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This review discussed the design and different synthetic routes that lead to hybrid thin films that
have a periodically organised porosity. The mechanism of formation, the role of the organic
functionality and the resulting mesophase, the comparison between one-pot and post-synthesis
approaches and the applications domain of this mesostructured hybrid film are described and

discussed in this article.

1 Introduction

The concept of “hybrid organic-inorganic” nanocomposites
exploded in the eighties with the expansion of soft inorganic
chemistry processes.' * Indeed, the very high adaptability of
the sol-gel process (salts or metallo-organic precursors,
aqueous or organic solvents, low processing temperatures,
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processing versatility of the colloidal state) allow the mixing of
inorganic and organic components at the nanometric scale, in
virtually any ratio, leading to the so-called hybrid organic—
inorganic nanocomposites.>'*

Since the development of organic templated growth of
inorganic materials in the nineties, the elaboration of new
types of porous hybrid materials whose structure and function
are organised hierarchically is emerging.'>'® Ordered periodic
micro-, meso- and macroporous materials allow the construc-
tion of composites with many guest types, e.g. organic
molecules, inorganic ions, semiconductor clusters or polymers.
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Fig. 1 Pre-functionalisation (A) and post-functionalisation (B) routes towards hybrid materials organised in the mesoscopic scale. The meso-
organised precursors are synthesised by reacting an inorganic precursor in the presence of a supramolecular template (surfactant). By route A,
organic functions can also be embedded within the walls. Adapted from reference 15.

These guest/host materials combine high stability of the
inorganic host, new structure forming mechanisms due to the
confinement of guests in well defined pores, and a modular
composition.

Chemical functionalisation of the inorganic framework of
porous materials, for example through the covalent coupling
of organic or organo-metallic moieties, is a promising
approach to tailor pore surface properties such as hydro-
phobicity, polarity, and catalytic, optical and -electronic
activity."””'? Indeed, the tuning of the pore surface chemistry
is of direct interest in applications such as catalysis, chromato-
graphy, controlled delivery or membranes. Organo-function-
alisation of ordered mesoporous silica-based solids can be
achieved either by post-synthetic methods®*>* or via direct
routes (one-pot synthesis)>>>* (Fig. 1). The latter involves

co-condensation of tetraalkoxysilanes and organotrialkoxy-
silanes in the presence of surfactants. The one-pot synthesis
method allows a higher organic content and a more homo-
geneous organic distribution in the material.* Numerous
studies have highlighted the role and importance of the nature
of the bonds constituting the hybrid inorganic-organic inter-
face. Hybrid materials with covalently bonded organic
moieties (Class II hybrids®) can be readily designed by sol—
gel chemistry and thus a wide range of materials with tailor-
made structure and properties can be reproducibly prepared.

This article reviews the research performed in the field of
hybrid organic-inorganic films, which present periodically
organised mesoporosity. Emphasis will be given to the two
different grafting methods, in particular the more commonly
employed “one-pot” synthesis, in terms of localisation and
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Fig. 2 2D SAXS patterns corresponding to the various types of mesostructures obtained (right). Lattice models of similar symmetry group and
typical TEM images representing various cutting directions (left). (a) Worm-like, (b) 2D hexagonal (p6m space group), (c) 3D hexagonal (P63/mmc

space group), (d) cubic (Pm3n space group). Adapted from reference 67.

effects of organosilane species on the mesostructuration. The
first part of the review deals with the general background of
mesoporous thin films. In the second part, the two different
functionalisation routes are discussed and finally, applications
concerning optical sensors, low £k dielectrics, photonics,
microvalves and microfluidics are highlighted.

2 Background of mesoporous thin films
2.1 General background

Among the various shapes and morphologies of such meso-
porous materials (powders, monoliths, fibers, films, ezc.),
thin films have shown a morphology suitable for applica-
tions in optical, electronic, and sensing devices, as well as
separation,®® mainly due to the versatility of coating on
various substrates and commercial supports such as optical
fibres.

Mesoporous thin films can be prepared by several methods:

« Self-standing silica films produced at air-water’’*! and oil
interfaces,* resulting from the transport of material from the
solution towards the interface. Films at the air—water interface
are grown from a homogeneous solution of the reactants after
hydrolysis in the water phase, while for growth of films at the
oil-water interface, the water-insoluble silica source is posi-
tioned in the oil phase.

 The first generation of supported mesoporous silica films
was reported in 1996.*** Typically, substrates were intro-
duced into silica/surfactant/solvent systems used to prepare
bulk hexagonal mesophases (initial surfactant concentrations
¢o > critical micelle concentration, cmc). Under these condi-
tions, hexagonal silica—surfactant mesophases are nucleated on
the substrate with pores oriented parallel to the substrate
surface. Growth and coalescence over a period of hours to
weeks resulted in continuous but macroscopically inhomoge-
neous films characterized by granular textures on micrometer-
length scales.

In 1999, Brinker er al*® reported a new approach, which
resulted in highly ordered mesostructured thin films, called
“Evaporation Induced Self Assembly’” (EISA). This synthesis
route presents several advantages such as the versatility of
processability, a short mesophase formation (a few minutes)
and the fact that it gives access to a large variety of mesophases
(Fig. 2). Starting with homogeneous hydro-alcoholic solutions
of soluble silica sources (monomeric and oligomeric silicic
acid species), surfactant (initial surfactant concentrations
¢o << cmc) and, optionally, other organic and inorganic
species, the preferential evaporation of alcohol that accom-
panies spin-coating,* 7 dip-coating,”® 3> ink-jet printing,*
aerosol deposition,”® or selective dewetting®® drives silica/
surfactant self assembly> into uniform or spatially-patterned™
thin-film mesophases. Through subsequent heating or expo-
sure to catalysts or light,’*® these films can be processed into
porous*! or nanocomposite mesostructures®>>” of potential
utility for a diverse range of applications such as sensors,>*
membranes,’! catalysts, Waveguides,62 lasers,®? nano-fluidic
systems,>® molecular valves®®* and low dielectric constant
(so-called low k) insulators.®>® This EISA process*®®’ is
useful because it enables rapid, efficient integration of well-
defined nanostructures into microelectronic devices and
microsystems, using readily available processing methods. As
most hybrid mesostructured and functionalised thin films have
been synthesised by EISA*® it is necessary to give a short
overview of this pathway (for a complete understanding see,
for example, the feature article by Grosso et al.®’).

2.2 Self assembly processes: EISA

In the published literature, two main processes have
been proposed to explain the hybrid nano-organisation of
inorganic structures with surfactants. The first is the liquid
crystal templating (LCT) mechanism,”>®® in which the
inorganic phase condenses around a stabilised surfactant
mesophase. The second is the cooperative self-assembly
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(CSA) mechanism®**7% in which surfactant molecules and
inorganic species combine in a first step to form hybrid
intermediate entities that behave as independent surfactant
species—building blocks of hybrid structures. However, it is
most likely that a combined effect of both mechanisms
governs the synthesis of such hybrid materials, depending
on the chemical and processing critical parameters for a
given system.

These parameters can be divided into two families: first, the
chemical factors that govern the relative quantity of surfactant
and inorganic precursor and the kinetics of hydrolysis—
condensation reactions; and second, the processing conditions
that govern the diffusion of volatile EtOH, H,O and HCI
molecules into or out of the film, fixing the dry film
composition and its final thickness. The preparation of
reproducible mesoporous organised thin films with optical
homogeneity and transparency requires the understanding and
control of three main levels, namely, the chemistry associated
with the initial solution, the processes linked to the layer
deposition technique, and the thermal, washing or UV post-
treatments. The main studies involve films prepared with the
silica precursor tetraethylorthosilicate (TEOS), cetyltrimethyl-
ammonium bromide (CTAB) as surfactant, HCI as condensa-
tion catalyst, and water and alcohol as solvent.

2.2.1 Tuning the composition of the initial solution. In
consideration of the above remarks, the optimal sols are
composed of ethanol, for its high volatility, its high wettability
properties with hydrophilic substrates, and its miscibility with
the inorganic source (metal alkoxides, chloro alkoxides or
metallic salts). In order to favour fast hydrolysis and slow
condensation, which promotes the formation of small oligo-
mers that one can control and stabilise in a small period of
time, the pH is generally fixed close to the isoelectric point
of the silica (H'/Si ~ 0.14-0.004) while the hydrolysis
ratio (h = H,O/Si) is fixed at 5. Hydrochloric acid is the
ideal acid because, after having fulfilled its catalytic role in
the sol, its volatility facilitates its removal during film
evaporation. The aging time of the sol has to be controlled
since it was reported that the condensation degree of the
inorganic oligomers can greatly influence the mesostructura-
tion.”"”7 The relative amounts of organic and inorganic
(surfactant/inorganic precursors molar ratio) have to be
reasonably fixed to permit the meso-organisation in the
intermediate hybrid state and to be stable after removal of
the template.®’

