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Films of mesoporous materials attract broad interest
because of their wide applicability in the fields of optics and
electronics. Although many of these films have a regular
local porous structure, the structural regularity has not
been used practically yet because of difficulties in its
control on macroscopic scales. Here, we demonstrate the
preparation of mesoporous silica films whose porous
structure can be described as a single crystal, that is, a
long-range order of cage-like pores is maintained over
centimetre scales. These films have a three-dimensional
hexagonal (space group P6,/mmc) porous structure, and
the in-plane arrangement of the pores is strictly controlled
by a polymeric substrate surface that has been treated
by rubbing. This new class of single-crystalline films
with mesoscopic periodic structure is a significant
breakthrough in bottom-up nanotechnology, and could
lead to novel devices, for example, optics in a soft X-ray

region, and quantum electronics.
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research effort has been directed towards the investigation

of mesostructured materials prepared through self-assembly
of surfactants. The research area covers the preparation®,
characterization”®, morphological control’'?, incorporation of guest
species’™™¢, and so on. Mesoporous silica films”!*72" are of special
interest because of their application to optical and electronic devices
such as lasers?™*? sensors®, and photochromic films*. Many of the
mesoporous silica films have a periodic regular porous structure for
which a distinct space group can be defined. However, no substantial
application has been proposed for the periodic structure of the films so
far, because of difficulties in the control of their structure on
macroscopic scales. Several groups reported the alignment control of
tubular mesopores in mesoporous silica using the reactant flow*?,
shearing” and strong magnetic field®. We reported full alignment
control of tubular mesopores in mesoporous silica films using various
substrates with surface structural anisotropy*~2. Especially, a rubbing-
treated polyimide coating gives excellent uniaxial alignment, and
the interfacial hydrophobic interaction between the alkyl chain of the
surfactant and the elongated polymer chains is considered to direct
the surface micelle alignment®*2.

In this paper, we report the formation of mesoporous silica films
with a single-crystalline three-dimensional (3D) hexagonal (P6,/mmc)
porous structure. In these films, the in-plane arrangement of the cage-
like pores is wholly controlled over centimetre scales (Figure 1).
The films are prepared through epitaxial growth of a self-organized
mixture of hydrolysed silicon alkoxide and structure-directing agent on
the rubbing-treated polyimide coating®*2. The structure-directing
agent is optimized to provide spherical micelles on the substrate by
mixing nonionic surfactants with different head-group sizes. A series of
X-ray diffraction (XRD) experiments together with transmission
electron microscopy (TEM) established the total porousstructure of the
films as a vertically shrunk 3D-hexagonal structure (P6,/mmc) with

Since their discovery in the early 1990s™?, a great deal of
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Polycrystalline porous structure

Single-crystalline porous structure

Figure 1 lllustration showing the single-crystalline porous structure of the present mesoporous silica films in contrast to the conventional films having a polycrystalline

porous structure.

macroscopic in-plane structural regularity. We consider that the
formation mechanism of this single-crystalline mesoporous structure
includes an initial gradual phase transition of aligned tube-like micelles
into spherical ones without losing the in-plane structural regularity.
The surface micelle structure thus formed in the early stages of the film
formation would work as a scaffold for the subsequent growth of the
mesostructured silica film with a 3D-hexagonal structure. The present
strategy is, therefore, conceptually different from the previous one in
which direct interactions between the surfactant and the anisotropic
polymericsurfacelead to the formation of mesosporoussilica films with
uniaxially aligned tubular pores.

Although no atomic-scaled structural ordering is found in the
present films, they can be described as artificial single-crystalline films
with a mesoscopic periodic structure in contrast to the conventional
‘polycrystalline’ films in which the in-plane arrangement of the pores is
not controlled (Figure 1). These mesoporous films with a single-
crystalline porous structure will find many applications in optics and
electronics that require the high structural regularity.

The substrate used for the preparation of the present mesoporous
silica films is a silica glass substrate coated with polyimide.
The polyimide film on the substrate undergoes the rubbing treatment,
which is described in detail in previous papers®"*2. The substrate is kept
in the aqueous reactant solution containing surfactants, hydrochloric
acid (HCI) and tetraethoxysilane (TEOS) with the molar ratio of
surfactant 0.0088/TEOS 0.10/HCI 3/H,O 100. Mixtures of the two
nonionic surfactants, polyoxyethylene 10 cetyl ether (C,;EO,,) and
polyoxyethylene 20 cetyl ether (C,;EO,,), were used as structure-
directing reagents. The vessel containing the substrate and the reactant
solution was sealed at 80 °C for the growth of the mesostructured silica
films. The surfactants were removed by calcination under an air
atmosphere at 540 °Cfor 10 h.

