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ABSTRACT
Mesostructured non-silicate oxides, with well-defined organization
on the 2–50 nm size scale, may play a pivotal role in advancing
vital disciplines such as catalysis, energy conversion, and biotech-
nology. Herein, we present selected methodologies for utilizing the
sol–gel process, in conjunction with organic-directed assembly, to
synthesize a variety of mesostructured oxides. The nature of the
inorganic precursor is critical for this process. We discuss the
development of general routes for yielding stable, nanoscopic,
hydrophilic, inorganic precursors compatible with organic co-
assembly. In particular, we highlight the use and characterization
of organic-acid-modified transition metal oxide sol–gel precursors
that allow for the synthesis and processing of designer mesostruc-
tured oxides such as titania hybrids for optical applications and
porous multicomponent metal oxides useful for catalysis.

Introduction
The ability to sculpt inorganic materials in three dimen-
sions at the nanoscale using the cooperative interactions
of large amphiphilic organic molecules and soluble inor-
ganic precursors has given birth to a large family of
mesostructured materials.1 Mesostructured materials, de-
fined by compositional organization on the 2–50 nm size
scale, have the potential to impact fields such as hetero-
geneous (photo)catalysis, energy, integrated optics, and
biotechnology.2,3 For example, mesostructured inorganic–

organic hybrids can act as advanced optical materials due
to the efficient incorporation of light-active dye mole-
cules.4,5 The removal of the amphiphilic organic molecules
from mesostructured composites yields mesoporous ma-
terials with ultrahigh internal surface areas (often >1000
m2/g) useful for catalysis.6

The history of mesostructured materials begins with
zeolites, an older class of aluminosilicate framework
structures with crystallographically defined subnano-
meter-scale organization. Zeolites are often synthesized
utilizing organic templates, molecules that cocrystallize
within the aluminosilicate framework.1 Upon removal of
the organic template, ordered pores commensurate in size
with the template are left throughout the material. Efforts
to enlarge pore sizes for catalytic applications led to the
discovery that supramolecular assemblies of amphiphilic
organic molecules, in contrast to isolated molecules
employed for zeolite synthesis, could act as templates for
larger-pore inorganic frameworks.7,8 These micelle-form-
ing organic molecules, termed structure-directing agents
(SDAs), come in a variety of forms; ionic surfactants,7,9

block-copolymers,10 and even biomolecules like phos-
pholipids11 have been shown to template mesostructured
oxides. The essential feature of SDAs is the presence of
chemically bonded hydrophobic and hydrophilic compo-
nents that phase segregate on the nanoscale. The hydro-
phobic component can solubilize organic species, while
the hydrophilic component interacts with charged inor-
ganic precursors to direct the formation of the inorganic
framework. When the structure of the inorganic frame-
work, defined by the geometry of the SDA, exhibits
mesoscale (2–50 nm) periodicity, these materials are
termed ordered mesostructured materials.

Herein, we describe methods for synthesizing meso-
structured inorganic oxides that are not based on a silicate
framework (so-called non-silicate mesostructured materi-
als) by controlling inorganic precursor chemistry in the
presence of SDAs. We briefly review the critical aspects
of mesostructure synthesis derived from experiments, on
both silicate and non-silicate materials. The main portion
of this Account focuses on the evolution of our use of
inorganic and organic acids to yield stable transition metal
oxide (TMO) precursors for the synthesis of designer
mesostructured oxides. Initially, this research led to the
development and detailed characterization of easily pro-
cessed high-index-of-refraction glasslike titania–polymer
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hybrids for optical applications.5,12 Recently, this class of
chemistry has enabled the synthesis of a diverse array of
mesoporous multicomponent metal oxides that can also
be simply processed in large quantities.13 We conclude
with several opportunities for the application of meso-
structured materials in the areas of catalysis, solar energy,
and biotechnology.

