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Abstract

This paper emphasizes the wide possibilities open to organometallic chemistry by the bottom-up approach for nanosciences. In
this new field of research, organometallic chemistry and coordination chemistry are in position to play a very important role in the
development of nanomaterials. At first, organometallic and coordination chemistries will be the mothers of plenty of nanotools,
which are the elemental bricks of nanosciences. The nanomaterials are obtained from them either by inclusion in a matrix (Nano-
composites) or by grafting methods (grafted nanomaterials). However, the most exciting field of investigation are the nanostructured
hybrid materials which permit to open new fields of investigation such as self-organization of organic moieties or the coordination
chemistry in the solid. Some examples are given. Moreover, the organometallic chemistry performed on both the framework and the
pores of the nanoporous solids obtained by sol-gel chemistry in the presence of structure directing agents is opening the way to smart

materials. These materials will have the ability to couple interactively two different properties.

© 2004 Published by Elsevier B.V.
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1. Nanosciences — some generalities as a short introduc-
tion

Nanosciences represent certainly one of the most
promising developments for chemistry [1-3]. In this
field, the major challenge will be the control of physical
or chemical properties from the nanometric scale (atom-
ic or molecular). This paper will emphasize the contribu-
tion of Organometallic Chemistry [4-7] in this very
promising scientific domain by using some of the possi-
bilities open by nanoporous materials.

1.1. Which ways to nanosciences?

Two very different routes correspond to the field cov-
ered by nanosciences: the top-down and the bottom-up.
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The TOP-DOWN concerns mainly the electronic do-
main. It is focused on the technologies which permit to
reach the miniaturization of the microprocessors used in
the electronic devices and particularly in the computers
memories. The industry is now producing, in large scale,
devices in which the memory unit is in the range of
micrometer. Reaching 0.1 p will be made in the near
future certainly by extension of the technologies used
today. Chemistry is not really involved in this part of
nanosciences.

The bottom-up way concerns the possibility to build
up devices (NANOMATERIALS) starting from
NANOTOOLS, which correspond to nanometric size
units. This approach is more convenient for chemistry
since all the nanotools (nanometric size units) are corre-
sponding to species well defined in chemistry: molecules,
complexes, particles, clusters, aggregates, etc.

The synthesis of nanotools enhanced with well defined
properties as well as the discovery of assembly methods
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permitting the transformation of nanotools into nano-
materials are just chemistry. Thus, chemistry will be a
very important partner in the bottom-up way, since it
has now a very good control of the synthesis in every field
concerned (organic, inorganic, coordination, etc.) and it
has succeeded to find many routes for assembling mole-
cules, particles, like for instance, organic and inorganic
polymerization or supramolecular self-assembling.

1.2. Nanotools

These make up the elementary bricks of the future
materials. They can be a molecule, an assembly of mol-
ecules such as a cluster, a metallic nanoparticle or the
elementary stage of an inorganic combination (oxide,
sulphide, etc.). However, many of them will correspond
to a specifically designed molecule for obtaining a de-
sired property. This one can be physical (optical, mag-
netic, electric, etc.) or chemical (reactivity, catalysis,
selective separation, etc.) but sometimes also mechanical
applications can be designed. In the near future, bio
applications will also certainly be developed. In all cases,
the property must be precise, able to be measured, and
controlled. Nowadays, the synthesis of the nanotools can-
not be just a single chemical target. It must be mainly de-
signed for reaching a potential property.

The degree and the precision reached by chemical
synthesis permits one now to prepare any chemical unit
conceived around a property, whatever is the field of
chemistry. Wide perspectives are thus open to the chem-
ist. It is important to point out that some very simple
molecules are potentially available to make up nano-
tools. It is worth noting as examples the europium
(IIT) complex 1, which presents specific photolumines-
cent properties in the red [§]
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In the field of magnetism, clusters, which exhibit unu-
sual magnetic properties, have been synthesized [9]. As
example, Mnlzolz(CH3COO)16(H20)4] [10,11] (Flg 1)
presents the properties of a single-molecule magnet with
a S =10 ground state.

b

La

Flg 1. ORTEP view of [Mn12012(CH3COO)1(,(H20)4].

