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An effective and reproducible method of preparing highly monodisperse organic–inorganic hybrid silica
spheres was studied. One process, one precursor (organosilane) and one solvent (water) were used in
our experiments. The size of hybrid silica spheres could be adjusted from 360 to 770 nm with relative
standard deviation below 2% by controlling the concentration of the organosilane precursor and the
ammonia catalyst. The increasing of the precursor concentration increases the particle size while the
catalyst concentration has a reverse effect on the particle size. The concept of homogeneous nucleation
and growth processes are introduced to explain the formation mechanism and the effect of reaction
conditions. The scanning electron microscopy (SEM) images illustrate the copiousness in quantity and the
uniformity in size/shape of the particles that could be routinely accomplished in this synthesis. Fourier
transform infrared (FT-IR) and 29Si nuclear magnetic resonance (NMR) spectra confirm the structure of
vinyl hybrid silica spheres, where the vinyl group (–CH=CH2) exists and connects to the silicon atom.
This method has also been extended to design and prepare other organic–inorganic hybrid materials
especially in monodisperse surface-modified silica spheres.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, design and preparation of organic–inorganic hy-
brid materials have attracted considerable attention in the chem-
ical synthesis [1,2]. Organic–inorganic hybrid materials are used
in the biocatalyst [3–5], the surface modification [6–8], and the
graft [9–13]. In the organic–inorganic hybrid materials, synthe-
sis of the monodisperse surface-modified silica spheres is widely
studied for their modified functionalities [14,15] and extensive ap-
plications in photonic crystals [16–19]. During the synthesis, the
starting mixtures often include different triethoxysilanes (RTES)
or trimethoxysilanes (RTMS), where the organic substitute R was
varied from methyl, phenyl, octyl to vinyl [7,14,20]. In the pro-
cedures, monodisperse pure silica spheres which synthesized by
tetraethyl orthosilicate (TEOS) (Stöber method) [21], are used as
a substrate material in reaction mixture, e.g. Wang et al. pre-
pared monodisperse sub-micrometer silica spheres to fabricate
near-infrared photonic crystals by modifying the surface of silica
with organic groups [16–19].

However, the reaction systems are too complex while using
ethanol/methanol–water based systems or adding some surfac-
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tants, and the precursors commonly contain two materials (silane
and TEOS) [7,8]. The procedures need two or even more incon-
venient processes [3–5,14–18]. It leads to two main problems that
the monodispersity and particle size could not be controlled easily.

In related studies, Lee et al. [20] have synthesized silica par-
ticles using a sol–gel reaction without adding ethanol, and the
precursor was only one material and no surfactants were used.
Here, we enhanced this method for preparing highly monodisperse
organic–inorganic hybrid silica spheres synthesized by an organosi-
lane with controllable size in aqueous solution. The method has
several main advantages. First, it is very simple and convenient
that we use only one process, one precursor and one solvent. In
most previous reports, both organosilane and TEOS were used as
precursors with ethanol/methanol and water as solvents. Moreover,
a few surfactants need to be added. Compared to the traditional
method, we used an organosilane as precursor and water as sol-
vent, and no surface modification or addition of surfactant was
necessary. Second, it well controls the size, uniformity and sta-
bility of hybrid silica spheres. The size of hybrid silica spheres
ranging from 360 to 770 nm with relative standard deviation (σr)
below 2% were obtained through strict control of the concentra-
tion of precursor and catalyst. The spheres which synthesized at
room temperature were stable because the organic groups were
not destroyed. Furthermore, the precursor has self-hydrolysis abil-
ity to realize homogeneous nucleation of silica, fast reaction rate
and reproducibility.
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2. Materials and methods

2.1. Materials

Vinyltriethoxysilane (VTES, 95%), (3-mercaptopropyl)trimetho-
xysilane (MPTMS, 95%) and phenyltriethoxysilane (PTES, 98%) were
purchased from Alfa Aesar A Johnson Matthey Company. Tetraethyl
orthosilicate (TEOS, 95%), Tween 20 and ammonia solution (NH3·
H2O, 25%) were purchased from Sinopharm Chemical Reagent Bei-
jing Co., Ltd. All chemicals were used as received without further
purification. Ultrapure water (18.2 M� cm) is used directly from a
Milli-Q water system.