From Ordered Mesostructured Silicates to
Transition Metal Oxides
The introduction of supramolecular templating of silicate
frameworks by Mobil and Japanese scientists in the early
1990s marked the beginning of ordered mesostructured
materials.7,8 Since then, silica has been the most widely
studied mesostructured material because, compared to
that of the majority of inorganics, the sol–gel chemistry
is simple to control. Silica-based mesostructured powders
are generally synthesized from tetraethylorthosilicate
(TEOS) and SDAs in either basic7 or acidic9,10,14 water/
ethanol mixtures. The pH of this solution is critical for
organic–inorganic co-assembly; reaction of the inorganic
precursor with water to liberate alcohol (hydrolysis) and
yield hydrophilic hydroxysilicate monomers should be
fast, but the linkage of two monomers via an oxide bridge
(condensation) must be slow enough for co-assembly with
the SDA rather than precipitation of bulk silica or disor-
dered composites.15 Furthermore, the charge of soluble
inorganic species, dependent on the solution pH and
inorganic isoelectric point, dictates the type and degree
of interactions with the SDAs.14 Consequently, the highest-
quality ordered mesoporous silicas are synthesized in
either basic media (pH ∼13) or acidic media (pH <2)
where molecular silica species are stable and negatively
or positively charged, respectively. Charged inorganic
species strongly interact with charged surfactant head
groups or block-copolymer hydrophilic components, ei-
ther directly or through counterion and hydrogen bond-
mediated pathways. These important interactions have
been integrated into a generalized cooperative assembly
mechanism: soluble inorganic species and surfactant
molecules combine to form hybrid intermediates that are
the building blocks of the final mesostructured hybrid
(Figure 1).9,14

Non-siliceous mesostructured systems, such as transi-
tion metal oxides (TMOs), are often of greater interest than
silicate mesostructures due to varied framework properties
potentially useful for (photo)catalysis, sensing, optics,
energy conversion, etc. However, there are two additional
challenges for TMO synthesis. First, metal oxide precursors
(generally chlorides or alkoxides) are much more reactive
than silica-based analogues; uncontrolled condensation
yields macroscopic phase segregation. Strategies for con-
trolling the hydrolysis–condensation rates of TMO precur-
sors include utilizing specific pH ranges, stabilizing ligands,
nonaqueous media, preformed nanoclusters, controlled
hydrolysis, or some combination thereof. Second, redox
reactions, phase transformations, and crystallization can
collapse the framework at elevated temperatures. To

address this problem, block-copolymer SDAs that yield
thicker inorganic walls and careful heat treatment are
often employed.

The first approaches to the synthesis of TMOs were
based on successful silica preparations; a series of meso-
structured TMO powders were synthesized by controlling
pH under aqueous conditions.9 However, upon removal
of SDA via thermal treatment, the mesoporous structures
were unstable. Pinnavaia and co-workers reported a three-
step assembly pathway to synthesize mesostructured
alumina with crystalline walls, but the method was

FIGURE 1. Critical aspects of sol–gel chemistry and mesostructure
assembly.
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restricted to alumina.16 The next important development
in the synthesis of mesoporous TMOs was the work by
Ying and Antonelli, who developed a modified sol–gel
route using acetylacetonate chelators.17,18 The resulting
mesostructured TiO2 and Nb2O5 were thermally stable but
with amorphous pore walls.

Evaporation-induced self-assembly (EISA) described
by Brinker and colleagues for mesostructured silicates
has proven to be an extremely useful process for both
controlling macroscopic form (thin films, membranes,
and monoliths) and enabling the synthesis of mesos-
tructured TMOs.19,20 Here, the evaporation of a volatile
solvent (usually ethanol) following deposition concen-
trates the surfactant molecules and inorganic precur-
sors, driving their co-assembly to form ordered meso-
phases. Subsequent aging, heat, or chemical treatments
induce inorganic precursor condensation and lock in
the mesostructure. The power of this process is twofold.
First, the macroscopic morphology of the product can
be tailored into application-specific geometries. Second,
the co-assembly of the surfactant and inorganic precur-
sors can be decoupled from the condensation reactions
of the inorganic precursors, which is particularly useful
for mesostructured TMO synthesis.

Porous TMOs with semicrystalline frameworks were
realized by utilizing EISA with inorganic precursors in
highly acidic alcoholic solutions.21,22 The addition of metal
chlorides to an alcohol (usually ethanol) generates HCl
in situ, yielding stable chloroalkoxy precursors. The slow
introduction of moisture from the ambient environment
causes these precursors to partially hydrolyze. These
stable, hydrophilic precursors are arranged by a block-
copolymer SDA (PEO20PPO70PEO20, Pluronic P123) by
EISA upon dip coating. We have improved this synthesis
by replacing highly reactive metal chlorides with less
reactive metal alkoxides.23 In this case, the controlled
addition of aqueous hydrochloric acid (HCl) yields precur-
sors identical to those generated in the first route. In both
cases, further heat treatment locks in the mesostructure,
combusts the SDA, and induces crystallite nucleation in
the pore walls. The ability to crystallize the wall structure
is primarily dependent on two factors. First, the use of
large block-copolymer surfactants yields thick pore walls.
Second, the controlled removal of water and small HCl
molecules during heat-induced condensation facilitates
the nanocrystal nucleation. Crystallized frameworks are
important in exploiting the semiconducting properties of
TMOs.4

