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1. Introduction

Nanosciences will be, as biology, one of the fields
that will contribute to a high level of scientific and
technological development along the 21st century.
Nanostructured inorganic, organic, or hybrid organic—
inorganic nanocomposites present paramount advan-
tages to facilitate integration and miniaturization of
the devices (nanotechnologies), thus affording a direct
connection between the inorganic, organic, and bio-
logical worlds. The ability to assemble and organize
inorganic, organic, and even biological components
in a single material represents an exciting direction
for developing novel multifunctional materials pre-
senting a wide range of novel properties.!

Soft chemistry based processes (i.e., chemistry at
low temperatures and pressures, from molecular or
colloidal precursors) clearly offer innovative strate-
gies to obtain tailored nanostructured materials. The
mild conditions of sol—gel chemistry provide reacting
systems mostly under Kkinetic control. Therefore,
slight changes of experimental parameters (i.e., pH,
concentrations, temperatures, nature of the solvent,
counterions) can lead to substantial modifications of
the resulting supramolecular assemblies. This may
give rise to inorganic or hybrid solids with enormous
differences in morphology and structure and, hence,
in their properties.2~* However, the resulting nano-
structures, their degree of organization, and thus
their properties certainly depend on the chemical
nature of their organic and inorganic components, but
they also rely on the synergy between these compo-
nents. Thus, the tuning of the nature, the extent, the
accessibility, and the curvature of the hybrid inter-
faces is a key point in the design of new nanostruc-
tured materials. The growth of soft chemistry derived
inorganic or hybrid networks templated by organized
surfactant assemblies (structure directing agents) al-
lowed construction of a new family of nanostructured
materials in the mesoscopic scale (2—100 nm): the
best example is the ever-growing family of meso-orga-
nized hybrids or mesoporous inorganic materials.5~%7

Moreover, recently, micromolding methods have
been developed, in which the use of emulsion drop-
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lets, latex beads, bacterial threads, colloidal tem-
plates, or organogelators leads to control of the
shapes of complex objects in the micrometer scale.18725

These synthesis procedures are inspired by those
observed to take place in natural systems. Indeed,
for some hundreds of million years, nature has been
producing extremely performing materials (magne-
totactical bacteria, ferritine, teeth, bone, shells, etc.)
by making use of highly selective structures. The
construction of these complex structures is promoted
by specific chemical links, as well as by a rich and
varied set of conformations and topologies. For
example, it is well-known that the highly efficient
recognition processes in biology (e.g., antibody/
antigen or enzymatic behavior) depend on the spatial
distribution (tertiary structures) at the nanometric
level, as well as on the molecular scale interactions.
Learning the “savoir faire” of these particular living
systems and organisms from understanding their
rules and transcription modes could lead us to be able
to design and build novel materials. These new
compounds will bear improved or entirely new capa-
bilities, far more efficient than the conventional
materials that we are able to synthesize nowadays.
An ambitious project has been undertaken by several
research groups with diverse origin (biologists, chem-
ists, physicists, ...), who aim to understand the
construction processes of mineral objects that take
place within hybrid interfaces that play a structuring
and functional role. The first results, concerning the
tailored design and construction of mineral-based or
organomineral hybrid-based frameworks, are indeed
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encouraging. These efforts should permit improved
understanding of the complex mechanisms involved
in biomineralization processes that remain currently
unknown,9:26-30

Zeolites and related porous solids, silica, and hybrid
mesostructured composites, obtained by combination
of all these methods, are the best examples of the
state of the art of these approaches.51317.27,3031-34
Without doubt, these strategies will give birth to a
constellation of innovative advanced materials with
promising applications in many fields: optics, elec-
tronics, ionics, mechanics, membranes, protective
coatings, catalysis, sensors, and biological applica-
tions (immobilization, recognition, drug delivery,
etc.).%

2. Crystalline Microporous Materials

2.1. Introduction

A great number of natural materials are character-
ized by a negatively charged mineral framework,
bearing cavities, cages, or tunnels where water
molecules or inorganic cations (as charge-compensat-
ing ions) are occluded. Among these solids, zeolites
(from the greek, zein, to boil, and lithos, stone) de-
fine the great family of crystalline microporous

Chemical Reviews, 2002, Vol. 102, No. 11 4095

aluminosilicates, presenting pore sizes of d <1 nm.
The applications of these microporous materials are
widespread. Although mostly aimed at industrial
catalytic processes (i.e., chemical and petroleum
industries), zeolites also hold their place in everyday
life (phosphate-free cleaning products, isolating pur-
poses, etc.). Indeed, these solids are very efficient as
selective ion-exchange agents and sorbents, due to
the high mobility of water and cations and their
high and well-defined porosity. These remarkable
properties explain the interest of hundreds of re-
search groups worldwide, in the quest for the study
and development of novel materials with controlled
porosity.

The first synthesis procedures involved alumino-
silicate gels as precursors and strong alkaline condi-
tions, using a great variety of mineral bases. A great
number of novel structures (aluminosilicates or re-
lated materials such as phosphate-based microporous
solids, etc.) have been obtained by introducing or-
ganic molecules (generally N-based compounds) into
the reaction mixtures. These organic moieties act as
molecular templates, around which the inorganic
phase is built. There is a close relationship between
the morphology of the organic template and the
morphology of the cavities or channels of the inor-
ganic structure. In this way, it is possible to synthe-
size an amazing set of microporous solids, with
crystalline walls of variable composition and micro-
structure, from organomineral gels.

2.2. Porous Solids

According to the classification made by IUPAC,3®
porous solids can be arranged in three main catego-
ries, depending on their pore size (diameter, d), in
micro- (d < 2 nm), meso- (2 nm < d < 50 nm), and
macroporous materials (d > 50 nm). Some illustrative
examples are given in Figure 1. In this section, we
will focus on microporous materials, particularly on
zeolites. Further on, we will discuss silica- and non-
silica-based mesoporous solids,3” which present sharp
pore distributions.

2.3. Zeolites and Related Microporous Solids
2.3.1. Definition and Structural Delimitation

Zeolites constitute by themselves one of the most
important families of crystalline microporous solids.
The original name was initially given to natural
aluminosilicates belonging to the class of tectosili-
cates. The latter are built up from a three-dimen-
sional array of tetrahedral units TO, (T = Si, Al),
each oxygen atom bridging two tetrahedra. However,
the main difference between zeolites and the other
members of the tectosilicate family (feldspar) is the
presence of channels and cavities of molecular di-
mensions, which are in contact with the external
medium. To preserve electroneutrality, alkaline (or
alkaline-earth) cations are present within these cavi-
ties, as well as water. The general formula of these
aluminosilicates can be considered to be M2,O,Al;O3,
xSiO,,yH,0, where M is one cation of valence n and
X = 2.
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Figure 1. Examples of micro-, meso-, and macroporous
materials, showing pore size domains and typical pore size
distributions.

In the past 60 years, there has been a sustained
interest in the synthesis of these materials, in view
of their properties and their applications in catalysis
or sorption. The first synthesis procedures were
performed by alkaline treatment of aluminosilicate
gels, in the presence of mineral bases. The introduc-
tion of nitrogen-containing bases (or alkylammonium
cations) in the reaction mixtures provided an inter-
esting breakthrough. New zeolite-type structures
were created, as well as new families of materials,
bearing or not an isostructural relationship with
zeolites. This is the case of the microporous alumi-
nophosphate molecular sieves, developed by Union
Carbide, AIPO4-n,* or derived materials, obtained by
incorporation of Si,*® Me (Me = Co, Fe, Mg, Mn, Zn),
or El (El = As, B, Be, Ga, Ti, Li).*° The classification
of these compounds is sketched in Figure 2. After

AlPO4
MeAPO SAPO EIAPO
I I T
Me=Co,Fe S=Si El=As,B,Be
Mg,Mn,Zn Ga,Ge,Li,Ti

I—— MeAPSO I EIAPSO —I

Figure 2. Classification of aluminophosphate and derived
phases (adapted from Flanigen et al.*).

these findings, the family of crystalline microporous
phosphates grew considerably. Some examples in-
clude gallophosphates,*~*® zincophosphates,**4> be-
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ryllophosphates,*® vanadophosphates,*” and ferrophos-
phates.*® In some of these microporous phosphates,
the backbone element T (T = Ga, Fe, ...) associated
with P can be tetra-, penta- or hexacoordinated.

The expression “zeolite” has nowadays a broader
meaning, to include all microporous silica-based
solids presenting crystalline walls, including those
materials where a fraction of Si atoms has been
substituted by another element, T, such as a trivalent
(T = Al, Fe, B, Ga, ...) or a tetravalent (T = Ti, Ge,
...) metal. The following categories have been estab-
lished, as a function of the Si/T ratio: zeolites, Si/T
< 500; and zeosils, Si/T > 500; these compounds are
essentially Si-based, but, contrary to clathrasils, the
porosity of these materials is accessible. Both zeosils
and clathrasils define the family of porosil silica-
based materials.

The crystalline microporous phosphates are identi-
fied as “related microporous solids”.

In summary, microporous solids are distinguished
by a three-dimensional framework, resulting from
corner-connected TO,4 units (T = Si, Al, P, Ge, Ga,
...); oxygen atoms bridge two metal centers; and
channels or cavities of molecular dimensions, capable
of communicating with the outside.

Actual structures can deviate from these ideal
definitions, due to the presence of TX,4, TXs, or TXe
polyhedra (X = O, F) or nonbridging oxygen atoms
(for example, terminal —OH groups).

A three-letter code is attributed to each structure,
defined by the Structure Commission of the Inter-
national Zeolite Association (1ZA).* As an example,
faujasite and their synthetic equivalents X and Y
correspond to the structural-type FAU. Nowadays,
zeolitic frameworks are classified in 135 different
structure types.5°

2.3.2. Synthesis Strategies of Microporous Crystalline
Phases

Synthesis Methods. Crystalline molecular sieves
are generally obtained by hydrothermal crystalliza-
tion of a heterogeneous gel, which consists of a liquid
and a solid phase. The reaction media contain the
following: sources of the cation(s) that form the
framework (T = Si, Al, P, ...); sources of mineralizing
agents (HO™, F7); mineral cations or organic species
(cations or neutral molecules); and solvent (generally
water).

Zeolite synthesis is generally performed in alkaline
media, T < 200 °C. In the case of aluminophosphate
families, and derived compounds (SAPO, MeAPO,
etc.), the reaction pH is between 3 and 10. Anions
such as hydroxide or fluoride collaborate in the
dissolution of the reactive silica moieties in the gel
and their transfer to the growing crystals. In addi-
tion, F~ anions can play the role of a costructuring
agent, by stabilizing certain building blocks of the
inorganic network.5!

Nonaqueous routes have also been explored; they
may involve a nonaqueous solvent as ethylene gly-
col®253 or dry synthesis methods.>* However, traces
of water may be present in the solvents.>® Water can
also be generated in situ, upon evolution of the
reacting systems.5455
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Table 1. Templating Agents Used in the Synthesis of Porosils (SiO, Polymorphs)

Porosil Porosil
structural structural
organic template code organic template code
1l-aminoadamantane DDR N-benzyl-1-azonium[2.2.2]bicyclooctane IFR
N,N,N-trimethyl-1-adamantammonium cations AFI 1,3,3,6,6-pentamethyl-6-azonium[3.2.1]bicyclooctane ITE
dibenzyldimethylammonium cations BEA cobalticinium cations NON
ethylene glycol or trioxane SOD 3,5-dimethyl-N,N-diethylpiperidinium cations MEL
tetrapropylammonium cations MFI 4.,4'-trimethylenedipiperidine MTW
diethylamine TON quinuclidinium cations AST
di-n-propylamine MTT tetramethylammonium cations MTN

Zeolite Formation and Growth. A great number
of studies have been focused on the crystallization
mechanism of zeolites. Two main hypotheses have
been proposed. The first one, originally presented by
Flanigen and co-workers,* suggested that crystal-
lization takes place by a reorganization of the gel
network; this process is not mediated by the liquid
phase. This pioneering model has been practically
abandoned and displaced by the hypothesis of Barrer
and colleagues,> who supposed that the formation
of zeolite crystals takes place in solution. In this
model, the nucleation and growth of crystalline nuclei
are a result of condensation reactions between soluble
species, the gel performing a limited role as a
reservoir of matter.

2.3.3. Formation Mechanisms of Microporous Crystalline
Phases

Building Unit Model. Barrer and co-workers
suggested that the elaborate zeolite frameworks were
made up from more complex building blocks, which
were present in solution: the secondary building
units (SBU).%" Sixteen different kinds of SBU have
been identified from structural studies.*® This model
settles an interesting point of view: solids may be
built up from preformed building blocks. A major
limitation of this approach is that not all of the
proposed SBUs have been found in solution. How-
ever, these building blocks could be present in
concentrations below detection limits; these minor
guantities could suffice to trigger the generation of
microporous frameworks. Alternative models have
been developed to rationalize the formation of
aluminosilicates,?®6° gallophosphates,** and alumi-
nophosphates,®:62 based on molecular modeling
coupled to structural analysis.

Organic Templating Agents. As previously
stated, the use of organic species as templating
agents has widened the number and nature of micro-
porous crystalline solid phases. So far, amines and
related compounds (quaternary ammonium cations),
linear or cyclic ethers, and coordination compounds
(organometallic complexes) have been the most com-
monly used organic templates. The template is sup-
posed to keep its integrity in the synthesis medium
(chemical and thermal stability). Under an alterna-
tive approach, the template species can be generated
in situ by controlled decomposition of organic precur-
sors. This has been advantageously used to prepare
novel microporous aluminophosphates in the pres-
ence of alkylformamides. The partial degradation of
these compounds leads to the corresponding alkyl-
amines, which are kept in the cavities of the mate-
rial 6263

Table 1 presents some templating agents of wide-
spread use in the synthesis of porosils, as well as
their standard codes.

Role of the Organic Species. The organic species
are frequently occluded in the microporous voids of
the synthesized material, contributing to the sta-
bility of the mineral backbone. The guest—frame-
work stabilizing interactions can be of Coulombic,
H-bonding, or van der Waals type. However, guest—
guest interactions can also contribute to the total
energy. This is the case of 18-crown-6/Na* complexes,
in the synthesis of EMC-2 zeolite,®* or of the p-
dioxane/Na*™ complex, in the synthesis of MAZ-like
zeolites.5®> The trapped organic moieties perform
several roles:

e Coulombic balance of the negatively charged
framework (e.g., aluminosilicates).

e filling of the microporous cavities.

e structuring by the “template effect”; that is, the
mineral species present a degree of preorganization
around the organic molecules, and/or the crystal
growth is oriented by the shape and symmetry of the
template.

e chemical action, by modifying the properties of
the solution or the resulting gel (the organic species
is mostly hydrophobic).

o thermodynamic action, by stabilizing a given
building block of the mineral framework.

Silica-based molecular sieves and silica-rich zeo-
lites (5 < Si/Al < «) are the simplest systems in
which these “template effects” have been observed.

Template Effect of the Organic Species. In
most cases, an adequate matching exists between
the geometries of the organic species and those of
the microporous cage or channel network. The mol-
ecules play thus a real template effect, around which
the mineral framework is built. The local structuring
of water might be an important issue; in fact, a close
analogy between clathrates (arrangements consti-
tuted mainly by water structured around other
molecules) and the family of clathrasils can be noted.
This is the case of tetramethylammonium clath-
rate [(CH3)4sNOH-5H,0], which presents the sodalite-
like structure. This zeolite has been also obtained
in the presence of tetramethylammonium (TMAT)
cations. In the case of structurally related solids
(SOD type), such as zincophosphate (Zn, O, P frame-
work) and aluminophosphate (Al, O, P framework),
TMAT cations are also perfectly adapted to the
sodalite-like cage size (Figure 3). Wiebke®® has syn-
thesized a new family of mixed clathrate—silicate
materials, reinforcing the analogy between the two
families of compounds. In clathrates, water is struc-
tured around big cations or anions, presenting low
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Figure 3. TMA™ cations occluded into the sodalite cage
(cage B). In this scheme, the network-forming elements T
(T = Si, Al, ...) are located at the corners, defined by the
intersection of three edges. O atoms can be found at the
center of each edge.

charge and hydrophobic character. These nonpolar
or slightly polar molecules [a typical example is
(C3H7)4sN*] are rejected by the solvent and isolated
in polyhedral cavities.

The presented analogies between clathrates and
silicates, including the existence of mixed compounds
and the structuring of water in the presence of
hydrophobic molecules, led to the elaboration of a
porous mineral framework in terms of a “replication”
water—inorganic species process. The latter is then
followed by condensation of the resulting organic—
inorganic species. This template effect will be il-
lustrated by an example: silicalite-1 (MFI structural
type).

Two main components constitute the MFI structure
(MFI for Mobil Five): ZSM-5, where the Si/Al ratio
varies between 10 and 500, and silicalite-1, a pure
siliceous form (Si/Al > 500). MFI structure®” is
characterized by the presence of two types of inter-
connected channels, the opening of which is delimited
by 10 tetrahedral units (Figure 4). Silicalite-1 can be
obtained in the presence of a great variety of organic
species. However, the pure phase can be obtained
only by performing the synthesis in the presence of
tetrapropylammonium cations (TPA™) cations. In the
as-synthesized solids, four TPA*™ per unit cell are
occluded within the inorganic framework, at the
intersection of both systems of channels (Figure 4C).
Itis clear that there is a geometrical tuning between
these cations and the channel system, as only one
cation per intersection is present.

Solid-state NMR studies of the reaction gels along
the synthesis performed by Burkett and co-workers®®
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confirmed the van der Waals interactions between
the TPAT and the inorganic silica species. The
experiments were carried out using 'H—2°Si cross-
polarization (CP) techniques, and the reaction mix-
tures were prepared in the presence of D,O. An
organomineral entity was evidenced, even in the
absence of any crystalline phase, by the substitution
of the water belonging to the (hydrophobic) solvation
layer of TPA*' by silica-containing moieties. This
“replication” of the water structure by a silica “copy”
should be favorable from a thermodynamical point
of view, the van der Waals interactions and the de-
structuring of the water molecules contributing to the
enthalpic and entropic terms, respectively. The as-
sembly of the organomineral entities and the growth
of the nuclei thus formed should lead to silicalite-1.
The different steps involved in the formation of this
solid phase are schematized in Figure 5. These
authors have shown that the crystallization did not
take place in the presence of tetraethanolammonium
cations (geometrically similar to TPA™Y). In this case,
the strong H-bonding interactions that take place
between the ethanol groups and water molecules
hinder the “replication” process.

More recently, this mechanism has been validated
by de Moor and co-workers using small (SAXS)-, wide
(WAXS)-, and ultrasmall (USAXS)-angle X-ray Scat-
tering.®® Other authors have independently demon-
strated the formation of an organomineral species
containing 33 Si atoms, bent around TPA", and
presenting a connectivity scheme similar to that
found in the MFI structure.”™

2.3.4. Properties and Applications of Zeolitic Materials

Because of their perfectly controlled porous struc-
ture with molecular size pores, zeolitic materials are
genuine shape-selective molecular sieves. The pres-
ence of charge compensation cations (alkaline, alka-
line-earth, protons, etc.) within the porosity of the
inorganic frameworks gives to these materials ionic
exchange and catalytic properties, which are widely
used in the industry. Moreover, the hydrophobic
(zeosils, SiO,) or hydrophilic (aluminosilicates) nature
of the tailorable inorganic framework make these
solids useful as specific adsorbents of organic mol-
ecules or water in the gas or liquid phase. The three
main applications of zeolitic materials are adsorption
and drying, catalysis, and detergency.

B)

Figure 4. Structure-type MFI: (a) crystals of silicalite-1; (b) overview of the channel system; (c) scheme of the location of

the TPAT cations at the channel intersection.
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Figure 5. Scheme of the proposed formation mechanism
of silicalite-1 (adapted from ref 68).

To illustrate these applications, one can quote
adsorption of water molecules in double-glazing, gas
drying, catalytic cracking (production of fuel, increase
of the gasoline octane number), and non-phosphate-
containing laundry soaps (trapping of calcium and
magnesium). The world consumption (102 tons) and
distribution (vol %) of use of these materials in 1988
are given in Figure 6.7 Recent data’ related to
synthetic zeolite production show that the tonnages
for the three main applications have greatly in-
creased in the past 10 years. Indeed, in 1998 they
rose 1.05 x 109, 1.6 x 10°% and 1 x 10° tons for
detergency, catalysis, and adsorption drying, respec-
tively. Detergency represents ~70% of the market;
some laundry soaps can contain up to 40 wt % of
zeolite A (structure-like LTA).

Numerous other applications, less important in
tonnage and mainly based on the use of natural
zeolites, have been also developed: wastewater treat-
ment, treatment of nuclear effluents, pet food, or soil
improvement.

Recent patents have claimed the use of these
materials for antibacterial properties’"* or as com-
bustion delaying agents.

In catalysis, most of the zeolites are used in
refining and petrochemical material. In petroleum
refining, the main applications are fluid catalytic
cracking (FCC), hydrocracking, isomerization of prod-
ucts from the decomposition of C5—C6 cuts, and
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Figure 6. Consumption (x102 tons) (a) and distribution
in vol % of the use of zeolitic materials in the world in 1988
(b) (adapted from ref 71).

dewaxing. In petrochemicals, developed reactions are
aromatic transformations (isomerization, alkylation,
disproportionation, and transalkylation reactions).