2.2. Synthesis

The monodisperse spherical colloids of hybrid silica were syn-
thesized by using a sol–gel reaction in aqueous solution. In a typ-
ical procedure for the preparation of hybrid silica spheres, 3 mL
VTES was added in 50 mL H2O under vigorous magnetic stirring
(300 rpm) for ∼2 h. Then the organic droplets were completely
dissolved and a transparent solution was obtained. Under the con-
stant magnetic stirring rate, 0.2 mL ammonia was consecutively
added to the reaction mixture and the reaction was allowed to
proceed at room temperature for ∼1 h. The mixture contained
0.27 mol/L VTES and 0.20 mol/L NH3. After the completion of the
reaction, in order to remove impurities, such as ammonia, water,
and unreacted VTES, the resulting particles were separated from
the reaction medium by repeated centrifugation (3000 rpm) and
ultrasonic dispersion (using ethanol) cycles, and then redispersed
in ethanol for further usage. Furthermore, in order to control the
size and monodisperse of hybrid silica spheres, the concentration
of VTES/ammonia was changed in our studies. The experimental
details are listed in Table 1. The MPTMS/PTES hybrid silica spheres
were fabricated by 3 mL MPTMS/PTES (for PTES, 1.5 mL Tween
20 was added). The processes were the same as the VTES synthe-
sis. The pure silica spheres were synthesized by a modified Stöber
method [21] to be used for a contrast in infrared analysis of the
hybrid silica spheres. A 5 mL ethanol solution of TEOS was added
to a 35 mL ethanol solution of water and ammonia. The 40 mL
mixture containing 0.3 mol/L TEOS, 2.3 mol/L H2O, and 1 mol/L
NH3·H2O was stirred at room temperature for 6 h.

2.3. Characterization

The morphology was observed using a field emission gun scan-
ning electron microscope (SEM) (Tecnai XL30 SFEG). The sizes

Table 1
Mean diameters (x̄) and relative standard deviation (σr)a of silica spheres obtained
under different conditions.

Sample Organo-
silane

Precursor
(mL)

Ammonia
(mL)

pH
valueb

x̄
(nm)

σr

(%)

1 VTES 0.8 0.1 10.84 – –
2 VTES 1 0.1 10.84 436 1.34
3 VTES 3 0.1 10.84 587 1.03
4 VTES 5 0.1 10.84 774 0.73
5 VTES 3 0.025 10.60 748 1.21
6 VTES 3 0.2 11 513 1.47
7 VTES 3 0.5 11.23 439 1.80
8 VTES 3 5 11.72 361 1.90
9 MPTMS 3 0.1 10.84 1282 1.33
10 PTES 3 0.1 10.84 830 3.80

a The mean diameters (x̄) and relative standard deviation (σr) of silica spheres

are defined by statistics. x̄ =
∑n

i=1 xi
n , σ =

√ ∑n
i=1(xi−x̄)2

n−1 n > 5, σr = σ
x̄ × 100%, where

xi is the diameter gained by measuring n spheres (about two hundred) for each
sample using SEM, x̄ is the mean diameter, σ is the standard deviation and σr is
the relative standard deviation.

b The pH value was detected by a Microprocessor pH Meter (pH 211, HANNA In-
struments) under the room temperature (22 ± 1 ◦C).
of the hybrid silica spheres were measured using SEM (about
two hundred spheres for each sample). A Fourier transform in-
frared (FT-IR) spectroscopy spectrometer Nicolet Magna-IR 750
(with Nicolet NicPlan IR Microscope) was used for infrared anal-
ysis of the hybrid silica spheres. The scanned wavenumber range
is 4000–650 cm−1. The solid-state 29Si CP-MAS (CP: cross po-
larization, MAS: magic angle spinning) NMR spectra of hybrid
silica spheres were carried out on a Bruker AV 300 spectrome-
ter.