2.2.2 The film deposition step (EISA). The control of the
initial sol is related to the chemical parameters, while the
control at the deposition level is more related to process
conditions. Here, by concentrating non-volatile species,
evaporation is the driving force of the self-assembly process
and the silica condensation. More precisely, as soon as a layer
of the initial sol is deposited on the substrate, evaporation of
volatile components (e.g. EtOH, H,O, and HCI) takes place at
the air/film interface. The evaporation leads to the progressive
but rapid (10-30 s) enrichment of the film in silica oligomers
and template molecules. In due course, when the surfactant
concentration has reached the equivalent of the cmc for the

system,”® micelles start to form by hydrophobic segregation of
alkyl chains. An organised mesostructure is eventually formed,
characterised by the physico-chemical properties of the
surfactant molecules in the actual medium. Recently, the
mechanism of self-assembly has been investigated by in-situ
SAXS experiment. Details on intermediate phases and
concentration gradient have been discussed.”!” This powerful
investigation tool was applied to study the influence of
processing parameters, such as the relative humidity (RH)
within the dip-coating chamber.®® The data show that the final
mesostructure is formed after the drying line, where one can
consider the evaporation to be completed. In addition, it was
demonstrated that for the same system, mono-dimensional to
tri-dimensional mesophases can be formed by simply varying
the relative humidity from 20 to 70% inside the cabinet during
and after evaporation. Since all other parameters remain
unchanged, it is likely that the quantity of water in the films
varies with RH after the drying line and thus influences the
final organisation. Since the final mesostructure is formed
during this diffusion equilibration, where the mineral network
is not too extensively condensed, this period is referred to as
the Modulable Steady State (MSS), where one can select a
mesostructure by varying the ‘“‘atmospheric” composition
(relative humidity). Therefore, the hybrid intermediate meso-
structured film behaves as a Liquid Crystal (LC) phase, the
morphology of which depends on the MSS medium composi-
tion. A scheme of mesostructured thin film deposition by
evaporation and its various successive steps is depicted in
Fig. 3. The EISA can thus be described by competitive
processes related to kinetics of condensation versus kinetics of
organisation, both influenced by the kinetics of volatile species
diffusion. These processes are difficult to control and thus
difficult to predict because they occur successively or simul-
taneously during drying. For a conventional CTAB/TEOS
system, the MSS lasts from a few seconds at low humidity to
10 minutes at high humidity.®° For transition metal oxide
(TMO) based films prepared in highly acidic conditions to
quench extended condensation, the MSS can last several
hours.3052

2.2.3 The film post-treatment step. The aim of this step is the
stabilisation of the inorganic network by further condensation
and the liberation of the porosity through the template
elimination. This is usually achieved by thermal decomposition
of the organic phase and is always accompanied by a
unidirectional contraction of the meso-domain normal to the
surface plane.’7183% For TMO-based films, a mesoporous
structure degradation is associated to the crystallisation of the
network,®® but can still be controlled to obtain pure crystalline
mesoporous networks.’>%% On the other hand, structures
obtained with the present TEOS/CTAB system are stable up to
800 °C.”” Also cyclic and branched silica oligomers, which
compose the film, are stable up to 400 °C and collapse after
this temperature without noticeably perturbing the meso-
porosity. Some proposed mild treatments exploit the fact that,
in such acidic conditions, silica and CTAB are in S*XI"
type ionic interaction (CTA* Br~ *H,0-Si),”* and that CTAB
thermally decomposed around 300 °C. It is possible to
combine mild temperature treatment, basic treatment (NHj3

This journal is © The Royal Society of Chemistry 2005
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The control of the final mesostructure is
possible here by allowing water
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Fig. 3 Mesostructured thin film formation by dip-coating. Step 1: the
isotropic initial sol, where the condensation is optimally slowed down.
Step 2: the evaporation proceeds and micelles start to form above the
cmc. Step 3: the evaporation is complete; the film equilibrates with its
environment (MMS) and the final mesostructure is selected by
adjusting the RH before further inorganic condensation. Step 4: the
inorganic network is condensed; the hybrid mesostructure is stabilised.
Adapted from reference 67.

atmosphere),”! solvent extraction®'**% and degradation of
organics by UV-05.°° There is, therefore, a great variety of
possible treatments that can be adapted to the type of material
and to the targeted application.

2.2.4 Resulting mesophases and modulable steady state. Thus,
the final structure depends mainly on three critical parameters,
namely the surfactant/inorganic precursor molar ratio, the
chemical nature of the inorganic precursor, and the relative
humidity in which the evaporation takes place (Fig. 4). The
first parameter is fixed during the preparation and the second
parameter is controlled by the sol-gel chemistry conditions.
The effect of the third parameter is more delicate to interpret
because it acts at several levels on various secondary
phenomena (viscosity, condensation, efc.). A crucial period
of time referred to as the Modulable Steady State (MSS)
occurs just after the evaporation. During this time the film
water and solvent contents are in equilibrium with the
environment and the final structure is defined and stabilised.
In other words, the final mesostructure formed depends on the
nature and relative composition of the chemical species present
in the film during the MSS. The pseudo phase diagram of the
[SiO,(OH),~H,O-EtOH-CTAB] system is given as an example
in Fig. 4. Considering non-silicates species, similar work was
reported for the [TiO»—H,O-EtOH-F127] system.”#%

3 Grafting methods

The addition of organic groups by post-synthetic grafting of
R,Si(OR");_,, R,SiCl,_, onto the surface of the pores results
in functional mesoporous inorganic-organic hybrid materials
offering a further possibility to tailor the chemical properties
of the porous materials. This post-synthetic grafting process
has been widely employed to anchor various organic groups
onto the surface of the pores, including organometallic species,
amino and thiol groups, and epoxide functions. However, this
method often leads to a quite low loading, an inhomogeneous
distribution of the functional groups, and a decrease of the
pore volume.'® The alternative route of applying organo-
siloxanes directly during the synthesis by co-condensing them
with tetraalkoxysilanes leads to a higher loading but above a
limit of around 25% RSiO; groups the mesostructure generally
collapses. Functional groups, such as vinyl,”®3° 3-sulfanyl-
propyl,2*°!  phenyl,”® aminopropyl,’®?’ cyanoethyl?’ and
diphenylphosphanylpropyl,”® have been incorporated by this
method into the inorganic network. Recently, based on this
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Fig. 4 The diagram of textures of MMS period depending on chemical (aging time and sol composition) and process parameters (relative
humidity), established for CTAB/SiO, ,5(OH); s/EtOH/H,0 system (in %). Adapted from reference 67.
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approach, amphiphiles with a cleavable alkyl chain and a
condensable head group were used as templates for the
synthesis of mesoporous silica materials.”®> After the synthesis,
the cleavage and removal of the alkyl chains left nanopores
with a densely functionalised surface.

An expansion of the above mentioned concepts was the
incorporation of bifunctional organosiloxane precursors, also
referred to as bridged silsesquioxanes, of the general formula
[(R’O)sSi],,R (m > 2) as the network forming species.*® The
resulting materials, called periodic mesoporous organosilicas
(PMOs), contain the organic groups as an integral part of the
inorganic-oxide framework and the inorganic and organic
moieties are covalently linked to each other. They will be
discussed in detail in other feature articles appearing in this
special issue.

3.1 Co-condensation or “one-pot” synthesis

The main data concerning one-pot synthesis of mesoporous
thin films are gathered in Table 1. the organometallic pre-
cursor, the surfactant and experimental conditions, the nature
of the mesophase, the targeted applications and the references
are reported.

The one-pot synthesis presents several advantages compared
to post-grafting: (i) the functionalisation and structuring of
films take place at the same time, (ii) it generally induces a
homogeneous distribution of organic probes within the
network and (iii) the stoichiometry of the thin film is perfectly
controlled and is equal to the composition of the initial
solution. However, several difficulties, which will be developed
in the following sections, exist in addition to the control of the
main parameters related to the EISA process:

« Solubilisation of the probes (organic functionalities) in the
medium (addition of co-solvant or protonation).

» Chemical reactions in the organic domain (polymerisation
of organic species).

» Localisation of the probes (organic, inorganic regions or
interface).

« Control of the mesophase (influence of the nature and/or
amount of probes on the final mesophase).

« In some cases the organic functionalities can not be
stable in the conditions of one-pot synthesis (ie. some
phosphines, ezc.).

3.1.1 Influence of chemical and processing parameters (EISA
parameters). Even if silylated probes have an influence on the
mesostructuration, as we will see later, the main parameters of
EISA are always crucial. The influence of pH, aging time of sol
and ethanol vapour concentration during dip-coating on the
final mesostructure of [SiO,—CTAB] functionalised thin films
have been studied carefully by replacing of 20% mol of the
starting precursor tetraethoxysilane (TEOS) by methyl- or
phenyltriethoxysilane (MTES or PTES).**

Aging time of the sol. Chemical composition of the films and
aging of the precursors direct final mesostructures. For
functionalised films containing 20% mol of organosilica,”**>
the 3D hexagonal phase is generally obtained with sols
aged between 2 and 24 h, whereas the cubic phase appears

afterwards with sols aged between 24 and 72 h. At longer aging
times, less organised phases are formed. In the absence of
organic groups for pure silica, similar 3D phases are observed
but for longer aging times, and with larger measured cell
parameters (5-15 A). Similar results were also observed by de
Theije et al.”®

pH of the sol. For low-acidified sols (aqueous HCIl 107> M
solution),”*% only the formation of a 2D hexagonal meso-
phase (plane group p6m) is observed. For acidity (HCI
10~! M), different behaviours are noticed. Short aging times
of the sols (from 2 to 24 h) always lead to a 3D hexagonal
mesophase (space group P63/mmc) whereas, for longer aging
times of the sols, and depending on dip-coating conditions,
either the previous mesophase (low concentration in ethanol
vapour—rvide infra) or a cubic mesophase (Pm3n) (high
concentration in ethanol vapour) are obtained.

