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This article describes hybrid materials and systems in which the core integrity of inorganic
nanobuilding blocks (NBBs) is preserved and reviews the main synthetic procedures
presented in the literature. The relation between the NBB and the resulting hybrid networks
is discussed for several striking examples: silicon and tin oxo clusters, polyoxometalates,
and transition metal—oxo-based clusters. This approach is extended to nanoparticule-based
hybrids. The chemical strategies offered by the coupling of soft chemistry processes and
this approach based on functional NBBs allows, through an intelligent and tuned coding, to
develop a new vectorial chemistry that is able to direct the assembly of a large variety of
structurally well-defined clusters or nanoparticles into complex architectures.

1. Introduction

The possibility of combining properties of organic and
inorganic components in a unigque composite material
is an old challenge starting with the beginning of the
industrial era. Some of the earliest and most well-known
organic—inorganic representatives are certainly derived
from the paint and polymer industries, where inorganic
pigments or fillers are dispersed in organic components
(solvents, surfactants, polymers, etc.) to yield or improve
optical and mechanical properties. However, the concept
of “hybrid organic—inorganic” materials exploded only
very recently with the birth of soft inorganic chemistry
processes (“Chimie Douce”), where mild synthetic condi-
tions allow versatile access to chemically designed
hybrid organic—inorganic materials.12 Afterward, the
research shifted toward more sophisticated nanocom-
posites with higher added value.®* Numerous new
applications in the field of advanced materials science
are related to matter for which the surface-to-volume
ratio is very high. Therefore, the combination at the
nanosize level of inorganic and organic or even bioactive
components in a single material has made accessible
an immense new area of materials science that has
extraordinary implications in the development of mul-
tifunctional materials.~# These are considered as in-
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novative advanced materials, and promising applica-
tions are expected in many fields, including optics,
electronics, ionics, mechanics, membranes, protective
coatings, catalysis, sensors, biology, and others.1-10
Many interesting new materials have already been
prepared with mechanical properties that can be tuned
between those of glasses and those of polymers to
achieve improved optical properties or improved cata-
lytic or membrane-based properties.®4 For example,
hybrid materials having excellent laser efficiencies and
good photostabilities,® very fast photochromic responses,?
very high and stable second-order nonlinear optical
responses,’ or acting as original pH sensors® and elec-
troluminescent diodes® have been reported in the past
five years. Some hybrid products have already entered
the applied fields. Examples include the one million TV
sets sold annually by Toshiba, the screens of which are
coated with hybrids made of indigo dyes embedded in a
silica—zirconia matrix;1% organically doped sol—gel
glassware sold by Spiegelau;1% and sol—gel-entrapped
enzymes sold by Fluka.10¢

The nanostructure, degree of organization, and prop-
erties that can be obtained for such materials certainly
depend on the chemical natures of their components,
but they also rely on the synergy between these com-
ponents. Thus, a key point for the design of new hybrids
is the tuning of the nature, extent, and accessibility of
the inner interfaces. As a consequence, the nature of
the interface or of the links and interactions exchanged
by the organic and inorganic components has been used
to categorize these hybrids into two main classes.2ehi
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Figure 1. Different paths for obtaining hybrid materials. A conventional sol—gel route (path A) leads to “ordinary” hybrids.
Routes B and D involve the use of templates capable of self-assembly, giving rise to meso-organized phases. Paths C and D

involve the assembly of nanobuilding blocks (ANBB).

Class | corresponds to all the systems where no covalent
or iono-covalent bonds are present between the organic
and inorganic components. In such materials, the vari-
ous components exchange only weak interactions (at
least in terms of orbital overlap) such as hydrogen
bonding, van der Waals contacts, or electrostatic forces.
In contrast, in class Il materials, at least a fraction of
the organic and inorganic components are linked through
strong chemical bonds (covalent, iono-covalent, or Lewis
acid—base bonds). The chemical strategy followed for
the construction of class Il hybrid networks depends,
of course, on the relative stability of the chemical links
that associate the different components.

Siloxane- or stannane-based class Il hybrids2e can be
easily synthesized because Si—Csp2 and Sn—Csp? bonds
are rather covalent and therefore quite stable toward
attack by nucleophilic species such as water, alcohols,
hydroxylated ligands, etc. The precursors of these
compounds are organo-substituted silicic acid esters of
general formula R';Si(OR);—n, bridged precursors of
silesquioxanes X3Si—R'—SiX3z (X = CI, Br, OR) or
organostannanes, R'n,Sn(X)s—n (X = OR, ClI, or C=CH),
where R' can be any organofunctional group and n is
usually 1 or 2. Organic R' groups can be bonded to an
inorganic network with two different goals in mind: as
network modifiers or as network formers.’®¢ If R’ is a
simple nonhydrolyzable group, it will have a network-
modifying effect (e.g., R' containing an alkyl group or
an organic dye). On the other hand, if R' bears any
reactive group that can, for example, polymerize or

copolymerize (e.g., methacryloyl, epoxy, or styryl groups)
or undergo hydrolysis—condensation (trialkoxysilyl
groups), it will act as a network former.

This approach is no longer valid with transition
metals for which the more ionic M—C bond (M can be,
for example, Ti'V, Zr'V, VY, or AI') is easily cleaved by
water and by many nucleophilic species.’12 Conse-
guently, two strategies can be envisaged to incorporate
transition metals within class Il hybrid materials: (i)
the formation of stable M—O—Si—Csy2 bonds, such as
in many siloxane—metal oxide hybrids?®12 or in modified
polyoxotungstates, or (ii) the use of complexing organic
ligands HLZ (L being an anchoring function and Z a
general organic group) such as carboxylic acids, phos-
phonic acids, hydroxyacids, polyols, or betadiketones
and allied derivatives®®'%12 which leads to the formation
of modified metallic alkoxides M(OR)m-n(LZ), and open
a wide range of possibilities. When the Z group carries
a polymerizable function, organic—inorganic copolymers
can be obtained.’> Complexation of metallic centers is
also an interesting way to design new layered hybrid
materials that exhibit magnetic® or liquid-crystal prop-
erties!” or both.

Independent of the nature of the interface between
the organic and inorganic components, a second impor-
tant feature in tailoring hybrid networks concerns the
chemical pathways that are used to design a given
hybrid material. These main chemical routes are sche-
matically represented in Figure 1.
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Path A corresponds to conventional sol—gel chemistry.
Hybrid networks are obtained through the hydrolysis
of organically modified metal alkoxides (R',Si(OR)4—n,12
X3Si—R'—SiX3,29.2k2Mm18 R’ .S (X)4-n, 19 M(OR)m-n(LZ)n, 1
vide supra) condensed with or without simple metallic
alkoxides. The solvent might or might not contain a
specific organic molecule, a biocomponent, or a poly-
functional cross-linkable polymer (telechelic polymers
for example). This strategy is simple and low-cost, and
it yields amorphous hybrid materials. These materials
that exhibit an infinity of microstructures can be
transparent and easily shaped as films or bulks. How-
ever, they are generally polydisperse in size and locally
heterogeneous in chemical composition.

A better understanding and control of the local and
semilocal structures of these materials and their degrees
of organization are important issues, especially if tai-
lored properties are sought. Organization usually in-
volves controlled segregation at the nanoscopic level.
Three main approaches can be conceived to achieve such
control of the materials structure, as schematized in
Figure 1: self-assembly procedures (route B), assembly
of well-defined nanobuilding blocks (NBBs, route C), and
a combination of the two (route D).

In the past 10 years, a new field has been explored
that corresponds to the organization or texturing of
growing inorganic or hybrid networks, templated by
organic structure-directing agents (Figure 1, routes B
and D).20=25 The success of this strategy is also clearly
related to the ability that materials scientists have to
control and tune hybrid interfaces. In this field, hybrid
organic—inorganic phases are very interesting because
of the versatility they demonstrate in building a con-
tinuous range of nanocomposites, from ordered disper-
sions of inorganic bricks in hybrid matrixes to highly
controlled nanosegregations of organic polymers within
inorganic matrixes. In the latter case, one of the most
striking examples is the synthesis of mesostructured
hybrid networks (routes B and D).23-25

A suitable method for achieving a better definition of
the inorganic component consists of the use of perfectly
calibrated preformed objects, such as clusters, nano-
particles, or nanolayered compounds that keep their
integrity in the final material. These NBBs are gener-
ally capped with polymerizable ligands or connected
through organic spacers, such as telechelic molecules
or polymers, or through functional dendrimers (Figure
1, route C).2™25 The use of highly precondensed species
presents several advantages: (1) They exhibit a lower
reactivity toward hydrolysis or attack of nucleophilic
moieties than metal alkoxides. (2) The nanobuilding
components are nanometric and monodispersed, with
perfectly defined structures, which facilitates the char-
acterization of the final materials.

The variety found in the nanobuilding blocks (nature,
structure, and functionality) and links allows one to
build an amazing range of different architectures and
organic—inorganic interfaces, associated with different
assembling strategies. Moreover, the step-by-step prepa-
ration of these materials usually allows for tight control
over their semilocal structures.

Strategies combining the nanobuilding block approach
with the use of organic templates that self-assemble and
allow one to control the assembly step are also appear-
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ing (Figure 1, route D). This combination between the
nanobuilding block approach and templated assembly
will have paramount importance in exploring the theme
of “synthesis with construction” of hierarchically orga-
nized materials in terms of structure and functions.

The use of NBBs as starting units to obtain hybrid
organic—inorganic structures is an approach developed
with various systems such as oligosilsesquioxanes and
derivatives,?® organotin—oxo clusters,®27 organically
functionalized heteropolyoxo—tungstates,'* transition
metal—oxo clusters,?®> and finally functionalized nano-
sized particles (metallic oxides, metals, and chalco-
genides). We thus focus on these type of NBBs.

Such nanobuilding units are very versatile. Indeed,
they exhibit a large variety of interfaces between the
organic and the inorganic components (covalent bond-
ing, complexation, electrostatic interactions, etc.). These
NBBs with tunable functionalities can, through molec-
ular recognition processes, permit the development of
a new vectorial chemistry. However, depending on the
set of chosen experimental conditions, these NBBs will
keep or lose their integrity. Therefore, they can be used
as true building blocks that can be connected through
organic spacers or surface-driven condensation reactions
or as a reservoir of inorganic matter that can be
delivered at the hybrid interface to build an extended
inorganic network. This article describes only hybrid
materials and systems in which the core integrity of the
NBB is preserved and reviews the synthetic approaches
summarized by pathways C and D in Figure 1.

2. Relation between the NBBs and the Resulting
Hybrid Networks.

Some typical examples of organically functionalized
nanobuilding units, the synthesis of which has already
been described in several articles,?¢2m14.15¢.26-28 gre
presented in Figure 2.

These NBBs belong to polysilsesquioxane,?® organo-
tin,1*27 polyoxometalates,’* and metal—oxo cluster?®
chemistry and contain several organic functionalities
connected to the inorganic core through different inter-
faces. As previously discussed, the nature of the inter-
face between the organic and inorganic components,
together with the connectivity and functionality of the
NBB, are of paramount importance in determining the
final structures of the hybrid materials. Consequently,
the relation between the NBBs and the possible result-
ing hybrid networks will be described first.

General features of polymer science can be applied
to some extent to the synthesis of hybrid materials. For
convenience, a simplified description is given according
to the functionality of the precursor (functionality, f, is
defined as the number of reactive functions or anchoring
sites per monomeric unit).

(i) As a prerequisite to the formation of macromol-
ecules, the functionality of the precursor must be equal
to 2, such as in vinyl, styryl, or methacryl moieties.
Without further specifications, linear chains are ob-
tained regardless of the polymerization mode. Generally
speaking, macrocycles and linear chains equilibrate
when the concentration of the reactive function is low
(high dilution).

