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Preface

With the advent of nanoscience and nanotechnology, the dream of scientists to
engineer new functional materials combining the best specific properties of organic
and inorganic materials is closer to reality. The traditional targeted application has
been the reinforcement of plastics with the addition of inorganic fillers. Accelerated
research over the past two decades, as evidenced by the large bulk of literature on
mechanical properties of organic—inorganic composites, focused on systems such
as clay/polymer nanocomposites, which are now exploited by the automotive
industry worldwide. Although, in the low filler loading range, clay/polymer nano-
composites can replace traditional fiber-reinforced composites, there is still a long
way to go before understanding the mechanisms of enhancement of major engi-
neering properties of polymers and to tailor their nanostructure.

The driving force to edit the present comprehensive book has been to show that
the applications of organic—inorganic nanocomposites extend far beyond the
above-mentioned traditional mechanical applications and that hybrid nanocom-
posites should be considered as an attractive, versatile, technological platform for
future electronic, optical, magnetic, and biomedical applications. Indeed, taking
up challenges such as homogeneous dispersion of inorganic nanoobjects into a
polymer matrix or tailoring of the multiscale nano-to-macro structure of the com-
posites will contribute to the establishment of a solid unified hybrid nanocompos-
ite technological platform for commercially-viable products revolutionizing
various industrial sectors.

The generally-accepted definition of a hybrid nanocomposite is a material
created by dispersing inorganic nanoparticulates into a macroscopic organic matrix.
Since the discovery that the markedly enhanced electrical and thermal conductivity,
optical and dielectric properties, and mechanical properties such as stiffness and
strength of the resulting material are essentially because of the extraordinarily large
interfacial “third” phase, hybrid nanocomposites constitute a fast-growing area of
the field of nanotechnology. Nanoscience is now recognized as essential to under-
standing and predicting the correlation between nanocomposites’ enhanced properties
and high surface-to-bulk ratio of the constituting inorganic nanocomponent, and to
direct the synthesis strategy for on-demand functional hybrid nanocomposites.
Clearly, cost-effective strategies ensuring high-precision spatial and orientational
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viii Preface

control of the hierarchical structure will broaden the spectrum of hybrid nanocomposite
applications from commodity plastic applications to high-added-value components
in active devices such as photovoltaic cells, biosensors, light emitting devices, and
energy storage systems.

It is the hope of the editor that Hybrid Nanocomposites for Nanotechnology:
Electronic, Optical, Magnetic and Biomedical Applications will become an
invaluable reference book introducing the reader to this fascinating field and will
stimulate the creativity of academic, industrial, and governmental researchers active
in materials science, chemistry, polymer science, surface science, semiconductor
physics, electrical engineering, electronics, surface microscopy, spectroscopy, micro-
electronics, electrochemistry, photonics, data storage, sensors, energy storage,
computational engineering, biology, microbiology, bioengineering, biotechnology,
pharmacy, medicine, and oncology.

As the aim of this book is to address a large audience of readers, from Ph.D.
students to senior researchers in the academic world and also from engineers to
business people in various industrial sectors, it has been organized by practical
applications rather than by scientific disciplines. This book consists of 17 chapters
written by 37 international leading experts from 12 different countries: Australia,
Czech Republic, Germany, India, Ireland, Italy, Japan, Korea, the Netherlands,
Portugal, Spain, and the USA. It will provide a large coverage of applications in the
industrial sectors where nanocomposites can bring a specific value and decisive
competitive edge.

Each chapter is self-contained with cross references. For the unity of the book,
an overlap in the chapters — namely nanocomposite synthesis methods specific to
the targeted application — has been purposely kept to play the role of scientific
thread. For the first time, this book will offer a complete perspective on the topic of
hybrid nanocomposites and should serve as a comprehensive reference with its
2,500 bibliographic citations. The chapters presenting cutting-edge research are
classified into four parts:

o Part I “Synthesis and Characterization of Organic—Inorganic Nanocomposites”
contains five chapters on the recent developments in synthesis, processing, and
characterization of various types of nanocomposites.

o Part II “Electronic and Magnetic Applications of Hybrid Nanocomposites” con-
tains six chapters describing specifically designed nanocomposites for applica-
tions mainly related to the electronic and energy storage sectors. Promising
applications of magnetic nanocomposites are also reviewed.

o Part III “Optical Applications of Hybrid Nanocomposites” contains three chap-
ters focusing on innovative photonic devices.

e Part IV “Biomedical Applications of Hybrid Nanocomposites” contains three
chapters with an emphasis on biosensors.

The editor is grateful to the following publishers and authors for granting per-
missions to use their illustrations for the book: American Ceramics Society,
American Chemical Society, American Institute of Physics, American Physical
Society, Ceramic Society of Japan, CMC Publishing Corp., The Electrochemical
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Society, Elsevier Science, IEEE, Indian Academy of Science, Institute of Physics
Publishing Ltd., The International Society of Optical Engineering, Dr. Tetsuyoshi
Ishii, John Wiley & Sons Inc., Kluwer Academic Publishers, Koninklijke Philips
N.V,, Dr. Frederik Krebs, Materials Research Society, Nature Publishing Group,
Optical Society of America, Royal Society of Chemistry, Science, Springer
Science, TIC Publishing Corp., Wiley-VCH Verlag.

This book is the result of the outstanding collaboration of all the distinguished
authors who have dedicated their valuable time and effort to write state-of-the-art
reviews. The editor is greatly indebted to all these leading experts for their commit-
ment to excellence.

The editor wants also to express his deepest gratitude to Dr. Marie-Isabelle
Baraton (University of Limoges, France), an internationally renowned expert in
nanoscience and editor of leading books in the field, for her invaluable advice and
critical review of the book.

Finally, special thanks are due to Ladislav Berdnek, Christl Jeske, Helmut
Lenhard, and Romana Leuschner for their kind support and encouragement.

Limoges, France Lhadi Merhari
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Chapter 1
Epoxy-Silica/Silsesquioxane
Polymer Nanocomposites

Libor Matéjka

Abstract Organic—inorganic (O-I) polymer nanocomposites are multicomponent
and multiphase systems. Research of such complex systems is focused on under-
standing hybrid formation and on elaborating a general approach to control their
structure, in order to synthesize a material with the required properties.

The present chapter deals with the O-I nanocomposites composed of an epoxy
network as the organic matrix and silica or silsesquioxane (SSQO) domains as the
inorganic “filler.” The inorganic phase is introduced in the organic matrix via two
approaches: (a) in situ generation within the matrix by the sol-gel processing of
alkoxysilane precursors, and (b) incorporation of well-defined nanobuilding blocks
such as polyhedral oligomeric silsesquioxanes (POSS). Both molecular and phase
structure evolutions were followed during the O-I network build-up. Relationships
between hybrid formation, its structure and morphology, and properties were
determined.

Hybrids with a wide range of structures and morphologies were synthesized,
depending on the type and composition of the system and on the conditions of the
polymerization procedure. Their morphologies ranged from that of an epoxy
matrix with well-dispersed POSS units (at the molecular level), to that of the
same matrix with inorganic clusters and aggregates of various sizes, to a bicon-
tinuous O-I phase structure. Moreover, ordered (lamellar) structures were
formed under suitable conditions. The mechanical properties of the O—I hybrids
are described in terms of reinforcement of the organic matrix with an inorganic
phase, which is dictated by the morphology of the system and the interphase
interaction. The ways of controlling the interaction between phases are shown.
The interpretation of the mechanical behavior of the O-I polymers is based on the
structure-properties relationship and on the theoretical evaluation using composite
models.

L. Matéjka

Institute of Macromolecular Chemistry, Academy of Science of the Czech Republic,
v.v.i. Heyrovsky Sq. 2, 16206 Prague 6, Czech Republic

e-mail: matejka@imc.cas.cz

L. Merhari (ed.), Hybrid Nanocomposites for Nanotechnology, 3
DOI: 10.1007/978-0-387-30428-1_1, © Springer Science + Business Media, LLC 2009



4 L. Matéjka

Abbreviations AFM: Atomic force microscopy; ASO: Alkoxysilane-endcapped
oligomer; ATES: (3-Aminopropyl)triethoxysilane; BDMA: Benzyl dimethyl amine;
DBTDL: Dibutyltin dilaurate; DDM: Diaminodiphenylmethane; DDS:
Diaminodiphenylsulfon; DES: Dielectric spectroscopy; DGEBA: Diglycidylether of
Bisphenol; DMA: Dynamic mechanical analysis; D2000: Poly(oxypropylene)
diamine (Jeffamine), molecular weight M = 2000; EBM: Equivalent box model,
theoretical model of mechanical behavior for composites with bicontinuous phase
structure; EC: Epoxy-functional cluster; ET-1: DGEBA-D2000-TEOS network pre-
pared by one-step polymerization; ET-2: DGEBA-D2000-TEOS network prepared
by two-step polymerization including TEOS prehydrolysis; E1-T2: DGEBA-D2000-
TEOS network prepared by sequential polymerization; GTMS: (3-Glycidyloxypropyl)
trimethoxysilane; IP: Isopropanol; IPN: Interpenetrating network; ITES:
(3-Isocyanatopropyl)triethoxysilane; M600: Poly(oxypropylene) monoamine
(Jeffamine), molecular weight M = 600; NBB: Nanobuilding block; O-I: Organic—
inorganic; PGE: Phenyl glycidyl ether; POE: Poly(oxyethylene); POP: Poly-
(oxypropylene); POSS: Polyhedral oligomeric silsesquioxane; POSS ... DGEBA
with pendant POSS unit; POSS, En: POSS containing n epoxy groups; POSS_ :
POSS with isooctyl substituents; POSSph. POSS with phenyl substituents; QSM8HS:
Octakis(dimethylsilyloxy)-T8-silsesquioxane; SAXS: Small-angle X-ray scattering;
SEC: Size exclusion chromatography; SEM: Scanning electron microscopy; SD, :
Silane-modified poly(oxypropylene) of the molecular weight M (bis(trialkoxysilane)
—urea group); SM, : Silane-modified poly(oxypropylene) of the molecular weight M
(monoalkoxysilane — urea group); SPB2000: Silane-modified polybutadiene of the
molecular weight M = 2000; SPCL2000: Silane-modified polycaprolactone of the
molecular weight M = 2000; SPOE, :Silane-modified poly(oxyethylene) of the
molecular weight M (monoalkoxysilane — urethane group); SPOP, : Silane-modified
poly(oxypropylene) of the molecular weight M (bis(trialkoxysilane) — urethane
group); SSQO: Silsesquioxane; TEM; Transmission electron microscopy; TEOS:
Tetraethoxysilane; TGA: Thermal gravimetry analysis; TGDDM: Tetraglycidyl
diaminodiphenylmethane; Ti: Structure unit with i siloxane bonds —O-Si— attached
to the central atom; TMOS: Tetramethoxysilane; TSA: p-Toluenesulfonic acid;
WAXS: Wide-angle X-ray scattering

Symbols O Critical conversion, conversion at the point of gelation; D_:Mass
fractal dimension; f: Functionality of the reacting agent; G.G,,G;: Shear modulus
of the composite, matrix and filler, respectively; G : Equilibrium shear modulus in
the rubbery state; G’, G”: Dynamic shear storage and loss modulus, respectively;
I: Scattering intensity; K: Parameter characterizing strength of the interphase
interaction; M : Molecular weight of the chain between junctions of the network;
g: Scattering vector; R : Guinier radius; r,.: Molar ratio of functional groups NH/
€epoxy; r,,: Molar ratio H O/Si; T : Glass transition temperature; 7, Fraction of T,
unit; 7, : Temperature, at which 5% loss of mass occurs by thermal degradation;
Lt Time of gelation; v: Volume fraction; v: Crosslinking density of the network,
(concentration of elastically active chains); v,: Volume fraction of free epoxide
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chains; V! Volume fraction of bound epoxide chains; Vil Volume fraction of the
silica phase; Vo Effective volume of the filler; Vi Volume fraction of the filler.

1.1 Introduction

High requirements on material properties result in the development of new types of
multifunctional materials. A wide range of properties could be achieved in
multicomponent polymer systems. These polymers form a complex structure and a
multiphase morphology, which leads to a large variety of properties. Polymer
nanomaterials have received a great deal of attention in basic and applied research
in recent times.

Organic—inorganic (O-I) nanocomposite polymers, with an organic matrix filled
with inorganic species of the size usually 1-100 nm, are a special category of
nanomaterials [1-4]. Under convenient conditions, the O-I polymers show a
synergetic effect of both phases, such as stiffness, thermal resistance, fireproof
attributes in the inorganic phase, and toughness of the polymer. Generally, the O-I
nanocomposites are synthesized by the top-down or bottom-up procedures. In the
so-called top-down approach, the large micron-sized particles are disintegrated to
form nanostructures. This method is typical of the nanocomposites prepared from
layered silicates — clays.

The topic of this chapter is the preparation of the polymer nanocomposites by a
bottom-up technique, i.e., by the build-up and growth of the inorganic nanostructures
within a polymer matrix from a molecular level. The achievement of a fine
dispersion of the nanofiller in a polymer matrix is a key problem of polymer nano-
composites. The small particle size and interparticle distances result in strong filler-filler
interactions, and in a tendency to the formation of aggregates and agglomerates. Their
presence could deteriorate the material properties. Therefore, the O-I polymers with
in situ generated nanostructures are the prospective kinds of nanocomposites, because
the initially reacting species are molecularly dispersed in a polymer. The integration
of compatible organic and inorganic components at a molecular scale is achieved by
the conventional sol—gel process chemistry [5, 6]. A variety of polymer systems —
elastomers, thermoplastics, linear or crosslinked polymers — were filled with inorganic
fillers formed in situ [7—10]. There are several methods of synthesis of the O-I polymer
nanocomposites by this technique: (a) sol-gel polymerization of alkoxysilanes in the
organic polymer matrix [1, 11-14], which is the most common procedure, (b) polym-
erization of organic monomers in silica gel pores or impregnation of the gel with an
organic polymer [136], (c) simultaneous polymerization of organic and alkoxysilane
monomers [137], (d) polymerization of reactants involving two types of function-
alities as O-I precursors for formation of both organic and inorganic structures
[15, 138].

The dimensions of an inorganic nanofiller are comparable with the size of a
polymer, and therefore the nanocomposite behavior differs qualitatively from the
classical microcomposites. The immense interfacial area is a typical feature of the
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nanocomposites. Their exceptional properties are determined mainly by the interaction
of the nanoparticles with the polymer at a molecular level, and by restriction of
molecular dynamics at the interface. The interface interaction polymer-filler,
immobilization of the polymer, interaction filler-filler, and nanostructure percolation
in the polymer matrix play a crucial role. The improvement of mechanical properties
(both stiffness and toughness) was observed when the interparticle distance was
smaller than the particle diameter. In this case, the interphase can percolate through
the system and dominate the properties [16]. To understand the behavior of the O-I
nanocomposites, it is obvious that the perfect characterization of the nanocom-
posite structure at various length scales is necessary. This involves the geometry of
the nanostructures, space and topological arrangement in the matrix, including the
filler-filler and filler-polymer interactions.

The well-characterized nanocomposite systems are represented by the O—I polymers
prepared from preformed nanoobjects, i.e., defined molecular nanobuilding blocks
(NBB) [3, 17]. Various species have been used to serve as NBB, such as organically
modified oligosilsesquioxanes, metal oxo-clusters, functionalized nanoparticles
(metals, metal oxides), among others. Their synthesis was reviewed by Sanchez
et al. [18]. The most promising NBB are functionalized metal oxo-clusters. Mainly,
silicon-based NBB polyhedral oligomeric silsesquioxanes (POSS) exhibiting cage
structures are of high importance.

This chapter will present the O-I polymer nanocomposites based on the epoxy
systems with inorganic silicon-based structures generated by the sol—gel process
in situ in the polymer matrix, or incorporated in the epoxy network as the well-
defined nanobuilding blocks POSS. The evolution of the molecular and phase
structure during formation of the epoxy-inorganic network, as well as morphology
and thermomechanical properties of the nanocomposites, will be discussed. The
effect of the main factors governing the structure of the nanocomposites, including
the interface interaction, will be presented. The aim of the chapter is to describe the
relationships between formation of the O-I polymer nanocomposite, its structure,
and the properties that make it possible to control the structure and morphology and
predict the properties.

1.2 Epoxy-Silica/Silsesquioxane Networks

Epoxy networks, as the most widespread thermosets, are often used as a polymer
matrix of the O-I nanocomposites. Mainly diglycidyl ether of Bisphenol A
(DGEBA) epoxy resin or, to a lesser extent, tetraglycidyl diaminodiphenylmethane
(TGDDM) cured with aromatic diamines, such as diaminodiphenylmethane
(DDM), diaminodiphenyl sulfone (DDS), or 4,4’-[1,3 phenylenebis(1-methyli-
dene)]bis(aniline) (BSA), are applied. However, epoxy matrices crosslinked with
aliphatic amines, anhydrides, or dicyandiamide (among others) are also employed.
Most often, high-Tg epoxy networks are used for synthesis of nanocomposites;
nevertheless, the rubbery epoxy matrices have also been reinforced [19].
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Silicon-based inorganic nanofillers of a variable structure are applied for the
epoxide nanocomposites. The silica nanoparticles [20, 21], layered clays [22, 23],
or the silica and silsesquioxane (SSQO) structures generated in situ by the sol-gel
process [24-28] are the most common nanofillers. Moreover, POSS containing
epoxy networks have also been investigated [29-33].

In this chapter, special attention will be paid to DGEBA - poly(oxypropylene)
diamine (Jeffamine, Huntsman Int.) networks — and mainly to the rubbery network
DGEBA-Jeffamine D2000. Due to low glass transition temperature, the DGEBA-D2000
network is very sensitive to mechanical reinforcement with inorganic nanodomains,
in contrast to the glassy epoxide networks.

GH,
|
C\HZ/CHCHQO@?A@—OCHZCHCHQ DGEBA
(0] CHjz \o/

H,N-CHCH,0-(—CH,CHO-),-CH,CH-NH,

CH, CHg CH, D2000

The following epoxide-amine reactions take place during the network formation:

R-C\H}CHZ + HoN-R! ——> R-CH-CH,-NH-R'

Ly (1.1)

R-C\H}CH2+ R-Cl)H-CHz-NH-R1 —— R-CH-CH,-N-CH,-CH-R

0 OH OH R1 OH (1.2)

Composition of the epoxy-amine network is characterized by the molar ratio of
functional groups r, . (=NH/epoxy). In most cases, the stoichiometric composition
is employed, r,. = 1.

Two ways of introducing the inorganic nanodomains in the network matrix will
be discussed:

(a) In situ generation of inorganic nanodomains by the sol-gel process within the
organic medium will be reported in the first part of the chapter (Sect. 1.3). This
procedure enables the generation of various inorganic structures, including the
bicontinuous O-I phase morphology. However, the precise control of the final
morphology is difficult, and the structures are polydisperse in size and hetero-
geneous in the chemical composition.

(b) Incorporation of well-defined nanobuilding blocks — POSS — will be the topic
of the second part (Sect. 1.4). The initial control of the particle size and volume
fraction is the main advantage of this procedure. Formation of the nanocomposite
morphology takes place by aggregation of the NBBs within the matrix.
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The nanocomposites prepared by procedures (a) or (b) differ in the character of the inorganic
nanodomains. While the sol-gel process generates chemical clusters with strong
covalent structures, in the case of NBB the inorganic domains are formed by the physical
aggregates of the nanosized units with weak physical intradomain interactions.

The phase or microphase separation of organic and inorganic structures is a
typical feature occurring during the synthesis of the O-I networks. The interphase
interaction is of primordial importance for the nanocomposite morphology. Physical
interaction or even covalent bonding between O and I structures leads to an
improvement of the system compatibility. In this case, homogeneous and transparent
hybrid materials are produced. The common classification of O—I polymers [3] is
based on the strength of the interphase interaction, and includes systems with no
interactions or weak physical interactions and the polymers with strong covalent
bonds between phases. Both types of epoxy-based O-I nanocomposites will be
discussed — interpenetrating O-I networks without an intentional interphase bond-
ing (Sect. 1.3.2) and the organic networks with defined grafting to the inorganic
nanodomains (Sect. 1.3.3).

The organic matrix of the nanocomposites discussed in this chapter is formed by
the epoxy network, with the exception of the alkoxysilane-endcapped oligomer
(ASO) hybrid. This O-I network involves the urethane or urea groups, while no
epoxide monomer contributes to the network build-up. However, by its characteristics
(nature of the polymer network chains, SSQO nanodomains, topology of the O-I
network), this hybrid closely corresponds to the discussed series of the epoxy-silica/
SSQO networks, and hence it has been included in this chapter.

1.2.1 Experimental Techniques of Nanocomposite
Characterization

A wide range of experimental techniques have been used to follow the process of
formation of the hybrids and to characterize the structure, morphology, and properties
of O-I nanocomposites.

1.2.1.1 Formation of O-I Hybrids

The process of O-I hybrids formation includes reaction kinetics, evolution of both
molecular and phase structures during polymerization, gelation of polyfunctional systems,
increase in crosslinking density in the postgel stage, as well as a possible vitrification.
Differential scanning calorimetry (DSC) or the spectroscopic methods like Fourier
transform infrared (FTIR) and nuclear magnetic resonance (NMR) are typically used
to follow the kinetics of the polymerization involving determination of conversion of
functional groups. The evolution of the molecular structure during the polymerization
is investigated in the pregel stage by using size exclusion chromatography (SEC) and
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mass spectrometry (MALDI), while scattering techniques, chemorhelogy methods, or
dielectric spectroscopy (DES) can be applied even in the postgel stage.

Chemorheology and dynamic mechanical analysis (DMA) are useful mainly for
in situ study of network formation by polymerization of polyfunctional systems.
Gelation is a crucial phenomenon in network build-up, and a simple way of in situ
determination of the gel point is provided by chemorheology. The gel point is
roughly characterized by a steep increase in the dynamic modulus G’(7) during the
reaction. A precise determination of the point of gelation is performed by using a
power-law rheological behavior at the critical state [34]. The loss factor tan
0 (=G”/G’) measured during the crosslinking is independent of measurement
frequency at the gel point.

The O-T hybrids are heterogeneous systems, and a phase or microphase separation
takes place during polymerization. Small-angle X-ray scattering (SAXS) or
dynamic light scattering (DLS) are the techniques used to follow evolution of the
phase structure in formation of the O-I networks.

1.2.1.2 Characterization of O-I Hybrids

O-I hybrids are multicomponent and multiphase complex systems. Therefore, the
multiscale approach of characterization is applied to fully describe the structure,
morphology, and properties of the O-I hybrids.

Local structure at the atomic scale is determined by NMR and FTIR. In the case
of the epoxy-silica/SSQO nanocomposites, the *Si NMR spectroscopy is a method
to determine a local structure of the silica or SSQO domains. The NMR analysis
provides fractions of the structural units Q/, corresponding to Si atoms with j
hydrolyzed groups (Si—~OH) and i siloxane bridges (Si—~O-Si). Distribution of these
structure units characterizes the structure topology of silica. The condensation
conversion is defined as ¢, = XiQ /4. In the case of trialkoxysilanes, the formed
SSQO structure is described by the distribution of T, units, i.e., the structural units
with i siloxane bonds —O-Si— attached to the central atom. The conversion is defined
as o, =X iT /3.

OH (|)H OH O-Si-
R-Si-OH R-S|i-O-Si- R-Si-O-Si- R-Si-O-Si-
OH OH O-Si- O-Si-

To Ty T, T3

Macromolecular scale structure is investigated by the scattering methods —
SAXS, neutron scattering (SANS), or static and dynamic light scattering. In addition
to the size of the polymers or heterogeneity domains, the scattering methods also
give a geometrical description of the structures using the concept of fractal geometry
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[35], because random processes of polymerization or aggregation usually lead to the
formation of fractal objects. The fractal structure is characterized by mass fractal
dimension D _, which is a measure of the compactness or the shape of the fractal
object. D describes volume distribution of a mass, m, as m ~ r®™ where r is the
radius of the fractal object. The relation 1 <D_ < 3 holds for the mass fractals. The
fractal dimension can be experimentally determined by the scattering methods, e.g.,
SAXS, from the slope x of a linear part of the scattering curve in log-log graph, 1(g)
= g™ I is the scattering intensity and g(=47/A)sin 6 is the magnitude of the scattering
vector. The exponent x corresponds to mass fractals with fractal dimension D = x.
The size of heterogeneities can be estimated by using the expression d = 27/q_. (q, ..
is a minimum ¢ corresponding to the linear part of the scattering profile).

The larger length scale — supramolecular structure or morphology — is determined
by electron microscopy — scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM). These techniques, of course,
provide information on smaller length scales as well. DMA and DES are powerful
indirect techniques to investigate the phase structure. Wide-angle X-ray scattering
(WAXS) and DSC are employed to determine crystallinity of the material.

The interphase (polymer-filler) interactions in composites are examined using various
techniques. Mainly, the viscoelastic properties (temperature, strain, or frequency
dependence) are the perfect tool to detect the interaction between phases by DMA.
Determination of the chain immobilization evidenced by a new relaxation process
occurring at a higher temperature is the simplest approach. Moreover, the nonlinear
behavior of composites manifests itself by a decrease in modulus at a low strain amplitude
— the so-called Payne effect [36] — and is assumed to reflect the dynamics of polymer
at the interface [37, 38], thus characterizing the polymer-filler interaction. In addition,
other relaxation methods like DES, thermally stimulated depolarization currents
(TSDC), or the NMR relaxation techniques are applied to follow the polymer chain
dynamics and to investigate the interaction. In addition, swelling experiments are used
to evaluate the interaction by assuming that the swelling of the matrix is completely
restricted at the particle surface, in accordance with the Kraus theory [39].