3. Results and discussion

Fig. 1a shows the SEM image of a typical sample prepared us-
ing sol–gel process. This image clearly illustrates the abundance in
quantity and the uniformity in size/shape that could be routinely
accomplished in this synthesis. A closer look (the inset) revealed
that the surfaces of these spherical colloids were smooth. For com-
parison, the SEM image of pure silica spheres was given, as seen
in Fig. 1b.

Fig. 1. (a) SEM image of VTES hybrid silica spheres (513 nm in mean diameter) fab-
ricated by 3 mL VTES and 50 mL H2O by adding 0.2 mL ammonia solution. The
inset revealed that the surfaces of these spherical colloids were smooth. The reac-
tion was carried out under constant stirring rate at room temperature (22 ± 1 ◦C).
(b) SEM image of pure silica spheres synthesized by a modified Stöber method. The
inset showed the high resolution of the same sample.
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Fig. 2. FT-IR spectra of hybrid silica spheres and pure silica spheres.

Fig. 3. Solid-state 29Si CP-MAS NMR spectrum of hybrid silica spheres. The inset: MAS 29Si NMR spectra of a (VTES-grafted PP)/silica nanocomposite and pure silica (the
cartoon shows the T and Q-type structures) from Ref. [10].
3.1. Structural characterization of hybrid silica spheres

The chemical structure of hybrid silica spheres was studied by
FT-IR and solid-state 29Si CP-MAS NMR spectroscopy. The FT-IR
spectra in Fig. 2 illustrate the vinyl-silica spheres and pure sil-
ica spheres. According to the literatures [10,22,23] and IR spectra
handbooks, the spectra in ∼3700–∼3100 cm−1 band correspond-
ing to the broadening OH stretching vibration illustrate that there
are more OH groups in the pure silica spheres as some OH groups
are replaced by CH=CH2 groups in the hybrid silica spheres.
Peaks at 3062 cm−1 and 2959 cm−1 correspond to asymmetri-
cal and symmetrical stretching vibrations of =CH2, while peak at
3024 cm−1 corresponds to =CH stretching vibration, respectively.
The peak at 1602 cm−1 is ascribed to C=C stretching vibration.
The strong Si–O–Si stretching vibration band at 1103 cm−1 in pure
silica is split into two peaks (1050 and 1149 cm−1) in hybrid silica
because the Si–C bond destroys the symmetry of Si–O–Si struc-
ture. Si–C stretching vibration band appears at 767 cm−1. These
absorbing peaks confirm that the vinyl group (–CH=CH2) exists
and connects to the silicon atom in the hybrid silica.

The solid-state 29Si CP-MAS NMR spectrum of vinyl-silica
spheres is shown in Fig. 3. According to the literatures [24–27], the
T species originate from the monomer, where the silicon atom is
coordinated by three oxygen atoms (Tx: RSiOx(OH)3−x, R: organic
group). The Q species originate from TEOS, in which the silicon
atom is coordinated by four oxygen atoms (Qx: SiOx(OH)4−x). In
our experiment, the T species originate from the VTES, having four
classes of T species: T0 (CH2=CHSi(OH)3), T1 (CH2=CHSiO(OH)2),
T2 (CH2=CHSiO2(OH)), and T3 (CH2=CHSiO3).

