emulsion polymerization. Fleming et al.?! obtained
raspberry-like core—shell particles by using chemical
or biochemical linkages between silica microspheres
and polystyrene nanospheres. Kulbaba et al.?2 took
advantage of electrostatic force between positively
charged polyferrocenylsilane microspheres with nega-
tively charged silica particles to synthesize raspberry-
like core—shell composite particles by self-assembly
techniques. Obviously, this treatment of the surfaces of
inorganic particles is very tedious and energy-consum-
ing.

To work out this problem, Armes et al.23~28 proposed
a novel method to synthesize a series of raspberry-like

* Corresponding author. E-mail: lxw@fudan.ac.cn.

10.1021/ma048431f CCC: $27.50

core—shell nanocomposite particles with vinyl polymer
as core and nanosilica as shell. In their method, 4-vi-
nylpyridine (4-VP) was used as an auxiliary monomer.
Thus, the basic property of the amino groups from 4-VP
could interact with the acidic property of the hydroxyl
groups from nanosilica surfaces to enhance the compat-
ibility between organic phase and inorganic phase. This
synthetic route probably has following several advan-
tages:2¢ (1) it is a simple, one-pot protocol based on
readily available starting materials; (2) no surface
pretreatment or modification is necessary; (3) no addi-
tion of surfactant or cosurfactant is required. However,
the auxiliary monomer they involved was only 4-VP; no
other auxiliary monomer was successfully tried.2? Al-
though they synthesized raspberry-like polymer—silica
nanocomposite particles recently in the absence of any
auxiliary monomers, it is limited to alcoholic me-
dium.?%30 Additionally, the formation mechanism of
raspberry-like core—shell nanocomposite particles by
this method is not clearly so far. Therefore, further work
is very necessary to be done in this area.

In the present work, we first used 1-VID as the aux-
iliary monomer and successfully synthesized a series of
long-stable raspberry-like PMMA/SiOy nanocomposite
particles via a “soap-free” heterophase polymerization
in the presence of an ultrafine aqueous silica sol and
water as the continuous phase. Since the surface hy-
droxyl group of silica particle is acidic, the amino group
(basic) of 1-VID should promote the compatibility be-
tween polymeric phase and nanosilica phase. Some
influencing parameters such as initial silica charge,
reaction temperature, 1-VID charge, and pH value on
the nanocomposite particles were investigated in detail,
and a possible formation mechanism of raspberry-like
nanocomposite particles was also discussed.

Experimental Section

Materials. Methyl methacrylate (MMA) was purchased
from Shanghai Chemical Reagent Co. (China) and purified by
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Table 1. Typical Recipe To Synthesize Raspberry-like
Nanocomposite Particles

component amount (g) component amount (g)
MMA 10@ APS 0.1°
1-VID 1.66 H>0O 90
silica 18

2mol (MMA)mol (1-VID) = 85:15. ® If polymerization was
performed at 40 °C, APS = 0.12 g and HSS = 0.1 g.

treating with 5% aqueous NaOH to remove the inhibitor and
dried over by anhydrous calcium chloride for 3 days and then
stored at low temperature prior to use. 1-Vinylimidazole
(1-VID, >98%) was purchased from Yancheng Medical Chemi-
cal Co. (China) and used as received. NS-30 (20 nm silica sol,
pH = 9.5) was supplied as 30 wt % aqueous dispersion by Yuda
Chemical Co. (China). Ammonium persulfate (APS) was
purchased from Shanghai Gaoqiao Petrochemical Co. (China)
and purified by recrystallization from water. Hydrosulfite of
sodium (HSS) was purchased from Shanghai Chemical
Reagent Co. (China) and used as received.

Synthesis of Nanocomposite Particles. A typical syn-
thetic process was described as follows: a known amount of
1-VID and aqueous silica sol were charged into a 250 mL
round-bottom flask equipped with mechanical stirrer, ther-
mometer with a temperature controller, an Ny inlet, a Graham
condenser, and a heating mantle and stirred at room temper-
ature for 1 h when the pH of the solution was adjusted to the
required value using 0.1 mol/L aqueous NaOH or HCl solution.
The reaction mixture was then slowly added by MMA and
heated to 60 °C, followed by addition of 1.0 wt % APS aqueous
solution based on MMA mass. The reaction was carried at 60
°C for 24 h under a slow stream of N,. When 1.2 wt % APS
and 1.0 wt % HSS based on MMA mass were employed as the
redox initiator, the reaction was performed at 40 °C for 24 h,
as shown in Table 1. The resulted milky-like dispersions were
purified by centrifugation—redispersion cycles for several times
until no free silica particles were found by TEM. Each time
successive supernatant was removed and then replaced with
deionized water.