Relative humidity and ethanol vapour. By changing the dip-
coating conditions (relative humidity, water, ethanol), hybrid
films with different mesostructures are formed from identical
sols.”*?> For the same-aged sols, films containing phenyl
groups are obtained with a 3D hexagonal phase for a humidity
under 40% RH inside the open dip-coater. Increasing humidity
up to 55% RH favours the formation of the cubic phase, but
the 3D hexagonal phase may also be observed. In addition,
confinement and increased ethanol vapour content (from less
than 0.2% in volume to 1% and more) at moderate humidity
(40% RH) are needed in order to isolate the cubic phase. This
sensitivity to dip-coating conditions is related to water and
ethanol concentrations in air that greatly influence their
concentrations in the film even after passing the drying line.
In some cases, this favours a hexagonal (P6s/mmc) — cubic
(Pm3n) phase transition like the one observed during the
deposition of silica films.”"

Chemical composition of the starting sol. Jung et al®’
observed with films containing 10% mol of 3,3,3-trifluoropro-
pyltrimethoxysilane that the final mesophase structure is a
function of the surfactant/silica ratio. At a surfactant to
organosilane mole ratio of approximately 0.17, the predomi-
nant phase was a hexagonal mesostructure. However, at a
surfactant to organosilane molar ratio of approximately 0.13,
a cubic phase was produced. These changes in mesostructure
with surfactant concentration are in agreement with the
mesophase diagram established for silica.®” However, it has
been shown in several studies that the nature of the silylated
probe and its amount in thin films also greatly influence the
final mesostructure. %%

3.1.2 Solubilisation of the organofunctional molecules in the
medium. The EISA method, which is used in almost all the
syntheses of functionalised 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 phenom-
enon maybe due to an insufficient hydrolysis of the organo-
silane precursor, resulting in hydrophobic species. In some
cases, the precursor can be insoluble regardless of the

This journal is © The Royal Society of Chemistry 2005
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hydrolysis time. To overcome these problems, a pre-hydrolysis
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 without
affecting either the film optical quality or the mesostructured
long range order. Moreover, the cosolvent must present an
evaporation ability close to that of ethanol and assure a good
wettability towards coating substrates. The cosolvent most
commonly employed in the literature is tetrahydrofuran. This
cosolvent, used in place of ethanol or in a mixture with
ethanol, has been successfully employed for preparing well-
organised thin films with monomers,> /100101 B-diketones,60
Cyo derivatives,'®? bridged silsesquioxane103 or with MTEOS-
based matrices.'®

The functionalisation of probes containing a basic function,
typically an amino group, presents another difficulty. 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. The basic function
catalyses hydrolysis and condensation reactions of the silica
precursor in the presence of water and can yield the fast
gelation of the sol. In order to prevent these two phenomena,
amino groups can be first neutralised with a strong acid prior
to the addition of the silica precursor.”®!% A subsequent
treatment of the films with ammonia allows the recovery of the
amino group through deprotonation of the ammonium.’®
However, in the particular case of metal complex incorpora-
tion, a too high loading could also lead to a gelation process as
was observed for a ruthenium complex which catalysed the
condensation of silica species.'

3.1.3 Chemical reactions in the organic domain. The
incorporation of polymers into nanostructured films can lead
to specific difficulties as pointed out by Smarsly ez al.'!

« In general, polymers undergo substantial changes in their
hydrophobic/hydrophilic behavior compared to monomers,
which may eventually lead to phase separation after poly-
merisation and can cause modifications or damages to the
mesostructure. Indeed, since the polymerisation, especially of
acrylates, can be strongly exothermic, the mesostructural order
can become significantly damaged due to the fragility of the
silica network at this stage and the temperature dependence of
self-assembly.

» In a classical free-radical polymerisation, the degree of
polymerisation and the amount of cross-linking strongly
depend on various parameters such as the nature of the
initiator and its concentration, efc. The optimum synthesis
conditions for thin films may be different from those required
for bulk systems.

» Because organosilanes containing both an alkoxy group
and a double bond can be used as a link between the polymer
and the inorganic matrix, significant reactivity of the mole-
cule’s double bond is essential. If the reactivity is too high,
however, the coupling agent may already react before dip-
coating or spin-coating, hence impairing the EISA process.
Also, too high reactivity might lead to a distortion of the
mesostructure during the polymerisation. Therefore, optimum

conditions have to be found, balancing the favorable and
damaging properties of the coupling agent. For example, it has
been shown that the quality of lamellar nanocomposites
resulting from the polymerisation of methacrylate species
incorporated via a one-pot process in mesostructured thin
films depends on the coupling agent linking the polymeric
phase and the silica framework.'®" While trimethoxy(7-octen-
1-ylsilane showed low reactivity of the double bond, the
polymer/silica films were of reasonable quality with respect to
the quality of ordered mesostructure and the swelling property
of the polymers. In contrast, coupling agents such as
3-(trimethoxysilyl)propyl acrylate or 3-(trimethoxysilyl)propyl
methacrylate containing more reactive acrylate double bonds
massively distorted the film mesostructure, yielding less
ordered mesophases.

3.1.4 Spectroscopic investigations of probe localisation in
hybrid mesostructured thin films. Most of the studies dealing
with the localisation of probes (i.e. organic functionality
grafted to silica) in mesostructured thin films and the influence
of incorporated probes on mesostructuration concern the
CTAB/TEOS system. In order to control the final properties of
functional thin films, it is of great importance to localise
perfectly the probes in the mesostructure. With regards to
mesostructured thin films made with ionic surfactants such as
CTAB, the structure can be divided into 3 main regions:mﬁ’108
the silica framework (Fig. 5a, zone I), the organic region
composed by the hydrophobic core of the micelles (Fig. Sa,
zone II), and the ionic interface formed by the charged
surfactant heads, the hydrosilylated silica surface (Fig. 5a,
zone I1I).

This organic/inorganic phase separation is also obtained
with non-ionic surfactants such as triblock copolymers
(i.e. poly(ethylene oxide)—poly(propylene oxide)-poly(ethylene
oxide) PEO-PPO-PEO)-based thin films (Fig. Sb). However,

(A) (B)
lonic Non-ionic

Surfactant .- -, Surfactant

Interface (lII)
Organic (I1)
Interface (I11)
—~nn® O
Surfactant @ H,0 Surfactant
s PEO-PPO-PEQ

Fig. 5 Sketch of the three main regions of mesostructured sol-gel
films. In the case of ionic surfactants (CTAB—Ileft side), the
framework (I) consists of silica or modified silica, the organic region
(II) containing the hydrocarbon tails of the surfactant templates, and
the ionic region (III) containing the surfactant headgroups, the
counterions, and residual solvent. For non-ionic surfactants (triblock
copolymers—right side), the interface (III) is formed by poly(ethylene
oxide) groups and water. Adapted from references 106,107,109.
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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:

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

« Multisilylated probes of general formula : F(S-Si(OR)s),,
mainly composed by (OR)3;Si-F-Si(OR); bridged silse-
squioxanes and rare earth complexes with silylated organic
ligands.

The localisation of probes inside the mesophase has been
investigated either directly by spectroscopic techniques such as
fluorescence, %1910 Uv.visible absorption® and micro-
Raman® spectroscopies and/or indirectly by studying struc-
tural changes induced by the incorporation of probes (e.g.
variation of the lattice parameters,gg’99 phase transition, %%
formation of mesophase at very low surfactant/TEOS ratio”’).

The localisation of the probe is governed by its physico-
chemical properties. Several factors have to be taken into
account such as the hydrophilic/hydrophobic balance of the
probe’s molecule, the number of anchoring functions (~OR);,
the length and the nature of the spacing group (group S
between the functionality F and the anchoring function
—Si(OR)3), the nature of the functionality F (hydrophobic,
hydrophilic, ionic, polar, apolar, aromatic for example).

A general trend is commonly observed with probes
presenting multiple trialkoxysilane functionalities. They are
localised inside the inorganic network, as was observed with
multisilylated rare earth complexes,'*~'%!1% or even compose
the walls of the framework as observed with hybrid bridged
silsesquioxanes.>*!'“112 The emission properties of such rare
earth complexes in mesostructured films give evidence of the
location of this ion in the mesophase. The similarities in the
emission spectra and lifetime values observed for amorphous
(films synthesised without surfactant) and mesostructured
films suggest that the rare earth ions lie in a similar environ-
ment in the two types of films. Their emission characteristics
are, in both cases, typical of organic complexes covalently
anchored to a sol-gel silica matrix. In the particular case of
Eu’*, the ratios of the Dy — 'F, and D, — ’F, transition
intensities, which are sensitive to the symmetry around the
ions, remain identical in both the mesostructured and the
amorphous films.' The monoexponential decays recorded in
all cases for europium are indicative of a single average site
distribution for each ion. In the case of multisilylated rare
earth complexes, the presence of multiple Si(OEt); functional
groups results in the chemical bonding of the luminescent
centers within the silica framework. Hybrid bridged silses-
quioxanes,>""'"!12 but also the monosilylated methyltriethoxy-
silane,’®'%* have been successfully used as precursors instead
of TEOS leading to mesostructured thin films with added
properties (hydrophobicity, low dielectric constant). Concen-
trations as high as 100% in organosilane have been reached.