The 29Si NMR spectrum shows two peaks of T species, due to T2

(−70.5 ppm) and T3 (−79.6 ppm). The inset in Fig. 3 indicates the
Jain’s work [10]. They used two steps to modify the surface of silica
with vinyl groups. Only Q species’ peaks appeared in pure silica,
and VTES-grafted PP/silica had both the Q and T species (see the
inset in Fig. 3). But the intensity of Q species was stronger than
the T species, indicating that the quantity of vinyl groups was lim-
ited. In our one-step direct synthesis of vinyl-silica spheres, only T2

and T3 peaks appeared in the 29Si NMR spectrum, indicating that
the surface had abundant vinyl groups. Moreover, the area of T3

unit was about 3.5 times of T2 unit’s. It provided another impor-
tant proof that a majority of OH groups were replaced by CH=CH2
groups in the hybrid silica spheres. These results are consistent
with FT-IR analysis.

3.2. Control over the size and uniformity of hybrid silica spheres

It is very important to control the monodispersity of the
surface-modified silica spheres [16–18]. For instance, the monodis-
persity of spherical particle is critical for a good assembly in the
preparation of photonic crystals [28]. Generally, the size of hybrid
silica spheres depends on a number of parameters that include,
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Fig. 4. SEM images of monodisperse hybrid silica spheres prepared adding 0.1 mL ammonia in 50 mL VTES/H2O mixture by using various amounts of VTES: (a) 1 mL, (b) 3 mL
and (c) 5 mL, respectively. The resultant particle sizes are (a) 436 nm, (b) 587 nm, and (c) 774 nm. The plot shows a linear dependence between the particle size and the
amount of VTES. The reaction was carried out under constant stirring rate at room temperature (22 ± 1 ◦C).
for example, the concentration of VTES precursor/ammonia cata-
lyst, the ratios of water and VTES, the amount of water solvent,
the stirring rate, the temperature, and the reaction time. Herein,
we focus the parameters on the reaction time and the concentra-
tion of VTES/ammonia, respectively. All the reactions were allowed
to proceed at room temperature (22 ± 1 ◦C) under the constant
stirring rate.

3.2.1. Influence of the reaction time
We took out the reaction mixture after the ammonia was added

in the VTES/water transparent solution for 5 min, and the resultant
particle size and monodispersity were almost the same as the fi-
nal result when the reaction was allowed to proceed for 1 h or
even longer time. This observation implies that the reaction ac-
complished in a few minutes after the presence of ammonia. The
monodisperse hybrid silica spheres could be obtained in a rela-
tively short reaction time compared with the conventional Stöber
method [29].

3.2.2. Influence of the concentration of VTES precursor
The concentration of VTES was found to have significant in-

fluence on the size of hybrid silica spheres, that was, the size of
spheres increased with the increasing concentration of the precur-
sor. Fig. 4 shows the SEM images of monodisperse hybrid silica
spheres with various amounts of the VTES. The plot in Fig. 4 shows
a linear dependence between the particle size and the amount of
VTES. By altering the amount of VTES from 1 to 5 mL, the size
of hybrid silica spheres could be varied in the range from ∼440
to ∼770 nm. It should be pointed out that the amount of VTES
cannot be too small. When the amount of VTES was reduced be-
low 1 mL, the hybrid silica colloids derived from the VTES seemed
to be insufficient to form the spherical particle and appearing the
rough surface, as seen in Fig. 5. To get the smooth and spherical
Fig. 5. SEM image of hybrid silica prepared using 0.8 mL VTES in 50 mL H2O by
adding 0.1 mL ammonia. The reaction was carried out under constant stirring rate
at room temperature (22 ± 1 ◦C).

silica particles, the volume ratio of the VTES and water should be
above 1:50.