The use of zeolites in fine chemistry processes is
and will be more and more important. Indeed,
homogeneous catalysis processes (contrary to hetero-
geneous catalysis processes) act usually in a static
bed, limit or avoid corrosion problems, and allow
return to the catalyst.

In this area, among the reactions catalyzed by
zeolites, one can quote double-bond isomerization,
skeleton isomerization, dehydration, dehydrogena-
tion, halogenation, acylation or alkylation of aromatic
compounds, selective oxidation, selective hydrogena-
tion, etc.”> 77 One of the most remarkable examples
in the past decade is the industrial development of
TS-1 (silica-rich and titanium-doped MFI zeolite)”®
as a catalyst for phenol hydroxylation.™

It is noteworthy that among the 135 types of
identified zeolites, only about a dozen are used in the
industry or have a high industrial potential. Table 2
presents a list of the main zeolitic materials. Re-
cently, a more detailed review on the applications of
these solids in catalysis has been published.&°

3. Mesoporous Materials: Using Supramolecular
Templates To Enhance Pore Size

3.1. Introduction

Regardless of the great amount of work dedicated
to zeolites and related crystalline molecular sieves,
the dimensions and accessibility of pores were re-
strained to the sub-nanometer scale. This limited the
application of these pore systems to small molecules.
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Table 2. Zeolitic Structures Used or with a High
Industrial Potential (Adapted from Reference 62)

structural type application

LTA detergency, drying, and separation

FAU, MOR adsorption and catalysis

LTL catalysis: aromatization

MFI adsorption and catalysis

BEA catalysis

CHA (silicoalumino- catalysis: conversion of methanol
phosphate) into olefins

FER catalysis: framework isomerization

of n-butenes

catalysis: isomerization of paraffins;
decrease of the flowing point
for diesel oils

MTW catalysis

AEL (silicoalumino-
phosphate), TON

During the past decade, an important effort has been
focused on obtaining molecular sieves showing larger
pore size.

The introduction of supramolecular assemblies
(micellar aggregates, rather than molecular species)
as templating agents permitted a new family of
mesoporous silica and aluminosilicate compounds
(M415S) to be obtained, first developed by a research
group at Mobil Qil.8%82 These solid phases are char-
acterized by ordered mesopores presenting sharp
pore size dispersions.

The M41S family includes a bidimensional hex-
agonal phase (MCM-41, for Mobil Composition of
Matter), a cubic phase, MCM-48, and several lamel-
lar phases; particularly, MCM-50 is reported to be
thermally stable.

The synthesis of large-pore molecular sieves was
not the only consequence of this discovery. This
breakthrough permitted confirmation of several ideas
and concepts proposed by a large community of
researchers, focused on biomineralization processes.
As described by S. Mann?’ the importance of this new
“organized matter soft chemistry synthesis” is con-
tinuously increasing. The synthesis of inorganic or
hybrid materials presenting complex architectures
over a multiscale range should be possible by control-
ling construction, morphology, and hierarchy in
precipitation reactions. Another relevant outcome is
the approach experienced by the communities study-
ing biomineralization and the synthesis and design
of advanced materials. The close relationships be-
tween biology and “chemistry of organized matter”
converge in the terms molecular tectonics or nano-
tectonics. Nature employs macromolecules and mi-
crostructures to control the nucleation and growth
of mineral compounds or organomineral hybrid com-
posites; similar approaches are nowadays being
developed in the synthesis of advanced materials.

In particular, a permanent effort is made to develop
textured inorganic or hybrid phases. These materials
are potential candidates for a variety of applications,
in the fields of catalysis,3* optics, photonics, sensors,
separation, drug delivery,® sorption, acoustic or
electrical insulation, ultralight structural materi-
als,?*25 etc.

In the case of porous materials, increasing the pore
size has been one of the goals of structural control,
to permit the penetration of large size molecules into
the host porous structure. Macroporous materials

Soler-lllia et al.

(i.e., Dpore > 50 NmM) are particularly interesting, due
to their improved transport properties. Organized
macroporous arrays should present optimal fluxes,
and diffusion should not be a limiting issue for these
materials. This is a central point for any processes
concerning accessibility, such as catalysis, sorption,
delivery, or sensors.

The choice of the organic template to spatially
control the mineralization process along various
scales, ranging from the angstroms to micrometers,
is a key issue in the synthesis of textured or porous
materials. In the case of mesoporous oxides, the
templating relies on supramolecular arrays: micellar
systems formed by surfactants or block copoly-
mers.81.82

In the following sections, we will describe the
chemical tools that are necessary to construct silica-
and non-silica-based organized hybrid or inorganic
structures by soft chemistry processes. The most
relevant work produced in this field from 1992 to the
present will be reviewed and thoroughly discussed.

3.2. Synthesis Tools for Mesostructure
Production

3.2.1. Synthesis Strategies

“Chimie Douce” (soft chemistry) is indeed an in-
teresting starting point for the development of a
“biomimetic approach” of mesostructured materials,
in view of the typical synthesis conditions: low
temperatures; coexistence of inorganic, organic, and
even biologically attractive moieties; widespread
choice of precursors (monomers or condensed species);
and possibilities of controlled shaping (i.e., powders,
gels, films, ...). Exploration in this field is persistently
growing, and a number of biomimetic synthesis
strategies have been recently developed:?”? The large
set of smart materials, ranging from nanostructured
materials (such as ordered dispersions of inorganic
bricks in hybrid matrices, mesostructured inorganic
networks, or dual networks) to more complex materi-
als having hierarchical architectures, reported during
the past 10 years, is testimony to the scientific
success of this field.2~14

Figure 7 presents an illustration of the main
general synthesis strategies used to construct these
materials. In all of these synthesis strategies, the
chemical, spatial, and structural properties of the
texturing agent, or the “reaction pockets”, must be
thoroughly adjusted by controlling the rates of chemi-
cal reactions, the nature of the interfaces, and the
encapsulation of the growing inorganic phase. An
adequate tailoring of the organomineral interface is
of utmost importance to obtain well-defined textured
phases. The chemical, spatial, and temporal control
of this “hybrid interface” is a major task in the
challenge of developing cooperatively assembled in-
organic—organic integrated systems.

These synthesis strategies (Figure 7) can be cat-
egorized following two principal approaches:

(1) The molecular/supramolecular templates are
present in the synthesis media from the beginning;
the self-assembly process of the templates is followed
by (or synchronized with) the formation of the
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Figure 7. Main synthetic approaches for mesostructured materials. The mesostructure can be previously formed (route
A), or a cooperative process (route B) can take place. Route C makes use of preformed nanobuilding blocks (NBB).

mineral network, deposited around the “self-as-
sembled substrate”. “Inorganic replication” occurs at
accessible interfaces built by preorganized or self-
assembled molecular or supramolecular templates,
which create the mesostructure in the material.
These templates can be organic compounds (surfac-
tant molecules, amphiphilic block copolymers, den-
drimers, etc.) or biomolecules, forming micellar as-
semblies and/or liquid crystal mesophases. They can
also be preformed objects having submicronic, mi-
cronic, or macroscopic sizes, colloids (latex, silica),
bacteria or virus, or even mesoporous silica frame-
works that can be used as a template (nano- or
microcasting) to embed any other component or
material, being commonly used examples (route A).

In many cases a “cooperative self-assembly” can
take place in situ between the templates and the
mineral network precursors yielding the organized
architectures (route B).

(2) In the second approach, a nanometric inorganic
component is formed (by inorganic polymerization or
precipitation reactions). Nanoparticle formation can
take place not only in solution but also in micelle
interiors, emulsions, or vesicles, leading to complex
shaped materials. The control of the dynamics of
precipitation of this nanometric building block (NBB)
is a key point when syntheses are performed under
these conditions. These NBB can be subsequently
assembled and linked by organic connectors or by
taking advantage of organic functions dangling on the

particle surface (route C). The synthetic strategies
and routes using NBB leading to ordered or disor-
dered hybrid networks have been recently reviewed.

All of these strategies based on transcription,
synergic assembly, and morphosynthesis can also be
simultaneously combined (integrative synthesis) to
give rise to hierarchical materials.?” We will briefly
discuss the main parameters that control mesostruc-
tured assemblies in the following paragraphs.

The key feature in the synthesis of mesostructured
materials is to achieve a well-defined segregation of
organic (generally hydrophobic) and inorganic (hy-
drophilic) domains at the nanometric scale; here, the
nature of the hybrid interface plays a fundamental
role. The most relevant thermodynamic factors af-
fecting the formation of a hybrid interface have been
first proposed by Monnier et al.®* and discussed in
depth by Huo et al.®® in their description of the
“charge matching” model (see section 3.3.4). The free
energy of mesostructure formation (AGys) is com-
posed of four main terms, which represent, respec-
tively, the contributions of the inorganic—organic
interface (AGinter), the inorganic framework (AGinorg),
the self-assembly of the organic molecules (AGor),
and the contribution of the solution (AGs).

AG AGinter + AGinorg + AGorg + AGsol (1)

ms —

In the classical liquid crystal templating (route A),
the contribution due to the organization of the
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Figure 8. Micellar structures (A = sphere, B = cylinder, C = planar bilayer, D = reverse micelles, E = bicontinuous
phase, F = liposomes). Reprinted with permission from ref 88. Copyright 1994 John Wiley and Sons, Inc.

amphiphilic molecules prevails over the other inter-
actions. In the cooperative assembly route (B), tem-
plate concentrations may be well below those neces-
sary for obtaining liquid crystalline assemblies or
even micelles. Thus, the creation of a well-defined
and compatible hybrid interface between the inor-
ganic walls and the organic templates (i.e., AGinter)
is central to the generation of a well-ordered hybrid
structure with adequate curvature. This has been
demonstrated for silica systems in strongly alkaline
media (pH 13) at ambient temperature, where ex-
tended silica polymerization is not possible (i.e.,
|AGinorgl — 0). In these conditions, hydrolysis and
inorganic condensation are separate events.®> The
formation of the inorganic phase can be subsequently
triggered as a subsequent process, directed to differ-
ent mesophases. A similar strategy has been applied
for the construction of titania—surfactant hybrid
assemblies in strongly acidic medium (vide infra).

From the kinetic point of view, the formation of an
organized hybrid mesostructure is the result of the
delicate balance of two competitive processes: phase
separation/organization of the template and inorganic
polymerization. This issue, well-known in microscale
phase segregation,® is essential when one is working
with systems where inorganic condensation is fast.
In conditions where condensation is slow (i.e., pH
near the pHiep of silica), the kinetic constants (k;) of
the different processes should be ordered as follows:

k > Kog ™ K

inter org inorg (2)

Thus, the formation of ordered phases is controlled
by the self-assembly involving the hybrid interface.
Enhanced hydrolysis by addition of F~ anions®” helps
to obtain well-defined mesostructures even in condi-
tions where condensation is faster (pH, presence of
F~, which also induces condensation).

Hence, two aspects are essential to fine-tune the
self-assembly and the construction of the inorganic
framework: the reactivity of the inorganic precursors
(polymerization rate, isoelectric point, etc.) and the
interactions to generate a well-defined hybrid inter-
face. These central points are not only relevant for
mesostructured silica but can also be translated into
the domain of the more reactive non-silica systems,
as will be shown in the next section.

3.2.2. Self-Assembling Templates

The main organic templates used in the elaboration
of mesostructured hybrids or mesoporous solids can
be classified in three categories: molecular-based

organized systems (MOS), polymeric templates, and
other texturing agents.

Molecular-Based Organized Systems. Surfac-
tant-Based MOS. Structuring is the consequence of
the combination of steric effects and repulsive forces,
yielding a different result in pure or multicomponent
media. In particular, in liquid media, the presence
of components with a strong anisotropy may induce
an organization on the nano- to micrometric scale,
in the form of nanometric aggregates (micelles),
extended layers (membranes), or solvent-containing
bilayers (liposomes). Amphiphilic or surfactant mol-
ecules, displaying a polar head and a nonpolar tail,
tend to aggregate in solvents where one of these
domains is insoluble. This “frustrated” situation
forces the amphiphilic molecule to adopt a compro-
mise situation, from the energetic point of view, and
aggregates are formed. Beyond the critical micellar
concentration (cmc), the amphiphilic molecules form
micelles in solvents of a marked polar or nonpolar
character.

A combination of molecular geometry and inter-
molecular (solvophilic/phobic, Coulombic, H-bonding)
and entropic interactions drives these solutions to
self-assemble into colloidal systems, presenting dif-
ferent microstructures: spherical, cylindrical, planar,
cellular,®etc. The assembly depends on the nature
and morphology of the discrete molecules. The nu-
merous micellar assemblies and aggregates, consti-
tuted by the association of amphiphilic molecules,
linked by weak forces (van der Waals, H-bonds,
electrostatic, etc.) rather than by covalent bonds, are
collectively known as association colloids or molecular
organized systems.

The architecture of the final materials (“the man-
ner in which coexisting phases are arranged in
space”®) will directly rely on the nature of the
surfactant molecules, that is, the morphology of the
micellar aggregates and the interactions at the
inorganic—organic interface (solvent—micelle interac-
tion, in the case of solutions). Thus, knowledge of the
polar head geometry and charge of the surfactants
is essential.

Role of Surfactant Geometry. Micellar aggregates
organize according to different shapes (spherical or
cylindrical micelles, lamellae, ...), permitting the
coexistence of two incompatible phases. Some typical
micellar structures are presented in Figure 8. In
some colloidal systems, a more complex behavior has
been evidenced, and other arrangements, such as the
spongelike bicontinuous structure (Figure 8E), are
possible.
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Table 3. g Parameter of Different Micellar Structures (According to References 90—92)

single chain lipids with a large polar head (soaps or ionic detergents)
single chain lipids with a small polar head (soaps or ionic detergents in

concentrated electrolyte solutions)

g = V/lao structures examples
g <0.33 spherical micelles

g=0.33-0.5 cylindrical micelles

g=05-1 bilayer (vesicules)

g=1-2 bilayer (membranes)

g=2-3 inverse cylindrical micelles

g>3 inverse spherical micelles

double-chain lipids

double-chain lipids and a small polar head

Upon progressive increase of surfactant concentra-
tion in the aqueous solution, a number of phases
appear, always following the same order: “direct”
spheres, “direct” cylinders, lamellae, “inverse” cylin-
ders, and “inverse” spheres; this order corresponds
to a monotonic variation of the interfacial curvature.

Different models have been proposed to explain
these experimental facts, the main parameters taken
into account being (1) the hydrophobic interactions
between organic chains, (2) geometric restrictions due
to molecular packing, (3) molecule exchange between
aggregates, (4) enthalpy and entropy of packing, and
(5) electrostatic repulsion between polar heads.

A relatively simple model proposed by Israelachvili
and colleagues,®®°! based on geometrical consider-
ations, explains and predicts the resulting self-
assembled structures of each type. This model con-
siders a hydrophobic liquid-like core, the contribution
of which is merely due to geometrical constraints.
These geometrical considerations rely on the ratio of
the polar head surface to the hydrophobic volume.
The amphiphilic molecules are thus modeled like a
conical fragment (the hydrophobic part) attached to
a spherical (hydrophilic) head. Two main shapes are
possible (Figure 9): direct conical, or ice-cream cone
(one hydrophobic chain), and inverse conical, or
champagne cork (two hydrophobic chains).

Figure 9. Schematic representation of amphiphilic mol-
ecules, adopting conical shape (icecream cone, A) or inverse
conical (champagne cork, B).

The steric hindrance of the hydrophobic chain is
characterized by the ratio v/l, where v is the chain
volume and 1 is the chain length; in the case of the
polar head, its contribution is given by the effective
optimal surface, ap. To ensure chain fluidity, | must
verify that | < I;, where I; is the length of the fully
extended chain; I; can be easily estimated as a
function of the number of C atoms in the chain, n.
The value of the packing parameter, g = v/l.ao, links
the molecular structure of the amphiphilic mole-
cule to the architecture of the aggregates. The limit-
ing values of g can be easily calculated for an
aggregate of known geometry, by using the condition
of chain fluidity (I < I;) and an estimation of the
aggregation number (number of molecules forming

the micelle). The latter can be obtained from two rela-
tionships: the aggregate surface to ap and the ag-
gregate volume to v. Table 3 summarizes the differ-
ent micellar structures compatible with a given g.%0-%3

Huo et al.% were the first to take into account the
g parameter to explain the formation of different
surfactant-templated oxide mesostructures. In prin-
ciple, the structure of the mesophase depends on the
packing properties of the surfactant molecules, hence,
on the value of g. The validity of this concept has been
illustrated by a complete study, which took into
account various parameters, such as surfactant na-
ture, pH, presence of cosolvents or cosurfactants, and
their influence on the observed phase transitions, for
fixed synthesis conditions. 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) — bicontinuous cubic (la3d) —
lamellar.%®

Role of the Polar Head Charge. Both surfactant and
inorganic soluble species direct the synthesis of
mesostructured MCM-41-type materials. The hybrid
solids thus formed are strongly dependent on the
interaction between surfactants and the inorganic
precursors. In the case of ionic surfactants, the
formation of the mesostructured material is mainly
governed by electrostatic interactions. In the simplest
case, the charges of the surfactant (S) and the
mineral species (l) are opposite, in the synthesis
conditions (pH). Two main direct synthesis routes
have been identified: S*I- and S™17.967 Two other
synthesis paths, considered to be indirect, also yield
hybrid mesophases from the self-assembly of inor-
ganic and surfactant species bearing the same
charge: counterions get involved as charge compen-
sating species. The STX~I™ path takes place under
acidic conditions, in the presence of halogenide anions
(X~ = CI7, Br7); the S"TM*I~ route is characteristic
of basic media, in the presence of alkaline cations (M™
= Na', K*). The different possible hybrid inorganic—
organic interfaces are schematized in Figure 10.

Other synthesis routes rely on nonionic surfac-
tants, where the main interactions between the
template and the inorganic species are H-bonding or
dipolar, giving birth to the so-called neutral path:
SO|O,98,99 N0|0,100,101 and NO|:—|+_102

Table 4 gives different examples of mesostructured
inorganic materials obtained following the above-
mentioned paths.33.94103-114

Organogelator-Based MOS Systems. Organogela-
tors (low-weight organic molecules) are able to form
thermoreversible physical gels in a variety of solvents
in very low concentrations (~10-2 mol dm~3, <1%
w/w). The solvent molecules are immobilized, and
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(S

Figure 10. Schematic representation of the different types
of silica—surfactant interfaces. S represents the surfactant
molecule and I, the inorganic framework. M* and X~
represent the corresponding counterions. Solvent molecules
are not shown, except for the 19S° case (triangles); dashed
lines correspond to H-bonding interactions. For a detailed
explanation, refer to the text.

strongly anisotropic structures are formed, mostly in
the shape of fibers, but also as ribbons, platelets, or
cylinders.115-118

Several families of organogelators exist; however,
the physical—chemical phenomena leading to the
gelation of organic liquid phases is not yet well
understood, and most organogelators have been ser-
endipitously discovered. These molecules are mostly
classified according to the main forces present in the
gel formation step, although different interactions
can be responsible for the organization at the su-
pramolecular level: H-bonding, van der Waals forces,
dipole—dipole interactions, charge transfer, electro-
static interactions, coordination bonds, etc.

Figure 11 presents some typical examples of orga-
nogelators belonging to the different families: ca-
pable of performing H-bonding, based on a steroidal
or organometallic skeleton, or other molecules such
as phthalocyanines or 2,3-bis-n-decyloxyanthracene
(DDOA).

Recent AFM studies demonstrated the role of the
solvent in the formation of fibrous organogels, based
in cholesterol derivatives. These gels are composed
by fibers imprisoning ~30% of the solvent molecules;
every organogelator molecule is thus able to “fix”

Soler-lllia et al.

Table 4. Examples of Mesostructured Inorganic
Materials Showing Different Interactions between
the Surfactant and the Inorganic Framework

surfactant interaction example materials

type type (structure)? ref
cationic St STI- silica: MCM-41 (hex) 37
MCM-48 (cub) 37
MCM-50 37

tungsten oxide (lam, hex) 33,103
Sb oxide (V) (lam, hex, cub) 33

tin sulfur (lam) 33,104
aluminum phosphate 105, 106
(lam, hex)
STXTIF silica: SBA-1 (cub Pm3a) 33
SBA-2 (hex 3D) 33,94
SBA-3 (hex) 33
zinc phosphate (lam) 33
zirconium oxide (lam, hex) 108
titanium dioxide (hex) 283
STFEI° silica (hex) 102

anionic S~  S7IT Mg, Al, Ga, Mn, Fe, Co, Ni, 33

Zn (lam) oxides

lead oxide (lam, hex) 33
aluminum oxide (hex) 109
tin oxide (hex) 110
titanium oxide (hex) 111
S™MTI~ zinc oxide (lam) 33
alumina (lam) 33
neutral S  SOI° silica: HMS (hex) 99
or N° NOI° MSU-X (hex) 100
silica (lam, cub, hex) 112
Ti, Al, Zr, Sn (hex) oxides 100, 110
NOX—1+ silica: SBA-15 (hex) 107
NOF-I+ silica (Hex) 102
(NOMPH)I0  silica (Hex) 148

S-Me(OEt) Nb, Ta (hex) oxide 113, 114

a hex, hexagonal; lam, lamellar; cub, cubic.