However, most of the common probes are monosilylated
with a general formula F-S-Si(OR);. Such molecules possess
two different groups, one carrying the functionality and the

other being the condensable groups. Both groups simulta-
neously interact with two different regions of the mesostruc-
ture. 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 probes is also compatible with organosilica
frameworks (bridged bistrialkoxysilanes''?); or surprisingly,
with transition metal oxides like ZrO, or TiO,.''"* The
localisation of the functionality F is mainly governed by the
“philicity”” concept (or “like” dissolves “like’’) but also by
specific interactions such as cation-n''* or ionic.'%®

The philicity concept exploits the physical affinities of the
active ingredients for a particular environment (for example,
the affinity of a lipophilic dye for the core of surfactant
micelles) to predict the distribution of the molecule in a specific
region. A general trend observed is the solubilisation of
lipophilic molecules in the hydrophobic micelle core and the
placement of hydrophilic molecules either in the ionic interface
or in the framework. Since micelle formation is the important
step of mesostructured film elaboration, hydrophobic mole-
cules will be incorporated into the film at this early stage of the
structuration process. At the critical micelle concentration
(cmc), the individual surfactant molecules aggregate to form
micelles and the lipophilic dopant molecule is incorporated
therein. The incorporation of a silylated B-diketone in thin
films was recently investigated.®® These are compounds that
exist mainly in two tautomeric forms in equilibrium. As the
keto—enol equilibrium is extremely solvent-sensitive, a spectro-
scopic study allowed the localisation of the silylated probes in
thin films. Indeed, the absorption spectra of the B-diketone in
thin films, whatever the mesophase, have the same aspect that
of the probe dissolved in THF, indicating that the pf-diketone
environment is apolar, suggesting their localisation inside the
hydrophobic core of the micelles.

Zink et al.'®'%7 observed that the localisation of a silylated
positively charged ruthenium complex depends on the surfac-
tant charge. In SDS (anionic surfactant) based thin films, the
ionic complex resides in the ionic region at the interface
between the organic and inorganic regions, while, in meso-
structured thin films made with cationic surfactant (i.e.
CTAB), the complex is located in the silica network. The
emission maximum (A, = 665-669 nm) of the complex is
identical in amorphous films and in CTAB-mesostructured
thin films'% while the same blue shift (Anax = 650 nm) is
observed in SDS mesoporous thin films and in methanol.!”’
These spectroscopic 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 er al®® observed that the structure of the final
mesophase depended on the loading rate of (2-phenylethyl)-
trimethoxylsilane in thin films. For low amounts of probe, the
mesostructure was not influenced by the presence of the
organosilane, presenting a cubic structure (Pm3n), whereas for
high amounts of probe, a 2D-hexagonal (p6m) phase was
formed. Such phase transitions are commonly observed when
the [CTAB]/[SiO,] ratio increases,®’ inducing a decrease in the
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curvature of the micelles. It is generally agreed that two kinds
of sites are available when a molecule is solubilised inside
micelles: one near the polar head and the other between
alkyl chains in the hydrophobic core of the micelles.!'>!1®
It has been shown''” that the first site occupied by aromatic
compounds is near the polar head of CTAB surfactants due to
specific interaction between the m system and the quaternary
ammonium.' "8 Once the first sites are saturated, the
solubilisation occurs in the hydrophobic part of the micelles,
inducing a decrease of the curvature of the micelles and
causing a phase transition.

The length and the nature of the spacing group, S, could
hinder the natural placement of hydrophobic functionality
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 phenyl-
triethoxysilane, in contrast to (2-phenylethyl)trimethoxy-
silane.”® 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 phenylethyl-
based precursor, thus “preventing” the swelling of the micelles
and the decrease of the interface curvature. This 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 more or less strongly with the silica wall, with the
surfactant head group, and with its hydrocarbon tail, affecting
or not the curvature of the hybrid interface.

3.1.5 Effects of probes on mesostructuration: phase transitions
and variations of the lattice parameters. We have seen
previously that spectroscopic techniques (i.e. absorption,
UV-visible or fluorescence spectroscopies) are a useful tool
to localise the silylated probes inside mesostructured thin films.
However, the incorporation of probes inside thin films could
also cause structural changes, from variations of the lattice
parameters to phase transitions and even the formation of a
mesophase for a (very low) surfactant/silica molar ratio
leading to an amorphous thin film without silylated probes.
All these changes give an indirect localisation of the organo-
silane inside mesoporous thin films.

Cubic Pm3n
0~ 0.9 mol.% Phase Mixture
SDBM Pm3n/p6m
0.95 ~ 1.4 mol.%
(®) L
° () ‘. SDBM
LY 4 =
“ Q
o™ %%
.Q .
- @

The changes of the lattice parameters with an increasing
amount of organosilane could be an indication of its
preferential localisation at the ionic interface, near polar
heads of the micelles.”®* In the system CTAB-TEOS, the
incorporation of a positively charged organosilane, 2-(tri-
methoxysilylethyl)pyridinium, induced the formation of a
2D-hexagonal phase (p6m), regardless of the loading ratio.”
The authors observed a progressive increase of the inter-
reticular distances d(01) with increasing incorporated proto-
nated ammonium organic 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
primarily attributed to the cationic character of the incorpo-
rated functions. Usually, in acidic conditions, the bromide is
intercalated between the ammonium head group and the silica
wall through electrostatic interactions (I"X ~S*).”* In this case,
the electrostatic repulsion between the two positively charged
groups (i.e. the polar head of the surfactant and the func-
tionality, F, of the organosilane) governs the formation of the
mesophase with a main localisation of the probe in the ionic
interface, even if a swelling effect could be involved. The
results are in agreement with the spectroscopic study of the
group of Zink concerning the localisation of a positively
charged silylated ruthenium complex in CTAB-based meso-
porous 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-cyanopropyltriethoxy-
silane from a well ordered 2D-hexagonal structure to a
vermicular phase.”® This modification could be explained by
a solubilisation of the cyanopropyl groups inside the surfac-
tant micelles. Another example of phase transition was
reported with the incorporation of a silylated B-diketone
compound.®® The addition of increasing amounts of triethoxy-
dibenzoylmethane for a fixed CTAB/silica molar ratio induces
mesostructural evolution in thin films. The following sequence
was observed: cubic phase (Pm3n) < mixture of cubic
(Pm3n) and 2D-hexagonal (p6m) < pure 2D-hexagonal phase
< lamellar phase (Fig. 6). Such phase transitions are
explained in terms of variation in the packing parameter g
(g = Vlayl, where V is the total volume of the surfactant chain,
ay 1s the effective head group area and / is the surfactant chain

2DH p6m Lamellar .
5.7 mol.% SDBM 5.3 ~12.3 mol.%
: : SDBM

Fig. 6 Phase transitions observed in thin films with addition of increasing amounts of triethoxydibenzoylmethane for a CTAB/silica molar ratio

fixed at 0.14. Adapted from reference 60.
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length), which is related to the modification of the interfacial
curvature.'®® For silica systems, it has been shown that an
increase of g (i.e., a decrease in the curvature of the micellar
motif) leads to phase transitions along the sequence micellar
cubic (Pm3n) — hexagonal (p6m) — lamellar.®”'*! Therefore,
the increase of the packing parameter can be due to
solubilisation of large species (triethoxydibenzoylmethane)
preferentially in the hydrophobic part of micelles during
evaporation of solvents, leading to an increase of the total
volume associated with the surfactant chain, V. This
mechanism is supported by UV-visible experiments performed
on hybrid thin films.® 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 (ie. very low surfactant/silica ratio). The
synthesis of mesoporous thin films with 10% mol of
perfluoroalkylsilanes with long chains, typically trideca-
fluoro-1,1,2,2-tetrahydrooctyltriethoxysilane and heptadeca-
fluoro-1,1,2,2-tetrahydrodecyltrimethoxysilane, have been
achieved®” with a sol containing a ratio CTACI/Si ~ 0.004.
It is interesting to point out, following the phase diagram
of the CTAB/SI/H,O ternary system,®” that the lowest
CTAB/Si ratio 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 (P6s/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 is mixed with a small amount of
surfactant. Indeed, hydrolysed perfluoroalkylsilanes carrying
hydrophilic silanol head groups and long hydrophobic
perfluoroalkyl chains are clearly 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 head group, promoting
higher curvature of the micelles promoting the 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.

3.1.6 Properties of thin films and potential applications. Even
though some studies have dealt with potential applications
concerning absorption of polluting species such as organo-
phosphorus compounds,''*'?* 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 optical
sensors, 0124 15wk dielectrics,>!->896:97 111,104,125 photonic
devices'%12%127 and environmentally responsive materials
(molecular valves or gates®>®* or controlled release/membranes
with switchable permeabilities'>®) which can be obtained via
rapid-prototyping procedures.>>!?*

3.1.6.1 Optical sensors. Hybrid sol-gel glasses are commonly
used as supports in the development of optical sensor devices
because they are transparent, chemically inert, thermally and
mechanically robust, photostable, easily processed and they
allow the embedding/grafting of molecular probes.'* However,
the poorly ordered microporosity of such materials is some-
times a limiting factor to the homogeneous and fast diffusion
of analytes inside the sensing matrix. On the other hand,
mesostructured mesoporous thin films with their larger open
porosity and their high surface area should improve analyte
diffusion and accessibility towards supported probes.
Moreover, both their monomodal narrow pore size distribu-
tion and their controlled porous connectivity make them much
more resistant to the huge capillary stresses usually responsible
for the instability and the collapsing of mesoporous xerogels in
liquid work conditions (i.e. successive solvent dipping and
drying sensing cycles). The choice of the mesophase (2D or 3D
geometry) could be adjusted to specific properties of the
sensor (ie. diffusion, accessibility, mechanical stability). In
addition to that, the leaching of the functionality which is
one of the greatest problems in hybrid sensor applications,
is prevented by the anchorage of the sensing probe to/within
the framework.

Simultaneously reported by two research groups,”=%1** the
simplest optical sensor application developed are pH sensors
based on covalently linked fluorescein derivatives, a pH-
sensitive dye. Wirnsberger et al.> synthesised a sensor by
reacting fluorescein isothiocyanate with 3-aminopropyl-
triethoxysilane and adding it to a F127 block copolymer film
preparation. This functionalisation ensures that the dye is
covalently anchored onto (or within) the SiO, wall during
mesostructure synthesis. After dip-coating, the ~900 nm thick
films were dried for approximately 10 days at room
temperature and finally stabilised at 70 °C for 3-5 days. This
prolonged drying treatment is necessary in order to achieve a
sufficiently high silica condensation in films before block
copolymer extraction by ethanol at 80 °C.