3.2.3. Influence of the concentration of ammonia catalyst (pH value)
In addition to the concentration of VTES, we found that it was

convenient and reproducible to control particle size and monodis-
persity systematically by adjusting the concentration of ammonia
catalyst (pH value). Fig. 6 shows the influence of the pH value on
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Fig. 6. SEM images of monodisperse hybrid silica spheres prepared using 3 mL VTES in 50 mL H2O by adding various amounts of ammonia: (a) 0.025 mL, (b) 0.1 mL,
(c) 0.2 mL, (d) 0.5 mL and (e) 5 mL, respectively. The resultant particle sizes are (a) 748 nm, (b) 587 nm, (c) 513 nm, (d) 439 nm, and (e) 361 nm. The plot shows the inverse
relationship between the particle size and the pH value, that is, the particle size decreases with the increase of pH value. The reaction was carried out under constant stirring
rate at room temperature (22 ± 1 ◦C).
the particle size. By adding the ammonia solution from 0.025 to
5 mL (the pH value varied from 10.60 to 11.72), the particle size
changes from ∼750 to ∼360 nm. The plot in Fig. 6 shows the
inverse relationship between the particle size and the pH value,
that is, the particle size decreases with the increase of pH value.
When the pH value was 10.60, highly monodisperse hybrid silica
spheres were obtained with the size of 748 nm. A little increase in
pH value to 10.84 resulted in soon decreasing the particle size to
587 nm. With a further increase in pH values to 11, 11.23 and 11.72,
the resultant particle sizes were obtained to 513, 439 and 361 nm,
respectively. With the increase of pH value, the decreasing trend
of particle size became slowly. It was found that the pH value
had to be higher than 10.60 in order to make the reaction proceed
successfully. The obvious agglomeration would occur at pH values
below 10.60, and no sub-micrometer spheres could be obtained.
The detailed explanation about the inverse relationship between
the particle size and the pH value will be given in the next part.

3.3. The formation mechanism of colloidal spheres

Based on the classical nucleation theory [30], if nucleation in-
duced spontaneously without any seed (dust particles or bubbles),
the homogeneous nucleation could be realized. The free energy
changes associated with the process of homogeneous nucleation
may be considered as follows: The Gibbs free energy of formation
of spherical crystals with radius r from the solution with supersat-
uration S is given in equation:

�G = 4πr2γ + 4

3
πr3�Gv, (1)

γ is the interfacial tension, which represents the surface free en-
ergy per unit area, is always positive. �Gv is the excess free energy
between a very large particle (r → ∞) and the solute in solution.
Because

�Gv = (−RT ln S)

V

where V is the molecular volume of the bulk crystal; �Gv is neg-
ative as long as the solution is supersaturated (S > 1). So the �G
has a maximum, setting

d�G = 0.

dr
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Fig. 7. Schematic illustration of the formation of (a) pure silica spheres and (b) hy-
brid silica spheres. They both experience the hydrolysis and polycondensation pe-
riod.

Thus we can get the critical radius:

rc = −2γ

�Gv
= −2γ V

RT ln S
. (2)

This is the minimum radius of a nucleus that can grow sponta-
neously in the supersaturated solution. Because rc is the minimum
radius that will persist and not dissolve away in solution, S should
be sufficiently high for rc to be smaller than the size of the crys-
tal embryos that form the nuclei for the homogeneous nucleation
process [31].

LaMer and Dinegar [32] prepared a colloidal dispersion by con-
densation from initially supersaturated solution and developed a
theory which accounted for the production of monodisperse col-
loids. According to their literature, in a sufficient supersaturated
solution, many nuclei are generated simultaneously, and then these
nuclei start to grow without additional nucleation. The experiences
of particles growth are nearly the same because all of the parti-
cles nucleate almost simultaneously. This process makes it possible
to control the size distribution of the ensemble of particles as a
whole during growth.

The schematic illustration of the formation of monodisperse
pure silica spheres and hybrid silica spheres are given in Fig. 7.
Each reaction scheme is a simplification of the complex condensa-
tion processes that lead to the formation of the pure silica spheres
or hybrid silica spheres. In the synthesis of pure silica, two main
types of reactions are involved: (1) silanol groups are formed by
hydrolysis and (2) siloxane bridges are formed by a polyconden-
sation reaction [33]. Similarly, we can give a compendious expla-
nation in the formation mechanism of the monodisperse hybrid
silica spheres synthesized by VTES precursor. A VTES molecule has
three ethoxyl groups. They are easily changed to hydroxyl groups
on proper condition. Although the VTES/water solution was turbid
at the beginning of the stage, it appeared transparently after ∼2 h
vigorous magnetic stirring. The VTES hydrolyzed in the process
and released ethanol which could help the VTES to be completely
dissolved in water medium [10,14]. In the presence of ammonia
the supersaturation S achieved sufficiently high. Then the poly-
condensation was generated and monodisperse spherical colloids
of hybrid silica with vinyl group could be obtained. However, the
TEOS cannot realize the dissolved process in pure water solution
(we attempted it and failed). Therefore, ethanol must be used for
dissolving the TEOS.

