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Abstract Development of mesoporous structures of
composite silica particles with various organic functional groups was investigated by using a two-step process,
consisting of one-pot sol-gel process in the presence and
absence of ammonium hydroxide and a selective dissolution process with an ethanol-water mixture. Five different organosilanes, including methyltrimethoxysilane
(MTMS), 3-mercaptopropyltrimethoxysilane (MPTMS),
phenyltrimethoxysilane (PTMS), vinyltrimethoxysilane
(VTMS), and 3-aminopropyltrimethoxysilane
(APTMS) were employed. The mesoporous (organically
modified silica) ORMOSIL particles were obtained even
in the absence of ammonium hydroxide when the reaction mixture contained APTMS. The morphology of the
particles, however, were different from those prepared
with ammonia catalyst and the same organosilane mixtures, probably because the overall hydrolysis/
condensation rates became slower. Co-existence of
APTMS and VTMS was essential to prepare mesoporous
particles from ternary organosilane mixtures. The work
presented here demonstrates that organosilica particles
with desired functionality and desired mesoporous structures can be obtained by selecting proper types of
organosilane monomers and performing a facile and mild
process either with or without ammonium hydroxide.
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Introduction
Mesoporous silica particles, which possess high surface
area, large pore volume, and chemical functionality, are
of great technological importance for industrial applications, such as adsorption–separation, catalysis, and antireflective coatings, and for biomedical applications
including bio-imaging, targeted drug delivery, and biomolecule encapsulation (Zhang et al. 2013; Teng et al.
2014; Jung et al. 2012; Si et al. 2016). Especially,
hierarchical mesoporous particles—such as hollow, rattle, and raspberry types—have drawn much interest
because they allow for a wide range of porosity, welldefined morphology and can be utilized as new startup
materials for fabricating next-generation materials in
nano-bio science and information-communication technologies due to their superior optical, mechanical, and
thermal properties (Miller et al. 2005; Li and Shi 2014;
Liu et al. 2011; Li et al. 2013; Bansal and Zhang 2014;
Wang and Gu 2015).
Several synthetic strategies have been developed to
prepare mesoporous silica particles with well-defined
structures (Yang et al. 2016; Gehring et al. 2014; Wu
and Xu 2010; Lou et al. 2008; Blas et al. 2008; Yeh et al.
2006; Lin et al. 2009). The template-assisted selective
etching approach has been the most commonly used
method to produce hollow or rattle type particles. In this
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approach, hard and/or soft templates are coated with
multiple layers of different materials by a sol-gel process. Then, the inner core or middle shell layer is removed by etching agents or calcination. Raspberryshaped particles are typically obtained either by selfassembly of particles of different sizes or by selective
surface-etching of multi-layered core-shell type particles
(Liu et al. 2014; Liu and He 2007; Tsai and Lee 2007).
However, these methods often encounter problems. Use
of a template/multi-layer coating process or preparation
of core-shell type particles includes time-consuming and
complicated processing steps that are difficult to scale
up. Also, their etching agents are highly corrosive and
toxic chemicals such as NaOH, Na2CO3, and HF (Fang
et al. 2013; Zhang et al. 2008; Chen et al. 2010; Yu et al.
2011). In our previous study, a simpler and milder twostep process to prepare mesoporous silica particles was
developed (Park et al. 2015). In that process, the first
step involves a one-pot synthesis of monodisperse composite organically modified silica (ORMOSIL) particles
using a mixture of organosilanes as monomers and
ammonium hydroxide as a catalyst; the second step
involves the treatment of the ORMOSIL particles with
aqueous alcoholic solution, enabling selective dissolution of the particles without the use of corrosive etching
agents. The ORMOSIL particles were prepared using
binary or ternary mixtures of three different organosilanes,
phenyltrimethoxysilane (PTMS), vinyltrimethoxysilane
(VTMS), and 3-aminopropyltrimethoxy silane (APTMS).
The mesoporous particles were prepared only with the
reaction mixtures containing APTMS. It was also found
that mesoporous structures of the particles could be tailored by simply changing the relative ratios of the three
organosilanes in the reaction mixture. The success of the
two-step process to produce the particles with desired
mesoporous structures is believed to result from the fact
that the composite ORMOSIL particles from the first step
have heterogeneous multi-layered structures due to different hydrolysis/condensation rates of different
organosilanes in the initial reaction mixture. Therefore,
the types and relative ratios of the organosilane monomers
in the reaction mixture seem to be key factors to determine
the mesoporous structures.
In this study, we investigated the mesoporous structures of ORMOSIL particles prepared by the two-step
process using binary or ternary organosilane mixtures
selected from more diverse types of organosilanes. We
employed two notable synthetic strategies as follows.
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First, we investigated the possibility to prepare mesoporous particles even without ammonium hydroxide catalyst during the two-step process. It was supposed that
APTMS is a primary amine and may serve as a catalyst
in the absence of ammonia (Wang et al. 2011). It was
also supposed that the overall hydrolysis/condensation
rates of the reaction mixture may be lower than in the
case with ammonia due to the weaker basicity of amines
than ammonium hydroxide, which would result in different structures. Second, two more types of
organosilanes, methyltrimethoxysilane (MTMS) and 3mercaptopropyltrimethoxysilane (MPTMS), were
employed in addition to the previously used PTMS,
VTMS, and APTMS. Note that APTMS was included
in all ternary reaction mixtures in consideration of our
previous study results (Park et al. 2015). The particle
characterization results revealed that both APTMS and
VTMS should exist in ternary organosilane mixtures so
as to obtain mesoporous particles, irrespective of the
presence of ammonium hydroxide catalyst. The structures of the particles obtained without ammonium hydroxide catalyst were quite different from those obtained
from the same organosilane mixtures in the presence of
ammonium hydroxide catalyst. The work presented here
demonstrates that organosilica particles with desired
functionality and desired mesoporous structures can be
obtained with or without ammonium hydroxide catalyst
by selecting proper types of organosilane monomers and
employing a facile, economical, and mild process.