Mechanical properties are determined by DMA and stress-strain mechanical testing.
Thermal properties such as glass transition temperature T, melting of crystalline
domains, and thermal stability are determined by DSC, DMA, DES, or thermal
gravimetry analysis (TGA).

1.3 Organic-Inorganic Networks with In Situ
Generated Silica/SSQO Nanodomains

1.3.1 Sol-Gel Process

The sol—-gel process includes a hydrolytic polycondensation of organometallic
precursors such as silicates, titanates, and aluminates. The alkoxysilane compounds
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R, -Si(OR’) are mainly used as precursors of an inorganic phase formation.
The sol-gel process (1.3—1.5) of alkoxysilanes results in the formation of linear
polysiloxane (R,SiO), or branched and crosslinked silsesquioxane (RSiO,,) from
trialkoxysilanes, as well as silica (SiO,) structures from tetraalkoxysilanes.
Tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) are the most common
precursors of the in situ formed silica phase.

CH,CH,
CH3CH,0-Si-OCH2CHj
OCH,CHs

TEOS

hydrolysis  Si(OEt)s + n H,0 —=Si(OEt), (OH), + n EtOH (1.3)

| | | |
—Si-OH + HO-Si— —= —Si-0-Si— + H,0
condensation | | | | (1.4)

| | |
—Si-OH + RO-Si— — —Si-0-Si— + H,0

\ \ ] (1.5)

? 9
O-‘Si-O-?i-O
o O silica network

The sol-gel reactions make possible a relatively easy incorporation of a pure
inorganic phase into an organic matrix. A low-temperature procedure, high purity
of reactants, and the possibility of mixing of precursors of organic and inorganic
phases at the molecular level are the main advantages of this technique. Alcohols
(ethanol, isopropanol) or THF are usually used as solvents for the sol-gel
reactions. Water content is characterized by the mole ratio r,; = H,O/Si. The stoi-
chiometric water amount corresponds to the ratio r,, = 2 for tetralkoxysilanes, and
r, = 1.5 for the trialkoxysilane monomers, taking into account both hydrolysis and
condensation reactions.

The sol-gel process is acid- or base-catalyzed and the type of catalysis, water
content, solvent, and temperature affect the reaction mechanism and the resulting
structure of the silica phase [6, 40]. The kinetics of the process, including the
simultaneous hydrolysis and condensation, were generally studied by Assink and
Kay [41].

Two types of growth processes are proposed in the silicate systems: the reaction-
limited cluster-cluster aggregation and the monomer-cluster aggregation [42]. The
theory predicts the values of fractal dimension D= 2.1 for the reaction-limited
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cluster-cluster reaction, and D = 3.0 for the monomer-cluster aggregation.
Experimental SAXS results reveal [35] that mass fractals with D~ 2.1 are formed
during the sol-gel processes catalyzed with acid, which is consistent with the
cluster-cluster reaction. In contrast, the monomer-cluster aggregation mechanism
dominates in base catalysis, resulting in formation of more compact mass or surface
fractals corresponding to colloidal particles with D < 3.0.

The effect of catalysis will be demonstrated by comparison of the action of the
acidic, p-toluenesulfonic acid (TSA), basic benzyl dimethyl amine (BDMA), and
pH neutral dibutyltin dilaurate (DBTDL) catalysts. Moreover, the typical epoxy
hardeners, primary amines, show a catalytic effect for the sol-gel polymerization
comparable to weak bases. The epoxy hardener Jeffamine D2000 has another special
function in the hybrid system. In addition to being the crosslinker and catalyst, the
poly(oxypropylene) chain of D2000 acts as a compatibilizer of the organic and
formed silica phases.

1.3.1.1 Sol-Gel Polymerization of TEOS

The sol-gel polymerization of TEOS in isopropanol (IP) solution results in formation
of silica gels. The catalysts govern the relative rates of hydrolysis and condensation,
gelation of the system, and final morphology of the silica gels, including a possible
phase separation. The rate of TEOS consumption, mainly due to hydrolysis,
decreases in the series of catalysts with increasing basicity: TSA >> DBTDL >
D2000 > BDMA >> no catalyst [43].

The acid catalysis by TSA promotes a fast hydrolysis; 50% of TEOS is reacted
in 3 min at room temperature. As a result, a large fraction of the hydrolyzed prod-
ucts is formed. However, the condensation is slow, and only oligomer products are
formed at room temperature during 24 h. Gelation of TEOS takes place at a reason-
able time only on heating at a very high conversion (in 9 h at 80°C). The transparent
gels are produced by using both TSA and DBTDL. The SAXS analysis reveals
formation of small heterogeneities corresponding to the open mass fractals with
fractal dimensions (D, )., = 2.2 and (D)oo = 2.5.

The reaction progress is different under nucleophilic catalysis with BDMA or
D2000, and a more heterogeneous system is developed. The rate and extent of
hydrolysis is lower compared to TSA catalysis, and less hydrolyzed products pre-
vail. Half the TEOS is reacted in only 30 h at room temperature, using BDMA. In
contrast, however, the condensation is effectively catalyzed, and high-molecular-
weight products are formed from the very beginning of the reaction. Large compact
silica structures of a high fractal dimension appear. The system phase-separates;
precipitates or cloudy microgels emerge in the early stage and, in the case of
BDMA, no macrogelation occurs. The morphology of the system prepared by using
a higher concentration of D2000 becomes more homogeneous because of the solu-
bilizing effect of poly(oxypropylene) chains on silica. Polymerization leads to an
opalescent gel in a short time, at room temperature.
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Structure evolution during TEOS polymerization includes formation of strongly
cycled products — polyhedral cyclics [139, 140]. Due to the extensive cyclization,
gelation is substantially delayed with respect to the theory, even under the relatively
homogeneous conditions of acid catalysis. The classical theory of network forma-
tion predicts the critical conversion ¢, for a gel formation in polymerization of an
f-functional monomer in the ideal case [44]:

o, =1/(f=1) (1.6)

For polymerization of a tetrafunctional monomer TEOS, the theoretical value is
o, = 0.33, while the experimental critical conversion is (¢,). = 0.83 (Ng et al. 1995).

1.3.2 Interpenetrating Epoxy-Silica Networks

Various kinds of hybrid epoxy-silica networks with in situ formed silica have been
synthesized and investigated [19, 24, 25, 28, 45, 141]. Usually, the silica phase was
produced within the network matrix by the hydrolytic polycondensation of TEOS.
However, the nonaqueous synthesis of nanosilica in an epoxy matrix has also been
reported [46].

1.3.2.1 Network DGEBA-D2000-TEOS

We will describe the formation, structure, and properties of the epoxy-silica
interpenetrating network (IPN) DGEBA-D2000-TEOS, consisting of the epoxide-
amine network DGEBA-D2000 and the silica network in situ generated by the
sol—gel process from TEOS [43, 47, 48]. Formation of the silica phase within the
organic network depends on the method of preparation (see Scheme 1.1):

(a) The simultaneous polymerization of the organic monomers and TEOS,
(b) The sequential polymerization consisting in polymerization of TEOS within
the preformed epoxide network.

simultaneous sequential

o silica structure
eC@® P— e
6% of° |
L organic network
©  organic monomer

@ TEOS

Scheme 1.1 Synthesis procedures of the O-I networks with in situ generated silica
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Synthesis Procedures of the Hybrid Networks

Simultaneous Polymerization

The network synthesis has been performed by one- or two-step procedures.

One-Step Polymerization

The reaction mixture of the monomers (DGEBA, D2000, TEOS) and water was
homogenized with the cosolvent isopropanol (IP), and both formation of the
DGEBA-D2000 network and sol-gel polymerization of TEOS proceeded simulta-
neously. Hydrolysis and condensation of TEOS was performed at a molar ratio
TEOS:H,0 = 1:3(r, = 3) in IP solutions in the volume ratio TEOS:IP = 45:55. The
reaction was catalyzed with TSA or DBTDL and the polymer base catalyst D2000.
While 2 mol% TSA/ TEOS was used for catalysis, the concentration of the catalytic
NH, groups in D2000 reaches 7-21 mol%/TEOS in different hybrid systems.
Hence, an amine excess was applied in the hybrids. The synthesis temperature
regime was as follows: T = 20°C 2 h, 90°C 2 days, 130°C 2 days. The one-step
polymerized epoxy-TEOS hybrid is indicated as ET-1.

Two-Step Polymerization

TEOS was prehydrolyzed under acid catalysis at room temperature, and then mixed
with the organic components DGEBA-D2000 to start the “simultaneous” formation
of both organic and inorganic phases. The hybrid is indicated as ET-2.

Sequential Polymerization

The epoxide network was prepared first by reaction of DGEBA with D2000 at 130°C.
The cured network was swollen in the mixture TEOS-H,O-IP at room temperature up
to equilibrium. The swollen network was then heated in a closed vessel at 90°C for 5
days to polymerize TEOS under TSA or DBTDL catalysis, and to develop the silica
phase within the epoxide network. Final curing was performed in vacuum at 130°C
for 3 days. The content of silica in the network was controlled by composition of the
swelling medium TEOS-IP. The hybrid is indicated as E1-T2.

Formation of the Epoxy-Silica Networks

Simultaneous Polymerization

During the simultaneous procedure of the hybrid IPN synthesis, the two independent
reaction mechanisms are simultaneously operative, i.e., the reaction of the epoxy
and amine monomers to form the DGEBA-D2000 polymer network, and the hydro-
Iytic polycondensation of TEOS to form the silica phase. The structure evolution
and final morphology of the epoxy-silica network is sensitive to the polymerization
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procedure and mainly to catalytic conditions. The sol—gel process of TEOS in the
DGEBA-D2000-TEOS hybrid system proceeds in the presence of both catalysts —
TSA and D2000. In this case, the relative concentration of the catalysts is crucial
for the sol-gel kinetics, silica structure, and morphology. Evolution of the silica
structure by the sol-gel process is much faster under given experimental conditions
than formation of the epoxide-amine network. While the silica system gels rapidly
at room temperature, gelation of the stoichiometric epoxide network occurs only in
10 h at 80°C. Consequently, during the “simultaneous” polymerization, the silica
network is formed first at room temperature, followed by a build-up of the epoxy-
amine network at an increased temperature.

One-Step Polymerization

The sol—gel process in the one-step polymerization is base-catalyzed because of a
molar excess of D2000 content over TSA concentration. The initially homogeneous
mixture microphase-separates in the reaction, due to an early formation of high-
molecular weight polysiloxane chains typical of base catalysis of TEOS polymeri-
zation. Evolution of the silica structures during polymerization is shown in
Fig. 1.1a, depicting SAXS profiles of the reaction mixture at an increasing reaction
time [47]. The scattered intensity of the SAXS profiles gradually increases during
the reaction as the siloxane/silica structures grow. Gelation of the silica structure
occurs in 81 min under given conditions at room temperature, according to inde-
pendent chemorheology measurements.

The size of the forming siloxane polymers evaluated as the Guinier radius, R
from SAXS analysis is concentration-dependent, and is larger in the diluted solu-
tions, R, ~ 15 nm. This fact implies that in the reaction mixture an overlap of the
forming polysiloxane clusters occurs from the beginning of the reaction. The
Guinier analysis provides a spatial correlation length, &, within the overlapped
polysiloxane clusters where intermolecular interferences contribute to the scatter-
ing profile. At the gel point, Guinier radius reaches the value of the spatial correla-
tion length in the gel, & ~ 10 nm. A cluster overlap was also reported by Schaefer
and Keefer [35] during the first step of the two-step acid-acid catalysis with sub-
stoichiometric water content.

In the dilute system, the individual clusters are separated and their true size can
be determined. SAXS intensity profiles of the reaction system after dilution, as
shown in Fig. 1.1b, characterize the inner structure of the polysiloxane cluster. In
contrast to the smooth scattering curves of the bulk reaction mixture, an increase in
intensity at low ¢ values as well as the break on the curve at ¢ ~ 0.1 A-'appear in
the diluted solutions. The shape of this profile is interpreted by formation of small
domains with a diameter d ~ 3 nm (according to the Guinier analysis) of a higher
branching density within a large “heterogeneous” polysiloxane cluster (R, ~ 15
nm). These domains are formed by nonrandom branching under base catalysis. The
inner siloxane groups in the chain (-O-), Si (-OC,H,),  (-OH), and the branched
groups (—O-), Si—OH are more reactive than the terminal ones ~O-Si(-OC H,), |
(-OH), [6], which results in formation of more branched and compact domains
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Fig. 1.1 Evolution of the SAXS profiles during the one-step polymerization of DGEBA-D2000-
TEOS hybrid; the numbers indicate the reaction time. (a) reaction mixture, (b) diluted solution

within the “heterogeneous” chain. On the contrary, under acid catalysis, the terminal
groups react preferably and the chain grows at the end to form linear sequences.
The size of the “branched” subunits in the base-catalyzed system increases during
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the polymerization and their number grows, as revealed by the shift of the break to
lower ¢ and by an increasing scattered intensity. The branched parts of the cluster
become gradually interconnected, and finally fill in the whole cluster before the gel
point and the break on the SAXS curve disappears. In bulk systems, the inner structure
of the clusters is screened by their overlap, and hence no break on SAXS profiles
corresponding to subunits is observed.

The forming structures show fractal behavior, as revealed from linearity of the
intensity curves of the reaction mixture [35]. The change in the inner structure of
the chain during the polymerization is shown by the gradual growth of the fractal
dimension D_ of the polysiloxanes in the reaction mixture, as illustrated in
Fig. 1.2. The high fractal dimension reaching the value D_ > 2.5 after the gel point
corresponds to a relatively compact structure. The large value of the fractal dimen-
sion can be explained by the participation of the reaction-limited monomer-cluster
type reaction mechanism. This is the result of the presence of the monomer in the
reaction mixture even at a late reaction stage, due to slow hydrolysis under base
catalytic conditions.

Two-Step Polymerization

Two-step acid-base polymerization is an optimum method for a fast formation of
the inorganic structure. The procedure consists of prehydrolysis of TEOS in an acid
medium in the first stage, followed by the build-up of a network in the presence of
nucleophilic D2000 in the second stage. The formation of silanol groups in the acid
medium serves as an initiation step for the subsequent condensation under base
catalysis. Gelation of TEOS at the D2000-catalyzed reaction is significantly accel-
erated by the acid prehydrolysis. The dependence of gelation time 1, ON the time
interval of the hydrolysis in the first step is shown in Fig. 1.3. Only 5 min of the

2,61
2,4+
2,2

gel point

1,8

1,6+

114 T T T — T T T T T M T T 1
0 50 100 150 200 250 300
t, min

Fig. 1.2 Increase in fractal dimension D_ of the polysiloxane structures during the one-step
polymerization of DGEBA-D2000-TEOS hybrid
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Fig. 1.3 Time of TEOS gelation catalyzed with D2000 as a function of the time interval of the
acid prehydrolysis; 7 = 23°C

acid prehydrolysis, corresponding to a conversion of more than 50% of TEOS,
results in the dramatic acceleration of gelation in the second base-catalyzed step
from ~100 to approximately 2 min. The prehydrolysis of TEOS also prevents precipi-
tation of silica or microgel formation in the basic medium. The transparent gels are
built-up under these conditions.

Evolution of the structure during the two-step polymerization of TEOS in the
hybrid system DGEBA-D2000-TEOS significantly differs from that in the one-step
process. In the first, acid-catalyzed step, a fast formation of the small particles with
a size of ~2 nm takes place. The SAXS profiles in Fig. 1.4 illustrate the corresponding
structure build-up at large scattering angles. These siloxane structures are low-
molecular weight small cyclics formed by intramolecular condensation, in agreement
with cage-like structures determined by Himmel et al. (1990) and Ng et al. (1995).
Acid catalysis thus encourages not only fast hydrolysis but also condensation, to
form small condensed structures in the early reaction stage.

The mixing of the prehydrolyzed TEOS with the system components DGEBA
and D2000 results in a very fast polycondensation and gelation within 1-2 min.
Figure 1.4 depicts an increase in the scattered intensity at low angles as the sizes of
heterogeneities of the system grow. This second sol-gel step is catalyzed with
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Fig. 1.4 Evolution of the SAXS profiles during the two-step polymerization of DGEBA-D2000-
TEOS hybrid; the numbers indicate the reaction time of the particular reaction step. First step —
acid-catalyzed, second step — base (D2000)-catalyzed

D2000, which leads to increased ionization of the unreacted SiOH groups and
acceleration of the polycondensation. The primary particles formed in the acid
medium immediately grow by aggregation to form large clusters and the system
gels. Fast gelation results in a chemical quenching and slowing down of the diffu-
sion, thus leading to diffusion control of the reaction. The monomer is consumed
during the first fast hydrolysis acid step, and only clusters are available for the
polycondensation in the second step, thus allowing only the cluster-cluster reaction.
The clusters show a more open structure, compared to the one-stage process.
The fractal dimension is low, D_ = 1.7, and does not change during polymerization
(see Fig. 1.5). Such a low value of the fractal dimension is consistent with the
model of diffusion-limited cluster-cluster reaction, which can be effective in fast
polymerization processes [49] such as this one. The polymer chains grow; however,
their inner structure remains unchanged (no change of fractal dimension). This is
in contrast to gradual structure densification in the case of monomer-cluster aggre-
gation in one-step polymerization.

The compact structures similar to those prepared in the one-stage process are
formed when the neutral DBTDL catalyst was used instead of TSA in the first step.
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Fig. 1.5 Fractal dimension D_ of the polysiloxane structures as a function of the reaction time
during the second step of the two-step polymerization of DGEBA-D2000-TEOS hybrid

The higher fractal dimension of these gels may refer to a low efficiency of DBTDL
to catalyze the hydrolysis. As a result, a high content of the unreacted monomer,
TEOS, is present in the second reaction stage. The participation of the reaction
between monomers and large clusters (monomer-cluster growth) is likely, leading
to formation of the compact structures.

Both structure evolution and final morphology of the O-I networks synthesized
by the simultaneous polymerization are determined by the early reaction stages.
Nucleophilic catalysis of the sol—gel process in the beginning stage brings about a
gradual densification of the silica clusters during polymerization and formation of
a more compact structure. Acid catalysis in the early stage prevents change of the
inner chain structure and development of the fractal dimension (densification) during
the reaction, despite the second step being base-catalyzed.

Sequential Polymerization

The silica structures grow within the preformed epoxide network. During swelling
of the network with a TEOS-H,O-IP mixture at room temperature, the hydrolysis of
TEOS takes place while increasing the degree of swelling. The sol—gel polymeriza-
tion of TEOS within the network is catalyzed with the acid or DBTDL, because the
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polyamine D2000 already incorporated in the epoxide-amine network is not efficient
as a base catalyst. Hence, under acid catalysis, the hydrolysis is very fast, and the
structure evolution resulting in small particles corresponds to the first acid stage in
the two-stage ‘“‘simultaneous” process. However, the polycondensation proceeds
only at an increased temperature. Nevertheless, diffusion of TEOS into the sample
is slow, compared to the rate of formation of small clusters, and therefore a gradient
of swelling degree and silica content throughout the sample appear.

Morphology and Structure of Epoxy-Silica Networks

In most cases, the generated silica phase percolates through the system and the
epoxy-silica interpenetrating network with bicontinuous phase structure is formed.
Heterogeneous microphase-separated hybrid IPNs DGEBA-D2000-TEOS are opti-
cally transparent because of the small size of the silica domains and the solubilizing
effect of the poly(oxypropylene) chain of D2000. Only BDMA-catalyzed systems
are opaque. Three polymerization procedures used to prepare the networks lead to
different morphologies of the O-I network characterized by SEM (Fig. 1.6), and to
different structures of the silica determined by SAXS (Fig. 1.7).

The morphology of the network synthesized by the one-step base-catalyzed
simultaneous polymerization is the most heterogeneous one. The hybrid involves
large siloxane-silica aggregates with a size of ~100—300 nm, composed of smaller
particles/clusters of 20-70 nm in diameter (see SEM micrograph in Fig. 1.6a).
The silica structure is very compact, as is obvious from the steep intensity curve
of the SAXS profile in Fig. 1.7. The fractal dimension in the dry hybrid reaches
the value of D_=2.7.

The networks prepared by the two-step acid-base polymerization show smaller
silica structures. The silica domains are of size 50-100 nm in Fig. 1.6b. The very
fast polymerization and gelation of the siloxane phase in this case result in quench-
ing of microphase separation in the early reaction stage, and in formation of a fine
structure. The relative rates of polymerization and microphase separation play a
crucial role for the final morphology. The dried system exhibits the two-length
scale structure revealed from two linear parts in a double logarithmic plot of the
SAXS profile shown in Fig. 1.7. The structure corresponds to large, loose polysi-
loxane aggregates of low fractal dimension, (D, ) = 2.0, composed of smaller,
more compact particles, D,)puricte = 2.17.

The finest morphology of the O-I network is created by the sequential polymeri-
zation with the preformed epoxide network. The small inorganic domains with a
size of ~10-20 nm are formed, and no larger aggregates are observed in the SEM
micrographs (see Fig. 1.6¢). The content of SiO, in the hybrids increases with the
fraction of TEOS in the TEOS-IP mixture; however, the size of the siloxane struc-
tures formed within the epoxide network does not grow with the silica content. The
distribution of the inorganic phase is not homogeneous throughout the sample, due
to a nonhomogeneous swelling of the epoxide network. The surface skin appears
with a higher SiO, concentration, compared to that in the inner part.

aggregate
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Fig. 1.6 SEM micrographs of the hybrid DGEBA-D2000-TEOS prepared by (a) one-step polym-
erization, (b) two-step polymerization, including acid prehydrolysis of TEOS, (c) sequential
polymerization with preformed epoxide network
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Fig. 1.7 SAXS profiles of the dry hybrids DGEBA-D2000-TEOS prepared by one-step polym-
erization, two-step polymerization including acid prehydrolysis of TEOS and sequential polym-
erization with preformed epoxide network, respectively

The sol-gel process in the sequential polymerization is acid-catalyzed throughout
the synthesis procedure, which promotes formation of the most open and weakly
ramified silica structures, compared to “simultaneously” prepared networks. Even
the dry networks exhibit low fractal dimension, D_ = 2.0 (see Fig. 1.7). The com-
pactness of the system catalyzed with TSA remains independent of silica content.
The neutral catalysis with DBTDL results in a more compact structure, D_ = 2.7,
due to the monomer-cluster reaction mechanism, as discussed above.

In addition to the catalytic conditions, the steric restrictions to the growth of the
siloxane structures due to the rigid organic matrix are also important. The silica
build-up proceeds within the epoxide network, preventing an aggregation of small
particles and formation of large inorganic domains. The influence of the rigidity of
the reaction medium on the progress of the sol-gel polymerization is obvious by
comparing it with the model unrestricted TEOS system. Drying of the polymerized
TEOS gel results in a significant densification and an increase in fractal dimension.
In contrast, TEOS polymerized within the epoxide network DGEBA-D2000 exhib-
its an open gel structure in the dry hybrid similar to the non-dried model. The
restrictions to an aggregation and silica structure densification by the preformed
epoxide network are remarkable in the hybrid IPN. The effect of the crosslinking
density and network mesh size on the size of the silica-particle aggregates was
reported by Wen and Mark [50].

Generally, hybrid morphology is strongly dependent on an interaction between
organic and inorganic phases. Presence of SiOH in the silica structures formed under
acid catalysis leads to a chemical grafting between phases by the reaction with C-OH
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of the epoxide network [19, 25, 43], and to a physical H-bond interaction with
—~CH(CH,)-O—-CH,~ structures of the poly(oxypropylene) chain of D2000 diamine.
Therefore, the networks prepared under acid catalysis show a more homogeneous
morphology. This is the case with sequential polymerization and also with simultaneous
polymerization with acid prehydrolysis.

Thermomechanical Properties and Interphase Interaction

In situ generated silica structures form hard glassy domains in the rubbery epoxide
network, and serve as a reinforcing nanofiller. The glass transition temperature of
the siloxane-silica clusters is 340°C. (T, was determined by DSC using a model
TEOS system polymerized under the same conditions as in the hybrid network up
to the same conversion). Characteristics of the hybrid systems, including composi-
tion and moduli, are given in Table 1.1. The hybrids were compared with the refer-
ence classical composite DGEBA-D2000-Aerosil (EAe), prepared by physical
blending of the silica Aerosil 200 with the reaction mixture of the epoxide system
(DGEBA-D2000).