These sensors operated by recording the emission of the
anchored fluorescein dye. Similarly to what was observed for
fluorescein in solution, the integrated emission increased with
increasing pH. The thin film sensors acted analogously to the
dye in solution, except that the pK, value was shifted from 6.4
in solution to ~7.3 in the thin films. The broadening of
the titration curve observed for the mesoporous film was
attributed to two factors. The first one involved an inhomo-
geneous dye environment and the second one was related to
the difficulties, encountered even in solution, of distinguishing
the three pK, of fluorescein (pK,; = 2.08, pK,, = 4.31,
pKa.; = 6.43). The response time of the mesoporous hybrid
thin films is on the order of ~7 s for a 95% change in the
emission intensity. This response time is much shorter than
the value measured in sol-gel glasses.!?®'3! 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 a more elaborate approach
involving microfluidics, to produce a similar pH sensor.>*!?*
They first patterned amine-modified cubic mesoporous silica
using selective de-wetting of patterned surfaces made by
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surface assembled monolayers, SAMs (for more detailed
information, see section 3.1.6.6). The pattern consisted of
three L-shaped patterns with a viewing cell, created by
interdigitating long narrow lines with large pads on the ends
used to load solutions (Fig. 7). The sol was prepared by adding
aminopropyltrimethoxysilane to a TEOS/Brij-56 sol. Selective
de-wetting during dip-coating (1) followed by calcination
results in a patterned, amine-functionalised, cubic mesoporous
film as is evident from the plan-view TEM micrograph
(inset A). The moderate calcination allowed the removal of
the surfactant while maintaining the amine functionality, as
confirmed by NMR. The dye conjugation reaction (2) was
realised by immersion in a solution of 5,6-FAM SE (5,6-
carboxyfluorescein, succinimidyl ester), prepared in dimethyl-
sulfoxide (DMSO) followed by exhaustive, successive washing
in DMSO, ethanol, and water to remove unreacted dye.
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. This application clearly
demonstrates that these highly ordered mesoporous trans-
parent thin films with high mechanical robustness are well-
suited materials for fast response optical sensors. Future
applications in this area also might use patterning methods
such as ink-jet and micro-pen printing of mesostructures in
order to generate optical multi-sensor arrays (section 3.1.6.6).

Mesoporous thin films functionalised with triethoxysilyl-
dibenzoylmethane (SDBM) exhibiting a high selectivity and
sensitivity to metal cation pollutants such as uranyl were
developed by the Paris group.®® After surfactant extraction,
the spectral responses of functionalised thin films with
[SDBM]/[Si] ratios of 2.7 and 5.3% (with p6m and lamellar
phases respectively) were studied in aqueous solutions with
various metallic cation salts: Cd(11), Ce(1), Co(1r), Cr(IIr),

CH,(CH,),,SH
HO(CH,),,SH

pH4.8  pH77  pH12

pH 4%8\‘\

=

Fluorescence .57
imaging area y / 7

Eu(1ir), Ni(1r), U(vi), Cu(ir) and Fe(1n). For a demonstration
of their application as chemical sensors, films were soaked
in the cation aqueous solutions under gentle stirring for
30 seconds, then washed with ethanol and dried. The in situ
monitoring during these first 30 seconds shows that optical
changes occur for three cations only (Cu(11), Fe(1ir) and U(vI))
in the UV domain and the formation of colored complexes
for the two last cations only (orange with Fe(1l) and yellow
for U(v1)) (Fig. 8). The selectivity of films towards Cu(II),
Fe(1i1) and U(VI) cations was explained by a shorter com-
plexation equilibrium time compared to other metallic cations.
According to Stary and Hladky,'*? even if the dibenzoyl-
methane (precursor of the SDBM) compound allows the
extraction of many metals in solution, the extraction equili-
brium time depends on the metallic cations (from a few
minutes to several days). The selectivity observed with thin
films is thus due to the short time of experiments (30 seconds)
and not due to the intrinsic selectivity of the SDBM
molecular probe.

The immersion induces the emergence of a new absorption
band in the visible region. The absorption spectrum after
complexation is assigned to the superposition of SDBM,
uranyl and the SDBM-U(VI) colored complex spectra.
Therefore, a near-visible sensing range was selected for uranyl
cation detection which is optimal at 400 nm. Complexation
kinetics were observed to be dependent upon the concentration
of U(v1), ranging from seconds at high concentrations (above
100 ppm) to minutes at low concentrations (below 100 ppm).
The uranyl detection limit is attained for a 1 ppm solution,
which is excellent for such a simple absorbance variation
sensing method.

Classical amorphous sol-gel functionalised thin films
synthesised without surfactant showed similar UV-visible
spectra but did not show efficient detection of any tested
metallic cations. Finally, the reversibility and reproducibility

(2

~ Micro-fluidic
System

Fig. 7 Patterned pH-sensitive mesostructure formed by selective de-wetting. Adapted from references 53,124.
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Fig. 8 Evolution of thin film responses with a 2D-hexagonal mesostructure containing a [SDBM]/[Si] ratio of 2.7% upon immersion in a 100 ppm

uranyl nitrate solution. Adapted from reference 60.

of films, which are crucial parameters, were tested using
repeated detection regeneration cycles. 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. For a 2D-hexagonal
phase reproducibility was between +3% and, more surpris-
ingly, between + 7% for the lamellar structure. The stability of
such a hybrid lamellar phase versus washing-complexation—
regeneration cycles could be explained by the presence of
n-stacking interactions between SDBM compounds located on
the opposite sides of the silica layers.

It is interesting to point out that following the working
conditions of such silica-based sensors, ie. basic media, a
partial degradation of the matrix could occur. Recently, Soler-
Ilia er al.'' reported the synthesis of highly ordered hybrid
mesoporous bifunctional thin films from a mixture of TiCly or
ZrCly and organosilanes R-Si(OEt), (R = amine, phenyl and
thiol groups). Such metal oxide matrices, especially with
zirconia, are particularly interesting because of the higher
chemical stability of the oxides than silica.

3.1.6.2 Low-k dielectric properties of mesostructured hybrid
films. 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 micro-
electronics, SiO, (kK ~ 3.8) is one of the materials investigated
in this direction. However, as devices are becoming smaller,
lower dielectric constants are required (kK < 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 polarisability of the matrix (for a better under-
standing of low dielectrics see the excellent review in ref. 133).
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 polarisability, since reducing the
density allows the reduction of the dielectric constant to the
extreme value close to unity (corresponding to the dielectric

constant of dry air). It is thus obvious that mesostructured thin
films, with their large porosity, are promising candidates as
low k materials. Amorphous silica films, used in microelec-
tronics, have a density of 2.1-2.3 g cm ™ > and a refractive index
of 1.46. The high frequency dispersion of dielectric constants
(k ~ 4 in the low frequency region and k ~ 2.15 in the range
of visible light) is related to the high polarisability of the Si-O
bonds (distortion polarisation). Lowering the k value can
be accomplished by replacing the Si-O bond with a less
polarisable bond such as Si-R. This approach consists of
doping the silicate glasses with carbon and/or fluorine by
introducing alkyl or fluoroalkyl groups in the matrix.
Moreover, both fluorine and carbon increase the interatomic
distances or “‘free volume” of silica, which provides an
additional decrease of dielectric constant. In addition to that,
the introduction of such organic groups in the matrix provides
a hydrophobic environment which limits the parasite adsorp-
tion of highly polarisable water molecules in pores. Therefore
the different approaches involve the modification of either the
nature of the walls (i.e. bridged polysilsesquioxanes®'*'!! or
methyltriethoxysilane®®!'*), or the pore surfaces with one-pot
synthesis functionalisation of perfluoralkoxysilanes®’ or
trimethylchorosilane.'>® A post treatment with hexamethyl-
disilazane could improve the hydrophobicity of thin films by
reacting with silanols.”®!> Finally, a compromise must be
found between porous volume, mechanical stability, hydro-
phobicity and dielectric constant.’® The efficiency of this
approach in promoting low dielectric constant thin layers has
been claimed many times. However, the effective dielectric
constants are not usually measured.

3.1.6.3 Photonic applications of mesostructured hybrid thin

films. Most of the described examples of mesostructured

hybrid films using luminescent molecules were designed to
probe the film formation,"** '’ to elaborate waveguides or
laser arrays®® or to study the energy transfer between two
organic dyes located in the micelles.'*® However, the localisa-
tion of the probes in the micellar part of thin films could limit
their potential applications mainly due to leaching of the dye.

In 1999 Lebeau ez al.'?® reported for the first time the “one-
pot” synthesis of functionalised mesoporous silica thin films
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with a silylated dye, 3-(2,4-dinitrophenylamino)propyl-
triethoxysilane. 2D-Hexagonal thin films were obtained by
direct chemical synthesis involving the co-condensation
of tetraethoxysilane and 3-(2,4-dinitrophenylamino)propyl-
triethoxysilane in the presence of the surfactant, hexadecyl-
trimethylammonium bromide. Optical properties of the
dye-functionalised surfactant-extracted mesoporous materials
were investigated by UV-vis and fluorescence spectroscopies.
They observed that the optical activity of the dye moiety was
retained when it was covalently linked to the silica network of
the mesostructure. They demonstrated that ordered organo-
silica thin films with a high dye loading (typically 10 mol%
0.9 TEOS : 0.1 dye) can be prepared by the one-pot synthesis,
to produce transparent thin films with optical properties and
mesoscale architecture.

