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ABSTRACT

Various examples of composite titania-based nanostructured ma-
terials exhibiting cooperative functionalities between different
active components are presented. The fabrication of these inte-
grated composite materials is based on one-pot supramolecular
templating techniques combined with acidic sol—gel chemistry. The
defined 3-D nanoscale organization and integration of various
functional components results in advanced optoelectronic and
photonic applications such as visible light sensitization of meso-
porous titania photocatalysts with cadmium sulfide nanocrystals
acting as sensitizing integral part of the mesopore wall structure,
narrow bandwidth emission from rare earth ion activated nano-
crystalline mesoporous titania films, and mirrorless lasing in dye-
doped hybrid organic/inorganic mesostructured titania waveguides.

Introduction

One of the imposing technological challenges of the 21st
century is to organize different functional components in
three dimensions at the nanometer scale. For advanced
optoelectronic and photonic applications that rely on

Michael H. Bartl was born in Radkersburg, Austria, in 1973. He received his
Diploma degree (M.Sc.) in physical chemistry (2000) from the Graz University of
Technology and his doctorate degree (Ph.D.) in chemistry (2002) from the Karl-
Franzens-University of Graz under the direction of Professors Alois Popitsch and
Galen Stucky. He conducted postdoctoral research at the University of California,
Santa Barbara, as a Max-Kade-Foundation research fellow and is currently a
postdoctoral member of the California NanoSystems Institute working with
Professor Evelyn Hu. His research interests include nano- and microscale
photonics and optoelectronics.

Shannon W. Boettcher was born in Santa Cruz, California, in 1981. He received
his B.A. degree in chemistry from the University of Oregon, Eugene, and began
his Ph.D. work with Professor Galen Stucky at the University of California, Santa
Barbara, as a NSF graduate research fellow in 2003.

Karen L. Frindell was born in Bremerton, Washington, in 1976. She received her
B.S. degree in chemistry (1998) from the University of California, Berkeley, and
her Ph.D. in chemistry (2003) from the University of California, Santa Barbara,
under the direction of Professor Galen Stucky. She is currently a Professor of
Chemistry at Santa Rosa Junior College in Santa Rosa, California.

Galen D. Stucky was born in McPherson, Kansas, in 1936. He earned his B.S.
degree (1957) from McPherson College and his Ph.D. degree with R. E. Rundle
from lowa State University in 1962. He held positions at the University of lllinois,
Sandia National Laboratory, and DuPont Central Research and Development
before joining the faculty of the University of California, Santa Barbara, in 1985,
where he is Professor in the Department of Chemistry & Biochemistry and the
Materials Department. His current research interests include synthesis and
characterization of composite materials, understanding Nature’s routes to organic/
inorganic bio-assembly, and the chemistry associated with efficient utilization of
energy resources.

10.1021/ar0401770 CCC: $30.25
Published on Web 04/02/2005

[J 2005 American Chemical Society

controlled interactions between different functional units,
such well-defined organization and integration of multiple
active components is especially crucial. For example,
photosynthesis—one of the most fundamental processes
in biology—provides an excellent example of how the
controlled interaction between functional subunits results
in an efficiency-optimized integrated materials system.
Photosynthetic organisms channel energy from light-
harvesting outer units to a reaction center by transferring
the excitation energy along multiple functional units with
unity photon conversion efficiency for the overall process.!
Ultimately, it is the cooperative interaction of different
nanoscale components via transfer of energy, information,
or both in the form of charge carriers, photons, spins, etc.
that allows the combination of desirable properties of
single units into a larger integrated system. While we are
still far from achieving the efficient multifunctional sys-
tems developed by nature, complex nanostructured com-
posites made by molecular or nanoparticle assembly can
lead to interesting new and improved properties through
the collective behavior of the functional units.>3 A number
of successful strategies have been developed to fabricate
2- or 3-D nanostructured composite systems (see, e.g., refs
2—6 and references therein). Typical fabrication steps
include synthesis and isolation of the functional nano-
units, purification and surface modification of these
building blocks, and finally their assembly into integrated
higher order systems using a variety of techniques includ-
ing, for example, colloidal self-assembly (for reviews, see,
e.g., refs 3, 4, and 7), layer-by-layer assembly,*3® electrical
assembly,'® and programmed assembly through molecular
recognition and bio-inspired routes.!'~1¢ In this Account,
we will discuss an alternative approach for the fabrication
of functional nanoscale material systems based on supra-
molecular templating/sol—gel chemistry that selectively
utilizes competing molecular assembly, phase behavior,
and condensation/crystallization processes. We show that
this simple synthesis/assembly scheme can be applied to
create various titania-based multicomposite materials
exhibiting high nanoscale ordering and cooperative func-
tionality of different active components.

