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’ INTRODUCTION

Materials with anisotropic refractive index, birefringence,1�3

are widely applied in optical devices such as liquid crystal
displays, light modulators, and tunable lasers. Films of birefrin-
gent materials are especially important as phase plates, which can
control the polarization state of light. Usually, phase plates are
made of anisotropic organic materials such as uniaxially stretched
polycarbonate. However, for some applications, which require
high temperature, high photon flux density, and harsh environ-
ment, phase plates consisting of stable inorganic materials are
desired, and we need to explore suchmaterials that can be formed
as a transparent film with a macroscopic structural anisotropy
through a simple procedure.

Mesostructured materials with uniform cylindrical mesochan-
nels, prepared through self-assembly of amphiphilic molecules,
are promising candidates, which satisfy the above criteria.4�13

However, the cylindrical mesochannels have to be aligned in one
direction in the plane of the films, otherwise the films become
macroscopically isotropic regardless of the highly anisotropic
shape of the mesochannels. Such mesostructured films with uni-
axially oriented channel structure14�19 have a large structural
anisotropy, which can result in optical birefringence. For the
practical application as phase plates, the mesostructured films

need to have a large anisotropy of refractive index, that is, theΔn
value (difference of refractive index for ordinary and extraordin-
ary lights) needs to be large. We have reported the preparation of
mesoporous silica films with a highly aligned mesoporous struc-
ture on a glass substrate using an anisotropic polymer coating,14

but the Δn values have not been high enough. We found by
calculation that the Δn value of the aligned mesoporous films is
largely dependent on the refractive index of the material forming
the pore wall and concluded that the large Δn value cannot be
achieved as long as we use SiO2 because of its low refractive
index. Use of transparent nonsiliceous materials with a high
refractive index, such as TiO2,

20�31 as a pore wall is indispensable
to achieve a large Δn. However, the removal of the template
without losing the structural regularity has been difficult to
achieve for the nonsiliceous mesostructured materials, especially
those with cylindrical mesochannels, and reinforcement of the
structure before the removal process has been proposed to
prevent the mesostructure from collapsing.32�36

Here, we report the successful preparation of a mesoporous
titania�silica composite film with a uniaxially oriented porous
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ABSTRACT: Mesoporous titania�silica composite films with highly
aligned cylindrical pores are prepared by the sol�gel method using a
substrate with structural anisotropy. The strong alignment effect of a
rubbing-treated polyimide film on a substrate provides a narrow align-
ment distribution in the plane of the film regardless of the fast condensa-
tion rate of titania precursors. The collapse of the mesostructure upon the
surfactant removal is effectively suppressed by the reinforcement of the
pore walls with silica by exposing the as-deposited film to a vapor of a
silicon alkoxide. The existence of a silica layer on the titania pore wall is proved from the distributions of Ti and Si estimated by the
elemental analysis in high resolution electron microscopy. The obtained mesoporous titania�silica composite film exhibits a
remarkable birefringence reflecting the highly anisotropic mesoporous structure and the high refractive index of titania that forms
the pore wall. The Δn value estimated from the optical retardation and the film thickness is larger than 0.06, which cannot be
achieved with the conventional mesoporous silica films with uniaxially aligned mesoporous structure even though the alignment of
the pores in the films is perfect. These inorganic films withmesoscopic structural anisotropy will findmany applications in the field of
optics as phase plates with high thermal/chemical/mechanical stabilities.
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structure which shows a remarkable birefringence with a Δn
value larger than 0.06. We control the in-plane orientation of the
mesochannels using a rubbing-treated polyimide as an align-
ment-controlling layer, and the retention of the structure after
the template removal is achieved by a vapor treatment of tetra-
methoxysilane (TMOS) before the calcination process. The
obtained film has a good optical quality with high transparency,
which enables practical applications. The method in this paper
could be applied for the preparation of aligned mesoporous films
with various compositions, which would expand the application
of these anisotropic mesoporous films.