The selective complexation of ions by using well de-
signed ligands permits to obtain nanotools which are
opening interesting perspectives for selective separa-
tion. Thus, the tetrakispropionamide-1,4,8,11-tetraaza-
cyclotetradecane depicted below is a sequestrant for
lead 2 [12] and the N-tetrapropionate-substituted tetra-
azacycloalkanes are sequestrant for uranides [13]
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In the field of pure organic chemistry, a number of
molecules exhibit very high non linear optic properties
[14-18]. Some are very simple 3. Some others are more
sophisticated 4

H
3[14]
- ()
N Pt I
4
4[15]

Finally, coordination chemistry was recently used for
the preparation of metal nanoparticles, the synthesis of
which is of fundamental importance for the develop-
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ment of novel technologies based on nanomaterials [19].
The procedure consists in performing the decomposition
of a organometallic complex in the presence of groups
which permit the controlled growing of the nanoparti-
cules. Thus, the formation of unprecedented 2D and
3D superlatices of monodisperse cobalt nanorods was
reported through the decomposition of [Co(n’-
CsH,3)(n*CgH»)] in the presence of a mixture of hex-
adecylamine (HDA) and stearic acid [20]. Evidence for
the self-organization of spherical particles prior to coa-
lescence into nanorods was provided. The decomposi-
tion of Fe[N(SiMes),]> under a dihydrogen atmosphere
in the presence of HDA and a long chain acid in various
proportion produced monodisperse zerovalent iron
nanoparticles [21].

These examples illustrate some possibilities offered by
organometallic chemistry. It is important to point out
that the perspectives are extremely wide, since most of
the complexes of transition metal and lanthanides are
connected with physical properties. The field open by
the preparation of nanoparticles is also very wide and
emerges on physical properties.

1.3. Nanomaterials by assembling nanotools

The synthesis and the study of nanotools enhanced
with properties (physical or chemical) constitute the
base to any research related to nanosciences. The
study of the properties of nanotools [22] is a very
important step for the knowledge of the possibilities
that are open, taking into account the fact that the
physical properties are highly dependent on the scale
of observation, nanometric or micrometric. This part
of research is closer to physics than to chemistry
and many interesting studies have been developed
for studying the physical properties of isolated nano-
tools using force field microscopy. These studies are
very important as unexpected properties will be found,
which may open new perspectives of scientific
development.

It must however be pointed out that it is only a part
of the target to reach nanomaterials and, in the long
term, Smart materials. The isolated Nanotool is not a
material: in the absence of an assembly and structure, it
will remain a laboratory curiosity: nanotools are only a
step on the way to nanomaterials.

Chemists have already discovered a large number of
assembly methods and found effective organization
schemes for independent molecules. In the scope of
nanoscience, this chemistry must be adapted and ex-
tended. It will be also important to explore new chem-
ical ways for assembling nanotools in order to obtain
nanomaterials corresponding to devices such as coat-
ings, fibers, matrixes or also solids with a controlled
porosity.

2. General methods for access to nanomaterials: nano-
composites versus nanostructured materials

At the moment, the most used matrices are the inor-
ganic ones, particularly silica obtained by sol-gel
methodology.

2.1. Inorganic polycondensation (a sol-gel type process)

Inorganic-polycondensation is known since Ebelman
observed in the mid-1800s that the hydrolysis of tetra-
ethylorthosilicate (TEOS, Si(OC,Hs),) under acidic con-
ditions yielded SiO, [23]. It is important to point out
that this purely mineral synthesis is the sister of the or-
ganic polymerization. This hydrolytic polycondensation
reaction [24] of a Si-OR bond corresponds to a nucleo-
philic substitution of the oxygen atom either of H,O or a
Si—OH bond on the metallic centre of another molecule
(Scheme 1). These reactions lead to the formation of
Si—O-Si bonds, the propagation of which results in
oxide [25] formation by a kinetically controlled process
[26]. Fig. 2 represents the details of the different stages
leading to silica [27] starting from the hydrolysis of
Si(OR)y.

This way is a very convenient one for the preparation
of nanomaterials since in one step it is possible to obtain
a solid by passing through the tuneable colloidal sol
(step 3), which opens the possibility to perform coatings
and to obtain a fibber or a matrix.

This research field will be more developed in the fol-
lowing section since it represents a very efficient and
very powerful tool for the chemist, making the mate-
rial science compatible with many different aspects of
chemistry that initially were separated: solid state
chemistry, organic and inorganic chemistry, organome-
tallic and coordination chemistry, macromolecular
chemistry and also biochemical aspects. The terminol-
ogy ‘“‘chimie douce” [28] was introduced to emphasize
the contrast with the usual method of solid-state chem-
istry requiring high temperature processes [29,30]. The

Hydrolysis of alkoxysilane function

\
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*>Si*OH + ROH

Polycondensation of silanols groups
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7SI*OR + —/Si—OH — —>Si—078{/— + ROH
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Scheme 1. Hydrolysis and polycondensation of alkoxysilane.
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Fig. 2. Chimie Douce [28]: inorganic polymerization of silica precursors.