(if) When the functionality of the monomer or of a
mixture of monomers is greater than 2, branched chains
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Figure 2. Various examples of oxo clusters that can be used as NBBs. The references are summarized in Table 1.

appear first, leading to the formation of a network in
most classical cases.

On the other hand, numerous synthetic pathways
allow for hybrid materials with various structures to
be obtained.2" Focusing on NBBs with organic function-
alities, the construction of macromolecular species obeys
the above-mentioned classical rules. However, several
possibilities emerge according to the polymerization
mode, the nature of the connection between the organic
and inorganic parts (class I- or 1l-type interactions), the
functionality of the precursor (f = 2 or f > 2), and the
moiety that effectively bears the functionalities.

Interestingly, the mode of polymerization defines the
type of participation of the NBBs in the structure of the
hybrid material. When step-growth polymerization and
related modes are employed, the NBB is an integral part
of the macromolecular backbone (Figure 3a and b). It
is incorporated into the chain regardless of its initial
functionality. When chain polymerization is performed,
the inorganic part of the organically functionalized NBB
plays the role of a side group or a cross-linking knot
(Figure 3c and d, respectively). It does not participate
in the chain construction.

Depending on the chemical nature of the functional-
ities, the choice of synthesis mode definitively turns the
expected structure and properties of the hybrid material
toward the those of polycondensates and related mac-
rostructures or toward those of vinyl-type polymers.

2.1. Step-Growth Polymerization and Related
Processes. The assembly of [(BuSn)1,014(OH)e]2" and
aliphatic or aromatic dicarboxylates illustrates how

macromolecular species can be obtained by electrostatic
interactions of difunctional monomers.2722° Covalently
built macromolecules were synthesized by condensing
(c-CeH11Si)g011(OH), with various links.3°~32 The prepa-
rations of class | or 11 hybrid materials were successfully
achieved because of the presence of two well-defined
reacting or interacting groups.

For class I and Il networks, metal alkoxides are
pertinent precursors for the inorganic component. For
instance, silica—oxo polymers and poly(2-methyl-2-
oxazoline) interact by hydrogen bonds to form a physical
gel.3* The hybrid material is the result of weak interac-
tions and belongs to class I. Classical sol—gel chemistry
presents several difficulties linked to the fact that
hydrolysis of the alkoxy group is first required. The
effective functionality cannot be defined by the initial
number of alkoxy groups. As hydrolysis proceeds, the
functionality in terms of hydroxy groups indeed in-
creases. In addition, when two hydroxy groups condense,
the functionality of the resulting dimer is higher than
that of its precursor. As a consequence, the effective
functionalities of the molecules present in the reaction
medium are functions of time and depend on the rates
of hydrolysis, oxolation, and olation. This is very prob-
ably the reason why materials obtained by sol—gel
chemistry (Figure 1, route A) exhibit heterogeneous
domains. The control of the actual functionality is an
interesting challenge for the design of well-defined
networks by sol—gel chemistry.

The expected properties of linear hybrid materials are
greatly influenced by the average molecular weight
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Figure 3. Schematic structure, at a macromolecular scale, of the hybrid materials prepared by (a) polycondensation of bifunctional
precursors, (b) polycondensation of one multifunctional and one difunctional precursor, (c) chain homopolymerization of a
bifunctional precursor, and (d) chain homopolymerization of a multifunctional precursor. A and B represent the reacting or
interacting groups; C arises from the reaction or interaction between A and B. Black and white squares, —, and ~ symbolize
various inorganic cores; organic links between functions A, B, or C and the inorganic moiety; and organic links between organic

functions, respectively.

(MW). For polycondensates, the MW is controlled by the
extent of reaction between the functional groups, whereas
their degree of “assembly” is the key parameter for
chains of class I. Concerning networks, the cross-linking
density should be considered first.

2.2. Chain Polymerization. The functionalization
of inorganic cores by double bonds opens up the pos-
sibility of chain polymerization. It can occur by means
of weak or strong interactions, and a wide range of
precursors can be prepared according to various strate-
gies.2hm However, a precise definition of the number of
grafted double bonds is important. If one function has
been grafted, the functionality of the hybrid precursor
is equal to 2, and its polymerization leads to linear

chains.®® As an example, the free-radical polymerization
of (c-CgH11Si1)7012Si(3-propyl methacrylate) leads to a
polymer schematically drawn as a polymethacrylate-
type backbone with pendant inorganic cubes.352

Networks have also been obtained by polymerization
of at least tetrafunctional (two double bonds) polyoxo-
metalates!#® or by its copolymerization with organic
monomers.}&f In the latter case, the structure of the
resulting hybrid material can be described in terms of
cross-linking degree, swelling ratio, or average number
of chain segments between two cross-links, among other
properties.

Homopolymerization seems to be a useful tool for
obtaining materials in which properties reflect those of
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the precursor, whereas copolymerization broadens the
field of possible structures with potential synergies
between the organic backbone and inorganic side groups.

3. Silicon-Based Nanobuilding Blocks and the
Resulting Hybrid Structures

3.1. Silicon-Based Nanobuilding Blocks. As for
sol—gel and the other types of hybrid materials, silicon
is likely the most studied element in NBB-based hybrid
materials.2™26 As stated before, because of the stability
of the Si—C bond, silicon offers a very large variety of
organic functionalizations.2™26 Several types of silicon-
based building blocks have been described in the
literature and used to elaborate hybrid materials. Most
of these “nanobricks” correspond to cage compounds of
the general formula [XSiO15]n, where n is an even
number ranging from 6 to 18.36 The most common case
is an octamer (n = 8), which results in an almost cubic
shape with one silicon atom at each corner.3” This
oligomer has a size of ca. 10 A and can be thought as
the smallest existing part of silica.3®® Depending on X,
a distinction can be made between polyhedral oligo-
hydridosilsesquioxanes (POHSSs) when X is H (gener-
ally abbreviated as T,"), polyhedral oligosilsesquioxanes
(POSSs) when X represents organic groups linked to
silicon through Si—C bounds, and spherosilicates when
X corresponds to siloxy groups (—O—SiRR'R", with R’
= R" = Me being the most common case). Polyhedral
oligosilsesquioxanes with uncompleted Si—O—Si frame-
works, such as (¢c-Ce¢H11Si)gO11(OH),%8 and (RSi);09-
(OH)3 (R = ¢-CsHg, c-CgH11, 'Bu),3 also offer interesting
possibilities, either directly as building blocks3°—32 or as
precursors to POSSs of controlled functionality.26p.4041
The latter case is well exemplified by the large number
of POSSs bearing a single functional group obtained by
capping the missing corner of (c-CgH11Si)709(OH)3 with
various trichlorosilanes (RSiCl;, R = H, vinyl, allyl,
styryl, norbornyl, 3-propyl methacrylate, etc.).26°:40.42

The syntheses of POHSSs, POSSs, and incomplete
POSSs are based on the hydrolysis—condensation of
RSiX; derivatives (X = Cl, OMe, OEt).2M36:43.44 Yet, such
reactions also yield large and ill-defined tridimensional
oxo polymers (T resins),*® and much attention should
be paid to the operating conditions to favor the forma-
tion of the nanobricks, which have been generally
isolated by crystallization. The spherosilicates are com-
monly prepared from the polyanions [OSiO; s5]a"", which
are formed in good yield upon hydrolysis of Si(OMe),
in the presence of a quaternary ammonium hy-
droxide.2m26146 The silylation of the cage corners in-
volves reagents such as RMe,;SiCl or (RMe;Si),0 and
HCI (R = H, vinyl, allyl, etc.).?2™47” The modification of
the functions borne by the Si—0O—Si framework can also
offer access to particular organic groups on the surface
of the nanobrick. Hydrosilylation is commonly used to
graft functions onto POHSSSs or spherosilicates covered
by —OSiMe,H moieties.2m4849 Reaction with m-chloro-
perbenzoic acid has also been used to turn alkene-
functionalized silicon-based nanobricks into epoxy-func-
tionalized nanobricks.26p.50

3.2. Structures and Materials Derived from Sili-
con-Based Nanobuilding Blocks. As discussed in
section 2, the types of architectures that can be achieved
depend on the nanobrick functionality. Nanobuilding
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blocks, such as RSi(c-CgH11Si)7;012 with R = styryl,
3-propyl methacrylate, or 2-ethylnorbornyl, which all
bear a single double bond, yield upon polymerization
(with or without a comonomer) linear polymeric back-
bones with pendant silsesquioxane cubes.26p:26¢.3542 The
polymerization can be performed using standard free-
radical polymerization,26b.26¢:35 ring-opening polymeri-
zation (norbornyl),*? or atomic-transfer radical polym-
erization.5! The latter conditions offer better control over
the composition, topology, and molecular weight of the
polymers. Such functional nanobricks allow for good
dispersion of the nanoscale inorganic filler in the
polymer and, moreover, for covalent anchoring of the
inorganic filler. Increases in the glass transition tem-
perature as large as 200 °C have been observed in
several copolymers made of butyl methacrylate and
cyclopentyl-POSS-methacrylate [H,C=C(CH3)C(O)O-
(CH>)3)(c-CsHg)7Sig012].4° The mechanical relaxation
behavior of poly(norbornene) containing pendant ((CHy).-
C7Hg)R7SigO12 moieties (R = ¢-CsHyg or c-CgH11) was also
shown to be greatly influenced by the weight fraction
of POSS.#2

The sole presence of a double bond might be insuf-
ficient to permit polymerization. Indeed, the nanobricks
(CH2=CH—(CH2)6—)R7Si8012 (R = C-C5Hg or C-C6H11)
could not be polymerized or copolymerized with Ziegler—
Natta-type catalysts,?? whereas the (CH,=CH—(CHy)s—)-
(Et);SigO12 nanobrick, which contains less bulky corner-
capping groups, was copolymerized with ethene or
propene to afford polymers with improved thermal
stabilities.*®

Pendant POSS can also be introduced through poly-
condensation reactions as shown for segmented poly-
urethane-based elastomers.52 The nanobrick (HMe;-
SiO)(c-CsH11)7SigO12 was first grafted by hydrosilylation
of 3,3'-diallylbisphenol A and then copolycondensed with
poly(tetramethyleneglycol) and 4,4'-methylenebis(phen-
ylisocyanate). With such an elaboration sequence, the
inorganic nanobuilding blocks are attached to the hard
segments and greatly enhance the tensile modulus and
strength of the elastomer.522