The well-organised local separation of organic/inorganic
regions in mesostructured composites provides substantial
versatility for adjusting host/guest optical properties. The
hydrophobic regions are compatible environments for organic
dopants, enhancing their overall solubilities and preventing
their aggregation. In addition, the rigid inorganic framework
protects and stabilizes the included species but could also
incorporate other functionalities.

As previously described in section 3.1.4, the localisation of
probes inside the three mains regions constituting mesostruc-
tured materials can be controlled by several factors. It has been
shown that philicity and the number of trialkoxysilane groups
per dopant molecule could affect the placement of the probes
in mesostructured thin films. In the context of nanostructured
hybrid thin films, philicity operates by placing hydrophobic
organic molecules inside the surfactant micelles. However,
with lanthanide complexes, the presence of ligands containing
two trialkoxysilane groups (up to six trialkoxysilyl groups per
metal complex) leads to the localisation of the rare earth
complex in the silicate framework by co-condensation of
silicate precursor (TEOS for example) with the trialkoxysilyl
groups surrounding the metal.

Zink’s group'”” used this preferential placement of
probes to study the energy transfer between two luminescent
dyes located in two different spatially-separated regions: the
rhodamine R6G incorporated in the micelles of CTAB and
Eu*" and Tb** complexes chelated by alkoxysilylated ligands.

The films consist of a silicate framework that holds in place
a two-dimensional hexagonal structure with a lattice spacing
of 40 A templated by an ionic surfactant (CTAB). Pairs of
molecules consisting of an energy donor lanthanide complex
and an energy acceptor rhodamine dye (R6G) are placed in the
framework and the surfactant, respectively, as was confirmed
by fluorescence spectroscopy. It is interesting to point out that
for films obtained at an R6G : CTAB mole ratio of 15 : 1000 in
the precursor sol, the fluorescence peak of the mesostructured
film is 27 times more intense than that of the amorphous film,
and the excitation peak intensity of the mesostructured film
is 42 times more intense than the excitation peak of the
amorphous film. The higher fluorescence intensity of R6G in
nanostructured films relative to amorphous films shows that
the presence of CTAB affects R6G luminescence. It was also
noted that the fluorescence intensity obtained from nano-
structured films containing R6G increased with increasing

R6G concentration, reached a maximum at R6G : CTAB =
24 : 1000, and then decreased as the R6G concentration
increased further due to concentration quenching.

Quantitative measurements of energy transfer between Tb>*
and R6G in the mesostructured films were made and used to
calculate the distance between the donor and acceptor. Steady-
state fluorescence and photoexcitation spectra and the R6G
and Tb*" complex’s luminescence lifetimes showed that excited
Tb*" complexes transfer their energy to R6G molecules in a
concentration-dependent manner. The excitation spectra
showed that absorption of light by the lanthanide complex
resulted in emission of light from the R6G. The lifetime of the
lanthanide complex decreased, and that of the R6G increased.
Quantification of the data according to Forster theory showed
that the separation between Tb** and R6G can be large
enough at low concentrations to reach the limit where nearly
no quenching occurs (~65 A) but that it gets no smaller than
~29 A at high R6G concentrations.

The interest in hybrid matrices for preserving the optical
properties of a molecule was also shown with molecules known
to exhibit strong reverse saturable absorption (RSA). The
excited-state absorption of such dye molecules is stronger in
some spectral ranges than the ground-state absorption. As a
consequence, such chromophores become less transparent as
the incident intensity increases. Such a property can be used to
create optical limiters, which transmit light at low powers and
become opaque for increasing light inputs. Efficient solid-state
reverse saturable absorbers were made by entrapment of
phthalocyanines and fullerene Cgo in hybrid matrices.!*!4?
However, the low solubility of fullerene Cg or its derivatives in
water leads to aggregation, which causes a decrease of RSA.
Improved optical-limiting performances were obtained by the
use of grafting of Cgy to the matrix backbone. Fullerene Cg,
derivatives have been functionalised with trialkoxysilane
groups to increase their concentration in the final matrix with
no clustering effects.'*'~'*° Recently, the synthesis of function-
alised mesostructured thin films with silylated Cgo derivatives
has been reported.'® Three fullerene derivatives have been
employed with amphiphilic block copolymers both as structure
directing agents and doping molecules in one-pot synthesis of
self-assembled 2D-hexagonal and cubic porous silica meso-
structures through an evaporation-induced self-assembling
procedure. Calcination of the samples at 280 °C almost com-
pletely removed the block copolymer from the silica matrix
without substantial loss of the fullerene additive. The authors
observed a homogeneous dispersion of the fullerene within
the pores. Upon irradiation with laser light at 632.8 nm, the
fullerene-doped mesostructured materials exhibited photo-
luminescence at room temperature, which was not observed
in the amorphous silica matrix. According to the authors,'®
the fullerenes ““‘confined” in the micelles hydrophobic core will
be the source of the photoluminescence quantum confinement
effect. This property could open the route to potential
applications in optically encoded information storage for read
only memory materials (ROMs).

3.1.6.4 Molecular valves or gates. To expand the range of
accessible properties, various organic functional groups
have been covalently incorporated onto the pore surfaces of
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mesoporous materials (Table 1). 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,®>**!1?® or light.*** Materials that predictably
respond to pH, temperature, light, biomolecules, or electric
fields are of potential interest for applications in microfluidics,
microvalves, controlled drug release, sensors, optical switches,
light-driven displays, optical storage and optomechanical
actuation.

Brinker’s group reported the synthesis of photosensitive
nanocomposite thin films functionalised with photoresponsive
azobenzene-containing organosilane (4-(3-triethoxysilylpro-
pylureido)azobenzene). Azobenzene derivatives were selected
because their trans <> cis isomerisation is UV sensitive. UV
irradiation of the trans 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 isomerisation changes not only the molecular
dimension (molecular length of the cis isomer is ~3.4 A
shorter than that of the frans isomer) but also the dipolar
moment (0.5-3.1 D) of the organic molecule.

The synthesis®** scheme employed the azobenzene-
modified silane designed to serve as an amphiphilic cosurfac-
tant after hydrolysis of the ethoxy groups. During EISA, the
hydrophobic propylureidoazobenzene groups are positioned in
the hydrophobic micellar cores, resulting in a highly organised
thin film (body-centered cubic mesostructure of Im3m space
group). At the hydrophilic micellar interface, the hydrophilic
-Si(OH)3; head groups co-condense and co-organise with
added silicic acid oligomers. After catalytic or thermally
promoted siloxane condensation, azobenzene ligands are
anchored to the surfaces of monosized pores and oriented
toward the pore interiors (Fig. 9). Subsequent surfactant
extraction produces the targeted nanocomposite.

63,64

18.2 A

stimuli

_
—

light or heat

360 nm

—
-

450 nm or heat

As determined with UV-visible spectroscopy, UV irradiation
of the trans isomer causes transformation to the cis isomer.
Removing the UV radiation switches the system back to the
trans form. As a control experiment, films with the same sol
but prepared without the non-ionic BrijS6 surfactant were
synthesised. In this case, the azobenzene ligands were
randomly incorporated in a microporous silica matrix (pore
diameter less than 1 nm) and exhibited no detectable
photoisomerisation. Similarly, no photoisomerisation for the
ordered self-assembled films prior to solvent extraction of the
surfactant templates was observed. The pore volume required
for photoisomerisation was only obtained upon surfactant
removal. These results unambiguously locate the photo-
sensitive azobenzene ligands along with surfactant within the
uniform nanopores of the self-assembled films.®® These results
emphasise the need to accommodate the steric demands of the
photoisomerisation process by engineering the pore size and
positioning the photoactive species on the pore surfaces.

To demonstrate optical control of mass transport,
chronoamperometry experiments were performed using
an electrochemical cell working electrode modified with
an azobenzene-functionalised nanocomposite membrane
(Fig. 10a).** The chronoamperometry experiment used ferro-
cene dimethanol (FDM) and ferrocene dimethanol diethylene
glycol (FDMDG) as an electrochemical probes and provided a
measurement of mass transport properties through the nano-
composite hybrid membrane (Fig. 10b). The measurement of
mass transport was achieved by monitoring the steady-state
oxidative current at constant potential for the reaction taking
place on the working electrode surface (made of indium tin
oxide, ITO, Fig. 10b). 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 moiecties are predominantly in
their extended trans form. Upon UV irradiation (4 = 360 nm),
the azobenzene moieties isomerise to the more compact cis
form which increases the diffusion rate and, correspondingly,

Fig. 9 Photoresponsive nanocomposites prepared by EISA. Atom labels: C: cyan, O: red, N: blue, Si: grey, H atoms are omitted. Adapted from

references 63,64.
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Fig. 10 (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 (c)),
green ovals (FDM" or FDMDG"), orange ovals (azobenzene in cis form), orange elongated ovals (azobenzene in trans form). (b) Current—time, I,
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 (n—n* 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).

the oxidative current. Likewise, exposure to visible light
(2 = 435 nm) triggers the reverse cis—trans isomerisation 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 (Fig. 10b).

3.1.6.5 Controlled release and membranes with switchable
permeabilities. Another example of environmentally responsive
mesostructured hybrid films is that of polymer/silica nano-
composite!?® with lamellar mesophases, which swell/deswell
upon change of pH or temperature due to the presence of
anchored polymers in the interlamellar space. Polymers
such as poly(methacrylates) and poly(N-isopropylacrylamide)
(PNIPAM) show a pronounced response toward changes in
pH and temperature, respectively. In water, PNIPAM exhibits
a phase transition at the lower critical solution temperature
(LCST). This temperature can be controlled through random
copolymerisation of NIPAM with methacrylic acid. Below the
LCST, the hydrogel incorporates water and swells, whereas
water release at higher temperatures causes shrinkage. This
property is of interest for controlled release of molecules or for
membranes with switchable permeabilities.

