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In nature, ordered structures may present crystal symmetry
and/or unconventional helical symmetry that can not be
treated by traditional crystallography. The characterization of
nanomaterials with helical symmetry creates an extraordinary
challenge because of their complexity. The discovery of
mesoporous materialsl!! with versatile applications®” has led
nanoscience and nanotechnology research into a new dimen-
sion. Understanding the morphosynthesis, that is, the internal
structure, the external morphology, and the formation mech-
anism of novel mesoporous materials is of scientific impor-
tance and technological necessity.”] Recent developments
have greatly increased the interest in helical mesostructures
with chiral channels®*” and circular mesostructures®'? as a
result of their unique morphologies and internal architec-
tures. However, the determination and differentiation of a
closed helical mesostructure with the pitch of several nano-
meters” from a concentric circular mesostructure®®'? is a
formidable challenge. Both the closed helical and concentric
circular mesostructures cannot be solely described by tradi-
tional crystallography, such as by space groups and symmetry
elements, and thus their mesostructures cannot be determined
by either X-ray or electron diffraction.’¥ Moreover, the
structural difference between two mesostructures is very
small (in the range of several nanometers) and is located more
distinctly in the interior of the material. As a consequence,
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conventional transmission electron microscopy (TEM)
cannot help in determining the hidden information and, in
turn, solving the complex mesostructures.

Electron tomography (ET) is a rapidly developing tech-
nique that is used to obtain the reconstructed complex 3D
structures from a tilt series of TEM images. Electron
tomography was first used in biology"*"! to understand cell
organelles, subcellular aggregates, and whole cells. Recently,
the technique has been increasingly applied in material
science to study the morphology and structure of nano-
materials.’**! The inherent advantage of the ET technique
should be helpful in solving mesostructures with complex
symmetries.”!

Herein, we demonstrate that, by using the state-of-the-art
ET technique, the complex concentric circular (CC) hexag-
onal mesostructure can be successfully differentiated from its
closed helical (CH) counterpart. The key step in our approach
is to make use of each tomographic slice with a thickness of
less than 1 nm so that the structural characteristics “hidden”
in the interior of selected mesostructured objects can be
captured. To our knowledge, this is the first report of using the
ET method to solve a complex structure with both conven-
tional crystal structures and unusual geometrical configura-
tions.

The mesostructured silica employed in this study was
synthesized by using octadecyltrimethyl ammonium bromide
(CsTAB) as a template and perfluorooctanoic acid (PFOA)
as an additive (see the Supporting Information for details). A
TEM image of a typical CC rod is shown in Figure la.
Hexagonal closely packed pore arrays can be clearly observed
near the edges of the rod, which indicates that the pore
channels are nearly perpendicular to the long axis of the rod.
The distance between two adjacent pores (cell parameter, a)
is 4.6 nm. For this selected rod, a series of tilted TEM images
were digitally acquired along two orthogonal axes (see
movies S1 and S2 in the Supporting Information). The
morphology of the mesostructure does not change in the
first tilting series (as shown clearly in movie S1 in the
Supporting Information), while the ringlike pattern can be
observed in the second tilting series (see movie S2 in the
Supporting Information). These results indicate that the
hexagonally patterned channels are wrapped circularly
around the long axis of the rod.

To determine the nature of the channels along the axial
direction, an ultramicrotome was employed to prepare thin
sections (ca. 50 nm) for TEM observations. As shown in
Figure 1b, the cross-section of a rod is a circle and the pore
channels are visible as concentric rings. It should be noted
that, in conventional helical mesostructured rods where the
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Figure 1. TEM images of: a) an individual CC rod (the black dots are

5 nm gold particles used for the alignment) and b) the cross-section of
another CC rod prepared with the ultramicrotome. C) ET images
viewed from three orthogonal directions of the rod shown in (a). The
scale bar is 50 nm.

pitch (P) is relatively large (for example, >300 nm™®)), the
thin section should have a hexagonal shape, with the dotlike
pores arrayed hexagonally.”! Based on this argument, the
mesostructure shown in Figure 1b may be attributed to a CC
rod or a CH rod with very small pitch, rather than a
conventional helical rod.