Experimental
Materials
Vinyltrimethoxysilane (VTMS, 98%, Alfa Aesar),
methyltrimethoxysilane (MTMS, 95%, Aldrich), 3aminopropyl-trimethoxysilane (APTMS, 97%, Ald r i c h ) , 3- m er c a p t o - p r o p y l - t r i m et h o x ys i l a n e
(MPTMS, 97%, Fluka), and phenyltrimethoxysilane
(PTMS, 97%, Alfa Aesar) were used without further
purification. The ammonium hydroxide solution
(30 wt% as NH3) and nitric acid (60%) were obtained
from Sam-Chun Chemicals. Ethyl alcohol (EtOH,
>99.5%, Daejung Chemicals and Metals) and deionized (DI) water were used as solvents throughout
the synthesis.
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Preparation of ternary ORMOSIL particles by a one-pot
synthesis

2.3 g of methyl-vinyl-amine-based ternary ORMOSIL
particles were obtained.

Composite ternary ORMOSIL particles were synthesized from selected ternary mixtures of organosilanes,
by employing a previously reported method (Park et al.
2015). The ternary organosilane mixtures include following combinations of organosilanes at various different volume ratios between the organosilanes:
MTMS:VTMS:APTMS, MPTMS:VTMS:APTMS,
PTMS:MTMS:APTMS, MPTMS:MTMS:APTMS,
MPTMS:PTMS:APTMS, and MPTMS:PTMS:VTMS.
For instance, in case of ternary mixtures of
MTMS:VTMS:APTMS MPTMS:VTMS:APTMS mixtures, the volume ratio between the MTMS:VTMS or
MPTMS:VTMS varied as 4 mL:1 mL, 3.5 mL:1.5 mL,
2.5 mL:2.5 mL, 1.5 mL:3.5 mL, and 1 mL:4 mL, while
the amount of APTMS was fixed at 1 mL. In case of
ternary mixtures containing APTMS, the synthesis was
performed both in the presence of ammonium hydroxide
as well as in its absence so as to investigate the possibility of APTMS as a catalyst and its effect on the
mesoporous structures.
Representative synthetic details to produce the particles containing methyl, vinyl, and amine functional
groups are described in the following. A 250-mL Erlenmeyer flask was maintained at 60 °C and charged with
156 mL of de-ionized water. 0.2 mL of nitric acid
(2.67 mmol, 60 wt%) was then added while stirring at
300 rpm. 3.5 mL of MTMS (24.54 mmol) and 1.5 mL of
VTMS (9.80 mmol) were first injected into an aqueous
acidic solution and then 1.0 mL APTMS (5.73 mmol)
was added. The resulting reaction mixture was stirred
for 90 s to allow hydrolysis to occur. This was then
followed by the addition of 40 mL of ammonium hydroxide (305 mmol, 30 wt%) to induce the condensation. The mixture became turbid and was stirred for four
additional hours. The resulting ORMOSIL particles
were filtered through a membrane filter and washed with
10 mL of de-ionized water several times. The filtered
products were dried under vacuum at 50 °C for 12 h, and
2.8 g of the methyl-vinyl-amine-based ternary
ORMOSIL particles were obtained.
For ternary composite ORMOSIL particles prepared
without using ammonium hydroxide catalyst, the reaction mixture after addition of APTMS was stirred for
4~8 h to complete the condensation. This was then
followed by the same steps described above. Finally,