Linear hybrid polymers containing silicon-based nano-
building blocks in their backbones can be prepared from
the incomplete POSS (c-CsH11Si)g011(OH)2, which ex-
hibits a functionality of 2 through its Si—OH moieties.
Its polycondensation with various short and linear
silanes or siloxanes, terminated by Si—CI or Si—NMe;,
groups, results in polymers that incorporate 10—30
nanobricks in a bead structure, showing a decrease in
the glass transition temperature when the length of the
spacer increases.30732 Similar systems, but with zir-
conocene-based spacers, have also been obtained upon
reacting difunctional incomplete POSSs with Cp,ZrCl,
or [Cp,ZrCl]»0.33 More recently, linear and soluble, and
therefore processable, hybrid polymers incorporating the
nanobuilding blocks in their backbones were prepared
from the multifunctional nanobrick [HSiO; 5] but hy-
drosilylating sterically hindered diynes (e.g., 1,3-phen-
ylethynylbenzene)32 or vinyl-terminated poly(dimethyl-
siloxane) short chains under carefully controlled operat-
ing conditions.>* An interesting point in these last
systems is the possible use, later in the process, of the
remaining unreacted Si—H moieties.
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Except for some peculiar cases, as discussed above,
hybrid systems made from multifunctional NBBs form
insoluble, three-dimensional networks. The first re-
ported hybrid material based on the NBB approach was
of this type when Agaskar, in 1989, assembled [vinyl-
(Me),SiOSiO;5]10 decamers by hydrosilylation with
[HMe,SiCgH4]20.%° This material was hard, clear, re-
silient, and thermally stable up to 350 °C, and it could
absorb more than 50% of its weight of THF. Hoebbel et
al. and Zhang et al. have investigated the materials
obtained by the hydrosilylation of [vinylSiO; s]g or [vinyl-
(MG)QSiOSiol_s]g with [HSiOl_5]8 or [H(MG)QSiOSiol_s]g.ZBa’f
They observed that varying the length of the spacer that
connects two cube corners greatly affects the degree of
reaction and the porosity of the materials, which can
exhibit specific surface areas as high as 500 m2/g. The
spacer used to connect the nanobuilding blocks can also
bring a particular property, as demonstrated by Moran
et al. who assembled [H(Me),SiOSiO;5]s with 1,1'-
divinylferrocene to produce a material that exhibits
redox properties and can be used to prepare modified
electrodes.26%56 Recently, Laine et al. prepared well-
defined nanocomposites from the epoxidic precursors
[(CH,OCH—CH,;—0—(CHJ>)2)(Me),SiOSiO; 5]s or [(eth-
ylcyclohexenyl epoxide)(Me),SiOSiO; s]s; slight differ-
ences in the molecular structure affect the mechanical
properties of the resulting hybrids.>” Finally, purely
inorganic cages, such as [SigO]®", can also be as-
sembled into three-dimensional networks by reaction
with M82SiC|2.26l'm

All of the examples presented above correspond to
class Il hybrid materials, but POSSs have also been
simply blended with polymers to afford class | hybrids.>8
In such systems, the dispersability of the POSS appears
to be related to the organic side groups.

4. Tin-Based Nanobuilding Blocks and Related
Structures

Tin shares with silicon a M—Cgp3 bond stability with
respect to nucleophilic agents such as water. These
bonds offer strong covalent links between tin—oxo
polymers/oligomers and functional organic moieties, but
they can also reduce the inorganic functionality of tin
and favor the formation of oxo clusters, which can be
used as nanobuilding blocks to design new hybrid
materials.2m-1927

Tin oxo—carboxylate clusters, such as {RSnO(O,-
CR")}s (R = methyl, phenyl, or butyl and R = any
organic function),2’® abbreviated tin-6, represent a fam-
ily of nanobuilding blocks in which the carboxylate
groups can be used to provide the assembling func-
tions.1®%% The tin-6 molecular structure (Figure 2), in
which all tin atoms are six-coordinate (distorted octa-
hedra), exhibits a hexagonal prismatic or “drum” shape
with the bridging carboxylate groups located on the six
square faces of the drum.?”¢ The resulting shape is fairly
anisotropic as the six carbon atoms of the carboxylates
are almost coplanar, while the organic moieties bound
to the tin point outside the two basal hexagonal faces
of the drum. The tin-6 cluster { BuSnO(O,CCsH4NH)} 6,
prepared from 4-aminobenzoic acid and butyltin hy-
droxide oxide, exhibits on its periphery six amino groups
amenable to subsequent reactions.®® It can be function-
alized, via reaction with OCN(CH>)3Si(OEt)s, to yield
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guantitatively a dendrimer-like compound with 18
peripheral ethoxy functions amenable to hydrolysis—
condensation.®® It was also assembled via reaction with
1,4-phenylene diisocyanate or 1,6-diisocyanatohexane.!®
Because of the high functionality of such a NBB, the
resulting products are insoluble, even though some of
the amino functions remain unreacted.

Another interesting nanobuilding block is the oxo
cluster {(RSN)12(u3—0)14(u2—OH)g} 2, abbreviated tin-
12.27 It can be prepared through several chemical
pathways, including hydrolysis of organotin trichlor-
ides,2’th trialkoxides,2’d or trialkynides2’9 or refluxing
in toluene butyltin hydroxide oxide and sulfonic acids.27i
Depending of the synthesis conditions the +2 charge is
balanced by different anions (e.g., OH™,Cl~, R'SO3™,
R'CO, 7). These charge-compensating anions are located
at both cage poles, close to the hydroxy groups that
bridge the six-coordinate tin atoms. In solvents of low
dielectric constant, no ionic dissociation is observed, but
it does occur in solvents such as DMSQ.27i

Tin-12 clusters are versatile nanobuilding blocks for
the synthesis of well-defined tin—oxo-based hybrid
materials that can be used as models; possible synthesis
strategies associated with this cluster are depicted in
Figure 4.1927 These clusters can be assembled through
organic networks by using the covalent interface pro-
vided by the Sn—C bond, by using the ionic interface
associated to the charge compensating anions X~, or
even by using both. In the first case, the organic moiety
bound to tin should be polymerizable (e.g., R = butenyl,
propyl methacrylate, propylcrotonate, 4-styryl).®° In the
second case, charge-compensating organic dianions can
be used to bridge the clusters.27229 This was achieved
by reacting {(BuSn)1,0140Heg}(OH), with carboxy-
methyl-terminated PEG macromonomers, in THF.272

The use of polymerizable anions offers an alternative
synthesis strategy.2’¢6! By a simple acid—base reaction,
the oxo—hydroxo butyltin macrocation {(BuSn)12014-
OHg}2" can be functionalized with 2-acrylamido-2-
methyl-1-propanesulfonate (AMPS), affording nano-
building blocks with two highly polymerizable groups.2’
For the first time, the direct homopolymerization of such
functionalized oxo—hydroxo butyltin nanoclusters was
successfully performed, providing hybrid materials in
which the nanosized tin-based component is perfectly
defined. {(BuSn)12,0140Heg} (AMPS), can also be copoly-
merized with methylacrylate in toluene to produce gels.
In line with the electrostatic interactions that are
responsible for the cross-linking, these gels are soluble
in DMSO0.271.62

5. Transition Metal-0Oxo-Based NBBs and the
Resulting Hybrid Structures

The syntheses and structures of many high-valence
metals (Ti'V, Zr'V, Ce'V, NbY) or even heterometallic oxo
clusters have been described in the literature.15¢:28.63-73
Such species are usually prepared through the con-
trolled substoichiometric hydrolysis of the metallic
alkoxides M(OR),, or the corresponding complexed alkox-
ides M(OR)n—x(LZ)x, (where LZ is a complexing ligand,
vide supra) in solution. Alternative strategies using in
situ generation of water (through esterification or
aldolisation reactions) or nonhydrolytic sol—gel pro-
cesses can also be developed to avoid stability problems
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Figure 4. Schematic representation of the various possible strategies that can be used to assemble functionalized {(RSn)12014-

(OH)e}?* clusters into hybrid materials.

arising from local overconcentrations of water or
the presence of residual water in the synthetic
medium.28.64¢.7475 These clusters are isolated from the
ill-defined oxo polymers concurrently formed by crystal-
lization, frequently resulting in low yields. These spe-
cies, characterized by single-crystal X-ray diffraction,
present perfectly defined structures where the metallic
centers usually exhibit coordination numbers larger
than their valence states. This is made possible by the
chelating or bridging character of the organic ligands
(including any protecting group, u2,—OR, and u3—OR
bridges) but also by the existence of uz3—0O, us—0O, us—
O, or even us—0O7® bridges. Moreover, the full charac-
terization performed by crossing XRD and FTIR and
multinuclear NMR spectroscopies allows one to sepa-
rately analyze the modifications of the metal—oxo core
or the surface.

5.1. Hybrids from Prefunctionalized Transition
Metal-Oxo Clusters. Some examples of metal—oxo
clusters functionalized for organic reactions are reported
in Table 1. These clusters consist of a metal—oxo core
with polymerizable complexing ligands located at the
periphery. These groups can be used to extend the
cluster network to form a hybrid organic—inorganic
polymer composed of an assembly of attached well-
defined NBBs. The use of ligands containing an as-
sembling function, such as a polymerizable one, allyl-
acetoacetate (aaa), methacrylate (OMc), or acrylate
(OAcr), allows access to a great variety of clusters, such
as TieO4(OEt)3(OMC)8, Ti302(OPri)5(OCMe=CH2)3-
(PI"iOH), Ti40z(OPri)5(OACI")6, Zrlooa(OH)4(OPr‘)1g(aaa)6,
Nb404(OPri)8(OMC)4, ZFG(OH)404(OMC)12, and Zr,05-
(OMc)12 (see references in Table 1). Yet, because of their
small sizes and the presence of several alkoxy groups
on their surfaces, these functionalized nanobuilding
blocks exhibit rather poor stabilities toward water or
nucleophiles. Consequently, their assembly through
radical-initiated polymerization must be performed in

nonprotic solvents such as toluene, benzene, or THF.
Following this pathway, some interesting studies have
been performed by several research groups, generating
new hybrid materials.””.78 However, the integrity of the
metal—oxo core was not checked in a straightforward
manner in the final hybrid materials. In some cases,
such as Nb4O4(OPri)g(OMc)4, the accessibility of the
double bonds for organic homo- and copolymerization
reactions can be hindered for steric reasons.?82

However, such compounds can be used for organic
microcellular doped solids. Indeed, polystyrene foams
have already been produced by copolymerization of
styrene with Ti302(OPri)s(OCMe=CHy,)3(PriOH).”” An
interesting piece of work concerning the copolymeriza-
tion of functional transition metal—oxo clusters was
recently reported by Schubert et al.”® Inorganic—organic
hybrid polymers were produced by the radical polym-
erization, initiated by dibenzoylperoxide in toluene or
benzene, of methacrylic acid or methyl methacrylate
with (meth)acrylate-substituted oxozirconium and ox-
otitanium clusters Zrg(OH)404(OMc)12, ZrsO2(OMc)12
TigO4(OEL)g(OMc)s, and TisO2(OPri)s(OAcr)e.”® It was
shown that a very small amount of the cluster is
sufficient for efficient cross-linking of the polymer
chains. Small-angle X-ray scattering experiments indi-
cate that the cluster size is retained in the polymers
and that the microstructure of the cluster cross-linked
hybrid materials can be described as a dispersion of
identical spherical or disk-shaped clusters in polymers.
The resulting hybrid polymers exhibit higher thermal
stability because depolymerization reactions are inhib-
ited. Contrary to undoped poly(methyl methacrylate),
the cluster cross-linked copolymers are insoluble but
swell in organic solvents. The solvent uptake upon
swelling decreases with increasing amounts of polym-
erized cluster.”®

5.2. Hybrid Assemblies of Postfunctionalized
Transition Metal—0Oxo Clusters. A large number of
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Table 1. Some Examples of Metal-Oxo Clusters

precursor?

cluster ref

Polymerizable Clusters

HOMC\[NbB(OPri)s], = 12 [ND4O4(OPri)s(OMc)4] 28a
HOMC\Zr(OPr), = 12 [Zr402(0OMC)12] 28b
MeOMCc\Zr(OPr"), = 4 [Zrs04(OH)4(OMc)12(HOPIM)] 28b
aaa\zr(OPr"),= 0.6 [Zr1006(OH)4(OPr")15(aaa)s] 28d
acetone\Ti(OPri); = 2 [Tiz02(OPri)s(OC(CH3)=CH,)3(HOPri)] 77
[Ti402(OPri)s(OAcCr)g] 78
HOMC\Ti(OPri); = 2 [TisO4(OEt)s(OMC)g] 70
HOMC\TIi(OPr), = 4 [TigOg(OPrM)4(OMc)16] 65

