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A simple strategy in terms of fabrication time (within minutes) and composition phase domains was
used to design optical cage mesostructured silica monoliths with shape- and size-controlled cavities and
entrance pores, large-sized glass (crack-free), thick-walled framework up to 20 nm thick, uniformly sized
mesopores of∼14 nm, and cubically ordered geometries. This is the first report of using a rapid templating
method in microemulsion systems to fabricate mesoscopically ordered silica/copolymers composites that
have cage structures. With use of this strategy, which is based on an instant direct-templating method,
the size of the cavities and entrance pores of highly ordered monolithic cages (designated as HOM-C)
were enlarged by a high concentration of copolymers (EOmPOnEOm) used in the composition phase
domains, by a high degree of swelling, and by large PO-EO blocks (core-corona) of the copolymer
templates. Our strategy enables actual control over the phase structures of the copolymers. Thus, a family
of cubic cage mesostructured monoliths was feasibly fabricated in large orientationally ordered domains.
The HOM-C structures fabricated here exhibited long-term retention (about a month) of the hierarchically
ordered structures under extreme hydrothermal conditions. Our results show evidence that the size and
shape of the connecting pores and the nature of the spherical cavity of the cage geometry crucially
influenced the retention of the HOM-C cage character when the monolith was subjected to hydrothermal
treatment such as boiling water.

Introduction

Ordered nanostructured molecular sieves with controllable
pore geometry and nanoscale size (2-30 nm) are of
technological interest due to potential widespread applica-
tions.1 Organic molecule-templated synthesis strategies are
commonly used to direct the design of materials that have a
variety of ordered architectures in 2D and 3D (two- and
three-dimensional, respectively).2-8 Among all possible sur-
factant templates, the amphiphilic triblock copolymers of
Pluronic-types (EOmPOnEOm) have been described as the
most commonly used systems to develop mesoporous
materials that are highly ordered and have large pore
dimensions (up to 10 nm) without the use of swelling agents
and to develop thicker wall structures that have improved
hydrothermal stability compared with that of the parent MS41

family.3 The 3D cubic morphologies show particular promise
for advanced functionalities, such as unique nanostructured
designs composed of metals,9 semiconductors,10 composites,11

and carbons.12 Ordered cubic mesostructures with cage-like
structures are desirable in terms of their potential, among
all 3D mesostructured materials. Due to the well-defined pore
sizes of spherical cavities and the connectivity among pores,13

the 3D cage structures are promising in many practical
applications, such as separation of protiens,14 electronics,15

catalytic surfaces and supports,16 sensing,17 and inclusion
chemistry.18

Cage structures such as cubicPm3n (SBA-1)19 and 3D
hexagonalP63/mmc(SBA-2)20 have been fabricated using
alkylammonium surfactants under acidic and basic condi-
tions, respectively, whereas cubicFm3m with intergrowth
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(SBA-12) has been fabricated using Brij 76 surfactant under
acidic conditions.3,21 However, the utility of these cage
structures, particularly in inclusion chemistry, has been
inhibited by the restrictive syntheses (under basic or even
under acidic conditions), by the structural complexity of the
intergrowth mesophases, and by the limited pore sizes up to
4.0 nm.18 Recently, large pore cages (>7 nm in diameter)
of cubicFm3m (FDU-, KIT-types)14,22 andIm3m (SBA-16)
have been fabricated using copolymer templates under acidic
conditions.3,13 Although syntheses of these cage materials
yielded ordered cage structures with large pore size up to
12 nm, the potential of these materials could be impeded by
the intensive, time-consuming, and hydrothermal synthesis
conditions required and by the powdery products in small
domain sizes. If ordered 3D cage structures can be fabricated
by simple, reproducible synthesis designs into optically
translucent monoliths that are crack-free at the macroscopic
length scale, then their applications can be widely ex-
panded.1,23

A synthesis design that achieves reliable control over the
microstructure phase of the templates and over the final
mesostructured replicas can possibly be used to design large
mesoscopically ordered domains with a variety of meso-
phases.24 Flexibility in controlling the 3D geometrical cage
shape and size is of interest in potential catalysts and sorbents
because 3D morphology and cage functionality should allow
efficient transport of guest species via much more direct and
easier diffusion to the network sites.13,14,16Furthermore, the
development strategy that leads to high retention of the
mesostructured frameworks subjected to hydrothermal treat-
ments remains a significant challenge in materials synthesis.
Due to the amorphous character of network pores, the
hierarchical structures might collapse under boiling or even
under steaming. Recent effort to improve the synthesis
methodologies has led to hydrothermally stable frame-
works.25,26 However, the complexity of the stabilization
procedures that result in a relatively poor mesoscopic
ordering in the mesopore architectures could limit the facile
and potential commercial applications of these materials in
the petrochemical industry.

