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Highly ordered macroporous mixed metal oxides were prepared with very high mixed metal ratios
using an optimized silicon alkoxide prehydrolysis process. The homogeneous solutions completely filled
the interstitial voids in polymethyl methacrylate artificial opal templates. Subsequent template removal
resulted in highly ordered aluminosilicate and titanosilicate inverse opal pore networks. The optimized
process allowed the fabrication of periodic binary metal oxide frameworks with 2:1 Si:Al loadings and
1:1 Si:Ti loadings. The mixed metal oxides did not show any phase segregation during high-temperature
template removal as evidenced by X-ray diffraction, energy-dispersive X-ray analysis, and Fourier-
transform IR spectroscopy. The as-formed macroporous metal oxides demonstrate excellent substrate
adherence and mechanical stability and showed refractive index modulation in direct relation to the silicon/
heterometal ratio in the precursor sol.

Introduction using chemical vapor deposition (CVD), electrodeposition,
or sol-gel deposition, followed by template removal leaves
a highly ordered interconnected porous spheroid métrix.
The resultant macroporous material replicates point, line, and
planar defects present in the original packed spheres with
further defects arising from incomplete void filling and
cracking during template remov&Defects in artificial opal
synthesis can be minimized by using monodisperse colloidal
spheres and slow gravity-dependent packing mechanisms.
However, defects arising during material infiltration and
template burnoff are more difficult to control.

Periodic macroporous materials are of continued interest
for adsorption, separation, catalysis, and molecular hosting
of organic, inorganic, and biological systerr$0 nm?i—8
The sub-micrometer structure further allows Bragg diffraction
of visible light, producing vivid optical color shifts suitable
for pigment applications in the less-ordered and optoelec-
tronics in the most-ordered systefna!

Three-dimensional ordered macroporous materials with
periodicities in the sub-micrometer size range are more
difficult to fabricate than their microporous<@ nm) or
mesoporous analogues—30 nm)!? Technigues such as Sol—gel-templated inverse opals of silica, titania, and
emulsion templating, rod-coil block copolymer self-assembly, alumina are widely reportel:** Recently, Becheger et &.
and solvent evaporation have resulted in foamlike materials described the consecutive deposition of £r@iO,, and
with minimal structural ordef®~16 The most successful route ~ Al20s to form macroporous oxides with multilayered pore
employs ordered arrays of sub-micrometer spheres as inversé/alls. However, the incorporation of mixed metal oxide

templates” Infiltration of the interstitial voids with materials, ~ infiltrates has not been significantly reported. Mixed metal
oxide macroporous composites of silicon/aluminum and
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(rutile phase, band gap of 3.2 eV), is an effective absorber formation of highly ordered mixed metal oxide macroporous
of UV light, producing electrorthole pairs for the oxidation  materials with Si:Al ratios of 2:1 (33% loading) and Si:Ti
of adsorbed donor molecules and the reduction of adsorbedratios of 1:1 (50% loading), respectively. The optimized
acceptor molecules, respectiv@fyPorous aluminosilicate  solutions use very low concentrations of acid catalyst,
frameworks have found a niche application as solid-acid precisely controlled prehydrolysis temperatures, and judicious
catalysts. Tetrahedrally coordinated aluminum ions, at the addition of the titanium alkoxide in the presence of specific
pore walls, function as Bronsted acid sites ideal for catalytic silicon intermediates. The solutions have excellent wetting
cracking of fuel 0il$?”28 In addition, macroporous alumina characteristics allowing infiltration of face-centered cubic
membranes have demonstrated strong potential for the(fcc) packed arrays of polymethyl methacrylate (PMMA)

selective oxidation of alkane gas®s.

Achieving high heteroatom aluminum and titanium load-
ings via the sot-gel route has proven difficult. The problem
arises from incompatibility in hydrolysis rates of alkoxides
of silicon to those of aluminum or titanium. The faster
hydrolyzing aluminum alkoxide and titanium alkoxide spe-

spheres and complete filling of interstitial voids in a single
step. The resultant macroporous metal oxides are defect free
over large areas and show no evidence of metal leaching
during the template removal process.

