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Preface

Research and development of novel hybrid materials and nanocomposites with
extraordinary properties has become one of the most expanding fields in
materials chemistry in recent years. One reason for this trend is that this class of
materials bridges various scientific disciplines and combines the best attributes
of the different worlds in one system. Traditional materials, such as polymers or
ceramics, can be combined with substances of a dissimilar type, such as biological
molecules and diverse chemical functional groups to form novel functional
materials using a building block approach. In a truly interdisciplinary manner,
inorganic and organic chemistry, physical and biological sciences are united in the
search for novel recipes to create unique materials. The compounds formed often
possess exciting new properties for future functional materials and technological
applications. The hype concerning nanotechnology in recent years has given an
additional boost to this topic. Natural materials often act as a model for these
systems and many examples for biomimetic approaches can be found in the
development of hybrid materials. The requirements of future technologies act as
a driving force for the research and development of these materials.

Many excellent reviews and books have already been published, that summarize
research and developments in hybrid materials and nanocomposites. However
there was still no broad and educational introductory text. This prompted my
co-authors and myself to cooperate to fill this gap and you hold the outcome in
your hands.

Our major goal was to give an introduction to the topic of hybrid materials and
nanocomposites, written by experts in the field, but assuming that the reader does
not have any previous experience of the topic. Therefore it provides graduate stu-
dents, scientists entering the field, and also interested people from other branches
of science, with the opportunity to learn about the basic synthetic and characteri-
zation approaches to this type of material and to get an overview of potential
applications. Of course we could not cover all aspects of this broad topic but I
would say that you find a good cross-section and we leave some space for the fan-
tasy and creativity of the readers.

The book is divided into three sections: the first chapter is an introduction
to the basic chemical principles and characterization of hybrid materials; the
second chapter gives an overview of specific types of hybrid materials in several

Hybrid Materials. Synthesis, Characterization, and Applications. Edited by Guido Kickelbick
Copyright © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31299-3
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Preface

subchapters; and the third part shows some applications. The breadth of the top-
ic means that not all topics can be covered; however the interested reader will find
additional references at the end of each chapter. I would like to thank all contrib-
utors for their effort to write the chapters in a way that experts and non-experts
alike are able to read them. I let the reader judge whether they succeeded. Enjoy
reading this book and if you find mistakes or if you have suggestions for im-
provements please let me know.

Vienna, October 2006 Guido Kickelbick
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1
Introduction to Hybrid Materials
Guido Kickelbick

1.1
Introduction

Recent technological breakthroughs and the desire for new functions generate an
enormous demand for novel materials. Many of the well-established materials,
such as metals, ceramics or plastics cannot fulfill all technological desires for the
various new applications. Scientists and engineers realized early on that mixtures
of materials can show superior properties compared with their pure counterparts.
One of the most successful examples is the group of composites which are formed
by the incorporation of a basic structural material into a second substance, the ma-
trix. Usually the systems incorporated are in the form of particles, whiskers, fibers,
lamellae, or a mesh. Most of the resulting materials show improved mechanical
properties and a well-known example is inorganic fiber-reinforced polymers.
Nowadays they are regularly used for lightweight materials with advanced me-
chanical properties, for example in the construction of vehicles of all types or
sports equipment. The structural building blocks in these materials which are
incorporated into the matrix are predominantly inorganic in nature and show a
size range from the lower micrometer to the millimeter range and therefore their
heterogeneous composition is quite often visible to the eye. Soon it became
evident that decreasing the size of the inorganic units to the same level as the
organic building blocks could lead to more homogeneous materials that allow a
further fine tuning of materials’ properties on the molecular and nanoscale level,
generating novel materials that either show characteristics in between the two orig-
inal phases or even new properties. Both classes of materials reveal similarities
and differences and an attempt to define the two classes will follow below.
However, we should first realize that the origin of hybrid materials did not take
place in a chemical laboratory but in nature.

1.1.1
Natural Origins

Many natural materials consist of inorganic and organic building blocks distrib-
uted on the (macro)molecular or nanoscale. In most cases the inorganic part

Hybrid Materials. Synthesis, Characterization, and Applications. Edited by Guido Kickelbick
Copyright © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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provides mechanical strength and an overall structure to the natural objects
while the organic part delivers bonding between the inorganic building blocks
and/or the soft tissue. Typical examples of such materials are bone, or nacre.

The concepts of bonding and structure in such materials are intensively stud-
ied by many scientists to understand the fundamental processes of their forma-
tion and to transfer the ideas to artificial materials in a so-called biomimetic
approach. The special circumstances under which biological hybrid inorganic—
organic materials are formed, such as ambient temperatures, an aqueous envi-
ronment, a neutral pH and the fascinating plethora of complex geometries pro-
duced under these conditions make the mimicking of such structures an
ultimate goal for scientists. In particular the study of biomineralization and its
shape control is an important target of many scientific studies. This primarily
interface-controlled process still reveals many questions, in particular how such a
remarkable level of morphological diversity with a multiplicity of functions can
be produced by so few building blocks. In addition to questions concerning the
composition of the materials, their unique structures motivate enquiry to get a
deeper insight in their formation, often not only because of their beauty but also
because of the various functions the structures perform. A complex hierarchical
order of construction from the nanometer to the millimeter level is regularly
found in nature, where every size level of the specific material has its function
which benefits the whole performance of the material. Furthermore these differ-
ent levels of complexity are reached by soft chemical self-assembly mechanisms
over a large dimension, which is one of the major challenges of modern mate-
rials chemistry.

Chapter 7 describes the fundamental principles of biomineralization and hybrid
inorganic-organic biomaterials and many applications to medical problems are
shown in Chapter 8.

1.1.2
The Development of Hybrid Materials

Although we do not know the original birth of hybrid materials exactly it is clear
that the mixing of organic and inorganic components was carried out in ancient
world. At that time the production of bright and colorful paints was the driving
force to consistently try novel mixtures of dyes or inorganic pigments and other
inorganic and organic components to form paints that were used thousands of
years ago. Therefore, hybrid materials or even nanotechnology is not an invention
of the last decade but was developed a long time ago. However, it was only at the
end of the 20th and the beginning of the 21st century that it was realized by
scientists, in particular because of the availability of novel physico-chemical char-
acterization methods, the field of nanoscience opened many perspectives for
approaches to new materials. The combination of different analytical techniques
gives rise to novel insights into hybrid materials and makes it clear that bottom-
up strategies from the molecular level towards materials’ design will lead to
novel properties in this class of materials.
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Apart from the use of inorganic materials as fillers for organic polymers, such
as rubber, it was a long time before much scientific activity was devoted to mix-
tures of inorganic and organic materials. One process changed this situation: the
sol-gel process. This process, which will be discussed in more detail later on, was
developed in the 1930s using silicon alkoxides as precursors from which silica was
produced. In fact this process is similar to an organic polymerization starting from
molecular precursors resulting in a bulk material. Contrary to many other proce-
dures used in the production of inorganic materials this is one of the first process-
es where ambient conditions were applied to produce ceramics. The control over
the preparation of multicomponent systems by a mild reaction method also led to
industrial interest in that process. In particular the silicon based sol-gel process
was one of the major driving forces what has become the broad field of inor-
ganic—organic hybrid materials. The reason for the special role of silicon was its
good processability and the stability of the Si—C bond during the formation of a
silica network which allowed the production of organic-modified inorganic
networks in one step.

Inorganic—organic hybrids can be applied in many branches of materials
chemistry because they are simple to process and are amenable to design on the
molecular scale. Currently there are four major topics in the synthesis of inor-
ganic—organic materials: (a) their molecular engineering, (b) their nanometer and
micrometer-sized organization, (c) the transition from functional to multifunc-
tional hybrids, and (d) their combination with bioactive components.

Some similarities to sol-gel chemistry are shown by the stable metal sols and
colloids, such as gold colloids, developed hundreds of years ago. In fact sols pre-
pared by the sol-gel process, i.e. the state of matter before gelation, and the gold
colloids have in common that their building blocks are nanosized particles sur-
rounded by a (solvent) matrix. Such metal colloids have been used for optical
applications in nanocomposites for centuries. Glass, for example, was already
colored with such colloids centuries ago. In particular many reports of the scien-
tific examination of gold colloids, often prepared by reduction of gold salts, are
known from the end of the 18th century. Probably the first nanocomposites were
produced in the middle of the 19th century when gold salts were reduced in the
presence of gum arabic. Currently many of the colloidal systems already known
are being reinvestigated by modern instrumental techniques to get new insights
into the origin of the specific chemistry and physics behind these materials.

1.1.3
Definition: Hybrid Materials and Nanocomposites

The term hybrid material is used for many different systems spanning a wide area
of different materials, such as crystalline highly ordered coordination polymers,
amorphous sol-gel compounds, materials with and without interactions between
the inorganic and organic units. Before the discussion of synthesis and properties
of such materials we try to delimit this broadly-used term by taking into account
various concepts of composition and structure (Table 1.1). The most wide-ranging
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Table 1.1 Different possibilities of composition and structure of hybrid materials.

Matrix: crystalline <> amorphous
organic <> inorganic
Building blocks: molecules <> macromolecules < particles < fibers

Interactions between components: strong <> weak

definition is the following: a hybrid material is a material that includes two
moieties blended on the molecular scale. Commonly one of these compounds
is inorganic and the other one organic in nature. A more detailed definition
distinguishes between the possible interactions connecting the inorganic and
organic species. Class I hybrid materials are those that show weak interactions
between the two phases, such as van der Waals, hydrogen bonding or weak
electrostatic interactions. Class II hybrid materials are those that show strong
chemical interations between the components. Because of the gradual change
in the strength of chemical interactions it becomes clear that there is a steady
transition between weak and strong interactions (Fig. 1.1). For example there are

R
HyC~8i-CHj
OH OH
—& & 4 P R
"'\-n. S \
S' \\ / 'OH B + .';
/’/ ofa {';‘o | N i N N
oSN R & R
Covalent o™ B O o
o]
2T gl
T I~ I'H-\ - i
M .
.—"l"“'D"M““m 'leo ]\O/(IJ
_— =T
Coordinative }" ===
/ﬂﬁro lonic
I \"A\-’"!.M’z
H
S
— Si '
!,SI--..O—" 1'*—-0/'5'.‘\
°sg A °
/;/ T |
N
H-bonding
—Si__ .5l Si
,a "~ t ~0" T~
“‘Sl \ i
/j O,_,_._-Sl

Van-der-Waals
Fig. 1.1 Selected interactions typically applied in hybrid materials and their relative strength.
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Table 1.2 Different chemical interactions and their respective strength.

Type of interaction Strength [k] mol™'] Range Character

van der Waals ca. 50 Short nonselective,
nondirectional

H-bonding 5-65 Short selective, directional

Coordination bonding 50-200 Short directional

Tonic 50-250 Long nonselective

Covalent 350 Short predominantly
irreversible

a Depending on solvent and ion solution; data are for organic media.

hydrogen bonds that are definitely stronger than for example weak coordinative
bonds. Table 1.2 presents the energetic categorization of different chemical inter-
actions depending on their binding energies.

In addition to the bonding characteristics structural properties can also be used
to distinguish between various hybrid materials. An organic moiety containing a
functional group that allows the attachment to an inorganic network, e.g. a tri-
alkoxysilane group, can act as a network modifying compound because in the
final structure the inorganic network is only modified by the organic group.
Phenyltrialkoxysilanes are an example for such compounds; they modify the
silica network in the sol-gel process via the reaction of the trialkoxysilane group
(Scheme 1.1a) without supplying additional functional groups intended to under-
go further chemical reactions to the material formed. If a reactive functional group
is incorporated the system is called a network functionalizer (Scheme 1.1c). The
situation is different if two or three of such anchor groups modify an organic seg-
ment; this leads to materials in which the inorganic group is afterwards an inte-
gral part of the hybrid network (Scheme 1.1b). The latter systems are described in
more detail in Chapter 6.

Blends are formed if no strong chemical interactions exist between the inor-
ganic and organic building blocks. One example for such a material is the com-
bination of inorganic clusters or particles with organic polymers lacking a strong
(e.g. covalent) interaction between the components (Scheme 1.2a). In this case a
material is formed that consists for example of an organic polymer with entrapped
discrete inorganic moieties in which, depending on the functionalities of the
components, for example weak crosslinking occurs by the entrapped inorganic
units through physical interactions or the inorganic components are entrapped in
a crosslinked polymer matrix. If an inorganic and an organic network interpene-
trate each other without strong chemical interactions, so called interpenetrating
networks (IPNs) are formed (Scheme 1.2b), which is for example the case if a
sol-gel material is formed in presence of an organic polymer or vice versa. Both
materials described belong to class I hybrids. Class II hybrids are formed when
the discrete inorganic building blocks, e.g. clusters, are covalently bonded to the
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in the silicon-based sol-gel process.

organic polymers (Scheme 1.2¢) or inorganic and organic polymers are covalently
connected with each other (Scheme 1.2d).

Nanocomposites After having discussed the above examples one question aris-
es: what is the difference between inorganic—organic hybrid materials and inor-
ganic—organic nanocomposites? In fact there is no clear borderline between these
materials. The term nanocomposite is used if one of the structural units, either
the organic or the inorganic, is in a defined size range of 1-100nm. Therefore
there is a gradual transition between hybrid materials and nanocomposites,
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Class | Hybrids

Interpenetrating networks
Class Il Hybrids

Building blocks covalently connected Covalently connected polymers
Scheme 1.2 The different types of hybrid materials.

because large molecular building blocks for hybrid materials, such as large inor-
ganic clusters, can already be of the nanometer length scale. Commonly the term
nanocomposites is used if discrete structural units in the respective size regime
are used and the term hybrid materials is more often used if the inorganic units
are formed in situ by molecular precursors, for example applying sol-gel reactions.
Examples of discrete inorganic units for nanocomposites are nanoparticles,
nanorods, carbon nanotubes and galleries of clay minerals (Fig. 1.2). Usually a
nanocomposite is formed from these building blocks by their incorporation in
organic polymers. Nanocomposites of nanoparticles are discussed in more detail
in Chapter 2 and those incorporating clay minerals in Chapter 4.

1.1.4
Advantages of Combining Inorganic and Organic Species in One Material

The most obvious advantage of inorganic—organic hybrids is that they can favor-
ably combine the often dissimilar properties of organic and inorganic components
in one material (Table 1.3). Because of the many possible combinations of com-
ponents this field is very creative, since it provides the opportunity to invent an
almost unlimited set of new materials with a large spectrum of known and as yet
unknown properties. Another driving force in the area of hybrid materials is the
possibility to create multifunctional materials. Examples are the incorporation of
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Fig. 1.2 Inorganic building blocks used for embedment in an
organic matrix in the preparation of inorganic-organic
nanocomposites: a) nanoparticles, b) macromolecules,
c) nanotubes, d) layered materials.
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Table 1.3 Comparison of general properties of typical inorganic and organic materials.

Properties

Organics (polymers)

Inorganics (SiO,, transition
metal oxides (TMO))

Nature of bonds

TE
Thermal stability
Density

Refractive index

Mechanical properties

Hydrophobicity

Permeability

Electronic properties

Processability

covalent [C—C], van der Waals,

H-bonding

low (—120°C to 200°C)
low (<350°C-450°C)
0.9-1.2

1.2-1.6

elasticity

plasticity

rubbery (depending on T))
hydrophilic

hydrophobic
tpermeable to gases

insulating to conductive
redox properties

high (molding, casting, film
formation, control of viscosity)

ionic or iono-covalent [M—O)]

high (>>200°C)

high (>>100°C)

2.0-4.0

1.15-2.7

hardness

strength

fragility

hydrophilic

low permeability to gases
insulating to semiconductors
(Si0,, TMO)

redox properties (TMO)

magnetic properties

low for powders
high for sol-gel coatings
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inorganic clusters or nanoparticles with specific optical, electronic or magnetic
properties in organic polymer matrices. These possibilities clearly reveal the
power of hybrid materials to generate complex systems from simpler building
blocks in a kind of LEGO © approach.

Probably the most intriguing property of hybrid materials that makes this
material class interesting for many applications is their processing. Contrary to
pure solid state inorganic materials that often require a high temperature treat-
ment for their processing, hybrid materials show a more polymer-like handling,
either because of their large organic content or because of the formation of
crosslinked inorganic networks from small molecular precursors just like in poly-
merization reactions. Hence, these materials can be shaped in any form in bulk
and in films. Although from an economical point of view bulk hybrid materials
can currently only compete in very special areas with classical inorganic or organic
materials, e.g. in the biomaterials sector, the possibility of their processing as thin
films can lead to property improvements of cheaper materials by a simple surface
treatment, e.g. scratch resistant coatings.

Based on the molecular or nanoscale dimensions of the building blocks, light
scattering in homogeneous hybrid material can be avoided and therefore the
optical transparency of the resulting hybrid materials and nanocomposites is,
dependent on the composition used, relatively high. This makes these materials
ideal candidates for many optical applications (Chapter 9). Furthermore, the ma-
terials’ building blocks can also deliver an internal structure to the material which
can be regularly ordered. While in most cases phase separation is avoided, phase
separation of organic and inorganic components is used for the formation of
porous materials, as described in Chapter 5.

Material properties of hybrid materials are usually changed by modifications of
the composition on the molecular scale. If, for example, more hydrophobicity of
a material is desired, the amount of hydrophobic molecular components is
increased. In sol-gel materials this is usually achieved if alkyl- or aryl-substituted
trialkoxysilanes are introduced in the formulation. Hydrophobic and lipophobic
materials are composed if partially or fully fluorinated molecules are included.
Mechanical properties, such as toughness or scratch resistance, are tailored if
hard inorganic nanoparticles are included into the polymer matrix. Because the
compositional variations are carried out on the molecular scale a gradual fine
tuning of the material properties is possible.

One important subject in materials chemistry is the formation of smart
materials, such as materials that react to environmental changes or switchable
systems, because they open routes to novel technologies, for example electroac-
tive materials, electrochromic materials, sensors and membranes, biohybrid
materials, etc. The desired function can be delivered from the organic or
inorganic or from both components. One of the advantages of hybrid materials
in this context is that functional organic molecules as well as biomolecules
often show better stability and performance if introduced in an inorganic
matrix.

9
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1.1.5
Interface-determined Materials

The transition from the macroscopic world to microscopic, nanoscopic and mo-
lecular objects leads, beside the change of physical properties of the material
itself, i.e. the so called quantum size effects, to the change of the surface area of
the objects. While in macroscopic materials the majority of the atoms is hidden
in the bulk of the material it becomes vice versa in very small objects. This is
demonstrated by a simple mind game (Fig. 1.3). If one thinks of a cube of atoms
in tight packing of 16 x 16 x 16 atoms. This cube contains an overall number of
4096 atoms from which 1352 are located on the surface (~33% surface atoms); if
this cube is divided into eight equal 8 x 8 x 8 cubes the overall number is the same
but 2368 atoms are now located on the surface (~58% surface atoms); repeating
this procedure we get 3584 surface atoms (~88% surface atoms). This example
shows how important the surface becomes when objects become very small. In
small nanoparticles (<10nm) nearly every atom is a surface atom that can inter-
act with the environment. One predominant feature of hybrid materials or
nanocomposites is their inner interface, which has a direct impact on the proper-
ties of the different building blocks and therefore on the materials’ properties. As
already explained in Section 1.1.3, the nature of the interface has been used to
divide the materials in two classes dependent on the strength of interaction
between the moieties. If the two phases have opposite properties, such as differ-
ent polarity, the system would thermodynamically phase separate. The same can
happen on the molecular or nanometer level, leading to microphase separation.
Usually, such a system would thermodynamically equilibrate over time. However
in many cases in hybrid materials the system is kinetically stabilized by network-
forming reactions such as the sol-gel process leading to a spatial fixation of the
structure. The materials formed can be macroscopically homogeneous and opti-
cally clear, because the phase segregation is of small length scale and therefore
limited interaction with visible light occurs. However, the composition on the mo-
lecular or nanometer length scale can be heterogeneous. If the phase segregation
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Fig. 1.3 Surface statistical consequences of dividing a cube with
16 X 16 X 16 atoms. N = total atoms, n = surface atoms.
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reaches the several hundred nanometer length scale or the refractive index of the
formed domains is very different, materials often turn opaque. Effects like this are
avoided if the reaction parameters are controlled in such a way that the speed of
network formation is kept faster than the phase separation reactions.

The high surface area of nanobuilding blocks can lead to additional effects;
for example if surface atoms strongly interact with molecules of the matrix by
chemical bonding, reactions like surface reorganization, electron transfer, etc.
can occur which can have a large influence on the physical properties of the
nano-building blocks and thus the overall performance of the material formed. It
is, for example, known that conjugated n-electron systems coordinated to the sur-
face of titania nanoparticles can lead to charge transfer reactions that influence
the color, and therefore the surface electronic properties of the particles.

Nanosized objects, such as inorganic nanoparticles, in addition show a very high
surface energy. Usually if the surface energy is not reduced by surface active agents
(e.g. surfactants), such particles tend to agglomerate in an organic medium. Thus,
the physical properties of the nanoparticles (e.g. quantum size effects) diminish,
and/or the resulting materials are no longer homogeneous. Both facts have effects
on the final material properties. For example the desired optical properties of
nanocomposites fade away, or mechanical properties are weakened. However,
sometimes a controlled aggregation can also be required, e.g. percolation of con-
ducting particles in a polymer matrix increases the overall conductivity of the
material (see Chapter 10).

1.1.6
The Role of the Interaction Mechanisms

In Section 1.1.3 the interaction mechanism between the organic and inorganic
species was used to categorize the different types of hybrid materials, furthermore
of course the interaction also has an impact on the material properties. Weak
chemical interactions between the inorganic and organic entities leave some
potential for dynamic phenomena in the final materials, meaning that over longer
periods of time changes in the material, such as aggregation, phase separation or
leaching of one of the components, can occur. These phenomena can be avoided
if strong interactions are employed such as covalent bonds, as in nanoparticle-
crosslinked polymers. Depending on the desired materials’ properties the inter-
actions can be gradually tuned. Weak interactions are, for example, preferred
where a mobility of one component in the other is required for the target proper-
ties. This is for example the case for ion conducting polymers, where the inor-
ganic ion (often Li*) has to migrate through the polymer matrix.

In many examples the interactions between the inorganic and organic species
are maximized by applying covalent attachment of one to the other species. But
there are also cases where small changes in the composition, which on the first
sight should not result in large effects, can make considerable differences. It was,
for example, shown that interpenetrating networks between polystyrene and
sol-gel materials modified with phenyl groups show less microphase segregation

1
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than sol-gel materials with pure alkyl groups, which was interpreted to be an
effect of n-n-interactions between the two materials.

In addition the interaction of the two components can have an influence on
other properties, such as electronic properties if coordination complexes are
formed or electron transfer processes are enabled by the interaction.

1.2
Synthetic Strategies towards Hybrid Materials

In principle two different approaches can be used for the formation of hybrid
materials: Either well-defined preformed building blocks are applied that react
with each other to form the final hybrid material in which the precursors still at
least partially keep their original integrity or one or both structural units are
formed from the precursors that are transformed into a novel (network) structure.

Both methodologies have their advantages and disadvantages and will be
described here in more detail.

Building block approach As mentioned above building blocks at least partially
keep their molecular integrity throughout the material formation, which means
that structural units that are present in these sources for materials formation can
also be found in the final material. At the same time typical properties of these
building blocks usually survive the matrix formation, which is not the case if
material precursors are transferred into novel materials. Representative examples
of such well-defined building blocks are modified inorganic clusters or nanopar-
ticles with attached reactive organic groups (Fig. 1.4).

Cluster compounds often consist of at least one functional group that allows an
interaction with an organic matrix, for example by copolymerization. Depending
on the number of groups that can interact, these building blocks are able to mod-
ify an organic matrix (one functional group) or form partially or fully crosslinked
materials (more than one group). For instance, two reactive groups can lead to the
formation of chain structures. If the building blocks contain at least three reactive
groups they can be used without additional molecules for the formation of a
crosslinked material.
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Fig. 1.4 Typical well-defined molecular building blocks used in
the formation of hybrid materials.
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Beside the molecular building blocks mentioned, nanosized building blocks,
such as particles or nanorods, can also be used to form nanocomposites. The build-
ing block approach has one large advantage compared with the in situ formation
of the inorganic or organic entities: because at least one structural unit (the build-
ing block) is well-defined and usually does not undergo significant structural
changes during the matrix formation, better structure—property predictions are
possible. Furthermore, the building blocks can be designed in such a way to give
the best performance in the materials’ formation, for example good solubility of
inorganic compounds in organic monomers by surface groups showing a similar
polarity as the monomers.

In situ formation of the components Contrary to the building block approach the
in situ formation of the hybrid materials is based on the chemical transformation
of the precursors used throughout materials’ preparation. Typically this is the case
if organic polymers are formed but also if the sol-gel process is applied to pro-
duce the inorganic component. In these cases well-defined discrete molecules are
transformed to multidimensional structures, which often show totally different
properties from the original precursors. Generally simple, commercially available
molecules are applied and the internal structure of the final material is determined
by the composition of these precursors but also by the reaction conditions. There-
fore control over the latter is a crucial step in this process. Changing one param-
eter can often lead to two very different materials. If, for example, the inorganic
species is a silica derivative formed by the sol-gel process, the change from base
to acid catalysis makes a large difference because base catalysis leads to a more
particle-like microstructure while acid catalysis leads to a polymerlike
microstructure. Hence, the final performance of the derived materials is strongly
dependent on their processing and its optimization.

1.2.1
In situ Formation of Inorganic Materials

Many of the classical inorganic solid state materials are formed using solid pre-
cursors and high temperature processes, which are often not compatible with the
presence of organic groups because they are decomposed at elevated temperatures.
Hence, these high temperature processes are not suitable for the in situ formation
of hybrid materials. Reactions that are employed should have more the character
of classical covalent bond formation in solutions. One of the most prominent
processes which fulfill these demands is the sol-gel process. However, such rather
low temperature processes often do not lead to the thermodynamically most
stable structure but to kinetic products, which has some implications for the
structures obtained. For example low temperature derived inorganic materials
are often amorphous or crystallinity is only observed on a very small length scale,
i.e. the nanometer range. An example of the latter is the formation of metal nano-
particles in organic or inorganic matrices by reduction of metal salts or organo-
metallic precursors.



RO

RO"y

RO

Si—OR

14

1 Introduction to Hybrid Materials

1.2.1.1  Sol-Gel Process

This process is chemically related to an organic polycondensation reaction in
which small molecules form polymeric structures by the loss of substituents. Usu-
ally the reaction results in a three-dimensional (3-D) crosslinked network. The fact
that small molecules are used as precursors for the formation of the crosslinked
materials implies several advantages, for example a high control of the purity and
composition of the final materials and the use of a solvent based chemistry which
offers many advantages for the processing of the materials formed.

The silicon-based sol-gel process is probably the one that has been most inves-
tigated; therefore the fundamental reaction principles are discussed using this
process as a model system. One important fact also makes the silicon-based sol-gel
processes a predominant process in the formation of hybrid materials, which is
the simple incorporation of organic groups using organically modified silanes.
Si—C bonds have enhanced stability against hydrolysis in the aqueous media usu-
ally used, which is not the case for many metal-carbon bonds, so it is possible to
easily incorporate a large variety of organic groups in the network formed. Prin-
cipally R, ,SiX, compounds (n = 1-4, X = OR’, halogen) are used as molecular pre-
cursors, in which the Si—X bond is labile towards hydrolysis reactions forming
unstable silanols (Si—OH) that condensate leading to Si—O—Si bonds. In the
first steps of this reaction oligo- and polymers as well as cyclics are formed sub-
sequently resulting in colloids that define the sol. Solid particles in the sol after-
wards undergo crosslinking reactions and form the gel (Scheme 1.3).
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Scheme 1.3 Fundamental reaction steps in the sol-gel process based on tetrialkoxysilanes.

The process is catalyzed by acids or bases resulting in different reaction mech-
anisms by the velocity of the condensation reaction (Scheme 1.4). The pH used
therefore has an effect on the kinetics which is usually expressed by the gel point
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Scheme 1.4 Differences in mechanism depending on the type
of catalyst used in the silicon-based sol-gel process.

of the sol-gel reaction. The reaction is slowest at the isoelectric point of silica
(between 2.5 and 4.5 depending on different parameters) and the speed increases
rapidly on changing the pH. Not only do the reaction conditions have a strong
influence on the kinetics of the reaction but also the structure of the precursors.
Generally, larger substituents decrease the reaction time due to steric hindrance.
In addition, the substituents play a mature role in the solubility of the precursor
in the solvent. Water is required for the reaction and if the organic substituents
are quite large usually the precursor becomes immiscible in the solvent. By chang-
ing the solvent one has to take into account that it can interfere in the hydrolysis
reaction, for example alcohols can undergo trans-esterification reactions leading to
quite complicated equilibria in the mixture. Hence, for a well-defined material the
reaction conditions have to be fine-tuned.

The pH not only plays a major role in the mechanism but also for the micro-
structure of the final material. Applying acid-catalyzed reactions an open network
structure is formed in the first steps of the reaction leading to condensation of
small clusters afterwards. Contrarily, the base-catalyzed reaction leads to highly
crosslinked sol particles already in the first steps. This can lead to variations in the
homogeneity of the final hybrid materials as will be shown later. Commonly used
catalysts are HCl, NaOH or NH,OH, but fluorides can be also used as catalysts
leading to fast reaction times.

The transition from a sol to a gel is defined as the gelation point, which is the
point when links between the sol particles are formed to such an extent that a sol-
id material is obtained containing internal pores that incorporate the released
alcohol. However at this point the reaction has not finished, but condensation
reactions can go on for a long time until a final stage is reached. This process is
called ageing. During this reaction the material shrinks and stiffens. This process
is carried on in the drying process, where the material acquires a more compact
structure and the associated crosslinking leads to an increased stiffness. During
the drying process the large capillary forces of the evaporating liquids in the porous
structure take place which can lead to cracking of the materials. Reaction param-
eters such as drying rate, gelation time, pH, etc. can have a major influence on
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the cracking of the gels and have therefore to be optimized. Under some circum-
stances the destruction of the gel network can lead to the formation of powders
instead of monoliths during materials formation.

Stress during the drying process can be avoided if the liquid in the pores is ex-
changed under supercritical conditions where the distinction between liquid and
vapor no longer exists. This process leads to so-called highly porous aerogels com-
pared with the conventionally dried xerogels.