~10° solvent molecules. The rest of the solvent is
placed between these fibers, bearing a weak interac-
tion with the organogelators; this “weakly bonded”
solvent may also be a cosolvent, not capable of
forming gels.**®

Organogels are already being used in the photo-
graphic, cosmetic, oil, and food industries. Being able
to reversibly form fibrous networks, with well-defined
geometry and shape, they have been recently used
as templates for the synthesis of nano- and micro-
structured materials, as will be shown below.

Polymeric Templates. Dendrimers.1®~1?1 Den-
drimers are macromolecules composed of monomers
that are associated in a fractal-like manner around
a multifunctional central core. Two synthesis ap-
proaches (convergent or divergent) have been de-
scribed. After successive reactions, an nth-generation
polymer (Figure 12) is obtained, resulting in a highly
branched arrangement of functionalized chains of
overall spherical shape. The terminal functions in the
periphery can be adequately tailored, as well as the
nature of the inner cavities, closer to the dendrimer
core.

Dendrimers are polymers of very well-defined
structure, isomolecular and multifunctional, present-
ing characteristic solubility, viscosity, and thermal
stability. This high structural definition, associated
with their flexibility in size and functions, makes
dendrimers a very promising template for the syn-
thesis of novel materials. The most interesting stud-
ies should aim to the synthesis of new hybrid


IBM
高亮


Design of Textured Materials Chemical Reviews, 2002, Vol. 102, No. 11 4105

CcCC T B aaaans>
9908 Fronnnn OJ

X, A

OCyHz

A B C

it /\)10/\,0\2\ CL it - C-CaaNCHr

NHTUNH
O; ) Nﬂ—g—c..u, m—gwwaer
o
NH__NH o 1 trane (1R, 2R). ‘
~ N 'y 2trans (1R. ZR)
T °)Y 3trens (1S, 25) atwans (15, 25)
D E
. o o
H. H
\ \Nt H‘NJLN/(CH2)0\NJLN'R
X N=— H H H H
N—{  P)—CicHss
H N
+ N-H
9 H H
HasCy2 N O
=0,
HaC™ NN i O—(CHz)>—(CF2);;,CF3
o W R= O=(CHa)y—(CF21CF3
o]
F G

R‘l
HN"\(O
? NH
. A
29S e
o

H I
= HO, OH
".
e B o
(_ o 00C Co0~
\N"I \N*/
X=NH HxCis” N—r \C«]eHgg
J K
Figure 11. Examples of organogelators. Description and examples are given in the text.
nanocomposites; all of these strategies can in prin- as catalysts,'?® and their incorporation within silica
ciple be transposed for industrial purposes to hyper- allows production of supported catalysts,*?* chromato-
branched polymers, which are cheaper, although not graphic supports,'?® or porous membranes.?
so monodisperse. Recently, dendrimers have been used as building
Dendrimers have already found numerous applica- blocks for nanostructured materials'?® and as tem-

tions including metal complexation'?? and also use plates to prepare mesoporous silica.*?”
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Figure 12. Schematic representation of a dendrimer.

Block Copolymers. Amphiphilic block copolymers
(ABC) represent a new class of functional polymers,
with a strong application potential, mainly due to the
high energetic and structural control that can be
exerted on the material interfaces. The chemical
structure of ABCs can be programmed to tailor
interfaces between materials of totally different
chemical natures, polarities, and cohesion energies.??®
ABCs are able to self-assemble in varied morpholo-
gies (Figure 13), like their molecular counterparts,

Figure 13. Main morphologies of ABC polymers: spherical
micelles (MIC), cylindrical micelles (CYL), lamellar struc-
tures (LAM), modulated lamellar (MLAM), hexagonal
pinhole layers (HPL), gyroids (la3d), ordered cylinders
(HEX), and body-centered cubic (BCC). Reprinted from ref
129. Copyright 1998 Wiley-VCH.

the “traditional” surfactants. Polymer organized sys-
tems (POS) formed by ABC polymers are excellent
templates for the structuring of inorganic networks;
they have been also used for growth control of
discrete mineral particles.21?° Diblock (AB) or triblock
(ABA) block copolymers are generally used, in which
A represents a hydrophilic block [polyethylene oxide
(PEO) or polyacrylic acid (PAA)] and B, a hydrophobic
block [polystyrene (PS), polypropylene oxide (PPO),
polyisoprene (PI), or polyvinylpyridine (PVP)].
Biological systems make use of amphiphilic poly-
meric systems, such as proteins and polysaccharides,
to solve problems of heterophase stabilization. Nowa-
days, a great variety of polymers based on nucleic
acids, amino acids, and saccharides are being devel-
oped by biological and biochemical methods. These
macromolecules, which are used for medicinal ap-
plications, could also be applied as building blocks
or templates of advanced mesostructured materials.
A very interesting example has been recently pre-
sented, where synthetic polypeptide-based ABCs are
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capable of acting simultaneously as templates and
catalysts of the formation of an ordered silica frame-
work.130

Other Texturing Agents. Colloidal Crystals.
Colloidal suspensions of polystyrene (PS) spheres
(“colloidal latex”) can lead to ordered structures in
the submicronic range upon slow sedimentation
followed by solvent evaporation. The optical proper-
ties of these systems, known as “colloidal crystals”,
have been thoroughly studied.’® These “organic
opals” have been also studied as templates, to yield
macroporous materials.?4#?> The interstitial space
between the spheres is first impregnated with an
inorganic sol (generally obtained by the hydrolysis—
condensation of inorganic precursors, such as alkox-
ides, or related compounds). A second step implies
the elimination of the organic template, by heating
or washing. This permits in turn the revelation of a
tridimensional porous network, the periodicity of
which can be controlled by controlling the size of the
PS spheres. Three-dimensional ordered macroporous
titania (anatase) structures have also been obtained
by a cooperative method, where the fabrication of the
templating agent and the impregnation are carried
out simultaneously.*?

Monodisperse hexagonal mesoporous silica spheres
have been prepared by micromolding in inverted
polymer opals. The inverted polymer opal was made
by first the infiltration of monomer within the voids
of a silica opal. After polymerization, the silica
spheres were removed by etching with HF.13 The
uniform and interconnected voids of the porous
polymer can be subsequently used to generate a wide
variety of highly monodisperse inorganic, polymeric,
and metallic solid and core—shell colloids, as well as
hollow colloids with controllable shell thickness, as
colloidal crystals.3

Biological Systems. Biological systems such as
proteins or other supramolecularly organized entities
(viruses, bacteria) can also be used in order to obtain
textured or structured inorganic frameworks. Some
recent works describe the use of these systems as
direct templates of the mineral phase (tobacco mosaic
virus, Bacillus subtilis, other bacterial threads, cells,
etc.) or as host cavities to control the growth of
inorganic objects (ferritine).23.135-138

At the macroscopic level, the organic matrix of a
cuttlebone of a Sepia officinalis (cuttlefish) was used
as a template to make macroporous chitin—silica
composites.’3® Butterfly wings and spider silk have
been also used to template siliceous matrix produced
by chemical vapor deposition.3°

Phase Separation. Texturation methods that take
advantage of phase separation processes have also
been described.?414%141 |n this approach, the precipi-
tation of the inorganic phase is performed within a
water/oil or polar/nonpolar solvent microemulsion.
The inorganic phase, often hydrophilic, is formed in
the polar phase of the emulsion. Recently, thermo-
dynamically stable microemulsions have been pre-
pared with amphiphilic block copolymers and used
to produce mesostructured cellular foam materials
with uniformly sized and shaped pores.'#?
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Mixtures of hydrosoluble/hydrophobic polymers
have also been used as preformed templates to
generate a hierarchically controlled morphology.8®
Microstructural control is attained by controlling
gelation and precipitation processes; the phase sepa-
ration step is via a spinodal decomposition.

In contrast, mineral gels (based on silica or orga-
nosilanes) can also be used in the growth and
orientation control of organic nanocrystals. The linear
and nonlinear optical properties of these materials
are nowadays being studied.'*3

3.3. Silica-Based Structures
3.3.1. Evolution of the Research

Silica-based materials are the most studied sys-
tems, for several reasons: a great variety of possible
structures (flexibility of tetracoordinated Si), a pre-
cise control of the hydrolysis—condensation reactions
(due to a lower reactivity), enhanced thermal stability
of the obtained amorphous networks (no crystalliza-
tion upon thermal treatment), and strong grafting of
organic functions. In addition, a great number of
structures found in nature presenting complex ar-
chitectures (the case of diatoms or radiolaria) are
silica-based.

The discovery of mesoporous silica or aluminosili-
cate molecular sieves in 1992 had an enormous
impact in different domains, such as catalysis, ad-
sorption, optics, and electronics. The novel M41S
family was originally obtained by hydrothermal
synthesis, in basic media, from inorganic gels con-
taining silicate (or aluminosilicate), in the presence
of quaternary trimethylammonium cations, C,Han11-
(CH3)sN* (C,TMAT, 8 < n <18), C1sTMABr (CTAB)
being the most usual surfactant. An alternative
method was presented by a Japanese group in 1990,
the same year as Mobil's patent. The intercalation
of Ch,TMA™ (n =12, 14, 16, or 18) in the interlamellar
space of a hydrated silicate, kanemite (NaHSi,Os-
3H,0) gave rise to the series of folded sheet meso-
porous (FSM) materials;*** analogously to MCM-41,
FSM-16 is prepared from CTAB. More recently, Di
Renzo et al.1*® showed that the first examples of low-
density mesoporous materials had already been
patented in the early 1970s;%6 these silica materials
present characteristics similar to those of MCM-41.
Recently, a pseudomorphic synthesis based on the
dissolution—reprecipitation of silica microspheres in
alkaline media in the presence of C;sTMABY allows
one to produce morphologically controlled MCM-41.147

The use of nonionic surfactants as templating
agents opened new opportunities in this field.%8%°
Hexagonal mesoporous silica (HMS) compounds are
obtained at neutral pH, according to a new synthesis
path, S°1°,%8.99 using primary amines CnHzn+1NH; (n
= 8—18) as amphiphilic molecules. Nitrogen NMR
studies demonstrate that the amines are not proto-
nated under the synthesis conditions. The interaction
between inorganic precursors and amines seems to
depend essentially on H-bonding. Diamines HyH-
(CnH2n)NH;2 (n = 8—12) are a particularly interesting
template to prepare lamellar structures capable of
resisting the extraction of the organic component.
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Indeed, these multilayer geometries can be arranged
into globular vesicles. The walls are formed by a
lamellar stacking, between which a microporosity is
developed. Mesoporous silica (MSU-X) has also been
synthesized using PEO-based polymers as templates,
of the general formula R—(OCH,CH,),OH (R = alkyl
chain).10.101 The presence of M?* ions attached to the
ethylene oxide groups seems to enhance the order-
ing.148

A great deal of work has been devoted to pore size
control. Beck et al. were able to tailor the pore size
from 15 to 45 A by varying the chain length of
CnTMA™ cations between 8 and 18 carbon atoms. The
addition of organic molecules such as 1,3,5-trimeth-
ylbenzene®? or alkanes'® permitted increased pore
size up to 100 A. These swelling agents are soluble
in the hydrophobic part of the micelle, increasing the
volume of the template. This method, albeit simple
in appearance, is difficult to put into practice, lacks
reproducibility, and yields less organized meso-
phases. As an alternative to the swelling agent, an
effective method relies on prolonged hydrothermal
treatment in TMA™ solutions; this procedure im-
proves the pore organization, as well as increasing
the pore size.'50

However, the pore size of MCM-41 and related
materials is restricted by the size of the micellar
templates; a natural extension to increase the pore
size consists of making use of larger molecules such
as polymers or more complex texturing agents (other
organic or biological templates). The utilization of
ABCs for larger pore sizes has been demonstrated
and thoroughly discussed by Antonietti and col-
leagues.?1?° Following this approach, Stucky and co-
workers (who had developed the synthesis of the SBA
silica series in acidic media®®%) have developed
synthesis methods that yield large-pore (up to 300
A) mesoporous silica.1%” The group of S. Mann made
use of bacterial threads to create a macroporous
hexagonal texture in silica.?® These synthesis paths
that rely on preformed templates are interesting in
multiscale templating (vide infra).1®231%1 Mann pio-
neered the preparation of functional siliceous materi-
als with ordered and bimodal porosity. Antonietti and
colleagues shortly after reported the synthesis of
mesoporous silica with large pores and bimodal pore
size distribution by templating of polymer lattices.*%?
The use of colloidal crystals made of polystyrene
beads as a template for three-dimensional well-
organized macroporous inorganic network?®3 pro-
moted also the development of inorganic materials
with polymodal porosity.?? The multiscale porosity
design was also well illustrated by the use of poly-
dimethylsilane stamps as template!®! or the use of
zeolite nanoparticles as building-blocks (Table 5).154

Mesostructured silica has also been obtained using
synthetic polypeptides as templates. After having
studied the role of silicate in in silica biomineraliza-
tion in Tethya aurantia sponges, Morse et al. synthe-
sized Cys-Lys block copolymers, capable of mimicking
the properties of silicate in'3%1% the copolypeptides
self-assembly in structured aggregates that hydrolyze
the silica source [tetraethoxysilane (TEOS)]. Simul-
taneously, these aggregates direct an organized
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Table 5. Main Research Concerning the Synthesis of Micro-, Meso-, and Macrostructured Silica in the Presence

of Organic Templates

framework structuring agents structure? porosity ref

Si0, and SiO2/Al,O3 CnTMA* hex, lam, cub 15—100 A 82

Sio, ChTMAT hex (FSM) 20—40 A 144
CnNH,, CL.EO hex (HMS, MSU) 20—-50 A 98-101
ABC disordered 70—150 A 8—129
ABC (P123) hex (SBA-15) 100—300 A 107
latex hc 200—-500 A 19
bacterial threads hex bimodal 23
latex/ABC disordered bimodal 152
latex/C16TMABr hc/hex bimodal 22
electrolyte/ABC foam/hex bimodal 317
PDMS/latex/ABC —/hc/cub polymodal 151
latex/zeolites hc/MFI bimodal 154
co-polypeptide spheres/columns 130
microemulsion disordered 140
organogelator hollow fiber 500 A 330

functionalized SiO, indirect path CisTMABTr hex 20A 159, 160

functionalized SiO; direct path CisTMABTr hex 20 A 162

a hex, hexagonal; lam, lamellar; hc, compact hexagonal; cub, cubic; MFI, zeolite-type structure.

structure. Moreover, a controlled oxidation of —SH
groups belonging to the Cys fragments permits varied
final structures: from hard silica spheres (totally
reduced Cys) to well-defined silica columns (totally
oxidized form of the copolymer). These results il-
lustrate the importance of the self-assembled copoly-
mer architecture in the obtained tertiary structure
and thus in the morphology.

In the synthesis of template-mediated siliceous
materials with complex architecture, the use of soft
templates has been extended to microemulsions!4®
and organogelators.'%6

Porous Organically Modified Silica Matrices. Apart
from the synthesis optimization and the quest for
new architectures in MCM-41 and related solids, an
important effort has been set to develop materials
with well-defined functionalities. Once the pore size
and shape have been mastered, it is the turn of
adding functions to the internal surface of these
pores, to modify the surface properties or to provide
a particular property to the material 15158 The first
approach is to postfunctionalize a mesoporous oxide
phase (calcined or extracted, to eliminate the tem-
plate), by grafting organic'®®9 or organometallic
groups.®! Mann et al. have shown that the grafting
can be directly made by co-condensation of an orga-
nosilane and a silicon alkoxide, in the presence of
surfactants.'®? This synthesis route presents several
advantages, such as the high control of the concen-
tration and dispersion of the grafted functions.57163

The most representative research works concerning
the synthesis of meso- and macrostructured hybrid
silicas are presented in Table 5.

3.3.2. Formation of the Inorganic Network

Pure Silica Frameworks: Role of the Hybrid
Interface. MCM-41-type materials are characterized
by a regular hexagonal arrangement of cylindrical
pores, presenting a sharp pore distribution. The
inorganic walls are generally microporous (nonorga-
nized microporosity) and constituted by amorphous
silica.

Originally, the M41S family was synthesized from
different silica sources (such as TEOS, Ludox col-
loidal silica, fumed silica, sodium silicate), a cationic
surfactant (C;sTMABY), a base (NaOH, TMAOH),
and water.

In these alkaline conditions, the interactions be-
tween surfactant molecules (S*) and the inorganic
framework (17) are mainly electrostatic (S*17). Analo-
gous solids can be synthesized in acidic media (SBA-
1, SBA-3). In this case, the mineral—template inter-
actions are different, and a more relaxed hybrid
interface (S*X" 1" type) is created, where the charge-
compensating anion X~ (for example, CI~ from HCI,
used to adjust pH) permits an electrostatic coupling
between the equally charged surfactant and inorganic
species.%

These procedures have been extended to nonionic
surfactants. The HMS family is obtained by precipi-
tation at neutral pH, using TEOS as the silica source
and primary amines as templates.®®° In these condi-
tions, the formation of the silica network is probably
catalyzed by the amine functions [amines are excel-
lent catalysts of Si(1V) hydrolysis and condensation].
The MSU-x family of mesoporous silica has been
prepared by hydrolysis—condensation of TEOS in
strong acidic media, in the presence of PEO-based
templates.'%9191 |n these systems, thicker walls (and
hence an improved thermal stability) are obtained
as a consequence of both acid catalysis and the
interactions between the template and the inorganic
framework.

Fluoride is a well-known catalyst for hydrolysis and
polymerization of silica species®® and has been used
in the synthesis of mesoporous silica materials under
various conditions to improve structural order.100102.164
A two-step process based on the use of fluoride has
been developed to produce mesoporus siliceous ma-
terials. This synthetic pathway presents the advan-
tages of being easy and highly reproducible.165166 A
one-step synthesis leading to highly ordered materi-
als has been developed in a wide pH range (0—9).167
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Antonietti and colleagues proposed a synthesis
path that relies on ABC polymeric templates.?1?° The
syntheses are generally carried out in acid media,
using silicon alkoxide precursors. The formation of
the mineral network may take place either in the
hydrophilic domains or at the interface of the self-
assembled block copolymer. The utilization of ABCs
permits increased pore size in about an order of
magnitude and thicker walls, enhancing thermal and
mechanical stability. Moreover, macroscopic mono-
liths (from millimeters to centimeters) can be ob-
tained by this pathway, due to the enhanced ductility
and elasticity imparted by the polymer. Following
this approach, Stucky and colleagues synthesized
mesoporous silica presenting large size pores, up to
300 A.197 Even larger pores can be created by resort-
ing to more complex organic or biological texturing
agents (see below).151.154

Doped Silica and Silica-Based Mixed Struc-
tures. The first synthesis methods of mesoporous
materials were aimed at silicates and aluminosili-
cates, as a consequence of their potential implications
in the catalysis field. This initial effort was soon
followed by the synthesis of other mixed oxides, such
as vanadosilicates, borosilicates, zirconosilicates, ti-
tanosilicates, and gallosilicates.'%8"172 The insertion
of metal cations into the silica framework can be
attained either by a postsynthesis treatment or by
the mixing of the adequate precursors in the initial
reacting systems.

The interest of doping relies in the creation of novel
catalytic materials. The incorporation of metal cen-
ters seems simple. However, a deeper analysis of the
abundant methods described so far in the literature
reveals a lack of reproducibility of the obtained
materials, namely in terms of the effective incorpora-
tion of the heteroelement into the silica framework
and its localization and dispersion throughout the
material. Other important gaps are the nature of the
mesostructure and the stability of the material. A
synthesis method based on a “retarding agent”,
triethanolamine (TEA), circumvents these limita-
tions.’”® By making use of atrane complexes as
inorganic precursors, it has been possible to obtain
doped M-MCM-41 (M = B, Al, Sn, Zn, Ti, Zr, V, Mo,
Mn, Fe, Co, and Ni) with an M/Si ratio improved by
an order of magnitude.

It has also been shown that improved dopant ratios
for trivalent cations can be attained by resorting to
a neutral S°I° synthesis path, rather than an elec-
trostatic approach.'™ In these cases, the incorpora-
tion of the M(III) is strongly dependent on the
synthesis conditions, particularly on pH.

Recently, various methods to dope siliceous MCM-
41 matrices with titanium have been compared.'”
The direct synthesis route generally leads to a less
ordered porous network. Postsynthesis doping of Ti
allows high Ti loadings. The incorporation of Ti by
impregnation results in a phase separation. Although
a small decrease in pore diameter is observed, the
MCM-41 structure is preserved when titanium is
postgrafted. The resulting solids present an even
dispersion of titanium centers.
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Hybrid Compounds. The high control of MCM-
41 and related phases (in terms of highly accessible
surface, a wide choice of pore size, and pore uniform-
ity and distribution) makes these materials particu-
larly interesting as supports. Organic functions can
be grafted onto the oxide walls, leading to hybrid
mesostructured materials, with tunable surfaces.
This is an indeed promising issue in the design of
advanced integrated materials, such as catalysts,
membranes, sensors, and nanoreactors.’®

An important number of techniques have been
developed or adapted to add organic functions to the
walls of mesoporous silica,®” combining the proper-
ties of a mesoporous inorganic structure with the
surface organic groups. The mineral framework
ensures an ordered structure in the mesoscale,
thermal and mechanical stability. The organic species
integrated to the material permit fine control of the
interfacial and bulk properties, such as hydrophobic-
ity, porosity, accessibility, optical, electrical, or mag-
netic properties. The incorporation of the organic
functions can in principle be carried out in two
ways: (@) by covalent binding on the inorganic walls
of the material (post-treatment) and (b) by direct
incorporation of the organic functions, upon the
synthesis process (one-pot).