Generation of a relatively small number of silica structures results in a significant
reinforcement of the rubbery DGEBA-D2000 network [48]. The polymer nanocom-
posites contain 3-13 vol% of the in situ formed SiO, (see Table 1.1). Shear storage
modulus G’(T) in the rubbery region increases with increasing content of silica, and
the reinforcement is strongly dependent on the way the hybrid network is synthesized

Table 1.1 Characteristics of the hybrid DGEBA-D2000-TEOS networks

G x 10° (at 25°C)

System SiO, vol% v, /v, thg/th Vi (Pa)
Simultaneous
One-stage ET-1 3.8 0.14 0 0.04 2.1
4.7 0.16 0 0.05 2.6
9.5 0.48 0.10 0.14 6.9
Two-stage ET-2 3.7 0.42 0.10 0.08 3.6
6.5 0.61 0.25 0.21 9.8
13.2 0.83 0.50 0.49 160
DBTDL 8.9 0.51 0.15 0.16 10.7
Sequential E1-T2 4.2 0.75 0.25 0.22 29
6.8 0.85 0.50 0.46 200
6.9 0.87 0.65 0.60 274
DBTDL 4.7 0.48 0.05 0.07 7.8
DGEBA-D2000-Aerosil
EAe 4.5 0.16 0 0.045 3.0
6.8 0.23 0 0.07 3.7
11.4 0.25 0 0.11 6.1
Ves Vi Veng volume fractions of the epoxide, bound epoxide phase and bound epoxide phase in the

glassy state, respectively
v,; effective volume fraction of the filler
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(see Fig. 1.8). The efficiency of the reinforcement increases in the series EAe < ET-1
< ET-2 < E1-T2. The sequential polymerization (E1-T2) with a preformed epoxide
network was the most efficient procedure. The nanocomposite containing 6.9 vol%
of silica shows a modulus higher by two orders of magnitude with respect to the refer-
ence DGEBA-D2000 network. Of high importance is the effect of the acid prehy-
drolysis of TEOS with TSA in the two-step polymerization (ET-2). The corresponding
epoxy-silica network exhibits significantly higher modulus compared to that prepared
by the one-step polymerization without prehydrolysis (E-T1). Nanocomposites of
much lower moduli were prepared by using DBTDL as a catalyst for hydrolysis
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Fig. 1.8 Dynamic shear storage modulus (a) and loss factor tan & (b) of the network
DGEBA-D2000 and the nanocomposites DGEBA-D2000-TEOS. 1 DGEBA-D2000, (2-4)
DGEBA-D2000-TEOS nanocomposites prepared by (2) one-step polymerization (9.5 vol% SiO,),
(3) two-step polymerization with acid prehydrolysis of TEOS (13.2 vol% SiO,), (4) sequential
polymerization with preformed epoxide network (6.9 vol% SiO,) i
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instead of TSA, both in the two-step simultaneous and sequential polymerization
synthesis (see Table 1.1). However, all the epoxy-silica networks with the generated
silica filler show higher moduli than the classical composite with Aerosil (EAe), tak-
ing into account a comparable content of the filler.

The hybrid networks exhibit a decrease and broadening of the peak of the loss
factor tan & (=G’/G’) located at a temperature of approximately —30°C, which
corresponds to the relaxation of the network chains and characterizes glass transi-
tion of the neat DGEBA-D2000 network. This effect is typical of most composite
systems [51]. The nanocomposites display a new relaxation peak at a higher tempera-
ture, which provides evidence of the phase separation in the epoxy-silica hybrids.
The new relaxation corresponds to the network chains immobilized by interaction
with glassy silica domains. The interaction is very strong, due to the grafting
between silica and epoxy network and possible hydrogen bonding. Formation of
the immobilized interphase layer of the epoxide-amine network that is in contact
with the silica phase leads to a decrease in the volume fraction of the “free” non-
hindered chains of the epoxide network. As a result, the loss factor peak at 7 =
—30°C diminishes. Broadening of the peak evidences the wide spectrum of
relaxation times typical of composite materials. The area under the new relaxa-
tion peak corresponds to the fraction of the confined chains, and the position of
this peak on the temperature scale is determined by the strength of the interphase
interaction. On the contrary, in the ordinary composite DGEBA-D2000-Aerosil,
the immobilized layer is absent due to a weak interaction between epoxide and
silica phases. This is the main reason for the small reinforcing effect of the
Aerosil filler (see Table 1.1).

The interphase interaction, which largely governs the mechanical properties of
nanocomposites, can be quantitatively characterized by the fraction of the immobi-
lized organic matrix. The hybrid nanocomposites are composed of three phases: the
flexible epoxide-amine network (matrix), the immobilized (bound) chains of the
epoxy network, and the inorganic phase with the corresponding volume fractions,
Vep Ve Vi respectively. The amount of the bound epoxide phase, v_ , is determined
from DMA results:

Eb’

Vg, =L-vg - v (1.7)

The reduction of the fraction of free chains v, in the composite can be roughly
evaluated from the decrease in the loss factor peak tan § at —30°C. It has been
empirically found [52] that the loss factor of a composite (tan &) is approximately
given as the sum of the constituting phases. For our nanocomposites, we obtain:

tan 8, (T)=tan O, (1) vy + tan O, (T) vy, +tan 8, (T) v (1.8)

This relationship is not generally valid, and could not be used for characterization
of the composites with the different matrices of different rubbery moduli G’.
However, it is useful for composites based on the same matrix of a given storage
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modulus G’ in the rubbery state. It can be assumed that the loss factor at —30°C is
mainly given by the free chains, while the contribution of bound chains is much
smaller and could be neglected, as also could the contribution of the silica phase.
Then,

v, =tan 8, (~30°C)/tan 8, (~30°C) (1.9)

(The loss factor of the neat epoxide network was taken as the value of tan &
(T =-30°C)).

Table 1.1 shows the extent of the immobilization of network chains in various
hybrids as a ratio v /v,. The interphase interaction and volume fraction of the
interphase v, are controlled by the reaction mechanism and procedure of the O-1
network formation, as discussed above. High content of silanols formed under acid
catalysis favors grafting and a strong interphase interaction in the case of the acid-
catalyzed two-step simultaneous networks (ET-2) and sequential nanocomposites
(E1-T2). Moreover, very fine morphology —i.e., a large surface of the silica phase
given by the small size and open structure of the domains in the case of the sequen-
tial and two-step simultaneous networks — favors the interaction with the epoxide
network. On the contrary, grafting is weaker in the networks prepared in the one-
step polymerization under catalysis with D2000 (ET-1) or with DBTDL catalysts,
due to a low amount of silanols. The pyrolyzed Aerosil also contains a very low
concentration of Si—OH, which accounts for weak adhesion between phases in the
classical composite EAe.

Composite Models of Mechanical Properties

The O-I hybrids are usually described by Wilkes’ morphological model [53], as
corresponding to a composite with silica domains dispersed in an organic matrix.
However, often morphology consisting of the co-continuous organic and inorganic
phases is also assumed [19, 28, 54, 55]. In order to better understand the morphol-
ogy of the epoxy-silica hybrid systems, we compared our experimental results on
the moduli of studied nanocomposites with the prediction of existing models,
assuming either particulate or bicontinuous phase morphology.

Particulate Composite Model

The elastic modulus of a two-phase system depends on the moduli and volume
fractions of components, as well as on morphology. The Kerner model modified by
Nielsen [51] (1.10) is frequently used to predict the mechanical behavior of the
particulate composites:

G, /G, =(1+ABv,)/(1-B¥v,) (1.10)

A=(7-5v,)/(8-10v,,),B =((Gr/GM)—1)/((Gf/GM)—A),‘I‘=1+vr(l—vmax)/v§1ax
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where G. G, G, are moduli of the composite, matrix, and filler, respectively, Vi
is the Poisson ratio of the matrix, Ve is the volume fraction of the filler, and Vo is
the maximum packing fraction of the filler.

The analysis shows that the increase in modulus of rubbery DGEBA-D2000 network
with in situ generated silica structures is too high to be explained by the model of the
particulate composite. The theoretical prediction of the modulus for the composite of a
rubbery matrix filled with hard particles, using the Kerner-Nielsen model, anticipates
much lower values, as shown in Fig. 1.9a (curve 1). Only classical composite EAe
approaches the theoretical values.
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Fig. 1.9 Relative modulus of the composite as a function of the (a) volume fraction of the silica
phase v, (b) effective volume fraction of the filler v ... open circle ET-1, open triangle ET-2, filled
circle E1-T2, filled triangle EAe; curves — theoretical models. (a) 1 Kerner-Nielsen model, 2—4
EBM model; 2 no interphase interaction K = 0, 3 strong interphase interaction K = 10, 4 K = 0,
critical volume fraction vy, = 0.02. (b) Kerner-Nielsen and Davies models
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The effect of morphology and interphase interaction must be considered. Due to the
interphase interaction and the immobilized epoxide layer adhering to the silica domains,
the effective volume of the filler, Ve is higher than v, However, only the bound epoxide
regions, which are in glassy state at room temperature, could be efficient as a hard filler
and contribute to the increase in modulus: Ve = Vi T Vi where Ving is the fraction of
the bound epoxide in the glassy state. In hybrid networks with strong interaction, the
major part of the bound epoxide layer is in glassy state at room temperature, i.e., the tan
0 peak appears at temperatures above room temperature, as shown in Fig. 1.8b.
However, in the case of weak interaction in the hybrid ET-1, the epoxy network part
immobilized by silica is almost completely in the rubbery state at room temperature.
Glassy fraction Ving is negligible, and epoxide does not contribute to the filler effect (see
Table 1.1). The fraction Vi, WAS determined from the areas under the loss factor curve
above room temperature. However, even consideration of increased effective fractions
of the filler in a particulate composite cannot account for the high values of the experi-
mental moduli. The relative modulus of the composite, GC/GM, calculated using the
effective volume fraction of the hard phase, is shown in Fig. 1.9b.

Bicontinuous Phase Morphology Model

High experimental moduli of the heterogeneous epoxy-silica nanocomposites can
be explained by assuming that the hybrids consist of two co-continuous phases: the
phase of the epoxy and silica interpenetrating networks and the phase of dispersed
particles of the silica sol. The bicontinuous morphology of O-I hybrids was
reported in the literature, based on the results of electron microscopy [55], light
scattering [56], SAXS analysis [54], as well as mechanical tensile studies [57].

The effect of phase continuity on dynamic mechanical properties can be deter-
mined by using the equivalent box model (EBM) [58], assuming that each compo-
nent is coupled partially in parallel (subscript p) (fraction continuous in the direction
of acting force) and partially in series (subscript s) (discontinuous fraction).
The following equation can be used for modulus of a binary system [59]:

G =(v),G, +(v,),G, +v: [[(v)), 1 G, +(v,), 1 G, ] (1.11)

The epoxy-silica hybrid network consists of three phases: rubbery epoxide phase
(vgp)» glassy epoxide phase (Vipe)> which is the fraction of the bound epoxide layer
showing T, above room temperature, and a silica phase (v,). In the composite with
discontinuous phases, the resulting modulus is mainly determined by the modulus
of the softest component. As G, (=2.2%10° Pa) << GEbg(=2*109 Pa) < G (=4*10° Pa),
the series branch of the EBM model can be neglected in comparison with the parallel
branch, and a simplified expression can be used:

G E(VSi)p Gy +(vag )p GEg (1.12a)

where G, is the modulus of the immobilized epoxide layer in glassy state, approx-
imated by the glassy modulus of the epoxide.
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The thickness of the glassy interphase layer or volume fraction Ving in certain
type of composites is proportional to the strength of the interphase interaction,
which can be characterized by parameter K = vag/vSi. The composite modulus then
is expressed as a function of the strength of the interphase interaction K:

Ge 2(vy), (G +K Gy) (1.12b)

The volume fractions of continuous (parallel) or discontinuous (series) phases for
both components in the co-continuous system were determined using the percola-
tion theory [59, 60]. The fraction of the continuous silica phase in the epoxy-silica
hybrid is given by the following expression:

(VSi )p = [(vSi - vSicr )/(l - vSicr )]t (l 13)

where v, is the critical volume fraction for a partial phase continuity of the com-
ponent and ¢ is the critical exponent. The theoretical critical volume fraction for
spherical particles dispersed in a matrix is v = 0.156 [61]. In the case of IPNs with
covalent bonds, one can expect that the critical fraction will be close to zero. The
composite modulus is described as:

G. = [(vsi = Vsier )/(1 - vsicr)]l (Gg + KGEg) = (v )2 (G + KGEg) (1.12¢)

The value of the critical exponent 7 = 2.0 was used [62].

The theoretical curves of the composite modulus in Fig. 1.9a (curves 2—4) were
calculated according to the EBM model, using the various values of the parameter
K characterizing the strength of interphase interaction. The curves correspond to
systems (a) with very strong epoxy-silica interaction, K = 10 (curve 3), and (b)
without any interaction, K = 0 (curve 2), respectively.

The “sequential networks” E1-T2 and the two-step networks ET-2 with a high
silica content fit the theoretical curve for strong interaction, while ET-2 with a small
silica content corresponds to a weak interaction. The critical volume fraction v, =
0.02 was found to better fit the data of the more heterogeneous one-stage systems
(E-T1) with smaller phase continuity (see curve 4). The fact that (1.12¢) (curves
2-4) well fits experimental data in contrast to the particulate model (curve 1) proves
that the epoxy-silica nanocomposites can be viewed as IPNs.

The moduli of the systems containing two continuous phases are also often pre-
dicted using the empirical model of Davies [63, 64].

G =v,G)" +v,G) (1.14)
For our epoxy-silica system, an effective volume of hard phase, v ., is given by

silica phase and glassy immobilized epoxide phase. The modulus of silica was used
for the hard phase:
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The prediction of the modulus, according to the Davies empirical model for the
epoxy-silica networks, is given in Fig. 1.9b.

Gl =v, Gl +v G (1.15)

The analysis shows a satisfactory agreement of bicontinuous models with the

experimental data (EBM model curves 2—4 in Fig. 1.9a and Davies model in Fig.

1.9b). The models fit the hybrid epoxy-silica systems with both weak and strong

interphase interactions, assuming enhanced effective volume fraction of the hard

phase. Thus, dynamic mechanical properties provide an experimental proof that the
microphase-separated epoxy-silica hybrid forms an interpenetrating network.

Crosslinking of the Matrix with Filler

Interphase crosslinking is another explanation of the excessive reinforcement of the
O-TI hybrids [65, 66]. The filler dispersed in the matrix can act as a multifunctional
crosslink [67] in case of a covalent bond to the matrix or a good adhesion between
phases. The plateau modulus above 7' in the linear PMMA-TEOS system [9] was
interpreted as a result of crosslinking ‘between the polymer matrix and silica clus-
ters formed from TEOS. Physical and chemical interactions between organic and
inorganic phases were proved [9, 13]. An increase in modulus with increasing
crosslinking between silica phase and polymer was reported by Huang et al. [53] in
the alkoxysilane-modified poly(tetramethyleneoxide)-TEOS system.

1.3.3 O-I Networks with Defined Interphase Covalent Bonding

The interface interaction is a crucial factor determining the structure, morphology,
and properties of O—I polymer nanocomposites. Strengthening and control of the
interaction is the main goal in the synthesis of nanocomposites. In the case of
epoxy-silica nanocomposites discussed in Sect. 1.3.2, the silica domains generated
in situ from TEOS are irregularly dispersed in the organic matrix. The epoxy net-
work is grafted to the silica structures, and both covalent- and H-bonding exist in
the epoxy-silica network. However, this interphase bonding is not well defined, and
cannot be precisely controlled. Therefore, efforts are made to prepare the nanocom-
posites showing not only the strong but also the well-characterized and controlled
interaction between phases, to determine and understand the effect of the interphase
interaction on morphology and properties.

The coupling agents, used to improve an interaction between phases and miscibil-
ity of the O—I mixtures, are organic—inorganic precursors containing both organic and
inorganic functionalities, thus providing a chemical bond between O and I phases.
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Scheme 1.2 The O-I networks with an interphase covalent bonding. (a) SSQO grafted along the
polymer chain, (b) SSQO as network junctions

Usually, organofunctional trialkoxysilanes are applied as coupling agents. Through
the reaction with such an O-I precursor, a polymer is modified with the alkoxysilane
groups along the chain. The hydrolytic condensation of these groups pendant on the
chain results in generation of silsesquioxane (SSQO) domains grafted to the polymer
in a well-characterized way (see Scheme 1.2a).

Another type of well-defined covalent bonding between phases can be produced
by bis(trialkoxysilanes), as precursors of the so-called bridged polySSQO [68].
In these O-I networks, the inorganic SSQO structures are linked with organic
bridges of various chemical characters and lengths. The ‘“polymer-bridged”
polySSQO, such as alkoxysilane-endcapped oligomers, are precursors of high
interest. The hydrolytic condensation of the terminal alkoxysilane groups leads to
the formation of the O-I block copolymer. The arising SSQO structures form inor-
ganic crosslink domains of the O-I hybrid network linked with organic polymer
chains (Scheme 1.2b). Investigation of these O-I hybrid polymers began in the
1980s [7, 11, 69], and resulted in the well-known Wilkes’ morphological model of
the microphase-separated system with polymer-rich and SSQO-rich domains.

Scheme 1.2 shows the two above mentioned O-I systems with defined inter-
phase covalent bonding — hybrid with the inorganic SSQO structure (a) grafted
along the polymer chain, and (b) attached at the chain end-position as a network
junction, respectively.

1.3.3.1 Polymerization of Trialkoxysilanes
Sol-gel polymerization of organotrialkoxysilanes RSi(OR”), results in the forma-

tion of polySSQO of the general formula (RSiO, ,) , composed of random branched
polymers, ladder structures, and polyhedral products — “cages” [70, 71].
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Sol-Gel Polymerization of (3-Glycidyloxypropyl)Trimethoxysilane (GTMS)

?CHS
CHoGHCH,0(CH,)3-Si-OCH;3

\

O OCH;

GTMS

(3-glycidyloxypropyl)trimethoxysilane (GTMS) is the typical organotrialkoxysilane
used as a coupling agent. The structure evolution during hydrolytic polycondensation
of GTMS is determined mainly by catalytic conditions, as is usual for the sol-gel
process. The acid (TSA)-catalyzed polymerization is very slow, and the system
finally gels in 15 days at 80°C, with the stoichiometric amount of water, r,, = 1.5 [72].
Under catalysis with DBTDL and BDMA, the polymerization is faster compared to
TSA; however, mainly relatively stable low-molecular-weight products are formed in
the early stage (see SEC record in Fig. 1.10). The dominant oligomer prevailing in the
reaction mixture corresponds to the compact cubic octamer cage produced by intramo-
lecular condensation of GTMS (Scheme 1.3a). Due to the preferential intramolecular
reaction to form polyhedral cyclics, the trifunctional monomer does not gel under
DBTDL catalysis. In addition to the fully condensed octamer cage, mass spectrom-
etry also reveals distribution of products involving incompletely closed cages or
nonamer and decamer cages present in the oligomer fraction. The most prominent
structures proved by electrospray ionization mass spectrometry are illustrated in
Scheme 1.3b. The fraction of the cages increases with dilution of the reaction mixture
and with excess of water. A high yield of the cage (~90%) was obtained using BDMA
catalyst and a water content of r,> 5. On the contrary, only a small amount of low-
molecular-weight polyhedral products arise in the reaction mixture catalyzed with
TSA. In this case, the intermolecular condensation is preferred, high-molecular-
weight polymers are formed slowly (see Fig. 1.10c), and GTMS gels. The structure
is less branched and linear polysiloxane chains prevail.

In addition to the effect of catalysis, the size of the organic substituent R in
organotrialkoxysilanes plays a crucial role in the reaction mechanism and final
structure. The polymerization of small trialkoxysilanes, such as methyltrimethoxysi-
lane or vinyltriethoxysilane, is relatively fast, and the systems quickly gel under
both acid and basic conditions. An increasing length of R in octyltriethoxysilane
and alkoxysilyl-endcapped oligomers leads to a reduction of the reaction rate.
Moreover, in this case only stable low-molecular weight products are formed, and
no gelation occurs independent of catalysis [73]. The long organic substituents R in
the trialkoxysilanes cause steric hindrance around the functional alkoxysilane
groups, resulting in restriction to the intermolecular polycondensation. The SiOH groups
mostly react intramolecularly to form polyhedral cyclics yielding a narrow distribution
of almost fully condensed polyhedral frameworks that are very stable. No high-
molecular-weight polymer is produced by polymerization of the long tri-
alkoxysilanes, in contrast to polymerization of the GTMS/DBTDL system where
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Fig.1.10 Evolution of the molecular weight distribution during sol-gel polymerization of GTMS
catalyzed with (a) DBTDL, (b) BDMA and (c¢) TSA. Curves are indicated by the reaction times;
T =80°C

the octamer cage appears; however, a broad molecular weight distribution of poly-
mers is formed as well (see Fig. 1.10a). In the case of alkoxysilyl-capped
poly(oxyethylene) of the molecular weight M = 350, SPOE350, a gradual consum-
ption of the long “macromonomer” takes place, and evolution of the molecular
weight during polymerization leads to the bimodal distribution (see Fig. 1.11).
The oligomer fraction corresponding to the “macrooctamer” is preferentially built-
up from the beginning of the reaction. The distribution of the T, units, determined
by NMR analysis of the octamer isolated from the reaction mixture of the polymer-
ized oligomer SPOE350/DBTDL, is as follows: T,=T, = 0,7,=0.21, T,= 0.79.
The absence of T, units characterizing chain ends of the Si-O-Si sequences, and a
high fraction of branched T, units in such a low-molecular-weight product, imply
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Scheme 1.3 Cubic octamer cage (a) and structures of incompletely closed cages (b) (glycidy-
loxypropyl groups are omitted)

highly cyclic structures. A high yield of polyhedral oligoSSQO, mainly octahe-
drons and decahedrons, in the polymerization of the trialkoxysilanes with sterically
demanding substituents, was observed also by Feher et al. [74] and Fasce et al. [75].
Evidently, the size of the substituent affects the tendency of the trialkoxysilane to
cyclization and formation of polyhedral structures. Consequently, this is a proce-
dure to prepare stable, low-molecular-weight SSQO clusters with emanating
organic chains.
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Fig. 1.11 Evolution of the molecular weight distribution during polymerization of SPOE350 catalyzed
with DBTDL; 7 = 80°C. Curves (reaction times): (1) =0, (2) =24 h,(3)t=120h, (4) =288 h

Self-Organization During the Sol-Gel Process

The SSQO structure evolution in polymerization of organotrialkoxysilanes is deter-
mined by a competition between the intermolecular polycondensation and intramo-
lecular reactions to form cyclics, ladders, and cages. Moreover, because an O-I block
copolymer is formed, the microphase separation occurring during the reaction is often
accompanied by a spontaneous self-organization, typical of block copolymers.

The self-organization of GTMS during polymerization under DBTDL catalysis
is revealed by SAXS analysis (Fig. 1.12a). The gradual structure ordering during
the reaction manifests itself by a growth of the intensity maximum in SAXS curves
at g ~ 0.4 A-'. The peak becomes apparent at a high condensation conversion, when
the system is filled up predominantly with the compact microphase-separated cage-
like structures and corresponds to the intermolecular interference coming from
scattering on regularly arranged cages. The structure is organized into micelles,
with the compact SSQO polyhedral core and protruding glycidyloxypropyl groups.
The length of the organic group of these octopus-like molecules determines the
separation distance of the cages, as shown in Scheme 1.4a. The correlation distance
d is characterized by the position of the maximum ¢__according to the expression,
d=2nlq_ . The experimentally deEermined value d, =15.7 A is in good agreement
with the theoretical estimate 15.0 A.
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Fig. 1.12 Evolution of the SAXS profiles during polymerization of GTMS catalyzed with (a)
DBTDL and (b) TSA; T = 80°C. Curves (reaction times): (1) =5 min, (2) t =90 min, (3) =3 h,
4)t=8h,(5)t=48h,(6) t =168 h, (7) t = 336 h. Curves are mutually vertically shifted

The incompletely condensed cages also present in the system (see Scheme 1.3b)
can interconnect to form a higher-molecular-weight branched polyhedral or ladder-
like SSQO structures (Scheme 1.4b). Also Eisenberg et al. [76] found that most
species are incompletely condensed, and the SSQO structure is built by combining
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Scheme 1.4 Ordering of cage-like structures in the polymerized GTMS

fundamental octamer building blocks. In the case of higher-molecular-weight,
ladder-like SSQO structures, the interpenetration of the organic dangling substitu-
ents, glycidyloxypropyl groups, is less likely due to increasing steric hindrance.
As aresult, the structures with a larger separation distance d, are also formed, as displayed
in the Scheme 1.4b. These structures are characterized by the second broad maximum
atg_ =0.15 A" in Fig. 1.12a.

No self-assembly of the regularly arranged domains occurs under acid (TSA)
catalysis of GTMS polymerization. A broad distribution of high-molecular-
weight polySSQOs with dangling organic substituents formed in the acid polym-
erization (see Fig. 1.10c) does not allow for any regular arrangement. In this case,
no interference maxima at q < 0.50 A~ are observed in Fig. 1.12b. The initial
maximum at g ~ 0.6 A~' characterizes the intramolecular distances in GTMS and
products. It does not suggest any intermolecular regular arrangement.

The significant ordering, more pronounced than in GTMS, takes place mainly
during the polymerization of the trialkoxysilanes with long organic substituents. The
structure evolution in the polymerization of SM600, i.e., the trialkoxysilane-capped
poly(oxypropylene) of molecular weight M = 600, is characterized by the SAXS
profiles in Fig. 1.13. The sharp maximum growing at ¢ = 0.18 A~! reveals a micro-
phase separation and a high degree of ordering of the polyhedral domains. The self-
organization of the long organotrialkoxysilanes happens both under DBTDL
(Fig. 1.13a) and TSA (Fig. 1.13b) catalysis, unlike the GTMS polymerization. The
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Fig. 1.13 Evolution of the SAXS profiles during polymerization of SM600 catalyzed with (a) DBTDL
and (b) TSA; T = 80°C. Curves (reaction times): (1) t=0,(2)t=5h,(3)r=24h,(4)t=120h

position of the SAXS maximum correlates with the molecular weight of the organic
chain, (refer to g, = 27/d) (see Fig. 1.14, curves 4-6 for the substituents R = octyl
and POP chains of M = 600 and 2000, respectively) proving that its length controls
the space separation of the cage frameworks in the micelle-like arrangement. The
small trialkoxysilanes — methyltrimethoxysilane, vinyltriethoxysilane, and triethox-
ysilane — do not form ordered structures (Fig. 1.14, curves 1-3).