Variations on this approach have been implemented
by groups around the world for the synthesis of a variety
of metal oxides in assorted forms.24–27 Notably, Sanchez
and co-workers have not only demonstrated that this
chemistry is useful to produce thin films of a variety of
mesostructured oxides, but have also worked out in
detail the chemical and physical processes that transpire
throughout the synthesis.26,27 Zhao and colleagues
extended this method by selecting acid–base pairs as
precursors to yield multicomponent mesostructured

minerals, including metal phosphates, metal borates,
and mixed-valence metal oxides.28

Titania-Based Hybrid Optical Materials
The cooperative assembly of stabilized inorganic precur-
sors and SDAs has made possible the design of dye-
doped mesostructured hybrids for optical applications
such as low-threshold waveguide microlasing.5,12,29,30

Here, nanoscopic organic pockets, created by the SDA,
selectively solubilize organic dye molecules so that they
can efficiently absorb and emit light. The rigid inorganic
framework provides mechanical strength and determines
the average index of refraction. Such “nanocomposites”
drastically outperform each of the individual components:
organic dyes in inorganic hosts are poorly solubilized and
form nonluminescent aggregates, whereas organic hosts
have poor mechanical stability and a low index of
refraction.

For optical applications, mesostructured hybrids must
be easily processed into stable glasslike structures at room
temperature because organic dyes degrade at elevated
temperatures. This is easily achieved by utilizing silica-
based hybrids because condensation occurs at room
temperature under mildly acidic conditions.29 Unfortu-
nately, the index of refraction is limited by the low bulk
index of silica (n ∼ 1.4), which makes the fabrication of
optical waveguides integrated on substrates challenging.
When the framework is replaced with a material with a
larger bulk index of refraction, such as titania (n ∼ 2.4),
light is more effectively confined within the waveguide
structure.

We have achieved this goal by tuning the sol–gel
process to fabricate stable titania-based mesostructured
composite waveguides with an n of 1.6–1.7 integrated
directly onto silica substrates.5 Importantly, these materi-
als can be formed via room-temperature processing into
smooth (surface roughness of ∼3 nm), optically transpar-
ent films with thicknesses ranging from hundreds of
nanometers to tens of micrometers while maintaining a
highly ordered mesostructure. The key to this synthetic
methodology is the use of a mixture of trifluoroacetic acid
(TFAA) and aqueous HCl to stabilize titania precursors in
ethanolic solution with a block-copolymer SDA. We have
chosen TFAA because it is a strong acid (pKa ) 0.3), whose
carboxylate anion [trifluoroacetate (TFA)] could form
strong chelating or bridging bonds to titanium species
both in the precursor solution and in the final hybrid
material. The controlled addition of HCl and water
partially hydrolyze and charge the TFA-modified titania
precursor, essential for enhancing the affinity for the
hydrophilic block of the surfactant template. Without
aqueous HCl, well-defined mesostructures are not obtained.

Because the chemical interactions among ligands,
metal alkoxide precursors, and SDAs are critical for all
modified sol–gel processes, we have characterized each
step in the TFA-modified process using a series of X-ray
scattering, IR/Raman spectroscopy, NMR spectroscopy,
and electron microscopy experiments.12
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Inorganic Stabilization and Molecular Interactions.
The bonding mode (Figure 2A) of carboxylate ligands can
be identified from the difference between carboxylate
asymmetric and symmetric stretching frequencies, ∆ )
νas - νsym.31,32 Generally, monodentate complexes exhibit
∆ values much larger than that of the corresponding ionic
structure (i.e., NaTFA). Bidentate chelating complexes
exhibit ∆ values significantly smaller than the ionic values,
and bridging complexes have values less than, but close
to, the ionic value. Analysis of the IR spectrum for the
TFA–titania hybrid (Figure 2B) yields a ∆ of 189 cm-1,
much smaller than the ∆ for isolated hydrogen-bonded
dimers (345 cm-1) or the sodium salt (∼252 cm-1). This
establishes that TFA binds to the titanium center in a
bidentate bridging or chelating fashion. Because chelation
will strain the ∼120° free carboxylate O–C–O bond angle,
we suspect the TFA ligands predominantly bridge adjacent
titanium atoms within the hybrid material. The strength
of these TFA–titania interactions is deduced from the
observation that high temperatures (>400 °C) are needed
to fully remove TFA. Therefore, TFA modification is
unsuitable for the preparation of mesoporous materials.