Nonpolymerizable Clusters

Hacac\Zr(OPr"), =1 [Zr4O(0OPr")p(acac)4] 66a

Zr(OMe)4 [ZI’1303(OMB)36] 67

Ti(OPri), [Tiz0(OPri)o(OMe)] 71c

Ti(OPri), [TisO(OPr)7(03CoH15)] 69, 75a

[Ti(u-ONep)(ONep)s]2 Tis(us-O)(ORc)2(ONep)s 72a
(Rc = Ac, Fc)

HOAC\Ti(OPri), =1 [TigO4(OPri);2(OAC)4] 64b,c

HOAC\Ti(OR); = 2 [Tis04(OR’)(02CR)g] 15c, 63c, 64a
(R = CHjs, R' = Et, Pri, Bu")
HORc\[Ti(,u-ONep)(ONep)g]g Tis(us-O)s(OzCCHMEQ)G(ONED)G, 72a
Ti(OEt)4 [Ti704(OEt)20] 63b, 68
Ti(O-CH2-CgHs)4 [TigO4(O-CH2-CgHs)20] 71b
Ti(OEt), [Ti008(OEt)24] 71b
Ti(OPr'), [Ti12013(0OPri);3(OEt)s] 71a
Ti(OPI’i)4 [Tilzole(opl’i)le] 64C, 71a
Ti(OEt)4 [Ti16016(OEL)32] 71d
Ti(OBuY), [Ti18027(0OBuUY)17(OH)] 71d
Hacac\Ti(OBu"), =0.1 [Ti18022(OBuUM)26(acac)z] 66b

a OMc = methacrylate, OAcr = acrylate, aaa = allylacetoacetate, acac = acetylacetonate, OAc = acetate, OFc = formiate.

oxo—alkoxo clusters, M,On(OR),, have also been pre-
pared from metal alkoxides as precursors, especially for
Ti(1V) and Zr(1V). A large set of selected titanium and
zirconium oxo clusters whose structures have been
reported in the literature are gathered in Table 1. They
can be used as model systems to understand the
construction of hybrid materials, particularly at the
inorganic—organic interface. There are two major syn-
thetic challenges related to these clusters: (1) postfunc-
tionalization of their surfaces by complexation of me-
tallic atoms and (2) the use of these clusters in protic
(even in the presence of water) or nonprotic solvents,
with preservation of the metal—oxo core.

Solution NMR spectroscopy is an efficient tool for
probing the molecular environments of these clusters.
Therefore, 170 and 13C solution NMR spectra were
collected to assess the stability of the oxo—metallic core
and the lability of the organic surface ligands, respect-
ively.”1a79-82 In the presence of water, only the larger
titanium—oxo clusters can preserve their oxo core.
Under the same mild hydrolysis conditions, TiigO16-
(OEt)s, starts to react slowly via its surface ethoxy
groups, whereas Ti7O4(OEt)z is quickly destroyed to
yield oxo polymers and other oligomers.”1280-82 |t has
also been suggested that Ti;2016(OPri)16 clusters do not
react with water, provided that the reaction is conducted
in the parent alcohol and in the presence of low
quantities of water (4 equiv of water per cluster). On
the contrary, in nonalcoholic media (toluene—acetoni-
trile mixtures), white amorphous Ti—oxo—alcoxo pre-
cipitates are readily obtained.”1a

The stability of titanium(lV) oxo—alkoxo clusters
toward nucleophilic organic reagents (alcohols, com-
plexing ligands) was shown to depend on their alkoxo/M
and oxo/M ratios, as evidenced by 13C and 7O NMR
spectroscopy.®? Larger clusters are generally more
stable. Small titanium—oxo clusters, such as Ti;O4-

(OEt)20, are generally destroyed by alcohol nucleophilic
attack.80 In contrast, the titanium—oxo cores of Ti;;O13-
(OPI")lg, Tilzole(OPr')le, Tileole(OEt)gz, and Tilgozz-
(OBuUM)26(Acac), are stable toward ethanol, propanol, and
diols.”82 Some of the alkoxide groups are exchanged
by alcohol molecules R'OH through transalcoholysis
reactions, giving rise to new TinOn(OR),—x(OR')x species
such as Tileole(OEt)24(OPrn)880 or Tilzole(oiPr)lo(OEt)5.7la
This stability of high nuclearity clusters toward alcohols
or diols can thus be used to establish connections
between clusters.8?

Ethoxide groups of Ti;s016(OEt)3, can be exchanged
by propanediolate ligands, which bind to the clusters
by one or both extremities.®? Similar behavior has been
reported previously in the reaction of Ti;;O13(OPri)g
with diols.” Both clusters in the presence of polyols
generate hybrid materials that can be described as
aggregates of titanium—oxo clusters connected by di-
olate bridges.

The stability of large clusters such as Ti;2016(OPri),
Ti16016(OEt)s2, and Ti1g022(OBuUM)z6(Acac), toward acacH
and related nucleophiles such as acetoacetylethyl meth-
acrylate (AAEM), dibenzoylmethane (DBM), and car-
boxylic acids has also been investigated. Nucleophiles
bearing chelating functions (carboxy, acetoacetoxy, etc.)
can modify the cluster surface by chelation of the metal
centers. However, higher quantities of complexing ligands
can also destroy the clusters. The effectiveness of the
cleavage follows the sequence TiigO22(OBU)6(Acac), <
Tileole(OEt):gz < Tilzole(opri)16.82 The observed differ-
ences between these titanium—oxo clusters have been
assigned to three main causes. First is the unsatisfied
coordination over a fraction of the titanium atoms.
Whereas all titanium atoms are octahedrally coordi-
nated in Tilgozz(OBun)ze(AcaC)z and Tilsole(OEt)e,z, a
corona of 6 out of 12 Ti(IV) atoms are pentacoordinated
in Ti1016(OPri)1, making this oxo core more labile
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Figure 5. Different ANBB approaches involving clusters and different connectors. (A) Ordered cluster dispersions based on the
covalent linkage of complementary organic and inorganic NBBs. (B) Creation of a bicontinuous mesostructured hybrid arrangement.
Interactions between the template and the inorganic NBB include covalent bonding and van der Waals forces (hydrophobic contacts).

toward nucleophilic substitution. The stability of the
titanium—oxo core also depends on the number of “bulk”
oxo bridges, i.e., those with high coordination to Ti (1V)
(us-O, ua-O, and us-0). Therefore, clusters bearing highly
coordinated O bridges are more stable toward hydroly-
sis. Following this approach, the Ti;g022(OBu")zs(Acac),
and Ti1016(OEL)3, 0x0 cores are more compact than that
of Ti12016(OPri)36; interestingly, this stability seems not
to depend only on the Ti/O ratio. Finally, the presence
of strong chelating ligands at the surface might hinder
the attack of nucleophilic species. The improved stability
of Ti1g022(0OBuUM)26(Acac), clusters provides an example
of this additional kinetic stability.

Once controlled, the reactivity of titanium—oxo clus-
ters can be used advantageously with the aim of
designing new hybrid materials with tailored textures.
Two main strategies concerning their assembly have
recently been reported in the literature.?>83 They are
based on the use of dendrimeric connectors or am-
phiphilic block copolymers (ABC) as templates.

Ti1s016—Dendrimer Hybrids. Glassy yellow transpar-
ent xerogels can be obtained from a THF solution of
Ti1e016(OEt)3, (TS) and first-generation dendrimers
after solvent removal under an inert gas atmosphere.
The dendrimers bear six acidic [G'1(COOH)g] or alcoholic
[G'1(OH)¢] tips. The covalent bonds forming the hybrid
interface between the dendrimers tips and the clusters

was evidenced through 3C MAS NMR and FTIR
spectra, and the integrity of the titanium—oxo core in
the final hybrid solid was verified through solid-state
170 NMR measurements.?® The obtained bicontinuous
phases are, in fact, locally ordered dispersions of TS
cores with correlation distances of about 2 nm and
coherent scattering domains of 5—6 nm. The path to
these Ti;s016—dendrimer hybrids is sketched in Figure
5 (route A) and can be separated in three steps: (a)
“Snap-on” (i.e., quick and selective) reactions take place
at the cluster surface (in dilute solution), leading to
hybrid bricks (“hybricks”). (b) Upon solvent evaporation,
a cross-linking of these hybrid moieties gives rise to
higher-weight species. (c) Finally, a bicontinuous hybrid
nanocomposite is formed, in which TS clusters are
regularly spaced by the polymers. The adequate com-
bination of simple chemistry at the cluster surface and
the intrinsic symmetry granted by the dendrimer pro-
vides access to these new mesotextured hybrid materi-
als.?> This strategy can be pushed further; the comple-
mentary tuning of the functions of the dendrimeric tips
and the inorganic surface can expand this Lego-like
chemistry to higher-generation dendrimers and beyond
clusters, aiming at organized arrays of nanoparticles.

Ti1016—ABC Hybrid Assemblies. Since the discovery
that micellar and lyotropic liquid-crystal phases can act
as templates for creating periodic hybrid organic—
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inorganic materials, a new class of materials with
hierarchical structures and complex forms was born.20-23
Amphiphilic block copolymers (ABC) consist of hydro-
philic and hydrophobic blocks; the most widely used for
templating purposes??82 are based on poly(ethylene
oxide) and poly(propylene oxide) blocks (PEO—PPO).
These species are able to self-assemble into micellar
structures (spherical or cylindrical micelles) or lyotropic
liquid-crystalline phases (cubic, hexagonal, lamellar,
etc.).8* Ti;s016(OEt)s, clusters have been used as nano-
building bricks to create mesoscopically ordered phases
using PEO—PPO—PEO triblock copolymers (for ex-
ample, Pluronics) as templates.25b¢ A complex sequence
of processes, involving the template, the solvent, and
incoming water, drastically affects the self-assembly and
thus the mesostructuring of the hybrid phases. The
route to Ti;sO016—Pluronics hybrids is sketched in Figure
5 (route B). In THF or butanol, in the presence of low
amounts of water, hydrolysis—condensation reactions
between the metallic centers take place in parallel with
transalcoholysis reactions of the ethoxy groups of Tise-
016(OEt)s, by the PEO terminal functions.85

The interaction between the template and TS induces
drastic modifications in the folding behavior of the
templating agent. The connection of the hydrophilic
PEO ends to hydrophobic TS permits the formation of
Ti16016(OEL)32x(PEO)x moieties. This leads to a de-
crease in the solubility difference between the copolymer
blocks and promotes polymer unfolding. The hydropho-
bic TS bricks can loosely attach to the hydrophobic PPO
block, hindering an adequate segregation of the am-
phiphilic blocks. The overall effect is the unfolding of
the polymers. The templates also act to inhibit inorganic
polymerization, avoiding the massive segregation of a
nonporous dense oxidic phase. Further linking between
the inorganic bricks can be accomplished through gentle
hydrolysis—condensation reactions promoted by residual
water or air moisture. The obtained hybrid phases
present bicontinuous locally ordered wormlike struc-
tures. Upon thermal treatment of these hybrid phases,
high-surface-area wormlike amorphous titania (specific
surface area > 250 m2 g~1) is obtained.250¢

In contrast, hexagonal hybrid phases are obtained
when PS-b-PMAA block copolymers and TS are used as
NBBs in toluene. The templating agent consists of one
polystyrene block (PS) and one poly(methacrylic acid)
block (PMAA) with equal chain lengths (105 monomer
units).8® The solvent plays a major role in this case by
selectively dissolving the PS block; spherical micelles
are thus formed, with the hydrophilic block PMAA
forming the insoluble core. Once the titanium—oxo
clusters are added to the micellar solution, their hydro-
phobicity leads to their incorporation in the PS corona.
Some of them can diffuse into the amphiphilic interface
between the PS block and the PMAA block, where
complexation reactions between the carboxylate ligands
and titanium centers take place, generating a covalent
hybrid interface. This, in turn, creates a driving force
for cluster diffusion to the amphiphilic interface. As a
large excess of the block copolymer is added, only a
fraction of the carboxylate groups belonging to the
PMAA blocks are bound to the titanium atoms. In
addition, the EtOH molecules released by the cluster
upon complexation might react with the neighboring
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Class I Class I

Figure 6. Both classes of organic—inorganic hybrids based
on POMs. (a) Electrostatic embedding of POMs in differently
charged organic matrixes (class I). (b) Class Il hybrids obtained
by preliminary functionalization of POMs and subsequent
covalent grafting of the NBB into the organic matrix.

