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A novel method to prepare inorganic-organic hybrid with villus-like morphology comprising a layer
of silica nanoparticles adsorbed on polymethylmethacrylate (PMMA) microsphere was presented in this
article. At first, silica nanoparticles were surface treated with vinyltriethoxysilane (VTEOS), and then a wet
grinding process with VTEOS as the dispersing agent was utilized to prevent the aggregation of nanopar-
ticles. Zeta-potential measurements confirmed that the surface charge of these milled silica is negative.
On the other hand, positively charged PMMA was prepared by adsorption of 2-(methacryloyloxy) ethyl-

Keywords: trimethyl ammonium chloride (METMAC) on as-synthesized PMMA beads. Owing to the electrostatic
Polymethylmethacrylate (PMMA) . ! . .. . . o
Silica interaction, the negatively charged silica particles were coated directly on the surface of positively

charged PMMA microspheres. The hybrid is fully covered by a layer of silica and the silica content is
18.5%. From our results, it is evident that the villus silica layer adhered on the PMMA bead surfaces and
it significantly enhanced the thermal stability of the hybrid microspheres. The characteristics and mor-
phologies of the silica particles, PMMA beads and the resulting PMMA/silica hybrids were investigated
by SEM, TEM, FESEM, EDS, FTIR, TGA, and aging analysis.
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1. Introduction

Diffuser film is one of the basic elements of the backlight unit
for liquid crystal displays (LCDs). The main function of diffuser
films is to provide LCD a uniform luminance. Two types of dif-
fusers, surface-relief and volumetric type, are commonly used.
Surface-relief diffusers depend mainly on microstructures, such
as microlenses and rough textures, on the surface to scatter light
[1-4]. An easy way has been suggested to produce a rough sur-
face on the optical film/plate, i.e., by coating the substrate with
solutions containing TiO,, SiO,, polymethylmethacrylate (PMMA)
or polystyrene (PS) particles [5]. On the other hand, volumet-
ric diffusers depend mainly on transparent micro-beads or fillers
including glass, polystyrene beads, and CaCOs3 particles located uni-
formly inside the plates to scatter light [6]. It is evident that desired
light transmitting properties of diffuser films can be achieved by
modifying both the volume and surface features of the film with
the micro-beads. Generally, PMMA is a good optical material and
can be used as diffuser beads because of its good light transmis-
sion and haze [6]. However, its thermal and mechanical properties
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have limited its applications. On the other hand, inorganic materi-
als have the advantages of ultraviolet, heat, and weather resistance.
However, the drawback is that inorganic particles aggregate seri-
ously, resulting in light scattering and reduction in transparency.
One possible solution to this dilemma is utilization of composite
materials which combine the advantages of organic (polymer) and
inorganic materials.

Conventional polymer composites are made of polymer resins
and inorganic fillers. The incorporation of inorganic fillers signifi-
cantly improves the physical properties, including the mechanical,
optical, electrical, and thermal properties, of the polymer matri-
ces [7,8]. However, the properties of these materials are often
deteriorated by bad dispersion of inorganic fillers due to their
high surface energy and easy agglomeration. Accordingly, several
studies have been conducted on the preparation of compos-
ite particles consisting of cores covered with shells of different
chemical compositions because the properties (magnetic, optical,
electric, adsorptive, etc.) of such materials can be easily tuned by
appropriate coating. The commonly described core-shell compos-
ite particle has the structure in which inorganic particles form
the core and polymer forms the shell [9-11]. Recently, there
has been increasing interest in the preparation of organic poly-
meric cores covered with inorganic shells which makes it possible
to extend the use of the polymer particles in different areas
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of high technology [12-16]. Particularly, silica-coated polymer
hybrid particles show their potential applicability in drug deliv-
ery, bio-materials, structural materials in aerospace, electronics,
sensors, etc. [17-20]. Several methods such as in situ emulsion
polymerization [21], Pickering or nanoparticle-stabilized emulsion
polymerization [17,18], suspension polymerization [22], disper-
sion polymerization [23], miniemulsion polymerization [24], and
soap-free emulsion polymerization [25] have been used to pre-
pare silica-coated polystyrene hybrids. However, the report on
the preparation of silica-coated PMMA hybrid is rare [19,26,27].
Depending on the interaction between silica and PMMA beads,
hybrid microspheres with smooth silica shell [19] or raspberry-like
hybrid microspheres could be obtained [26,27]. However, the low
silica content (6.86%) in the former and the not fully covered PMMA
surfaces in the latter might make these two PMMA/SiO, hybrids not
good enough to use as diffuser beads in backlight unit for LCDs.

