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This review presents an extensive discussion on the major advances in the field of periodically
organized mesoporous thin films (POMTFs) obtained via surfactant templated growth of inorganic
or hybrid polymers. A large variety of templating agents can be coupled with inorganic polymerization
reactions for the design of periodically organized nanostructured hybrid phases that yield POMTFs.
The tuning of the interface between the template and the polymerizing phase and the control over
chemical and processing conditions are the key parameters in producing tailor-made POMTFs with
a high degree of reproducibility. This dynamic coupling between chemical and processing conditions
dictates extensive use of complementary ex situ measurements with in situ characterization techniques
that follow, in real time, film formation from the molecular precursor solutions to the final stabilized
POMTF. Among modern analytical tools, 2D-GISAXS, ellipsoporosimetry, HRTEM, X-ray
reflectometry, WAXS, time-resolved infrared spectroscopy, SAW, and optically polarized xenon
NMR have proved to be highly relevant for this purpose. POMTFs combine the intrinsic physical
and chemical properties of the inorganic or hybrid matrices with a highly defined nanoporous network
having a tunable pore size and connectivity, high surface area and accessibility, and a specific
orientation with respect to the substrate. As such, POMTFs are a promising family of advanced
materials for a host of future applications including micro-optics and photonic devices, microelectron-
ics, nanoionics and energy, environment, functional and protective coatings, biomaterials, environ-

mentally responsive materials, and biomicrofluidics, among others.

1. Introduction

The synergetic coupling between soft matter physical
chemistry'~ and inorganic or hybrid sol—gel chemistry>~°
has opened new avenues for advanced materials research.”~'?
Indeed, the ability to create “organized matter” at the micro-,
meso-, and nano-scales'® has been a significant break-
through”%"'*'* since the discovery that micellar and lyotropic
liquid-crystal phases can act as templates for the designed
synthesis of periodically organized mesoporous materials
(POMMs).”~'> POMMs constitute a challenging domain in
materials chemistry that is experiencing explosive growth.
In the past few years, an increasing quantity of mesostruc-
tured and mesoporous materials with very diverse chemical
compositions (oxides, metals, carbons, chalcogenides, semi-
conductors, etc.) shaped as powders, monoliths, thin films,
membranes, or fibers have appeared.'® The so-called M418S,”"”
MSU,'*1® HMS, ' and SBA'*?%?! families were discovered
through innovative combinations of templates or texturing
agents (ionic and nonionic surfactants, amphiphilic block
copolymers, biopolymers, ionic liquids, dendrimers, etc.),
starting from mineral precursors (salts, alkoxides, organosi-
lanes, nanobuilding blocks: clusters, nanoparticles, etc.) and
sol—gel reaction media (solvents, water content, pH, com-
plexing agents, aging conditions, etc.). These novel materials
offer a high degree of versatility in terms of structure, texture,
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and functionality.'® This first generation of mesoporous
powders, mainly based on silica and alumino-silicates, were
obtained through precipitation or gelation.'*'*!”-'* Other
mesoporous compositions, such as transition metal oxide
based POMMs or periodically organized mesoporous carbon
metals, appeared at the end of the 1990s.'>-2272

POMMs are processed using several approaches, among
them true”® or evaporation induced®’~*’ liquid crystal tem-
plating and nanocasting,**~? or through the use of sacrificial
mesoporous silica as a nanostructured scaffolds.’**** An
exhaustive description of all the periodically organized
mesoporous materials is beyond of the scope of this article,
and the reader is referred to some excellent reviews,'%-!¢3—4
To summarize, two main mechanisms have been proposed
to explain nano-organization of inorganic or hybrid structures
in the presence of nanosegregating surfactants as templating
agents. The first mechanism is the liquid crystal templating
(LCT) mechanism in which the inorganic phase condenses
around a stable surfactant mesophase.'’?®*> The second
mechanism is cooperative self-assembly, in which surfactant
molecules and inorganic species combine in a first step to
form hybrid intermediate entities that behave as independent
composite hybrid species. These hybrid species are composed
of oligomeric building blocks that associate with the am-
phiphilic component.*>~*

However, it is most likely that depending on the critical
chemical and processing parameters, a combined effect of
both mechanisms governs the construction of such meso-

[ 2008 American Chemical Society

Published on Web 01/17/2008



Reviews

R’-M(OR),,

2.

M(OR),,

(RO),Si-R-Si(OR);

Chem. Mater., Vol. 20, No. 3, 2008 683

NBB / Clusters, Nanoparticles
e
L et

Route B

T

@ emplated grova
> Bg@ O
/° BB O

Surfactants, Amphiphilic block copolymers

Figure 1. Chemical strategies for the synthesis of inorganic and hybrid POMMs.

structured hybrid phases. These make understanding the
mechanisms of construction very difficult. The different
chemical strategies for the synthesis of POMMSs are shown
in Figure 1.

(i) Chemical paths that follow route A correspond to the
coupling of molecular precursors of sol—gel chemistry with
amphiphilic block copolymer templating. The resulting
mesostructured hybrid networks are obtained through the
surfactant directed assembling of hydrolyzed precursors. The
most extensively used precursors are metal alkoxides, metal
chloro-alkoxides, metallic salts, and complexed metal alkox-
ides. The use of inorganic precursors allows for high
temperature and/or UV treatment and/or solvent extraction
to achieve complete template removal (A1), the consolidation
of the inorganic backbone, and under some conditions,
inorganic crystallization into nanosized particles (path A-1a).
Stabilized inorganic POMMSs can also be used as exotem-
plates to grow inorganic (metals, carbon, oxides, chalco-
genides, etc.) or organic nano-objects (path A-1b). The
POMM based scaffolds either can keep their integrity to
allow the formation of new nanocomposites*'**4? (path
A-1b) or can be used as molds which, after chemically
assisted dissolution, yield replicas with tunable shapes and
compositions (CMK,** g C3N4,>%! etc.; path A-lc). The
hybridation of POMMs can be accomplished directly (one
pot synthesis®>~>*) using organically modified alkoxysilanes
or alkoxy stannanes (R',Si(OR)4.,, R',Sn(X)4.,) as precursors
(path A-2) or in a subsequent post-grafting step (path A-1d).
In this latter case the porous inorganic surface is organically
functionalized through chemical grafting of organoalkox-
ysilanes or complexing organic molecules or macromol-
ecules. The nature of the grafting group and of the property
carrier function must be selected to match the chemical
composition of the inorganic wall and the targeted applica-
tion, respectively.**>>~%" Another strategy that can be very

convenient to functionalize POMMSs with fragile, less com-
mon, or expansive organic or bio-functionalities consists of
the hybrid POMMSs (path A-1d or A-2) containing reactive
organic function (amino, thiol, isocyanate, acid, etc.) as a
template. In a second step a high yield coupling organic
reaction can be performed (amide, imine, ureido, etc.)61
allowing the POMMs with the targeted new functionality to
be tailored (A-1le).

Bridged precursors of silsesquioxanes X3Si-R'-SiX3 or
more recently bridged stananes X3Sn-R’-SnX; (R’ is an
organic spacer, X = Cl, Br, —OR) have opened a plethora
of new possibilities for the controlled design of hybrid
POMMs (path A-3).**%*"! Indeed, under surfactant directed
assembly conditions, their condensation (path A-3) or co-
condensation with metal alkoxides or organically modified
alkoxysilanes (path A-3 with association of molecular
precursors of path A-1 or A-2) allows the selective placement
of different organic functionalities inside the pores, walls,
or both via a convenient one pot synthesis.

The strategies under the rubric of route A are simple:
potentially low cost and yield of mesostructured inorganic
hybrid materials with tunable functionality.

(ii) Strategies that combine surfactant directed assembling
of presynthesized well-defined nanobuilding blocks (NBBs)
are also under development (route B).”>7*° This approach
uses precursors based on perfectly calibrated, preformed
objects that preserve their integrity in the mesostructured
templated hybrid phase. The size of the NBBs should be at
least four times smaller than the micelles to be able to adopt
the curvature of the organic (2—30 nm in size)—domain
interface. The large variety of nanobuilding blocks (nature,
structure, and functionality) and possible surface modifica-
tions with organic functions or organic connectors allows
the creation of a vast range of different architectures. Indeed,
such NBBs can be clusters (metallic oxoclusters, zindtl phase,
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etc.), inorganic nanoparticles (metallic oxides, metals, chal-
cogenides, etc.), and nanocore—shells (path B-1).

The use of NBBs presents several advantages: (1) It is an
ideal method for precisely defining the inorganic component
and in potentially minimizing collapse problems that may
be associated with template removal and crystallization. (2)
Precondensed species exhibit a lower hydrolytic reactivity
than molecular precursors so that the chemistry, self-
assembly, and processing parameters are more decoupled.
(3) The nanobuilding components are nanometric and mono-
dispersed, with perfectly defined structures, which can be
crystalline, that facilitate the characterization of mesostruc-
tured hybrid phases. (4) The step-by-step preparation of the
mesostructured materials can allow for a high control over
their semilocal structure.

(iii) Alternative approaches based on the combination of
path A and path B (path B-2) may be conceived to achieve
further control in terms of the local and semilocal structure
and function of POMMs.®'*> This corresponds to surfactant
directed assembling of hydrolyzed precursors in the presence
of NBBs. The success of this strategy results from the ability
of materials chemists to control and tune the hybrid
interfaces. An example is the use of nano-objects capped
with organic molecules to tune their affinities for different
components of the surfactant and for the growing polymeric
phase. In principle this strategy should permit tailor-made
nanocomposites with directed positioning of NBBs inside
the mesopores or inside the walls as ordered dispersions of
nanobricks cemented by a polycondensed inorganic phase.

Beyond the relevant chemical and self-assembly phenom-
ena, the processing and shaping of POMMs is also extremely
important in targeted, real-world applications. The majority
of research studies to date concerns periodically organized
mesoporous materials shaped as powders or monoliths
because these morphologies are especially suited for catalysis
and adsorption applications.?”-%¢=®8 Periodically organized
mesoporous thin films (POMTFs) are net shaped and present
advantages in both facilitating the integration of matter and
in the miniaturization of materials and devices. The first
POMTFs were processed by Anderson et al.,** Ogawa,”*"!
Ozin et al.,”>* and Brinker et al.?’**°*% and consist of
mesoporous layers of amorphous silica or organosilicas. The
field of nonsilicate, transition metal oxide, rare earth,
multimetallic oxide based POMTFs has exploded very
recently.’®%2%-127 Today, these POMTFs can be designed
with amorphous or nanocrystalline walls'**!13:12% opening
new opportunities for the development of many applications
arising from the active properties (optic, electronic, dielectric,
magnetic, etc.) created by metallic centers having d or f
orbitals. The wide variety of different POMTFs will be
detailed in part 4 for the pure inorganic matrixes and in part
6 for the hybrid organic—inorganic materials.

The various processing approaches used for the synthesis
of POMTFs will be described in part 2. Among these
methods, the chemical solution deposition methods are the
most employed.?”**?° In this approach, the meso-ordering
occurs through the evaporation induced self-assembly (EISA)
mechanism. Other less known processes have been also used.
Film growth by electrochemical techniques,'*'3~13% at
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air—solution or substrate—solution interfaces (ASI or SSI
respectively),”>'*313% or even by impregnation in vapor
phase or in solution'**'¥” will be discussed. Pulsed laser
deposition (PLD) techniques, involving laser volatilization
followed by deposition onto a substrate of fragments coming
from a target constituted of periodically organized mesopo-
rous inorganic powder, have also been reported.'*®

The tuning of the hybrid organic—inorganic interface
between the template and the polymerizing phase, the control
of the chemistry of the reaction media, and the template
removal are of course key parameters during the elaboration
of both POMTFs and POMMs. However, as thoroughly
reported, the elaboration of POMTFs with a high degree of
reproducibility requires a more comprehensive control of the
highly coupled chemical and processing conditions.'*

Consequently, in the past seven years a strong emphasis
has been given to the study of the mechanisms of formation
of POMTFs through in situ characterization techniques (2D-
GISAXS, WAXS, X-ray reflectometry, time-resolved infra-
red spectroscopy). For example, the use of high flux
synchrotron beam lines allows the study of the film formation
all the way from the molecular precursor solutions to the
final mesoporous films,'**'? including consolidation, tem-
plate removal, stabilization, and in some cases, crystallization
to be followed in real time.'!*'4!

Full characterization of POMTFs does also require ex situ
investigations that include conventional and unconventional
advanced characterization techniques. The second category
of techniques is required since thin films are anisotropic
samples which have one dimension that is submicronic and
which is often supported on a solid substrate. The very low
quantity of material and contribution of the much greater
quantity of the support make a complete characterization a
challenge. Structural characteristics are obtained through
TEM, SEM, and XRD but need to be completed by more
adapted techniques such as GI-SAXS,!''3139-141 X _ray
reflectometry,'**1#® ellipsometry porosimetry,'*’~">° or opti-
cally polarized xenon NMR.'>'~153 These techniques operate
directly in thin films and then allow a complete characteriza-
tion of the porous materials such as texture, connectivity,
and so forth.

Today, POMTFs have reached a level of maturity where
the intrinsic physical and chemical properties of the inorganic
or hybrid matrixes, either amorphous or nanocrystalline, can
be combined efficiently with a highly defined porous network
having tunable pore size and connectivity, high surface area,
and accessibility. The control of pore dimension and ar-
rangement with respect to both the substrate and the
atmosphere interfaces leads to direct or indirect accessibility
to the substrate surface. This area is still new. However,
promising results emanating from confinement effects,
surface modification, and mesophase alignement via external
fields demonstrate that new advances on oriented POMTFs
can be expected.

Indeed, they already found applications in a wide range
of domains (e.g., separation techniques, sensors, catalysis,
modified nanoelectrodes, nanopatterning of composites, fuel
cells, batteries, photovoltaic cells, micro-optics and photonic
devices, microelectronics (low k), nanoionics, cells, func-
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Figure 2. Published scientific articles on the field of POMTFs.

tional, protective coatings, biomaterials, biomicrofluidics,
etc.) that will be presented in part 7.

The mushrooming of this field is illustrated in the Figure
2 which shows the evolution of the number of published
scientific articles on the field of POMTFs obtained through
surfactant templated growth since 1994.

As concluded in the several articles reviewing more
specifically the different chemical, physical, and processing
aspects associated with mesoporous films formation and
properties,>>60:94129:133.154 there is no question that the
development of POMTFs will continue in the years to come
as the scientific and technological aspects associated with
the chemical, physical, and processing of POMTF formation
and properties continue to be elucidated.

This article is focused on mesoporous “thin films” having
micronic or submicronic thickness (typically between 5 nm
and 1 um). This distinction is made because, for thicker films
and membranes, such as those prepared by casting, the
boundary between a film and a monolith is fairly subjec-
tive.'*>!5> Moreover, for thicker films generally obtained
through casting by evaporation of precursor sols or via
gelation, the homogeneity is more difficult to control over
the film thickness, resulting in the formation of chemical
and structural gradients.'>> The present article reviews and
discusses the major advances in the field of periodically
organized mesoporous thin films (POMTFs) obtained through
templated growth in the presence of molecular polymeric
surfactants.

The second part of this article is focused on the different
techniques used for the synthesis of POMTF. The third part
is dedicated to the detailled presentation of characterization
techniques that are specifically dedicated, and more or less
routinely used, for the characterization of the mesostructure
and mechanical properties of thin films. Then, an overview
of inorganic and hybrid POMTFs that have been developed
to date together with their corresponding properties is
reported. The fifth part of the article concerns the mechanism
of the hybrid surfactant-mesostructured phase and the as-
sociated chemical, optical, and thermal treatments used for
the stabilization of the final POMTF. Then, the synthesis
and the formation of hybrid P.O. mesoporous films are
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reported. Before the final outlook and concluding remarks,
the most striking examples of the properties and applications
of POMTFs will be presented.

2. Processing of POMTFs

Thin solid films can be prepared through a great number
of different techniques that can be classified in three main
categories, which are chemical, physicochemical, and physical.

While physical deposition techniques are preferred when
dense thin films are to be prepared, chemical deposition
approaches are much more appropriated to the preparation
of porous layers. Preparing POMTFs using the template
approach has thus mainly been achieved through chemical
routes for which films are formed though the polyconden-
sation of the inorganic precursors around organic supramo-
lecular micellar assemblies at the substrate interface vicinity.
The various non-exhaustive methods that can be applied to
prepare such systems are illustrated in Figure 3.

The following part aims at briefly describing these methods
in terms of process, involved mechanisms, achievement,
critical parameters, advantages, and drawbacks. Most of the
reported POMTFs were prepared by the evaporation-induced
self-assembly (EISA) approach, where both templating agents
and inorganic precursors are cooperatively self-assembled
at the surface of the substrate through the evaporation of
the solvent, within which these were previously dispersed.
EISA is compatible with chemical solution deposition (CSD)
techniques such as dip, spin, meniscus, and spray coatings.

These are widely employed for four main reasons: (1) they
are easy to make use of, (2) they are already commonly used
in industries, (3) one has a fairly good control on the
chemical state of both volatile and nonvolatile parts in the
solution before self-assembly, and (4) it is cheap and does
not require expensive equipment. Even if preparing an
ordered silica thin film is easy and does not require chemical
and processing conditions to be controlled too drastically,
understanding the whole sequence of phenomena involved
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in the formation mechanism is necessary to be able to
perfectly control the final mesostructure (pore size, density,
morphology, order, and interconnection) and the associated
stability. Because numerous efforts have been specifically
dedicated to point out the critical parameters associated to
EISA and to understand their effect on the self-assembly,
these specific points will not be detailed here but in the
upcoming part 5. Other approaches such as polymer layer
casting, growth at solution/air interfaces, or electrochemical
deposition have been attempted with more or less success.
These methods do not ensure good reproducibility and
mesostructured control as well as EISA can.

2.1. Chemical Solution Deposition Techniques, Com-
patible with EISA. In CSD the solution is cast over the
surface of the substrate and is allowed to evaporate in a
specific environment so as to control the evaporation rate of
each volatile constituent. These conditions are also adjusted
to prevent dewetting of the solution, usually observed with
high surface tension solvents such as water, which would
lead to nonhomogeneous covering and thickness. A good
interaction between the substrate interface and the dry film
is then required. The self-assembly is thus triggered during
progressive concentration in template and inorganic precur-
sors up to when a quasi equilibrium state is reached. This
latter state, also called the tunable steady state (see part 5),
is attained when the film composition is in equilibrium with
its environment. Consolidation of the inorganic network
around the micelles and anchoring of the film at the susbtrate
surface are completed by further polycondensation. The
initial solution casting is achieved through withdrawing the
substrate from the solution at a constant rate for the dip-
coating technique. In spray coating, the solution is pulverized
onto the surface of the substrate using an aerosol generator
or an atomizer. Spin coating is slightly different from the
latter three other techniques in the way that a few milliliters
of solution is dropped at the center of the spinning substrate
and is spread by the centrifugal force. The film is thus formed
at the same time of being submitted to a shearing force,
applying between both interfaces of the drying solution layer.
All these techniques are illustrated in Figure 3.

2.2. Impregnation of Copolymer Layers. This alterna-
tive method consists in preparing a first layer of pure
template, (e.g., block copolymers, latex beads, etc.) and
placing this layer into a saturated vapor phase of the
inorganic precursor in the presence of the appropriate
catalyst. The volatile inorganic precursor is first adsorbed
on the template layer and diffuses into the layer to
eventually undergo hydrolysis/condensation.'>®'>” Poly-
condensation thus takes place around the templates that
have to be eliminated to liberate porosity. In this method
a solution of the templating surfactant (CTAB) in ethanol/
water is deposited onto a silicon substrate by spin coating.
The substrate was placed vertically in a closed vessel and
exposed to TEOS or TMOS vapor and a catalyst (ammonia
or HCI vapor).'*® The vessel was heated at 90—180 °C
for 0—12 h. Similar approaches can be used to infiltrate
predeposited block copolymer films from an inorganic
precursor solution.'®13° However, one must make sure
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that the polymer layer must be stable toward dissolution
in such media.

2.3. Growth at Interfaces. This method is used to prepare
self-standing films and sulf-supporting films. It consists of
using interfaces, such as atmosphere/solution or aqueous
solution/organic solution, to concentrate the various reactive
precursors and templating agents.'®*'®! Processing times are
generally longer than the ones for EISA but provide free-
standing and self-supporting films, both very useful for the
understanding of the formation mechanisms of surfactant
templated growth.'>> Advantages of this technique are that
thicker mesoporous films can be grown without cracks at
liquid/liquid or liquid/air interfaces. A typical synthetic
procedure is as follows: Films were grown on substrates in
acidic solution containing tetraethoxysilane (TEOS), water,
HCI, and hexadecyltrimethyl ammonium chloride (C16TAC).
The substrates were held upside down in the solution to
prevent bulk precipitate from sticking to the film surface.
Films were grown at room temperature or at 80 °C under
hydrothermal conditions. Free-standing films formed by the
nucleation at the air—water interface’>'®'~'%* while CTAB
templated silica films were grown at oil/water interfaces.'®>'%
Exotic methods are also proposed: less than 100 nm
mesoporous silica films were prepared by convective self-
assembly (capillarity raise of the solution between two
substrates followed by EISA),'®’ but infinitely thin films can
more easily be performed by conventional liquid deposition
techniques. SAM (self-assembled monolayer) macropatterns
were also obtained by such an approach.'®®

2.4. Electrodeposition. Electrodeposition is usually well
suited for the preparation of mesostructured metal layers on
electrode surfaces, !>-26:130:169.170 Mesoporous Co, Ni, and Bi
(semimetal) films have been formed by reduction into a
lyotropic liquid crystalline solution of PEO-based surfac-
tant.'*! Mesoporous thin ceramic films have been prepared
on electrode surfaces using electroassisted deposition. This
latter method involves the precipitation of MOn at such
interfaces where exchange of electrons takes place. In
general, the oxidation state of a soluble cation M**, which
is the inorganic precursor, is modified through oxidoreduction
so as to form insoluble species locally at the electrode.
Precipitation under hydroxide or oxyhydroxide phase takes
place. If this occurs in a liquid crystalline mesophase, there
is a great chance for the precipitate to build up around
micellar templates. The hybrid wet layer must thus undergo
the classical network condensation and template elimination
treatments to obtain the mesoporous solid film.'** An
alternative route consists in precipitating inorganic precursor
through electrochemically induced local pH change. Typi-
cally, OH  species are generated at the electrode when
NO;, Oy, or H,O; are reduced at the cathode. Species that
are only soluble in acidic conditions can be precipitated on
the cathode upon pH raise.'*” Recently, the double-gyroid
nanoporous-film-coated electrodes are used to fabricate
inverse double-gyroid platinum nanostructures by elec-
trodeposition, followed by etching to remove the silica.'”’

2.5. Physical Techniques. The pulsed laser deposition
(PLD) technique has been used to prepare nanoporous silica
thin films on solid substrates.'*® A subsequent hydrothermal
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treatment of the ablated films led to nanoporous silica films
with the pores oriented perpendicular to the substrate.

2.6. Control of Thickness. Thickness is the primary
characteristic of a thin layer. Usually, thicknesses are
comprised between several nanometers to several microme-
ters, depending on the application, and one must be careful
in choosing the adapted method of deposition since some
are more appropriated to ultra-thin film preparation (spin-
coating, dip-coating), while others (spray, electrodeposition)
allow thick film elaboration. Parameters controlling the
thickness vary with techniques and one can easily understand
that these are the density of exchanged electrons for
electrochemical assisted deposition, the time for diffusion
limited methods (interface growth), or the quantity and the
concentration of the deposited solution in chemical solution
deposition methods. For these latter CSDs, it is sometimes
difficult to predict the thickness, and some specific studies
were carried out especially for dip- and spin-coatings. The
thickness of SBA15-type silica films was related to the
solution density and viscosity (concentration) in addition to
the dip-coating withdrawal rate of the substrate.'”* They
confirmed that the presence of the templating agent does not
dramatically affect the formal rules established by Brinker
and Sherrer®'”? for pure silica sol—gel solutions, as long as
the proper viscosity is used in the equation.

3. Characterization Techniques of POMTFs

Mesostructured thin films are made of a very small amount
of matter (usually between 10 and 500 zg/cm? of film) spread
onto a substrate. Their characterization, more difficult than
for bulk materials, is thus limited to spectroscopic investiga-
tions and very sensitive techniques. Different levels of
analysis are found in the literature. At microscopic level,
the chemical composition is determined by Fourier transform
infrared spectroscopy (FTIR), Rutherford back scattering
(RBS), energy dispersive X-ray analysis (EDX), and X-ray
photoelectron spectroscopy (XPS). The microstructure is
obtained by Raman scattering (RS) and wide angle X-ray
diffraction (XRD). The mesostructure is probed by electron
microscopies (SEM and (HR)TEM) and diffusion and
reflectometry techniques (SANS, SAXS, XRR, neutron
reflectometry). The porous texture (often required for ap-
plications) can be described by gas adsorption, monitored
by gas consumption (Krypton adsorption), spectroscopic
ellipsometry (ellipsometric porosimetry, EP), X-ray reflec-
tomety, surface acoustic wave (SAW) or hyperpolarized
129%Xe NMR. Although it was reported only for nonperiodi-
cally organized porous dielectrics, positron annihilation
lifetime spectroscopy (PALS) in principle can also be
used.'”*!'75 For porous or hybrid nonporous films, the texture
can be investigated by following the diffusion of a chemical
probe through the porous (organic) mesoscopic network by
electrochemical characterization or spectroscopy. Because
of its high sensitivity, fluorescence spectroscopy is also used
for characterizing locally the environment of a probe,
collecting information on the organic domains of a hybrid
film, on the organic/inorganic interface (detailed further in
section 6), or on the symmetry and chemistry of an emitting
inorganic center of the inorganic matrix. Finally, the me-
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chanical properties of the thin films can be obtained by nano-
indentation (NI), ellipsometric porosimetry, or acoustic waves
analyses (SAW, Brillouin light Scattering).

This part is dedicated to the detailed presentation of
techniques that are specifically dedicated to, and more or
less routinely used for, the characterization of the mesos-
tructure and mechanical properties of thin films. The coupling
of some of them will be detailed further in the section 5.

3.1. Structural characterizations. Until recently, most
of the works reported in the literature were using conven-
tional 1D XRD techniques (Bragg—Brentano geometry) to
assess the mesostructure of the POMTSs. Yet, it was
demonstrated that this simple technique is, in most cases,
unsufficient to correctly define the structure as a result of
the mono-orientation of the ordered domains with respect
to the substrate interface. Indeed, a straightforward and
nonambiguous characterization of the structural periodic
organization of the mesoporous network can only be visual-
ized by 2D-SAXS.'”® Even if the very few number of
laboratory SAXS equipements available and the difficulties
to access synchrotron SAXS lines make such investigations
difficult to perform, it remains the absolute tool. When access
to GI-SAXS is possible, one of the most common way of
assessing the proper structure is to combine 2D diffraction
patterns and TEM images,’®!7*'®2 which provides a direct
observation of the mesoporous network and the measurement
of its periodicity, space group, and potential network
contraction. Figure 5 illustrates the high complementarity
of both techniques. Occasionally, AFM investigations com-
plete the structural analyses.

3.1.1. GI-SAXS (Grazing Incidence Small Angle X-ray
Scattering). GI-SAXS is based on angular distribution of
X-ray coherent scattering intensity,and is well suited to the
characterization of thin mesoporous films since it allows
probing the entire thickness and informs on the periodicity,
the orientation, and the space group of the ordered domains.
Diffusion scattering (and potentially diffraction) is observed
at low angles when electron density inhomogeneities exist
in the nanometer range. The experimental setup is usually a
film irradiated by a narrow X-ray beam at very low angle
(a angle < 1°). The angular distribution of the scattered
X-rays is collected onto a 2D detector as shown in Figure 4.

For POMTFs, the obtained diffusion diagrams exhibit
diffraction spots characteristic of the periodical mesostructure
of the film (some examples are given in Figure 5).
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Figure 5. 2D SAXS patterns corresponding to the various types of mesostructures obtained. Lattice models of similar symmetry group and typical TEM
images representing various cutting directions. Adapted with permission from from ref 129. Copyright 2004 Wiley—VCH.

