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In nature, crystalline mineral solids are ordered in micro-
structures and usually have highly regular shapes which
reflect the well-defined arrangements of atoms or molecules.
On the other hand, materials produced by living creatures, or
the micro-organisms themselves, generally exhibit complex
morphologies and possess advanced biofunctionalities. Using
the self-assembly and supramolecular templating approach to
fabricate artificial materials that mimic biological systems is
an intensely investigated topic in material science."?’ For
example, liquid-crystal templating methods™* lead to
ordered mesoporous materials with crystal-like shapes® and
helical structures,””! while vesicle templating as well as
colloidal templating give rise to hollow spheres!”*! or ordered
macroporous materials.”’ Nevertheless, despite the successes
with current synthesis strategies to obtain ordered structures,
it is still difficult to fabricate complex materials that mimic
biological systems by only one templating method.

Herein, we report the synthesis of a siliceous structure
with an unusual silkworm cocoon-like morphology (called
nanopods hereafter). Such a complex hollow structure with
multiple shells and well-oriented nanochannels has been
carefully characterized. Moreover, a general compromised
dual-templating mechanism is proposed to direct the forma-
tion of complex structures.

Siliceous nanopods were synthesized by using cetyltrime-
thylammonium bromide (CTAB) and perfluorooctanoic acid
(PFOA) as cotemplates in a PFOA/CTAB weight ratio (R) of
0.2. A scanning electron microscopy (SEM) image of calcined
nanopods shows a high yield of oblate particles (Figure 1a).
The higher-magnification SEM image (Figure 1b) shows
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Figure 1. SEM images (a,b) and TEM images (c,d) of calcined nano-
pods. Scale bar is 1 pm in (a) and 100 nm in (b). The inset of (a) is a
digital camera image of silkworm cocoons. The white arrows in (b)
show partially broken particles (see the main text).

clearly the ellipsoidal morphology, similar to that of silkworm
cocoons (Figure 1a, inset), although the scale is different
between the two materials. Several partially broken particles
can also be seen, as indicated by the white arrows in
Figure 1b, suggesting that the nanopods have hollow cores
inside with relatively robust shells. The length of the nano-
pods is in the range of about 100-300 nm, and the width
ranges from about 50 to 150 nm.

Transmission electron microscopy (TEM) was employed
to observe the detailed microstructure of the nanopods.
Figure 1c is a low-magnification TEM image and shows that
the nanopods possess complex core—shell structures. Within
each ellipsoidal structure, the hollow cavity is surrounded by
multistructured walls. The detailed wall structure can be
observed in higher-magnification TEM images (for example,
Figure 1d). When the two tip regions of the ellipsoid are not
considered, the structural features of the nanopod body are
reflected mainly by three regions (indicated by arrows and
rectangle frames). RegionI at the edge shows a nearly
hexagonally arrayed mesostructure viewed along the [001]
direction. The stripelike image as represented in region II in
the middle of the ellipsoid is also in accordance with the
hexagonal mesostructure viewed along the [110] direction,
and the channels are parallel to the short axis of the ellipsoid.
The d spacing is estimated to be 3.9 nm, in accordance with
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the X-ray diffraction (XRD) results (Figure S1 in the
Supporting Information). Moreover, in region III, which is
adjacent to the outer shell, an inner shell with a multilamellar
structure is also clearly seen. The inner-shell structure is much
clearer in the lower-magnification TEM image and can be
seen in Figure 1c¢ for nanopods with different sizes.

For nanopods with complex structures, it is difficult to
determine the structural information directly by conventional
TEM and XRD measurements. We therefore employed the
electron tomography technology to visualize the nanopods in
three dimensions.'”! A movie of one nanopod (as movie file in
the Supporting Information) illustrates the entire TEM tilt
series ranging from —60 to +60° at an interval of 1°.
Figure 2 a—g shows TEM images of the nanopod recorded at
different tilt angles. The tilt axis is kept parallel to the long
axis of the ellipsoidal particle during the entire tilt series.

Figure 2. TEM images of a nanopod taken at different tilt angles with
the same magnification: a) —60; b) —45; ¢) —15; d) 0; ) 15; f) 30;
g) 45°. Scale bar in (a) is 50 nm. Digital camera image (h) of a
silkworm cocoon cut into two halves. See the main text for discussion
of the black and white arrows in (c)—(f).