materials prepared by the classical high temperature
method are thermodynamically controlled materials. In
contrast, the inorganic polymerization (sol-gel type
process) leads to kinetically controlled solids [28]. These
two ways do not give the same results. Thus, the route
illustrated in Fig. 2, and readily extended to other sol-
ids than SiO, is not in competition with the classical
thermal routes used in solid state chemistry: it corre-
sponds to a molecular way for material science, lead-
ing to different kind of materials. Moreover, the
kinetic control is a very powerful mean of design the
solid since all the parameters which control the kinetic
of the reaction (temperature, concentration of rea-
gents, nature and concentration of catalyst, solvent
drying methodologies, etc.) can be used for changing
and optimising the texture of the solids (specific sur-
face, pore diameters). This approach is similar to that
adopted in molecular chemistry for optimising a reac-
tion pathway.

2.2. Nanocomposites

Nanocomposites [31,32] are obtained by inclusion of
nanotools in a matrix. They are biphasic materials as, it
is possible to separate the nanotool from the matrix (or-
ganic or inorganic) by simple extraction procedures.

Many organic dyes such as rhodamines, pyranines or
coumarines and NLO dyes have been embedded in sol-
gel matrices. Interestingly, several studies have pointed
the important role played by the dye—matrix interactions
on the optical properties of these hybrid compounds.
Thus, many studies show that the sol-gel matrix pre-
vents the formation of rhodamine dimers, which is an
obvious advantage as dimers are known to quench fluo-
rescence [33,34]. Levy and Avnir also demonstrated the
important role played by the dye-matrix interactions on
the photochromic response of spiropyrans [35]. They
studied the photochromism of spiropyrans trapped in
sol-gel matrices synthesized by hydrolytic polymeriza-
tion of Si(OCH3); (TMOS) or a mixture TMOS/
polydimethylsiloxanes.

H3C  CH, H3C CH
hvq 3/
O NO /
N 0 2 hvy LA N NO,
CHg CHg
Colorless Colored

Scheme 2. Molecular structures of spiropyrans, as example of photo-
chromic dye.

Upon irradiation, the colorless spiropyrans under-
goes a heterolytic C-O ring cleavage, producing co-
lored zwitterionic forms (Scheme 2). Under certain
conditions, the stable forms in the dark are the co-
lored ones. These can be bleached by UV irradiation,
this process being termed “reverse photochromism”.
When spiropyrans are embedded in the silica-gel
matrix a gradual change is observed from direct to
“reverse photochromism™ [36,37] along the gel-xerogel
transformations. On the other hand, spiropyrans
embedded in a hybrid network always exhibits direct
photochromism. Interactions between the dye and
the matrix are obviously responsible for such differ-
ences. Several authors introduced the hydrophobic/
hydrophilic balance (HHB) of the hybrid matrix as
an important factor.

2.3. Grafted materials

Grafted materials are obtained by anchoring of the
nanotool on a solid. Therefore, they are monophasic
as the nanotool is bound to the matrix by a covalent
Si—C bond. The general route is illustrated in Scheme 3.
It consists in anchorage a molecular precursor of type
R’Si(OR); to the silica matrix thanks to the SiOH
bonds. As for nanocomposites, the choice of the matrix
is depending on the application purposes. The matrixes
can be an organic polymer or an inorganic solid, the
most popular in the latter case being silica.

For lead separation, silica matrix is used in order to
permit the regeneration of the material to use it again
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Scheme 3. Grafting of a lead-selective macrocyclic sequestering agent onto the surface of silica gel.

[12]. In contrast, in the treatment of nuclear wastages,
grafting is performed on an organic polymer, which per-
mits to concentrate the wastage in a minimal volume of
storage after calcinations [38].

It is important to note that both kinds of nanocom-
posites materials or grafted nanomaterials are very con-
venient to obtain materials with a well defined property.
This is, and it will be, a more and more popular ap-
proach to nanomaterials.

2.4. Nanostuctured hybrid materials: the first step to
sophisticated nanomaterials

2.4.1. Nanostructured materials [38—40]
The general way to prepare the nanostructured
materials consists in the hydrolysis and polycondensa-

31’1H20

n (RO)SI—(_ D—Si(OR); =

tion of the nanotools bearing at least two Si(OR);
groups covalently attached to the organic group
(Scheme 4). In such a case, the solids obtained are
monophasic as the nanotool is chemically bound to
the silica matrix.