Mesostructured Composites: 3-D Organization
on the Nanoscale

The synergistic assembly capability of molecular organic
and inorganic species has been recognized as a general
and powerful approach for the fabrication of 3-D continu-
ously ordered structures at length scales ranging from
several angstroms to tens of nanometers.!” While small
molecules have been used to form zeolite-type micro-
porous compounds with ordering lengths less than 3
nm,'#2! this range was dramatically enlarged in the early
1990s with the discovery of so-called “mesostructured or
mesoporous materials” fabricated through supramolecular
assembly.?>? With surfactants or amphiphilic block co-
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polymers as structure directing agents, ordered meso-
porous materials with pore sizes ranging from 2 to 50 nm
have been fabricated (see, e.g., refs 17, 19, 20, and 24 and
references therein). Whereas the first synthetic efforts were
directed toward silica-based materials for applications in
sorption, separation, and catalysis,?>? it was soon realized
that mesostructured silicas could also be used as hosts
for a variety of functional guest species leading to novel
applications including lasing, optical switching, and sens-
ing (for reviews, see refs 27—30).

The discovery of transition metal oxide mesostructured
materials with nanocrystalline semiconducting wall struc-
tures® 33 was an important step toward inherently func-
tional mesostructured compounds with potential uses as
high-surface-area electrodes and optoelectronic de-
vices.!?3435 Among these oxides, the wide-band-gap semi-
conductor titania is of particular interest, and different
approaches to synthesize mesoporous titania have been
developed over the past few years.3?3336745 The major
synthetic challenge is to introduce crystallinity into the
framework while preserving the highly ordered meso-
structural integrity of the material. In our group, we
developed several surfactant-templated, sol—gel chemistry-
based synthetic routes using (1) titanium tetrachloride in
alcohol solvents,?? (2) the acid/base reaction of titanium
tetrachloride and titanium alkoxides in alcohol solvents,*
and (3) the prehydrolysis of titanium alkoxides under
strongly acidic aqueous conditions.?”3 The key in these
approaches is to nucleate high densities of nanocrystals
within the amorphous framework walls. This partially
crystalline wall structure sustains the local strain caused
by the crystallization and prevents the mesostructure from
collapsing. In all of these approaches, synthesis and
processing can be combined to give crack-free, optically
transparent titania films with cubic or hexagonal meso-
structural ordering.

The materials described in this Account were fabricated
using the third approach. In general, titanium alkoxide
precursors are hydrolyzed in strong acids before they are
combined with an ethanolic solution containing the
mesostructure-directing nonionic block copolymer (e.g.,
Pluronic P123, a poly(ethylene oxide),,—poly(propylene
oxide);p—poly(ethylene oxide), triblock copolymer). From
this solution, films are prepared by dip-coating onto
appropriate substrates (glass slides, electrodes, etc.). Heat
treatment of the films leads to the thermal removal of the
polymeric structure-directing species and to the nucle-
ation and growth of anatase nanocrystals. The final result
is an ordered mesoporous film with a semiconducting
two-phase wall structure composed of anatase nanocrys-
tals and amorphous titania.’”