A perfect supramolecular ordering of the SSQO cages is directed by crystalliza-
tion of a long poly(oxyethylene) chain in sol-gel polymerization of SPOE2000 and
SPOES5000. During hydrolytic polycondensation at 135°C, the self-organization
into micellar SSQO domains sets in, with a correlation distance corresponding to
the POE coil size in the melt (Scheme 1.5). The melts of both polymerized SPOE
oligomers exhibit SAXS interference maxima: qJnaX(SPOE2OOO) =0.16 A (see
Fig. 1.15a, curve 1) and ¢ (SPOE5000) = 0.10 A, corresponding to correlation
lengths 39 and 63 A, respectively, given by the POE chain length. The theoretical
end-to-end distance r for SPOE2000 and SPOE5000 is 40 and 63 A, respectively.
During cooling, crystallization of fully extended POE chains in SPOE2000 or
folded chains in SPOES000 takes place. The crystallization of SPOE2000 chains
on cooling manifested itself by a gradual appearance of the crystalline reflection in
WAXS (Fig. 1.15b). Simultaneously, the micelle arrangement of the SSQO cages,
characterized by a SAXS peak at 0.16 A~ is gradually disappearing, and a new
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Scheme 1.5 Ordering of the polymerized SPOE2000 in the melt and crystalline state

maximum given by the supermolecular ordering of crystalline and amorphous
regions grows in the low-g region (Fig. 1.15a). The two low-g SAXS maxima of
SPOE2000 and SPOES000 in the solid state in Fig. 1.16 are the first and second
order of the interference maximum, corresponding to the long pelziod L of the regu-
lar alternation of crystalline and amorphous regions. L = 180 A for polymerized
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Fig. 1.15 Development of crystallinity at cooling of polymerized SPOE2000 followed by (a)
SAXS and (b) WAXS. Curves (¢ — time of slow cooling the melt from 7 = 135°C): (1) # = 11 min,
(2) t =12 min, (3) t = 13 min, (4) r = 14 min

SPOE2000 and L =233 A for SPOE5000. The presence of the second order maximum
is indicative of a lamellar structure. Either distorted bilayer lamellar arrangement
(Scheme 1.5) or partly interpenetrated structures are assumed to be formed. The
crystallization acts as a driving force for ordering of the SSQO cages into lamellae,
and the lamellar SSQO structure is created.

Various kinds of organic templates have been used to direct self-assembly of the
hybrid systems. Bridged SSQOs are very prospective materials in this area. The
self-assembly tendency of the urea groups through H-bonding in the bridging
organic unit was used in the ordering of the O-I hybrids. A combination of the urea
groups and long alkyl chains providing hydrophobic interactions makes it possible
to prepare long-range ordered hybrids. Different morphologies are formed, includ-
ing lamellar bridged SSQO, layered sheets, or helical morphologies [77, 78, 142].

1.3.3.2 O-I Block Copolymer Networks with SSQO Junctions

Two types of O-I precursors can be used to synthesize the O-I block copolymer
networks with SSQO domains in junctions of the network: the AlkoxySilane-
endcapped Oligomer (ASO) and the organically functionalized inorganic cluster
[15,79, 80]. Strategy of the network synthesis from the O-I precursors is illustrated
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Fig. 1.16 SAXS profiles of the polymerized SPOE. (1) SPOE2000, (2) SPOE5000

in Scheme 1.6 showing the two approaches [81-83]. The first procedure consists of
end-functionalization of an oligomer chain with alkoxysilane groups, followed by
hydrolytic condensation of these terminal functionalities under formation of SSQO
crosslinks (Scheme 1.6a). According to the second approach, the SSQO junction
domains are prepared first, and then interlinked with an oligomer to form the O-I
network (Scheme 1.6b). We have employed the Epoxy-functional SSQO Clusters
(EC) crosslinked with diamine oligomers (Jeffamines). In both procedures,
mainly POP oligomers of the molecular weight M = 2000 have been used to link
the SSQO junctions and to form the corresponding hybrid networks, ASO2000 and
EC-D2000.

The two network types differ slightly in the network structure. While the

EC-diamine system forms the epoxy-SSQO network, the ASO crosslinking leads
to an O-I network without presence of an epoxide.



1 Epoxy-Silica/Silsesquioxane Polymer Nanocomposites 43

a

P
FlmF'+2 FZ—%—O R os;m%a \+Hjo AJ
b /
+H,N-~NH, \\

E
e E
E—Sbi4 +HO —> E—‘/E

E epoxy group attached through CH,O(CHj)3;
F'—OH or —NH,; F? —NCO attached through (CH,)3;

. SSQO cluster; .~ oligomer chain
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oligomers and (b) epoxy-functional SSQO clusters

O-I Precursors of Hybrid Networks

AlkoxySilane-Endcapped Oligomers (ASO)

Alkoxysilane-endcapped oligomers, e. g. poly(oxypropylene) (POP) oligomers, poly-
caprolactones, or polybutadienes (PB) of molecular weight M were prepared by the
reaction of ~OH or -NH, terminated oligomers with (3-isocyanatopropyl)triethoxysi-
lane (ITES) [69, 82].

HO~w OH + 2 OCN(CH,)3Si(OEt); —= (EtO)3Si(CHy)sNHCOO »~ OCONH(CH,);Si(OEt)

POP,, ITES SPOP,, (1.16)

HoN~w~NH, + 2 OCN(CH,)3Si(OEt); —= (Et0)3Si(CH,)sNHCONH~~ NHCONH(CH,);Si(OEt);

Jeffamine D, ITES SD,, (1.17)

The silane-modified oligomers are denoted with S — SPOP, (involving the ure-
thane group) and SD,, (involving the urea group). The oligomers capped with the
alkoxysilane groups at one end only were prepared similarly, by modification of
o-hydro-w-methoxy poly(oxyethylene) (POE) or poly(oxypropylene) monoamines
(M600 and M2005) with ITES. The corresponding mono-trialkoxysilane oligomers
are denoted SPOE, and SM, .

Epoxy-Functional Silsesquioxane Clusters (EC)

The SSQO clusters with pendant epoxy groups were prepared by hydrolysis and
condensation of GTMS [72].
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Depending on the reaction conditions, clusters with various molecular weights
(M = 500-2500) and condensation conversions o, were synthesized. Using basic
BDMA and DBTDL catalysts, the cyclic cage-like oligomers were preferably
formed, and a relatively high conversion (¢, = 0.95 and 0.65-0.85, respectively)
was achieved in bulk reaction at 80°C for 1 or 3 h. On the contrary, under TSA, only
low-conversion small SSQO oligomers (o, = 0.3-0.65) were prepared by the reac-
tion in bulk at 20°C for 1-4 days.

Synthesis Procedure of the O—I Block Copolymer Networks

The hydrolytic condensation of ASO reagents (SPOP or SD) was performed in the
presence of a stoichiometric amount of water (for trialkoxysilanes, r, = 1.5) under
acid catalysis with TSA, by using DBTDL or basic BDMA, respectively.
Crosslinking of EC with diamine proceeded at both stoichiometric =1, and
off-stoichiometric compositions of the reaction mixture.

The reactions were performed in bulk, and only some cloudy reaction mixtures
were homogenized with a small amount of isopropanol. The network samples
were prepared at 80°C, postcured for 24 h at 120°C, and vacuum dried. All samp-
les were transparent.

’ rAE

Formation of the O-I Block Copolymer Networks

Network formation from the O-I precursors and the resulting hybrid structure
depend on the mechanism of the main crosslinking reaction. The O-I block copolymer
networks are built by the sol-gel polymerization of the alkoxysilane-endcapped
oligomers (ASO) or by the epoxide-amine reaction of the epoxyfunctional clusters
(EC) with diamines (see Scheme 1.6).

The rate of network build-up significantly differs in various polyfunctional O-I
systems. The hybrids gel in a wide range of reaction times, from 5 min up to 10 h
at 50°C, depending on the type of the precursor and polymerization conditions.
Figure 1.17 displays the growth of the modulus during polymerization, character-
izing the molecular structure evolution and gelation of the O—I systems.

Crosslinking of Alkoxysilane-Endcapped Oligomers

The structure evolution and the rate of gelation in the case of crosslinking of ASO
are affected mainly by catalysis of the sol-gel process. Hydrolysis initiating the
polycondensation of the alkoxysilane groups is the rate-determining step. Therefore,
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the acid catalysis advancing hydrolysis leads to fast gelation. Alkoxysilane end-
capped poly(oxypropylene) polymerized under TSA catalysis, SPOP2000/TSA, is
the quickest gelling system under study (see Fig. 1.17). Hydrolysis with DBTDL or
basic catalysts is slower, and gelation of SPOP2000 is substantially delayed. The
faster network formation under TSA compared to DBTDL catalysis seems to con-
tradict the common knowledge of slow polycondensation in an acid medium. This
unusual behavior is due to the high functionality of the bistrialkoxysilanes (f, = 6)
and a resulting low critical condensation conversion for gelation, ¢.. The theoretical
value for a random reaction is ¢, = 0.20 (refer to (1.6)), and the experimental conver-
sion at the gel point was determined to be . = 0.26. Such a low condensation
conversion corresponds to the formation of a dimer in the case of polymerization
of the trialkoxysilanes, which is achieved in the very beginning of the reaction
stage, despite the low condensation rate. (Polymerization degree P of an f functional
monomer is P =[1 — (f— 1)a]™', according to the statistical theory.) This explains
the crucial role of the initiating hydrolysis reaction.

Network build-up from ASO proceeds by formation of SSQO crosslinks at the
extremities of the oligomer chains. Evolution of the local SSQO structure during
polymerization, described by distribution of T, units, characterizes the formation of
the SSQO junction domains and mechanism of gelation.

In the acid-catalyzed polymerization SPOP2000/TSA, the network “crosslinks”
in the early postgel stage are composed of loose SSQO clusters, containing linear
siloxane sequences and a high amount of unreacted SiOH. These clusters are inter-
linked by oligomer chains. The structure of the O-I network near the gel point is
shown in Scheme 1.7a. The distribution of T, units in the cluster at the gel point is
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Fig. 1.17 Increase in dynamic storage modulus G during network formation of O-I hybrids. (1)
SPOP2000/TSA, (2) SPOP2000/DBTDL, (3) EC/DBTDL-D2000, (4) EC/TSA-D2000. T = 50°C
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as follows: T,= 0.29, T = 0.63, T,= 0.08, T, = 0. Except for the unreacted T, units
(SiOH), only the terminal silicon units T, and units T, of linear or cyclic SSQO
structures are present at the ends of organic chains at the beginning of the polymeri-
zation up to gelation. The T, units at the chain ends issue three paths, including two
reacted functionalities Si—O— and the oligomer chain path Si-CH,~, thus forming
the SSQO branching/crosslinking domain in the O—I block copolymer.

The network prepared by DBTDL-catalyzed polymerization of SD2000/DBTDL
contains small polyhedral SSQO clusters as network junctions at both extremities of
the SD2000 chain (see Scheme 1.7b). The local SSQO structure at the gel point is quite
different, compared to the “acid” polymerization; T,= 0.75, T,= 0.08, T,= 0.03, T,= 0.14.
This distribution of units — i.e., the low content of terminal T, units and T, units, and
a high amount of branched SSQO structures T, — is consistent with intramolecular
branching to form small polyhedral cyclics. During polymerization, T, units appear at
the very beginning of the reaction, in contrast to polymerization under acid catalysis.
Hence, the absence of T, units reveals a strong positive substitution effect and pre-
ferred formation of the “cage” with pendant alkoxysilane-terminated poly(oxypro-
pylene) chains as a multifunctional building unit, which is a precursor of the network
junction (see Scheme 1.7b). Formation of such cage-like network precursors was
assumed in the model by Rankin et al. [84] for systems with fast cyclization.

Crosslinking of Epoxy-Functional SSQO Clusters

Network formation from the epoxy-functional cluster (EC) and diamines includes
two independent reaction mechanisms contributing to the structure build-up. The
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Scheme 1.7 Structure of the ASO-based networks near the gel point (a) SPOP2000/TSA, (b)
SD2000/DBTDL
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SSQO clusters prepared from GTMS (mainly those synthesized under acid condi-
tions) are not quite stable, and during the reaction with amines the SSQO structures
continue to grow. The basic medium of amines promotes condensation of the clus-
ters, and hence both the epoxide-amine reactions and the sol-gel condensation take
place in crosslinking of the EC with amines. The condensation of SiOH and alkox-
ysilane groups in EC dominates at the early stages of the reaction to form larger
SSQO clusters, composed of interconnected incompletely condensed polyhedral
cages with pendant epoxy groups (see Scheme 1.4b). Addition of the amine to the
clusters by a slower epoxide-amine reaction occurs in the later stage [82]. The
growing epoxyfunctional SSQO clusters become separated by the attached organic
amine chains (Scheme 1.8a), thus being sterically protected from further growth by
intermolecular condensation. The gelation then takes place by the epoxide-amine
crosslinking reaction of the enlarged EC and D2000 to form the O-I block copolymer
network (Scheme 1.8a).

Because of the crucial role of the slow epoxide-amine reaction in the network
formation, the gelation of EC-D2000 sets in later, compared to polymerization of
ASO under the most efficient conditions (see Fig. 1.17). In addition to the kinetic
reactivity, the rate of gelation depends on the epoxy functionality of the SSQO
cluster, f., which is proportional to the cluster size. The high functionality leads to
a decrease in the critical conversion (refer to 1.6), and thus to earlier gel formation.
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Scheme 1.8 Formation and structure of the network EC-D2000; effect of composition and
length of the amine chain. (a) stoichiometric composition, r,, = 1, block copolymer network;
(b) deficiency of the amine oligomer, r, . < 1, SSQO network; (¢) r,, <1, two interdomain distances
given by the size of the amine () and unreacted glycidyloxypropyl groups (d,); (d) short amine
agent — SSQO network
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The EC prepared under DBTDL catalysis is larger than that synthesized by using
TSA, and therefore the EC/DBTDL-D2000 system gels slightly faster than EC/
TSA-D2000 (see Fig. 1.17). For the typical EC, the functionality was f ~ 20 [82].

The hybrid network EC-D2000 displays a decisive dependence of formation on
the composition of the reaction mixture. In fact, it is not the ratio of the amine and
epoxy functionalities that is important, as in typical epoxy networks, but the relative
content of the inorganic SSQO structures (EC) and polymer chains (D2000).
However, this relative number of organic (amine functionality) and inorganic (epoxy
functionality in SSQO) structures is conveniently characterized by the ratio r,..

In the stoichiometric composition, r,, = 1, the hybrid system gels at the conver-
sion of the epoxy groups (&), = 0.20, while condensation conversion in the inor-
ganic phase is very high, reaching the value o, = 0.82 at the gel point. The network
is formed by the epoxide-amine reaction. No pure SSQO network exists at the gel
point, despite such a high condensation conversion and a high fraction of branched
units, 7, = 0.59. This result is consistent with the formation of highly intramolecu-
larly branched cage-like SSQO structures.

The structure evolution and network formation differ in polymerization of the
non-stoichiometric composition EC-D2000. At a lower amount of organic amine
chains, r,; < 1, the steric shielding of the growing SSQO domains is less efficient.
The intermolecular condensation between clusters can proceed, the clusters aggregate,
and finally form the continuous SSQO network (Scheme 1.8b). Under such conditions,
two percolation thresholds occur, and both the epoxy-amine O-I block copolymer
network and the pure SSQO network are formed.

Structure and Morphology of O-I Block Copolymer Networks

Nanocomposite morphology is affected by the synthetic procedure, molecular
architecture of the precursor, composition of the O-I system, and catalytic condi-
tions during polymerization.

The block copolymer O-I networks are well ordered, and display a regular
arrangement of the SSQO domains forming the network crosslinks. During formation
of the network, the organized microphase-separated structure gradually develops. The
regular spacing in a two-phase structure appears during polymerization after the gel
point, as indicated by the growth of the interference maximum in SAXS profiles
shown in Fig. 1.18. Such an ordered arrangement of the SSQO domains is in contrast
to the irregular structure of the IPNs DGEBA-D2000-TEOS with randomly dispersed
silica phase in the epoxy matrix.

The distance between SSQO crosslinks (determined from the position of the
SAXS maximum) correlates with the length of the corresponding linking oligomer
chain [85, 86]. The networks synthesized by using oligomers of molecular weight
M ~ 2000, both from ASO and EC, exhibit SAXS intensity interference maxima in
the region ¢ = 0.135-0.15 A" (see Fig. 1.19a) [83]. These maxima correspond to
the correlation distance 42-46.5 A, in accordance with the results of Jordens and
Wilkes [87], who found a spacing of 45 A in the networks from silane-endcapped D2000.
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Fig. 1.18 Evolution of the SAXS profiles during polymerization of SD2000/DBTDL. Thick
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Shortening of the interjunction distance occurs in the networks with increased
interaction between organic and inorganic phases. The H-bonding of silanols in the
SSQO clusters formed under acid catalysis with -OCH - groups in POP chains leads
to partial interpenetration of the organic chains and the SSQO domains. As a result,
the separation distance between the compact frameworks diminishes. In SPOP2000
networks, the SAXS maximum shifts to a higher g-value (¢ = 0.175 A1), corre-
sponding to a shorter distance between SSQO junctions in the systems polymerized
using the acid catalyst (TSA), compared to those catalyzed with the base (BDMA) (see
Fig. 1.19b, curves 1 and 2). On the other hand, there is no interaction between SiOH
and the chain in the networks based on alkoxysilane-endcapped polybutadiene,
SPB2000. The SPB networks are strongly microphase separated, as indicated by the
steep slope of the SAXS curves in Fig. 1.19b (curves 3 and 4), and no shift of the
maximum takes place due to the catalysis.

The structure and morphology of the EC-D2000 nanocomposite is mainly con-
trolled by composition of the reaction mixture, as discussed above.

The stoichiometric network EC-D2000 (r,, = 1) is the microphase-separated
hybrid containing the spherical domains of the SSQO clusters, of size 5-15 nm in
diameter, shown in the AFM micrograph in Fig. 1.20a. These domains, composed
of polyhedral SSQO structures, are interlinked by D2000 chains and regularly
arranged, as proved by the SAXS maximum at ¢ = 0.135 A~ (Fig. 1.21, curve 1).
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In the case of amine deficiency (r,, = 0.2), i.e., deficiency of the organic polymer
phase, the structure consists of large SSQO cylinders of size 30-150 nm in diameter
(see Fig. 1.20b). The detailed view in Fig. 1.20c illustrates that the cylinders are
interconnected, thus evidencing the existence of the continuous SSQO phase. The
SAXS analysis provides an explanation of this SSQO network formation by a space
closeness of the cylinders in the amine-deficient O—I networks. The maximum at
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Fig. 1.19 SAXS profiles of the O-I networks prepared (a) from various precursors; (1) SPOP2000/
TSA, (2) SD2000, (3) SPB2000/TSA, (4) EC/TSA-D2000; (b) under acid (TSA) and basic
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g = 0.135 A~ corresponding to D2000 the correlation distance (d, = 46.5 A)
becomes less pronounced at a composition r,, = 0.2 (Fig. 1.21, curve 2), and it dis-
appears completely at a composition r,, = 0.05 c’(curve 3). The new interference
maximum occurring in these networks at ¢ = 0.43 A~' characterizes the small correla-
tion distance, d, = 15 A, due to the short unreacted excessive (glycidyloxy)propyl
groups separating the clusters (see Scheme 1.8c). Thus, decreasing the amine
amount (i.e., polymer chains content) results in decreasing intercylinder distance,
and enables formation of “crossbars” between the approaching SSQO clusters. The
ordered ladder-like SSQO network structure involving SSQO “cylinders” is pro-
duced. The presence of the continuous hard SSQO phase in the networks with excess
of EC (r,; < 1) is also obvious from the mechanical behavior of the nanocomposite.
The rubbery modulus of the EC-D2000 network grows with increasing amounts of
EC due to the formation of the SSQO network, while the ordinary epoxy-amine
networks achieve the maximum modulus at the stoichiometric composition under
the adopted reaction conditions. The homopolymerization of the excessive epoxide
groups was excluded at the given curing regime [83].
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Fig. 1.21 The effect of composition of EC/TSA-D2000 networks on SAXS profiles. (1) r,, = 1,
2)r,;=02,3)r,,=0.05
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The decreasing length of the oligomeric amine curing agent exhibits the same
effect on the O-I network morphology as decreasing the number of the amine
chains. Also, in this case, the EC cluster is less shielded by the smaller organic
chain, and the intermolecular condensation proceeds to reach percolation of the
SSQO structure (Scheme 1.8d).

The morphology of the ASO-based networks is characterized by small SSQO
clusters with a size of 1-2 nm, as proved by the investigation of model systems
[82]. AFM does not reveal any structures corresponding to objects larger than 3
nm. This is in agreement with the results of Cuney et al. [88], who found particles
with a diameter of 1.5 nm at the chain ends in the network of silane-endcapped
hydrogenated polybutadiene. These small clusters are highly condensed (o =
0.91-0.97), compact cage-like structures in the case of DBTDL or BDMA cataly-
sis. The acid-catalyzed networks involve less compact clusters (¢, = 0.85-0.91),
including a high content of unreacted SiOH.

The networks with SSQO junctions prepared from O-I precursors with a long
organic chain contain a low fraction of inorganic structures (~5 wt% in the case of
the oligomer of M = 2000). The nanocomposites with a higher content of inorganic
phase were synthesized by addition of TEOS to the hybrid SPOP2000. Sol-gel
polymerization of TEOS leads to the formation of silica domains dispersed in a
matrix; moreover, co-condensation with the alkoxysilane groups of SPOP2000 takes
place, enlarging inorganic junction domains. Contrary to the neat SPOP2000 network,
in the SPOP2000-TEOS nanocomposite the inorganic clusters are formed not only
at the organic chain ends, but also irregularly along the chain. Because of this irregular
arrangement, the interference maximum in SAXS profiles in Fig. 1.19¢ becomes less
pronounced, the peak broadens, and disappears at a high TEOS content (~60 wt%).
The high TEOS concentration also leads to increasing connectivity between silica
domains and formation of the continuous phase.

Thermomechanical Properties

The glass transition temperature T, of the O-I networks with SSQO junctions depends
mainly on the chemical nature of the oligomer chain. The polybutadiene-based network
SPB2000 exhibits a relatively high T, (=27°C), while the glass transition temperature
of the poly(oxypropylene)-based network SD2000 is T, = -55°C (see Fig. 1.22).
The polycaprolactone-based network (SPCL2000) shows a more complex behavior
because of crystallization. In addition to glass transition at —60°C, melting of the
backbone occurs at T, ~ 40°C.

The interphase interaction may contribute to an increase in the glass transition
by creating a confined interface layer. The effect, however, is much lower, com-
pared to the interpenetrating networks DGEBA-D2000-TEOS. In most block
copolymer O-I networks, the interaction, if any, between the polymer and the
SSQO junction is quite weak. The networks based on POP2000 oligomer prepared
under various conditions (both ASO- and EC-based) possess a glass transition
temperature in the range of approximately —55°C to —45°C (Fig. 1.23). The interphase
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Fig. 1.22 Shear storage modulus G’ (a) and loss factor tan & (b) of O-I networks with different
backbones as a function of temperature. (1) SPB2000, (2) SPCL2000, (3) SD2000

interaction is affected by the internal structure of the SSQO domains, which is
determined by catalysis. The presence of SiOH in SSQO clusters at the chain ends
of SPOP2000 polymerized under acid catalysis results in an interaction with the
oxygen of the neighboring part of the POP chain. Also, loose SSQO structures
formed in this case are more efficient for the interaction with the organic matrix
than the compact structures created under base catalysis. The interaction leads to
immobilization of the part of the chain close to the SSQO domain, while the mid-
dle part of the chain remains free of restrictions [87, 89]. Hence, two relaxation
peaks at —49 and —15°C (Fig. 1.23b, curve 3) in the network from SPOP2000/TSA
correspond to the free and constrained POP chains. Similar effects have been
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Fig. 1.23 Shear storage modulus G’ (a) and loss factor tan & (b) of poly(oxypropylene)-based
O-I networks as a function of temperature. (1) SD2000, (2) EC/TSA-D2000, (3) SPOP2000/TSA,
(4) SPOP2000/TSA — TEOS (47 wt%), (5) SPOP2000/TSA — TEOS (64 wt%)

described in poly(tetramethylene oxide)-based O-I systems [85]. In contrast, the
SPOP2000 networks with a low SiOH content, due to basic catalysis (BDMA)
during synthesis or due to an understoichiometric amount of water (r,, < 1.5) used
for hydrolysis, display no or a weak interphase interaction. One narrow peak of the
loss factor tan § at T, = —=55°C indicates relaxation of the unconfined chains only
(see Fig. 1.23, curve 1).

The presence of TEOS in the network SPOP2000-TEOS leads to a significant
increase both in modulus and T, (Fig. 1.23, curves 4 and 5). Broadening of the
relaxation band corresponds to a broad distribution of immobilized chains. The strength
of the interaction and the fraction of confined chains increase with the TEOS
content.
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Theoretical Prediction of the Modulus

The mechanical properties of the homogeneous network in the rubbery state are
governed by the crosslinking density v, defined as the concentration of elastically
active network chains. In an ideal case, v is determined by the molecular weight M_
of the chain between junctions, v ~ 1/M . According to the Flory-Erman (F-E) rub-
ber elasticity theory [90], the crosslinking density is related to the equilibrium shear
modulus G, in the rubbery state:

G, =vART (1.19)

(A =(f,, — 2)f., for a phantom network and A = 1 for the affine network, f, . is an
effective functionality of the crosslink). Contrary to classic networks with point-
like crosslinks, in the O-I networks the junction is formed by a “crosslink domain.”
Such networks can be treated by considering SSQO junctions as inelastic hard
clusters of various sizes and “crosslink functionality.” Within hard clusters, the
chains between branch points are too short, and therefore elastically inactive.
However, according to the concept of hard clusters in heterogeneous networks [91],
the loss of elastically active network chains in the cluster is fully compensated by
higher cluster functionality. Hence, the crosslinking density can be calculated by
the classic theory.