Characterization of PMMA/SiO; Nanocomposite Par-
ticles. Particle Size Analysis. Dynamic light scattering (DLS,
Beckman Coulter Co.) measurements were carried out on the
diluted reaction solutions to obtain the average diameters of
the particles. Each sample was repeated for three times to give
the average particle size.

Chemical Composition Analysis. NS-30 silica sol was dried
in a vacuum oven at 60 °C for several days to obtain a constant
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weight and then conducted a thermogravimetric analysis using
a Perkin-Elmer (TGA-7 USA) instrument to determine the loss
of surface moisture. Assuming that the incombustible residues
were pure silica, it was found that the loss of surface moisture
is around 15 wt %. About 5 mg of dried nanocomposite particles
were used to examine the SiO; content. All these experiments
were conducted in air and heated from room temperature to
800 °C at a scan rate of 20 °C/min. The SiO; contents of the
nanocomposite particles were calculated after subtracting the
loss of surface moisture.

Morphology of Nanocomposite Particles. A transmission
electron microscope (TEM Hitachi H-600, Hitachi Corp.,
Japan) was used to observe the morphology of obtained
nanocomposite particles. The nanocomposite particles disper-
sions were diluted and ultrasonized at 25 °C for 10 min and
then dried onto carbon-coated copper grids before examination.
SEM images were obtained using scanning electron microscope
(SEM Philips X130 apparatus). The nanocomposite particles
dispersions were diluted and dried on a cover glass and
sputter-coated with gold prior to examination.

Zeta Potential Measurements. Zeta potential vs pH curves
of original silica sol and selected PMMA/SiOs nanocomposite
particles were constructed using a zeta potential analyzer
(Zetaplus, Brookhaven Instruments Corp.). The pH of diluted
nanocomposite particles dispersion was adjusted by adding
either 0.1 mol/LL HCI or NaOH aqueous solution.

Results and Discussion

Effect of the Initial Silica Charge. A series of
nanocomposite particles were synthesized via a “soap-
free” heterophase polymerization at different reaction
conditions, as summarized in Table 2. The nanocom-
posite particles were stabilized by adsorption of hydro-
philic silica particles through strong acid—base inter-
action between hydroxyl groups (acidic) of silica surfaces
and amino groups (basic) of 1-VID, where silica particle
acted as a “Pickering emulsifier”.3! Figure 1 illustrates
the changes in both sizes of nanocomposite particles and
Si0q content adsorbed on nanocomposite particles as a
function of the mass ratio of SiO/MMA (runs 1-5 in
Table 2). It was found that the average particle size
ranged from 120 to 270 nm and tended to decrease with
increasing initial silica charge, which had the same
behavior as traditional emulsifiers. All the particles had
a rather narrow size distribution, suggesting that the

Table 2. Summary of PMMA/SiO2 Nanocomposite Particles Obtained at Different Conditions

MMA/1-VID Si0y/MMA particle size (nm)

run mol/mol mass/mass pH T(°C) DLS TEM conv (%) SiOg (wt %)
1 85/15 1:1 9.5 60 270 180 95 15.9
2 85/15 1.4:1 9.5 60 247 165 94 16.4
3 85/15 1.8:1 9.5 60 192 120 94 17.1
4 85/15 2.2:1 9.5 60 163 100 96 18.7
5 85/15 2.6:1 9.5 60 120 85 93 20.0
6 85/15 1.4:1 9.5 40 218 150 92 22.8
7 85/15 1.4:1 9.5 60 247 165 94 17.1
8 85/15 1.4:1 9.5 70 258 180 91 15.5
9 85/15 1.4:1 9.5 80 286 185 89 12.2
10¢ 85/15 1.4:1 5.0 60

