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A mixture of Gemini cationic surfactant, costructure directing agent (CSDA) with carboxylate group,
and silica oligomer leads to the formation of cage-type mesoporous crystals, and the system changes the
structure from Fm3jm (or P63/mmc) type to Fd3jm type with an increasing amount of additive (HCl).
Here we have investigated the Fm3jm-Fd3jm type intergrowth and new type stacking fault observed in
the intermediate phase using transmission electron microscopy (TEM) and proposed a layer-by-layer
growth mechanism. In order to describe the structures, four types of polyhedra for the tetrahedrally close-
packed structures are introduced. In the intergrowth, the structure changes the packing of spherical micelles
between the Fm3jm (or P63/mmc) and Fd3jm structures depending on the pH. The results can be explained
by the change between a hard sphere characteristic (perfect sphere) in the Fm3jm structure and a soft
sphere characteristic (polyhedron) in the Fd3jm structure. The stacking fault in the Fd3jm structure can be
explained by new arrangement of two polyhedra, the 14- and 15-hedron.

1. Introduction

Since the first silica mesoporous crystals were reported in
early 1990s,1-4 a variety of ordered structures have been
discovered such as bicontinuous, cylindrical, and cage-type.
There are several cage-type structures observed, for example,
cubic Im3jm (SBA-16,5,6 FDU-17), cubic Fm3jm (SBA-12,5,8

KIT-5,9 FDU-1210), cubic Pm3jn (SBA-1,6,11 SBA-66,12), cubic
Fd3jm (FDU-2,13 AMS-814,15), hexagonal P63/mmc (SBA-2,12

SBA-11), orthorhombic Pmmm (FDU-1316), tetragonal P4/
mmm (FDU-1116), and tetragonal P42/mnm (AMS-917). They
can be classified into two types based on the results of three-
dimensional (3D) reconstruction by the electron crystal-
lography method.6,8,15,17 One has a single type of spherical
cage such as Im3jm, Fm3jm, and P63/mmc structures. The
other has several types of spherical cages, typically two, such
as Pm3jn and Fd3jm structures. The P42/mnm structure is also
considered as a cage-type structure with three types of cages.
All these structures are made up of spherical micelles of
block copolymer, cationic surfactant, or anionic surfactant
in the mixture with silica oligomer.

In general, micellar types, such as bilayer, cylindrical, and
spherical, are simply described by a surfactant packing
parameter, g ) V/a0l, which is a function of the total volume
of the surfactant chains V, the effective headgroup area of
the surfactant a0, and the kinetic surfactant tail length l.18-21

Based on this scheme, bilayer, cylindrical, and spherical have
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the g-value in the range of 1/2 < g e 1, 1/3 < g e 1/2, and
g ) 1/3, respectively. With decreasing the packing parameter,
the meso-structure changes from lamellar to cylindrical two-
dimensional (2D) hexagonal through bicontinuous cubic, and
finally cage-type cubic and tetragonal structures appear. In
other words, the surface curvature of the micelle increases
toward spherical micelles. This packing parameter describes
well the shape of the surfactant micelle itself. However, the
mechanism of the micellar packing cannot be described well
from the viewpoint of the packing parameter. It is relatively
easier to understand the case of cubic close-packed (ccp)
and hexagonal close-packed (hcp) structures typified by SBA-
12 and SBA-2 with the densest packing of spherical micelles.
On the other hand, the bimodal spherical micelle structures,
for example, SBA-1 and AMS-8, make it elusive to
understand how their structures are stabilized and energeti-
cally favorable. In all these cases, the structural relationship
and mechanism of each cage-type structure are still not clear
and needs to be discussed based on not only the packing
parameter but also the characteristics of the micelles and their
interactions in the silica-surfactant-water system.

Fm3jm silica mesoporous crystal has a ccp arrangement
of the single type of spherical micelle such as SBA-12. It is
typically made from block copolymer, for example, F127,
under acidic conditions. In general, the ccp structure is well-
known as the structure having the highest packing density
of perfect spheres, 0.74. The structural analogue, the hcp
structure with space group P63/mmc, also has the same
packing density and easily makes an intergrowth with the
ccp structure. The ccp structure can be described as a b c
stacking of hexagonal close-packed layers of hard spheres
along 〈111〉c direction, and the hcp structure is also described
as a b stacking of the layers along [001]h direction.