In this work, core-shell-like PMMA/silica hybrids having vil-
lus silica outerlayer were prepared via a three-step process.
Firstly, nanosilica particles were modified with vinyltriethoxysi-
lane (VTEOS), which contains a reactive vinyl functional group, to
enhance the interaction between nanosilica particles and organic
polymer beads. A wet grinding method was utilized to enhance
the dispersion of these modified-silica nanoparticles. On the other
hand, PMMA microspheres were prepared by alcoholic dispersion
polymerization [8]. The PMMA beads were coated with a cationic
additive that contains 2-(methacryloyloxy) ethyl-trimethyl ammo-
nium chloride (METMAC) [15], which is positively charged. Since
the silane-treated silica particles have a negative charge, they
can be easily coated on the surface of positively charged PMMA
microspheres by electrostatic attraction to form the PMMA/SiO,
hybrid. The effect of wet grinding on colloidal stability of silica
nanoparticles was also discussed. The products were character-
ized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared spectra (FTIR), ther-
mal gravimetric analysis (TGA), and heat treatment process.

2. Experimental details
2.1. Materials

All of the chemicals used herein were of analytical grade. Silica parti-
cles (TS100), vinyltriethoxysilane (VTEOS) and 3-methacryloxy-propyl-trimethoxy
silane (MPTMS) were purchased from Degussa Co. Ltd. Methyl methacrylate (MMA)
(99%) was obtained from Acros. Lauroyl peroxide (LPO), 2-(methacryloyloxy) ethyl-
trimethyl ammonium chloride (METMAC) and poly(vinylpyrrolidon) (PVP, Mn:
40,000) were obtained from Aldrich. The primary size of silica particles is about
15-20nm and the specific area is 125-175 m?/g. Methacryloyloxy ethyl-trimethyl
ammonium chloride aqueous solution (75 wt%) was used without further purifica-
tion. The initiator, lauroyl peroxide (LPO), was used after recrystallization.

2.2. Preparation of modified-silica with VTEOS

A defined amount of VTEOS was added to 250 ml water/ethanol (10:1) solu-
tion under agitation. The resulting solution was stirred continuously at 60 °C for 2 h,
during which time VTEOS was hydrolyzed. Silica particles were then added to the
solution of hydrolyzed VTEOS and reacted at 60 °C for 2 h. The collected silica par-
ticles were washed with water and ethanol. The washed silica particles were then
collected and dried at 50°C for 12 h. Finally, an adsorbed layer of VTEOS was formed
on the surface of silica particles.

2.3. Dispersion of modified-silica nanoparticles by a wet grinding process

Grinding is an important industrial operation that is used for the size reduction
of materials and production of large surface area. However, the existence of a limit
fineness is not unusual when the comminution process is performed by a dry grind-
ing method. The importance of wet grinding mills increases steadily because of an
increasing demand for fine and ultra-fine particles (less than 1 wm) [28]. Therefore,
colloidal dispersions of silica particles were prepared by mixing various amounts of
modified-silica particles in an aqueous solution with dispersant. The silane played
several roles simultaneously in the present study such as a dispersion stabilizer, a
dispersant for the silica solution, a modifier of silica particles, and the dispersion
medium. To disaggregate the modified-silica powder in this medium a milling pro-
cess with Y,05 stabilized ZrO, beads was performed using a bead mill (Drais Perl

Mill PML-H/V). The diameter of the mill ball is 0.2 mm and the filling percentage
of grinding medium was 70%. The grinding medium was activated by the rotating
agitator discs at a tip speed of 11.72 m/s (3200 rpm), which created a shearing force
that dispersed the aggregated silica solution with dispersants. The temperature was
controlled using cool water circulating in the double jacket of the grinding cham-
ber. The particle size was controlled by the specific energy (the product of stress
intensity and stress number) during the wet grinding process [29]. The bead mill
stopped automatically when the preset specific energy was reached. Sedimentation
tests were performed for the silica suspensions with various dispersants to measure
the macroscopic stability of the silica dispersion. The secondary particle sizes in the
silica dispersions were measured by dynamic light scattering spectroscopy with a
particle analyzer.

