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Since their first report in 1992,1 self-assembled mesoporous
silicates and aluminosilicates have attracted much attention in
material science.2,3 In addition to the success in nonsiliceous
mesoporous materials,4 a significant breakthrough in this field was
the discovery of periodic mesoporous organosilica (PMO), which
contains organic groups homogeneously distributed in the silica
framework.5,6 Compared to mesoporous silica, it is easier to tailor
the chemical and physical properties of PMO by adjusting the
organic bridging groups, which leads to potential applications in
microelectronics, protein separation, catalysis, and biosensing.7

It is useful to design the morphology of mesoporous material in
order to facilitate the desired application. Mesoporous hollow
spheres are very attractive due to their outstanding properties of
low density, high surface area, and well-defined mesoporous wall
structures that bring high permeability for controlled mass transport;
hence, they can be used as confined nanocatalysts, adsorbents,
targeted drug and gene delivery, as well as biomolecule encapsula-
tion. The synthesis strategy generally involves the sonochemical
method,8 the fluorinated surfactant templating,9 and the emulsion
templating.10,11However, only few examples of hollow spheres with
ordered mesoporous wall structure were reported.12 Furthermore,
there is no good control over the wall thickness of hollow spheres
in previous reports. In addition, to the best of our knowledge, there
has been no report of hollow spheres with PMO wall compositions.

Here we report a successful synthesis of PMO hollow spheres
with tunable wall thickness by a new vesicle and a liquid crystal
“dual templating” approach (Scheme 1). Fluorocarbon surfactant
[C3F7O(CFCF3CF2O)2CFCF3CONH(CH2)3N+(C2H5)2CH3I-] (FC4)
and cationic surfactant cetyltrimethylammonium bromide (CTAB)
were employed as costructure directing agents and 1,2-bis(tri-
methoxysilyl)ethane (BTME) as the hybrid silica precursor. FC4
and organosilica may self-assemble into vesicles through a vesicle
templating (VT) process; meanwhile, organosilica and CTAB
composite micelles further pack surrounding the vesicles as
“nucleation” sites by a liquid crystal templating (LCT) process
which determines the final wall structure. Importantly, the PMO
hollow spheres possess highly ordered hexagonal mesostructured
walls, and the wall thickness can be adjusted in a certain range.

In a typical synthesis of PMO hollow spheres, 0.3 g of FC4 was
dissolved in 96 g of water and stirred at room temperature for 1 h
before the addition of 0.2 g of CTAB and 0.7 mL of 2 M NaOH.
Then the system is kept at constant temperature of 80°C, and 0.655
mL of BTME was introduced under vigorous stirring. The reactant
molar ratio of FC4:CTAB:BTME:H2O:NaOH is 0.6:1:4.7:9700:
2.5. After 2 h, the white precipitates were collected by filtration
and dried at room temperature. To remove the surfactant, the above
as-synthesized samples were refluxed in the mixture of ethanol and

HCl for 24 h at 50°C. To understand the formation mechanism of
PMO hollow spheres, the FC4/CTAB molar ratio (X) was varied
(0, 0.2, 0.6, 1.2) while keeping the other reaction conditions
constant.

Powder X-ray diffraction (XRD) patterns of PMO samples
synthesized at differentX are shown in Figure 1. In the absence of
FC4 (X ) 0), the surfactant-extracted sample exhibits a highly
ordered cubic mesostructure (symmetry:Pm3n). The transmission
electron microscopy (TEM) image recorded along the [100]
direction shows the typical cubic pattern of aPm3n symmetry
(Figure 2a),13 in accordance with the XRD results. The scanning
electron microscopy (SEM) observations reveal a solid spherical
morphology. The diameters of particles are in the range of 500-
1000 nm (Figure S1a).

For the sample synthesized atX ) 0.2 (Figure 1b), the
mesostructure is obviously different from that obtained without FC4,
which can be attributed to the transition state from a cubicPm3n
to a 2D hexagonalp6mstructural transformation (see below). SEM
images reveal a spherical morphology with diameters in the range
of 300-800 nm (Figure S1b). TEM image shows that the hollow
parts exist in some spheres (Figure 2b), although the dimension of
the cavity is relatively small compared to the volume of one sphere.