On the other hand, multimodal silica mesoporous crystals
can be described by a tetrahedrally close-packed (tcp)
structure. In this structure, the spherical micelle makes an
interface with the next micelles and becomes a polyhedron
instead of the perfect sphere. Figure 1 shows four types of
polyhedra, which construct tcp structures. Those four poly-
hedra are the duals of Frank-Kasper polyhedra, introduced
for intermetallic compounds by Frank and Kasper.22,23 All
polyhedra have 12 pentagonal faces like dodecahedron (12-
hedron), and other polyhedra have in addition two, three, or
four hexagonal faces which are not next each other (14-,
15-, and 16-hedron, respectively).

The Pm3jn structure (SBA-1) as shown in Figure 2a
consists of four 12-hedra arranged in bcc (Wyckoff 2a site),
and six 14-hedra form three sets of interlocking columns (6c
site). In 1994 Weaire and Phelan suggested the relaxed
version of the Pm3jn structure with slightly curved edges and
faces as a counter-example to Kelvin’s conjecture24 in which
Kelvin proposed the structure having a minimum surface area
with uniform partition more than 100 years ago, in 1887.25,26

Furthermore, the Fd3jm structure (AMS-8) as shown in Figure

2b consists of sixteen 12-hedra and eight 16-hedra in the
unit cell. The eight 16-hedra are arranged in the diamond
structure (8b site) and sixteen 12-hedra are located between
16-hedra (16c site). According to a system of symbols for
nets, these two structures are categorized as “mep” and “mtn”
structures, respectively.27 In the tcp-type mesoporous crystals,
both surfactant micelle (or cage) and silica wall occupy each
polyhedron as show in Figure 2c. The Fd3jm structure can
be described as a stacking of two kinds of layers made of
these two polyhedra along the [111]c direction. One of the
layers has only 12-hedra arranged in the Kagomé net (Figure
3a), termed layer A (or layer B or C). The other has 12- and
16-hedra as shown in Figure 3b, termed layer R (or layer �,(22) Frank, F. C.; Kasper, J. S. Acta Crystallogr. 1958, 11, 184–190.

(23) Frank, F. C.; Kasper, J. S. Acta Crystallogr. 1959, 12, 483–499.
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A 2003, 59, 22–27 (see also the Reticular Chemistry Structural
Resource, http:/rcsr.anu.edu.au).

Figure 1. Schematic drawings of four types of polyhedra, which make up
tetrahedrally close-packed structures. 12-hedron (512-hedron) (a), 14-hedron
(51262-hedron) (b), 15-hedron (51263-hedron) (c), and 16-hedron (51264-
hedron) (d).

Figure 2. Representations of the Pm3jn structure (a) and the Fd3jm structure
(b). The polyhedra occupied by cage (white) and silica wall (gray) (c). Cages
can be connected to each other through a window.
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�′, γ′, or γ). Figure 3c shows the stacking sequence of the
Fd3jm structure made by these two types of layers, layer A
and layer R, where layer R and layer R′ are related each
other by mirror plane. The same goes for layer � and layer
�′ and layer γ and layer γ′.

In the carboxylic group functionalized mesoporous silicas
(CFMS) using cationic surfactant, the meso-structure changes
from the Fm3jm structure to Fd3jm structure with increasing the
amount of HCl.28 In the intermediate phase, the intergrowth of
these two structures has been directly observed using transmis-
sion electron microscopy (TEM) with a new type of stacking
fault. Defects of mesoporous crystals can be more diverse than
crystalline solids because the meso-structure before completion
of silica condensation is more flexible and the energy required
for stabilizing defects is far less than in crystalline solids, thereby
making the formation of defects more likely.29,30 The defect in
the solid affects the properties of materials, and it is of
importance to control the defect in terms of crystal nucleation,
growth, bulk and surface catalytic reactivity, and diffusion
properties. It is also crucial to achieve a proper internal structure
and morphological features without defects for many applica-
tions. TEM is the only technique capable of giving direct
information of the local structure in meso-scale.31-34 Further-
more, 3D structures of mesoporous crystals can be recon-
structed using the electron crystallography or tomography
methods.6,8,15,17,35-39 Here we have investigated the detail

structure of the intergrowth and stacking fault and pro-
posed a structural model based on the characteristics of
silica-CSDA-surfactant micelles in water.