It is also important for hybrid synthesis that TFAA be
volatile, with a boiling point of 72.4 °C (for comparison,

the nonfluorinated analogue, acetic acid, has a boiling
point of 118.1 °C), so that excess TFAA evaporates along
with ethanol at room temperature after structures are
fabricated; IR shows free TFAA vibrations (1781 cm-1) in
freshly dipped films that completely disappear within 20
min of drying. Raman peaks centered from ∼600 to ∼280
cm-1 (Figure 2B) can be assigned to the Ti–O network and
confirm octahedral oxygen coordination of the titanium
centers.

Growth of the Modified Titania Precursor. The struc-
ture, growth, and assembly of stabilized inorganic species
can be probed by small angle X-ray scattering (SAXS). The
scattering intensity, I(q), as a function of the scattering
vector (q ) 4π sin θ/λ) from the ethanolic precursor
solution prepared without the structure-directing polymer
(Figure 2E) exhibits typical Porod and Guinier scattering
regions.33 The low-q Guinier region, for which the ap-
proximation

I(q))∆neexp(-q2R g
2 ⁄ 3) (1)

holds, is useful for analysis of particle sizes. Rg is defined
as the radius of gyration of the modified titanium precur-
sors, and ∆ne is the electron density contrast between
these precursors and the ethanolic solution. A plot of the

FIGURE 2. (A) Carboxylate metal ion chelating modes. (B) IR/Raman spectra of the hybrid material. TFA carboxylate stretches indicate bidentate
bridging and/or chelation of the titanium center. (C) 13C solid-state NMR spectrum of hybrid material. J coupling from the 19F in the TFA is
responsible for the splitting of the TFA carbon peaks. (D) In situ SAXS patterns obtained following dip coating. (E) Scattering data (log–log
scale) showing typical scattering regimes for three 1 h time segments after solution preparation. (F) Linearized scattering data and the fits
used to determine Rg. (G) Structural model showing hexagonal architecture due to polymer nanophase segregation between PPO cores (red)
and PEO (blue) interacting with the TFA–titania framework (gray).
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low-q data as the natural log of intensity versus q2 yields
linear plots whose slope is Rg (Figure 2F). As the sol
solution ages, Rg grows from 3.6 ( 0.1 to 4.3 ( 0.1 Å over
3 h. This size is consistent with a molecular precursor
consisting of approximately four to five Ti atoms con-
nected by oxo/hydroxo linkages and bridging TFA mol-
ecules, suitable for assembly by SDAs.

Co-Assembly of Inorganic and Organic Components.
The assembly of the stabilized titania–oxoacetate oligo-
mers into ordered nanostructures by the block-copolymer
can be followed using in situ two-dimensional (2D) SAXS
(Figure 2D). The X-ray beam is aligned such that it strikes
the planar surface of the thin film at a grazing angle
(typically <2°) as the mesostructure assembles. The scat-
tered radiation is collected by a 2D detector. Such
measurements can clarify both the kinetics of mesostruc-
ture formation and the pathways by which these processes
take place.26,34 Following dip coating, the films were
immediately placed in a humidity-controlled sample
chamber [relative humidity (RH) ) 75%], and data col-
lection was started. Solvent evaporation after deposition
concentrates the precursor solution and induces me-
sophase formation.19,20 After 30 min, the intensity of the
hexagonal (11) peaks slowly grew and second-order peaks
were observed after ∼12 h. During the next week, the
structure continued to organize, as evidenced by increas-
ing peak intensities and the appearance of higher-order
peaks. The fact that the hybrid nanostructure forms over
several days suggests that TFA strongly inhibits extended
condensation, even in a humid environment.

