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A synthetic method for the preparation of multifunctional
nanocomposites with well-defined mesoporosity based on highly
ordered mesoporous silica SBA-15 was presented. Thermores-
ponsive PNIPA and magnetic nanoparticles Fe2O3 were inserted
into the pore channels of SBA-15 combining nanocasting meth-
od with ultrasonic chemistry.

Highly ordered mesoporous silica SBA-15 has attracted
much attention since it was first reported1 in 1998. Many efforts
have been devoted to synthesize functional nanocomposites by
using it as hosts for inclusion compounds of inorganic nanopar-
ticles2,3 or polymers.4 Generally, inorganic precursors can be
incorporated into the channels of mesoporous silica by ion ex-
change, wetness impregnation, chemical vapor infiltration, as
well as cocondensation.5 Meanwhile, many novel organic–inor-
ganic nanocomposites have been prepared through sorption,
postpolymerization modification, and in situ polymerization5

in the pore channels of mesoporous silica. Mesoporous silica
materials could be more applicable if they are functionalized
with organic or inorganic materials.

To the best of our knowledge, no research has been directed
toward the preparation of nanocomposite based on mesoporous
silica that includes both inorganic and organic components in-
side their channels. We report herein a multifunctional nano-
composite based on SBA-15 with both thermoresponsive poly-
(N-isopropylacrylamide) (PNIPA) and nanomagnetic particles
Fe2O3 inside the mesopores. Multifunctional nanocomposites
with well-defined mesoporosity play an important role in many
fields, such as label and controlled drug delivery.

The concept and the fabrication procedure of the proposed
multifunctional nanocomposites are schematically illustrated in
Figure 1. The first step in the procedure was to functionalize
SBA-15 with the amino group6 of 3-aminopropyltrithioxysilane
(APTES) to ensure the absorption of NIPA monomer in the

internal surface of SBA-15, the sample is thus obtained as
m-SBA-15. Then, 0.2 g of NIPA monomer, 0.003 g of azoiso-
butyronitrile and 0.02 g of N,N0-methylene bisacrylamide were
absorbed in the pore channels of 0.3 g of m-SBA-15, and PNIPA
nanocasting SBA-15 can be obtained via in situ free-radical
polymerization under nitrogen, the powder thus prepared was
designated as SBA–PNIPA. Next, 0.3 g of pre-prepared SBA–
PNIPA, 0.5mL of iron pentacarbonyl, and 30mL of decalin
were mixed together, and then the mixture was irradiated with
a high-intensity ultrasonic horn (Ti-horn, 20 kHz, 100Wcm�2)
under argon atmospheres at 0 �C for 3 h,7 resulting in the mate-
rials of multifunctional nanocomposites SBA–PNIPA–Fe2O3.
Nanocasting of polymer inside the pores was characterized
through N2 adsorption/desorption. The incorporation of Fe2O3

inside the channels of SBA-15 was detected directly from
TEM images. As is well known, PNIPA is one of the most
typical thermo-responsive polymers. It exhibits a reversible hy-
dration–dehydration change in response to temperature around
its lower critical solution temperature (LCST) of 32 �C.8 The
novelty of the method lies in combination of ultrasonication with
nanocasting method in realizing multifunctional nanocompo-
sites with well-defined mesoporosity, which has a potential
application in drug delivery system.

Prominent differences are observed when the polymers are
synthesized and Fe2O3 subsequently loaded within amino-modi-
fied SBA-15, as evidenced by powder X-ray diffraction (XRD)
in Figure 2.