In the first approach, organochlorosilanes or orga-
noalkoxysilanes have been widely used to graft
specific organic groups, by condensation reactions
with silanol or Si—O—Si groups of the silica frame-
work (Figure 14 a).15%160.177 The mesoporous hosts

a)

SiO, source
+
structuring agent

X,Si-mm
EE—
grafting agent .

Ordered = - Organic group
mesoporous silica
organically-modified
ordered
mesoporous silica
b) .

(RO),Si/(RO),Si-mm
+

structuring agent

-Sm organic group

c)

(RO) S(RO),Si -mm-Si(OR),
+

structuring agent

-SE- organic group

Figure 14. Incorporation of organic functions in mesopo-
rous silica: (a) surface grafting of organic functions on the
mesopore walls by postsynthesis; direct incorporation of
organic functions by co-condensation of organosilanes (b)
or bridging silsesquioxanes (c).

must be thoroughly dried before the addition of the
organosilane precursors to avoid their autoconden-
sation in the presence of water. The concentration
and distribution control of the organic functions is
restricted by the surface silanols and their accessibil-
ity. The grafting ratio depends of the precursor
reactivity, being also limited by diffusion and steric
factors.
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An alternative approach for pore functionalization
relies on a direct synthesis, based on the co-conden-
sation of siloxane and organosiloxane precursors in
situ to yield modified MCM-41 in one step (Figure
14b).162178 Whereas siloxane precursors ensure the
formation of the mineral network, organosiloxane
moieties play a double role: they contribute as
building blocks of the inorganic structure and they
provide the organic groups. This one-pot pathway
presents several advantages, such as high modifica-
tion ratios, homogeneous incorporation, and short
preparation times.'®® However, the choice of the
modified precursor is constrained by the synthesis
conditions. Alkaline media, hydrothermal conditions,
and solvent extraction limit the choice to organic
fragments presenting Si—C bonds stable to nucleo-
philic attack. Bridged silsesquioxanes [(RO)sSi—R'-
Si(OR)3] have also been utilized in this kind of
synthesis, also yielding organically modified meso-
porous silica, also known as periodic mesoporous
organosilicas (PMO).17°7182 In these materials, the
organic groups (R') are homogeneously incorporated
inside the mesoporous walls, which permits the
addition of new functions without pore blocking
(Figure 14c). Moreover, these structures present an
extremely well-defined mesostructure. A great vari-
ety of bridging groups have been incorporated, such
as —(CH,),— or —CgH4—. Mesoporous particles pre-
senting different mesostructures (2D-hex, 3D-hex,
and micellar cubic Pm3n) and controlled morphology
(rodlike, spherical, and decaoctahedral, respectively)
have been obtained by resorting to R' = —CH,CH,—
in different synthesis conditions.'®® When R’ is a
p-disubstituted phenyl, particularly well-ordered ma-
terials have been synthesized, which combine meso-
pores with walls presenting a layered structure in
the molecular range (5.7 A), giving rise to a hierar-
chically ordered mesostructure in a one-pot synthesis.
In this case, the phenyl—phenyl interactions are
believed to be responsible for the crystalline arrange-
ments of the pore walls.’® Bulky groups able to
chelate metal centers, such as 1,4,8,11-tetraazacy-
clotetradecane (cyclam), have been incorporated in
the walls of large-pore Pluronics-templated silica.'®®

3.3.3. Formation Mechanisms

After the discovery of M41S and related solids, an
important number of research teams focused on the
understanding of their formation mechanisms.186
Most of the work was devoted to MCM-41 silica in
alkaline medium, using cationic alkylammonium
halide templates. In this section, we will present a
critical review of these advances. Although there is
a sustained interest in the formation paths of meso-
structured silica films, we will not present the works
devoted to film formation, as a detailed discussion is
out of the scope of this review. The essential features
of the evaporation-induced self-assembly approach
have been addressed by Brinker and colleagues,*®’
and we will describe some interesting applications
for non-silica systems in the corresponding section.

Several models of MCM-41 formation have been
proposed,® a very important task in order to rational-
ize the nature and structure of the obtained materi-
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als. Finding a correlation between the synthesis
method and the final structure is a key point to the
design of mesoporous materials, an indeed more
elegant strategy than the usual combinatorial/
analytical approach.

All models proposed so far are based on one
principle: surfactant molecules play a central role
in directing the formation of the inorganic meso-
structure from soluble mineral species.

The principal sources of discrepancy between dif-
ferent models concern the condensation extent and
structure of the mineral precursor, the structure of
the hybrid surfactant/mineral precursor species in-
volved in the self-assembly process and, thus, the
nature of the surfactant—inorganic precursor inter-
action at the hybrid interface. The latter parameter
seems to be the key factor, the modification of which
implies obtaining a great variety of mesoporous
structures. From a general point of view, the forma-
tion mechanism of mesostructured phases, based on
the specific electrostatic interaction between an
inorganic precursor (1) and the surfactant polar head
(S) was formalized by Huo et al.®® The reaction path
involving cationic surfactants and negatively charged
silica species is called the S™I~ path. Analogously, the
S7IT, STX7I* (where X~ is a counteranion), and
S~M*I~ (where M* is a metallic cation) paths were
established. This is an indeed useful classification
(see Table 4), particularly when other types of
interactions are also involved.

Liquid Crystal Templating (LCT) Approach.
The obtained mesostructure for M41S materials
depends in principle on the surfactant concentration
and hydrophobic chain length and on the presence
of organic swelling agents, dissolved in the hydro-
phobic spaces. This analogy with liquid crystal mes-
ophases led Beck and co-workers to initially propose
mechanisms in which the texturing effect was pro-
vided by a liquid crystalline phase. Following this line
of thought, two LCT pathways for MCM-41 formation
were proposed (Figure 15): (I) Silicate precursors fill

hexagonal surfactant
liquid crystal

MCM-41

cylindrical micelle

Figure 15. Schematic pathways proposed by Beck et al.8?
for MCM-41 formation.

the water-rich spaces of the hydrophilic domains of
a preformed lyotropic LC hexagonal phase and settle
on the polar heads, located at the external surface of
the micelles. (I1) The inorganic species direct the self-
assembly process of the surfactant, forming hybrid
hexagonal coarrangements.

In both cases, the negatively charged mineral
moieties (pH > pHig, for silica; iep = isoelectric point)
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interact preferentially with the ammonium polar
heads of the surfactant, which are positively charged.
Subsequent condensation leads to a continuous in-
organic phase. This initial mechanism proposed by
Mobil was, however, reworked, on the basis of further
experimental evidence: the surfactant concentration
is well below the one required for LC formation, and
on the basis of N NMR studies, Davis and col-
leagues showed that the hexagonal LC phase is not
formed during the synthesis of MCM-41.188 It was
instead proposed that under the synthesis conditions
reported by the Mobil team, the formation of MCM-
41 begins with the deposition of a silicate layer
(consisting of two or three monolayers) on the surface
of isolated rodlike micelles. These “rods” are ran-
domly ordered, eventually surrounded by a hexagonal
silica mesostructure. Heating and aging of this mate-
rial complete silicate condensation, leading to the
MCM-41 structure.

However, in different synthesis conditions, the
pioneer Mobil mechanism has been recently vali-
dated.!!?

The second LCT mechanism has been vaguely
postulated as a self-assembly process of the am-
monium polar heads and the mineral moieties, based
on the favorable electrostatic interactions. The silicate/
surfactant “supermolecules” are probably less soluble
than the surfactant molecules, which induces the
separation of an LC phase at concentrations lower
than the cmc of the surfactant.

Steel et al. performed N NMR studies, which led
them to propose that surfactants directly self-as-
semble in hexagonal LC phases upon silicate addi-
tion.'® Silicate species are initially organized in
layers. Aging of the reaction mixtures induces folding
and rearrangement of these sheets around rodlike
micelles, this transformation leading to MCM-41
mesostructures.

Cooperative Self-Assembly Pathway. Research-
ers at the University of Santa Barbara proposed a
third mechanism, suggesting that the MCM-41 phase
might be derived from a lamellar phase, observed by
XRD in the initial mixtures.841%° The formation of this
lamellar phase would be favored by the electrostatic
matching between the highly charged anionic silicate
species and the positively charged surfactants. Once
the silica condensation is triggered, the negative
charge density is reduced, leading to an increase of
the optimal surface per polar group. This new situ-
ation leads in turn to a charge rearrangement; to
keep the electroneutrality, the silica/surfactant ratio
must increase. As a consequence, the interface begins
to develop a more marked curvature, causing the
lamellar — hexagonal transition. This argument is
supported by experimental observations in which
kanemite, a layered hydrated sodium silicate, is used
as an inorganic precursor for the synthesis of a
mesostructured phase.'* The lamellar — hexagonal
transition was also observed in the so-called FSM
materials, prepared by intercalation of alkylamonium
surfactants into kanemite. After the ionic exchange,
the silica layers fold around the surfactant, leading
to a hexagonal phase. The final material displays a
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structure very similar to that of MCM-41. However,
the proposed mechanism is still a matter of debate.
By using in-situ XRD, Lindén et al.’®? showed that
hexagonal silica—CTAB mesostructures are directly
obtained by precipitation in alkaline media. Using a
similar technique (energy dispersive XRD) O'Hare
and co-workers confirmed that a lamellar insertion
product (C;sTMAT into kanemite) is the first solid
formed in the synthesis of two-dimensional hexagonal
FSM-16-type materials. At the synthesis pH, dissolu-
tion—reprecipitation processes take place and govern
the observed transition. In contrast, no ordered
precursors were found in the synthesis conditions for
2D-hex MCM-41.1%?

An important advance in the understanding of the
formation mechanisms of MCM-41 was accomplished
with the works of Firouzi et al.*®® Under synthesis
conditions where extended silica condensation is
hindered (low temperature, pH ~14), a cooperative
self-assembly of silicates and surfactants has been
demonstrated by NMR and X-ray scattering (Figure
16). This group unambiguously demonstrated that a
micellar solution of cetyltrimethylammonium bro-
mide (Ci1sTMABT) was transformed in a hexagonal
phase in the presence of silicate anions, which
exchange with the surfactant counteranions (bro-
mide). This leads to a silicatropic LC phase (SLC),
constituted by silicate-covered cylindrical micelles.
The micelles act as a template source, the charged
silicates behaving in some way as polyelectrolytes.
These observations are consistent with the well-
known effect of electrolytes that tend to shift the
phase boundaries of micellar systems. The SLC
presents a behavior similar to that observed in
lyotropic systems, even though for lower surfactant
concentrations, and in the presence of reactive anions
such as silicate. Heating of the SLC phase triggers
the irreversible condensation of the silicate species,
leading to MCM-41.

Firouzi et al.®> also demonstrated that in high pH
conditions, a preferential interaction between the
trimethylammonium head and [SigO2]® silicate
anions (D4R, double four-ring) was present, in addi-
tion to the electrostatic charge balance. This interac-
tion is so strong that a solution containing an
alkyltrimethylammonium surfactant can force the
formation of D4R species, even for silica concentra-
tions where D4R species are not likely to form. The
close relationship between the projected surfaces of
the polar head and a D4R anion (0.098 vs 0.094 nm?,
respectively) was suggested to be the driving force
for this behavior.

Silicate—Template Interactions: Hybrid Poly-
electrolyte Model. Several of the proposed mech-
anisms postulate an ionic exchange in solution be-
tween the silicate species and the counteranions at
the micellar surface.’®1% This exchange can be a
driving force for micelle elongation into rodlike ar-
rangements that lead to the LC phase. The silicate/
counterion exchanges taking place on the micellar
surface have been recently studied by Zana and
colleagues®®197 py fluorescence techniques, using
molecular probes such as pyrene or dipyrenylpro-
pane. This study permitted improved understanding
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Figure 16. Schematic pathways of the “surfactant—silica” cooperative organization mechanism proposed by Firouzi et al.

(adapted from ref 193).

of the modifications that are induced by the mineral
species on the behavior of micelles in solution, under
the synthesis conditions for MCM-41. Fluorescence
measurements in highly alkaline medium (pH 13.6)
and before silica polymerization (pH 11.6) demon-
strated that the exchange of the counteranions on the
micellar surface is quite poor. In consequence, this
process in solution is not likely to be the determining
step in the whole process of mesophase formation.
In view of these results, a new model was proposed
for the formation of mesostructured organized silica,
where the key step is the formation of silica prepoly-
mers. The initial C;,TMA*X~ (X = Br or Cl) aqueous
solution (Figure 17A) contains spherical micelles, in
equilibrium with surfactant cations and free coun-
teranions. Upon addition of a highly alkaline solution
of silicate species (step 1), a small fraction of Br~
anions located on the micelle surface is exchanged
for HO™ or silicate anions (Figure 17B). The lowering
of the initial pH (step 2) triggers silica polymeriza-
tion, leading to silica prepolymers, presenting a low
degree of polymerization (Figure 17C). These pre-
polymers begin to interact with free template ions
(C16TMAT). This behavior is similar to the one found
in polyelectrolyte/surfactant systems bearing opposite
charges. Upon pH decrease, the silica prepolymers
grow along time (step 3), and each oligomer is able
to interact with a greater number of surfactant
molecules, performing a very efficient cooperative
effect. In this stage, silica—surfactant hybrid micellar
aggregates are formed, in agreement with what has
been postulated by Huo et al.®® (Figure 17D). The
surfactant micelles play the role of a surfactant
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with surface conter-ions (= 80%)
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(A = silicate ion)
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no exchange ©/A
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<
<

Figure 17. Proposed mechanism of mesoporous silica
formation (adapted from Zana et al.1%7),

monomer reservoir, which is progressively used up.
Figure 17D shows the system just before precipita-
tion of the mesostructured polymer/surfactant com-
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plex (step 4). Polymerization of the micellar/silica
complexes takes place along the precipitation—aging
sequence, leading to ordered mesoporous silica.

The presented models that tend to present the
formation of MCM-41 like a succession of events that
homogeneously take place in aqueous solution are
relatively simple. The first work, based on cryo-TEM
and SAXS experiments, shows that there is a pos-
sibility that the MCM-41 phase forms in a heteroge-
neous fashion. Intermediate structures, formed by
rodlike shaped micellar clusters covered by silicate
species, were observed before silica precipitation.t®®
Along the reaction, the silicate species present on the
cluster surface diffuse into the inner part of the
micellar arrangement and are deposited on the
individual micelle surfaces. Subsequent complete
coverage of the cylindrical micelles leads to a meso-
structure; the micellar clusters thus serve as nucle-
ation sites of the MCM-41 phase.

Summary of Silica Mesostructure Formation
and Transformation. In all published mechanistic
studies, it clearly appears that the interaction be-
tween the inorganic precursor and the template is
the key factor in the control of the mesostructured
materials. All mechanisms presented in this section
are adequately supported by experimental evidence;
however, it must be kept in mind that none of them
provides an exclusive or definitive answer. The
analyzed reaction systems are sufficiently intricate
as they involve numerous and complex species and
equilibria, diffusion, nucleation and growth processes,
and other features that can be very sensitive to
factors such as temperature, reaction time, pH, and
concentration. Moreover, some of the limitations of
the characterization techniques are also evident:
sampling, exposure time, sample modification, etc.
It is important to note that most “discontinuous”
characterization techniques sample only a fraction
of the systems in a given time. The dynamics of these
systems can be generally developed in three main
steps: solution state (precursors), intermediate state
(solid/liquid, onset of precipitation), and solid state
(final material). The last stage is the easiest to
study: the system evolution is practically “frozen”,
and several available techniques permit a thorough
characterization. The liquid states are more difficult
to analyze, with a high number of thermodynamic,
kinetic, and processing parameters in competition.
The task is even more complicated when one is
dealing with colloidal systems in evolution, in which
a quantitative response is quite difficult to attain.
This is remarkable for the onset of precipitation,
where the surfactant-rich hybrid polymers, which are
precursors of the precipitate, are formed, triggering
the development of a heterogeneous system. In most
of the synthesis methods reported, this heterogeneity
and the organization appear simultaneously. In these
conditions it has been difficult to retrieve sufficient
robust information in a precise way, which would
permit construction of a formation model over a solid
basis. In-situ XRD studies permit a close view of
mesostructure formation;!°1°? in the future, more
light will be shed by combining these structural tools
with time-resolved spectroscopic studies (NMR, FTIR,
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Raman, etc.) that can provide information on the
phenomena taking place at the molecular level. This
has been accomplished for mesostructured materials
shaped as films, where suitable in-situ techniques
(grazing incidence SAXS, ellipsometry, TEM, fluo-
rescence, or mass spectrometry) have been adapted
to give a more complete panorama of the processes
taking place during formation and processing of these
solids.199-202

As-synthesized mesostructured hybrids are often
weakly condensed, which permits substantial struc-
tural evolution upon processing. In a recent series of
papers, Tolbert and co-workers studied the phase
transformations that occur along hydrothermal treat-
ment by in-situ XRD. Depending on the treatment
imposed to mesostructured hybrids (temperature,
pH), hexagonal (p6mm) — cubic (1a3d),%? hexagonal
(p6mm) — lamellar,®® or lamellar — hexagonal
(p6Mm)%t were observed. In the (p6mm) — (la3d)
transition, there is an epitaxial relationship between
the axis of the two-dimensional hexagonal channels
and the (111) direction of the cubic cell (body diago-
nal). The transformation is mainly driven by the
surfactant; as-synthesized silicate walls are still
flexible enough to undergo rearrangement and follow
the phase transformation. In the case of lamellar—
hexagonal transformations, a complex interplay of
surfactant packing and silica charge density (and
thus charge matching) results in different activation
barriers that direct a given mesophase.?? In these
one-dimensional transitions (the two-dimensional
channels evolve into lamellar structures or vice
versa), pH is an essential variable, as it controls
framework flexibility and surfactant loss. Under basic
conditions (pH 11), with a low degree of silica
polymerization (i.e., extended silica condensation is
“off”) and minimal surfactant loss, changes in sur-
factant curvature are the main driving force for
hexagonal to lamellar transformations.?2®* In less
basic conditions (pH 7—9), the main activation bar-
riers are related to the rearrangement of the silica
framework, which depends on silica hydrolysis and
condensation. These processes affect in turn the
surfactant density at the hybrid interface.?®> By a
careful evaluation of the activation parameters for
different paths, it has been possible to separate the
effects of precondensation (i.e., inherent to the syn-
thesis of the hybrid mesostructure) from the post-
condensation that occurs during hydrothermal treat-
ment. Both processes have a decisive influence on the
characteristics of the final material and its ability to
transform.

In a related work, Che et al. observed that a two-
dimensional hexagonal phase (p6mm) precursor is
also involved in the synthesis of a Pm3n cubic
mesostructure.?’6 A detailed XRD and HRTEM
study?’” shows an epitaxial relationship between the
{211} plane of the cubic phase and the channels along
the (01) direction of the hexagonal bidimensional
arrangement. These findings indicate an epitaxial
transformation from p6mm to Pm3n involving silica
restructuring along the cylinder axis of the hexagonal
phase.
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3.3.4. Stability of the Inorganic Network

To create an ordered porous framework, the or-
ganic template has to be removed. This is generally
carried out by extraction or thermal treatment.
However, these treatments affect the mesostructure.
Thermal treatment of the hybrid materials results
in an important contraction of the inorganic network,
in parallel with the exothermic processes associated
with template elimination; these two linked processes
can seriously deteriorate the mesostructure. In par-
ticular, it is of utmost importance to ensure the
rigidity of the inorganic walls previous to template
elimination. Mesostructured silica synthesized in
alkaline conditions with cationic templates generally
presents thin and relatively fragile walls. Structures
synthesized from cationic surfactants in neutral or
acid media, albeit slightly less organized, present
thicker walls, being more robust in the face of
thermal treatment. A good compromise is attained
by resorting to triblock copolymers ABA, which lead
to well-defined and organized large pores, thick walls,
and, hence, an excellent thermal stability.