11 85/15 1.4:1 7.5 60 301 210 92 12.1
12 85/15 1.4:1 8.0 60 186 120 91 47.0
13 85/15 1.4:1 8.5 60 213 135 91 37.7
14 85/15 1.4:1 9.0 60 246 165 95 19.2
15 85/15 1.4:1 10.0 60 318 210 93 6.1
16° 94/6 1:1 9.5 40

17 90/10 1:1 9.5 40 298 200 90 15.8
18 85/15 1:1 9.5 40 264 180 89 24.6
19 80/20 1:1 9.5 40 253 175 92 25.8
20 75/25 1:1 9.5 40 245 155 93 26.9
21 70/30 11 9.5 40 241 150 92 25.9

@ Polydisperse aggregates and large amounts of coagulum were obtained. ® No stable nanocomposite particles obtained examined by
TEM nanocomposite particles obtained with the other formulations kept stable for at least 6 months.
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Figure 1. Dependence of particle size and silica content on
the initial silica charge.

silica particles as “Pickering emulsifier” had a high
stabilization power. These samples were easy to be
redispersed just by shaking during the centrifugation—
redispersion cycles, and TEM observed a raspberry-like
morphology, in which silica beads deposited on the
surfaces of organic phase. Metastable nanocomposite
particles were obtained when the mass ratio of SiOy/
MMA was 0.5:1 (not listed in Table 2), and ill-shaped
morphology was observed by TEM. A control experiment
was carried out in the absence of any silica sol, which
resulted in macroscopic precipitate and no particles
formed. From these phenomena above, it seems that
silica sol plays a crucial important role in the formation
of nanocomposite particles and has the typical behavior
as traditional emulsifiers. Armes and co-workers?6 had
reported the similar rules when using 4-VP as auxiliary
to prepare polymer—SiOy nanocomposite particles. The
final silica content in the nanocomposite particles
slightly increased from 15.9% to 20.0% with increasing
initial silica charge, which was probably because the
adsorbed silica content on the surface of organic phase
nearly reached a “saturate” value when the mass ratio
of Si0Oo/MMA was 1:1 at this experimental pH value and
reaction temperature.

Effect of Reaction Temperature. All the nanocom-
posite particles dispersions obtained at the studied
temperatures were stable, as shown in Table 2 (runs
6—9). TEM observed a well-defined raspberry-like mor-
phology. The data showed that the increase in reaction
temperature led to slightly increase in average particle
size, which was due to the higher degree of flocculation.
Higher reaction temperature resulted in broader par-
ticle size distribution, further confirming more serious
flocculation of the nanocomposite particles when pre-
pared at higher temperature. However, the increase in
reaction temperature decreased the silica content in the
nanocomposite particles. The possible reason can be
explained as follows: The auxiliary monomer, 1-VID,
generally existed in three states: (1) some 1-VID was
totally dissolved in the aqueous phase, (2) some was
strongly adsorbed onto the silica surfaces via acid—base
interaction, and (3) some was presented in the form of
monomer droplets stabilized by silica particles (Picker-
ing emulsifier). Obviously, only the latter two forms of
1-VID could contribute to adsorb silica beads during the
polymerization process. The higher the reaction tem-
perature, the more 1-VID was dissolved into aqueous
phase; correspondingly, the less 1-VID participated in
the adsorption process and hence decreased the silica
content in the nanocomposite particles.
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Figure 2. Effect of pH values on the particle size and silica
content.

Effect of pH Values. Since 1-VID is a weak base and
the silica surface is weakly acidic, the pH of system
should have very crucial impact on the formation of
nanocomposite particles. Runs 10—15 in Table 2 sum-
marize the effect of pH values on nanocomposite par-
ticles. It turned out that only under alkaline conditions
could stable nanocomposite particles be obtained. The
nanocomposite particles obtained at pH = 5 showed
large, polydisperse aggregates and large amounts of
coagulum. There are three factors possibly influencing
the pH value of the reaction systems: (1) different initial
charge of the silica sol, which was served as a pH = 9.5
aqueous solution; (2) the addition of basic auxiliary
monomer, 1-VID; (3) the thermal decomposition of the
persulfate ions gave rise to the [H'] concentration as
follows:32 S30g2~ + 2H,0 — 20H* + 2502~ + 2H'.
Although very complex, fortunately no pH drift was
detected during the polymerization process due to the
self-balance effect of the system. Therefore, the pH value
was mainly controlled by adjusting using 0.1 M NaOH
or HCl aqueous solution before the polymerization
process started. Figure 2 more clearly demonstrated the
influence of pH values of systems on the nanocomposite
particles. Generally, in the basic range, the higher the
pH value, the less the silica content in the nanocom-
posite particles; this was probably because the increase
in base caused the decrease in interaction between
acidic hydroxyl groups of silica surfaces and basic amino
groups of 1-VID, thus decreasing the silica adsorbed
onto nanocomposite particles and trying to increase
particle size since much fewer silica particles acted as
“Pickering emulsifier”. But the reason why the nano-
composite particles obtained at pH = 7 did not obey the
above general order was not clear. The silica content in
the nanocomposite particles reached the maximum
when pH value of the system was 8.0, suggesting that
silica particles and 1-VID have the best “binding” effect
at such conditions.

