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Abstract. Composite silica particles were synthesized by a two-step (acid-base) process in an aqueous solution
with a mixture of organoalkoxysilane monomers. The two-step process separates the hydrolysis and condensation
procedures to easily control condensation rate. In this study, the silane monomers used were phenyltrimethoxysilane
(PTMS), vinyltrimethoxysilane (VTMS), methyltrimethoxysilane (MTMS), and tetraethyl-orthosilicate (TEOS).
The physical properties of the resultant composite particles were investigated with the change in the molar ratio
of monomers. The size of the particles increased with increasing the molar ratio of Ra Si(OR)3 /Rb Si(OR)3 or
Ra Si(OR)3 /TEOS (Ra : phenyl; Rb : vinyl, methyl).
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1.

Introduction

In recent years, much attention has been focused on
inorganic-organic composite materials. Most studies
have been concentrated on the preparation of sol–gel
hybrids, such as the combination of inorganic oxides
with polymers [1–3], and the organic modification of
silica (ORMOSILs) starting from alkylalkoxysilanes
[4–6]. ORMOSILs are organic-inorganic hybrid materials in which the organic component may be chemically bonded to a silica matrix. Somewhat similar to inorganic silica glasses, the structure of the silica network
can be modified by the presence of organic groups. The
resulting mechanical, electrical and optical properties
of the ORMOSILs are then governed by the type and
concentration of organics used. Furthermore the utilization of nanosized ORMOSILs powders for the production of advanced ceramic materials requires high
quality in chemical purity, crystallinity, homogeneity,
morphology, and the controlled state of agglomeration
as well as low production costs [7].
Recently, our laboratory has reported a method for
preparing monodisperse hollow silica particles using
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phenyltrimethoxysilane (PTMS) via a two-step method
in an aqueous solution [8]. However, the PTMS-derived
particles were not very stable in some organic solvents and at high temperature. In this paper, composite silica particles were prepared from mixtures
of organosilane monomers to increase the stability of
pure PTMS-derived particles. The effect of organosilane concentration on the properties of the resulting
materials was investigated.
2.
2.1.

Experimental
Preparation of Composite Silica Particles
from Organosilane Monomer Mixtures

Composite silica particles were synthesized by a twostep (acid-base) process in an aqueous solution with
a mixture of PTMS and either VTMS, MTMS or
TEOS, all of which were used as received without
further purification. In the two-step method, hydrolysis was undertaken for 2 min in the solution upon
adding an organosilane monomer mixture (mol% ratio
of the PTMS to other silane monomers were 2:1, 4:1,
10:1, and 15:1) to an aqueous acidic solution containing 0.1 ml of HNO3 . Then aqueous NH4 OH solution
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Figure 1. SEM images of composite silica particles prepared with Ra Si(OR)3 /Rb Si(OR)3 [Ra : phenyl, Rb : vinyl (A, A1, A2), methyl (B,
B1, B2)] and Ra Si(OR)3 /TEOS [Ra : phenyl (C, C1, C2)] mixtures. The concentration of each silane mixture was 0.25 mol/L and the ratios of
Ra Si(OR)3 /Rb Si(OR)3 and Ra Si(OR)3 /TEOS were 2:1 (A, B, C), 10:1 (A1, B1, C1), and 15:1 (A2, B2, C2), respectively.

was poured into the mixture with stirring and the solution was continuously stirred for 2 h. The resulting
solution was aged at room temperature for 2 h. Composite silica particles were collected using a membrane
filter, washed with H2 O, and then dried for 12 h in a
drying oven at 80◦ C.
2.2.

Characterization

The size and morphology of the resultant particles
were determined by scanning electron microscopy
(SEM, JEOL JEM-6340F) and transmission electron microscopy (TEM, JEOL EM-2000EXII). The
chemical properties of the composite silica particles
were investigated by using solid-state CP/MAS 29 Si
and 13 C NMR (VARIAN, UnityInova 300 MHz)
spectroscopy. The thermal stability of the particles
was analyzed by FTIR (Nicolet Magna-IR 760) and
TGA (Perkin-Elmer TGA7).

3.
3.1.

Results and Discussion
Synthesis of Composite Silica Particles

Composite silica particles were prepared by acidbase catalyzed hydrolysis and condensation of
Ra Si(OR)3 /Rb Si(OR)3 or Ra Si(OR)3 /TEOS (Ra :
phenyl; Rb : vinyl, methyl) mixtures. When a mixture
of Ra Si(OR)3 /Rb Si(OR)3 was added to an acidic
solution, the resulting solution separated into two
phases, water and silane monomers, because unhydrolyzed silane monomers are immiscible in the
aqueous solution. Upon stirring, a macro-emulsion
was formed, where the silane phases were dispersed as
droplets of a few millimeters. An aqueous ammonium
hydroxide solution was poured into the emulsion to
catalyze condensation. After several minutes, turbidity
was observed, which increased rapidly with the
formation of the composite silica particles. Using this
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Figure 3. Solid-state CP/MAS 29 Si NMR spectrum of the composite particles from Ra Si(OR)3 /TEOS (Ra :phenyl) mixture. The spectrum of the particles was obtained after washing only with water.

