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Hierarchically porous silicas with multilamellar vesicular
core and ordered mesostructured shell have been successfully
synthesized using a simple one-step method through a soft dual-
templating approach. The vesicular core has irregular cavity size
generally larger than 100 nm, while the pore size of the shell is
9.8 nm, which may have potential applications in loading and
controlled release of large molecules.

Recently, designed fabrication of hierarchically porous
silicas (HPSs) have attracted increasing attention due to their pro-
mising applications in various fields such as catalysis, adsorption,
separation, and controlled bimolecular/drug release.1 HPS with
multiple pore sizes provide advantages over monomodal porous
structures, which may provide diverse pathways to control mass
transport and allow for high loading of target molecules.

The synthesis of HPS with macroporous cavities and
mesopores shells has been well-documented, which can be
obtained generally through colloidal templating,2 emulsion
templating,3 or multisurfactant templating.4 Djojoputro et al.5

reported the synthesis of organosiliceous vesicles with ordered
mesoporous organosilica wall using fluorocarbon/hydrocarbon
surfactants as the structural directing agents through a vesicle
templating (VT)6 and liquid-crystal templating (LCT)7 dual-
templating approach. Yang et al.8 reported a facile synthesis of
siliceous nanopods with inner multilamellar core and outer
hexagonal wall architectures by adjusting the mass ratio of
perfluorooctanoic acid (PFOA)/cetyltrimethylammonium bro-
mide (CTAB) from a compromised VT-LCT dual-templating
method. More recently, through the surface solgel process on
the polystyrene-co-poly(4-vinylpyridine) (PS-co-P4VP) and
CTAB coreshell templates, the hollow mesoporous silica
microspheres with controllable wall thickness can be obtained.9

However, the pore sizes in the outer shell are generally small
(<5 nm) in previous reports. So far there have been few reports
concerning the synthesis of HPSs with large pore shells. Yeh and
co-workers reported the synthesis of hollow silica spheres with
disordered mesostructured shells and pore size of about 5.5
7.5 nm.4a It is a challenge to synthesize HPSs with large pore
shells and ordered mesostructures.

Herein, we report a simple one-step synthesis of HPS with
multilamellar vesicular core and ordered mesostructured shell
using a nonionic block copolymer [Pluronic P123, EO20PO70-
EO20, where EO is poly(ethylene oxide) and PO is poly(propyl-
ene oxide)] and sodium perfluorooctanoate (PFONa) as cotem-
plates through a dual-templating approach. The multilamellar
vesicular core has cavity size generally larger than 100 nm and a
layerlayer distance of ca. 10 nm. Moreover, the shell of HPS
has an ordered hexagonal mesostructure, and the pore size of the
shell is as large as 9.8 nm.

HPSs were synthesized in a strong acid solution at 50 °C
with a PFONa/P123 molar ratio (R) of 1.33 (see Supporting
Information). Scanning electron microscopy (SEM) at a low-
magnification shows a high yield of donutlike particles
(Figure 1A). At a higher magnification, it is shown that the
donutlike morphology consists of concentric pore channels
(Figure 1B). Interestingly, the middle of the donutlike morphol-
ogy is not empty, and the ordered pore channels grow around an
irregular-shaped core (indicated by arrows) to form a complex
coreshell structure. Transmission electron microscopy (TEM)
was employed to observe the detailed coreshell structure.
Figure 1C is a large area TEM image displaying the nature of
hollow particles. The high-magnification TEM image exhibits an
elongated vesicle as the core surrounded by highly ordered
hexagonally packed mesoporous silica as the shell (Figure 1D).
To further confirm the hexagonal mesostructure of the shell, a
series of tilted TEM images for one typical HPS particle were
acquired (Figure S113). When the tilted axis is perpendicular
to the long axis of the particle, the hexagonal pattern on both
sides of the shell can be clearly seen at a tilt angle of 0°, while
the stripelike pattern can be observed at high tilt angles such as
«40°. These results indicate that the hexagonally patterned pore
channels are wrapped around the long axis of the HPS particle.

Although the shell structure can be determined by conven-
tional TEM, detailed information of the core cannot be clearly

Figure 1. The low- and high-magnification SEM (A, B) and
TEM (C, D) images of HPSs. The arrows in (B) indicate the
irregular-shaped cores and the arrows in (C) show the large
hollow cores.
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demonstrated due to the thickness of the shell (ca. 100 nm) and
overlapping effect. Therefore, an ultramicrotome was employed
to prepare thin sections (ca. 100 nm) for TEM observations.
Figure 2A is a representative cross-section TEM image of an
HPS particle showing a multilamellar vesicular core and an
ordered hexagonal array shell viewed along the pore direction.
To observe the inner core structure more clearly, electron
tomography (ET)10 was performed and an ET slice is displayed
in Figure 2B, revealing that the core is a closed multilamellar
vesicle with an average layerlayer distance of ca. 10 nm. Com-
parison between Figures 1D and 2 show the advantage of ET in
revealing the core structure of complex coreshell morphologies.

The X-ray diffraction (XRD) pattern of the calcined HPS
exhibits three well-resolved Bragg peaks indexed as the 10, 11,
and 20 reflections of a p6mm plane group (Figure 3A). The
N2 sorption isotherm presents a capillary condensation at
P/P0 = 0.750.85, corresponding to a relatively narrow pore
size distribution of 9.8 nm (inset of Figure 3B). The surface area
and pore volume are 444m2 g¹1 and 0.79 cm3 g¹1, respectively.

To understand the formation mechanism of HPS, samples
synthesized at different PFONa/P123 R are investigated. SEM
and TEM images demonstrate a morphological and structural
transition from rodlike morphology with ordered hexagonal
structure (R = 0) to hexagonal mesoporous curved rods mixed
with few multilamellar vesicular structures (R = 0.67) and then
to the aggregated multilayered vesicles (R = 2.00, Figure S213).
The structures of these samples are further determined by the
XRD patterns and N2 sorption isotherms (Figure S313), and their
physicochemical parameters are summarized in Table S1.13

The structural transition is similar to a previous study,11 in
which prefluorocarbon molecules are embedded in the PEO
moiety to adjust the hydrophilic/hydrophobic volume ratio
(VH/VL) and eventually the templated mesostructure. Compared
to our previous work,11 the initial synthetic temperature was
raised from 35 to 50 °C in this study, thus the PEO chains are
more dehydrated and more hydrophobic, leading to slightly
enlarged pore sizes11 and increased packing parameter of self-
assembled mesostructure.12 As a result, the hexagonal to vesicle
structural transition occurs at a lower PFONa/P123 R of 0.67
(compared to 1.4 in our previous study11), and HPS with a core/
shell structure occurred at R = 1.33. It is proposed that the
multilamellar vesicle is formed through a VT process, and the
ordered hexagonal mesostructure assembled through a LCT
mechanism grows around the multilamellar core, giving rise to
HPS with coreshell structure by a dual-templating approach.5,8

In conclusion, HPSs with multilamellar vesicular core and
ordered mesostructured shell have been successfully synthesized
using a simple one-step method. The large cavity (>100 nm) and
large pore size in the shell (ca. 10 nm) of this material are
expected to find applications in loading and controlled release of
large molecules.

We thank the Australian Research Council and the Austral-
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Figure 2. The representative cross-section TEM image of a
typical HPS particle (A) and an ET slice (B). The black dots are
gold fiducial markers for ET alignment.

Figure 3. XRD pattern (A), N2 sorption isotherm (B), and pore
size distribution (inset) of the calcined HPSs.
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