The long-term performance of these materials is
often poor after template removal, limiting their use
in extreme operation conditions. The inorganic frame-
work can be affected by the hydrolysis of siloxane
bridges by water present in the environment. This
mechanical drawback is probably linked to the hy-
drophilic character of the internal pore surface, given
by the presence of silanol (Si—OH) groups. One of the
strategies aimed at the improvement of structural
stability consists of grafting methyl organosilanes,
to provide a partial hydrophobic nature to the walls.?%®

The hydrothermal stability of the MCM-41 frame-
work synthesized in the presence of fluoride anions
was found to be remarkably improved because of the
formation of Si—F bonds on the surface of the
mesopores.2%°

A cotemplating approach for the synthesis of new
mesoporous aluminosilicates of ordered hexagonal
structure with high acidity and excellent hydrother-
mal stability at high temperature has been recently
reported via self-assembly of aluminosilicate nano-
clusters with templating micelles.?10

3.3.5. Thermal Treatment and Porosity

Mesoporous silica is typically obtained by thermal
treatment of the hybrid phases, although extraction
in acid ethanol has proven to be useful. The thermal
stability of the organized materials depends on
factors such as the final temperature and the condi-
tions of calcination (heating ramp, atmosphere, etc.);
all of these influence silica condensation and rear-
rangement and, thus, wall porosity and strength.?'!
Surfactant elimination proceeds in several steps; a
thorough study of the thermal treatment has deter-
mined that the hydrophilic/hydrophobic nature of the
pore surfaces changes during heating.?'? For the final
MCM-41, walls are typically 8 A thick, and thus the
material is fragile in hydrothermal conditions; this
has somehow limited the initial enthusiasm regard-
ing catalysis applications. For ABC templated ma-
terials, walls are thicker, enhancing the stability of
the material. However, SBA-15 can present residual
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microporosity, which is also a stability drawback. A
careful analysis of XRD patterns of SBA-15 concluded
that the pore walls are composed by a dense core and
a less dense corona, where silica and the template
polymer are intimately intertwined.?'® Strong inter-
actions of the silica/silanol species with the ethylene
oxide (hydrophilic) fraction of the template are re-
sponsible for this lack of definition of the hybrid
interface. The nature of these interactions has been
thoroughly studied in related silica—Pluronics mono-
liths by Chmelka and co-workers, by using CP-MAS
NMR.214a A partition of low-weight silica polymers
between the solvent and the solvent—template in-
terface has been demonstrated. This silica—polymer
entanglement results in a residual microporosity once
the template is eliminated. In a remarkable series
of pioneering papers, Wiesner and coworkers de-
scribed a similar behavior in organoaluminosilica/
PEO-PI organized nanocomposites.?'#*¢ Galarneau et
al. have clearly shown that the pore structure of SBA-
15 depends on the synthesis and processing (i.e.,
thermal treatment) of the initial hybrid phases. The
microporosity arising from the “comblike nature” of
the hybrid interface can be controlled by modifying
the silica—template interactions (i.e., modifying the
polymerization degree of the inorganic species while
enhancing the segregation between the template and
the inorganic phase upon thermal treatment).?%®

3.4. Non-Silica Mesostructured Materials

Short after the discovery of periodically organized
mesoporous silica, a number of efforts were devoted
to extending the mesoporous family to non-silicate
materials. These systems concern mainly oxides or
phosphates of transition metals (TM), aluminum, tin,
chalcogenides, etc. These materials are interesting
because of their varied framework properties, which
should permit development of a plethora of applica-
tions, particularly in catalysis, photocatalysis, sen-
sors, optics, separation techniques, smart coatings,
etc. However, the reported work on transition metal
mesostructured materials is ~1 order of magnitude
lower than its silica counterpart. Several main rea-
sons can account for the slower advancement in this
field:

(1) The pioneer groups in mesoporous materials
have a scientific background related to zeolites;
therefore, they are mainly familiar with silicon and
aluminum chemistry.

(2) The high reactivity toward hydrolysis and
condensation of transition metal oxide precursors
increases the extent of uncontrolled phase separation
between organic and inorganic components, yielding
non-mesostructured materials, but porous gels.

(3) The redox reactions, the possible phase transi-
tions, and the crystallization processes are often ac-
companied by the collapse of the structural integrity.

(4) Synthesis procedures are extremely sensitive
to many external parameters, leading in some cases
to irreproducible results.

Therefore, most reviews covering overall synthesis
and characterization of porous and mesoporous ma-
terials are mainly focused on silica- and alumina-
based systems; however, recent reviews cover specif-
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ically non-silica systems.''~4 In this section, we will
focus on non-silica-based oxides and oxophosphates,
stressing the chemistry involved in the synthesis
paths. Other non-silica structures, such as mesopo-
rous carbon,?'% siliconitrides, metals,?'%* and poly-
mers, have been recently reviewed by Schith.*

This section is divided into several subsections: the
first one summarizes the general chemical strategies
that are necessary to construct meso-organized hy-
brids and oxides by soft chemistry processes. The
most relevant work produced in this field, from the
mid-1990s to the present, will be then presented.
Subsequently, the presentation will be focused on
three aspects: synthesis routes to hybrid meso-
phases, thermal treatment leading to non-silica me-
soporous oxides, and a thorough discussion of the
formation mechanisms presented so far.

3.4.1. Synthesis Strategies for Non-Silica Oxide-Based
Structures: Evolution of the Research

The first studies concerning non-silica mesostruc-
tured materials have been presented by researchers
of the University of Santa Barbara;336217.218 nowa-
days, research groups all over the world are develop-
ing this field. A great variety of oxide-based hybrids
containing surfactant templates and metal cations
have been synthesized in the form of powders or “bulk
gels”: non-silica main block (Al,100101219-223 Gg 224
Sn 1102257228 gy Ph), transition metals (TM: Ti,111.229-239
\/,240-245 g 246,247 |\ 248,249 7 250254 Hf 255 ||y 113,256
Ta,* W257), Y258 and rare earths.?>® Some methods
can even be generalized for more than one metal
cation!73260.261 or mixed oxides.?51:262263 production of
organized films is also possible for Al 264265 Tj, 266-269
Zr,20 V2t and W?72 systems; films present the
paramount advantage to be directly shaped in any
substrate for a targeted application. The pioneering
and/or relevant publications between 1994 and 2001
for each system are summarized in Tables 6 (salt
precursors) and 7 (alkoxide precursors). Both tables
include the nature of the precursors (molecular
species, clusters, nanoparticles), surfactants, synthe-
sis conditions, nature of the obtained phases, post-
treatment, specific surface, and pore diameter. The
information here presented permits a global estima-
tion of synthesis methods at a glance. It is important
to point out that the reported synthesis conditions
are sometimes difficult to attain, leading to a lack of
reproducibility. Indeed, most syntheses are Kineti-
cally controlled, and solids with amorphous inorganic
walls are obtained. Uncontrolled (i.e., very fast)
inorganic polymerization can “freeze” a metastable
mesostructure (even a nonorganized one) in an “ir-
reversible” fashion. As a consequence, this is an
emerging field, and scarce work has been devoted to
the formation mechanisms of these materials.'86

Figure 18 displays selected TEM micrographs of
non-silica mesostructured and mesoporous materials
(powders or films), obtained by different pathways:
precipitation or solvent evaporation. Generally, hex-
agonal or wormlike mesophases are obtained, cubic
symmetry being less frequent (cf. Tables 6 and 7).

The differences between silica- and non-silica oxide-
based systems with regard to their synthesis and
processing can be summarized as follows:
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(1) Metallic (TM, Al, Sn) alkoxide precursors are
more reactive toward hydrolysis and condensation
than Si alkoxides.

(2) Because of this high reactivity, inorganic po-
lymerization has to be partially blocked. In some
cases, clusters or nanoparticles may result, which
aggregate upon drying. Thermal treatment of these
randomly ordered aggregates can lead to textural
mesoporosity, even if the overall solid presents little
or no order at the mesoscopic scale.

(3) The mesostructure quality and the extension
of the organized domains are often lower for TM than
for silica-based systems.

(4) The obtained structures are often unstable
toward template removal. This is particularly marked
for metals capable of presenting various oxidation
states (V, W).

(5) After hydrolysis and condensation, metal cen-
ters mostly present a higher coordination than tet-
rahedral silicon.

The subsequent discussion will be based on these
features, which result in the marked differences of
behavior observed for these systems.

3.4.2. Control of the Formation of the Inorganic Network

Control of the Precursor Reactivity. This is the

first fundamental issue. Inorganic hydrolysis and
condensation have to be mastered, to avoid the

instantaneous formation of an inorganic network,
which would irreversibly “freeze” an ill-organized
structure. The reactivity of the precursors can be
efficiently controlled by different means:'® (1) by

carefully adjusting the pH and dilution of metal salt
solutions, (2) by using alkoxides or other salts in the

presence of condensation inhibitors (acids, complex-
ing agents), (3) by working in nonaqueous solvents
and limited quantities of water, (4) by resorting to
evaporation-induced self-assembly, (5) by modifying
the redox state, or (6) by using preformed nano-
objects. Some of the reported synthesis methods use
a combination of two or more of these concepts; the

most general approach implies a combination of a
condensation inhibitor with a nonaqueous solvent.
(1) Mineral Precursors. The earliest approach, an
extension of the methods applied for mesostructured
silica, consisted in the dissolution of mineral salts in
aqueous solutions containing surfactants (carrying
ammonium, sulfate, or phosphate heads), in condi-
tions of controlled pH. The use of these ionic tem-
plates produces mostly lamellar hybrid mesophases
(Table 6). Highly charged metals [W, Sb(V)] known
to yield polyoxometalates (POM) are capable of form-
ing hexagonal or cubic meso-organized phases.33.96.217
In the case of Sh,Os/C.sTABYr, for a metal/template
ratio of 10, decreasing the pH of a KSb(OH)s solution
to ~7 yields a cubic (1a3d) phase; lowering the pH to
6.2—6.5 leads to a hexagonal mesophase. The change
in pH permits a correct charge and curvature match-
ing at the hybrid interface (cf. section 5). An increase
in the template contents results in lamellar hybrids,
between pH 6 and 7. For pH values <6, nonorganized
amorphous phases are obtained.2? Interestingly, this
limit is coincident with the appearance of highly
polycondensed species, such as Sh;,(OH)e;"~.273
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Table 6. Mesostructured Non-Silica Oxide-, Oxopolymer- or Metal Oxophosphate-Based Materials, Obtained from
Mineral Precursors (Except Silica or Silica-Based Binary Systems)

porous material

conditions? textured phases template distances
mineral precursors (M) solvent = H,0 distances removal XRD or TEM
template (T) pH, temp M (XRD or (TEM)® treatment® (Dpores, S)4 ref
[MZ(NO3™),], [M3F(NO3z7)s] pH 3—-4.5 ~1 L/27-31 A 550 °C unstable 33
M = Co, Ni, Zn, Mn, Mg, Fe, Al, Ga 100 °C/5—13 days
C12H250PO3H,, n = 1218
[M2F (NO37)2] pH <3 0.1 L/21-31A,n=12-18 550 °C unstable 33
M = Fe,Co, Ni, Mn RT/18 h
CnH2n+10SO3Na
[(NH4)sH2W12040] pH 4-8 0.33 L+H/28—30 A/40 A 500 °C unstable 33,217
[(NH4)6M07024, 4H20] pH >9 L/28.3 A/
CnH2n+1(CH3)sNBr, n = 12—18 pH1-13 L/20—25 A
K[SbOHg] pH 6.7—6.8 0.1 C (1a3d)/42.9 A 550 °C unstable 33
Ci18H37(CH3)sNBr (C1sTABY) pH 6.2—6.5 0.1 H/46 A
pH 6—7 0.2 L/37.5 A
SnCly RT/1 day 1-2 H,31.5A 400 °C unstable 225
sodium dioctylsulfosuccinate (AOT)
Pb(NO3), pH 7-8 0.17 H/45.8 A 550 °C unstable 33, 217
C16H33SO3sH 90 °C/3 days L/38.5 A
ZrOCly, 8H,0 pH 11.48 0.25—0.08 textured phases 450 °C (240—360 m?/g) 250
(CnTABT) pH 11.60 0.25 17.2-33.7 A, n=8-18
CnHzn+1(CH3)sNOH 0.17 25.8—-32 A, n=8-18
ZrOCly,, 8H,0, (1) 70 °C/3-5h 0.8-3 H/41 A 250 °C (320—380 m?/g) 251
ZrO(NOg)z, Zr(COOCH3)4, ZrOSO,,  (2) pH 68 250 °C (240 m?/g)
xH,0, carboxymethyl trimethyl- 6 days
ammonium hydroxide betaine as
cosurfactant
AI(NO3)3-9H,0 or urea (homogeneous 2 H/43 A 600 °C unstable 219
alkalinization)
Aly(SO4)3+16H,0 pH 3.6—7/7.5 (20 m?/g)
C12H250S03Na (SDS) several anions
Al1z (AlO4Al1(OH)24(H20)127) a-NaH,PO4/ 0.6 PH/39 A exch (630 m2/g, <30 A) 298, 299
Na,HPO,4 aluminophosphate
GaAl;» (GaO4A|12(OH)24(H20)127+) pH 4.25 galloalumino— CH3COO_
SDS b-pH 3 phosphate
SnCly, [Sn(OH)6)?~ pH 10 PH/38 A 500 °C 32 A 227
75 °C/1 day
Ci18H37(CH3)sNBr (C1sTABY) 90 °C/1 day (143 m?/g)
ZrOS04+xH,0 100 °C/2 days 2 H 41.6 A/46.2 A/ 500 °C 28.1A;33.8A; 218
49 A 38.6 A
Zr(S04)2-4H,0 H3PO4/2 h (230 m?/g; 320 m?/g; 274
CnTABr, n = 16, 18, 20 340 m?/g)
HfCly, (NH4)2S0, pH 2.1 0.25 PH/40 A 500 °C (11 A, 204 m2/g) 255
C1sTABr 100 °C, 1 day
V205 H,WO, pH 6-8 1 L/21.34 A unstable 240
NazMoO,4 or H,Mo0, pH 2.6—6.6 0.5 L/22 A unstable
C1,TABr HT: 3-5h
V/,05/\V0 H3PO,4 0.2—-0.6 H/37—-40 A 400 °C unstable 244
CisTABr pH 1.2/H,0; V—-P-0 phaSeS
05/ H3PO, 0.5 H/36 A 400 °C unstable 245
C16TACI or C;sTAOH pH 2.6—4.5 CI33 A cation exch in L
L/35—40 A
V—P—0 phases
FeCl3-6H,0 OH:Fe=1.5 PH/65 A 300 °C (250 m?/g) 246
C16H33SO03Na (SHS) H,O/PrOH mesoporous
80 °C
Fe(NO3)s Na,HPO,/HF ~0.3 WL exch 26 A 247
SHS CH3COO~ (250 m?/g)
Y and Zr glycolates NaOH MS, 42 A 450 °C 18—-21 A 258
C1sTABr 80 °C/5 days 600 °C (150—250 m?/g)
unstable
Ln(NO3); or LnCls urea (homogeneous 2 PH/49-51 A exch 49 A 259
Ln = La, Pr, Nd, Sm, Gd, Dy, Er, alkalinization) CH3COO~ (20—30 A,

Yb, Lu, Eu
SDS

80°C,>20h

250—350 m?/g)

aRT, room temperature. ® TEM, transmission electronic microscopy; H, hexagonal; PH, pseudohexagonal; L, lamellar; C, cubic;
WL, wormlike; MS, mesostructure, not necessarily ordered. S, specific surface. ¢ exch, exchange. ¢ @yores = pore diameter.
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Table 7. Mesostructured Non-silica Oxide-, Oxopolymer-, or Metal Oxophosphate-Based Materials, Obtained from
Alkoxide or Chloroalkoxide Precursors (Except Silica or Silica-Based Binary Systems)

porous material

alkoxide precursors (M) conditions textured phases template distances
template (T) additives (H,0/M) distances removal XRD or TEM
(complexing) pH, temp? M/T (XRD or TEM)P treatment (Dpores, S)° ref
AI(OBud)3, Triton, Igepal,  (2) RT/16 h 0.1 WwL/68 A 500 °C 48 A (420 m2/g) 100, 101
Tergitol
Pluronic 100 °C/6 h WL/80—96 A 40—-80 A
[(POE)13(POP)30(POE)13] (420—535 m?/g)
Al(OBuUS)3 (3) alcohols 0.33 MS 33 A (n=11) 430 °C 30A,n=11 219
CnH2n+1COOH, n =11,17  RT/1 day (19 A, 710 m2/g)
110 °C/2 days
Sn(OPri), RT/2 days 5 WL/46 A with washing EtOH 46 A 225
SnO; nano- + 300 °C (14 A, 314 m2/g)
C14H20NH; (TDA) crystals + 350 °C 56 A
+ 400 °C (18 A, 300 m2/g)
N/O (43 A, 99 m2/g)
Sn(OPri), 80 °Cl24 h PH/48 A 500 °C 34 A 227
(107 m?/g)
TDA unstable
Ti(OPri),, acetylacetone (160) 1 H/36 A 350 °C ~34 A (200 m2/g) 111
pH 4—6
C12H250PO3H; 80 °C/5 days acid wash (24 A, 603 m2/g) 313
Ti(OEt)4, H,0,, aq soln 1 L/315 A 300 °C 30—-36 A 232
pH 115 H/40.5 A (275—310 m?/g)
C16TACI 100 °C/15 days
Ti(OPri), (30) 0.3 WL 32 A 430 °C unstable 110
90 °C—RT/18 h
CieHasNH:
Ti(OPri), (400) H2SO4 0.3 H/45 A (C16) 350 °C 32A 110
(21 A, 340 m2/g)
RT, H3PO, H/51 A (C1g) 400 °C 39 A
(28 A, 360 m2/g)
CnTABr, n =16, 18, 20 H-+L/48 A (Cy)
Zr(OPr"),, acetylacetone (39) RT/5 days 0.3 MS 41 A extr 110 °C 18.5 A 252
H,S0, 550 °C (347 m2/g)
CisHa3NH; 18.7 A
(216 m?/g)
Zr(OPr"), Zr(OEt), 80 °C/4 days 1 L/14,6 A—33.1A 400 °C unstable 253
CnH2n+1COO~, n=1-18 1 n=1-18
C12H25S047, C12H25S03~ 1 L/38.3 A amorphous 15-26 A
CnH2n+10P0327, L+PH/16.6—38.4 A, phases (233—361 m?/g),
n=4,8, 12,16 n=4-16 n=4-16
VO(OPri)3 (52),RT1day 0.5-1 L23A 241
C12H25NH; 100 °C/1 day H30A
L28A
Nb(OEt)s (442) 2 H washing 28—40 A, n=12-18 256
CnH2n+1NH2, n =12, 18 RT/1-3 days 0.67 H (P63 mmc) PrOH/HNO; (23 A, 617 m%g)*
100 °C/1 day
180 °C/7 days
Ta(OEt)s, C1sH37NH; (113) 0.5 H 29-39 A, n=12-18 114
CnH2n+1NH2, n =12, 18 RT/1-3 days 22-32 A
80 °C/1 day
100 °C/1 day
180 °C/7 day (510 m?/g), n =12—-18
MCl, in EtOH 40—60 °C <0.01 ZrH/A15A 400 °C 106 A (58 A, 150 m2/g) 260, 261
M = Zr, Ti, Sn, Nb, Ta, W, Ti H/123 A 101 A (65 A 205 m?/g)
Hf, Ge, V, Zn,Cd, In, 1-7 days Nb H/106 A 80 A (50 A, 196 m2/g)
Sb, Mo, Re, Ru, Ni, Ta H/110 A 70 A (35 A, 165 m2/g)
Fe, Cr, Mn, Cu, ... and EISA, open W H/110 A 95 A (50 A, 125 m?/g)
mixed ZrTi, Al,Ti, ... recipients Sn H/124 A 106 A (68 A, 180 m2/g)
Hf H/124 A 105 A (70 A, 105 m?/g)
(PEO)m(PPO)70(PEO)m Al H/120 A 186 A (140 A, 300 m2/g)
Pluronics P123 (m = 20) ZrTi H/110 A 103 A (80 A, 130 m2/g)
SiAl H/120 A 95 A (60 A, 310 m2/g)
Pluronics F127 (m = 106) AlLTiH/112 A 105 A (80 A, 270 m?/g)
(P123)
Al(OBuS);, TEA (131-185) 0.33 WL/28—57 A 300°C aluminophosphates 222
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Table 7 (Continued)
porous material
alkoxide precursors (M) conditions textured phases template distances
template (T) additives (H20/M) distances removal XRD or TEM
(complexing) pH, temp? M/T (XRD or TEM)P treatment (Bpores, S)° ref
H3PO4 pH 10—-11 (P/Al = 0.12—-0.74) 400 °C 28—-57 A

pH 8—9 after H3PO4

C1,TABr P/Al = 0.12—-0.74

Al(OBuw)3, TEA pH 10, 11 0.5

60 °C/3 days

C12TABI’
Ti(OBuM)4 (285) TIITAM =1.22 0.6
TAMOH 115 °C/3—6 days
C]_zTABI’
Ti(OBu9)3, TEA 0.3
pH 10, 11
60 °C/3 days
ClzTABI’
Ti(OPri); Nb(OEt)s Zr(Opr")s a-M(OR)4 0.45-0.5
EG in NaOH/EG
CTA12[M(EG0)3] 80 °C/5 days
M =Ti, Zr, Nb b-H,0O
C16TABr or C16TACI RT/3—4 h
Ti(OEt)s (10—100), 50—70°C 0.16
EISA 3—-7 days
C16TABr in EtOH/HCI
Ti(OEt), or Ti(O-nBu)a (<1-10),50-70°C 0.01—0.05
PEO-based nonionic EISA 1-10 days
in ROH/HCI
Ti(OEt) (6), EISA films 0.005-0.02
PEO-based nonionic in ROH/HCI
(P123)
TiCls nonionic surfactants (1—20) EtOH 0.01-0.05
Brij 58 C16H33(PEO)20 EISA films
F127
(PEO)100(PPO)70(PEO)100
TiO2 (Anatase) nanoparticles (15) EtOH 0.083
Brij 58 C16H33(PEO)20 EISA films
aging 10 °C
ZrCly (20) EtOH 0.05
Brij 58 EISA films
VCI4/\VCls (5—10) EtOH 0.05
Brij 56 or 58 EISA films
AlIClIs (40)-EtOH—NHs3 0.08
Brij 58 EISA films
WClg (0)-EtOH 0.017
P123 (PEO)20(PPO)70(PEO)2 EISA films
mixed alkoxides (0)-toluene 0.04

Zr/Si; Ta/Si; FelSi Al/P nonhydrolytic
F127 135°C3—24h
(PEO)100(PPO)70(PEO)100

500 °C (13—-37 A,
480—650 m2/g)
with P/Al = 0.12—0.74

WL/69—95 A 500 °C 69—95 A 222
(33—60 A,
340—250 m?/g)
for H,O/TEA range
7.4—445
L/30 A 350 °C unstable 234
WL-PH/69-95 A 500 °C 69—95 A 173
(33—60 A,
340—250 m?/g)
for H,O/TEA range
7.4—44.5
Ti, PH/50 A silanation/ WL, 40 A 231
Zr, HI37 A 600°C 31 A (277 m%g)
Nb, H/37 A 32 A (180 m2/g)
H/47 A 350 °C 20—-25 A 283

(280—370 m?/g)

WL/~30—-35A (h <1) 350°C WL (250 m?/g) 239, 290
H/50—-167 A (h >1)
L/d100 = 100 A 400 °C 269
H/d10 = 90 A
C/dloo =81 A
H/150 A (F127) 300 °C rectangular 53 A 266
H/50 A (B58) rectangular 36 A
pseudo-C/58 A 450 °C 43 A 268
H/50 A (B58) 300 °C/ rectangular 35 A 270
Os (28 A, 192 m2/g)
H/50—80 A (B58) 220 °C/ monporous, unstable 271
T>250°C
H/67 A (B58) 03/220 °C  rectangular 36 A 265
WL/40—60 A solvextr (50 A, 155 m2/g) 272
400 °C (106 A, 45 m2/g)
WL/~150 A 500 °C 100—110 A 262, 263
(15—20 A,
~500 m?/g)

aRT, room temperature; EISA, evaporation-induced self-assembly. ® TEM, transmission electronic microscopy; h, hexagonal;
PH, pseudohexagonal; L, lamellar; C, cubic; WL, wormlike; MS, mesostructure, not necessarily ordered. ¢ S, specific surface; Gpores

= pore diameter.