Here we developed a design strategy that is simple and
fast, yet reproducible, and fulfills the growing demand for
production yield of nanostructured materials for preparing
cage-like mesostructures. This strategy, based on instantly
preformed liquid-crystalline phases, seems promising as a
broadly applicable method for controlling the mesophase
domains and morphologies of templates and controlling the
extended long-range ordering in the final monolithic replicas.
This is the first report of using a rapid templating method in
microemulsion systems to synthesize highly ordered silica/
copolymers composites that have cage structures. In this
study, a family of highly ordered cubic cage silica monoliths
(HOM-C) with Ia3d, Pm3n, Im3m, andFm3m symmetries,
large spherical cavities of 14 nm, and pore entrance sizes
up to 9.8 nm was successfully prepared using microemulsion
liquid-crystal phases of commercial copolymers as templates.
These cage structures exhibited unprecedented hydrothermal
stability in boiling water. Long-term retention of both the
orientational ordering (1-3 days) and the hierarchical
framework (for a month or even longer) was achieved.

Experimental Section

Chemicals.All materials were used as produced without further
purification. Triblock poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) [designated as EOmPOnEOm] copolymers and
tetramethyl orthosilicate (TMOS), which was used as the silica
source, were obtained from Sigma-Aldrich Company Ltd., USA.
The copolymer surfactants were Pluronic P123 (EO20PO70EO20, Mav

) 5800), Pluronic F68 (EO80PO27EO80, Mav ) 8400), and Pluronic
F108 (EO141PO44EO141, Mav) 14.600) copolymers, where EO is
-CH2-CH2O- (hydrophilic part, or corona) and PO is-CH2

(CH3) CH-O- (hydrophobic part, or core). The EO content was
30, 80, and 83 wt % for P123, F68, and F108 copolymers,
respectively. The solublizing agents of hydrocarbon alkanes with
different alkyl chains, such as octane and nonane (CnH2n+2) and
1,3,5-trimethylbenzene (C6H3(CH3)3, or TMB), were obtained from
Wako Company Ltd., Osaka, Japan.

Synthesis of Cubic Cage Silica Monoliths.A family of highly
ordered cubic cage silica monoliths (HOM-C) was synthesized by
using triblock copolymers (P123, F68, and F108) in the instantly
direct templating liquid-crystal phase, as recently reported.24 For
example, synthesis of cubicIm3m cage-like monoliths (HOMC-1)
at a F108/TMOS mass ratio of 35 wt % in the lyotropic systems
was as follows. First, 0.7 g of F108 and 2 g of TMOS were
dissolved in a flask by shaking in a water bath at 50-60 °C for
1-2 min, thus yielding a clear solution (i.e., homogeneous). Then,
1 g of H2O/HCl (pH ) 1.3) was quickly added to this solution.
The mass ratio of F108:TMOS:H2O/HCl was 0.7:2:1. Synthesis of
other monolithic samples at various copolymer/TMOS ratios was
done using the same procedure. The amount of copolymer was
varied at 1.0, 1.4, and 1.6 in the mixture composition to fabricate
cage mesophases with copolymer/TMOS mass ratios of 50, 70, and
80 wt %, respectively (Table 1).

In the quaternary microemulsion system (copolymer:hydrocarbon:
TMOS:H2O), the hydrocarbons were dissolved in the copolymers
prior to the addition of the TMOS in all HOM-C syntheses. The
amount ratio of copolymers to aliphatic hydrocarbons (alkane) was
kept at 2:0.5. For all the syntheses of HOM-C monoliths, however,
this amount ratio was increased to 2:1 when TMB was used as a
solublizing agent added to the microemulsion phase designs to
optimize both the swelling and the interfacial surface curvature of
the copolymer micelles (Table 1). The composition mixture domains
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were not aged (i.e., without static conditions). The methanol that
was initially produced aided the formation of well-homogenized
phase as previously reported.24 The removal of methanol by gentle
vacuum at 45-50 °C (Table 1) was necessary to form highly
reproducible glassy silica monoliths during the solidification
process. Within∼10 min of methanol removal, the resulting viscous
liquid changed to an optical gellike material (solid product) and
acquired the shape and size of the reaction vessel. To obtain
centimeter-sized, crack-free, and shape-controlled silica translucent
monoliths (Figure 1a), the resultant translucent silica/copolymer
mesophase monoliths were gently dried at room temperature for 3
h and then allowed to stand in a sealed container at 40°C for 10
h to complete the drying process. The copolymer and the incor-

porated TMB and alkanes were removed by calcination. The
HOM-C solid monoliths were pretreated in N2 flow of 90 mL min-1

for 1 h at 450°C (heating rate 3°C min-1). For complete removal
of the organic moieties, the monoliths were then treated in O2 gas
for 6 h at 450°C.