As already mentioned above many parameters influence the speed of the sol-gel
reaction; if a homogeneous material is required all parameters must be optimized.
This is particularly true if hybrid materials are the target, because undesired phase
separations of organic and inorganic species in the materials or between the net-
work and unreacted precursors weaken the materials’ properties. This can often
even be observed by the naked eye if the material turns opaque.

The water to precursor ratio is also a major parameter in the sol-gel process. If
tetraalkoxysilanes are used as precursors, two water molecules per starting com-
pound are necessary to form completely condensed SiO,. Applying a lower H,0/Si
ratio, would lead to an alkoxide containing final material.

1.2.1.2  Nonhydrolytic Sol-Gel Process

In this process the reaction between metal halides and alkoxides is used for the
formation of the products (Scheme 1.5). The alkoxides can be formed during the
process by various reactions. Usually this process is carried out in sealed tubes at
elevated temperature but it can also be employed in unsealed systems under an
inert gas atmosphere.

Non-hydrolytic sol-gel process:
M-Cl + M-OR » M-O-M + R-Cl

In situ formation of alkoxides:
M-Cl + R-O-R —>» M-OR + R-CI

M-Cl + R-OH —>» M-OR + HCI
Scheme 1.5 Mechanisms involved in the nonhydrolytic sol-gel process.

1.2.1.3  Sol-Gel Reactions of Non-Silicates

Metal and transition-metal alkoxides are generally more reactive towards hydroly-
sis and condensation reactions compared with silicon. The metals in the alkoxides
are usually in their highest oxidation state surrounded by electronegative —OR lig-
ands which render them susceptible to nucleophilic attack. Transition metal alkox-
ides show a lower electronegativity compared with silicon which causes them to
be more electrophilic and therefore less stable towards hydrolysis in the sol-gel
reactions. Furthermore, transition metals often show several stable coordination
environments. While the negatively charged alkoxides balance the charge of the
metal cation they generally cannot completely saturate the coordination sphere of
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Fig. 1.5 Typical coordination patterns between bi- and
multidentate ligands and metals that can be applied for the
incorporation of organic functionalities in metal oxides.

the metals, which leads to the formation of oligomers via alkoxide or alcohol
bridges and/or the saturation of the coordination environment by additional
coordination of alcohol molecules, which also has an impact on the reactivity of
the metal alkoxides. More sterically demanding alkoxides, such as isopropoxides,
lead to a lower degree of aggregation and smaller alkoxides, such as ethoxides or
n-propoxides, to a larger degree of aggregation. In addition, the length of the alkyl
group in the metal alkoxides also influences their solubility in organic solvents,
for example ethoxides often show a much lower solubility as their longer alkyl
chain containing homologs.

As already mentioned M—C bonds in metal alkoxides are in most cases not
stable enough to survive the sol-gel conditions. Therefore, contrary to the silica
route, other mechanisms have to be employed if it is desired that hybrid
inorganic—organic metal oxide materials be formed in a one-step approach.
One solution to the latter problem is the use of organically functionalized bi- and
multidentate ligands that show a higher bonding stability during the sol-gel
reaction and, in addition, reduce the speed of the reaction by blocking coordina-
tion sites (Fig. 1.5).

1.2.1.4 Hybrid Materials by the Sol-Gel Process

Organic molecules other than the solvent can be added to the sol and become phys-
ically entrapped in the cavities of the formed network upon gelation. For this pur-
pose the molecules have to endure the reaction conditions of the sol-gel process,
namely the aqueous conditions and the pH of the environment. Hence, functional
organic groups that can be hydrolyzed are not tolerated, but a partial tolerance for
the pH can be obtained if the sol-gel reaction is carried out in a buffer solution.
This is particularly necessary if biological molecules, such as enzymes, are to be
entrapped in the gel. Physical entrapment has the disadvantage that sometimes
the materials obtained are not stable towards phase separation or leaching because
of differences in polarity. Chemical modification of organic compounds with tri-
alkoxysilane groups can partially avoid such problems due to co-condensation dur-
ing the formation of the sol-gel network and thus development of covalent
linkages to the network. Trialkoxysilane groups are typically introduced by a plat-
inum catalyzed reaction between an unsaturated bond and a trialkoxysilane
(Scheme 1.6).
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Scheme 1.6 Platinum catalyzed hydrosilation for the introduction of trialkoxysilane groups.

While the formation of homogeneous materials with a chemical link between
the inorganic and organic component is in many cases the preferred route, there
are cases where a controlled phase separation between the entrapped organic mol-
ecules and the sol-gel material is compulsory for the formation of the material,
for example in the preparation of mesoporous materials (Chapter 5).

Besides the entrapment of organic systems, precursors with hydrolytically
stable Si—C bonds can also be used for co-condensation reactions with tetraalk-
oxysilanes. In addition, organically functionalized trialkoxysilanes can also be
used for the formation of 3-D networks alone forming so called silsesquioxanes
(general formula R-SiO; ;) materials. Generally a 3-D network can only be obtained
if three or more hydrolyzable bonds are present in a molecule. Two such bonds
generally result in linear products and one bond leads only to dimers or allows a
modification of a preformed network by the attachment to reactive groups on the
surface of the inorganic network (Fig. 1.6). Depending on the reaction conditions
in the sol-gel process smaller species are also formed in the organotrialkoxysilane-
based sol-gel process, for example cage structures or ladder-like polymers
(Fig. 1.6). Because of the stable Si—C bond the organic unit can be included with-
in the silica matrix without transformation. There are only a few Si—C bonds that
are not stable against hydrolysis, for example the Si—C=C bond where the Si—
C bond can be cleaved by H,0 if fluoride ions are present. Some typical examples
for trialkoxysilane compounds used in the formation of hybrid materials are
shown in Scheme 1.7. Usually the organic functionalizations have a large influ-
ence on the properties of the final hybrid material. First of all the degree of con-
densation of a hybrid material prepared by trialkoxysilanes is generally smaller
than in the case of tetraalkoxysilanes and thus the network density is also reduced.
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Fig. 1.6 Formation of different structures during hydrolysis in
dependence of the number of organic substituents compared to
labile substituents at the silicon atom.
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In addition, the functional group incorporated changes the properties of the final
material, for example fluoro-substituted compounds can create hydrophobic and
lipophobic materials, additional reactive functional groups can be introduced to
allow further reactions such as amino, epoxy or vinyl groups (Scheme 1.7). Beside
molecules with a single trialkoxysilane group also multifunctional organic mole-
cules can be used, which are discussed in more detail in Chapter 6.

@Si(OR)S H3C—Si(OR); /\/\/\/\/WSKOR)S
)H(O\/\/Si(OR)s (|)>/\O/\/\Si(OR)3 HoN._~_Si{OR)3
O
O:C:N\/\/Si(OR)g, - SiOR);3 H-Si(OR),

Scheme 1.7 Trialkoxysilane precursors often used in the sol-gel process.

More detailed discussions of the sol-gel process can be found in the cited
literature.

1.2.1.5 Hybrid Materials Derived by Combining the Sol-Gel Approach and
Organic Polymers
Compared with other inorganic network forming reactions, the sol-gel processes
show mild reaction conditions and a broad solvent compatibility. These two char-
acteristics offer the possibility to carry out the inorganic network forming process
in presence of a preformed organic polymer or to carry out the organic polymer-
ization before, during or after the sol-gel process. The properties of the final
hybrid materials are not only determined by the properties of the inorganic and
organic component, but also by the phase morphology and the interfacial region
between the two components. The often dissimilar reaction mechanisms of the
sol—gel process and typical organic polymerizations, such as free radical polymer-
izations, allow the temporal separation of the two polymerization reactions which
offers many advantages in the material formation.

One major parameter in the synthesis of these materials is the identification of
a solvent in which the organic macromolecules are soluble and which is compat-
ible with either the monomers or preformed inorganic oligomers derived by the
sol-gel approach. Many commonly applied organic polymers, such as polystyrene
or polymethacrylates, are immiscible with alcohols that are released during the
sol—gel process and which are also used as solvents, therefore phase separation is
enforced in these cases. This can be avoided if the solvent is switched from the
typically used alcohols to, for example, THF in which many organic polymers are
soluble and which is compatible with many sol-gel reactions. Phase separation
can also be avoided if the polymers contain functional groups that are more com-
patible with the reaction conditions of the sol-gel process or even undergo an
interaction with the inorganic material formed. This can be achieved, for example
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by the incorporation of OH-groups that interact with, for example, hydroxyl groups
formed during the sol-gel process or by ionic modifications of the organic poly-
mer. Covalent linkages can be formed if functional groups that undergo hydroly-
sis and condensation reactions are covalently attached to the organic monomers.
Some typically used monomers that are applied in homo- or copolymerizations
are shown in Scheme 1.8.
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trialkoxysilane -trialkoxysilane

Scheme 1.8 Organic monomers typically applied in the
formation of sol-gel/organic polymer hybrid materials.

1.2.2
Formation of Organic Polymers in Presence of Preformed Inorganic Materials

If the organic polymerization occurs in the presence of an inorganic material to
form the hybrid material one has to distinguish between several possibilities to
overcome the incompatibilty of the two species. The inorganic material can either
have no surface functionalization but the bare material surface; it can be modified
with nonreactive organic groups (e.g. alkyl chains); or it can contain reactive sur-
face groups such as polymerizable functionalities. Depending on these prerequi-
sites the material can be pretreated, for example a pure inorganic surface can be
treated with surfactants or silane coupling agents to make it compatible with the
organic monomers, or functional monomers can be added that react with the sur-
face of the inorganic material. If the inorganic component has nonreactive organic
groups attached to its surface and it can be dissolved in a monomer which is sub-
sequently polymerized, the resulting material after the organic polymerization, is
a blend. In this case the inorganic component interact only weakly or not at all
with the organic polymer; hence, a class I material is formed. Homogeneous
materials are only obtained in this case if agglomeration of the inorganic compo-
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nents in the organic environment is prevented. This can be achieved if the
interactions between the inorganic components and the monomers are better or
at least the same as between the inorganic components. However, if no strong
chemical interactions are formed, the long-term stability of a once homogeneous
material is questionable because of diffusion effects in the resulting hybrid mate-
rial. Examples of such materials are alkyl chain functionalized silica nanoparticles
that can be introduced into many hydrophobic polymers, the use of block copoly-
mers containing a poly(vinyl pyridine) segment that can attach to many metal
nanoparticles, or the use of hydroxyethyl methacrylates in the polymerization mix-
ture together with metal oxide nanoparticles. In the latter example hydrogen
bridges are formed between the polymer matrix and the particle surface. The
stronger the respective interaction between the components, the more stable is the
final material. The strongest interaction is achieved if class IT materials are formed,
for example with covalent interactions. Examples for such strong interactions are
the use of surface-attached polymerizable groups that are copolymerized with
organic monomers. Some examples of such systems are shown in the Chapters 2
and 3.

If a porous 3-D inorganic network is used as the inorganic component for the
formation of the hybrid material a different approach has to be employed depend-
ing on the pore size, the surface functionalization of the pores and the stiffness of
the inorganic framework. In many cases intercalation of organic components into
the cavities is difficult because of diffusion limits. Several porous or layered
inorganic materials have already been used to prepare hybrid materials and
nanocomposites. Probably the most studied materials, class in this respect is that
of two-dimensional (2-D) layered inorganic materials that can intercalate organic
molecules and if polymerization between the layers occurs even exfoliate, produc-
ing nanocomposites. Contrary to intercalated systems the exfoliated hybrids only
contain a small weight percentage of host layers with no structural order. The prepa-
ration of such materials is described in more detail in Chapter 4 but principally
three methods for the formation of polymer—clay nanocomposites can be used:

1. Intercalation of monomers followed by in situ
polymerization

2. Direct intercalation of polymer chains from solution

3. Polymer melt intercalation

The method applied depends on the inorganic component and on the polymer-
ization technique used and will not be discussed in this introductory chapter.
Contrary to the layered materials, which are able to completely delaminate if the
forces produced by the intercalated polymers overcome the attracting energy of
the single layers, this is not possible in the case of the stable 3-D framework struc-
tures, such as zeolites, molecular sieves and M41S-materials. The composites
obtained can be viewed as host—guest hybrid materials. There are two possible
routes towards this kind of hybrid material; (a) direct threading of preformed poly-
mer through the host channels (soluble and melting polymers) which is usually
limited by the size, conformation, and diffusion behavior of the polymers and,
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(b) the in situ polymerization in the pores and channels of the hosts. The latter is
the most widely used method for the synthesis of such systems. Of course, diffu-
sion of the monomers in the pores is a function of the pore size, therefore the
pores in zeolites with pore sizes of several hundred picometers are much more
difficult to use in such reactions than mesoporous materials with pore diameters
of several nanometers. Two methods proved to be very valuable for the filling
of the porous structures with monomers: one is the soaking of the materials in
liquid monomers and the other one is the filling of the pores in the gas phase. A
better uptake of the monomers by the inorganic porous materials is achieved if
the pores are pre-functionalized with organic groups increasing the absorption
of monomers on the concave surface. In principle this technique is similar to
the increase of monomer absorption on the surface of silica nanoparticles by the
surface functionalization with silane coupling agents.

Beside of well-defined 3-D porous structures, sol-gel networks are also inher-
ently porous materials. Uniform homogeneous materials can be obtained if the
solvent of the sol-gel process is a monomer for a polymerization. This can be poly-
merized in a second step after the sol-gel process has occurred. It is much more
difficult to functionalize a dry porous xerogel or aerogel because here a stiff inor-
ganic network has already formed and has to be filled again with organic
monomers. Principally the same methods as in the case of the ordered 3-D net-
works can be used for this purpose. Infiltration of preformed polymers into sol-gel
networks is as difficult as in the case of the well-ordered porous systems because
of the difficulties connected with the slow diffusion of organic polymer chains into
the porous inorganic network.

1.23
Hybrid Materials by Simultaneous Formation of Both Components

Simultaneous formation of the inorganic and organic polymers can result in the
most homogeneous type of interpenetrating networks. Usually the precursors for
the sol-gel process are mixed with monomers for the organic polymerization and
both processes are carried out at the same time with or without solvent. Applying
this method, three processes are competing with each other: (a) the kinetics of the
hydrolysis and condensation forming the inorganic phase, (b) the kinetics of the
polymerization of the organic phase, and (c) the thermodynamics of the phase sep-
aration between the two phases. Tailoring the kinetics of the two polymerizations
in such a way that they occur simultaneously and rapidly enough, phase separa-
tion is avoided or minimized. Additional parameters such as attractive interactions
between the two moieties, as described above can also be used to avoid phase
separation.

One problem that also arises from the simultaneous formation of both networks
is the sensitivity of many organic polymerization processes for sol-gel conditions
or the composition of the materials formed. Ionic polymerizations, for example,
often interact with the precursors or intermediates formed in the sol-gel process.
Therefore, they are not usually applied in these reactions; instead free radical poly-
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Fig. 1.7 Silicon sol-gel precursors with polymerizable alkoxides
for ring opening metathesis polymerization (ROMP) or free
radical polymerization.

merizations are the method of choice. This polymerization mechanism is very
robust and can lead to very homogeneous materials. However, only selected, in
particular vinyl, monomers can be used for this process. In addition, it is often
also necessary to optimize the catalytic conditions of the sol-gel process. It is
known, for example, that if the silicon sol—gel process is used basic catalysis leads
to opaque final materials while the transparency can be improved if acidic condi-
tions are used. This is most probably due to the different structures of the silica
species obtained by the different approaches. While base catalysis leads to more
particle-like networks that scatter light quite easily, acid catalysis leads to more
polymer-like structures. Of course not only these parameters play a role for the
transparency of the materials but also others such as the refractive index differ-
ence between organic polymer and inorganic species.

A very clever route towards hybrid materials by the sol-gel process is the use of
precursors that contain alkoxides which also can act as monomers in the organic
polymerization. The released alkoxides are incorporated in the polymers as the
corresponding alcohol while the sol-gel process is carried out (Fig. 1.7). This leads
to nanocomposites with reduced shrinkage and high homogeneity.

1.2.4
Building Block Approach

In recent years many building blocks have been synthesized and used for the
preparation of hybrid materials. Chemists can design these compounds on a
molecular scale with highly sophisticated methods and the resulting systems are
used for the formation of functional hybrid materials. Many future applications,
in particular in nanotechnology, focus on a bottom-up approach in which complex
structures are hierarchically formed by these small building blocks. This idea is
also one of the driving forces of the building block approach in hybrid materials.
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Another point which was also already mentioned is the predictability of the final
material properties if well-defined building blocks are used.

A typical building block should consist of a well-defined molecular or nanosized
structure and of a well-defined size and shape, with a tailored surface structure
and composition. In regard of the preparation of functional hybrid materials the
building block should also deliver interesting chemical or physical properties, in
areas like conductivity, magnetic behavior, thermal properties, switching possibil-
ities, etc. All these characteristics should be kept during the material formation,
for example the embedment into a different phase. Building blocks can be inor-
ganic or organic in nature, but because they are incorporated into another phase
they should be somehow compatible with the second phase. Most of the times the
compatibility is achieved by surface groups that allow some kind of interaction
with a second component.

1.2.4.1 Inorganic Building Blocks

Prime examples of inorganic building blocks that can keep their molecular
integrity are cluster compounds of various compositions. Usually clusters are
defined as agglomerates of elements that either exclusively contain pure metals
or metals in mixture with other elements. Although the classical chemical
understanding of a cluster includes the existence of metal-metal bonds, the term
cluster should be used in the context of this book in its meaning of an agglomerate
of atoms in a given shape. Regularly pure metal clusters are not stable without
surface functionalization with groups that decrease surface energy and thus avoid
coalescence to larger particles. Both coalescence and surface reactivity of clusters
are closely related to that of nanoparticles of the same composition. Because of
this similarity and the fact that the transition from large clusters to small nanopar-
ticles is fluent, we will not clearly distinguish between them. While in com-
monly applied metal clusters the main role of the coordinating ligands is the
stabilization, they also can serve for a better compatibilization or interaction with
an organic matrix. Similar mechanisms are valid for binary systems like metal
chalcogenide or multicomponent clusters. Hence, the goal in the chemical design
of these systems is the preparation of clusters carrying organic surface function-
alizations that tailor the interface to an organic matrix by making the inorganic
core compatible and by the addition of functional groups available for certain in-
teractions with the matrix. One major advantage of the use of clusters is that they
are small enough that usual chemical analysis methods such as liquid NMR spec-
troscopy and, if one is lucky, even single crystal X-ray diffraction can be used for
their analysis. The high ratio between surface groups and volume makes it possi-
ble to get important information of the bonding situation in such systems and
makes these compounds to essential models for larger, comparable systems, such
as nanoparticles or surfaces.

Two methods are used for the synthesis of such surface-functionalized molecu-
lar building blocks: either the surface groups are grafted to a pre-formed cluster
(“post-synthesis modification” method) or they are introduced during the cluster
synthesis (“in-situ” method).
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Surface-functionalized metal clusters are one prominent model system for well-
defined inorganic building blocks that can be used in the synthesis of hybrid
materials. However, as with many other nanoscaled materials it is not possible
to synthesize such pure clusters and to handle them without a specific surface cov-
erage that limits the reactivity of the surface atoms towards agglomeration. From
the aspect of the synthesis of hybrid materials this is no problem as long as the
surface coverage of the cluster or nanoparticle contains the desired functionalities
for an interaction with an organic matrix. A typical example of such a cluster is
the phosphine-stabilized gold cluster of the type Auss(PPh,),,Cl, which is prepared
by reduction of AuCl[PPh,] with diborane. Blocking of surface sites by PPh,
ligands guarantees the size limitation of these clusters and avoids their
further growth. However, these phosphine-stabilized clusters are still unstable for
example at elevated temperatures, which limits their applications. While triph-
enylphosphine only stabilizes the surface further functionalities can be included
by an exchange of these capping agents. Ligand-exchange of the phosphine sur-
face functionalization with alkyl- and arylthiols results in the corresponding thiol-
stabilized cluster. This exchange leads to a complete substitution of the PPh,
because of the better bonding capabilities of thiols to gold atoms compared with
phosphines. A similar process is also used for the ligand exchange of stabilizing
citrate groups on the surface of gold nanoparticles obtained by the reduction of
HAuCl, by sodium citrate. The mild conditions during the exchange process (sim-
ple stirring in an organic solvent at room temperature), allows the functionaliza-
tion of the clusters with different functionalized thiol ligands. Similar surface
functionalizations can be carried out with other metal clusters and nanoparticles
and with a variety of metal chalcogenide systems.

Beside pure metal clusters and nanoparticles an interesting class of materials
are metal oxides, because they have interesting magnetic and electronic proper-
ties often paired with low toxicity. Simple easy-to-synthesize oxidic compounds are
silicon-based systems such as silica particles or spherosilicate clusters, therefore
these systems are often used as model compounds for the class of metal oxides,
although they do not really represent the class of transition metal oxides that are
probably more often used in technological relevant areas. Silica particles or spher-
osilicate clusters both have in common that the surface contains reactive oxygen
groups that can be used for further functionalization (Fig. 1.8). Mono-functional
polyhedral silsesquioxane (POSS) derivatives of the type R'R,Si,O,, (R” = functional
group, R = nonfunctional group) are prepared by reacting the incompletely con-
densed molecule R,Si,0,(OH); with R’SiCl,. The eighth corner of the cubic closo
structure is inserted by this reaction, and a variety of functional organic groups R’
can be introduced, such as vinyl, allyl, styryl, norbornadienyl, 3-propyl methacry-
late, etc (Fig. 1.8a). The incompletely condensed compounds R,Si,0,(OH);, are
obtained when certain bulky groups R (e.g. cyclopentyl, cyclohexyl, tert.-butyl) pre-
vent the formation of the closo structures from RSiX; precursors and lead to the
precipitation of open-framework POSS. These bulky substituents not only lead to
open framework structures but also increase the solubility of the inorganic units
in organic solvents. The closed cubic systems still show the high solubility which
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Fig. 1.8 Preparation of various well-defined silicon-based building blocks.

is necessary if the inorganic building blocks are to be incorporated in an organic
environment for the functionalization of organic materials. The simple handling
of these systems caused their boom in the preparation of hybrid materials. Other
popular silsesquioxanes that have been prepared are the octahydrido- or the
octavinyl-substituted molecules, which offer eight reactive sites. While the prepa-
ration of these systems is still very costly not least because of the low yields of the
targeted products, another building block is much easier to obtain, namely spher-
osilicates. The polyhedral silicate species [O-SiO,,],"” are commonly prepared by
hydrolysis of Si(OR), in the presence of quaternary ammonium hydroxide (Fig.
1.8b). The best investigated compound is the cubic octamer (n = 8, “double four-
ring”, D4R). Spherosilicates are obtained from inorganic silica sources and can be
considered the smallest piece of silica. The length of a Si—O—Si edge in the D4R
structure is approximately 0.3nm and the diameter of the cluster (Si—Si distance)
0.9nm. Therefore the molecules can be considered sub-nanometer particles or —
including the organic groups — particles in the low nanometer range. The anion-
ic oxidic surface of the species [SiO;),],"” mimics the surfaces of larger silica parti-
cles, and therefore the polyhedral silicate clusters are also model systems for
(nano)particles. After functionalization usually eight reaction sites are attached
to these silica cores. Some typical reactions lead to the attachment of initiating
or polymerizable groups at the corners and therefore the resulting clusters can
be used as multifunctional initiators for polymerizations or as crosslinking
monomers.

Recently the modification and embedment of transition-metal oxide clusters and
particles has become more and more important, because of their catalytic, mag-
netic or electric properties. Chemical approaches different to those of silicate sys-
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tems are often required for the attachment of organic groups to the surface of
these compounds. The reason for these differences is the changed reactivity of
these species, for example metal oxides often do not show highly nucleophilic oxy-
gen atoms at their surface and charges are frequently delocalized over the whole
cluster core. A variety of methods can be used for surface functionalization of pure
clusters or nanoparticles depending on the reactivity of the surface, which often
changes with parameters such as the pH value. In many cases only weak interac-
tions are used to compatibilize the inorganic cluster or particle with an organic
matrix, e.g. electrostatic interactions. Compatibilizing agents such as surfactants
(e.g. amphiphilic molecules or block copolymers) are regularly used to increase
the compatibility of the clusters or nanoparticles with an organic matrix. These
molecules have two segments of which one undergoes interactions with the sur-
face of the inorganic particle, for example by electrostatic or hydrogen bonding,
and the other one, commonly a nonpolar block, interacts with the surrounding
organic phase. However, functionalization of the cluster’s surface by stable at-
tachment of organic groups is preferred to a compatibilization with surfactants.
Two methods can be employed for such a modification: either a cluster or parti-
cle is prepared in a first step and the surface is subsequently modified, or the
surface functionalization is obtained in situ during the preparation.

Post-synthetic modification ~Post synthetic modification means that the cluster or
nanoparticle is formed in a first step applying well-established procedures and the
functionalization with organic groups is applied in a second step. Reactive surface
functionalizations are required that allow a chemical reaction with the surface
decorating molecules, for example nucleophilic substitution reactions. In the case
of silica-based building blocks typically surface OH-groups are reacted with
so-called silane coupling agents of the general composition R,_,SiX,(n=1-3; R =
functional or nonfunctional organic group; X = halide or OR’) to form stable co-
valent bonds as shown in Fig. 1.9. These molecules contain reactive Si—Cl or Si—
OR groups that react with surface Si—OH groups to form stable Si—O—Si bonds.
A plethora of such coupling agents is commercially available, containing various
organic functional groups. If the desired group is not commercially accessible the
molecule can easily be synthesized by a hydrosilation reaction. These compounds
are used for the modification of silica particles or silica networks obtained in the
sol-gel process. Other surface reactions can also be applied, for example the
transformation of silanol groups into Si—Cl bonds followed by reactions with
nucleophiles.

Prominent examples of nanoparticles that are functionalized by such methods
are so-called Stober particles which are monodispersed silica particles with

i—OH , —0_L_ o
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Fig. 1.9 A typical reaction of surface silanol-groups at the
surface of an silica nanoparticle with a silane coupling agent.
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diameters between 5nm and 200nm and low particle size distributions. Similarly
to spherosilicates they are formed from Si(OR), under alkaline conditions.

Only a few oxo clusters of other elements have similarly been substituted by
functional silane coupling agents. The reason is that the surface functionalities in
most clusters regularly lack the reactivity, e.g. basicity, of silicate surfaces, which
is often based on the fact that negative charges are delocalized over the whole clus-
ter. One of the few examples is the lacunary heterotungstate cluster [SiW,,05]*,
in which the negative charge is rather located on two oxygen atoms. Derivatiza-
tion of this cluster was obtained by reaction with various organotrichloro- or organ-
otriethoxysilanes RSiX; (X = Cl or OEt) containing polymerizable groups R (R =
allyl, vinyl, styryl or 3-methacryloxypropyl, [(CH,);C(O)OCMe=CH,]). The ob-
tained anionic clusters have the composition [SiW;055(O;Si,R,)]* containing two
functional organic substituents per cluster unit.

Another way to attach functional groups to the surface of a preformed building
block is the exchange of surface groups similar to the above mentioned ligand
exchange on gold clusters. In such a reaction the charge and coordination num-
ber balance of the surface atoms must be retained, which is more complicated in
the case of metal oxides with their heterogeneous surface than with the homoge-
neous surface of metal clusters and particles. Electrostatic or weak coordinative
bonds between surface metals and organic groups are ideally suited for this reac-
tion type. Many stabilized metal oxide species such as titanium oxo clusters can,
for example, exchange surface alkoxide groups with other alkoxides.

In the case of metal oxo clusters or metal oxide particles containing metals in
high oxidation states it is often difficult to attach functionalized surface molecules,
like unsaturated bonds, during their synthesis because of the strong oxidizing con-
ditions either of the cluster itself or the oxidative reaction conditions during their
synthesis. Therefore such ligand exchange reactions offer a good way to form such
functionalized molecules. Organic groups can also be attached to the cluster sur-
face by bi- or multidentate (chelating or bridging) ligands via coordinative inter-
actions, examples for anchor groups on metal oxide clusters or particles are
carboxylates, sulfonates, phosphonates, B-diketonates, etc. These groups may car-
ry organic functionalities, such as polymerizable double bonds. However, some-
times strong ligands can lead to the reorganization of a cluster surface or even to
the degradation of transition-metal clusters or a partial degradation of the par-
ticles, which has been shown in several cases.

Beside the interaction types already mentioned, ionic interactions have also been
employed for surface attachment of functional groups. Knowledge of the surface
charges is necessary for this method. Charges of inorganic clusters or particles are
sometimes influenced by variations of the reaction environment. Metal oxides, for
example, can change their surface charge over a wide range depending on the met-
als and the pH value (isoelectric point). Typical anchor groups for the interaction
with such charged surfaces are carboxylates, sulfonates, phosphonates as exam-
ples for anionic groups and ammonium groups as an example for cationic groups.

A special technique for the controlled formation of hybrid materials that relates
on surface charges and their interaction with counterions is the so called layer-by-
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Fig. 1.10 Principle of layer-by-layer deposition.

layer (LbL) deposition. It allows the formation of inorganic—organic hybrid mate-
rials using the different charges on the surfaces of inorganic and organic poly-
electrolytes. For example, anionic charges on a flat surface can be used to deposit
cationically charged polyelectrolytes on it (Fig. 1.10). After deposition of the poly-
mer the original surface charge is overcompensated and a layer of negatively
charged inorganic building blocks, such as clusters or particles, can be deposited
again. Afterwards again a layer of the polymer is deposited and so on. This tech-
nique enables the sequential deposition of oppositely charged building blocks. Be-
cause of its step-by-step character complex multilayer hybrid structures are readily
accessible by this technique with control over layer thickness, composition
and function. This method was also used for the surface functionalization of
nanoparticles.

Functionalization of clusters and particles during their synthesis (“in situ functional-
ization”) In the post-synthesis modification, functionalized building blocks are
formed in two steps which are distinctly separate from each other: the inorganic
core is formed first, and the functional organic groups are introduced later in a
different reaction.

An alternative method is the formation of the inorganic building blocks in the
presence of functional organic molecules (i.e. the functionalization of the clusters/
particles occurs in situ). This is realized in the case of metal clusters or particles
if the metal core is prepared in presence of ligands that control the size of the
clusters and which contain the desired functionality. One limitation is that the
organic groups have to withstand the reaction conditions of the cluster core for-
mation. For example mild reductive reactions at room temperature are usually no
restriction for the majority of potential surface functionalizations, but if elevated
temperatures are employed for the synthesis of the inorganic building blocks,
polymerizable groups in the ligands that undergo thermal polymerization, for
example (meth)acrylic or styrene systems, should be avoided. The same is valid
if unsaturated, easy to oxidize bonds are present in the synthesis of metal oxo
clusters or particles containing metals in high oxidation states.

