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ABSTRACT: A crystal is an object with translational sym-
metry. Basic research into and production of new materials
necessitates the preparation of crystals of a particular morphol-
ogy and with well-defined crystal defects. In this work, we
found novel silica mesoporous crystal spheres with polyhedral
hollows (icosahedral, such as those observed for proteins of
virus capsids, decahedral, Wulff polyhedral, etc.) formed by
the reverse multiply twinned bicontinuous double diamond
mesostructure. Vesicles with a low-curvature lamellar structure
were first formed by the self-assembly of amphiphilic carboxylic
acid molecules in the presence of a nonionic surfactant and
then underwent a structural transformation process that gave a
reverse multiply twinned mesoporous shell while maintaining
the hollow shape. These polyhedral hollow crystals showed an
enhanced contrast of backscattering signatures relative to the
incident acoustic signals and thus could be used as a potential
contrast agent in medical ultrasonography with drug loadings
in the mesopores.

Morphologies and crystallographic structures are believed to
be the key of crystal properties, and control of crystalline

materials at the mesoscopic level is one of the most challenging
issues faced by synthetic chemists. There is growing interest in
the preparation of hollow structures because of their potential
applications in catalysis, controlled drug release, artificial cells,
light fillers, and photonic crystals.1 Some anisotropic hollow
inorganic nanostructures with regular morphologies have been
prepared through various synthetic strategies.2

Silica mesoporous crystals (SMCs), which can be considered
as “cavity crystals”, were discovered in the early 1990s.3 SMCs
can be formed on surfactant micelles that act as templates for the
self-assembly and subsequent and/or simultaneous condensa-
tion of inorganic precursors.4 Extensive research has resulted in
SMCs with a variety of ordered structures5 and morphologies.6

Hollow SMCs (HSMCs) have also been prepared using various
templating routes, with the aim of using them in adsorption,
chromatography, drug delivery, catalysis, etc.7 Occasionally,
HSMCs having a spherical outer shape and a hexagonal hollow
with a shell exhibiting two-dimensional hexagonal p6mm sym-
metry have been observed.8

Herein we report novel HSMCs exhibiting an extraordinary
polyhedral hollow with inner facets formed by a reverse multiply
twinned bicontinuous double diamondmesoporous shell, which has
not previously been observed in crystal structures. These HSMCs

show an excellent echoing characteristic with respect to incident
acoustic signals. The HSMCs were synthesized using amino acid-
derived, anionic, amphiphilic N-stearoyl-L-glutamic acid (C18GluA)
as the template, 3-aminopropyltrimethoxysilane (APS) as a costruc-
ture directing agent (CSDA), and tetraethyl orthosilicate (TEOS) as
the silica source in the presence of the nonionic surfactant C16H31-
(OCH2CH2)10OH (Brij-56). The amino group of the CSDA inter-
acts electrostatically with the negatively charged headgroup of the
anionic amphiphilic molecules, while the alkoxysilane site cocon-
denses with the silica source to form the silica framework.9

Figure 1a shows scanning electron microscopy (SEM) images
of HSMCs synthesized with C18GluA:Brij-56:APS:TEOS:H2O
= 1:1.45:2:15:2335. The HSMCs have a well-defined spherical
morphology with diameters from 600 nm to 2μm, althoughmost
of the HSMCs are less than 1 μm in diameter. After cross-section
polishing, which uses a beam of accelerated argon ions to polish
the material, the unusual polyhedral hollows were clearly re-
vealed. The icosahedral hollow, in which each vertex is shared by

Figure 1. Morphology of the HSMCs. (a) SEM image of the calcined
HSMCs, showing their spherical shape. (b�d)Cross-sectional images of
HSMCs, showing various inner morphologies.
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five faces and has fivefold symmetry, was often observed
(Figure 1b). For the relevant observed shapes, other types of
polyhedra in which each vertex is shared by three or four faces
could also be categorized (Figure 1c,d). More SEM images are
provided in Figure S1 in the Supporting Information.