Hydrothermal Treatments of Cage Monoliths. To check the
hydrothermal stability of HOM-C, the calcined monolithic samples
were first ground into powder. The resultant powder samples (about
250 mg) were then refluxed in deionized water at 100°C while
stirring for different periods of time (from 1 to 30 days). After the
refluxing, the samples were filtered and dried at 120°C.

Analyses.Small-angle powder X-ray diffraction (XRD) patterns
for HOM-C materials were measured by using an MXP 18

Table 1. Structural Parameters of Cubic Cage-like Silica Monoliths (HOM-C) Synthesized in Microemulsion Systems of Copolymers; Mesopore
(Vp)/Micropore (Vm) Volumes, Unit Lattice Dimension (a), BET Surface Area (SBET), Cavity Pore Size (R), and Wall Thickness (W)

mesophase synthesis conditions

copolymer templates
S/Pc

% Hd
T

°C
cubic

structure
VP

cm3/g
Vm

cm3/g
a

nm
SBET

m2/g
RBJH

nm
(E-R)a

nm
Wb

nm

P123 35 e 45 Im3m 0.55 0.07 12.5 523 5.4 (<4) 7.1
(EO20PO70EO20) 35 C9 45 0.66 0.10 13.9 687 6.8 (<4) 7.1

35 TMB0f 45 0.58 0.09 12.5 510 6.0 (<4) 6.4
35 TMB2 45 0.66 0.11 15.0 550 7.2 (<4), (∼6) 7.8

PF68 50 45 Ia3d 0.92 0.05 18.8 790 5.4 (<4) 13.4
(EO80PO27EO80) 50 TMB0 45 1.10 0.07 19.7 961 5.6 (<4) 14.1

70 C8 45 1.28 0.08 21.7 920 6.4 (<4) 15.3
70 C9 45 0.92 0.08 24.0 645 7.2 (<4), (∼6) 16.8
50 TMB1 45 Pm3n 1.00 0.08 19.7 860 6.4 (<4) 13.3
50 TMB2 45 0.88 0.08 22.4 721 6.8 (<4) 15.6

F108 35 45 Im3m 0.73 0.13 15.6 700 5.0 (<4) 10.6
(EO141PO44EO141) 35 C9 45 0.50 0.13 15.6 604 6.0 (<4) 9.6

35 TMB0 45 0.50 0.13 15.6 742 6.4 (<4) 9.2
70 TMB0 50 1.01 0.11 20.8 755 12.2 (<4), (∼8.4) 8.6
80 - 50 1.90 0.09 17.8 1085 10.0 (<4), (∼6) 7.8
80 TMB0 50 1.25 0.1 19.2 755 12.2 (<4), (∼7.1, 9.1) 7.0

35 TMB2 45 Fm3m 0.42 0.13 23.5 500 7.8 (<4) 19.7
70 C9 50 1.01 0.12 21.8 825 9.1 (<4) 12.7
70 TMB2 50 1.10 0.18 28.7 575 13.8 (<4),(∼9.8) 14.9
80 TMB2 50 1.30 0.24 27.7 845 13.8 (<4),(∼9.8) 13.9

a Cylindrical pore sizes of entrances calculated from N2 isotherms “desorption branch” using BJH method.b Thickness calculated by subtracting the pore
cavity size (R) from the lattice constants.c S/P (%) is the percentage of copolymers to TMOS in the composition domains, [amount of copolymer/amount
of TMOS × 100]. d Additive hydrocarbons (alkanes, and 1,3,5-trimethylbenzene) to the lyotropic phase domains.e Cage monoliths synthesized by lyotropic
phase systems.f TMB0,1,2, the amount ratio of TMB:copolymer is 0.25:2, 0.5:2, and 1:2, respectively.