Silsesquioxanes with only one substitution pattern at each silicon atom are typ-
ical examples for the in situ formation of functionalized building blocks. As men-
tioned above they are prepared by the hydrolysis and condensation of trialkoxy- or
trichlorosilanes, thus they contain inherently one functional group that is also
present in the final material. Depending on the reaction procedure either ladder-
like polymers or polyhedral silsesquioxanes (POSS) are obtained. The polyhedral
compounds [RSiO;;,], can be considered silicon oxide clusters capped by the
organic groups R.
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Polyhedral silsesquioxanes [RSiO,,], are obtained by controlled hydrolytic con-
densation of RSiX; (X = Cl, OR’) in an organic solvent. There is a high driving
force for the formation of polyhedral rather than polymeric compounds, particu-
larly if the precursor concentration in the employed solvent is low (when the con-
centration is increased, increasing portions of network polymers may be formed).
Which oligomers are produced and at which rate, depends on the reaction condi-
tions, such as solvent, concentration of the monomer, temperature, pH and the
nature of the organic group R. Chlorosilanes have a higher reactivity than the cor-
responding alkoxysilanes. In most cases, intractable mixtures of products are
obtained except for those species that precipitate from the solution.

The best investigated silsesquioxane cages are the cubic octamers, RgSi;O,,. The
compound [HSiO,,]sis, for example, prepared by hydrolysis of HSiCl, in a ben-
zene / cc. H,SO, mixture or by using partially hydrated FeCl, as the water source.
It is a valuable starting compound for organically substituted derivatives as the
Si—H functions of the silsesquioxane can be converted into organofunctional
groups either by hydrosilation reactions (in the equation: X = Cl, OR’, CN, etc.).

[HSiO, ], + 8 XCH,CH=CH, — [XCH,CH,CH,SiO, ],

Only a few POSS with functional organic groups are insoluble enough to be ob-
tained directly from the corresponding RSiCl, precursor by precipitation reactions.
Examples are (CH,=CH);Si;0y,, (p-CICH,C,H,)sSis0y,, (R,NCH,CH,)sSi,O,, or
(CICH,CH,);Si;0,,. These compounds can also be transformed to other function-
al octa(silsesquioxanes). Examples include epoxidation of vinyl groups or nucle-
ophilic substitution of the chloro group. Nonfunctional organic groups may be
converted to functional organic by standard organic reactions. For example, the
phenyl groups of the cubic silsesquioxane Ph,Si,O,, were first nitrated and then
reduced to give (H,NC(H,);Si;0,,. The systems prepared in this way can be used
as building blocks for materials depending on their functional groups.

The polyhedral compounds [RSiO;,], (POSS) or [RO—SiO,),], discussed so far,
formed by hydrolysis and condensation of a single precursor, are models for larg-
er silica particles covered by organic groups and prepared from RSi(OR’); / Si(OR’),
mixtures. The main parameter that controls the mutual arrangement of the [SiO,]
and [RSiO;,] building blocks is the pH. It was shown that upon sol-gel process-
ing of RSi(OR’); / Si(OR’), mixtures (with nonbasic groups R) under basic con-
ditions Si(OR’), reacts first and forms a gel network of agglomerated spherical
nanoparticles. The RSi(OR’); precursor reacts in a later stage and condenses to the
surface of the pre-formed silica nanoparticulate network. This kinetically con-
trolled arrangement of the two building blocks from RSi(OR’), / Si(OR’), mixtures
is another method to obtain surface-modified spherical Stober particles (see
above).

In situ functionalization is also a versatile route for many transition-metal clus-
ters. In particular the synthesis of surface-functionalized early transition metal oxo
clusters was studied by in situ processes. The main differences in these reactions
are that surface functionalization is included in these systems, similar to the met-
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al clusters, by functionalized ligands. For example a small zirconium oxo cluster
is formed if zirconium alkoxides are mixed with functionalized carboxylic acids
such as methacrylic acids. Under specific reaction conditions clusters of the type
Zr,(OH),0,(OMc),, (OMc = methacrylate) are formed revealing an inorganic zir-
conium oxo core surrounded by a functional organic shell. The cluster core in this
case, i.e. the arrangement of the eight-coordinate metal atoms and the oxygen
atoms, corresponds to the basic structural unit of tetragonal zirconia. The cluster
can therefore be considered the smallest possible piece of tetragonal zirconia sta-
bilized by organic ligands. Clusters of different size and shape, and a different de-
gree of substitution by organic ligands can be obtained by modifying the reaction
conditions. The main parameters appear to be the metal alkoxide/carboxylic acid
ratio and the kind of OR groups of the metal alkoxide. The surface-bound car-
boxylates in these clusters are loosely bound and they as well as alkoxides can be
substituted by ligand exchange reactions quite easily.

Other bidentate ligands with polymerizable organic groups can be attached to
the cluster surface by the in situ modification route as well (Fig. 1.11).

Interactions between metals or metal oxides cores to molecules that act as sur-
face functionalizations are similar on a molecular scale and therefore do not usu-
ally change with the size of the core. Thus, the chemistry developed for isolated
and structurally characterized metal and metal oxide clusters can also be applied
for the functionalization of larger nanoparticles. This interface analogy offers
the chance to study the chemistry on the molecular scale, which can be analyzed
by conventional spectroscopic techniques much more easily, and transfer the ob-
tained conclusions to the larger scale. There are many examples which show these
similarities. Generally, as already mentioned above, the organic groups present in
the reaction mixture and attached to the surface after the particle formation were
mainly used to limit the growth of the derived particles by blocking reactive sur-
face sites and guarantee a stable suspension in a specific solvent. Only recently
have these groups been used to introduce a different surface characteristic to the
surface of these building blocks or to add chemical functionalities to the surface.

Typical examples of capping agents for metals and II-VI semiconductor
nanoparticles are alkylthiols for gold, CdS and related particles and tri-octyl phos-
phine and tri-octyl phosphine oxide for CdE (E = S, Se, Te). Oxide nanoparticles,
such as iron oxides, are often stabilized by carboxylic acids. If these systems should
be incorporated into a hydrophobic matrix long alkyl chains connected to the car-
boxylate groups are preferred, which favors fatty acid capping agents for such
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Fig. 1.11 Molecules that can act as bidentate ligands in the
formation of surface-functionalized metal oxo clusters and
metal oxide nanoparticles and which contain polymerizable
groups for an attachment to an organic matrix.
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Fig. 1.12 Typical capping agents used in nanoparticle
preparation changing the surface properties of the
nanoparticles to more hydrophobic.

applications. Generally attachment to the surface can occur by different interac-
tion mechanisms and a variety of organic groups were applied for functionalization
(Fig. 1.12). The selection of the capping agents is usually based on the composition
of the particles and on their preparation route. The head groups of these capp-
ing agents can also be other functional molecules or polymers to graft them on
the surface of the inorganic nanobuilding blocks. Mercapto-terminated linear poly-
mers were for example used for a surface functionalization which provides a much
better dispersion of the inorganic nanoparticles in various organic resins.

1.2.4.2 Organic Building Blocks

Beside the surface-functionalized inorganic building blocks described, of course
organic building blocks can also be used for the formation of hybrid materials.
Typical examples are oligo- and polymers as well as biological active molecules
like enzymes. In principal similar methods have to be applied as in the formerly
discussed example to increase the compatibility and the bonding between the two
phases, therefore, a full description of the mechanisms is not necessary and would
only lead to an enlargement of this introductory chapter. Hence, only a small
selection of examples will be given here.

Small molecules The modification of inorganic networks with small organic
molecules can be defined as the origin of hybrid materials. This is particularly
true for sol-gel derived silicon-based materials. The mild conditions of the sol-gel
process permit the introduction into the inorganic network of any organic mole-
cule that consists of groups which do not interfere with these conditions, e.g. an
aqueous and an acid or alkaline environment; it can then either be physically
trapped in the cavities or covalently connected to the inorganic backbone (see Sec-
tion 1.2.1.4). The latter is achieved by the modification of the organic molecules
with hydrolysable alkoxysilane or chlorosilane groups. Phase separation is usual-
ly avoided by matching the polarity of the often hydrophobic molecules to that of
the hydrophilic environment. If such a match can be obtained nearly every organic
molecule can be applied to create hybrid materials. In recent years functional hy-
brids have been the particular focus of interest. Organic dyes, nonlinear optical
groups, or switchable groups are only a small selection of molecules which have
already been used to prepare hybrid materials and nanocomposites.
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Macromolecules Oligo- and polymers as well as other organic macromole-
cules often show different solubilities in specific solvents compared with their
monomers; most often the solubility of the polymers is much lower than that of
the monomers. However, many formation mechanisms for hybrid materials and
nanocomposites are based on solvent chemistry, for example the sol-gel process
or the wet chemistry formation of nanoparticles. Therefore, if homogeneous ma-
terials are targeted, an appropriate solvent for both the inorganic and the organic
macromolecules is of great benefit. For example many macromolecules are solu-
ble in THF which is also a reasonable good reaction environment for the sol-gel
process. Additional compatibilization is obtained if the polymers contain groups
that can interact with the inorganic components. Similar mechanisms of interac-
tions can be employed as already mentioned above, i.e. groups that interact via the
formation of covalent bonds or others that compatibilize between the organic and
inorganic components. Some typical monomers that form either homopolymers
with a good interaction or that can be used to improve the interactions by copoly-
merization are shown in Fig. 1.13.

A particularly interesting group of macromolecules are block copolymers, con-
sisting of a hydrophilic and a hydrophobic segment. They can be tailored in such
a way that they can react with two phases that reveal totally different chemical char-
acters and therefore, they are known as good compatibilizers between two com-
ponents. These surfactants were for example often used for the modification of
nanoparticles, where one segment interacts with the surface of the particle, and
the other segment sticks away from this surface. In technology such systems are
often used to overcome interfaces, for example when inorganic fillers are used for
the modification of organic polymers. Novel controlled polymerization methods,
such as atom transfer radical polymerization (ATRP) allow the preparation of block
copolymers with a plethora of functional groups and therefore novel applications
will soon be available.

Particles and particle-like structures Organic colloids formed from physically or
chemically crosslinked polymers can also be used as building blocks for inorgan-
ic—organic hybrid materials and nanocomposites. The good control over their
properties, such as their size, the broad size range in which they can be produced,
from several nanometers to micrometers, accompanied by their narrow size dis-
tribution makes them ideal building blocks for many applications. Similarly to
dendrimers, special interest in these systems is achieved after their surface
modification, because of their self-assembling or simply by their heterophase
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dispersion. Many examples for the use of such colloids are mentioned in other
chapters of this book (templates for porous materials, precursors for core-shell
nanoparticles), so this chapter will only provide some basic insight into this top-
ic. As already mentioned above these latex colloids are formed in aqueous disper-
sions which, in addition to being environmentally more acceptable or even a
mandatory choice for any future development of large output applications, can pro-
vide the thermodynamic drive for self-assembling of amphiphilics, adsorption
onto colloidal particles or partitioning of the hybrid’s precursors between dispersed
nanosized reaction loci, as in emulsion or mini-emulsion free-radical polymer-
izations. For the use as precursors in inorganic—organic hybrid materials styrene
or acrylate homo- and copolymer core latex particles are usually modified with a
reactive comonomer, such as trimethoxysilylpropyl methacrylate, to achieve effi-
cient interfacial coupling with silica environment during the sol-gel process.

Organic colloidal building blocks were in particular used for the preparation of
3-D colloidal crystals that were subsequently applied as templates in whose voids
inorganic precursors were infiltrated and reacted to inorganic materials followed
by removal of the colloids. Furthermore, discrete core-shell particles can also be
produced consisting of an organic core and an inorganic shell. After removal of
the organic core, for example by calcination, hollow inorganic spheres are
obtained.

Another type of organic macromolecular building block is the hyperbranched
molecules, so-called dendrimers. Dendrimers are highly branched regular 3-D
monodisperse macromolecules with a tree-like structure. These macromolecules
offer a wide range of unusual physical and chemical properties mainly because
they have a well-defined number of peripheral functional groups that are intro-
duced during their synthesis as well as internal cavities (guest-host systems). In
particular the deliberate control of their size and functionality makes these com-
pounds also interesting candidates as nanoscopic building blocks for hybrid
materials. Spherically shaped dendrimers are, for example, ideal templates for
porous structures with porosities that are determined by the radius of the den-
drimeric building block. Generally approaches for surface functionalizations
of these molecules are the modification with charged end-groups or the use of
reactive organic groups. Triethoxysilyl-terminated dendrimers were, for example
used as precursors for micro- and mesoporous hybrid dendrimer—silica xerogels
and aerogels either as single precursors or in polycondensation reactions with
tetraalkoxysilanes (Fig. 1.14).

The end groups of dendrimers can also be used for an interaction with metal
clusters or particles and thus nanocomposites are formed often by simply mixing
the two components. For example thiol-terminated phosphorus-containing den-
drimers create supramolecular assemblies with Aus; clusters. A similar route was
used to substitute alkoxide groups at titanium-oxo clusters against carboxylic acid
or hydroxyl end-functionalized dendrimers forming 3-D networks. Multifunction-
alized inorganic molecules can also act as the core of dendrimers. POSS and spher-
osilicate cages were, for example, used as the core units from which dendrons
were either grown divergently or to which they were appended convergently.
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Fig. 1.14 Preparation of trialkoxysilyl-terminated carbosilane dendrimers.
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Applying both silsesquioxanes and end-group functionalized dendrimers, both as
multifunctional molecules crosslinked hybrid materials were obtained where well-
defined inorganic molecules acted as crosslinking components.

Beside their role as crosslinking building blocks dendrimers can form hybrid
materials by themselves. For example in their outer or inner shell precursors for
nanoparticle synthesis can be attached to functional groups introduced during the
synthesis and afterwards nanoparticles are grown within the branches of the den-
drimers. One example is the complexation of metal ions in solution inside den-
drimers that consist of groups, which can act as ligands, e.g. poly(amidoamine)
(PAMAM) dendrimers. Subsequent chemical reactions, such as reductions, con-
vert the entrapped metal salts to metal or semiconductor nanoparticles, which
results in stable organic dendrimer-encapsulated inorganic nanoparticles.

1.3
Structural Engineering

An important area with respect to potential applications of hybrid materials and
nanocomposites is the ability to design these materials on several length scales,
from the molecular to the macroscopic scale. The importance of the design on the
molecular scale was already expressed in the previous paragraphs. Because the
processing of hybrid materials is more similar to that of organic polymers than
to classical inorganic materials, such as ceramic or metal powders, based on the
solvent-based chemistry behind the materials there is a variety of methods that can
be adapted for their processing on the macroscopic scale. One has to distinguish
between different applications to identify the best processing strategies. Thin films
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and coatings are generally formed by dip or spin coating, fibers are formed by
spinning techniques and bulk materials are usually obtained if the often liquid
precursors are simply poured into forms and curing is carried out. These tech-
niques are used for the macroscopic processing of the materials, the molecular
and microstructuring is obtained by a variety of other techniques that are men-
tioned below and throughout the chapters of this book.

One problem that has to be addressed in many of the macroscopic processing
techniques in particular if the materials, such as the sol-gel network or the or-
ganic polymer in a hybrid are formed during the processing, is the problem of
shrinkage. While in bulk materials this problem can be handled, it is more seri-
ous when films are applied on surfaces. At the interface between the coating and
the support that does not follow the shrinkage considerable forces can appear that
lead to inhomogeneities and cracks in the materials. As already mentioned this
problem is particularly observed when the polymers or networks are formed dur-
ing the processing, therefore often hybrid materials or nanocomposites are formed
using preformed building blocks such as oligo- or polymers and clusters or
nanoparticles to reduce this effect. However in many cases shrinkage can not
totally avoided because the materials processing is usually based on solvents that
are evaporated during processing.

Besides the macroscopic processing and the tailoring of the materials on a
molecular scale, control of the nanometer structures is one of the major issues in
the preparation of hybrid materials and nanocomposites. Many future technolo-
gies rely on hierarchically well-ordered materials from the micro- to the nanoscale.
Applying the building block approach the structure of course is already engineered
by the shape and distribution of the building blocks in the matrix. For example a
homogeneous distribution of nanoparticles in an organic polymer has different
properties than a material where the particles are agglomerated or where nanorods
instead of nanoparticles are used. In addition to this building block based struc-
tural engineering the microstructure can often be influenced in hybrid materials
similar to organic polymers, for example using lithographic techniques. However
it is more difficult to create a structure on the nanometer level. Two different tech-
niques can be identified for a structural control on the nanometer length scale:
the top-down and the bottom-up approach. The top-down approach forms the
nanostructures from larger objects by physical or chemical methods and is more
engineering-related, while the bottom-up approach relies on self-organization (also
called self-assembly) of molecules or nanometer sized compounds. The latter
process is for many scientists the more elegant way to form large complex hier-
archical structures. Think about the possibilities, for example if you have a liquid
that contains your precursors and if you paint a support, it forms a hierarchical
structure form the molecular over the nanometer to the macroscopic level over
several hundred of square meters. This requires a detailed insight into many fun-
damental chemical and physico—chemical properties of the building blocks that
should self assemble. In a bottom-up approach many reaction details have to be
understood and controlled. Therefore, this process, although very promising, is
yet only understood for quite small molecules and there are only some promising
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techniques that can already be applied for large scale technological applications.
One of them is definitely the self-organization of block copolymers and their use
in creating specific reaction environments. In this introductory chapter only a
small selection of self-assembly mechanisms is presented, but the reader will find
additional processes, explained in more detail in the following chapters.
Self-assembly is the major principle of the controlled formation of structural
building blocks. It means nothing other than the spontaneous organization of
unorganized systems to a complex structure, which is first of all an art to break and
generate specific interactions and to work against entropy. There are several basic
principles that have to be taken into account for a self-assembly process: the struc-
ture and shape of the building blocks, their interactions like the attractive and
repulsive forces, their interactions with solvents, the environment where the reac-
tion is carried out and diffusion processes. The balance between these principles
is something which has to be set to create the desired structures. Two principles
are employed in the synthesis of hybrid materials, the self-assembly of the build-
ing blocks of the material itself and the use of templates that can self-assemble
and form a shape which is applied in the preparation of a material. Such templates
are used in technology since a long time, for example as porogenes but it was only
recently that they found a widespread use in the formation of hybrid materials.

Template-directed synthesis of hybrid materials Templates can fulfill various pur-
poses, for example they can fill space and/or direct the formation of specific struc-
tures. Templates that fill space have been technologically used in materials
processing for a long time; examples are porogenes for the formation of foam-
like materials or single molecules that are employed in zeolite synthesis. In both
examples the templates are removed after their use to form the pores in the
material.

Templates for the synthesis of hybrid materials can be preformed structures
such as dendrimers or nanoparticles that form 2-D or 3-D ordered structures. Fur-
thermore the supramolecular self-organization of single molecules into larger
2-D and 3-D structures can also be employed as a template. One example is the
application of amphiphilic surfactants that organize into micelles and more com-
plicated 3-D arrangements such as hexagonal arranged rod-like structure, cubic
interpenetrating networks or lamellar structures (Fig. 1.15). The latter are not

. " Lamellar
Micelles Hexagonal structure Cubic structure struchure

__—4

Increasing surfactant concentration

Fig. 1.15 Examples of ordered 3-D structures obtained by
supramolecular self-assembly of surfactant molecules.
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usually used for structural engineering because they collapse after removal of the
template. The structures formed, that are dependent on parameters such as the
concentration of the surfactants in the solvent, the temperature and sometimes
the pH, consist of hydrophobic and hydrophilic regions and the interfaces between
them which are applied in the formation of solid materials, primarily by sol-gel
process (Fig. 1.16). As long as the organic surfactants are still incorporated in the
formed inorganic matrix the materials can be considered as inorganic—organic
hybrid materials. After removal of the template which commonly occurs by calci-
nations at temperatures above 450°C, the materials are purely inorganic in nature.
Probably the most prominent example of the use of single organic (macro)mole-
cules and their 3-D assembly as templates for inorganic and hybrid materials is
the use of surfactants in the formation of nano- and mesostructured materials
porous materials (Chapter 5). Recently the silicate or metal oxide walls of the
mesoporous materials were substituted by hybrid materials formed by bridged
silsesquioxanes (Chapter 6) and so-called periodically mesoporous organosilicas
(PMOs) were formed.

Colloids with narrow size distributions can order in 3-D objects so-called col-
loidal crystals. Most of the time latex or silica colloids are used for the preparation
of such 3-D objects, because they can be prepared quite easily over different length
scales and with the desired size distribution. They are crystallized in structurally
well-ordered three-dimensional colloidal crystals that resemble the packing of
atoms on a smaller scale. Because similar spheres can only fill the room by a close
packing up to 74% the voids can be infiltrated by inorganic or organic reactive
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Fig. 1.16 Formation of well-ordered mesoporous materials by a templating approach.
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species, such as materials precursors, clusters or smaller nanoparticles and a hy-
brid material is formed. Generally the templates are afterwards removed and
porous materials are formed (Fig. 1.17).

Many other methods can be used for the controlled preparation of nanometer
structures such as soft lithography, the use of nanoscale pores, for example in
anodic alumina membranes, etc. are not mentioned here and the interested
reader is referred to literature in the Bibliography.

1.4
Properties and Applications

There is almost no limit to the combinations of inorganic and organic components
in the formation of hybrid materials. Therefore materials with novel composi-
tion—property relationships can be generated that have not yet been possible.
Because of the plethora of possible combinations this introductory chapter can
only present some selected examples. Many of the properties and applications are
dependent on the properties of the precursors and the reader is therefore referred
to the following chapters.

Based on the increased importance of optical data transmission and storage,
optical properties of materials play a major role in many high-tech applications.
The materials used can reveal passive optical properties, which do not change by
environmental excitation, or active optical properties such as photochromic
(change of color during light exposure) or electrochromic (change of color if elec-
trical current is applied) materials. Both properties can be incorporated by build-
ing blocks with the specific properties, in many cases organic compounds, which
are incorporated in a matrix. Hybrid materials based on silicates prepared by the
sol-gel process and such building blocks reveal many advantages compared with
other types of materials because silica is transparent and if the building blocks are
small enough, does not scatter light, and on the other hand organic materials are
often more stable in an inorganic matrix. One of the most prominent passive fea-
tures of hybrid materials already used in industry are decorative coatings obtained
by the embedment of organic dyes in hybrid coatings. Another advantage of hy-
brid materials is the increased mechanical strength based on the inorganic struc-
tures. Scratch-resistant coatings for plastic glasses are based on this principle. One
of the major advantages of hybrid materials is that it is possible to include more
than one function into a material by simply incorporating a second component
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with another property into the material formulation. In the case of scratch-
resistant coatings, for example, additional hydrophobic or antifogging properties
can be introduced. However, in many cases the precursors for hybrid materials
and nanocomposites are quite expensive and therefore the preparation of bulk
materials is economically not feasible. One of the advantages of hybrid materials,
namely, their quite simple processing into coatings and thin films, can be one
solution to this disadvantage. Applying such coatings to cheaper supports can be
advantageous. Silica is preferred as the inorganic component in such applications
because of its low optical loss. Other inorganic components, for example zirconia,
can incorporate high refractive index properties, or titania in its rutile phase can
be applied for UV absorbers. Functional organic molecules can add third order
nonlinear optical (NLO) properties and conjugated polymers, conductive polymers
can add interesting electrical properties. Nanocomposite based devices for elec-
tronic and optoelectronic applications include light-emitting diodes, photodiodes,
solar cells, gas sensors and field effect transistors. While most of these devices can
also be produced as fully organic polymer-based systems, the composites with in-
organic moieties have important advantages such as the improvement of long-
term stability, the improvement of electronic properties by doping with
functionalized particles and the tailoring of the band gap by changing the size of
the particles.

The enhancement of mechanical and thermal properties of polymers by the in-
clusion of inorganic moieties, especially in the form of nanocomposites, offers the
possibility for these materials to substitute classical compounds based on metals
or on traditional composites in the transportation industry or as fire retardant
materials for construction industry.

Medical materials are also one typical application area of hybrid materials, as
their mechanical properties can be tailored in combination with their biocompat-
ibility, for example nanocomposites for dental filling materials. A high content of
inorganic particles in these materials provides the necessary toughness and low
shrinkage, while the organic components provide the curing properties combined
with the paste-like behavior. Additional organic groups can improve the adhesion
properties between the nanocomposites and the dentine.

Composite electrolyte materials for applications such as solid-state lithium bat-
teries or supercapacitors are produced using organic—inorganic polymeric systems
formed by the mixture of organic polymers and inorganic moieties prepared by
sol-gel techniques. In these systems at least one of the network-forming species
should contain components that allow an interaction with the conducting ions.
This is often realized using organic polymers which allow an interaction with the
ions, for example via coordinative or by electrostatic interactions. One typical
example is proton conducting membranes which are important for the produc-
tion of fuel cells The application of hybrid composites is interesting for these sys-
tems because this membrane is stable at high temperatures compared with pure
organic systems.

These are only some applications for hybrid materials and there is a plethora of
systems under development for future applications in various fields.
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1.5
Characterization of Materials

The range of characterization methods used in the analysis of the composition,
the molecular and nanometer structure as well as the physical properties of
hybrid materials is quite large. Many of these methods are specific for particular
materials’ compositions, therefore a complete list of these techniques is out of
the range of this chapter. Here only a small selection of techniques often used
for the investigation of hybrid materials is explained. Compared with classical
inorganic materials, hybrids are often amorphous so well-established characteri-
zation techniques such as X-ray diffraction are limited. Many methods used
are more related to the characterization of amorphous organic polymers. The
heterogeneous nature of hybrid materials means that generally a variety of
analytical techniques has to be used to get a satisfactory answer to structure—
property relationships.

NMR Liquid state NMR techniques are a well-known powerful tool in the char-
acterization of solutions. The advantages of NMR spectroscopy is that it is a very
sensitive technique for the chemical environment of specific nuclei and a pletho-
ra of nuclei can be investigated, which makes it also an interesting technique for
solid materials. However, contrary to solution NMR where spectra usually consist
of a series of very sharp lines due to an averaging of all anisotropic interactions
by the molecular motion in the solution, this is different for a solid sample, where
very broad peaks are observed due to anisotropic or orientation-dependent inter-
actions. In principle high-resolution solid state NMR spectra can provide the same
type of information that is available from corresponding solution NMR spectra,
but special techniques/equipment are required, including magic-angle spinning
(MAS), cross polarization (CP), special pulse sequences, enhanced probe elec-
tronics, etc. An additional advantage of the technique is that it is nondestructive.
In this chapter we will not go into the details of this technique and the reader is
referred to the corresponding literature. Here we will discuss the usefulness of the
method on a selected example.

As mentioned, there are a variety of nuclei that can be used as probes in solid
state NMR because of their NMR activity, many of them are also interesting for
hybrid materials such as C, Si, AL, Sn, V, P, F and many others. By far the most
investigated nucleus in the field of hybrid materials is *Si.

»Si NMR is a powerful tool in the determination of the relative proportions of
different silicon species in sol-gel derived materials. Therefore it offers insights
into the kinetics of the process and the understanding of its fundamental param-
eters, such as precursor structure and reaction conditions. It is sensitive to the
first and second nearest neighbors and therefore one can distinguish between dif-
ferent silicon atoms in the final material and their surroundings. Typical for hy-
brid materials is the nomenclature with letters and numbers. Four different
species can be observed in hybrid materials derived by the sol-gel process
depending on their substitution pattern at the silicon. In principle one can have
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one, two, three or four oxygen atoms surrounding the silicon atom and respec-
tively the number of carbon atoms is reduced from three to zero. The abbrevia-
tions for these substitution patterns are M (C;SiO), D (C,Si0O,), T (CSiOs) and
Q (SiO,). Depending how many Si atoms are connected to the oxygen atoms 4 to
1 a superscript is added to the abbreviation. In addition these silicon species
have different chemical shifts which helps to distinguish between them. Some
additional examples are shown in Chapter 6.

X-ray photoelectron spectroscopy (XPS) X-ray photoelectron spectroscopy (XPS) is
a surface sensitive analytical tool used to examine the chemical compositions and
electronic state of the surface of a sample. The sample is placed under high
vacuum and is bombarded with X-rays which penetrate into the top layer of the
sample (~nm) and excite electrons (referred to as photoelectrons). Some of these
electrons from the upper approximately Snm are emitted from the sample
and can be detected. The kinetic energy of these electrons is measured by an
analyzer.

If monochromatic X-rays are used, the energy of an emitted photon imparts on
an electron is a known quantity. The binding energy of the ejected electron can
then be determined from:

Ebinding = Ephoton - Ekinetic -o

where @ is the work function of the material.

The energy of the core electrons is very specific for the element that the atom
belongs to therefore the spectrum gives information on the elemental composi-
tion of the thin surface region. Shifts in the binding energies provide additional
chemical information (e.g. the oxidation state of the element). The technique also
offers the opportunity to use an ion bombardment to sputter the surface layer by
layer and to obtain therefore a deep profile.

Electron microscopy Electron microscopy became one of the most important tech-
niques to characterize the materials morphology on the nanometer and nowadays
even on the atomic scale. This method provides a direct image of the sample and
by coupling the microscopy with analytical techniques even elemental distribution
and other properties can be resolved in these dimensions. Looking at electron
micrographs one has always to be aware of some limiting points: (a) all speci-
mens are in high vacuum and probably have another shape in a liquid or gel-like
surrounding, (b) the images reveal only a small fragment of the whole sample
raising the possibility that the region analyzed may not be characteristic of the
whole sample, and (c) the sample is treated with a high energy electron beam and
it was probably changed by this beam. Points (a) and (c) can partially be avoided
using special technique such as cryogenic TEM where the sample is measured at
low temperatures in a frozen state. In general electron microscopy results should
always be confirmed by other techniques.
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Scanning electron microscopy (SEM) Scanning electron microscopy (SEM) pro-
duces high resolution images of a sample surface. SEM images have a character-
istic 3-D appearance and are therefore useful for judging the surface structure of
the sample. The primary electrons coming from the source strike the surface and
they are inelastically scattered by atoms in the sample. The electrons emitted are
detected to produce an image. Beside the emitted electrons, X-rays are also pro-
duced by the interaction of electrons with the sample. These can be detected in a
SEM equipped for energy dispersive X-ray (EDX) spectroscopy. Different detection
modes can be applied such as the detection of backscattered electrons or the elec-
tron backscatter diffraction (EBSD) which gives crystallographic information about
the sample.

