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One amazing feature in biomineralization is that some
biominerals, such as the sea-urchin spines, exhibit complex
and spongelikemorphology but still remain a single crystal.1

The remarkable “fabrication skill” of nature greatly inspires
the study on preparation of single crystalline materials with
complex morphologies, and porous/nanostructured calcite
single crystals were fabricated.2 The deposition of biomin-
erals is generally controlled by specific organic matrix sec-
reted and transferred by the organisms, and the formation
process of the hierarchical biominerals is controlled by a
time-dependent cooperative organization, in which organic
matrix acts as dynamic template.3 Thoughdynamic templat-
ing processes prevail in biomineralization, there are few
examples reported of the fabrication of hierarchically struc-
tured materials.4 Herein, by using mesomorphous polyelec-
trolyte-surfactant complexes as dynamic template, we
report for the first time the fabrication of hierarchically
nanoporous single-crystal mesoporous silica SBA-1.
Ionic self-assembly of polyelectrolyte and oppositely

charged surfactants can form highly ordered mesomor-
phous liquid crystalline phases and is a versatile tool to
create supramolecular materials.5 Mesoporous materials
are generally synthesized by self-assembly of organic and
inorganic species, however, the organic mesomorphous
complexes were rarely utilized to control the mesostructure
andmorphologyofmesoporousmaterials.6Thoughanionic

polymers were used in cationic surfactant-templated meso-
porous silica, they were added either in acidic condition to
avoid complexation with the surfactants7or in mixed sol-
vents to form a homogeneous solution,8 or the molecular
weight of anionic polymer was relatively low and formation
of the mesomorphous polyelectrolyte-surfactant com-
plexes was not identified.9

In this work, anionic polymer poly(acrylic acid) (PAA)
was used to complex with cationic surfactant cetyltrimethy-
lammonium bromide (CTAB) in ammonia solution (see the
Supporting Information) and dispersed submicrometer
organic complex particles were formed (see Figure S1 in the
Supporting Information). The solidlike PAA-cetyltrimethyl-
ammonium(C16TA) organic complex exhibited ordered
cubic (Pm3hn) or mixed mesomorphous phases depending
on the amount of ammonia (see Figure S2 in the Support-
ing Information). To this suspension solution of PAA-
C16TA complex particles, TEOS was added as inorganic
species to coassembly with the complex template to form
silica-based mesostructured materials.
The small-angle X-ray scattering (SAXS) patterns of the

as-synthesized (see Figure S3 in the Supporting Information)
and calcined (Figure 1) silica samples synthesized at different
temperature (see Table S1 in the Supporting Information)
indicated three distinct diffraction peaks indexed to (200),
(210), and (211) diffractions respectively, according to the
cubic Pm3hn mesostructure. SEM images showed that the
samples were generally submicrometer spherical particles
(Figure 2a and Figure S4 in the Supporting Information).
The surface of the spheres was not smooth and exhi-
bited a furrow or sulcus-like morphology (Figure 2a). TEM
mages showed different contrast inside the microspheres
(Figure 2b), implying the presence of interstitial pores (as
was proved by nitrogen adsorption discussed below). The
interstitial pores in the calcined samples were more obvious
than that in the as-synthesized samples observed from the
TEM images (see Figures S5 and S6 in the Supporting Infor-
mation). The representative high-resolution TEM images
(Figure 2c,d) of the microspheres confirmed the different
contrast inside the microsphere. What amazing was that the
whole particle was a hollow carved single crystal with Pm3hn
mesostructure. As shown in Figure 2c, the cagelike meso-
pores kept well long-range order within the whole particle
along the [100] direction in spite of the presence of interstitial
nanopores. The TEM images were obtained with the whole
particles while not sliced sample and only the particles whose
crystal orientation was aligned along the incident elec-
tron beam could be observed with clear mesostructured
fringes and cages. It should be noted that the Fourier
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diffractograms (insets in Figure 2) were obtained from the
area of several hundreds of nanometers. Other TEM images
(FigureS7) of themicrospheres synthesizedatdifferent temp-
erature also displayed the character of single crystal SBA-1
along different directions. To the best of our knowledge, this
is the first fabrication of single crystal mesoporous silica with
interstitial nanopores (secondary nanopores).
The nitrogen adsorption-desorption isotherms of the