Figure 1. (a) Optically transparent cubic cage-like monoliths HOM-C after (a, left) and before (a, right) removal of the copolymer templates by solvent
extraction. TEM micrographs of representative cage monolithic silica structures fabricated in microemulsion systems of the copolymers. Viewed down the
(b) [311] and (c) [100] directions of cubicIa3d (HOM-C5) andPm3n (HOM-C9) fabricated by using F68 template with a TMB:F68 mass ratio of 0.25:2
and of 1:2, respectively. Viewed down the (d) [100] direction of cubicIm3m (HOM-C1) fabricated by using P123 template with a TMB:P123 ratio of 0.25:2.
Viewed down the (e) [110] direction of cubicFm3m (HOM-C10) fabricated by using F108 template (F108/TMOS ratio of 80 wt %) with a TMB:F108 mass
ratio of 1:2.
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diffractometer (Mac Science Co. Ltd.) with monochromated Cu
KR radiation with scattering reflections recorded for 2θ angles
between 0.3° and 6.5° corresponding tod spacings between 29.4
and 1.35 nm. N2 adsorption-desorption isotherms were measured
using a BELSORP36 analyzer (JP. BEL Co. Ltd) at liquid N2

temperature (77 K) by using the Brunauer-Emmett-Teller (BET)
method of surface area and the Barrett-Joyner-Halenda (BJH)
analyses of pore size distributions from th e adsorption curve of
the isotherms. All samples were pretreated at 300°C for 8 h under
vacuum until the pressure was equilibrated to 10-3 Torr. Transmis-
sion electron microscopy (TEM) images were obtained by using a
JEOL TEM (JEM-2000EXII) operated at 200 kV with a side-
mounted CCD camera (Mega View III from Soft Imaging System
Co.). The TEM samples were prepared by dispersing the powder
particles onto holey carbon film on copper grids.29Si MAS NMR
spectra at room temperature were also measured using a Bruker
AMX-500 operated at 125.78 MHz with a 90° pulse length of 4.7
µs. For all samples, the repetition delay was 180 s with a rotor
spinning at 4 kHz. The chemical shift scale was externally set to
zero for the29Si signal by using tetramethylsilane.

Results and Discussion

Synthesis of Periodically Cubic Cage Monoliths (HOM-
C). Monolithic cage mesostructures with various cubic
mesophase geometries can be synthesized over a wide range
of composition domains of triblock copolymers (EOmPOn-
EOm) using instant direct-templating strategy in microemul-
sion systems, as listed in Table 1. This synthesis strategy is
simple in terms of fabrication time (minutes) and in
composition (copolymers/hydrocarbons/TMOS/H2O) do-
mains and is efficient in designing ordered cubic cage
mesostructures into monoliths that are mechanically stable,
optically translucent, macroscopically large scale, and crack-
free (Figure 1a). Despite the cage materials being prepared
in normal synthesis conditions (see Experimental Section),
the monoliths have retained their strength and toughness in
terms of transparency for a long time (1 year to date), as
previously reported.24,27,28 Such long-term retention makes
these monoliths technologically promising.1,23 In the instantly
preformed microemulsion liquid crystal phases, the addition
of TMOS to copolymer/hydrocarbon domains formed well-
homogenized sol-gel mixtures, particularly when the co-
polymer concentration was high (70-90 wt %). An acidified
aqueous solution (1e pH e 1.3) was added to the mixture
domains to quickly achieve the desired liquid-crystal phase
and then to promote hydrolysis of the TMOS around the
liquid-crystal phase assembly of the copolymer surfactants.
Under these acidic conditions, viscous gellike copolymer-
silica phase structures were successfully fabricated in rapid
gelation (∼10 min). Despite such rapid gelation, long-range
ordered frameworks with cage geometrical structures were
attained (Figures 1b-e and 2). The addition of hydrocarbons

to the mixture domains can successfully form a quaternary
system and can significantly accelerate the polymerization
of inorganic species while improving the mesopore periodic-
ity.24 Furthermore, the instantly preformed liquid-crystal
phase templating strategy,24 in principle, reveals new insight
into actual control of mesophase geometry and cage meso-
pore organization (Table 1), and such control is an extension
of the direct templating method.27 Therefore, cage monoliths
with various 3D geometries were feasibly fabricated (Table
1). Here, the TEM images (Figures 1b-e) are direct, real-
space evidence that long-range ordered cage pores in large-
scale domains along the incidences are characteristic of the
monoliths (designated as HOM-C). The most prominent
feature of these HOM-C monoliths was uniform arrangement
and continuous ordering along all directions without distor-
tion, indicating the integrity of the cubically ordered cage
frameworks withIa3d, Pm3n, Im3m, andFm3msymmetries
(Figures 1b-e).

