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Abstract: We report the synthesis and characterization of a novel mesoporous material with a face-centered
cubic (fcc) symmetry and intrinsic bimodal pores. Moreover, an icosahedral (ICO) mesostructure with both
meso- and macroscale 5-fold symmetry is observed. We propose a hard-sphere packing (HSP) mechanism
for the formation of mesoporous materials by assuming preformed robust surfactant/silicate composite
micelles being hard spheres. In comparison to the conventional liquid crystal templating (LCT) or cooperative
self-assembly (CSA) mechanism, our contribution provides an important advancement of knowledge in
the study of mesostructured materials.

Introduction

The packing of particles at different length scales (atoms,
molecules, and colloid particles) has attracted significant atten-
tion in mathematics,1 physics, chemistry, and material science.2

It has been recently approved3 that no other packing of spheres
in three dimensions has a density exceeding that of the face-
centered cubic (fcc) and the hexagonal close-packed (hcp),
although the fcc packing is demonstrated to be more stable than
hcp.4 Mesoporous materials have been assembled by using
surfactants as supramolecular templates.5,6 Despite the different
choices of surfactants (cationic,7 anionic,7,8 or nonionic9-12) and

formation mechanisms, e.g., true liquid crystal templating
(LCT),13 cooperative self-assembly (CSA),14 etc., the ordered
mesostructure may generally find its counterpart in liquid crystal
phases. The concept of a simple packing by discrete composite
micelles as hard colloidal spheres, however, has not been
realized in the formation of mesoporous materials.

Here we demonstrate a hard-sphere packing (HSP) mecha-
nism for the formation of mesoporous materials5,6 by assuming
preformed robust surfactant/silicate composite micelles (Scheme
1A)15 being hard spheres. In conventional LCT5,6,13 or CSA14

mechanisms, the micelles are embedded in the final liquid crystal
phase with the inorganic species as the continuous phase;
therefore, generally monomodal mesopores are generated after
the templates are removed. In great contrast, the assembly of
composite colloid hard spheres and the subsequent removal of
surfactants leads to a novel fcc mesoporous materials with
intrinsic bimodal pores (Scheme 1B). Moreover, an icosahedral
(ICO) structure with both meso- and macroscale 5-fold sym-
metry16,17 are observed (Scheme 1C). It is anticipated that this
novel HSP approach may be further employed to synthesize
functional mesoporous materials and monodispersed vesicles
with versatile applications.

Experimental Section

The ICO as well as the fcc mesostructured materials were synthesized
by using EO132PO50EO132 [denoted F108, BASF. EO is poly(ethylene
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oxide) and PO represents poly(propylene oxides)] and 1,3,5-trimeth-
ylenebenzene (TMB) as cotemplates. For the optimum synthesis
condition of mesoporous ICO crystals, the reactant weight ratio was
kept at F108/TMB/KCl/TEOS/HCl (2.0 M)) 1.0:1.0:2.5:2.8:30 (g)
and the temperature was controlled at 293 K (referred to as the optimum
condition hereafter). In a typical synthesis, 1.0 g of F108 and 2.5 g of
KCl were dissolved in 30 g of 2.0 M HCl, then 1.0 g of TMB was
added into the solution under stirring. After 1 day, 2.8 g of TEOS was
added and allowed to react at 293 K under stirring for 15 min, then
under the static condition for 1 day. The filtered white precipitates were
added into the same concentration of F108/HCl solution and hydro-
thermally treated at 393 K in an oven for another 1 day. The resultant
materials were filtered and dried in air. The surfactants were removed
by calcination in air at 823 K for 6 h.

The synthesis conditions, including the ratio of F108, TMB, KCl,
tetraethyl orthosilicate (TEOS), HCl, and the synthesis temperature,
have been systematically studied. We will focus on the influence of
the amount of TEOS and the synthesis temperature upon the final
structures in this study (see the Results and Discussion).

X-ray diffraction (XRD) patterns of materials were recorded on a
German Bruker D4 X-ray diffractometer with Ni-filtered Cu KR
radiation. Transmission electron microscopy (TEM) images were
obtained with a JEOL 2011 microscope operated at 200 kV. For TEM
measurements, the samples were prepared by dispersing the powder
samples in ethanol, after which they were dispersed and dried on carbon
film on a Cu grid. Scanning electron microscopy (SEM) images were
obtained on a Philip XL30 microscope operated at 20 kV. Nitrogen
adsorption/desorption isotherms were measured at 77 K by using a
Micromeritics ASAP Tristar 3000 system. The samples were degassed
at 453 K overnight on a vacuum line.