2.4. Synthesis of PMMA microspheres

PMMA microspheres were synthesized via dispersion polymerization of methyl
methacrylate using lauroyl peroxide and poly(N-vinylpyrrolidone) (PVP) as the ini-
tiator and the stabilizer, respectively, in a water/ethanol (1:1) solution at 80°C
for 6 h. The as-synthesized polymer was washed several times with ethanol/water
solution in order to remove the unreacted monomers, and then the resulting micro-
spheres were dried under vacuum at 50°C for 24 h.

2.5. Preparation of nanosilica-coated PMMA microspheres

To prepare core-shell-like PMMA/silica particles, an electrostatic deposition
method for anchoring silica onto the surface of PMMA microspheres was utilized.
Firstly, the cationic precursors METMAC (1wt%) and MPTMS (0.1 wt%) were dis-
persed in 100 ml deionized (DI) water and the mixture was heated to 70°C under
stirring. And then, the PMMA microspheres (4 wt%) were charged into the container
and heated for 4 h, resulting in METMAC-modified PMMA particles. Finally, the wet
milled silica (1 wt%) solution was added into the reactor under stirring. The reaction
was continued overnight at 70 °C. After the reaction, the obtained precipitates were
filtered and washed with water for several times. Then, the washed particles were
collected and dried at 50 °C for 1 day in a vacuum oven. Fig. 1 displays a schematic
illustration of the process to prepare the PMMA/silica hybrids.

2.6. Characterization

A grinding chamber (DRAIS Equipment Co., Ltd) was used in the dispersion sta-
bilization and the batch milling of the silica solution was performed using a PML-H/V
machine (Germany). The sizes of colloidal silica aggregates were characterized by
dynamic light scattering (DLS, Zeta Plus, DelsaTM Nano Particle Analyzer Instru-
ments) at a wavelength of 674 nm and an incident angle of 90°. The zeta-potential
(Zeta Plus) of sterically stabilized colloidal silica was measured at varying pH val-
ues. Fourier transform infrared (FTIR) spectra were obtained using a Perkin-Elmer
spectrometer with the KBr pellet method. The FTIR spectra were recorded in a wave
number range of 4000-400 cm~! with a spectral resolution of 4cm~! and a scan-
ning frequency of 20 Hz. Thermal gravimetric analysis (TGA) was performed using a
Perkin Elmer Pyris TGA. Transmission electron microscope (TEM) images were cap-
tured using a Hitachi TEM, operated at 25 kV. Scanning electron microscopic images
were obtained using a JEOL JSM-6400 on the sample that had been plasma-coated
using a Filgen Osmium Plasma Coater. The composites were characterized using a
field emission scanning electron microscope (FESEM, JSM-6340F, and JEOL). A built-
inenergy dispersive X-ray spectrometer (EDX) in JSM-6340F was adopted to analyze
the chemical composition of the particles.

3. Results and discussion
3.1. FTIR spectra of the VTEOS-modified-silica nanoparticles

The FTIR spectra of the unmodified-silica, neat VTEOS and
VTEOS-modified-silica are shown in Fig. 2. From the spectrum of
VTEOS-modified-silica, a very pronounced band at 950-1200 cm™1,
together with two less pronounced bands at 2961 and 2873 cm™!,
corresponding to vibration absorption of the C-H group, are found.
In addition to Si-O-Si vibration bands at 1101, 945, 798, and
464 cm~!, a peak at 1634 cm~! was attributed to vinylic C=C vibra-
tions [30]. The presence of Si-CH=CH, stretching bonds of VTEOS
at 1410 and 2930 cm~! confirms the existence of silane on the sur-
face of silica particles (Fig. 2). However, the FTIR spectrum of silane
derivatives attached to the silica surface has distinctive changes as
compared with that of free silane molecule, indicating that VTEOS
does interact with silica particle surfaces. A possible mechanism
representing the surface modification of silica nanoparticles by
VTEOS is displayed in Fig. 3.
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Fig. 1. The schematic illustration of the assembly of modified-silica on the PMMA microspheres to form villus layer core-shell-like particles.