Local Structure and Interactions in the Final Hybrid
Material. Once a hybrid material has been assembled,
solid-state NMR is an excellent tool for analyzing local
structure. Although we have performed an array of solid-
state NMR experiments using three active nuclei (19F, 1H,
and 13C) to develop a model of the local structure,12 here
we present the information that can be obtained from
simple 1H-decoupled 13C magic-angle-spinning experi-
ments (Figure 2C). Films were scraped from glass slides
and packed to fill a NMR rotor. A standard pulse sequence
is used to remove the coupling of the 13C nuclei to
surrounding protons, and the sample is spun at 14 kHz
to sharpen the resonances by averaging dipolar coupling
interactions. Because the ratio of block copolymer to
titanium precursor is unchanged in the final film from
what was added to the precursor solution, the Ti:TFA ratio
can be calculated from the ratio of polymer to TFA 13C
NMR signal integrations. The polymer peaks are labeled
PEO for the hydrophilic polyethylene oxide block and PPO
for components of the hydrophobic polypropylene oxide
block. The obtained Ti:TFA ratio is 1.7:1, meaning that
∼40% of the TFA added to the precursor solution re-
mained within the composite material. TFA accounts for
50 wt % of the “inorganic network”, and each pair of Ti
atoms is cross-linked by at most one TFA unit.

The width of the polymer 13C resonances also yields
information about the interactions between the polymer
blocks and the inorganic TFA–titania matrix. In general,
sharp resonances correspond to nuclei with large degrees

of molecular motion, whereas broad resonances indicate
rigidity. Decomposition of the spectrum reveals that the
PEO resonances (71.2 ppm) have a full width at half-
maximum nearly an order of magnitude larger than that
of the corresponding PPO resonances. The lack of a sharp
component to the PEO resonance is evidence of the
incorporation of the entire PEO block within the “rigid”
titania–TFA matrix.

Remarks. A detailed understanding of how inorganic
precursors that have been modified with organic ligands
that influence their network-forming behavior and hy-
drophilic character interact with, and are arranged in
space by the SDA hydrophillic/hydropohobic domains, is
important for the design of new inorganic–organic hybrid
materials. For instance, the demonstrated compatibility
of modified precursors with block-copolymer assembly
suggests additional functionality can be engineered into
the metal oxide frameworks. Furthermore, the modifica-
tion of inorganic precursors with strongly binding ligands
for the preference of the formation of a “glasslike”
inorganic component should be quite general and able
to be extended to a variety of other inorganic precursors
to enhance stability, processability, and optical quality of
mesostructured hybrids.

A Modified Sol–Gel Process for
Mesostructured Mixed Metal Oxides
Guided by our understanding of the chemical interactions
dictating the TFA-modifed sol–gel/mesostructure co-as-
sembly process,12 and by early studies of acetic acid-
modified titanium alkoxides for non-mesostructured sol-
–gel processing,35 we have recently developed a more
general sol–gel system composed of acetic acid, aqueous
HCl, ethanol, and metal alkoxides (AcHE) suitable for the
synthesis of non-silicate mesoporous mixed metal oxides
(MMMOs).13 Similar to the TFA ligand, nonfluorinated
acetate groups bind to the metal core in a bidentate
fashion, thus also controlling hydrolysis and condensation.
Again, controlled quantities of HCl and water serve to
partially hydrolyze and charge the modified precursor.
Compared to the TFA-modified system, in which small
oligomers, containing approximately four to five metal (Ti)
atoms, are formed in solution, weaker-binding acetate
ligands allow the growth of larger nanometer-sized inor-
ganic precursors. Because acetate ligands are both smaller
and weaker-binding, they are therefore more readily
removed during heat treatment to yield mesoporous
oxides. Notably, this methodology is efficient at controlling
the sol–gel chemistry of many different precursors; single
and/or mixed inorganic alkoxides in the AcHE solution
form stable, hydrophilic nanoparticle precursors with
similar sizes and growth rates, which allow for nanopar-
ticle co-organization with amphiphilic block-copolymers
into highly ordered mesostructures (Figure 3).

Controlling the Growth of MMMO Precursors. Dy-
namic light scattering (DLS) was employed to follow the
growth of inorganic precursors in solutions exposed to the
ambient environment. DLS analysis yields hydrodynamic
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particle radii that include a solvent shell. This size is larger,
and generally less well-defined, than particle size descrip-
tions from SAXS. However, DLS allows for good time
resolution without the use of synchrotron X-ray sources.
As expected, metal chlorides in alcoholic solution do not
form clusters with diameters larger than 0.6 nm (instru-
mental resolution). Metal alkoxides, however, exhibit
diverse condensation behaviors. Al(OBu)3, Nb(OEt)5, and
Ta(OEt)5 are highly reactive toward water with growth
rates in alcoholic solution in the range of 40–500 nm/min,
4–5 order of magnitudes faster than the growth rate of
Si(OEt)4. Alternatively, Ti(OBu)4 and Zr(OBu)4 form stable
nanometer-sized inorganic particles for 1–2 h under
ambient conditions but then rapidly grow into macroscale
precipitates (Figure 3B).