Another recurrently observed feature is that the
hybrid phases stemming from acidic aqueous solu-
tions present a relatively low stability to thermal
treatment, due to incomplete condensation of the
inorganic network because of the low initial pH
values. Detailed structural and in-situ characteriza-
tion shows that the immediately formed mesostruc-
tured hybrids are composed of an incompletely con-

densed inorganic framework that can evolve upon
aging.?®> An extra cross-linking induced by ion ex-
change with phosphate can overcome this problem,
and Ti and Zr mesoporous oxosulfates and oxophos-
phates have been successfully synthesized this
way.235274 A closely related preparation permits zir-
conium oxochromate (Cr/Zr = 0.5), stable to thermal
treatment up to 550 °C,?’> to be obtained.
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Figure 18. TEM micrographs of non-silica hybrid or oxide phases: (a) dodecylamine-templated Nb,Os;25¢ (b) diblock
copolymer-templated (EO7sBQOys) cubic ZrO,;?61 (c) ZrO, hexagonal hybrid film (reprinted with permission from ref 270;
copyright 2001 Royal Socety of Chemistry); (d) TiO, hexagonal film (reprinted with permission from ref 266; copyright
2001 Wiley-VCH); (e) Zr/Si mixed oxide;?53 (f) triblock copolymer-templated hexagonal SnO, oxide;?%1 (g) hybrid TiO,/
CTAB composite;283 (h) same as (g), calcined to 350 °C.283 Micrographs b—e were prepared using (Hz3C16)10(OCH,>CH,),OH

nonionic surfactants.

A homogeneous alkalinization method (urea hy-
drolysis at T > 60 °C)?’® has been introduced by Yada
and co-workers, with the aim of a gentle and homo-
geneous pH rise. The higher pH attained should
improve the condensation in M(I11) systems (M =
Al219277 Ga,??* Y, rare earths®®), which are not as
acidic as typical M(1V). Mesostructured MO,/alkyl-
sulfates [typically, sodium dodecyl sulfate (SDS)]
have been synthesized in this way, which are regu-
larly fragile upon thermal treatment.?’® The intro-
duction of Y(II) stabilizes these networks, permitting
mixed mesoporous oxides to be obtained by anion
exchange with acetate.?79-281

Hudson and Knowles®® developed an approach
based on the ion exchange properties of amorphous
ZrO, in highly alkaline medium (pH > pHiepzro,),
followed by dissolution—reprecipitation. As a result,
hexagonal mesostructured ZrO,/CTA* composites are
synthesized, which can be subsequently transformed
in mesoporous oxides. The “scaffolding” mechanism
presented in this and following work? will be
discussed later.

(2) Inhibition of the Hydrolysis—Condensation Pro-
cess. There are two extensively used methods to
control the hydrolysis and condensation processes of
reactive alkoxides or chloroalkoxides, which usually
lead to immediate precipitation: (a) Complexation of
the metal centers (by means of phosphate, carboxylic
acids, p-diketones, polyethanolamines, polyols, amines,
etc.) was the first concept applied, which led to
mesoporous TiO,.1'! Complexation can be directly
performed by the polar head of the surfactant; this
is the case of phosphates, poly(alkylene oxide)-based
block copolymers, or amines in the ligand-assisted
templating approach (see below). (b) Mineral acids
are added in an important H*/M ratio. In alkoxide/
alcohol-based synthesis, protons generated by hy-
drolysis are transferred to the alkoxide leaving
groups.

Ti(OR), + H,0 < Ti(OR),(OH) + ROH  (3)

In aqueous solutions, the hydrolysis of the metal
cation will naturally lead to acidic pH.
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TiCl, + 2 H,0 < TiCI,(OH), + 2 HCI  (4)

(2a) Complexation of alkoxide precursors M(OR),
(M = Ti, Al, Zr, Nb, ...) by acetylacetone (acac),
ethylene glycol (EG), triethanolamine (TEA), or other
chelating agents permits control of the reactivity by
avoiding fast hydrolysis/condensation of the precur-
sors in contact with water.?8? These strong chelating
agents also restrain the condensation reactions, thus
favoring the presence of low-weight oligomeric species
(aggregates, clusters, and nanoparticles) in solution.
The high surface-to-volume ratio of these small
entities makes them ideal to interact with surfactant
molecules or aggregates in the self-assembly process.
The choice of the complexing agent permits the pH
to be adjusted, which is a supplementary degree of
freedom. This aspect is indeed useful in the control
of the subsequent step, in which extended condensa-
tion reactions between the oligomers take place,
forming a continuous inorganic network. For ex-
ample, in the case of alumina- or TM-based (Ti, Zr,
Nb, ...) oxide mesostructures, acac is used as an
inhibitor in neutral or slightly acidic medium in the
presence of alkyl phosphate templates.'1123025% On the
other hand, TEA173222.236.244 js employed in strongly
basic media, to form chelates. In the presence of Cy6-
TMAT cations, a great variety of oxide and oxophos-
phate networks are formed (alumina, titania, Al/Si,
Ti/Si with important non-silica contents), which
present wormlike porosity. Tris (ethylene glycolate)
Y, Ti, and Zr complexes have been used as starting
species to create mesoporous Yyttria, titania, and
zirconia in alkaline medium, using alkylammonium
templates, as discussed below.?31.2%8 The isoelectric
point of these oxides is located between 6 and 9.
Consequently, the presence of positively charged
polar heads in alkaline media (conversely, anionic
templates in low pH) promotes strong electrostatic
interactions between the surfactant (S) and the
developing inorganic framework (l1). These interac-
tions (S7I7, and S*I-, respectively, see Figure 10)
favor the self-assembly process. Diols have been used
to apparently complex Ti(1V) at pH 5—8, generating
anionic species as precursors; in this case, an S"TM*1~
type of interface (mediated by K™ cations) is pro-
posed.?®t The same mediator role is attributed to
sulfate anions, in the production of Zr oxophos-
phates.?*® Another interesting and simple approach
has been developed, by combining soluble peroxy-
titanates [Ti(O—0)(OH)(H.0)](OH) with cationic
C1sTMACI.22 The synthesis takes place in alkaline
medium, giving rise to lamellar and hexagonal tita-
nia, depending on the base used (TMAOH or NaOH,
respectively).

Surfactants with complexation ability constitute a
particular case of inhibition agents. In the case of
titania—phosphate mesophases, the complexing power
of the template heads is important enough to believe
that coordination interactions already take place in
the initial steps of the surfactant—mineral self-
assembly process. These interactions are enhanced
upon drying and thermal treatment, processes that
entail dehydration and further condensation. Indeed,
phosphate groups are difficult to remove either by
extraction or calcination, which may be a major
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drawback in many applications concerning the free
access of a target molecule to the oxide surface.

Similar complexation reactions should take place
in analogous systems that use alkylcarboxylates,
alkylamines, neutral surfactants presenting poly-
(ethylene oxide) (PEO) groups, and hydroxy-capped
polar heads, such as C,Hn+1[EO]wOH (Tergitol,
Triton, Igepal, Brij) or [PEO],[PPO]n[PEO], (Pluron-
ics, Synperonics). The complexing properties of the
polar heads have been advantageously used in the
synthesis of several mesostructured oxides (Al, Nb,
Ta, Sn, and Ti, see Table 7) presenting hexagonal,
guasi-hexagonal (short-range hexagonal order), or
wormlike bicontinuous pore arrangements. Complex-
ation can take place before hydrolysis—condensation
of the inorganic precursors, as in the case of niobium
alkoxide tetradecylamine or tantalum alkoxide tet-
radecylamine, that yields hexagonal mesophases.13256
Titanium seems to show weaker H-bonding interac-
tions with alkylamines; however, previous interaction
of the metal species and the template seems to be
essential for template effect to take place.?®?

For weaker chelating agents, such as PEO/PPO
groups, complexation can take place during the
drying stage; in fact, water, chloride, or small alcohols
are far better nucleophiles. However, during solvent
evaporation, hydrolysis and transalcoholysis equilib-
ria can be displaced, and TM cations can attach to
the polar heads.?® In particular, the condensation of
titanium alkoxides [Ti(OR)4] in the presence of Plu-
ronic-type polymers and sub-stoichiometric water
amounts (h = [H,O]/[M] =< 2) yields porous materials
presenting wormlike channels with an ill-defined
symmetry.?3 This result can be explained in terms
of relatively strong interactions between the template
and hydrophobic oligomers, which have a detrimental
effect on the polymer folding (vide infra, in the
mechanism section).?3°

(2b) Acid Inhibition. Strongly acidic conditions (pH
<1, adjusted with HCI or HNO3) also permit the
reactivity of TM alkoxides M(OR), (M = Ti, Zr, Nb,
...) to be controlled. Under these conditions, generally
associated with high hydrolysis ratios (h > 2),
condensation is hindered by protonation of the M—OH
nucleophilic species present in the medium. At the
same time, depolymerization processes (the inverse
of condensation) are promoted. Both processes gener-
ally lead to the formation of small hydrophilic oligo-
mers: clusters or nano-objects. As a result, both
organic and mineral building blocks present a hy-
drophilic character, due to the presence of water,
which favors micelle formation. This procedure of
“matching the hydrophilic domains” permits hybrid
mesostructured phases that present hexagonal sym-
metry to be obtained, using neutral or cationic
templates, upon solvent evaporation or precipita-
tion_238,239,283

Addition of a strong Lewis acid such as TiCl, to an
alcoholic solution produces chloroalkoxide and HCI
in situ, according to

TiCl, + 2EtOH < TiClL(OEt), + 2HCI  (5)

This is also a suitable way to introduce acid into the


IBM
高亮

IBM
高亮


Design of Textured Materials

initial solutions without adding water and slow the
condensation process.26026

(3) Nonaqueous Solvents and Controlled Water
Contents. One of the alternatives to avoid massive
precipitation of nonstructured phases is to conduct
the synthesis in nonaqueous media, in the absence
of water, or low h values. A classical example is the
first synthesis of mesostructured alumina phases,
developed by Bagshaw and Pinnavaia, using nonionic
surfactants as templates, in alcohol/water mix-
tures.'®! The presence of low water quantities (h ~
1-2) will have decisive effects, not only in the
kinetics of the formation of the mineral phase but
also in the chemical compatibility at the hybrid
interface; this central topic will be discussed in the
mechanisms section.

A successful nonaqueous approach has been devel-
oped by Stucky and co-workers, in ethanolic me-
dium.260.261 A great variety of mesostructured and
mesoporous metal oxides (Al, Ti, Zr, Nb, Ta, Sn, ...)
and mixed oxides (Ti/Al, Ti/Zr, Zr/W, ...) have been
obtained, by using ethanolic solutions of MCI, and
PEO-based triblock copolymers. After solvent evapo-
ration (evaporation-induced self-assembly, see next
section), hexagonal or cubic mesostructures were
formed, depending on the surfactant. Moreover, thick
inorganic walls are obtained, which convey toughness
to the inorganic framework. The resulting mesopo-
rous oxides present nanocrystalline walls, which is
indeed interesting for eventual applications. This
synthesis path combines an essentially nonaqueous
medium, high acidity, and the formation of an
ordered liquid crystalline phase by evaporation; all
of these features will be discussed below. An alterna-
tive two-step method was developed by Ozin and co-
workers, using glycolate complexes (Ti, Zr, and NDb)
in ethylene glycol as solvent.?3! The addition of CTAC
promotes the precipitation of a layered hybrid phase,
CTA12(M(EG0)3) (EGo = EG?"). Once this precursor
is hydrolyzed in water, two-dimensional hexagonal
mesostructures are formed. The resulting hybrid
phases are not completely condensed, and silaniza-
tion is a previous step to obtain mesoporous silica-
containing TM oxides.

Nonaqueous solvents with low polarity tend to
assist the production of inverse micelles and, there-
fore, to change the curvature of the hybrid interface.
A clear example is present in work by Tiemann et
al.?84 Lamellar aluminophosphate is synthesized in
water/alkyl phosphates; when ethanol is used as
solvent, an ordered dispersion of aluminophosphate
particles is formed, rather than an ordered array of
pores in a continuous matrix. An extreme case is
given in synthesis of titania nanoparticles from a
nonionic Triton TX-100/cyclohexane titanium isopro-
poxide system, presenting mesoporous behavior.? In
this case, both the shape of the surfactant and the
solvent employed cooperate to obtain a nanoparticle
dispersion.

A recently developed synthesis route makes use of
mixed molecular precursors and PEO-based block
copolymers in toluene, under hydrothermal condi-
tions (90—150 °C, sealed vessels).?62263 This method
permits mixed oxides such as Zr0O,-4SiO,, Ta,0s*
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6Si0,, Fe,03-6Si0,, and AIPO, to be obtained, pre-
senting tailored regular pore size and a wormlike
mesostructure. Under these temperature and pres-
sure conditions, a nonhydrolytic condensation is
likely to occur, as will be discussed in the next
section.286

(4) Evaporation-Induced Self-Assembly (EISA). The
so-called EISA process, initially proposed by Brinker
and colleagues,*®” is based on the processes that take
place upon the formation of mesostructured silica
films.287.288 Starting from dilute solutions, a liquid
crystalline (LC) mesophase is gradually formed upon
solvent evaporation. The formation of an inorganic
network around this LC phase permits well-defined
mesostructured hybrids to be obtained, which present
a segregation of organic and mineral domains at the
nanoscale. This procedure permits one to avoid the
diffusion problems encountered when infiltrating a
real LC structure with a metal precursor (Figure 7,
route A). Subsequently, inorganic condensation can
be “turned on”, giving birth to a condensed inorganic
framework. This procedure permits the material in
the shape of powders (aerosols?®?), gels, monoliths,?*
or films to be processed. The hybrid structure is quite
flexible as-synthesized, due to incomplete inorganic
polymerization. Therefore, a subsequent “locking”
step is necessary (by a chemical process, for example,
inorganic or organic polymerization, or by mild
thermal treatment) in order to obtain a robust
mesostructure. This is an interesting procedure for
TM-based materials, because starting solutions are
relatively dilute, and the inorganic polymerization
can be readily controlled by an acid, which is subse-
quently eliminated by evaporation.

In the conditions developed by Stucky’s group for
a general route,?5%261 ypon dissolution of the metal
chlorides in alcohol, HCI is released and metal—
chloro—alkoxo species are produced in situ. Following
solvent evaporation, the systems travel along the
(solvent, polymer, inorganic precursor) phase space,
until a mesostructured dry gel is formed. In the first
interpretation of this synthesis route, a nonhydrolytic
condensation path was considered to be responsible
for the formation of the mineral framework. However,
in the reported synthesis conditions (40 °C, open
recipients), it is unlikely that a nonhydrolytic con-
densation could successfully compete with ordinary
condensation, water being provided by air moisture.
There is sufficient evidence that permits this path
to be discarded in Ti(IV) and Zr(IV) systems as the
main process. Studies on EISA-based systems (pre-
cursor solutions, “bulk” gels?3%283 or powders, or thin
films?02.266.270) stress the role of water in the mesos-
copic organization of the obtained phases. As an
example, titania—nonionic surfactant hybrid com-
posites have been synthesized by EISA in alkoxide—
alcohol—water—HCI mixtures, using block copoly-
mers.2342% |n addition, the use of preformed hydropho-
bic clusters to generate mesostructured TiO; in low-
water conditions results in wormlike structures (see
below).?®® As shown in other systems (vide supra),
nonhydrolytic condensation requires strict absence
of water and more drastic temperature and pressure
conditions,262263
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Hexagonal TiOo/CTAB hybrids that lead to meso-
porous TiO, upon thermal treatment were obtained
by combining EISA with acid inhibition of the con-
densation with HCI.?8 In this case, a flexible “tita-
niatropic” hybrid LC phase is formed by amorphous
Ti—oxo subunits that assemble around an organic
template; an 1"™X~S* type of hybrid interface (cf.
section 5) is formed. The formation of a well-defined
mesostructure depends critically on factors such as
the synthesis temperature, which controls two pro-
cesses in competition: solvent evaporation (and, thus,
self-assembly) versus inorganic polymerization. The
effects of the inhibitor and metal concentrations and
solvent composition have also been stressed.?8® The
hybrid titania—CTAB mesostructure has to be ther-
mally reinforced, to assist inter-NBB condensation,
leading to robust hybrid precursors at T > 70 °C.
Thermal treatment of these precursors leads to high-
area (250—380 m? g1%) phosphate-free TiO,.

This approach has also been extended to films,
which are indeed interesting in view of applications
as selective electrodes, sensors, photocatalytic, or
electrochromic devices.?®! Titania, zirconia, and alu-
minum oxohydroxide mesoporous films presenting
hexagonal texture and high stability toward thermal
treatment have been recently reported.265:266.269.270
Mesostructured tungsten oxide films presenting a
wormlike aspect have demonstrated superior elec-
trochemical and optical performances compared to
ordinary sol—gel-derived thin films.2"?

(5) Tuning of the Redox State. Following the first
models proposed by Stucky and co-workers,33% one
of the keys for the formation of a well-defined hybrid
mesostructure is the charge matching between the
inorganic framework and the polar heads of the
surfactants (see below). In the case where variable
oxidation states of the metallic centers are possible
(e.g., V, W, Mn), important changes are associated
with the [Red]/[Ox] ratio. A well-documented case is
the synthesis of oxovanadium [V(IV)/V(V)] phos-
phates, in which the V(IV)/V(V) ratio is tuned by
making use of V(V), V°, and H,O,. Hexagonal phases
are obtained within a wide range of compositions;
optimal structural features are achieved when V(1V)/
V(V) ~ 0.5. The template (CicTMAT) cations are
associated with V(1V) centers.?** Mixed-valence oxo-
vanadium phosphates have been recently obtained
as lamellar, hexagonal, and cubic phases, depending
on the synthesis pH, again by combining V° and V,0Os.
Mesostructured vanadium oxide films stable up to
220 °C can be synthesized by carefully tuning the
V(IV)/V (V) ratio; the presence of the V=0 bond seems
to block the three-dimensional growth of the inor-
ganic framework and favor the development of lamel-
lar vanadium oxide.?"* It seems that the presence of
V(IV) is also essential for the formation of vanadium
oxide-based hybrid nanotubes.?9-2%4

Mesostructured hexagonal and cubic mixed-valence
(average oxidation state of 3.55) manganese oxides
(MOMS)?%® have been obtained by means of the
oxidation of a Mn(OH), slurry under oxygen flow.
Hexagonal MOMS display a hexagonal array of pores
with an open porous structure, thick walls (=2 nm),
and thermal stability up to 1000 °C.?*® Reduction of
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a (C1,TMAT)(MnO,") intermediate with ethanol and
further aging leads to a mesostructured precursor; a
transformation from lamellar birnessite to a hexago-
nal mesophase is an alternative way to obtain an
organized hybrid.?*® The mechanism of formation of
these interesting mesophases is not clear.

(6) Organization of Preformed Nano-objects: As-
sembly of Nanobuilding Blocks (ANBB). The organi-
zation of nanometric objects by means of hybrid
interfaces is a recently opened route, which should
lead to control of the nature of the inorganic network
in a more precise way. The assembly of mineral
species of a given nature (clusters, aggregates, or
nanocrystalline particles) permits other features,
such as the reactivity of the inorganic precursors
(“bricks”) or the conservation of a pre-existent geom-
etry, to be tailored. These can form an extended
network, acting either as preformed nanobuilding
blocks (NBB),* which can be assembled around a
hybrid interface, or as a mineral source, via dissolu-
tion—recondensation processes, according to their
reactivity and the physical—chemical features of the
reacting systems. Mesostructured silica has been
synthesized from precondensed siloxane precur-
sors.852% Ti(1V) clusters, aluminate, galloaluminate,
or W-based polyoxometalates (POM) are the most
used non-silica nano-objects so far.