2. Experimental Section

Preparation of CFMS. Reagents and materials for preparation
of CFMS and surfactant preparation are described in Supporting
Information S1. A typical synthesis route by using TEOS as
precursor and carboxyethylsilanetriol sodium salt (CES) as CSDA
was as follows. A total of 1.40 g of Gemini surfactant was dissolved
in 9.00 g of deionized water followed by x g of HCl (x ) 0.8-2.4),
then 0.39 g of CES was added together with 0.78 g of TEOS, and
the mixture was stirred for 2 h at room temperature. The final
composition is C18-3-1:2CSS:xHCl:15TEOS:2000H2O (x ) 0.8-2.4).
The mixture was then transferred to a Teflon bottle and heated at
373 K for 2 days. The surfactant was removed from the as-
synthesized material by calcination at 550 °C for 6 h.

Transmission Electron Microscopy. For TEM observation, the
sample was crushed in an agate mortar, dispersed in ethanol, and
dropped on a carbon thin film on a Cu grid. High-resolution TEM
(HRTEM) was performed with a JEOL JEM-3010 microscope
operating at 300 kV (Cs ) 0.6 mm, point resolution 1.7 Å). Images
were recorded with a CCD camera (MultiScan model 794, Gatan,
1024 × 1024 pixels, pixel size 24 µm) at 50 000-80 000 times
magnification under low-dose conditions. TEM image simulations
of the idealized mesoporous structures were performed using
dedicated software of MesoPoreImage.40 The MesoPoreImage
provides the image calculated from a 3D continuum model of
mesoporous crystal structure. In order to adjust the image contrast
of the simulated to that of the observed, a parameter representing
surface roughness on the pore surface was introduced.

3. Results and Discussion

3.1. Fm3jm Structure and Fd3jm Structure. With increas-
ing the amount of HCl in the synthesis conditions, structural
change from the Fm3jm (HCl ) 0.8-1.9) to Fd3jm (HCl )
2.1-2.4) structures occurs; see powder XRD pattern in Sup-
porting Information S2. Figure 4 shows HRTEM images of
Fm3jm (HCl ) 1.9) and Fd3jm (HCl ) 2.1) structures taken
along the [1j10]c direction. Figure 4a shows intergrowth of ccp
(Fm3jm) and hcp (P63/mmc) structures, where both a b c (for
ccp) and a b (for hcp) stacking sequences are observed. The
stacking faults make streaks along the [111] stacking direction
in the Fourier diffractogram (marked with arrows). Figure 4b
shows the Fd3jm structure with several stacking faults. Cubic
stacking (e.g., A R B � C γ) and hexagonal stacking (e.g., B �
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Figure 3. Schematic drawings of the Fd3jm structure. Layer A which consists
of only 12-hedra arranged in Kagomé net (a) and layer R which consists of
12- and 16-hedra (b). Stacking sequence of both layers along [111] direction
(c).
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C �′) are observed. Figure 4c shows a magnified HRTEM
image, and two kinds of layers, for example, layer A and layer
R, are also displayed in the image. The unit cell parameters are
aFm3jm) 10.1 nm for the Fm3jm structure and aFd3jm ) 16.9 nm for
the Fd3jm structure, calculated from their electron diffraction
patterns.

3.2. Intergrowth of Fm3jm and Fd3jm Structures. In the
intermediate phase (HCl ) 2.0), the intergrowth of the Fm3jm
and Fd3jm structures is observed (see powder XRD pattern
in Supporting Information S2). Figure 5 shows the inter-
growth of two successive tilt series (30° between them) from
the same area. It is clear from the HRTEM images (Figure
5) and Fourier diffractograms of both domains (Supporting
Information S3) that the [1j10] direction of the Fm3jm
structure (top and bottom domains) corresponds with the
[2j11] of the Fd3jm structure (middle domain) with common
[111] axis in Figure 5a and the [2j11] of the Fm3jm structure
and the [1j01] of the Fd3jm structure in Figure 5b as well.
From these results, we can conclude that the Fm3jm structure
and the Fd3jm structure have epitaxial relationship with 30°
rotation along common [111] axis. They have a relationship
of aFd3jm/aFm3jm ) �3 ≈ 1.73. It is consistent with the unit
cell parameters of aFd3jm ) 16.2 nm (Fd3jm domain) and aFm3jm

) 9.3 nm (Fm3jm domain), that is, aFd3jm/aFm3jm ) 1.74,
calculated from their electron diffraction patterns.