The spatial resolution of the SEM techniques depends on various parameters,
most of them are instrument related. Generally the resolution goes down to
20nm to 1nm, which is much lower than that of transmission electron microscopy
(TEM) but SEM has some advantages compared with TEM. For example a quite
large area of the specimen can be imaged, bulk materials can be used as samples
and, as mentioned, a variety of analytical modes is available for measuring the
composition and nature of the specimen.

Transmission electron microscopy (TEM) In transmission electron microscopy
(TEM) images are produced by focusing a beam of electrons onto a very thin spec-
imen which is partially transmitted by those electrons and carries information
about the inner structure of the specimen. The image is recorded by hitting a flu-
orescent screen, photographic plate, or light sensitive sensor such as a CCD cam-
era. The latter has the advantage that the image may be displayed in real time on
a monitor or computer.

It is often difficult in TEM to receive details of a sample because of low contrast
which is based on the weak interaction with the electrons. Particularly samples
that have a high content of organic components often reveal this problem, which
can partially be overcome by the use of stains such as heavy metal compounds.
The dense electron clouds of the heavy atoms interact strongly with the electron
beam.

However, sometimes the organic components of the sample are not detected
because they decompose in the electron beam,; this can be avoided using cryogenic
microscopy, which keeps the specimen at liquid nitrogen or liquid helium tem-
peratures (cryo-TEM).

Similar to SEM further information about the sample can be obtained
by analytical TEM, for example the elemental composition of the specimen
can be determined by analyzing its X-ray spectrum or the energy-loss spectrum
of the transmitted electrons. Additionally if the material observed is crystalline,
diffraction patterns are obtained that give information about the crystal
orientation and very powerful instruments can even investigate the crystal
structure.

Modern high-resolution TEM (HRTEM) goes down to a resolution <100 pm.
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One of the major limitations of TEM is the extensive sample preparation, which
makes TEM analysis a relatively time consuming process with a low throughput
of samples.

Atomic force microscopy (AFM) Atomic force microscopy (AFM) became a very
important tool in the analysis of surfaces and nanoobjects in recent years. The
method is intriguingly simple; a cantilever with a sharp tip at its end, typically
composed of silicon or silicon nitride with tip sizes on the order of nanometers is
brought into close proximity of a sample surface. The van der Waals force between
the tip and the sample leads to a deflection of the cantilever. Typically the deflec-
tion is measured applying a laser beam, which is reflected from the top of the can-
tilever into an array of photodiodes. If the tip is scanned at constant height, there
would be a risk that the tip would collide with the surface, causing damage to the
sample. Therefore, in most cases a feedback mechanism is employed to adjust the
tip-to-sample distance to keep the force between the tip and the sample constant.
Generally, the sample is mounted on a piezoelectric holder in all three space
directions (x and y for scanning the sample, z for maintaining a constant force).
The resulting map of s(x,y) represents the topography of the sample.

Primary modes of operation for an AFM are contact mode, non-contact mode,
and dynamic contact mode. In the contact mode operation, the force between the
tip and the surface is kept constant during scanning by maintaining a constant
deflection. In the non-contact mode, the cantilever is externally oscillated at or
close to its resonance frequency. The oscillation gets modified by the tip—sample
interaction forces; these changes in oscillation with respect to the external refer-
ence oscillation provide information about the sample’s properties. In dynamic
contact mode, the cantilever is oscillated such that it comes in contact with the
sample with each cycle, and then enough force is applied to detach the tip from
the sample.

AFM technique has several advantages over other nanoanalysis tools, such as
the electron microscope. Contrary to other methods AFM provides a 3-D surface
profile of a sample. Furthermore, samples viewed by AFM do not require any spe-
cial treatment such as high vacuum and it is a non destructive technique, which
is not the case for electron microscope images because here high energy electron
beams often destroy the organic parts of a hybrid sample.

However, there are also limits of this method; for example, AFM can only show
a maximum height on the order of micrometers and a maximum area of around
100 by 100 micrometers and the scanning speed is quite low compared with SEM.

X-ray diffraction X-ray diffraction is regularly used to identify the different phas-
es in a polycrystalline sample. Two of its most important advantages for analysis
of hybrid materials are that it is fast and nondestructive. When the positions and
intensities of the diffraction pattern are taken into account the pattern is unique
for a single substance. The X-ray pattern is like a fingerprint and mixtures of dif-
ferent crystallographic phases can be easily distinguished by comparison with ref-
erence data. Usually electronic databases such as the Inorganic Crystal Structure
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Database (ICSD) are employed for this comparison. The major information one
gets from this method is the crystalline composition and the phase purity. In
the case of semicrystalline or amorphous materials broad humps are observed
in the diffractogram. Therefore the degree of crystallinity can be qualitatively
estimated.

If the crystallites of the powder are very small the peaks of the pattern will broad-
en. From this broadening it is possible to determine an average crystallite size by
the Debye—Scherrer equation:

kA
BcosO

where k is a factor which is usually set to 0.9, A is the wavelength of the X-ray
radiation, B is the broadening of the diffraction line measured at half of its max-
imum intensity (radians) and 6 is the Bragg angle. An error for the crystallite size
by this fomular can be up to 50% which is appropriate.

Small-angle X-ray scattering (SAXS) SAXS is a technique where the source for the
scattering of the X-rays is the inhomogeneities in the sample within the nanome-
ter range. SAXS patterns are recorded at very low angles (typically <3-5°). In this
angular range, information about the shape and size of the inhomogeneities,
which can be, for example, clusters or nanoparticles in an organic matrix, and their
distances is obtained. Furthermore pores can also be defined as inhomogeneities
therefore SAXS is also used to characterized regularly ordered porous materials.
The resolution of SAXS experiments is strongly dependent on the equipment. The
highest resolution is obtained at beamlines at synchrotrons.

Thermal analysis techniques Thermogravimetric analysis (TGA) studies the
weight changes of samples in relation to changes in temperature. TGA is com-
monly employed with respect to hybrid materials and nanocomposites to investi-
gate the thermal stability (degradation temperatures), the amount of inorganic
component, which usually stays until the end of the measurement due to its high
thermal resistance, and the level of absorbed moisture or organic volatiles in these
materials. Typically TGA plots show the weight lost in relation to the temperature
and typical ranges that can be distinguished are the lost of moisture and absorbed
solvents up to 150°C, the decomposition of organic components between 300 and
500°C. Usually the measurements are carried out under air or an inert gas.
Differential scanning calorimetry (DSC) is a thermoanalytical technique that
compares the difference in the amount of heat required to increase the tempera-
ture of a sample and a reference with a well-defined heat capacity measured as a
function of temperature. Both the sample and the reference are maintained at the
same temperature throughout the experiment. Generally, the temperature pro-
gram for a DSC analysis is designed such that the sample holder temperature
increases linearly as a function of time. The basic principle underlying this tech-
nique is that, when the sample undergoes a physical transformation such as a
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phase transition or thermal decomposition, more or less heat is required com-
pared with the reference, to maintain both at the same temperature. Whether more
or less heat must flow to the sample depends on whether the process is exother-
mic or endothermic. Melting points of solids, for example, require more heat flow
to the sample therefore these processes are endothermic, while thermal decompo-
sitions, for example oxidation processes are mostly exothermic events. An exother-
mic or endothermic event in the sample results in a deviation in the difference
between the two heat flows to the reference and results in a peak in the DSC curve
(plot of heat flow against temperature). The difference in heat flow between the
sample and reference also delivers the quantitative amount of energy absorbed
or released during such transitions. This information can be obtained by inte-
grating the peak and comparing it with a given transition of a known sample.

Similar to TGA the experiments can be carried out under oxygen and other
atmospheres such as inert gas.

1.6
Summary

Hybrid materials represent one of the most fascinating developments in materi-
als chemistry in recent years. The tremendous possibilities of combination of dif-
ferent properties in one material initiated an explosion of ideas about potential
materials and applications. However, the basic science is sometimes still not
understood, therefore investigations in this field in particular to understand the
structure—property relationships are crucial. This introductory chapter is intend-
ed to give an overview of critical issues in the synthesis and to guide the reader to
the other chapters in this book, which focus on more specialized topics. This
introduction has shown the importance of the interface between the inorganic and
organic materials which has to be tailored to overcome serious problems in the
preparation of hybrid materials. Different building blocks and approaches can be
used for their preparation and these have to be adapted to bridge the differences
of inorganic and organic materials. Beside the preparation of hybrid materials,
their nano- and microstructure formation, processing and analysis is important.
A variety of techniques can be used for these issues and several of them have been
introduced to the reader.
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2
Nanocomposites of Polymers and Inorganic Particles

Walter Caseri

2.1
Introduction

Polymers are ubiquitous and indispensable in daily life. Depending on the field
of application, significant properties of polymers are, for example, low density,
corrosion resistance, or electrical or thermal insulating behavior. In addition, the
processing of polymers proceeds rapidly and consumes relatively low energy.
However, polymers are applied not only on their own but often together with in-
organic components which are enclosed in the polymer. Such multiphase systems
belong to the class of composites, i.e. to materials which are composed of two or
more different basic materials. The chemical nature of the inorganic component
is manifold. Calcium carbonate is most commonly employed, but other salt-like
compounds, metals, or compounds based on an extended structure of covalently
bound atoms (e.g. carbon black or silicon dioxide) are also used. Reasons for us-
ing polymers not only as neat substances but also in combination with inorganic
moieties are reduction of cost (e.g. calcium carbonate is drastically cheaper than
any polymer) or an improvement of materials properties with respect to the neat
polymer. In this context, the inorganic component is added to polymers, e.g. in
order to increase stiffness, tensile strength, hardness, or abrasion resistance; to
improve dimensional stability, heat resistance, or fire resistance; or to modify
optical properties such as color or gloss. For some applications, the electrical and
thermal insulating behavior of polymers is disadvantageous and this drawback can
be improved by the addition of conducting inorganic materials.

In polymer composites, the polymer forms a continuous phase (also called
matrix) in which the inorganic component is embedded. The latter is commonly
present as spherical, cubic or plate-like particles or as fibers. In fact, not only the
chemical nature but also the shape of the particles can influence properties of
composites. Fibers such as glass fibers or carbon fibers (typical diameters in the
order of 10um) especially improve mechanical properties. A pronounced influ-
ence of the shape of the inorganic component is observed in the electrical con-
ductivity of composites where the polymer acts as an insulator and the inorganic
material as a conductor, as will be referred to in Chapter 10.
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Polymeric composites containing particle-like entities are also called filled poly-
mers and consequently the incorporated objects are denoted as filler. A common
range of inorganic filler sizes is of the order of 0.5-50um, although fillers con-
sisting of primary particles with smaller diameters have also been used for a long
time. Nonetheless, composites which contain inorganic particles up to a size of
several tens of nanometers, attracted particular attention just in the last decade.
Due to the small size of the inorganic particles (“nanoscale”), they are frequently
termed nanosized particles or nanoparticles (formerly the designations colloids or
ultrafine particles were more common), and the corresponding composites are
therefore called nanocomposites. The term nanocomposite is also applied to poly-
mer matrices that contain inorganic objects with nanoscale sizes in only one or
two dimensions (nanoplatelets or nanofibers, respectively). A selection of polymers
used as matrices for nanocomposites is presented in Table 2.1. Most investigations
on polymer nanocomposites have been devoted to matrices containing rather
spherical (or cubic) or plate-like particles. Since nanocomposites of the latter type
are dealt with in a subsequent chapter, emphasis is placed in the following to
nanocomposites comprising particles with more or less regular shape, although
composites with rod-like nanoparticles have also been described, for instance with
carbon nanotubes. Due to their electrical conductivity in combination with their
rod-like shape, such species may introduce electrical conductivity in insulating
polymer matrices at very low content of inorganic material. Carbon nanotubes
are often expected to be particularly suited for the reinforcement of polymers,
however, to date the performance of the resulting materials has been at most
moderate, especially compared to their costs.

When decreasing the size of particles with rather uniform shape in three
dimensions, optical and electrical characteristics and also other attributes can
change or improve, as will be evident from the implementations below. Table 2.2
shows properties that have been introduced in polymer matrices by inorganic
particles. Some of these properties (e.g. dichroism, absorption of UV light accom-
panied by full transmittance of visible light, or superparamagnetism) cannot be
obtained with uniformly shaped particles in the micrometer range; other features
(e.g. catalysis, photoconductivity, or vapor-dependent volume expansion caused by
adsorption of organic vapors at particle surfaces) are expected to be improved by
the use of nanoparticles compared to their counterparts in the micrometer range;
and some properties can become unique for composites if coexistence of high
translucence is required since high translucence is characteristic for individually
dispersed very small particles, as discussed below. It will also become obvious
below that encapsulation of nanoparticles in a surface-bound shell of organic mol-
ecules is frequently beneficial. This shell can be decisive for the dispersibility of
the particles in the polymer matrix but also for the creation of a firm interface
between particles and polymer matrix.

One should be aware that the size distribution of nanoparticles embedded in
polymers is usually not monodisperse (i.e. the particles diameters are not identi-
cal), except in the case of small clusters which were built up by stepwise chemi-
cal reactions. Hence, the term “monodisperse particles”, which is sometimes
found in the literature, is often misleading since the particles appear frequently
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Table 2.1 Examples of polymers that have been applied in nanocomposites.

Polymer Structure Remarks

Poly(acrylic acid) (-CH,—CHR-),, R=COOH Water-soluble®, coordination sites
to inorganic species

Poly(acryl amide) (-CH,—CHR-),, R=CONH, Water-soluble”

Poly(aniline) (-CeH,—NH-)," Electrically conductive matrix

Poly(ethylene) (-CH,—CH,-), Formation of orientated structures

by drawing, particularly attractive
technical polymer

Poly(ethyleneoxide) (-CH,—CH,—0-), Water-soluble!”

Poly(methyl methacrylate) Soluble in many organic solvents!

Poly(propylene) (-CH,—CHR-),, R=CH, Particularly attractive technical
polymer

Poly(styrene) (-CH,—CHR-),, R=CH;, Soluble in many organic solvents'

Poly(vinyl alcohol) (-CH,—CHR-),, R=0H Water-soluble®, coordination sites

to inorganic species, formation of
orientated structures by drawing

Poly(vinyl carbazole) “ Photoconductive matrix
Poly(2-vinyl pyridine), “ Soluble in aqueous acids®,
Poly(4-vinyl pyridine) coordination sites to inorganic
species
Poly(N-vinyl pyrrolidone) I Water-soluble!”

a Suited for the preparation of nanocomposites via in-situ-formation of the inorganic particles
from ionic presursors.

b Basic structure, poly(aniline) exists in different states of oxidation or protonation, respectively
¢ See scheme below.

d Suited for the preparation of nanocomposites with surface-modified particles.

polydisperse (i.e. the particles show different diameters) upon careful analysis. In
such cases, the expression “particles with narrow size distribution” would be more
correct. The reported particle diameters typically refer to number average particle
diameters d,,, defined as

Poly(methyl methacrylate) Poly(vinyl carbazole)

Poly(2-vinyl pyridine) Poly(4-vinyl pyridine) Poly(N-vinyl pyrrolidone)

* * *
« n * n * n

=~ N = (f
\‘ X
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Table 2.2 Examples of inorganic particles that introduce selected
properties in polymeric matrices.

Discipline Property Example
Optics Color Au, Ag
Dichroism Au, Ag (parallel arrays)
Absorption of both visible and UV light Carbon black
Absorption of UV light at full transmittance TiO,, ZnO
of visible light
Iridescence SiO, (ordered lattice)
Ultrahigh refractive index Si, PbS
Ultralow refractive index Au
Electrical Enhancement of electrical conductivity of Carbon black
conductivity polymers
Photoconductivity (in combination with a PbS, TiO,, CdS, HgS
conducting polymer matrix)
Vapor-dependent electrical conductivity (usinga  Cu
conductive polymer matrix)
Miscellaneous Superparamagnetism Co, y-Fe, 0,
Catalytic activity CdS, Pd, Pt, Rh, Ir
Reinforcement of elastomers Carbon black, SiO,
Retardation of polymer decomposition by heat Al(OH),
Vapor-dependent volume expansion caused by Au
vapor adsorption at particle surfaces
2 nid;
dna = i

X
i

where n, is the number of particles with diameter d,. However, physical properties
such as the refractive index of nanocomposites can depend on the volume frac-
tion of the particles. Therefore, the volume-weighted average diameter d,, might
be more expedient in such cases, where

Fortunately, the number-weighted and the volume-weighted average diameters of
the particles differ commonly by only 20-30%, which usually does not influence
the results considerably. If very high volume fractions of particles are attempted,
possible limitations in the volume fractions should be considered. For monodis-
perse spherical particles, the volume fraction cannot exceed a value of 0.74 for geo-
metric reasons: even if the spheres are packed as tight as possible, there is still
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(b)

Fig. 2.1 Schematic two-dimensional representation of the
densest packing of spheres: (a) monodisperse spheres,

(b) polydisperse spheres with two different kinds of diameters
whereby the smaller spheres fit into the spaces of the densest
packing of the larger spheres.

some hollow space between them (Fig. 2.1). For polydisperse spherical particles,
the maximum volume fraction might rise above that of monodisperse particles
because smaller particles could fit in the free space of the densest packing of
the larger particles (see Fig. 2.1). By contrast, monodisperse cubic particles can be
packed without free space between the particles, i.e. the volume fraction of such
particles can adopt any value in nanocomposites. However, in reality cubic parti-
cles are expected to show a certain polydispersity which leads to a less tight pack-
ing of the cubes, i.e. the upper limit of the volume fraction of polydisperse cubic
particles is below that of monodisperse particles.

2.2
Consequences of Very Small Particle Sizes

Properties of nanocomposites can differ from those of analogous composites with
larger particles because physical constants can depend on the particle size. This
arises in particular when physical characteristics are based on the correlated
interactions of numerous atoms, which has to be taken into account for metals
and semiconductors. Namely, the energy levels of individual metal atoms (e.g. Au)
or basic formula units of semiconductors (e.g. CdS) split upon formation of larg-
er entities (e.g. Au, or (CdS),) into more and more components with increasing
number of atoms until they reach the quasi-continuous band structure of the bulk
solid. For instance, individual sodium atoms exhibit sharply located energy levels
as reflected in the optical spectrum by sharp absorption lines around 589 nm. In
Na,, the larger number of energy levels causes numerous but still resolved lines
in the optical spectrum, while the myriad energy levels in Na, are hardly resolved
and lead only to a broad absorption band with a maximum around 490nm. This
band shifts to ca. 570nm for sodium particles with a diameter around 10nm, and
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finally the spectrum of a sodium film (thickness 10nm) does not show an ab-
sorption maximum anymore but a continuous increase in the visible wavelength
range. Similarly, the optical absorption spectrum of CdS particles of ca. 4nm di-
ameter showed a well-pronounced maximum at 368 nm in contrast to the spec-
trum of bulk CdS which was characterized by a clearly different course (Fig. 2.2).
Thus, UV/vis absorption spectra of metal or semiconductor nanoparticles show
commonly shoulders or absorption maxima, which are characteristic for a certain
diameter of the respective material. The particle-size-dependent UV/vis spectra im-
ply that the color, as the most obvious optical property, may depend on the size of
metallic or semiconductor particles (cf. Fig. 2.3, and examples that arise in the fol-
lowing sections), as well as the band gap which amounts, e.g. for CdSe particles
of 3.9nm diameter to 2.22eV (absorption edge 558 nm) compared to 1.74eV (ab-
sorption edge above 700nm) for bulk CdSe. Generally, optical properties of parti-
cles begin to change significantly below a certain diameter, which is specific for
each substance. For selected semiconductors, this diameter amounts to roughly
2nm for CdSe, 2.8 nm for GaAs, 20nm for PbS, and 46nm for PbSe, as illustrat-
ed by the refractive index of PbS, which was estimated by extrapolation of refrac-
tive indices of gelatin—PbS nanocomposites with different PbS contents (Fig. 2.4).
The refractive index around 4 for PbS particles with sizes above ca. 20nm, which
was close to that of the bulk material (4.3 at 619.9nm and 1300), began to decrease
when the PbS diameters fell below 15-20 nm. For diameters of 4nm, the estimated
refractive indices for PbS were only in the range of 2.

Properties such as the color or maximum absorption wavelength of nanoparti-
cles can vary not only as the size of the primary particles but also as the distance
to neighboring particles changes (cf. Fig. 2.3). Accordingly, individually dispersed

1,00+
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Fig. 2.2 UV/vis spectra of CdS. (a) bulk, (b) particles of a
diameter of ca. 4 nm; sketch according to data of J. Mater.
Chem. 1996, 6, 1643 and N. Herron, Y. Wang, H. Eckert,
J. Am. Chem. Soc. 1990, 112, 1322.
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Fig. 2.3 Origin of color differences of nanocomposites for a
given metal or semiconductor. The double arrow in Example C,
which is devoted to dichroism, indicates the polarization
direction of the polarized light. The absorption maxima in
optical spectra of the structures on the right side arise at higher
wavelengths than those at the left side.

red silver or gold nanoparticles became blue at narrow distances between adjacent
particles, and accordingly the absorption maximum in UV/vis spectra shifted to
higher wavelengths upon decreasing the distance between the particles. This is of
particular interest in polymer nanocomposites which contain uniaxially oriented

4.5+
| $
® [ ) [ ®
4.0 o ° ° .
— ] O % Q)
— 3.5 o
x LX)
% 1 [ ©
£ ° e O
2 %07 0
g ] Co
©
© 2.5- ©e
| o ©
2.0 o

T T T T T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80
particle diameter [nm]

Fig. 2.4 Estimated refractive indices of PbS nanoparticles of

different diameters at 1500 nm (open circles) and at 632.8 nm

(filled circles), according to J. Phys. Chem. 1994, 98, 8992.
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linear particle assemblies. At appropriate dimensions of such assemblies, polar-
ized light interacts in a different way at the parallel and perpendicular orientations
of the polarization plane with respect to the long axis of the particle assemblies,
since the cooperative optical effects of adjacent metal particles under the influence
of electromagnetic radiation are more pronounced for parallel orientation (pro-
vided that the short axis of the particle assemblies is small enough). As a conse-
quence, the maximum absorption wavelength is higher for parallel than for
perpendicular orientation between polarization and particle assembly direction
and therefore different colors arise at parallel and perpendicular orientation, which
is called dichroism (Fig. 2.3).

Since light scattering by particles with dimensions far below the wavelengths
of visible light, i.e. far below 400nm, is markedly reduced or even not relevant
anymore, nanocomposites frequently appear translucent while larger particles
provide opacity in composites of considerable thickness and particle content
(unless the refractive index of the particles is very close to that of the polymer).
Opacity also arises if nanoparticles are considerably agglomerated. The intensity
loss of light caused by scattering depends in nanocomposites with randomly
dispersed spherical particles on the particle radius r and refractive index n,
of the particles, the refractive index n, of the polymer matrix, the volume
fraction ¢, of the particles, the wavelength A of the incident light, and the
thickness x of the nanocomposite. The intensity loss can be estimated with the
equation

2

2
-
N

I . 320 xn'r’n,,
I - 2 2
(&) +2
nm

whereat I is the intensity of the transmitted and I, of the incident light. The trans-
mittance I/, becomes virtually 0 when the incident light is most efficiently scat-
tered and 1 if no scattering occurs. The latter arrives if the refractive indices of
polymer and particles are identical, independent on the other parameters. The
transmittance of composites is shown in Fig. 2.5 as a function of the particle
diameter d (note that r = d/2 in the above formula) for x = 0.5mm, ¢, = 0.1, and
A =589.3nm (Na, line). A refractive index of the matrix of 1.5 was selected, which
is located in the usual range of organic polymers (Table 2.3). As refractive
indices of the particles, values of common fillers were selected from Table 2.3,
namely of BaSO, (n, = 1.64), ZnO (n, = 2.00), TiO, (rutile, n, = 2.62), and in addi-
tion of the high refractive index compound PbS (n, = 3.91) which has been applied
particularly in nanocomopsites (see below). With those parameters, the intensity
loss by scattering becomes pronounced at particle diameters above ca. 5-25nm,
depending on the refractive index difference between particles and matrix, and the
transmittance is close to 0 at particle diameters of 25-125nm. It is obvious that
the particle diameter plays a decisive role for the transparence; particularly at
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Table 2.3 Refractive indices (at a wavelength of 589.3nm) of
polymers and inorganic compounds (J. C. Seferis in Polymer
Handbook (Eds: . Brandrup, E. H. Immergut), Wiley & Sons,
New York, 1989, p. VI/451; P. E. Liley, G. H. Thomson, D. G.
Friend, T. E. Daubert, E. Buck in Perry’s Chemical Engineers’
Handbook (Eds: R. H. Perry, D. W. Green), McGraw-Hill,

New York, 1997, Section 2 p. 2-7).

Substance

Refractive index

Poly(tetrafluoroethylene)
Poly(vinylidene fluoride)
Poly(dimethylsiloxane)
Poly(oxypropylene)
Poly(vinyl acetate)
Poly(methyl acrylate)
Poly(oxymethylene)
Poly(methyl methacrylate)
Poly(vinyl alcohol)
Poly(ethylene)
Poly(1,3-butadiene)
Poly(acrylonitrile)
Poly(acrylic acid)

Nylon 6,6

Poly(vinyl chloride)
Poly(chloroprene)
Poly(styrene)

SiO, (quartz)

CaCO; (calcite)
Mg(OH), (brucite)
K,Al:Si,0,,- 2H,O (muscovite)
BaSO, (barite)

CaCO, (aragonite)
MgCO, (magnesite)
Al,O; (corundum)

ZnO (zincite)

Fe,O, (magnetite)

TiO, (anatase)

TiO, (rutile)

Fe,0, (hematite)

PbS (galena)

MoS, (molybdenite)

1.35-1.38
1.42

1.43

1.45

1.47
1.47-1.48
1.48

1.49
1.49-1.53
1.51-1.55
1.52

1.52

1.53

1.53
1.54-1.55
1.55-1.56
1.59

1.54

1.55

1.56

1.59

1.64

1.68

1.70

1.77

2.00

2.42
2.53-2.56
2.62

3.04

3.91

4.7

pronounced refractive index differences between matrix and particles, and that
composites with very small particles can be highly transparent even at high re-
fractive index differences. Note that, as indicated above, the transmittance can also
decrease by absorption. For very small colored particles, absorption is predomi-
nantly responsible for decrease in transmittance. Thus, the intensity loss of light
transmitted through dispersions of gold particles with diameters below 50nm
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Fig. 2.5 Calculated transmission of composites as a function of
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a sample of 5mm thickness loaded with 10% v/v particles. The
refractive index of the matrix is 1.5 and that of the particles
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Fig. 2.6 Absorption (a,) and scattering (a,) by dispersed gold

particles of ca. 20nm diameter, and absorption (b,) and

scattering (b,) by particles of 51 nm diameter; approximate

representation according to Z. Chem. Ind. Kolloide 1907, 2, 129.

originates mainly from absorption of light (Fig. 2.6) while scattering of light
becomes more prominent for larger particles.

The small size of nanoparticles is important not only for optical and electronic
properties, including photocatalytic processes where the diffusion of electrons
and holes was considered to be more efficient in small particles thus rendering
nanoparticles more suited for related applications, but also for processes which
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become more efficient at high internal surface area (interface area), such as cat-
alytic activity. The interface area of the particles in nanocomposites can be
extremely large, which is illustrated by a simple model calculation. Assuming that
the nanocomposites contain individually dispersed particles with sharply separ-
ated polymer—particle interfaces (the surface area exposed to the environment is
not taken into account since it is usually much smaller than the surface area
within the nanocomposites), the interface area of the particles per volume unit,
Sy (in m™, i.e. in m’ interface area per m’ volume of composite) is given by

ﬁ _ Ay

S:
TV 4V,

where V, is the volume of the nanocomposite, n, the number of particles of size
k, A, the total interface area of the nanoparticles, and A, the interface area of a
single particle of size k. Since

_ 9 Vo
k _Vk

n

with ¢, the volume fraction of the particles of size k and V, the volume of a single
particle of size k, S, becomes for cubic or spherical particles

- Px
o2y,
where d, is the edge length of the cubes or the diameter of the spheres, respec-
tively. Thus at a given volume fraction of particles, S, increases with decreasing
particle size. Assuming, for simplicity, that the particles are monodisperse with a
d, of 10nm and a ¢, of 0.001-0.5, the value of S, becomes as high as 6 - 10°-3 - 10°
m™. Interface areas of this magnitude are of advantage in applications such as
catalysis since inorganic particles acting as catalysts are basically the more effi-
cient the higher the contact area between the particles and the molecules to be
converted in the catalytic reaction (consider, however, that the catalytic activity
itself can also depend on the particle size). As another example, the large inter-
face area in nanocomposites can favor an efficient separation of photoinduced
charges, which enhances the output of photoconductive composites based on
semiconducting polymers.