In heterogeneous systems, however, mechanical properties and the modulus
depend on the composite morphology. The Kerner-Nielsen particulate composite
model (see 1.10), taking into account the inorganic filler effect, and the empirical
Davies model for bicontinuous morphology (1.14) were applied to treat the behavior
of the O—I networks, in addition to the classical F-E theory.

Both experimental and theoretical values of the moduli in the rubbery state are
given in Table 1.2. The experimental moduli of ASO-based networks are well
predicted by the classic theory, using crosslinking density determined by the concentration

Table 1.2 Rubbery shear modulus of the O-I block copolymer networks
G, 10° (Pa) (at 25°C)

Calculated
System Experimental F-E Kerner Davies
SPOP2000 1.6 1.3 1.5
EC-D2000, r,, =1 3.6 32¢ 3.6°
SD400 4.1 44 5.7
SPOP2000-TEOS (47 wt%) 8.7 1.5 22 9 (c=0.75)
SPOP2000-TEOS (64 wt%) 440 1.5 2.8 36 (c=1)
EC-D2000, r, = 0.05 9.5 12 (¢ =0.5)

Davies model: c-fraction of the inorganic structure forming the continuous phase
*Measured at T = 100°C



56 L. Matéjka

of the elastic oligomer and including the filler effect. The decreasing size of the
oligomer corresponds to an increase in crosslinking density, and hence the net-
works prepared from shorter precursors (M = 400 compared to M = 2000) show
higher moduli. The higher modulus of the EC-D2000 stoichiometric network with
respect to SPOP2000 is the result of a higher crosslinking density. The primary
amine group in diamine D2000 issues two branches to the epoxy agents, while the
urethane or urea structure units in SPOP or SD networks issue one bond only [83].
An efficient reinforcement, however, was achieved, mainly in the systems with a high
TEOS content where the continuous silica phase appears. Also, off-stoichiometric
EC-D2000 network (r,, = 0.05) comprising the continuous inorganic phase (see
Fig. 1.20c) displays a high modulus. The hybrids with bicontinuous morphology
are satisfactorily described by the Davies model, assuming that the fraction ¢ of
the inorganic structure forms the continuous phase.

1.3.3.3 Epoxy Networks with SSQO Grafted Along the Chain

In most cases, compatibilization of O-I systems by coupling agents is based on
grafting inorganic structures along the polymer chain (see Scheme 1.2a). For the
epoxy-silica nanocomposites, GTMS is the most widely employed coupling agent.
The application of GTMS leads to improved thermal and mechanical properties of
the nanocomposite. The effect of GTMS on hybrid synthesis and structure has been
widely described [25-27, 92, 93].

In addition to the positive effect of grafting the silica structure to the epoxy
network with GTMS, one has to also take into account a slight negative influence.
GTMS is a monoepoxide agent, and its incorporation in the epoxy-amine network
results in a decrease in crosslinking density of the organic phase and worsening of
the initial matrix mechanical properties. A high GTMS amount could even lead to
preventing the gelation of the epoxy-amine network. Therefore, composition of the
system and content of GTMS must be optimized. Less detrimental to crosslinking
density of the epoxy network is the application of another bifunctional coupling
agent — (3-aminopropyl)triethoxysilane (ATES).

OCH,CHs
HoN (CHp)5-Si-OCH,CH,

OCH,CHs
ATES

1.3.4 Network DGEBA-D2000-ATES

The DGEBA-D2000-ATES nanocomposite represents the epoxy-SSQO network
containing inorganic domains grafted along the network chain, as shown in Scheme
1.2a, instead at the chain terminal position (see Scheme 1.2b) discussed in the
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previous part. Upon synthesis of the network, a part of the tetrafunctional diamine
crosslinker D2000 is replaced by ATES, while the total ratio of amine and epoxy
functionalities is kept constant and stoichiometric, r,, = 1[134]. The hybrid com-
position is characterized by the content of ATES (x), corresponding to the molar
fraction of NH groups of the system belonging to ATES:

X = [_NH]ATES /{[_NH]ATES +[-NH] D2000}

ATES is attached to the epoxy network by the reaction of the amino group with
DGEBA. Due to a higher reactivity of the aliphatic amine ATES toward DGEBA
compared to D2000, stiff sequences (DGEBA-ATES) are formed in the case of
one-step polymerization of the system DGEBA-D2000-ATES. Hydrolytic conden-
sation of the pendant ethoxysilane groups results in formation of the SSQO structures
covalently bonded to the network and finally producing the SSQO crosslinks.
In addition, the reaction of SiOEt and SiOH, formed by hydrolysis of ATES with
C—OH, also takes place [25, 75, 94]. These condensation reactions are faster than
epoxy-amine addition, and determine gelation of the system. As a result, the rate of
gelation of the DGEBA-D2000-ATES hybrid increases with ATES content.

The hybrid network shows a two-length scale character of the SSQO structures
— the large aggregates composed of small particles. At low ATES contents, the
linear sequences of the SSQO particles grafted along the network chain are evidenced
by TEM, as shown in Fig. 1.24a. The large aggregates formed in the network at a
high ATES content are illustrated in Fig. 1.24b. The size of the aggregates increases
with ATES amounts in the network.

The incorporation of ATES in the epoxy network leads to increase in T, and
rubbery modulus (see Fig. 1.25). The O-I hybrid containing a sufficiently large
amount of ATES is microphase-separated, and displays two phases. The high- T,
phase corresponds to the stiff sequences ATES-DGEBA confined by grafted SSQO
structures, and flexible D2000 parts of the network chains form the low-Tg phase.

Fig. 1.24 TEM micrographs of DGEBA-D2000-ATES (x) nanocomposites. (1) x = 0.50,(2)
x=0.75
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Fig. 1.25 Shear storage modulus G’(a) and loss factor tan & (b) of DGEBA-D2000-ATES (x)
nanocomposites. (1) x = 0.10, (2) x = 0.25, (3) x = 0.50, (4) x = 0.75

The modulus increase is mainly a result of additional crosslinking through chemical
junction domains of the SSQO aggregates.

1.4 Epoxy Networks with Nanobuilding Blocks

1.4.1 Polyhedral Oligomeric Silsesquioxanes (POSS)

Defined inorganic clusters as nanobuilding blocks (NBB) are used to prepare
well-characterized O-I nanocomposites. Incorporation of preformed organically
functionalized dense inorganic structures into an organic polymer is widely described in
the literature [3, 17]. Metal oxo-clusters of the nanoscale size based on silicon, tin, transi-
tion metals, or organically modified polyoxometalates are typical examples of NBB.
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In recent times, polyhedral oligomeric silsequioxanes (POSS) have been applied as
the most common molecular building blocks. POSS are cluster-like oligomers with the
general formula (R-SiO, ), mainly represented by cage-like octamer derivatives
(R-Si0, ), — octasilsesquioxanes (T8 — POSS) [95]. The POSS molecule, with a size
of 0.5-1.5 nm, is an ideal building block for the synthesis of new O-I polymers, as it
resembles a nanosized particle of SiO,. Synthesis of POSS compounds was reviewed
by Voronkov and Lavrentyev [96] and by Feher et al. [97]. POSS represents a core-shell
nanosystem with the compact POSS core as a thermally robust framework and a
shell of organic substituents (Scheme 1.9). These substituents control the miscibility of
POSS with an organic matrix and make it possible to introduce POSS into polymer by
physical blending. Functionalized POSS —i.e., a POSS unit with the reactive substitu-
ents X (Scheme 1.9) —is suitable for incorporation into a polymer by covalent bonding,
either by grafting or copolymerization, to form linear or crosslinked POSS-polymers.

Incorporation of POSS into various polymers — polysiloxane [98], polymeth-
acrylate [99], polystyrene [100], polyolefins [101], polyurethane [102] or polynor-
bornene [103] — results in an improvement of properties, such as increased
glass-transition temperature, modulus, decomposition temperature, reduced flam-
mability, and increased gas permeability. The compact nanometer-sized POSS unit
in a polymer causes local chain reinforcement. POSS molecules in polymers tend
to aggregate or even form crystallites [104, 105] acting as physical crosslinks.
Lichtenhan et al. [106] suggested that POSS-POSS interactions have a dominant
role in controlling the resulting physical properties of modified polymers. They
revealed the critical POSS concentration above which POSS-POSS interactions
percolate through the system. The properties are enhanced due to the formation of
a physical network of the POSS continuous phase. In addition, the interchain
interactions or inertia effect of a large mass POSS molecule are assumed to be
responsible for retardation of polymer chain motion [104]. Theoretical simulation
[107] of the POSS-polymer system shows that aggregation of POSS moieties
is not required for slowing polymer chain relaxation. The main effect of POSS is
serving as an anchoring point bound to the chain.

Scheme 1.9 POSS. R — inert organic substituents, X — reactive substituents
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Fu et al. [108] have shown the effect of bonding of POSS moieties to a polymer
chain. While POSS-POSS interactions dominate in physically blended systems
resulting in aggregation of POSS molecules, the POSS-polymer interaction is more
important in the polymers with the chemically grafted POSS. POSS covalently
bound to the chain brings about a significant slowing down of chain relaxation
[109]. However, no influence on the chain mobility was observed in the system
with physically blended POSS molecules. Xu et al. [110] found that low content of
unbound POSS behaves like a bulky diluent, decreasing the glass transition
temperature Tg. In contrast, at high POSS contents, Tg increases due to POSS-chain
and POSS-POSS interactions.

The monofunctional POSS cages are attached as dangling blocks to the polymer
backbone, while the multifunctional POSS monomers are incorporated in the
polymer as polyhedral crosslinks of the O-I networks. The networks based on vinyl
polymers [111, 112], methacrylates [113], and based largely on epoxy resins
were studied. In this case, often the single-phase polymer networks with POSS
molecularly dispersed are formed. Recently, POSS-polymer nanocomposites have
been reviewed by Li et al. [135] and by Joshi et al. [115].

1.4.2 Epoxy-POSS Networks

The Epoxy-POSS nanocomposites belong to the most studied POSS-polymer
systems. The first POSS-containing epoxy networks were prepared by Crivello et al.
[116] by homopolymerization of the octaepoxy-POSS monomer [117]. The polym-
erization resulted in the network of a low crosslinking density because of high extent
of intramolecular reactions in the multifunctional monomer. Curing of polyepoxy-POSS
with amines prevented the excessive cyclization reactions, and epoxy-POSS networks
of a high crosslinking density were built-up. The polyepoxy-POSS units serve as
junctions of the network, tethered with diamine molecules [31, 118—121]. In addition,
octaamino-POSS derivatives were also applied to prepare epoxy-amine networks
with POSS junctions [122, 123]. Moreover, POSS-triol compounds were incorporated
in the DGEBA based epoxy network, as well [32, 124]. Both an increase [125] and
decrease [30, 32] in glass transition temperature, as well as no change of Tg [114]
or even absence of a transition [30], were determined. Two competing factors are
decisive in affecting T, of the POSS-polymers. Increase in free volume of the system
by bulky POSS molecules leads to a decrease in 7, while steric hindrance imposed
by POSS to movement of the network chain tends to increase 7. The rubbery
modulus enhances due to a high crosslink density [30, 114] of the polyepoxy-
POSS-based networks. The polyfunctional POSS is well dispersed in the matrix, even
at a high content [30, 32, 114, 122]. The material is homogeneous at large length scale.
However, POSS-rich aggregates were also detected in some systems [31, 112].
Less information is available about epoxy networks with POSS units dangling
on the network backbone chain. Lee and Lichtenhan [29] proved that attachment
of the monofunctional epoxy-POSS to the network DGEBA — butanediol diglycidyl
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ether — poly(oxypropylene)diamine D230 (Jeffamine) resulted in broadening of
the glass transition, increase in Tg, and slowing down of the chain relaxation in
the glassy state. However, in the case of the monofunctional POSS, phase sepa-
ration usually occurs due to incompatibility of the inorganic framework and
organic matrix resulting in POSS aggregation. The phase separation in the
POSS-polymer nanocomposites can be controlled by the type of POSS organic
substituents and by covalent bonding to the polymer. The prereaction of the
monofunctional epoxy-POSS with diamine [126] or of amino-POSS with a die-
poxide monomer [127] partly suppresses POSS aggregation in the organic
medium, and facilitates formation of a more homogeneous network. Moreover,
the use of small curing agents such as dicyandiamide can avoid macrophase
separation [127].

1.4.2.1 Network DGEBA-D2000-POSS

The effect of POSS on the network formation as well as on structure, morphology,
and material properties of the Epoxy-POSS nanocomposites will be illustrated by
using the system based on the epoxy network DGEBA-D2000 [128-130]. Two
types of epoxide nanocomposites will be discussed: (a) networks with POSS
attached as a pendant unit on the network chain, and (b) networks with POSS as a
compact polyhedral network junction (Scheme 1.10). Mainly, the influence of the
character of POSS substituents and topological localization of POSS in the network
will be described.

POSS Monomers

The epoxy-functionalized POSS monomers (POSS,En) with various substituents
are illustrated in Scheme 1.11. POSS with typical substituents — phenyl, isooctyl,
or isobutyl and cyclopentyl — were used. The monoepoxy-POSS and DGEBA based

Scheme 1.10 POSS-containing networks. POSS as pendant units on the chain or as junctions of
the network
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multifunctional epoxy-POSS with 2—-8 epoxy groups was synthesized by hydrosi-
lylation from the octasilane [octakis(dimethylsilyloxy)-T8-silsesquioxane] (QSM8HS)
and 5,6-epoxyhex-1-ene. POSS-tetraecpoxide (POSS,E4) and POSS-diepoxide
(POSS,E2) were prepared by using a mixture of 5,6-epoxyhex-1-ene and hex-1-ene,
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the composition of which determines the ratio of functional and non-functional
substituents in POSS [128]. While the monoepoxy-POSS monomers contain a T8
silsesquioxane core, the polyepoxy-POSS and POSS ... involve a Q8M8H3
(octakis(dimethylsilyloxy)-T8-silsesquioxane) framework.

Synthesis of the DGEBA-POSS-D2000 Networks

The nanocomposite networks were synthesized by the crosslinking reaction of DGEBA
and epoxy-POSS monomer with diamine D2000. The epoxy networks with pendant
POSS were prepared using the monoepoxide-POSS compound, POSS,E1. A fraction x
of the diepoxide DGEBA of the basic network DGEBA-D2000 was replaced by the
monoepoxide and the content of dangling POSS units in the modified epoxy network
DGEBA(1-x) — POSS,E1(x) — D2000, was controlled by the ratio of both epoxy
monomers. The total concentration of epoxy groups was kept constant and equal to the
concentration of NH groups in diamine D2000. Incorporation of the monofunctional
monomer into the epoxy network, however, leads to a decrease in crosslinking density.
Therefore, we prepared the epoxy networks with pendant POSS also using diepoxide
DGEBA containing the cyclopentane-substituted POSS unit, POSS ... (see Scheme
1.11). In this case, the network DGEBA- POSS ... (x) —D2000 displays no decrease in
crosslinking density, compared to the reference DGEBA-D2000 network. The epoxy
networks involving POSS units as network junctions of various functionality were
synthesized by the reaction of D2000 with multifunctional epoxy-POSS monomers —
octaepoxides (POSS,E8) and tetraepoxides (POSS,E4). Diepoxide-POSS monomer
POSS,E2 was incorporated in the backbone of the network.

The epoxy-POSS systems were cured at 120°C for 3 days. The initially inhomo-
geneous reaction mixtures with POSS-monoepoxides POSSphEl and POSS_E1
were homogenized by reaction blending. The system with a less compatible POSS
monomer containing cyclopentane substituents POSSCP_DGEB , was cured as a 50%
toluene solution. The reaction mixtures containing liquid multifunctional epoxy-
POSS monomers (POSS,En) were transparent. The content of the POSS units in the
DGEBA-POSS-D2000 networks ranges from 7 to 77 wt%.

1.4.2.2 Networks with Pendant POSS
Network DGEBA-POSS,E1-D2000

The structure and morphology of POSS-containing networks depend on the com-
patibility of the organic matrix with POSS monomers, given mainly by the type of
substituents of the POSS core. Both octyl- and phenyl- substituted POSS (POSS__,
POSSph) are immiscible with components of the organic medium, and show a ten-
dency to aggregation. The procedure of reaction blending partly contributes to
overcoming this problem. However, the prereaction of the POSS monomer in the
two-step procedure [126, 127] is a more efficient way to avoid aggregation.
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Network Formation

Both thermodynamic factors and kinetic aspects during network formation contribute
to the evolution of the network structure. Contrary to the nanocomposites with in
situ generated inorganic domains, in the case of the networks with POSS the
epoxide-amine addition is the only reaction during the hybrid network formation.
Structure evolution and incorporation of the POSS unit in the DGEBA-D2000
network is governed by the relative reactivity of the epoxy functionalities in both
monomers, POSS,E1 and DGEBA. Due to steric hindrance of the POSS epoxy
group by neighboring POSS substituents, the reactivity of the epoxy-POSS monomer
with amines is lower, compared to DGEBA [130]. Mainly, bulky branched isooctyl
substituents in POSS_E1 significantly decrease the reactivity of the POSS epoxy
group, while phenyl substituents in POSSphEl display a smaller effect on the
epoxy-POSS reactivity. As a result, the POSS,E1 monomer is incorporated in the
network DGEBA-D2000 only in the late reaction stage. Therefore, a non-random
inhomogeneous distribution of POSS in the network is expected to be formed.
Likely blocks of POSS units are attached to the chain in the DGEBA-POSS,E1-D2000
nanocomposite. The prereaction of POSS,E1 with diamine D2000 eliminates the
kinetic contribution to the system inhomogeneity.

Structure and Morphology

The phenyl-substituted POSS monomer (POSSphEI) is crystalline, and displays
sharp reflections in the WAXS diffractogram (Fig. 1.26a). POSS crystallinity is
not suppressed by polymerization and incorporation in the network; however, the
covalently attached POSS unit is subjected to a significant steric restriction for
the crystallization. Therefore, the structure of the crystalline domains in the net-
works with pendant POSSph is modified with respect to that of the monomer,
crystallizing without any hindrance. This is evidenced by change of the WAXS
profile (see Fig. 1.26a, b).

The nanocomposites show a morphology with more or less isotropic spherical
crystal domains (see TEM micrograph in Fig. 1.27). The size of the crystallites in
the network reaches the value L = 25-40 nm (determined from the width of the
WAXS peak), in accordance with TEM results. The hybrid networks with a high
POSS content (more than 25 wt% POSS) exhibit a slight structure ordering, as
revealed by SAXS [128]. The ordered arrangement with a characteristic separation
distance between POSS crystallites (d ~ 12 nm) is fixed only by crosslinking of the
hybrid system. No ordering was observed in the uncrosslinked polymer with the
same amount of POSSph.

The POSS monomer with isooctyl ligands, POSS  E1, is a liquid with no tendency
to crystallize, and the network containing a pendant POSS_ unit, DGEBA-
POSS_E1-D2000, is amorphous. Due to poor compatibility with the matrix, the
POSS units aggregate in the network, and the extent of aggregation increases with
content of POSS. Figure 1.27c¢ reveals broad amorphous maxima corresponding to
POSS aggregates.
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Fig. 1.27 TEM micrograph of the DGEBA-POSSPhEl-DZOOO nanocomposite
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Thermomechanical Properties

The incorporation of a monofunctional monomer into a network leads to chain
termination and formation of defects in the network. As a result, the crosslinking
density and the rubbery modulus are reduced, compared to the diepoxy-diamine
network (DGEBA-D2000). Therefore, the effect of pendant POSS on the network
properties was determined by a comparison with the reference POSS-free network
of a similar crosslinking density, prepared using the same molar fraction of the
monoepoxide phenyl glycidyl ether (PGE), DGEBA-PGE(x)-D2000.

Mechanical properties of the Epoxy-POSS networks strongly depend on the
type of substituents of the pendant POSS. While the network DGEBA-POSS_ E1
(x = 0.33)-D2000 with isooctyl-substituted POSS shows a lower rubbery modulus
compared to the reference system, the network with phenyl ligands, DGEBA-
POSSphEl(x = 0.33)-D2000 (25 wt% POSS), exhibits a higher modulus (see Fig.
1.28). The difference in mechanical properties reflects the nanocomposite morphology.
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Fig. 1.28 Shear storage modulus G’ (a) and loss factor tan § (b) of the networks containing pendant
POSS as a function of temperature. (1) DGEBA-PGE(x = 0.33)-D2000, (2) DGEBA-POSS  El(x =
0.33)-D2000, (3) DGEBA-POSSphEl(x =0.33)-D2000, (4) DGEBA-POSSphEl(x = 0.67)-D2000
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Scheme 1.12 Structure model of DGEBA-
POSSphEl-DZOOO network

The POSS crystalline domains in the nanocomposite DGEBA—POSSphEl—DZOOO
act as polyfunctional POSS clusters and create physical crosslinks, as depicted in
Scheme 1.12. These crystalline junctions are responsible for the reinforcement of
the epoxy network. In the network DGEBA—POSSphEl(x = 0.67)-D2000 with a
higher POSS content (48 wt% POSS), the chemical crosslinking density is very
severely reduced (by an order of magnitude) due to presence of the monoepoxide.
However, the experimental modulus is even higher than that of the network, with a
lower monoepoxide-POSS content, x = 0.33. The modulus increases despite a lower
chemical crosslinking. This is the result of a higher amount of POSS crystalline
physical crosslinks.

In contrast, the amorphous aggregates of POSS in the DGEBA-
POSS_E1-D2000 network are presumably too weak to form stable physical
crosslinks. The bulky pendant POSS_ unit acts as a diluent, and the modulus
decreases with respect to the reference DGEBA-PGE-D2000 network.

The POSS modified networks display no, or only a mild, change in the glass
transition temperature (see Fig. 1.28), implying no, or a very weak, interaction
between POSS and the polymer. A very high amount of POSSph (~50 wt%) is nec-
essary to affect the polymer chain mobility. Due to severe incompatibility, the
interphase layer around the POSS crystallites is narrow, and a very small fraction
of the chains are involved and immobilized. At moderate POSS contents, the
POSS-chain interaction is negligible and the POSS-POSS interactions dominate,
being crucial for mechanical properties of the nanocomposites.

Network POSS - D2000

DGEBA

The epoxy networks with pendant POSS and nonreduced crosslinking density are
prepared using the diepoxide monomer POSS with cyclopentyl substituents
(see Scheme 1.11).

DGEBA
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Network Formation, Structure and Morphology

During network formation, a gradual microphase separation takes place followed by
ordering of the crystalline POSS domains in the epoxy-POSS network. The evolution
of the structure in polymerization of the POSS ... — D2000 mixture, followed
in situ by SAXS, is shown in Fig. 1.29. In the initial mixture, the small POSS crystal-
lites are dispersed in the organic matrix. The sharp peaks at ¢ = 5.65 and 7.6 nm™!
characterize crystallinity in the system. POSS crystallinity is not disturbed by the
reaction; moreover, the crystalline structure of the POSSDGEB " unit is not even modified by
incorporation in the network, in contrast to the case of POSSphEl. The dispersed POSS
crystallites, however, are gradually transferred into the microphase-separated
POSS-rich regions, as revealed by the decrease in scattered intensity background
corresponding to dispersed POSS. Finally, the crystalline POSS domains assemble
in the lamellar structure within the epoxy network. The SAXS maximum appearing
at ¢ ~ 0.8 nm™' during polymerization, as well as a small second maximum at
g ~ 1.6 nm™!, characterize lamellar arrangement. The crystallite size in one dimen-
sion determined by WAXS is L = 19.5 nm. The layered structure in the
POSS, .., ,-D2000 nanocomposite is obvious from the TEM micrograph in Fig. 1.30.
The correlation distance d between the scattering POSS layers is 8 nm, which is
somewhat shorter than the contour length of the D2000 chain (10 nm). The regularity

Intensity

Fig. 1.29 Evolution of the SAXS pro-
files during formation of the
POSS,.5,-D2000 network. Curves
(reaction times): (1) =0, (6) t = 563
min; 7 = 120°C
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of the arrangement decreases with diminishing content of the POSS ..., monomer
(see Fig. 1.31). At the number of POSS units x < 0.25 in the network DGEBA(1 —

x)-POSS
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(x)-D2000, the POSS ordering disappears.
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The structure model of the POSS . -D2000 network given in Scheme 1.13 consists
of the lamellar ordering of the POSS crystal domains separated by the extended
D2000 chain. This is an analogy to the organized block copolymers, where the chains
are stretched along the direction perpendicular to the microdomain interface. The
model is based on the structure ordering in the DGEBA-Jeffamine networks. Beck et al.
[131] determined a regular arrangement in the DGEBA-Jeffamine system involving
stiff polyepoxy-chain sequences separated by flexible poly(oxypropylene) Jeffamine
chains. Such a network serves as a template to direct assembly of the POSS units
pendant on DGEBA in the POSS ... monomer into layered arrangement.

The structure of this epoxy-POSS network is temperature-dependent. The ordered
arrangement disappears above the critical temperature T ~ 120°C, as illustrated by
SAXS profiles at different temperatures in Fig. 1.32. The order-disorder transition
consists of disordering of the POSS crystal lamellar domains, while the crystallinity
is preserved at this temperature.