Figure 2a shows that the nanochannels wrap along the
short axis of the ellipsoid (taken at —60°). By comparing the
images in Figure 2a-d (tile angles: —60 to 0°), it can be seen
that the width of the ellipsoidal particle is increased, indicat-
ing that the nanopod has indeed an oblate ellipsoidal
morphology. Figure 2a is probably viewed along the “long”
short axis, and the sample height is thick; thus, the nano-
channels are distinctly clear. With gradual tilting along the
long axis of the ellipsoid, the sample height gradually
decreases. As a consequence, the shell architectures appear
in different patterns. Figure 2b shows both the hexagonal
dotlike and stripelike arrays, while the multishell structure is
clearly seen in Figure 2 c—e (+15°). The hexagonally arrayed
wall thickness is about 20 nm, consisting of four to five layers
of rodlike micelles. The images shown in Figure 2c—e are
probably viewed along the “flat” short axis of the ellipsoid;
thus, the shell structures are clearly observed. Further
increasing the tilt angle again shows both the dotlike and
stripelike arrays as shown in Figure 2g (+45°).

In addition to the outer shell with a hexagonal array, an
inner shell with a multilamellar vesicular structure is also
observed in the tilt series. From Figure 2 ¢ to Figure 2 f with a
total tilt angle of 45°, the inner linelike structure marked by
black arrows (more evidently in Figure 2¢) gradually turns
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out to be a facelike multilamellar structure (more evidently in
Figure 2 f). From the tilt series, it is also evident that the inner
multilamellar vesicular structure is not spherical, but with a
long tubular structure. The connection between the inner- and
outer-shell architecture is also observed in Figure 2 c—f (shown
by white arrows).

The electron tomography results clearly show that the
nanopods are oblate ellipsoidal hollow structures with inner
multilamellar core and outer hexagonal wall architectures,
thus resembling that of silkworm cocoons (Figure 2h) in
which the pupae are enwrapped by tightly wound silk fibers
that form closed ellipsoids. Moreover, the outer hexagonal
structures are well-aligned, wrapping along the short axis of
the ellipsoid in the body; thus, the hexagonal dotlike
(region I) and stripelike pattern (region IT) can be observed
at the edge and in the middle part, respectively.

The tip region of the nanopod shows different features
compared to the body. Either disordered pore structures or, in
some cases, multilamellar structures are observed at the tip
region (see Figure S2 in the Supporting Information). This
multilamellar structure of the outer shell at the tip region
should be distinguished from the multilamellar vesicular
structure of the inner-wall architectures (regionIII in
Figure 1). It is impossible to form a spherical surface from
aligned hexagonal structures; thus, a disordered hexagonal or
multilamellar topology is spatially favored at the tip region.

To understand the formation mechanism of nanopods, the
samples synthesized at different R values are considered.
Previously, we demonstrated that helical hexagonal meso-
structured silicas can be obtained when R < 0.1.1"'! We further
synthesized samples at R >0.2. When R =0.25, TEM studies
reveal that multilamellar vesicles with both spherical and
tubular shapes are obtained (Figure 3a). The diameters of the
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Figure 3. TEM images of calcined samples synthesized at different R
values. a) R=0.25 b) R=0.5.

hollow concentric silica spheres are about 70-100 nm, and the
distance between multilayered silica walls is estimated to be
4-6 nm, similar to the structure of reported hollow concentric
vesicles."” When R is increased to 0.5, hollow silica spheres
with single walls can be obtained as confirmed by the TEM
image (Figure 3b). The particle sizes of unilamellar vesicles
are smaller than that of multilamellar vesicles, as shown in
Figure 3a. This vesicular structure evolution is similar to the
transformation of vesicles in block copolymer studies.*! The
siliceous structures synthesized at different R values are
further confirmed by the XRD patterns (Figure S1 in the
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Supporting Information) and the nitrogen sorption isotherms
(Figure S3 in the Supporting Information). Their physico-
chemical parameters are shown in Table S1 in the Supporting
Information for comparison.

From these results, it is concluded that, with increasing R
value (from 0.05 to 0.5), the self-assembled materials obtained
from PFOA and CTAB cotemplates undergo a transforma-
tion from the helical hexagonal mesostructure to the vesicular
structures. The formation of nanopods (R =0.2) is a transition
point of this structural evolution. In a previous study,
Israelachvili and co-workers!"* proposed a geometric packing
model, in which the organization of surfactant molecules is
described by the packing parameter (g): g= V/al, where V is
the effective volume of the surfactant tail region, a refers to
the effective head-group area at the micelle surface, and / is
the surfactant tail length. The value of g may determine the
structure of self-assembled surfactant aggregates as well as
surfactant-templated composite materials. The structural
transformation as a function of R observed in our experiments
may be explained by the g concept as illustrated in Scheme 1.

Scheme 1. Schematic illustration of the formation of nanopods
through a compromised dual-templating approach.