In contrast to such varied condensation behavior, metal
alkoxides in the AcHE solution exhibit uniform condensa-
tion and particle-growth behavior (Figure 3B). In each
case, nanosized metal–oxoacetate particles form rapidly
in the AcHE solution. These nanoparticles are stable and
grow slowly due to the introduction of water from the
ambient environment and the esterification of acetic

acid.36 Importantly, all metal species form metal–oxoac-
etate particles with similar diameters in the range of
1.6–8.0 nm and normalized growth rates from 2.8 × 10-4

to 1.2 × 10-2 nm/min.
Mixed-composition nanoparticles can be fabricated in

AcHE solution by simply mixing two or more metal alkoxide
precursors. For example, isolated Ta and Zr species in the
AcHE solution exhibit distinct particle sizes of 8.0 and 2.4
nm, respectively, but the AcHE solution containing the same
total concentration of a mixture of Ta and Zr yields a single,
intermediate size (5.0 nm at 200 min) and growth rate (9.7
× 10-3 nm/min) (Figure 3C,D). Such behavior is consistent
with the formation of a new mixed-composition nanoparticle
precursor in which the Zr and Ta are interconnected via oxo/
acetate bridges. We have observed similar behavior for all
the mixed metal precursor systems that have been studied,
suggesting that the AcHE solution is a general route for
stabilizing multicomponent oxide nanoparticle precursors
that will be useful for the fabrication of multicomponent
nanostructured materials.

Mesostructure Assembly and Processing. A variety of
ordered MMMOs were synthesized by first combining

FIGURE 3. (A) Optical images of mesostructured CuO–TiO2/Brij76 membrane (top) and PbO–TiO2/F127 monolith (bottom). (B) Size evolution of
metal alkoxides in EtOH (left) and AcHE solutions (right), both under ambient conditions. (C) Size distribution and evolution of individual metal
alkoxides (Ta and Zr) and (D) their mixture in AcHE solution measured by DLS. (E) TEM images of MMMOs from the AcHE method. The scale
bars are 50 nm.
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metal alkoxides with metal and/or rare earth cations (e.g.,
Li, Mg, Ca, Cr, Co, Ni, Cu, Yb, and Ho) and a block-
copolymer SDA in the AcHE solution. Following film
deposition, drop casting, or monolith molding, MMMOs
were aged at 60 °C for ∼24 h to remove excess acetate
groups and induce limited inorganic condensation. Com-
plete acetate and surfactant removal at 350 °C causes cell
shrinkage of ∼30%. Nitrogen sorption data confirm that
all metal oxides have characteristics typical of mesoporous
materials: uniform size distribution, high surface area, and
high porosity. The high regularity of mesoporous struc-
tures in these multicomponent systems is apparent from
the TEM images (Figure 3E). While many compositions
yield mesostructures with amorphous frameworks, certain
cases, such as TiO2, yield semicrystalline frameworks. For
catalytic applications (vide infra), the ability to introduce
multiple catalytic metal oxide components into accessible
wall structures may be more relevant than framework
crystallization.

Remarks. There are several advantages for the prepa-
ration of mesostructured materials via AcHE solution over
the conventional sol–gel process. (1) IR spectroscopy
suggests that acetate groups act as bidentate ligands,
which are directly bonded to the metal ions via chelating
and/or bridging modes. These linkers, compared to
conventional µi-O bridges, enhance the topological flex-
ibility of the metal–oxoacetate frameworks, an advantage
when constructing highly curved mesoscopic organic–
inorganic interfaces that should allow new pore geom-
etries. (2) The ability of acetate groups to bind and/or
stabilize a range of transition and rare earth metal ions
allows the synthesis of a diverse variety of MMMOs. (3)
Unlike many of the related methods which are only
suitable for the fabrication of thin films,7,21,27 MMMOs
synthesized via the AcHE method are easily processed into
thick films, free-standing membranes, and monoliths
(Figure 3A). This is important for commercial applications
where large quantities of material are required, such as

heterogeneous catalysis, energy storage, and nanostruc-
tured photovoltaics.