Results and Discussion

SEM investigations of calcined materials synthesized at the
optimum condition showed micrometer-sized particles with the
majority of them appearing as well-faceted surfaces (Figure 1a).
Occasionally, almost perfect icosahedrons with diameters
between 1 and 4µm were observed (Figure 1b). For a rough
estimation from SEM observations, the yield of the icosahedrons
is less than 1%.

TEM was employed to determine the mesostructure of
calcined material synthesized at the optimum condition. In
Figure 2a-d are TEM images viewed along different directions.
It is of interest to note that Figure 2b shows similar porous
patterns to those of fcc mesostructures reported previously;18,19

whereas Figure 2, parts a, c, and d, shows clearly two sizes of
pores, indicating that our mesostructure differs to those reported.
Fourier transform of Figure 2a-d is carried out to obtain the
diffraction information for different zone axes (Supporting
Information Figure S1), from which an fcc mesostructure can
be uniquely identified. From the TEM images shown in Figure
2a-d, a lattice parameter ofa ≈ 27.0 nm can be determined
for the calcined fcc mesostructure. It is noted that the twin
structure is frequently observed along the [110] zone axis (Figure
2d and Figure S1).

The XRD pattern of calcined sample synthesized at the
optimum condition is shown in Figure 3, from which an fcc
symmetry is also concluded with a space group ofFm3m, in
accordance with our previous reports.19-21 The cell lattice
parameter is calculated to be 27.4 nm. In comparison to highly
ordered mesoporous materials with the same symmetry syn-
thesized with other block copolymer templates,18 the diffraction
peak at high angle (2θ > 1.5°) in the XRD pattern of our
material is not resolved, indicative of a less-perfect or not pure
fcc structure (see Results and Discussion below). Previously,
F108 was used as a template to synthesize cubic mesoporous
single crystals with a body-centered cubic (bcc) mesostructure
in the absence of TMB.22,23 The utilization of TMB as a
cotemplate and the subsequent structural transformation from
a bcc to fcc structure is also in accordance with literature
reports.20,24

The nitrogen sorption analysis was performed to determine
the pore structure. Calcined mesoporous silica synthesized at
the optimum condition exhibits a type IV isotherm and an H2-
type hysteresis loop (Figure 4a), typical of mesoporous materials
with a caged pore structure. Figure 4a indicates two sharp
capillary condensation steps occurred at high relative pressure
range (P/P0 ) 0.70-0.85). Accordingly, a bimodal pore size
distribution centered at 10.9 and 14.9 nm can be determined
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Scheme 1. Proposed HSP Mechanism for the Formation of Novel
Mesoporous Materialsa

a (A) The inorganic silica species condense around the spherical surfactant
micelles to form monodispersed and robust composite micelles. (B) The
packing of composite micelles as hard spheres gives rise to an fcc
mesostructure with intrinsic bimodal pores; one set of pores come from
the removal of surfactants, the other from the octahedral (the red sphere
shown in the inset) and tetrahedral cavity in the fcc packing. (C) The HSP
may also lead to ICO mesoporous materials with both meso- and macroscale
5-fold symmetry.

Figure 1. SEM images of mesoporous materials synthesized at 293 K
showing (a) the representative morphology and (b) some particles with a
near-perfect ICO morphology. The scale bar is 10 and 2µm in (a) and (b),
respectively.
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by an NLDFT spherical pore model25 (Figure 4b). On the basis
of the nitrogen sorption analysis, the surface area and pore
volume for calcined mesoporous materials synthesized at the
optimum condition can be measured to be 400 m2/g and 0.55
cm3/g, respectively. It is suggested that the larger pores (cages)
centered at 14.9 nm with relatively narrower size distribution
are generated by the removal of block copolymer templates.
However, the smaller pores centered at 10.9 nm with a relatively
broader pore size distribution are abnormal, and we will discuss
their origin later.

For an fcc structure constructed by a close packing of ideally
hard and monodispersed hollow spheres witha ) 27 nm, an

o.d. of 19 nm of hollow spheres is required. Since the i.d. of
hollow spheres (cages) was determined as 14.9 nm, the wall
thickness of 2.1 nm of hollow spheres can be calculated
(Supporting Information Figure S2). It is well documented that
there are two types of cavities in a simple packed fcc structure:
octahedral and tetrahedral sites. The two types of cavities further
interconnect into open pores. If these cavities were occupied
by smaller inscribed spheres, the diameters for the inscribed
spheres in octahedral and tetrahedral sites would be 7.9 and
4.3 nm, respectively. The ratio of the volume of octahedral
cavity versus tetrahedral cavity is∼3.0 (Figure S2). However,
it should be taken into account that the pore structures of the
octahedral and tetrahedral cavities are complicated, and the
actual sizes will be definitely larger than the diameters of the
inscribed spheres. We propose that the small pores centered at
10.9 nm should be attributed to the existence of both octahedral
and tetrahedral cavities. Because the octahedral cavity possesses
larger size and higher volume compared to the tetrahedral cavity,
the peak in pore size distribution curve mainly reflects the size
of octahedral cavity.