The z-axis information is not sufficient to discriminate
between a hexagonal, a lamellar, or a cubic phase of the same
z axis periodicity. From the complete 2D diffraction pattern,
one can identify the packing geometry of the mesophase. The
structure attribution should be made with much care by coupling
2D diagrams with TEM. One meets too often in literature some
errors in mesostructure determination when only comparisons
with known 2D-diffraction diagrams are made. To discard some
artifact, the experimental data are generally fitted with different
software such as FIT2D'®* and A P. Hammerslay/ESRF'®* and
compared to diagrams simulated by the CMPR'®> or the
NANOCELL'™ codes.

However, some of these software packages (FIT2D and
CMPR) do not account for dynamic effects which are
important to include as they cause the appearance of
additional spots and the shifting of spots away from the
position predicted implementation of the born approximation.
The only code that accounts for all spots and accurately
simulated the spot position and the full intensities is the
NANOCELL"*'®" codes. This NANOCELL software can

also be used to calculate diffraction patterns in 2D SAXS
geometry for arbitrary angles of incidence, that is, nongrazing
incidence conditions. However, the influence of the disorder
and the orientation of the films with respect to the substrates
are not taken into account on 2D SAXS data using these
softwares. Recently, Ruland and Smarsly reported the
possible disorder effects on 2D SAXS data for cubic
mesostructures, for arbitrary angles of incidence of the X-ray
beam. '® Depending on the intensity of the X-ray source,
GI-SAXS is used only for structural determination of a
stabilized film (laboratory SAXS)'8*' or for time-resolved
analysis (Synchrotron sources).'? The latter configuration
is a very powerful tool for the understanding of mesostructure
formation mechanisms and rapid mesophase transformation
(uniaxial contraction and/or crystallization of inorganic
wallg),103-105.113.120.139.191,192

GI-SAXS allows the determination of the mesostructure, the
anisotropy of a mesostructure (needed for accurate pore size
determination by other techniques described hereafter), and the
coexistence of several mesophases (either due to a lack of
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homogeneity of the film or by stacking of different mesostructured
layers).'”® No film thickness limitation is met in GI-SAXS.

3.1.2. X-ray Reflectometry (XRR). XRR is a scattering
technique allowing the nondestructive determination of the
electronic density, the thickness, and the interfacial rugosity
of a thin film. The experimental setup is usually the same as
described in Figure 4: a film irradiated by a narrow X-ray
beam at low incidence angle (<1.5°). However, in this case,
the incident and detecting angle are similar (o. = f3), ¢ = 0,
and the detector is punctual. For such configuration, one can
only observe electronic density variations along the (z) axis.
The complete acquisition time varies from 5 min to 24 h,
depending on the thickness of the film and the quality of
the obtained data. The resulting reflectometric diagram is
produced by the interferences of the beam reflected at the
surface of the film and the beam reflected by the other
interfaces of the system (the film—substrate interface and
the “high electronic density”—“low electronic density”
interfaces of the mesostructure). At low wave vector (bottom
inset in Figure 6), one measures the critical angle of
penetration of the beam into a homogeneous film from which
the refractive index of the film is determined according to
the Snell—Descartes law (eq 1).
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For angles 6 > 0, interference fringes appear: these
fluctuations can be described by the extended Bragg law. In
addition POMTFs exhibit diffraction peaks characteristic of
the meso-ordered phase of the film that overlap the interfer-
ence diagram. A complete fitting of these contributions is
usually needed and allows the determination of structural
information such as refractive index of the film, film
thickness, electronic and (if the chemical composition is
known) mass densities, and electronic density profile of the
film along the (z) axis. For porous films, one can estimate
also with a good accuracy the mesostructure wall density'**
and the pore volume. The knowledge of the mesostructure
symmetry allows sometimes a deeper analysis of reflectomety
data by taking into account the average micellar radius and
its variance, the average lattice parameter of the mesostruc-
ture, and the finite number of layers of organic (porous)
domains constituting the film.'?*'%°

A good example of such an approach is given in the
following reference from Smarsly et al.'”® in which the pores
size of a silica POMTF with 2D-hexagonal structure could
be measured along the (z) axis. This approach assumes that
pores are cylinders with a perfect round section. XRR pattern
fitting can be performed with a total film thickness varying
from a few nanometers to 450 nanometers. The fitting
equation can be also solved for multilayer systems (limited
at three layers). XRR and GI-SAXS are very complementary
techniques.

3.2. Textural characterizations. 3.2.1. Gas Physisorp-
tion Porosimetry. Although the determination of the meso-
structural parameters of a POMTF is a first necessity for
materials scientists, many applications involving porous films
are crucially depending on the accurate knowledge of the
pore size distribution (PSD), pore connectivity of the
network, and the ability to determine matter exchange and
matter adsorption capacities of the porous network and the
film environment. Adsorption porosimetry is considered as
the reference analytical approach for the description of micro-
and mesoporous parameters. By analyzing the multilayer
physisorption and capillary condensation of a gas within
the pores, a plot of the adsorbed volume of gas versus the
partial pressure P/Py of gas is obtained. The mono- and
multilayer physisorption of the gas observed at low P/P, can
be plotted by the Brunauer—Emmett—Teller (BET) equation
eq 2 and allows the determination of the surface area, with
ny, being the number of molecules needed to cover the
accessible surface with a monolayer of molecules, n, the
number of molecules adsorbed at the partial pressure P/P,,
and C, a parameter characteristic of the net heat of adsorption
of the molecule at the surface.'®”-'%®

P 1

kP _ 1 ,C-1P
n(Py—P) n,C

n,C P,

@)

The gas uptake observed at higher P/P, values, charac-
teristic capillary condensation, is used for the determination
of the PSD between 2 and 50 nm via the Kelvin equation
(eq 3) that describes the condition of appearance of the
capillary condensation at a given value of P/P,, with vy, the
condensed liquid surface tension, V. the molar volume of
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the liquid adsorbate, rp the radius of the pore, and G, a
geometrical factor characteristic of the liquid—air meniscus
curvature (BJH model).'”® More sophisticated models taking
into account the internal curvature of the liquid—solid
interfaces”*® 2% and the thickness of adsorbed gas layer
before capillary condensation (modified Kelvin equation?’?)
or taking a nonporous material of similar surface properties
as the reference (z-plot or a-plots'®”-'*®) are advantageously
employed.
P G

RTln(PO) = yVLrP (3)

The micropores characterization is obtained by plotting the
adsorption curve at very low partial pressure (P/Py < 0.1).
Originally developed by Dubinin and Radushkevitch,'*”'*® the
micropore size distribution determination is now being ef-
ficiently supplanted by the DFT approaches whenever a realistic
description of the surface can be given,**2%

The physisorption can be monitored by measuring various
physical parameters (adsorbed gas volume pressure, elec-
tronic density, refractive index, weight of gas adsorbed,
spectroscopic absorbance of the adsorbed gas, etc.). Depend-
ing on the physical parameters, various theories are used to
obtain the experimental plot of the adsorbed volume versus
the external gas partial pressure.

3.2.2. Nitrogen and Krypton Physisorption. The sample
is heat-outgased several hours in a vacuum chamber for
removing any adsorbed molecule from its surface. A
controlled partial pressure of nitrogen at 77 K is then applied
over the sample, and the adsorbed volume of gas is directly
measured. The DFT approach previously described can be
used to characterize the porous network. However, other
approaches such as BdB and BJH where the condensed N,
density is approximated to the bulk liquid N, density have
been also developed. Yet, easily used for bulk materials, this
technique is difficult to apply to thin films attending the very
limited amount of porous matter available on one film
deposited onto a substrate of several square centimeters
surface. Only a few examples of nitrogen adsorption onto
POMTTFs have been reported. In these cases, the authors have
used several tens of films to collect the minimum amount of
porous matter needed.””’ This fastidious work pushed
scientists to develop alternative porosimetry techniques
implying only one film.

Replacing N, by Kr (sublimation pressure at 77 K is ~1.7
torr) reduces drastically the amount of unadsorbed molecules
in the dead volume. The adsorbed amount of gas is then
monitored with an improved accuracy (about ten times less
matter is needed in this case to obtain adsorption—desorption
isotherms as shown in Figure 7). However, unless special
conditions are applied, mesopores larger than approximately
6 nm cannot be studied for fundamental reasons at 77 K
using Kr, because for these pore size Kr does not condense
to a liquid.?®

3.2.3. Spectroscopic Ellipsometry Porosimetry (EP). The
ellipsometry is a nondestructive optical technique based on
the analysis of the change of polarization state of a polarized
light beam after reflection onto a surface. The ellipsometric
parameters (W and A), obtained from the Fresnel coefficients
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Figure 7. Kr physisorption isotherms of periodically organized silica films
prepared with different structuring agent. The PSD is determined with the
BdB model. Reprinted with permission from ref 209. Copyright 2006
Elsevier.

of the reflected beam, are very sensitive to the presence of
a superficial layer of optical properties different from those
of the substrate. This technique is routinely used to assess
the film physical thickness and its optical density. It can be
applied to multilayer systems. By knowing the number of
layers constituting the film analyzed and the measuring
Fresnel coefficients, one can simulate the optical system by
the matrix method initiated by Abeles*'” or can use iterations
with a dispersion law to determine the optical properties and
thicknesses of the different layers of the system for each
wavelength of the incident light beam. Spectroscopic ellip-
someters give thus more reliable data than single wavelength
ellipsometers.

For the porosimetry measurements, two types of apparatus
exist. The first one (ellipsometric porosimetry) is a spectro-
scopic ellipsometer on which a vacuum chamber is fixed. A
partial pressure of gas is applied over the film for a controlled
physisorption, in the same way of usual N, porosimetry.?"!
The second type of apparatus was developped more recently
in our laboratory.'*® In this case the analysis is performed
at atmospheric pressure (environmental ellipsometric poro-
simetry, Figure 8) by applying onto the film a dynamic flux
of air containing a controlled relative pressure of gas (usually
water or alcohol). This last setup allows the analysis time to
be decreased by a factor ten (1 h is needed to obtain a
complete adsorption—desorption isotherm) and is very
advantageous for the simulation of environmental adsorption
of gas.

The physisorption of a gas into the porous network of a
POMTF gives several types of very interesting data. First,
the isotherm of the variation of the refractive index of the
film can be plotted versus the relative pressure of gas (cf.
Figure 8). By using classical Lorentz—Lorentz or Bruggeman
effective medium approximation models, this isotherm allows
the determination the porous volume of the film (optical
properties of the skeleton are needed) and the determination
of the adsorbed volume of gas at each relative pressure (the
optical properties of the adsorbant in liquid state are needed).
The classical analysis of this isotherm produces a first
approximation of the porous structure parameters. However,
this analysis can be improved by taking into account the
specificity of the adsorbate—surface interactions (wetting
angle) and the specific geometry of the pores that are never
spherical nor cylindrical for POMTFs prepared by the
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of adsorption—desorption of ethanol into a P.O. mesoporous silica film.
Reprinted with permission from ref 149. Copyright 2004 Elsevier.

sol—gel route.'*® Finally, only one analysis is needed for
the complete characterization of a multilayer periodically
organized system such as those described by Soler-Illia and
co-workers,'93-212:213

In a second time, EP and EEP analysis allow the
determination of variation of film thickness versus the
adsorbate partial (relative) pressure. The observed swelling
and contraction of the POMTFs (impossible to obtain with
the standard N, of Kr physisorption) are very informative
on the adsorption mechanisms taking place. A low
pressure swelling is characteristic of micropores with
molecular adsorption mechanism. On the other hand, the
contraction observed whenever mesopores are analyzed
is due to capillary forces (a collective effect of the
adsorbed molecules forming a liquid meniscus, Figure 9).
From this contraction isotherm, the transverse Young’s
modulus E of the film can be easily determined at pressure
higher than the capillary condensation with the general
eq 4 in which T is the film thickness, Vi, is the molar
volume of the liquid adsorbate, cos 6 is the adsorbate—film
wetting angle at high partial (relative) pressure of
adsorbate, and k is the variation of film thickness versus
the logarithm of the partial (relative pressure) during the
relaxation of capillary stress,'*®-!4-216

ToRT |

- V, cos 0 k @)

XRR measuring both film thickness and refractive index
and its adaptation with a controlled pressure chamber allows
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Figure 9. (top) EEP apparatus for water adsorption. (bottom) Contraction
isotherm observed during water adsorption of a P.O. mesoporous film. Zone
I, before capillary condensation; zone II, contraction characteristic of the
capillary condensation; zone III, progressive relaxation of the capillary stress.
Reprinted with permission from ref 148. Copyright 2005 American Chemical
Society.

the realization of similar analyses.'*®?!'” Yet, if XRR is
limited to the analysis of 500 nm thick films, the ellipsometry
limit depends on the wavelength of the light source. The
use of a UV—vis ellipsometers pushes this limit to a few
micrometers, and the use of infrared wavelength extends it
to about 50 #m. In addition, IR light being sensitive to the
vibrational behavior of molecules, IR-EP is an analytical tool
extremely interesting, able to monitor the vibrational signa-
ture of the adsorbate during the adsorption and/or to perform
a chemical analysis of the film with a spatial resolution.'*’

So far, the very recent EP and EEP techniques (SOPRA?'®)
are developing very fast in laboratories and become reference
techniques for the analysis of thin film porous networks.

3.2.4. Surface Accoustic Waves (SAW). Surface acoustic
waves are generated and detected by interdigital transducers
deposited directly on a piezoelectric substrate, with the device
used as a feedback element in an oscillator circuit (Figure
10).2'? The frequency and propagation velocity of the SAWs
are very sensitive to mass loading and propagation surface
structure of the piezoelectric substrate such as some rugosity
or the presence of a film (Figure 11).
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Figure 10. (top) Scheme of a SAW detecting system. Reprinted with
permission from ref 220. Copyright 1993 American Chemical Society.
(bottom) N, adsorption—desorption isotherm of a POMTF functionalized
with COOH groups. Reprinted with permission from ref 221. Copyright
2003 The Royal Society of Chemistry.

SAW devices have been used in porous thin film charac-
terization for more than 10 years.>*?**?*! After deposition
of the porous film onto the piezoelectric substrate (quartz
usually), the SAW sensor is cooled at 77 K and used for
classical N, physisorption.

In this case, the SAW sensing system is perturbated in
two ways, by adding some weight and, usually in a minor
proportion, by modifying the stiffness of the surface. The
fractional addition of weight produced by N, adsorption
modifies the SAW velocity v as given in eq 5

Av/v=—C,f,Am=Af/f, (5)

where Cy, is the calculated mass sensitivity (for ST-quartz
Con = 129 x 10°% cm® s g—l)’22() vo and fy are the
unperturbed SAW velocity and frequency, respectively,
and Am is the change in surface mass density (mass/area).
For small perturbations, Av/v, can be approximated equal
to the relative shift of the oscillation frequency. Measure-
ments in the change in oscillation frequency as a function
of N partial pressure produce the adsorption—desorption
isotherm Am = F(P/Py) on which classical porosimetry
models can be applied. No thickness limit exists on such
a detection mode. However, the film has to be deposited
and treated directly onto the piezoelectric substrate. Any
film post-treatments able to damage the substrate of the
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Figure 11. (top) Correlation between '**Xe chemical shift and mean pore
diameter of various periodically organized mesoporous materials. Reprinted
with permission from ref 152. Copyright 2004 Elsevier. (bottom) Com-
parison of chemical shifts of mesoporous silica powders and film as a
function of the temperature. Reprinted with permission from ref 227.
Copyright 2004 Elsevier.

electrodes are then to be avoided (very high temperature
treatments needed for the nanocrystallization of some
films, for example).'09

When generated by a laser, the density and mechanical
properties can be measured through the surface wave
velocity using spectroscopic SAW (SAWS). In this case,
the wave velocity vy obtained data frequence f depends
on the material density, the Poisson ratio, and the Young’s
modulus E. When detected at different distances from the
wave generation point, a frequency dependent velocity
dispersion curve is obtained and fitted. By knowing both
substrate and film materials properties, the Young’s
modulus of the film can be determined. More detailed
information is given in ref 222.

3.2.5. Optically Hyperpolarized '*°Xe NMR (OHPXe
NMR). In the past 20 years, '*?Xe NMR has become a
popular technique for the characterization of porous
solids.?***** However, application of thermally polarized
129%Xe NMR produces a relatively weak signal because of
low concentration of adsorbed xenon and long relaxation
time. An increase in sensitivity by a factor 10* can be
achieved by using optical pumping techniques for the
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Figure 12. (left) 1D analysis of a silica POMTF and (right) 2D EXSY spectrum of '**Xe on phenyl hybrided SiO, POMTF with mixing time of 0.1 ms.

Reprinted with permission from ref 227. Copyright 2004 Elsevier.

production of hyperpolarized xenon, making OHPXeNMR
a suitable technique for the investigation of the porous
structure of thin films.'>'-'3?

By adsorbing in a porous network, the chemical shift ¢
of '*Xe is modified by the xenon-surfaces gyt and
xenon—xenon Jx. interactions as expressed in the eq 6

6 = 6 -+ 6Xe + (SSurf (6)

ref

where O is the chemical shift of the xenon gas at zero
pressure (Ot = 0). Following the analysis of Terskikh et
al.,>® that is, assuming fast exchange conditions, that the
xenon adsorption obeys Henry’s law and that the observed
0 is a dynamic average between the gas and the adsorbed
states, one can express the chemical shift as a function of
the pore diameter (eq 7).

0= 5Surf/[1 + D/(fKadqRT)] (7)

where the pore diameter D and K4 is the Henry’s constant
and f is a factor depending on the geometry of the pores.
The smaller the pore, the more shifted the signal. For
microporous materials, empirical correlations have been
proposed long ago.*?°® Although very simple, this 6-D
correlation has to be taken with care attending that additional
structural parameters can modify the chemical shift (presence
of chemical heterogeneities such as AI>* centers or organic
groups or coexistence of microporosity and mesoporosity
leading to strongly adsorbing sites).

According to the literature, pressure dependent and tem-
perature dependent analyses can be performed on POMTFs.
Pressure dependent experiments allow determining the pres-
ence of strongly adsorbing sites. As xenon pressure increases,
a quasi constant chemical shift shows a homogeneous surface
quality. On the other hand, a chemical shift moving at higher
field is typical of the presence surfaces with different
adsorbing strengths (such as micropores connecting some
mesopores, for example).*’

Temperature dependent experiments explore the exchange
processes occurring between the free xenon, the xenon
mobile into the pores, the xenon adsorbed at the surface,
and if a hybrid film is investigated, the xenon absorbed within
(adsorbed onto) organic domains.'>*> The evolution of the
variable-temperature spectra reflects the changes of adsorp-
tion constant with temperature. This experimental approach
allows the probing of the porous network connectivity and
of the proximity of adsorbing sites of different energies.
Figure 12 gives the example of the dynamic investigation
of a periodically organized silica film grafted with phenyl

groups via a 2D exchange '*’xenon spectroscopy (EXSY)

on which the exchange times of each type of xenon can be
probed. The observed evolution of chemical correlations
clearly indicates a hierarchical set of exchange processes
following the sequence (from fastest to slowest): mesopore
with free gas, mobile xenon in mesopores with xenon
residing in the organic phase, free gas with micropores, and
finally, between gaseous mobile xenon and xenon residing
in the organic phase. Future developments of OHPXeNMR
will likely allow determining of inhomogeneities, connectiv-
ity, and diffusion coefficient in hybrid and inorganic
POMTFs.”*®

3.3. Electrochemical Investigations. Electrochemical tech-
niques have been studied only recently on POMTFs. They
allow an efficient probing of molecular dynamics in films
and gels*®® and are used to access the porous network
accessibility and interconnectivity. However, for many appli-
cations implying the optimization of the diffusion (or
retention) of a probe through the porous network of a film
(modified electrodes, sensing, photovoltaic cell, photoca-
talysis or solution ultrafiltration, controlled drug release, etc.)
these techniques are very valuable.

The classical analyses are cyclic voltammetry and chro-
noamperometry, one example of a wall-jet experiment have
also been reported.**2* Cyclic voltammetry monitors the
oxidative and reductive behavior of a chemical probe when
various potentials are applied between two electrodes. By
extension, it also allows the accessibility of the film coated
electrode by a selected electrolyte to be determined, thus
investigating the influence of the synthesis parameters
(chemical composition, coating process, thermal treatment,
etc.) and the detection conditions onto the porous structure
of the film and its transport properties.*>* When coupled with
intensity monitoring at different scan rates, the apparent
diffusion coefficient (D), thus the charge transfer, can be
obtained****** from the Randles—Sevcik equation (eq 8)

D,,, = (p/0.44nFACy, ) RT/nF) ®)

where n is the number of electrons per probe unit, A is the
active area of the electrode, Cg. is the volume concentration
of probe within the film, p is the slope of the straight line /
vs (scan rate)* relationship where a is the diameter of the
solution jet, R is the gas constant, 7 is the temperature, and
F is the faraday constant. The best porous structure can then
be selected for each targeted application.?*’
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Figure 13. Rapid scan time-resolved FTIR monitoring of the formation of
a periodically organized silica thin film by EISA. Adapted with permission
from ref 238. Copyright 2006 American Chemical Society.

34. In Situ Fourier Transform Infrared. FTIR is
powerful routine characterization technique analyzing the
absorption of IR wavelength by local vibrational states and
chemical bonds (bending, stretching, or rotating), usually in
the energy range 400—4000 cm™'. Usually of limited
sensitivity, this technique is often valuable for the charac-
terization of POMTFs because their high surface area renders
FTIR sensitive enough for detecting adsorbed species. FTIR
is then used for quantification of organic functions (assess-
ment of structuring agent departure, grafting of organic
functions,'®* organic molecule adsorption—desorption iso-
therms, complexation state of carboxylate groups, or less
often, inorganic matrix hydroxylation and condensation
states). '8

In situ FTIR is a very interesting evolution of this
widespread technique.'®***” Employed to double the GI-
SAXS experiments, a synchrotron source is used for rapid
scan time-resolved FTIR to analyze the chemical composition
of the film cast during the evaporation and mesostructuration
processes.**® The time resolution is excellent (less than 0.2 s).
In this case of a periodically organized silica film, solvent
evaporation (before 38 s) and silica network condensation
(after 38 s) were monitored between 800 and 5000 cm !
(Figure 13). The dynamic water content of the film can then
be monitored (the time needed to equilibrate the water
composition of the film with the environment relative
humidity) and followed until the inorganic network was rigid.
At laboratory scale, similar observations can be obtained by
FTIR-spectroscopic ellipsometry with good time resolution
(1 s), but experiments reported so far could only provide
analysis of 2 min old films.'* Although very little work was
reported so far, time-resolved in situ FTIR investigations will
probably develop very quickly in the optimization of the
evaporation and post-treatment of organic—inorganic films.

3.5. Conclusive Remarks. To clarify the analytical ap-
proach of POMTs, the main usual and above described
characterization techniques are compared in Table 1. The
number of asterisks is proportional to the quality of the
determination (*, poor; **, effective tool with occasional
accuracy problems; *** very good tool for this characteriza-

Reviews

tion). Such a comparison was made to clarify which
combination of fundamental techniques should be used for
a complete description of POMTFs. Keeping apart charac-
terization techniques dedicated to the analysis of a specific
property, one sees that a complete set of tools can be
achieved by coupling a mesostructured characterization tool
(GI-SAXS or 2D SAXS WAXS), a porosity investigation
tool (the best are EP and XRR porosimetry), vibrational
spectroscopies, and any electron microscopy equipped with
EDX analysis (HR-TEM being the more polyvalent). Hard-
ness not included, the combination proposed above reaches
a very high mean quality criterion of 2.8 asterisks for the
characterization of conventional properties.

Although impressive, this combination is still incomplete.
Indeed, none of the described approach is able to quantify
precisely the crystallinity level of the mesoporous network.
In 2003, the first periodically organized nanocrystalline thin
films were reported.'’® Since then, the crystallinity (com-
pleteness of the crystallization) is still difficult to determine
with accuracy. Four techniques have been proposed. The first
one implies using the area of a XRD diffraction peak as a
reference fully crystalline film. The ratio of diffraction peak
surface areas gives then directly the crystallinity of the
film.?*° Although simple, this approach should be considered
as semiquantitative because it assumes that nanocrystals have
the same mean size and orientation at all steps of the
crystallization process. The second one is purely qualitative
and uses a simple TEM investigation of the film using a dark
field mode. The third option is to use Raman spectroscopy
that can usually detect and separate the vibrational contribu-
tions of amorphous and inorganic networks. This approach
is mainly qualitative. A fourth approach was recently
proposed for TiO, films by Soler-Illia and co-workers.*'> It
consists in analyzing the XANES curves of an amorphous
film and a crystalline reference (a powder, for example) at
the edge of the concerned metallic center. A deconvolution
of the XANES profiles of the semicrystalline films and a
comparison with references allows determining of the
crystalline fraction. This method, sensitive to local environ-
ment of Ti centers, is semiquantitative and requires access
to XANES facilities.

4. Periodically Organized Mesoporous Thin Films

4.1. Silica Thin Films. The first attempts to elaborate
ordered mesoporous thin films involved silica as inorganic
precursors only (most of the time, TEOS, TMOS, or
inorganic silica sources). This could be explained by the
discovery in 1971 “and good characterizations in 1990—1992
of MCM-41%'" and FSM**'?*? materials a few years earlier.
On the other hand, the choice of surfactants was opened and
synthesis of ordered mesoporous thin films were made with
anionic, cationic, or neutral surfactant leading to materials
with pore dimensions as a function of the chain length of
the hydrophobic tail of the template and the headgroup size.
For example, using a quaternary ammonium with a C16 alkyl
chain (cethyltrimethylammonium bromide) generally results
in pore diameter around 2—3 nm. Water-soluble triblock
copolymer surfactants lead to materials with much larger pore
dimensions (5—30 nm).
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Table 1. Summary of the Main Characterization Techniques of POMTFs and Their Output in Terms of Structural and Textural Parameters

characterization porous pore surface Young’s meta- meso- micro- chemical — multilayer
techniques thickness volume PSD anisotropy area modulus hardness periodicity” periodicity periodicity composition resolution
FTIR and ATR-FTIR ok
EDX sk sk * ek *
XPS ok #k
XRD * o
RAMAN o *
RBS ® stk Eres
2D SAXS-WAXS ok ok EE T
GI-SAXS * ok s
FE-SEM (EDX) ok * * * ok #* Hkk
TEM and HR-TEM ok #* * ok gk ok sk s
AFM * * ok
BET (N2-Kr) sk soksk Hesksk
XRR and NRRb sk s sokesk sk sk sk sk ek
129%e NMR ok *
PALS Hk sk ok * * sk
UV—vis abs * ok
NI“ B ok

“ Multilayer made of stacked POMTFs. ” Equiped for porosimetry, periodical stacking of POMTFs forming 1D photonic crystals.'*?4* (*) poor; (¥*)
effective tool with occasional accuracy problems; and (**%) very good tool for this characterization. “ If good reproducibility can be obtained with this
method, film mechanical properties are systematically over-estimated on thin films because of a contribution of the substrate.

As already reported in part 2, chemical solution deposition
routes, involving evaporation induced self-assembly, are the
most often used to synthesize ordered mesoporous thin films.
From a chemical point of view, the synthesis of silica
mesoporous thin films could be done in an acidic or basic
medium. But the majority of thin films involve acidic
catalysis. However, Anderson et al.**** formed thin films
in basic conditions by dip or spin coating a solution of
TMOS, CTAB, and methanol. The basic compound, NHj
gas, was added after the deposition step to increase the
condensation rate of silica. However, these thin films are
composed of a network of small mesostructured particles
rather than a continuous coating. The preferential use of
acidic conditions lies in the morphology of silica species at
low pH. It is well-known that the molecular-scale morphol-
ogy of silica differs when grown above or below the
isoelectric point (pH 2).° Below pH 2, silica species result
in branched polymeric structures, and above this pH, the
species are denser and present a more particulate cluster
morphology.