Figure 6 shows magnified HRTEM images of the boundary
of two structures. Based on the HRTEM images, the
intergrowth model from the Fd3jm structure to the Fm3jm
structure is considered as the following. The structural change
may take place on 12-hedron layer (layer A) of the Fd3jm
structure. Figure 7 shows the new layer structure (termed
layer λ) on the layer A. The layer λ consists of two kinds of
spheres, where a small sphere occupies the lattice point of

the triangular net as shown in orange color, and a large sphere
is on the center of hexagon of the Kagomé net as shown in
blue. The layer λ results in the base layer (e.g., layer a) for
the successive Fm3jm structure. The hexagonal close-packed
layer, for example, layer c in Figure 6, can be placed on
layer λ for the ccp (λ () a) b c a b c...) or hcp
(λ () a) b a b...) structures. TEM images of the boundary
are simulated based on the model. A good agreement is
observed with HRTEM images as shown in Figure 6. Each
cage size for the image simulation is listed in Table 1, where
the cages were occupied by the surfactant before calcination.
For simplification, all cages were assumed as perfect spheres
instead of polyhedra, and sphere-sphere overlap was permit-
ted if necessary. In the layer λ, the small sphere has the same
size as the 12-hedron of layer A and layer R, and the large
sphere has the same size as the 16-hedron of layer R.
Therefore, two kinds of micelles may keep their size during
structural change whereas they change their arrangements
and characteristics in the layer λ for the successive hexagonal
close-packed layer of the Fm3jm structure. It is worth noting
that the volume of the large sphere (16-hedron) is twice of
the small sphere (12-hedron) whereas that of the sphere of
the Fm3jm structure is between the small and large spheres.

3.3. New Stacking Fault in the Fd3jm Structure. Several
stacking faults are observed in the Fd3jm domain as shown in
Figure 8a,b. The domain consists of A C C A B A C C stacking
of 12-hedron layers, where a new stacking sequence (C C) is
observed. This stacking sequence is not allowed in the Fd3jm
structure and has not been reported in the silica mesoporous
system. This new layer between two 12-hedron layers (layer
C) is termed layer z. The full explanation of the Fd3jm domain
in Figure 5 is the following from bottom to top

Aγ ′ CzCγARBR ′ Aγ ′ CzCγAzAγ ′ CγA

Figure 9 shows the new layer z with layer A, which consists
of two types of polyhedra. One is 15-hedron, which has
twelve pentagons and three hexagons, and it is arranged in
the triangular net. The other is 14-hedron, which has twelve
pentagons and two hexagons, and it occupies the center of
the triangular net. It leaves us another possibility of the new
mesoporous crystal which consists of only layer z. It may
have a 3D hexagonal structure with P6/mmm symmetry.
Interestingly, 14-hedron is also one of the constituents for
the Pm3jn and P42/mnm structures. Schematic figures of the
layers and simulated TEM images of layer z are inserted in
HRTEM images (Figure 8), and they fit the contrast of the
observed image. Each cage size for image simulation is listed
in Table 2, where 15-hedron was assumed as spheroid
because the simulated image was far from the observed
image by using perfect spherical shape. Although all the
cages have different volumes, the new layer z has the same
arrangement of two polyhedra as that of two spheres in layer
λ as shown in Figure 7. The 15-hedron corresponds with
the small sphere of layer λ and the 14-hedron with the large
sphere of layer λ.