To fully characterize the pore architectures, ET was
carried out on the rod shown in Figure 1a. Figure 1c shows
the bright-field ET images viewed from three orthogonal
directions. From the ET image of the selected slice in the xz
plane, eight concentric circular rings can be observed, and the
diameter of this selected circular rod is approximately
128 nm. It is noted that the spacing between two adjacent
circles is about 8.0 and 4.0 nm in the cross-section images
obtained by ET (Figure 1c¢) and from the 2D projective TEM
technique (Figure 1b), respectively. Such a difference
between the ET and conventional TEM images recorded
along the axial direction of the circular mesostructured rods
has not been observed previously. Below we will demonstrate
the origin of the difference and how to take advantage of the
ET technique to solve the complex mesostructures.

In the ET processing, the thickness of each slice was
artificially defined as 0.26 nm, thus about 18 slices can be
obtained in the distance between two neighboring pores along
the axial direction of the rod (4.6 nm). Therefore, even for a
helix with the smallest pitch P (ca. 4.6 nm), the ET technique
can still unambiguously provide “local information” to
distinguish between a CC and CH mesostructure. In contrast,
for the sample shown in Figure 1b, the thickness of the
ultramicrotomed specimen is approximately 50 nm, so that
the TEM contrast reflects the “projected information” of tens
of complex pore structures overlapped in the depth of the
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specimen. The different circle-to-circle distance mentioned
earlier can thus be explained by the difference between the
ET and TEM techniques.

Theoretically, there are two possible ordered pore con-
figurations. The [10] direction (indicated by red arrows in
Figure 2a,b) of the 2D hexagonally arrayed pore channels

W= e

(SIS )

Figure 2. Schematic models of hexagonally arrayed pore channels
when the [10] direction (indicated by the red arrows) and the long axis
of the rod (shown by the black arrow) are: a) perpendicular and

b) parallel; the 3D pore channels in the: ¢) CH (P=a, 4.6 nm) and

d) CC structure from model (b) is determined. The number 1, 2, and 3
indicates selected slices while the spacing between two adjacent slices
is v/3a/4 in (a) and 0.5a in (b—d).

can be either perpendicular (Figure2a) or parallel (Fig-
ure 2b) to the long axis of the rod (shown by the black arrow).
The perpendicular model can be directly ruled out from the
direct observation of the TEM image at the edge of the rod
(Figure 1a) and from the ET studies. The ET images can show
the projections in the xz plane (Figure 1c) at a selected height
along the y-axis, as marked by 1, 2, and 3 in Figure 2a,b. For
the parallel model (Figure 2b), projections 1, 2, and 3 should
reflect the same (11) plane albeit from planes 1 to 2, and the
pore and the wall will exchange their positions. In addition,
the distance between two adjacent circles in the ET images
and in the cross-section TEM images should be v/3a (8.0 nm)
and v/3a/2, respectively, which is in excellent agreement with
our experimental observations.

The 3D models of the CH and CC pore channels with the
[10] direction parallel to the long axis of the rod are
represented in Figure 2¢,d, respectively. The difference
between these two structures can now be distinguished by
the slices located in planes 1, 2 and 3. Figure 3 a—c shows the
ET images of three slices along the y-axis and the spacing
between two adjacent slices is 0.5a (in accordance with the
models shown in Figure 2 ¢,d). The difference in the center of
the white rings (reflecting the pores) can be clearly seen from
the three images. A relatively larger, then smaller, and then
larger white ring can be clearly distinguished on going from
Figure 3a to 3b and then to 3 c. Moreover, the locations of the
white and black rings (reflecting the silica walls) in Figure 3a
are now replaced by black and white rings when the slice is
moved by 0.5a along the y-axis (Figure 3b). Some irregular
contrast reversals are observed in Figure 3 a—c which can be
attributed to the defects existing in the material (see the
Supporting Information). Such detailed experimental obser-
vations are in good agreement with the simulated images for a
CC structure (Figure 3d-f) obtained in planes 1-3 indicated
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Figure 3. ET images of three slices (a—c) along the y-axis. The spacing
between two adjacent slices is 0.5a. Simulated images (d—f) from a
CC structure obtained at planes 1, 2, 3 as shown in Figure 2d.
Simulated images (g—i) from a CH structure obtained at planes 1, 2, 3
shown in Figure 2c.