’EXPERIMENTAL SECTION

Preparation of Mesoporous Titania-Silica Composite
Films. The details of the preparation of the substrate coated with a
rubbing-treated poly(hexamethylenepyromellitimide) are shown in our
previous paper.15 The substrate was spin-coated with a precursor
solution prepared by mixing titanium tetraisopropoxide, 1-butanol,
Brij56 (nonionic surfactant), hydrochloric acid, and water with the
molar ratio of 1.0:29.4:0.15:1.48:5.57 at a speed of 2000 rpm for 20 s.
The atmosphere during the spin-coating was controlled to be 25 �C and
60%RH. The film was kept for 1 h in the same atmosphere and then
transferred to a 70 mL autoclave containing 3.0 mL of TMOS and sealed
at 50 �C for 3 h. The film was taken out from the vessel and was calcined
in an air atmosphere at 350 �C for 4 h for the removal of the surfactant.
Characterization.TheX-ray diffraction (XRD) profiles with Bragg�

Brentano geometry were recorded with a MAC Science M03XHP22
diffractometer using Mn-filtered Fe KR radiation under the operating
conditions of 40 kV and 20mA. The in-plane XRDwas conducted with a
Rigaku ATX-G diffractometer equipped with a four-axes goniometer
using Cu KR radiation (50 kV to 300 mA) at a grazing incidence of 0.2�.
The details of the in-plane XRD are shown in our previous paper.15 The
morphologies of the cross-section and the surface of the films were
characterized using a Hitachi S-5500 high-resolution scanning electron
microscope (HR-SEM) at a low accelerating voltage of 2.0�2.5 kV.
Cross-sectional images of scanning transmission electron microscopy
(STEM)were recorded on a Tecnai F30 at an accelerating voltage of 300
kV in a high angle annular dark field (HAADF) mode, and the
distributions of Ti and Si in the images were recorded by energy-
dispersive X-ray spectroscopy (EDX) using a silicon solid-state detector.
Optical Measurements. The sample films were placed between

the crossed polarizers, and the transmittance of the light from a halogen
lamp collimated using a collimating lens wasmeasured with changing the
rotation angleω, which is defined as the angle between the mesochannel
direction and the polarization axis of the first polarizer. The transmission
I(ω) was measured with a charge-coupled device (CCD) equipped with
a monochromator. The optical retardation R was calculated using eq 1
from the transmittance T and ω. Here, I0 is the intensity of transmitted
light when the sample is placed between the two parallel polarizers with
the channel direction parallel to the polarization axis, and λ is the
wavelength, 550 nm. The degree of birefringence, the Δn value, was
estimated by dividing the obtained retardation value by the thickness of
the film, t (eq 2), which was estimated from the cross-sectional SEM
images by averaging the thickness of the randomly selected seven points.

T ¼ IðωÞ=I0 ¼ sin2ð2ωÞsin2ðπR=λÞ ð1Þ
Δn ¼ R=t ð2Þ

Calculation of Δn of an Aligned Mesoporous Film. The
structure of a mesoporous film was assumed as follows: two-dimensional
hexagonal structure with uniaxial in-plane alignment of cylindrical pores,
150 repeating units in thickness, 4.3 nm periodicity in the Æ01æ direction,

and a 2.0 nm thick pore wall with a refractive index of n. The
transmittance of the film with this structure was numerically calculated
by a transfer matrix method for the wavelength (λ) from 500 to 700 nm
with an interval of 10 nm for the incident lights with parallel and
perpendicular polarizations to the aligned pores. The obtained λ�T
curve was fitted to the theoretical one obtained based on eq 3, which
describes the transmission of light in a uniform refractive index of ~n.
Here, T0 is the transmittance at the surface of the film. The Δn was
estimated as the difference of the ~n values obtained for the two
polarizations.

T ¼ T2
0=fT2

0 þ 4ð1� T0Þsin2ð2π~nt=λÞg ð3Þ

’RESULTS AND DISCUSSION

Characterization of theMesostructured Titania Films.The
uniaxial alignment control of mesochannels is achieved by a simple
sol�gel method using a rubbing-treated polyimide film. However,
the conditions of the coating and the composition of the precursor
solution need to be carefully optimized. Especially, control of
humidity is very important to achieve the narrow alignment dis-
tribution in addition to the high structural regularity. n-Butanol is
used to retard the evaporation process to provide enough time for
the alignment of the LC phase consisting of cylindrical micelles,
and it tends to give a narrower distribution of the in-plane
alignment of the mesochannels compared to ethanol.
The XRD patterns of the as-deposited film recorded under the