Experimental Section

cies favor dimerization over reaction with silicon alkoxide,
resulting in precipitation of aluminum- or titanium-rich
compounds. A review by Davis and Efudescribed the
formation of sot-gel precursors with molar ratios of Si:Ti
1:1 using a silicon alkoxide prehydrolysis technique in the (Ti(OC,Hs)s) were purchased from Aldrich. Dilute acidic solutions
presence of titanium isopropropoxide. However, the intro- were prepared frm 1 M HCI solutions re-dispersed in deionized
duction of ordered porosity was found to greatly reduce the water. Pure-grade (98%) ethanol was obtained from VWR. Glass
attainable heteroatom incorporation. In particular, titanium slides were obtained from Menzel-Glaser. Teflon rings with an
loading in porous silica films were reported by Ogawa et al. intgrnal diameter of 10 mm, external diameter_of 20 mm, and a
with molar ratios Si:Ti, 50:1 using a solvent evaporation height of _10 mm were constructed at the University of Southampton
techniqué Loadings of 20% (5:1 Si:Ti) have been obtained '2POratories. _ .

in mesoporous silica through selective complexation of Assembly of the Colloidal Template;.The C.Ollo'dal.cryStal
titanium alkoxide species to reduce the active sites for templates were assembled by a gravity sedimentation method.

) . .~ Microscope slides were precleaned by sequential sonication in
hydrOIyS".S' However, the Presence of comp!exmg _speme; water, acetone, isopropyl alcohol, and chloroform before a Teflon
also restricts the condensation process, resulting in films with ring was attached using a ring of double-sided tape. The mono-

poor mechanical and thermal stability. The limit for titania disperse suspension (0.5 mL) of PMMA spheres diluted with water
loading in ordered macroporous silica is approximately 25%, to 1 wt % was confined within the Teflon ring. The assembly was

Materials. PMMA spheres with a diameter of 36k 10 nm
were obtained from Merck Chemicals, Ltd., as a 14 wt % suspension
in water. Tetraethyl orthosilicate (TEOS, Si(@4)4), aluminum
tri-secbutoxide ((GHsCH(CHs)O)sAl), and titanium(lV) ethoxide

requiring sterically hindered titanium alkoxides to slow the
initial hydrolysis rates? Similarly, alumina loading in

placed in a saturated humidity chamber for2 days before
allowing the solvent to evaporate af@ over 5 days. The Teflon

macroporous and mesoporous oxides is currently limited to ring was subsequently removed, exposing a circular iridescent
20%2833 Ordered porous oxides produced using these packed array of PMMA spheres on the substrate. This approach

methods are typically inhomogeneous and suffer from

heterometal leaching at temperatures required for template

removal. To date, stable macroporous silica films with high
(>25%) loadings of aluminum or titanium have not been
reported.

In this paper, we report an optimization of the silicon

formed uniform films of ca. 4@&:m thickness.

Preparation of Aluminosilicate and Titanosilicate So-Gel
Precursors. Aluminosilicate and titanosilicate sebel precursor
solutions were prepared by the optimized prehydrolysis method
recently described by Ryan et%lfor the production of mesoporous
thin films. TEOS (Aldrich, 10 g), ethanol (5.4 g), and HCI
(0.8 mL, 0.1 M) were mixed and stirred at 3T for 10 min to

alkoxide prehydrolysis technique described independently by prehyrolyse the silica precursor. The solution was cooled in an ice

Yoldas3* Best3®> and Schraml-Mart}§ to allow the direct
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bath prior to the respective addition of aluminum in the form of
C.,HsCH(CHg)O):AI (Aldrich) and titanium in the form of
Ti(OCzHs), (Aldrich). Finally, HO (1 mL) was added, and the
mixture was allowed to condense for 20 h. In the case of the
1:1 Si:Ti solution, all the water was added to the mixture prior to
the addition of the titanium precursor, as unreacted THOQE in
the concentrated mixture immediately condensed as a white
precipitate on water addition. The as-formed-sgél solutions
outlined in Table 1 were homogeneous, colorless, and optically
transparent for all compositions. The titanosilicate-g@| solutions
were found to be stable for-23 months, whereas the aluminosilicate
solutions were stable for-12 months at ambient conditions.
Fabrication of Highly Ordered Macroporous Films by Dip
Coating. The substrate-supported artificial opal was immersed
vertically into the alkoxide sol, at a rate of 150 mm miinbefore