Thermomechanical Properties

The POSS layered crystalline domains bring about a reinforcement of the polymer
network due to physical crosslinking. The modulus above glass transition temperature
increases with increasing content of POSS in the network DGEBA(1-x)-
POSS ., (0)-D2000, as depicted in Fig. 1.33 [134]. The network POSS . . (x=1) —
D2000, containing 21 wt% POSS, exhibits a modulus higher by 1.5 orders of
magnitude, compared to the reference DGEBA-D2000 network.

A sufficiently high POSS amount, however, is necessary to develop the lamellar
structure displaying a reinforcing effect. Small content of POSS, up to x = 0.25
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Fig. 1.32 Effect of temperature on
SAXS profiles of the

POSS ,.5,-D2000 networks.
Curves (temperatures): (1) 100°C,

(2) 120°C, (3) 150°C, (4) 200°C
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(~10 wt%), almost does not affect the dynamic mechanical behavior of the network
(see Fig. 1.33), because of the absence of ordered structure (see Fig. 1.31). Only a
POSS fraction x > 0.5 leads to a substantial enhancement of the modulus and
appearance of a distinctly microphase-separated morphology that is manifested by
a new damping peak of the loss factor tan § curve in Fig. 1.33b. This new phase
corresponds to the polymer confined within the region of the ordered lamellar
POSS crystal domains. Above T, of the neat network, there is a second relaxation
transition, characterized by a more or less steep drop-off modulus to the equilib-
rium value. At increasing POSS content, this transition is more distinct and is
shifted to a higher temperature. In the network POSS . -D2000 with the best
developed lamellar structure, the steep fall of the modulus occurs at a critical tem-
perature 7 ~ 120°C, in agreement with the order-disorder transition temperature
determined by SAXS. The better ordered the lamellar arrangement, the narrower is
the temperature range of the order-disorder transition and the steeper is the modulus
drop. The transition and the thermomechanical behavior in the transition region are
reversible. By cooling down the nanocomposite below the critical temperature, a
relatively fast (within 5 min) increase in the modulus with respect to the initial
value takes place.

The lamellar arrangement, however, is imperfect, and only a fraction of the network
chains is confined, which results in the microphases of the unconfined and immobi-
lized network chains. Glass transition of the microphase that comprises network
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Fig. 1.33 Shear storage modulus G’ (a) and loss factor tan & (b) of the DGEBA-POSS .., (x)
-D2000 networks of various POSS content x. (1) x = 0 (DGEBA-D2000 network), (2)
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chains confined between the POSS layers dramatically enhances with increasing
POSS content in the network (see Fig. 1.33). The increase in Tg exceeds 100°C in
case of high POSS content x > 0.5. A two-phase model based on dielectric studies
of molecular mobility has been recently proposed [132]. While a fraction of the
polymer at the interface with the POSS layer is immobilized, the other polymer part
displays slightly faster dynamics due to an increased free volume.
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1.4.2.3 Network with POSS in Junctions

The formation of the networks from polyepoxy-POSS monomers, POSS,En, and the
diamine D2000 is very slow, particularly in the case of POSS,E8. Steric hindrance
around the POSS core is a reason for a low reactivity of the epoxy-POSS groups.
Moreover, a preferential cyclization of the primary amine group with the two neighbor-
ing epoxy functionalities of the POSS,E8 monomer brings about a delay of gelation.

Structure and Morphology

The phase structure evolution during the network build-up is determined by competition
between phase separation of the components and compatibilizing grafting reaction.
Early chemical bonding of POSS to a polymer during formation of the epoxy-POSS
hybrid prevents phase separation due to POSS aggregation [133]. The initially inho-
mogeneous reaction mixture POSS,E8 —D2000 contains POSS amorphous aggregates
characterized by SAXS maximum at g ~ 4.5 nm™', as shown in Fig. 1.34. During
polymerization, these aggregates are gradually broken, and the POSS units become
more dispersed in the organic medium. At the same time, an ordered structure
develops, with regularly arranged POSS crosslinks domains separated by D2000
chains. The growing interference maximum at ¢ = 1-2 nm™ characterizes this
ordering. The correlation distance d between crosslinks increases during the reaction,

Intensity

Fig. 1.34 Evolution of the SAXS profiles during formation of the POSS,E8-D2000 network.
Curves (reaction times): (1) =0, (10) t =90 h; T = 120°C
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Fig. 1.35 TEM micrograph
of the POSS,E8-D2000 nano-
composite

d =3.8-5.1 nm, because D2000 chain tends to be more extended due to increasing
steric restrictions and overcrowding space around the POSS junction.

In the cured network POSS,E8 —D2000, the POSS in junctions are well dispersed
in the matrix compared to the systems with pendant POSS (see Fig. 1.35). However,
they are not completely dispersed at the molecular level. A small fraction of aggregates
of size up to ~4 nm remain in the nanocomposite. The extent of aggregation increases
with decreasing functionality of the POSS monomer in the series POSS,E8 <
POSS,E4 < POSS,E2. The polyfunctional POSS units are shielded by D2000 chains
attached during the reaction, thus enabling POSS dispersion. This steric hindrance
diminishes at low POSS functionality, and therefore POSS,E2 in the backbone shows
a higher extent of aggregation. In contrast, decreasing POSS functionality and formation
of aggregates leads to a loss of long-range ordering. The POSS,E4-D2000 and
POSS,E2-D2000 networks exhibit broader distribution of distances between POSS
units and a decrease in the SAXS interference maximum intensity.

Thermomechanical Properties

The rubbery modulus of the hybrid networks increases with increasing crosslinking
density, determined by functionality of the POSS monomers in the series
POSS,E2-D2000 < POSS,E4-D2000 < POSS,E8-D2000 (Fig. 1.36). The network
POSS,E8-D2000 is relatively homogeneous, and therefore the modulus could be
successfully predicted by using the mean-field statistical theory of network formation
and by the theory of rubber elasticity [90]. In contrast, the moduli of the inhomogeneous



1 Epoxy-Silica/Silsesquioxane Polymer Nanocomposites 75

a ]
109—5
10° 3
© ]
o ]
® 103 2
106—;
] Irw"“lw L WL
10° r . ; . ; I . .
-100 -50 0 50 100
b 2+
© 1
c
©
e
-100 50 100

Fig. 1.36 Shear storage modulus G’ (a) and loss factor tan & (b) of the networks with POSS in
junctions of various functionality. (1) DGEBA-D2000, (2) POSS,E8-D2000, (3) POSS,E4-D2000,
(4) POSS,E2-D2000

networks POSS,E4-D2000 and POSS,E2-D2000 are significantly lower with
respect to the theory, and lower compared to the reference DGEBA-D2000 network.
Due to POSS aggregation, the epoxy functional groups are buried in the aggregates
and are not sterically accessible to the reactants. The incomplete conversion leads
to a high sol fraction and a lower crosslinking density.

The multiepoxy-POSS units contain flexible hexyl substituents, and act in the
network as “soft” junctions. The networks chain mobility is less restricted by these
POSS crosslinks than by the stiff DGEBA species in the DGEBA-D2000 network.
Therefore, the glass transition temperature of these POSS-containing networks is
lowered compared to the reference system (see Fig. 1.36). In addition, T, drops with
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decreasing functionality of the epoxy-POSS monomer because of decreasing
crosslinking density.

Thermal Stability

The thermal stability of epoxy systems is improved by incorporation of POSS
as pendant units and increases with increasing POSS content in the networks.
The higher stability is significant mainly at heating in the air atmosphere, implying
an improved thermal oxidation resistance, while in nitrogen the effect is much
smaller. The temperature T, at which 5% loss of mass occurs, is increased by
20-25°C in the networks with phenyl- and cyclopentyl-substituted POSS (25 wt%
POSS) in the air. “Soft POSS” in the network, containing isooctyl ligands, increases
the T, only by 3°C. In contrast, the thermal stability of the networks with POSS in
junction units is low and T, drops, compared to the reference network. The fast
initial thermal degradation is a result of a higher mobility of network chains and
lower T . Moreover, the POSS in junctions contains the core Q8M8HS, which is less
thermaﬁy stable than the T8 core involved in the networks with pendant POSS.
The highest thermal stability was determined in the hybrid networks showing a
strong POSS-network chain interaction. Because of this interaction, the organic
chain is shielded by the inorganic structure. Consequently, the POSS—chain interaction,
the POSS content, and the nature of the POSS ligands are the factors governing

thermal stability of POSS-containing networks.

1.5 Conclusions

The epoxy-silica/SSQO nanocomposites belong to the most popular organic—inorganic
polymer materials. In this chapter, we have discussed the rubbery epoxide networks
with silica/SSQO nanodomains generated in situ by the sol-gel process and the
networks containing well defined inorganic nanobuilding blocks. The formation,
structure, and properties of the following O-I polymer networks have been
investigated:

(a) The epoxy-silica network DGEBA-D2000-TEOS was prepared by hydrolytic
polycondensation of TEOS in the epoxide-amine medium. (b) The controlled
covalent bonding between phases was achieved by using the O-I precursors —
alkoxysilane-endcapped oligomers (ASO) or epoxyfunctional SSQO clusters (EC).
Sol-gel polymerization of ASO or the reaction of EC with oligomeric diamine
(D2000) resulted in the O-I block copolymer networks with SSQO crosslink
domains. (c) The coupling agent ATES was used to synthesize the epoxide network,
grafted with the SSQO structures along the network chain (DGEBA-D2000-ATES).
(d) The well-defined functional inorganic units — POSS — were incorporated in the
epoxide network. The monoepoxy-POSS monomers were applied to pre-
pare the epoxy network with pendant POSS blocks (DGEBA-D2000-POSS.E1)
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and the octaepoxy-POSS monomers for synthesis of the network with POSS junc-
tions (POSS,E8-D2000).

1.5.1 Formation, Structure and Morphology of the O-I Networks

Process of the O-I hybrid network formation includes the molecular structure evolu-
tion during polymerization and, because of incompatibility of the reacting components
or arising O and I structures, phase structure evolution is also of primary importance.

In situ generation of the silica/SSQO nanodomains within the epoxide network
proceeds by the simultaneous or sequential polymerization of organic and inorganic
monomers or O-I precursors. The polymerization is mostly performed in the initially
homogeneous mixture (by using cosolvents, diluents) containing molecularly
dispersed monomers. During network formation, however, depending on the reaction
conditions, a polymerization-induced phase/microphase separation takes place.

In the simultaneous polymerization of the epoxy-TEOS system, the evolution of
both organic and inorganic (siloxane, silica) molecular structures occurs via two
independent reaction mechanisms: the epoxide-amine reaction and the sol-gel
process. The hydrolytic polycondensation is sensitive to the reaction conditions,
and this fact can be used to control formation and structure of the O-I polymers.
In addition to the amount of water, solvent, or similar agent, the type of catalysis
and the polymerization procedure are particularly decisive for the rate of polymeriza-
tion, reaction mechanism, the structure growth, and the final morphology. The acid
catalysts promote hydrolysis, while polycondensation, as well as formation of the
gel, is slow. A relatively fine morphology with small and loose siloxane/silica structures
containing a high amount of SiOH is produced. The nanocomposites display a
bicontinuous morphology i.e., the IPN of silica and epoxy networks. Often, the
phase separation by spinodal decomposition is the reason for the bicontinuous
phase structure of the hybrids prepared by using TEOS [28]. In contrast, basic or
DBTDL catalysis mainly accelerates polycondensation. Large and compact
siloxane/silica structures are formed from the very beginning of the reaction, and
early phase separation takes place to form more heterogeneous morphology compared
to acid catalysis. The basic conditions initiate phase separation by nucleation,
growth, and formation of particulate composites [28]. Due to the compatibilizing
effect of D2000, however, all the DGEBA-D2000-TEOS networks show a bicontinuous
structure with a variable degree of continuity.

The hybrid synthesis is performed either in one or two steps, thus allowing
for optimization of the reaction conditions. From a practical point of view, the
two-step acid-base polymerization is very efficient, involving prehydrolysis of the
TEOS monomer under acid catalysis, followed by a very fast polycondensation and
gelation in a basic medium. The epoxy-silica network of fine morphology with
the small silica aggregates is produced by this procedure. This is the result of an early
termination of the phase separation process, due to a very fast gelation that
occurs during the polymerization. The system demonstrates the important
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morphology-controlling factor — competition between the rates of polymerization
and phase separation.

Sequential polymerization is another synthesis procedure. The epoxide network
is formed first, and the sol-gel polymerization of TEOS proceeds within the
network. In this case, the relative rates of diffusion of TEOS into the network and
of the sol—gel process affect the growth of the silica structures. This procedure,
however, generates the finest epoxy-silica morphology, due to the steric restrictions
limiting silica growth within the network.

Crosslinking of the O-I precursors (ASO, EC-D2000) leads to formation of the O-I
block copolymer network, with SSQO junction domains linked with organic chains.
The crosslinking takes place by hydrolytic condensation of the terminal alkoxysilane
groups in ASO, or by the epoxide-amine reaction in the case of EC-D2000.

The structure evolution during polymerization and morphology of the O-I block
copolymer network from ASO is determined by catalysis of the sol-gel process and
by the length of the ASO organic chain. The junctions of the network crosslinked
under acid catalysis consist of small, loose SSQO clusters (1-3 nm) containing
mainly linear siloxane sequences. On the contrary, basic or DBTDL catalysis
results in a network with highly condensed, compact SSQO junctions. Decreasing
the length of the endcapped oligomer leads to formation of larger SSQO clusters.
The sol—gel polymerization of alkoxysilane groups undergoes competition between
the intra- and intermolecular condensation reactions. In the long organic ASO
chains, the intramolecular condensation dominates to produce small, compact clusters
at the chain ends. In contrast, in the case of short ASO organic chains, the intermo-
lecular polycondensation prevails, the SSQO clusters grow, and the continuous
SSQO structure is formed. The O-I hybrid shows two percolation thresholds
corresponding to formation of the O-I block copolymer network and build-up of
the SSQO network. Hence, the bridged SSQO with the short organic bridges usually
comprise the continuous inorganic phase.

The epoxy-SSQO block copolymer network EC-D2000 structure is governed
mainly by the composition of the system. The stoichiometric network displays
spherical SSQO domains (5—15 nm) dispersed in the epoxy matrix. With an excess
of EC, the nanocomposite structure involves the large SSQO cylinders and even
continuous SSQO phase.

Evolution of the molecular structure of the Epoxy-POSS system includes growth
of the branched epoxide structures and incorporation of POSS into the network by
the epoxide-amine reactions. The inorganic nanodomains are formed within the
epoxide matrix by POSS aggregation. The nanostructuration of the epoxy-POSS
nanocomposite is based on competition between POSS-POSS and POSS-polymer
interactions. The compatibility of the POSS monomer with the organic medium
controlled by the POSS substituents is a crucial aspect. POSS incorporation in the
epoxy network during polymerization brings about homogenization of the hybrid,
and topology of POSS attachment to the network plays also an important role. The
pendant POSS tend to aggregate to form amorphous or crystalline domains. These
POSS aggregates serve as physical crosslinks of the hybrid network. In contrast,
POSS units in the network junctions are relatively well dispersed.
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Reaction blending is the often-used approach to polymerize heterogeneous O-I
systems. An initially heterogeneous mixture is gradually homogenized during the
reaction by interphase bonding. The O-I precursors GTMS or ATES are typical
agents to improve compatibility of the O—I systems. Acid catalysis of the sol-gel
process, advancing formation of SiOH in the silica structures, also encourages the
covalent or H-bond interaction with an organic matrix, in contrast to the basic
catalysis. In the case of the epoxy-POSS hybrids, the efficiency of reaction blending
depends on POSS functionality.

1.5.2 Structure Ordering

The silica nanodomains generated in situ from TEOS or POSS domains attached as
pendant blocks on the chain of the epoxy-POSS networks are irregularly dispersed
in the epoxy matrix. However, the O-I block copolymers prepared from the O-I
precursors create a microphase-separated organized structure, typical of block
copolymers. The organotrialkoxysilanes with a sufficiently long organic chain form
a micelle-like or lamellar arrangement. The ordered structure is fixed by gelation in
the O-I networks prepared from ASO or EC. The correlation distance between
the SSQO crosslinks in the hybrid networks is given by the size of the linking
organic chains. Also, the epoxy networks containing POSS units as junctions
exhibit structure ordering.

Organic templates can be used to direct a long-range ordering of inorganic
domains in the O-I network. Self-assembly of urea groups or long alkyl chains, as
well as a crystalline arrangement of particular oligomer chains are examples of the
templates. The supramolecular self-assembly involving a crystalline POSS lamellar
structure exists in the epoxy-POSS network containing POSS ... monomer. This
supramolecular structure undergoes a sharp temperature-sensitive order-disorder
transition.

1.5.3 Interphase Interaction

The interphase interaction is one of the most important factors determining the
behavior of nanocomposites. Mainly, covalent and H-bonding provide a strong
interaction between phases. Also of importance is the interfacial area, given by the
volume content of dispersed nanodomains, by their internal structure, and by
morphology (i.e., compactness and size of the nanodomains).

The silica structures generated in situ from TEOS in the epoxy-silica networks
display an interaction with the organic matrix due to the presence of SiOH groups.
The silanols tend to form both H-bonds with POP chains of the matrix and covalent
bonds by the reaction with C—OH of the epoxide-amine networks. Therefore, acid
catalysis is highly suitable. The fine morphology (i.e., the small size of inorganic
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heterogeneities, providing a large interface surface) is another factor supporting the
interaction. A very strong interphase interaction exists in the epoxy-silica
nanocomposites prepared mainly by the sequential polymerization or the two-step
(acid-base) polymerization procedure. The interaction is evidenced by the formation
of an interphase layer, composed of the epoxy network chains immobilized by silica.
This interphase shows a significant increase in glass transition temperature compared
to the epoxide network, and contributes to the effective volume fraction of the hard
filler in the epoxy-silica nanocomposite. The hybrid networks synthesized under
basic or DBTDL catalysis exhibit a weak interphase interaction, due to a low content
of SiOH and a rough morphology comprising large silica aggregates.

The O-1I block copolymer networks with SSQO junctions display a mild interphase
interaction. Due to a sharp microphase separation in the O—I block copolymer, there
is only a thin interphase layer involving the surface of the SSQO junction domain
and a small terminal part of the bonded oligomer chain (the covalent bond between
phases is localized at the oligomer chain end only). Under acid catalysis, an
interpenetration of the phases and thickening of the interphase layer occurs, thus
strengthening the interaction. Stronger interaction exists in the network grafted
with SSQO along the chain. The coupling agents, such as GTMS or ATES, are
commonly used to improve an interphase interaction in the epoxy-silica/SSQO
nanocomposites.

The epoxy-POSS networks with pendant POSS are strongly microphase-separated.
The POSS-chain interaction is quite weak because the POSS-POSS interactions to
form aggregates prevail. The slight decrease in glass transition temperature in the
networks containing POSS__ with flexible substituents is a result of an increased
free volume, due to a bulky POSS molecule acting as a plasticizer. Only a high
content of POSSph with phenyl substituents leads to a significant confinement in
network chains. Formation of a strong physical crosslink of the crystalline POSSph
reduces mobility of the attached chains. The anchoring effect of the large POSS
mass on chain mobility does not seem to be decisive. The very strong interaction
and immobilization of chains due to POSS was observed in the networks with
POSS, ., monomer where the chains are confined between crystalline POSS layers.
However, no interphase interaction occurs in the epoxy-POSS networks with POSS
in junctions. The voluminous POSS crosslink involving flexible hexyl substituents
is a reason for a decrease in the glass transition temperature with respect to the
DGEBA-based network.

1.5.4 Mechanical Properties

Mainly, morphology determines the mechanical properties of the epoxy-silica/
SSQO nanocomposites.

The hybrids with the bicontinuous morphology of the epoxy and silica phases
display a dramatic increase in modulus. The rubbery modulus of the epoxy-silica
network (DGEBA-D2000-TEOS, sequential polymerization) is enhanced by two
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orders of magnitude at a low silica content, ~7 vol%, with respect to the reference
epoxide network. The mechanical behavior and moduli, moreover, depend on the
volume fraction of silica and on the interphase interaction.

The moduli of the O—I block copolymer networks (ASO and EC-based) are only
slightly increased, compared to the homogeneous network, and correspond to the
particulate nanocomposites. Significant reinforcement is achieved only in the networks
with bicontinuous morphology (i.e., the ASO-networks containing a high amount
of TEOS or the EC-D2000 networks with an excess of EC).

The epoxy-POSS networks with POSS units (POSS,E1) pendant on the network
chain show dependence of the mechanical properties on the type of POSS substituent.
The POSS aggregates covalently attached to the chain act as physical crosslinks,
and the modulus depends on the strength of these aggregates. While POSSph crystallites
increase the crosslinking density and modulus of the epoxy-POSS network, the
amorphous aggregates of POSS__ with flexible octyl substituents are too weak to
contribute as the real physical network crosslinks. The very efficient reinforcement
is provided by physical crosslinking with POSS crystalline lamellae in the ordered
POSS,.;,-D2000 network. POSS in the network junctions (POSS,E8) are well
dispersed as the polyfunctional chemical crosslink. These networks exhibit an
increase in the modulus as a result of enhanced chemical crosslinking density due
to high POSS functionality.

The elastic moduli in the rubbery state of the heterogeneous O-I networks could
be predicted by combination of the theoretical models of mechanical behavior. The
theory of rubber elasticity for homogeneous networks, the particulate composite
model of Kerner-Nielsen, and the models describing the behavior of composites
with bicontinuous morphology (EBM and Davies model) were applied to treat the
hybrid nanocomposites.

Two basic types of nanocomposites discussed in this chapter involve the nanodomains
of a different nature: the in situ generated chemical structures and the physical
aggregates of the POSS blocks. The difference between the nanocomposites with
the “chemical” and “physical” nanofillers is characterized by their behavior under
a small mechanical deformation, the so-called Payne effect [134].

The rubbery homogeneous epoxide network DGEBA-D2000 displays a linear
viscoelastic behavior up to a relatively high deformation, as shown in Fig. 1.37. The
hybrid nanocomposite DGEBA-POSSPhEl-D2OOO contains the crystalline POSS
aggregates. The physical intradomain interactions break under strain, and the typical
composite behavior is observed. The rubbery modulus drops at a strain of about
0.5%. In contrast, the nanocomposite with the chemical SSQO structures as nanofillers
(DGEBA-D2000-ATES) behaves like a homogeneous system, exhibiting a linear
viscoelasticity without any decrease in the modulus up to a strain of ~4%. The
chemical SSQO structure of the nanodomain keeps the integrity during deformation,
in contrast to the physical aggregates.

An interesting behavior under small deformation occurs in the case of the
ordered hybrid network POSS_....-D2000 with the lamellar POSS crystalline
structure. Figure 1.37 illustrates the breakage of the POSS-filler structure at a very
low strain (~0.01%), due to disordering of the lamellar arrangement, followed by



82

2,5x10"
y .\
()
| ‘o /./.
e «® ¢
2,0x10" N\ '
OfOAO~O—O<O—O-O—o<
pONON
_ 0. o © O
© O\
B 1 5x10" o 2
O]
1,0x10”
5,0x10°
A-A A A A A A AAAAAAAL
| A-DN-N-N-DN-DN-DN-N-DN-DN-DN-DN-N-I\
oot o114
Strain, %

L. Matéjka

3
1

Fig. 1.37 Shear modulus of the nanocomposites as a function of small deformation. (1)
DGEBA-D2000 network, (2) DGEBA—POSSphEl—DZOOO nanocomposite, (3) DGEBA-D2000-

ATES nanocomposite, (4) POSS

paesa-D2000 nanocomposite

another reinforcement at a strain ~0.2%. The modulus increase could correspond to
a strain-induced new ordering of the POSS cages [134].
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Chapter 2

Scale-Up Synthesis of Polymer-Grafted
Nanoparticles in Solvent-Free Dry-System
and in Ionic Liquid

Norio Tsubokawa

Abstract For the purpose of prevention of the environmental pollution and
simplification of reaction process, the scale-up synthesis of polymer-grafted silica
nanoparticles and carbon black in the solvent-free dry-system and in ionic liquid
are summarized.

Scale-up synthesis of hyperbranched poly(amidoamine)-grafted silica nanoparticles
was successfully achieved by using dendrimer synthesis methodology in solvent-free
dry-system. The polymer was allowed to propagate from silica nanoparticle surface
by repeating two steps: (1) Michael addition of methyl acrylate (MA) to amino group
on the surface and (2) amidation of terminal methyl ester groups with ethylenedi-
amine (EDA). MA was sprayed onto silica having amino group and the silica was
agitated at 300 rpm at 50°C. After the reaction, unreacted MA was removed under high
vacuum. Then, EDA was sprayed and the reaction was conducted at 50°C with agitation.
After the reaction, unreacted EDA was also removed under high vacuum at 50 °C and
MA was sprayed again. The procedures were repeated to grow poly(amidoamine) on
the surface. The percentage of poly(amidoamine) grafting onto the surface was
determined to be 141% with repeated reaction cycles of eight times.

In addition, the radical graft polymerizations of vinyl monomers onto silica
nanoparticles and carbon black surfaces were successfully achieved by spraying
monomers onto silica nanoparticles and carbon black having azo and peroxycar-
bonate groups in solvent-free dry-system. It is interesting to note that the formation
of ungrafted polymer was depressed in comparison with graft polymerization in
solution; the grafting efficiency was 90-95%.