Bragg�Brentano geometry are shown in Figure 1A (traces a and
a0). A strong diffraction peak assigned as (01) is observed at a
position corresponding to the lattice distance of 5.3 nm. The dif-
fraction intensity is shown on a log scale to display all the
diffraction peaks with different intensities simultaneously. The
anisotropy caused by the aligned mesostructure is clearly ob-
served, as reported for the aligned mesoporous silica films in our
previous paper.15 The structural anisotropy in the plane of the
film is clearly shown by in-plane XRD, as shown in Figure 1B
(trace a). The strong in-plane diffraction is observed when the
rubbing direction is perpendicular to the projection of the

Figure 1. XRD patterns of the mesostructured titania films: (A) θ�2θ
scanning under the Bragg�Brentano geometry, (B) ϕ�2θχ scanning,
and (C) ϕ scanning under the in-plane geometry. Traces a, a0 in panel A,
a in panels B and C: as-deposited film; b, b0 in panel A, b in panels B and
C: after the TMOS vapor treatment; c, c0 in panel A, c in panels B and C:
after calcination. Traces a, b, c and a0, b0, c0 in panel A are recorded with
the projection of the incident X-rays parallel and perpendicular to the
rubbing direction, respectively. Solid lines and dotted lines in panel B are
recorded with the projection of the incident X-rays perpendicular and
parallel to the rubbing direction at ϕ = 0�, respectively.
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incident X-rays. The distribution of the in-plane alignment direc-
tion can quantitatively be evaluated by the in-plane XRD rocking
curve (Figure 1C trace a). The full width at half-maximum of the
in-plane rocking curve is less than 7�, which proves the strict
alignment of the mesochannels perpendicular to the rubbing
direction. However, the mesochannels need to be hollow to
achieve the large Δn value. To prevent the collapse of the regular
porous structure, we reinforced the pore wall with silica by
exposing this film to a TMOS vapor at 50 �C. The structure of
the film scarcely changes by this treatment as confirmed by XRD
(Figure 1A traces b, b0, Figure 1B trace b, Figure 1C trace b),
except for the small increase of the lattice distance of (01) to
5.5 nm. Deposition of silica on the film surface is not observed by
SEM, suggesting that TMOS penetrates into the mesochannels of
the mesostructured titania film even before the surfactant removal,
which results in the observed slight increase of the lattice distance.
By this reinforcement with silica, the aligned mesostructure can be
retained after the surfactant removal by calcination at 350 �C, as
shown in Figure 1A (traces c and c0), allowing the formation of a
mesoporous titania�silica composite film. The complete removal
of the surfactant is confirmed by infrared (IR) spectroscopy
(Figure S1, Supporting Information). However, the broadening
of the diffraction peak and the shift to higher angles shows the
contraction of the structure along the thickness direction. The
distance of the (01) lattice planes after the surfactant removal is
estimated to be 4.5 nm. The in-plane diffraction peak assigned as
(10) also shifts to higher angles (Figure 1B trace c), suggesting that
the contraction takes place also in the in-plane direction. This
contraction causes tiny cracks as small as ∼100 nm, which does
not seriously deteriorate the optical performance of the film. The
observed structural contraction in the plane of the film as well as
the crack formation suggests the weaker adhesion of this meso-
porous titania�silica composite film to the substrate compared to
that of the aligned mesoporous silica film, which causes neither in-
plane contraction nor crack formation. The cracks have a slit-like
shape and are aligned parallel to the alignment direction of the
mesopores, as shown in Figure 2A.

The film, after the surfactant removal, is extensively character-
ized by high resolution SEM, and the images are shown in
Figure 2B�D. The images of the cross-sections parallel and per-
pendicular to the rubbing direction are shown in Figure 2B and
2C, respectively. These images clearly show that the alignment is
achieved over the whole film thickness of ∼200 nm. The align-
ment of the pores perpendicular to the rubbing direction is con-
firmed also by the top-view SEM images (Figure S2A, Supporting
Information). In the low-magnification SEM image, Figure 2A,
some parts with a curved feature are recognized, which suggests a
small coexistence of uncontrolled alignment of the mesopores.
Actually, the high resolution SEM images of the surface of those
parts reveal the lack of the preferred alignment (Figure S2B,
Supporting Information). However, we found that the alignment
of the mesopores is partially achieved even in such parts. The
representative cross-sectional SEM image of such an area with a
curved surface feature is shown in Figure 2D. It is clearly shown
that some parts of the film, especially those with the curved
surface features, consist of two layers: the bottom layer on the
substrate side with a highly alignedmesoporous structure and the
top layer beneath the film surface with a random in-plane
alignment of the mesopores. This has not been observed in the
aligned mesoporous silica film prepared by a sol�gel method,15