—COOH groups, leading to esterification. Water can
thus be locally produced in a controlled way. This chain
reaction might promote further hydrolysis and conden-
sation of the titanium—oxo clusters. In this way, the
hexagonal mesophase obtained upon solvent evapora-
tion is frozen. It seems that the addition of a controlled
amount of titanium—oxo clusters to the micellar solution
does not disrupt the structures of the block copolymer
micelles. Moreover, the structures of the micelles and
those of the hexagonal phase might be assisted by the
addition of the titanium—oxo clusters. The formation
of an inorganic framework covalently linked to the
polymer matrix might enhance the stability of the
aggregated structures.83

6. Polyoxometalate-Based NBBs and the
Resulting Hybrid Structures

Polyoxometalate (POM) species based on Mo, W, or
V constitute a full class of nanobuilding blocks. These
metallic oxo clusters play a great role in areas such as
catalysis,® medicine (anti-HIV activity),®” electro- and
photochemically active phases,® and magnetic materi-
als.8 The practical applications of polyanions are based
on combinations of value-added properties (large sizes
of 6—25 A, anions, fully oxidized/(photo)reducible com-
pounds, etc.).°% Recently, much attention has been paid
to the development of ordered assemblies of POMs
within hybrid organic—inorganic materials. These com-
posite materials exhibit a variety of interesting elec-
tronic, magnetic, redox, and photonic properties.®!

POM-based class | materials are based on weak
interactions as a result of the anionic charge carried by
the POM. Indeed, the anionic character of POM allows
its incorporation into materials possessing cationic
groups, to yield the first type of hybrid materials
described in the literature. On the other hand, obtaining
class Il hybrid materials requires prior covalent func-
tionalization of the POM species, allowing for the
anchoring of the organic moiety. These groups will
subsequently ensure the covalent interactions with the
organic matrix, as depicted in Figure 6.

6.1. Class | Hybrid Materials Based on POMs.
Most of the composite materials of this class corres-
pond to Keggin heteropolyanions of general formula
[XM12040]"~ (M =W, Mo; for X = Si'V, n = 4; for X =PV
or AsY, n = 3; for X = Co'", n = 6). The following sections
describe different materials for which the POMs are
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embedded in organic matrixes for various applications
(e.g., dopants in polymers; toners; materials for mag-
netic, electrochemical, or electrooptics applications).%!

POMs in Polymeric Matrixes. The first hybrid materi-
als described in the literature concern the immobiliza-
tion of POMs in a conducting polymer matrix. The
POMs are embedded in conducting polymers such as
polypyrrole, polyaniline, polythiophene, or poly(1-
naphthol) and used as conductive electrodes.®? The
POM-doped polymers exhibit redox properties inherent
to both components of the hybrid. For example, poly-
pyrrole doped with [PM01,040]3~ can be used for the
electrocatalytic reduction of O, and CIO37.922 The in-
corporation process is based on the chemical or electro-
chemical oxidation of a polymerizable monomer in the
presence of POM solutions. The same process permits
one to obtain hybrid films exhibiting both magnetic
properties and conductivity from the [Co4(H20),-
(PWgO34),]1°~ anion and pyrrole.?® The incorporation of
POM into a polymer matrix can be extended to applica-
tions in nonconducting polymers, dyes, pigments, or
inks. In addition, POMs form stable precipitates with
cationic dyes.®® Thus, complexes of POMs with tri- or
tetracationic polymethinine dyes have been used as
pigment in paints, printing inks, and plastics.%

POMs in Inorganic Sol—Gel Matrixes. Various devices
for optics, electrochromism, and photochromism result-
ing from the synergy between the POMs and an
inorganic sol—gel matrix have been reported.®® Silica
and titania are the most studied inorganic matrixes.
These composite materials are synthesized via sol—gel
techniques. POM-doped titania exhibits electrochromic
behavior and ionic conductivity.® Silica—POM hybrids
have been described as interesting photochromic record-
ing materials.®>* Other POM—gel systems are of interest
for use in optoelectronic devices and for their proton
conductive properties,® or even for use as precursors
to mesoporous ordered materials. In the latter case,% a
two-step “salt gel” synthesis has been developed. Orga-
nized POM—surfactant mesoscopic phases based on
electrostatic interactions are initially obtained. Subse-
quently, phosphate or silicate linkers are added, which
generate a continuous gel phase by embedding and
connecting the clusters. Surfactant removal by anion
exchange or thermal treatment yields high-porosity
(200—600 m2 g~1), albeit weakly ordered, phases.

POMs in Langmuir—Blodgett or Multilayer Films. In
the past few years, different ultrathin mono- and
multilayers containing POMs have been described. Well-
organized layers of Keggin polyoxoanions have been
obtained by means of Langmuir—Blodgett (LB) tech-
niques.®” By using the anion [CoW;,040]®~ and the
dimethyldioctadecylammonium cation (DODA), LB films
with magnetic properties have been obtained.®’2 Be-
cause of their anionic charge, the polyanions are ad-
sorbed onto a positively charged monolayer of DODA,
leading to an organic—inorganic superlattice.

The construction of multilayer films involves layer-
by-layer (LBL) stepwise assembly, through the sequen-
tial adsorption of oppositely charged self-assembled
monolayers (SAMSs). Organization is driven by electro-
static interactions, in this particular case, of anionic
POMs and cationic polymers. Caruso et al.?® have
reported an ultrathin multilayer film prepared by
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stepwise adsorption of a novel giant molybdenum poly-
oxometalate cluster and poly(allylamine hydrochloride).
Well-defined hybrid mono- and multilayer films con-
taining POMs on gold substrates covered with al-
kanethiol SAMs (cysteamine and 3-mercaptopropionic
acid) based on electrostatic interactions have been
described.?® The applications expected for these tunable
mono- and multilayers concern electrochromism, pho-
toelectrochemistry, sensors, catalysis, light imaging, and
other thin-film molecular devices.

6.2. Class Il Hybrid Materials Based on POMs.
Organic and organometallic derivatives of polyoxometa-
lates (POMs) bearing functionalized (polymerizable)
groups appear to be especially suitable for obtaining
valuable hybrid materials. As a consequence of the
intrinsic properties of the polyoxometalates, function-
alized POMs might lead to composite materials with
great potential in catalysis, chemotherapy, and photo-
and electrochromism.

To develop a rational method for obtaining covalently
linked POM-based hybrid materials, hybrick precursors
have to be designed. Several examples of the whole
process using different POM-based hybrid systems will
be presented below, starting from discrete polyoxotung-
states and targeting complex magnetic materials.

Functionalized Polyoxometalates as Starting Deriva-
tives. Polyoxoalkoxometalates constitute a full subclass
of polyoxometalate derivatives. Different methods are
used to obtain this class of compounds. Surface activa-
tion of the polyoxometalate provides localization of the
charge density at the oxygen surface, permitting cova-
lent bonding with organometallics. This method is based
on the replacement of Mo(VI) or W(VI) centers by one
or more lower-valent metals.1%° Another method is the
self-assembly of polyoxometalates and polyalcohols.
Recently, Hill and co-workers!! described poly(poly-
oxometalate) dendrimers synthesized by self-assembly
of an organic hydroxylated dendrimer bearing four
trialkoxo groups and a heteropolyoxovanadotungstate
[HaP2V3Wi15062]°.

Another way to functionalize POM blocks is to use
organoimido derivatives of polyoxomolybdates contain-
ing a direct covalent link between the polyoxomolybdate
and the organic moiety. Indeed, the bond between the
two parts is ensured by a Mo—N-—C bridges. In this way,
an original dimer of the general formula [(MosO1g)MoN-
(1,4-c-CgH10)NMo(Mos01g)]4~ was obtained by Stark et
a|_102

Saturated polyoxometalates such as the Keggin anion
[XW12040]" (for X =Si'V, n =4; for X=PVor AsV,n =
3) exhibit evenly distributed relatively low negative
charge densities. The removal of a metal octahedron
from a saturated polyoxometalate leads to an increase
in and localization of the anionic charge. The resulting
lacunary anions are highly nucleophilic and react easily
with electrophilic groups such as organostannates,03
organosilanes,'* or organophosphonates. Particular at-
tention has been paid to organosilyl and organophos-
phoryl derivatives of trivacant and divacant Keggin
anions. The trivacant polyoxotungstate [XWgO3z4]"~ (for
X = Siv, n = 10; for X = PV or AsY, n = 9) has a high
surface charge constituted by six nucleophilic oxygen
atoms. The divacant polyoxotungstate [ XW10Oz¢]"~ (for
X = SiV, n = 8; for X =PV, n = 7), presents only four
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Figure 7. Example of POM functionalization by using a lacunary heteropolyanion. The negative charge increases and is localized
on the oxygen atoms of the lacunae. These highly nucleophilic oxygen atoms (arrows) are more reactive toward electrophilic
groups such as bissilanes or bis(phosphonates).

nucleophilic oxygen atoms on the lacunar surface. From
trivacant polyoxotungstate, different organophosphoryl
and organosilyl derivatives have been reported.14d9

Concerning the divacant polyoxotungstate, the RPO%™
group reacts to provide one fully saturated hybrid
species [y-SiW10036(RPO),]*~.24" On the other hand, the
high propensity of organosilanes toward polycondensa-
tion and reaction with nucleophilic moieties can direct
the formation of different types of organic—inorganic
hybrids based on the lacunary divacant heteropolyan-
ions [y-SiW10036]®~. Two series were obtained with the
general formula [SiW10036(RSi).0]*" (a) and [y-SiWio-
036(RSi0)4]*~ (b), depending on the experimental
conditions.!# These polyanions correspond to the graft-
ing of an oxo-bridged siloxane unit (cyclic tetrasilyl for
b) onto the surface of the lacunary polyoxoanion. When
R = 3-methacryloxypropyl, the b species, which presents
four hydrophobic chains, behaves as a surfactant with
a surface tension of 43.5 mN/m and a critical aggregate
concentration of 4.3 x 10™* M. Finally, by using a double
electrophile such as bisphosphonate or bissilane, two
series of dimeric cyclic compounds {[y-SiW10036-
(SiRSiO)]*"}2 and {[y-SiW10036(OPRPO)]*"}» were ob-
tained (Figure 7).1%4 Yet, among the large number of
organic and organometallic derivatives of POMs, only
a few functionalized polyanions have been used as
building blocks to obtain polymeric hybrid organic—
inorganic systems.

Hybrid Polymers Based on Functionalized POMs. The
strategy leading to covalent entrapment of POMs in a
polymeric network follows the general examples already
described in section 2 (homo- or heteropolymerization).
The organic polymerization occurs in the presence of a
radical initiator [2,2'-azobis(isobutyronitrile) (AIBN) or
K2S,0g in either organic or aqueous solution].

Judeinstein!*ab described the first homopolymeriza-
tion of difunctional POM derivatives of the general
formula [SiW1;034(RSi),0]*~ with unsaturated organic
groups (vinyl, allyl, methacrylate, and styryl). More
recently, Maatta and co-workers3®2192 reported well-
defined and characterized organoimido-polyoxometa-
lates as polymer pendants, by AIBN-initiated copolym-
erization of the styrylimido function in the Lindqgvist
derivative [NBu4]2[(M0sO15(NCsH,CH=CH,)] with a
styrene monomer. We will illustrate the application of
this strategy for different systems: organic and aqueous
gels and magnetic solutions.