Hybrid mesostructured phases can be obtained
from W(VI) polyanions and C1sTAB templates; how-
ever, syntheses based upon polyoxotungstates often
lead to hybrid salts that do not yield mesoporous
oxides.?5":2%7 Thermal treatment of these hybrids
results in the destruction of these phases. This may
be due to several reasons: (1) The mineral walls are
constituted of weakly connected polyanions, resulting
in an overall fragile structure. (2) Thermal treatment
of the hybrid phases is associated with redox reac-
tions between the surfactant and the metal centers.
The resulting changes in coordination symmetry and
the subsequent rearrangements may lead to the
destruction of the inorganic framework.

In the “salt—gel” process, developed by Stein and
co-workers, preformed Keggin ions (NbyWe_xO19@™7)
are initially assembled with an oppositely charged
surfactant, leading to lamellar cluster/surfactant
salts. These preordered NBBs are further linked by
silicate into a three-dimensional network.?>” Partially
condensed A|13 [AlO4A|12(OH)24(H20)127+] or GaAllz
[GaO4Al(OH)24(H20)12"1] clusters have also been
used as NBBs to yield hybrid assemblies with SDS.
Subsequent acidic treatment in the presence of
phosphate leads to mesostructured aluminophos-
phate or galloaluminophosphates. Upon aging at low
pH (~3), the clusters break apart into smaller frag-
ments and a suitable curvature is obtained. The
resulting hybrids can be rendered mesoporous by
extraction/ion exchange.?®® The connection can also
be achieved by using silicate linkers.?®® These phases
are interesting, as they join high surface area,
mesoporosity, and anion exchange possibilities.3%

Ti(1V) clusters such as Ti;gO16(OEt)s, (Til6) have
also been used as NBBs to produce textured meso-
phases. Two strategies have been reported so far,
using ABC templates [block copolymers (POE).-
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(POP)m(POE),, or PS—PA). Pluronic—Til6 hybrids
presenting bicontinuous wormlike textures are ob-
tained by EISA. The clusters are connected by
hydrolysis—condensation reactions. Thermal treat-
ment of these hybrids yields porous materials with
surface areas of ~250—300 m?/g.?®® A similar process
in PS—PA—Ti16 systems in toluene leads to hexago-
nal hybrid mesophases.3®! Functionalized dendrimers
have also been used as preformed texturing agents,
yielding ordered cluster dispersions. Hybrid textured
dendrimer—Til6 phases where the cluster integrity
is preserved have been obtained upon solvent evapo-
ration.3%?

Recent examples report highly condensed walls,
composed of nanometric size titania particles, either
preformed or formed in situ. The first strategy has
been applied to generate mesoporous titania thin
films, presenting hexagonal or pseudo-cubic meso-
structure.?®® This route is interesting because of the
higher control of the condensation degree of the metal
centers. Although an amorphous inorganic wall is
reported, titania nanocrystalline particles should be
indeed interesting for photocatalytic applications.
Mixed Ti/Zr oxide wormlike powders have been
synthesized, in which an overall amorphous zirconia
matrix presents embedded anatase nanodomains;3%3
these crystalline NBBs are formed during solution
aging.

Coordination Polyhedra, Flexibility, and Cur-
vature. Silica, silicates, and silicones are well-known
for the great structure diversity they present, as well
as for their complex topologies. The flexibility of
these structures, which can adopt a great variety of
Si—O-Si angles, is due to the u,—O connection
between corner-sharing SiO,4 (or RySiO,—y2) tetrahe-
dra. This geometrical versatility permits silica to
attain practically every possible curvature and ex-
plains the multiplicity of structures and morphologies
of silica-based synthetic or natural materials.

In the case of non-silica oxides (TM, Al, Sn, ...), the
charge, size, valence, and coordination criteria impose
polyhedra of higher coordination number. For ex-
ample, Ti or Sn present usually hexacoordination, Zr
is often hepta- or octacoordinated, and Al accepts
environments with four to six oxide neighbors; the
flexibility of the latter is one of the reasons for the
great structural diversity of aluminosilicates. Apart
from corner-sharing connections, metal—oxo coordi-
nation polyhedra of TM often display edge- or face-
sharing structures. The presence of ui—O oxygen
bridges (i = 1—6) directs a more rigid linkage
between hedra, which leads to less versatile
“network lei”, less adapted to a variety of shapes
and curvatures.

Which chemical parameters can be thus modified
to attain a higher topological flexibility in non-silica
systems? The following is a nonexhaustive list of
possible strategies:

o Limit the size of the first oligomers obtained after
hydrolysis, rendering them less compact and more
linear, eans of inhibitors or mono bridging
anions.

e Resort to nonhydrolytic condensation processes
in the first stages of texturing; typically, these
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processes favor lo

e Perform synthésis in ex
which the connectivity betw:
dra may be more versatile.

o Combine metal cations with metal centers that
accept tetrahedral coordination [Si, Al, V(1V), Ga],
which can give rise to more flexible species. This can
be done by mere insertion (e.g., metal-substituted
mesostructured silica networks, displaying excellent
order) or by varying the oxidation state [a typical
example is V(V), vide supra], thus generating mixed-
valence networks. It has been suggested that cations
able to form glasses should favor a better curved
inorganic network, by presenting corner-shared poly-
hedra (rather than edge- or face-shared)®173 in
agreement with the well-known Zachariasen rules.3%

e Insert other type of anions in the inorganic
network, these anions being polyatomic (phosphate,
carboxylate, ...) or being forced to bridge a limited
number of cations. These two features tend to de-
crease the average number of bonds and multiply the
possible bonding angles, which may impart a greater
flexibility to the mineral framework.

The last two ideas are relatively classical in solid
state chemistry and helped to develop a great number
of microporous and mesoporous solids: zeolites, alu-
minosilicates, metallosilicates, etc.3%

coordination polyhedra.
pH conditions, in
oordination polyhe-

3.4.3. Formation Mechanisms

Concerning TM-based materials, four types of
mechanisms have been proposed in the literature,

q
PE, or UV—vis absorptlon charge matchmg (CM)
igand-assisted templating (LAT), ion exchange/scaf-
folding and modulation of the hybrid interfac

publlcatlons is the matchlng between the micellar

arrangement and the inorganic phase. Therefore, a

great deal of attention has been focused on the
development of the hybrid interface, which has to
generate “favorable interactions between the inor-
ganic species and the surfactant”.'*

Charge Matching. This mechanism, based on the
cooperative formation of LC hybrids, was first pro-
posed by Monnier et al. for the formation of silica
mesophases.?* In the original paper, it was suggested
that an extension could be made to non-silica materi-
als. Subsequently, the cooperative organization in
solution of anionic mineral species and cationic
surfactants has been proposed to explain the forma-
tion processes of mesophases based on W or Sh.33.84.96
In water-rich media, when charged oxopolymers,
polyanions (X~), or polycations (C*) are put into
contact with ionic surfactants, the self-assembly
pathways leading to textured materials are described
in a similar way to those involved in the construction
of silica networks (vide supra). These assembly
mechanisms rely on the cooperative association be-
tween surfactant molecules and mineral oligomers
in solution. At moderate (ambient) temperatures,
hybrid LC phases are formed (Figure 16).1% This
cooperative mechanism is preferred over the classical
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Figure 19. Ligand-assisted templating (LAT) mechanism, proposed by Ying et al. See references 5 and 113.

Mobil approach, based on the mineralization of
preformed micellar arrangements, because of the low
template concentrations, usually lower than the cmc;
this cooperative assembly has been also observed in
the case of V mesophases.3% The hybrid interface is
built up via electrostatic interactions between the
ionic polar heads of the surfactants (S* or S7) and
the charged molecular inorganic moieties (I or 7).
The resulting hybrid oligomers self-assemble into
lyotropic LC. The interactions at the hybrid interface
(Figure 10) can be direct (S*I= or S7I%), or the
matching can be adapted by the counterions that are
associated with the surfactant (X~ or M%), giving rise
to a composite interface, (STX71%) or (S"M*17). How-
ever, the role of counterions seems to be more
important, although still not completely clear, as
recently suggested by Leontidis.3”

Ligand Assisted Templating. This mechanism
is based on the formation of chemical coordination
bonds between the template and the precursor inor-
ganic species from the first stages of the synthesis
path (Figure 19). This chemical bond is a Lewis acid—
base reaction between the amine head of the template
and the metallic center (e.g., R—NH, — Nb). This was
shown by N NMR of the initial complex and the
mesostructured dried material 13256

The “Nb(OR)s—alkyamine” complex thus formed is
hydrophobic and cannot form micelles in alcoholic
media. Subsequent mixing of this complex in excess
of water yields a gel; aging of this gel at 100—180 °C

for some days leads to hexagonal materials. Two
reaction paths can be proposed, which are schemati-
cally shown in Figure 19.

The first path (A) depends on the stability of the
N: — Nb bond, which has to be kept along all the
steps that lead to the mesostructured material,
without being hydrolyzed. Excess water permits the
remaining alkoxy groups to be hydrolyzed, triggering
the condensation of the Nb atoms fixed on the amine
polar heads, and helps the micellization process.
Nitrogen coordinated to the metal center increases
the coordination number (i.e., no protons of the
alkoxide are exchanged upon amine coordination)
and probably decreases the probability of forming
mineral aggregates by olation reactions. Under this
hypothesis, the number of highly coordinated O
atoms (i.e., oxo bridges ui—O with i > 2) should be
minimized, and therefore less rigid connections be-
tween Nb polyhedra should be favored. These “supple”
connections should permit a higher angular variation
between metal centers, and the improved flexibility
of the inorganic framework should lead to a better
texturing.

The second possible path is summarized in Figure
19B. If hydrolysis and condensation of niobium
alkoxides is very fast, a great fraction of the amine
complex should be destroyed. However, hydrolysis
produces hydrophilic Nb—oxo oligomers; these species
can in turn associate with the surfactant heads via
H-bonding interactions. Excess water induces a more
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Figure 20. lon exchange mechanism, followed by scaffolding, proposed by Hudson and Knowles (adapted from ref 250b).

extended condensation of the mineral network and
simultaneously encourages the segregation of the
aliphatic chains of the surfactant into micellar do-
mains. Upon drying, residual solvent is eliminated,
and certain niobium sites that are not coordinatively
saturated may interact with the surfactant polar
heads. Careful regulation of the surfactant/precursor
ratio permits hexagonal hybrid phases to be obtained.

lon Exchange Followed by Scaffolding. This
mechanism has been proposed to explain the forma-
tion of mesostructured zirconia in alkaline conditions,
in the presence of alkylammonium templates. No LC-
like templating could be stated in these conditions,
as the variation of the interpore distance measured
after gel formation is independent of the organic
chain length. On the other hand, after an adequate
thermal treatment during gel drying (T < 570 K),
the interpore distance varies linearly with the length
of the alkyl chain. This is explained by a two-stage
mechanism. The first stage involves the exchange of
ammonium ions present in the precursor zirconium
hydrated gel by alkylammonium species (Figure 20).
The latter are adsorbed on the mineral surface,
decreasing surface tension of the solution and mini-
mizing gel deterioration upon solvent removal. It has
been found that the diminution of the surface tension
depends in an approximately linear fashion of the
chain length, for a homologous series of surfactants.
The surface tension at the pore interface is decreased
independently of the network organization; therefore,
the surface area and the pore size of the dried and
calcined materials are only proportional to the chain
length.250

This model has been further discussed by Fripiat
and co-workers, who considered a modified scaffold-
ing process for the formation of poorly organized
materials.?>® Particular attention is paid to the
interaction between the zirconia oligomers and the
surfactant, in the low pH synthesis conditions used
to slow the inorganic hydrolysis—condensation pro-
cesses. The first step in the gel formation involves

aggregation of surfactant—oligomer complexes in a
tail-to-tail fashion. It is suggested that H-bonding
interactions are responsible for the inorganic—sur-
factant link. These hybrid building units subse-
guently associate in poorly organized tactoids that
contain the “organic voids”. The forces responsible for
this association arise from gradual Zr—oxo condensa-
tion. The scaffolding effect begins to be evident
when gels are thermally treated at low temperature
(0.2—0.6 mL/g at 150 °C); porosity begins to arise
when solvent is released upon drying; this process
does not destroy the mesostructure.3°® The condensa-
tion and aggregation of the Zr—oxo oligomers upon
drying and further thermal treatment result in
crystallization and sintering above 400 °C. A partial
enhancement of the network order goes in parallel
with a decrease in the pore volume.

Modulation of the Hybrid Interface. This mech-
anism has been proposed to explain the different
mesostructured TiO,-based hybrid materials that
can be obtained by hydrolysis—condensation of tita-
nium alkoxides, in the presence of neutral PEO-
based surfactants (PEO—PPO—PEO block copoly-
mers or PEO—alkyl surfactants). The model is fo-
cused on the competition between the hydrophobic/
hydrophilic character of the inorganic precursor
and the template and the complexing power of the
latter.238239

In organic media (alcohol, THF, and toluene), pre-
senting low h = [H,O]/[Ti] ratios, bicontinuous worm-
like textured phases are systematically obtained. The
distance between inorganic walls rather depends on
the quantity of template added rather than on
template size; in this way, the polymer acts as a
separator, but in no way does segregation of an
ordered phase take place. An excess of acid water (h
= 5-100; pH ~0) gives rise to hybrid hexagonal
phases; in these conditions, the mesostructure pa-
rameters depend on template size. The two proposed
pathways are schematized in Figure 21.



4126 Chemical Reviews, 2002, Vol. 102, No. 11

low water

Slow hydrolysis and
condensation

Soler-lllia et al.

» Strong Ti-polymer
interactions
» Hydrophobic
Interactions

moist
n:na‘ﬂxcR water
A SToH o e —
HO  O—r”
T/ NOR
“1°or OF
oR” lr

Hydrophobic
Clusters

Unfolding of the
Template

Worm-like
mesophases

PPO block
+ Tl(OR)4
» Hindered Ti-polymer
interactions
PEO block > Hydrophilic-

Hydrophilic Matching

B

high water

Instantaneous
Hydrolysis

Excess or
uncontrolled
ill-defined water

bicontinuous gels

condensation by HCl or %
complexing agents

Enhanced folding of
the template

mesostructured gels
or precipitates

Figure 21. Modulation of the hybrid interface (MHI) mechanism, proposed by Sanchez and Soler-lllia. Reprinted with

permission from ref 238. Copyright 2000 Royal Socety of

In path A, scarce water is present, and the metal
cations can be chelated by the polar head of the
surfactant (—OCH,CH,OH) or by the ether functions
of the PEO or PPO chains; this has been validated
by NMR and UV-—vis spectroscopy.?®® These metal
cations can belong to alkoxide monomers or oligo-
mers, hydrophobic moieties (arising from incomplete
condensation), or even well-defined clusters.?®® These
transalcoholysis or complexation reactions are strongly
favored in apolar or aprotic solvents (THF or toluene),
alcohol or water being efficient competitors for nu-
cleophilic substitution. Therefore, complexation phe-
nomena are enhanced upon drying or solvent evapo-
ration. The binding of the polar heads or chain
segments to the metallic centers favors the formation
of Ti(OR)n—x—y(OE)x(O—Surf), (0 < x +y =< n) species.
As a result, the relative solubility difference between
the PEO and the PPO blocks is diminished. This
modification of the relative solubility of both blocks
alters the micellization behavior, hindering the proper
folding of these polymers. Moreover, hydrophobic
metal—oxo—alkoxo species can attach to the hydro-
phobic fraction of the polymers, also helping to deploy
the template. Mineralization advances along the
wormlike spaces left over by a poor polymer—mineral
phase segregation. As a consequence, the thickness
of the organic domains (measured by TEM and XRD)
is independent of the polymer size but is correlated
to polymer quantity. This effect has also been re-
ported when using nonhydrolytic conditions, which
lead to small pore size, even with bulky polymers
such as F127 [(PEO)]_OB(PPO)70(PEO)106].262'263 The

Chemistry (RSC) and CNRS. See references 238 and 239.

lack of segregation should be less marked with
(PEO—alkyl) templates, although their maximum
pore range is somewhat restrained (up to ~60 A); this
should be not surprising, in view of the lack of
interactions between the alkyl chain and the inor-
ganic oligomers.

In contrast, through the aqueous route (Figure 21,
path B), rapid condensation processes lead to the for-
mation of hydrophilic oxo oligomers. In the presence
of HCI, condensates of general formula TiX,(OH)y-
Oz (xtyy2 X=ORor Cl, x ~ 0.3—-0.7, and y ~ 0—0.2)
are obtained; the size of these oligomeric species has
been determined by SAXS to be on the order of 20
A3% In the first stages of the texturing process,
complexation by the polymer is discouraged and the
interaction between the hydrophilic subunits and the
polymers is mostly by H-bonding. These relatively
loose interactions permit a more flexible adjust-
ment of the curvature at the interface level. Upon
drying, improved segregation is promoted, and a few
M—(OSurfactant) chelating bonds can possibly have
a role in the nucleation of structured precipitates.
The co-condensation of the hydrophilic clusters around
the micelles leads to the formation of the inorganic
network. The overall hydrophilic conditions assist
polymer folding, the hydrophilic Ti—oxo—hydroxo
species and PEO groups match together at the hybrid
interface, whereas PPO segments migrate to the
micelle interior, creating the conditions for an ad-
equate phase segregation at the mesoscale. In this
case, hexagonal or cubic mesostructures are obtained,
and the interpore distances depend on the polymer
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size. The important acid quantities hinder a complete
condensation; therefore, a subsequent solidification
treatment is often needed.

This “hydrophilic matching” approach has been
successfully extended to TiO,—CTAB mesophases,
where the surfactant/mineral interactions are in
principle of a different nature. However, strongly acid
conditions in both cases blur the specific template/
inorganic bonding, and the essential interactions are
focused on the compatibilization of the hydrophilic
character of the polar head and the inorganic poly-
meric precursors at the hybrid interface.?®® These
simple concepts have been successfully applied in the
design of synthesis methods for non-silica oxide
mesostructured films,265266.270271 gnd aerosols?’'¢ where
an adequate control of the competition between evap-
oration and stiffening of the as-deposited gel-like
phase determines the order of the final structure.?0?2
Although proposed for transition metals, this model
can be also valid for silica systems, where the quality
of the mesostructure also depends on the adequate
segregation of the inorganic and organic domains.271d
From the side of the inorganic framework, the hy-
drophilicity of the silica interface depends on the
extent of hydrolysis, and the water contents of the
initial systems should be crucial for the final phase.
A more general “hydrophilic matching” approach
should also be valid under conditions different from
EISA (i.e., precipitation).

3.4.4. Stability of the Inorganic Network: from
Consolidated Hybrids to Mesoporous Phases

An essential issue in the performance of non-silica
mesoporous materials is the stability of the inorganic
network. Most synthesis methods being based on
avoiding fast and extended condensation, subsequent
chemical, mild thermal, or hydrothermal processing
is often needed to favor extended condensation. This
postprocessing helps to consolidate the mineral walls.
Phase transformations (for example, lamellar to
hexagonal®'311) can take place during this process.
Sonochemical treatment has been applied to reduce
the treatment times.3!2

Template removal to obtain a porous oxide remains
a fundamental issue, in view of promising applica-
tions: catalysis, sensors, and separation; postfunc-
tionalization of the high pore surfaces opens the path
to controlled nanocavities.*®” In principle, pore space
can be liberated by thermal treatment (calcination)
or repeated washing, as in silica systems. In the case
of non-silica systems, an irreversible deterioration of
the mesostructure is often associated with template
elimination. However, high specific surface areas (in
the order of the hundreds of m?/g) can be obtained,
depending on the nature of the metal and the
synthesis protocol (see Tables 6 and 7). Unfortu-
nately, most of these oxides cannot support temper-
atures >500 °C, which is a serious limitation for most
catalysis applications.?7°271¢ |t is important to stress
that mesoporous materials can be obtained by treat-
ing even ill-defined mesostructured hybrids at higher
temperatures. In these cases, even if the resulting
calcined materials are not necessarily organized,
mesoporosity can arise from textural features (i.e.,
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the one originated by a dispersion of nanoparticles,
which arise from the irreversible deterioration of a
mesostructured material).

The destruction of the mesoporous framework can
be due to different reasons: the presence of an
insufficiently condensed inorganic network, which
bears residual stress or microporosity, modifications
of the valence state via redox reactions, or crystal-
lization of an inorganic phase being the most common
examples. These drawbacks can be solved in a
number of ways:

(1) Aging the as-prepared hybrid phases in mild
hydrothermal conditions permits a better consolida-
tion of the inorganic walls.

(2) Resorting to ABC templates gives rise to larger
segregation domains; this permits thicker inorganic
walls to be obtained. Commercially available [PEO],-
[PPO]m[PEQ], triblock copolymers are the most used
in this case, and high-porosity TM-, Sn-, or Al-based
mesoporous phases have been obtained from these
templates (see Tables 6 and 7). The elaboration of
tailored templates (specifically adapted to one type
of cation) should open the way to the construction of
novel multiscale architectures.

(3) A gradual and rational thermal treatment,
composed of consecutive stages, separates the differ-
ent decomposition steps of the template (control of
temperature ramps, atmosphere, ...).