The ordered thin films (silica—alkyltrimethylammonium
salts) were successfully synthesized in 1994 by evaporation
of a simply deposited solution containing surfactant and
soluble silica precursors derived from alkoxysilanes.”' In
1996, these thin films were also prepared by nucleation on
solid substrates”>'®® and at the air—water interfaces.'®%'¢!
Despite these different methods of synthesis, solvent evapo-
ration induced self-assembly processes were the preferential
method, even at the beginning, to produce ordered meso-
porous thin films.?”-2?:89-91:243-254 Gjlicon alkoxides (TMOS
or TEOS) were partially hydrolyzed by water under acidic
conditions. Then, an aqueous solution of surfactant was
added, and the mixture was stirred at room temperature.
Then, the solution was spin coated on a glass substrate and
dried in air to complete condensation of the silica. Finally,
the vapor phase deposition technique has been recently used
to generate silica mesotructured materials.'>®

All these syntheses produced well-ordered mesostructured
thin films presenting various structures which could be two-
dimensional: 2D-hexagonal, lamellar, wormlike, or tridi-
mensional (see Figure 5). Film thicknesses range from 50
to 2000 nm in general, and thicker films tends to bear
structural non-homogeneities because of composition gra-
dients created during drying (see part 5). Porosity, pores,
and inorganic wall sizes are governed by the dimension of
the micelles and the surfactant/Si molar ratio adjusted in the
solution. In general, triblock copolymers lead to thicker pore
walls, bearing microporosity, than smaller ionic surfactant.
It has been shown that the stability of the thin films was
also structure dependent.”*' The most often obtained and
reported 2D-hexagonal structure collapses in the presence
of water, while the tridimensional phases (Pm3n and P65/
mmc) exhibit longer lifetimes. Similar trends have been found
for mechanical properties.>>*>® Moreover, thin films made
with triblock copolymers (F127) are less stable than those
prepared with ionic surfactants (CTAB) as a result of the
microporosity created by the penetration of the PEO chain
into the silica atomic network.'*®?*! Methods to overcome
these lack of hydro- and mechanical stabilities are a post-
densification in the presence of TEOS vapor®’ or one pot
incorporation of a transition metal cation. Indeed, a recent
study showed that Zr (or Al)-loaded SiO, mesoporous thin
films are much less likely to dissolve in simulated body fluid
than the equivalent pure SiO, films.**®

Final pore size depends on micellar template size as
conventionally evidenced by TEM, SAXS, XRD, SEM, and
more recently by positron spectroscopy.'’* However, many
micelle chemical modifiers may be added in the initial
solution to adjust the pore size and morphology. Typically,
ionic surfactant micelles are strongly dependent on the ionic
strength of the solution and on the size of the directly
interacting ions. A hydrophobic agent such as TMB or
TIPB**® or alcohol cosolvent such as n-BuOH**° was
successfully use to enlarge the F127 micelles size and thus
the related pore dimension of a silica films. Pore size can
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also be doubled (e.g., from 6 to 13 nm in diameter) when
PPO agent is added to a FI127/TEOS solution prior to
coating.?®!

4.2. Mixed Transition Metal (TM) Silicon Oxide
Thin Films. The creation of transition metal (TM)-Si mixed
oxide frameworks imposes a chemical challenge, because
of the marked differences in hydrolysis—condensation be-
havior of TM and Si cations that usually lead to phase
segregation. Homogeneous Ti—Si mesoporous thin films
have been reported for Ti contents up to 20%.%°*> Higher
metal loadings result, generally, in phase segregation. A
critical issue in the synthesis of TM—Si mixed mesoporous
thin films is thus the chemical homogeneity of the inorganic
walls. Its control is achieved by tuning the kinetic of
inorganic hydrolysis and condensation reactions of both
cations, while keeping the compatibility of the inorganic
network with the organized template. In the literature, several
approaches have been developed to either increase or
decrease the kinetics of these reactions. For silica precursors,
a prehydrolysis step is often required before mixing it with
the transition metal precursors. In contrast, the kinetics for
the hydrolysis and condensation reactions of transition metals
have to be slowed down by either chelating it or decreasing
the pH of the solution.

Beside the control of the kinetics of the hydrolysis and
condensation reactions of Si and TM, the water content in
the films has to be tuned to allow the existence of Si—O—M
bonds.?®* However, the use of mixed alkoxide precursors in
nonaqueous conditions avoids the use of water. Mesoporous
oxide thin films with a mixed silica/zirconia framework have
been synthesized by a two-step dip-coating method.'*® In
this approach, the freshly dip-coated films are immediately
treated by a short water vapor treatment to form an organized
mesophase in which Si—O—M bonds exist. The composition
of these thin films is varied from silica-rich (100—70%) to
zirconia-rich (100—70%). These films of optical quality are
highly organized and oriented, stable, and exhibit amorphous
mixed frameworks presenting good dispersion of both cations
at the molecular level. Si-doped zirconia matrixes modify
the inorganic network, improving the thermal and chemical
stability of the mesostructure. A “library” of varied composi-
tions and tunable mesostructures (cubic /m3m, 2D-hexagonal
pbm, local hexagonal, lamellar) has been established with
F127, P123, and Brij 58 as templates.

4.3. Non-silica Oxide Thin Films. Mesoporous nonsilica
oxide materials prepared as powders have received tremen-
dous attention by the research community since their
annoncement by Antonelli and Ying?*?* and a few years
later by Yang et al.>? in 1998. They pointed out the interest
of using amphiphilic poly(alkylene oxide) block copolymers
as structure-directing agents to organize porous inorganic
networks. However, none of the reported results demon-
strated the possibility of making organized mesoporous thin
films. Additionally, the thick walls are mainly constituted
of domains which are not crystallined. It further appears from
these works that obtaining high crystallinity in the pore wall
imposes severe experimental conditions since collapsing of
the meso-ordering was systematically observed during the
thermally induced cyrstallization.

Reviews

The chemical nature, the mesostructure, the pore size, and
the physical properties of various mesoporous inorganic thin
films, prepared from 1998 to present, are listed in Table 2
together with the template and the inorganic precursors
employed. In the early 2000, the first stable nonsilica-based
(TiO,) mesoporous ordered thin film, with optical quality,
was reported.”® It was made using the EISA of conventional
Pluronic-type copolymers with Ti"! molecular complexes and
oligomers, stabilized in a mixed water and ethanol solution
by a high acidity. The inorganic precursor was selected to
be TiCly since its hydrolysis liberates protons that are
responsible for the high acidity and for the consequent
stability of the resulting hydrolyzed molecular inorganic
moieties. Moreover the HCI formed upon reaction of TiCly
is eliminated after evaporation of solvent as a result of its
high volatility. A very slow and careful thermal treatment
follows to eliminate the template and to stabilize the
amorphous mesoporous titanium oxide network. In 2003,
significant advances have been made in understanding
crystallization processes in mesoporous thin film formation
by developing in situ characterization techniques (SAXS/
WAXS).2+2%% The crystallization of mesoporous anatase was
then achieved with F127, as structuring agent promoting the
transformation of the initial bcc mesostructure to the grid-
like open mesostructured (see part 5).”® This first achieve-
ment opened the door to the wide family of nanocrystalline
oxide mesoporous thin films. Most of these mesoporous films
were prepared from traditional templates such as Brij58,
P123, and F127 using chloride salt precursors hydrolyzed
in an EtOH/H,O mixture or alkoxide dissolved in EtOH/
H,O/HCI, which led to a similar type of stabilized inorganic
intermediates,”®9%:100-113.128.140.264.266 Thege different works
also underlined the importance of tuning the relative humidity
to control the formation of the mesostructure during drying.
High quality and reproducible nanocrystalline POMTFs are
obtained when a good control of the chemical, processing,
and treatment conditions is reached especially for Pluronic-
type templates. On the other hand, many attemps, not
reported here, led to homogeneous mesoporous layers with
a poor degree of mesoporosity order. For instance MnO,
mesoporous films with poor ordering but showing superca-
pacitor behavior were synthesized on a Pt electrode in the
presence of F127.'%2

Recently, the development of a novel family of templates
such as poly(etylene-co-butylene)-b-poly(ethylene oxide)
(“KLE” polymers) and poly(isobutylene)-b-poly(ethylene
oxide) (PIB-b-PEO), which are chemically and thermally
more stable than the pluronic family, allows the synthesis
of a variety of mesoporous thin films in less drastic
experimental conditions. Highly ordered Im3m TiO, meso-
phases were thus obtained with a very limited control on
the processing conditions. The higher hydrophobic contrast
achieved in these templates gives them the ability to self-
assemble faster and in a broader range of solvent.'®’
Additionally, their high thermal stability due to the hydro-
phobic core of the micelle (i.e., 250—300 °C) allows almost
completely the inorganic amorphous inorganic network to
be dehydrated before organic total decomposition, preventing
mesoporosity collapsing. One must also take into account
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particle) size, which in turn tunes the physical properties of
these porous materials.

Finally, multicationic inorganic mesoporous thin films with
perovskite (StTiOs) and tetragonal MgTa,Og structures have
been obtained from metal—chloride precursors and KLE-
type polymers, through the specific control of the self-
assembly and dehydration kinetics so as to prevent cation
demixion (see part 5.2.2.).'%* This class of mesoporous thin
films is expected to offer all the attributes for ferroelectricity,
piezoelectricity, ajustable band gaps, and high temperature
superconductivity. These results on multicationic and/or
nanocomposite mesoporous thin films offer new composi-
tional and design space to explore.

A variety of metal oxides have thus been synthesized by
a careful control of the sol—gel chemistry, the nature of the
template, the deposition process, and finally the crystalliza-
tion of the inorganic wall. However, not all the compositions
have been successfully prepared through EISA. In particular,
the table highlights the difficulty of synthesizing mesoporous
thin films of M>" ions of the late 3d transition metals (M =
Ni**, Co**, Cu®™), even if ternary oxides such as ilmenites
ABO; (A = Ni**, Co*" and B = Ti*") were successfully
prepared. In the case of Zn>", the use of electrodeposition
coupled with a templating approach resulted in the successful
synthesis of organized mesoporous ZnO films.'*>-*”! This
result is significant as it represents the first example of the
synthesis of mesostructured thin films containing only metal
ions in the 2+ oxidation state.

The physical properties of these various inorganic porous
organized mesoporous thin films are reported in Table 2.

4.4. Nonoxide Thin Films (Table 3). Besides mesoporous
metal oxides, metal phosphates have also been reported in
the literature using a triblock copolymer, P123, combined
with anhydrous metal chloride or alkoxide (Table 3). These
new mesoporous materials exhibit large channels of cages
(4—8 nm), very high thermal stabilities (800 °C for alumi-
nophosphate (AIPO), 700 °C for zirconophosphate (ZrPO),
400 °C for cerium phosphate (CePO)), and homogeneous
compositions.?®>?%* These studies mention just the possibility
of making these mesoporous materials under various mor-
phologies such as films, monoliths, fibers, and so forth.
However, no exhaustive studies on the films characterization
have been reported. Recently, Nishiyama et al.'** have shown
that the framework of mesoporous zirconium phosphate thin
films can be stabilized via vapor treatment of phosphoric
acid and ammoniac before calcination. This postvapor
treatment is necessary to enhance the thermal stability of
this periodic structure up to 500 °C. These films exhibit high
proton conductivity in the plane parallel to the film surface.
Mesoporous aluminophosphate thin films with tunable cubic
and hexagonal pore arrangement have been achieved using
a variety of nonionic templates.”®® Using ?’Al and *'P NMR,
the authors pointed out a transition from an amorphous
aluminophosphate gel to a well-defined phosphate with
4-coordinated Al centers.

Another example of nonoxide mesoporous thin films with
complex compositions is the synthesis of nanocrystalline
mesoporous N-doped titania films. The introduction of
nitrogen into the mesoporous anatase, TiO,, allows the
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synthesis of TiN,,O, with 0 < x < 1 compounds. In these
compounds, titanium exhibits different oxidation states.?8¢
Microstructural studies indicate that the ordered mesoporosity
is maintained until 700 °C, where TiN,O, nanodomains begin
to form.

The use of sol—gel methods to prepare a wide range of
mesoporous inorganic thin films has emerged rapidly over
the past six years, and it is evident that nonoxide thin films
can benefit greatly from this existing work.

Mesoporous elemental metals, for example, Pt, Pd, Ni, Co,
and Sn, have also been synthesized by block copolymer
templating (Table 3),!5-26:169:170.287.290.292° Agard et al. re-
ported the synthesis of Ni, Pd, Pt, and Sn mesoporous metal
electrodes through electrochemical deposition in presence
of a template.'>2%1%-170 These materials are interesting for
fuel cells for the electrochemical hydrogenation of organic
species.

The liquid crystal templating strategy was also extended
to fabricate mesostructured CdTe, CdS films with excellent
optical properties.?**2%® These films exhibit uniform cylin-
drical pores organized in a hexagonal array and strong optical
birefringence at energies above and below the bandgap.

4.5. Using Non-Amphiphilic Templates. lonic surfactants
are environmentally nonviable, and quality block copolymers
are expensive. This is a reason why the use of something
other than amphiphilic templates is one of the interesting
alternative components entering the processing of POMTFs.
Cellulose has been used to prepare Ti0,>** and SiO, films
though the EISA approach.?*> While films present calibrated
nanoporosity, no meso order could be achieved. Supramo-
lecular assemblies of oligomeric chains, which were formed
through a very slow sol—gel process, were used as the self-
templating agent for SnO, film formation upon surfactant-
free solution dip coating.*”’

5. Mechanism of Formation of POMTFs

Whatever the selected method of preparation, three main
steps are involved in the preparation of POMTFs. The first
step consists of selecting the chemical precursor, the catalyst,
the templating agents, and the solvents. The solvent dissolves
the different precurors to obtain a homogeneous and stable
solution. The second step is the deposition process that drives
both templating and inorganic precursors (or intermediates)
to combine so as to obtain a homogeneous layer with specific
final mesostructure. Ideally, this latter is composed of an
interpenetration of both phases in an ordered mesostructu-
ration strongly attached to the substrate surface. Because the
first step is to eliminate the templating agent to liberate the
porosity and to second stiffen the network, a third and final
necessary step of treatment has to be conducted. The latter
can be of chemical or physical nature and may, in a specific
case, be a smart sequence of them. Mastering these three
steps is a prerequisite to precisely adjust the nanostructuration
and the physicochemical properties of the final layers.
Chemical conditions are obviously the most important one.
A small part will briefly recall the selection of the more
classical chemicals because this subject has been widely
discussed in the previous part 4 for pure inorganic materials
and in the following part 6 for the hybrid materials. In terms
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of the self-assembly mechanism, literature delivers mainly
reports concerning EISA because it is the most commonly
used technique to prepare POMTFs nowadays. These mecha-
nistic studies aim at (i) isolating the chemical and processing
critical parameters, (ii) identifying their role on the self-
assembly mechanism, and (iii) optimizing them to improve
the structural characteristics for a specifically targeted
application. The effect of the thermal treatment on the final
structure (crystallinity, mesostructure, layer cohesion) is also
an important issue that has already been mentioned in part
4.3 and will be discussed in detail in a following part
dedicated to final modification of the layer. The last section
will be dedicated to the combination of the template approach
with other types of processing methods to form complex
hierarchically structured layers such as micropatterns, mul-
timodal porosity or oriented porosity, and heterogeneous
ultrathin mesoordered layers (nanopatterns). This latter hot
topic of how to master the formation of vertical pores
allowing the complete direct accessibility between both
interfaces will be addressed in a more detailed paragraph,
since it remains one of the most important challenges of the
POMTF field.

5.1. Inorganic Precursors and Template. The main
templating agents that have been used to process POMTES
are amphiphilic ionic or nonionic molecules or polymers.
Among them are CTAB, Brij, and commercially available
block copolymers: F127, P123 (PEO-PPO-PEO), or PS-POE.
The reader interested in a more complete presentation of
possible surfactants will find a complete set of physicochem-
ical information in the relevant literature.'>?%2%7

One observes that around 90% of the works reported in
the literature on mesoporous films concerns silica matrixes,
while most of the rest is dedicated to TiO,, and only a few
papers report about other matrixes (see part 4). Almost all
silica mesoporous films are prepared from TEOS in acidic
and aqueous media while more conventional texturing agents
are CTAB or polyethyleneoxide based block copolymers.
Non-silica mesoporous films were mainly obtained as oxide
from chloride precursors and PEO (polyethyleneoxide) based
block copolymers. Because of the more delicate chemistry
associated to these type of materials, obtaining the first
mesoporous transition metal oxide films with ordered poros-
ity required greater efforts and more time than silica. Self-
assembly occurs upon evaporation with a strict control of
humidity and thermal treatment sequence. Eventually, crys-
tallization of the ordered network could be reached with the
same system upon careful thermal treatment.

5.2. The Evaporation Induced Self Assembly (EISA)
Method. 5.2.1. CTAB and PEO-Based Copolymer Binary
Systems. In the EISA approach, the templating agent and
the inorganic precursors are gathered in the same solution,
for which chemical conditions (i.e., composition, stoichi-
ometry, addition of polymerization catalyst or inhibiting
agent, aging time, etc.) are adjusted so as to favor homoge-
neous dispersion of both parts. The latter solution is then
cast on the substrate through conventional chemical solution
deposition (CSD) by either spin, dip, meniscus, or spray
coating processes as shown in Figure 3. The self-assembly
is triggered during evaporation of the latter deposited solution
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Figure 15. Scheme illustrating the templating approach combined with the
various steps involved in the evaporation-induced self-assembly process
during thin film formation by liquid deposition techniques.

layer just after deposition on the substrate and is thus
governed by the progressive departure of the volatile
components. This is a complex dynamic step that involves
at least four simultaneous or subsequent mechanisms that
may be governed by totally different parameters.'?*'?° These
are:(1) the fast evaporation of the solvent; (2) the film water
content equilibration with the atmosphere; (3) the formation
and stabilization of the template/inorganic biphasic homo-
geneous layer; and (4) the consolidation of the inorganic
network through consolidation. In addition, these steps are
either thermodynamically or kinetically governed and do not
necessarily take place in the given precise order with possible
overlapping along the process of thin film deposition. This
overall complex transformation can be simply seen as a
straight polycondensation of the inorganic precursors around
the organic micelles (or mesophase) freezing the latter liquid
crystal mesostructure (see Figure 15).

The only prerequisite to a homogeneous highly ordered
stable hybrid material is that step (3) must be completed
before step (4) is too advanced. Also, one must keep in mind
that evaporation takes place at the atmosphere/wet film
interface, creating concentration gradients that are responsible
for potential nonhomogeneities. Indeed, the structuration can
be assimilated to a frontier of transformation progressing
from the atmosphere interface toward the substrate interface,
and step (3) is completed when this frontier has reached the
solid surface.?®

Detailed studies of such a complex mechanism have been
conducted for various mesostructured films (i.e., SiO,/
CTAB,?139298.29 §i0,/Pluronics,”®?°° TiO,/Pluronics,''>'4°
TiOZ/KLElm), and organically modified SiO, films,>> using
in situ time-resolved SAXS analyses. Ellipsometric FTIR
spectroscopy,'*’ conventional FTIR 23839 interferometry,®2%°
fluorescence spectrophotometry,*®! and X-ray reflectivity'**
were also used to assess these transformations. It was shown
from these in situ studies that the critical parameters to adjust
are the inorganic precursor degree of condensation (solution
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illustrate the various obtained phases.

aging time, concentration, and catalysis), the organic template/
inorganic volume fraction, the presence of water that depends
on the solution composition and on the atmosphere relative
humidity, the film thickness, and the evaporation speed. The
self-assembly seems to be followed by a critical state where
the inorganic system is not condensed enough (still flexible)
and where its composition is in equilibrium with the
environment.

During the step (3), a tunable steady state (TSS)'* is
reached where a change in the atmosphere composition
results in a modification of the film composition inducing
potentially a modification of the mesostructure (see Figure
15). Many other works came to complete this first feature
and confirmed these tendencies for most of the systems. The
role of water on the micellar curvature during EISA was
evidenced by in situ SAXS.”®'** While several structures
were reported with the same solution but in different relative
humidity,****%* water up-taking was confirmed by other
groups using GI-SAXS experiments.***

Water molecule intercalation at the organic/inorganic
interface depending on the pH has been investigated by solid-
state NMR in homologous powder systems, underlining its
critical role in the mesosphase curvature stabilization.*> The
influence of the evaporation rate on the roughness, due to
the Marangoni effect,®®® and on the structure homogen-
eity'*'?%? was confirmed to be a crucial point. The initial
solution composition such as the ratio of template on
inorganic precursor, the dilution, the pH, and the aging time
have also to be precisely adjusted to control the structure.
To summarize these latter works, a larger template leads to
larger pores, while increasing the template/inorganic volume

ratio leads to a higher density of pores and narrower pore
walls. Obviously this latter ratio has an effect on the type of
mesostructure finally obtained since different surface cur-
vature and geometry may be adopted to minimize the
interfacial energy. Examples of mesostructures obtained with
Si0, are given in Figure 5. Texture diagrams depending on
the initial stoichiometry have been proposed for CTAB/
TEOS,'****” CTAC/TMOS,’”® PEO-PPO-alcane/TEOS,””
or Pluronics/TiCL,**'? systems. Other investigations showed
the importance of the solution aging time, especially for silica
based systems, on the mesophase as a result of variation of
condensation degree (Figure 16).772%712 Some studies
reported the role of the substrate interface nature and
topography on the mesostructure formation; even if structural
deviations were observed depending on the substrate, no
trends and critical parameters could be clearly identified.*"
The only unambiguous effect of solution/substrate interface
has been shown by Miyata and Kuroda for the lateral
alignment induced by polyimide surface rubbing.>'*

5.2.2. Polycationic systems. When more than one type of
inorganic precursor is used, such as when ternary oxide
materials want to be prepared, the self-assembly step (3) must
be completed as fast as possible so as to rapidly proceed to
step (4), before inorganic phase separation takes place as a
result of the differences in solubility and in condensation
kinetics. Several ternary oxide phases with certain stoichi-
ometry have been prepared such as Zr'VY™, zr'VCe',”’
SiVzetV, 16 or NbYTItV.1Y Inversely, when cations with
highly different oxidation states must be associated, fast
conditions must be applied. Perovskite SrTiO;, Ilmenite
CoTiO;, or tetragonal MgTa,Og were prepared with a precise
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control on the conditions of chemical, processing, and
thermal treatment steps.lo4 On the other hand, the latter
inorganic precursor demixion previous to step (4) may be
useful if a multiphase network is required. Indeed, this
phenomenon has been used to prepare POMTF with both
anatase and ilmenite nanocrystallites cohabitating in the
mineral framework from Ni! precursors.'?>

5.3. Final Treatment. As-prepared thin films are hybrid
xerogels where the organic template domains are embedded
into the inorganic matrix which is, at this stage, wet and
poorly condensed. Making them useful as porous matrixes
requires the stabilization of the inorganic network and the
removal of the organic phase. Several treatments can be
combined (e.g., thermal, chemical, extraction, UV, etc.).
The more universal, and probably the more efficient for pure
inorganic systems, is the thermal treatment that allows
simultaneously the dehydration, the decomposition of the
surfactant, the condensation,'’%31331¢ and for some systems,
crystallization,'0>!13

5.3.1. Thermal Treatment. As described previously, the
thermal treatment is a very important step since it conducts
first to the stabilization of the hybrid mesophase, which
is composed of an ordered micellar arrangement embedded
within a stable amorphous inorganic medium. The second
evident goal of the thermal treatment is the decomposition
and elimination of the organic micelles, which liberates
the porosity. Two points have to be addressed here: first,
one must be assured that the removal of the micelles takes
place when the inorganic network is rigid enough to
prevent collapsing of the whole porous mesostructure.
Second, one must keep in mind that thermal decomposition
in the presence of Lewis acid centers results in a
stabilization of carbonate species anchored by complex-
ation on the oxide surface. The full elimination of organic
is allowed at a higher temperature than that of the
decomposition of the template (e.g., typically 600 °C for
TiO, materials).>!>3!7-31% The third aim of the thermal
treatment concerns crystallization of the network, which
often requires high temperatures. This stabilization is
accompanied by the unidirectional contraction of the
network,'7%3!7319 already initiated during the drying
process.320 For instance, 2D-hexagonal structure trans-
forms into triclinic or 2D-centered rectangular (C2m space
group) mesostructure,”® while Im3m with [110] orientation
transforms to orthorhombic mesostructure.>'” In addition,
this anisotropic contraction results in the formation of
ellipsoidal pores.'*® As expected, an increase of mechan-
ical properties is associated with the thermal treatment
and has even been quantified for CTAB and Pluronic SiO,
templated films by nanoindentation.*! It has even been
reported that phase transformation may be induced through
thermal treatment. Transformation from 2D-hexagonal
pb6bm to cubic la3d silica thin films was attributed to the
decomposition of organic moieties.?** Unfortunately, an
in situ 2D-SAXS investigation of the transformation is
still required to confirm such a transformation.

5.3.1.1. Thermally Induced Crystallization. Crystallization
occurs through nucleation and growth of crystallized nuclei
and is followed by diffusive sintering if a sufficiently high
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Figure 17. Typical in situ simultaneous SAXS/WAXS experiment, aiming
at assessing the modification of the mesostructure (SAXS) during the
crystallization (WAXS) of the inorganic network upon thermal treatment.
CoTiOs3, ilmenite, and TiO; anatase/rutile phase transformation associated
with the formation of the grid-like structure. Reprinted with permission
from ref 104. Copyright 2004 MacMillan Publishers Ltd.

temperature is maintained long enough. To retain a high
degree of pore ordering upon crystallization, one must favor
homogeneous nucleation but prevent extensive diffusive
sintering.

A fast nucleation is preferred since it is associated with a
greater number of seeds created homogeneously into the
inorganic network.'%? Crystallization of the inorganic matrix
is often accompanied by the deterioration of the quality of
the mesoporosity as a result of template elimination and the
atomic rearrangements associated with the various metal
oxide phase transformations. Careful control of the thermal
treatment conditions is thus required to prevent extensive
modification of the porosity to prepare well-ordered nano-
crystalline mesoporous thin films.

In situ time-resolved simultaneous SAXS/WAXS experi-
ments were performed to assess the influence of the thermal
treatment on the mesoporous order during calcinations of
TiO; films. The latter experiment allowed the condition of
treatment to be optimized and important modification of the
mesoporosity interconnection to be observed.''® Indeed,
heterogeneous nucleation followed by particle growth and
diffuse sintering induces pore merging in TiO,/PEO-based
copolymer film systems. When starting from I/m3m [110]-
oriented domains, an interesting grid-like structure, with high
accessibility from the film surface, is obtained. Similar types
of modification were also observed upon crystallization of
[110]-cubic Im3m mesostructure TiO,,>>* Zr0,,'%° Nb,Os,'”
Ti0,,'97*%* Sn0,,'*® NiTi03,'% CoTiOs/TiO, (see Figure
17) and SrTi0;.'"* Crystallization of amorphous PB-b-PEO
templated Al,O; into gamma phase did not modify the fcc
mesophases and occurs at very high temperature. This
behavior is due to the combined effect of the high specific
surface area and the mesoporosity.'?’ Besides the stabilization
of metastable phase at high temperature, the ordered mesopo-
rosity may influence the crystallization kinetics, and preferential
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orientation of the nanocrystals within the inorganic network can
be obtained. Such behavior was observed for crystals with an
anisotropic unit cell such as MoO; and Nb,0s.'%’

5.3.1.2. Using Thermally Stable Block Copolymers. When
thermally stable templates (i.e., copolymers composed of
polystyrene or polybutadiene for the hydrophobic block)
are used, a stable intermediate hybrid phase can rapidly
be obtained. This is related to the fact that dehydration
and precondensation of the inorganic network can be
triggered with temperature increasing since the polymer
core remains in the cavities withstanding the shrinkage
of the network.'?” The crystallization of the inorganic wall
has less effect on the porous mesostructure when these
copolymers are involved.'”*%> This is related to their
relative thermal stability and/or to the larger dimension
of the walls, usually formed with these templates. This
latter does prevent extensive diffuse sintering. This is
likely associated with the lesser surface to volume ratio
that is diminishing the destabilization effect of the surface
energy contribution during the thermally induce transfor-
mation. Many different pure metal oxide POMTFs were
prepared with this type of block copolymer as already
reported in part 4.3 and in Table 2.