A number of organic groups have been incorporated
by this way in a silica matrix. The organic units are
maintained in the solid without any change so that the
materials exhibit the properties of the organic units.
Among the numerous organic groups which have been
silylated, some of them are given as examples in
Scheme 5: 5 for electrochemical properties [41], 6 for
non linear optical properties [42], 7 for chelating proper-
ties towards transition metal centres [43], 8 for photolu-
minescence [44], 9 for electroluminescent properties [45]
and 10 as ruthenium complexes [46].
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Scheme 4. Building up a silica matrix around a nanotool.
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Scheme 5. Some examples of organic units included in silicon-based nanostructured hybrid materials.
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This route illustrates the very rich potentialities
opened up by organosilicon chemistry in the perspective
of assembling Nanotools. Moreover, the formation of
solid, which is kinetically controlled permits its tuneabil-
ity by changing experimental conditions.

Besides the inclusion of the property of the nanotool,
the nanostructured hybrid materials exhibit interesting
characteristics, which could not be predicted. Two of
them deserve to be mentioned: the self-organization of
organic units on one side and on the other side, the coor-
dination chemistry in the solid, which is connected with
the organization of the solid.

2.4.2. Self-organization

Self-organization of bridged organosilica precursors
(MeO);Si-R-Si(OMe); has been evidenced during their
hydrolysis and polycondensation by X-ray diffraction
analysis [47]. The X-ray diffraction patterns of nano-
structured materials R[SiO; 5], (n = 2) exhibit broad
signals, the positions and intensities of which denote
a short range nanometric scale organization. An organ-
ization at the meso and micrometric scale was revealed
by their birefringence when observed in cross-polarized
light. It was found that the rigidity of the organic
groups leads to birefringent materials (rigid rod-like,
planar rigid, twisted linear molecules (Scheme 6)). In
some cases, the organization has been extended to
the millimetric scale. In contrast, a flexible organic
group such as alkyl chains (CH»),, leads to nonbirefrin-
gent systems [48-51].

We will not discuss more in details this property here
because some reviews have been previously written [47].
However, it was of importance to mention it as many
properties may depend on the organization inside the
solid. The coordination chemistry in the solid is an
example.

2.4.3. Coordination chemistry in the solid
The organization of organic units in a short range or-
der within nanostructured materials can involve a coor-
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Linear rod

/
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planar rigid spacer /\Si
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twisted linear spacer
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dination chemistry in the solid completely different from
this in solution. The reactivity of aromatic groups
bound to silica matrix towards Cr(CO)s will be given
as an example [52-54].

Indeed, aromatic groups can react readily with
Cr(CO)¢ to form aryl/Cr(CO); complexes. We showed
that the reactivity of aromatic groups of an organic moi-
ety covalently linked to the silica matrix depends on the
geometry of the precursor, which controls the organiza-
tion of the solid: the hydrolysis and polycondensation of
bis-silylated phenylene compounds 11 and 12 was
achieved under the same experimental conditions giving
rise to materials X11 and X12 (Scheme 7).

Interestingly, these materials presented very different
physico-chemical characteristics. X11 is a hydrophilic
solid with a high specific surface area (550 m* g~ '). It
exhibited no fragment arising from C¢Hs in TOF-SIMS
analysis, which detected only SiOH fragment. Further-
more, X11 reacts with Cr(CO)g, with a poor yield
(<10%), which is consistent with aromatic groups
embedded in the core of the solid and organized in such
a way the reaction with the bulky Cr(CO)¢ reagent is
very difficult.

In contrast, X12 is a hydrophobic material, display-
ing in TOF-SIMS analysis phenyl (m/z = 77) and tropy-
lium fragments (m/z = 91) but no SiOH groups. These
data suggest strongly that in this last case, the organic
groups are located at the surface of the solid, which is
in agreement with the high yield of complexation with
Cr(CO)g (80%).

Thus, these two examples illustrate very well the role
of the nature of organic groups in the control of the
arrangement of solids prepared under the same experi-
mental conditions. The rigid precursor 11 led to the
material X11, which exhibits no reactivity towards
Cr(CO)¢ because the organic moieties are in the bulk
of the solid, while the material prepared from the more
flexible precursor 12 gave rise to the material X12, which
exhibits a reactivity close to that observed in solution
(high yield in complexation reaction). This difference

\S{ﬂ%/
! \\_// AN

N/

Si—

n=1,2,3

—
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/

—Si~—
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Scheme 6. Some examples of organic units giving rise to auto-organization.
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Scheme 7. Influence of the geometry of the molecular precursor on the reactivity of aromatic groups incorporated into a silica matrix.

of behaviour between X11 and X12 was confirmed by a
difference of organization between both materials evi-
denced by X-Ray diffraction and birefringence measure-
ments [47].

Another example illustrating the relation coordina-
tion chemistry-structure of the material concerns the
chelating properties of tetraazamacrocycles (cyclam
units). Two routes have been investigated to incorporate
chelated transition metal salts within hybrid materials
[55]. They are describe in Scheme 8.