Preparation of binary ORMOSIL particles
Composite binary ORMOSIL particles were synthesized from binary mixtures of MTMS:APTMS,
MPTMS:APTMS, PTMS:VTMS, or PTMS:MTMS at
various different volume ratios by employing the twostep process. Representative synthetic details to produce
the particles containing methyl and amine functional
groups are described in the following. One hundred
fifty-six milliliters of de-ionized water was placed in a
250-mL three-neck round bottom flask maintained at
60 °C. 0.2 mL of nitric acid (60 wt%, 2.67 mmol) was
then added while stirring at 300 rpm. Five milliliters of
MTMS (35.06 mmol) was added to an acidic aqueous
solution; this was followed by the addition of 1 mL of
APTMS (5.5 mmol). After stirring for 1 min, 40 mL of
ammonium hydroxide (30 wt%, 305 mmol) was poured
into the reaction mixture to induce condensation. The
solution became turbid, indicating the formation of colloidal particles. After stirring for 4 h, the suspension was
filtered through a membrane filter (Osmonics, pore size
of 400 nm). The filtered product was washed with
10 mL of de-ionized water three times. The product
was dried under vacuum at 50 °C for 12 h, and 2.2 g
of methyl-amine-based binary ORMOSIL particles
were obtained.
For binary composite ORMOSIL particles prepared
from MTMS:APTMS mixtures without using an ammonium hydroxide catalyst, the reaction mixture after
addition of APTMS was stirred for 4~8 h to complete
the condensation. Then, the same steps described above
were followed. Finally, 2.2 g of methyl-amine-based
binary ORMOSIL particles were obtained.
Preparation of mesoporous ORMOSIL particles
by a selective dissolution process
0.2 g of composite ORMOSIL particles, with either
binary or ternary organosilane functional groups, were
suspended in a mixed solution containing 100 mL of deionized water and 50 mL of ethanol. The resulting
mixture was sonicated for dispersion. The suspension
was then heated at 80 °C for 6 h to selectively dissolve
parts of organosiloxane networks. Finally, the particle
suspension was cooled down to room temperature and
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washed with de-ionized water four times. After drying at
50 °C for 12 h in a vacuum oven, hollow, rattle-type, and
raspberry-shaped ORMOSIL particles were obtained;
the structures of the particles were dependent on the
composition of organosilanes in the composite
ORMOSIL particles.
Characterization
The morphologies of composite ORMOSIL particles
before and after selective dissolution were investigated
with transmission electron microscopy (TEM, JEOL,
JEM-2000EXII), high resolution TEM (HR-TEM, Carl
Zeiss, Libra 120), and scanning electron microscopy
(FE-SEM, JEOL, JEM-6340F). Chemical compositions
of composite ORMOSIL particles before and after selective dissolution were characterized using FT-IR
(AAB, FTLA2000) spectrometer. N2 adsorption–desorption isotherms of mesoporous particles were investigated using BET measurement (Micrometrics, 3Flex).
An X-ray powder diffractometer (XRD, Rigaku,
Miniflex 600) was used to investigate the structures of
the ORMOSIL particles after selective etching with an
ethanol-water mixture. X-ray photoelectron spectroscopy (XPS) as recorded on a Theta Probe electron spectrometer from Thermo Fisher Scientific.