In the following, we give three examples showing that
this simple sol—gel synthesis scheme can readily be
extended to create 3-D titania-based mesostructured
materials with integrated active species such as cadmium
chalcogenide nanocrystals, trivalent rare earth ions, and
organic laser dyes. Furthermore, we will show that the
nanoscale integration of these different active components
results in cooperative optoelectronic and photonic func-
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Scheme 1. Schematic Energy Diagrams Showing Proposed Electron
and Energy Transfer Mechanisms in Nanocrystalline Titania-Based
Mesostructured Composites?
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4 (a) Sensitization of titania to visible light through electron transfer
from CdS to anatase nanocrystals; (b) sensitized rare earth ion emission

through energy transfer from UV light-harvesting anatase nanocrystals.
VB = valence band; CB = conduction band; SS = surface state.

tionalities based on sensitized charge separation, excita-
tion/energy transfer, and optical amplification (Scheme
1.

Cooperative Functionality in Mesostructured
Composites

Integrated 3-D Arrays of Different Semiconductor Nano-
crystals. Nanocrystalline anatase titania has proven to be
an excellent candidate for use in low cost photocatalysis
and solar energy conversion.*® However, its large semi-
conductor band gap of 3.2 eV allows absorption of only
the UV region of the solar spectrum resulting in low
conversion efficiency. On the other hand, it has been
shown that efficiency can be strongly increased through
postsynthesis functionalization of titania with visible light-
sensitizing species, for example, grafting of dye molecules
or depositing narrow band gap semiconductor nanocrys-
tals onto premade titania matrixes (Scheme 1a).*67%° In
contrast to these postsynthesis sensitization techniques,
we developed a molecular templating/sol—gel chemistry-
based synthesis for sensitized mesoporous titania that
combines synthesis, assembly, and sensitization and
results in cubic mesoporous frameworks with walls com-
posed of integrated arrays of different types of wide and
narrow band gap semiconductor nanocrystals (Figures 1
and 2).%

Mixed nanocrystalline anatase titania/cadmium chal-
cogenide mesoporous films were prepared by dip-coating
from a single solution containing the hydrolyzed titania
precursors, soluble cadmium salts, and the mesostructure-
directing nonionic triblock copolymer (see ref 51 for
synthesis details). The core of the fabrication process is
an extended heat treatment of the dip-coated films under
varying gas/vapor atmospheres. The films are first kept
in an oxidative high-temperature environment to promote
nucleation and growth of semiconducting anatase nano-
crystals out of the amorphous titania matrix. Simulta-
neously, segregation of the coassembled cadmium species
occurs into cadmium oxide nanoclusters distributed in the
titania framework. By changing the processing conditions
to an inert gas diluted sulfur (S) or selenium (Se) vapor
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FIGURE 1. TEM images of mixed nanocrystalline titania/cadmium chalcogenide films recorded along the [100] (a) and [111] (b) zone axes of
the bce mesoporous symmetry, (¢) SEM image and Fourier transform (inset) of the open-pore film surface, and (d) photographs of mesoporous
pure titania and composite titania/cadmium chalcogenide films. Images are reproduced with permission from ref 51. Copyright 2004 Wiley.

atmosphere, we selectively convert the cadmium oxide
nanoclusters into crystalline semiconducting CdS or CdSe
nanoparticles through a redox-coupled ion exchange
reaction mechanism.> After a few minutes of exposure
to S and Se vapor, the films became visibly yellow or
orange—indicating the successful transformation of cad-
mium oxide into its nanocrystalline sulfide or selenide
analogue (Figure 1d).

Transmission electron microscopy (TEM) in combina-
tion with energy-dispersive X-ray spectroscopy (EDX)
revealed that the films possess a highly ordered cubic (bcc)
mesoporous structure with walls composed of titania and
the respective cadmium chalcogenide phase (Figure 1a,b).
High-resolution scanning electron microscopy (HR-SEM)
indicates a completely open-pore film surface (Figure 1c)
with the [111] direction of the bcc mesopore symmetry
running perpendicular to the film surface, as indicated
by the hexagonal Fourier pattern (inset in Figure 1c). This
confirms that the cubic pore structure is extended through-
out the film and fully accessible from the surface—an
important feature, since it allows postsynthesis infiltration
of the mesoporous framework with, for example, conju-
gated polymers.