Considering now the fcc packing of hard hollow spheres,
projections of the cages and cavities along [100], [111], [211],
and [110] directions are schematically given in Figure 2e-h.
From our simulation, the cavities cannot be observed from the
[111] direction, and the tetrahedral cavity is clearly detectable
from the [100] direction (Figure 2a), which are in good
accordance with the experimentally viewed images (Figure 2a-
d).

Coexisting with the fcc structure, another uniformly arrayed
mesostructure with a 5-fold axis was also observed (evidenced
in a TEM image shown in Figure 2i) in the sample synthesized
at the optimum condition. Very recently, Miyasaka et al.
reported the observation of unusual morphologies of mesoporous
silica with an fcc symmetry by using short-chain ionic surfac-
tants, including the ICO and decahedral morphologies.26 On the
basis of Figure 2i (5-fold symmetry at the mesoscale) and the
SEM evidence that ICO macromorphology is frequently ob-
served, it is proposed that the near-perfect mesostructured
icosahedra can be viewed as the multiply twinned fcc struc-
tures.26

Although the science of ICO has been an interesting topic
for 40 years,27-29 here we show the example of an ICO structure
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Figure 2. TEM images of the calcined mesoporous materials synthesized
at the optimum condition (293 K) with an fcc mesostructure recorded along
the (a) [100], (b) [111], (c) [211], and (d) [110] directions. Panels e, f, g,
and h are the simulated patterns along the [100], [111], [211], and [110]
directions, respectively. The blue spheres represent the mesopores originated
from the removal of surfactant micelles; the red and green spheres
correspond to the octahedral and the tetrahedral cavity sites in an fcc close
packing, respectively. For clarity, the dimensions of the blue, red, and green
spheres are not to scale. The TEM image in (i) shows the mesoscale 5-fold
symmetry. The TEM image in (j) of materials synthesized at 303 K, while
the other reaction conditions are not changed compared to the optimum
synthesis, shows monodispersed composite micelles. The scale bar is 50
nm in all images.

Figure 3. XRD pattern of calcined mesoporous materials synthesized at
the optimum condition. The assignments of the XRD peaks are based on
an fcc (Fm3m) mesostructure.
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packed with infinite equal sized amorphous colloidal spheres,
instead of atomic building blocks in former observations. It is
also noted that the ICO assembly of definite colloidal spheres
has been demonstrated,30 suggesting that the ICO structure might
be a possible candidate during the nucleation stage of colloidal
particles (composite micelles in our case). On the other hand,
as pointed out by Mackay,16 the packing density of an ICO
packing is smaller than that of an fcc structure; this may explain
the fact that the dominant phase observed in our materials is an
fcc structure.

In order to prove that the bimodal pore size distribution and
the TEM evidence were the results of the packing of the
composite micelles, we studied the influence of synthesis
parameters upon the final mesostructures. When the synthesis
temperature is raised to 303 K while the other synthesis
parameters remain unchanged compared to the optimum syn-
thesis conditions, monodispersed siliceous hollow spheres are
obtained (Figure 2j). The diameter of the hollow spheres is
measured to be 18 nm from TEM images. The N2 sorption
isotherm and the pore size distribution curve of calcined
mesoporous material synthesized at 303 K are shown in Figure
4. In comparison with the calcined sample synthesized under
the optimum condition at 293 K, the sample obtained at 303 K
shows only one pore size distribution peak centered at 13.0 nm
(Figure 4b), corresponding to the pore diameter of hollow
spheres after removal of surfactant micelles. Moreover, a
decrease in the cage size with increased temperature is observed,
in accordance with our previous results.19 The aggregation and
random packing of such hollow spheres may lead to interparticle
pores evidenced from the capillary condensation step atP/P0

> 0.9 (Figure 4a). For siliceous materials templated by pluronic
EO/PO-type block copolymers, the silica wall contains signifi-
cant amount of intrawall pores, either in SBA-15-type31 or SBA-
16-type materials.32 We propose that the hollow cages are
accessible to N2 molecules through such intrawall pores.

When the amount of TEOS is decreased to 1.5-2.0 g at 293

K, little precipitates can be observed in the reaction solution.
However, monodispersed “hollow spheres” similar to that
observed in Figure 2j can be found in TEM observations
(Supporting Information Figure S3). These as-synthesized
“hollow spheres” should be attributed to “frozen” siliceous
composite micelles. Moreover, at the optimum synthesis condi-
tion when the amount of TEOS is 2.8 g and the synthesis
temperature is 293 K, the structure evolution as a function of
time was also studied. Dispersed composite micelles can be
directly observed∼15 min after the addition of TEOS (Figure
5a). Increasing the reaction time may lead to aggregated
composite micelles (Figure 5, parts b and c); and the ordered
packing of mesostructure is observed after 12 h (Figure 5d).