(37) Ryan, K. M.; Erts, D.; Olin, H.; Morris, M. A.; Holmes, J. D. Am.
Chem. Soc2003 125 6284.
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Table 1. Molar Compositions of Precursor Chemicals for Mixed 1:2, 1:4, and 1:5, respectively. The hexagonal arrangement
Oxide Sot-Gel (Sg'l‘jtiocf(:cﬂl)g)gl(oc2H5)4? M2 = of pores in the inverse opals clearly reflects the close-packed
—— . == ’ ordering of the colloidal crystal template in each case and is
atomicratio Si(OGHs)s M HCl _ CAHOH HO preserved independent of heterometal or loading. Uniformity
g:m éol)l) o050 0. & ig: 0 of thickness in the pore walls further evidences the complete
(Si'M, 3:1) 0.050 0017 & 105 012 002 filling of the interstitial voids during setgel infiltration. The
(Si:M, 2:1) 0.050 0.025  &10°  0.12 0.02 pore-center to pore-center repeat distance was consistent
(Si:M. 1:1) 0025 0025 8x10° 012 002 across the range of Si:M binders and at 32918 nm
2Only for M = Ti. reflected a material shrinkage of 10% occurring during

calcination. This shrinkage is lower than expected for-sol
immediate withdrawal at 50 mm mifi The deposition speeds were  ga| processes (typically 25%) and results in the films cracking
Jtt)Jdlcmt_Jst selef:ted_ to aII_ow complgte filling qf the interstitial y0|ds into several large domains from 0.1 rap to 1 mnA (Figure
y capillary action in a single coating. The filled opal was dried at 1b). The structural order in the templated macroporous oxides

50°C for 1 h tosupport gelation of the inorganic network. Finally, b lized vi I B diffracti f white light
template removal and glass condensation was achieved by heatingcan € _rea_lz_e ylsua _y as bragg ', raction or white lig
results in vivid diffraction colors, which are dependent on

the sample in air to 350C for 30 min at a rate of 2C min1, - g
Residual carbon from the calcination process was removed by the angle of observation. Figure 1b shows a macroporous
placing the sample in an ozone atmosphere for 30 min. Additionally, Sample (2:1, Si:Ti) giving reflections at wavelengths
thickness control of the artificial opal templates was achieved by 600—650 nm (orange/red) at normal observation shifting to
pre-dilution of the alkoxide sols with ethanol (sol:ethanol, 1:1, 1:2, 550-580 nm (yellow) when illuminated by light at 750
etc.) prior to dipping. Evaporation of the excess solvent during dip the observer.
casting and drying resulted in partial filling of the opal template  Figure 1c is a further magnified SEM image of a
vertically from the substrate. Uncoated spheres were burnt off during macroporous mixed metal oxide with a binary mixed metal
Ca:‘r:]'sntitj'r?qnelrﬁ::’ig:? 1?2:2&5:(;0512:%%0;lgé?:gﬁ";C:Ctrho'géggzs' oxide binder consisting of silica and titania in the ratio of
(JSM-6500F) was used to study both the morphology and micro- 1:1. The ln—plar_1e pore diameter is 29.2 1 ”m with an
average wall thickness of 37 nm. Again, the in-plane pore

structure of the macroporous films. A thin layer of gold (20 nm) ~' T
was evaporated on to the film surface prior to topographical diameter was unaffec'ted by titanium content gnd was
observation and energy-dispersive X-ray (EDX) analysis. constant across the entire range of macroporous mixed metal

X-ray diffraction (2, 10-80) (Siemens D5000) using CuK oxides. Further magnification (Figure 1c) reveals the com-
radiation was used to study the crystallographic structure of both plicated interconnected network of air spheres in the
macroporous films and powdered titanosilicate and aluminosilicate macroporous framework. Each large cavity in the surface
samples. layer contains three internal windows (diametert5@5 nm)