X-ray diffraction (XRD) analysis was used to investigate
the titania and the cadmium chalcogenide phases. While
the diffraction pattern of an undoped titania mesoporous
film (pattern A in Figure 2) shows only the typical anatase
reflections, the patterns obtained from samples doped
with Cd and treated with either S or Se vapor (patterns B
and C, respectively, in Figure 2) contain additional reflec-

tions that can all be assigned to the typical wurtzite
structure of crystalline cadmium chalcogenides. The dif-
fraction peaks are strongly broadened due to the small
size of the anatase, CdS, and CdSe crystallites, which were
estimated using the Scherrer formula to be between 4 and
7 nm.

To test for cooperative functionality, we analyzed the
solar sensitization efficiency of nanocrystalline anatase/
CdS mesoporous composite films by comparing their
ability to generate a visible light photocurrent (I,;) to that
of pure anatase titania mesoporous films. A standard two-
electrode photoelectrochemical cell working in nonregen-
erative mode was used for these measurements.*® Mea-
surements were done in two steps to eliminate fluctuations
due to small sample and setup deviations (film thickness
and surface roughness, angle of incident light). First, the
I,» response to UV and visible photons simultaneously
(UV+vis) was determined. Since in this case both anatase
and CdS are able to absorb light, this value was used as
the maximal photoinducible I,;, under the given illumina-
tion. The sensitization effect to visible light, expressed as
the I, response to visible photons only (vis-only), was
then determined by blocking the UV photons with a 400
nm long-pass filter. Figure 3 gives typical results for pure
anatase titania and anatase/CdS (5 mol % CdS) mesopo-
rous films. As expected, for both samples a well-defined
periodic on/off I, response to the light/dark modulated
UV+vis illumination (violet background) was obtained.
Under vis-only illumination (yellow background), how-
ever, no measurable I, was generated by the pure anatase
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FIGURE 2. Offset XRD patterns (a) of nanocrystalline pure anatase
titania (A) and anatase/CdS (B) and anatase/CdSe (C) samples and
detailed comparison (b) in the range 35° to 58° 26. Dots indicate
the anatase (004), (200), and (105/211) reflections; triangles and
diamonds mark the (110), (103), (112), and (201) wurtzite reflections
of CdS and CdSe nanocrystals, respectively. Data are reproduced
with permission from ref 51. Copyright 2004 Wiley.

titania mesoporous films. In contrast, the composite
anatase/CdS film produced a clear on/off I, response
under vis-only illumination, which is around 25% of the
total UV+vis I;,. Considering that under vis-only excitation
only the 5% CdS portion of the film is able to absorb
photons, the conservation of 25% of the maximal photo-
inducible I,, is exceptionally high and points to an
efficient intrinsic visible light sensitization effect of the
integrated CdS nanocrystals. Furthermore, we have re-
cently shown that the optical density and the photocurrent
generation in nanocrystalline mesostructured films can
be respectively enhanced by fabricating homogeneous
multilayer films (Bartl et al., unpublished) and by increas-
ing the nanocrystallinity of the framework walls.*! This
makes these composite films promising components for
low cost photovoltaic and photocatalytic applications.
Nanocrystals as Light-Harvesting Antennas for Sen-
sitized Rare Earth Emission. The two-phase nanocrys-
talline/amorphous wall structure makes mesoporous ti-
tania an interesting host matrix for optically active inorganic
species such as trivalent rare earth (RE*") ions, a techno-
logically important class of narrow bandwidth emitters.5*5°
While the amorphous titania regions provide an ideal
oxide glasslike environment for the incorporation of RE3*
ions, the UV light-harvesting nature of the wide band gap
semiconductor anatase nanocrystals can sensitize RE3" ion
luminescence through indirect excitation pathways (Scheme
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FIGURE 3. Periodic on/off photocurrent response curves of nano-
crystalline pure anatase titania (a) and composite anatase/CdS (b)
cubic mesoporous films illuminated with a periodically light/dark
modulated xenon lamp. Violet background denotes illumination with
UV and visible photons simultaneously. Yellow background denotes
illumination with visible photons only. Data are reproduced with
permission from ref 51. Copyright 2004 Wiley.