Figure 2. Solid-state CP/MAS 13 C NMR spectra of PTMSderived particles (A) and composite particles (B) from
Ra Si(OR)3 /Rb Si(OR)3 (Ra : phenyl, Rb : methyl) mixture. The ssb
represents a spinning side band.

method, composite silica particles were obtained from
Ra Si(OR)3 /Rb Si(OR)3 or Ra Si(OR)3 /TEOS mixtures
with the variation of the molar ratio of organosilane
monomers.
Figure 1 shows SEM images of composite silica particles prepared with various molar ratios of
organosilane monomers. The composite particles obtained are mostly monodisperse, although their particle size varied with the molar ratio of organosilane
monomers. In contrast, the composite silica particles
prepared from an Ra Si(OR)3 /TEOS (Ra : phenyl) mixture with the ratio of 2:1 exhibited a polydispersed
size distribution (Fig. 1(C)). This can be explained
by the markedly different condensation rate of hydrolyzed TEOS monomers. The condensation rate of

TEOS is much lower than that of organoalkoxysilanes [9], resulting in the occurrence of another nucleation process due to homocondensation of hydrolyzed
TEOS. Figure 2 shows 13 C NMR spectra of the pure
PTMS-derived particles and composite particles from
Ra Si(OR)3 /Rb Si(OR)3 (Ra : phenyl, Rb : methyl) mixture. In the case of pure PTMS-derived particles, signals at 135.5 and 130.1 ppm and spinning side bands
appeared symmetrically, which are due to carbons
in phenyl groups. These signals are also observed
in the spectra of the composite particles (Fig. 2(B)).
The composite particles exhibit an additional signal at
1.75 ppm due to methyl groups. The solid-state 29 Si
CP/MAS NMR spectrum of composite particles from
Ra Si(OR)3 /TEOS mixture is shown in Fig. 3. The spectrum shows the presence of T3 silicon site from PTMS
and Q4 silicon site from TEOS in the resultant particles.
3.2.

Stability of Composite Silica
Particles in Solution

Figure 4 shows the representative TEM images of
composite silica particles obtained after washing with
ethanol or acetone. It was found experimentally that
the stability of the resultant particles was higher in
ethanol than in acetone. The solubility of the particles increased with the molar ratio of Ra Si(OR)3 to
Rb Si(OR)3 (Ra : phenyl, Rb : vinyl). This is caused by the
unique feature of PTMS-derived particles described in
earlier report [8]. When the molar ratio of Ra Si(OR)3 to
Rb Si(OR)3 ≤ 2, the composite particles exhibited high
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Figure 4. TEM images of composite particles from Ra Si(OR)3 /Rb Si(OR)3 (Ra : phenyl, Rb : vinyl) mixture after washing with ethanol (A, C,
E) and with acetone (B, D, F). The molar ratios of Ra (OR)3 /Rb Si(OR)3 were 2:1 (A, B), 4:1 (C, D), and 15:1 (E, F).

Figure 5. SEM images of composite particles from Ra Si(OR)3 /Rb Si(OR)3 [Ra : phenyl, Rb : vinyl (A), methyl (B)] and Ra Si (OR)3 /TEOS [Ra :
phenyl] (C) mixtures after washing with THF. The molar ratios of Ra Si(OR)3 /Rb Si(OR)3 and Ra Si(OR)3 /TEOS are 2:1.

Figure 6. SEM images of PTMS particles (A) and composite particles from Ra Si(OR)3 /Rb Si(OR)3 [Ra : phenyl; Rb : vinyl (B), methyl (C)]
and Ra Si(OR)3 /TEOS [Ra : phenyl] (D) mixtures after calcination at 550◦ C for 300 min.
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However, composite silica particles exhibit a smooth
surface, without any dimpling, after calcination.
This indicates that the thermal stability of PTMSderived particles could be improved by admixing
with other organosilanes. Thermogravimetric analyses (TGA) of pure PTMS-derived particles and
composite particles from Ra Si(OR)3 /Rb Si(OR)3 (Ra :
phenyl; Rb : vinyl, methyl) were obtained under an
N2 flow at 25–1000◦ C (Fig. 7). All samples for
TGA were prepared without solvent evaporation. The
weight loss of the particles prepared decreases with
the molar ratio of Ra Si(OR)3 /Rb Si(OR)3 , indicating that the residue yield increases with increasing
Rb Si(OR)3 .

4.

Conclusions

Composite silica particles were synthesized by a twostep (acid-base) process in an aqueous solution with a
mixture of Ra Si(OR)3 /Rb Si(OR)3 or Ra Si(OR)3 /TEOS
(Ra : phenyl; Rb : vinyl, methyl) using varying molar ratios of silane monomers. The resultant particles have
multiple functionalities arising from the mixture of
organosilane monomers. The stability in organic solvents as well as thermal stability of the as-prepared
composite particles improved with the variation of the
molar ratio of PTMS to other monomers.
Figure 7. TGA curves for PTMS-derived particles and composite particles from Ra Si(OR)3 /Rb Si(OR)3 [Ra : phenyl; Rb : vinyl
(A), methyl (B)] mixture with varying molar ratios of organosilane
monomers.

stability in THF, an organic solvent in which the PTMSderived particles are very soluble (Fig. 5).
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