An Olympus BX51 microscope, equipped with a 100-W halogen to successive layers at the points of contact of the original
bulb was used to image the normal incident reflected light off the spheres. An interesting feature is the presence of small
sample at 10 times magnification. The reflected light is coupled to openings, or spandrels (marked with an arrow in Figure 1c,
an Qly‘mpus Charge'coumed device camera as well as an Oceanyiameter=5 nm) at the center of each triangular intersection
Optics “USB 2000” spectrometer to allow simultaneous monitoring fth . h f the toD | f the film. Thi
of the reflected image and the optical spectra. The spectrometer 0! three air spheres ot the top fayer ot the film. fhis Qccurs
fiber coupled and records the spectra from aub®+egion of the yvhen th? sol cond_enses on the PM_MA Sphgre bIOCk_'ng the
sample from 350 to 1000 nm with an accuracy of 0.3 nm. introduction of additional precursor into the intersectiéhs.

The recorded spectra is normalized to the reflectivity of a Spectra  1hermal shock and shrinkage during calcination are
Physics aluminum mirror. This removes features in the optical primarily responsible for line defects in the inverse opal
spectra arising from the bulb and other components within the structure as observed in Figure 1b. Further defects arise from
microscope. packing irregularities in the close-packed template. Figure

Fourier-transform (FT) IR absorption spectra were recorded on 1d shows a point defect in the inverse opal arising from a
Gate Single Reflection ATR sampling platform. _ point defects were limited to one per 150 spheres and were

The ozone generator was fabricated in the Laboratories at Merck \ thar minimized using slow (several weeks) gravity sedi-
Chemicals, Ltd., Chilworth, Southampton. The generator consisted . . ; .

ment templates obtained at@. Analysis of the mixed oxide

of a low-pressure grid mercury UV lamp producing short wave- . Is at mi | Ui | | .
length lines<190 nm suitable for splitting molecular oxygen. The INVErse opals at micron scale resolution reveals reguiar grain

ozone generation occurs very close to the sample surface ensuringpoundariesy typical for sedimented opals, permeating the
maximum penetration of ozone within the macroporous oxides. The Particles. Figure 1e is a SEM image showing the polycrys-
samples were exposed to the ozone treatment for 30 min in antalline distribution of the domains in the close packed
extraction hood. structure of macroporous (1:1 Ti:Si) titanosilicate. The (111)-
oriented domains are on average/h in thickness and are
Results and Discussion randomly orientated with respect to one another in a striped
morphology.
The macroporous pore structure is extremely robust at high
temperatures. Figure 1f shows an SEM image of a sample

Ordered macroporous films were prepared by the-sol
gel infiltration of monodisperse (365 nm) close-packed
spheres. Figure la<lV) shows selected scanning electron

mi_croscopy (SEM) im_ages (_)f titan(_)silicat_e an(_j alumino- (38) Zakhidov, A. A.; Baughman, R. H.; Igbal, Z.; Cui, C.; llyas, K.; Dantas,
silicate macroporous films with M:Si atomic ratios of 1:1, S. O.; Marti, J.; Ralchenko, V. G5ciencel998 282, 897.
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Figure 1. (a) SEM image of macroporous mixed metal oxides with M:Si atomic ratios of (I) 1:35 W; (Il) 1:2, M = Al; (lll) 1:4, M = Al; (IV) 1:5,

M = Ti. (b) Optical microscope image of macroporous titanosilicate film (Si:Ti, 2:1) illuminated with light at (I’efh@ (right) 78. (c) SEM image of
spandrels in a macroporous titanosilicate sample (Si:Ti, 1:1), (d) SEM image of a point defect in a macroporous titanosilicate sample (S)TSENL). (
image of the polycrystalline nature of a titanosilicate macroporous film, (Si:Ti, 1:1) (f) SEM image of a powdered macroporous titanosilicateigampl
a Ti:Si atomic ratio of 1:1 which has been subjected to further heat treatment &€760 6 h. All images are from samples that were initially calcined at
350°C to remove the sphere template.