and is caused by the faster condensation rate of titania precursors
during the solvent evaporation process. The top layer would be
formed from the air interface, where the increase of the partial
concentration of water by uptake of moisture and the decrease of
the HCl concentration by evaporation concomitantly take place.
The fast condensation at the surface leads to the rapid formation
of the top layer without influence from the anisotropic substrate.
The existence of the parts without alignment is also predicted by
the small peak in the in-plane XRD profiles recorded when the
X-rays are perpendicular to the orientation of the mesopores
(Figure 1B dotted lines). On the other hand, the bottom layer
would be formed relatively slow, which provides sufficient time
to align by the anisotropic interactions at the substrate surface.
The optimization of the coating and aging processes, including
the control of the atmosphere, will lead to perfect alignment
control over the entire film.
We investigated the distribution of silica in the mesoporous

titania�silica composite film, because it influences the optical
property of the film by changing the refractive index of the pore
wall. We observed the cross-section of the film by high resolution

Figure 2. SEM images of themesoporous titania�silica composite film:
lowmagnification image of the surface (A), high magnification images of
the cross-sections cut parallel (B) and perpendicular (C) to the rubbing
direction, highmagnification image of the parts with a top layer without a
controlled alignment (D). The arrow in panel A shows the rubbing
direction of polyimide.

Figure 3. Characterizations of the mesoporous titania�silica compo-
site film with cross-sectional STEM: (A) cross-sectional STEM image,
(B) comparison of the line profiles of the STEM image contrast and
distributions of Si and Ti, (C) model of the cross-section. The line
profiles are obtained along the yellow line shown in panel A.
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scanning transmission electron microscopy (STEM) and mea-
sured the distributions of Ti and Si by EDX along the yellow line
shown in Figure 3A. The intensity of the characteristic X-rays
from Ti and Si and the output of the STEM detector, which
numerically show the contrast of the image, are recorded with an
interval of 1 nm. The size of the electron beam on the sample is
less than 0.3 nm. The profile shown in Figure 3B clearly shows
that the variation of the Ti signal is synchronized with that of the
STEM contrast. On the other hand, the variation of the signal of
Si is in antiphase with the above two, and the intensity is smaller
at the center of the pores. This proves that the inner surface of the
mesopores is coated by silica as schematically shown in
Figure 3C. The Ti/Si ratio estimated by EDX is almost the same
over the thickness of the film, proving that the treatment with
TMOS vapor provides a uniform reinforcement with silica of the
pore wall. Although the EDX does not provide a reliable atomic
ratio, the result suggests the existence of considerable amount of
silica that is comparable to that of titania. This indicates that at
least a portion of the pore wall is a mixture of titania and silica
(Figure 3C). The slight increase of the absorption around
940 cm�1 in the IR spectra after the TMOS vapor treatment is
consistent with the formation of Ti�O�Si bonds37 (Figure S3,
Supporting Information). The titania in the mesoporous film is
amorphous, which is confirmed by the absence of the diffraction
peaks in the wide-angle XRD profile recorded under the parallel
beam geometry (Figure S4, Supporting Information). This is due
to the relatively low calcination temperature in the surfactant
removal process.29 The orderedmesoporous structure of the film
is deteriorated by the increase of the calcination temperature.
Optical Properties of the Mesoporous Titania�Silica