Let us now look in detail into the influence of the reaction con-
ditions on the particle size. Being the source of monomer, concen-
tration of VTES will determine the concentration of nuclei particles
present in the system. At initial period, nucleation will take place
and will induce the formation of primary particles in the pres-
ence of ammonia. Polycondensation of primary particles results in
the formation of more stable larger particles. The process will con-
tinue until all the nuclei consumed or until a stable condition is
achieved. Under the constant concentration of ammonia, increase
of the amount of VTES will lead to extending the growth period.
The longer growth takes place resulting in the larger particle size.
In many previous studies, the same result was observed [34–36].
When the VTES concentration was too low, the solution could not
reach sufficient supersaturation. Consequently, homogeneous nu-
cleation could not be realized on this condition, and only crumpled
particles could be formed.

According to Matsoukas and Gulari [37–39], the larger particles
were obtained by increasing the concentration of ammonia. The
effect of ammonia concentration is to promote hydrolysis, but also
to promote the polycondensation rate, resulting in faster kinetics,
and lager particle sizes.

However, a reverse effect that the small particle size was ob-
tained in the higher ammonia concentration (pH value), was ob-
served in our experiments. We can explain this as follow. When
the ammonia is added in the VTES/water solution, the nuclei are
generated immediately. Soon after the homogeneous nucleation
process, the growth process of colloidal crystal of hybrid silica pro-
ceeds. With the increase of pH value, the nucleation rate becomes
faster so that the more nuclei are generated. Consequently, the par-
ticle size relatively decreases due to high nucleation rate. Although
the polycondensation rate also becomes faster, it has few effect
compared with the nucleation rate. When the pH value is relatively
lower, increase of the nucleation rate is obvious with the increase
of the ammonia concentration. As a result, quantities of the nuclei
increase largely and the particle size decreases rapidly. At a rela-
tively higher pH value, increase of the nucleation rate is unobvious
so that the resultant particle size decreases slowly. The analysis of
the homogeneous nucleation and growth processes greatly inter-
prets the inverse relationship between the particle size and the pH
value (see plot in Fig. 6).

3.4. The method of measuring polydispersity (σr)

To measure reliably such low polydispersity is challenging.
Commonly photon correlation spectroscopy (PCS is also known as
dynamic light scattering (DLS) or quasi-elastic light scattering (QELS))
method is used to measure particle size and distribution. In de-
tecting the distribution, the experimental plot has to be analyzed
as all dispersions have some degree of polydispersity. The problem
is that we cannot obtain a unique solution when we try and in-
vert the summation [40]. Although the instrument manufacturers
try to calibrate against particles of known size, the problem can-
not be totally solved. Thus the reliability of distribution cannot be
ensured. As pointing toward a strong particle swelling or chain ex-
pansion at the particle surfaces, it always gives a larger particle
size than does the SEM method [13,14,41]. Additionally, it has a
limitation that the particles must be dispersed in the solution.