Fig. 2. FTIR spectra of silica, modified-silica particles, and VTEOS.

3.2. The effects of wet grinding and dispersants on the dispersion
of silica

As shown in Fig. 4, untreated and VTEOS-modified-silica
nanoparticles aggregated easily and precipitated rapidly in aque-
ous solution during the sedimentation test, indicating that they had
insufficient dispersion capacity. To disaggregate the silica nanopar-
ticle in aqueous solution the milling process with ZrO, beads was
performed using VTEOS or MPTMS as dispersants. In order to

Fig. 4. Photographs of solubility measurements after 30 days: (a) modified-
VTEOS-silica dispersion by wet grinding, (b) modified-VTEOS-silica dispersion, (c)
modified-MPTMS silica dispersion by wet grinding, and (d) unmodified-silica.

investigate the stability of the suspensions received after the dis-
persing process, sedimentation tests were performed to measure
the macroscopic stability of the silica dispersion with various dis-
persants. The images of silica suspensions after standing for 30 days
at room temperature are shown in Fig. 4. It is clear from Fig. 4 that
wet grinding can effectively disperse the silica in aqueous solu-
tion when VTEOS was used as a dispersant. However, wet-ground
MPTMS-stabilized silica nanoparticles in aqueous solution began
to flocculate after standing for 30 days. Based on the results from
sedimentation test, one can conclude that the stability of the sus-
pensions strongly depends on the choice of the dispersant and
VTEOS is a more effective dispersant than MPTMS for preparing sta-
ble colloidal silica solution. The greater stability of the VTEOS can be
attributed to the fact that the silanol group generated from hydrol-

Fig. 3. A possible mechanism representing the surface modification of silica nanoparticles by VTEOS.
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Fig. 5. The change of secondary particle size of colloidal silica dispersion with
milling time for various VTEOS/silica ratios.

ysis will form very stable siloxane in the subsequent condensation
reaction. On the other hand, the trimethoxysilyl groups in MPTMS
can undergo hydrolysis/polycondensation reactions, resulting in
cross-linking of silica to produce agglomeration [31].

The sizes of secondary silica particles with various dispersants
and milling time are displayed in Fig. 5. Regardless of the VTEOS
concentration, the secondary particle size of silica decreased to
the range of 160-170 nm after milling for 30 min when VTEOS was
used as adispersant. When a commercial surfactant (HA540ES/760)
(1:1) was used as a dispersant the secondary particle size of the
milled silica dispersion was larger than that of the silica colloid
dispersed with VTEOS. It indicates that VTEOS is a more effec-
tive dispersant than HA540ES/760 (1:1). Moreover, the secondary
particle size increased only slightly within 30 days for the VTEOS-
stabilized silica dispersion (Fig. 6), indicating that the secondary
particle size remained roughly constant and the VTEOS-stabilized
silica dispersions are very stable. During the milling process, the
dispersant will be adsorbed on the surface of silica nanoparticles,
resulting in the change of the surface charge and the steric hin-
drance capability of the silica dispersions. Therefore, the stabilities
of silica dispersions are different. For good colloidal stability of sil-
ica dispersions in organic solvents, a milling process in a suitable
dispersant is necessary to comminute the aggregated silica powder
by collision energy.

Fig. 6. Comparison of the change of secondary particle size of colloidal silica dis-
persion with various VTEOS/silica ratios for the storage time of 0 day and 30 days.

Fig. 7. TEM image of (a) modified-silica particles and (b) modified-silica particles
after wet grinding.