Cubic cage-likeIa3d monoliths (HOM-C5) were success-
fully fabricated here for the first time in microemulsion
systems of F68 (EO80PO27EO80) copolymer (Table 1). The
XRD pattern (Figure 2Aa) shows finely resolved Bragg
diffraction peaks, which are indicative of highly ordered
cubic structure. Based on the assignment of the diffraction
lines according to this XRD profile (see Supporting Informa-
tion S1), the cubic structure was assigned toIa3d sym-
metry.11,24 The representative TEM images oriented along
the [311] (Figure 1b) and [111] zone axes (see Supporting
Information S2) provide direct evidence that the gyroid
minimal surface can describe the cubicIa3d morphology of
the cage HOM-C5 monoliths.11 The lattice constant estimated
from the TEM image agreed relatively well with those
calculated from the XRD pattern (a ) d211x6). Such
agreement is strong evidence that theIa3d domains are
characteristic of cubic cage structures.

Monoliths with primitive cubic Pm3n cage structures
(HOM-C9) were fabricated based on phase transition induced
by the addition of a high amount of TMB to the cubicIa3d
phase domains of F68 (see Table 1). The XRD pattern reveals
three poorly resolved high-intensity reflection peaks (Figure
2Ab) with respectived spacing ratios ofx4:x5:x6, which
are indicative of primitive cubic phases withm3m or m3n
point groups. The low resolution of these diffraction lines
indicates that the XRD profile is not adequate to identify
primitive cubic symmetry. However, the unique additional
weak intensity peaks in the range 1° e 2θ e 3° were
assigned to high-order cubicPm3n structures. TEM images
recorded along the [100] (Figure 1c) and [210] directions
(see Supporting Information S2) show evidence of well-
ordered pores connecting to large regions of domains,
consistent with the reported SBA-1 of cubic cage structures
with Pm3n space group.13,19 The interplanar distance of the
[100] plane estimated from the TEM image (Figure 1c)
agrees well with thed210 spacing of cubicPm3n diffraction
pattern.

The dominant body-centered cubic (bcc)Im3m cage
monoliths (HOM-C1) were synthesized for the first time by
using copolymer P123 (EO20PO70EO20) at low P123/TMOS
composition ratio of 35 wt %. This cubicIm3m mesophase
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was abundant, however, when F108 (EO141PO44EO141) was
used as a template in both the lyotropic and microemulsion
systems at a wide range of F108/TMOS mass ratio of 35-
80 wt % (Table 1). The XRD pattern for the HOM-C1
(Figure 2Ac) shows well-resolved diffraction lines in the
region 0.5e 2θ e 2.4°, indicating a high degree of cubic
Im3m structural ordering with a large lattice constant up to
20 nm (see Supporting Information S1). The TEM image
(Figure 1d) clearly shows an arrangement of white dots with
large-scale domains, which is an arrangement identified as
regular cage pore arrays. This pattern agrees well with
previous TEM micrograph images of SBA-16 structure,
which has (bcc) cubicIm3m symmetry with I-WP minimal
surface morphology.13

Cubically ordered mesoporous silica cage-like monoliths
(HOM-C10) with Fm3m symmetry were synthesized in
microemulsion systems of F108 copolymer over a wide range
of phase composition domains (Table 1). The XRD pattern
(Figure 2Ad) reveals two intense, sharp reflection planes at
2θ e 0.6° respectively assigned to diffraction planes withd
spacing ratios ofx3 andx4, and reveals well-resolved lower
intensity peaks in the region 0.8e 2θ e 2.5° respectively
assigned tox8,x11,x12,x16,x22,x32,x36, andx44,
which are ratios consistent with cubicFm3mstructure (single
phase) with large lattice constants ranging from 235 to 287
Å.24 The diffraction lines, namely, the sharp (311) and (222)
lines, were evidence of the formation of the spherical cage
cubicFm3mphase with long-range order domain sizes.14,22,24

Figure 1e shows a typical TEM image of HOM-C10
monoliths oriented along the [110] direction, in which large
domain sizes of remarkably uniform and extensive ordered
pore cages were observed. In the interior of these spherical
pores (cavities), well-organized 4-fold symmetric grains were
clearly connected between the cage network (Figure 1e),

suggesting that the cubicFm3m cages had uniform pore
cavities, even when the pore cavities were large, about 14
nm in diameter (Table 1). Such pore geometries are expected
to be favorable for facilitating the efficacious accessibility
of large molecules.14

Further evidence of the shape- and size-controlled cage
mesostructured monoliths is the N2 isotherms (Figure 2B).
The large type-H2 hysteresis loops and well-defined steepness
of the isotherms indicate large, uniform cage structures.22