(a) Organic Gels. The copolymerization of ethyl meth-
acrylate (EMA) with [y-SiW;p036(H.C=C(Me)C(O)-
OPrSi);0]*" in acetonitrile using AIBN as the radical
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initiator is the first example of a hybrid network based
on poly(ethyl methacrylate) chains covalently cross-
linked by difunctionalized polyanions in organic sol-
vent.1¢ The resulting gel, insoluble in most solvents,
accounts for the formation of a covalent network.
Multinuclear NMR spectroscopy (*H, 2°Si, and 183W) and
FTIR investigations confirm the formation of poly(ethyl
methacrylate) chains cross-linked by the difunctional-
ized POM, which maintains its structural integrity. The
gels are able to absorb different amounts of various
solvents. The swelling properties of the gels have been
discussed and assigned on the basis of the cross-linking
densities, which decrease as the POM concentration
decreases. Polymerizable functions can be further in-
troduced on the cationic moiety of the hybrid compound
by using an ammonium salt bearing a methacrylate
group [(Me)sNTC,H40C(O)C(CH3)=CHy]. The trifunc-
tionalized POM thus obtained presents two polymeri-
zation sites, one located on the organosilyl ends and one
on the cationic moiety, leading to decreased gel solva-
tion.14e

(b) Hydrogels. The previous approach was extended
to the synthesis of new hybrid networks based on water-
soluble polymer chains (polyacrylamide) cross-linked by
water-soluble tetrafunctionalized polyanions ([y-SiW100z6-
(RSiO)4]*, where R = H,C=C(Me)C(O)OPr—).14f The
modified POMs participate directly in the covalent
structure of the networks as molecular cross-linkers. In
addition, the inorganic NBB forms aggregates in solu-
tion; these aggregates also act as cross-linkers. A new
class of hydrogels where the hybrid cross-linker also acts
as a nanometric mineral filler and as a polyelectrolyte
is thus born. The swelling degrees of some gels are in
the bottom range of those of superabsorbent materials.
This behavior is due to charged polyanions, which
behave as polyelectrolytes regardless of their aggrega-
tion state. This property was confirmed using a second
type of hydrogel synthesized from acrylamide and N,N-
methylenebis(acrylamide) and [y-SiW10035(PhSiO)4]*,
a nonpolymerizable polyanion. However, the degree of
swelling at equilibrium is higher when polyanions are
covalently anchored to the polymer. These aggregates
are able to copolymerize with acrylamide and act further
as cross-linking agents with a more significant effect
(Figure 8).

(c) Incorporation of Magnetic Nanoparticles into
Hybrid Networks Based on Heteropolyanions and Poly-
acrylamide. The incorporation of an agueous magnetic
colloidal dispersion of negatively charged maghemite (y-
Fe,03) nanoparticles into a polymeric network leads to
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Figure 8. Formation of a hybrid hydrogel based on micellar POM NBBs. The reaction proceeds by copolymerization of POMs

tetrafunctionalized with acrylamide.

hybrid hydrogels with magnetic properties.195196 The
polydisperse magnetic particles, with an average diam-
eter of 6—14 nm,7 are coated by citrate species. These
nano-objects can be dispersed in water as individual
particles, owing to electrostatic repulsions, at pH > 4.
The copolymerization of acrylamide and the cross-linker
polyanions [of general formula [y-SiW10036(RSi0)4]* (R
= H,C=C(Me)C(O)OPr—)] is performed at pH 5.4 for
different particle volume fractions to maintain particle
stability and the negative surface charge. In this way,
it is possible to trap large amounts of well-dispersed
particles, leading to a ferrogel. The presence of particles
does not seem to modify the structure of the gel, which
retains the polyelectrolyte effect of the polyanionic
aggregates. The obtained hybrid material is based on
polyanions covalently linked to a polymeric network that
includes magnetic nano-objects. Two properties are of
particular interest: the rotational mobility of particles
in the network and their release during the swelling
process. Furthermore, this hybrid material is potentially
promising for size sorting of nanometric objects and
might also find applications in biomaterials and optics.

7. Nanoparticule-Based NBBs and the Resulting
Hybrid Structures

The transition between clusters and nanoparticles
generates much basic research and is still a matter of
debate, particularly in regard to structure and proper-
ties. The stability problems experienced with small
clusters can be avoided by employing larger species,
such as nanocolloids. Consequently, the devices that are
currently designed are based rarely on clusters but
mainly on nanoparticles ranging from 2 to 100 nm in
diameter. The development of novel and versatile
methodologies that allow for multiscale processing of
nanoparticles has an outstanding impact on fundamen-
tal research and on chemical and biochemical engineer-
ing.

Functionalized nanoparticles already play an impor-
tant role, for example in pharmaceutical drug delivery
systems;198 paint dispersion; tire reinforcement; catalyst
optimization;'°° and in many processes involving adhe-
sives, biocements, varnishes, and lubricants.'° Several
physical methods such as MBE (molecular beam epit-
axy), OMVPE (organometallic vapor phase epitaxy),
mecano-synthesis, fast quenching of inorganic vapors,
nanolithography, and laser or electrical ablation are
currently employed to make nanomaterials.'! Wet
chemical routes should provide lower-cost and more
versatile access to nanoparticles and nanostructured
materials. Moreover, they should allow nano-objects to
be produced at larger scales. The control of the size and
morphology of inorganic nanoparticles (metals, chalco-

genides, metallic oxides) through soft chemistry and
related processes is based on several well-known strate-
gies,!2 which consist of tuning of nucleation and growth
kinetics;'1® growth inhibition based on a competitive
growth/termination mechanisms of the solid phase in
the presence of complexing surface capping agents (here,
the inhibitor/precursor ratio is a key parameter in the
tailoring of the particle size);81.114.115 confinement of the
reaction volume by using micelles, vesicles, or micro-
emulsions;22d.116 gnd growth in a pH and ionic strength

range for which the interfacial tension is extremely
|0W_ll7,118

For most technological uses and handling purposes,
the nanoparticles have to be processed in bulk or as
films, yet they still must exhibit their nanoscale-
dependent properties (quantum dot, band gap reduction,
plasmon resonance, nanomagnetism, superparamag-
netism, etc.).11® Some of these special properties stem
from isolated particles and can be lost or modified
during processing, possibly through particle—parti-
cle interactions or surface modifications, even if the
right grain size is conserved. At present, the most
advanced systems studied are gold particles, semi-
conductor nanocrystals, and superparamagnetic par-
ticles.120

In principle, there are several ways to adapt the NBB
approach to create nanoparticle-based hybrid materials.
These include introducing already synthesized nano-
particles into polymer or organic hosts, synthesizing the
nanoparticles inside such matrixes, connecting particles
with adequate organic spacers, and polymerizing func-
tionalized metal—oxo nanoparticles. All of these strate-
gies have been discussed above in the case of clusters.
Again, building the hybrid structures requires fine-
tuning at the hybrid interface level. The nanoparticles
have to be functionalized to be compatible with the
organic components of the hybrid. In this case, colloidal
interactions must be taken into account, in addition to
the chemical nature of the system. The resulting hybrid
networks can be amorphous or nanostructured or can
even exhibit long-range ordering. In this section, we will
focus on some relevant work performed on hybrid
nanoparticle-based systems using a NBB approach. An
exhaustive review of the synthesis and nature of nano-
particles is beyond of the scope of this work, and the
reader is referred to more specific sources.!17.121

7.1. Synthesis of Functionalized Nanoparticles.
An adequate organically functionalized metal oxide
nanoparticle allows one to design a large variety of new
hybrid materials and devices. However, their organiza-
tion into structured layers or multilayers deposited onto
substrates or as monoliths through tuned “smart”
connections remains an important challenge. Chemi-
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sorption of organic chains on the particle surface
stabilizes the nanoparticles, thus providing functional-
ity. A widespread method of producing colloidal disper-
sions is by means of coating the inorganic particles using
self-assembled monolayers (SAMs). The hybridization
of inorganic particles via surface capping with organic
functionalities can be performed in one step in situ
during particle synthesis or through postfunctionaliza-
tion of the already-synthesized nanoparticles. A central
point is to control the interfacial link between the metal
species and the organic molecules.

Organically Prefunctionalized Nanoparticles. Poly-
condensation of inorganic species can be performed in
the presence of organic complexing ligands. A typical
method for obtaining dispersions of magnetic ferric oxide
nanoparticles, i.e., the so-called magnetic fluids, is to
alkalinize aqueous solutions of metallic salts in the
presence of citrate!?? or surfactants such as oleic acid.123
These species allow one to control the particle size and
ensure the dispersion of the particles in water or organic
solvents, respectively. Dispersions of metallic particles
(Au, Ag, Pd, or Pt) are usually obtained by chemical
reduction of metallic salts in the presence of surfactants
or polymeric ligands.'?a Surfactant-coated metallic
particles (cobalt or iron) are also obtained directly by
decomposition of metal carbonyl species in the presence
of surfactants or polymer.124

Hydrolysis of metal alkoxides with empty d or p
orbitals [Zr(1V), Ce (IV), Ti(1V), Sn(1V), Al(l11)] in the
presence of acetylacetone and a noncomplexing organic
acid (p-toluene sulfonic acid), followed by aging at 60—
80 °C, leads to nonaggregated sols of nanocrystalline
particles whose sizes can be tuned between 2 and 4
nm.81114 Hybrid sols and xerosols made of nanocrystal-
lites of tetragonal ZrO,, TiO, anatase, or SnO; rutile
can also be obtained. The surfaces of these nano-objects
are protected by complexing ligands, such as acetylac-
etonates and a- or S-hydroxy acids. These complexing
agents establish iono-covalent bonds with the particles,
resulting from favorable complexation equilibria with
the metallic atoms located at the particle surface. The
surface structure and the nature of the protecting belt
have been carefully investigated for the titania-based
hybrid materials.8%114d These hybrid nanomaterials
present several interesting properties:

(i) The resulting hybrid sols are precursors of ceramic
films and membranes. The coating process is straight-
forward; no additional organic binders are needed to
shape the ceramics. After removal of the protecting
organic belt by thermal treatment at 300—450 °C, films
made of tunable-size nanocrystallites are obtained.
Following this procedure, nanozirconia coatings have
been made and processed as nanomembranes, able to
work under severe constraints (alkaline medium, T =
400 °C); they are currently commercialized by Orelis-
Rhodia.’?® TiO, nanoanatase coatings exhibiting pho-
tocatalytic properties and Sb-doped-SnO;-based films
with antistatic behavior, having square resistance of
about 80 kQ can also be processed.14¢

(ii) The hybrid xerosols resulting from solvent removal
are also soluble in organic or in polar organic solvents.114d
Therefore, they can be easily redispersed in organic
matrixes.
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(iii) Moreover, the surface-protecting ligands can be
conveniently exchanged with other complexing ligands,
which eventually might offer connectable or polymer-
izable organic functions such as amino, alcohol, meth-
acrylate, pyrrole, or thiophene groups.'?6 These new
ligands could be used as anchoring points to start
polymerization reactions with free monomers. The po-
lymerization should proceed at the surface of the
protected nanosized inorganic particles. This strategy,
already performed for carbon nanoparticles, silsesqui-
oxanes, and inorganic nanoparticles, could be enor-
mously expanded if developed from cheap inorganic
precursors and functional complexing ligands.

Organically Postfunctionalized Nanoparticles. Al-
though several methods are available for obtaining
nanoparticles, wet methods using mono- or biphasic
media are envisaged as being more suitable for large-
scale production. The produced particles can be surface
postfunctionalized in a subsequent step. This process,
of course, depends strongly on the particle nature.