1b).385657 Sensitization is an important process for tech-
nological applications of RE*" ions in photonic devices
and color displays, since direct optical excitation of the
parity forbidden intra-f-shell electronic transitions is
rather inefficient.>®

RE?' ions can be doped into the two-phase nanocrys-
talline/amorphous framework of mesoporous titania thin
films via the above-described sol—gel/supramolecular
templating method by simply adding appropriate amounts
of the rare earth ion chlorides to the titania precursor
solution (for details, see refs 38 and 56). TEM and EDX
studies show that RE3* jon loadings as high as 10 mol %
can be incorporated into the walls without destroying the
cubic mesopore arrangement (Figure 4). Due to a large
mismatch in ionic radii between RE3* (>0.90 A) and Ti**
(0.68 A) the RE3* ions do not occupy titanium sites within
the anatase nanocrystallites but rather sit close to their
surface.

UV light excitation at 330 nm, well above the anatase
nanocrystal band gap, of a trivalent europium (Eu®")-
doped mesoporous titania film results in strong red
luminescence typical for Eu* ions, although Eu®* has no
crystal field absorption transition at this excitation wave-
length.%® The photoluminescence (PL) emission spectrum
given in Figure 5b shows five characteristic Eu*" bands
between 550 and 720 nm arising from crystal field transi-
tions between Russell—Saunders multiplets Dy, — “F; with
J=0,1, 2, 3, and 4. All of the five transitions show strong
inhomogeneous broadening, indicative of an amorphous
environment. This is also confirmed by the PL lifetimes
of the most intense Dy, — “F, electric dipole transition
centered at 614 nm, which are 550, 520, 470, 500, and 330
us for Eu3* concentrations of 1, 3, 5, 8, and 10 mol % and
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FIGURE 4. TEM images along the [100] zone axis (a, b)
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nanocrystalline anatase titania cubic mesoporous films. Images and data are reproduced with permission from ref 38. Copyright 2002 Wiley.
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FIGURE 5. PL excitation (a) and emission (b) spectra of Eu®*-
activated nanocrystalline anatase titania mesoporous films. The inset
shows the UV—vis absorption spectrum of the same sample. Data
are reproduced with permission from ref 38. Copyright 2002 Wiley.
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compare well with results from other Eu®*-doped sol—
gel amorphous oxides.>® However, in contrast to bulk oxide
host matrixes, the PL lifetime in the mesoporous films
stays constant at around 500 us for Eu3" contents of up
to 8 mol %, which indicates that no PL concentration
quenching occurs. We attribute this unique behavior to
reduced clustering of the europium ions in this high
surface and interface area mesoporous nanocrystalline/
amorphous matrix.

We applied PL excitation spectroscopy to investigate
the excitation pathway of the Eu®" emission. The PL
excitation spectrum of the D, — “F, emission band (Figure
5a) shows no Eu®* crystal field transitions but exhibits only
a broad peak starting at 360 nm and centered at 310 nm.
This peak coincides very well with the absorption band
edge of the anatase nanocrystals (inset in Figure 5) and
clearly indicates that the Eu®" luminescence is not the
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FIGURE 6. PL spectra of nanocrystalline anatase titania mesoporous
films doped with samarium (a), ytterbium (b), neodymium (c), and
erbium (d). All samples were excited at 325 nm. Data are reproduced
with permission from ref 56. Copyright 2003 Elsevier.
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result of resonant excitation of europium crystal field
transitions but is rather associated with an indirect
excitation process. A detailed study of the sensitization
mechanism was done by Frindell et al.,’¢ who investigated
the luminescence behavior of different RE** ions doped
into mesoporous titania films (Figure 6). By comparing
the crystal field energy levels of sensitized (samarium,
ytterbium, neodymium, and erbium) and nonsensitized
(thulium and terbium) RE3* ions with the known conduc-
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tion band and surface states energy positions of nano-
crystalline anatase, one can conclude that the sensitized
RE3* emission process is the result of UV light absorption
of the semiconducting anatase nanocrystals and subse-
quent relaxation to the nanocrystal surface states, followed
by nonradiative energy transfer to crystal field states of
the RE®" ions located at the surface of the nanocrystals
(Scheme 1b). Apart from revealing the energy transfer
mechanism, these studies also expand the range of
sensitized narrow bandwidth RE3* emission from visible
to the near-infrared including the technologically impor-
tant region around 1550 nm.

