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Monodisperse submicrometer silica spheres in the range of
200–700 nm diameter were rapidly prepared in less than 3min
by sol–gel reaction of tetramethoxysilane with assistance of
2.54GHz, 500-W microwave irradiation in non-alcoholic di-
glyme solution in the presence of an acidic catalyst.

Nanometer and submicrometer metal oxide spheres have
been attracting a lot of attention in many fields, such as optical
materials, catalysts, and other nanotechnologies.1 Regarding
such applications, a monodisperse size distribution and an easy
surface modification are desirable. The sol–gel method2 is one
of the most useful methods to prepare such metal oxide spheres.
In most cases such as Stöber method, these materials have been
prepared in alcoholic solutions.3 However only a few investiga-
tions were reported about the use of non-alcoholic solvent.4 In
non-alcoholic solvents, the surface modification using silane
coupling agents or chlorosilanes would become easier and the
effect should be improved. In the present research, non-alcoholic
solvent was used.

Microwave technology has been applied to various chemical
reactions.5 Generally, the microwave method is fast, simple, and
highly energy efficient. We have been investigating a prepara-
tion of hybrid materials from an organic polymer and a silica-
gel utilizing the microwave-assisted sol–gel method.6 Recently,
the microwave method has been applied to the preparation of
metal oxide nanoparticles. For example, using a microwave-
assisted polyol method, TiO2 nanocrystallites,7 SnO2 sols8 and
BaTiO3, Ba6Ti17O40, BaZrO3, PbTiO3 nanoparticles

9 have been
prepared. In this communication, a novel rapid synthesis of sub-
micrometer silica spheres is reported. Bis(2-methoxymethyl)
ether (diglyme) was used as a non-alcoholic solvent and the sili-
ca spheres were prepared by the microwave-assisted sol–gel re-
action of tetramethoxysilane (TMOS) with an acidic catalyst.

Microwave irradiation experiments were performed using a
microwave oven (Matsushita NE-NS70), equipped with a mag-
netron (2.45GHz, 500W). The reaction was carried out in a
PTFE beaker at the center of the microwave oven. Into 50mL
of sealed glass bottle, diglyme (40mL) was poured and TMOS
(1mL) and acidic water (0.1M aq HCl) were added. For the hy-

drolysis of TMOS, the mixture was stirred at ambient tempera-
ture for 1 h. Then, the solution was poured into 50mL of PTFE
beaker. The beaker was put at the center of the microwave oven
and to the solution, microwave was irradiated. To evaluate the
effect of microwave irradiation time, the experiments were car-
ried out with different irradiation time (Table 1). Only 2-min
microwave irradiation gave a white precipitation and, as a result,
turbid solution was obtained. More than 3-min irradiation led
some evaporation of the solvent. The solution temperature was
found to be 128, 133, and 136 �C after 2-, 2.5-, and 3-min micro-
wave irradiation, respectively. This reaction time is extraordina-
ry short even compared with other methods to prepare such silica
spheres. The solution was subjected to dynamic light scattering
(DLS) analysis, which was performed by Otsuka FPAR-1000
system. For comparison with microwave treatment, convention-
ally heated (140 �C, 12 h) turbid solution was also prepared. The
white precipitates were separated by centrifuging at 2500 rpm
for 10min (60min for conventional heating). For all samples,
the obtained precipitates were washed with tetrahydrofuran
twice under ultrasonication and centrifuged at 2500 rpm for
10min (60min for conventional heating) and dried under vacu-
um, then subjected to scanning electron microscopy (SEM) and
X-ray diffraction (XRD) analyses. SEM measurements were
conducted using a JEOL JSM-5600 system. XRD was performed
by a Rigaku Miniflex system.