5.3.2. Template Extraction. Extraction of templates can
be performed when thermal treatment is not possible. Specific
solvents and methods have to be adjusted depending on the
system. Once again, one has to be certain that the network
has been prestabilized enough before processing. Ionic
surfactants such a CTAB can be leached out from SiO, films
by simple acidic washing with medium polarity solvents,
while Pluronic copolymers require stronger conditions that
are attained with Soxhlet extraction with EtOH.'”® Using
supercritical conditions is an elegant way of eliminating these
types of template without involving cracks as a result of the
lack of surface tension and liquid/vapor interface.**® This
technique is also well appropriated to exotic templates.
Indeed, fluorinated surfactants can be successfully eliminated
from silica based films in CO; supercritical conditions.>?’

5.3.3. Physico-Chemical Treatments. Chemical treatments
can be also applied to eliminate the template. This protocol
is especially used when a fragile organic group has been
incorporated into the film during solution deposition. In
general, the inorganic network needs to be reinforced before
leaching of the surfactant without collapsing of the meso-
porosity. Irradiation with ultraviolet light of SiO, CTAB-
templated films (O3 oxidation process) under O, atmosphere
has shown to be efficient as a pretreatment to further
condense silica.**® The NH;3 atmosphere is also commonly
used to condense the silica network before elimination of
the template at high temperature. This treatment helps to
prevent too high contraction and to keep a high poros-
ity.!43:176-261 UV jrradiation is a soft and effective method
to simultaneously eliminate PEO-based block copolymers
and further condense the silica network.’* Chemical treat-
ment may also be used to modify the surface of the
mesoporosity after elimination of the template. One example
is the silylation of SiO, mesoporous thin films with alkyl
groups to make the surface of the pore hydrophobic for low-k
applications. These modifications can be done either in vapor
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phase 156.330 ¢ in solution. Additionally, the in situ elabora-

tion of nano-objects into POMTF has been reported. In
general, the POMTF pores were selectively impregnated, and
reactions in the pores are in certain cases needed. For
instance, mesoporous silica thin films were modified with
magnetic iron nanoparticles by infiltrating the pores with iron
acetate followed by reduction under H, atmosphere.**' Post-
treatment of POMTFs is widely used to modify the surface
of the porous network. This subject is developed in more
detail in part 7.

5.4. Complex Architectures for Mesoporous Thin
Films. For some specific applications, such as integration
on “lab-on-chip” designs, controlling multifunctionallity,
obtaining anisotropic properties, and so forth, other mor-
phological characteristics have to be added to the materials;
see Figure 18. These could be mastered by combining
processing techniques. The following part explains some
formal and recent achievements to the fabrication of POMTF
films with some complex architectures (Figure 18).

5.4.1. Surface Micropatterning. When the adsorption, the
hydrolysis, and the condensation of TEOS is allowed on
SAM premicropatterned substrates and in presence of
CTAC, mesoporous SiO; patterns were synthesized through
a bottom up approach.'®®332 A top-down approach has
also been applied, since regions of mesoporous films can
be selectively eliminated using lithography-based method.
Plasma etching has been applied to form macropatterns
of a complex stack system, containing a SiO, mesoporous
film as one layer component.”*” More recently, EISA of
micellar templates was combined with controlled evapora-
tion and photoinduced condensation at a wet liquid layer
surface to produce well-ordered wrinkled microstructures
of Ti0,.>** Other physical methods, such as electron-
beam?** or soft** lithographies, allow pluronic templated
Si0O, waveguides or TiO, nanopatterns of submicronic
motifs to be obtained. An overview of these patterning
techniques has been recently reviewed.**® Brinker’s group
demonstrated the possibility, using serial rapid printing
procedures, to form hierarchically functionalized hybrid
mesostructures on several substrates in a few seconds.**”**3
The rapid-prototyping procedures, that is, micropen
lithography, ink-jet printing,**® and dip-coating of pat-
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terned self-assembled monolayers, employ readily avail-
able equipment and provide a link between computer-aided
design and self-assembled nanostructures.

5.4.2. Multimodal Porosity. Templating techniques can be
combined with other techniques to produce porous films with
more than one type of porosity. One of the simplest ways is
to use two different types of template. Infiltration of a macro-
latex beads sedimented layer with a typical infiltration
solution containing TEOS/F127 leads to bimodal macro-meso
porosity.*#0-34!

5.4.3. Oriented Pore Channels. Coatings that would
present channel pores with a single orientation are of great
interest because of their ability to tune transport into a single
direction. Among these mono-oriented pores, coatings bear-
ing vertical (perpendicular to the surface) pores are the most
interesting ones since they can act as a barrier with controlled
permeation, where electrons, atoms, molecules, or polymers
can cross without lateral diffusion. Different methods were
investigated to obtain such an interesting geometry using the
template approach. However, making the elongated micelles
rise perpendicular to the interface was shown to be a real
challenge as a result of the enthalpy driven stability of the
hydrophilic outer part of the micelles interacting with the
more energetic air/solution and solution/substrate interfaces.
This area is still in its infancy, and promising results
emanating from confinement effects, surface modification,
and mesophase alignment via external fields demonstrate that
new advances on oriented POMTFs can be expected.'3342734¢
The first attempt was made on a typical silica (TEOS)/CTAB
system in presence of ferrofluid nanoparticles and a strong
magnetic field.'”” Such a combination only managed to
disrupt the preferential alignment of the mesochanels with
both interfaces or facilitate alignment with the interface,>*’
which already occurs naturally. A similar disorientation of
F127 micelles was obtained in a strong (12 T) magnetic field
without ferrofluid particles.>*® Via a different approach,
Boissiere et al. grew 250—500 nm thick silica membranes
at the top layer of a y-alumina 0.2 um porous tubular
support.**3%° Mesoporous silica layers are synthesized onto
the surface of y-alumina through an interfacial reaction
between a silica condensation catalyst (NaF) impregnated
into the y-alumina porous support and the hybrid micelles
present in the surrounding solution.*>' This approach did also
promote the orthogonal growing of cylindrical pores aligned
mostly normal to the support. This interfacial growing
method is, however, limited to the deposition onto porous
substrates. More recently, it was reported that very thin (less
than 70 nm thick) TiO, or SiO; films can be prepared with
“tilted cylindrical nanopore arrays” in the presence of P123
upon EISA on a PEO-b-PPO modified substrate.’>*>5
However, in view of the initial structure and of the final GI-
SAXS signature it is very probable that the authors formed
the grid-like structure first obtained and reported for TiO,
films upon thermal treatment and from very similar initial
Im3m mesostructure systems.''* Even then, thicker films with
such a grid-like structure have been reported for various
different oxides [HfO,, SnO,, SrTiOs, etc.]. Coating sub-
strates with polymers has been proposed to force alignment
of the channel pores in the same direction. Kuroda et al.
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Thermal treatment

Figure 19. Nanoperforated layer of TiO, deposited on a SiO, surface. The
AFM image reveals 12 nm in diameter craters highly ordered under
hexagonal arrangement. Reprinted with permission from reference 362.
Copyright 2007 American Chemical Society.

used a rubbing-treated polyimide film to favor alignment of
the channels in the direction of the rubbing (parallel to the
surface of the substrate).*'*?3*3%5 However, they recently
showed that decreasing the template to inorganic ratio leads
to the expected transformation from 2D hexagonal to 3D
hexagonal structure.>>® Similar polymer induced preferential
orientation has been shown using a photo-cross-linkable
polymer®*®*7 or a photochromic azobenzene-containing
liquid crystalline®>® layer on top of the substrate. The best
achievement of vertical pores is reported for several hundred
of nanometer thick silica films made from PS-b-PEO
copolymers and silsesquioxane SSQ source of silica.®>’
Solutions of these were spin coated on a hydrophobic surface,
and the wet film was allowed aging in a hydrophobic
saturated atmosphere of chloroform and octane. Perpendicu-
lar orientation is stabilized by the low interfacial energy at
both film interfaces. Cross-linking silica and copolymer
elimination is then thermally triggered to liberate the porosity.
TEM pictures confirmed such orientation, but no X-ray
evidence is providing proof for long-range ordering.

5.4.4. POMTF Monolayers or Ceramic Nanopatterning.
“Monolayers” of mesoporous films can be seen as perforated
grids that are laying on a flat surface. The surface is thus
accessible through discrete perforations that are calibrated
in size and have controlled dispersion, ordering, and density.
They constitute robust systems that have the unique com-
bination of ceramic properties and nanostructured and
ordered heterogeneous surfaces. The first report of such
nanopatterns concerned TiO, networks deposited on SiO,
surfaces.’® They were prepared by EISA (dip-coating) of
highly diluted TiCl, solution in the presence of PB-b6-PEO
copolymers (see Figure 19).

A precise control of the quantity of deposited nonvolatile
components in addition to the evaporation conditions is
required. Other works were then reported from different
groups on similar systems, but these nanoperforated layers
have poor organization®®® and the thickness is not well-
controlled.>®’ A more recent work isolated the critical
parameters and showed that various interesting patterns could
be obtained with matrixes other than TiO, such as Al,O3
and ZrO, and with different kinds of commercial copoly-
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mers.*> When deposited on conducting surfaces, one ends
up with nanoelectrode arrays (NEA) that present highly
interesting electrochemical behaviors*®® and constitute a
novel nanostructured heterogeneous substrate for complex
nanocomposites architecture elaboration.

6. Hybrid Mesoporous Films

Hybrid mesostructured thin films could be classified into
two general classes following the nature of the interaction
existing between the organic and the inorganic parts.* Class
I corresponds to hybrid systems in which organic compounds
(molecules, oligomers, or low molecular weight organic
polymers) are simply embedded in inorganic matrixes. On
the contrary, class II corresponds to hybrid organic—inorganic
in which organic and inorganic components were both
bonded through stronger covalent or iono-covalent chemical
bonds. It is worth mentioning that doped materials (Class I)
involve most of the time a host—guest relationship with
included species whereas the functionalize ones (Class II)
imply a deeper relation since supplementary organic com-
pounds participate more actively to the materials.

6.1. Doped Hybrid Mesoporous Thin Films and Nano-
composites: Class I. In the literature, examples of doped
mesostructured hybrid films (Class I) are scarce compared
to grafted ones (Class II). Historically, they result from in
situ??249-364:365 o gteady-state?*0247-303%9 investigations
with fluorescent dyes on local environments provided by as-
synthesized thin films, that is, before removal of template. These
studies are based on specific spectroscopic responses (fluores-
cence polarization, solvent-sensitive emission band, lifetime,
excimer/monomer emission) of fluorescent dyes toward polarity,
rigidity/microviscosity of their direct environment. Briefly, it was
shown that hydrophobic dyes are incorporated in the hydrophobic
part of micelles,?*246-249-366367370 Thege dyes do or do not interact
with the polar head groups of surfactant.**”**”7" On the other
hand hydrophilic dyes as the CIRe(CO)3—2,2'-bipyridine are
incorporated in the silica framework and inside the ionic
interface composed of water and polar head groups of
surfactants.>®> The specific localization of dyes in thin films
was used to study the energy transfer occurring between two
dyes localized in the organic part.?*’>7'~37> It is noteworthy
that even if these investigations involved low amount of
probes usually, a high loading was reached (up to 1 pyrene
for 5 CTAB, that is to say 0.05 pyrene for 1 TMOS) without
dye aggregation and without loss of mesostructure order.?*¢-*%
These studies revealed that the mobility of dyes inside thin
films are usually restricted?*®-247-249-364-366 egpecially when
compared to free micelles in solution but increase with
temperature.*®® This loss of mobility was assigned to the
confined state of micelles in mesostructured thin films.
However, it has been demonstrated I“f:Cf:ntly3(’8’369’374 that a
single dye could explore the mesostructure over a wide range
in a relatively short time (up to several micrometer in 500 s).
This mobility also appears to depend on the phase present
in the pores since dye motion is observed for as-synthesized
thin films and calcined films rehydrated under high humidity
conditions on the contrary to dry calcined films.>’* This
difference of mobility between all these studies cited above
is most probably due to the difference of observation time-
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scale (much longer for the last three ones) and to the
difference of diffusion rate of the mesophase considered
(diffusion is much faster in a 2D-hexagonal phase compared
with the most often studied: a lamellar phase).

Another approach to mesostructured thin films of class I
consists in incorporating dyes molecules in calcined silica/
titania mesoporous thin films. These films are synthesized
via a simple immersion of films inside dye containing
solutions.?**27>=37® To increase the loading and in some
extent to limit leaching of the dyes, aluminosilica thin films
were also tested.>”® These latter thin films showed a better
adsorption ability toward a cationic photochromic dye than
pure silica ones due to specific anionic sites provided by the
incorporation of aluminum in the inorganic network. In
addition, the concentration of the dye in thin films was higher
than in solutions whatever the solvent considered and without
aggregation. Finally, after dye absorption in these films, the
chromophore mobility is high enough to perform photoi-
somerization reactions.

Besides optical properties that mesostructured thin films
could exhibit after dyes doping, these materials were
successfully used as host matrixes to elaborate new hybrid
nanocomposites. In this case, mesoporous thin films serve
as nanoreactors for chemical reactions. The simplest reaction
was the synthesis of rare earth ion complexes in the same
time that mesostructuration occurs.**° They were also used
as an efficient template to synthesize carbon nanotubes.>!383
The synthesis of carbon nanotubes involves three steps. It
implies first the synthesis of mesoporous thin films followed
by a calcination step. Thin films were deposited onto
conductive substrates as indium tin oxide glass (ITO) or gold
layer. Once the surfactant was removed, a small amount of
metal as catalyst (Co>®" or Fe*®?) was electrodeposited into
the bottom of the pores of mesoporous thin films. Metal
precursors could also be incorporated in the starting sol and
reduced in Hy/N, flow after a calcination step.>® Then carbon
nanotubes were synthesized at high temperatures (~700—750
°C) via catalytic decomposition of alcohol vapor’®' or
acetylene gas.*®*3%% It is noteworthy that this procedure
implies working preferentially with a three-dimensional
mesophase (here, Im3m or la3d) since the 2D-hexagonal
phase is more fragile and tends to collapse'****! and
molecular transport from the top to the bottom of thin films
is favored with the 3D mesophase.”*! Following this
synthesis procedure, the highly aligned carbon nanotube
arrays grew from the bottom to the top of pores with a very
uniform diameter corresponding to the pore diameter and
hollow open ends. As carbon nanotubes are hollow with open
ends, it is also possible to fill them with metal by elec-
trodeposition reaction leading to metal nanowires (here Fe)
encapsulated in carbon nanotubes.*®* The same approach was
used to elaborate other hybrid nanocomposites with growth
of polymers (polyethylene) inside the pores.*** After deposi-
tion and calcination steps, the mesoporous thin films were
immersed in solutions containing the catalysts: dicyclopen-
tadienyltitanium dichloride and methylaluminoxane. The
polymerization took place via addition of ethylene monomers
in the gas phase at room temperature. A simpler and more
efficient alternative to synthesize hybrid polymer mesoporous
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Figure 20. Top: Molecular structures of DA surfactants (1 and 2) and polymerization of DA/silica nanocomposites. (a) Film cross section near the final stage
of drying shows an oriented hexagonal mesostructure and hypothetical arrangement of DA surfactants adjacent to the cylindrically structured silicic acid
framework. (b) Hypothetical structure of polymerized PDA/silica nanocomposite formed upon exposure to UV light and continued acid catalyzed siloxane
condensation. Bottom: Increasing the number, n, of EO subunits comprising the hydrophilic surfactant headgroup resulted in the formation of higher-
curvature mesophases: lamellar (n = 3) — hexagonal (n = 5) — cubic (n = 10). Adapted with permission from refs 388 and 389. Copyright 2001 MacMillan

Publishers Ltd. and copyright 2003 American Chemical Society.

thin films was done by Coakley et al.*® and Jang et al.**°
Here, polymers were spin coated on the top of the calcined
mesoporous titania thin film. An adapted heat treatment
(above glass-transition temperature, 7,) allowed the infiltra-
tion of polymers inside the pores. The authors**> demon-
strated that polymers fully penetrated inside the mesoporosity
from the top to the bottom of thin films. They suggested
that the conformational entropy loss of polymer due to its
confinement in pores was compensated by a strong enthalpic
interaction between the highly polarizable chains of the
polymer and the polar titania surface. In fact, they proposed
that a chain of the polymer could infiltrate the mesoporosity
only if some of its segments are able to absorb on the walls
of the titania surface. Once inside thin films, the polymer
chains presented a different conformation compared to neat
films of polymers; in mesoporous thin films, they are coiled
and unable to s-stack. The last way reported®®’ % is
undoubtedly the most elegant one and consists of a “one-
pot” synthesis, that is, all the components of thin films
(surfactant, inorganic precursors, solvents, catalysts, mono-
mers) are mixed together in the same starting sol. This “one-
pot” procedure has been also used to synthesis hybrid

polymer—nanocomposite of class IL**%3993 The first
attempt was to use polymerizable amphiphilic diacetylene
molecules as both structure-directing agents and mono-
mers.**33% By tailoring the size of the oligo(ethylene glycol)
headgroup of the diacetylene-containing surfactant, they
synthesized conjugated polymer/silica nanocomposites with
hexagonal, cubic, or lamellar mesophases (Figure 20).
The EISA process®’° allowed a rapid and uniform
incorporation of organic monomers within a highly ordered
inorganic environment. The polymerization of diacetylene
units initiated by ultraviolet light converted the colorless
mesophase into a blue polydiacetylene—silica nanocomposite.
By changing the number, n, of EO subunits comprising the
hydrophilic surfactant headgroup it was possible to tune the
resulting mesophase: lamellar (n = 3), hexagonal (n = 5),
and cubic (n = 10). This could be explained by the surfactant
packing parameter”*** g = v/ayl where qy is the surfactant
headgroup area, v the surfactant volume, and / its tail length.
Then an increase of “n” values reduces the value of g
favoring then the formation of higher curvature mesophases.
However, large headgroups (n = 10) also served as spacers,
preventing polymerization of the pure DA—EQO) surfactant.
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To overcome this problem, addition of surfactants with
smaller headgroups (e.g., 1 with n = 3 or 5, or 2) was
necessary to form PDA in the cubic system.

It was observed previously, via fluorescent investigations,
that micelles of surfactants are more packed in mesostruc-
tured thin films than in solution,246:247-249:364=366 [ deed | the
authors did not observe DA polymerization in Langmuir
monolayers and trilayers of neat DA while polymerization
occurred in the lamellar mesophase. In both systems, the
diacetylenic surfactants are organized into highly oriented
planar configurations with the EO headgroups disposed
toward the hydrophilic interface, either water (Langmuir
films) or polysilicic acid (nanocomposites). The explanation
about this different behavior toward polymerization cannot
involve the lamellar organization itself. The authors postu-
lated that Langmuir films did not polymerize because the
reactive DA moieties were spaced too far apart on the
contrary to the hybrid lamellar mesophase. Closer spacing
of the EO headgroups (and correspondingly the diacetylenic
moieties) within the self-assembled nanocomposites (lamel-
lar, hexagonal, or cubic) may be resulted from attractive
interactions (Van der Waals interactions, H bonding, etc.)
between the EO headgroups and the silica network. The
nanostructured inorganic host altered the diacetylene po-
lymerization behavior, and the resulting nanocomposites
showed unique thermo-, mechano-, and solvatochromic
properties. The second attempt is more conventional since
surfactants and monomers are distinct compounds*®’ (this
approach was also used to form class II polymer nanocom-
posite thin films via introduction of a sylilated coupling agent
in the starting 501248’390_393). In this case, two monomers were
used: 2,5-diiodothiophene and acetylene. The first one was
solubilized in the starting sol with a catalytic complex, and
the second one was incorporated in the gas phase with
triethylamine at room temperature under pressure. This
procedure lead to a cubic mesostructured conjugated poly(2,5-
thienylene ethynylene)/silica nanocomposite. All the literature
cited above involves organic molecules or polymers as the
organic part of hybrid materials. Recently, Baca et al.*®
immobilized successfully living cells in mesostrutured thin
films. However, the encapsulation of living organisms in
matrixes requires overcoming serious difficulties in cell
viability throughout the synthesis process. It implies, for
example, biocompatible surfactants. Indeed surfactants used
in templated mesoporous silicas are detergent monomers that
insert into cell membranes and lead to their solubilization,
inducing rapid cell death. Thus, standard surfactants were
replaced by phospholipids, which are integral components
of the cell membrane. The choice of phospholipids species
must be done with respect to three parameters: they should
(1) present minimal disruptive electrostatic interactions with
cell membranes, (ii) be soluble in water, and (iii) have
sufficiently small critical packing parameters g to direct the
formation of high curvature 3D (hexagonal or cubic)
lipid—silica mesophases. However, even if diacylphosphati-
dylcholines were identified as suitable templates, the incor-
poration of living cells markedly altered the mesostructur-
ation process in several ways. During the EISA process, cells
rapidly organized around themselves a lipid-rich shell
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excluding largely silica. Moreover, S. cerevisiae globally
altered the sequence of mesophase development during the
EISA process leading to a 2D hexagonal mesophase instead
of a 3D hexagonal/cubic one. On the contrary to conventional
organic moieties, living cells are dynamic structures able to
sense and respond to their environment.

As solvent evaporates, the concentration of osmolytes in
the system increases. Stationary-phase cells can release up
to 35% of their cellular water volume in response to a change
in turgor pressure (the pressure of the cell contents against
the cell wall) in the cell membrane, which would increase
the volume of water in the surrounding lipid shell by more
than 60%. The resulting pH gradient that develops around
the cell in turn affects both the local lipid interface and the
host lipid/silica matrix. This pH gradient favors both conver-
sion of lipid bilayers into ordered lamellar mesophase
(instead of the 3D hexagonal/cubic phase expected) and
enhancement of silica condensation around cells hindering
diffusion of silica oligomers. Despite all the potential
applications described above of doped-mesostructured thin
films (Class I), the localization of the organic components
in the micellar part and/or the opened pores of mesostructured
thin films could limit their potential applications mainly due
to the high tendency of organic molecule leaching. Then it
is most of the time necessary to graft organic molecules via
covalent or iono-covalent bonds to the matrix.

6.2. Functionalized Hybrid Mesoporous Thin Films:
Class II. 6.2.1. Grafting Routes. Two grafting routes are
commonly used to incorporate organic functionalities into
POMTTFs: the “one-pot” synthesis and the postfuntionaliza-
tion. The first one, that is, “one-pot” synthesis, involves a
co-condensation step between a functional inorganic precur-
sor, generally an organosilane, with an inorganic precursor
(typically TEOS or TMOS and less frequently transition
metal oxides) in the presence of templates. In this case the
mesostructuration process and functionalization take place
at the same time. In the second one, that is, postfunctional-
ization, chemical modifications come off once mesostruc-
turation and calcination steps are achieved, via solution
impregnation or vapor treatment through chemical bonds with
silanol or M—OH groups covering the pore surface. The
“one-pot” synthesis was largely dedicated to functionalize
silica POMTFs while postfunctionalization was used with
silica and TMOs matrixes. However, the “one-pot” synthesis
of transition metal oxide has been recently reported either
via the use of organosilane precursors®”>*?®*%7 or with a
complexing/chelating agent.'*>%® In this latter case, the
complexing/chelating agent, trifluoroacetic acid, was ran-
domly distributed within the inorganic framework and was
rather used to control the rate of titania condensation.’

Despite the fact that postfunctionalization was widely
exploited to modify properties of mesoporous powders (for
an overview on functionalization of mesoporous powders,
see the following reviews: refs 43 and 44), the most frequent
route leading to functional POMTFs is the ‘“one-pot”
synthesis. In fact, this approach allowed POMTFs bearing a
vast choice of organic functions to be synthesized (for a more
detailed description of functional groups incorporated into
POMTFs, see the following review: ref55). These functional
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Table 4. “One-Pot” Synthesis versus Postfunctionalization®®

“one-pot” synthesis

postfunctionalization

tailor compatibility R-MX,, and MX,,
network consolidation temperature limited
by the thermal stability of organic groups
localization of organic groups in the pores and/or embedded
in the framework depending on the nature of the organic groups
organic groups have a role in the mesostructuration process
(e.g., polarity, condensation catalysis, cosurfactant, etc.)
relatively homogeneous dispersion of organic groups
limited by chemical compatibility
one-pot synthesis, one or more
functions, lower control of dispersion

groups could be chemically inert, such as, for example, alkyl
chains**°~%3 or aromatic groups,*** but also more reactive
as aminoalkyl,>37-338:396:403405  methacryloxypropyl,® %403
cyanoalkyl,'**#*! and so forth, or presenting intrinsic proper-
ties such as silylated dyes>’3%:403496 which could serve as
sensors>> /338407410 o more sophisticated materials as
nanovalves.”**!! The co-condensation route generally leads
to a more homogeneous distribution of organic functionali-
ties into mesoporous matrixes with a high control of the
stoichiometry. The final materials exhibit a small decrease
of the pore sizes and pore volume only. However, the
synthesis could be more delicate because of different effects
of organic functions on the mesostructuration process of
POMTFs.>>° The influence of organic functions generally
limits the organic/metal molar ratio which is often restricted
to 20%. However, higher loadings of organosilanes in
POMTFs, from 50 to 100%, were achieved either by a
careful control of hydrolysis—condensation steps*'*~*
or by using hybrid bridged silsesquioxanes®®-®*4!>
methyl-triethoxysilane.*'#!¢

On the other hand, postfunctionalization overcomes some
difficulties related to the “one-pot” synthesis. Since meso-
structuration process and grafting are two distincts steps, the
influence of organic functionalities is seriously restricted.
Moreover, the thermal treatment at high temperature (>500
°C) allowed by the absence of organic functionalities favors
more stable matrixes. However, this method often leads to
a quite low loading, an inhomogeneous distribution of the
functional groups inside matrixes, a decrease of the pore
volume, and even in extreme cases, a complete closure of
the pores.** Moreover, depending on the postgrafting condi-
tions (impregnation), the inorganic network could be partially
damaged due to capillary stresses or chemical cleavage of
M—0O—M bonds. Recently, another alternative route, vapor
infiltration treatment, was successfully tested without reduc-
ing the pore size and with an increase of mechanical strength.
Briefly, neat surfactant mesophases'*® or as-synthesized silica
thin films®***°>*!7 were first coated on a substrate and a
subsequent organosilane or hexamethyldisilazene vapor treat-
ment was then applied leading to functionalized POMTFs.
This subsequent vapor treatment has been also realized on
calcined POMTFs.*'®#!% A similar method has been devel-
oped recently using supercritical carbon dioxide as the
synthesis medium.'” In Table 4 are reported the advantages
and drawbacks of both methods.®”

Although the vast majority of functionalized mesostruc-
tured thin films are obtained via “one-pot” and postfunc-
tionalization pathways, combined routes have been investi-

and

tailor surface—R-MX,, interactions and reactivity

high preconsolidation temperature (calcination step possible) before grafting,
leading to a more stable inorganic network

organic groups grafted mostly on pore surface

mesostructure is determined before organic group incorporation
pore blocking possible

limited by diffusion plus pore blocking
one postgraft, one function, successive possible

gated. This combined approach could occur when organosilanes
are not commercially available. Instead of synthesizing the
desired organosilanes before film synthesis, some authors
elaborated hybrid thin films through co-condensation or a
postfunctionalization procedure with an organosilane bearing
a reactive function (typically amino,>*>3733 thiol,** cy-
ano,*! and iodo®*® groups). After removal of surfactant, the
postmodification involving the reactive function anchored
into thin films and the organic molecule (fluorescein
derivative,*’*3® ferrocenecarboxylic acid,”*> azobenzene
derivatives,**' B-cyclodextrin**) could take place. This
combined approach presents the advantages both to avoid
the synthesis of organosilanes and to limit the influence of
organosilanes (often bulky) on the mesostructuration process.