Mesoscopically ordered nanocomposite thin films were
synthesised, via the EISA route, by the incorporation of
PNIPAM or its copolymers with dodecyl methacrylate
(DM) leading to thin films with silica contents of up to 80%.
Solvent evaporation during the deposition step resulted in the

self-assembly of a lamellar mesostructure composed of
hundreds of alternating layers of silicic acid and organic
species (monomers, coupling agents with alkoxysilane head-
groups and a polymerisable double bond, thermal initiators,
and surfactants). A heat treatment was employed to initiate
the free-radical polymerisation of the confined monomers
and promote the condensation of the silica framework.

To study the thermoresponsive behavior, the washed film
was immersed in water at temperatures above and below the
LCST. Temperature change induced a significant shift of the
lamellar d spacing from d = 3.3 nm (40 °C) to d = 5 nm (30 °C)
due to the phase transition of the confined NIPAM/DM
copolymers around 30 °C. This lamellar d spacing shift is
due to a swelling/deswelling property of the organic part but
does not imply any variation of the silica layers 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 ca. 5 h,
which is comparable to that of bulk systems.

The pH sensitive nanocomposite 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 a significant decrease of the
lamellar d spacing from d = 3.3 nm to d = 1.9 nm, with the
decrease of the pH (from pH = 9 to 4) probably due to partial
hydrolysis of the ester functions of the polymer. In this case too,
the swelling/deswelling process was reversible over several cycles.
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It is interesting to point out that such PDMsilica
mesostructured nanocomposite films also present mechanical
properties such as indentation hardness three to seven times
greater than amorphous nanocomposites (from 0.1-0.4 GPa to
0.8-1.0 GPa, 1.0 GPa being the indentation hardness measured
for rather dense sol-gel silica films). This property is related to
the fact that combined organic/inorganic polymerisation
results in a laminated structure.>

3.1.6.6 Rapid-prototyping procedures. All the potential applica-
tions are dependent on the easiness of processability of such
hybrid materials. Brinker’s group demonstrated the possibility,
using serial rapid printing procedures, to form hierarchically
functionalised hybrid mesostrutures on several substrates in a
few seconds.>*'** The rapid-prototyping procedures, i.e. micro-
pen lithography, ink-jet printing, and dip-coating of patterned
self-assembled monolayers, used in this study employ readily
available equipment, and provide a link between computer-
aided design and self-assembled nanostructures.

By combining self assembly with such processes, the rapid
fabrication of hierarchical structures exhibiting form and
function on multiple length scales and at multiple
locations could be achieved. At the molecular scale,
functional organic moieties (i.e. F3C(CF,)sCH,CH,Si(OEt);/
HS-(CH»);Si(OMe)3/NH,-(CH,)3Si(OMe);/dye-NH-(CH,);Si-
(OMe); with dye = 5,6-carboxyfluorescein/O,N-CsH3(NO,)-
NH(CH,);Si(OEt)5/(EtO);SiCH,CH,Si(OEt)3) are positioned
on pore surfaces by the co-condensation route (“‘one-pot”
synthesis) with TEOS. At the mesoscale, mono-sized pores are

(A) Micropen lithography (MPL)

Substrate direction
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Solvent evaporation
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organised into one-, two- or three-dimensional networks,
providing size-selective accessibility from the gas or liquid
phase. At the macroscale, two-dimensional (2D) arrays and
fluidic or photonic systems are designed.

Vital to rapid patterning procedures is the use of stable,
homogeneous inks that undergo self-assembly during evapora-
tion to form the desired organically-modified silica—surfactant
mesophase. For this purpose, the use of oligomeric silica sols
in ethanol/water solvents at a hydronium ion concentration
([H30"] < 0.01 M) adjusted to minimise the siloxane con-
densation rate is necessary. Indeed, in such conditions facile
silica—surfactant self-assembly is possible during the brief time-
span of the writing operation (several seconds).

The micro-pen lithography line width, which can vary from
micrometres to millimetres, depends on such factors as pen
dimension, wetting characteristics, evaporation rate, capillary
number and ratio of the rates of ink supply and withdrawal
(inlet velocity/substrate velocity). The effect of wetting has
been demonstrated by performing micropen lithography
(MPL; Fig. 11A) on substrates prepatterned with hydro-
phobic, hydrophilic or mixed self-assembled monolayers
(SAMs). Generally, line widths are reduced by increasing the
contact angle and by reducing the pen orifice dimension and
inlet/substrate velocity ratio. The versatility of MPL presents
two main advantages. Any desired combination of surfactant
and functional silane can be used to print selectively
different functionalities at different locations. Furthermore, it
is possible to use computer-aided design (CAD) to define
arbitrary 2D patterns that can be written on different surfaces.

(B) Ink-jet printing (IJP)

Nozzle D <
Solvent evaporation
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Fig. 11 (A) Principles of combined EISA-MPL patterning. (a) Optical micrograph of patterned rhodamine-B-containing silica mesophase
deposited on silicon substrate . Inset is a fluorescence image of rhodamine-B emission demonstrating retention of rhodamine-B functionality. (b)
Representative TEM micrograph of a fragment of the patterned rhodamine-containing film corresponding to a [110]-oriented cubic mesophase. (B)
Principles of combined EISA-1JP patterning. (c) Optical micrograph of a dot array created by IJP of standard ink (Hewlett-Packard Co.) on a non-
adsorbent surface. (d) Optical micrograph of an array of hydrophobic, mesoporous silica dots created by evaporation-induced silica-surfactant self-
assembly during IJP on silicon substrate followed by calcination. (e) Representative TEM micrograph of a dot fragment prepared as in (d).
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MPL is best suited to write continuous patterns. Patterned
macroscopic arrays of discrete mesostructures can be obtained
readily by combining EISA with aerosol processing schemes
like ink-jet printing (IJP; Fig. 11B). The IJP process dispenses
the ink (prepared as for MPL) as monosized, spherical
aerosol droplets. Striking the surface, the droplets adopt a
new shape that balances surface and interfacial energies.
Accompanying evaporation creates within each droplet a
gradient in surfactant concentration that drives radially
directed silica-surfactant self-assembly inward from the
liquid—vapour interface.

MPL and 1JP are serial techniques. In situations where it is
desirable to create an entire pattern with the same function-
ality, it might be preferable to employ a parallel technique
in which the deposition process occurs simultaneously in
multiple locations. This rapid, parallel procedure uses micro-
contact printing or electrochemical patterning of hydroxyl-
and methyl-terminated self assembled monolayers (SAMs) to
define hydrophilic and hydrophobic patterns on the substrate
surface. Then, using inks identical to those employed for
MPL and 1JP, preferential ethanol evaporation during dip-
coating enriches the depositing film in water, causing selective
de-wetting of the hydrophobic regions and ensuring self-
assembly of silica—surfactant mesophases exclusively on the
hydrophilic patterns. In this fashion, multiple lines, arrays of
dots, or other arbitrary shapes useful for the elaboration of
micro-fluidic systems such as pH sensors, can be printed in a
few seconds (Fig. 7).

3.2 Post-synthesis of mesostructured hybrid thin films

Another way to synthesise mesoporous hybrid thin films
consists of post-grafting organic functions onto the stabilised
inorganic walls. So far, modifiers have only been incorporated
in silica matrices®®!?>14¢1% a5 well as in few metal oxide
matrices.! >332 For this latter matrix, the one-pot synthesis
approach has not yet been developed.

3.2.1 Post-grafting on metal oxide matrices. Most of the
organofunctionalised mesostructured thin films, synthesised
either by co-condensation or post-grafting routes, concerned
silica-based matrices. Examples of non-silica functionalised
mesoporous materials are scarce, even if methods for the
synthesis of transition metal oxide films have been
developed, either for MO»/M,05'>1>% or mixed oxide frame-
works, 313134 by 9 general evaporation-induced  self-
assembly (EISA) procedure. Transition Metal Oxide (TMO)
frameworks are interesting for their electronic, mechanical,
optical and chemical stability properties. These are particularly
interesting because of the electronic properties of the inorganic
skeleton, which could be modified by their interaction with
included or grafted organic molecules, leading to a great
variety of potential applications (magnetic, optoelectronic,
and photovoltaic materials). Another potentially interesting
application of organically modified mesoporous transition-
metal oxides is in controlled-release devices (particularly for
non-toxic TiO,). The feasibility of incorporating organic
molecules within mesoporous zirconia thin films by post-
synthesis grafting was demonstrated by the Paris group.'>> The

production of hybrid inorganic-organic mesoporous films is
often based on the post-synthesis functionalisation 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, efc.) capable of performing complexation of the TM
centres (see Table 2).