The route A corresponds to the hydrolysis and poly-
condensation of silylated Cu'’/cyclam complexes. In
that case, ESR spectroscopy exhibits the signal charac-
teristic for Cu'! centres. The route B corresponds to the
hydrolysis and polycondensation of the tetrasilylated
cyclam precursor 13 followed by the direct and quanti-
tative incorporation of CuCl, within the solid. Surpris-
ingly, beside the weak ESR signal expected for Cu',

(EtO)gSim,_
CuCl,
EtOH o
. T (EtO)sSi
(EtO)sSiv, [ SI(OENs
(Et0)ssi”” kJ\Si(OEt)s OpSim

v = (CHp)s 13

%

Scheme 8. Two routes leading to nanostructured

0,551

antiferromagnetic Cu—-Cu interactions have been ob-
served in the ESR spectrum. The same ESR spectrum
indicating Cu-Cu interactions has been observed in
solution with cyclam-basket type molecules where two
cyclam units are chemically linked to each other with
a geometry which permits to well define the position
of two Cu centres [56]. This observation suggests that
during the sol-gel process (route B) the cyclam moie-
ties arrange in such a way that two chelated copper
ions are in an analogous situation to that in the cy-
clam-basket type molecules. In contrast, the arrange-
ment of solids prepared by route A does not give rise
to such Cu—Cu interactions. The difference in the
arrangement of cyclam units in both materials was also
evidenced by their ability for dioxygen uptake. The
materials prepared according the route A have no affin-
ity for dioxygen. In contrast, those prepared according
to the route B display a great affinity for O, (about

i(OEt) 0. Si SiO;.
6 H,0 155, '
CuClzj —_— CuCIzj
route A Nn“
“Si(OEt), 0,57 SiOns|
Si01.5 O158|\\% SiO1A5
N CuCl, NG
oo )
EtOH/12 h/A
™Si0y5|  routeB 0,58 U\SiOm .,
n

materials containing Cu'/cyclam derivatives complexes.
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Scheme 9. Mixed valence complex Cu(I)-Cu(II) bridged by a chloride
ion, the active species for dioxygen binding.

12-15 ecm® g7'). EXAFS, XANES, ESR, UV-Vis spec-
troscopies showed that the active species from which
there is oxygen uptake, is a mixed valence complex
Cu(I)-Cu(II) bridged by a chloride ion, with a Cu-
Cu distance of 3.99 A (Scheme 9) [57].

Thus, these results illustrate very well that the prop-
erty of the material (dioxygen uptake in this case) is con-
trolled by the short range organization of the organic
moieties: in the materials prepared by route B, the cy-
clam units are in such a close proximity, that the forma-
tion of dimeric species is possible, which is not he case
for the materials prepared from the Cu"/cyclam com-
plexes (route A).

A further evidence for the proximity of cyclam units
in the materials prepared according to route B was given
by the ability of these materials to complex Eu'" [58].
Treatment of materials prepared according to the route
B by an ethanolic solution of EuCl; led to the incorpo-
ration of 1 Eu' per two cyclam units. That suggests the
formation in the solid of Eu"cyclam complexes of
4N + 4N coordination, which is unusual (Scheme 10).

Indeed, to the best of our knowledge, there is no lan-
thanides complexes of 4N + 4N coordination whereas a
number of examples of lanthanides complexes resulting
from coordination 4N + 40 have been reported [59-61].
The incorporation of 1 Eu' between two cyclam units is
in good agreement with the Cu—Cu interactions due to
the proximity of cyclam moieties in the bulk. In that
case, the route A cannot be explored as this cyclam

i SiO;.
O"SSIM (J\r 1015

AV N N
04.55i g0,

Scheme 10. Representation of Eu'/cyclam complexes of 4N + 4N
coordination.

derivative as well as the cyclam itself do not complex
Eu' in solution. The formation of complexes in the so-
lid, which do not exist in solution could appear surpris-
ing. But in solution, because of the Brownian molecular
movement, there is a competition between different
structures and only the more stable may survive. In con-
trast, in the bulk, the movement being highly restricted,
the possible diffusion of reagents involves the formation
of complexes, which adopt a geometry imposed by the
organization of the solid. This example illustrates the
versatility of the coordination chemistry in the solid
which deserves to be further explored and which is in
relation with a short range organization in the solid.