SBA-1 spheres synthesized at different temperature were
shown inFigure 3. Samples synthesized at room temperature
and 50 �C exhibited type IV isotherms with three distinct
adsorption steps at the relative pressure of 0.3-0.5, 0.7-
0.95, and 0.95-0.99, respectively. The first step corre-
sponded to the relatively narrow peaks at about 3 nm in
the pore size distribution curves, which were the pore size of
the mesoporous SBA-1. It is necessary to indicate that the
SBA-1 has an ordered 3D mesostructure with two types of
globular cages, which possess slightly different pore sizes.10

The peak at about 3 nm was due to the overlap of the two
types of globular cage-like mesopores. The second adsorp-
tion step gave rise to a broad pore size centered at ∼20 nm

corresponding to the secondary interstitial nanopores ob-
served in theTEMimages.The thirdadsorption stepwasdue
to the voids of the aggregated submicrometer spheres, and
probably some larger secondary nanopores inside the single-
crystal SBA-1 particles could also contribute to the third
adsorption step. Samples synthesized at 80 and 120 �C
exhibited type IV isotherms with two distinct adsorption steps
at the relative pressure of 0.3-0.5 and 0.7-0.99, respectively.
In the pore size distribution curves, the first step also corre-
sponded to the nitrogen capillary condensation in the cagelike
pores of the mesoporous SBA-1. The second adsorption step
was mainly due to the interstitial nanopores as observed in
TEM images and the average pore size was increased to∼30
and∼50 nm, respectively. The adsorption step corresponding
to the large interstitial nanopores also overlapped with that
corresponding to the aggregated voids of the particles.
We also performed syntheses with different amounts of

PAA. It was found that with the increase in PAA the
average size of the PAA-C16TAorganic complex particles
also increased (see Figure S8 in the Supporting In-
formation). SBA-1 spheres could be obtained at different
amount of PAA (see Figure S9 in the Supporting In-
formation) and the average size of the SBA-1 spheres
enlarged with the increase of PAA (see Figure S10 in the
Supporting Information). This implied that the size of the
silica spheres was correlative with the size of the PAA-
C16TA complex particles. The pore size of the secondary
nanopores also increasedwhenmore PAAwas used in the
synthesis (see Figure S11 in the Supporting Information).
Time-dependent experiment showed that the forma-

tion process of SBA-1 sphere was very fast, which was
consistent with the reported results about cationic surfac-
tant templating mesoporous silica.11 After stirring the
reactant mixture at room temperature for 15 min, sub-
micrometer spherical particles with orderedmesostructure
(Pm3hn) had already formed (see Figures S12 and S13 in the
Supporting Information). After subsequent reaction at
80 �C, the mesostructure order and the cross-linking degree
of the silica increased with the reaction time (see Figures S13
and S14 in the Supporting Information). Nitrogen adsorp-
tion characterization showed that the average size of the
secondary nanopores slightly increased with reaction time

Figure 2. (a) SEM and (b-d) TEM images and their Fourier diffracto-
grams (insets) of the calcined SBA-1 spheres synthesized at 120 �C. The
TEM images were recorded along the direction of (c) [100] and (d) [210].

Figure 3. (a) Nitrogen adsorption-desorption isotherms and (b) PSD
curves of the calcined samples synthesized at different temperatures. The
lines were shifted upward for clarity.

Figure 1. SAXS patterns of the calcined SBA-1 samples prepared at
(a) RT (20-25 �C), (b) 50 �C, (c) 80 �C, and (d) 120 �C.
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(see Figure S15 in the Supporting Information). Thermo-
gravimetric analysis (see Figure S16 in the Supporting
Information) showed that the weight loss of the organic
components slightly decreased with the reaction time,
because of the increasing silica condensation with time;
however, the decomposition of PAA and CTAB could not
be separated. 13C CP/MAS NMR spectrum (see Figure
S17 in the Supporting Information) of the as-synthesized
product confirm that the presence of the both the PAAand
C16TA in the final mesostructured silica.
On the basis of the above results and time-dependent