Conclusion
Harnessing the sol–gel chemistry of inorganic precursors
is crucial for the synthesis of mesostructured oxides. Once
stable, hydrophilic, nanometer-sized precursors are formed,
a structure-directing agent can be chosen to yield the
desired mesostructure. For silica-based inorganics, the
chemical structure of the precursor can be simply con-
trolled by adjusting the solution pH. The case is more
difficult for non-silicate oxides where the most suitable
sol–gel process depends on the desired product. For
obtaining thin films with crystalline frameworks, metal
chlorides in alcoholic solutions are optimal.21,22,26,27 How-
ever, when multicomponent mesostructured metal oxides
or large amounts of material are required, we find the
AcHE method preferable.13 For optical hybrid materials,
strongly binding organic additives such as trifluoroacetic
acid are useful in obtaining glasslike hybrids at room
temperature.12

Outlook: Non-Silicate Mesostructured Oxides
in Catalysis, Energy, and Biotechnology
Fundamental studies have revealed the synthetic aspects
critical for the assembly of a wide variety of mesostruc-
tured materials. With these in mind, we conclude with
selected opportunities for the synthesis and application
of mesoporous oxides in the vital fields of catalysis, energy,
and biotechnology (Figure 4).

Energy-Saving Catalysis. Well-defined pore sizes, tun-
able wall compositions and structures, large surface areas,
and possibilities for internal functionalization make meso-
porous oxides promising catalysts for chemical transfor-
mations.2,6 For example, we have studied the gas-phase
oxidation of benzyl alcohol to benzaldehyde over a

FIGURE 4. Schematic representation of the role of mesostructured oxides with controlled composition, nanostructure, and macroscopic
morphology in several vital applications.
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mesoporous CuO-TiO2 catalyst prepared from the AcHE
sol–gel system.37 The mesoporous catalyst exhibited nearly
75% benzaldehyde conversion at 200 oC. Copper oxides
loaded on zeolites or other supports exhibit less than 5%
conversion under similar conditions.38 For such applica-
tions, the ability to introduce multiple catalytic metal
oxide components into accessible wall structures should
allow the design of heterogeneous catalysts for a variety
of chemical reactions.

Harvesting Solar Energy. Precise control over compo-
sition and three-dimensional structure at the nanometer
scale using self-assembly could have a profound impact
on inexpensive and efficient solar technology by ensuring
that each photon is absorbed near an interface where
charge separation occurs. For example, nanocrystalline
metal oxide frameworks covered with a monolayer of
light-absorbing dye molecules function as electron ac-
ceptors in photoelectrochemical cells,39 and reports of
such cells utilizing surfactant-templated mesoporous ti-
tania show improved performance.40 Alternatively, solid-
state solar cells can be fabricated with interpenetrating
nanostructures. Mesoporous titania infiltrated with light-
absorbing conjugated polymers is one example from this
class of cells.41 Another promising route may be to back-
fill a mesoporous semiconducting oxide with a visible-
light-active semiconductor, such as CdTe or PbS, by
utilizing nanoparticle precursors to fabricate all-inorganic
solution-processed photovoltaics.

Each of these nanostructured photovoltaic concepts
would benefit from advances in mesostructure synthesis.
Ideal mesoporous oxides for nanostructured photovoltaics
should have (1) large (d ∼ 20 nm) interconnected pores
that facilitate incorporation of light-absorbing material
and effective hole transport, (2) a fully crystallized semi-
conducting wall structure to enhance electron transport,
and (3) a macroscopic film structure 1–10 µm in thickness
to allow for total solar absorption.

Biotechnology. Mesoporous oxides are useful in bio-
applications because they can contain pores that are
similar in size to, and chemically compatible with, bio-
logical macromolecules.3 For example, we have recently
investigated the activation of blood clotting by porous
inorganic oxides for hemorrhage control.42,43 It has been
determined that clotting rates can be increased by utilizing
highly negatively charged surfaces that accelerate protein
absorption and by the codelivery of ions, such as Ca2+,
directly involved in the blood clotting process. Further-
more, we believe that the large surface areas of porous
oxides increase the number of protein binding sites and
thus also stimulate clotting. These findings should guide
the design of highly effective mesoporous oxide blood-
clotting agents with controlled ion release, surface charge,
and pore geometries for life-saving applications.
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