cleaved from a substrate followed by calcination at 760 consisting of 1 part sol and 3 parts ethanol yields a:f0-
for 6 h. The image is a cross-section of the macroporous film after excess template removal during calcinations. The
network showing that the three-dimensional structure and smallest film thickness obtained by this method wasn?
morphology is preserved at these conditions. (ca. 21 layers). This method of macroporous oxide thickness
On average, the titanosilicate films were found to be defect control compares favorably to that reported by Colvin and
free in large domains (1&m?) regardless of elemental co-workers who manipulated parameters such as colloidal
composition using slow gravity-deposited templates. The concentration and sphere size.
even distribution of material at pore walls and smooth  EDX analysis was used to quantify the elemental com-
topography evidences the uniform deposition of mixed oxide position of both the titanosilicate and aluminosilicate ma-
sol-gel precursors during fabrication. Typically, samples trixes. The EDX data was taken from several areas across
were prepared with a thickness of 8th (ca. 90 layers) by  the sample, each with a spot size of around 100 nm and as
filling a 30-um thick artificial opal template from the  such shows homogeneity over areas with a 100-nm diameter.
substrate with the seigel solution. The thickness of the Figure 2 compares the silicon/titanium and the silicon/
inverse opal was adjusted by controlling the extent of void aluminum atomic ratios of the calcined macroporous material
filling in the artificial opals. By use of ethanol-diluted seol to the ratio in the initial sol. The silicon/titanium ratio remains
gel solutions of known volume (sol:ethanol: 1:1, 1:2, etc.), constant, whereas the silicon/aluminum ratio deviates very
artificial opals were partially filled vertically from the  slightly, possibly indicating a slight loss of aluminum in the
substrate as the excess ethanol evaporated. For example, final film. However, the linear plots obtained are within
40-um artificial opal filled from the substrate with a solution experimental error of the ideal (dashed diagonal line),
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Atomic ratio of Si/M in the initial sol
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Atomic ratio of Si/M in the final macroporous film
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Figure 2. Comparison of the Si/M atomic ratio in the macroporous material
to the initial sol concentration for M= Al and Ti (error bars were calculated

for 50 measurements, experimental and analysis, by sampling over small
areas for 5 samples from distinct batches).

|
especially at high concentrations, indicating that the ratio of 1400 1200 1000 800 800
metal to silicon is preserved throughout the deposition and A
calcination processes. Seajel routes toward mixed metal Wavenumbers/ (cm )