When X ) 0.6, the XRD pattern reveals a highly ordered 2D
hexagonal structure (Figure 1c). From SEM observations, the
diameters of particles are in the range of 300-500 nm (Figure S1c).
A certain degree of agglomeration between particles is observed.
Some broken particles suggest that these materials are indeed
hollow. TEM images show hollow particles with either spherical
or hexagonal shapes (Figure 2c), and the highly ordered hexagonally
arrayed wall mesostructure is very clear at a higher magnification
(Figure 2d). The size of the hollow part is about 100-150 nm,
with the wall thickness around 100 nm. Some cavities are also in
hexagonal shape, which is unusual compared to other mesoporous
hollow spheres where generally spherical cavities are observed.
Another interesting feature of PMO hollow spheres synthesized by
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Scheme 1. Schematic Representation of the Vesicle Templating
(VT) and the Liquid Crystal Templating (LCT) Dual Templating
Process
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FC4 and CTAB co-templates is the abnormal “shell” structure inside
the cavities. It is quite clear that a thin spherical shell exists within
the cavities (Figure 2c and 2d).

Further increasing the FC4/CTAB molar ratio toX ) 1.2 leads
to a broad XRD peak (Figure 1d) with decreased particle size (∼200
nm, Figure S1d). TEM observations (Figure 2e,f) reveal that the
cavity size is∼50-100 nm, while the wall thickness is∼20 nm.
The mesostructure is less ordered than those synthesized atX )
0.6. The shell structure inside the cavity can also be observed. For
comparison, the physicochemical properties of PMO samples
synthesized at differentX are summarized in Table S1.

We propose that, when FC4 and CTAB are used as co-templates
in our synthesis, the cationic FC4 may interact with the negatively
charged silica species to generate composite vesicles through a
vesicle templating process (Scheme 1, see also Figure S3).14

Subsequently, these vesicles act as a “nucleus” for further growth
of micelle-templated mesoporous materials surrounding them, where
a liquid crystal templating process may determine the final wall
structure. It is supposed that the composite vesicles are quite flexible
in solution; hence, the mesostructure of surrounding walls may
influence the shape of particles and cavities. When the wall has a
hexagonal mesostructure atX ) 0.60, some particles as well as
their cavities may follow a hexagonal shape to correspond to their
mesostructure. On the removal of templates, it will generate PMO
hollow spheres with mesoporous walls, and the nucleus vesicle is
left as a shell inside the cavities.

The above dual templating mechanism can also explain the wall
thickness and mesostructure changes of PMO materials synthesized
at different amounts of FC4 and the same temperature of 80°C.
With increase inX, the number of nuclei formed by FC4 and hybrid
silica source increases; hence, the hybrid silica available to pack
around each nucleus decreases, leading to reduced wall thickness
and size of hollow particles. Moreover, by increasingX, the amount
of hybrid silica available to interact with CTAB decreases. The
decreased curvature15 of a composite hybrid silica/CTAB micelle
leads to the transformation fromPm3n to p6m mesostructure.

In conclusion, the PMO hollow spheres with highly ordered
mesoporous wall structure, tunable particle size, and wall thickness
are successfully synthesized by this novel vesicle and liquid crystal
dual templating approach. This method might be applicable to
produce hollow spheres with other compositions for versatile
applications in drug and DNA delivery, biomolecular encapsulation,
or as nanoreactors for biological reactions at the molecular levels.
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Figure 1. XRD patterns (a), (b), (c), and (d) of surfactant-removed samples
synthesized at FC4/CTAB molar ratioX ) 0, 0.2, 0.6, and 1.2, respectively.

Figure 2. TEM images (a), (b), (c, d), and (e, f) of surfactant-removed
PMO materials synthesized with FC4/CTAB molar ratioX ) 0, 0.2, 0.6,
and 1.2, respectively.
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