When dealing with materials with high interface areas, reflections on proper
surfaces, i.e. surfaces exposed to the vacuum, are adequate. In contrast to a bulk
phase, the force field in such a surface region is not homogeneous displaying an
energy gradient perpendicular to the surface. While no net energy is expended in
transporting matter reversibly within a bulk phase, energy is required to transport
matter from the bulk phase to the surface region, i.e. energy is employed in the
generation of surface area. Thus proper surfaces are basically in an energetically
unfavorable state. This is represented by the surface free energy, which corre-
sponds to the reversible work for the formation of a unit surface area. Compared
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to surfaces exposed to the vacuum, the free energy of internal surfaces in
nanocomposites can be lowered by interactions between polymer and particles.
Therefore, the interface free energy becomes maximal in absence of polymer—
particle interactions. The sum of the maximum interface free energies of polymer
and particles per volume of nanocomposite, Ey,,.,, is given by the expression
(whereat the interface area of the polymer is equal to that of the inorganic parti-
cles and the surface area of the nanocomposite body itself is neglected)

EV’max = Sv(?’f +/J/p)

with v, the surface free energy of the inorganic particles and v, the surface free
energy of the polymer in the vacuum. The maximum interface free energy is dom-
inated by the inorganic particles because surface free energies of inorganic mate-
rials are generally much higher (typically 0.5-2.5]/m? than those of polymers
(typically 0.01-0.05]/m?) (the surface free energy of very small particles is similar
to that of smooth macroscopic surfaces if the intermolecular forces are dominat-
ed by van der Waals interactions, otherwise the surface free energy of very small
particles and macroscopic surfaces can differ). Assuming values of y;+ v, between
0.5 and 2.5]J/m’ and a nanocomposite containing 10% v/v of monodisperse parti-
cles of 10nm diameter (i.e. ¢, = 0.1 and d, = 10nm), E,,. adopts values as high as
3-10-1.5-10°J/m’. As a consequence, a more favorable thermodynamic state
might be reached by lowering the interface free energy. This can happen in two
ways: the interface area and concomitantly the high interface free energy of the
inorganic component can be lowered by contacts between the inorganic particles
themselves, i.e. by agglomeration of the particles. In fact, agglomeration of inor-
ganic particles can give rise to problems in the preparation of nanocomposites.
First of all, commercially available pristine inorganic nanoparticles (in particular
Si0,, TiO, and carbon black) are present as agglomerates which can hardly be
divided into the individual primary particles upon processing to nanocomposites.
As an alternative, the free energy of a nanocomposite can be decreased by inter-
actions between particles and matrix polymer or between particles and an ultra-
thin layer of surrounding organic molecules, i.e. by encapsulation of the particles
in a shell of strongly adhering organic compounds (core-shell structures, Fig. 2.7).
So the outer surface of the particles consists of organic matter. Since the surface
free energy of organic matter is typically one or two orders of magnitudes below
that of inorganic matter, the agglomeration tendency of the particles in a polymer
matrix is expected to be drastically reduced provided the chemical nature of the
shell and the polymer allow a miscibility at all and if chemical interactions be-
tween the shells of adjacent particles are little pronounced. Thus, gold particles
with a shell of 1-alkanethiolates (Fig. 2.8) disperse well in poly(ethylene) as long
as the surface layer is intact. If, however, the surface layer is partially removed by
thermal treatment, the gold cores get in contact and the particles start to agglom-
erate. In case of strong interactions between core and shell, the free energy which
is gained by core-shell interactions can overcome the interface free energy between
inorganic core and organic polymer. This might be possible for gold, copper or silver
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Organic layer

Inorganic particle

Fig. 2.7 Schematic illustration of an inorganic particle which is
surrounded by a surface-bound layer of organic molecules
(core-shell structure).

particles which are densely covered with 1-alkanethiolates, where the sulfur atoms
interact strongly with the metal surfaces. The surface free energy of SiO, particles
is frequently lowered by treatment with silanes (e.g. of the formula (OR’),SiR or
CLSiR) in presence of water, which leads to a strongly bound layer of crosslinked
polysiloxane, as a result of hydrolysis of Si—OR’ or Si—Cl bonds.

If the interactions between the components of a nanocomposite are not suffi-
cient to compensate the interfacial free energies, the formation of nanocompos-
ites is kinetically controlled, which is probably true for many cases. Once the

Fig. 2.8 Schematic illustration of a section of gold or silver
particles covered by a surface-bound layer established by
adsorption of 1-dodecanethiol. It is assumed that the thiol
group is converted to a thiolate group after contact with the
gold surface.
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nanocomposites are formed, however, subsequent agglomeration of particles is
usually negligible even over extended periods due to the restricted mobility of the
particles in the solid polymer matrix. For instance, in nanocomposites composed
of an ethylene-methacrylic acid copolymer and PbS (ca. 3% v/v), the particle sizes
remained constant after prolonged storage of the nanocomposites in air or ex-
tended exposure to water, dichloromethane or hexane, and the period required for
the agglomeration of the PbS particles was estimated to take 10° years at 25°C.
Also, nanocomposites of gold colloids embedded in amine-terminated poly(ethyl-
ene oxide) did not show perceptible changes for more than a year, and the particle-
induced dichroism in nanocomposites with silver and poly(ethylene) did not fade
significantly for 6 years.

Although the physical concept of the surface free energy helps in understand-
ing certain basic phenomena, a more detailed view of the behavior of particles
embedded in polymers is provided when chemical interactions are included.
Finally, the dispersion behavior of the particles is a result of the balance between
the particle—particle, polymer—polymer and particle—polymer interactions. An or-
ganic shell can crucially influence this balance. Thus, an organic shell can induce
uncommon effects, as in the case of platinum particles of 1-2nm diameter which
arranged into spherical superstructures in presence of ammonium O,0'-
dialkyldithiophosphates which were supposed to coat the platinum particles (Fig.
2.9). The influence of the ammonium O,O’-dialkyldithiophosphates on the inter-
actions between the components of the composite is evident from the fact that
superstructures were not observed in absence of a surface-modifying agent. As
another example, in aqueous solutions of appropriate ratios of poly(ethylene
oxide) and the surface active agent sodium dodecylsulfate, in-situ-prepared PbS
particles of 2-4nm diameter assembled in nanotube superstructures (Fig. 2.10).
The walls of those objects consisted of alternating layers of PbS particles and
organic matter.

50 nm
Fig. 2.9 Transmission electron micrograph of a superstructure
of platinum nanoparticles embedded in poly(styrene) in
presence of ammonium O,0’-dioctadecyldithiophosphate,
(J. Phys. Chem. B 2001, 105, 7399).
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T AT L Tt
Fig. 2.10 Nanotube evolved from a mixture containing PbS
nanoparticles, sodium dodecylsulfate and poly(ethylene oxide).
The walls of the nanotube consist of layers of PbS particles
separated by layers of organic matter (Narno Lett. 2003, 3, 569).

23
Historical Reports on Inorganic Nanoparticles and Polymer Nanocomposites

Since nanoparticles of metals or semiconductors are frequently colored, they can
act as colorizing agents for polymers. This implementation was established orig-
inally in inorganic matrices. For instance, even in the 9th century nanoparticles
prepared from silver, copper and iron salts were used to generate an iridescent
glaze in pottery (luster). Metal nanoparticles have also been used to dye glass win-
dows at least since the middle of the 16th century (so-called gold ruby glasses).
Inorganic nanoparticles were embedded in polymers in 1833: gold was dissolved
in aqua regia followed by evaporation of a part of the volatile contents at elevated
temperature until a solid skin was observed on the surface of the aqueous solu-
tion. When the solution cooled down to room temperature, the reaction mixture
became entirely solid. The resulting hygroscopic matter, which contained gold
salts, was rapidly dissolved in water and the solution thus obtained was mixed with
a solution of dissolved SnCl, and gum arabic. The SnCl, acted as a reducing
agent for the gold ions, which yielded red gold nanoparticles. Subsequent addition
of ethanol caused precipitation of gum arabic together with gold nanoparticles
(coprecipitation). The same principle was applied in 1899 for the preparation of
nanocomposites of gum and silver. Silver ions were reduced in an aqueous solu-
tion which also contained gum, and nanocomposites were obtained by coprecipi-
tation upon addition of ethanol.

63
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At the end of the 19th century, natural polymers (plant and animal fibrils) were
treated with solutions of gold or silver salts (such as silver nitrate, silver acetate,
or gold chloride) whereupon metal ions penetrated into the fibrils. By exposure
to light, these ions were subsequently reduced to metal nanoparticles within
the polymer matrix. The resulting samples exhibited a pronounced dichroism.
For example, the color of gold-containing spruce wood fibers turned from red
to blue green at parallel and respectively perpendicular orientation of the
polarization direction of the light with respect to the fiber axis. By 1927, dichroic
fibers had been prepared with 17 pure chemical elements, in particular Cu, Ag,
Au, Hg, Os, Rh (designated with the symbol Rd in the original literature), Pd, Pt,
P, As, Sb, Bi, S, Se Te, Br, and [, i.e. not only with metals. The colors observed in
the dichroic samples were found to depend not only on the incorporated chemi-
cal element, but also on the particle size, e.g. the color of perpendicular and par-
allel orientation between polarization plane and fiber direction changed in ramie
fibers from straw yellow to indigo blue for gold particles of 8.5nm diameter and
from claret red to green at 12.3nm diameter. It was recognized early that this
dichroism was caused by particles which assembled in uniaxially oriented spaces
of the fibers to linear aggregates (Fig. 2.11). The in-situ-formed particles were
investigated in more detail two or three decades later by X-ray diffraction. The eval-
uation of the line widths (Scherrer’s equation) revealed particle diameters of sil-
ver and gold crystallites in dichroic samples between 5 and 14 nm, and the ring-like

hollow space
plant ar animal fiber

solution with
silver or gold ions

T e e R
s

l illumination

L1 O LD

Fig. 2.11 Schematic illustration of the preparation of dichroic
plant and animal fibers around 1900. The fibers, which
contained oriented anisotropic hollow spaces, were
impregnated with a solution of metal salts, and the
corresponding metal ions were subsequently reduced and
converted to nanoparticles by illumination.
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diffraction patterns in oriented fibers indicated that the individual primary crys-
tallites themselves were not oriented, which supported the view that the dichro-
ism was not a consequence of an orientation of the individual particles themselves,
but of an orientation of particle assemblies.

It may appear amazing that gold was used as the inorganic component in ear-
ly studies on nanocomposites. However, this metal was well represented in initial
reports on nanoparticles. According to Ostwald, a pioneer in nanoparticle research,
Richter was the first who found experimental evidence for the presence of
extremely small gold particles, namely in 1802, followed by, for instance, Fara-
day, Zsygmondy and Gutbier (silver nanoparticles) in the next 100 years. The
final demonstration of the existence of nanoparticles was adduced by particle size
measurements with the ultramicroscope in 1903. These instruments allowed the
visualization of particles with dimensions below the resolution limit of optical mi-
croscopes with the help of light scattering. Emphasis was put on the investigation
of glass—gold nanocomposites, and gold particle diameters were disclosed down
to the resolution limit (ca. 6nm for gold). Diameters of gold particles obtained
with ultramicroscopy were confirmed by Scherrer in 1918 by evaluation of line
widths in X-ray diffraction patterns. He also showed with X-ray diffraction that the
gold lattices of nanoparticles and the bulk substance were identical even for par-
ticles as small as 45 unit cell lengths. Nonetheless, nanoparticles of substances
other than gold (or silver) had also been synthesized already 100-200 years ago,
for example platinum by reduction of PtCl,” with hydrazine in aqueous solution,
SiO, by hydrolysis of tetramethoxysilane, aluminum oxides by hydrolysis of alu-
minum chloride, iron oxides by hydrolysis of iron chloride, and TiO, nanopar-
ticles in the course of the discovery of titanium, by hydrolysis of titanium tetra-
chloride or by treatment of a gel-like titanate with a small amount of hydrochlo-
ric acid followed by dialysis. With regard to the use of nanoparticles in composites,
particular attention has to be paid to SiO, produced by flame hydrolysis of SiCl,
around 1940 and carbon black, which was shown to consist of nanoparticles by
electron microscopy at the same time. Both SiO, nanoparticles and carbon black
have been applied as reinforcing fillers for elastomers. Moreover, since carbon
black absorbs UV and visible light efficiently, light-induced polymer degradation
processes are markedly retarded by carbon black nanoparticles, and it was report-
ed already in 1950 that carbon black extended the weathering life of poly(ethylene)
from 6 months to 20 years. The distinct electrical conductivity of carbon black is
another property, which has found application for decades in polymer composites.
Since polymers are usually insulators, filling with carbon black can introduce elec-
trical conductivity up to 1-10S/cm.

24
Preparation of Polymer Nanocomposites

In order to prepare nanocomposites, either the particles or the polymers or both
components can be synthesized in situ (i.e. not applied as isolated species) or used
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in the final state (Fig. 2.12). Mixing of the final or the precursor components can
proceed, for instance, in solution or in a polymer melt. In such processes, inor-
ganic or organometallic precursor molecules can also be bound to polymer mole-
cules. The conversion of the precursors to the final inorganic particles can take
place in solutions, in polymer melts or in polymeric solids. The chemical reactions
for the generation of the inorganic nanoparticles are often simple. For example,
salt-type nanoparticles are frequently synthesized by reaction of soluble precursor
salts, e.g. Cu,S particles from [Cu(CH,CN),JCF,SO; and Li,S in N-methylpyrroli-
done or PbS particles from Pb(CH,COO), and H,S in water. Hydrolysis of pre-
cursors is also a common method for nanoparticle synthesis, e.g. SiO, particles
are obtained by hydrolysis of tetraethoxysilane. In contrast to powders of bare in-
organic particles, particles surrounded by an organic shell, which can be gained
as solids or viscous substances, may disperse as individual primary particles in
water, organic solvents or even directly in polymer melts, as indicated above. A
number of such surface-modified inorganic particles are available, for example,
gold, silver, platinum or CdS nanoparticles with a shell of organic thiols, where
the thiol groups are attached to the particle surfaces. The surfaces of inorganic
particles can also be modified with reactive organic groups that allow the attachment
of matrix polymer molecules to the surfaces of the inorganic particles, thus leading
to a firm polymer—particle interface. As an alternative to chemical methods, nanopar-
ticles were also produced by evaporation of bulk materials (e.g. silver or gold).
Nanocomposites may be obtained basically not only as powders or coherent
bodies without particular shape but also as films or fibers, using the common
methods of polymer processing. Thus, films can be manufactured from a liquid
mixture of the composite components by casting followed by evaporation of the
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Fig. 2.12 Basic methods of nanocomposite preparation.
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volatile parts or by insertion of a solid nanocomposite in a hot press, and fibers
by conventional spinning processes including electrospinning.

2.4.1
Mixing of Dispersed Particles with Polymers in Liquids

A common method for nanocomposite preparation is based on the mixing of poly-
mer and dispersed nanoparticles in a liquid (Fig. 2.13). If the particles are syn-
thesized in situ, the polymer can be present already during the synthesis. In this
case, coordination of precursors, e.g. metal ions or organometallic compounds,
with polymer molecules may influence not only the final particle size and shape
but also the particle distribution in the polymer matrix. The interactions between
precursor and polymer can also be of ionic nature, as with cationic polyelectrolytes
and [PtCl* or [PACL]* which are subsequently reduced to metal nanoparticles
(Fig. 2.14).

Depending on the system, a polymer can destabilize or stabilize particles dis-
persed in a liquid medium. In the former case, the polymer and the particles
precipitate together (coprecipitation) and the nanocomposite can be collected by
filtration or decanting of the outstanding solution. Such procedures remove solu-
ble reaction side products stemming from in situ synthesis of the particles. Spon-
taneous coprecipitation occurred, e.g. when PbS nanoparticles were prepared in
situ in presence of poly(ethylene oxide). The particles in nanocomposites obtained
by spontaneous coprecipitation can even be ordered in appropriate systems. When

dissolved
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poly / \4"3 =

coprecipitation
or solvent
evaporation

chemlca_l coprecipitation or
reaction .
solvent evaporation

- nanocomposite

Fig. 2.13 Design of nanocomposite preparation with in-situ-prepared nanoparticles.
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Fig. 2.14 A) lonic interactions of cationic metal sulfide nanoparticles (New J. Chem.
polyelectrolytes with anionic metal complexes 1998, (no volume), 685), C) coordination of
prior to conversion to metal nanoparticles an organometallic precursor to a distinct
(cf. Mater. Sci. Eng. C 1998, 6, 155), B) block of a copolymer prior to conversion of
coordination of metal ions (M* denotes Cu™, silver nanoparticles (New J. Chem. 1998,
Co™, Ni**, Cd*, Zn*, or Ag") to a distinct 685).

block of a copolymer prior to conversion to

gold particles modified at the surface with a mixed layer of 1-octanethiol and
11-mercaptoundecanoic acid were merged with poly(amidoamine) (PAMAM)
dendrimers, acid-base interactions between amine groups of the polymer and
carboxylic acid group of the particle shell (Fig. 2.15) resulted in a rather ordered
arrangement of the particles in the matrix, the distances between the particles
depending on the size of the dendrimer molecules. If, on the other hand, a poly-
mer stabilizes a particle dispersion, coprecipitation is often induced by addition of
a liquid in which the polymer is insoluble. For instance, a nanocomposite of Cu,S
and poly(aniline) was prepared by addition of ethanol to the stabilized Cu,S-
polymer dispersion in N-methylpyrrolidone.

As an alternative to coprecipitation, nanocomposite films can be prepared from
stabilized particle—polymer dispersions by spin coating or by casting the disper-
sions into a flat dish followed by solvent evaporation. If the particles were prepared
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Fig. 2.15 Formation of charged moieties (dotted oval) by
interactions of surface-modified gold particles with
poly(amidoamine) (PAMAM) dendrimers (rather globular
polymers whose exterior is densely covered with amine groups)
(/. Polym. Sci. A 1992, 30, 2241).

in situ under formation of nonvolatile byproducts, the nanocomposites prepared
by casting or spin coating typically also contain these byproducts as impurities. If
this is undesirable, attention has to be paid to the exclusive formation of volatile
byproducts like, e.g. acetic acid which results from the conversion of lead(II)
acetate with H,S to PbS nanoparticles. Problems with the incorporation of reac-
tion side products from nanoparticle synthesis do not arise when dispersions of
previously isolated core-shell nanoparticles are used, such as alkanethiolate-mod-
ified silver or gold nanoparticles which were dispersed in polymer solutions and
subsequently processed to films by spin coating or casting and subsequent solvent
evaporation (Fig. 2.16). Ultrathin nanocomposite films with controlled layer thick-
ness can be generated by alternating immersion of a substrate in dispersions
or solutions of oppositely charged particles and polymers, respectively. In this
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Fig. 2.16 Design of nanocomposite preparation with surface-modified nanoparticles.

e —

Cd(CIO,), ) g organic Fay\\
H,Se w2
CH,CH(SH)COOH [

NaOH )

CdSe parucle Y

L Lo

i t
_DUDD_

Fig. 2.17 In situ formation of CdSe nanoparticles modified with
surface-bound carboxylate groups (J. Phys. Chem. B 1998, 102,
4096).

manner, the layer thickness increases with the number of dipping cycles. For ex-
ample, CdSe particles modified with strongly bound carboxylate groups were pre-
pared in situ (Fig. 2.17). Upon immersion of a piece of flat glass or silicon, coated
with a layer of poly(ethyleneimine), into the CdSe dispersion, the negatively
charged CdSe particles adsorbed, probably with sodium ions as counterions (Fig.
2.18). After removal of the substrates and exposure to a solution of poly(allylamine
hydrochloride), the positively charged polymer was attracted by the negative
charges at the CdSe shell, leading to a deposition of a layer of the polymer. Sub-
sequently, a new CdSe layer deposited after treatment with CdSe dispersion, and
the adsorption cycles could be repeated many times, leading to a material with the
nanoparticles and the polymer strongly interacting by electrostatic forces.
Occasionally, nanocomposites were also obtained by diffusion of nanoparticles
into a swollen polymer matrix. This method, however, is suited only for rather
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Fig. 2.18 Nanocomposite formed by an aqueous solution of poly(allylamine
alternating immersion (layer by layer hydrochloride). Excess negative charges of
deposition) of a modified glass or silicon CdSe particles at the substrate might be
substrate in a dispersion of in-situ-prepared compensated by sodium ions present in the
CdSe nanoparticles modified with surface- CdSe dispersion (J. Phys. Chem. B 1998, 102,

bound carboxylate groups (see Fig. 2.17) and  4096).

insoluble polymers with good swelling behavior. Since the particle incorporation
throughout the specimen becomes slower with increasing thickness of the matrix,
thin films may be particularly suited for the application of this method. Thus,
nanocomposites of CdTe and poly(aniline) (PANI) were prepared by exposure of
a PANI film of ca. 100nm thickness to an aqueous dispersion of thioglycerol-
modified CdTe particles for 1h.

242
Mixing of Particles with Monomers Followed by Polymerization

Particles, which are either prepared in situ or applied in the final state as core-shell
particles, can be dispersed in suited monomer solutions or even in neat
monomers. As an example, CdS nanoparticles with surface-bound 4-hydroxyphe-
nol or 2-mercaptoethanol were prepared from CdCl, and Na,S in reverse micellar
systems. The particles were collected by centrifugation. Most likely, hydroxyl
groups were exposed to the environment, which is expected to favor particle dis-
persion in polar solvents. Accordingly, the particles were dissolved in dimethyl
sulfoxide. Upon addition of ethylene glycol and toluenediyl-2,4-diisocyanate, a
poly(urethane) established in situ, whereupon the corresponding poly(urethane)
—CdS nanocomposite was obtained by coprecipitation with water.
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If appropriate modifications are made at the surfaces of the inorganic particles,
the in-situ-generated polymer can be connected to the particle surface. This was
attempted, for instance, with in-situ-prepared SiO, particles (Fig. 2.19). In order to
establish a SiO, surface which enables the binding of polymer molecules, the
hydroxyl groups at the pristine SiO, surfaces were converted with 3-(trimethoxy-
silyl)propyl methacrylate under formation of surface-bound siloxane groups and
release of methanol. The organic surface layer not only implemented an appro-
priate chemical reactivity but also reduced the agglomeration tendency of the par-
ticles, which were dispersed in the monomers methyl methacrylate or methyl
acrylate. A photoinitiator dissolved in the monomer enabled polymerization by
irradiation with light. It was assumed that, apart from the polymerization in
the bulk, at least a fraction of surface-bound methacrylate groups reacted to yield
polymer molecules, which were attached to SiO, surfaces. Moreover, an initiator
can also be bound to surfaces. Consequently, in presence of a suited monomer,
polymerization is initiated from the surface under concomitant binding of the
growing polymer to the surface. For instance, a peroxide initiator was attached first
to SiO, nanoparticles, and after mixing the modified particles with methyl
methacrylate at 70°C the peroxide group decayed under formation of radicals
which initiated the formation of surface-bound poly(methyl methacrylate)
(Fig. 2.20).
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Fig. 2.19 Schematic illustration of a reaction sequence which
was suggested to yield poly(methyl methacrylate)-SiO,
nanocomposites containing polymer molecules which are
bound to particle surfaces (see Chem. Mater. 1994, 6, 362). For
simplicity, only one reactive site per SiO, particle is considered
in the illustration.
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Fig. 2.20 Modification of a SiO, surface with a peroxide initiator
which subsequently induced polymerization of methyl
methacrylate upon heating to 70°C, finally resulting in surface-
bound poly(methyl methacrylate) (J. Polym. Sci. A 1992,

30, 2241).

243
Nanocomposite Formation by means of Molten or Solid Polymers

In the simplest case, nanocomposites are prepared by mixing of inorganic parti-
cles in the final state into polymer melts. As explained above, this method pro-
vides random particle dispersion in the polymer matrix primarily if the particles
are encapsulated by a shell of organic molecules whose chemical nature is com-
patible with that of the polymer. When the particles are prepared in situ, the final
step of nanocomposite formation can proceed under the action of molten or sol-
id polymers. Polymer melts were the starting point for the generation of metal
nanoparticles which emerged by thermal decomposition of a precursor. When
solutions of, e.g. Cu(HCOO),, Ti(C;Hs;CH,),, or Fe(CO); came in contact with
polymer melts at 200-260°C, elemental copper, titanium or iron, respectively,
formed under concomitant evaporation of the solvent, release of volatile reaction
byproducts and mixing of particles and polymer. The exposure of polymer melts
to metal vapors can also result in the formation of polymer nanocomposites with
well-dispersed particles. However, nanoparticle formation by thermal decomposi-
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tion of an inorganic or organometallic precursor has been applied more frequently
in a solid polymer matrix. Thus, in a composite film consisting of copper(II) for-
mate and poly(2-vinylpyridine), prepared from a methanol solution followed by
solvent evaporation, the copper ions were reduced in the solid polymer matrix
upon heating to metallic copper nanoparticles. The reaction side products (H, and
CO,) were gaseous and therefore favorably escaped from the polymer matrix. Pre-
cursors in a solid polymer matrix can be transformed to nanoparticles not only by
thermal decomposition but also by chemical reaction with agents in the gaseous
or dissolved state. For instance, the precursor diethyl zinc was incorporated in
sheets of a statistical copolymer of ethylene and vinyl acetate (EVA) by diffusion
from a diethyl zinc solution in hexane. After removal of the sheets from the so-
lution, the diethyl zinc hydrolyzed rapidly by water present in the ambient at-
mosphere, yielding zinc oxide particles (diameter ca. 10nm). Again, the reaction
side product of the formation of the zinc oxide particles (ethane) was volatile and
therefore leaved the nanocomposite.

Coordination of metal ions to ligand sites of polymers can lead to controlled for-
mation of nanoparticles. In particular in microphase-separated block copolymers,
precursor molecules may interact predominantly with one specific block, and
therefore this block will harbor the final nanoparticles sprout from the precursor
by reaction in the solid material. As a consequence of the microphase separation,
a structured distribution of the particles can even result. For instance, when solids
of poly(styrene-block-2-vinylpyridine) containing Cu*, Co*, Ni*, Cd*, Zn*, or Ag"
salts were prepared from solution, coordination of metal ions to pyridine moieties
was suggested (see Fig. 2.14) and as consequence the corresponding metal sulfide
nanoparticles which emerged after treatment with gaseous H,S finally arose only
in the ordered domains of the 2-vinylpyridine blocks. As another example, in films
of poly(styrene-block-ethylene oxide) micelles previously treated with Li[AuCl,], Li*
ions coordinated only to the ethylene oxide units under concomitant binding of
the oppositely charged [AuCl,]” ions. Annealing of the films lead to the formation
of a single gold particle in each poly(ethylene oxide) core. As a consequence,
the gold particles were ordered in a hexagonal structure. Finally, organometallic
polymers can also be used as precursors for nanocomposites. For example,
nanocomposites with silver particles arranged in lamellar structures were prepared
from microphase-separated diblockcopolymers where one block was func-
tionalized with phosphine units (see Fig. 2.14). The phosphorous atoms served
as ligands for silver(I), which was additionally coordinated by hexafluoroacety-
lacetonate. Silver particles emerged in the end upon thermal treatment of the
solid polymers.

244
Concomitant Formation of Particles and Polymers

For nanocomposite generation, both the inorganic particles and the polymer can
be prepared in situ. In presence of monomers, which can also be used as a solvent
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for the particle precursors, nanocomposites can emerge upon polymerization and
concomitant in situ formation of the nanoparticles. For instance, heat or radiation
can induce both polymerization and nanoparticle formation. As an example, when
a solution of tris(styrene)platinum(0) dissolved in styrene was heated to 60°C in
the presence of a radical initiator, the metal complex decomposed into platinum
nanoparticles and concomitantly the styrene polymerized to poly(styrene), and a
nanocomposite of poly(acryl amide) containing nickel or cobalt nanoparticles was
prepared by irradiation with y-rays starting from nickel(II) sulfate or cobalt(II) sul-
fate in an aqueous solution containing the monomer acryl amide. In the latter
case, the y-rays initiated both the reduction of the metal(II) ions to metal(0) atoms
and the polymerization of acrylamide. The polymerization was supposed to be
induced by radicals which formed under the action of the y-irradiation, e.g. H’
or OH" radicals which may arise by radiolysis of water molecules. The in situ
manufacture of both polymer and particles was also performed by simultaneous
evaporation (co-evaporation) of an inorganic species and a monomer. While the
monomer converts into a polymer film after contact with a substrate, the inorganic
vapors decompose grow to nanoparticles in the concomitantly growing polymer
matrix. As an example, paracyclophane was evaporated and the vapors were
heated to 650-700°C which caused a conversion of the p-cyclophane to p-xylylene.
The p-xylylene vapors were coevaporated with palladium, tin, or copper vapors in
presence of a quartz slide which was cooled to —196 °C. The hot vapors condensed
on the cold quartz surface, and when the quartz with the deposited solids was
warmed to room temperature, the p-xylylene polymerized to poly(p-xylylene),
which is otherwise difficult to process, and the inorganic vapors yielded the
respective metal nanoparticles. The evaporation of inorganic substances for
the preparation of nanocomposites is not restricted to metals; for instance PbS
was also used in presence of p-cyclophane in order to create nanocomposites as
described above.

25
Properties and Applications of Polymer Nanocomposites

2.5.1
Properties

As indicated above, optical and electrical properties can differ in nanocomposites
compared to composites containing larger particles of the same volume fraction.
For instance, below a certain size, which is specific for each compound, the elec-
trical conductivity of semiconductors and conductors decreases because the
bandgap increases. As also mentioned above, the high specific interface area in
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nanocomposites can be of advantage in photoconducting processes where inor-
ganic and polymeric semiconductors are combined. Photoconductivity was found,
e.g. in nanocomposites of poly(aniline) (PANI) and PbS, CdS or TiO,, in films of
poly(N-vinylcarbazole) (PVK) and CdS or HgS, or in films of poly(p-xylylene) (PPX)
and PbS. The detailed origin of the photoconductivity may depend on the
nanocomposite. In the PANI-TiO, nanocomposites, electrons seem to be trans-
ferred from PANTI to TiO, upon irradiation, and the generated charges move sub-
sequently to the respective electrodes. The photoconductivity in the PVK-CdS films
was concluded to be initiated with the absorption of a photon by a CdS particle
while PVK was responsible for the charge transport. Remarkably, the activation
energy in PPX-PbS nanocomposites was rather low (less than 0.1eV) and there-
fore it was suggested that the photoelectric behavior of those materials was deter-
mined most likely by photoinduced tunneling transfer of electrons between PbS
particles.

With a view to magnetic properties of nanoparticles, the emphasis is on mon-
odomain particles, whereat a domain is a group of aligned spins that act in a con-
certed way. In bulk magnetic materials, domains are separated by domain walls
of certain thickness and formation energy, and the motion of those domain walls
is involved in the reversibility of the magnetization effect. In the bulk, the forma-
tion of domain walls is energetically favorable while domain wall motion is not
relevant in monodomain particles. If the particles are very small, the spins become
sensitive to the thermal energy and thus arrange in a disordered state when an ex-
ternal magnetic field, which previously caused alignment of the spins, is switched
off. Such superparamagnetic systems are characterized by zero remanent magne-
tization (absence of hysteresis) and zero coercive force. In order to keep individ-
ual monodomain particles separated from each other, they can be embedded in
block-copolymers whereat the nanoparticle surfaces are compatible only with one
block which is immiscible with the other block and forms islands which contain
not more than one particle. Corresponding superparamagnetic nanocomposites
were prepared, for example, with cobalt or y-Fe,O, nanoparticles. Superparamag-
netic nanocomposites were also obtained with conductive polymers such as
poly(pyrrole) or poly(aniline). Such materials combine a superparamagnetic with
an electrically conducting or semiconducting behavior.

As elaborated above, nanocomposites with randomly dispersed particles are
characterized by significantly reduced light scattering compared to related com-
posites comprising larger particles. If the particles in the polymer matrix are, how-
ever, ordered in a regular lattice, remarkable optical effects can emerge for particles
with diameters at the upper limit of the nanosize region, as a result of diffraction
of light at the lattice planes according to Bragg’s equation. As a consequence, iri-
descence is observed. Corresponding materials were prepared with concentrated
dispersions (35-45% w/w) of spherical SiO, particles of narrow size distribution
and diameters on the order of 100-200nm in the monomers methyl methacrylate
or methyl acrylate. The SiO, particles were enclosed in a reactive shell which
allowed the binding of the polymerizing monomers to the particles, according
to Fig. 2.19. After polymerization, scanning electron micrograph (SEM) images re-
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vealed indeed a hexagonal pattern of the silicon dioxide particles in the nanocom-
posites, and iridescent materials developed with a distinct absorption maximum
in UV/vis spectra as expected from Bragg’s equation. As another consequence of
Bragg’s equation, the maximum absorption wavelength depended on the angle
between the incident light and the sample surface; a sample with an absorption
maximum of 490nm at perpendicular incidence of light showed a value of 472nm
at an incidence angle of 68°.