3. Nanoporous hybrid materials prepared in the presence
of structure-directing agent: on the way to smart mate-
rials '

Smart materials are one of the main challenges for
nanosciences. They correspond to nanomaterials in
which at least two physical properties will be interac-
tively coupled together. Until now the chemistry has
never be thought in terms of possible interactive cou-
pling of properties. This research field is widely open.
The nanoporous hybrid materials prepared in the pres-
ence of structure-directing agent are certainly, at the
moment, the best supports for exploring some ways to
polyfunctional materials.

The use of surfactant as structure-directing agent for
the synthesis of mesostructured silica has constituted a
major discovery in the material science in the past dec-
ade [62-67]. These materials are characterized by high
surface areas, uniform and controlled pores sizes and
long-range order which render them potential candi-
dates for a variety of applications in chemistry (catalysis
[68] and selective separations) for instance [69,70] but
also for physical properties (optic, magnetism, electric
conductivity, etc.). They are obtained by a sol-gel type
polycondensation performed in the presence of surfac-
tant working as a template (Scheme 11). After elimina-
tion of the surfactant, the materials exhibit a very
regular distribution of pores, the size of which is control-
led by this of the surfactant.

The inclusion of functionalities precisely located in
the channel pores can be performed groups of ordered
silica (Scheme 12) was very often used [71-75] after re-
moval of the surfactant. This method is very interesting
in that it is general and allows the grafting of even bulky
organic groups by choosing a mesoporous ordered silica
with a convenient pore size. However, grafting allows

! The terminology ‘“mesoporous material” does not describe
precisely these materials in which the mean pore size is in between 2
and 50 nm. The terminology ‘“nanoporous Materials” is rather precise
and now more and more used.
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Scheme 11. Schematic pathway proposed by Beck et al. [63] for silica MCM-41 type formation.
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Scheme 12. Functionalization of mesostuctured silica by grafting.

neither the control of the concentration of organic
groups nor this of their distribution, which depends on
several parameters, the number of the surface silanol
groups, the diffusion of reagents through the pores chan-
nels and steric factors.

An alternative approach in one step, overcoming the
main restrictions of the post-synthesis method, has been
developed for the preparation of ordered hybrid materi-
als with functionalization within the channel pores. It
consists in the co-hydrolysis and polycondensation of
tetraethylorthosilicate (TEOS) and a organotrialkoxysi-
lane RSi(OR’); in the presence of a structure directing
agent (Scheme 13) [76-91]. This route provides a more
regular distribution of organic groups inside the channel
pores than by grafting and allows the control of the
organic content. However, it supposes that the R group
exhibits lipophilic properties compatible with the core
of the micelle. This method was first explored in the pres-
ence of cationic surfactant [76—79]. Shortly after, the non-
ionic assembly route was investigated by using primary
alkylamine as structure directing agent [80-88] and finally
the triblock copolymer EOQ,qPO7oEO, [poly(ethyleneox-
ide)-poly(propyleneoxide)-poly(ethyleneoxide)]  called
P123 was used [89-91]. This last surfactant was proved
to be very convenient under acidic conditions for the
preparation of functionalized silica with hexagonal mes-

RO\ .
(A) RO—Sim% = OV Surtutan
/ RO/ T n Si(OEt), (&

Linker Spacer Function

oscopic order. The resulting materials have large uniform
pore sizes, high surface areas, and high thermal and
hydrothermal stabilities.

These hybrid materials prepared in the presence of
structure directing agent are of great interest for nano-
sciences. For the first time, chemists are faced with a sin-
gle material, which exhibits all together aspects of
chemistry: chemistry in the solid (bulk of the nanopor-
ous material) chemistry in confined space (channel
pores) and chemistry at the internal surface of the chan-
nel pores (functionalization of channels). This last possi-
bility is very interesting as the surface of the nanoporous
material is very high (sometimes higher than 1000
m? g~ '). That enables the linkage at the surface of an
amount of functionalities sufficient for an easy charac-
terization using directly classical methods (solid state
NMR, IR, etc). This represents a very interesting
enhancement of the available possibilities with regard
to characterization of a simple planar surface by indirect
methods.

In order to illustrate the easy characterization of or-
ganic groups anchored at the surface of channel pores,
we will present some published results, showing how
very precise indications concerning the distribution of
phosphino groups located in the channels pores were
obtained by using *'P NMR spectroscopy.