Results and discussions
Mesoporous ORMOSIL particles with tailored morphologies and functional groups were prepared by the
two-step process using ternary organosilane mixtures. In
order to investigate the effect of organosilane types on
the development of mesoporous structures of the composite ORMOSIL particles, we employed binary or
ternary mixtures from five organosilanes, MTMS,
MPTMS, PTMS, VTMS, and APTMS. The ternary
organosilane mixtures contained APTMS and two types
of organosilanes that were selected out of four different
organosilanes, including MTMS, MPTMS, PTMS, and
VTMS. In the first step of the two-step process, one-pot
synthesis of ternary ORMOSIL particles was performed. Importantly, the synthesis was made not only
in the presence of ammonium hydroxide catalyst but
also in its absence. We considered that APTMS might
serve as a catalyst despite it is one of reaction monomers. It is believed that the ternary ORMOSIL particles
obtained in the first step contain multi-layered
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organosiloxane networks resulting from the difference
in hydrolysis and condensation rates of organosilanes.
In the second step, the ORMOSIL particles are treated
with an ethanol-water mixture so as to produce mesoporous structures. It was supposed that parts of multilayered organosiloxane networks in the ORMOSIL particles, those containing amine groups, would be dissolved by the ethanol-water mixture that is polar but
non-corrosive.
Chemical compositions of ternary ORMOSIL particles were characterized by XPS technique, and the binding energy was referenced to the standard C1s around
283 eV in each spectrum. Fig. 1 shows the XPS survey
spectra for (a) MTMS:VTMS:APTMS (2.5:2.5:1) particles and (b) MPTMS:VTMS:APTMS (2.5:2.5:1) particles, exhibiting the peaks from the atoms of C, N, O,
Si, and C, N, O, S, and Si, respectively. The binding
energies at 100.9, 283.2, 397.7, and 530.8 eVarose from
Si2p, C1s, N1s, and O1s of MTMS:VTMS:APTMS
particles (Fig. 1a), while those at 100.7, 162.2, 283.3,
397.8, and 530.7 eV came from Si2p, S2p, C1s, N1s,
and O1s of MPTMS:VTMS:APTMS particles (Fig. 1b).
The almost same values in binding energies of the same
element atoms in both ternary ORMOSIL particles indicate that the networking environment in the composite
particles are nearly identical regardless of the composition and ordering of siloxane networks. Crystallinity of
mesoporous ORMOSIL particles after etchings were
investigated by X-ray diffraction method along with
HR-TEM spectroscopy, and all of the mesoporous particles were identified as amorphous structures, irrespective of internal structures (Fig. 2).
Figures 3 and 4 show the TEM and SEM images of
the mesoporous particles from ternary organosilane
mixtures of MTMS, VTMS, and APTMS, which were
obtained by the two-step procedure in the presence of
ammonium hydroxide catalyst and in its absence, respectively. It can be seen that raspberry-shaped particles
were obtained in the presence of ammonium hydroxide
suggesting that only the outer shell of the composite
ORMOSIL particles was susceptible to dissolution by
the water-ethanol treatment. Considering the different
condensation rates (MTMS > VTMS > APTMS), the
multi-layered structure in these ternary ORMOSIL particles may have MTMS-based cores and shells that are
subsequently formed from the homo- or heterocondensation of the remaining organosilanes (in the
order of MTMS, VTMS, and APTMS). As a result, an
APTMS-born condensed network may reside mostly in
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Fig. 1 XPS survey spectra of ternary ORMOSIL particles. a MTMS:VTMS:APTMS (2.5:2.5:1) and b MPTMS:VTMS:APTMS
(2.5:2.5:1)

the outer shell, producing mesoporous structures on the
surfaces of the particles as observed in Fig. 3. It is also
observed that the surface roughness increases as the
relative amount of VTMS increases. This suggests that
the dissolved organosiloxane network may contain the
network from hetero-condensation of APTMS and
VTMS as the amount of APTMS is fixed. In a

Fig. 2 HR-TEM images (a~c) of
shell areas and XRD patterns d
for ternary ORMOSIL particles
after etching. a Raspberry
particles from
MTMS:VTMS:APTMS
(1.5:3.5:1) with NH4OH. b Rattle
particles from
MTMS:VTMS:APTMS
(1.5:3.5:1) without NH4OH. c
Hollow particles from
MPTMS:VTMS:APTMS
(1.5:3.5:1) with NH4OH
[Bar = 10 nm]

meanwhile, monodisperse ORMOSIL particles with different structures were prepared without using the ammonium hydroxide catalyst, indicating that the primary
amine group-containing APTMS serves as a condensation catalyst. In the absence of ammonium hydroxide, at
high volume ratios of MTMS:VTMS (4:1 and 3.5:1.5),
walnut-shaped particles were formed. At lower volume
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Fig. 3 TEM images of mesoporous particles produced from composite ORMOSIL particles, based on ternary organosilane mixtures of MTMS, VTMS, and APTMS, after selective dissolution
with a mixture of water and alcohol. Top images: with NH4OH.