The TEM images of the as-grown film prepared using the surfactant
mixture of C,¢EO,/C,sEO,, = 2:1 are shown in Fig. 2. The image of the
cross-section parallel to the rubbing direction and the corresponding
electron diffraction (ED) pattern shown in Fig. 2a are consistent with a
3D-hexagonal porous structure consisting of spherical micelles, stacked
in the [001] direction. The TEM image and the corresponding ED
pattern are different from those shown in Fig. 2b, in which the cross-
section is perpendicular to the rubbing direction. These data are also
consistent with the above-mentioned 3D-hexagonal structure.
Although the detailed TEM observation shows the existence of small
stacking faults, the 3D-hexagonal structure is dominant in the film.
Figure 2c and d are images reconstructed by extracting the periodic
components in the fast Fourier-transformed (FFT) images of Fig. 2a
and b, respectively. These images are substantially the same as the
corresponding model of the hexagonal structure shown as insets.
The actual structure of this film is vertically shrunk, that is, it deviates
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from the 3D-hexagonal conformation, because shrinkage of the periodic
structure occurs selectively in the vertical direction. The deviation
from the 3D-hexagonal structure was estimated to be 24.0% for this as-
grown film. The TEM image of the film plane is shown in Fig. 2e.
Hexagonally aligned pores are observed in the whole area, and the
single-crystalline porous structure is confirmed by the higher-order
diffraction spots in the corresponding ED pattern. Figure 2f, the
reconstructed image of Fig. 2e from its FFT image, clearly shows that
the alignment direction of the pores is fixed over the whole of the film.

Although TEM is a powerful tool in determining the structure of
mesostructured materials, the images provide only local structural
information. Although an electron diffraction pattern provides
averaged information, the volume related to the diffraction is still very
small. Therefore, we carried out a series of detailed XRD experiments
to prove the macroscopic structural regularity.

Figure 3ashows the 2D-XRD patterns of the as-grown film prepared
using the surfactant mixture of C,;EO,,/C,;EO,, = 2:1, recorded with
different sample rotation angles (¢). Although the structure deviates
from the 3D-hexagonal structure, the Miller indices in the figure are
based on a hexagonal structure for easier understanding. The observed
strong ¢ dependence of the diffraction pattern clearly shows the single-
crystal-like structural feature of this film. Each diffraction pattern was
independent of the position in the film as long as the sample rotation
angle was fixed. This shows that the film is highly uniform and the in-
plane arrangement of the pores is completely controlled over the whole
area of the film. The space group of the structure was determined to be
P6;/mmc from these XRD patterns on the basis of the extinction rule.
These 2D-XRD patternsareall consistent with the TEM images. The 2D-
XRD patterns have no streaks, that is, each diffraction spot is isolated.
The extra spots adjoining the main spots are caused by the reflection
effect at the substrate surface®. These distinct patterns prove that the
density of stacking faults is low, which is proven by TEM observation.

The structural anisotropy of this film can be quantified by in-plane
XRD. This geometry,shown as the inset of Fig. 3b,enables the analysis of
the upright lattice planes, and has been used to evaluate the in-plane
alignment of the tubular mesopores in 2D-hexagonal mesostructured
silica films*~2,

Figure 3b shows the ¢—26) scanning profiles of this film. Traces A
and B were recorded with the sample geometries in which the rubbing
direction was set perpendicular and parallel to the X-rays at ¢ = 0°,
respectively. In trace A, two distinct diffraction peaks were observed at
20x=1.18°and 2.36°. On the other hand, in trace B, the intensity of these
peaks was remarkably decreased, and a new weak peak was observed at
20x = 2.05°. The difference between these in-plane XRD profiles results
from the strong in-plane structural anisotropy of this film.

The ¢ scanning profile of the film fixing the detector at a position of
20x=1.18°isshown as trace A in Fig. 3c. Six sharp diffraction peaks are
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Figure 2 TEM images of the as-grown film with a single-crystalline porous structure prepared using the surfactant mixture of C,¢E0,,/C,;EQ,, = 2:1. a,b, Cross-sectional
image of the film sliced parallel (@) and perpendicular (b) to the rubbing direction. Insets: corresponding ED patterns. ¢,d, Reconstructed cross-sectional images parallel (¢) and
perpendicular (d) to the rubbing direction obtained by extracting the periodic components from the FFT images of a and b. Insets: corresponding models of 3D-hexagonal (P6,/mmc)
structure. e, Top-view image of the film. Inset: corresponding ED pattern. The irregular contrast is caused by the uneven surface of the epoxy resin used for the protection of the thin
specimen. f, Reconstructed image from the FFT image of e. The arrows in e and f show the rubbing direction.