The powder XRD pattern of the HSMCs (Figure 2a) shows an
intense reflection with a shoulder in the range 1� < 2θ < 2� and a
d spacing ratio of about

√
3/
√
2, which can be indexed to 110 and

111 reflections of the cubic unit cell, as confirmed later by high-
resolution transmission electron microscopy (HRTEM). The unit
cell parameter was found to be a = 10.8 nm. N2 adsorption�desorp-
tion analysis of the HSMCs revealed a typical type-IV isotherm with
an evident hysteresis loop in the range 0.5 < P/P0 < 0.8 (Figure 2b).
TheBrunauer�Emmett�Teller (BET) surface area and single-point
total pore volume of thematerial weremeasured as 688.5m2 g�1 and
1.24 cm3 g�1, respectively. The pore diameter was ∼5.3 nm. The
mesostructure of the shell was checked by HRTEM by crushing
the sample into small pieces. The HRTEM images taken along the
[100], [110], and [111] directions are shown in Figure 2d�f. The
Fourier transform diffractograms (FDs) showed the following
reflection conditions: hkl, none; 0kl, k þ l = even; hhl, none; 00l,
l = even. From these results, two space groups are possible: Pn3
(No. 201) or Pn3m (No. 224). The space group Pn3m was chosen
because of its high symmetry. An electron crystallography study
(Figure 2g,h; see the Supporting Information for details) showed the
mesostructure to be composed of two disconnected but interwoven
tetrahedrally connected networks divided by a silica wall grown along
a typical diamond minimal surface (D surface).10

Figure 3 shows TEM images at different tilting angles for a crystal
with an icosahedral hollow inside. The thickness contrast clearly
presents the inner morphology. Figure 3a shows the TEM image
taken through the center of two opposite intersection edges, clearly
showing the twofold symmetry of the icosahedron. Interestingly, a
twin structure was observed at the boundary of the two domains
taken from the common [110] direction (Figure 3b). The [111],
[110], and [111] directions are in the same plane perpendicular to
the [110] direction, and they differ by 35.3� from each other. It can
be clearly seen that the inner facet is (111). When the crystal was
tilted toward the center of a triangle, threefold symmetry was
observed (Figure 3c,d), and the magnified HRTEM image of the
center area shows the typical Æ111æ contrast. Therefore, all of the
domains are interconnected via a shared (111) surface and form an
icosahedral shape, and the inner surface consists of 20 {111} faces.
This is the first observation that a twin can be formed in bicontin-
uous minimal surface structures (also see Figure S2).

A decahedral hollow was also observed (Figure 4a,b). The entire
crystal gave 10-fold symmetry in its diffraction patterns, as did the
quasi-crystals, and the twin structures were clearly observed. On the
basis of the TEM contrast and the structural model, a model of a
fivefold center was constructed (Figure 4b inset). The five twins
meet along a common[110] direction, and all of the inner planes are
{111}. We predict that the vertexes of the icosahedral shape shown
in Figure 3 also follow this arrangement. Single crystals were also
observed. Figure 4c,d is a TEM image of a crystal taken from the
[100] direction. It shows a truncated octahedron (a so-called Wulff
polyhedron) enclosed by eight {111} and six {100} facets. More-
over, other inner morphologies, combinations of single-crystal and
multiply twinned parts, were also observed. Thus, themorphologies
shown in Figure 1c,d can be explained by hollows enclosed by only
{111} facets (decahedron or octahedron) and by both {111} and
{100} facets (Wulff polyhedra), respectively.