Bottom images: without NH4OH. MTMS:VTMS:APTMS of a
4:1:1, b 3.5:1.5:1, c 2.5:2.5:1, d 1.5:3.5:1, and e 1:4:1
[Bar = 200 nm]

ratios of MTMS:VTMS (2.5:2.5, 1.5:3.5, and 1:4), rattle
type particles were obtained. We note that some of the
rattle particles obtained at the lowest volume ratio (1:4)
were deformed and collapsed, as shown in Fig. 4. The
particles from the one-pot synthesis without ammonium
hydroxide are expected to have multi-layered structures,
similar to the particles prepared with ammonium hydroxide catalyst. However, the condensation rates of
organosilanes are lower in the absence of ammonium

hydroxide due to weaker basicity of APTMS compared
to that of ammonium hydroxide. Moreover, the catalyst
amount and basicity of the reaction mixture decrease as
the reaction proceeds; therefore, there will be a high
degree of incomplete condensation of silane monomers,
leading to low-density network structures. The lowdensity structure produces a surface with large ruffles
(i.e., a walnut-like surface) instead of small ruffles (i.e.,
a raspberry-like surface). The observed rattle type

Fig. 4 SEM images of mesoporous particles produced from composite ORMOSIL particles, based on ternary organosilane mixtures of MTMS, VTMS, and APTMS, after selective dissolution
with a mixture of water and alcohol. Top images: with NH4OH.

Bottom images: without NH4OH. MTMS:VTMS:APTMS of a
4:1:1, b 3.5:1.5:1, c 2.5:2.5:1, d 1.5:3.5:1, and e 1:4:1
[Bar = 400 nm]
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structure obtained from the mixture containing more
VTMS also indicates that VTMS should be a main part
of the loose, dissolvable networks, as we suggested for
the case with ammonium hydroxide.
Figure 5 shows the TEM images of ORMOSIL particles obtained from ternary organosilane mixtures of
MPTMS, VTMS, and APTMS. In the presence of ammonium hydroxide, mesoporous particles were obtained
when the reaction mixture contained an equal or higher
amount of VTMS when compared to that of MPTMS in
the ternary mixture. The particles obtained after the waterethanol treatment were hard spheres at a high
MPTMS:VTMS ratio (3.5:1.5). As the relative volume
of VTMS increases, however, empty space forms and
grows in the middle of the particles, suggesting the involvement of VTMS to generate the dissolvable network
as observed for the case of particles from
MTMS:VTMS:APTMS mixtures. It also suggests that
the silica network from MPTMS is not soluble in 2:1
water-ethanol mixture. The observed structural developments may also be explained by the formation of the
multi-layer structure due to different condensation rates
of the three organosilanes. Considering the molecular
structure of MPTMS, having—SH instead of—NH2 in
the same propyl side chain of the silane, MPTMS is
expected to show even lower base-catalyzed condensation
rate than APTMS. Therefore, the resultant multi-layered
structure may consist of a core from VTMS, an intermediate layer from hetero-condensation of VTMS and

APTMS, and then finally the outer shell of MPTMS. This
multilayer model suggests that the empty spaces inside the
particles from MPTMS:VTMS:APTMS mixtures (Fig. 5
Top images) are produced by dissolution of the networks
from VTMS and APTMS. The particles obtained by the
two-step process in the absence of ammonium hydroxide
are shown in Fig. 5 bottom images. At a high
MPTMS:VTMS ratio (3.5:1.5), hard spheres were obtained. With increase of VTMS amount in the mixture, the
particles gradually develop low-density surface shells, and
at the lowest relative volume ratio (MPTMS:VTMS = 1:4),
rattle type particles with narrower void spaces are observed. In the case of the synthesis without ammonium
hydroxide, the organosilanes may have lower condensation rates, and the difference in condensation rates of the
three organosilanes may become significantly reduced;
this would likely cause the formation of mostly hard core
particles.
The morphology study results shown in Figs. 3, 4,
and 5 demonstrate that the VTMS-born network constitute a major part of the dissolved siloxane network after
treatment of a 1:2 ethanol-water mixture, leading to
formation of mesoporous structures. This finding was
further investigated by FT-IR analysis on the particles
before and after the selective dissolution process as
shown in Fig. 6. The FT-IR spectra for two ternary
ORMOSIL particles (MTMS/VTMS/APTMS and
MPTMS/VTMS/APTMS) exhibit characteristic vibrational absorption bands corresponding to their