Without wet grinding, the aggregation of modified-silica parti-
cles was serious and the secondary size of particles was larger than
1 pum (Fig. 7a). Wet grinding can effectively reduce the agglom-
eration of modified-silica in the medium. After wet grinding, the
particles were well dispersed and with no agglomeration (Fig. 7b).
Fig. 8 compares the zeta-potentials of milled silica dispersion
(VTEOQ/silica=40 wt%) and unmilled silica in DI water at various pH
values. Zeta-potential is a function of the surface charge of the parti-
cles. Indispersions where the value of zeta-potential is close to zero
(isoelectric point), particles tend to agglomerate. At highly negative
or positive values of zeta-potential (more than 30 mV or less than
—30mV [32]) particles in dispersions tend to repel each other, i.e.,
no agglomeration occurs. Although the zeta-potentials for both sil-
ica dispersions were negative, the zeta-potential of unmilled silica
was limited within the range from 0 to —30 mV in a wide pH range of
3-10,whichis too small for electrostatic stabilization. It leads to sig-
nificant aggregation of silica particles. However, the zeta-potential
of wet milled silica colloid is much less than —30mV as the pH
value is over 4 and the colloid is quite stable. It implies that elec-
trostatic stabilization plays a determinant role for the dispersion
stabilization of silica colloid in this study.
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Fig. 8. The zeta-potentials of (a) milled silica dispersion (40 wt%¥VTEOS/silica) and
(b) unmilled silica measured in DI water at various pH values.

3.3. Morphology of PMMA-silica beads

As seen in Fig. 9, the pristine PMMA beads produced by dis-
persion polymerization are dispersed with bead diameters within
the range of 1-2 pm. Fig. 9 also shows that these PMMA beads are
spherical and non-agglomerated, and have a smooth surface. As
mentioned in Section 2, the positively charged PMMA was obtained
by treating PMMA with the mixture of METMAC and MPTMS solu-
tions. Thus, the milled silica particles with negative charge were
readily coated on the surface of PMMA surface owing to the elec-
trostatic interaction.

The successful preparation of core-shell-like PMMA/silica
hybrids was confirmed by FTIR spectra. Fig. 10 compares the FTIR
spectra for pristine PMMA and PMMA/silica microsphere. The spec-
trum of PMMA-silica has peaks at 2952, 1732, and 1437cm™!,
which are assigned to CH, C=0, and CH3 stretching vibrations of
PMMA, respectively. The PMMA-silica has a much stronger absorp-
tion band at about 1732cm~!, which is due to the significant
increase in the content of the carbonyl group (C=0). The peaks
at 1389 and 1449 cm™! are attributed to the vibration bands of
the -CH, and —-CH3 groups, and the peaks at 1000-1200cm~"! are
assigned to the C-0O-C group of PMMA. The additional bands in
the spectrum of PMMA-silica at 462 and 807 cm~! and the peak of
1634 cm! are the characteristic peaks of silica [30], verifying that
the as-synthesized composites are made up of silica and PMMA
and that silica existed on the surface of PMMA microspheres. The
FTIR results indicate that silica has been grafted onto the surface

Fig. 9. SEM micrographs of the pristine PMMA microsphere.

Fig. 10. FTIR spectra of PMMA and PMMA-silica, respectively.

of PMMA beads via electrostatic interactions. One advantage of
the proposed method is that the VTEOS-silica can be chemically
modified by an addition reaction with the remaining vinyl group
[33].

Fig. 11a displays the SEM image of PMMA/silica hybrid. The
mean diameter of PMMA/silica beads was larger than that of pris-
tine PMMA beads (Fig. 9), indicating that a layer of silica was
adsorbed on the surface of PMMA beads. Fig. 11a also shows that the
silica shell is very rough, which was further verified by the FESEM
image analysis (Fig. 11b). The FESEM image also reveals that the
silica particles were dense on the surface of the PMMA beads. The
EDX spectrum confirms that substantial amounts of Si and O exist,
as shown in Fig. 11c. Note that the relative intensity of the peaks
does not necessarily correspond to the true atom ratio in the sam-
ple. The EDX result only provides qualitative information regarding
the existence of silica, which is composed of Si and O, in the com-
posite particles. The TEM analysis indicates that the electrostatic
interaction between villus silica and PMMA beads was sufficiently
strong for the formation of stable composite particles (Fig. 11d and
e). It shows that most composite particles were spherical in shape
with a villus-like morphology and roughly 50-200 nm in size, and
the PMMA beads are fully covered by a layer of silica coating.