observed with an interval of 60.0°, showing that the in-plane
arrangement of the spherical micelles is strictly controlled over the
whole film. The peak intensity was minimum when the rubbing
direction was parallel to the X-ray incidence (¢ = 0°), and the intensity
maxima were observed at ¢ = +30°, +90° and +150°. From these data,
together with the above 2D-XRD patterns, the observed peak at
20y = 1.18° and 2.36° can be assigned to (11/) and (221), respectively.
The in-plane rocking curve was recorded also for the diffraction peak at
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26y = 2.05° (trace B in Fig. 3b). Six sharp diffraction peaks were
observed in the rocking curve also in this case, but the positions of the
peaks were shifted by 30°,as shown in trace B in Fig. 3c. From this result,
the diffraction peak at 20 = 2.05° is assigned to (120). The observed
XRD data are all consistent with both the proposed vertically shrunk
3D-hexagonal (P6,/mmc) structure and the TEM images.

In general, this kind of well-resolved rocking curve is obtained
only when the film has a single-crystalline structure. Although no
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Figure 3 XRD patterns of the as-grown single-crystalline film prepared using the surfactant mixture of C,EQ,,/C,sEQ,, = 2:1. a, 2D-XRD patterns recorded for the different
sample rotation angles. b, g—26; scanning profiles recorded when the projection of the incident X-rays is perpendicular (A) and parallel (B) to the rubbing direction at ¢p=0°.
Inset: scanning axes of the in-plane XRD geometry. The index of (11/) represents (111) and (110), and (22/) represents (221) and (220). (111) and (221) predominantly contribute to the each

diffraction peak. ¢, ¢ scanning profiles at 26y = 1.18° (A),and 26y = 2.05° (B).

atomic-scaled structural regularity is observed in the silica pore walls,
the mesoscaled structural regularity causes various features that are
observed for crystalline materials, such as crystal-like particle
morphologies®** and existence of sharp X-ray diffraction peaks. It is
appropriate to regard these films as ‘single-crystalline’ with a structural
period more than ten times larger than that of real crystals consisting of
atoms. The mesoporoussilica filmswith a 3D porous structure reported
so farare all ‘polycrystalline’ films, in which no macroscopic preferential
orientation is observed for the porous structure in the plane of the film*.

In the present mesostructured silica film, because the underlying
polyimide is thin enough (~10 nm), the surfactants in the pores can be
removed by calcination without peeling of the film from the substrate.
Thein-planestructural regularity is completely retained after surfactant
removal. The profiles of the in-plane XRD patterns are substantially
unchanged by calcination (see Supplementary Information, Fig. S1).
Thus, the formation of single-crystalline 3D-hexagonal mesoporous
silica films was confirmed. However, the structural period in the vertical
direction shrunk by 20.0% through calcination (data not shown)
because of the condensation of the silanol groups, and consequently,
the deviation from the 3D-hexagonal structure increased from 24.0%
t0 39.4%.

The in-plane structural regularity strongly depends on the mixing
ratio of C,;EO,, and C,,EO,,. Figure 4a shows the ¢ scanning profiles
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of (111) recorded for the films prepared using the surfactant mixture at
different mixing ratios. The width of the diffraction peaks, depending
on the degree of the in-plane structural fluctuation, became narrower
with increasing C (EO,,/C,;EO,, ratio. In these films, the total molar
ratio of the surfactant to other components was fixed. It is worth noting
that the mesoporous silica film with a single-crystalline porous
structure cannotbe formed with only one component of the surfactant
mixture under the present conditions. These facts suggest that the
addition of C (EO,,largely affects the micelle structure on the rubbing-
treated polyimide surface. The mixing ratio does not affect the size of
the micelles because the structural periods estimated from ¢-26x
scanning profiles are independent of the mixing ratio (data not
shown). However, the addition of C,;EO,, can affect the shape of the
micelles. For the heterogeneous reaction involved in the present
mesostructured silica film growth, the concentration and the molar
ratio of the two surfactants at the substrate surface can be different from
those in the solution, depending on the respective distribution
coefficient. Therefore, the local concentration of one of the two
surfactants at the surface can be selectively higher. In the present
system, the local concentration of C(EO,, on the surface would be
higher than that of C(EO,, because of the smaller hydrophilic group.
This mightlead to the formation of an aligned tube-like surface micelle
structure in the early stages of the film formation, similar to that
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Figure 4 Variation of the porous structure with the surfactant mixing ratio and the reaction time, and the proposed mechanism for the in-plane regular stacking of the
spherical micelles. a, ¢ scanning XRD profiles of the as-grown films prepared using the surfactant mixtures with different molar ratios; C,4E0,/C;¢EQ5 = 1:3,1:2,1/:1and 2:1.