(4) Selective washing of the template can be done
before thermal treatment. This approach has been
applied in the case of amine-templated Nb mesopo-
rous oxides, where a simple washing with acid
ethanol suffices to remove most of the template, by
protonation of the polar head, cleaving the amino—
Nb Lewis complex.?® Anion exchange (acetate in
alkaline medium) has been used to remove anionic
surfactants from mesostructures without altering the
order.2%8

(5) Using additives delays the crystallization of the
inorganic walls, such as cations or mineral anions
(sulfates, phosphates, added before or after the
synthesis, or coming from the template polar head).
The thermal resistance of some oxo—metallic com-
pounds is substantially improved by this proce-
dure.z®

(6) An NBB approach, in which precrystallized
nanoparticles are gathered around the organic me-
sophase, can be used. This should lead to lower
contraction and structural change of the inorganic
network upon thermal treatment.3%® This concept
implies mastering of the colloidal interactions be-
tween the NBBs and the micelles or LC structures.

An interesting example is given by the nature and
structure of titania-based mesophases, formed in the
presence of alkyl phosphate templates, which has
been a matter of debate.'11230313 Independently of the
lamellar or hexagonal nature of these materials, the
TiO, obtained after partial template elimination
presents two main features: mesoporosity (20—30 A)
and high specific surface area (200 m?/g at 350 °C,
600 m?/g after acid washing). It is important to note
that a significant phosphate amount is present in the
oxide phases, which probably contributes to a better
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cohesion of the inorganic framework and retards the
development of crystalline phases.

The most remarkable effect of phosphate anions
has been found in Zr oxophosphates, where the
mesoporous material is stable until 500 °C.2% Zirco-
nium or hafnium oxosulfate hexagonal hybrid meso-
phases do not stand template removal. In contrast,
when these mesophases are treated with phosphoric
acid or sodium phosphate at 250 °C, an oxometallo-
phosphate hybrid compound is obtained via anion
exchange. These compounds are resistant to thermal
treatment, giving rise to mesoporous oxophosphates
presenting 230—500 m?/g specific surface areas,
depending on the template chain length.?% Titanium
oxophosphate of high surface area is stable until 400
°C.%% Detailed and complete characterization of the
thermal behavior of these phases has been recently
presented by Kleitz et al.3'#2 for powders and by
Crepaldi et al. for films.3140

An improvement of the thermal behavior of some
structures has also been observed in the presence of
carboxylates, well-known for their ability to bridge
metal centers. These anions arise from the polar head
of the alkyl carboxylate templates, or of their moder-
ate calcination in the case of PEO-based surfactants.
Mesoporous alumina of 20 A pore diameter and 710
m?/g specific surface area, stable to 430 °C, has been
obtained from aluminum alkoxides and alkyl car-
boxylate templates.?*®

Alternative treatments for surfactant removal with-
out resorting to high temperatures include ozone3!®
or UV/O; treatment.3*® Although potentially very
interesting, this procedure has not been applied so
far to non-silica structures.

Organic functionalization of the mesoporous walls
is an important added value for advanced TM-based
mesostructures. Hybridization of the pore surface can
be easily performed by postfunctionalization, once the
oxide network of mesoporous material is consolidated.
Organic molecules bearing interesting functions (chro-
mophores, selective solubilization, trapping, etc.)
have been anchored to the pore wall by means of
complexing groups (carboxylates, phosphonates,
B-diketonates, and allied derivatives).?”® An interest-

ing feature of TM—oxide walls is the availability of
the grafting molecules and the quickness and comple-
tion of the grafting reactions. Silane-coupling agents
can also be envisaged for functionalization purposes.

4. Multiscale Texturation

Nature has been producing inorganic materials and
hybrid composites with a remarkable efficiency for
millions of years by making use of highly selective
structures. The construction of materials presenting
complex hierarchical structures is a particularly
interesting challenge for the materials chemist. In
general, two main approaches are envisaged, based
on introducing macrotemplates (with size ranging
from 1000 A to several micrometers: latex or silica
nanoparticles, large polymers, bacteria, etc.) directly
in the reaction media or by combining these mac-
rotemplates with usual mesoscale templates (surfac-
tants, molecular agents, etc.).

Materials presenting multimodal or multiscale
porosity present a major interest, particularly for
catalysis and separation processes, where optimiza-
tion of the diffusion and confinement regimes is
required. Whereas micro- and mesopores provide the
size and shape selectivity for the guest molecules,
enhancing the host—guest interactions, the presence
of macroporous channels should permit improved
access to the active sites at the immediate smaller
scale, avoiding pore blocking by reagents or products.

4.1. Phase Separation, Cooperative
Autoassembly, and Topological Defects

Mesoporous—macroporous silicas have been ob-
tained in an original and simple fashion by adjusting
sol—gel hydrolysis/condensation kinetics and solvent—
mineral polymer interactions.® Macroporosity can be
controlled by inducing a phase separation between
a continuous solvent phase (hydrosoluble polymers
or tuned solvent polarities) and a growing inorganic
network. Mesoporosity can be controlled by solvent
exchange and treatment in alkaline conditions. These
silica phases (Figure 22) are being developed as
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Figure 23. SEM micrographs of mesoporous silica presenting complex shapes, obtained by topological defects of an LC
phase: (I) spiral (a) and fibrous morphologies (b) (SEM pictures to the left; schemes on the right); (11) helicoidally (a—c)
and cylindrical (d) hollow shapes. Reprinted with permission from refs 318 and 319. Copyright 1998 and 1999, respectively,
Wiley-VCH.

A

Figure 24. (A—C) SEM micrographs of hierarchically ordered multiscale porous silica, presenting a three-level organization.
(D) TEM micrograph of the same sample, showing the cubic mesoporous symmetry within the macroporous walls (digo ~
11 nm). Reprinted from Yang et al. Science 1998, 282, 2244. Copyright 1998 American Association for the Advancement

of Science.

chromatographic supports.8® Segregation of aqueous
droplets can also give rise to spongelike membranes,
which also display mesopores.3!”

Recently, it has been shown that topological defects
of LC phases (dislocations, disclinations, etc.) can act
as templates to obtain silica with original and
complex morphology (Figure 23).3'8 The energy that
is necessary to create a defect in LC phases is
certainly lower than the one required to form a defect
in a solid crystalline network. This energetic advan-
tage of soft matter permits easily created extended
defects, strongly distorting the director field.

In LC systems, surface interactions are of para-
mount importance; indeed, they can give rise to the
stabilization of a certain kind of defect, favoring a
particular anchoring of the director. On the other
hand, additional fields, such as gravity, electrical,
magnetic, and shear, can modify the nucleation and
growth processes of the LC phase, structuring the
director field in an original fashion.

For instance, dilute silica species in a water—
formamide solution, in the presence of C;sTMABr
lead to helicoidally twisted hollow silica fibers, pre-
senting mesoporous walls.?'® These complex hierar-
chical structures are formed at the solution—air
interface. Hollow mesoporous fibers have also been
synthesized in two-phase static systems (acidic water/
hexane or acidic water/CCly,).3?0

These examples illustrate the hypothesis that
complex structures similar to those found in nature
arise from the combination of self-assembly pro-
cesses, topological defects, and external fields (i.e.,
symmetry breaking) associated with “open” systems.

4.2. Micromoulding and Cooperative
Self-Assembly

A simple method that permits a double-texturing
scale based on the use of latex nanoparticles and
amphiphilic molecules (low-weight surfactants, or
ABC) has been recently developed.'®*%? The precipi-
tation of mesostructured silica has been performed
within the empty spaces of a colloidal crystal of
polystyrene (PS) beads. A similar approach has been
developed from siloxane precursors. Micropatterned
poly(dimethylsiloxane) (PDMS)3?! has been used as
a macroscopic template, in which mesostructured sili-
ca is produced. The same procedure has been success-
fully extended to other PDMS/surfactant systems.

PEO block copolymers (PEO—PPO—PEO) have
been employed to obtain triple-scale hierarchically
ordered silica (Figure 24).13 The micromolding is
performed by patterning a PDMS template, and the
submicronic texture is again formed by packed PS
spheres. The mesoporous structure is generated in
the voids of the PS colloidal crystal, via a cooperative
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Figure 25. (A) SEM micrograph of a bacterial thread infiltrated by MCM-41 silica, thermally treated and fractured parallel
to the fibers [hollow mesoporous silica cylinders can be observed (see inset)]; (B) TEM micrograph of a nonmineralized
bacterial thread network, showing the empty spaces; (C) TEM image corresponding to the mineralized network, showing
the development of continuous silica walls and encapsulated multicellular filaments. Reprinted with permission from ref

23. Copyright 1997 Macmillan Magazines Limited.

self-assembly of the inorganic species and the ABC
template. These latex-based structuring methods
have been extended to zeolitic structures.138:322

4.3. Biotemplates and Cooperative Self-Assembly

Biological structures can also be used as tem-
plates.?® Bacillus subtilis cells can produce long
aligned filaments, formed by smaller coaligned fibrils
of ~0.2 um diameter. In culture media, a quasi-
hexagonal superstructure is developed from multi-
cellular filaments (0.5 um in diameter). The bacterial
superstructure is placed in contact with an aqueous
silica sol, to fill the voids between the fibers with
silica nanoparticles. Superstructure swelling by sol-
vent water allows the silica nanoparticles to diffuse,
giving rise to very well aligned hybrid silica-based
channels. The organic component is eliminated by
heating at 600 °C, revealing a macroporous replica
of the fibrillar network: parallel channels of 0.5 um
diameter, aligned along the morphological axis of the
fibers (Figure 25). The addition of C;sTMABT to the
colloidal sol textures the walls that separate the
bacterial filaments, the final material presenting a
double-scale porosity.

Original and homogeneous macrotextures shaped
with coral-like, helical, or macroporous sieve mor-
phologies have been obtained following a nanotec-
tonic approach based on the template-directed as-
sembly by poly(y-benzyl-L-glutamate) (PBLG) of
organically functionalized CeO, crystalline nanopar-
ticles. By adjusting a single parameter, such as the

template-to-inorganic ratio, a versatile tuning be-
tween templating effect and phase separation yields
hierarchical porous materials presenting both micro-
and macroporosity with inorganic walls constituted
of nanocrystalline cerium oxide particles.3??

4.4. Organogel/Metal Oxide Hybrids

Organogelators open a great number of possibili-
ties for multiscale texturing, the possible size scale
being in the nanometer to a fraction of a millimeter
range.®** Molecules based on a steroidal or diami-
nocyclohexane skeleton, 2,3-bis(n-decyloxyanthracene)
(DDOA) or 2,3-di-N-alkoxyphenazine (DAP), have
been used as templates, due to the low concentration
required to produce gels (between 5 x 10~* and 1072
mol L~! in methanol) (see Figure 26). Cryofracture
TEM analysis shows the presence of a three-dimen-
sional dense matrix constituted by randomly ar-
ranged fiber bundles (60 nm). Methanol being a
suitable sol—gel solvent, a silica matrix can be
synthesized in situ, using DDOA and DAP as tem-
plates. In this way, a double-scale porosity silica can
be obtained.3?®

In recent reports, two Japanese research
teams?%6:326-333 have shown that hydrolysis and con-
densation of silicon or titanium alkoxides in the pres-
ence of organogelators lead to hybrid metal oxide-
based fibrous networks; the corresponding oxides are
obtained upon calcination. Synthesis parameters
such as the pH, the nature of the organogelator, and
the interactions taking place between the template
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Figure 26. (1) SEM micrograph of entangled silica fibers, formed in the presence of organogelators; (11) nitrogen adsorption—
desorption isotherm [inset, pore distribution; the table shows the dependence of pore size with the organogelator
concentration (reprinted with permission from ref 325. Copyright 2000 Royal Society of Chemistry]; (111) twisted silica
fibers, obtained in the presence of a chiral organogelator (see Figure 11E): left-handed (A) and right-handed (B) helicoidal

fibers;33 (1V) hollow calcined TiO; fibers.330

and the developing mineral phase (H-bonding or
electrostatic) permit control of the structure of the
hybrid fibers and their integrity upon elimination of
the template. Silica fibers (Figure 27) have been
synthesized in the presence of cholesterol derivatives
containing a crown ether group (see Figure 11J) or
neutral or modified cyclohexanediamides.

Siliceous materials presenting novel morphologies
and textures have been obtained by changing the
nature of the organogelator: hollow silica tubes
(Figure 27), presenting an aspect similar to the
lamellar-like patterns observed in spiculae,3? have
been synthesized from the cholesteryl derivatives;
chiral information has been transcribed to a mineral
network by simple templating with organogelators
E and H of Figure 11 [in particular, diaminocyclo-
hexane derivatives permitted isolatation of helical
silica fibers;3! chiral selectivity is attained by select-
ing templates with the adequate (R or S) configura-
tion (Figure 26.111)]; novel organic—inorganic hybrids
that present helical symmetries have been obtained
by hydrolysis of organosilica derivatives bearing an
R,R or S,S chiral diureidocyclohexane spacer (left-
and right-handed helices are self-generated depend-
ing on the configuration of the chosen organic sub-
unit).s34

These first results are indeed encouraging, as they
strongly suggest that the use of organogelators as
templates will make possible the elaboration of novel
materials presenting complex architectures.

All of the presented examples demonstrate that
chemists already know to construct materials with
original, complex, and unique architectures. These
are the first steps of a naive albeit close approach to
the construction methods observed in nature. Hier-
archical structures can be obtained by making use
of different templates (latex, bacteria, polymers,
topological defects in LC, ...) and by combining this
with self-assembly processes that associate inorganic
precursors with amphiphilic molecules, acting in
synergy at different length scales (from nanoscopic
to the micrometer scale). A limited number of pio-
neering works have established that hierarchical
structures can be generated from one type of molecule
(surfactant, organogelator), which combines at the
same time phase separation phenomena and local
interactions, able to manage the organization at the
mesoscopic scale. In the dawn of the third millenium,
these promising results open a wide ocean of pos-
sibilities in the domain of materials construction and
elaboration. A better understanding of the yet un-
known construction rules and mechanisms and of the



4132 Chemical Reviews, 2002, Vol. 102, No. 11

Soler-lllia et al.

TEOS
\ gelator
«
- O F
o e ‘®
o % o
- »
o

(A)

org a lme r

SHOEL),
4-\‘0' l

o'i-t-
o %@ o
- -

o

Figure 27. (1) SEM micrograph of macroporous silica (A) and hollow silica fibers (B) obtained from the same organogelator
in acid or alkaline medium, respectively;33 (11) SEM (A, C) and TEM micrographs (B, D) of hollow silica ribbons;333 (I11)
formation mechanism of the hollow fibers;333 (1V) formation mechanism of the silica ribbons.33°

role of the hybrid interface and external stimuli
(applied fields, fluxes, ...) on their formation processes
will clear the track to totally tailored materials.

5. Perspectives and Concluding Remarks

Mesotextured materials constitute a challenging
domain in materials chemistry, which is experiencing
explosive growth.3% The potential of these structures
has been recognized in the domain of optical devices,
catalysis, separation techniques, controlled delivery,
adsorption, and sensors.®® Optimization of the prop-
erties of these materials requires a sound knowledge
of the structure—property relationships, as well as a
deeper understanding of the formation mechanisms.
In the past five years, the increasing number of
successful synthesis methods for mesostructured and
mesoporous silica, metal oxides, phosphates, etc. is
the proof of the deeper knowledge and better design
techniques available. The central synthetic ideas
(schematized in Figure 28) are based on three fun-
damental issues:

(a) The condensation processes must be controlled,
to avoid quick and indiscriminate growth of the
inorganic network. At the same time, an extended

polymerization of the inorganic network has to be
ensured.

(b) Phase segregation at the nanoscale must be
promoted, by enhancing the organic—organic (AGorg
in eq (1), usually weak) interactions. This has to be
adequately balanced by a good compatibility at the
organic—inorganic interface (AGiner), to balance the
(usually strong) contribution of the inorganic—
inorganic links.

(c) The resulting curvature must be managed.
Silica polymerization leads to supple building blocks
presenting tetrahedral (SiO,) environments, which
can easily adapt to the curvature imposed by the
template. In non-silica systems, control of hydrolysis
and condensation usually involves obtaining dense
metal—oxo clusters as precursors. The volume frac-
tion of these building units has to be adapted to
generate the desired “nanometric synthon”: a micel-
lar-like arrangement, covered by an inorganic oxide
layer (Figure 28, see below). In an excess of template,
surfactants attached to the inorganic NBB generate
the “negative” nanosynthon: well-dispersed organic-
capped inorganic colloids, which give rise to LC
dispersions of inorganic particles. The optimal cur-
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Figure 28. lllustrative examples of the nanosynthon and
retrosynthesis concepts applied to the design of nanostruc-
tured materials. In the case of a templated nanostructure
(A), the target is composed of well-defined micelles wrapped
by inorganic oligomers. The organic—organic interactions
leading to micelle formation should be strong, as well as
the compatibility at the hybrid interface. A low degree of
inorganic condensation results in small oligomers as
inorganic BB. The opposite curvature can be obtained (B)
by varying the template/metal ratio; in this case, ordered
nanoparticle dispersions can be obtained, see ref 4. The
simplest example is given by the decomposition of a
textured network into a “grafted particle” nanosynthon (C).
The organic connectors and inorganic NBB can be chosen
from a great variety of available nanoparticles, polymers,
etc.

vature results from the optimization of template
packing, flexibility of the inorganic construction units
(branched olygomers or small dense NBB), and
“interface matching”.

Materials chemists possess nowadays a set of
efficient tools at hand, being able to smartly choose
the texturing agents (surfactants, block copolymers,
dendrimers, etc.), the starting mineral precursors
(salts, alkoxides, NBB, etc.), and the reaction media
(solvents, water contents, pH, complexing agents,
aging conditions, etc.) to attempt a high control on
the compatibility of the mineral and organic compo-
nents and the self-assembly processes at hybrid inter-
faces. This control creates hybrid composites that are
organized at the nanometric scale. The controlled
creation of complexation, H-bonding, or electrostatic
bonding between the organic and the mineral com-
ponents, along with the tuning of the mineral net-
work formation, permits a better management of the
curvature and the interface matching (Figure 28A).
These two intimately related features form the hybrid
interface, which is the key issue that links the self-
assembly and the sol—gel processes. Indeed, a hybrid
nanosynthon (i.e., a “nanometric synthon”: a desired
supramolecular element with a definite structure and
symmetry at the nanometric scale) can be imagined
aiming to a rational design of mesostructures. A
retrosynthetic approach, akin to the one used in
organic chemistry, can be developed; some examples
are schematized in Figure 28A—C.
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The assembly processes may be simultaneous or
sequential, and the inorganic wall may be built up
by polymerization of discrete or preformed species,
in one or more condensation cascades. In particular,
the comparison of systems obtained from structurally
well-defined precursors of different condensation
degree (molecules, clusters, nanoparticles, ...) is
indeed important in order to improve the current
understanding of the construction of TM-based me-
sostructures. These concepts are now currently ex-
tended to construct new self-assembled non-oxide
systems.%!4 Recent examples include helicoidally
shaped chalcogenides®3® and smart functionalized
mesostructured carbons.3%7

After a robust hybrid mesostructure is obtained,
the hybrid interface may be modified or even de-
stroyed in a subsequent step, to create materials of
controlled porosity. This can be done by means of
thermal or chemical procedures assisted by UV
irradiation. In this step, the limitations arising from
the high reactivity or tendency to yield low-surface
crystalline phases of non-silica networks have to be
taken into account. Block copolymer templates solve
partially these problems by permitting thicker inor-
ganic walls that enhance thermal stability. Indeed,
a larger variety of microstructures presenting larger
domains than those of conventional surfactant can
be produced by an intelligent choice of the different
blocks.

Hybridization of the pore network extended surface
allows new functionalized materials to be imple-
mented. Postfunctionalization of mesoporous transi-
tion metal oxide with organic moieties can be easily
performed by taking advantage of available grafting
groups, therefore opening the route to advanced
oxide-based polyfunctional materials. Indeed, meso-
porous materials can be used as templates for novel
non-oxide materials.3%"

The chemical strategies offered by the coupling of
sol—gel and self-assembly processes and the ap-
proaches based on functional well-defined NBBs
(molecular clusters and colloids) will allow, through
an intelligent and tuned coding, development of a
new vectorial chemistry. By using these newborn
concepts, materials chemists will be able to direct the
assembling of a large variety of inorganic structures
(from amorphous networks to structurally well-
defined clusters or nanoparticles) into novel archi-
tectures. Many new combinations between inorganic
or hybrid NBBs and an organic or biologic component
are bound to appear in the future. In particular,
original ordered materials presenting complex archi-
tectures will be designed3® through the synthesis of
new hybrid NBBs (acting as nanosynthons),* carrying
chirality and/or dissymmetry, having complementary
tuned connectivities, and allowing for the coding of
hybrid assemblies.

The next step concerns the development of integra-
tive synthesis pathways, clearing the track to tailored
hierarchically ordered materials. In this growing
field, current approaches include coupling of multi-
scale templating (use of self-assembled or larger
templates and controlled phase segregation) and
morphosynthesis, associated with external stimuli
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(applied fields, fluxes, mechanical constraints, im-
printing. etc.). These multiscale structured hybrid or
inorganic networks (from nanometer to millimeter,
by resorting to larger templates, such as latex col-
loids?>3%9 or organogelators33®) will provide opportuni-
ties for designing new materials. Could these new
synthesis strategies allow us to dream of a future
possibility to build intelligent advanced materials,
which will respond to external stimuli, adapt to their
environment, self-replicate, self-repair, or self-destroy
at the end of their fleeting lives?
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