Effect of 1-VID Charge. The effect of 1-VID charge
on the nanocomposite particles were investigated and
also listed in Table 2. When 6 mol % 1-VID was added
to the system, no stable nanocomposite particles ob-
tained (see run 16 in Table 2). When 1-VID charge
increased to 10 mol %, long-stable PMMA/SiOs nano-
composite particles were obtained. TGA indicated the
silica content in the nanocomposite particles was 24.6
wt %. What is unexpected is although silica particles
were deposited on the surfaces of organic particles via
acid—base interaction, the silica content hardly in-
creased with increasing the 1-VID charge from 15 to 30
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Figure 3. Effect of 1-VID content on the particle size and
silica content.

mol %, as shown by runs 17—21 in Table 2 and more
clearly illustrated in Figure 3; this was not coincident
with the results reported by Armes et al.24=28 when
using 4-VP as auxiliary monomer. It was probably
because some 1-VID did not participate in the free
radical copolymerization process due to the low reactiv-
ity of 1-VID for its steric effect. To check this assump-
tion, homopolymerization of 1-VID in the presence of
silica sols was carried out at 60 °C, but no particles were
found after 48 h and only some low molecular weight
polymer formed. That suggested only 10 mol % 1-VID
was enough to synthesize long-stable PMMA/SiOy nano-
composite particles with relatively high silica content.

Morphology of the Nanocomposite Particles.
Figure 4 displayed some representative scanning elec-
tron micrographs of the PMMA/SiOs nanocomposite
particles. Although the relatively low magnification did
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not allow us to understand the morphology of the
nanocomposite particles, we still observed approxi-
mately spherical particles with uniform size. To under-
stand whether the silica beads were deposited on
the surfaces of the organic phase, the obtained nano-
composite particles were observed by high-magnification
TEM. Figure 5 presented the typical TEM images of
nanocomposite particles. It was found that the par-
ticle sizes were reasonably uniform and the nano-
composite particles had raspberry-like morphology
with silica beads adsorbed onto the surface of the
particles.

Figure 6 represented the TEM images of the PMMA/
Si02 nanocomposite particles obtained from runs 12 and
13, which had the silica contents of 47.0% and 37.7%,
respectively, as indicated in Table 2. From the images,
one could see a serious flocculation of the nanocomposite
particles had occurred, which should be from the strong
hydrogen bonds formed between hydroxyl groups of the
silica particles. This flocculation was easily cleaved
under mechanical stirring, that is, typical thixotropic
properties, further confirming that some hydrogen
bonds formed between every two nanocomposite par-
ticles when high content silica adsorbed on nanocom-
posite particles.

Zeta Potential Analysis. Aqueous electrophoresis
is an ideal method to analysis the surface compositions
of colloidal particles, as proved by Markham?3 for poly-
(ethylene oxide)-stabilized polypyrrole particles and
Armes?3-2834 for polymer—silica nanocomposite par-
ticles. In the present work, zeta potential vs pH curves
were obtained for original silica sol and PMMA/SiOq
nanocomposite particles prepared by varying MMA/
1-VID charge, as demonstrated in Figure 7. For original
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Figure 4. Representative SEM images of obtained nanocomposite particles: a, run 2; b, run 7; ¢, run 12; d, run 19.
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Figure 5. TEM images of obtained nanocomposite particles

silica sol, negative zeta potential was observed over the
whole pH range examined. In contrast, the zeta poten-
tial vs pH curves for the PMMA/SiOs nanocomposite
particles showed the existence of isoelectric point at
approximately pH = 6 and positive zeta potential of up
to +50 mV was obtained at low pH. Thus, this observa-
tion provided good evidence that the basic 1-VID were
partly located at the surfaces of the nanocomposite
particles and strongly influenced the zeta potential. At
low pH, they were protonated and hence cationic, which
resulted in the positive zeta potential. However, in-
creasing the initial 1-VID charge led to high positive
zeta potential at low pH, which was due to the increased
surface concentration of 1-VID in the nanocomposite
particles. Maybe this observation can further interpret

f

(a, b: run 3; ¢, d: run 9; e, f: run 19).

