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A simple and nonsurfactant synthesis pathway has been
developed to prepare silica-based bimodal micro/mesoporous
hybrids using mixed polymethylhydrosiloxane and tetraethyl
orthosilicate as silica sources.

Since the discovery of mesoporous silica-based materials by
researchers at Mobil Oil Company1,2 and scientists of Japan3 in
the early 1990s, remarkable new opportunities have been created
to prepare micro/mesoporous bimodal composites because of
their potential applications in catalysis, adsorption, and separa-
tion processes. With the successful synthesis of zeolite faujasite
(FAU) and MCM-41, Kloetstra et al.4 have obtained a composite
of FAU and MCM-41 with the overgrowth of a thin layer of
MCM-41 on FAU, and good results were achieved using this
composite for vacuum gas oil cracking. Karlsson et al.5 prepared
composite materials by simultaneous synthesis of MFI/MCM-
41 phase using two-template approach at optimized template
concentrations and reaction temperatures. Furthermore, Li et
al.6 prepared a MCM-41/� composite by two-step crystalliza-
tion, which has dual acidity and pore structure. Recently, we
have successfully synthesized methyl-modified mesoporous ma-
terials with dual porosity using nonionic surfactant.7 Although
significant progress has been made on the synthesis of micro/
mesoporous materials, to the best of our knowledge, there are
no reports on bimodal materials with micro/mesopores using
nonsurfactant route.

Here, we report the novel synthesis of organic–inorganic mi-
cro/mesoporous xerogels using mixed tetraethyl orthosilicate
(TEOS) and polymethylhydrosiloxane (PMHS) which is mainly
employed as reducing agent for halogens, ketones, ethers,
imines, and phosphine oxides8,9 as silica sources via sol–gel
route, without additional introduction of any surfactants.

In a typical synthesis, 2.35mL (2.338 g) and 4.70mL
(4.676 g) of PMHS were dripped into two flasks containing
70mL ethanol, respectively. The formed liquids were further
stirred for 48 h at room temperature to allow PMHS to react with
a part of C2H5OH and release hydrogen in the presence of NaOH
as catalyst. Then 5mL (4.676 g) of TEOS and determined deion-
ized water were introduced to the two systems with vigorous stir-
ring for 3 h, respectively. The formed sols were statically aged
for 4–5 d and finally turned into gels. The obtained gels were
heated in a 333K vacuum oven to remove the C2H5OH, and cor-
responding to the PMHS/TEOS mass ratio of 1:1 and 1:2, they
were designated as sample M1 and M2, respectively. The newly
obtained xerogels were characterized by X-ray diffraction
(XRD), nitrogen adsorption, Fourier-transform infrared spec-
troscopy (FTIR), transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) without any solvent
extraction and calcination.

Table 1 is a compilation of the surface area and pore
volume of different xerogels. Obviously, a high BET surface
area (490 and 600m2 g�1) indicate the formation of porous
structures.10 On the other hand, the micropore surface area and
limiting micropore volume measured by Dubinin–Astakhov
model11 show the existence of microphase in M1 and M2. The
nitrogen adsorption isotherms for the xerogels are shown in
Figure 1. Clearly, they all exhibit a resolved type IV isotherm
with a steep desorption branch and a type H2 (type E in de Boer
classification) hysteresis loop.12 The desorption inflection point
is very smooth and the desorption hysteresis loop at low relative
pressure P=P0 values is not closed, strongly indicating the
nitrogen filling in micropores.13,14 Furthermore, according to
the observation by the pore size distribution plots obtained by
density functional theory15 (DFT) (inset in Figure 1), some
supermicropores with radius less than 2 nm and mesopores
around at 3 nm are present in the samples, showing bimodal pore

Table 1. The surface area data and pore parameters of the
obtained xerogels measured by different adsorption models

Sample
PMHS:TEOS
(mass ratio)

BET
surface
area

/m2 g�1

Microporea

surface
area

/m2 g�1

Limitinga

micropore
volume
/cm3 g�1

M1 1:1 490 282 0.124
M2 1:2 600 306 0.137

aObtained by Dubinin–Astakhov model.
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Figure 1. Nitrogen adsorption–desorption isotherms of the
synthesized bimodal porous xerogels. Inset: DFT pore size
distributions. (The plot M2 was shifted by 0.007 cm3/g along
with y axis for clarity).
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size distribution.
To further elucidate that the samples are porous materials,

detailed pore structure was studied by HRTEM technique, and
Figure 2 shows two repersentative TEM images of the xerogel
M2 taken in different regions. Clearly, Figure 2 (left) depicts a
direct image of the 3D wormhole-like pore frameworks (�3

nm), which is very similar to those pore arrays of MSU-X type
mesosilicas without long-range ordering.16 Figure 2 (right)
shows a region with layers of dark stripes which allow one to de-
termine the supermicropore size (�1:5 nm), and this image is
consistent with a 2D cylindrical sturcuture viewed from the edge
of the cylinders similar to those of 2D hexagonal MCM-41 or
SBA-15.17 At the same time, we can also clearly observe that
other parts in this image appear to be disordered as shown in
Figure 2 (left). They are in good agreement with the results
obtained by nitrogem adsorption measurement.

It should be noted that, although there is a small part of or-
dered-like pore arrangement present in the xerogels, in fact, the
material is almost completely composed of disordered pore ar-
rays viewed through the TEM image. Although small oriented
domains are observed in the TEM images, the presence of bimo-
dal characteristics and large amount of –CH3 organic group in
the xerogel may lead to no observable peak in the low-angle re-
gion (not shown here) typical of mesoporous materials.18

Figure 3 shows the FTIR spectrum of sample M2. Noticea-
bly, the peak at 2160 cm�1 relative to the stretching vibration of
Si–H19 disappears, indicating PMHS has reacted fully with
C2H5OH. The band at 3330 cm�1 is mainly assigned to the
–OH stretching vibration, and the peak at 1620 cm�1 is ascribed
to a trace amount of H2O in the KBr tablet. The peak at 2980
cm�1 could be attributed to the symmetric and antisymmetric
C–H stretching vibration of –CH3. Moreover, the sharp peaks
at 1275 cm�1 and 775 cm�1 are due to the stretching vibration
and bending vibration of Si–CH3, respectively. The band at
1055 cm�1 was assigned to the stretching vibration of Si–O–
Si, and the peak at 455 cm�1 was associated with the rocking
vibration of Si–O–Si.

In summary, the silica-based bimodal micro/mesoporous
xerogels could be facilely prepared using TEOS and PMHS
via the present novel nonsurfactant pathway. Although the de-
tailed formation mechanism is not fully determined at the pres-
ent time, the current method can be used to prepare methyl-
modified functional materials.
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Figure 2. TEM images of the bimodal xerogel M2: region of
wormhole pore structure (left) and small part of ordered-like
pore arrays (right).
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Figure 3. The FTIR spectrum of sample M2.
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