Both the isothermal shape andP/Po (0.45-0.5 range) of the
capillary evaporation are similar for all HOM-C monoliths,
indicating that the sizes of the entrance pores were less than
4.0 nm (as indicated by arrows in Figure 2B), despite the
increase in sizes of spherical interior cavities (Table 1 and
Supporting Information S3). With HOM-C cages, enlarged
open-entrance pores (trimodal or bimodal) were evident
(Figure 2Bc,d); however, the shift toward higherP/Po for
the desorption isotherms indicates other enlarged pore
entrances up to 9.8 nm in size were connected, without loss
of cage periodicity.22 For all HOM-C cage structures, one
of these entrance sizes was narrower,<4 nm (see Supporting
Information S3), independent of the various synthesis phase
conditions or templated copolymers that have various mo-
lecular natures (Table 1). The other dominant entrance sizes
gradually increased with increasing copolymer/TMOS ratio
and increasing solubilization of hydrocarbon in the phase
composition domains (Table 1). This finding indicates
significant control over the size and shape of entrance pores
(see Scheme 1). Our results indicate that the generation of
the enlarged open-entrance pore systems here was due to
the expansion of the copolymer micelles. This swelling
action, in addition to causing an increase in the size of both
connecting pores and spherical interior cavities, induced a
conformation change in the surface curvature of micelle to

Figure 2. (A) XRD patterns; (B) N2 adsorption/desorption isotherms of calcined mesoporous silica monoliths with cage-like structures fabricated in
microemulsion systems of the block copolymers. (a) CubicIa3d (HOM-C5) and (b) cubicPm3n (HOM-C9) fabricated by using F68 template with a
TMB:F68 mass ratio of 0.25:2 and of 1:2, respectively. (c) CubicIm3m (HOM-C1) and (d) cubicFm3m (HOM-C10) fabricated by using F108 template
(F108/TMOS ratio of 80 wt %) with a TMB:F108 mass ratio of 0.25:2 and of 1:2, respectively. Isotherms c and d were shifted vertically by 340 and 510
mL STP g-1, respectively.
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a curvature that is more compatible with the preferred
mesophase structure formed according to the surfactant
geometry. This finding provides strong evidence that the
pore-entrance enlargement and the phase geometrical change
were the main causes of the generation of the HOM-C cage
systems that have enlarged open-entrance pores (Table 1).

The microporosity of the HOM-C monoliths ranged from
0.05 to 0.24 cm3/g, similar to the ranges reported for FDU-1
synthesized under higher temperature and longer reaction
time.22a,b The existence of the HOM-C micropores was
strongly affected by the unit numbers of EOm blocks of the
copolymer templates and by the solubilization of hydrocar-
bons into the phase domains, as outlined in Table 1. In
general, the instant direct-templating strategy provides ap-
preciable textural parameters of specific surface area (1000
m2/g), mesopore/micropore volume, thick-walled frameworks
up to 20 nm thick, and enlarged entrances and cavity sizes
with significant retention of cage nature and uniformity of
mesostructures (Table 1).

Several key factors affect the formation of the large
mesoscopically ordered cage structures (HOM-C) in the final
products of templated copolymers (EOmPOnEOm). The first
factor is that the formation of the true transparent liquid-
crystal phase in both lyotropic and microemulsion systems
(one single phase even at high copolymer concentration of
90 wt %) was sufficient to retain the anisotropic organization
of the crystalline cage phases even after interaction between
the silica species and the EO blocks of template to form rigid
condensed framework matrixes, as clearly revealed by the
TEM and XRD profiles (Figures 1 and 2A). Another factor
is that the copolymer molecular weight and the block
composition EO/PO ratios crucially influence the phase
geometries of the amphiphile.29 High composition ratios of

EO/PO block copolymers, in general, were likely to form
ordered cage geometries in wide phase composition do-
mains.13 For example, the dominated cage structures (cubic
Im3mandFm3mphases) were formed with the F108 system
at large phase domains compared with the HOM-C cages of
P123 and F68 systems (Table 1), indicating the significant
role of the copolymer structures in determining the ordered
cage mesostructures. The fabrication of these oriented
nanostructured materials demonstrated actual control over
the mesophase shape, domain, and morphology.24 Another
factor is that, in microemulsion systems, the addition of
hydrocarbons to the phase aggregates not only caused
enlargement of the cavities and entrance-pore sizes and
changes in the surfaces with high interfacial curvature of
micelles but also induced cross-linking of inorganic silica
oligomers to form dense, ordered cage frameworks in large-
scale domains. The type of copolymer/hydrocarbon interac-
tion and the degree of hydrocarbon solubilization might be
used to control the substantial swelling and the changes in
geometrical phases during the synthesis of HOM-C cage
monoliths.24 TMB was an effective solubilizing agent by its
increased ability to penetrate the PO blocks and to enlarge
the pore sizes compared with straight alkyl chain hydro-
carbons as a solubilizing agent. Finally, another factor is that,
in the lyotropic (cosolvent-free) phase domains, the change
in copolymer concentration led to the following significant
features (Table 1): (i) increase in the micellar size and
volume fraction caused an increase in interlayerd spacing
and cavity pore sizes of the mesophase composition that had

(29) (a) Holmqvist, P.; Alexandridis, P.; Lindman, B.J. Phys. Chem. B
1998, 102, 1149. (b) Wanka, G.; Hoffmann, H.; Ulbricht, W.
Macromolecules1994, 27, 4145. (c) Yang, L.; Alexandridis, P.;
Steytler, D. C.; Kositza, M. J.; Holzwarth, J. F.Langmuir2000, 16,
8555.