The radical graft polymerizations of vinyl monomers initiated by azo groups
introduced onto silica nanoparticles and carbon black surfaces in ionic liquid were
investigated. In this work, 1-butyl-3-methylimidazolium hexafluorophosphate was
used as ionic liquid. The percentage of grafting in ionic liquid was much larger than
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those in 1,4-dioxane. The molecular weight of polystyrene grafted onto the silica
nanoparticle surface in ionic liquid was almost equal to that in 1,4-dioxane. The result
indicates that the number of grafted polystyrene in ionic liquid is five times that in
1,4-dioxane. This may be due to the fact that lifetime of the surface radical formed
by the thermal decomposition of azo groups is prolonged because of high viscosity
of ionic liquid. Therefore, the surface azo groups were effectively used as initiat-
ing sites for the graft polymerization. In addition, the reduction of waste solvent was
achieved by the use of ionic liquid as reaction solvent medium, because unreacted
monomer could be removed under high vacuum after the reaction and the reuse
of ionic liquid could also be easily achieved. Therefore, the graft polymerization
onto nanoparticle surface in ionic liquid enables us the scale-up synthesis of
polymer-grafted nanoparticles.

The radical grafting onto carbon black surface initiated by the radical initiator in
the presence of carbon black in ionic liquid is also discussed.

2.1 Introduction

Inorganic nanoparticles such as silica and titanium oxide are widely used industri-
ally as fillers and pigments for polymer materials. Inorganic nanoparticles have
excellent properties such as heat, chemical and weather resistance, lightweight, and
low thermal expansion.

On the other hand, carbon materials, such as carbon black, graphite, activated
carbon, and carbon nanotube, are well known as industrially important and commercially
available carbon materials. Carbon materials have also outstanding properties such
as electroconductivity, heat resistance, biocompatibility, and chemical resistance. Especially,
carbon nanotubes have attracted attention as one class of nanotechnology related
materials.

In general, dispersing nanoparticles, such as silica nanoparticles and carbon
black, uniformly into a polymer or an organic solvent is very difficult because of
aggregation of these particles. In addition, mechanical properties of the composite
are considered to be dependent not only on the mechanical properties of the polymer
matrix, but also on the properties of interfacial regions between the surface of
nanoparticles and matrix polymer.

The chemical and physical modifications of silica nanoparticle and carbon black
surfaces, therefore, have been extensively studied. The chemical modification of
surfaces is permanent, but physical modification is temporary. We have pointed out
that the dispersibility of silica nanoparticles and carbon black is extremely improved
by surface grafting of polymers, namely, chemical binding of polymers, onto silica
nanoparticle and carbon black surfaces [1-3]. In addition, grafting of polymers onto
these surfaces is of interest to us for designing new functional organic—inorganic
hybridmaterials which have excellent properties of both nanoparticles as mentioned
above and grafted polymers, such as photosensitivity, curing ability, bioactivity, and
pharmacological activity [1-3].
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We have reported the grafting of various polymers such as vinyl polymer
[4-7], polyester [8, 9], polyether [10, 11], poly(organophosphazene) [12], and
poly(dimethysiloxane) [13] onto silica nanoparticle and carbon black surfaces using
surface functional groups as grafting sites. Furthermore, many experimental attempts
by other researchers also have been made to graft polymers onto silica nanoparticle
and carbon black surfaces. For example, it has been reported that grafting of poly-
mers from nanoparticles (polymer brush) was successfully achieved by atom-trans-
fer radical polymerization (ATRP), initiated by a system consisting of surface
functional groups and transition metal complexes [14-18]. In situ radical-transfer
addition polymerization [19] and emulsion polymerization from silica nanoparticles
has been also reported [20]. Synthesis of a well-defied organic/inorganic nanocom-
posite via reverse ATRP was achieved by Wang et al. [21, 22]. Polymer grafting onto
a colloidal silica surface was also reported by Yoshinaga et al. [23].

However, scale-up synthesis of polymer-grafted nanoparticles was hardly
achieved, because complicated reaction processes, such as centrifugation, filtration,
and solvent extraction, are required for the synthesis of polymer-grafted nanoparticles,
and also a lot of solvent is wasted.

In this chapter, for the purpose of prevention of environmental pollution and
simplification of reaction process, the scale-up synthesis of hyperbranched
poly(amidoamine)-grafted silica nanoparticles and the radical graft polymerization
of vinyl monomers onto silica nanoparticle surface initiated by surface initiating
groups in the solvent-free dry-system are summarized.

In addition, the radical graft polymerization of vinyl monomers onto silica nano-
particle and carbon black surfaces by “grafting onto” and “grafting from” process
in room temperature ionic liquid,well known as environmentally friendly “green
solvent”, will be discussed.

2.2 Methodology of Surface Grafting
of Polymers onto Nanoparticles

Several methodologies of the surface grafting of polymers onto nanoparticles have
been developed for the preparation of various kinds of graft copolymers. These
methodologies can be applied to the preparation of polymer-grafted nanoparticles.
In general, one of the following principles may be applied to prepare polymer-
grafted nanoparticles (Fig. 2.1) [1-3].

(1) “Grafting onto”process: termination of growing polymer radical, cation, and
anion, formed during the polymerization of various monomers; initiated by
conventional initiator in the presence of nanoparticles and the deactivation of living
polymerradical, cation, and anion with functional groups on nanoparticle surface.

(2) “Grafting from”process: initiation of graft polymerization of various monomers
from radical, cationic and anionic initiating groups previously introduced onto
nanoparticle surfaces.
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(3) Polymer reaction process: reaction of surface functional groups on nanoparticles
with polymers having functional groups, such as hydroxy, carboxyl, and amino
groups.

(4) Stepwise growth process: polymer chains are grown from surface functional
groups on nanoparticles by repeated reaction of low-molecular-weight compounds
by dendrimer synthesis methodology.

By the process (1), although polymer-grafted nanoparticles can be obtained,
the percentage of grafting onto nanoparticles is less than 10% because of the pref-
erential formation of ungrafted polymers. On the contrary, by the termination of
living polymer polymers with well-defined molecular weight and narrow molecular
weight distribution can be grafted onto nanoparticle surfaces.

(1) "Grafting onto" process

O-T + OO O-x-c:x:::-----c:b

Growing polymer radical, cation, and anion
Living polymer radical, cation, and anion

(2) "Grafting from" process

Qri— Q@ === Qoo

R*=Radical, cation, and anion

(8) "Polymer reaction" process

O-R-X + Yoo —— O-H-Z-c:x:p-----c:D

X+Y=2Z

(4) "Stepwise growth" process

Q<= Q= O‘*< S

Fig. 2.1 Methodology of surface grafting of polymers onto silica nanoparticle and carbon black
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Process (2) is the most favorable for the preparation of polymer-grafted nanopar-
ticles with a high percentage of grafting. The molecular weight and number of grafted
polymer chains can be controlled by use of surface-initiated living polymerization.

An important characteristic of process (3) is that not only the molecular weight
and the number of grafted chains on nanoparticle surfaces are easily controlled, but
also commercially available polymers having a well-defined structure can be
grafted. But the number of grafted polymer chains on nanoparticle surface decreases
with increasing molecular weight of polymer, because of steric hindrance.

By the process (4), although dendron with the theoretically predicted structure
was not easily grafted, hyperbranched polymers having a large number of terminal
functional groups can be grafted onto nanoparticle surfaces.

2.3 Grafting of Polymers onto Nanoparticle
Surfaces in Solvent-Free Dry-System

2.3.1 What is the Advantage of Grafting
in Solvent-Free Dry-System?

Figure 2.2 shows the comparison of the procedures of graft polymerization onto
nanoparticles in solvent-free dry-system with those in solvent system. In solvent
system, the purification and isolation of the resulting nanoparticles was achieved by

Graft polymerization Troublesome isolation

Termination i - {
Cenlrifug% isolation Unsuitable for
09 0 0|00 0 4 < Mass production
Solvent | 00f0 o o
system 20 00 % Purification of product Large quantities of
o 000 by centrlfugat:on waste solvent
0’08055 0 © (several times)
0099 0%o =
Polymer-grafted Environmentally
nanoparticles unfriendly
Spray of monomers Simple rocesses
Terrgi;nation Suitable for

Mass Production

Removal of unreacted

monomer under vacuum A small quantity of
= waste solvent

Polymer-grafted
nanoparticles Environmentally
friendly

Fig. 2.2 Graft polymerization in solvent system vs. in solvent-free dry-system

Solvent-free ¢
dry-system
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cumbersome procedures, such as filtration and centrifugation. Therefore, the scale-up
synthesis of polymer-grafted nanoparticles was hardly achieved and large quantities
of solvent were wasted.

On the contrary, in the solvent-free dry-system, the isolation and purification of
nanoparticle was easily achieved, because untreated monomer can be removed
under high vacuum. Therefore, it is concluded that the solvent-free dry-system is
environmentally friendly and graft polymerization onto nanoparticle surface in
solvent-free dry system is expected to enable the scale-up synthesis of polymer-
grafted nanoparticles.

2.3.2 Grafting of Hyperbranched Poly(Amidoamine) onto
Silica Nanoparticles in Solvent-Free Dry-System

Recently, a great interest has been shown on “Dendrimer”, because the dendrimers
have the fundamental building blocks, controlled molecular weight and controlled
branching, and versatility in the modification of terminal groups [24, 25]. We have
reported that hyperbranched poly(amidoamine) can be grown from amino group on
silica nanoparticle, chitosan powder, and carbon black surface using dendrimer
synthesis methodology in methanol as solvent [26-29]. The hyperbranched
poly(amidoamine)-grafted nanoparticle has the possibility of being utilized as a support
for catalyst and enzyme, and a curing agent of epoxy resin [30], because hyperbranched
poly(amidoamine)-grafted nanoparticle has many terminal amino groups.

o)
MA (CH,),C-OCH; EDA
R-NH R-NZ —.
o 4 Q (CHo),C-OCHs
Silica-NH, 5

@)
QR /(CHICNHCHNH, A EDA
(CHz)2C NH(CH)zNH

o)

Ol (CH2),CNH(CHo),NH,
(CH2),—CN-(CHy),-N. 0

(CH,)sCNH(CH2)oNH,
QRN 0

On
(CHy)o~ CN-(CHyp)o

(CH 2)28 NH(CHp),NH,

(CHy)2C-NH(CHo),NH,

Hyperbranched poly(amidoamine)-
grafted silica nanoparticle

Scheme 2.1 Grafting of poly(amidoamine) onto silica nanoparticle surface by dendrimer synthesis
methodology
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Therefore, we have designed the scale-up synthesis of hyperbranched
poly(amidoamine)-grafted silica nanoparticle in solvent-free dry-system [31] as
shown in Scheme 2.1.

2.3.2.1 Experimental Method
Introduction of Amino Group onto Silica Nanoparticle Surface

The introduction of amino group onto the silica nanoparticle surface, i.e., preparation
of a “grafting site”, was achieved by the treatment of surface silanol group with
Y-aminopropyltriethoxysilane(y-APS) in solvent-free dry-system [31]. A typical
example is as follows. Into a 500-mL four-necked flask, as shown in Fig. 2.3,
equipped with a mechanical stirrer having a semicircular blade, a thermometer, a
purger of argon gas, and a reflux condenser, 15.0 g of silica nanoparticle was
charged under an atmosphere of argon. Then, 3.0 g of y-APS ethanol solution was
sprayed onto the silica surface at 150°C under stirring at 300 rpm. After 30 min,
unreacted y-APS and ethanol were removed under high vacuum at 150°C. The silica
nanoparticle (abbreviated as Silica-NH,) was thus obtained.

Grafting of Hyperbranched Poly(Amidoamine) from Silica Nanoparticle Surface

Grafting of hyperbranched poly(amidoamine) onto silica nanoparticle surface was
achieved by repeating two steps: (1) Michael addition of methyl acrylate(MA) to

Fig. 2.3 Reaction apparatus for the synthesis of polymer-grafted silica nanoparticle in the solvent-
free dry-system
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the amino group on the surface and (2) amidation of terminal methyl ester group
with ethylenediamine (EDA) (Scheme 2.1) [24-29].

Into a 500-mL four-necked flask (Fig. 2.3) containing 15.0 g of silica nanoparticles
having amino groups, 3.0 g of MA (34.8 mmol, excess of surface amino groups)
was sprayed and the mixture was stirred at 300 rpm at 50°C under argon gas. After
21 h, unreacted MA was removed under high vacuum at 50°C. After 2 hr, 3.0 g of
EDA (50 mmol; excess of surface ester group) was sprayed into the flask and the
reaction was conducted at 50°C with agitation. After 21 h, unreacted EDA was removed
under vacuum at 50°C during 3 h and MA was sprayed again. Both the Michael
addition and the amidation reactions were repeated to grow the poly(amidoamine)
on the silica surface.

Determination of Percentage of Grafting

Silica nanoparticles obtained from the grafting reaction were dispersed in methanol,
and the dispersion was allowed to centrifuge at 1.5 x 10* rpm. The silica precipitated
was dispersed again in methanol and centrifuged. The procedures were repeated
until no more ungrafted polymer could be detected in the supernatant solution. The
percentage of grafting was determined by the following equation:

Grafting (%) = (A/B) X 100

where A is the weight of grafted poly(amidoamine) (g) and B is the weight of
silica nanoparticles charged (g). The weight of poly(amidoamine) grafted onto
the silica nanoparticle surface was determined from the weight loss when
poly(amidoamine)-grafted silica nanoparticle was heated at 800°C by the use of a
thermal analyzer.

2.3.2.2 Introduction of Amino Groups onto Silica
Nanoparticles in Solvent-Free Dry-System

Generally, the introduction of functional groups onto silica and glass surface was
achieved by the reaction of surface silanol group with silane-coupling agents in
solvent [26]. In our new method, the introduction of amino group onto silica nano-
particle surface as a grafting site was achieved by the treatment of silica with y-APS
in solvent-free dry-system.

Figure 2.4a shows FT-IR spectrum of y-APS-treated silica nanoparticles. The
FT-IR spectrum of y-APS-treated silica nanoparticles shows a new absorption peak
at 1,640 cm™, which is characteristic of amino group. This suggests that amino
group had also been introduced onto the silica surface in solvent-free dry-system.

The amount of amino group introduced onto silica nanoparticle surface was
controlled by the concentration of y-APS for the treatment of silica nanoparticle. In
our study, silica nanoparticles containing 0.12, 0.19, 0.33, 0.45 and 0.62 mmol g™
of amino group as a “grafting site” were prepared.
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Fig. 2.4 FT-IR spectra of (A) y-APS-treated silica nanoparticle, (B) hyperbranched
poly(amidoamine)-grafted silica nanoparticle with repeated reaction cycles of three times (grafting
= 38.3%), and (C) hyperbranched poly(amidoamine)-grafted silica nanoparticle with repeated
reaction cycles of six times (grafting = 129.4%)

2.3.2.3 Grafting of Hyperbranched Poly(Amidoamine)
onto Silica Nanoparticle Surface

The treatment of silica nanoparticles having amino group with MA and EDA in sol-
vent-free dry-system was repeated n-times to obtain poly(amidoamine)-grafted silica
nanoparticles as shown in Scheme 2.1. It is considered that poly(amidoamine) is
grown from surface amino group and grafted onto silica nanoparticle surface [31].

Table 2.1 shows the amino group content of silica nanoparticle and the percentage
of poly(amidoamine) grafting onto silica nanoparticle surface (wt% of grafted polymer
on silica) after the grafting reaction. The amino group content and percentage of
poly(amidoamine) grafting of the resulting silica nanoparticle increased with increasing
repeated reaction cycles. On the other hand, when untreated silica nanoparticle was
used, no increase of surface amino group and no grafting of poly(amidoamine) onto
the surface was observed even with repeated reaction cycles of eight times.

During the grafting reaction, the formation of small amount of ungrafted poly-
mer was observed: methanol soluble part (major product) was hyperbranched
poly(amidoamine) and THF soluble part (minor product) was a mixture of polyMA
and unknown viscous materials. This indicates that the removal of unreacted mono-
mer in each step was incomplete because of strong adsorption of monomers on the
silica nanoparticle surface.
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Table 2.1 Grafting of hyperbranched poly(amidoamine) onto silica nanoparticle surface
in solvent-free dry-system®

Amino group content

Cycles of (mmol g") Grafting (%)
repeated

reactions Experimental Calculated Experimental Calculated R®
Two times 1.7 1.3 14.5 22.6 0.64
Four times 4.0 53 69.2 1129 0.61
Six times 7.6 21.1 129.4 474.0 0.27
Eight times 8.8 84.5 141.0 1918.6 0.07

“Amino group content of grafting site, 0.33 mmol g
°R= Experimental value/calculated value

Table 2.2 Elemental analysis of hyperbranched poly(amidoamine)-grafted silica nanoparticle

Cycles of C/N

repeated

reactions C (%) H (%) N (%) Experimental Calculated
Two times 4.7 0.8 2.0 2.7 2.1

Four times 17.9 34 7.7 2.7 2.1

The amino group content of silica nanoparticle and percentage of poly (amidoamine)
grafting, however, were considerably smaller than those of calculated value. The
ratio of experimental value to calculated vale, R, decreased with increasing repeated
reaction cycles. The same tendency was observed in the grafting of poly(amidoamine)
onto silica nanoparticle in methanol solvent system [26-29].

Table 2.2 shows the results of elemental analysis of poly(amidoamine)-grafted
silica nanoparticle with repeated reaction cycles of two and four times. The C/N
ratio of poly(amidoamine)-grafted silica nanoparticles was considerably larger than
the theoretical C/N ratio of ideal poly(amidoamine). This suggests the incomplete
amidation of terminal methyl ester group of poly(amidoamine).

Figure 2.4b, ¢ also shows FT-IRspectra of poly(amidoamine)-grafted silica nano-
particle with repeated reaction cycles of three and six times. The absorption at 1,655
cm™!, which is characteristic of amide group, increased with increasing repeated reaction
cycles. The absorption (shoulder) at 1,715 cm™ suggests the presence of ester bonds,
indicating the incomplete amidation of terminal methyl ester groups with EDA.

Figure 2.5 shows FT-IR spectra of poly(amidoamine)-grafted silica nanoparticles
obtained in solvent-free dry-system and in methanol solvent system [31]. The intensity
of ester bond in solvent-free dry-system is weaker than that in methanol solvent
system. This indicates that the amidation of terminal methyl ester group proceeded
more effectively in the solvent-free dry-system.

On the basis of the above results, it is concluded that theoretical propagation of
poly(amidoamine) from silica nanoparticle surface was hardly achieved and hyper-
branched poly(amidoamine) was grafted onto the surface as schematically shown
in Fig. 2.6b.
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Fig. 2.5 FT-IR spectra of hyperbranched poly(amidoamine)-grafted silica nanoparticle with

repeated reaction cycles of six times (A) in solvent-free dry-system (grafting = 129.4%) and (B)
in methanol solvent system (grafting = 71.9%)
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Fig. 2.6 Illustration of (a) theoretical poly(amidoamine) dendron-grafted silica nanoparticle and
(b) hyperbranched poly(amidoamine)-grafted silica nanoparticle obtained from solvent-free dry-
system
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This may be due to the fact that (1) complete Michael addition and the amidation
with surface amino and ester group hardly proceed because of aggregation of silica
nanoparticles and (2) the grafted chains on the silica surface interfere with the
propagation of dendron from the surface because of steric hindrances [26-29]

2.3.2.4 Effects of Polar Solvents on the Grafting of
Hyperbranched Poly(Amidoamine) onto Silica Nanoparticle

In general, preparation of poly(amidoamine) dendrimer is achieved by an exhaus-
tive Michael addition of amines to MA in a polar solvent such as methanol [24, 25].
Therefore, the effects of methanol and water on the Michael addition of surface
amino groups to MA were examined. The Michael addition was conducted by
spraying MA containing 25% of methanol or saturated aqueous solution of MA.
The results are shown in Fig. 2.7.

It was found that the percentage of surface amino groups, which reacted with
MA after the first Michael addition, was scarcely affected by the presence of polar
solvents. The results indicate that about 75% of amino groups reacted with MA and
poly(amidoamine) growths from amino group on silica nanoparticle surface even in
the absence of methanol (solvent-free dry-system). Therefore, it seems that silanol
groups on silica nanoparticle surface accelerates Michael addition of amino groups
to MA.

100
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reacted with MA (%)

40 |
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o0 L e Addition of H,O
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Fig. 2.7 Effects of methanol and water on the first Michael addition of surface amino groups
with MA
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2.3.2.5 Effects of Reaction Conditions on the Grafting
of Hyperbranched Poly(Amidoamine)

The effects of reaction time and temperature on the grafting of hyperbranched
poly(amidoamine) onto silica nanoparticle were investigated. The results are shown in
Table 2.3. As shown in Table 2.3, the percentage of grafting increased with increase in
reaction time, but the amount of ungrafted polymer also increased. This indicates that
the formation of ungrafted polymer was accelerated because of thermal polymerization
of MA during the prolonged reaction time. On the other hand, the grafting of
poly(amidoamine) onto silica nanoparticle surface decreased at higher temperature.

2.3.2.6 Effect of Surface Amino Group Content on the Grafting
of Hyperbranched Poly(Amidoamine) onto Silica Nanoparticle

Table 2.4 shows the effect of amino group content on the grafting of the hyper-
branched poly(amidoamine) onto silica nanoparticle surface. It was found that the
percentage of grafting with repeated reaction cycles of two times increased with
increase in the initial amino group content on the surface. However, R (ratio of
experimental value to theoretical value) decreased with increase in amino group
content on the surface as grafting site.

Table 2.3 Effect of reaction conditions on the grafting of hyper-
branched poly(amidoamine) onto silica nanoparticle surface?

Temperature Ungrafted polymer
(°C) Time (h) Grafting (%) (%)
50 9 383 7.3
50 21 69.2 15.8
50 45 73.0 27.0
70 21 56.7 9.1

‘nitial amino group content of silica, 0.33 mmol g'. Repeated
reaction cycles is four times

Table 2.4 Effect of amino group content of grafting site on silica nan-
oparticle on the poly(amidoamine) grafting in solvent-free dry-system

Amino group content

(mmol g) Grafting (%)* R®

0.12 7.2 0.88
0.19 9.6 0.74
0.33 14.5 0.64
0.45 19.8 0.64
0.62 232 0.55

*After repeated reaction cycles of two times
°R= Experimental value/calculated value
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This may be due to the fact that the steric hindrance to surface amino groups
increased with increase in the density of surface amino groups [26].

2.3.3 Radical Grafting of Vinyl Polymers onto
Silica Nanoparticle Initiated by Initiating
Groups on the Surface

We have reported that the radical polymerizations of vinyl monomers are initiated
by azo groups and peroxyester groups introduced onto nanoparticles, such as car-
bon black and silica [4-7, 32, 33]. In the polymerization, it was confirmed that the
grafted polymer chains propagated from the surface radicals formed by the thermal
decomposition of azo and peroxyester groups introduced onto the surface in organic
solvents.

Therefore, we designed the radical graft polymerization of vinyl monomers onto
silica nanoparticle surface initiated by azo and peroxycarbonate groups in solvent-
free dry-system [34].

2.3.3.1 Experimental Methods

Introduction of Azo Groups onto Silica Nanoparticle

The introduction of azo groups onto silica nanoparticle surface was achieved by the
reaction of surface amino groups with 4,4’-azobis(4-cyanopentanoic chloride)

(ACPC) in the presence of pyridine as shown in Scheme 2.2 [5]. A typical experiment
is as follows. Into a 500-mL Erlenmeyer flask, 9.6 g of Silica-NH,, 500 mL of THF,

? CHy CHy O
O—R-NHQ + CIC-(CHy)2-C-N=N C~(CHp),-CCl
CN CN
Silica-NH, ACPC
o Chs. CHs
— O—H»—NH—C-(CH2)2~C-N=N C-(CH,),COOH
CN CN
Silica-Azo
CH2=(}71|" (I? c[:|-|3 _
TOCH-QR—NH—C-(CHQ)E—Q—(CHQ-(I:H)H-CHQ-(I:H
CN R' R'

Scheme 2.2 Introduction of azo groups onto silica nanoparticle surface and radical graft
polymerization of vinyl monomers initiated by surface azo groups
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1.0 g of ACPC, and 1.0 mL of pyridine were charged. The reaction mixture was
stirred for 24 h with a magnetic stirrer at room temperature under dry nitrogen.
After the reaction, the resulting silica was repeatedly washed with THF and water.
The treated silica was stored in the dark below —5°C. The silica having azo groups
is abbreviated as Silica-Azo.

Introduction of Peroxycarbonate Groups onto Silica Nanoparticle
Surface by Michael Addition in Solvent-Free Dry-System

The introduction of peroxycarbonate groups onto silica nanoparticle surface was
achieved by Michael addition of #-butylperoxy-2-methacryloyloxyethylcarbonate
(MEC) to amino groups on the silica surface in solvent-free dry-system as shown in
Scheme 2.3 [33]. Into a 200-mL four-necked flask (shown in Fig. 2.3) containing 8.8
g of Silica-NH,, 2.5 g of MEC was sprayed and the silica was stirred at 120 rpm at
30°C under argon gas. After the reaction, unreacted MEC was removed under high
vacuum. The silica nanoparticle having peroxycarbonate groups(abbreviated as Silica-
POC ) was thus obtained.