The exceptional morphologies included herein can be ex-
plained by the formation of reverse multiply twinned particles

Figure 3. HRTEM images of an HSMCwith an icosahedral hollow. (a)
TEM image taken from the intersection edge of two triangles; the inset
shows a structural model. (b)Magnified TEM image of the twin plane in
(a). (c) TEM image taken from the center of a triangle, with a structural
model shown in the inset. (d)Magnified TEM image of the center in (c).Figure 2. Shell structure of the HSMCs. (a) XRD pattern of the calcined

HSMCswith Cu KR1 radiation (λ = 1.5406 Å). (b) Nitrogen adsorption�
desorption isotherms. (c) Pore size distribution as determined by a
Barrett�Joyner�Halenda (BJH) plot of the derivative of the pore volume
per unit weight with respect to the pore diameter (dV/dD), based on the
desorption branch. (d�f) HRTEM images and corresponding FDs taken
along the (d) [100], (e) [110], and (f) [111] directions. (g) 3D reconstruc-
tion of one unit cell along the [111] direction. (h) Schematic representation
of the double diamond structure.
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(MTPs). The MTP model was first introduced in the 1960s by
Ino,11 and it successfully explains the presence of the icosahedral
or decahedral shape of metal particles. For a face-centered cubic
(fcc) crystal, the surface energies (γ) of the low-index crystal-
lographic facets follow the order γ{111} < γ{100} < γ{110},
suggesting that a single crystal should take an octahedral or
tetrahedral shape to maximize the exposure of {111} facets.
However, a single crystal normally evolves into a Wulff polyhedron
with a nearly spherical shape, which has the smallest surface area, in
order to minimize the total interfacial free energy. However, MTPs
can be also formed by achieving the lowest total free energy by
maximizing the surface coverage with {111} facets.12 Recently,
MTPs have been found in fcc SMCs.13 Since SMCs are muchmore
flexible before the completion of silica polymerization, they can
compensate for the internal strain energy caused by the angular
misfits (the tetrahedral angle is 109.5�, and the angle of a pentagon is
108�) during the formation of the MTPs.

The MTPs and pentagonal structures have also been discov-
ered in the germanium structure, which has a diamond cubic
structure.14 In this kind of structure, the valence bonds are assumed
to be flexible enough to generate an angular misfit. In our case, the
reverseMTPs formed by the double diamond structure follow a rule
similar to that for the germanium structure. However, it is the first
observation of such hollow MTP crystals, which are not icosahedra
or decahedra obtained by the packing of tetrahedrons sharing {111}
facets but rather polyhedral hollows with inner facets formed by
reverse MTP structures.

To investigate the morphological and structural evolution of
the HSMCs, the XRD patterns, TEM and SEM images of the
products originating from the same initial mixture were mon-
itored as a function of reaction time (Figures S3�S5). After APS
and TEOS were added to the surfactant solution, the XRD
pattern of the products sampled before 1 h showed a lamellar
structure with two reflections having a d-spacing ratio of 2/1.
After 1 h, the two reflections in the 2θ range of 1�2� with a

d-spacing ratio of
√
3/
√
2 began to grow at the expense of the

lamellar peaks as a result of the formation of the double diamond
mesostructure. SEM and TEM images showed that the aggre-
gated hollow architectures were formed at the very early stage of
the reaction (stirred for 10 min). The aggregated spheres then
became separated with the structural transformation. The ex-
istence of polyhedral hollows after 12 h indicates the completion
of the structural and morphological transformation.

These results indicate that the HSMCs were formed by a
lamellar-to-cubic shell transformation of vesicles. The influence
of the nonionic surfactant on mesostructures is associated with
the surfactant packing parameter g = V/a0l, where V is the chain
volume, a0 is the effective hydrophobic/hydrophilic interfacial
area, and l is the chain length (see the Supporting Information for
details).15 The cloud point of Brij-56 is in the range 64�69 �C,16
and its hydrophobicity could be increased with increasing tem-
perature due to the destruction of the hydrogen bond between
Brij-56 and H2O. Therefore, at higher temperatures, the highly
hydrophobic Brij-56 tends to be associated with the hydrophobic
part of the surfactant, which increases the hydrophobic volume of
the micelle and favors low organic/inorganic interface curvature
with a large value of the g parameter. On the other hand, SMC
nanoparticles can easily be formed by addition of the block
copolymer P123 (EO20PO70EO20) or Brij-56;

17 this is consid-
ered to be achieved by the effective dispersion of the nucleation
sites of the SMCs by nonionic surfactants. Therefore, the
lamellar-structured vesicles were formed by packing of Brij-56
molecules on the surfactant and the dispersion effect.