3.4. Layer-by-Layer Growth Mechanism of the Hard
Sphere Fm3jm Structure and Soft Sphere Fd3jm
Structure. We found several types of stacking sequences and
new layer structures in the intermediate meso-structure. All
structural changes take place on layer A, that is, the Kagomé

Figure 4. HRTEM images and their Fourier diffractograms of the Fm3jm
structure ([1j10] direction) (a) and the Fd3jm structure ([110] direction) (b)
and magnified image of white square region in (b) with the shematic
drawings of layer A and layer R (c). The stacking faults make streaks along
[111] direction in the Fourier diffractograms as marked with arrows.
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net of 12-hedra, of the Fd3jm structure through two kinds of
intermediate layers (layer λ and layer z) which control the
successive layers. Figure 10 summarizes possible stacking
sequences as well as the Fd3jm sequence. For the further
discussion of the growth mechanism, two micellar charac-
teristics, hard sphere and soft sphere, are introduced. In the
Fm3jm structure, a micelle is considered as a hard sphere,
which has a packing parameter of 1/3, resulting in the densest
packing of uniform hard spheres. On the other hand, in order
to attain bimodal micelles for the Fd3jm structure the micellar
size and shape have to be adjustable as a soft sphere during
the crystallization, resulting in the polyhedra.

(i) Fd3jm Structure (stacking sequence: A R B � C γ or
A γ′ C �′ B R′). When layer B is placed after layer A with
the shift of (2/3, 1/3) unit cell through layer R, this stacking

sequence, A R B, results in the Fd3jm structure. In the layer
R structure, the two different cages occupy three unique sites
on the layer A. One 12-hedron is at one of the triangle sites
of the Kagomé net (site A) and one 16-hedron at the other

Figure 5. HRTEM images of the intergrowth of the Fm3jm (top and bottom) and Fd3jm (middle) structures. Each domain is taken along [1j10]Fm3jm and
[2j11]Fd3jm directions (a) and [2j11]Fm3jm and [1j01]Fd3jm directions (b).

Figure 6. Magnified HRTEM images of the intergrowth of the Fm3jm and
Fd3jm structures with simulated TEM images.

Figure 7. Schematic drawings of the boundary layer (layer λ) on layer A
along [1j10] (a) and [111] (b) directions.

227Chem. Mater., Vol. 21, No. 2, 2009TEM Studies of Cage-Type Mesoporous Crystals



triangle site (site B). The hexagonal site of the Kagomé net
(site C) is occupied by the 16-hedron.

(ii) New Structure in the Fm3jm structure (A z A). When
the layer A is placed on the top of layer A without shift
through layer z, this stacking sequence (A z A) is the new
type of layer structure observed in the Fd3jm domain. 15-
hedron is placed at the triangle site of layer A (sites A and

B) and two connected 14-hedra along stacking direction
occupy hexagonal site (site C). The difference between case
(i) and (ii) is the difference of the arrangement and size of
the polyhedra on the layer A.

(iii) Boundary between the Fm3jm and Fm3jm Structures
(A λ b). The hexagonal close-packed layer, layer b or layer
c, is following layer A through layer λ, leading to an
intergrowth of the Fd3jm and Fm3jm structures. The stacking
sequence of the boundary is A λ b. The arrangement of the
spheres in the layer λ is the same as that of the layer z, but
two spheres of the layer λ may have both soft and hard sphere
characteristic for the precedent Fd3jm structure and the
successive Fm3jm structure, respectively. A small sphere
occupies the triangle site of layer A (site A and B) and a
large sphere occupies the hexagonal site (site C).

(iV) Fm3jm (P63/mmc) Structure (a b c or a b). The Fm3jm
structure consists of the stacking of hexagonal close-packed
layers, such as layer a. On the top of the Fm3jm structure,
any of the hexagonal close-packed layers can be followed
by layer λ as a base layer for the Fd3jm structure.

In this system, the interaction between the negatively
charged carboxylate site of CES and the positively charged
headgroup of the cationic surfactant can be controlled by
the additive HCl.28 Accordingly the appropriate spherical
micellar packing such as Fm3jm and Fd3jm structures is
constructed, where the main factor of the packing can be
the delicate interaction between the micelle/CSDA/silica
composites. In the low amount of HCl, the pH of the solution
is basic due to the presence of the sodium alcoholate group
of the CSDA. As a result, the spherical micelle tends to be
a hard sphere and leads to the Fm3jm structure with the
densest packing. On the other hand, addition of HCl makes
the solution more neutral. It leads to the possibility for the
spherical micelle to be a soft sphere instead of a hard sphere
due to the ionization degree of CSDA, where the size and
shape of the sphere are variable. Then, the micellar packing
may take the tcp structure, that is, the Fd3jm structure. The
intergrowth of the Fm3jm and Fd3jm structures in the
intermediate phase suggests to us that the ionization degree
of carboxylate groups of CSDA varies locally during the
crystal growth. This fluctuation leads to the oscillatory
growth of both structural types. It is worth noting that Che
reported the structural change between P63/mmc and Pm3jn
structures, where the meso-structure consists of cationic
surfactant and silica source under acidic condition with
various acids such as H2SO4 and HCl.41,42 It can be the same
type of structural change between hard and soft sphere type
structures as observed in this system. They discussed the
effect of ionic species, in which the meso-structure is
controlled by the charge density matching between the
surfactant and silicate and the rate of silica condensation
caused by counteranion.