Surfactant
Extraction *

Scheme 13. Direct synthesis of a hybrid material in the presence of surfactant.
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n Si(OEt), /\/\ nS i(OEt),
Bn PhoP Si(OMe)s A,
H,0 /EtOH / TBAF 1% H,0 / EtOH
n-CigHasNH,
route B route A
H,0,/ H,O CH,Cl,
Ho0, / H,0 CH,Cl,
12h 30°C
12h 30°C
B,[O] n=4,7,9,12,14,19,35 AL[O]

Scheme 14. Direct synthesis of hybrid materials containing phosphino groups in the presence (A,) and in the absence (B,) of a surfactant, followed

by the oxidation of phosphino groups in phosphine oxide groups.
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Scheme 15. Percentage of complexed P=O-Eu'"! groups (calculated
from solid-state 3'P NMR spectroscopy) as a function of the
equivalent n of TEOS within the materials prepared in the presence
of surfactant A,[O] and in the absence of surfactant B,[O].

Hybrid materials containing phosphino groups were
prepared by the direct synthesis methodology in the
presence and in the absence of surfactant (Scheme 14).

The oxidation of phosphino groups into phosphine
oxides was subsequently achieved quantitatively within
the materials in order to incorporate europium salts,
which are photoluminescent. Indeed, the binding ability
of phosphine oxides towards the lanthanide ions was
well known. The results of incorporation of Eu' in
both materials are given in the Scheme 15 as a function
of the concentration of organic groups in silica. Interest-
ingly, the anchorage of Eu', which requires the proxim-
ity of 3 P=0O groups is obviously highly dependent on
the concentration of organic groups in the materials
but above all of the preparation of materials. As it is
shown in Scheme 15, the Europium uptake is very weak
in the materials prepared in the absence of surfactant
(B,lO]) while it can reach 80% in the materials prepared
in the presence of surfactant (A,]O]).

¢\ si(OMe)s
+

nSi(OEY), _P123 |

i
n=9,15and 30

These results demonstrate very well the regular distri-
bution of the functionalities located within the channel
pores of ordered hybrid materials prepared in the pres-
ence of surfactant and suggest a random distribution
of organic groups in the materials prepared without
surfactant.

Another example showing the regular distribution of
organic groups was given by ordered SBA-15 mesopor-
ous silica containing N-propylcyclam moieties. These
materials were obtained by post-modification of ordered
SBA-15 mesoporous silica functionalized with chloro-
propyl groups and prepared by direct synthesis
(Scheme 16) [92a].

Successful complexation of europium (III) salt by
N-propylcyclam moieties located inside the channel
pores of these materials was further achieved giving rise
to 1:1 Eucyclam complexes (Scheme 16). EXAFS
experiments [92b] revealed an unexpected six coordina-
tion number whatever the concentration of cyclam moi-
eties into the channels pores. That is a good indication
of the regular distribution of chelating groups within
the channel pores. Furthermore, it is worth noting that
the coordination number is different from both this ob-
served in solution (no formation of complex between
Eu'™ and N-triethoxysilylpropylcyclam) and this in the
bulk (see Scheme 10). That illustrates the versatility of
the coordination chemistry in the solid. Scheme 17 rep-
resents two possible coordination modes of Eu'' by cy-
clam moieties: coordination of Eu'™ by the four N
atoms from the cyclam moiety and two oxygen atoms
in the axial direction forming an octahedron. The oxy-
gen donors can originate from water molecules con-
tained in the material and/or SiOH groups remaining
at the surface of the pores.

EUX3

iii

Scheme 16. Preparation of mesoporous silica with chloropropyl groups (i), modification by cyclam groups (ii) and complexation of europium salt

(iii).
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Scheme 17. Representation of europium/cyclam complex within the channel pores.

The potentialities open by the functionalization of the
channel pores are very wide. That permits the introduc-
tion of much more than one simple chemical function.
We have described the introduction of photolumines-
cent ions (Eu') thanks to the oxidation within the
material of phosphino groups into phosphine oxide
groups and by substitution of chloro groups in the chan-
nel pores by chelating moieties. As other examples, we
can mention the introduction of metallic nanoparticles
stabilized by the functionalities located into the channel
pores of ordered mesoporous silica: gold nanoparticles
stabilized by SH groups [93], indium and indium oxide
nanoparticules stabilized by diethylphosphonate groups
[94].

Finally, it must be mentioned the recent develop-
ments concerning hybrid materials prepared in the pres-
ence of surfactant. Indeed, several groups [95-98]
succeeded independently in 1999 to prepare ordered
nanoporous materials from bis(trialkoxysilyl)organic
precursors in the presence of surfactant. These materials
were novel in that the organic fragments are located
within the framework leaving the channel pores unoccu-
pied. That renders this class of materials called Periodic

(E1O)Sn, hr,‘Si(OE!)a O :cyclam
j mar = (CHalg
(EtO)Si Si(OEt)y

14Co : @ --(CH,),Si(OE),

14Cu : ©--(CH,),Si(OE),

Mesoporous Organosilica (PMOs) of great interest, the
functionalization of channel pores leading to bifunc-
tional materials [99-101].