Scheme 1. Simple Model of the Possible Distribution of the Open-Entrance Pore Sizes Connecting One Cavity of the Cage-like
Pore Nanostructured Monolithsa

a The time dependence of the formation of cylindrical pore under extreme hydrothermal treatments indicated the effect of shape-selective structureson
the stability of the cage character.
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higher copolymer concentration, (ii) the micellar aggregate-
assembly at each phase composition might have acted as a
driving force for the preferred shape formation based on the
molecular geometry of the phase structures, and (iii) the pore
sizes increased as a function of the core (PO) and corona
(EO) block lengths, whereas the pore size was strongly
affected by the hydrophobic block (PO) length.24c This effect
of EO-block on the cage pore sizes of HOM-C monoliths
differs from that for materials synthesized by using EOm-
BOnEOm copolymers,30a where the pore size of these materi-
als decreases with large EO-blocks of template, but is similar
to that for nanocasted silica mesophases fabricated by using
alkyl-oligo(ethylene oxide) (CxEOy) surfactants as templates.30b

Hydrothermal Stability of Cage Silica Monoliths (HOM-
C). The thick-walled pores and high degree of siloxane unit
cross-linking in the frameworks of the monoliths fabricated
here using the instant direct-templating synthesis strategy
without requiring any aging time or high temperature are
particularly important for practical applications of HOM-C
cage structures.29Si NMR spectra (see Supporting Informa-
tion S4) revealed higher Q4/Q3 ratios of g6 (where Qn )
Si(-OSi-)n(OH)4-n) for all calcined or even solvent-
extracted HOM cage mesostructures. These higher ratios are
indicative of fully cross-linked HOM-C cage framework
matrixes,3,25,26and consequently, much more rigid siloxane
linkages that would have to stabilize the architecture wall
to withstand hydrothermal treatment for a month (or even
longer) without loss of the mesoporosity structures, despite
the locally disordered atomic scale of these HOM-C cage
frameworks. More important for practical application is the
significant retention of ordering cages of hydrotreated

samples achieved even after a long time period of treatment
(1-3 days). TEM micrographs (Figure 3) show the first clear
evidence that well-ordered pores that are connected over
sufficiently large-scale domains were retained for all cage
structures, despite the hydrothermal treatment under refluxing
in boiling water. However, the TEM images also reveal
defects (indicated by arrows in Figure 3), suggesting distor-
tion in the cage pores during hydrothermal treatment.

XRD patterns (Figure 4) show further evidence that the
hierarchical mesopore cage frameworks were retained for a
month. However, the diffraction patterns (Figures 4b-d)
show well-resolved high order reflection peaks, indicating
significant hydrothermal stability of cubicFm3m cage
monoliths. For longer boiling times (>10 days), although
the intensity and resolution of the diffraction peaks were less
pronounced, the peaks still indicate the retention of HOM-C
cage frameworks. In general, these results indicate that
degradation of the pore-wall architecture occurred after a
long treatment time (>10 days) in boiling water; however,
this degradation did not ultimately lead to loss or collapse
of the cage mesostructured geometry, as evidenced by the
slight changes ind-111 value or lattice constants (a ) d111x3)
of the cubicFm3m cage structure (Figure 4).

The N2 isotherms of the hydrotreated HOM-C cage
monoliths (Figure 5) clearly revealed the most informative
evidence of the extent of the distortion and loss of uniformity
of the entrance pores.26b The shape of the isotherms of the
cage structures with (Figure 5B) and without (Figure 5B)
enlarged open-entrance pores remained virtually unchanged
after boiling for 1 day, indicating the retention of the cage
geometries. For longer boiling times (>3 days), the adsorp-
tion-desorption branches shifted to higherP/Po, while the
desorption branch at the lower limit of hysteresis was still
pronounced even after boiling for 10 days. This shift indicates

(30) (a) Yu, C.; Fan, J.; Tian, B.; Stucky, G. D.; Zhao, D.J. Phys. Chem.
B 2003, 107, 13368. (b) Smarsly, B.; Polarz, S.; Antonietti, M.J.
Phys. Chem. B2001, 105, 10473.