Fig. 5 TEM images of mesoporous particles produced from composite ORMOSIL particles, based on ternary organosilane mixtures of MPTMS, VTMS, and APTMS, after selective dissolution

with a mixture of water and alcohol. Top images: with NH4OH.
Bottom images: without NH4OH. MPTMS:VTMS:APTMS of a
3.5:1.5:1, b 2.5:2.5:1, c 1.5:3.5:1, and d 1:4:1 [Bar = 200 nm]
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Fig. 6 FT-IR spectra of ternary ORMOSIL particles prepared with NH4OH, before and after etching with a 1:2 ethanol-water mixture. a
MTMS:VTMS:APTMS (2.5:2.5:1) and b MPTMS:VTMS:APTMS (2.5:2.5:1)

organosilane functionalities. For both spectra, there are
peaks from C = C stretching vibration from vinyl groups
at 1602 cm−1 and CH2 in-plane deformation vibration
from vinyl groups at 1410 cm−1. For MTMS/VTMS/
APTMS particles (Fig. 6a), the peak at 1272 cm−1 represents both the CH in-plane bending from vinyl groups
and CH3 bending from methyl groups in MTMS. For
MPTMS/VTMS/APTMS particles (Fig. 6b), however, a
peak from CH 3 bending in MPTMS appears at
1280 cm−1. Vibrational absorption peaks at 1080 and
775 cm−1 corresponding to Si–O and Si–C functional
groups are also observed. For both of the particles, there
are notable decreases in the intensities of the absorption

peaks from vinyl groups, at 1602 and 1410 cm−1, after
etching with the ethanol-water mixture, which is in
contrast to other peaks. This verifies that the selective
dissolution process mainly affects the organosiloxane
networks from VTMS.
Our previous study (Park et al. 2015) revealed that
APTMS is a key monomer to produce mesoporous
particles from binary or ternary organosilane mixtures
through the two-step process. Combining this with the
above finding from the current study, it can be concluded that VTMS and APTMS should coexist in the reaction mixture so as to produce mesoporous particles by
the two-step process. In order to confirm this

Fig. 7 TEM images of binary (top) and ternary (bottom) composite ORMOSIL particles, without containing either VTMS or
APTMS, after selective dissolution with a mixture of water and
alcohol. a PTMS:VTMS. b PTMS:MTMS. c MTMS:APTMS. d

MPTMS:APTMS. e PTMS:MTMS:APTMS. f
MPTMS:MTMS:APTMS. g MPTMS:PTMS:APTMS. h
MPTMS:PTMS:VTMS [Bar = 500 nm]
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conclusion, we prepared the composite ORMOSIL particles from binary or ternary organisilanes that contain
neither VTMS nor APTMS. None of the particles from
these silane mixtures became mesoporous after the
ethanol-water mixture treatment, as shown in Fig. 7.
To date, the preparation of ORMOSIL particles based
on only ATPMS monomers has not been reported. It can
be inferred that the strong interaction between the amine

groups in APTMS and the OH groups in polar protic
solvents (e.g., water or alcohol) reduces the hydrolysis
and condensation reaction of APTMS, thereby
preventing the formation of ORMOSIL particles. When
APTMS is mixed with VTMS, which has similar hydrolysis and condensation rates, hetero-condensation
between the two organosilane monomers can occur.
Moreover, the degree of cross linking in the

Fig. 8 Brunauer–Emmett–Teller (BET) N2 adsorption–desorption curve (left) and pore distribution (right) of mesoporous
ORMOSIL particles after selective dissolution with a mixture of
water and alcohol. a Raspberry shaped particles