The aggregation behaviors between CTAB and PFOA
have been carefully investigated.'”! Under basic conditions
during our synthesis, the cationic surfactant CTA" has a
strong electrostatic interaction with PFO~, which can be
elucidated by FTIR studies (Figure S4 in the Supporting
Information). The carbonyl stretching band of pure PFO~
appears at about 1692 cm™'. This peak cannot be observed in
as-synthesized MCM-41 samples obtained in the absence of
PFOA. In contrast, the as-synthesized materials obtained at
different R values exhibit the band at a lower frequency
(1682 cm™). This red-shift of the resonances for the carbonyl
group may be considered as evidence for the interaction
between PFO~ and CTA" in our synthetic system.!®!
Additionally, the relative intensity of this signal increases
with increasing R value, in accordance with the increasing
percentage of PFO™ molecules interacting with CTA*.

The interaction between PFO~ and CTA" may counteract
part of the cationic charges in the CTA* molecules, and thus a
is decreased. In addition, the PFO™ molecules may insert into
the hydrophobic part of the mixed micelles (increasing V).
However, when R <0.1, the small amount of PFO™ may be
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insignificant to change the hexagonal packing of cylindrical
micelles (g=0.5). The PFO™ molecules mainly play a role in
reducing the surface free energy and promoting the formation
of helical morphology, as we proposed previously."'! When
the R value is adjusted to 0.25-0.5, the g value is increased and
the bilayer structure (g=1) is favored. Eventually, the
reduction of the line tension leads to the closure of bilayers
and the formation of vesicular structures.!'*!”

The above discussion provides an explanation for the
structure transformation from the hexagonal to the vesicular
structures. However, it does not account for the formation of
nanopods with the unusual morphology. As can be seen from
Scheme 1, a synthetic condition for the formation of nano-
pods (R=0.2) is a midpoint between the formation of a
hexagonal mesostructure and a multilamellar vesicular struc-
ture. A simple interpretation is that, during the synthesis at
R =0.2, the multilamellar vesicular structure coexists with the
hexagonal mesostructure. Nevertheless, the specific inner
multilamellar and outer hexagonal multiwall architectures of
nanopods should be addressed in more detail.

A key starting point to understand the multiwall structure
feature of nanopods is the phase behavior of surfactants and
their templated organic—inorganic composite structures. In
our synthesis, the starting concentration of the surfactants is
rather low (ca. 6 x 10~ mol L™"). While the vesicular structure
is obtained by vesicular templating (VT),["! the hexagonal
mesostructure should be assembled by the cooperative liquid-
crystal templating (LCT) between siliceous species and
surfactants.”*] It is important to note that the vesicular
structures are formed in dilute solutions while the liquid-
crystal phases are formed in concentrated solutions,"™! two
distinctly different regions in the phase diagram of surfac-
tants. We propose that the formation of nanopod structures is
through the delicate interplay of both the hexagonal and
multilamellar structures (governed by the g value). The
multilamellar structure formed in dilute solutions may serve
as the “nucleation” site for the further deposition of a
hexagonal liquid-crystal mesostructure (governed by the
phase behavior), thus giving rise to nanopods with complex
wall structures (Scheme 1).

To fabricate materials with complex morphologies, we
further propose that the combination of two or more self-
assembly methods (such as the VT and LCT dual-templating
approach in our case) is more acceptable and effective
compared to a single templating method. In the process of VT
and LCT dual templating, it is crucial to consider a synthesis
system in which the LCT and VT may compete (e.g. by
changing the R value in our synthesis). Materials with
complex structures and morphology (e.g. nanopods) are
anticipated at a balanced midpoint where different structure
organizations are compromised (e.g. at R=0.2).

Importantly, there are different liquid-crystal structures,
such as close-packed cubic structures of spherical micelles
(g="/;) as well as the hexagonal structures.”! The vesicular
structures are also rich in uni- and multilamellar vesicles with
different shapes.'>*?! We believe that our proposed dual-
templating approach can be generally applied to other
systems. By choosing other templating agents and a combi-
nation of different liquid-crystal and vesicular structures,
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more unprecedented materials with novel structure and
morphology can be designed and fabricated.

Experimental Section

Siliceous nanopods were synthesized under basic conditions by using
PFOA and CTAB as cotemplates with different PFOA/CTAB weight
ratios R. In a typical synthesis, CTAB (0.20 g) was dissolved in
deionized water (96 g) with stirring at room temperature. Aqueous
NaOH solution (0.70 mL, 2M) and PFOA (0.04 g) were then added
separately to the solution (R=0.2). The temperature of the solution
was raised and kept at 80°C. To this solution, tetracthyl orthosilicate
(1.34 mL) was added. The mixture was continuously stirred for an
additional 2 h. The resulting products were collected by filtration and
dried at room temperature. The templates were removed by
calcination at 550° for 5 h. To understand the formation mechanism,
more materials were synthesized at different R values by changing the
amount of PFOA while the other reaction conditions remained the
same.
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