However, SEM is the direct method of measuring polydisper-
sity since PCS can hardly be used for sedimenting large silica
spheres [28]. The SEM (Tecnai XL30 SFEG) has a stable imaging
state after calibration by the manufacturer, so under the same
magnification the deviation among the images can be neglected.
Moreover, particles in one image have one magnification, and the
deviation can also be neglected among particles in one image. The
relative error (e.g., for measuring the same sphere twice) should
not exceed 1.5%. Upon several repeated measurements, the realis-
tic error estimate is 1%. Thus the reliability of distribution can be
ensured. We measured about two hundred spheres for each sample
to collect a statistically meaningful sample size. The resultant σr is
at least 1.9% or better as listed in Table 1.
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Fig. 8. SEM image of MPTMS hybrid silica spheres (1282 nm in mean diameter)
fabricated by 3 mL MPTMS and 50 mL H2O by adding 0.2 mL ammonia solution.
The inset shows a closer look on the surface of hybrid silica spheres. The reaction
was carried out under constant stirring rate at room temperature (22 ± 1 ◦C).

Fig. 9. SEM image of PTES hybrid silica spheres (830 nm in mean diameter) fabri-
cated by 3 mL PTES and 50 mL H2O by adding 0.2 mL ammonia solution. The reac-
tion was carried out under constant stirring rate at room temperature (22 ± 1 ◦C).

3.5. MPTMS and PTES hybrid silica spheres

This method has also been extended to design and prepare
other hybrid silica spheres. Lee et al. [20] prepared monodisperse
hybrid MPTMS silica spheres using a one-step sol–gel reaction
in aqueous solution. The results of the MPTMS and PTES silica
spheres were shown in Figs. 8 and 9. Fig. 8 shows the SEM im-
age of MPTMS hybrid silica spheres prepared using sol–gel process.
The particle size was 1282 nm (with σr = 1.33%). Compared with
the VTES silica spheres, the MPTMS silica spheres also indicated
the abundance in quantity, the uniformity in size/shape, and the
smoothness on surfaces (see the inset in Fig. 8). Fig. 9 shows the
SEM image of PTES hybrid silica spheres with 830 nm in mean di-
ameter. The monodispersity of PTES silica spheres (σr = 3.80%) is
not as good as the monodispersity of VTES/MPTMS silica spheres.
The reason is that the synthetic condition of MPTMS was the same
as the VTES’s. But in the case of preparing PTES silica spheres,
a few amount of Tween 20 was added. The precursor PTES has a
hydrophobic phenyl, it is difficult to dissolve in water solution. To
disperse PTES in water solution, a surfactant (Tween 20) was used.
Because the mixture was emulsion phase after adding Tween 20,
the PTES were not completely dissolved in the emulsion. As a
result, the PTES silica spheres with low monodispersity were ob-
tained.
4. Summary

We have demonstrated an effective and reproducible method
for preparing highly monodisperse organic–inorganic hybrid silica
spheres synthesized by an organosilane with controllable size in
aqueous solution using only one process. FT-IR and 29Si NMR spec-
tra confirm the existence of vinyl group (–CH=CH2) and that the
vinyl group connects to the silicon atom. This method is remark-
able for its simplicity (one process, one precursor and one solvent);
for its good control of the size, uniformity and stability of hybrid
silica spheres; and for its self-hydrolysis ability to realize homo-
geneous nucleation of silica, fast reaction and reproducibility. The
size of hybrid silica spheres could be adjusted from 360 to 770 nm
with σr below 2% by controlling the concentration of VTES precur-
sor and ammonia catalyst. To get the smooth and spherical hybrid
silica particles, the volume ratio of the VTES and water should
be above 1:50, while the pH value has to be higher than 10.60
in order to make the reaction proceed successfully. The increas-
ing of the precursor concentration increases the particle size while
the pH value has a reverse effect on the particle size. The ho-
mogeneous nucleation and growth processes have been discussed,
and a compendious explanation have been given in the formation
mechanism of the highly monodisperse hybrid silica spheres. The
knowledge gained from this study will be useful and convenient
in the design and preparation of organic–inorganic hybrid materi-
als especially in monodisperse surface-modified silica spheres. The
highly monodisperse hybrid silica spheres are expected to find
more uses as biocatalyst, surface modification, and assembly of
photonic crystals.
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