Generally, the incorporation of inorganic particles in elastomeric polymers
increases the strength but decreases the extensibility of the matrix. This is also the
case in composites comprising surface-modified SiO, nanoparticles which were
most likely bound to polymer molecules of a poly(methyl acrylate) matrix. Two
types of such composites were prepared, one with randomly dispersed and the
other with agglomerated SiO, particles. As evident from Table 2.4, the presence of
SiO, resulted in an increase in Young’s modulus by a factor of 10-130, whereat
the composites with the aggregated particles exhibited higher moduli than those
with the randomly dispersed particles. The extensibilities, which are represented
by the elongation at break, were markedly smaller in the composites than in the
neat polymer. The toughness, which is described by the energy required to break
the sample, ie. the area under a stress—elongation curve, decreased in most
cases (Table 2.4). Again, the samples with aggregated particles provided more fa-
vorable values than those with randomly dispersed particles. Interestingly, when
SiO, particles were arranged in the polymer in a regular lattice, no noteworthy
differences in Young’'s modulus, elongation at break or toughness were found
when compared to materials with randomly dispersed particles, indicating that the
order of individually dispersed particles in the matrix is not of high importance
for mechanical properties at least in those systems. One should be aware, how-
ever, that the reinforcement of thermoplastic polymers by nanoparticles can be
little pronounced. For instance, poly(ethylene) is not reinforced considerably by

Table 2.4 Mechanical properties of a poly(methyl
methacrylate)—SiO, nanocomposite containing different
contents of randomly dispersed or agglomerated SiO, particles
(Chem. Mater. 1997, 9, 2442).

SiO, content State in Young's Elongation at Toughness

(w/w) dispersion modulus (MPa) break (%) (J/m’ x10)

0 n.a. 2.07 1419 1.54

0.35 random 20.3 120 1.01
agglomerated 29.9 254 2.24

0.40 random 30.1 98 1.13
agglomerated 68.6 184 1.80

0.45 random 126 46 0.36

agglomerated 262 127 1.02
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carbon black as well as EVA (ethylene-vinyl acetate copolymer) by Al(OH),
nanoparticles whose surface was modified with alkyl groups in order to enhance
the compatibility of the particles at least with the poly(ethylene) segments in EVA.

Thermal studies of nanocomposites were performed in particular with clay min-
erals as the inorganic component, which are referred to extensively in Chapter 4.
Thermal properties such as the glass transition temperature of polymers can
increase, decrease or remain unchanged in presence of inorganic particles. The
reasons for the different behavior are not clear at the moment. Yet similar systems
can show a different behavior, as in the case of the previously mentioned nan-
ocomposites of methacrylate-modified SiO, and poly(methyl methacrylate) or
poly(methyl acrylate), respectively. While the glass transition temperature of
poly(methyl methacrylate) clearly increased in presence of SiO,, that of poly(methyl
acrylate) remained essentially unchanged or even decreased slightly.

252
Applications

2.5.2.1 Catalysts

As indicated above, the large specific surface (or interface) area of catalytically
active nanoparticles enhances the efficiency of heterogeneous catalytic reactions
(hereby, the catalyst is present as a solid and the reacting agents are in the liquid,
dissolved or gaseous state). Heterogeneous catalyses are widely applied in techni-
cal processes since they offer, for instance, a simple separation of the catalyst from
the reaction mixture, which is often difficult to achieve in systems based on
homogeneous catalysis. Catalysis is of technical importance, e.g. in hydrogenation
of olefins or acetylenes (Fig. 2.21). Such reactions also proceed with nanocom-
posites containing catalysts based on palladium, platinum, rhodium or iridium
embedded in poly(vinyl alcohol), poly(vinyl acetate) or block-copolymers. Selective
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catalys
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B(OH), + Br@ T
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Fig. 2.21 Examples of reactions catalyzed by nanocomposites
(top: hydrogenation of olefins, middle: Heck reaction, bottom:
Suzuki reaction).
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hydrogenation in molecules with different reaction sites is also possible. For
instance, the selective hydrogenation of dehydrolinalool (oct-6-ene-1-yne-3-ol),
where a C=C and a C=C bond can basically react with hydrogen, is of industri-
al importance in fragrance chemistry. The C=C bond was hydrogenated rather
than the C=C bond with a selectivity of 99.5% with palladium nanoparticles em-
bedded in poly(styrene)-block-poly(4-vinylpyridine). Even higher selectivities (up to
99.8%) were achieved with bimetallic Pd/Au, Pd/Pt or Pd/Zn nanoparticles. It was
suggested that a coordination of pyridine units to the metal surface contributed to
the high selectivity.

Numerous other reactions can also be catalyzed with nanocomposites, such as
the Heck reaction or the Suzuki reaction (Fig. 2.21). Also, the oxidation of 1-
sorbose into 2-keto-1-gulonic acid, an intermediate stage in the synthesis of ascor-
bic acid (vitamin C), was catalyzed by platinum nanoparticles in crosslinked
poly(styrene), or a poly(thiourethane) containing benzylthiol- or phenylthiol-mod-
ified CdS nanoparticles caused the generation of hydrogen from 2-propanol un-
der illumination while bulk CdS did not show a significant photocatalytic activity.
When the starting compounds and the reaction products are in the gaseous state,
catalytic membranes can be used to keep the starting materials separate from the
reaction products, as in the case of a nanocomposite based on an aromatic
poly(amide imide) containing 15% w/w bimetallic Pd/Ag (77/23 w/w) nanoparti-
cles, which was effective in the hydrogenation of nitrous oxide.

In spite of the successful examples of catalytic active nanocomposites one should
be aware that the enclosure of nanoparticles in polymers is a general drawback
because the polymer retards the diffusion of the reagents to and from the catalyt-
ic active centers. In order to minimize this effect, nanocomposite materials which
are riddled with open pores should be preferred. Also, it should be considered that
an organic shell frequently decreases the efficiency of nanoparticles, most likely
because the organic layer prevents a contact between the active surface sites and
the molecules to be converted.

2.5.2.2 Gas Sensors

Gas sensors find increasing interest in the monitoring of vapors of halogenic or,
more general, organic compounds, e.g. for toxic or environmental reasons. Indeed,
nanocomposites might be helpful in the detection of such vapors. For instance,
poly(aniline)—copper nanocomposites turned out to be useful for the detection of
chloroform vapors. Since poly(aniline) shows, in contrast to most polymers, sig-
nificant electrical conduction, the chloroform caused a change in conductivity
which increased with increasing chloroform content up to a saturation value.
When the samples were removed from the chloroform vapors and exposed to dry
air, the chloroform left the nanocomposite and the electrical conductivity adopted
the initial value again. Poly(aniline) itself did not show a comparable conductivity
effect, which implies that the copper particles adsorbed reversibly chloroform
vapors. The concentration of gases in a nanocomposite was also determined by
thickness measurements. If the gaseous species adsorb reversibly at the internal
surfaces of the inorganic particles, the thickness of the composite can increase
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considerably because the high specific interface area (i.e. interface area per vol-
ume unit) of the incorporated nanoparticles allows for the adsorption of a large
quantity of gaseous molecules. Consequently, the thickness of nanocomposites
consisting of a fluorinated polymer and gold increased upon exposure to vapors
of carbon tetrachloride, isopropanol or acetone. The extent of this increase
depended on the gaseous substance and the gold content. In the example of ace-
tone, the thickness of the nanocomposite increased linearly with the volume frac-
tion of gold, which indicates that the thickness expansion is indeed not simply
related to dissolution of the organic molecules in the polymer matrix but rather
to an adsorption of the vapors at the gold particles. These particles probably ad-
here little to the polymer since otherwise the adsorption of the gaseous molecules
might be prevented.

2.5.2.3 Materials with Improved Flame Retardance

A disadvantage of polymers compared to inorganic materials is their more or less
pronounced burning tendency at high temperatures, which may arise in particu-
lar in the course of accidents. As a consequence, the flame retardance of techni-
cal polymers is improved by addition of inorganic additives, in particular Al(OH),
and, to a less extent, Mg(OH),. Upon heating, these hydroxides decompose to met-
al oxides under release of water. The flame retardance effect of these agents bases
on their energy consumption due to endothermal decomposition in an appropri-
ate temperature range, release of an inert gas (water) which dilutes the combus-
tion gases, and formation of an oxide layer which thermally insulates the polymer.
It appears to be likely that a higher specific interface area of the particles enhances
the flame retardance efficiency because the release of water is expected to proceed
fastest at the interface region. Indeed, it was found, for instance, that Al(OH),
nanoparticles were more powerful in dropping the heat release rate in composites
of EVA (ethylene-vinyl acetate copolymer) than a common grade of Al(OH),.

2.5.2.4 Optical Filters
As already indicated above, nanoparticles have been used to colorize matrix
materials for centuries. Since light scattering in the resulting nanocomposites is
commonly irrelevant, colored but translucent materials emerge which therefore
act as translucent color filters. As an example, color filters consisting of poly(N-
vinylpyrrolidone) and silver particles appeared translucent yellow or red, depend-
ing on the silver particle diameters which ranged between 6 and 12nm. More
pronounced color variations at different particle diameters were observed in
poly(vinyl alcohol)—gold nanocomposites. When viewed in transmitted light, the
nanocomposites appeared pink at 16nm, purple at 43nm, and blue at 79nm par-
ticle diameter. Under oblique observation, the composites comprising particles
with 79nm diameter changed their color to brown (Tyndall effect).

Since the long-term stability of technical polymers is frequently affected by
UV radiation, UV stabilizers are commonly added. In colorless materials, these
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stabilizers consist usually of organic compounds. However, UV-absorbing, visu-
ally transparent nanoparticles might also serve as UV-absorbing entities, and
nanocomposites which are fully transparent for visible light but efficiently absorb
UV radiation can act as UV filters. Gratifyingly, ZnO and TiO, absorb UV radia-
tion over a broad wavelength range but are transparent in the spectrum of visible
light. Accordingly, nanocomposites with TiO, and poly(vinyl alcohol) or ZnO and
a statistical copolymer of ethylene and vinyl acetate (EVA) were transparent to vis-
ible light but absorbed UV light to a high extent close to 400nm. Further, visu-
ally transparent nanoparticles of ZnO showed a UV-protective effect of
poly(propylene) or poly(ethylene) matrices. Upon irradiation with UV light,
discoloration of poly(propylene) or carbonyl formation in poly(ethylene) was
substantially reduced by 1-2% w/w ZnO. Remarkably, the thermal stability
of low-density poly(ethylene) was also improved by the presence of ZnO
nanoparticles.

2.5.2.5 Dichroic Materials

Dichroic materials are of interest in common twisted-nematic liquid crystal dis-
plays (LCDs). If one of the polarizers is substituted by a dichroic sheet, the dis-
play becomes bicolored. Impressive dichroic effects in nanocomposites were
caused by parallel oriented, linear assemblies of nanoparticles. Besides the
dichroic fibrils mentioned above, dichroic materials were obtained more recently
by processing of nanocomposites on the basis of synthetic polymers. When
poly(ethylene) films containing gold or silver nanoparticles were heated to 120°C,
the polymer became soft which allowed drawing with moderate expenditure of
energy. The resulting films showed pronounced dichroism. The observed colors
depended on the type of metal (gold or silver) and the particle diameters of a giv-
en metal. For example, nanocomposites with gold changed their color from blue
to red amber when turning the angle ¢ between the polarization direction of the
incident light and the drawing direction of the films from 0° to 90°, and materials
with silver, depending on the particle size, from red to yellow (particle diameter
4.5nm) or purple to amber (diameter 10nm), respectively. In fact, it was demon-
strated that bicolored LCDs can indeed be established with such nanocomposites.
The dichroism was also reflected in UV/vis spectra recorded with polarized light,
which strongly depended on ¢ (Fig. 2.22). The absorption maximum at ¢ = 0° arose
at higher wavelengths than that at ¢ = 90°. Isosbestic points, i.e. points at which
the absorbance was independent on ¢ at a particular wavelength (as evident from
Fig. 2.22) appeared frequently in the spectra of the dichroic materials. Transmis-
sion electron microscope (TEM) images suggested that most pronounced dichro-
ism was obtained when the initial nanocomposite films were prepared under
conditions which provoked the formation of spherical particle assemblies in the
polymers which deformed into linear assemblies upon drawing under the action
of the shear forces. As a consequence of the directive drawing process, these
assemblies oriented themselves uniaxially in the drawing direction.
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Fig. 2.22 UV/vis spectra of a drawn nanocomposite consisting
of poly(ethylene) and 1-dodecanethiol-modified gold
nanoparticles recorded with linear polarized light at different
angles between the polarization and the drawing direction (0°
corresponds to parallel orientation of polarization and drawing
direction) (Appl. Optics 1999, 38, 658; J. Mater. Sci. 1999, 34,
3859; Adv. Mater. 1999, 11, 223).

2.5.2.6 High and Low Refractive Index Materials

The refractive index is a key feature in many optical applications, such as lenses
or waveguides. The refractive indices of organic polymers are typically in the range
of 1.3 and 1.7 while inorganic materials can possess refractive indices far below
1 (e.g. gold) or above 3 (e.g. PbS or silicon) over a broad wavelength range.
Hence, it may be expected that the refractive index of nanocomposites containing
particles with extreme refractive index can fall outside of the typical range of that
of organic polymers. Further, it should be possible to adjust the refractive
index of composite materials by the particle content. This was indeed demon-
strated with poly(ethylene oxide), a poly(thiourethane) or gelatin which were
charged with PbS nanoparticles, with gelatin—silicon nanocomposites and gela-
tin—gold nanocomposites containing a high content (up to 50% v/v) of inorganic
particles. Refractive indices of composites with PbS or silicon around 3 and of
gelatin—gold composites down to 1.0 were found. The refractive index of the
nanocomposites composed of gelatin and PbS, silicon or gold seemed to depend
rather linearly on the volume content of the particles (Fig. 2.23). Linear relations
of refractive indices and volume fractions of inorganic particles were also report-
ed for materials composed of poly(methyl methacrylate) and silicon dioxide or of
a poly(thiourethane) and titanium dioxide. Of course, some deviation from the lin-
ear relationships is possible due to the limited experimental precision of the
determination of the refractive indices and the volume fractions of the particles.
According to theory, a linear relation between refractive index and volume content
of filler could be expected for many composites but nonlinear relations cannot be
excluded.
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Fig. 2.23 Refractive index of a gelatin—PbS nanocomposite as a
function of the volume fraction of PbS, according to Polym. Adv.
Technol. 1993, 4, 1.

2.6
Summary

Polymer nanocomposites as dealt with in this section consist of a continuous
polymer matrix which contains inorganic particles of a size below ca. 100nm at
least in one dimension. The largest variety of chemically different inorganic com-
ponents has been described with more or less spherical or cubic particles.
Although such materials have been reported already long ago (e.g. with SiO,, TiO,,
carbon black or gold nanoparticles), polymer nanocomposites found particular
attention only in the last 15 years. The increasing interest in nanocomposites
is based on the fact that they can exhibit properties which are more pronounced
or even differ from those of the analogous composites with larger particles. Such
effects occur especially due to size-dependent physical properties of inorganic
particles or of the high internal surface area. As a consequence of these charac-
teristics, materials properties such as optical transparency, color (including
dichroism), photoconductivity, iridescence, catalytic activity or superparamagnet-
ism, can be of particular use in nanocomposites when compared to analogous
composites with larger particles. Thus, the properties of nanocomposites are con-
sidered to provide applications in the areas of, e.g. optics, catalysis, electronics, or
magnetism.

It is of considerable importance for many materials properties (in particular op-
tical or magnetic properties) that the particles are dispersed as individual primary
particles and not as agglomerated particles (secondary particles). In order to avoid
agglomeration, the nanoparticles are frequently synthesized in situ or applied as
surface-modified particles (or core-shell particles where an inorganic core is sur-
rounded by a shell composed of organic molecules). The preparation of nanocom-
posites with randomly dispersed particles is markedly facilitated by the use of
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nanoparticles with appropriately modified surface since such particles enable a
good dispersion of the primary particles in polymer solutions or melts.

In addition, the use of particles with appropriately modified surfaces compris-
ing reactive organic molecules allows the binding of the particles to suited poly-
mers which leads to strongly connected polymer—particle systems.
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3
Hybrid Organic/Inorganic Particles

Elodie Bourgeat-Lami

Abstract

Organic/inorganic hybrid particles with diameters ranging from ten nanometers
up to several hundred nanometers are an important class of hybrid materials with
potential applications in a variety of domains ranging from the encapsulation and
controlled release of active substances to their utilization as fillers for the paint
and coating industries. This review chapter discusses the different strategies and
general concepts of synthesizing hybrid particles with defined shapes (core-shell,
multinuclear, raspberry and hairy-like particles) and nanoscale dimensions. Syn-
thetic techniques are mainly based on physicochemical routes or polymerization
methods. The physicochemical route involves interaction of preformed macro-
molecules and/or nanoparticles with particles templates, whereas in the chemical
route, the mineral and organic phases are generated in situ in the presence of or-
ganic or inorganic particles, respectively. The simultaneous reaction of organic and
inorganic precursors to produce single-phase hybrid nanoparticles will also be con-
sidered. This chapter gives a general overview of the different techniques and
briefly mentions potential applications of such systems.

3.1
Introduction

Although colloidal particles received little attention until the end of the 19th cen-
tury, man has observed and made used of their properties since the earliest days
of civilization. The alchemists of medieval times, in their search for the elixir of
life, reported the transmutation of base precious metals into gold or silver and
highlighted the amazing changes in color that accompanied the overall process.”
However, it was not until 1856 that Faraday made the first systematic study of
colloidal gold and tentatively reported factors that could be responsible for the

1) The color is due to the wavelength dependence of scattering and absorption.
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stability of these dispersions. The term “colloid” (in Greek kolla = glue) was first
introduced by Thomas Graham (1805-1869) at the beginning of the 19th century
to distinguish between substances that diffused through a semipermeable collo-
dion membranes and those (such as glue, gelatine or starch) that did not. Today,
there are many examples of systems for which this simple classification is inade-
quate. Indeed, colloids cover a broad range of seemingly different materials and
are currently defined as two-phase systems in which particles of colloidal size (typ-
ically within the range 10nm-1um) of any nature (e.g. solid, liquid or gas, organic
or inorganic) are dispersed in a continuous phase of a different composition or
state. Hence, colloids are not limited to solid particles and also include suspen-
sions of gas in liquids (foams), liquids or solids in gas (aerosols) or liquids in lig-
uids (emulsions). However, for simplicity, only suspensions of solids in liquids
will be considered in this article. Each particle in a colloidal suspension (or a sol)
consists of a large number of molecules or “molecular aggregates” stabilized in
solution by chemical or electrochemical means. Due to their small size and sta-
bilization, they remain dispersed for a long time and also have the property to scat-
ter light (so-called Tyndall effect). However, particles whose size is larger than a
critical size (e.g. around 1um) settle in solution at rates that depends on their spe-
cific gravity. Note that it is not necessary for all three dimensions to lie below 1
um: platelets and fibers for which only one and two dimensions, respectively, are
in the colloidal range may also be classified as colloidal systems (Fig. 3.1). Anoth-
er particularity of colloids is their high surface area. Indeed, owing to their small
size, colloids are almost all surface! Not only are surface phenomena accentuated
in colloidal materials but physical confinement due to boundaries effects also cre-
ates strong size-dependent properties. Because of their large surface area, colloids
are also prone to adsorb large amounts of chemicals, which is largely responsible

)
rods (top: cellulose whiskers and bottom: iron oxide particles)
and c) gold cubes together with rods. (Reprinted with
permission from: J. Am. Chem. Soc. 2004, 126, 8648-8649.)
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for their stability in solution and also allows introducing a variety of molecules on
their surface. Thus, properties of colloidal materials can be tuned at will by con-
trolling particle size and surface characteristics.

Despite their long history, the scientific study of colloids is a relatively recent de-
velopment that was mainly stimulated by the demand of industry for colloidal ma-
terials of high quality and well defined characteristics. Indeed, colloidal particles
are the major components of a lot of industrial products such as foods, inks, paints,
coatings, pharmaceutical and cosmetic preparations, photographic films and rhe-
ological fluids and play a key role in all these technologies. This progression in
the quality of commercial products is also the consequence of significant progress
in physical chemistry and the concomitant development of sophisticated modern
instrumental techniques. Since the pioneering work of Michael Faraday and
Thomas Graham, increasing interest has been devoted to colloids and colloidal
processes. The remarkable scientific progress which has been done in inorganic
chemistry now allows the production of large quantities of inorganic colloidal dis-
persions using very simple procedures under mild conditions. These colloidal sys-
tems are also perfectly defined in shape, size, composition and surface properties.
Polymeric materials can also be elaborated in the form of colloidal spheres (known
as latexes) using free radical polymerization procedures. Synthetic latexes have
raised increasing interest in the last century and large quantities of commodity
polymers (polyvinyl chloride, styrene-butadiene or polychloroprene rubbers. . . .)
are manufactured as aqueous dispersions.

Although most colloidal systems are either organic or inorganic, colloids can
also be both organic and inorganic. Interest in organic/inorganic (O/I) particles
mainly arose from the necessity of combining and controlling several properties
in a single structure. Indeed, minerals and polymers display radically different
properties and can find consequently significantly different applications. By com-
bining the two materials, it appears possible to achieve a unique combination of
properties and obtain totally new synergetic behaviors. On the one hand, O/I col-
loids benefits from the processing and handling advantages of organic polymers.
In addition, the latter can be made optically transparent and can be selected to im-
part distinguishable chemical or physical properties such as conducting, bioactive
or electroluminescent characteristics. On the other hand, inorganic materials have
fascinating electronic, optical, magnetic or catalytic properties which are comple-
mentary to those of pure organic materials. The incorporation of inorganic fillers
into polymers (such as clay or silica for instance) additionally contributes to a sig-
nificant improvement of the thermal and mechanical properties of the resulting
composite material.

Organic/inorganic (O/I) hybrid particles can be defined as colloidal particles that
contain both organic and inorganic domains. The organic and inorganic compo-
nents can form either two clearly distinguishable macroscopic phases such as in
composite particles, or exhibit some degree of phase mixing at the molecular level
such as in hybrids. However, in practice, the distinction between composite and
hybrid is more often subtle and the appellation O/I particles will be used in the
following to designate both composite and hybrid particles. O/I particles can be
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classified into three groups according to the method which has been used for their
synthesis (Fig. 3.2):

1. O/I colloids can be constructed by assembling preformed
organic and inorganic components (e.g. in the form of
particles or macromolecules) which elementary units (or
bricks) constitute the building blocks of the resulting hybrid
colloid,

2. O/I colloids can be produced in situ by polymerizing
organic (vs. inorganic) precursors in the presence of
preformed inorganic (vs. organic) particles and,

3. O/I particles can be obtained by simultaneously reacting
organic and inorganic molecular precursors.

The properties of O/I particles depend not only on the chemical nature of the or-
ganic and inorganic components but also on their morphology and on the spatial
arrangement of the different phases which, in turn, are controlled by the synthet-
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Fig. 3.2 The three main different approaches to fabrication of
O/! particles. Route 1: self-assembly of preformed organic and
inorganic components, route 2: in situ formation of organic
polymers or inorganic domains in the presence of inorganic
versus organic colloids, and route 3: simultaneous reaction of
organic and inorganic molecular precursors.
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ic procedure and the experimental conditions. For example, if the organic polymer
is located at the outer particle surface (in the so-called core-shell morphology), it
may protect the core from environmental aggressions or provide functional groups
to improve interactions with the surrounding medium (e.g. a better colloidal sta-
bility or sensing properties, for instance). On the contrary, when the polymer is
surrounded by the mineral and thus plays the role of a template, hollow particles
can be produced by subsequent removal of the core, which structures are of par-
ticular interest in encapsulation technologies, drug delivery or as pigments for the
paint industry. In addition, polymer particles, specifically designed such as to com-
plex inorganic precursors, are potential nanoreactors to control the shape, size and
size distribution of in situ generated metal or semiconductor particles. Thus, by
choosing the appropriate route and by varying the reaction conditions, it is possi-
ble in principle to generate an infinite variety of O/I particles with distinct mor-
phologies and functionalities. Last, it is worth mentioning that O/I particles can
not only be used as colloidal suspensions, but also be processed as thin films or
assembled into three-dimensional (3-D) colloidal crystals, which structures have
attracted intense interest in the recent literature. However, despite the growing in-
terest in such macroscopic devices, in the following, only colloidally stable O/I par-
ticulate systems will be described, keeping in mind that such nanostructured
colloids could be used as precursors for the construction of higher hierarchical
materials.

This chapter highlights recent research in the area of hybrid polymer/inorgan-
ic particles with well-defined shapes and nanostructures. These include core-shell,
hairy-like, multipod-like and other exotic morphologies. The chapter starts with a
brief description of some of the most important methods of synthesizing parti-
cles. A distinction will be made between organic particles (e.g. polymer colloids
but also, vesicular, dendritic and block copolymer structures), and inorganic par-
ticles (e.g. metal oxide, metallic and non oxide semiconductor particles). The dis-
cussion will be limited to colloidal systems. The second part of the chapter reports
physicochemical methods to assemble organic and inorganic building blocks into
hybrid particles. The third part describes synthetic routes to elaborate organic/
inorganic colloids in situ starting from either preformed mineral or polymer tem-
plates. These templates can be either particles or supramolecular structures. The
emphasis is put on the techniques that have been developed to control the surface
chemistry of the templating materials and on the morphology of the resulting com-
posite particles. Finally, the last part of the chapter provides examples of hybrid
colloid formation by the simultaneous reaction of organic and inorganic precur-
sors. This approach aims at producing particles with a more intimate mixing of
the organic and inorganic components, which strategy should enlarge the range
of properties and applications of hybrid colloids.

Only basic aspects are reported in this chapter. Readers who want to know
more about this particular class of hybrid particulate materials are referred to
reviews and text books that cover in more depth this exiting and broad area of
research.
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3.2
Methods for Creating Particles

3.2.1
Polymer Particles

Polymeric particles are mostly produced through heterogeneous polymerization
processes. Heterophase polymerization systems can be defined as two-phase sys-
tems in which the resulting polymer and/or starting monomer are in the form of
a fine dispersion in an immiscible liquid medium defined as the “polymerization
medium”, “continuous phase” or “outer phase”. Even if oil-in-water (o/w) systems
are greatly preferred on an industrial scale, water-in-oil (w/o) systems may also be
envisaged for specific purposes. Heterogeneous polymerization processes can be
classified in suspension, dispersion, precipitation, emulsion, miniemulsion and
microemulsion techniques according to interdependent criteria which are the ini-
tial state of the polymerization mixture, the kinetics of polymerization, the mech-
anism of particle formation and the size and shape of the final polymer particles
(Table 3.1, Fig. 3.3).

3.2.1.1 Oil-in-water Suspension Polymerization

It may be roughly described as a bulk polymerization in which the reaction mix-
ture is suspended as droplets in the aqueous continuous phase. Therefore, the ini-
tiator, monomer and polymer must be insoluble in water. The suspension mixture
is prepared by addition of a solution of initiator in monomer to the pre-heated
aqueous suspension medium. Droplets of the organic phase are formed and main-
tained in suspension by the use of (a) vigorous agitation throughout the reaction
and (b) hydrophilic macromolecular stabilizers dissolved in water (e.g. low molar
mass polymers such as poly(vinyl alcohol), polyvinylpyrrolidone, hydroxymethyl-

Table 3.1 The different types of heterogeneous polymerization
systems. Adapted from: R.G. Gilbert, Emulsion Polymerization.
A mechanistic approach, Academic Press, New York, 1995 with

permission.

Type Continuous phase Droplet size Initiator Particle diameter

Emulsion water ~1-10pum water-soluble ~ 50-600nm

Precipitation water no droplets water-soluble  100nm-10um

Suspension water ~1-10pum oil-soluble >lum

Dispersion organic (poor No droplets oil-soluble 100nm to larger
solvent for than 1pum
polymer formed)

Miniemulsion water ~50-300nm  water or 50-300nm

oil-soluble
Microemulsion water 10nm water-soluble 10-50nm
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Fig. 3.3 Classification of heterophase polymerization processes
according to the particle size range of the resulting colloidal
particles. (Redrawn from: R. Arshady in Preparation and
Chemical Applications, MML Series 1 (Ed. R. Arshady) Citus
Book, London, 1999, pp. 85-124.)

cellulose, etc.). Each droplet acts as a small bulk polymerization reactor for which
the normal kinetics apply. Polymer is produced in the form of beads whose aver-
age diameter is close to that of the initial monomer droplets (0.01 to 2mm) even
if inadvertent droplet breaking and coalescence widen the bead size distribution.
Polymer beads are easily isolated by filtration provided they are rigid and not tacky.
Therefore, the suspension polymerization process is unsuitable for preparing poly-
mers that have low glass transition temperatures. It is widely used for styrene,
methyl methacrylate and vinyl chloride monomers for instance.

3.2.1.2 Precipitation and Dispersion Polymerizations

In precipitation polymerization, the reaction mixture is initially homogeneous like
in solution polymerization, but it is a precipitant for the polymer. Thus the ini-
tially formed macromolecules collapse and coagulate to create particle nuclei,
which gradually flocculate into irregularly shaped and polydisperse particles. Such
a process concerns for instance the synthesis of polytetrafluoroethylene in water
or polyacrylonitrile in bulk. In the case of dispersion polymerization, the poly-
merization medium is not a precipitant but a poor solvent for the resulting
polymer. Thus, the macromolecules swell rather than precipitate and the
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polymerization proceeds largely within these individual particles leading to more
monodisperse products. To ensure their stability, macromolecular stabilizers have
to be used as in suspension polymerization. Lastly, another characteristic of dis-
persion polymerization reactions is the diameter of the polymer particles (in the
range 0.5-10um) which is generally much larger than in emulsion polymeriza-
tion although small polymer particles (100-500nm) can also be obtained in the
presence of reactive stabilizers or block copolymers.