A well-resolved peak together with two small peaks can be
indexed as the diffraction planes of (100), (110), and (200) due to
the hexagonal array of mesopores for the sample of m-SBA-15
(unit length = 7.4 nm). Only one peak was detected distinctly
for both SBA–PNIPA and SBA–PNIPA–Fe2O3, relating to the
well-ordered mesoporous structures disturbed slightly after
polymerization of NIPA and loading Fe2O3 nanoparticles. In
comparison with m-SBA-15, a relatively large shift of (100)
reflection to a low angle was observed for the product of
SBA–PNIPA (unit length = 9.1 nm), contributing to the thicker

Figure 1. Schematic illustration for fabrication of the multi-
functional nanocomposites with well-defined mesoporosity.
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Figure 2. Powder X-ray diffraction patters of samples m-SBA-
15, SBA–PNIPA, and SBA–PNIPA–Fe2O3.
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mesopore walls due to polymerized of NIPA inside mesopores of
m-SBA-15.9 A reduction of scattering contrast between the
pores and the framework can be attributed to the pore filling ef-
fect of PNIPA and Fe2O3 for the resultant SBA–PNIPA and
SBA–PNIPA–Fe2O3 as described by others.10

Quantitative determination of organic content by thermogra-
vimetric analysis (TGA) shows that around 57wt% of PNIPA
was contained in SBA–NIPA. To ascertain the positions of the
filling materials PNIPA and Fe2O3, N2 adsorption/desorption
measurements were undertaken (Figure 3). The textural param-
eters of the samples are summarized in Table 1.

The surface areas were found to decrease from 299 to 146
and 42m2 g�1 corresponding to m-SBA-15, SBA–PNIPA, and
SBA–PNIPA–Fe2O3, respectively. Meanwhile, the mesopore
size of SBA–PNIPA was detected to reduce from 4.5 to 3.7
nm comparing with m-SBA-15 shown in Figure 3 inset. The
thick wall (¼5:4 nm) together with the small pores result in
the relatively low surface area (146m2 g�1) with respect to
m-SBA-15 (229m2 g�1, wall size = 2.8 nm). In other words,
the thicker wall is due to the polymerization of NIPA inside
the pores. This leads to the conclusion that PNIPA has coated
inside the mesopores of SBA-15. No distinct hysteresis was
demonstrated for the product SBA–PNIPA–Fe2O3, and this
together with the great decrease of pore volume from 0.14 to
0.07 cm3g�1 suggested the formation of nanoparticles Fe2O3

inside the mesopores.
TEM micrographs were empolyed to further confirm the

existence of Fe2O3 inside SBA-15. Depicted in Figure 4, one
can distinguish the formation of Fe2O3 around the hexagonal
pores. The black stripes are the Fe2O3 along and perpendicular
to the direction of the hexagonal pore arrangement in the
SBA–PNIPA–Fe2O3 sample. Energy dispersive X-ray spectros-
copy (EDX) measurement reveals the existence of Fe, O, N, C,
and Si in the composite of SBA–PNIPA–Fe2O3 (not shown).

Differential scanning calorimetric measurements (DSC)
were carried out to further investigate the thermal responsive

ability of PNIPA inside the channels of SBA-15. Interestingly,
the LCST was found only to be 21 �C. The reason may possibly
be explained by quantum confined effect: on account of the
molecular chains confined in the SBA-15 nanochannels, the
competition between intermolecular and intramolecular hydro-
gen-bonding and hydrophilic–hydrophobic interaction can be in-
fluenced greatly.11 As a comparison, a sample was prepared with
PNIPA polymerized outside SBA-15 channels. The sample thus
synthesized was discovered to possess a normal LSCT of 32 �C.
This further verified the successful synthesis of thermally re-
sponsive materials inside SBA-15.

In summary, a novel synthetic method for the preparation of
multifunctional nanocomposites based on meosoporous silica
SBA-15 was presented. Thermoresponsive PNIPA and magnetic
nanoparticles Fe2O3 were inserted into the pore channels of
SBA-15 through nanocasting method and ultrasonication. The
special structure and multifunctional properties enable it poten-
tial applications in drug delivery, catalyst, and biosensor.
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Figure 3. N2 adsorption–desorption isotherms and pore size
distribution (inset) for all samples.

Table 1. Textural parameters of various samples

Sample SBET/m2 g�1 Pore size/nm Vp/cm
3 g�1

m-SBA-15 229 4.5 0.33

SBA-NIPA 146 3.7 0.14

SBA-NIPA-Fe2O3 42 3.7 0.07

Figure 4. TEM images of sample SBA–PNIPA–Fe2O3.
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