The surface of silica particles can be easily function-
alized by reactions in organic media with alkoxysilane
[R'—Si(OR)3] or chlorosilane (R'—SiCl3) species.1277129
The links between nanosilicas and the silylated func-
tional organic moieties depend on several parameters,
such as surface pretreatment (water and silanol con-
tent), solvent, nature of the organic R functions, etc.
However, the nature of the links and the mechanisms
involved in their formation are still matters of discus-
sion.13% Some organo-functionalized nanosilicas carrying
R groups with alkylamino, alkylacrylate, alkylepoxy,
etc., functions have already been commercialized by
Degussal3! and Clariant.132 The strategy developed for
the hybridization of nanosilicas has been used to func-
tionalize alumina, zirconia, and titania nanoparticles
with trimethoxysilylpropyl methacrylate precursors to
design reactive ceramic fillers for PMMA-based com-
posites.133 A similar approach has been developed for
the functionalization of mesoporous silica, which is, in
fact, the inverse problem: high surface are due to
ordered pore arrays. This is of utmost importance in the
creation of nanoscopic multifunctional materials (selec-
tive sorbents, nanoreactors, etc.).134

Many other metal-oxide-based particles can be de-
rivatized through the use of a functional complexing
ligand. Carboxylate species are widely used to coat ferric
oxide particles.’3> Another interesting example is given
by TiO,, which has been modified by different functional
groups (F—COOH, F—acetylacetone, etc.). The F group
can be, for example, a simple alkyl chain grafted to
promote tribological properties of nanotitania,3¢ a dye
sensitizer anchored to titania to enhance its photochemi-
cal response,’®” an alkylamino group to open new
functionalities, or any polymerizable organic function.
Smart methods for polymerizing MMA at the surface
of nanometric titania particles have already been de-
veloped in the paint and polymer industries.138

Inorganic nanoparticles of titania can also be modified
with titanate alkoxo carboxylate coupling agents such
as Ti(OPri)z(Ozc—CH2—C16H33)(02C—C(CH3)=CH2). The
alkoxotitanate reacts with the hydroxyl groups present
at the TiO; particle surface, leading to modified tita-
nium dioxide particles carrying Ti—0,C—C(CHgz)=CH>
and Ti—0,C—CH,—Cy5H33 hydrophobic groups. As a
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consequence, these modified particles can be dispersed
in an aqueous solution of sodium dodecyl sulfate,
creating a micelle-like structure with an inorganic
particle in the center. In this system, an emulsion
polymerization of MMA can be carried out, and the
resulting materials present a core—shell morphology
with a titania core and a polymer shell made of PMMA.
The PMMA is either covalently bound to the titanate
surface coupling agents by their methacrylate functions
or physically bound by entanglement.

Thiol adsorption is a widely used method for the
functional modification of nanosized entities, such as
metallic,139140 ferric oxide,*! or chalcogenide nanopar-
ticles.*'5142 The hybridization of gold nanoparticles with
modified alkanethiols is widely described and used to
build molecular recognition devices and sensors.3 In
a recent example, gold particles were coated by a
mixture of octanethiol and diacyldiaminopyridine ter-
minated thiol. The resulting composite can be used for
the molecular recognition of flavin.1** Colloidal redox
sensors composed of gold nanoparticles coated by mix-
tures of redox-active amidoferrocenylalkylthiols (“exo
receptors”) and aliphatic chain thiols have been de-
scribed.15 More rigid surface coverages were achieved
by incorporating groups capable of hydrogen bonding
(e.g., amide) in the chains constituting the SAMs.146
Bifunctional chains (like dithiol linkers) are well-suited
for the construction of macro-/mesoscopic particle
arrays.}47-149 In view of applications in the field of
nanoelectronics, aryl dithiol and aryl di-isonitriles,
which allow electron transport, have been used.*8 The
steric hindrance and functionality of the linkers direct
the structure of the final aggregate.

7.2. Hybrid Systems Based on Embedded NBBs.
An easy synthetic pathway to the construction of hybrid
nanocomposites is based on a simple embedding of the
nano-objects within a host matrix. The quality of the
dispersion is improved by fine-tuning the interactions
between the particle surface and the host. Van der
Waals, H-bonding, and solvation interactions ensure
cohesion. The host can be a complex lyotropic self-
assembly or a polymer-based system inside which
inorganic particles can be simply dispersed or generated
in situ.

Lyotropic Systems. Magnetic ferric oxide or metallic
nanoparticles have been introduced in lyotropic systems.
The SAM-coated maghemite (y-Fe,O3) nanoparticles
presented in section 6 can be dispersed in lamellar
systems of SDS—pentanol—water—cyclohexane.%° De-
pending on their surface modification, the nanoparticles
can be confined in the cyclohexane lamellae or in the
aqueous domains (citrate-coated maghemite).151 More
recently, the same kind of hybrid has been made with
silver nanoparticles.’® These hybrids exhibit a large
variety of chemical structures; however, as materials,
they present the major disadvantage of being sensitive
to temperature or compositional fluctuations.

Ordered superlattices composed of nanosized semi-
conducting sulfides have been synthesized within sur-
factant self-assemblies.20.2p.153 Dijffusion of H»S in a
liquid-crystalline (ethylene oxide);o—oleyl—water me-
sophase containing Cd?* ions allows for controlled
nucleation and growth conditions. The resulting hex-
agonal-packed arrays of nanocrystalline CdS, a “mineral
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copy” of the lyotropic phase, present periodicities rang-
ing between 7 and 10 nm. The templating effect is
apparently driven by specific surfactant—metal interac-
tions. This method has been extended to ZnS, Cd;—Zn,S,
and CdSe nanoparticles.??

Polymer Systems. Tridimensional chemical networks,
latex and copolymer self-assemblies have been described
as host matrixesor as templates for meso- or macroporous
materials. Nanoparticles can be either synthesized
within the polymer or postfunctionalized before con-
struction of the hybrid. This section will mostly describe
hybrid assemblies of nanoparticles within polymer
matrixes: bulk gels, latexes, copolymer self-assembled
phases, or dendrimers.

Bulk Gels. Maghemite can be successfully embedded
in polymeric [poly(methylmetacrylate), PMMA or
poly(vinyl alcohol), PVA]*®154 or hybrid silica-based
(HSiO45)15% matrixes, allowing for an excellent disper-
sion of the nanoparticles and retention of their super-
paramagnetic behavior.1*® Very highly magnetic ferro-
gels have been obtained by including citrate-coated
magnetic nanoparticles within polyacrylamide net-
works.108 As no specific interaction is present between
the network and the particles in this case, the latter
can either be trapped in the gel or be released during
the swelling process, depending on the mesh size of the
host polymer.

The polymeric material can also be used as a matrix
for synthesis of the particles, controlling the particle size
and participating in particle dispersion. For example,
silver nanoparticles have been obtained in PMMA
gels,158 cobalt particles in polystyrene networks,” and
magnetic ferric oxide particles in imine polymers.158 In
the latter case, the polymer also acts as a reagent for
particle synthesis.

Latex. Commercial magnetic latex have been used for
the magnetic separation of biochemical species or cells.1>°
The simpler approach consists of dispersing SAM-coated
magnetite nanoparticles in styrene, which is subse-
qguently polymerized. A hybrid dispersion of magnetic
oxide grains in polystyrene (PS) is thus obtained.
Alternative processes have been proposed to increase
the latex magnetization, reduce the polydispersity in
size, and decrease the diameter of the hybrid particles,
i.e., to produce magnetic nanolatex. These include
coating the magnetic nanoparticles with polymerizable
SAMSs160.161  or triblock copolymers.’62 The same
kinds of strategies are described for CdS nanopar-
ticles.163.164

Self-Assemblies of Copolymers. Copolymers, as sur-
factants, also give way to lyotropic structures through
cooperative self-assembly.22d Magnetic ferric oxide nano-
particles coated with PS chains of various lengths have
been confined in the PS domains of smectic phases
obtained with symmetric PS—PMMA or PS—poly(bu-
tylmetacrylate) (PBMA) copolymers.1%5 Using a similar
approach, Pd particles coated with homopolymer were
incorporated into poly(2-vinyl)pyridine-block-polyiso-
prene (P2VP-b-PI) copolymer films.166 However, a more
common approach to such hybrids is to synthesize the
particles inside the copolymer structure swollen by a
solvent. P2VP-b-PI copolymer films incorporating Pd
particles were obtained this way by reducing Pd(I1) ions
in these copolymers swollen in benzyl alcohol.16” CdS
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particles have also been obtained in diblock copolymers
presenting two hydrophilic blocks.1® Amphiphilic poly-
mers such as PODS [poly(octadecylsiloxane)] self-
organize in superstructures presenting alternate water
and organic layers. Metallic particles (Pd, Pt, Au, etc.)
were obtained by reduction of metallic salts confined in
the water layer.1®® As the structures obtained by self-
organization of copolymers depend on the relative length
of each block, results obtained for layered systems could,
in principle, be extended to other structures (e.g., cubic
or hexagonal arrangements).

Dendrimers. High-generation dendrimers are very
well-defined polymers, with potential applications as
host matrixes for nanoparticles.’® Metallic nanopar-
ticles are synthesized inside the dendrimer by reduction
of metallic salts, provided that specific interactions
between some dendrimer functions and the metals are
developed. This procedure permits reaction confinement
in the intradendrimer volume. Nanoparticles encapsu-
lated in the dendrimers do not agglomerate, becoming
interesting candidates indeed for applications in the
fields of catalysis, nonlinear optics (NLO), and photo-
nics. An additional possibility consists of the use of
dendrons (dendrimer branches) as selective gates to
control the access of molecules according to their size.
In a recent example, the reaction of thiol-functionalized
phosphorus-based dendrimers with Auss(PPh3)12Clg clus-
ters, yields well-defined submicron gold particles formed
by bare Auss clusters as building blocks.1”* The den-
drimer behaves in this case as a morphology director,
playing a dual role: they eliminate all ligands around
Au while protecting the surface of the resulting ag-
gregates, based on the high affinity of the thiol extremi-
ties for Au.

7.3. Multiscale Ordered Hybrid Materials Made
through Self-Assembly Processes. Multiscale order-
ing of functional colloidal nanoparticles is a powerful
technique for the creation of macroscopic devices. This
field of research is now coming of age. Multiscale
ordering can be performed through self-assembly pro-
cesses or controlled molecular recognition processes.
Recent articles using these specific patterns of interac-
tions”? describe hybrid materials built from the cou-
pling of biomolecule—NBB,”®* NBB—NBB,74 polymer—
NBB,”> or dendrimer—NBB7® systems. Connections
between complementary functionalized colloidal systems
are addressed following three main strategies: electro-
static coupling and covalent and noncovalent binding.
Recent results in this field will be briefly presented; the
combination of nanoparticulate assemblies and active
molecules has been treated elsewhere!’” and will not
be covered.

Networks Formed through Electrostatic Interactions.
Although electrostatic interactions are often at the
origin of order, only a few colloidal crystals based on
them have been described. Mesoscopic structures of TiO»
anatase nanoparticles have been formed through self-
assembly processes involving class | hybrid composites
made of multiply charged polytitanate anions and
tetramethylammonium cations. These anatase nanoc-
rystals can, in turn, self-assemble into highly ordered
superlattices.'”® Another example is given by the as-
sembly of gold particles covered by quaternary am-
monium bromide salts (RsN*Br~): 2D and 3D organized
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systems have been observed, the separation between the
objects being controlled by the length of R. NBBs
functionalized with primary amines [for example, nano-
sized silica hybridized with (aminopropyl)triethoxysi-
lane] can be subsequently coupled with a “counter NBB”
displaying a complementary surface.1’2 In the simplest
case, the complementary NBB is a gold nanoparticle,
capped at its surface by thiol groups that carry alkyl-
carboxylic functions. By combining these two systems,
simple acid—base chemistry induces an immediate
charge pairing that results in the spontaneous formation
of electrostatically bound mixed colloids.