6.2.2. Co-Condensation or “One-Pot” Synthesis. The
“one-pot” synthesis has been used to synthesize almost
exclusively hybrid silica-based mesostructured thin film via
co-condensation of organosilanes with TEOS or TMOS.
However, Soler-Illia et al.>*®*7 reported recently the one-
pot synthesis of highly ordered hybrid mesoporous thin films
(M-«(SiR),0O;) obtained by co-condensation of organotri-
alkoxysilanes (R-Si(OEt); with R = propylamine, propyl-
thiol, and phenyl) with transition metal chloride (MCly with
M = Zr or Ti). Such mixed oxide hybrid matrixes allow a
further selective functionalization with metal chelating agent
leading to bifunctional materials. Bifunctionalization could
also be achieved with pure silica matrixes by a one step
procedure.370’4'5’422

Data concerning one-pot synthesis of mesoporous thin
films are gathered in Table 5. The non-commercial available
organosilanes, the surfactant and experimental conditions,
the nature of the mesophase, and the targeted applications
are reported.

Although the one-pot synthesis presents several advantages
compared to postgrafting, this approach is somehow com-
plicated and several difficulties exist in addition to the control
of the main parameters related to the EISA process. For
example, the presence of organosilanes presenting different
reaction rates and self-assembly can modify or even hinder
mesostructuration. Moreover, an increasing proportion of
organosilanes in the reaction mixture favors homoconden-
sation reactions to the detriment of cross-linking co-
condensation reactions with the silica precursors leading to
an inhomogeneous distribution of different organic func-
tionalities in the framework. In addition to that the temper-
ature of the network consolidation step should be adapted
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Table 5. Non-Commercial Organosilanes and Properties of Resultant Thin Film Mesophases

Reviews

Functional organosilanes

Properties / applications

(ref)

1) Triethoxydibenzoylmethane

(OEt)3Si

Heavy metals sensor ***
BF; sensor

423

2) Dye-NH(CH>);-Si(OCH;)s
Dye = 5,6-carboxyfluorecein,
succinimidyl ester (5,6-FAM, SE)
HO

(MeO)3Si

PH sensitive

3373

9) Eu(1Il) bis(N,N’-phenyl 3~
trimethoxysilylpropyl)-2,6 pyridine
dicarboxamide

Si(OMe)3

Si(OMe)3

370373

HO
3) 4-(3-triethoxysilylpropylureido) Smart gas masks,
azobenzene membranes, controlled
. release systems, externally
Si(ORs controlled
N micro/nanofluidic-channel
h systems 236,411

N
%,
NH&O

10) To(IIT) N,N"-bis-(3-
triethoxysilylpropyl)-2,6 pyridine
dicarboxamide

NH " Si(0Et),

NH__~_Si(OEt)

370,373

4) Ru(IT) 2,2’-bipyridine-2-aminoethyl-
2-aminopropyl —trimethoxysilane

HoN  NH
“RuZ \_\

370,424

11) N-[(3-triethoxysilyl)propyl]-
2carbomethoxyfulleropyrrolidine

Optically encoded
information storage for
read only materials
(ROMs) 2

5) Fluorescein isothiocyanate
(derivatized with APTS)
HO

HzN\/\/Si(OEt)3
HO

Optical solid-state pH

407

SENsors

6) 4,4’-bis(3-triethoxysilylpropylureido)
azobenzene

NH n/NH/VSi(OEt)3
,[ j o}
N
|
TS
NHJJ\NH/\/\Si(OEt)3

==

Optomechanical actuation
425

7) Silanized Ru(Il} 4,4’-hydroxymethyl-
2,2’-bipyridine

AN O)J\NH/\/\Si(OEt)g

~ O\n/NH/\/Si(OEt);;
o

370426

8) Silanized Eu(III} phenantroline

Si(OEt)3
o

Nonlinear optical
materials, tunable solid-
state lasers **’

12) 1-(4-Hydroxy-9,10-anthraquinone-1-
y1)-3-(3-triethoxysilylpropyl) urea

O  OH
lI *I ‘I H/Si(0|st)3
NH

O HN
T

o]

Intrinsic optical bistability
investigations “**

13) (3-triethoxysilylpropyl)carbamic acid
4-(1,4-dihydroxy-9,10-diox0-9,10-
dihydroanthracen-2-ylmethyl)phenyl
ester

o OH
CLJ 0,

© (Etg)QSi/\/\NH&O

Intrinsic optical bistability
investigations %

14) Ru(bpy)(Phen-Si)Cl,
 CO-NH-(CHz)3-Si(OEt)4

N\
CO-NH-(CHyp)3-Si(OE)3

Oxygen Sensor

15) Metalloporphyrin or porphyrin
derivatives

+zn?* 1 Cotar

NT Sensor 00
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to the organic compounds present inside the matrixes. In the
following sections, an overview of the main results reported
by the literature will be developed.

6.2.2.1. Chemical and Processing Parameters (EISA
Parameters). The EISA method, which is used in almost all
the syntheses of functionalized and mesostructured silica thin
films, implies a homogeneous starting sol. However, when
the silylated probe is poorly soluble or insoluble in the
alcoholic sol, segregation or aggregation can take place. This
phenomenon may be due to an insufficient hydrolysis of the
organosilane precursor, resulting in hydrophobic species. In
some cases, the precursor can be insoluble regardless of the
hydrolysis time. To overcome these problems, a prehydroly-
sis step of the organosilane in a weak acidic medium**' and/
or the use of a cosolvent are required.

The choice of cosolvents is limited: the cosolvent must
not only dissolve the desired organofunctional molecule but
also be miscible with the starting sol without causing
organosilane gelation and affecting neither the film optical
quality nor the mesostructuration. Moreover, the cosolvent
must present evaporation ability close to that of ethanol and
ensure a good wettability toward coating substrates. In
addition to that the amount of cosolvent in the initial sol
should be adapted to avoid phase separation during the
evaporation process (higher than the quantity needed to
solubilize the organosilane especially when its boiling point
is lower than that of ethanol). The cosolvent most commonly
employed in the literature is the tetrahydrofuran. This
cosolvent, used in place of ethanol or in a mixture with
ethanol, has been successfully employed for preparing well-
organized thin films with monomers, 8389392 ﬁ—diketones,‘“)8
Ceo and quinizarine derivatives,****%° bridged silsesquiox-
ane,** or MTES-based matrixes.**!

The presence of organosilanes could also modify the
hydrolysis—condensation rates of silica species. For example,
organosilanes bearing a basic function, typically an amino
group, catalyze hydrolysis and condensation reactions of the
silica precursor and can yield the fast gelation of the sol.
Acidic conditions in EISA are important to make films which
present good (optical) quality, which is a very important
feature for applications in optics and optical sensors. To avoid
basic catalysis of silica species, amino groups are first usually
neutralized with a strong acid prior to the addition of the
silica precursor.*®494432 A subsequent treatment of the films
with ammonia could allow the recovery of the amino group
through deprotonation of the ammonium.**® However, the
gelation process could not be always hindered. For example,
high loading of ruthenium complexes in the initial sol leads
to gel formation.””® On the other hand, the presence of
methyltriethoxysilane in hybrid MTES—TEOS** thin films
or vinyltriethoxysilane with TMOS?*' slows down the
polycondensation of silica. This is beneficial since hybrid
MTES—TEOS mesostructured thin films are highly ordered
and defect-free.'8*33~435 A recent approach leading to well-
ordered hybrid POMTFs with a high content of organosilanes
has been developed. A majority of the hybrid POMTFs
results in one step co-condensation, i.e. organosilanes and
inorganic precursors (TEOS/TMOS) are mixed at the same
time in the initial sol, but this one step co-condensation gives
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usually poorly organized hybrid POMTFs at high loading
of organosilanes. Some authors™?7-338-370:408429 yearted an
alternative “one-pot” synthesis highlighted by Matheron et
al. "% This synthesis is based on a pre-hydro-
lysis—condensation step of TEOS followed by the addition
of organosilanes just prior the sol deposition. These condi-
tions limit considerably the condensation of organosilanes
before film deposition.*'>™*'* This “delayed” synthesis modi-
fies the main EISA parameters as surfactant/inorganic
precursor molar ratio and the optimum relative humidity
within the dip-coater. It was observed that the CTAB—TEOS
mesophase diagram was shifted toward higher CTAB/TEOS
ratio and that this shift increased with the organosilane
content. Typically, a 3D-hex mesophase obtained for a
CTAB/TEOS ratio of 0.08 with pure TEOS is shifted to 0.16
for 20% of MTES (MTES/TEOS ratio = 1/4) and to 0.20
for 50% (MTES/TEOS ratio = 1/1). In the same time, the
increase of MTES content in thin films (from 0 to 50%)
causes a decrease of the optimum relative humidity (RH)
value (from 65 to 40% in the case of a 3D-hexagonale
mesophase). These changes of optimum RH values were
explained by the necessity to obtain rapid gelation of the
deposited sol to stabilize 3D mesophases (3D-hexagonal and
3D-cubic) which do not exist in the phase diagram of CTAB
with water and ethanol. This “delayed” procedure allowed
well-organized hybrid POMTFs with high content of meth-
yltriethoxysilane, MTES (50%); vinyltriethoxysilane, VTES
(30%); and trifluoropropyltrimethoxysilane, TFPTES (20%)
to be synthesized.*'*

6.2.2.2. Localization of Grafting Compounds. To control
the final properties of functional thin films, it is of great
importance to localize perfectly organosilane species in the
mesostructure and to address a specific compound to a
specific place. The localization of such species inside the
mesophase has been investigated either directly by spectro-
scopic techniques such as fluorescence,®’%#24426427 Uy —
visible absorption,**®** and micro-Raman'®® spectroscopies
and/or indirectly by studying structural changes induced by
the incorporation of probes (e.g., variation of the lattice
parameters,'°4% phase transition,'?*4934%%-42 formation of
mesophase at very low surfactant/TEOS ratio*').

With regards to mesostructured thin films made with ionic
surfactants such as CTAB, the structure can be divided into
three main regions:*’%***42¢ the silica framework (Figure
21a zone I), the ionic interface formed by the charged
surfactant heads, the hydrosylilated silica surface (Figure 21a
zone II), and the organic region composed by the hydro-
phobic core of the micelles (Figure 21a zone III).

This organic/inorganic phase separation is also obtained
with nonionic surfactants such as triblock copolymers (i.e.,
poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide), PEO—PPO—PEOQO)-based thin films. However, in this
case, the limits between the three phases, silica wall,
hydrophobic PPO block, and hydrophilic PEO block are less
defined mainly because of interpenetration of the PEO and
silica networks.**®

According to the literature, the silylated functions can be
classified into two categories:
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(A) (B)
lonic Non-ionic

Surfactant -..,_Surfactant

Interface (IIl)

Organic (Il)

Interface (IIl)

~n® O
Surfactant ® H,0 Surfactant
s PEO-PPO-PEO

Figure 21. Stucture of the mesostructured thin films made with (a) ionic
surfactants and (b) nonionic surfactants. Reprinted with permission from
ref 55. Copyright 2005 The Royal Society of Chemistry.

(i) Monosilylated compounds, F—S—Si(OR)s, constituting
the most common category studied (with —OR being
condensable groups, F the functionality, and S the spacing
group).

(i) Multisilylated probes of general formula F(S—
Si(OR)3),, mainly composed of (OR);Si—F—Si(OR); bridged
silsesquioxanes and rare earth complexes with silylated
organic ligands.

The localization of organosilanes is governed by their
physicochemical properties. Several factors have to be taken
into account such as the hydrophilic/hydrophobic balance
of the organosilane molecule, the number of anchoring
functions (—OR)s, the length and the nature of the spacing
group (group S between the functionality F and the anchoring
function —Si(OR)3), and the nature of the functionality F
(hydrophobic, hydrophilic, ionic, polar, apolar, aromatic, for
example).

A general tendency is commonly observed with probes
presenting multiple trialkoxysilane functionalities. They are
mainly incorporated inside the inorganic network, as was
observed with multisilylated rare earth complexes®’*#24426:427
or even compose the walls of the framework as observed
with hybrid bridged silsesquioxanes?***!37#!5 (and also the
monosilylated methyl-triethoxysilane**'*!%) leading to me-
sostructured thin films with concentrations as high as 100%
in organosilanes.

However, most of the common organosilanes are monosi-
lylated with a general formula F—S—Si(OR);. Such mol-
ecules possess two different groups, one carrying the
functionality and the other being the condensable groups.
Both groups simultaneously interact with two different
regions of the mesostructure. The condensable —OR groups
allow the formation of chemical bonds between the molecule
and the framework. It is interesting to point out at this stage
that even if most studies reported in the literature concern
pure silica frameworks, the use of such compounds is also
compatible with organosilica frameworks (bridged bistri-
alkoxysilanes*'”); or surprisingly, with transition metal oxides
like ZrO, or Ti0,.>**37 The localization of the functionality
F is mainly governed by the “philicity” concept (or “like”
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dissolves “like”) but also by specific interactions such as
cation—**’ or ionic.””

Generally, the solubilization of lipophilic molecules occurs
in the hydrophobic micelle core and the placement of
hydrophilic molecules either in the ionic interface or in the
framework. For example, Nicole et al.**® investigated the
incorporation of a hydrophobic chelating agent in thin films:
a silylated -diketone. -Diketones are well-known to exist
mainly in two tautomeric forms in equilibrium. As the
keto—enol equilibrium is extremely solvent-sensitive and as
the ketone and enol forms present two distinct UV —visible
spectra, it was possible to determine spectroscopically the
placement of the silylated -diketone in thin films. Indeed,
the absorption spectra of the [-diketone in thin films,
whatever the mesophase studied (Pm3n, pom, lamellar), have
the same aspect as that of the probe dissolved in THF,
indicating that 5-diketone environment is apolar, suggesting
their localization inside the hydrophobic core of the micelles.
On the other hand, Zink et al.>’*?** observed that the
localization of a silylated ruthenium complex positively
charged depended on the surfactant charge. In SDS (anionic
surfactant) based thin films, the ionic complex resided in
the ionic region at the interface between the organic and
inorganic regions, while, in mesostructured thin films made
with cationic surfactant (i.e., CTAB), the complex was
located in the silica network. These results suggest that the
electrostatic repulsion between the positively charged Ru
complex and cationic CTAB headgroups makes the ionic
region less hospitable than the silicate matrix, thus forcing
the Ru complex to enter into the silicate matrix. Cagnol et
al.*® noticed that the structure of the final mesophase
depended on the loading rate of (2-phenylethyl)trimethoxy-
Isilane in thin films. For low amounts of organosilanes, the
mesostructure was not modified, presenting a cubic structure
(Pm3n), whereas for high amounts of probe, a 2D-hexagonal
(p6bm) phase was formed. Such phase transitions are com-
monly observed when the [CTAB]/[SiO;] ratio increases,'?’
inducing a decrease in the curvature of the micelles. It is
generally agreed that two kinds of sites are available when
a molecule is solubilized inside micelles: one near the polar
head and the other between alkyl chains in the hydrophobic
core of the micelles.**®** It has been shown** that the first
sites occupied by aromatic compounds are near the polar
head of CTAB surfactants due to specific interaction between
the o7 system and the quaternary ammonium.**”#41442 Once
the first sites are saturated, the solubilization occurs in the
hydrophobic part of the micelles, inducing a decrease of the
curvature of the micelles and causing a phase transition.
However, the length and the nature of the spacing group, S,
could hinder the natural placement of hydrophobic func-
tionality inside the micelles. For instance, with the same
functionality (i.e., phenyl group) and the same relative
amount of probes, no variation of mesophases was observed
with the phenyltriethoxysilane, on the contrary to the (2-
phenylethyl)trimethoxysilane.** This result could be explain
by a physical impossibility of the aromatic functionality to
fully reach the hydrophobic part of the micelles in the case
of the phenyl precursor, thus “preventing” the swelling of
the micelles and the decrease of the interface curvature. This
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geometrical criterion is in balance with all other parameters
described previously.

Consequently, the role of the organic function during the
self-assembly is complex, mainly because the key parameter
leading to a particular mesophase is not always predictable.
The functionality and the spacing group may interact with
the silica wall, with the surfactant headgroup, and with its
hydrocarbon tail, affecting in some cases the curvature of
the hybrid interface.

6.2.2.3. Mesostructures Modifications. We have seen
previously that spectroscopic techniques (i.e., absorption,
UV —uvisible, or fluorescence spectroscopies) are a useful tool
to determine the placement of organosilanes inside mesos-
tructured thin films. Nevertheless, the incorporation of such
compounds inside thin films could also cause structural
changes, from variations of the lattice parameters to phase
transitions, and even allows the formation of a mesophase
for a (very low) molar ratio of surfactant/silica leading to
an amorphous thin film without organosilanes. All these
changes give an indirect proof of the localization of the
organosilane inside mesoporous thin films.

The changes of the lattice parameters with an increasing
amount of organosilane could be an indication of its
preferential localization at the ionic interface, near polar
heads of the micelles.'”**** In the system CTAB—TEOS,
the incorporation of a positively charged organosilane,
2-(trimethoxysilyethyl)pyridinium, induced the formation of
a 2D-hexagonal phase (pbm), regardless of the loading
ratio.**® The authors observed a progressive increase of the
intereticular distances d(01) with the increasing incorporation
of protonated ammonium functions. This observation also
occurred with the two other positively charged groups studied
(i.e., 3-(2,4-dinitrophenylamino)propyltriethoxysilane and
3-aminopropyltriethoxysilane). These results could be pri-
marily attributed to the cationic character of the incorporated
functions. Usually, in acidic conditions, the bromide is
intercalated between the ammonium headgroup and the silica
wall through electrostatic interactions.**> In this case, the
electrostatic repulsion between the two positively charged
groups (i.e., the polar head of the surfactant and the
functionality, F, of the organosilane) governs the formation
of the mesophase with a main localization of the probe in
the ionic interface, even if a swelling effect could be
involved. These results are in agreement with the spectro-
scopic study of the group of Zink concerning the localization
of a positively charged silylated ruthenium complex in
CTAB-based mesoporous silica thin films.?”°

The incorporation of probes could also lead progressively
to a destructuration of the mesophase with few changes in
the lattice parameters, as in the case of 3-cyanopropyltri-
ethoxysilane from a well ordered 2D-hexagonal structure to
a worm-like phase.'®® This modification could be explained
by a solubilization of the cyanopropyl groups inside the
surfactant micelles. Another example of phase transitions was
reported with the incorporation of bulky hydrophobic
compounds.**®#?° The addition of increasing amounts of
dibenzoylmethane/quinizarine derivatives for a fixed CTAB/
silica molar ratio induces mesostructural evolutions in thin
films. The following sequence was observed: cubic phase
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(Pm3n) < mixture of cubic (Pm3n) and 2D-hexagonal (p6m1)
< pure 2D-hexagonal phase < lamellar phase. Such phase
transitions are explained in terms of variation in the packing
parameter g. The increase of the packing parameter can be
due to solubilization of large species preferentially in the
hydrophobic part of micelles during evaporation of solvents,
leading to an increase of the total volume associated to the
surfactant chain. This mechanism is supported by the
UV —visible experiments performed on hybrid thin films.**®4*°
In this case, the incorporation of large species causes direct
phase transitions without modifications of the lattice
parameters.

This co-solvent effect allows the formation of a mesophase
for conditions at which mesostructured thin films are not
usually obtained (i.e., very low surfactant on silica ratio).
The synthesis of mesoporous thin films with 10 mol % of
perfluoroalkylsilanes with long chains, typically tridecaf-
luoro-1,1,2,2-tetrahydrooctyltriethoxysilane and heptadecat-
luoro-1,1,2,2-tetrahydrodecyltrimethoxysilane, have been
achieved®! with sol containing a ratio of CTACI/Si ~ 0.004.
It is interesting to point out, following the phase diagram of
CTAB/Si/H,0 ternary system,'? that the lowest ratio CTAB/
Si leading to the formation of mesostructured thin films is
equal to 0.10. Moreover for this last ratio, we could expect
only a 3D-hexagonal mesophase (P6i/mmc), which is a
structure with a higher curvature of the micellar interface
than the 2D-hexagonal phase (p6m) observed with the
addition of the perfluoroalkylsilanes. This result suggested
that perfluoroalkylsilanes also act as a structure-directing
agent when the reactant was mixed with a small amount of
surfactant. Indeed, hydrolyzed perfluoroalkylsilanes carrying
hydrophilic silanol head groups and long hydrophobic
perfluoroalkyl chains can clearly be amphiphilic molecules.

We have seen that the function, F, could develop direct
interactions with surfactant head groups. These interactions
increase the area of the surfactant’s headgroup, promoting
higher curvature of the micelles promoting Pm3n structure.
The opposite effect on the curvature would be obtained by
increasing the volume of the hydrophobic micelle core
(swelling effect). However, in a particular system, one has
to keep in mind that the effect of each function is more subtle
and cannot be sketched by only these two extreme effects.

6.2.3. Postfunctionalization Route. The other route leading
to hybrid POMTFs consists of postgrafting organic functions
onto a stabilized inorganic network. The difference of
reactivity between silica and TMOs implies distinguishing
these two matrixes toward postfunctionalization. Indeed,
grafting on silica matrixes involves covalent bonds due to
condensation reactions with organosilanes species which are
also able to react on themselves. On the contrary, TMOs
matrixes are functionalized via iono-covalent bonds with
complexing/chelating agents which can only react with
inorganic matrixes. Moreover, the strength of bonds, from
iono-covalent to covalent, could influence dramatically the
properties of the resulting hybrid matrixes in terms of
diffusion, accessibility, and homogeneity. The grafting of
silica could be considered as irreversible while functional-
ization of TMOs is based on complexation equilibria. Such
differences render silica matrixes much more sensitive to
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pore blocking due to extensive condensation of silica species.
This problem has been limited by new postfunctionalization
treatments: vapor infiltrations of organosilanes or hexam-
ethyldisilazane on as-synthesized POMTFs.

From this short overview, it appears that two main
parameters are of great importance for obtaining a homo-
geneous distribution of organic functions in POMTFs: (i)
the accessibility of the porosity (large diffusion of molecules
inside the whole film) and (ii) the reactivity of the molecules
toward matrixes and among themselves. The diffusion
properties essentially depend on the mesophase (two-
dimensional or three-dimensional), the pore interconnection
(presence of restrictions or no interconnection, for example),
the pore size, and the pore morphology (spherical, cylindrical,
ellipsoidal, for instance).

Postfunctionalization could be also used to elaborate
bifunctional POMTFs.****%7 Briefly, in the first step, a hybrid
M~—(RSi1)O, POMTF (M = Ti, Zr etc.) is created by one
pot co-condensation of MCly and RSi—(OEt);. The second
function R’ is added by postsynthesis treatment with an
organic R'—G molecule, in which G is a complexing group,
able to selectively attach to the transition metal sites (Ti,
Zr, etc.), which are freely accessible. This approach allows
then both a good homogeneity of the first function (orga-
nosilane species) due to “one-pot” synthesis and a high
dispersion of the second function (complexing/chelating
molecules) due to the properties of postfunctionalization with
TMOs.

6.2.3.1. Postgrafting on Transition Metal Oxide
Matrixes. Examples of nonsilica functionalized mesoporous
materials are scarce, even if methods for the synthesis of
transition metal oxide films have been developed, either for
MO,/M,0;16395623:44845 (11 iv e oxide frameworks, 75510646
by a general evaporation-induced self-assembly (EISA) proce-
dure. The feasibility of incorporating organic molecules within
mesoporous zirconia thin films by postsynthesis grafting was
demonstrated by Crepaldi and co-workers.”® The production
of hybrid POMTFs is often based on the postsynthesis func-
tionalization of titania or zirconia mesostructures with organic
bifunctional molecules F-G, which contain a desired F group
and a suitable grafting group (G = phosphonate, phosphate,
carboxylate, acetyl acetonate, etc...) capable of performing
complexation of the transition metal centers. This procedure
leads to highly ordered, nonsilica hybrid POMTFs with organic
functions at the pore surface. An important aspect of these films
is that the anchoring of the organic groups can be varied, from
strong and inert (phosphate, phosphonate) to relatively labile
(carboxylate), leading to a great flexibility in the attachment of
organic functions, which can be advantageous for several
different applications (e.g., sensors, controlled release systems).
However, the postfunctionalization of TMO thin films is not
straightforward, and particular attention has to be paid to aspects
such as surface chemistry, diffusion within pores, dissolution,
etc. Another important issue is the integrity of modified
mesoporous transition-metal oxides under solvent flux (i.e.,
function leaching), due to the fact that functions are grafted
via coordination or iono-covalent bonds to the pore wall.

In these studies,”®>%39%%> mesoporous films with 2D
hexagonal or cubic mesostructures were prepared by EISA,

Reviews

using a triblock copolymer (Pluronic F127) or Brij-58
[Ci6H33(CH,CH,0)200OH] templates. The films were ther-
mally stabilized by several postsynthesis treatments until
complete removal of the template. A typical functionalization
experiment was performed by dipping a calcined mesoporous
film, previously rinsed with ethanol, into a continuously
stirring solution of the chosen molecule in THF, acetone, or
water.

Kinetics experiments showed that molecule incorporation
occurs in two steps and that over 80% of the incorporated
functional groups enter the pore system within 5 min. The
remaining 20% are gradually incorporated, and saturation is
reached between 60 and 120 min. It has been also observed
that the function incorporation depended on the mesostruc-
ture: cubic 3D mesostructures (Im3m) are more accessible
than their p6m 2D hexagonal counterparts. This difference
is attributed to the presence of pores open to the surface in
the cubic phase that were absent in the p6m mesostructure.’”
Moreover, the pores in the cubic phase are interconnected
because of the development of large size necks upon thermal
treatment and shrinkage of the original mesostructure.''
Shrinkage of the p6m system results in tubular pores with
an elliptic section; however, no new pore interconnections
are created, and molecules have to diffuse from pore to pore
through defects in the mesostructure (e.g., boundaries
between organized domains).

The trends issuing from leaching experiments demonstrate
that the anchoring strength follows the complexation strength
of the grafting group, that is, R—O—PO3*~ ~ R—PO;*~ >
dicarboxylate > carboxylate, for groups with high solubility
in the leaching solvent.’’® The transport of the grafting
molecule to the inner pores of transition metal oxide
POMTFs could follow a sequence of adsorption—desorption—
diffusion. Hence, a higher complexation ability of the grafting
group should result in slower incorporation of the organic
function.”” The solvent also plays an important role, par-
ticularly favoring the desorption step. For example, the
leaching rates of mercaptosuccinic acid are higher at low
pH, where the acid is fully protonated, and therefore the
carboxylate anchoring groups become more labile.”® An
interesting characteristic of these hybrid POMTFs is that,
contrary to the irreversible grafting observed in mesoporous
hybrid silica, anchoring groups with different strengths can
be selected to obtain a wide variety of responses, from
strongly attached functions to functions that can be liberated
by external stimuli (pH). Moreover, transition metal oxide
POMTTFs could be also processed as multilayer stacks with
silica or hybrid silica POMTFs and were selectively func-
tionalized by complexing molecules.'**#4¢

6.2.3.2. Postgrafting on Silica-Based Matrixes. As de-
scribed previously, the most commonly employed method
to functionalize mesostructured silica thin films is the one-
pot synthesis. However, some studies employing postfunc-
tionalization have been reported either via vapor phase
infiltration¥30-402413.417419.421447 1 via immersion in a
solution, 3340342048451 [ {q interesting to notice at this stage
that the majority of postfunctionalized silica POMTES are
devoted to (ultra) low-k materials, especially those made via
vapor phase infiltration.
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In the postfunctionalization via immersion procedure, thin
films were calcined and stirred in dry toluene, ethanol, or
dichloromethane solution containing organotrialkoxysilane
or hexadimethylsilazane species under refluxing conditions.
The reaction time was varied from 4 to 24 h. Finally, thin
films were washed with solvent and dried at low temperature.
In the alternative route, that is, vapor infiltration, POMTFs
before***40% or after?02413-417-419.421447 the calcination step
are exposed to grafting molecule vapor in a closed vessel at
moderate temperatures (150—165 °C depending on the
grafting molecule).