For comparison, the SEM image of the unmodified PMMA
beads, prepared by the same procedure but without using MPTMS
and METMAC, is shown in Fig. 12. It is clear from Fig. 12 that
the modified-silica particles adsorbed onto unmodified PMMA
beads are rare because of the lacking of electrostatic interaction
between pristine PMMA beads and silica particles. Furthermore,
these unmodified PMMA bead cannot provide any functional group
to enhance physicochemical bonding with silica particles.

3.4. TGA analysis and aging measurement

The silica content was quantitatively determined by TGA. Fig. 13
presents the TGA results for (a) unmodified-silica, (b) modified-
silica, (¢) PMMA/silica, and (d) pristine PMMA. In Fig. 133, the 10.9%
weight loss observed between 25 and 400 °C was attributed to the
elimination of the adsorbed water and the dehydroxylation pro-
cess. In Fig. 13b, a weight loss of 10.0% between 100 and 600 °C
was attributed to the decomposition of VTEOS. It is estimated that
approximately 22.9 wt% of total VTEOS was grafted onto the sur-
face of silica in the modification process. In Fig. 13c, the weight loss
between 200 and 600 °C was 70.8%, which was attributed mainly to
the decomposition of VTEOS and PMMA. The balance value repre-
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Fig.11. (a) SEM micrographs of the PMMA-silica microsphere, (b) FESEM micrographs of the PMMA-silica microsphere, (c) the EDX spectrum of the PMMA-silica microsphere
and (d) and (e) TEM micrographs of the magnified PMMA-silica microsphere.

sents the silica content of the hybrid, which is 18.5% for PMMA/silica
hybrids. In Fig. 13d, the TGA results for PMMA particles show that
the final weight close to 1000 °C was about zero, confirming that
the microspheres comprise mostly pure PMMA.

Fig.13. TGA curve of (a) unmodified-silica, (b) modified-silica, (c) PMMA-silica, and
Fig. 12. SEM micrograph of the PMMA-silica microsphere with unmodified PMMA. (d) pristine PMMA.
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Fig. 14. Photographs of aging measurement after heat treatment at 513K for 1h:
(a) pristine PMMA powder and (b) PMMA-silica powder.

Fig. 14 presents the heat treatment results for pristine PMMA
powder and PMMA-silica powder under the same conditions.
These particles were treated at a temperature above the glass
transition temperature (Tg) of polymer. After heat treatment, at a
temperature of 513 K for 1 h, pristine PMMA powder changed color
from white to yellow, whereas PMMA-silica powder did not change
color (white). The thermal stability of polymer particles is signifi-
cantly enhanced by coating a layer of silica, and it would be due to
the increase in Si-O-Si bonding and the change in surface structure
of microsphere.

4. Conclusions

PMMA beads with a size ranging between 1 and 2 pm were
synthesized by dispersion polymerization. Adsorption of METMAC
on PMMA beads leads to positively charged PMMA surface. On
the other hand, a wet milling process with a suitable dispersant
(VTEOS) was successfully utilized to comminute the aggregated sil-
ica powder to obtain a good colloidal stability. The zeta-potentials
of these milled silica powders are negative in a wide range of pH
values from 4 to 10 and are much less than —30mV. Thus, the
negatively charged silica particles were coated directly on the sur-
face of PMMA surface owing to the electrostatic interaction. The
PMMA/silica hybrids are, thus, formed with a villus-like morphol-
ogy. The thermal resistance of the hybrid microspheres, confirmed
by TGA analysis and thermal aging experiment, is tremendously
enhanced by the coated silica layer. The silica content of the result-

ing hybrid particles was 18.5% and the surface of PMMA was fully
covered by silica. It provides a facile route for the preparation of
inorganic-organic hybrid for various optical applications such as
used as an effective diffuser and photonic crystal.
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