Figure 1 shows the SEM images of the prepared precipitates.
In all the cases of the microwave heating (Figures 1a–1c), the ob-
served particles were spherical with narrow dispersion of the

Table 1. Preparation of silica spheres via microwave heating
and conventional heating

Run
TMOS

/mL

Diglyme

/mL

0.1M

HCl aq/mL

Stirring

Time/h
Heating

Temperatureb

/�C

1 1 40 1 0.5 Microwavea 120 s 128

2 1 40 1 0.5 Microwavea 150 s 133

3 1 40 1 0.5 Microwavea 180 s 136

4 1 40 1 0.5 Oil bath (140 �C) 12 h —

a2.45GHz 500W.
bSolution temperature after microwave irradiation.
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Scheme 1. Synthetic scheme of microwave-assisted sol–gel
method in non-alcoholic solvent.

Table 2. Prepared silica particles and their diameters

Run Heating Shapea Diameterb/nm
Diameterc/nm

Stdd

1 Microwave 120 s Sphere 222.2 546 65

2 Microwave 150 s Sphere 240.3 607 39

3 Microwave 180 s Sphere 351.7 667 50

4 Oil bath (140 �C) 12 h Random N/D N/D N/D
aObserved in SEM image.
bDetermined by DLS analysis.
cDetermined by SEM image.
dStandard deviation.
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particle size in the range of 200–700 nm diameter. With the in-
crease of microwave irradiation time, the size of the particle
was increased. Surprisingly, only few aggregated particles were
obtained and the particle surfaces were smooth. In the case of
conventional heating (Figure 1d), various shapes and various
sizes of the particles were observed. And most of the particles
were aggregated.

Table 2 shows the results of the obtained particle shapes and
their average diameters. The average diameters of the samples
prepared by 120-, 150-, and 180-s microwave irradiation were
222.2, 240.3, and 351.7 nm from DLS analyses, respectively.
From the SEM images, the particle sizes were found to be
546, 607, and 667 nm, respectively. In all cases, the results by
DLS were smaller than that observed in the SEM images. It
may be due to the difference of refractive index depending on
the solute such as partially hydrolyzed TMOS, methanol, and
water. From these results, the particle sizes were increased with
the increase of microwave irradiation time and it can be conclud-
ed that the particles grew by the microwave irradiation.

From the above results, this spherical growth by microwave
heating could be assumed by the followings. At first, the silica
seeds were produced during the stirring at ambient temperature.
Then, during the microwave irradiation, the energy of micro-
wave was absorbed at the surface of the seeds directly because
of the polarized silanol groups. This direct heating might in-
crease the reactivity of the surface. Due to the low microwave
absorption of the solvent, however, the solution temperature
might be low and the vibration of the seeds should be slow.
Then, the seeds would react faster with dissolved alkoxysilanes
than aggregation with other seeds. Repeating this reaction grows
the spherical silica particles. In the case of conventional heating,
on the other hand, energy was transferred slowly through the
vibration of the solvent molecules and the particle formation
was slow. Then the seeds were aggregated and the random shape

silica particles were obtained.
The phase of the obtained silica spheres was examined by

XRD analysis. Figure 2 shows XRD patterns of the silica spheres
prepared by microwave heating (Run 3 in Table 2) and conven-
tional heating (Run 4 in Table 2). In both patterns, only broad
amorphous halos (2� ¼ 20{30) derived from homogeneously
amorphous silica matrix are shown. These results suggest that
the microwave heating gave amorphous silica gel similar to
the conventional heating.

In conclusion, the amorphous submicrometer silica spheres
were prepared rapidly by the microwave-irradiated sol–gel reac-
tion of TMOS with an acidic catalyst in diglyme as a solvent.
The particle sizes were increased by the microwave irradiation
time. In contrast, random shape silica particles were obtained
by the conventional heating at 140 �C. The characters of the ob-
tained spheres should be different from the silica spheres pre-
pared by other methods because of the following three different
factors: (1) acidic condition, (2) non-alcoholic solvent, and (3)
under microwave irradiation. Further investigation concerning
the mechanism of particle growth and applications of the silica
particles is now ongoing.
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Figure 2. XRD patterns of the silica spheres prepared by micro-
wave heating and conventional heating.
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Figure 1. SEM images of the precipitates. (a)–(c) Spherical
silica particles prepared by microwave heating (2.45GHz,
500W): 120, 150, 180 s irradiated respectively. (d) Random
shape silica particles prepared by conventional heating (oil bath,
140 �C, 12 h).
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