It was observed that postgrafting in some cases led to
materials presenting pore restriction**® (bottle ink pores) or
to a total blocking of the porosity.*> On the contrary the
vapor infiltration techniques especially on as-synthesized
POMTFs prevent the usual shrinkage of pores due to
calcination, allow densification of walls and thus an increase
of mechanical and hydrothermal stabilities of POMTFs, and
limit the usual reduction of pores due to grafting.*3*-40?

7. Properties of Thin Films and Potential Applications

POMTFs with their unique properties, e.g., versatile
framework nature (single or multioxides, crystalline or
amorphous structure, hybrid organic—inorganic, etc.), high
surface area, modulable pore dimension and shape (cylindri-
cal, spherical, ellipsoidal, etc.), tailored surface (organic or
inorganic, inert or active), and high processing and handling
abilities have offered to scientists a land of opportunities.
For instance, the pore filling of polymers gave birth to new
hybrid polymer nanocomposites (class [384385-387-389.452 o
class II,248:385-390.391.393452 a6 gection 6) presenting syner-
gistic properties (i.e., increase of hardness,”*® environmentaly
responsive materials,>*>**' photovoltaic devices by inter-
penetration of organic and inorganic semiconductor net-
works*®34%) " As a result of their perfectly calibrated pore
dimensions and shapes, POMTFs have been used as nanore-
actors for the growth of nanocrystals/nanoparticles/nanowires
and carbon nanotubes.’®' %% Several strategies have been
developed to elaborate these nano-objects: incorporation of
precursors during the synthesis*>**** of POMTFs (“one-pot”
procedure), just after the deposition step™' or after the calcina-
tion step by impregnation,****>57% or electrochemical''®3**
and pulsed laser deposition'® techniques. It is interesting to
notice that the synthesis of nanocrystals resulting from “one-
pot” incorporation involves PEO-containing surfactants which
are well-known for their chelating properties of metallic
centers.*®' These nano-objects, essentially metal nanoparticles
(gold 3184 118:4H49462463 Gjjuep 180455459 4 jron®1) or semi-
conductor nanocrystals (CdS,454’460 CdSe,¥*  PbS,*°
Cd;—Zn,S,*? and Cd,_ Mn,S¥7+ 8), present very interesting
properties useful in the fields of optics*>#430-460463 apnd
photocatalysis.*>> An innovative approach was recently
developed by the Brinker group.®'** They reported the
synthesis of a new nanocrystal mesophase (face-centered
cubic lattice) through self-assembly of gold nanocrystal
micelles with silica oligomers. In this case, preformed gold
nanocrystals were first functionalized with alkanethiol ligands
and next stabilized by CTAB surfactant molecules. Other
POMTF-based nanocomposites could also be synthesized by
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particles/living cells®”

matrixes. These studies involved titania,
num*’%/palladium®® particles, and zeolite beta nanocrys-
tals.*’! This particle embedding allowed the formation of
new sensors, *05:46° catalysts,48’47° photocatalysts,464’466’467’470
and photovoltaic cells.*® In this section, we will focus on
the more developed applications of POMTFs. Since some
applications are intimately linked to the intrinsic properties
of the framework nature (low k dielectrics with silica and
photocatalysis with titania), this section on applications will
be divided into two subsections: silica-based POMTFs and
metal transition oxide POMTFS.

7.1. Applications and Properties of Silica-Based
Thin Films. Most of the studies devoted to the applications
of silica-based POMTFs involves hybrid POMTFs (class I
or class II, see section 6). Although some studies have dealt
with potential applications concerning absorption of polluting
species such as organophosphorus compounds,*'347* grafting
sites (typically —NH, or —COOH groups) for binding
biomolecules such as enzymes, antibodies, and other
proteins®*"*** or creating synthetic ion channel devices,**'***
the majority of research is dedicated to the study of
applications in the field of sensors, low k dielectrics, photonic
devices, environmentally responsive materials, and permse-
lective membranes for gas separation or with switchable
permeabilities for polymer ultrafiltration.

7.1.1. Sensing Applications. In the literature three main
transduction with POMTF sensors giving birth to (i) elec-
trochemical sensors, (ii) optical sensors, and (iii) quartz
crystal microbalance-based sensors. Electrochemical sensors
involve usually pure inorganic POMTFs (silica or tin oxide)
whereas optical sensors and QCM-based sensors involve
hybrid silica-based POMTFs.

7.1.1.1. Electrochemical Sensors. Electrochemical sensors
were used to detect simple molecules in gas phase as
water, 30473478 4100hol 473479481 4 monia, 430 NO,#82:483
NO,*814837485 and H,,**! or metal ions (Pb*") in aqueous
phase.**® The first electrochemical POMTF sensors were
reported simultaneously by Innocenzi et al.*’®#7® and
Domansky et al.*** In the first case, pure silica POMTFs
were deposited by dip-coating on substrates with metallic
interdigitated electrodes. The working properties of these
sensors are based on current variations in the films as a
function of the sensing species (here water and alcohols*’>7%)
concentration and mobility. These current intensity variations
(more than four magnitude orders) were attributed to a
protonic conduction (Grotthus model**®) due to protonated
water ions in an “ice-like” layer configuration formed on
the pore surface.*’**7 This explanation was supported by
an optimum calcination temperature around 400 °C which
preserves a sufficient amount of surface silanols favoring
the adsorption of water molecules. Besides, these sensors
present a large sensitivity to alcohols (methanol, ethanol,
2-propanol, butanol-1) at room temperature and the pos-
sibility to discriminate between the different alcoholic
species.*”” Interestingly, the authors highlighted the role of
porosity since thin films obtained without surfactant showed
only a very low current variation to relative humidity.*’¢47®
Capacitance-based sensors were also investigated with pure

(see section 6) embedding inside the
464-467 o ol 8468469 /plati-
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or hybrid silica-based POMTFs.***482:487 Briefly, POMTFs
serve as insulator between a metallic conductor and a
semiconductor. Variations of the POMTFs dielectric constant
which result from physical and/or chemical adsorption of
the target gas inside the pores leads to changes of the
capacitance. These capacitance variations are measured by
an inductance—capacitance—resistance meter*>° or by a lock-
in amplifier (surface photovoltage technique, SPV).*82483
Such devices allowed good detection of water,*° am-
rnonia,450 NO,*82483 and NO,*82 gases. The response could
be modulated by the functionalization of POMTFs. For
example, HDMS-treated POMTFs displayed a better dynamic
range of the response toward relative humidity than pure
silica POMTFs which are more sensitive to high humidity
levels.*® Moreover, SPV-type gas sensors exhibited a
sensitivity to NO and NO, gas at very low concentrations
(1 ppm) to very high concentrations (50 and 100 ppm). The
authors observed also that the sensing performance depended
strongly on the mesostructure of the POMTFs: a cubic
structure is more efficient than a 2D-hexagonal one due to
its bicontinuous structure.****** NO, gas sensing was further
improved by doping silica POMTFs with tin oxide.*3**%
In fact, tin oxide is a well-known semiconductor material
used to detect both reducing and oxidizing gases via SnO,
conductivity changes.**3*%° However, in these studies, the
effect of SnO; is rather a catalytic effect due to its low
content in thin films (Sn/Si molar ratios = 0.005—0.03). Pure
tin oxide POMTFs were successfully tested as selective gas
sensors for ethanol and H,.**"*¥! Compared with polycrys-
talline tin oxide sensor, they displayed a better sensitivity
toward these last two gases and a better selectivity to other
interferential gases (such as methane, butane, CO, and
gasoline). These results were explained by the high surface
area of tin oxide POMTFs compared with commercial
polycrystalline tin oxide materials which provide more
surface sites available for oxygen and target gas adsorption.
Yantasee et al.**® tested the applicability of a thiol-func-
tionalized POMTF as an electrode sensing layer in the
aqueous phase. The process of absorptive stripping voltam-
metry detection of Pb(II) using the thiol-functionalized
POMTF electrode involves several steps. The preconcen-
tration step results in an accumulation of Pb(II) ions on the
surface of the nanopores by complexation with the thiol
groups of the surface. During the detection step accumulated
Pb(II) ions desorb from the thiol-functionalized POMTF
surface in an acidic medium (e.g., 0.1 M HNO3) and diffuse
to the surface of the gold electrode. The authors demonstrated
that functionalized mesoporous thin films with high binding
site density, due to high surface area of the mesoporous
structure, lead to high sensitivity and large dynamic range
for metal ion sensing.

7.1.1.2. Optical Sensors. Historically the first POMTF
optical sensors were reported simultaneously in 2000—2001
by two research groups.**”#**4%7 These sensors resulted of
the functionalization of silica POMTTFs (class II, see section
6) with pH-sensitive dyes (fluorescein derivatives). This
functionalization ensures that the dye is covalently anchored
onto (or within) the SiO, wall during mesostructure synthesis.
Wirnsberger et al.*’” synthesized the sensor by reacting
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fluorescein isothiocyanate with 3-aminopropyltriethoxysilane
and adding it to a F127 block copolymer film preparation.
These sensors operated by recording the emission of the
anchored fluorescein dye. The thin film sensors acted
analogously to the dye in solution, except that the pKa value
was shifted from 6.4 in solution to ~7.3 in the thin films.
The response time of the mesoporous hybrid thin films was
about 7 s for a 95% change in the emission intensity. This
response time is much shorter than the value measured in
sol—gel glasses.*** % The fast response time was attributed
to the high porosity of the dye-carrying mesoporous thin film,
since the open pores enable a fast diffusion of the solution
toward the dye molecules. Brinker and co-workers used
microfluidic approaches to produce a similar pH sensor.*>”*3
They first patterned amine-modified cubic mesoporous silica
using selective dewetting of patterned surfaces made by
surface assembled monolayers, SAMs. The sol was prepared
by adding aminopropyltrimethoxysilane to a TEOS/Brij-56
sol. Selective dewetting during dip-coating followed by
calcination results in a patterned, amine-functionalized, cubic
mesoporous film. The moderate calcination allowed the
removal of the surfactant while maintaining the amine
functionality. The dye conjugation reaction was realized by
immersion in a solution of 5,6-FAM SE (5,6-carboxyfluo-
rescein, succinimidyl ester). Finally, solutions of different
pH were placed on the pads and transported to the cell by
capillary flow. Comparison with solution fluorescence spectra
indicated that dye molecules covalently attached to the
mesoporous framework retain similar features to those in
solution. Later, POMTFs functionalized with triethoxysi-
lyldibenzoymethane (SDBM) compound exhibiting a high
selectivity and sensitivity to metal cation pollutant as uranyl
were developed by Nicole et al.*”® They observed also a
short response time of the sensor, around 30 s, and an uranyl
detection limit relatively low, 1 ppm, if we consider the
simple absorbance variation sensing method used. It is
interesting to point out that amorphous sol—gel functional-
ized thin films synthesized without surfactant did not show
efficient detection of any tested metallic cations. Other crucial
sensor parameters such as reversibility and reproducibility
have been investigated. A simple treatment in solution with
acetylacetone permits regeneration of the films with good
preservation of their sensing properties, even after several
complexation—regeneration cycles. The same SDBM-func-
tionalized POMTFs were successfully used as selective
sensor for boron trifluoride, a gas commonly used in
semiconductor industries. In this case, SDBM molecules form
a fluorescent complex with BF; while neither SDBM nor
BF; are fluorescent.*** Larger silylated dyes were incorpo-
rated in silica POMTFs allowing the detection of oxygen
gas*® or vapors of explosives as TNT*'%*3° via fluorescence
quenching. In the case of TNT detection, the authors
observed an important effect of the mesostructure on the
sensor response. Here again, a three-dimensional mesophase
exhibits the best response compared to a two-dimensional
one. Moreover, thin films synthesized without surfactants
present a very low quenching efficiency proving then the
importance of the mesostructure on the detection ability.
Optical sensors based on hybrid POMTFs of >class I were
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also reported for the detection of Cu®" in the aqueous
phase,***%* the determination of pH,*> and the detection
of methanol vapor.®”* Surprisingly, for these sensors of class
I working in aqueous media, the leaching of the dyes was
hardly observed. This could be explained by their solubili-
zation in the micelles of surfactant.***~**> Although hybrid
POMTFs functionalized with dyes are the most common
optical sensors reported in the literature, some authors
investigated other ways. For example, Goettmann et a]. 346
encapsulated phosphine-stabilized gold nanoparticles inside
silica POMTFs. They were able to detect thiols and small
phosphines via UV —visible absorption technique. These
compounds induced variations of the plasmon band position
of gold nanoparticles. Pure inorganic POMTFs coupled with
optical polarimetric interferometry techniques allowed the
detection of simple gases as ammonia or water.*’*>%
Recently, multilayer stacks of TiO, and SiO, POMTFs
functionalized'** or not.?** They were investigated for the
detection of water, alkanes, and alcohols. Organic functions
added to the pore surface allowed the response to change,
permitting tailoring of the selectivity toward small-size
molecules such as water.'?

7.1.1.3. (Quartz Crystal Microbalance)-Based Sensors.
Examples of QCM-based sensors involving POMTFs are scarce.
From a general point of view, quartz crystal microbalance
consists of a quartz disk with double sides coated with metal
electrodes. Upon modification of the electrodes with sensitive
receptor molecules, QCM devices can be used as sensors for
chemical and biochemical analysis. The immobilized receptor
molecules selectively capture the associated analytes, which lead
to the changes of the oscillation frequency and oscillation quality
of the QCM. To improve sensitivity of QCM-based sensors
toward benzene and ethanol vapor, Palaniappan et al.***>"!
coated, on the QCM crystals, hybrid silica-based POMTFs
functionalized with -cyclodextrin. The authors observed that
the sensing performance of the QCM was enhanced by the
introduction of the hybrid POMTFs on the electrodes. On the
contrary to the usual flat electrode surface that limits the amount
of immobilized receptor molecules per unit area, POMTFs
provide higher available receptor sites leading to an increase
of sensitivity.

7.1.2. Low-k Dielectric Properties of POMTFs. Dielectric
materials with a low dielectric constant k are currently in
demand for future integrated circuits. By extension of the
pristinely used isolating layers of microelectronics, SiO; (k
~ 3.8) is one of the materials investigated in this direction.
However, as devices are becoming smaller, lower dielectric
constants are required (k < 2). One of the most promising
applications of these mesoscopically ordered silica films is
their use as insulators in integrated circuit devices due to
their low dielectric constant.’°? Indeed, the strategies to lower
the dielectric constant are limited. Usually two issues
are targeted: (i) increase the porosity and (ii) decrease the
molecular polarizability of the matrix (for a better under-
standing of low dielectrics see the excellent review in ref
222). However, the effect of the global density (number of
molecules per unit of volume, which determines porosity of
films and density of the wall) on the dielectric constant film
is stronger than the effect of molecular polarizability, since
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reducing the density allows the reduction of the dielectric
constant to the extreme value close to unity (corresponding
to the dielectric constant of the void). It is thus obvious that
mesostructured thin films, with their large porosity, are
promising candidates as low k materials. Further lowering
of the k value can be accomplished by replacing the Si—O
bond with a less polarizable bond such as Si—R, thus
introducing alkyl or fluoroalkyl groups in the matrix. In
addition to that, the introduction of such organic groups in
the matrix provides a hydrophobic environment which limits
the parasite adsorption of highly polarizable water molecules
in pores. Therefore the different approaches involve the
modification of either the nature of the walls (i.e., bridged
polysilsesquioxanes®*®*!57 or methyltriethoxysilane'>”40'41¢)
or the pore surfaces with one-pot synthesis functionalization
of perfluoralkoxysilanes*'***! or trimethylchorosilane.’** A
post-treatment with hexamethyldisilazane'7-418-447:450:451.503,
1,3,5,7-tetramethylcyclotetrasiloxane*'® or trimethylethox-
ysilane®**/trimethylchorosilane®®* could improve the hydro-
phobicity of thin films by reacting with silanols. However,
despite numerous claims, low-k property alone is useless
since low-k application is always a compromise between
porous volume, mechanical stability, hydrophobicity, system
processibility, and dielectric constant.*'® For example, the
presence of organic groups inside POMTFs leads to a
decrease of the thermal stability of the POMTFs which could
have a dramatic effect for their integration into the copper
interconnect process. In fact, organic groups can be decom-
posed during various high-temperature integrated circuit
processes (Cu metallization), thus leading to devastating
damage to the interconnect structure. Chen et al.*'” studied
the thermal stability of POMTFs postfunctionalized with
HDMS into a Cu/nitrided Ta/POMTFs/Si wafer device (from
the top to the bottom). They observed that the decomposition
of trimethylsilyl groups in the hybrid POMTFs became
obvious around 450 °C. However, decomposition-induced
chemical degradation seemed not to cause any film crack
and interfacial failure in the Cu-metallized POMTFs, even
for the sample annealed at 600 °C. They also noticed that
Cu diffusion into the POMTFs could be completely retarded
in the Cu/[Ta(N)]-metallized POMTFs annealed at 400 °C.
The diffusion of species inside the porosity of POMTFs could
also be seriously limited by the coating, via plasma treatment,
of a hydrogenated amorphous silicon carbide layer’® or the
deposition of a very thin layer (5 nm) of nonporous silica®*®
at the surface of POMTFs.

7.1.3. Photonic Applications of POMTFs. Here again, most
of the studies reported concern hybrid POMTFs. It was
underlined in section 6 that the hydrophobic regions provided
by the core of micelles were compatible environments for
organic dopants such as dyes, enhancing their overall
solubilities and preventing their aggregation. In addition, the
rigid inorganic framework protects and stabilizes the embed-
ded species. The intrinsic optical and mechanical properties
of such materials coupled with their unique architecture, that
is, organic/inorganic phase separation organized on the
nanometer scale, allowed scientists to investigate several
promising application fields. For example, researchers took
advantage of the high loading ability of dyes with reduced
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aggregation or dimerization inside mesostructured thin films
for elaborating materials exhibiting amplified spontaneous
emission,>3>398307-510 1 addition, the versatility of the thin
film processing allowed the deposition of these films on
various substrates such as PDMS elastomeric molds on
silicon wafer for waveguides,®*>°% glass microscope
slides,?*®->%%31% and optical fibers.’®” By using different
inorganic matrixes (silica or titania) and depending on the
substrate used (glass slides or silicon wafers), the refractive
index of doped thin films was tuned to synthesize efficient
waveguides.>*> Finally, this approach lead to a dye-doped
mesostructured silica distributed feedback laser.***>'" Gener-
ally, the doping of mesostructured thin films could be done
with various dyes during the synthesis leading to materials
exhibiting various properties. For example, it was observed
that mesostructured thin films were excellent hosts for
silylated dyes,**® fullerene derivatives,**® photochromic
dyes,?”*12 photosynthetic pigments,’'*>'* or photoconduc-
tive polyphenylvinylene polymers.***#2®-3!> They could also
serve as optical data storage.>'® Furthermore, they presented
an anti-Stokes luminescence property when doped with
rhodamine 101.°'7 The particular nano-organization of
organic and inorganic domains inside POMTFs allowed
energy transfer to occur between two organic dyes. This
energy transfer could happen when the two dyes were both
located in the micelles of surfactant®”' but also when the
dyes are located into two different spatially separated regions:
the first one incorporated in the micelles and the second one
located in the framework.?”® It is interesting to point out
that dye fluorescence in POMTFs is usually greater than the
one observed in amorphous film due to the high solubilization
ability of micelles and less interactions with inorganic
framework.?”® Recently, hybrid POMTFs functionalized with
quinizarine derivatives were used to investigate an intrinsic
optical bistability phenomenon (two stable responses exhib-
ited by a system under the same optical excitation).*** Also,
incorporation of semiconductor particles as PbS into POMTFs
led to POMTFs presenting high optical nonlinearity proper-
ties.*3°

7.1.4. Environmentally Responsive POMTFs. To expand
the range of accessible properties, various organic functional
groups have been covalently incorporated onto the pore
surfaces of mesoporous materials. However, these modifica-
tions have provided mainly “passive” functionality, such as
controlled wetting properties, reduced dielectric constants,
or enhanced adsorption of metal ions. By comparison,
materials with “active” functionality would enable properties
to be dynamically controlled by external stimuli, such as
pH,**° temperature,>**3°%*!" or light.?***!' The Brinker
group”**! reported the synthesis of nanocomposite POMTFs
functionalized with photoresponsive azobenzene-containing
organosilanes. Azobenzene derivatives were selected because
their trans <> cis isomerization is UV sensitive. UV irradia-
tion of the frans isomer causes transformation to the cis
isomer. Removal of the UV radiation, heating, or irradiation
with a longer wavelength switches the system back to the
trans form. This isomerization changes the molecular dimen-
sion of the organic molecule (molecular length of the cis
isomer is shorter than that of the trans isomer, Figure 22).
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Figure 22. Photoresponsive nanocomposites prepared by EISA. Atom labels:
C, cyan; O, red; N, blue; Si, grey; H atoms are omitted. Adapted with
permission from refs 236 and 411. Copyright 2004 American Chemical
Society and 2003 Wiley—VCH Verlag GmbH & Co. KGaA.

To demonstrate optical control of mass transport, chro-
noamperometry experiments were performed using an elec-
trochemical cell working electrode modified with an azoben-
zene-functionalized nanocomposite membrane (Figure
23a).%*° The chronoamperometry experiment used ferrocene
dimethanol (FDM) and ferrocene dimethanol diethylene
glycol (FDMDG) as electrochemical probes and provided
measurement of mass transport properties through the
nanocomposite hybrid membrane (Figure 23c). During
electrolysis at constant potential, the effective pore size limits
the diffusion rate of probing molecules to the electrode
surface. Under dark conditions, the azobenzene moieties are
predominantly in their extended trans form. Upon UV
irradiation (A = 360 nm), azobenzene moieties isomerize to
the more compact cis form which increases the diffusion rate
and, correspondingly, the oxidative current (Figure 23b).
Likewise, exposure to visible light (1 = 435 nm) triggers
the reverse cis—trans isomerization of the azobenzene
moieties, which decreases the current to the pre-UV exposure
level. Moreover, it was observed that increasing the volume
of the diffusing analyte decreased the overall mass transport,
leading to some selectivity for this nanocomposite.

Another example of environmentally responsive mesostruc-
tured hybrid films is that of polymer/silica nanocomposite™”
with lamellar mesophases, which swell/deswell upon change
of pH or temperature due to the presence of anchored polymers
into the interlamellar space. Polymers such as poly-
(methacrylates) and poly(/N-isopropylacrylamide) (PNIPAM)
show a pronounced response toward changes in pH and
temperature, respectively. To study the thermoresponsive
behavior, the hybrid POMTFs were immersed in water at
temperatures around the PNIPAM phase transition temper-
ature. Temperature change induced a significant shift of the
lamellar d spacing due to the phase transition of the confined
NIPAM/DM copolymers around 30 °C. This lamellar d
spacing shift can be explained by the swelling/deswelling
property of the organic part but does not imply any variation
of the silica layer thickness. The magnitude of the swelling/
deswelling response could be increased by heating and
cooling over a larger temperature range (between 10 and 50
°C instead of 30—40 °C). The swelling/deswelling process
is reversible and takes approximately 5 h, which is compa-
rable to that of bulk systems. The pH sensitive nanocom-
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Figure 23. (a) Schematic drawing of the electrochemical cell (top) and mass transport of probing molecules through the photoresponsive nanocomposite
membrane integrated on an ITO electrode (bottom). (A) Diffusion through smaller pores with azobenzene ligands in their trans configuration; (B) diffusion
through larger pores with azobenzene ligands in their cis configuration. Legend: red ovals (FDM or FDMDG, see part c), green ovals (FDM* or FDMDG™),
orange ovals (azobenzene in cis form), orange elongated oval (azobenzene in trans form). (b) Current—time, /—¢, behavior of a photoresponsive nanocomposite
film under alternate exposure to UV (360 nm) and visible light (435 nm). (Last cycle uses room light, 400—700 nm.) Inset is the absorbance at 356 nm
(r—sr* transition of the trans isomer) of the same film immersed in the buffer solution containing 1 mM FDM. (c) Electrochemical probes: ferrocene
dimethanol (FDM) and ferrocene dimethanol diethylene glycol (FDMDG). Adapted with permission from refs 236 and 411. Copyright 2004 American

Chemical Society and 2003 Wiley—VCH Verlag GmbH & Co. KGaA.

posite films containing poly(dodecyl methacrylate) (PDM)
were also studied in water. Poly(methacrylates) are hydrogels
showing pronounced changes in chain conformation upon
(de)protonation of the carboxyl groups. The authors observed
an appreciable decrease of the lamellar d spacing with the
decrease of the pH (from pH = 9 to pH = 4) probably due
to partial hydrolysis of the ester functions of the polymer.
In this case too, the swelling/deswelling process was revers-
ible over several cycles.

7.1.5. POMTFs as Permselective Membranes. Inorganic
membranes are semipermeable barriers that prevent two
phases from getting into contact. They must be permselective
to allow only some components of one phase to diffuse into
the other, which explains why their transport properties
depend on their microstructure, especially their pore size
distribution and their connectivity.’'® An additional require-
ment lies in the effective separation layer thickness, which
must be as thin as possible to allow a proper separation
without decreasing the diffusion flow below unacceptable
values. To overcome the mechanical strength requirement
for easy handling, the actual separation layer is always
deposited onto one or several stacked macro- to mesoporous
layers, and the successful synthesis of an inorganic membrane
requires the ability to build thin, continuous, homogeneous,
and defect-free layers onto porous rough supports.

Gas Permeation Application. In the first work, Nishiyama
et al. reported the preparation of a membrane made of MCM-
48 mesoporous material with a three-dimensional pore

structure impregnated within a stainless steel or a porous
alumina support under hydrothermal conditions.>'*?° Very
thick films were formed (50 um), and no gas separation
property was proven.

In a different approach, silica POMTFs made by EISA
were deposited by Tsai and co-workers at the surface of a
commercial 5 nm porous y-alumina membrane as an
underlying layer of high porous volume and low pore
tortuosity.’>' Both these properties and the almost perfect
surface quality of the POMTFs allowed the subsequent
deposition of a 30 nm thick defect free perm-selective
microporous silica layer (pore size between 0.3 and 0.4 nm).
The resulting top dual layer ameliorated significantly the
membrane quality (no pinhole defects resulting in higher
selectivity between CHa4, H,, He, and CO, gases) and attained
higher gas permeation fluxes (thinner filtration layer allowed)
if compared to the simple top layer. A typical multilayer
membrane top coated with POMTFs is shown in Figure 24.

The same approach was reported for preparation of a
mesoporous sublayer onto an anodized alumina support.”®?
Here again, the periodically ordered layer failed in exhibiting
separation properties. Nevertheless, several groups attempted
to prepare POMTFs with permselective properties (which
implies crack free films with a porous network open from
one to the other side of the POMTF). The same EISA
strategy was used for deposition of a 2D-hexagonal silica
POMTF where preferential pore alignment (parallel with the
porous substrate) was disturbed by seeding the deposited
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Figure 24. SEM picture of a silica POMTF deposited at the top of two
asymmetric layers of y-alumina membrane. Reprinted with permission from
ref 522. Copyright 2001 Elsevier.

solution with silica colloids. N, permeation measurements
proved the beneficial effect of the seeding over the perme-
ation flux, but no separation property was shown.>** More
recently, a multistep aerosol deposition procedure was
reported for the preparation of 1 um thick silica POMTFs
with disordered cubic structure. N,, He, and CH4 permeation
measurements proved that, after four depositions, the mem-
brane exhibits very few defects.”** No separation property
was presented.