With respect to the relative stability of the hard and soft
sphere type structures, Ziherl and Kamien proposed that
micellar structures are determined by the balance between a

(41) Che, S.; Lim, S. Y.; Kaneda, M.; Yoshitake, H.; Terasaki, O.; Tatsumi,
T. J. Am. Chem. Soc. 2002, 124, 13962–13963.

(42) Che, S.; Li, H. C.; Lim, S.; Sakamoto, Y.; Terasaki, O.; Tatsumi, T.
Chem. Mater. 2005, 17, 4103–4113.

Table 1. Cage Type and Cage Size for the Image Simulation of
Intergrowth with Relative Volume Ratio

cage type cage size (radius) relative volume

small sphere (layer λ),
12-hedron (layer A and layer R)

2.75 nm 1.00

large sphere (layer λ),
16-hedron (layer R)

3.50 nm 2.06

Fm3jm structure hard
sphere (layer a)

3.10 nm 1.43

Figure 8. Magnified HRTEM images of the Fd3jm structure with stacking
faults taken along [1j10] (a) and [2j11] (b) directions. Simulated TEM images
and schematic drawings are inserted.

Figure 9. Schematic drawing of the layer z along [1j10] (a) and [111] (b)
directions.

Table 2. Cage Type and Cage Size for the Image Simulation of
Layer z with Relative Volume Ratio

cage type cage size (radius) relative volume

12-hedron (layer A) 2.75 nm 1.00
14-hedron (layer z) 3.05 nm 1.36
15-hedron (layer z) *1a a ) b ) 3.05 nm

and c ) 3.45 nm
1.54

a *1: Spheroid was assumed.
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close-packing rule associated with the hard-core interactions
and positional entropy, and a minimum-area principle
associated with the soft tail and internal entropy of the soft
coronas.43,44 The former leads to the hard sphere type
structure and the latter leads to the soft sphere type structure.
This principle has been applied to surfactant/water systems45

and may possibly be applicable to mesoporous silica systems,
too. From another perspective, the Weaire-Phelan structure,
which is the relaxed version of the Pm3jn structure and one
of the soft sphere type structure, has been considered as the
smallest area minimized structure with equal volumes.
However, it is obvious that the soft sphere type Fd3jm
structure has two kinds of cages (polyhedra or composites)
with different volumes. It means that we have less volume
constrains in micelles, that is, unlike foams, micelles of
different volumes may be allowed with keeping a minimum-
area principle. These two points need to be taken into account
in order to discuss the stability of the structures.

4. Conclusion

Intergrowth of two typical structures with Fm3jm (or
P63/mmc) and Fd3jm symmetries was investigated using
TEM. Direct observation by TEM clearly shows the
epitaxial relationship between the two cubic structures
with 30° rotation along the common [111] axis. The
simulated TEM images of the proposed structural model
for the boundary of two structures agree very well with
the observed ones in both successive tilt angles. In the
intergrowth, the structure changes the packing of spherical

micelles between the hard sphere packing with the Fm3jm
(or P63/mmc) structure and the soft sphere packing with
the Fd3jm structure. It may be caused by the slightly
different pH conditions in the synthesis solution due to
the additive HCl. Furthermore, the new type layer has an
arrangement of 14- and 15-hedra and was observed as a
planer defect in the Fd3jm structure. A layer-by-layer
crystal growth mechanism together with the local fluctua-
tion in the solution plays an important role for the defect
formation. To study the precise size, shape, and surface
area of the each sphere will be very important not only to
understand these structural changes quantitatively but also
to get deep knowledge of how they stabilize their
structures and how the synthesis conditions affect their
structures. Further studies will focus on these points.
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Figure 10. Schematic drawings of three possible stacking sequences with layer A.
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