Activated Nanohybrid Organic/Inorganic Titania Com-
posites. The development of soft chemistry routes, that
is, room-temperature synthesis, involving hydrolysis and
condensation of inorganic precursors coupled with mo-
lecular self-assembly, has enabled advanced optical ap-
plications through the fabrication of activated hybrid
mesostructured silica compounds (for reviews, see, e.g.,
refs 27—29). However, the low refractive index of hybrid
silica composites (n = 1.43) limits their applications, since
it requires that the optically active layer be supported by
an ultralow refractive index layer such as mesoporous
SBA-15 (n = 1.15)% for efficient waveguiding to occur. This
limitation is overcome by a new synthesis and processing
approach for the preparation of optically activated, high
refractive index hybrid organic/inorganic mesostructured
materials based on a titania inorganic framework.5"62

The fabrication of hybrid nanocomposites for optical
applications via evaporation induced self-assembly
(EISA)® requires controlling the chemistry of the structure-
directing molecules and the framework-forming inorganic
species simultaneously in the precursor solution. The
inorganic species needs to be soluble long enough to allow
for surfactant-directed mesophase assembly, but at the
same time, it should also be able to stabilize the desired
morphology by forming a solid, glasslike material of high
optical quality at room temperature. Unfortunately, con-
ventional routes to titania-based mesostructured materials
that use, or in-situ generate, strong inorganic acids are
limited to the fabrication of thin films that require
additional heat treatment for stabilization.3”~*! We found,
however, that by introducing trifluoroacetic acid (TFA) as
a stabilizing ligand for reactive titanium alkoxides, the
precursor solution can readily be processed at room
temperature into glasslike, optically transparent morphol-
ogies. These include crack-free fibers and films with
adjustable thickness from hundreds of nanometers to tens
of micrometers and a high degree of mesostructural order
(see Figure 7).6!

The chemical interactions between TFA, the titanium
alkoxide, and the structure-directing surfactants are criti-
cal in the formation of this material. First, TFA forms
strong bidentate bridging or chelating coordination com-
plexes with the titanium alkoxides in solution (Boettcher
et al., submitted for publication). The small amount of
added aqueous concentrated HCI hydrolyzes ethoxy groups
on the TFA—titania complex, resulting in hydrophilic
species with enhanced affinity to the hydrophilic block
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FIGURE 7. Optical photograph (a) of a 10 um thick, R6G-doped
hybrid mesostructured titania film deposited onto a glass slide lying
atop the UCSB logo and (b) XRD and 2-D-SAXS (inset) pattern
(collected at an incident angle of 0.4° and depicted on a false-color
log scale) showing the 2-D hexagonal mesostructural order. The
transmitted beams are blocked by the substrate. Data are repro-
duced with permission from ref 61. Copyright 2004 American
Chemical Society.

of the surfactant template upon the EISA process. Fur-
thermore, in contrast to HCI, which evaporates over time,
a portion of the chelating TFA molecules remains perma-
nently incorporated into the inorganic phase, controlling
cross-linking and extended Ti—O bond formation in the
mesopore walls giving a glasslike framework (see ref 61
for synthesis details).