This procedure leads to highly ordered, non-silica hybrid
mesoporous films 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). The
simplest approach to functionalise mesoporous transition-
metal oxide films is the post-grafting route. However, Soler-
Ilia et al'® reported recently the one-pot synthesis of
highly ordered hybrid mesoporous thin films (M;_,(SiR),0,)
obtained by co-condensation of organotrialkoxysilanes
(R-Si(OEt); with R = propylamine, propylthiol and phenyl)
with transition metal chloride (MCly with M = Zr or Ti). As
the chemical bonds between probes and the matrix involve
metal chelating groups, the direct incorporation of the probes
in the starting sol has to be carefully controlled in order to
avoid hindrance of the mesostructuration process. However,
the post-functionalisation of such thin films is not straight-
forward, 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 meso-
porous transition-metal oxides (MTMOs) 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,''*'%152 mesoporous films with a 2D
hexagonal or cubic mesostructure were prepared by EISA,
using a triblock copolymer (Pluronic F127) or Brij-58
[C16H33(CH,CH,0),,0H] templates.gz‘go’152 The films were
thermally stabilised by several post-synthesis treatments
until complete removal of the template. A typical function-
alisation experiment was performed by dipping the calcined
mesoporous film, previously rinsed with ethanol, into a
continuously-stirring solution of the chosen molecule in
THEF, 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. Moreover, the function
incorporation depends on the mesostructure; cubic 3D
mesostructures are more accessible than their 2D hexagonal
counterparts.

The trends issuing from leaching experiments demonstrate
that the anchoring strength follows the complexation strength
of the grafting group, that is, R-O-PO;>~ ~ R-PO;>~ >
dicarboxylate > carboxylate, for groups with high solubility
in the leaching solvent. An interesting characteristic of these
hybrid mesoporous films is that, in contrast to the irreversible
grafting observed in mesoporous hybrid silica, anchoring
groups with different strengths can be selected to obtain a wide
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Table 2 Modifiers and properties of resultant thin films mesophases

Functional organosilanes

Experimental conditions and results

Properties/applications and references

41) Dibenzoylmethane

+

42) 3-Nitrophthalic acid

o O
I

No,  OH

43) Methyl Red

44) Ferrocenecarboxylic acid

1

OH

Fe

J

45) Thioglycolic acid

HS

e

HO

46) Mercaptosuccinic acid

(o]
0O
OH
OH SH

47) Cysteine

0
HS%OH

ZrCly, Brij 58; 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

ZrCly, Brij 58; 2D hexagonal

ZrCly, Brij 58; 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

Hydrophobic!>?

150

pH sensitive!?

Redox properties'>

151

150,151

150
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Table 2 Modifiers and properties of resultant thin films mesophases (Continued)

Functional organosilanes

Experimental conditions and results

Properties/applications and references

48) Disodium 1,2-dihydroxybenzene-3,5-disulfonate
HO SO;
+
Na
HO H
SO, Na'

49) Monododecylphosphate

HO\ o
/
H,C p=”
~

(CHQO\O/ \oH

50) Dihexadecylphosphate

H3C

o O
2)14 o
\ =

~Scipao” o

51) Phenylphosphonic acid

OH ZrCly, Brij 58; 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

ZrCly/TiCly, F127; cubic, 2D hexagonal

ZrCly/TiCls, F127; cubic, 2D hexagonal 150

Sensors, controlled release devices,
sorption!3*-151

Sensors, controlled release devices,
sorption'*®

Sensors, controlled release devices,
sorption'*!
. 2
Hydrophobic'*

variety of responses, from strongly attached functions to
functions that can be liberated by external stimuli.

Following these authors,"**!*! it can be concluded that two
main limitations to (large) functionalisers incorporation arise:
(i) pore accessibility (related to the symmetry and connectivity
of the pore array) and (ii) transport within the pore system.
The latter factor can be explained in terms of molecule
diffusion (with the limitations imposed by the diffusion of a
molecule commensurate with the pore size) and also molecule/
wall interactions. Interactions have been recently identified as
a key factor in the modification of small-molecule diffusion
coefficients within the pore system of functionalised meso-
porous silica.'>>!3® Earlier work in post-functionalised 2D
hexagonal silica powders demonstrated that organosilane
functional groups were concentrated on the outer surface
and near the pore openings; this is possible when the grafting
reaction is fast (relative to transport to the pore interior) and
almost irreversible, which should be the case for silanes post-
grafted onto silica pore surfaces.®® In fact, the transport of the
grafting molecule to the inner pores of MTMOs 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, particularly favoring the desorption
step. For example, the leaching rates of mercaptosuccinic acid
are higher at low pH, where the acid is fully protonated, due to
the fact that carboxylate anchoring groups become more labile
at low pH. Indeed, the presence of protons facilitates the

cleavage by water of the anchored carboxylates. This feature
can be used in controlled delivery devices, where the release of
an anchored drug can be triggered by the external pH.
MTMO surfaces can be flexibly modified with various
functional groups which can be retained or liberated depend-
ing on the external conditions (pH, solvent, etc.). This is a
substantial difference when compared to the strong silane
bonding to silica, which leads to an almost “irreversible”
functionalisation. Functionalised pores are further accessible
to other molecules (solvent, fluorescent probes) or ions (i.e.,
Hg(11)), opening the way for sensor or sorption applications.

3.2.2 Post-grafting on silica-based matrices. As described
previously, the most commonly employed method to function-
alise mesostructured silica thin films is the one-pot synthesis.
However, some studies employing post-functionalisation have
been reported.’®!4¢14% Typically, after a thermal treatment,
which allows both good consolidation of the inorganic
network and removal of the template, thin films were stirred
in dry toluene solution containing organotrialkoxysilane
under refluxing conditions. The reaction time was varied
from 6 to 24 h. Finally, thin films were washed with solvent
and dried at low temperature. An alternative route to post-
functionalise thin films before the calcination step via a vapour
infiltration technique was also recently reported.'*” According
to the authors, hydrophobic organosiloxane molecules
(Mg, Si(OEt)4—,,) penetrated into mesostructured silica films
and were incorporated into the mesochannel silica walls.
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The post-functionalisation presents several advantages com-
pared to co-condensation route: (i) treatment at high tem-
peratures (around 400 °C) results in a highly condensed
inorganic network and increases the stability of thin films, (ii)
the functionalisation takes place only in the pores of films,
(iii) no phase transition can happen with the incorporation
of the probes, implying a conservation of the initial meso-
phase.'*® However, as stated previously post-grafting may
result in an inhomogeneous coating of the pore surface by
the organosilanes (localised near the pore openings) leading to
restriction'* (ink bottle pores) or to a total blocking of the
porosity. 4

This post-functionalisation procedure was used to develop
lead(11) electrochemical sensors,'* chemical ammonia and
water sensors based on dielectric responses of films,>® and as a
mould for the synthesis of gold nanowires.'*®

Yantasee et al.'® tested the applicability of the thiol-
functionalised mesoporous silica (SH-FMS) thin film as an
electrode sensing layer. Mesostructured thin films were spin-
coated onto the bare surface of a gold microelectrode array
microchip. After the calcination step, the modified micro-
electrode was grafted with 3-mercaptopropyltrimethoxysilane.
The process of absorptive stripping voltammetry detection of
Pb(11) using the SH-FMS thin-film electrode involves several
steps. The preconcentration step results in an accumulation of
Pb(11) ions on the surface of the nanopores by complexation
with the thiol groups of the surface. During the detection step
accumulated Pb(I1) ions desorb from the FMS surface in an
acidic medium (e.g. 0.1 M HNOs) and diffuse to the surface of
the gold electrode. The authors demonstrated that function-
alised mesoporous thin films with high binding site density,
due to the high surface area of the mesoporous structure, lead
to high sensitivity and large dynamic range for metal ion
sensing.

Domansky et al>® post-functionalised mesoporous silica
films with hexadimethylsilazane. By measuring the dielectric
constant and the dissipation factor of functionalised thin
films exposed to water vapour, ammonia, and methane, they
observed that the films presented good sensitivity to both
water vapour and ammonia in air. It is interesting to point out
that, in contrast to most chemical sensors, these films were not
functionalised with groups for specific molecular recognition.

Gu er al."® developed a three step strategy to incorporate
highly dispersed gold nanowires into the pore channels of
mesostructured thin films. After synthesis and extraction of the
template, the pore surface was modified with aminopropyl-
trimethoxysilane. The HAuCl, salt was introduced into films
via a neutralisation reaction. Following a reduction procedure,
Au nanowires were formed within the thin films. It should be
emphasised that using this strategy, films not only served as a
confined template, a function for traditional wet impregnation
method, but also as a reactor for the neutralisation reaction.

L 58

4 Conclusion

Hybrid organic-inorganic materials are increasingly taking
their position in the free spaces left between inorganic
chemistry, polymer chemistry, organic chemistry, and biology.
This land of research, initially worked on by the sol-gel

community, is at present thriving with the appearance of a new
class of mesoscopic hybrid structures and the strong input of
bioinspired materials scientists.">” These periodically organised
mesoporous hybrids, which can be shaped as films or coatings
through a large set of versatile processes, present important
advantages because they facilitate integration and miniaturisa-
tion of the devices (nanomaterials, nanotechnologies) and their
hybridisation afford a direct connection between the inorganic,
organic and biological worlds. Hybrid organic—inorganic
mesoporous thin films are promising but, considering develop-
ments and applications they are still in their infancy. Some
promising properties concerning optical sensing, low-k dielec-
trics, photonic, molecular valves or nano-gates, controlled
release, switchable membranes have already been investigated
but they only represent the tip of the iceberg.

In particular, many multiscale structured hybrids (from
nanometer to the millimeter scale) thin films will appear in the
near future, opening a land of opportunities for designing
new materials. More developments are expected within the
next few years with the involvement of organic and organo-
metallic chemists who will design new precursors to enable
better tuning of the material functionality.

The outlook for nano-sciences in the 21st century is
indeed promising because many of these hybrid films will be
developed as smart materials or integrated in devices with
applications satisfying socio-economical demands in energy,
environment, information, health and medicine. Selective
separation, adsorption, catalysis, sensing, biosensing, photonic
or optical devices, fuel cell and battery photovoltaic cells,
membranes with coupled properties (sensing, catalysis, separa-
tion, etc.) are but a few examples.
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