experiment, a tentativemechanismwasproposed to illustrate
the formation of hierarchically nanoporous SBA-1 single-
crystal spheres (Scheme 1). The co-organization of PAAand
CTA micelles resulted in the ordered mesophase and sphe-
rical mesomorphous PAA-C16TA complex was first formed
and suspended in the solution. Upon adding the silica pre-
cursor (TEOS) to the suspension of mesomorphous PAA-
C16TA complex, the hydrolysis of the silica precursors trig-
gers the reassembly of the organic/inorganic species and the
negatively charged silica oligomers (at pH 10-11) partici-
pated in the co-organization with the mesomorphous PAA-
C16TA complexes. The electrostatic interactions between
PAA and C16TA were disturbed by the guest negatively
charged silica oligomers. The inorganic species penetrated
the ordered mesomorphous complexes and cross-linked
around the orderly packed cationic micelles to form the
mesostructured silica of SBA-1. Meanwhile the electrostatic
interactions between PAA chains and the surfactants were
perturbed or disassembled and some PAA chains were
disassociated from the complexes to form phase-separated
PAA chain domains (with ammonium cations as the charge
counterparts). The phase-separated PAA could serve as the
templates for the interstitial nanopores inside the SBA-1
spheres after calcination. On one hand, the mesomorphous
PAA/C16TA complex first induced the mesostructure of the
silica, on the other hand, because of the coassembly of the
silica precursors, the PAA was phase-separated from the
original complex template. In this respect, the mesomor-
phous PAA/C16TA complexes could be regarded as a dyna-
mic template instead of a static template during the forma-
tion of hierarchically nanoporous single-crystal SBA-1.
The silica samplespreparedatdifferent temperatures,with

different amounts of PAA, or for different reaction times
exhibited cubic Pm3hn mesostructure; however, the meso-
phase of the PAA/C16TA complex was not necessarily the
same as that of the silica (Figures S2 and S18 in the Support-

ing Information). With the addition of silica precursors, the
organic-inorganic coassemblywould induce realignment or
phase transition of the PAA/C16TA complex mesophase,
although not a simple replication or solidification process
of the preformed polyelectrolyte-surfactant mesophase.
However, the accordant mesophase through the whole
PAA/C16TA complex particle would induce the same align-
ment of the mesostructure within the hybrid particle.
Through the synergy of two coupled kinetic self-assembly
processes of silica-surfactants, coassembly and PAA phase
separation, the mesophase through the whole PAA/C16TA
particle was inherited and evolved into single-crystal SBA-1
sphere with domains of phase-separated PAA chains.
Concerning the as-synthesized and calcined SBA-1 sam-

ples synthesized at different temperature, the d210 spacing
value gradually increased with the reaction temperature (see
Table S1 in the Supporting Information). Higher reaction
temperature would increase the condensation rate and the
cross-link degree of the silica, and this would increase the
mesopore wall thickness as well as the lattice parameter of
themesostructure. The decreasing pore sizewith the increas-
ing reaction temperature implied that the narrower meso-
pore was templated by the PAA/C16TA complex micelles
instead of the CTAB micelles alone. Increasing reaction
temperature would facilitate the interaction between silica
precursors and CTAB, and thus silica oligomers would
replace more PAA chains from the complex micelles and
thus the pore size became smaller. A larger amount of the
disassociated PAAchains would give rise to a larger domain
size and thus resulted in larger secondary nanopores after
calcination (see Table S1 in the Supporting Information).
When the reaction temperature was increased from room
temperature to 120 �C, the lattice parameter (a0 =

√
5d210)

of the Pm3hn mesostructure increased and the pore size
decreased. This implied that the thickness of the mesopore
walls increased and so the porosity of the mesoporous silica
was reduced. This could explain the decreasing BET surface
area and mesopore volume with increasing of the reaction
temperature.
In summary, hollow carved single-crystal mesoporous

silica was fabricated with mesomorphous polyelectrolyte-
surfactant complexes as dynamic template. The dynamic
templating mechanism would be generally applicable in
the fabrication of other hierarchically structured mate-
rials. Interestingly and importantly, the presence of a
large amount of secondary nanopores did not disturb
the single-crystal mesostructure of the mesoporous silica
particles, which would possess both the functions of crystal-
like regularity and high diffusion efficiency of hierarchical
pores.
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Scheme 1. Schematic Illustration of the Formation of PAA-

C16TA Mesomorphous Complexes and the Dynamic Formation
Process of SBA-1 Single Crystal with Secondary Nanopores