how the raspberry-like PMMA/SiO2 nanocomposite
particles formed.

Formation Mechanism of PMMA/SiO; Nanocom-
posite Particles. To understand the formation mech-
anism of PMMA/SiO3 nanocomposite particles, a control
experiment without any silica sol was carried out, which
only resulted in macroscopic precipitate and no particles
formed. In the meantime, another experiment was car-
ried out in the absence of any 1-VID, as illustrated in
Figure 8a, the resulted milky-like dispersion was meta-
stable and became coagulum after a few days. TEM
images of the metastable particles indicated some bare
PMMA particles and free silica beads existed. TGA
showed only 3% silica content was adsorbed onto the
particle surface due to the hydrogen bonding between
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Figure 6. TEM images of obtained nanocomposite particles
with high silica content: a, run12; b, run 13.

60

404

204

0

20

Zeta potential(mV)

-40

-60

Figure 7. Zeta potential vs pH curves for nanocomposite
particles prepared by varying MMA/1-VID mol ratio (a—c) and
original silica sol (d). (a) MMA/1-VID = 70:30, (b) MMA/1-VID
= 80:20, (¢) MMA/1-VID = 90:10, (d) original silica sol.

silanol functions with carbonyl group of the PMMA.
However, if 1-VID was introduced to the reaction sys-
tem, a raspberry-like PMMA/SiOs nanocomposite par-
ticle was obtained. Figure 8b showed the reaction
scheme for the formation of PMMA/SiO3 nanocomposite
particles. Combined with the results of zeta potential
measurements, it seemed that 1-VID acted as a “binder”
to connect the organic phase with inorganic silica
particles. Since our nanocomposite particles were ob-
tained in aqueous media without any surfactants or
polymeric stabilizers, the hydrophilic ultrafine silica
beads herein acted as emulsifier to stabilize the nano-
composite particles. In the present work, the solubility
of the organic phase is neglectable in aqueous media;
we suggested that the raspberry-like particle morphol-
ogy was obtained directly from the polymerization of
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Figure 8. Reaction scheme for the formation of PMMA/SiO,
nanocomposite particles.

silica-stabilized monomer droplets. If this mechanism
were true, some oil-soluble initiators dissolved in mono-
mer would lead to a “bulk” polymerization in the mono-
mer droplets, which also caused raspberry-like organic/
inorganic nanocomposite particles. If so, the polymeri-
zation locus and the formation mechanism of nanocom-
posite particles should be better understood; a related
investigation is underway. By using this “soap-free”
heterophase polymerization method, some other nano-
inorganic particles, for instance, FegOy4, AlsOs, TiOg and
so on, are of great potential to synthesize versatile
organic/inorganic nanocomposite particles.

Conclusions

A series of raspberry-like PMMA/SiOs nanocomposite
particles were successfully synthesized in the presence
of ultrafine silica aqueous sols with 1-VID as auxiliary
monomer via a “soap-free” heterophase polymerization
process. These particles had a reasonably narrow size
distribution, and average particle sizes were in the
range of 120—350 nm and silica contents were up to 47%
by varying the initial silica charge, reaction tempera-
ture, pH value of the system, and 1-VID charge. TEM
combined with zeta potential measurement confirmed
the raspberry-like morphology of the obtained PMMA/
Si0Oy nanocomposite particles. On the basis of this study,
we would believe that the raspberry-like particle
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morphology was obtained directly from the polymeri-
zation of silica-stabilized monomer droplets.

Since adjusting the glass transition temperature of
organic phase could control the film-forming property
of nanocomposite particles and the reaction media was
aqueous, these composite particles are of great potential
interest as environmentally friendly tough, abrasion-
resistant, transparent coatings.
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