oxides of silicon and aluminum or titanium usually result in Figure 3. Low-wavenumber FT IR transmission spectra of Si:Ti mixed
precipitation of metal-rich intermediates at the solution stage. ©¥9es: (Dashed line is eye guide for peak shifts.)
Clearly, dimerization and precipitation of titanium-rich or corresponds to symmetric stretching vibration f{&i0;*")
aluminum-rich intermediates has not occurred, as the mixedspecies. This feature diminishes as more titanium is intro-
metal ratio at the pore walls is consistent with reactant duced into the silica framework and is completely absent in
concentrations especially for Si:M in 1:1 atomic ratios. The macroporous oxides with a 50% titania loading. Similarly,
effectiveness of the prehydrolysis route in the formation of the intensity of asymmetric vibrations from the €pecies
homogeneous sols was analyzed in detail using magic-angleg(1050 cnt?) decreases in line with titanium enrichment. The
spinning NMR in a recent publication by Ryan and co- absorption band at 920 crh mirrors that expected for
workers3® Briefly, judicious prehydrolysis of silicon alk- asymmetric stretching of oxygen atoms coordinated to silicon
oxides produces reaction intermediates that react faster withand titanium and is characteristic of homogeneous titano-
metal alkoxides (M= Al, Ti) than the self-condensation of  silicate glasse® Absorption bands in this region can be
silicon alkoxide occurs. Ideally, the hydrolysis of the silicon attributed to the stretching vibrations of the silanot-8H
alkoxide in the form of tetraethyl orthosilicate is limited to  groups. However, the constant feature intensity as a function
T2 (Si(OH)(OEty), T (Si(OH)(OEty), or T* (Si(OEt)) of titania, together with the lack of a further silanol band at
species prior to the addition of heterometal alkoxides. The 3400 cn implies Si-O—Ti is the more likely absorber.
optimal conditions for this process are 10 min reaction at Close inspection of the peak at 1050 ¢tnshows that the
40 °C beyond which self-condensed (OSi)Si(OH)) and band gradually broadens and shifts to lower frequency as
Q? ((OSi)%Si(OH),) species dominate. The optimized pre- the Si:Ti ratio increases. This behavior can be attributed to
hydrolysis process was highly effective for the formation of successive incorporation of“fiions into the silica network,
Si:Ti binders with a 1:1 atomic ratio and Si:Al in a 2:1 ratio. accompanied by a reduction of the average bond strength of
EDX analysis also revealed significant quantities of residual the Si-O bonds in the glass structufeThe absence of silica
carbon as a byproduct of template combustion. The carbonfeatures in the binary (1:1) Sili Macroporous oxide
content is a potential contaminant in catalytic and optical combined with a strong resonance from-8—Ti further
applications and was removed by passing an ozone streansupports the homogeneous distribution of silicon and titanium
over the sample for 30 min. atoms in the setgel binder after calcination. Clearly, the
Solid-phase SiTi mixed oxides are often characterized expected metal leaching has not occurred such that the sol
by IR absorption spectroscopy. Distinctive absorptions by gel approach is proven effective for the deposition of
silica and titania species in the low-wavenumber region of homogeneous titanosilicate matrixes with 50% loading
the IR absorption spectrum are particularly useful for without the need for complexing agents.
characterizing the bonding in titanosilicate materials. Figure  The stability of the mixed metal macroporous oxides as a
4 shows accumulated spectra for solid-phase macroporoudunction of temperature was studied using powder X-ray
Ti—Si mixed oxides with atomic ratios of 1:1, 1:2, 1:3, 1:4, diffraction (XRD). Figure 4a shows stacked X-ray diffracto-
and 1:10, respectively. The sample with the highest silica grams of powdered 1:1 Si:Ti subjected to calcination
loading (Ti:Si, 1:10) selectively absorbs at 800, 920, and temperatures from 350 to 130C. As expected, the sel
1050 cn1?! with a small shoulder at 1200 crhrelated to gel-deposited SiTi framework is completely amorphous at
the longitudinal optical component of the-8D—Si asym- 350°C. The onset of crystallization (95C) coincides with
metric stretching® The lowest wavenumber absorption an observed loss of opalescence in the corresponding
macroporous films as framework degradation leads to
(39) Almeida, R. M.; Pantano, C. G. Appl. Phys199Q 68, 4225. macropore collapse (The regular ordering of the macroporous
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Figure 4. (a) Powder XRD patterns of 1:1 Ti:Si titanosilicate samples calcined at temperature ranges from 350 16.1®)Q.ow-wavenumber FT IR
transmission spectra of 1:1 titanosilicate samples calcined at temperature ranges from 350 €. {80Rowder XRD pattern of a 1:2, Al:Si aluminosilicate
sample calcined at 130TC. The asterisk denotes the crystoballite reflection.

oxides is clearly visible at 750C, Figure 1f). Crystalline 1000 nm. Figure 5 shows the reflectance spectra of titano-
anatase peaks emerged at 980and sharpened at 110G silicate films with Ti:Si ratios of 1:1, 1:4, and 1:10,

from particle sintering. At temperature extrente$300°C, respectively. A large diffraction maximum is observed at
the rutile phase of Ti@ dominates and SiDbegins to around 610 nm, and this maximum clearly shifts toward
crystallize in the form of crystoballite (Figure 4a). higher wavelengths with increasing titanium incorporation.