in Figure 2d. For comparison, the simulated images based on
the CH structure with pitch a do not show the same change in
the shape of these most inner rings (Figure 3 g—i). Instead, a
fanlike fringe appears that rotates as the position on the y-axis
is changed; this finding is different to our results. On the basis
of these results, the possibility of the sample having a CH
structure with the smallest possible pitch can now be
unequivocally excluded.

Indeed, as shown in Figure 2c,d, the most distinct
structural features that differentiate the CC and CH meso-
structures are located in the center of the rod. This significant
information cannot be observed in conventional TEM images
(for example, Figure 1a) because of the overlapping thickness
effect. In contrast, the advantage of ET over conventional
TEM techniques may reveal such “hidden” information. The
CC mesostructure can be further clarified by the ET images
recorded in the xy plane at different z positions (Figure 4 a—c).
The slice shown in Figure 4 a is obtained when the xy plane is
very close to the center of the rod. The black and white stripes
are parallel to each other, but perpendicular to the long axis
of the rod. This is also the case for the ET images obtained in
the xy plane but which are far from the center (ca.33 and
60 nm for Figure 4b,c, respectively). Such information is
consistent with the simulated image obtained from a CC
mesostructure in the xy plane (Figure 4d). It is also notable
that there exists an enantiomorphic plane in Figure 4a (in the
middle and along the long axis of the rod), in accordance with
Figure 2d and the CC mesostructure."”

It should be noted that the CH model shown in Figure 2¢
is based on a close-packed helix with P=a. The resultant
structure pattern needs to be be further examined for a CH
mesostructure where P is larger than a. The simulated image
for a CH mesostructure with a pitch of 3a (ca. 13.8 nm) is
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Figure 4. ET images in the xy plane at different z positions (a—c) when
the deviation from the center of the circular circle is about 7, 33,

60 nm, respectively. Simulated images from the CC (d) and CH (e)
structure.

shown in Figure 4e. The black and white stripes are still
parallel to each other, but no longer perpendicular to the long
axis of the rod. This deviation is a function of P and will
increase as P is enlarged. From the comparison between this
model and Figure 4a—c, the CH mesostructure can now be
exclusively ruled out and the CC mesostructure further
confirmed.

In conclusion, the true internal structure of the concentric
circular hexagonal mesostructure has been solved for the first
time by using electron tomography. This is a significant step
forward in solving such complex mesostructures and paves the
way for understanding the origins of the CC mesostructure
and the evolution of conventional helical to CC structures. It
is believed that this method can be further extended to solve
other complex structures with unconventional symmetries
and configurations.

Experimental Section

All chemicals were used as received without further purification.
C;sTAB and PFOA were purchased from Aldrich. Other chemicals
were purchased from the Shanghai Chemical Company. The meso-
structured material was synthesized under basic conditions by using
CsTAB as a template and PFOA as an additive. ET was performed
with a FEI Tecnai F30 electron microscope operating at 300 kV. All
TEM images were recorded at a given defocus in a bright-field mode
to show the thickness contrast. Alignment and three-dimensional
reconstructions of concentric circular structures by filtered back
projection were performed with IMOD software.”® Details can be
found in the Supporting Information. It is noted that all the products
have a hexagonal structure, but are CC rods and conventional helical
rods (P >300 nm). The helical rods are similar to those formed by the
cetyltrimethyl ammonium bromide (CTAB)/PFOA templating tech-
nique.’) In this study, we focused only on the unambiguous
identification of the CC mesostructure. The XRD and N, sorption
analysis results can be found in the Supporting Information.
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