By extending this methodology to the case of chelat-
ing units, we obtained materials including tetraazamacr-
ocyles in both the framework and the channels pores
[102]. The coordination chemistry of these solids was
investigated [103] (Scheme 18). Thus, it was possible to
include Cu" and Co" in both the framework and the
channels pores with an absolute control of all the possi-
bilities: only in the framework, one kind of transition
metal ion in both channels and bulk, and also one kind
of transition metal ion in the pores and another one in
the framework and vice versa without any ion exchange.

These examples show very well that chemistry can al-
low to obtain the control of the location of organic
groups at the same time in the bulk and in the channel
pores. The introduction of ions corresponds to the
potential inclusion of a physical property. The extension
of this work permits the incorporation of Eu'™ (photo-
luminescence) and Gd™ (luminescence and magnetism)
in the framework, while other ions like Cu'!, Co", Fe'
and Ni'! are included in the channel pores [103a].

Solid 2

®® : Co/Cyclam complexes

@ : Cu/Cyclam complexes

Scheme 18. Mesoporous hybrid materials containing two different chelated transition metal ions, one in the channel pores and the other in the
framework. Solid 1, Co®* in the channel pores and Cu?* in the framework, Solid 2, Cu®* in the channel pores and Co?* in the framework.
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4. Conclusion

Advances in organic, inorganic synthesis as well as in
coordination chemistry in addition to those for the con-
trol of solid chemistry allow to chemists to extend their
scope and to declare their ambition to find the routes to
organize the matter in terms of properties (physical,
chemical, mechanical). Biology is not mentioned in this
list. However, it will be of great importance to adjust
some materials for biological purposes. For instance,
highly selective biosensors are a research field, which fits
perfectly with the bottom-up approach of nanosciences.
This approach will open to chemists interesting pros-
pects of an exceptional variety. Let us indicate a few
possible challenges.

Concerning the physic properties, the possibilities of-
fered are very large as all transition metal or lanthanide
ions have optical, magnetic or electrical properties.
Their coordination chemistry is well known. Some
routes for the organization of materials have been
opened. They should be worked in cooperation with
physicists to reach targets such as optical or magnetic
storage of information or the control of optical trans-
mission. To get these materials, the chemists could oper-
ate with a large range of parameters: functionalization
of pores and framework of nanoporous materials, nat-
ure and properties of spacers, nature of matrix and at
last the use of mutilayers materials.

In the field of chemistry, methods for selective separa-
tions, catalysis and synthesis in solid phase could prob-
ably be improved. We have previously given as an
example the separation of lead. The depollution of nu-
clear effluents as well as the separation of isotopes
[104] by routes as efficient but more convenient as the
methods used at the moment could also be mentioned
as examples. It is worth noting that there were already
some interesting advances in catalysis (catalysts for
depolymerization of C-C bonds and catalysts allowing
methanocracking to supply hydrocracking by substitu-
tion of H, by CHy) [105].

Syntheses in solid state thanks to the functionaliza-
tion of silica have already allowed to obtain remarkable
results, which could give rise to new industrial process.
Thus, opposing reagents entrapped in silica sol-gel can
be used successfully in one-pot reaction without interfer-
ing with each other [106].

Finally, in mechanical field, it is worth recalling that
Yajima work [107] preceded the concept of nanomateri-
als from some decades.

The future prospects in this field can even be expanded
to the use of non-siliceous matrices [108,109]. It is impor-
tant to emphasize some possibilities offered by oxides
which can be obtained by inorganic polymerization.
Among numerous possible examples, we will mention
tin dioxide, which is an n-type wide band gap semicon-
ductor. Therefore, tin dioxide-based materials could find

widespread applications in various fields including catal-
ysis, photocatalysis, electrochromic devices [110,111].

Titanium dioxide (titania) [112,113], which is also
attractive because of its performance in photocatalytic
reactions and photovoltaic properties. As it is known
that the basic requirement for photoactive materials
are high crystallinity and large surface area, high-surface
area mesoporous titania with controlled crystalline
framework is an important material.

Iron oxide (Fe;O4) [114] and nickel oxide [115] can
also be mentioned as they are magnetic materials. Fur-
thermore, nickel oxide is a material extensively used in
catalysis, gas sensors and electrochromic films. Ordered
hexagonal mesoporous nickel oxide has been recently
shown to be an excellent electrode material for energy
storage applications.

These few examples give a survey of extraordinary
possibilities open to chemists within the framework of
the route bottom-up of nanosciences. A number of
new materials offering various properties coupled to-
gether will be synthesized in the next future thanks to
the creative force of the chemical synthesis.
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