(MTMS:VTMS:APTMS = 1:4:1 with NH4OH). b Rattle type
particles (MTMS:VTMS:APTMS 1.5:3.5:1, without NH4OH). c
Hollow particles (MPTMS:VTMS:APTMS = 1:4:1 with NH4OH)
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organosiloxane networks may also be decreased by the
dipolar interaction between APTMS and solvent molecules. As a result, the hetero-condensed organosiloxane
network may become susceptible to dissolution by the
polar mixed solvent. Meanwhile, hetero-condensation
between ATPMS and other organosilane monomers,
such as MTMS and MPTMS, may not occur significantly due to the large difference in their hydrolysis and
condensation rates, preventing the formation of mesoporous structures. As shown in top row of Fig. 7, only
dense hard spherical particles were produced from four
binary organosilane mixtures containing neither
A P TM S n o r V T M S , su c h as PT M S : V T M S ,
PTMS:MTMS, MTMS:APTMS, and
MPTMS:APTMS. These phenomena have also been
observed in ORMOSIL particles prepared from four
different ternary organosilane mixtures without VTMS
and APTMS, including PTMS:MTMS:APTMS,
MPTMS:MTMS:APTMS, MPTMS:PTMS:APTMS,
and MPTMS:PTMS:VTMS. Spherical ORMOSIL particles were produced, but none of these were mesoporous irrespective of the relative input ratios of the
organosilanes, as shown in bottom row of Fig. 7. These
results further support the conclusion that we made
above: The co-presence of VTMS and APTMS is required for mesoporous particles.
In order to investigate the surface areas and pore
distributions of the particles, Brunauer–Emmett–Teller
(BET) N2 adsorption–desorption analysis was carried
out for raspberry, rattle, and hollow particles prepared
from ternary organosilane mixtures. As shown in
Fig. 8a, for the raspberry shaped particles, a type-IV
hysteresis curve was observed, indicating the presence
of well-defined mesopores. They have a pore size distribution in a range of 5 to 15 nm, with an average
diameter of 9 nm. Their specific surface area and pore
volume were 241.42 m2 g−1 and 0.194 cm3 g−1, while
those of the ORMOSIL particles before the selective
dissolution process were 8.07 m2 g−1 and 0.013 cm3 g−1.
In the case of rattle type particles (Fig. 8b), a type IV
hysteresis curve was also observed indicating the presence of well-defined mesopores. These rattle type particles have a relatively narrow pore size distribution in the
range of 7–10 nm. The specific surface area and pore
volumes were 290.07 m2 g−1 and 0.208 cm3 g−1. For the
ORMOSIL particles before selective dissolution, they
were 15.01 m2 g−1 and 0.008 cm3 g−1. For hollow
particles shown in Fig. 8c, the N2 adsorption–desorption
curve was also close to the type-IV isotherm pattern
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showing a very narrow pore size distribution centered
at ~4 nm. This suggests that except the hollow part, the
particles are composed of dense siloxane network that is
similar to typical hard ORMOSIL particles. The specific
surface area and pore volume were 38.76 m2 g−1 and
0.035 cm3 g−1, while those of the ORMOSIL particles
before selective dissolution were 7.80 m2 g−1 and
0.007 cm3 g−1.

Conclusion
In summary, mesoporous ORMOSIL particles were prepared in the presence of ammonium hydroxide as well as
in its absence by the simple and mild two-step process
that was previously developed in our group. Binary or
ternary organosilane mixtures selected from five different
organosilane monomers (MTMS, MPTMS, PTMS,
VTMS, and APTMS) were employed so as to investigate
the effect of sol-gel kinetics of organosilanes on the
development of mesoporous structures. The ORMOSIL
particles were obtained from organosilane mixtures containing APTMS even in the absence of ammonia catalyst,
indicating that APTMS served as a morphological catalyst during condensation reactions without ammonium
hydroxide. Mesoporous ORMOSIL particles were obtained irrespective of the presence of ammonium hydroxide catalyst. Physical/chemical characterization verified
that co-existence of APTMS and VTMS is essential to
obtain mesoporous particles from ternary ORMOSIL
particles and that mesoporous structures of the particles
varied with types of organosilanes and their relative
ratios. Moreover, the mesoporous structures of the particles prepared in the presence and absence of ammonia
were different in spite of using the same organosilane
mixtures. This is probably because APTMS is a weaker
base than ammonia and, being a reactant, its concentration and basicity decreases as the reaction proceeds. The
work presented here demonstrates that organosilica particles with desired functionality and desired mesoporous
structures can be obtained by selecting proper types of
organosilane monomers and performing the two-step
process either with or without ammonium hydroxide.
The strategy developed in this study may be extended
as a general method to synthesize various types of mesoporous structures with different chemical compositions
and to develop nanostructured materials with novel properties, which can satisfy the needs of various applications
such as drug delivery, nano-reactors, and catalysts.
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