The macroporous aluminosilicate matrixes were more The effective refractive index of the filmng can be
robust, with pore collapse occurring at 110C. The evaluated using the Bragg equation (eq 1) wheiis the
aluminosilicate (1:2) matrix was completely amorphous up maximum of the reflectance peatt/is the lattice constant,
to temperatures of 1300 where crystalline reflections from  na is the average refractive index of the film, afids the
the silica-rich crystoballite phase and the aluminum silicate angle of incident light. As the dominant surface in our fcc
sillimanite phase (ASiOs) emerged and sharpened due to samples is the (111) facd can be evaluated by eq 2, which
sintering at 1300C (Figure 4C). gives the relationship between the lattice constant (d) and

Figure 4b shows accumulated FT IR spectra of a 1:1 hearest neighbor distance of sphef@} Finally the refrac-
titanosilicate matrix calcined at temperatures of (350, 550, tive index of the titanosilicate materiald) can be evaluated
750, 950, 1100, and 130T respectively). The FrO—Si by eq 3, wheran,; is the refractive index of air, which is 1,
absorbance at 920 crhis clearly evident at 350 and and¢ is the volume fraction occupied by the air spheres,
550 °C but diminishes considerably as the degree of Which is 0.74 for inverse opaline structures.
heterogeneous bonding decreases at greater temperatures. The

. L . X =2 i 1
increase in intensity of the band at 1050 ¢nresulting from 4= 2dn,sin¢ @
homogeneous SiO—Si bonding, shows that as the calcina- d=d,,, = (2/3)"D @)
tion temperature is increased E@ch phases are formed 1L

at the expense of i in tetrahedral coordination. It is likely No = (N, — N, /(1 — ) A3)

that nanosized titanium-rich phases are present even at the
lowest temperatures, but prolonged heat treatment causes The refractive indexes of the mixed macroporous oxides
these regions to grow and eventually crystallize out at as a function of atomic ratios were calculated with
sufficiently intense temperatures. The degree of heteroge-D = 329 nm (constant for all the samples) and a volume
neous bonding within the titanosilicate matrix is clearly fraction,¢ = 0.74, typical for hexagonal close packing. The
highly dependent upon the temperature at which the samplesrefractive indexes are shown in Table 2 and range between
are treated upon template removal. 1.526 and 1.625. These values show incremental increases
Reflectance spectra were recorded for macroporous mixedfrom a pure silicate sample synthesized in the same manner
oxide samples at normal incidence in the range 400 (n= 1.431) as a function of titania incorporation. Therefore,
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Figure 5. Optical reflectance spectra of Si:Ti mixed oxides.
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Table 2. Atomic Ratios, Reflection Wavelength Maximas, and

Refractive Indexes of a Range of Titanosilicate Macroporous Oxides

atomic ratio Si/Ti peak maxima (hm) Na No
1 624.5 1.163 1.625
2 622.1 1.160 1.614
3 619.7 1.156 1.601
4 618.0 1.151 1.579
5 616.7 1.149 1572
10 610.3 1.137 1.527

the incorporation of titania in silicate networks using
prehydrolysis-assisted segel routes allows the effective
modulation of refractive index as a function of Si:Ti atomic

ratio.

Conclusion

The formation of three-dimensionally ordered macroporous
mixed metal oxides using a facile sajel process is reported.

Hant et al.

allows the formation of titanosilicate and aluminosilicate
macroporous oxides with very high heterometal loading. In
particular, the route allows macroporous oxides to be
synthesized with framework walls consisting of Si:Ti oxide
walls in a 1:1 ratio. The titanosilicate and aluminosilicate
porous networks were stable to temperature extremes of 800
and 100C°C, respectively, prior to crystalline phase separa-
tion and pore collapse. Consequently, the mixed macroporous
oxides are ideal for high-temperature catalytic applications
with large molecular weight compounds. This work repre-
sents a significant advance in the synthesis of mixed metal
oxide macroporous oxides where previous synthetic routes
were limited to a maximum of 3:1 silica:heterometal loading
and required the use of complexing agents to equalize the
hydrolysis rates of the metal alkoxide precursors. The ability
to vary the heterometal content with precision allowed the
refractive index of the macroporous matrix to be effectively
modulated. Controlling the refractive index of a material
periodic to the wavelength of light has useful applications
for light manipulation in photonic systems.
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