Ultrafiltration (UF) of Polymer Solutions. The first ap-
plication of POMTFs as pH responsive UF membrane was
reported by Boissiere and co-workers.**>**° They reported
a 250—500 nm thick MSU membrane was grown at the top
layer of a y-alumina 0.2 um porous tubular support via
through an interfacial reaction between a silica condensation
catalyst (NaF) and hybrid micellar building units made of
silica precursors and nonionic surfactants.*' Unlike other
periodically organized membranes, this layer exhibited
cylindrical pores aligned mostly normal to the support. Upon
filtration property investigations, it appears that the combined
effect of the silica nature of the membrane, whose surface
charge can be easily adjusted by changing the pH, and the
nonconnected cylindrical shape of the pores provided a new
pH-responsive retention property, as proved by the filtration
of polyoxyethylene polymers (PEO) with different molecular
weights. Depending on the filtration conditions, a rejection
rate of 80% and a steep cutoff at 2000 Da can be obtained
or, on the reverse, polymers three times bigger than the pore
diameter can diffuse through the membrane. This unknown
filtration mechanism was explained in light of both topology
of the porous network and pH-dependent interactions be-
tween PEO polymers and silica porous media.”*>

More recently, the direct coupling of separation and photo-
oxidation was performed by depositing a TiO, POMTF from
a solution containing block copolymers, already made anatase
colloids, and molecular precursors.”*®3%7 After thermal
treatment, the semicyrstalline membrane exhibited photo-
oxidative properties versus methylene blue and a cutoff
surprisingly low in the micropore range (1.6 nm). This work
is one of the very rare examples of the preparation of
periodical mesoporous transition metal oxide films using
some nanobuilding blocks (route B1 in Figure 1).

7.2. Applications and Properties of Nonsilicate
POMTFs. This part concerns the properties of nonsilicate
periodically organized mesoporous thin films. Although
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relatively few inorganic mesoporous thin films have been
investigated, these materials have, nonetheless, already
demonstrated unexpected electrochemical, catalysis, and
photocatalysis properties. The flexibility and low cost of the
processes involved to synthesize them, sol—gel chemistry
and processing, allow specific compositions to be developed
with highly organized mesopores, so that the solid network
can be tailored to the specific properties while the mesopo-
rous network serves as an efficient pathway for molecular
transport and/or as “host material” for “guest material” with
controlled properties. In this part, we will describe the recent
research on inorganic mesoporous thin films as new materials
in photocatalysis, photovoltaic, batteries, and electrocatalysis.
We also wish to emphasize in our discussion that inorganic
mesoporous thin films offer another contribution to electro-
chemical and catalysis science and technology—one beyond
that of providing new materials or architectures. Because
mesoporous thin films innately magnify the surface-to-
volume fraction of a material, they are also tools that can
amplify the critical phase of any electrochemical system: the
interface.

7.2.1. Photocatalyst. Mesoporous thin films have been
investigated as photocatalysts since their conception in 1998.
They offer more active sites per gram for gas/solid interac-
tions than dense materials can. The continuous organized
mesosporous network on TiO, mesoporous thin films facili-
tates the flux of reactant molecules that access the catalyti-
cally active “internal surface” area. The rates of catalytic
reactions that are transport-limited rather than kinetically
limited would be improved by what a mesoporous thin film
innately provides: ready mass transport of reactants to an
increased area of catalytic surface.

The efficiency of photon—energy conversion in these
systems readily depends on the crystallinity and the structure
of the inorganic network forming the pore wall.**7% Tang
et al.’* have shown that highly crystalline and ordered
mesoporous TiO, thin films exhibit a 2.5% photoconversion
efficiency for the water photolysis at zero-bias and under

Xe lamp illumination of 40 mW+cm™ 2.

Another important consideration for photocatalytic proper-
ties is the pore size and its distribution. For example, a cubic
mesoporous film would offer higher photocatalytic efficiency
than a hexagonal one since the mesopore channels of cubic
mesostructures are open on the surface of the films regardless
of the mesophase orientation, whereas those of the 2D
hexagonal mesophases are parallel to the substrate and are
not widely open on the films’ surface. However, the surface
is partially accessible through mesodomain edges, defects,
and microporosity within the inorganic wall in these mes-
ophases. Moreover, recent works'>® have shown that the
photocatalytic properties in these mesoporous films are more
efficient when the porosity is high and completely accessible
to water, oxygen, and adsorbed species and when nanopar-
ticles and pores have dimensions of 7.5 and 5.5 nm,
respectively (Figure 25). Such fully open and optimized
geometry, addressed as grid-like, is obtained upon cyrstal-
lization of highly ordered mesoporous films having Im3m
initial structure with [110] preferential orientation of the
domains. The porosity evolution, associated to such a grid-
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Figure 25. a. Adsorption—desorption isotherms plotted for TiO, mesoporous
thin films calcined at various temperatures (curves A and D represent
adsorption and desorption curves, respectively, preceded by the temperature
of treatment. b. Photodegradation of methylene blue over TiO; films calcined
at various temperatures and under UV light irradiation. Adapted with
permission from ref 150. Copyright 2006 The Royal Society of Chemistry.

like transformation, was followed by ellipsometry porosim-
etry at different temperatures of calcination. The correspond-
ing isotherms, given in Figure 25, show the opening of the
structure and the stabilization of the porous network between
500 and 600 °C. The highest decomposition of methylene
blue (MB) and lauric acid are obtained after this stabilization,
when mesoporous TiO; films were heat-treated at 600 °C.
These conditions correspond to the best compromise found
to obtain high crystallinity together with the optimal open
grid-like structure.

However, the literature covering the influence of the film
porosity on the photoactivity is very poor because it is
difficult to change for example the porosity of the films
without altering the crystallinity or the grain size of the TiO,
crystallites that are also known to have a drastic impact on
the film properties. Furthermore, a comparison of the
numerous results reported by many different authors is almost
impossible. This is due to the absence of a careful charac-
terization of the film porosities and the different conditions
and methods reported for the measurement of the photo-
catalytic efficiencies.?’>>3%% However, this question still
remains an important issue since it should allow the
optimization of the films mesostructure toward their applica-
tions, keeping in mind the limitation arising from the film
mechanical properties. Recently, Allain et al.**® developed
a versatile approach for the elaboration of TiO, based
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photocatalytic coatings, allowing a separate control of the
film porosity and the TiO, microstructure. This synthesis
involved TiO, colloidal particles and silica mesoporous
structure. The resulting materials consisted of ~50 nm
aggregates of anatase TiO, primary particles (7 nm) embed-
ded in a mesoporous silica network. The efficiency of the
photocatalytic reactions was measured by a quantum-yield
efficiency of 1.1%. The high photoactivity was attributed to
a close proximity between the organic molecules and the
surface of the TiO, crystallites as well as high water and
oxygen diffusion rates through the ordered, interconnected
porous network. Wark et al.>** have also demonstrated the
benefit of organized mesoporous thin films of titanium
dioxide for the degradation of methylene blue. They exhibit
higher photocatalytic efficiency than the classic TiO, films
synthesized from colloidal solutions. The photocatalytic
efficiency does also depend on the films thickness; thicker
films are substantially more active. Finally, they pointed out
that a hydrophobization of the films surface is highly
beneficial, in particular with reagents more hydrophobic than
methylene blue. Yu et al.>*> correlated their high photocata-
lytic activity for mesoporous TiO; thin films to the controlled
size of TiO, particles of ~15 nm, the high surface area, and
the surface roughness of these films.

To create more active and durable photoelectrodes or
photocatalysts, the TiO, mesoporous network has been
explored as “host” for metals.*’*>*¢ Indeed, the incorporation
of metallic nanoparticles into a semiconductor mesoporous
framework allows the electron migration from the semicon-
ductor surface to the metal to be improved, suppressing
electron—hole recombination. Anderson et al. have reported
that the incorporation of silver nanoparticles into the TiO,
mesoporous network increases the photocatalytic activity for
oxidation of stearic acid.>*® Furthermore, the metal clusters
are encapsulated and stabilized in the robust pore channels
of the mesoporous TiO; films. Such metal—TiO, composite
mesoporous thin films have been reported to be efficient in
the catalytic oxidation of CO to CO,. No deactivation, during
either heating or the prolonged operation period, was
observed. The metal particles are embedded in the mesonet-
work and interact with the anatase—TiO, network of nanoc-
rystals, forming numerous semiconductor-metal nanohetero-
junctions. Using this concept, Wang et al.*’’have prepared
metal—semiconductor nanocomposites with good catalytic
and photocatalytic activities. In these mesoporous composite
thin films, the Pt—TiO, nanoheterojunctions promote the
separation of charge carriers on UV-excited TiO,, thus
significantly improving the photocatalytic activity of porous
Pt/TiO, composites toward killing bacteria cells of M. Lylae.

Mixed oxide composite materials have also been reported
to be more efficient photocatalysts than pure substances,
because some new actives sites are generated. This is mostly
due to the interactions between TiO, and the dopant oxides
(WOs, ZrO). They also exhibit improved mechanical
strength, thermal stability, and higher surface area. The
preparation of TiO,-based composite mesoporous materials
has been extensively studied.'®!0%-371.398:537-539 pap anq
Lee'?” have reported that the incorporation of WO3 into TiO,
helps to improve the ordering of the mesopore structure,



722 Chem. Mater., Vol. 20, No. 3, 2008

because WOs retards the crystallization of TiO, to the anatase
phase. The photocatalytic activity of composite mesoporous
films for 2-propanol was higher than that of mesoporous and
nonporous TiO, films derived from a typical sol—gel method.
This enhancement can mostly be attributed to the increase
in surface acidity (PZC TiO, = 6; PZC WO; = 2), induced
by the presence of WOs3 oxide on the surface of the pores.
The benefit of WO3 nanoparticles inserted in TiO, rutile
mesoporous thin films has been also demonstrated for the
degration of toluene by UV or visible light.>** The high
quality of the WO3/Ti0O, interfaces reached in these nanoar-
chitectures allows a fast charge transfer between the two
semiconductors and an efficient charge separation and
recombination hindering, implying a high photocatalytic
efficiency.

Recent works underscore the opportunity to fabricate
nanocrystalline mesoporous N-doped titania films.**® Doping
TiO, with nitrogen is a very interesting approach for
increasing photocatalytic activities of titania-based mesopo-
rous thin films since the band gap of anatase is decreased.
The decomposition of lauric acid coated on mesoporous
N-doped titania films has been studied under visible light
irradiation to evaluate their photocatalytic activity. Moreover,
this decomposition was measured by the evolution of the
water contact angle on the surface of the N-doped titania,
since these oxides, highly hydrophobic, exhibit photoinduced
hydrophilic features as well as photodecomposition of lauric
acid under irradiation in the visible light. These studies
pointed out that the films nitrided at 500 °C exhibit the
highest photocatalytic activity. These films contain an optimal
surface concentration of nitrogen since the oxygen vacancies
are still not important enough to promote the recombination
of the photogenerated electrons and holes. These N-doped
TiO, POMTF:s are really efficient photocatalysts working in
both the UV and the visible ranges.?%¢

7.2.2. Photovoltaic. Some mesoporous materials and ar-
chitectures have been proven to present interesting behavior
for photovoltaic cells; however, these trends may not be
representative of real cell as they have been shown in ex
situ measurement, and confirmation in an actual photovoltaic
cell is thus necessary.

The dye-sensitized solar cells (DSSC) with nano-
crystalline TiO, layers have been studied by several
groups,>!>-378-385.452.470.540-546 11 i< now well established that
TiO, nanocrystalline layers exhibit improved light-to-
electricity conversion efficiency compared to TiO, microc-
rystalline layers. The solar conversion efficiency of nanoc-
rystalline mesopores is even higher than for nanocrystalline
thin films, as detailed below. Electrochemists and materials
scientists now have an opportunity to study how surface to
volume ratios and the morphology of solid and pore on the
nanoscale influence photovoltaic behavior. The efficiency of
these systems depends, in particular, on the nature of the
electrolyte. Literature data show that the solar cells with
corrosive liquid electrolyte exhibit cell efficiency around
8—10% while the ones with “solid” electrolyte (which
includes ionically conductive gels, inorganic p-type conduc-
tors, and molecular and macromolecular organic hole-
conductive polymers) have an efficiency of 1—4%. Although
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Figure 26. 1. Transmission Electron micrograph of a mesostructures anatase
film’s surface. 2. A schematic of the experimental setup used for testing
mesostructured films (from ref 540) 3. Power energy conversion efficiency
for different types of TiO,: colloidal anatase-based (), colloidal brookite-
based (M), and mesostructured anatase-based TiO; film (@) as a function
of porous TiO; layer thickness (reprinted with permission from ref 540;
Copyright 2006 Wiley—VCH Verlag GmbH & Co. KGaA). 4. Prototype
cells >*°

a photovoltaic cell based on organic hole transporting
materials exhibits very low efficiency (<1%), these systems
are very attractive because all the technological issues
(sealing, packaging, and maintenance) induced by the use
of corrosive electrolytes are limited. However, the major
problem associated with all solid-state dye sensitized hybrid
solar cells is the filling of the porous TiO; film by the hole-
transporting organic material.”*’

The literature covering the photovoltaic properties of
mesoporous TiO; thin films is not extensive but appears to
be consistent. Several experiments indicate that the solid—pore
architecture of the mesoporous films contributes to the facile
electron transfer to the collector electrode, to increase the
electron—hole pair density generated at the hybrid interface
and to promote hole-transporting organic material impregna-
tion. The mesoporous films thus represent a “host material”’
for polymer that differs from nanocrystalline films with the
same nominal compositions and structure. The first evidence
of this behavior was obtained from current—voltage char-
acteristic measurements of hybrid solid-state solar cells
(liquid electrolyte) using either TiO, mesoporous layer or
colloidal anatase TiO, films as the n-type electrode. These
experiments showed that mesoporous anatase TiO; thin films
exhibit a light-to-electricity conversion (up to 5.31%)
comparable to that of nanocrystalline colloidal anatase TiO,
films with the same thickness.*'>**>*3 Several authors have
also reported the importance of the crystallinity of TiO,
nanoparticles as well as their interconnection in the inorganic
network.”*** Lancelle-Beltran et al.?'> investigated the
photovoltaic performance as a function of the mesostructure
and crystallinity of the porous TiO; film in all solid state
photovoltaic cells. They reported that the best photovoltaic
properties are obtained for fully nanocrystalline TiO, films
with the highest specific surface area, corresponding to the
largest polymer—TiO, interface (Figure 26). In these studies,
an optimun is obtained for films thickness of 1.5 um.

However, the performance seems to be limited by the
thickness of the TiO, mesoporous films and by the quality of



Reviews

the hybrid interpenetrating semiconductor nanostructure.®

Recent experiments indicate that further improvement in solar
conversion efficiency is possible. An increase of solar conver-
sion efficiency by 50% is obtained for cells containing TiO,
mesoporous films with a thickness > 1 um.>*' Current—voltage
studies demonstrate a high solar conversion efficiency of thick
mesoporous TiO; films and highlighted the promises raised by
mesoporous TiO, films for dye sensitized cells.

7.2.3. Electrochemical/Electrochromic. Mesoporous nanoc-
rystalline thin films offer attributes for electrochemical
applications: a network of nanoscopic oxides, which serves
as an uninterrupted three-dimensional (3-D) pathway for ion
and electron conduction, and an interpenetrated through-
connected mesoporous network. In addition, this mesoporous
network does also serve as “host material” for electroactive
species. In this way, fast ionic or electronic carrier transport
in the internal surface area of the mesoporous network may
occur. Because mesoporous thin films exhibit a very high
internal surface area, they can produce efficient electro-
chemical reactions at the interfaces, which often represents
the critical phase of any electrochemical system.

Sallard et al.''***® explored the effect of mesoporous WO;
thin films in their various crystallinity forms on electro-
chemical lithiation (capacity and rate). The Li capacity trend
for these materials obtained by rapid voltammetric cycling
(5 mV+s~") was amorphous mesoporous thin films ~
noncrystalline thin films prepared by other techniques >
crystalline mesoporous films > polycrystalline dense films.
This study shows that the high rate Li capacity for crystalline
mesoporous films is higher than for the corresponding
polycrystalline materials. This confirms the accessibility of
molecular reactants to the nanoscale domains through the
organized continuous volume of mesopores. Similarly, Frin-
dell et al.>*” have shown that mesoporous Ce—TiO, thin films
exhibit a different electrochemical behavior compared to
sol—gel derived ceria—titania films. It turns out to be
correlated to the larger number of interfacial surface states
in the mesoscopically ordered thin films. Deepa et al.>’® have
studied the effect of cycling on the electrochemical activity
of these periodically organized mesoporous thin films and
have shown superior electrochemical activity. However, the
mechanism by which lithium is inserted in these mesoporous
thin films is still not reported by the authors.

Reiman et al.>* have studied the capacity of mesoporous
TiO, thin films to store charges for supercapacitor applica-
tion. They showed that periodically organized mesoporous
TiO; thin films are reduced under cathodic polarization,
due to the facile insertion of lithium in the porous nanos-
ructure, and that the self-discharge is slow. Doping meso-
porous TiO, thin films with cerium does also imply a
modification in their electrochemical behavior.

WO; POMTFs present also good electrochromic proper-
ties, due to the high crystallinity of the pore wall, the facile
accessibility of the pore, and the high specific surface area
which increases the number of electrolyte—WOj5 interfaces.
Films with small thickness have been tested and exhibited
high coloration efficiency compared to typical films. In
addition, these mesoporous thin films have a fast electro-
chromic response time (30 s, for coloration and bleaching).
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Figure 27. 1. Evolution of the cyclic voltammogram during cycling for a
300 °C mesoporous tungsten oxide thin film calcined at 300 °C. The arrows
show the evolution in the position and intensity of the peaks with cycling.
2. Variation in the transmittance at 650 nm as a function of time for the
mesoporous tungsten oxide films heated at 300 °C and a voltage step
between —0.8 V and +0.8V vs SCE. The voltage changes the polarity each
30 s. Panels 1 and 2 adapted with permission from ref 550. Copyright 2001
The Royal Society of Chemistry.

In addition, this network does also prevent nanoparticles from
either coalescence or agglomeration. Finally, cycling studies
between different states (between the transparent and the blue
colored states) have no effect on the film electrochromic
performance. Recently, some studies”*® have shown that the
mesoporous highly crystalline WO; films display long-term
cycling stability under various conditions including several
hundreds of cycles and various temperatures ranging from
20 to 70 °C. These results point out that the 3-D mesoporosity
must be combined with a fully crystalline inorganic matrix
to achieve the best performance. In this context, highly
crystalline WO; mesoporous films are very promising for
electrochromism applications. However, unchanged electro-
chemical/electrochromic characteristics over a million cycles
need to be demonstrated to confirm, for example, their
potential as a cathode in electrochromic windows. In related
experiments, cyclic voltammetry has been used to provide
some insight on the nature of the site(s) of proton association
in electrically conductive WO3; mesoporous thin films (Figure
27).550

The results suggest that the surface chemistry may
influence the behavior of proton insertion. WO3; mesoporous
thin films exhibit three potential sites for proton insertion,
the corresponding reversible active site, shallow trap site
(reversible), and deep trap site (irreversible). The existence
of these different sites is mainly correlated to the surface
chemistry of these mesoporous films.

With a more original approach, Jheong et al.**> have
studied the electrochromic property of the viologen-anchored
mesoporous TiO; films and showed that the electrochromic
devices fabricated from the meso-TiO; had high coloration
efficiency and fast switching response, compared to nanoc-
rystalline films having comparable particle size. They at-
tributed this good performance to the well-organized meso-
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pore structures and the high surface area, which offers an
efficient electrolyte transport through the porous network and
a fast electron transfer.

The unique electrical and electrochemical properties of
POMTFs have been showed on the Sn doped In,Os3 sys-
tem.'? The self-assembly strategy combined with a con-
trolled crystallization step of the inorganic network involves
acetylacetonate as precursors and block copolymer as the
directing agent. These POMTFs exhibit a well-defined 3D
network of mesopores, with ellipsoidal pores of 16 nm x 8
nm and a specific surface of 45 cm?+cm 2. The most
significant feature of the Sn doped In,O3; mesoporous thin
films is its temperature—resistivity dependence. The non-
calcined and amorphous mesoporous films exhibit no mea-
surable electrical conductivity while the crystallized films
have a resistance of 3 x 10° Q. Further improvement has
been achieved by treating the mesoporous films in reduced
atmospheres, nitrogen or hydrogen. This treatment increases
the concentration of free charge carriers by creating oxygen
vacancies. Despite their high porosity, these mesoporous
films exhibit high conductivity with only value of 1—2 orders
of magnitude lower than dense films.'*?

An enhancement of proton conduction has also been
observed in mesoporous zirconium phosphate films.'** These
films exhibit higher proton conductivity than the ones with
disordered porosity. In these mesostructures, this excellent
proton conductivity is correlated to the high concentration
of —OH entities grafted on the pores’ inner surface. As the
pores are well-connected to each other, efficient proton
diffusion pathways are thus created. However, one may
consider that in these mesostructured films, the proton
conductivity might be anisotropic and readily depends on
the orientation of pore channels. Accordingly, the synthesis
of orientated films might be a useful tool to design effective
proton conductive architectures.

Another feature of periodically organized mesoporous thin
films is their capacity to incorporate and anchor optoelectro-
active species because of their well-defined, accessible 3D
mesoporosity and their high specific surface area,'?>-28¢-571-352
The architectures of these mesoporous thin films have, thus,
been used for the development of organic—inorganic hybrid
thin films. The results reported by Fattakhova-Rohlfing et
al. provide important insight about the ability of transparent
ITO conducting films with 3D mesoporous architecture to
serve as “host materials” for active centers.'? For example,
anion-substituted dye molecules were ionically grafted onto
the surface of ITO films modified with alkylammonium
cations. The amount of dye incorporated into the mesoporous
ITO films significantly exceeded that of dense ITO films used
as reference. Fattakhova-Rohlfing et al.'* addressed also the
ability of the mesoporous Sn-doped In,O; films to act as a
support for electrochemically active ferrocene moities. The
ferrocene entities were covalently grafted to the large
accessible inner surface of the mesoporous films. The cyclic
voltammograms present two symmetrical peaks, indicative
of fast electron transport in the 3D mesoprous network. This
concept has been developed in dye-sensitized solar cells.

Making the conductive layer porous with a very thin dye-
sensitized semiconductor film on the pore wall would overcome
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problems with electron collection, which in general results from
slow transport through the semiconductor films. This would
operate by drastically decreasing the diffusion path length.
Furthermore, organic entities can be grafted at the surface of
these mesoporous TiO, thin films with the objective to develop
hybrid architectures for chemically modified electrodes. Mar-
tinez-Ferrero et al.>** have reported the synthesis of ferroce-
nylphosphonic acid functionalized mesostructured porous nanoc-
rystalline titanium oxide films. In these films, a pseudo diffusive
electron hopping between the redox species and the inorganic
TiO, network occurs, and it is due to the specific anisotropic
order of the mesoporous TiO, layer. An electronic diffusion
coefficient (Dypp ~ 10714 mz-sfl) has also been determined,
and it is comparable to the one measured on mesoporous films
of TiO, phytate, confirming the accessibility of the pores and
the interesting charge transfer properties in these mesostructured
films.”>* The transport of molecules in these mesoporous
architectures can, however, be tuned and depends on the
nature of the functional groups attached to the pore surface
(the length of organic chains, the functionality size, or
the polarity) and on the geometrical constraints including
the pore size, the pore orientation, and their interconnec-
tion.*** This capability is very interesting for the fabrica-
tion of robust membranes selective to probes. Finally,
these POMTFs have also been used as a support for metal
electrodeposition.?*?

7.2.4. Catalysis. Catalysis is another area where the
inherent characteristics of mesoporous thin films are generat-
ing enormous interest. Sol—gel chemistry and processing
allow specific compositions (Tables 2 and 3) to be developed
with a highly porous morphology so that the solid network
might be tailored to the specific reaction while the mesopo-
rous network serves as the equivalent of an efficient pathway
for molecular transport. The continuous mesoporous network
of these films facilitates the flux of reactant molecules that
access the catalytically active “internal surface” area. Another
interesting feature of mesoporous thin film catalysts is the
degree of crystallinity in the inorganic pore walls that can
be tailored by straightforward annealing conditions. Indeed,
heterogeneous catalysts are, in general, nonsmooth, high
surface area, nanoscale materials. However, one can wonder
if the catalytic activity derives from the disorder structure
rather than from crystalline structure. In the literature, only
few studies reported catalytic activities on inorganic meso-
porous thin films. It is very difficult to draw conclusions on
the catalysis mechanisms involved and on the impact of the
ordered mesostructure on the catalytic activity. Periodically
organized mesoporous thin films of Pt—SnO, have been
reported to exhibit high sensitivity and selectivity toward
CO at 200 °C.>>*%3 The structure and the response of the
sensor material have been found to be mostly governed by
the Pt content.

Furthermore, the flexibility of the sol—gel method coupled
with the EISA and the processing used allow the design of
“multifunctionnal’” catalysts. Sol—gel chemistry and process-
ing help to design catalysts where the solid network and the
guest in the mesoporous network are tailored to specific
reactions. Cortial et al.*® have recently synthesized metallic
nanoparticles embedded in mesoporous TiO, thin films
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exhibiting high selectivity and turnover frequency for allylic
nucleophilic substitution with low nanoparticles loading. In
these systems, the immobilized Pd nanoparticles are 3 orders
of magnitude more active than their homogeneous counter-
parts. The process is also much more selective as the
regioselectivity is in favor of the linear compound. The
authors related these features to “confinement effects” which
occur in these mesoporous compounds.”® This effect is well-
known to increase selectivities, activities, and surface acidity.
This approach is interesting to develop in the near future
mesoporous catalyst thin films where the pores serve as a
nanoreactor. For example, a judicious choice of the grafted
functions onto the pore walls and the nature of the inorganic
metals would allow for catalyzing reactions with several
intermediates with only “one catalyst”.>>’~°° Further, me-
soporous films can be used to cover the internal surface of
a beaker, and “catalytic beaker” can be fabricated.

Even though there are obvious advantages that meso-
porous thin films bring to catalysis as either primary
catalyst or catalyst support, up to now the transfer of these
materials into practical catalytic processes appears to be
limited, at least as reported in the open literature.

7.2.5. Optical Properties. Periodically organized meso-
porous thin films constitute a very interesting material for
optical application, because of their well-ordered cubic array
of mesopores and a wall structure composed of 1—5 nm
nanocrystallites embedded or not in an amorphous matrix.
This interesting two-phase wall structure makes them a
particularly attractive host matrix for optically active species
such as trivalent rare earth metal (RE) ions. While the
glasslike amorphous regions provide an ideal environment
for the RE ions, the semiconducting nature of nanocrystallites
can be used to sensitize the RE luminescence.’®'** Sensi-
tization is an important process for technological applications
of RE ions in photonic devices and color displays, since
direct excitation of the parity-forbidden intra-f-shell RE metal
ion crystal-field transition is inefficient. While the structural
properties of mesoporous materials have been extensively
studied, the optical properties have been investigated to a
lesser degree.

Zhang et al. have reported a mesoporous TiO, film
exhibiting correct good optical transparency with 85% or
more transmittance in the visible region. A blue shift in
UV—vis absorption onset was shown for the mesoporous
TiO, films, indicating a size quantization effect of nanoc-
rystalline titania.*** Recently, Castro et al.''® have shown
the interest of using nanocrystalline rare earth oxide (Eu,03)
mesoporous thin films for optical applications. The fluores-
ence spectra and the fluorescence decay curves exhibit a
forbidden Dy — "F, electric dipole transition band and an
intense band at 615 nm, due to the “hypersensitive” Dy —
’F, electric dipole transition. The optical features and the
nonexponential response of the decay profiles were attributed
to Eu®" ions located in highly asymmetric environments,
corresponding to the distorted coordination sphere of the
grain boundaries. Furthermore, meso-structured rare earth
(Eu**, Sm**, and Er'*)-doped Y,0s thin films have been
synthesized, and their luminescence properties have been
measured.’®? They exhibit the characteristic Dy — 'F,
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transition band. More interestingly, these authors showed a
lifetime (7) value of 2 ms for films heated at 880 °C. This
value is longer than the one reported for bulk cubic Y,0Os:
Eu crystals (0.86) or for lamellar Eu*" doped Y,O3 nano-
hybrids (0.36—0.66).