Figure 3. TEM micrographs of representative cage monolithic mesopore structures after hydrothermal treatment in boiling water for 1 day of (a) cubic
Fm3m (HOM-C10), (b) cubicIm3m (HOM-C1), (c) cubicIa3d (HOM-C5), and (d) cubicPm3n (HOM-C9). Arrows indicate the distortion “defects” in this
pore ordering caused by the hydrothermal treatments. Circles indicate the retention of ordered pore cages.
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the development of other connecting pores (Figure 5A) or
larger sizes of entrance pores (Figure 5B). However, for
longer boiling times (>10 days), the hysteresis loop changed
from H2- to H1-type, indicating that the desired and stable
shape of the cage with connecting pore systems might be
cylindrical in nature (see Scheme 1).22 Both sets of isotherms
(Figures 5A and 5B) indicate loss in the cage character of
HOM-C mesostructures at longer boiling times (>20 days),
while desired structural geometry was attained, as evidenced
from the XRD patterns (Figure 4). Based on the N2 isotherms

(Figure 5), the size and shape of connecting pores and the
nature of the spherical cavity of the cage geometry crucially
influenced the retention of the HOM-C cage character under
long-term hydrothermal treatment in boiling water (Scheme
1), as evidenced by the stability of the cage nature previously
reported for 2D hexagonal (PSU-1) and cubicFm3m
(FDU-1) materials during hydrothermal studies.26b,c

The broader line width of pore size distribution curves
(data not shown) and the shift to larger pore sizes and lower
specific surface area (insert in Figure 5) indicate the extent
of degradation of the HOM-C cage pore frameworks. In
addition, hydrothermal treatment also apparently caused
thinner walled pores; however, the increase in the hydro-
thermal treatment time caused hydrolysis of the siloxane
(Si-O-Si) bridges in the framework pores.25,26These results
are clear evidence of the significant dissolution of the pore
wall architectures during the refluxing in boiling water,
particularly for long-time treatment (>10 days). On the other
hand, the remarkable hydrothermal stability of these HOM-C
monoliths (Figures 3-5) indicated that the fabricated cage
structures, in particular, had thick-walled pores and a high
degree of cross-linking framework, as evidenced from the
retention cage character under long-term refluxing. However,
during the HOM-C fabrication design, the silica condensation
conditions were adequate to improve the interaction between
silica and copolymer species and to fabricate highly ordered
silica monoliths (HOM-C) that have thick-walled network
matrixes. In general, our synthetic strategy, namely, an instant
direct-templating method, shows promise in fabricating
highly hydrothermally stable cage frameworks, in which no
special synthesis treatment is required to stabilize this
framework.25,26

Conclusion

Our design strategy provides a general and efficient route
to control the shape and size of liquid-crystalline phase
geometries and control the extended long-range ordering in

Figure 4. XRD patterns of calcined cubicFm3m cage monoliths (HOM-
C10) synthesized in a microemulsion system of F108 copolymer by addition
of C9-alkane (nonane) to the phase domains at F108/TMOS of 70 wt %.
(a) Before and (b-f) after hydrothermal treatments in boiling water from
1 to 30 days.

Figure 5. (A) and (B) Representative of N2 isotherms of different cage structural shapes under hydrothermal treatments in boiling water for (b) 1, (c) 3, (d)
10, and (e) 20 days, respectively. (A-a) Calcined cubicFm3m (HOM-C10) monoliths (fabricated as shown in Figure 4a) and (B-a) calcined cubicFm3m
(HOM-C10) monoliths (fabricated as shown in Figure 2d). Insets are the corresponding textural parameters ofS, BET surface area,R, interior pore cavity,
andW, wall thickness of the samples before and after the hydrothermal treatments.
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the final cage mesostructured replicas. With this strategy, a
variety of mesoscopically ordered cage structures can be
easily fabricated with promising possibilities in controlling
the pore dimensions over a wide range (5-15 nm) in both
lyotropic and microemulsion systems of copolymers. Well-
resolved unique reflection in the XRD patterns and crystal
orientation in TEM profiles from this current study revealed
the highly ordered structures, indicating reliable identification
of cubic structural geometries. The ability to form cage
mesostructured monoliths that are macroscopically large-

scale glass (crack-free), have mesoscopically ordered do-
mains, tunable interior cavities with uniform pore entrances,
and hydrothermally stable frameworks, could make these
monoliths an attractive design for promising applications.1

Supporting Information Available: Additional details and
figures (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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