It should be mentioned that for the calcined sample synthe-
sized at the optimum condition, although the dominant and
minor phase is an fcc and ICO structure, respectively (from SEM
and TEM observations), little amount of disordered phase similar
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Figure 4. (a) N2 sorption isotherm and (b) pore size distribution curves calculated from the adsorption branch by the NLDFT method in the spherical model
of the calcined mesoporous materials synthesized at the optimum condition (293 K) and another sample synthesized at 303 K while the other reaction
conditions are controlled.

Figure 5. TEM images showing the structural evolution as a function of
time (starting after the TEOS is added into the solution) in the optimum
synthesis condition when the synthesis temperature is 293 K and the reactant
weight ratio is kept at F108/TMB/KCl/TEOS/HCl (2.0 M)) 1.0:1.0:2.5:
2.8:30. Panels a, b, c, and d correspond to reaction times of 15 min, 30
min, 6 h, and 12 h, respectively.
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to that shown in Figure 2j is also observed (Supporting
Information Figure S4). A distribution among the above three
phases in our synthesis system is therefore suggested (Scheme
1) and in accordance with our direct observation of the structural
evolution as a function of time. The silicate-coated composite
micelles give rise to different structures by tuning the reaction
conditions. The fcc phase is dominant at 293 K through the
HSP pathway, whereas the spheres without regular packing are
favored at a low silica/block copolymer ratio or a relatively high
temperature of 303 K. We propose that the fast hydrolysis and
condensation rate of siliceous species at the higher temperature
may disturb the assembly process of ordered mesostructure;
moreover, for the packing process from discrete composite
micelles to periodic fcc structure, an entropy loss is ac-
companied, and thus a decrease in temperature may favor the
fcc packing process.

Our proposed HSP mechanism is different from the well-
accepted LCT and CSA formation mechanisms (Scheme 2). To
be simple, the LCT is an “assembly before condensation”
process and the CSA is an “assembly during condensation”
process. In either the CSA or the LCT mechanism the micelles
are embedded in the final liquid crystal phase with the inorganic
species as the continuous phase, which generally leads to
monomodal mesopores after the surfactants are removed. In
contrast, the HSP pathway is an “assembly after condensation”
process. The simple packing of robust composite micelles with

condensed walls as hard spheres gives rise to the fcc structure
with an intrinsic bimodal pore system (after the removal of
surfactant).

Indeed, the HSP phenomenon is quite common in silica
spheres, where preformed robust SiO2 nanospheres usually pack
into fcc structures.33,34 In comparison to the conventional and
generally applied LCT and CSA mechanisms, the HSP in the
formation of mesostructured materials is relatively limited. The
formation of spherical composite micelles, similar to that
proposed by Miyasaka et al.,26 is a precondition in a successful
HSP process. Moreover, to apply the HSP mechanism to obtain
ordered mesoporous materials with intrinsic bimodal pores, the
inorganic wall of spherical composite micelles should be
relatively robust, which may behave just like silica spheres.33,34

In addition, the siliceous species in solutions during the synthesis
may also influence the packing of preformed spheres. In our
experiments, it is found that the formation of the fcc packing
with bimodal pores is achieved when the amount of TEOS is
2.8 g. Less or higher amount of silica source than the optimum
condition leads to the monodispersed composite micelles (Figure
2j) or mesoporous materials with monomodel pores (data not
shown), respectively.

Conclusions

Novel mesoporous materials with fcc symmetry and intrinsic
bimodal pores have been synthesized and well characterized.
An ICO mesostructure with both meso- and macroscale 5-fold
symmetry is also observed. We propose an HSP mechanism
for the formation of mesoporous materials, in which the
spherical and monodispersed composite micelles with relatively
condensed inorganic walls are used as the building blocks to
construct the fcc packing. After removing surfactants, the cages
within the composite micelles and the cavity within the fcc
stacking give rise to intrinsic bimodal pore structures. The
proposed HSP mechanism is an important supplement in
understanding the formation mechanism of mesostructured
materials. Moreover, with this mechanism, hollow siliceous
nanospheres can be easily synthesized, which are good candi-
dates for nanomedicine applications.15
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Scheme 2. Difference among the LCT (Assembly before
Condensation), CSA (Assembly during Condensation), and HSP
(Assembly after Condensation) Mechanism for the Formation of
Mesoporous Materialsa

a Note that in the final mesoporous materials after the removal of
surfactants, an intrinsic bimodal pore size distribution may be generated in
the HSP model.
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