However, the formation of SMCs with a complex form is not
an equilibrium process, and it normally involves growth and
transformation.18 In this system, vesicles with a lamellar structure
underwent a structural transformation to the double diamond
mesostructure. The driving force seems to be the silica con-
densation, which causes the negative charge density of the silicate
network to decrease. The enhanced interaction between the CSDA
and the surfactant would drive the silica close to the micelle surface,
and the organic surfactants would then pack to form a higher surface
curvature. Stacked hexagonal arrays of fusion channels within the
surfactant bilayers would be formed first and then rearrange to form
the double diamond structure (Figure S6).19 It is worth noting that
[111]cubic is perpendicular to the lamellar layer, facing the center of
the sphere, which induced the reverse MTP. The exterior surface
was kept as spherical, perhaps tominimize the surface free energy by
forming the globular shape in the synthesis mixture. The formation
of the polyhedral hollow may be a general phenomenon during the
formation of the hollow shell when the synthesis proceeds in two
steps, initial hollow architecture formation and subsequent recrys-
tallization or structural transformation to highly ordered structures.
The hollowmorphology is determined by the point-group symmet-
ries8 or unique properties such as theMTP in our case. Thus, precise
design and control of the synthesis conditions is necessary.

It is well-known that gas bubbles and polymer hollow spheres
have been widely used as contrast agents in ultrasonography on
the basis of the compressibility and density differences between
the agent and blood.20 It was considered that the reflection
planes of the polyhedral hollow shape may provide a larger
scattering cross section for the ultrasound wave, which would
provide stronger backscattered signatures formed by the outer
surface and enhanced by the hollow. Here we found that the
HSMCswork as an outstanding contrast agent to enhance the back-
scattered signatures from incident ultrasound signals. Figure 5
shows an in vitro ultrasound image of HSMCs obtained by

Figure 4. HRTEM images of HSMCs with decahedral and Wulff
polyhedral hollows. (a) TEM image taken from the common [110]
direction of the decahedron shape. (b) Magnified TEM image of the
center area in (a). The inset shows a structural model of the fivefold
center. (c) TEM image of a Wulff polyhedron taken from the [100]
direction. (d) TEM image overlaid with the Wulff polyhedron model.
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linear ultrasound imaging (B-model). It can be clearly observed
that HSMCs have a superior response to the ultrasound with
various particle sizes even at low emission power (see Figures S7
and S8 for details). While hollow silica spheres have recently
been suggested for use as contrast agents because of their high
biocompatibility and mechanical stability,21 there have been no
reports that SMCs have been used in ultrasonography. Notably,
HSMCs are an ideal reservoir for storage and controlled drug
release and thus could be used as a potential therapy-detection
unified material for medical treatment. The data reported here
represent only initial work; detailed mechanistic studies and
further experiments are underway.

In this work, we have synthesized novel HSMCs with remark-
able reverse MTP polyhedral hollows. The exceptional crystal
structure and unique properties open a new avenue in crystal-
lographic and materials research that might have a significant
impact on crystal engineering, materials science, and mineralogy.
The formation process provides a new method to generate
hollow materials with designed structure and morphology by
structural transformation or recrystallization of the initially formed
hollow architecture. The echoing characteristic of the HSMCs may
also open a new direction in pharmacy and ultrasonography studies.
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Figure 5. In vitro ultrasound images of HSMCs (33 μg/mL) in
degassed aqueous solution with a 7 MHz transducer.