POMTFS with nanocrystalline walls act as the sensitizing
host matrix for luminescent rare-earth ions. In particular,
visible and near IR luminescence from Eu(IIl), Sm(III),
Nd(IIT), Yb(II), and Er(IIT) has been observed by exciting
the band gap of the mesoporous thin films, suggesting energy
transfers between nanocrystallites in titania matrix and rare
earth ions.”®* Furthermore, Frindell et al.”®* have reported a
new luminescent material that combines a three-dimensional
mesoscopically ordered array of nanocrystalline semiconduc-
tor particles with the nearly monochromatic emission of rare
earth ions. The excitation of a cubic mesoporous titania thin
film within its semiconductor band gap leads to bright narrow
bandwidth emission from the europium activator ions by
energy transfer from the semiconducting titania nanoparticles
array. This array acts as an effective antenna for the excitation
light. In addition, the unique two-phase composition of the
mesopore walls allows high loading of Eu®" ions (8 mol
%) without quenching their photoluminescence. However,
the lifetime observed of ~500 us is still low compared to
reported values for better optimized materials.

8. Outlook

This outlook describes some relevant research directions
that must be developed or investigated in depth to produce
new insights in the field of porous templated materials. A
large part of the future perspectives concerns, of course,
mesoporous films and membranes. However, some recent
examples also concern more general aspects of nanostruc-
turation and self-organization, performed with mesoporous
materials shaped as powders. These examples are, in our
opinion, important to have in mind, for a broader view of
the templated construction of nanomaterials. To shed more
light on these possible new advances, this outlook is split in
two subtopics: “Chemistry and Processing” and “Hierarchical
Complex Porous Architectures” even if obvious overlap does
exist between these topics.

Chemistry and Processing. Many mesoporous films and
membranes are deposited by spin-coating, dip-coating or
mold casting using in general acidic or neutral sol—gel
reaction media. Less attention has been given to the
construction mesoporous materials and POMTFs using spray-
coating, plasma driven sol—gel deposition, electrodeposition,
electrospray, and electrospinning.>®>°%® In the future, the
development of these processes is important in allowing
deposition of mesoporous films on large substrates, in the
design finely carved nanopatterns and in obtaining new
textures and new shapes.

Additionally, the elaboration of mesoporous thin films in
sol—gel derived basic media will allow better stability of
the inorganic walls during surfactant removal, thermal
treatment, and crystallization. Moreover, surfactant templated
growth in basic conditions will give access to some new
multicationic oxides, in particular, compositions with trivalent
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rare earth, transition metals, and divalent cations that are
difficult to produce in acidic or neutral conditions. The basic
route will also likely result in the production of mesoporous
films having walls composed with new nanocrystalline
phases or compounds that have not yet been accessible in
their crystalline form. However, such basic conditions require
precise tuning of the processing conditions and control over
the kinetics of sol—gel polymerization to be amenable to
thin film deposition by EISA. Future developments of
POMTFs will probably also occur in the field of magnetic
based devices and memories. Indeed, innovative POMTFs
with nanocrystalline walls having new multicationic oxide
compositions exhibiting giant magnetoresistance or com-
posites layers built from interpenetrated magnetic and
dielectric components will impact the field of spintronic and
mutiferroic materials.

Major recent advances in the field concern the synthesis
of functional porous mono- and multilayer devices having
different chemical compositions. Recently, the creation of
porous nanoperforated membranes allowing full access to
their substrate (dielectric, insulator, conductors, semiconduc-
tors, or metallic) through the non-interconnected nanoper-
forations have been reported.'%+360:362:363 The difference in
the chemical affinities between the accessible substrate area
(bottom of the perforations) and the inorganic continuous
network (surrounding the perforations) give the possibility
for selective local functionalization of both phases. These
heterogeneous nanostructured surfaces can be seen as tailor-
made nanopatterned hybrids and composites on top of which
local chemical growth of functional objects is possible.
Moreover, this allows, in a second step, to address and
selectively locate organic or bio-functionalities, nanoparticles,
or nanocrystals. This area is still in its infancy, but there is
no doubt that major developments, involving such novel
surfaces as nanostructured substrates, will appear in the near
future. Multilayer devices built from alternating silica and
titania POMTFs have been developed recently by Soler-Illia
et al.'”>** These devices, made of mesoporous layers of
different thickness, refractive index, and pore size, are very
promising because they exhibit photonic band gap related
properties that can be tuned by the selective adsorption of
different molecules. Indeed, depending on their chemical
affinity for the pore wall and the nature of the porous layer,
its pore size, molecules, or oligomers can selectively adsorb
on the different layers and modify their optical properties,
thus opening new avenues for the design of smart sensors
and optical devices.

Another future direction of research concerns the morpho-
logical control of self-assembled POMTFs. The directed as-
sembly of hybrid inorganic—organic mesophases is a very
powerful pathway for the organization of mesoporous layers.
For many applications, tunable orientation of the porous network
is needed. Consequently, many attempts to orient the porous
framework orthogonal or quasi orthogonal to the substrate
surface have been performed as already discussed in section 5.
Among them, the most reported strategy concerns the use of
anodic alumina as an exotemplate.**>3*43¢7-368 In addition,
other orientation strategies already discussed in part 5,
including the stimulated self-assembly of amphiphilic
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BCP—silica hybrid 2D hexagonal mesophase by using two
functionalized glass slide surfaces,®>* the combination of
hybrid mesophase assembly with electric, magnetic, and
mechanical external fields, or convecting flow, have produced
promising signs but no convincing results.****%->%° Quasi
orthogonal pore orientation was obtained through a controlled
diffuse sintering of matter via a tuned thermal treatment to
give grid-like mesoporous titania films,''* while direct access
to the substrate is achieved through nanoperforated mem-
branes.*®*3%2-363 The best achievement of perpendicular
pores, which is certainly one of the best route to follows in
the future, is the postalignemment of PS-PEO micelles by
adjusting both film interface’s interfacial tensions. Indeed,
Freer et al.**° present nice TEM pictures of 200 nm thick
SiO, films exhibiting channel nanopores running perpen-
dicularly from one interface to the other. Some of these
strategies should be also transferred to POMTFs.

Today, the world of organic polymers, sol—gel chemistry,
and soft matter have been successfully married, with these
scientific communities collaborating more and more in the field
of materials science. The use of POMMs can yield better
structural definition for resulting composite materials allowing
a better understanding of the basic science occurring during
such a complex elaboration process. Indeed, the organized
confined structure provided by POMMs is currently used to
study the growth of polymers by ATRP using grafting from or
grafting to strategies.’’®>’® The impetus behind such research
is the design of new mesoporous hosts having polymeric
nanovalves that can be thermally or chemically (pH, solvent)
controlled for use as smart carriers for controlled delivery
systems. Much interesting work has been developed with
POMM:s in the area of biomaterials.**>>""~"® Biocarriers for
the controlled release of drugs, new materials for implants,
multifunctional carriers associating hyperthermia treatments,
controlled release of active components, and targeting and
imaging, via NMR, of tumors, represent just some of the
relevant aspects of POMM based research for biomedical
applications.®>7>7®¢ POMTFs in principle can also be
interesting as medical or cosmetic patches. However, for
many of these applications a more complete knowledge of
the biocompatibility and the chemical and structural evolution
of the mesoporous inorganic or hybrid materials is strongly
needed. In tune with this perspective is the use of POMTFs
as excellent model systems to study the stability of meso-
porous oxide and mixed-metal oxide materials in biological
media. Recently, the dynamic behavior (stability toward
dissolution of the film in the medium), including the pore
size distribution, mechanical properties, and composition of
nanoscale mesoporous oxide and mixed-metal oxide films
exposed to biologically relevant environments has been
studied using environmental ellipsometry porosimetry and
XPS.?*® The dynamic properties of the films can be tuned
by varying the composition, porosity, and calcination
temperature.

Another important area of research concerns the synthesis
and processing of POMTFs using renewable and/or abundant
raw materials sources via environmentally friendly, green
chemistry processes. The raw materials can come from the
abundant inorganic materials (silica, calcium carbonate,
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phosphates, etc.) which are found in nature as components
in many vegetal or living organisms (diatoms, shells, sand,
rice husks, etc.).”**°8! Biosurfactants or amphiphilic biopoly-
mer templates can be extracted from natural products or can
be synthesized from the transformation of biomass via
catalyzed cascading reactions. The construction of mesopo-
rous materials under environmentally friendly conditions
starting from the initial precursors and templates and using
organic solvant-free media is an important future challenge.
Today nanostructuration of coatings using the self-organiza-
tion properties of monodisperse functional nanosized par-
ticles, NBBs, is a field which has not yet been extensively
studied.”®* The collective optical and magnetic properties
of the resulting nanostructured assemblies are particularly
interesting because they can be tuned by varying the
nanocrystal spacing and arrangement.”®® In situ study of
nanostructured 2D monolayer assembly can be a useful
model to better understand the mechanisms occurring during
the “oriented attachment” of NBBs.”®*%° In recent studies,
it appears that the oriented attachment of NBBs, combined
or not with partial dissolution—precipitation steps, is respon-
sible for the production of textured anisotropic crystalline
particles and mesocrystals.’®>%¢ The design and synthesis
of new dis-symmetric or Janus type NBBs is also a very
important research topic>®’ because these bifunctional nano-
bricks can inpart novel characteristics relevant to the design
and construction of new nanomaterials. Indeed, if these Janus
type NBBs are carrying strongly different hydrophilic and
hydrophobic components they will likely behave as “new
surfactants” that can self-assemble to generate innovative 2D
or 3D nanostructured hybrid assemblies. In particular, these
chemically polarized NBBs will probably modify the effects
of internal forces (Van der Wals, H-bonding, and capillary
forces), the substrate (wetting/nonwetting) and external forces
(magnetic or optical fields, temperature gradients, pressure,
and mechanical strength) during the self-assembly process.

Indeed, construction routes to POMMSs and POMTFs using
NBBs had not been sufficiently developed. The combination
of self-organized systems with template directed sol—gel
chemistry will provide better mechanical stability for the
nanostructured layers. The sol—gel component can not only
add new functionalities but also connect or cement the
nanostructured assembly providing robustness, thus opening
a door for new material and devices development. Some
interesting results have been obtained recently by Brinker’s
group®'® who have produced ordered nanogold—silica
superlattices via sol—gel assembly using bilayers of capped
nanoparticles and polymerizing silica as a cement.

Following this concept, further developments might in-
volve new functional layers utilizing nanoparticles or nanoc-
rystals composed of metals, metallic oxides, chacogenides,
or mesoporous submicronic spheres prepared via aerosol or
precipitation processes. In the latter case, the mesoporous
NBB spheres could act as functional reservoirs for controlled
release applications or as high surface area supports to trap
probes for sensing applications. The use of preformed dense
or mesoporous NBBs in the presence of templated inorganic
or polymeric binders can also improve processing techniques
such as ink jet printing or micropen lithography. Controlling
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the chemistry during the previous step (synthesis of the NBB)
should provide routes for the construction of arrays of
mesoporous microdots or micropillars having different shapes
and tunable height and volume and with different addressable
functionalities that are less sensitive to processing parameters.

Pore size is obviously an important parameter that impacts
not only the physicochemical properties of porous material
but also the properties of chemical species inside their pores.
These modifications of the behavior of a phase within pores
are usually called confinement effects and were intensively
studied for zeolitic materials. Interfacial interactions, sym-
metry breaking, and curvature as well as structural frustration
and confinement induced entropy losses are known to play
important roles in determining molecular organization within
physically confined environments.>>® These so-called con-
finement effects in porous materials are also known to
strongly affect diffusion, phase transformations, catalytic
properties, and so forth. However, to date, understanding how
the chemical nature of the pore wall and its degree of
crystallinity and how the pore size, shape, and connectivity
affect the physicochemical properties of the porous materials
remains an important challenge, in particular for mesoporous
solids and microporous hybrid MOFs.”®¥>°! Confinement
studies on periodically organized mesoporous materials must
be developed because they are potentially ideal candidates
to provide clarity to arguments and understanding on
confinement.>>® Mesoporous materials and films can be used
as exotemplates to produce nanotubes (metallic nanowires,
CNT, etc.) via the nucleation and growth of confined
metal—organic precursors or inorganic metallic salts.*%%-5
They can also be utilized as hosts for conducting organic
polymers, nanoparticules, clusters, organic dyes, and orga-
nometallic precursors to not only design new nano- or
molecular composites but also to study and model the
catalytic, optical, and magnetic properties of confined species.

Chiral surfactants or chiral organogelator templates can
induce the formation of “chiral” porous networks with
particularly original architectures. Following these ap-
proaches, early results have demonstrated that helicoidal
porous nanotubes can be synthesized.’*>°® Recently, it has
been demonstrated that helicoidal mesostructures can be
developed in the presence of achiral surfactants. It has been
suggested that a simple and purely interfacial mechanism
can explain the spontaneous formation of helical mesostruc-
ture.””” However, to the best of our knowledge, a direct proof
demonstrating a real chiral effect coming from confined
species in such helicoidal porous materials based on a
physical or chemical response (an enantiomeric excess of a
catalytic reaction, a nonlinear optical response, or polarization
of a propagating light within the nanotube) has not yet been
reported. Such “chiral materials” coupled with confined
catalytic centers designed via molecular imprinting ap-
proaches might yield important breakthroughs in the field
of catalysis.

Novel synthesis routes of POMMs without the use of
surfactant molecules or polymers as template are emerg-
ing.?”7"%® Some of these self-templating based strategies
involve very slow hydrolysis of metallic alkoxides that likely

provide anisotropic growth of linear metal-oxo polymers™ %%
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that self-template the reaction media. Indeed, it is well
documented that when nonaggregating anisotropic objects
(tubes, ribbons, platelets, etc.) reach a certain form factor
and volume fraction they fulfill the conditions for lyotropic
liquid crystals formation.®"’

Is periodic organization of the mesoporous network always
needed to achieve optimized function? Ordered porosity
allows a kind of facile quality control over the final porous
materials and can improve the diffusion process, as shown
for some catalytic reactions on hybrid catalysts.>>7-3%8:602
However, for applications in micro-optics and microelectron-
ics where diffusion of reactants are not key factors, porous
organization is not required to obtain smart properties. This
has been recently demonstrated in the synthesis of ultralow-
refractive-index, ultralow-dielectric-constant optical thin films
built from magnesium oxyfluoride vesicle-like hollow nano-
particles. These mesoporous coatings, which are not periodi-
cally organized, were prepared via a robust and simple
procedure using a controlled thermal treatment to trigger the
decomposition of fluoro organic acids into gaseous species
and the concomitant nucleation and growth of MgF, based
nanoparticles. The simultaneous nature of these two processes
results in the formation of gaseous nanobubbles that act as
porogens during the growing MgF, nanoparticle vesicle-like
networks. The result is a rigid and highly porous inorganic
network composed of coalesced hollow particles and vesicles.
These films are highly porous, hydrolytically stable, and
mechanically resistant, while exhibiting high optical quality,
ultralow refractive index (700 nm = 1.09), and ultralow
dielectric constant (k100 kHz = 1.6).°°

Hierarchical and Complex Porous Architectures. Na-
ture has been producing inorganic materials and hybrid
composites of remarkable efficiency for millions of years
by making use of highly selective structures. Natural
materials are highly integrated systems that balance a
multitude of properties and functions such as resistance,
mechanics, density, permeability, color, hydrophobicity,
durability, and recycling.**%%® Biomaterials are highly
elaborated systems assimilating high level miniaturization,
integrated inorganic and organic components, and hierarchi-
cal control. Indeed, hierarchical constructions on a scale
ranging from nanometers, to micrometers, to millimeters are
characteristic of biological structures and serve to address
the physical and chemical demands occurring at these
different length scales.

The construction of porous materials exhibiting complex
hierarchical structures is a particularly interesting challenge
for materials chemists. Materials expressing multimodal or
multiscale porosity are of major interest, particularly in
catalysis, membranes, and separation based processes where
optimization of the diffusion and confinement regimes is
required. While micro- and mesopores provide the size and
shape selectivity for the guest molecules, governing the
host—guest interactions, the presence of macroporous chan-
nels can facilitate access to these active site regions, avoiding
pore blocking by reagents or products, improving transport,
and reducing residence times which can lead to coking or
other deleterious secondary reactions.
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As such, the design of porous materials having multimodal
porosity will allow the development of innovative advanced
materials with promising applications in many fields: chro-
matography, membranes and smart coatings, catalysis, pho-
tovoltaic and fuel cells, sensors and biosensors, and so forth.

The physicochemical processes described in the present
review, mainly based on the coupling of precursors with
surfactant templating (or with swelled micelles), allow
control over the design and assembly of POMMs in the 1
nm to 500 nm range. Mastering these strategies necessitates
(1) control over the complexation, H-bonding, or electrostatic
bonding that couple the organic and the mineral components
and (2) the tuning of the mineral network formation that
governs the curvature and the interface matching. These two
physicochemical processes determine the dynamic hybrid
interface, the key feature in the marriage between self-
assembly and sol—gel processes that lead organized structure
on these length scales. Keeping this in mind, porous
hierarchical structures can be obtained following several
approaches. Recently, micromolding methods have been
developed in which macrotemplates (with size ranging from
1000 A to several micrometers) are coupled directly with
the sol—gel—micellar reaction media. The most commonly
used submicronic or micronic templates are latex beads or
silica nanoparticles, large polymers, microemulsion droplets,
organogelators, and bacterial threads.'®'*"7~% Moreover,
combined with top-down-designed substrates (such as mi-
cropatterned PDMS), “sol—gel chemistry and mesoscale
template directed self-assembly” (micromolding and POMM
based processing) open an easy route for the construction
of periodically organized porous devices having multiscale
organization.®’

Finally, in the past few years new strategies to construct
multimodal porous materials by associating controlled phase
separation phenomena and (if needed) mesoscale templated
cooperative self-assembly have appeared. These develop-
ments are of paramount importance because they will permit
selective functionalization at different length scales. These
strategies include utilizing nonporogenic hydrophobic poly-
meric matrixes as growth media, self-formation of hierarchy
based on the synergy between the polymerization kinetics
of metal alkoxides and the hydrodynamic flow of produced
solvent, controlled foaming processes, and the use of breath
figures combined with sol—gel precursors or NBBs.'?

The growth of surfactant templated sol—gel materials in
nonporogenic polymers or in molten polymers also allows
the design of novel functional hierarchical inorganic and
hybrid architectures. Recently, an approach to forming
transparent hierarchical hybrid functionalized membranes
using in situ generation of mesostructured hybrid phases
inside a nonporogenic hydrophobic polymeric host matrix
such as PVDF or PVBu was reported. Controlling the
affinities between organic and inorganic components allowed
the designed length-scale partitioning of organized hybrid
nanomaterials with tuned functionalities from the angstrom
to centimeter (figure) size scales. After functionalization of
the mesoporous hybrid silica component, the resulting
membranes exhibited good ionic conductivity, offering
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interesting opportunities for the design of solid electrolytes,
fuel cells, and other ion-transport microdevices.®!!

Self-formation of hierarchy with multiscale porosity via
hydrolysis of transition metal alkoxides was recently reported
by Su et al.**?"*'* The proposed mechanism is based on the
synergy between the polymerization kinetics of highly
reactive transition metal alkoxides and the hydrodynamic
flow of the solvent produced by the leaving groups upon
hydrolysis and condensation. First, a transition metal alkoxide
drop introduced in aqueous medium yields instantaneously
the production of a zirconium—oxo polymer based shell. The
progressing inorganic polymerization generates zirconium
oxide based nanoparticles and pressurized domains inside
the droplet due to the evolved alcohol and water molecules.
The expulsion of the solvent creates funnel-like macropores
orthogonally oriented with respect to the smooth particle
surface, while the micro- or meso-porosity results from self-
aggregation of the zirconium oxide based nanoparticles.

New strategies following integrative chemistry routes
which combine soft matter and soft chemistry have been
developped for the synthesis of hierarchically porous materi-
als.’’> The processing used involves sol—gel chemistry
coupled with air—liquid foams or with direct or reverse
biliquid process foams. The use of gas—porogen or micro-
emulsions based methods in combination with surfactants
and inorganic or hybrid precursors results in processes that
can be easily scaled up. The precursors for the construction
of the mineral scaffold can be molecular, such as metal
alkoxides, metallic salts, and organosilanes, or nanoparticule
based by using NBBs of titania, zirconia, or silica.®'>!?
Moreover these advanced materials with multiscale porosity
can be organically functionalized and/or loaded with metallic
particles, allowing new developments in the field of adsorp-
tion, sensing, and catalysis.%*

The strategy for the construction of honeycomb-like
macroporous films induced by breath figures (Marangoni—
Besnard effects) in the presence of NBBs is general, simple,
and versatile because it allows the directional assembly of a
large variety of structurally well defined nanoparticles with
very different chemical compositions into complex porous
architectures. This strategy was first demonstrated for the
elaboration of CeO, based honeycomb-like micro-/
macroporous membranes prepared by assembling phenyl-
functionalized CeO, nanoparticles using biopolymers (the
poly(g-benzyl-L-glutamate)) as a template.®*"%*? SiO,, TiO,,
Ce0O,, Co, CdS, and zeolithes nanoparticles have all recently
been used as NBBs to produce such porous films or
membranes with hierarchically porous structures (Figure 28).
This strategy can likely be extended to carbides, nitrides,
inorganic—organic (or bio-) hybrid nanoparticles. It is also
a very promising approach to produce polymodal porous
films and membranes, because the resulting materials could
inherit the interesting functional properties of the nanoparticle
prc:tcursors.ézz*624 Moreover, the adjustable size of the
nanobuilding units permits facile tuning of mesoporosity
from a mean size of 2—50 nm. This simple method will also
be of great interest for industrial applications in terms of
commercial powder products.
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Figure 28. Films made of micro—macro-textured CeO, based nanomaterials
obtained via the combination of NBBs and breath figures. Reprinted with
permission from refs 621 and 622. Copyright 2002 and 2004 The Royal
Society of Chemistry.

The final aim of all these approaches will be to tailor-
make complex hierarchical structures possessing multiple
functionalities in registry, enabling responses to external
stimuli and even developing a certain degree of autonomy
and intelligence. The integrative synthesis of new functional
porous materials possessing hierarchical structures opens up
lands of opportunity in numerous areas. However, today, one
major challenge that remains is the ability to selectively
localize different functionalities across the different length
scales. The recently coined “Integrative Chemistry”®'> is
indeed a multidisciplinary domain where soft matter, soft
chemistry, and smart processing meet.®**%

9. Conclusion

Periodically organized mesoporous films and membranes
constitute a challenging domain in materials chemistry that
is experiencing explosive growth. Indeed, the chemical
strategies made accessible by combining the sol—gel based
growth of inorganic or hybrid networks with self-assembled
surfactant mesophases allow the development of innovative
mesoporous materials having complex and diverse architec-
tures. In the next couple of years, a more important
development of nanoporous films having new compositions
(multicationic oxides, ceramic—ceramic composites, non-
oxides, carbon, metals, MOF, etc.), tunable orientation, and
accessibility can be expected.

The potential utility of these nanostructured porous materi-
als is currently recognized in advanced domains including
optical devices, photocatalysis, catalysts, photovoltaic cells,
adsorption, and sensors. The further optimization of the
properties of these mesoporous materials requires a sound
knowledge of their structure—property relationships, as well
as a deeper understanding of the governing formation
mechanisms. A better understanding of the nanoscale struc-
ture, composition, and morphology is critical in establishing
such structure—property relationships in POMTFs. Among
the relevant characterization techniques, the high potential
of 2D GISAXS for the mesostructure determination of
POMTTFs has clearly been demonstrated. Additionally, X-ray
reflectometry and EEP are very useful tools for determining
pores size, pore accessibility, surface area, and mechanical
properties of POMTFs. The chemical nature and the mor-
phology of the porous network can be accessed by XRD for
crystalline phases, vibrational spectroscopies (IR—Raman),
and HRTEM. This latter technique will likely become even
more useful through the recent development of 3D HRTEM
tomography. The successes realized in the last years in the
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field of POMTFs and membranes are also clearly related to
the ability of materials chemists to control hybrid interfaces
and to tune the kinetics of sol—gel polymer growth with the
thermodynamics of the micellar organization.

For membranes, where the quantity of porous matter is
sufficient, high-speed solid-state MAS NMR appears to be
a very powerful tool to analyze the composition and the
structure of hybrid interfaces.>*>** However, in our opinion
techniques that can give accurate information (either ex situ
and in situ) on the chemical speciation of periodically
organized mesoporous films are still lacking, though optically
polarized '*’xenon NMR might fulfill part of this challenge.
The development of techniques accessible for routine use at
the laboratory level to study the thermal evolution of the
POMTFs during surfactant removal, network consolidation,
and crystallization of the walls will also be very important
for the future developments of PMOTFs. Recent experiments
using thermo-ellipsoporosimetry demonstrate that this tech-
nique might be very useful for this purpose.®*

Today, one major challenge in the area of porous materials
with hierarchical structures remains the ability to selectively
localize different functionalities across the different length
scales. Future emphasis in POMMs and POMTFs research
will be dedicated to the construction by design of new,
responsive porous materials with multimodal porosity. These
advanced materials will exploit the synergies between
ceramics and hybrids, between bottom-up and top-down
approaches to tailor-make new films, membranes, and
devices exhibiting coupled properties (smart membranes that
combine sensing—separation—catalysis functions, new hybrid
actuators, smart electrochemical or photoelectrochemical
cells, etc.) and that can adapt their response to an external
stimulus (pH, solvant, light, external fields, temperature).

Glossary
AFM atomic force microscopy
ATRP atom radical polymerization
BdB Broekhoft and De Boer model
CSD chemical solution deposition

CTAB cethyltrimethylammonium bromide
CTAC cethyltrimethylammonium chloride

DA diacethylene
DFT density functional theory
DM dodecylmethacrylate

DSSC dye-sensitized solar cells
EDX energy dispersive X-ray

EEP environmental ellipsometric porosimetry (atmospheric)
EISA evaporation induced self-assembly

EP ellipsoporosimetry

EXSY exchange '*°xenon spectroscopy

FAM SE 5,6-carboxyfluorescein succinimidyl ester
FDM ferrocene dimethanol

FDMDG ferrocene dimethanol diethylene glycol
FTIR Fourier transform infrared

GI-SAXS grazing incidence X-ray scattering
HMDS hexadimethylsilazane

ITO indium tin oxide

LCT liquid crystal templating

MOFs metaloxide frameworks

MTES methyltriethoxysilane
NBBs nanobuilding blocks

NEA nanoelectrode array
NI nano-indentation
NIPAM  N-isopropylacrylamide

NMR nuclear magnetic resonance
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NPC neutral point charge
OHPXe optically hyperporarized '**Xe NMR

NMR
PALS positron annihilation lifetime spectroscopy
PB polybutadiene
PDA polydiacethylene
PDM polydodecylmethacrylate
PEO polyethyleneoxide
PLD pulsed laser deposition

PNIPAM poly(N-isopropylacrylamide)
POMMs  periodically organized mesoporous materials
POMTFs periodically organized mesoporous thin films

PPO polypropyleneoxide
PS polystyrene
PSD pore size distribution

PVBu polyvinyl butyral
PVDF poly(vinylidene fluoride)

pPzZC point of zero charge

QCM quartz crystal microbalance
RBS Rutherford back scattering
RE rare earth (lanthanide)

RS Raman spectroscopy

SAM self-assembled monolayer
SANS small angle neutron scattering
SAW surface acoustic waves

SAXS small angle X-ray scattering

SDBM triethoxysilyldibenzoymethane
SEM scanning electron microscopy
SSQ silsesquioxane

TEM transmission electron microspcopy
TIPB 1,3,5-triisopropylbenzene
TEOS tetraethylorthosilicate

™ transition metal

TMB trimethyl benzene

T™™O transition metal oxide

TMOs transition metal oxides
TMOS tetramethylorthosilicate

TSS tunable steady state

VTES vinyltriethoxysilane

WAXS  wide angle X-ray scattering

XANES  X-ray absorption near edge structure
XPS X-ray dispersive electron spectroscopy
XRD X-ray diffraction

XRR X-ray reflectometry
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