Composite Film. The prepared mesoporous titania�silica com-
posite film shows remarkable birefringence reflecting the highly
anisotropic porous structure, which results in the anisotropic
apparent density. We placed this film between the crossed
polarizers and observed the change of the transmittance by
rotating the film. The film does not transmit light when the
orientation of the mesopores is either parallel or perpendicular to
the polarization of the incident light. However, the transmittance
increases with the rotation of the sample, and it reaches the
maximum when the rubbing direction is 45� from the polariza-
tion of the incident light. The optical micrographs of the film

placed between the two polarizers, taken at ω = 10� and 45�, are
shown in Figure 4A. These micrographs clearly prove the distinct
birefringence of the film, and the two polarization axes are parallel
and perpendicular to the rubbing direction, that is, the alignment
direction of the mesopores. The optical retardation is measured as
a function of the rotation angleω (angle between the polarization
of the first polarizer and the pore direction), at a wavelength of
550 nm.We estimated the apparentΔn value from the retardation
data and the film thickness determined by cross-sectional SEM. As
shown in Figure 4B, the estimatedΔn value (atω = 45�) is larger
than 0.06. Such large birefringence has never been observed in the
mesoporous silica films with comparable distribution of the in-
plane alignment of themesopores, and it is undoubtedly caused by
the large refractive index of titania. The birefringence in the
tungsten oxide/surfactant composite film with aligned mesochan-
nels in the plane of the film, reported by Hillhouse et al., is also
much smaller than this value.38 This is because of the existence of
an organic template in the film, and our results shows the
importance of a hollow structure to get high optical anisotropy.
We calculated the theoretical value of Δn by changing the

refractive index of the pore wall, assuming similar porosity and a
perfect uniaxial alignment, as shown in Figure 5. The filling factor
of the pores at the cross-section is estimated to be ∼0.3 (shown
in the inset of Figure 5) from the cross-sectional STEM image,
and this value is used for the calculation. The refractive index of
amorphous titania films, prepared by the same procedure with-
out adding a surfactant, is estimated to be 2.2 by ellipsometry.
Assuming the refractive index of the pore wall is the same as this
value, the Δn should be ∼0.13, which is much larger than the
present experimental result. This is mainly due to the coexistence
of silica with a lower refractive index of ∼1.4 in the pore walls.
Preparation of an aligned mesoporous titania film without the
reinforcement of silica will greatly increase theΔn value. This will
be achieved by the increase of the structural period accompanied
by thickening of the pore wall. The calculation teaches us that the
Δn value is almost independent of the periodicity when the
porosity is constant (Figure S5, Supporting Information). The
existence of the top layer without in-plane alignment, which does
not contribute to the optical anisotropy, also causes the under-
estimation of the Δn value because this is estimated by dividing
the measured retardation by the total thickness of the film.
Alignment control over the whole thickness is required to
achieve the larger optical anisotropy. As described above, the
potential Δn of the aligned mesoporous titania film is ∼0.13.
This Δn value is comparable with that of calcite (Δn = 0.17), a
representative birefringent crystal.

Figure 4. Characterization of the optical properties of the mesoporous
titania�silica composite film with aligned mesopores. (A) Optical micro-
graphs of the mesoporous titania�silica composite film placed between
the crossed polarizers: (top) scheme of the measurement geometry,
(middle) ω = 10�, (bottom) ω = 45�; (B) dependence of the apparent
Δn value on the rotation angle ω.

Figure 5. CalculatedΔn dependence of a mesoporous film with aligned
cylindrical pores on the refractive index of the pore wall, assuming the
filling factor is 0.3. Inset: scheme for the definition of the filling factor.
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The present results suggest the possibility that the in-plane
alignment control of the mesopores through the anisotropic sur-
face interactions on the rubbing-treated polyimide film can be
applied for other nonsiliceous materials, whose condensation
rates in aqueous medium are much faster than silica. Such aniso-
tropic mesoporous materials with a variety in composition will
find many applications in the field of optics.

’CONCLUSION

We achieved the preparation of mesoporous titania�silica
composite films with uniaxially aligned cylindrical pores using a
rubbing-treated polyimide film as an alignment-controlling layer.
The treatment of the film with TMOS vapor effectively sup-
presses the collapse of the structure during the calcination process.
The prepared mesoporous titania�silica composite film shows a
large birefringence with theΔn value over 0.06 at a wavelength of
550 nm, which is due to the large refractive index of titania that
forms the pore walls and the highly anisotropic mesoporous
structure. It is expected that various mesoporous films with
anisotropic properties originating from the anisotropic structure
will be prepared using the same method, and they will find many
applications in the future.
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