b, Alignment model of the tubular pores on the rubbing-treated polyimide. ¢, ¢ scanning XRD profiles in the early stages of the film formation prepared using the surfactant mixture of
C46E0,¢/C;EQ, = 2:1.d, lllustration of the formation mechanism of the mesostructured silica film with a single-crystalline porous structure. The rubbing direction is shown as vertical
arrows in the figure. First, the aligned tubular micelles are formed on the substrate perpendicular to the rubbing direction, and the tubular micelles are transformed into spherical ones in
the early stages of the film formation. The first layer (blue), for which the interactions with the substrate are strongest, is also transformed. The surface micelle structure acts as a scaffold

for the growth of the mesostructured silica film with the 3D-hexagonal structure.

formed when C,,EO,, was used alone®. In this case, tubular
mesochannels are aligned perpendicularly to the rubbing direction
through interfacial hydrophobic interactions as schematically shown
in Fig. 4b. Thisaligned tube-like surface micelle structure can cause the
observed in-plane structural regularity of the 3D-hexagonal phase.

To prove this mechanism, the early stages of the film formation were
investigated. Figure 4c shows the ¢ scanning profiles of the main in-
plane XRD peaks recorded for the films prepared using the surfactant
mixture of C,,EO,,/C,,EO,, = 2:1, with different times for the film
growth. The sample films on the substrates were taken from the reactant
solution after 30 min, 1 h and 3 h contact with the reactant solution.
For the film grown for 30 min, only two weak peaks were observed in the
¢ scanning profile. This shows that the tube-like micelles wrapped with
silica are aligned perpendicularly to the rubbing direction in this stage.
Though the diffraction intensity is weak, the distinct two XRD peaks in
the ¢ scanning profile indicate the formation of a multilayered
mesostructured silica film with an aligned 2D-hexagonal structure.
The broad peaks suggest the relatively poor alignment of the micelles.
Even though the relative concentration of C(EO,, on the substrate
surface is higher than in the solution, C,;EO,—preferring a higher
curvature of the micelles—can disturb the regularity of the surface
micelle structure. After the film growth for 1 h, six broad diffraction
peaks were observed in the ¢ scanning profile, indicating that phase
transition from the tubular micelles into the 3D-hexagonal structure
took place between 30 min and 1 h. In the early stages of the film
formation, condensation of silanol groups in the pore walls decreases
the density of the active sites that interact with the head groups of
the nonionic surfactants. This would prompt the transformation of the
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tubular micelles to spherical ones with higher curvature, which is
favoured by C,;EO,,. The whole of the initial multilayered film with
the aligned 2D-hexagonal structure would gradually be transformed
into the 3D-hexagonal structure, leading to the formation of the
mesostructured silica films with the single-crystalline porous structure.
The phase transition may take place unevenly along the film thickness
because the first layer on the substrate should be strongly restricted by
the surface. The 3D-hexagonal film thus formed through phase
transition may act as a scaffold for the subsequent epitaxial growth of
the spherical silica—micelle building blocks for the formation of the
thicker films. The formation mechanism of the present films is
schematically shown in Fig. 4d. The proposed model is supported by
the TEM images that clearly prove the existence of the spherical micelles
in the first layer on the substrate.

Present electronics and optics are based on an atomic-scaled
structural period of crystals, and submicrometre-scaled periodic
structure can be applied to photonic crystals. The mesoporous films
with a single-crystalline porous structure over centimetre scales have
potential to be applied in various new fields; for example, in optical
devicesinasoft (low energy) X-ray region because the structural period
of the films is comparable to the wavelength. Again, these films may
be used as templates for the preparation of regular 3D array of
nanocrystals, which can be applied to devices of quantum electronics.

METHODS

The TEM images were recorded on a Hitachi H-800 at an accelerating voltage of 200 kV. The specimen for
the cross-sectional TEM observation was prepared as follows; first, the sample was embedded in an epoxy
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resin and a piece with a thickness of ~500 um was sawed off; second, the piece was mechanically pre-
thinned and polished by a disk grinder and a dimple grinder to produce a central region of ~10 um thick;
and finally, the central region was milled with two Ar* ion beams of 3 keV energy with incident angles —1°
and 4°, respectively.

The 2D-XRD patterns were recorded under a reflection geometry using synchrotron radiation at
the Photon Factory (KEK Japan) on beam-line 4A. A 3 um x 3um X-ray microbeam with 8 keV was used,
and the diffraction patterns were recorded using an X-ray charge-coupled device detector with image
intensifier. The in-plane XRD patterns were recorded with an X-ray diffractometer equipped with a four-
axes goniometer (Rigaku ATX-G) using CuKa radiation. The incident angle of X-rays in the in-plane
geometry was set to 0.2°. Because of the small incident angle, the whole of the film contributes to the
observed diffraction.

Received 13 April 2004; accepted 17 June 2004; published 15 August 2004.
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