Whereas the ability to actively control the macroscopic
shape of the final product is an essential requirement for
optical applications, the outlined organic/inorganic nano-
domain separation in this material is the key for perfor-
mance enhancement of incorporated organic dye emitters.
While the inorganic titania-based framework raises the
apparent index of refraction for the emitted light and
enables efficient waveguiding, the organic nanodomains
provide a chemically ideal environment for organic dyes.
The dye molecules are homogeneously dispersed and
therefore less prone to aggregate into nonluminescent
dimers, which in turn yields high photoluminescence (PL)
quantum efficiencies.5

Figure 8 shows PL emission spectra of a 1.5 wt %
rhodamine 6G (an organic dye abbreviated as R6G)-doped,
10 um thick mesostructured titania film excited by the
second harmonic of a Q-switched Nd:YAG laser (532 nm,
10 ns pulse width, 10 Hz repetition rate). The laser was
focused at a position around 5—10 mm away from the
cleaved edge of the film, and the emitted light was
collected in a 90° angle and analyzed by a spectrometer
in combination with a CCD detector. Emission was
recorded in two film orientations to better investigate the
effect of waveguiding (see insets in Figure 8). While in
“normal” 45° orientation, the typical broad R6G emission
peak centered at around 585 nm is observed (top spec-
trum), turning the film into a 90° orientation, where
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FIGURE 8. PL emission spectra showing “normal” emission (top)
and waveguided emission (bottom) of a R6G-doped, 10 um thick
mesostructured titania film (film orientations are given at left). The
inset shows the emission spectrum of the same sample above ASE
threshold. The sharp line at 532 nm is scattered light from the
excitation laser. Data are reproduced with permission from ref 61.
Copyright 2004 American Chemical Society.

primarily waveguided photons are collected by the detec-
tor, the R6G emission peak is strongly modified and split
into several well-defined modes (bottom spectrum). The
spacings follow the theoretical formula for the free spectral
range between adjacent waveguided modes, vy, = ¢/ (n21)
(c is the speed of light, n is the refractive index, and ¢ is
the film thickness).5°

The waveguiding ability of dye-activated mesostruc-
tured titania films deposited directly onto glass substrates
can be utilized for amplified spontaneous emission (ASE).
ASE is a mirrorless lasing process, where, after exceeding
a certain gain threshold, spontaneously emitted light is
amplified by stimulated emission as it propagates along
a waveguide containing the gain medium.®® For ASE
measurements, the excitation spot was moved closer to
the film edge (1-2 mm) and the excitation power was
slowly increased. Exceeding a certain threshold of the
pump pulse energy (0.8—15 m] depending on the film
thickness and R6G dye concentration) resulted in mode
competition and finally in the collapse of the multiple
mode structure into a single, fully gain narrowed mode
with a fwhm value of around 8—10 nm (Figure 8 inset), a
typical signature of ASE.® It is important to note that for
the mesostructured titania host, ASE of R6G was readily
observed for films deposited directly onto glass slides,
conditions under which mesostructured silica films, be-
cause of their low refractive index, fail to produce ASE.
The higher refractive index of titania-based mesostruc-
tures therefore eliminates the need of a low refractive
index support layer and facilitates integration into ad-
vanced optical structures.

Conclusions

Multicompositional mesostructured titania is an attractive
material for a variety of optoelectronic and photonic
applications. We have presented novel approaches for the
simultaneous synthesis, 3-D organization, and integration

of different functional species. The developed fabrication
procedures are based on molecular templating strategies
combined with simple one-pot sol—gel chemistry tech-
niques. Highly ordered mesostructured samples can be
prepared as either multiple-phase activated nanocrystal-
line frameworks or hybrid organic/inorganic high refrac-
tive index composites. We demonstrated that in both cases
the defined 3-D nanoscale arrangement of different
functional units enables their constructive interaction and
results in material systems with cooperative functionalities
such as in-situ solar sensitization, sensitized narrow
bandwidth emission, and low threshold mirrorless lasing.
Given the generality and flexibility of sol—gel self-assembly
chemistry, the fabrication approach presented here opens
the field to a multitude of new functional materials besides
titania3>*567 with custom-made nanostructures and com-
positions.
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