This strategy is also suitable for preparing nanocom-
posite supported hybrids in the form of films and
membranes. Modified glass (indium tin oxide, ITO,
conductive glass) or gold substrates are the most
widespread supports. The LBL assembly technique
allows for the synthesis of polymer- or particle-based
films. However, covalent linking between the species can
substantially improve the stability and characteristics
of the LBL-assembled nanocomposite films.1® The first
stage involves substrate functionalization; the most
often used chemical reagents are thiols and amines.
Alkylamines (ODA, octadecylamine)8%181 and branched
polymers such as PEI (polyethylenimine)®? induce
efficient interactions with carboxylate-functionalized
metallic particles. Further growth of the layer is ensured
by electrostatic interactions or covalent linking with
cross-linkers such as N,N’-bis(2-aminoethyl)-4,4'-bi-
pyridinium.18 Reduction of AuCl,~ in the presence of a
glass support coated with 3-(mercaptopropyl)trimeth-
oxysilane and dithiols can also lead to LBL assemblies
of gold particles.

Covalent Networks. Covalent binding programmed
assembly can be simply designed by mixing two sets of
NBBs presenting surfaces functionalized with comple-
mentary reactive functions. The most common example
is provided by the aldehyde—amine couple. In addition,
thiol-functionalized nanoparticles are currently em-
ployed for assembling nanoparticles in symmetrically
and spatially well-defined architectures. Organic dithiol
groups acting as molecular bridges ensure a covalent
link between adjacent particles. As mentioned above,
the flexibility, size, and functionality of the linker can
be adjusted according to the application expected for the
hybrid materials. In the case of 8-nm gold particles,
flexible alkane dithiol spacers yield insoluble precipi-
tates of dithiol cross-linked clusters; according to the
experimental procedure, cross-linked networks with 3D-
ordered structures can also be obtained.'*” By using
rigid thiol-functionalized phenylacetylene species of
various symmetries and functionalities as linkers, it is
possible to produce gold arrays of several symmetries
that exhibit interesting nonlinear optical properties
because of the well-defined symmetries and interparticle
spacings.’*’ Recently, the synthesis of a viologen dithiol
as a redox-active linker between gold nanoparticles in
three-dimensional structures was reported.184 A number
of strategies for covalently anchoring functionalized
metal particles or clusters inside nanoporous structures
has been recently reported.185

Noncovalent Interactions. Titania- and zirconia-sup-
ported gold particles constitute a new type of nanocom-
posite potentially able to open new perspectives in the
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field of catalysis. Nanocomposites made of thiol-covered
gold nanoparticles and TiO, ultrathin films were pre-
pared by a combined use of LBL assembly and surface
sol—gel processes. The Au particles stabilized by a
monolayer of 11-hydroxyundecylsulfide present a hy-
droxyl-functionalized surface. This permits the inter-
facial tuning of the Au building blocks and the support-
ing titaniafilms. Asaresult, close-packed monoparticulate
layers are obtained as mono- or multilayer composite
films.18 Interesting electronic properties are expected
for such hybrid materials based on metallic particles.8”
Novel magnetic properties have also been found with
such materials associating magnetite nanoparticles and
clays by LBL techniques.188

Aside from being a suitable hybrid matrix, latex
colloidal nanoparticles can be used to prepare nanopar-
ticle-based hybricks. In fact, the control of core—shell
hybrid NBBs of colloidal dimensions is attracting a great
deal of interest.’89 Recent work by Rhodes et al.l®0
describes the assembly of novel latex core—nanocrys-
talline silicalite shell composites by a simple stepwise
LBL technique. These hybrid combined building blocks
can be subsequently assembled to yield hierarchical
assemblies, precursors to macro-/microporous materials.
This method differs from the usual means of obtaining
macroporous materials by infiltration of colloidal tem-
plates.174191 An interesting point is that, in principle,
the wall thickness, structure, and functionalization of
the resulting hierarchically designed oxide can be
controlled. The latter is yet another very interesting
example of the growing biomimetic approach,192.193
which is gaining considerable interest for the develop-
ment of synthesis strategies for multiscale and hier-
archical materials.194.195

A more sophisticated derivation is constituted by the
so-called biomolecular route, which makes use of very
specific interactions, such as those found in antigen—
antibody pairs, to induce assembly of NBBs.196:197
Streptavidin—biotin complexes are suitable for this
purpose because of their large energies of dissociation
and high stabilities over wide ranges of pH and tem-
perature.143198 This strategy can also open a wide
variety of opportunities for making biologically pro-
grammed nanobuilding block assemblies with clusters
or nanoparticles. A DNA-based method has also been
presented, where noncomplementary DNA oligonucle-
otides capped with thiol groups are attached to gold
particles. An oligonucleotide duplex with “sticky ends”
that are complementary to the two grafted sequences
is subsequently added. The nanoparticles self-assemble
into macroscopic materials, with this assembly being
reversible by thermal denaturation.®® Oligonucleotide-
functionalized Au nanoparticles, in combination with a
complementary thiol—-DNA functionalized Au electrode,
have been recently applied for dendritic amplification
of DNA. The thiol-functionalized oligonucleotide primer
is first adsorbed by covalent links onto a gold support.
Subsequently, the primary generation of dendrimer is
performed by the interaction with the complementary
oligonucleotide-functionalized Au nanoparticles; the
next generations follow the same procedure of specific
recognition between oligonucleotide hybrid nanopar-
ticles, thus performing nonlinear signal amplification.2%°
In addition, layered composites have been obtained by
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in situ synthesis of the inorganic species on polyionic
multilayers?®® or on phospholipidic bilayers. In the latter
case, lipidic tubules have been described as templates
for the synthesis of ferric oxide particles.2°2 Bacterial
tubules also give way to templated hybrid silica struc-
tures.2% These are actually bioinorganic hybrid materi-
als.

A possible future strategy proposed by S. Mann et
al.1% for the organization of complex architectures in
solution would involve dispersions of different nanopar-
ticles, selectively tagged with recognition sites that
define their unique positions in the nanoparticle-based
superstructure to be assembled. As a consequence,
nanoparticles would recognize and selectively bind to
each other upon mixing, yielding assemblies having not
only a well-defined typical length but also presenting a
tailored positional architecture.1%

8. Conclusion and Outlook

Hybrid organic—inorganic materials conquer more
and more of the free spaces left between inorganic
chemistry, polymer chemistry, organic chemistry, and
biology. The progress in this field depends largely on
the core competence of materials chemists and il-
lustrates the central role of chemistry in the develop-
ment of advanced materials with unprecedented per-
formance. An extraordinary amount of research has
appeared in the past 20 years in the field of hybrid
materials, indicating the growing interest of chemists,
physicists, and materials researchers in fully exploiting
this technical opportunity for creating materials and
devices benefiting from the best of the three realms:
inorganic, organic, and biological. This field of research,
which initially grew out of the sol—gel community, is
presently thriving with the appearance of a new class
of mesoscopic hybrid structures engineered at the mo-
lecular or nanometer scale to satisfy the requirements
for a variety of applications from biological and chemical
sensing, catalysis, and selective separation to optical
communications. Many new combinations between an
inorganic component and an organic or biologic compo-
nent are bound to appear in the future. “Chimie Douce”-
based methods allow for the creation of an awesome
variety of highly controlled metal—oxo-based clusters
and nanoparticles of well-defined size, structure, and
interface composition. Moreover, templated-growth-
based processes using organic molecules and macromol-
ecules as structure-directing agents currently permit the
construction of complex hybrid hierarchical architec-
tures. All of this is thanks to the basic understanding
of the role of molecular and supramolecular interactions
between template molecules (surfactants, amphiphilic
block copolymers, organogelators, etc.) and hybrid or
metal—oxo-based networks and NBBs. These strategies
try, in some naive way, to mimic the growth processes
occurring in biomineralization. There is indeed much
to learn from Nature, which is, in fact, the best chemist
for the synthesis of NBB-based hybrids. Biomineraliza-
tion processes lead to the easy and large-scale produc-
tion of regularly organized nano-objects with well-
defined dimensions, interactions, and hierarchies, a task
that still remains a challenge for materials and colloid
chemists.
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However, the recent mastery of some of these char-
acteristics permits the creation of novel hybrid phases,
where the new interest is focused not only on each of
the components, but also on their synergy. The key to
these new synthesis pathways is the interfacial chem-
istry between the NBBs and the organic species. Soon,
original hierarchically ordered materials will be de-
signed through the synthesis of new hybrid nanosyn-
thons (hybridons) having complementary tuned connec-
tivities, allowing for the coding of hybrid assemblies
presenting spatial ordering at different length scales.
Hybridons carrying chirality or/and dissymmetry (Ja-
nus-type NBBs) and complementary functionalities will
open new pathways for the synthesis of these materials.
Indeed, the degree of substitution of NBBs can be
changed, thus changing the local symmetry; moreover,
the presence of different sites with different reactivities
will permit the creation of asymmetric hybrid blocks,
ready to self-assemble. Each functionalized part can
play a defined role in directing assembly processes
through molecular recognition or/and covalent coupling.
The synthesis of functionally dissymmetric nanocolloids
is a more difficult task than it is for clusters, for which
the reactivity and connectivity can be strongly dif-
ferentiated depending on the cluster poles. The creation
of functional asymmetry in nanocolloids was recently
reported. The commonly described techniques work via
a kind of masking process that uses the layer deposition
of spherical nanoparticles combined with the postfunc-
tionalization of one of the accessible surfaces.?%*

Another promising approach, which has not yet been
extensively developed, is based on the kinetic control
of the first nucleation steps to build heteronanocolloids
or block-conanocolloids NBB1—NBB2 (silica—gold, silica—
titania, etc.), which, of course, might be able to bear
different functionalities. These controlled differentia-
tions can be enhanced by the differential reactivity
toward adsorption and complexation of the nanoparticle
surfaces.

The confinement of highly dispersed NBBs in the form
of clusters or nanoparticles in mesoporous hybrid ma-
trixes carrying functional organic groups and the orga-
nization of NBBs on textured substrates are strategies
already described in the literature. They could provide
larger concentrations of active dots and better-defined
systems and avoid coalescence into larger ill-defined
aggregates. Numerous recent reports have already
emphasized the specific magnetic, optical, electrochemi-
cal, chemical, and catalytic properties of nanostructured
hybrid materials built from molecular clusters or col-
loids.

The outlook for nanosciences in the 21st century is
indeed promising. This area will be, as biology, one of
the fields that will contribute to a high level of scientific
and technological development. Hybrid nanocomposites
present paramount advantages to both facilitate inte-
gration and miniaturization of the devices (nanomate-
rials, nanotechnologies) and afford direct connections
among the inorganic, organic, and biological worlds.
Functional nanobuilding blocks facilitate integrative
synthesis pathways, where synergistic assembly and
morphosynthesis can be strongly coupled. The chemical
strategies offered by the coupling of soft chemistry
processes and the NBB approach allow, through an
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intelligent and tuned coding, for the development of a
new vectorial chemistry that is able to direct the
assembling of a large variety of structurally well-defined
clusters or nanoparticles into complex architectures.
Multiscale structured hybrids (from nanometer- to
millimeter-scale) will open a land of opportunities for
designing new materials. Could these new synthesis
strategies allow us to dream of building intelligent
advanced materials that respond to external stimuli,
adapt to their environment, self-replicate, self-repair,
or self-destroy at the end of their useful life cycle?
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