3.2.1.3 Oil-in-water Emulsion Polymerization

Emulsion polymerization is another heterogeneous process of great industrial im-
portance and allows the elaboration of aqueous colloidally-stable dispersions of
polymer particles, known as latexes. In “conventional” emulsion polymerization,
the polymer particles are formed by starting from an insoluble (or scarcely
soluble) monomer emulsified by the aid of a surfactant above its critical micelle
concentration (CMC). The monomer is originally distributed between coarse
emulsion droplets, surfactant micelles and the water phase where a small pro-
portion of monomer (depending on its solubility) is molecularly dissolved. Unlike
in suspension polymerization, the initiator is soluble in water and it leads to a
strongly different particle formation mechanism. Polymerization thus starts in the
aqueous phase by the formation of free radicals through the initiator thermolysis
and the addition of the first monomer units. These oligomeric radical species (olig-
oradicals) are rapidly captured by the monomer-swollen micelles, where propaga-
tion is supported by absorption of monomer diffusing from the monomer droplets
through the aqueous phase to maintain equilibrium. Therefore, stabilized nuclei
are produced leading to primary particles, growing gradually until the monomer
is completely consumed. The size of these particles is determined by the number
of primary latex particles formed and the time during which they grow. The
polymer particles generally have final diameters in the range 50-600nm, i.e.
considerably smaller than for suspension polymerization. In emulsifier-free
polymerizations, the polymerization is carried out in the same way as described
above, except that no surfactant is used. Nucleation occurs by oligoradical precip-
itation into unstable nuclei which collide to form larger particles. Polymerization
takes place mainly within these monomer-swollen particles and particles grow
similarly to conventional emulsion polymerization. One of the important
features of emulsion polymerization is also the ability to control particle
morphology (e.g. formation of core-shell particles and other equilibrium
morphologies), by successive additions of different monomers. Polymers prepared
by emulsion polymerization are used either directly in the latex form or after iso-
lation by coagulation or spray-drying of the latex. They are used as binder in paints,
adhesives, paper coating, carpet backing, water-based inks non woven textiles and
related domains. They are also used as support for medical diagnostics. Critical
parameters in all these applications are the particle size, the presence of reactive
end groups for covalent bonding of targeted molecules (in biomedical applications)
or for adhesion to a given substrate (in coatings) and the stability of the colloidal
suspension.
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3.2.1.4 Oil-in-water Miniemulsion Polymerization

The miniemulsion polymerization may be roughly described as a suspension poly-
merization leading to polymer particles in the range of submicronic sizes. Indeed,
particles are obtained by direct conversion of small monomer droplets without se-
rious exchange kinetics being involved. Nevertheless, due to the small droplets
size, the initiator can be either oil- or water-soluble. In a first step, miniemulsion
droplets of 50-300nm are formed by shearing (high pressure homogenizer or
ultrasound) a system containing the dispersed phase, the continuous phase, a
surfactant and an hydrophobe playing the role of an osmotic pressure agent for
preventing the interdroplet mass transfer phenomenon, known as Ostwald ripen-
ing. Therefore, polymer particles are obtained by direct conversion of monomer
droplets and their final size can be thoroughly controlled by the shearing condi-
tions. The advantages of miniemulsion polymerization are mainly associated to
its versatility and applicability to nonradical polymerizations and the encapsula-
tion of resins, liquid and preformed particles.

3.2.1.5 Oil-in-water Microemulsion Polymerization

Microemulsion polymerization is usually performed in mixtures of water,
monomer and surfactant in large concentrations in the presence of a water-
soluble initiator. A co-surfactant (generally alcohols, amines, or other amphiphilic
molecules) is introduced in the microemulsion formulation. Under such condi-
tions, extremely small and stable microemulsion droplets are formed into which
polymerization can take place as in miniemulsion polymerization. However, un-
like emulsions or miniemulsions, microemulsions are thermodynamically stable
and form spontaneously upon contact of the ingredients. Because of the small size
of the droplets, microemulsions are usually transparent. The resulting particles
are also very small, typically in the range 10-50nm in diameter and contain only
a few polymer chains.

3.22
Vesicles, Assemblies and Dendrimers

As mentioned in the introduction, colloidal materials are not limited to solid par-
ticles and include macromolecular aggregates (such as polymeric micelles), den-
drimers and lamellar vesicles.

3.2.2.1 \Vesicles

Surfactant vesicles (also called liposomes) are important class of lamellar bilayer
structures extensively used as model membranes for artificial cells. They are non-
equilibrium aggregates mostly kinetically stabilized resulting from the interaction
of phospholipid molecules. Liposomes are either unilamellar or multilamellar de-
pending on the number of bilayers that compose the aggregate (Fig. 3.4). A large
number of methods and a wide range of amphipathic lipids are available for prepa-
ration of liposomes of different sizes and void volumes and it is beyond the scope
of this chapter to describe all possibilities. Because of their lamellar structure,
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Fig. 3.4 Example of unilamellar and multilamellar vesicular structures.

vesicles constitute an important class of capsule materials with applications in
drug delivery or as red cell substitutes. However, because of their low phase tran-
sition temperature and imperfections of the bilayer structure (such as branching
or unsaturation in the alkyl chain), liposomes are not very stable, resulting in poor
retention of encapsulated drugs. Various methods have thus been developed in or-
der to improve the long term stability of vesicular structures including for instance
the use of lipids that are functionalized by polymerizable groups. Like natural
phospholipids, block copolymers can also form vesicular structures in aqueous so-
lution (so called polymersomes or polymeric liposomes). These materials are more
stable than conventional liposomes due to the larger size and the lower dynamic
of the polymer molecules.

3.2.2.2 Block Copolymer Assemblies

Block copolymers are characterized by two or more chemically distinct polymer
chains or blocks. They are obtained by living polymerization techniques such as
anionic, cationic, group-transfer, ring-opening metathesis and “controlled” free
radical polymerizations. They can also be elaborated by coupling of preformed end-
functionalized homopolymers. Significant progress has been done in recent years
in this field and a wide range of polymers of various architectures (stars, diblocks,
triblocks, grafts, etc.) and different solubility and functionality can be now pro-
duced by these techniques (Fig. 3.5). One particular property of block copolymers
is their capacity to phase separate in selective solvents. The ability of amphiphilic
diblock copolymers to self-assemble into colloidal size aggregates has been
studied for several decades and will not be reviewed here. Suffice it to say that
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Fig. 3.5 Representation of different block copolymer
architectures: (A) random copolymer, (B) diblock copolymer,
(C) triblock copolymer, (D) graft copolymer and (E) star
copolymer. (Reproduced from: W. Loh, Block Copolymer
Micelles in Encyclopedia of Surface and Colloid Science, Marcel
Dekker, New York, 2002, pp. 803-813 with permission.)

block copolymers can adopt a variety of morphologies depending on their
concentration, the polarity of the solvent, the chain length, the chemical structure
and the composition of the different blocks.

3.2.2.3 Dendrimers

Dendrimers are 3-D globular highly branched macromolecules with a centro-
symmetric architecture which are obtained by an iterative sequence of reaction
steps. They are usually characterized by: a) a core or initiating central unit, b) an
interior volume made of the different generations and c) an outward structure in
interaction with the surrounding solution and located at the periphery of the mol-
ecule. Dendrimers can be grown either by a divergent or a convergent method. In
the divergent technique, the structure is built up by reacting the core molecule
with a multifunctional monomer to form the first generation. Growth then pro-
ceeds by subsequent addition of monomer molecules to the end groups of pre-
ceding generations (Fig. 3.6a). In the convergent method, each new generation is
added to a constant number of active sites starting from the periphery and termi-
nating at the focal point or end group (Fig. 3.6b). Dendrimers contain a predeter-
mined number of functional groups located either in the internal cavities, in the
interior branches or at the surface. Owing to their high density of functional
groups, dendrimers constitute a special class of highly reactive molecules of par-
ticular interest as sensor materials, as nanosized containers for drug encapsula-
tion and controlled release, as carriers for heterogeneous catalysis or as confined
reaction vessels for nanoparticles synthesis.
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Fig. 3.6 Schematic illustration of convergent (a) and divergent
(b) growth synthesis of dendrimers with a AB, type monomer.
(Adapted from: I. Gitsov, K. R. Lambrych, Dendrimers.
Synthesis and Applications in Dendrimers, Assemblies,
Nanocomposites, MML Series 5 (Eds R Arshady, A. Guyot), Citus
Book, London, 2002, Chap. 2, pp. 31-68.)

3.23
Inorganic Particles

Colloidal mineral particles can be divided into metal oxides, metals and non ox-
ide semiconductors. The following section briefly describes some of the methods
that are commonly used for their synthesis.

3.2.3.1 Metal Oxide Particles

Metal oxide colloids are usually prepared by controlled hydrolysis/precipitation of
organometallic precursors or metal salts from homogeneous solutions according
to the so-called sol—gel process (see Chapter 6 of this book). The most commonly
used precursors are metal alkoxides of the type M(OR), where M = Si, Ti, Sn, Zr,
etc, and R stands for an alkyl group. The precursor is usually dissolved in an
organic solvent (e.g. typically an alcohol) and acidic or basic catalysts are used to
accelerate hydrolysis and condensation reactions. A typical illustration of particles
preparation by the sol-gel process is the synthesis of silica spheres through the



3.2 Methods for Creating Particles | 99

reaction of tetraethylorthosilicate (TEOS) in a basic solution of water and ethanol
according to the so-called Stcber process. In a typical procedure, TEOS is intro-
duced in a mixture of alcohol, ammonia and water. Hydrolysis and condensation
reactions yield dense (compact) monodisperse silica spheres whose diameter is
controlled by the reactant concentrations. However, the breadth of the distribution
broadens and the particles become less spherical when the TEOS concentration is
increased up to around 0.2 M. The largest size that can be achieved with a narrow
size distribution is ~0.7 um.

Forced hydrolysis and controlled release of ions Metal oxide colloids can also be
obtained by addition of a strong base to metal salt solutions. This procedure is
highly sensitive to experimental parameters such as the pH, the nature of the ions
and the salt concentration, which sensitivity prevents the generation of monodis-
perse particles. To control the kinetics of metal ion hydrolysis, two methods have
been developed: forced hydrolysis and controlled release of ions. In the forced hy-
drolysis method, the aqueous salt solution is aged at temperatures typically be-
tween 80°C and 100°C for different periods of time. Deprotonation of coordinated
water molecules is greatly accelerated with increasing temperature which ensures
the surpersaturation to be reached rapidly resulting in the formation of a large
number of small nuclei. A variety of metal oxide particles of controlled chemical
composition, morphology and structure can be obtained by this technique as re-
ported in many papers and reviewed. Instead of deprotonating hydrated metal
ions, the hydrolysis of cations can be controlled by a slow release of hydroxide
ions from organic molecules like urea of formamide. For example, heating a
solution of yttrium and europium chlorides in the presence of urea allows the
liberation of hydroxide ions which released ions cause the precipitation of Y,0;:Eu
nanoparticles.

3.2.3.2 Metallic Particles

The most relevant method of metal particle formation is by chemical reduction of
metal salts in solution. Since a large fraction of the constituent atoms of metallic
clusters are present at their surface, raw metals are inherently unstable. Metallic
particles must be thus stabilized either electrostatically or sterically using coordi-
nating (capping) agents that allow preventing nanoparticles agglomeration. Typi-
cal preparation procedures can be illustrated by taking the example of gold
nanoparticles synthesis. The earliest method of gold formation relies on sodium
citrate reduction of chloroauric acid at 100°C in aqueous solution. In a typical pro-
cedure, the metal salt is mixed with sodium citrate in highly diluted water solu-
tion and boiled for several hours while maintaining a constant suspension volume
by the continuous addition of water. The procedure yields approximately 20nm di-
ameter gold nanoclusters stabilized by an electrical double layer responsible for
electrostatic (coulombic) repulsion. In parallel to the aqueous route, non aqueous
methods of colloidal synthesis that require steric stabilization have also developed.
Steric stabilization is accomplished by adsorbing polymers, molecular surfactants
or coordinating molecules (hereinafter referred to as monolayer-protected clusters
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Fig. 3.7 Synthesis of multilayered-protected gold nanoclusters and ligand exchange.

(MPCs)) which role is to provide a barrier against aggregation and control nanopar-
ticles size.” Numerous other papers report the synthesis of gold nanoclusters us-
ing cationic surfactants that allows transport of the inorganic salt precursor from
water to organic solutions. Basically, the synthesis involves the phase transfer of
chloroaurate ions from aqueous to organic solution in a two-phase liquid/liquid
system followed by reduction with sodium borohydride in the presence of alkane
thiol stabilizing ligands. Importantly, the ligand can be further replaced by
another stronger capping agent which allows tuning the surface properties of
the metal nanocluster by choosing appropriate ligands (Fig. 3.7). The particles
can be thus isolated, stored as dried powders and subsequently redispersed in
a suitable solvent which can be polar or apolar depending on the nature of the
capping agent.

Table 3.2 provides a non-exhaustive list of precursors, reducing agents and
stabilizers (capping agents) commonly used in the synthesis of metal colloids.
While polyvinyl alcohol or sodium polyacrylate are well adapted for stabilization
in polar media, alkanethiols, mercapto alcohols or mercaptocarboxylic acids
have been shown to be highly suitable capping agents for a variety of metallic
nanoclusters in organic solutions including silver, platinum, iridium and

palladium.
2) In some sense, metal protected nanoclusters classification, these particles are considered
could be regarded as hybrid particles with a to be surface stabilized clusters rather than
mineral core coated with an organic true hybrids although this demarcation is

protecting layer. However, in our somehow arbitrary.
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Table 3.2 Examples of precursor molecules, reducing agents
and polymeric stabilizers involved in the synthesis of metal

colloids.

Precursors

Chemical formula

Hydrogen hexachloro platinate IV
Silver nitrate

Silver tetraoxyl chlorate
Chloroauric acid

Rhodium chloride

Reducing agents

Sodium citrate

Hydrogen

Sodium carbonate
Palladium chloride
Hydrogen peroxide

Sodium tetrahydroborate
Lithium tetrahydroaluminate
Lithium tetrahydroborate
Ammonium ions

Polymeric stabilizers
Poly(vinyl pyrrolidone)
Polyvinyl alcohol
Polyethyleneimine

Sodium polyphosphate
Sodium polyacrylate

Poly (N-isopropyl acrylamide)

Surfactants

Cetyl trimethyammonium bromide
Tetraoctylammonium bromide
Didodecyldimethylammonium bromide

Capping agents—passivators
Alkanethiols

Octylamine
Trioctylphosphine

PdCl,
H,PtCl,
AgNO,
AgClO,
HAuCl,
RhCl,

Na,C.H;0,
H,

Na,CO,
NaOH
H,0,
NaBH,
LiAIH,
LiBH,
NH;

PVP
PVA

PEI
NaPP
NaPA
PNIPAM

CTAB
TOAB
DDAB

C,SH
C18H37NH2
TOP

3.2.3.3 Semiconductor Nanoparticles

Non-oxide semiconductor particles are commonly produced by pyrolysis of
organometallic precursors in a hot coordinating solvent that mediates nanoparti-
cle growth and stabilizes the inorganic surface. A rapid injection of the reagents
in the hot reaction vessel ensures a short burst of homogeneous nucleation
(caused by an abrupt surpersaturation and a sharp decrease in temperature) and pre-
vents renucleation by the the fast depletion of the reagents from the suspension
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medium. Typical high boiling point coordinating solvents are tri-n-octyl phosphine
(TOP) or tri-n-octyl phosphine oxide (TOPO). In the following, the case of cadmi-
um selenide (CdSe) nanoparticles synthesis is used as an example to illustrate
the overall process. Dimethyl cadmium (Me,Cd) was used as the cadmium source
and trioctyl phosphide selenide (TOPSe) as the selenium source. Typically, two
stock solutions of Me,Cd and TOPSe into TOP are added to a reaction flack con-
taining TOPO and maintained at 300°C under an argon atmosphere. The rapid
introduction of the reagent mixture produces a yellow/orange solution character-
istic of CdSe nanocrystals formation. The suspension medium is finally main-
tained at 230-260°C by gradually increasing the temperature during the aging
period. The resulting suspension is purified to remove by-products and excess
reagents.

Nanoparticles of metal sulfides are usually synthesized by reacting a soluble
metal salt (as for instance Cd(ClO,),) and H,S (or Na,S) in the presence of an ap-
propriate stabilizer such as sodium metaphosphate according to the sulfidation
reaction:

Cd(ClO,), + Na,S — CdS | + 2NaClo,

The growth of the CdS nanoparticles in the course of reaction is arrested by an
abrupt increase in pH of the solution. A variety of semiconducting nanocrystals
such as cadmium sulfide or cadmium telenide, have been elaborated following
these procedures. The size of the nanocrystals depends on a large number of ex-
perimental conditions such as the nature and concentration of the precursor, the
nature of the solvent, the temperature and the reaction time.

3.2.3.4 Synthesis in Microemulsion

An extension of the use of coordinating agents is the synthesis of mineral parti-
cles in water-in-oil microemulsions. Indeed, inverse micelles are nanoreactors
in which inorganic precursors are dissolved and precipitated. A variety of metal
oxide particles (including TiO,, SiO, and magnetic colloids), mixed metal-oxides,
metal carbonates, and a number of other ultrafine particulate materials (CdS, Pd,
Pt, Au) have been synthesized in reverse microemulsion systems. Typically, the
organometallic and/or metal salt precursors are dissolved inside the water pools
of the reverse spherical micelles, and are allowed to react via droplet collision and
rapid inter-micellar exchange of their water content. This process is mainly con-
trolled by diffusion and is also dependent on the nature of the surfactant. Two dis-
tinct procedures are described. In the first, the catalyst is already contained in the
water phase and the precursor, dissolved in the continuous medium progressive-
ly enters the water pools of the reverse microemulsion. In a second route, the pre-
cursor and the catalyst are prepared as two separate microemulsions, and mixed
together to allow the reaction to proceed. Because rapid exchange is taking place
between micelles, nanoparticles synthesized in reverse micelles most often do not
have narrow size distributions. Table 3.3 summarizes the most commonly used
inorganic particles and their preparation methods.
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Table 3.3 Most commonly used inorganic particles and their preparation methods.

Inorganic particles Chemical formula  Technique Precursors Stabilizers

Silica, zinc oxide, Si0,, ZnO, TiO,, Sol-gel, hydro-  Alkoxides, metal ~ Surface

titanium dioxide, Fe,0,, Fe,O, thermal salts charges

iron oxide hydrolysis

Gold, Silver, Au, Ag, Pd, Pt, Rh  Chemical Metal salts and Organothiol

Palladium, reduction metal complexes capping

Platinium, rhodium (metallorganic)  agents,
surfactants

Sulfides, Selenides ~ CdS, PbS, CdSe Hydrothermal Metal salts and ~ Passivating
synthesis metal complexes

33
Hybrid Nanoparticles Obtained Through Self-assembly Techniques

It has been known for some time that complex ordered architectures can form
spontaneously by self-assembly. Self-assembly can be briefly described as the spon-
taneous 2D or 3-D organization of molecules, clusters, aggregates or nanoparti-
cles. Typical examples of self-assembled systems either in solution or on solid
supports are ligand-stabilized metal nanoparticles, block copolymer assemblies,
ordered 2D arrays of colloidal particles deposited on planar substrates or 3-D
super lattice colloidal crystals. The following section will concentrate only on the
assembly of unlike particles or particles and polymers in solution to prepare com-
plex colloidal structures with well defined geometries. As the main driving forces
of assembly techniques are electrostatic attraction and molecular recognition,
the two techniques will be discussed separately.

3.3.1
Electrostatically Driven Self-assembly

3.3.1.1 Heterocoagulation

The interaction between particles of different characteristics (sizes, charges and
chemical composition) is generally known as heterocoagulation. This kind of
process is common in nature and frequently encountered in many industrial and
biological processes such as oil recovery, mineral flotation or treatment of waste-
waters. Attractive interactions between positively charged particles and negatively
charged colloids also provide a possible mechanism for the formation of raspber-
ry-like O/I particles made of an inorganic core surrounded by smaller hetero-
coagulated polymer particles or vice versa. The interaction is mainly driven by
electrostatic attraction and generally involves particles of opposite charges
(Fig. 3.8).
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Fig. 3.8 Schematic picture illustrating the heterocoagulation of
small positively charged latex particles onto larger negatively
charged inorganic particles.

M* + OH" 4 M-OH —» M-O + H"*

: >
PZC pH
Fig. 3.9 lonization reactions of mineral oxide surfaces as a function of pH.

Most inorganic particles and more particularly oxide particles develop a surface
charge in aqueous solutions. The surface charge of mineral oxide particles is pH
dependent. Protons and hydroxyl ions adsorb on the surface of the oxide and pro-
tonate or deprotonate the MOH bonds according to:

M-OH + H* — M-OHj (1)
M-OH+H~ —M-0"+H,0 2)

The ease with which protons are added or removed from the surface (e.g. the acid-
ity of the MOH group) depends on the nature of the metal. The pH at which the
surface charges changes from positive to negative is called the point of zero charge
(PZC). Thus, the surface charge is positive at pH > PZC and negative at pH < PZC
(Fig. 3.9).

The PZC values of a series of oxide particles are reported in Table 3.4. While a
PZC value lower than 7 indicates an acidic surface, a PZC higher than 7 indicates
a basic surface.

Table 3.4 Point of zero charge of selected
oxides (reproduced with permission from:

C. ). Brinker, G. W. Scherer, Sol-Gel Science —
The Physics and Chemistry of Sol-Gel Processing,
Academic Press, New York, 1990).

Metal oxide PzC
MgO 12
FeOOH 6,7
Fe,O, 8,6
AlL,O, 9,0
Cr,0, 8,4
Sio, 2,5
SnO, 4,5

Tio, 6,0
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PZCs are experimentally determined by acid-base titration. However, in prac-
tise, characterization of surface charge is most often carried out by the measure-
ment of their electrophoretic mobility. When a colloidal suspension is submitted
to an electric field, each particle with closely associated ions is attracted towards
the electrode of opposite charge. The velocity of the particle is commonly referred
to as its electrophoretic mobility (Ug). Uy is dependent on the strength of electric
field, the dielectric constant of the medium, the viscosity of the medium and the
zeta potential which corresponds to the electric potential at the boundary between
the ionic particles and the surrounding solution (slipping plane). With the knowl-
edge of Uy, we can thus obtain the zeta potential of the particles by application of

the Henry equation.
Electrical double layer

Negatively-charged
_2e4(K,) el T
Ue T @ o i
[ G i
where: : ' " Slipping plane
. o 0
{: zeta potential, | bl
U electT(?phoretic o9 : . i) -
mobility,
¢: dielectric constant, L]
Diffuse layer

M: viscosity and,
f(K,): Henry’s function.

Stern layer

Potential -100
(mV)

Surface potential
Stern potential

Zeta potential

0
Distance from particle surface

Electrophoretic determination of zeta potential is most commonly made in aque-
ous media in the presence of moderate electrolyte concentrations. f(K,) in this case
is equal to 1.5, and the Henry equation is then referred to as the Smoluchowski
approximation. Therefore, calculation of zeta potential from the mobility
is straightforward for systems that fit the Smoluchowski model, that is to say
for particles larger than 0.2um dispersed in electrolytes containing more than
10~ molar salt.

Variation of zeta potential as a function of pH allows determining the isoelec-
tric point (IEP) of the mineral which corresponds to the pH value at which the net
electric charge of the particles is zero (i.e. there is no charge outside the slipping
plane). Zeta potential therefore reflects the effective charge on the particles. It is
worth noticing that as the PZC and the IEP are determined by different methods,
they do not always necessarily coincide except when the measurements are per-
formed at very low ionic strengths.

105



106

3 Hybrid Organic/Inorganic Particles

Table 3.5 Examples of ionic monomers used in the synthesis of
functional polymer particles through emulsion polymerization.
Reproduced from: C. Pichot, T. Delair, Functional Nanospheres
by Emulsion Polymerization in Microspheres, Microcapsules &
Liposomes, MML Series 1 (Eds.: R Arshady), Citus Book,
London, 2002, Chap.5, pp. 125-163, with permission.

lonic group Chemical name

—S0O;, M* Sodium styrene sulfonate
Sodium 2-sulfoethyl or propyl methacrylate
2, Acrylamide, 2-methylpropane sulfonate

—Py', X 4-Vinyl pyridinium
1-Methyl-4-vinylpyridinium bromide (or iodide)
1,2-dimethyl-5-vinylpyridinium methyl sulfate

—N*(CH,),, CI" (N-trimethyl-N-ethyl methacrylate) ammonium chloride
3-Methacrylamidinopropyl trimethyl ammonium chloride

—N'R,, CI” 2-Dimethylaminoethyl methacrylate hydrochloride
Vinylbenzyltrimethylammonium chloride

Vinylbenzylamine hydrochloride

—SC*(NH,)NH,CI" Vinylbenzylisothiouronium chloride

Polymer colloids are also characterized by a surface charge. The surface charge
of polymer particles may have different origins including ionic initiator, ionic sur-
factant and ionic functional monomers (Table 3.5). Again, electrophoresis is used
to evaluate the isoelectric point of polymer colloids by measuring the variation of
the surface potential as a function of pH.

Owing to its major technological implications, the fundamental aspects associ-
ated to the stability behavior of mixed colloidal dispersions, including the mecha-
nisms and kinetics of the heterocoagulation process, have been extensively studied
both experimentally and theoretically for a long time. Systematic studies have been
performed using different types of inorganic and polymer colloids such as metal
oxides and polymer latexes. By changing the pH, both the sign and the surface po-
tential of the colloids can be finely tuned, making it possible to evaluate the ef-
fects of these determinant parameters on the interaction of both sets of particles.

For example, preformed amphoteric latex particles were adsorbed on the sur-
face of titanium dioxide pigments. The latex particles were synthesized in the pres-
ence of a zwitterionic emulsifier, N, N’-dimethyl n-lauryl betaine (LNB) at pH 7.0,
and showed an isoelectric point in the range of pH 7-8. Strong interactions were
observed between pH 3 and pH 8, where the latexes were positively charged while
titanium dioxide particles were negatively charged. As evidenced by turbidity
measurements, the mixed heterocoagulated suspensions were destabilized upon
addition of an increased number of latex particles due to the neutralization of the
surface charge of the pigment, but restabilization occurred with further addition
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of the latexes. Similarly, cationic polystyrene latexes were adsorbed onto spherical
rutile titanium dioxide particles. It was shown that the ionic strength of the sus-
pension medium had a great influence on the adsorption behavior. More latex par-
ticles were heterocoagulated on the TiO, surface when the -electrolyte
concentration was increased due to the diminution of the electrostatic repulsion
between neighboring adsorbed particles. It should be noticed that not only can
polymer latexes be self-assembled at the surface of inorganic colloids, but den-
drimers and vesicles can also be electrostatically adsorbed on mineral particles sur-
faces according to the heterocoagulation mechanism. The heterocoagulation
technique also allows small metal oxide particles to be deposited onto larger poly-
mer particles. For example, monodisperse hydrophilic magnetic polymer latexes
have been synthesized using a two-step procedure. In a first step, magnetic iron
oxide particles were adsorbed onto various cationic latexes (e.g. polystyrene, core
shell poly (styrene—N-isopropylacrylamide: NIPAM) and poly (NIPAM)) via elec-
trostatic interactions. In a second step, the iron oxide-coated polymer latexes were
encapsulated by poly (NIPAM) after separation of the excess free iron oxide parti-
cles in a magnetic field. In a similar procedure, magnetic latex particles were pre-
pared by mixing amphoteric polymer latexes with different sizes and nanosized
magnetic NiOZnOFe,0, particles. Latex particles have also been coated by CdTe
nanocrystals using a related strategy.

3.3.1.2 Layer-by-layer Assembly

Since Decher and co workers demonstrated in 1997 that uniform polymer films
could be deposited onto mineral substrates by the sequential adsorption of polyan-
ions and polycations using the so-called layer-by-layer (LbL) assembly technique,
interest in polyelectrolyte assembly has increased considerably. This technique has
been recently extrapolated to colloidal particles to generate colloidally stable mul-
tilayered composite particles (Fig. 3.10).

Typically, the polyion multilayer is formed by adsorbing a polyelectrolyte solu-
tion onto particles of apposite surface charges, removing the excess polyions by
rinsing and repeating the procedure. Charge overcompensation occurs after every
adsorption step which allows adsorption of the subsequent oppositely charged lay-
ers. Changes in surface charge after each sequence of adsorption is evidenced by
zeta potential measurements. Fig. 3.11 displays a list of some of the most com-
mon polyelectrolytes used in the preparation of LbL assemblies involving colloidal
templates.

A
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adsorption adsorption

Fig. 3.10 Schematic illustration of alternate adsorption of
negatively and positively charged polymers onto colloidal
templates.
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Poly(diatlyl dimethylammonium chioride) (PDADMAC) Polyethylenimine (PEl)

Fig. 3.11 Structure of common polyelectrolytes used for the
preparation of LbL colloidal assemblies.

Beyond the use of polymers, the technique has been recently extended to the
layer-by-layer construction of complex colloidal systems involving both polymer
electrolytes and mineral particles. The technique is similar to that reported previ-
ously and consists in the step-wise, layer-by-layer neutralization and subsequent
resaturation of the surface charge of the colloid by alternate polyelectrolyte/
nanoparticles coatings. By using this approach, a variety of inorganic particles such
as metals, semiconductors, metal oxides, silicates or mixtures of these materials
have been deposited onto latex spheres as illustrated in Fig. 3.12 for silica.

For instance, colloidal clay nanosheets have been adsorbed onto cationic poly-
styrene latexes as a thin crystalline layer. Tetramethoxysilane was used as inorganic
precursor to consolidate the coating and increase shell stability. The polymer tem-
plate was removed in a next step to generate hollow silicate capsules. Hollow
titania shells have been produced in a similar way by alternate deposition of
polyethylenimine and titania nanosheets on polymer latexes and removal of the
organic template by heat or UV treatment of the core-shell nanocomposite parti-
cles. Micrometer-sized polystyrene beads have also been coated with zeolite A
nanocrystals using a cationic polymeric agent as binder between the core and shell
materials. Contrary to metal oxide colloids that carry a pH-dependent surface
charge, metallic and semiconductor particles are uncharged in their native state.
Therefore, in this particular case, the choice of the stabilizing or coordinating
molecules used in the synthesis in solution is essential in the creation of surface
charges.

Advantages of this LbL coating procedure is the ability to precisely control the
thickness of the multilayered assembly by varying the number of coating cycles,
the ability to incorporate a large variety of polyelectrolytes and inorganic particles
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Fig. 3.12 TEM micrograph of silica/ (Reproduced from: F. Caruso, H. Lichtenfeld,
PDADMAC multilayer shell deposited onto M. Giersig, H. Méhwald, Electrostatic self-
640 nm polystyrene latex particles. (a) Bare assembly of silica nanoparticle-polyelectrolyte
polystyrene latex particles and (b—d) multilayers on polystyrene latex spheres.

polystyrene particles coated with one, two and J. Am. Chem. Soc. 1998, 120, 8523-8524,
four SiO,/polyelectrolyte bilayers, respectively. with permission.)

of different chemical and physical functionalities in any desired order and the pos-
sibility to control particles shape by an appropriate choice of the precursor colloid
used as template. At last, it is worth mentioning that not only does this method
allow the formation of O/I composite particles but it also permits synthesizing
hollow spheres by removal of the colloidal template.

332
Molecular Recognition Assembly

Controlling and tuning interaction between particles has always been a relevant
challenge both experimentally and theoretically. Systems can be specifically
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designed to undergo self colloidal organization by using bifunctional mediating
molecules bearing reactive groups on both ends capable of bonding particles to-
gether. Biologically programmed assembly of nanoparticles has been first de-
scribed by Mirkin and Alivisatos. They showed that complementary DNA antigens
could be used to self-assemble nanoparticles. The concept was recently applied to
gold colloids by Mann and co-workers who used antigen/antibody recognition as-
sembly to induce the reversible aggregation of the inorganic nanoparticles and
produce a conjugated hybrid material with long-range interconnectivity. Recent ex-
amples also include the elaboration of colloid/colloid, dendrimer/colloid and poly-
mer/colloid composite superstructures. However, one major difficulty of the
technique is to control the size and the morphology of the aggregate structure. In-
deed, the recognition assembly process most often yields to extended network for-
mation instead of individual aggregates.

Based on this same general principal of molecular recognition assembly, it was
shown that amine-functionalized polystyrene particles could be assembled for
instance into highly ordered 2D monolayers on the surface of glutaraldehyde-
activated silica microspheres (Fig. 3.13). Core-shell composite particles consisting
of a silica core and a polystyrene shell were obtained in a subsequent step by heat-
ing the assembled colloids above the Tg of polystyrene.

Molecular
recognition

—
2

P = Amine-functionalized
polymer particle

Nanosphere-
microsphere

-CHO -NH, i

—@ { - avidin )1 - biotin-SSE

e g
e

Fig. 3.13 Schematic representation of the colloidal assembly
of dissimilar particles in a binary suspension via chemical
and biospecific interactions. (Adapted from: M. S. Fleming,
T. K. Mandal, D. R. Walt, Nanosphere-microsphere assembly:
methods for core-shell materials preparation, Chem. Mater.
2001, 73, 2210-2216, with permission.)
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3.4
O/I Nanoparticles Obtained by in situ Polymerization Techniques

3.4.1
Polymerizations Performed in the Presence of Preformed Mineral Particles

Fillers such as fumed silica, metals and mineral fibers have been incorporated into
polymers for more than a century. However, in many applications, these inorgan-
ic fillers display a poor miscibility with the polymer matrix which often yields to
phase segregation and degradation of the final (optical or mechanical) properties.
If the polymer could be introduced on the surface of the inorganic particles so that
the mineral became the core and the polymer the shell, optimal disposition of the
inorganic particles within the polymeric film could be achieved resulting therefore
in optimal light scattering. It becomes thus possible this way to make composite
materials that maintain their optical clarity while exhibiting enhanced mechanical
properties.

To allow efficient formation of polymer on the mineral surface, it is common to
introduce groups that are reactive in the polymerization process (e.g. monomers,
initiators or chain transfer agents). These groups may be either chemically bound
or physically adsorbed on the surface. Moreover, they can be introduced in a sep-
arate step before polymerization or during polymerization. The polymerization re-
action can also be conducted in different ways. In the following, a distinction will
be done between polymerizations performed in a good solvent for the polymer
(e.g. in solution) and those performed in a precipitating medium (e.g. through het-
erophase polymerization) (Fig. 3.14). An overview of the various methods that

Preformed inargamic colfoid

l Surface functionalization

Preformed inarganic colloid

Good solvent Poor (or bad) solvent

Polymerization

@edae  Solvated polymer chain

Hairy O composite particies Core-shell O/ particles

Fig. 3.14 General strategy used to grow polymers at the surface of inorganic particles.
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allow modification of mineral particle surfaces and the subsequent growth of poly-
mer chains either in solution or in multiphase systems is given in this section.

3.41.1 Surface Modification of Inorganic Particles

Grafting of organosilane and organotitanate coupling agents Silane and titanate
coupling agents have been used for decades in order to provide enhanced adhe-
sion between a variety of inorganic substrates and organic resins. They are
organometallic derivatives of the type R,MX,_, where M is a metal (Si or Ti), X is
a chloride or an alkoxy group and R is an organic group that can bear different
functionalities (Table 3.6).

Organosilane compounds are known to react with hydroxylated surfaces to form
mono or multilayer coverages depending on the experimental conditions (name-
ly, the nature of the organosilane molecule and the amount of water). Organosi-
lanes can be either deposited from organic solvents, aqueous alcoholic solutions
or water. The halogen or alkoxy groups of the organosilane molecules hydrolyze
in contact with water and the resulting silanols form hydrogen bonds with neigh-
boring hydrolyzed silanes and with surface hydroxyls. Siloxane bonds are formed
with release of water. The suspensions are made free of excess materials either by
dialysis or by successive centrifugation/redispersions cycles in alcohols.

Electrostatic interaction and complexation chemistry are other possible ways to
change the surface properties of minerals. Such reactions are highly sensitive to
the nature of the solute (which may sometimes compete for complexation), the
pH of the solution (which determines the surface charge of the particles and, thus
controls its interaction with ionic compounds), and the surface area of the min-
eral particles. Adsorption is usually investigated through the construction of
adsorption isotherms. Adsorption isotherms give information on the extent and

Table 3.6 Examples of organosilane and organotitanate coupling
agents commonly used in the surface modification of metal
oxide particles.

Coupling agent Chemical structure Symbol
vinyl trimethoxysilane CH,=CHSi(OCH,), VIMS
3-trimethoxysilyl propyl methacrylate CH,=C(CH,)COOCH,CH,CH,Si(OCH,); MPS
3-trimethoxysilyl propane thiol HSCH,CH,CH,Si(OCHy,), MPTS
amino propyl trimethoxysilane H,NCH,CH,CH,Si(OCH,), APS
glycidoxy propyl trimethoxysilane CH,(0)CHCH,0O(CH,),Si(OCH,), GPMS
OCOCH,CsH;;
diisopropyl methacryl isostearoyl titanate  ((H,C),HCO),Ti KR7
OCOC(CH,)=CH,
trimethacryl isopropyl titanate (CH,=C(CH,)COO0),TiOCH(CH,), /

diisopropyl diisostearoyl titanate ((H5C),HCO),Ti(OCOCH,C,Hy,), KR TTS
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the nature of the interaction and may exhibit different shapes depending on the
nature of the sorbent, the suspension medium and the physicochemical proper-
ties of the system. As described later, mineral particles strongly interact with eth-
ylene oxide-based surfactants or macromonomers and oppositely charged
monomer or initiator molecules.

3.4.1.2 Polymerizations in Multiphase Systems

Polymer encapsulation of metal oxide particles One frequently encountered strat-
egy for synthesizing O/I particles by in situ polymerization in multiphase systems
is the grafting of a methacrylate silane molecule (MPS, Table 3.6) that allows an-
choring of the growing polymer chains on the mineral surface during the earlier
stages of polymerization and enables O/I particles formation in a very efficient
way. A variety of silica/polymer composite particles have been elaborated by this
technique using emulsion, dispersion or miniemulsion polymerization processes
resulting in different particle morphologies (Fig. 3.15).

Fig. 3.15 TEM images of silica/polystyrene composite particles
through emulsion (a-b), dispersion (c—d) and miniemulsion
polymerization (e-f) using MPS as silane coupling agent.
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Composite particle morphologies mainly depend on three parameters:
1. The MPS grafting density,
2. The silica particles size and concentration which in turn

determine the overall surface area available for capture of

the growing free radicals and,

3. The experimental conditions used for polymerization (e.g.

the nature of the initiator, the surfactant or the monomer
and their respective concentrations).

In emulsion polymerization, the mechanism of nanocomposite particle formation
can be described as follows (Fig. 3.16). The initiator starts to decompose in the wa-
ter phase giving rise to the formation of radicals. These radicals propagate with
aqueous phase monomers until they undergo one of the following fates: a) aque-
ous phase termination or b) entry into a micelle or precipitation (depending on
the surfactant concentration), creating somehow a new particle. Aqueous-phase
oligomers of all degrees of polymerization can also undergo frequent collision with
the surface of the silica seed particles, and have therefore a high probability to
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Fig. 3.16 Schematic illustration of the main features taking
place during the formation of the silica/polymer nanocomposite
particles through emulsion polymerization using MPS as silane

coupling agent. (Reproduced from: E. Bourgeat-Lami,

M. Insulaire, S. Reculusa, A. Perro, S. Ravaine, E. Duguet,
J. Nanosci. Nanotechnol. 2006, 6, 432—444 with permission.)
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copolymerize with the double bonds of silica, thus generating chemisorbed poly-
mer chains in the early stages of polymerization. These discrete loci of adsorption
are preferred to adsorb further oligomers or radicals compared with the bare seed
surface. As a result, these discrete loci of adsorption become discrete loci of poly-
merization. Provided that new polymer particle formation is not promoted (which
in turn depends on the number of double bonds and the overall surface area), poly-
merization will exclusively take place around silica. If the MPS grafting density is
sufficiently high, a large number of primary particles are captured by the seed sur-
face and a shell is formed around silica (Fig. 3.15b). The shell may result from the
collapsing of the growing polymer chains on the functionalized silica surface or
from the coalescence of freshly nucleated neighboring primary particles, this last
issue being promoted by the close proximity of these precursor particles and the
correspondingly low surface energy. For a too low MPS concentration, in contrast,
the polymer chains form segregated domains around the silica particles as the
high interfacial energy (due to the presence of unreacted silanol groups), does not
promote spreading of the polymer chains on the surface nor interparticle coales-
cence (Fig. 3.15a). Therefore, the affinity of the growing polymer spheres for the
silica surface, and hence the final morphology of the composite particles can be
tuned on demand by varying the amount of double bonds attached to the surface
and the respective sizes of the inorganic core and growing polymer nodules.

A variety of O/I composite particles with diverse functionalities have been
elaborated by this technique using different types of nanoparticles and organic
polymers as illustrated in a recent work on the synthesis of multilayered
gold—silica—polystyrene core shell particles through seeded emulsion polymeriza-
tion. In this article, silica-coated gold colloids were encapsulated by polystyrene
using MPS as silane coupling agent according to the procedure just described for
silica. These particles were subsequently transformed into hollow spheres by
chemical etching of the silica core in acidic medium.

Apart from the use of silanes, another strategy to O/I colloids formation through
heterophase polymerization consists in promoting monomer or initiator adsorp-
tion on the mineral surface. As mentioned above, some conveniently selected mol-
ecules may spontaneously adsorb on inorganic surfaces through electrostatic or
complexation chemistry. In some cases, monomer adsorption can also be pro-
moted by the presence of adsorbed surfactant molecules on the surface (so-called
admicellization/adsolubilization behavior). A schematic illustration of this concept
is shown in Fig. 3.17 while Table 3.7 provides a non-exhaustive list of monomers,
initiators, surfmers or macromonomers which are concerned by this general
strategy.

Adsorption of surfactants onto solid particles may involve complex mechanisms
and had been the subject of a huge number of works. Mineral oxide/surfactant
interactions are promoted by charge/charge attractions, hydrogen-bonding or
hydrophobic interactions. Depending on the nature of the surfactant and the kind
of interaction, the amphiphilic molecule may either stabilize the inorganic parti-
cles or induce significant aggregation. It has been demonstrated for instance that
positively charged particles flocculate upon addition of anionic surfactants, and
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Fig. 3.17 Principle of encapsulation through surfactant,
monomer and initiator adsorption. (a) polymerization in
adsorbed surfactant bilayers; (b) surface polymerization
induced by initiator or monomer adsorption.

that on further addition, the particles redisperse due to formation of surfactant
bilayers. Adsorbed surfactants may adopt a variety of structures as for instance
hemimicelles, admicelles or vesicles, depending on the respective surfactant/
surfactant and surfactant/mineral interactions. As a direct consequence of the
assembly process of surfactants on mineral surfaces, a hydrophobic interlayer can
form on the inorganic particles into which monomers can solubilize and poly-
merization subsequently proceed (Fig. 3.17). The concept of admicellization/poly-
merization in adsorbed surfactant assemblies (so-called ad-polymerization) has
been well described in case of planar substrates but only few examples have been
reported concerning colloidal systems. Organofunctional titanate molecules car-
rying hydrophobic groups have been used for instance to promote adsorption of
sodium dodecyl sulfate on amorphous titanium dioxide. This allowed the forma-
tion of surfactant-surrounded pigments which proved to be convenient seed par-
ticles in the subsequent construction of an organic polymer layer on their surface.
Positively charged iron oxide pigments stabilized with adsorbed sodium dodecyl
sulfate bilayers were also reported to be encapsulated by this technique. More re-
cently, polymer-coated silver nanoparticles have been elaborated through emulsion
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Table 3.7 Functional monomers, initiators, surfmers and
macromonomers used during the synthesis of O/l composite particles
through emulsion polymerization.

Nomenclature Chemical structure
INITIATOR  2,2’-azo(bis) isobutyramidine - HZN»__ ‘ | JI:IHZ -
dihydrochloride (AIBA) Cl t o ‘ N=N S a
H,N NH,
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o II\I 2
N
) () ©
M . s 1.
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s |
N
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. . ¥
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U
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(0] .
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S

r

polymerization. The silver colloids were previously modified with oleic acid which
readily adsorbed on the surface. A uniform and thin layer of poly(styrene/
methacrylic acid) copolymers was formed on the hydrophobized inorganic seed
particles providing a protective organic and functional shell to the metal colloid.
It is relevant to mention here that oleic acid derivatives are also of great benefit in



118

3 Hybrid Organic/Inorganic Particles

the encapsulation reaction of colloidal magnetic particles through emulsion poly-
merization. The surface of the magnetite colloid is first coated by a monolayer of
sodium monooleate, and then stabilized by adsorption of a second layer of sodi-
um dodecyl benzene sulfonate (SDBS) surfactant. Thermosensitive magnetic im-
munomicrospheres were prepared according to this technique by reacting styrene,
N-isopropylacrylamide and methacrylic acid comonomers in the presence of the
double layer surfactant-coated ferrofluid at 70°C and using potassium persulfate
as initiator.

As shown in Fig. 3.17, monomers can also be directly adsorbed on the particle
surface. Adsorption is most often promoted by charge/charge interactions through
acid-base mechanisms, and involves in this case the use of basic (as for instance
4-vinylpyridine, quaternary ammonium methacrylate salts) or acidic (e.g. acrylic
acid, methacrylic acid) monomers depending on the PZC of the mineral particles.
A variety of silica—polymer colloidal nanocomposites have been elaborated ac-
cording to this strategy by copolymerizing 4-vinylpyridine (4VP) with methyl
methacrylate, styrene, n-butyl acrylate or n-butyl methacrylate monomers. The
comonomer feed composition was chosen such as to afford either hard or soft
film-forming materials. Owing to the inherent strong acid-base interaction be-
tween the basic 4VP monomer and the acidic silica surface, nanocomposite par-
ticles with “current-bun morphologies” or silica-rich surfaces were obtained. The
resulting films presented a high gloss and a good transparency as well as unusu-
ally low water uptake. These water-borne colloidal nanocomposites could find ap-
plications in the coating industry as fire-retardant or abrasion-resistant materials.

Silica/polypyrrole and silica/polyaniline nanocomposite colloids have been
synthesized using a related approach. The silica nanoparticles participate to sta-
bilization of the polymeric suspension and are mainly located at the composite
particles surface that display a raspberry-like morphology characterized by silica
beads glued together into the conducting composite latexes (Fig. 3.18).

00
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% o ) W

© (@ © @ (NH, ]23203
© © © or FeCl,

60°C, 24h

Silical polypyrrole

20 nm silica particles composite particles

Fig. 3.18 Schematic representation of the formation of
polypyrrole-inorganic oxide nanocomposite colloids by
dispersion polymerization of pyrrole in aqueous medium
(Reprinted from: S. P. Armes, S. Gottesfeld, J. G. Beery, F
Garzon, S. F. Agnew, Conducting Polymer-Colloidal Silica
Composites, Polymer 1991, 32, 2325-2330, with permission.)
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Poly(pyrrole) and poly(N-methylpyrrole)-gold composite particles have also been
produced by aqueous solution reduction of the corresponding monomer in the
presence of gold colloids. The conductive polymer-gold composite particles were
next converted to hollow polymeric nanocapsules by chemical etching of the col-
loidal gold template.

Alternatively, the adsorbed molecules can combine the property of a surfactant
with that of a monomer (so-called polymerizable surfactant). For example, qua-
ternary alkyl salts of dimethylaminoethyl methacrylate (C,Br) surfactants were
used to promote polymer encapsulation of porous silica particles in aqueous sus-
pension. The polymerizable surfactant adsorbed on the silica surface in a bilayer
fashion (Fig. 3.19). The CnBr amphiphilic molecule was either homopolymerized
or copolymerized with styrene adsolubilized in the reactive surfactant bilayer. High
encapsulation efficiencies were readily obtained by this technique.

In a similar approach, a series of head- and tail-type surface active cationic
monomers were adsorbed on the surface of colloidal silica. The adsorbed
monomers were shown to spontaneously polymerize in THF or chloroform at
60°C and even 40°C giving rise to the formation of small polymer plots on the
surface.

Macromonomers (e.g. linear macromolecules with polymerizable group at one
end) can also be adsorbed on mineral surfaces. Dispersion polymerization of
styrene performed in presence of a styrene-terminated poly(4-vinylpyridine) (ST-
PVP) macromonomer was shown to give polystyrene-coated silica particles. Sim-
ilarly, it has been demonstrated that rapsberry-like silica/polystyrene colloidal
nanocomposites can be elaborated in emulsion polymerization. They showed that
addition of a small amount of a monomethylether mono methylmethacrylate
poly(ethyleneoxide) macromonomer allowed the formation of nanometric poly-
styrene latex particles on the surface of submicronic silica particles through an in
situ nucleation and growth process (Figs 3.20 and 3.21).

Cationic initiators, as for instance 2,2’-azobis(2-amidinopropane) dihydrochlo-
ride (AIBA) strongly adsorb on negatively charged surfaces. Interaction of the
initiator with the inorganic surface can be finely tuned by changing the pH of the
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Fig. 3.19 Principle of silica encapsulation through emulsion
polymerization by adsorption of a surface active monomer.
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Fig. 3.21 TEM (a, b) and SEM (c, d) images
illustrating the macromonomer-mediated self-
assembly process of colloidal polystyrene
particles onto submicronic silica spheres
through emulsion polymerization. (a, c): Dp
SiO, = 500nm; and (b, d): Dp SiO, = Tum.
Note the homogeneous distribution of the

Fig. 3.20 Schematic representation of
the macromonomer-mediated assembly
process of polymer latexes onto colloidal
silica nanoparticles.

b

polymer particles on the silica surface.
(Reprinted from: S. Reculusa, C. Poncet-
Legrand, S. Ravaine, C. Mingotaud, E. Duguet
and E. Bourgeat-Lami, Chemistry of Materials,
with permission from American Chemical
Society.)
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surrounding medium. AIBA was used for instance to initiate the polymerization
reaction of styrene in presence of titanium dioxide pigments. High encapsulation
efficiencies were achieved when the terminal ionic group of the polymer chain and
the surface charge of the inorganic pigment were oppositely charged. AIBA ad-
sorption was shown to proceed by means of ion-exchange and the attached initia-
tor allowed the subsequent growth of polymer chains on the surface. When AIBA
is used in combination with suitable amounts of surfactant, positively charged la-
texes are generated in situ during polymerization, and concurrently heterocoagu-
lated on the mineral surface. Depending on the diameter of the silica beads, either
strawberry-like or core-shell morphologies can be produced by this technique.
AIBA was also used to polymerize vinyl monomers from several layered silicate
substrates. The elaboration of clay-based composite particles is the focus of the
following section.

Polymer/clay nanocomposite particles In addition to spherical particles, anisotrop-
ic fillers such as clays or carbon nanotubes have retained major attention in re-
cent literature. Indeed, because of their high aspect ratio, platelet-shaped clay
particles, a few nanometers thick and several hundred nanometers long, allow a
substantial improvement in strength, modulus and toughness while retaining op-
tical transparency. Additional benefits are enhanced tear, radiation and fire resist-
ance as well as a lower thermal expansion and permeability to gases. As reviewed
in Chapter 4 of this book, one major issue of the elaboration of clay-based
nanocomposites is the exfoliation of the clay layers within the polymer matrix.
Three methods are currently reported: a) melt intercalation, b) exfoliation/
adsorption and c) in situ polymerization.

Although numerous studies have been devoted to in situ intercalative polymer-
ization in solution or in bulk, only a limited number of contributions have dealt
with the synthesis of clay/polymer nanocomposites through heterophase poly-
merization. Intercalated nanocomposites based on MMT and various polymers or
copolymers have been elaborated through conventional emulsion polymerization
using bare non-modified clay suspensions as seeds. Confinement of the polymer
chains in the interlayer gallery space was evidenced by DSC and TGA measure-
ments and was suspected to originate from ion-dipole interactions between the or-
ganic polymers and the MMT surface. Unfortunately, as the composite particles
were precipitated, no information was given on their morphology. However, the
clay being used as supplied, it is very unlikely that special interactions were tak-
ing place between the exfoliated clay layers and the growing latex particles in the
diluted suspension medium. It can be anticipated rather that the polymer parti-
cles were physically entrapped between the clay layers consequently to floccula-
tion and drying of the composite suspension as schematically represented in Fig.
3.22. For steric and energetic considerations, the polymer latex particles could no
longer move from the interlayer space resulting in polymer chains confinement
at the vicinity of the clay surface.

Work involving the use of organically-modified clay particles in heterophase
polymerization is rather scarce. To the best of our knowledge, only two reports
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o Latex particle ﬂ MMT clay plate

Fig. 3.22 Suspected morphology of polymer/MMT composite
materials produced through conventional emulsion
polymerization without any pre-treatment of the clay particles.

combine the emulsion or suspension polymerization approaches and ion ex-
change reaction. In one of these reports, 2,2’-azo(bis) isobutyramidine dihy-
drochloride (AIBA) is immobilized in the clay interlayer region to yield exfoliation
of MMT in the PMMA matrix through suspension polymerization. In another rel-
evant work, it is demonstrated that exfoliated structures can be obtained by post-
addition of an aqueous dispersion of layered silicates (either MMT or laponite)
into a polymethyl methacrylate latex suspension produced in the presence of suit-
able cationic compounds (cationic initiator, monomer or surfactant). Since the la-
tex particles were cationic and the clay platelets anionic, strong electrostatic forces
were developed at the polymer/clay interface but again no mention was made of
particles’ morphology.

Successful formation of nanocomposite particles was recently evidenced in a re-
cent work on Laponite. Laponite is a synthetic clay similar in structure to Hec-
torite. Advantages of using Laponite instead of Montmorillonite is the dimension
of the crystals (e.g. 1nm thick and 40nm large), which is of the same order of
magnitude as the diameter of polymer latexes. Following strategies similar to those
mentioned previously for spherical fillers, polystyrene-co-butylacrylate/Laponite
composite particles have been synthesized through emulsion polymerization. The
clay particles were first modified by incorporating reactive groups on their surface.
This was performed either by exchanging the sodium ions by suitable organic
cations (AIBA and MADQUAT, respectively, Table 3.7) or by reacting methacry-
loyloxy alkoxysilanes with hydroxyl groups located on the clay edges. The organ-
oclay was next suspended in water, which process required the use of high shear
devices or chemicals (peptizing agents) in order to assist in redispersion. Fig. 3.23
depicts the different steps involved in the synthesis of the polymer/laponite latex
particles.

Finally, the emulsion polymerization reaction was accomplished in a conventional
way using potassium persulfate or 2,2"-azobis cyanopentanoic acid as initiators



3.4 O/I Nanoparticles Obtained by in situ Polymerization Techniques

Laponite clay
stacks in toluene Me &
I
EtO-Si—, ~0¢
Me
e

Functionalized laponite
clay platu in water
4 1) Silane grafting Nanocomposite
2) Redispersion into water latex particle
Styrene
Butyl acrylate
SDS. KPS

Aqueous colloidal
dlsperslnn of clay play Q @ Pag ryfnigﬁiggn
1) Cation exchange

0 2) Redispersion into water

Fig. 3.23 Schematlc picture illustrating the procedure used for
synthesis of polymer /Laponite composite particles.

and sodium dodecyl sulfate as surfactant. Stable composite latexes with diameters
in the range 50-150 nm were successfully produced provided that the original clay
suspension was stable enough. The clay plates were found to be located at the
external surface of the polymer latex particles as illustrated on the TEM pictures
of Fig. 3.24. Tt is worthwhile to notice that similar morphologies were obtained

Fig. 3.24 Cryoelectron microscopy images of embedded in a film of vitreous ice. The thin

poly(styrene-co-butyl acrylate)/laponite dark layer covering the surface of the
nanocomposite particles prepared through polymer particles corresponds to 1 nm-thick
emulsion polymerization using (a) y-MPS, diffracting clay platelets that are oriented
(b) AIBA and (c) MADQUAT as reactive edge-on with respect to the direction of

compatibilizers. The nanoparticles are seen observation.
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whatever the reactive compatibilizer introduced on the clay surface (e.g. either the
organosilane, the cationic initiator and the cationic monomer).

3.41.3 Surface-initiated Polymerizations

The graft-from and the graft-to techniques  Apart from the formation of dense coat-
ings, core-shell O/I particles can also be elaborated by templating inorganic col-
loids with polymer brushes in solution. There are two general methods used for
attachment of polymers to nanoparticle surfaces: the graft-to and the graft-from
techniques. In the graft-to technique, a functional group of a preformed polymer
is reacted with active sites on the inorganic surface. Covalent attachment of the
polymer chains thus requires the macromolecules to be first modified by conve-
niently selected end groups. For instance, isocyanate-capped and triethoxysilyl-ter-
minated polyethylene oxide (PEO) oligomers were synthesized and grafted further
to the surface of silica particles by reaction of the end groups of PEO with the
silanol groups of silica. In the graft-from technique, polymers are grown directly
from the inorganic surface which has been previously functionalized with the ap-
propriate initiator or catalyst. The grafting reaction can be done in various ways
through anionic, cationic or free radical processes while a variety of colloidal ma-
terials such as silica, semiconductor, metallic nanoparticles and clays have been
used as templating materials. Basically, the general synthetic strategy involves the
covalent attachment of the initiator molecule, the controlled agent or the catalyst
on the inorganic surface and the subsequent growth reaction of the polymer chains
from the anchored molecules.

Controlled radical polymerization from inorganic particle surfaces Among the
different techniques, controlled radical polymerization (CRP) has found an
increased interest in recent literature due to its simplicity and versatility compared
to ionic processes. Indeed, CRP can tolerate water, air and some impurities
and is applicable to a broad spectrum of monomers. Moreover, one key advantage
of CRP in comparison to conventional free radical processes is the possibility
to synthesize well-defined polymers which can be grown with the desired
thickness and composition. Owing to the narrow molecular weight polydispersity
of the polymer chains, the grafted particles can self-organize into 2D arrays with
controlled interparticle distances function of the degree of advancement of the
reaction.

CRP is usually divided into three categories: atom transfer radical polymeriza-
tion (ATRP), reversible radical addition, fragmentation and transfer (RAFT) and
nitroxide mediated polymerization (NMP). All three techniques permit the
polymer molecular weight, the polydispersity and the polymer architecture to
be accurately controlled owing to a reversible activation/deactivation process of
the growing macroradicals into dormant species as schematically represented
below:
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Covalent grafting of the polymer chains requires the initiator (for NMP and
ATRP) or the chain transfer agent (for RAFT) to be chemically attached to the min-
eral surface. Table 3.8 provides a list of conventional initiators, macroinitiators
and transfer agents which have been developed in the recent literature for this
purpose.

The atom transfer radical polymerization (ATRP) technique has been extensively
studied and applied to the grafting of polymers from the surface of silica nanopar-
ticles. Typical ATRP initiators for such systems are halide-functionalized alkoxysi-
lanes of the type reported in Table 3.8. The grafting is performed as described
previously for organosilane molecules by reacting the alkoxysilyl-terminated halide
initiator with the hydroxyl groups of the mineral surface. Not only silica but also
aluminum oxide particles, clay, magnetic colloids, gold and photoluminescent cad-
mium sulfide nanoparticles have been functionalized by ATRP. In case of gold,
for instance, an initiator carrying a 2-bromoisobutyryl group and a thiol function-
ality has been specifically synthesized to allow both complexation of the nanopar-
ticles and initiation of the polymer chains from their surface (Table 3.8). When
cast from solution, the resulting nanocomposite film materials exhibit hexagonal
ordering of the inorganic cores and properties arising from the inorganic compo-
nent (Fig. 3.25). For example, silica-coated photoconductive CdS nanoparticles
were used as inorganic particles and the resulting materials were shown to retain
the photoluminescent properties of the core. However, no mention was made
about the colloidal stability of these systems. The ATRP has also been recently re-
ported to work with efficacy in the absence of solvent and in aqueous media us-
ing hydrophilic water-soluble acrylic monomers. Lastly, it is worth mentioning that
hollow polymeric microspheres have been produced through ATRP by templating
silica microspheres with poly(benzyl methacrylate), and subsequently removing
the core by chemical etching.

The so-called nitroxide-mediated polymerization (NMP) can also be advanta-
geously used to initiate the polymerization of vinyl monomers from inorganic sur-
faces. Although a library of nitroxide and nitroxide-based alkoxyamine compounds
has been recently reported in the literature for the free radical polymerization of
a variety of monomers, the extrapolation of the NMP technique to the grafting of
inorganic surfaces requires the development of adequate surface-active initiators
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Table 3.8 Chemical structures of the macro-initiators involved in the CRP
polymerization of a variety of monomers from nanoparticulate inorganic

surfaces.
Conventional free radical polymerization Mineral /monomer
(0]
[l Silica / methyl
COOR methacrylate, styrene,
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O — Sli COOH
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Table 3.8 Continued

Atom-