2.3.3.2 Grafting of Copolymer Having Pendant
Peroxycarbonate Groups onto Silica Nanoparticle
Surface in Solvent-Free Dry-System

The grafting of copolymer having pendant peroxycarbonate groups onto the silica
nanoparticle surface was achieved by the copolymerization of styrene (St) with #-
butylperoxyallylcarbonate (AC) initiated by azo groups on the silica nanoparticle
surface as shown in Scheme 2.4 [32]. Into a 200-mL four-necked flask (shown in
Fig. 2.3) containing 8.8 g of Silica-Azo, the mixture of monomers (St: AC =

CHa
]
OFI—NH2 + CH,=C-G-0-CH,-CHy0-C-00-1Bu
o o
Silica-NH, MEC
GHa
O—H-NH-CHQ-CH-C-O-CHQ-CHQ—O-C—OO-tBu
70°C & &
Silica-POC
Gtig(l] CHa
R , :
()R- NH-CH,CHG-0-CH;CH, O+(CH,GH)CHy CH
100 °C S R R

Scheme 2.3 Introduction of peroxycarbonate groups onto silica nanoparticle surface by Michael
addition of MEC and radical graft polymerization of vinyl monomers initiated by surface peroxy-
carbonate groups
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Scheme 2.4 Grafting of copolymers having pendant peroxycarbonate groups onto silica nano-
particle surface and postgrafting of vinyl monomers onto the surface

0.013:0.013 mol) was sprayed and the silica was stirred at 120 rpm at 70°C
under argon gas. After the reaction, unreacted monomers were removed under high
vacuum. The poly(St-co-AC)-grafted silica having pendant peroxycarbonate
groups (abbreviated as Silica-poly(St-co-AC)) was obtained.

Radical Graft Polymerization of Vinyl Monomers onto Silica Nanoparticle
Initiated by Initiating Groups in Solvent-Free Dry-System

The radical graft polymerization of vinyl monomers onto the silica nanoparticle
surface initiated by initiating groups on the surface in solvent-free dry-system was
carried out as follows. Into a 200-mL four-necked flask (shown in Fig. 2.3) containing
8.8 g of silica having radical initiating groups (Silica-Azo, Silica-POC, and Silica-
poly(St-co-AC)), 0.025 mol of vinyl monomer was sprayed and the silica was
stirred at 120 rpm at 75°C under argon gas. After the reaction, unreacted monomers
were removed under high vacuum.

2.3.3.3 Radical Grafting of Vinyl Monomers Initiated by Silica-Azo

The radical graft polymerization of St and methyl methacrylate(MMA), initiated by
azo groups introduced onto the silica nanoparticle surface, in solvent-free dry-system
was investigated. The results are shown in Table 2.5. In the presence of untreated
silica nanoparticle and Silica-NH,, polySt and polyMMA were scarcely grafted
onto the surface.
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Table 2.5 Graft polymerization of vinyl monomers initiated by azo groups
introduced onto silica nanoparticle surface in solvent-free dry-system?

Styrene MMA
Grafting Grafting
Grafting efficiency Grafting efficiency

Silica Time (h) (%) (%) (%) (%)
Untreated 4 trace - trace -

Silica-NH2 4 trace - trace -

Silica-Azo 1 8.5 36.0 6.0 92.3
Silica-Azo 2 11.5 55.0 6.8 98.6
Silica-Azo 3 11.6 48.5 6.6 93.0
Silica-Azo 4 11.5 50.2 7.0 77.8

aSilica-Azo, 8.8 g; monomer, 0.025 mol; temperature, 75°C

On the contrary, it was found that the radical graft polymerizations of St and
MMA were successfully initiated by azo groups introduced onto the silica surface
in solvent-free dry-system. The polySt and polyMMA grafting reached 11.5% and
7.0%, respectively, at 75°C after 4 h, but no longer increased after 2 h.

Figure 2.8 shows DSC curves of (A) untreated silica nanoparticle, (B) Silica-
Azo, (C) 4,4’-azobis(4-cyanopentanoic acid) (ACPA), and (D) polySt-grafted silica
nanoparticle. As shown in Fig. 2.8(D), polySt-grafted silica nanoparticle shows no
exothermic peak, indicating almost complete decomposition of azo groups during
the polymerization.

Figure 2.9 shows FT-IR spectra of (A) Silica-NH, and (B) polyMMA-grafted
silica nanoparticle. The FT-IR spectra of polyMMA-grafted silica nanoparticles
show new absorptions at 1,736 and 1,454 cm™', which are characteristic absorption
of polyMMA.

Figure 2.10 shows GC-MS of thermally decomposed gas of polySt-grafted silica
nanoparticle. Gas chromatogram (GC) of decomposed gas was in agreement with
that of polySt. Mass spectrum of the decomposed gas at retention time 2.0 min was
also in agreement with that of polySt. The results also show that polySt was grafted
onto silica nanoparticle surface.

In the previous paper, we have reported that the grafting efficiency (percentage of
grafted polymer in the total polymer formed) in the graft polymerization initiated by
azo groups on nanoparticle surfaces is about 50% at the initial stage of the polymeri-
zation, but immediately decreases to a small percentage at the middle and last stages
of the polymerization [4—7]. This indicates that both surface radicals on the nanoparticle
surface and fragment radicals formed by the thermal decomposition of azo groups
on the surface initiate the polymerization: the surface radicals produce grafted polymer,
but the fragment radicals produce ungrafted polymer as shown in Scheme 2.5. It is
considered that at the last stage of the graft polymerization, the latter reaction
preferentially proceeds which decreases the grafting efficiency.
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Fig. 2.8 DSC curves of (A) untreated silica nanopar-
ticle, (B) ACPA-immobilized silica nanoparticle
(Silica-Azo), (C) ACPA, and (D) ACPA-immobilized
silica nanoparticle after the graft polymerization

Fig. 2.9 FT-IR spectra of (A) untreated
silica nanoparticle and (B) polyMMA-
grafted silica nanoparticle
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It is interesting to note that the grafting efficiency of polySt and polyMMA was
extremely high in solvent-free dry system, 90-95%, as shown in Table 2.5, indicating
depression in the formation of ungrafted polymer by the fragment radicals. This may be
due to the fact that the graft polymerization proceeds on the silica nanoparticle surface.
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Fig. 2.10 GC-MS spectra (thermal decomposition) of (a) polySt and (b) polySt-grafted silica
nanoparticle
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Scheme 2.5 Grafting of polymers from surface radicals and formation of ungrafted polymer dur-
ing polymerization initiated by surface azo groups on silica nanoparticle

On the basis of the above result, it is concluded that the radical graft polymerizations
of St and MMA were initiated by the surface radicals formed by the decomposition
of azo groups on the surface in the solvent-free dry system.

2.3.3.4 Grafting of Copolymer Having Pendant Peroxycarbonate Groups
onto Silica Nanoparticle Surface

The grafting of copolymers having pendant peroxycarbonate groups onto the silica
nanoparticle surface was achieved by the copolymerization of St with AC initiated
by azo groups introduced onto the surface in solvent-free dry-system. The results
are shown in Table 2.6. It was found that the copolymerization of St with AC was
initiated by azo groups on the silica surface and poly(St-co-AC) having pendant
peroxycarbonate groups was grafted onto the silica surface. The grafting efficiency
was also very high and the formation of ungrafted polymer was depressed in solvent-free
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dry-system. The AC content of the grafted copolymer was estimated to be 45 mol%
from peroxycarbonate group content.

2.3.3.5 Postpolymerization of Vinyl Monomers
Initiated by Poly(St-co-AC)-Grafted Silica
Nanoparticle in Solvent-Free Dry-System

The radical postgraft polymerization of St and MMA initiated by pendant peroxy-
carbonate groups of grafted poly(St-co-AC) on the silica nanoparticle surface was
investigated. The results are shown in Table 2.7. In the presence of untreated silica
nanoparticle and Silica-NH,, no polymerization of vinyl monomers was initiated.
On the contrary, the postpolymerization of vinyl monomers was successfully initiated
by pendant peroxycarbonate groups of grafted poly(St-co-AC) chain on the silica
nanoparticle surface in the solvent-free dry-system.

The percentage of polySt and polyMMA postgrafting onto the silica nanoparticle
was determined to be 15.8 and 7.5%, respectively. On the basis of the above result,
it is concluded that the radical postgraft polymerizations of St and MMA was
initiated by radicals on grafted poly(St-co-AC) chains by the thermal decomposi-
tion of pendant peroxycarbonate groups to give branched polymer-grafted silica
nanoparticle. It became apparent that in the postpolymerization, the grafting efficiency
was also high.

2.3.3.6 Introduction of Peroxycarbonate Groups
onto Silica Nanoparticle by Michael Addition of MEC

The introduction of peroxycarbonate groups onto the silica nanoparticle surface by
Michael addition of amino groups introduced onto the silica surface to t-butylp-
eroxy-2-methacryloyloxyethylcarbonate (MEC) was investigated (Scheme 2.3).
The results are shown in Table 2.8. It was found that the peroxycarbonate groups
were successfully introduced onto the silica nanoparticle surface by the Michael
addition of amino groups on the surface to MEC in the solvent-free dry-system: the
peroxycarbonate group content of the silica nanoparticle reached 0.23 mmol g.
This indicates that about 70% of amino groups introduced onto silica nanoparticle
surface reacted with MEC.

Table 2.6 Grafting of poly(AC-co-St) onto silica nanoparticle surface in solvent-free dry-system?

Time (h) Grafting (%) Grafting efficiency (%)
0.5 4.8 72.7
1 5.0 76.9
2 5.1 87.9

aSilica-Azo, 8.8 g; AC = St = 0.013 mol; temperature, 70°C
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Table 2.7 Postgraft polymerization of St and MMA initiated by
poly(St-co-AC)-grafted silica nanoparticle in solvent-free dry-system®

Grafting efficiency

Monomer Time (h) Grafting (%) (%)
Styrene 0.5 10.1 74.8
Styrene 1 13.1 64.5
Styrene 2 15.8 67.2
MMA 2 7.5 74.5

“Poly(St-co-AC)-grafted silica, 8.8 g, vinyl monomer, 0.025 mol; tem-
perature, 100°C

Table 2.8 Introduction of peroxycarbonate groups onto the silica nanopar-
ticle surface by Michael addition of MEC in solvent-free dry-system

Time (h) Peroxycarbonate group (mmol g')*  R®

6 0.25 0.76
24 0.21 0.64
48 0.23 0.70

*Silica-NH,, 8.8 g; MEC, 0.022 mol; temperature, 30°C
’Ratio of amino groups that reacted with MEC

2.3.3.7 Graft Polymerization of Vinyl Monomers
Initiated by Peroxycarbonate Groups Introduced
onto Silica Nanoparticle by Michael Addition of MEC

The radical graft polymerization of vinyl monomers initiated by peroxycarbonate
groups introduced onto the silica nanoparticle surface using MEC in solvent-free dry-
system was investigated. The results are shown in Table 2.9. In the presence of
untreated silica nanoparticle and Silica-NH,, vinyl polymer was scarcely grafted onto
the surface. On the contrary, it was found that the radical graft polymerization of St
and MMA was successfully initiated by peroxycarbonate groups introduced onto the
silica nanoparticle surface in solvent-free dry-system. The percentage of grafting of
polySt and polyMMA onto the silica nanoparticle was determined to be 32.7 and
17.4%, respectively. The grafting efficiency was also found to be very high.

On the basis of the above result, it is concluded that the radical graft polymerization
of vinyl monomers was initiated by the surface radicals formed by the decomposition
of peroxycarbonate groups on silica nanoparticle surface.

2.3.4 Cationic Grafting of Polymers onto Silica
Nanoparticles in Solvent-Free Dry-System

We have reported that silica nanoparticles having chloromethyl groups have the
ability to initiate the cationic ring-opening polymerization of 2-methyl-2-oxazoline
(MeOZO) to give the corresponding polymer-grafted silica nanoparticles [35].
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Table 2.9 Graft polymerization of vinyl monomers initiated by peroxycarbonate
groups introduced onto the silica nanoparticle surface in solvent-free dry-system?*

Grafting efficiency

Monomer Time (h) Grafting (%) (%)
Styrene 0.5 33.8 85.8
Styrene 1 31.0 91.1
Styrene 2 32.7 95.6
MMA 2 17.4 79.2

*Silica-POC, 8.8 g, vinyl monomer, 0.025 mol; temperature, 100°C

It is well known that p-toluensulfonyl and methyl iodide are able to initiate the
polymerization of 2-methyl-2-oxazoline (MeOZO) [36, 37]. Therefore, we designed
the graft polymerization onto silica nanoparticle surface by cationic ring-opening
polymerization of MeOZO initiated by silica nanoparticle having methylsulfonyl
groups and 3-iodopropyl groupsand carried out in solvent-free dry-system [38]. It
is considered that polyMeOZO is grown from methoxysulfonyl and iodopropyl
groups on silica nanoparticle surface to give the corresponding polymer grafted
silica (Scheme 2.6).

2.3.4.1 Experimental Methods

Introduction of Methoxysulfonyl and 3-Iodoropyl Groups onto Silica
Nanoparticle in Solvent-Free Dry System

The introduction of methoxysulfonyl and 3-iodopropyl groups onto silica nanoparticle
surface was achieved by the treatment of surface silanol groups with 2-(4-methox-
ysulfonylphenyl)ethyltrimethoxysilane and 3-iodopropyltrimethoxysilane, respectively,
in solvent-free dry-system [38].

These treatments were achieved in solvent-free dry-system by the same manner
as mentioned above (2.3.2.1). The resulting silica nanoparticles having methox-
ysulfonyl and 3-iodopropyl groups are abbreviated as Silica-SO,0Me and Silica~(CH,),1,
respectively.

Cationic Ring-Opening Graft Polymerization in Solvent-Free Dry-System

Cationic ring-opening graft polymerization of MeOZO onto silica nanoparticle surface
initiated by Silica-SO,0Me and Silica~(CH,),I in solvent-free dry-system was
achieved as follows. Into a 200-mL three-necked flask (shown in Fig. 2.3) containing
4.0 g of Silica-SO,0Me (Silica~(CH,),I), MeOZO was sprayed and the silica nano-
particle was stirred at 100 rpm at 110°C (boiling point of MeOZO) under argon gas.
After the reaction, unreacted MeOZO was removed under high vacuum.
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Scheme 2.6 Cationic ring-opening graft polymerization of MeOZO initiated by methylsulfonyl
groups and 3-iodopropyl groups on silica nanoparticle surface

2.3.4.2 Cationic Ring-Opening Graft Polymerization of MeOZO
onto Silica Nanoparticle in Solvent-Free Dry-System

Table 2.10 shows the result of the cationic ring-opening graft polymerization of
MeOZO in the presence of Silica-SO,0Me and Silica~(CH,),I in solvent-free dry-
system. It was found that Silica-SO, OMe and Silica~(CH,), I were able to initiate
the cationic ring-opening polymerlzatlon of MeOZO to give polyMeOZO-grafted
silica nanoparticle. PolyMeOZO grafting onto silica nanoparticle surface initiated
by 3-iodopropyl group increased to nearly 100% by increasing the MeOZO mono-
mer concentration.

This may be due to the fact that in solvent-free dry-system, the polymerization
occurs on silica nanoparticle surface. Consequently, the monomer concentration of
silica surface became very high in solvent-free dry-system.

On the other hand, the percentage of grafting efficiency decreased with increase
in the amount of MeOZO. The results suggest that chain transfer reaction increased
with increase in MeOZO monomer concentration.

Figure 2.11 shows FT-IR spectrum of untreated silica nanoparticle, polyMeOZO-
grafted silica nanoparticle, and polyMeOZO. The FT-IR spectra of polyMeOZO-
grafted silica show new absorptions at 1,630 cm™, 2,860 cm™ and 2,930 cm™'. The
absorptions at 2,860 cm™ and 2,930 cm™ are characteristic of methylene group of
polyMeOZO. The absorption at 1,630 cm™ is characteristic of C = O bond of
polyMeOZO. These results also suggest that polyMeOZO had been grafted onto
silica nanoparticle surface.

The polymerization of MeOZO onto silica surface in solvent-free dry-system
was compared with that in solution. The results are shown in Table 2.11. As shown
in Table 2.11, the conversion, grafting, and grafting efficiency in solvent-free dry-
system were larger than those in solution. In addition, the grafting efficiency in
solvent-free dry-system did not decrease with the progress of polymerization. The
result suggests that in solvent-free dry-system, chain transfer reaction was
depressed, because the polymerization occurs on silica nanoparticle surface.
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Table 2.10 Graft polymerization of MeOZO onto silica nanoparticle surface initi-
ated by methoxysulfonyl group and 3-iodopropyl group in solvent-free dry-system

Conversion Grafting

Silica MeOZO (g) (%) (%) Grafting efficiency (%)
Silica® 1.8 0 - -
Silica-R- 7.2 90.3 23.3 14.6
SO,0Me®
Silica-R-(CH,)),I* 1.8 48.3 17.4 40.0
Silica-R-(CH,),I* 3.2 87.8 47.7 26.5
Silica-R-(CH)).I° 5.4 99.0 443 19.2

*Silica, 2.0 g; 24 h; 110°C
*Silica-R-SO,0Me, 4.0 g; 24 h; 110°C
<Silica-R-(CH,),I, 2.0 g; 24 h; 110°C

Fig. 2.11 FT-IR spectra of !
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2.3.5 Cationic Grafting of Polymers onto

Carbon Black Surface Initiated by Carboxyl
Groups in Solvent-Free Dry-System

We pointed out that carboxyl groups of carbon black surface have the ability to initi-
ate the cationic ring-opening polymerization of MeOZO [39] and the cationic
polymerization of vinyl monomers, such as isobutyl vinyl ether and N-vinyl-
2-pyrrolidone (NVPD) [40—42]. In the cationic polymerization, the corresponding
polymers were grafted onto carbon black depending on the termination of growing
polymer cation with carboxylate groups of the surface as shown in Scheme 2.7.
Therefore, we designed the cationic grafting of polymers onto carbon black surface
initiated by carboxyl groups in solvent-free dry-system [43].
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2.3.5.1 Experimental Procedure

Cationic Ring-Opening Polymerization of MeOZO
Initiated by Carboxyl Groups on Carbon Black

Cationic ring-opening graft polymerization of MeOZO onto carbon black surface
initiated by carboxyl groups in solvent-free dry-system was achieved as follows.
Into a 200-mL four-necked flask (shown in Fig. 2.3) containing 4.0 g of carbon
black, MeOZO was sprayed and the carbon black was stirred at 100 rpm at 110°C
(boiling point of MeOZO) under argon gas. After the reaction, unreacted MeOZO
was removed under high vacuum.

Cationic Polymerization of NVPD Initiated
by Carboxyl Groups on Carbon Black

Cationic graft polymerization of NVPD onto carbon black surface initiated by car-
boxyl groups in solvent-free dry-system was achieved as follows. Into a 200-mL
four-necked flask (shown in Fig. 2.3) containing 4.0 g of carbon black, NVPD was
sprayed and the carbon black was stirred at 100 rpm at 110°C under argon gas.
After the reaction, unreacted NVPD was removed under high vacuum.

Table 2.11 Graft polymerization of MeOZO onto silica nanoparticle surface
initiated by 3-iodopropyl group in solution and solvent-free dry-system

Conversion Grafting Grafting effi-

System Time (h) (%) (%) ciency (%)
Solvent-free dry-system* 2 99.8 44.0 22.0
Solvent-free dry-system* 6 94.0 44.5 26.2
Solution® 2 0.53 9.7 25.0
Solution® 6 2.1 8.6 6.4

*Silica-R-(CH,) I, 4.0 g; MeOZO, 7.2 g; 110°C
*Silica-R-(CH,),1, 0.2 g; MeOZO, 16 g; 110°C

(n+1) r,'NL
0

CH3 =
O—COOT[\I—(CHQ—CHZ—I‘TJ}H—H
@0
O_‘ CH3 CHS—C=O
Q-COOH — n CHp=CH

CB-COOH

LW
Y oot
Q-COO CH-CH,~(CH-CHy),-H
Scheme 2.7 Cationic graft polymerization of MeOZO and NVPD initiated by carboxyl groups
on carbon black surface
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2.3.5.2 Cationic Ring-Opening Polymerization
of MeOZO Initiated by Carbon Black
Surface in Solvent-Free Dry-System

MeOZO was sprayed onto carbon black and the reaction was conducted in solvent-free
dry-system to obtain polyMeOZO-grafted carbon black.

The conversion, grafting, and grafting efficiency of polyMeOZO onto carbon
black are shown in Table 2.12. It was found that the cationic ring-opening polym-
erization of MeOZO was successfully initiated by carboxyl groups on carbon black
surface.

The percentage of grafting reached was 53.8%. The percentage of grafting
efficiency increased to 77.3% by increasing the MeOZO monomer concentration.
The conversion, grafting, and grafting efficiency in solvent-free dry-system were
much larger than those in solution [39]. In addition, the grafting efficiency in solvent-
free dry-system did not decrease with the progress of polymerization.

The result suggests that in solvent-free dry-system, chain transfer reaction was
depressed, because the polymerization occurs on carbon black surface.

The FT-IR spectra of polyMeOZO-grafted carbon black show new absorptions
at 1,630 cm™, 418 cm™, 470 cm™!, and 592 cm™.. These absorptions are characteristic
of polyMeOZO. These results suggest that polyMeOZO had been grafted onto
carbon black surface.

2.3.5.3 Cationic Polymerization of NVPD Initiated
by Carbon Black Surface in Solvent-Free Dry-System

It has been reported that the cationic polymerization of NVPD is successfully initiated
by carboxyl groups on carbon black surface [40—42]. Therefore, the cationic
polymerization of NMVD initiated by carboxyl groups on carbon black surface was
carried out in solvent-free dry-system as shown in Scheme 2.7.

The conversion, grafting and grafting efficiency of poly NVPD onto carbon
black are shown in Table 2.13. It was found that the cationic polymerization of
NVPD was successfully initiated by carboxyl groups on carbon black surface to
give poly(NVPD)-grafted carbon black. The percentage of grafting reached was
27.7%.

Table 2.12 Graft polymerization of MeOZO onto carbon black
surface initiated by carboxyl groups in solvent-free dry-system?

Conversion Grafting efficiency
MeOZO (g) (%) Grafting (%) (%)
1.8 86.4 25.0 66.7
3.6 79.2 29.9 412
72 38.6 53.8 77.3

*Carbon black, 4.0 g; 110°C; 24 h
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Table 2.13 Cationic graft polymerization of NVPD initi-
ated by carbon black surface in solvent-free dry-system?

Conversion Grafting effi-
NVPD (g) (%) Grafting (%) ciency (%)
1.8 28.3 8.0 60.8
3.6 47.5 24.1 56.1
7.2 56.3 27.7 27.1

*Carbon black, 4.0 g; 110°C; 24 h

2.4 Radical Grafting of Vinyl Polymers in Ionic Liquid

Recently, organic synthesis and polymerization in ionic liquid (IL) as a reaction
solvent has been reported. Ionic liquids are nonvolatile, nonflammable, and thermally
stable solvents. These properties are promising replacements for the traditional
volatile organic solvents. Therefore, the number of studies on ionic liquids as
organic synthesis and polymerization media has increased markedly [44—-46].

For example, the polymerization of vinyl monomers initiated by benzoyl peroxide
(BPO) and 2,2’-azobisisobutyronitrile (AIBN) in ionic liquid has been reported
[44—47]. The rate of the radical polymerization and molecular weight of polymer
in ionic liquid were much larger than those in benzene [47].

In addition, Carmichael et al. have used 1-butyl-3-methylimidazolium
hexafluorophosphate, an air and water-stable ionic liquid, as solvent for the Cu'-N-
propyl-2-pyridylmethanimine mediated “living” radical polymerization of MMA
[48]. They found that the rate of polymerization enhanced in comparison to other
polar/coordinating solvents. Moreover, the polymerization product was made copper-
free by a simple solvent wash, which avoids contamination of the polymer product
by the catalyst [48]. Other atom-transfer radical polymerizations in ionic liquids
have recently been reported [49, 50].

2.4.1 What is the Advantage of Grafting in Ionic Liquid?

Figure 2.12 shows the comparison of procedures of graft polymerization onto nano-
particles in conventional organic solvents with those in ionic liquids. In organic
solvent system, the purification and isolation of resulting silica was achieved by
cumbersome procedures, such as filtration and centrifugation as mentioned above.
Therefore, the scale-up synthesis of polymer-grafted silica was hardly achieved and
large quantities of solvent were wasted.

On the contrary, in ionic liquids the isolation and purification were easily
achieved, because untreated monomer can be removed under high vacuum, the
medium being a solvent-free dry-system as well. Therefore, it is expected that we
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Fig. 2.12 Graft polymerization in solvent system vs. in ionic liquid

can achieve scale-up synthesis of polymer-grafted nanoparticles by the use of ionic
liquid as solvent.

2.4.2 Grafting of Vinyl Polymers onto Carbon Black
by “Grafting onto” Method in Ionic Liquid

As mentioned above, we have reported that the radical polymerization of vinyl
monomers, initiated by BPO and AIBN, was remarkably retarded in the presence
of carbon black and during the polymerization, a part of the polymer formed was
grafted onto the surface based on the termination (trapping) of growing polymer
radical by carbon black [51, 52]. That is, it is considered that competitive reactions
of initiator radicals and growing polymer radicals onto the surface proceed during
the polymerization (Scheme 2.8). Therefore, the effect of 1-butyl-3-methylimodazo-
lium hexafluorophosphate as ionic liquid on the radical polymerization in the presence
of carbon black was investigated [53].

2.4.2.1 Experimental Procedures

The radical graft polymerization of vinyl monomers initiated by benzoyl peroxide
(BPO) and 2,2"-azobisisobutylronitrile (AIBN) in the presence of carbon black was
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Scheme 2.8 Competitive reactions of polymer radical and fragment radical to carbon black sur-
face

carried out in a sealed tube under high vacuum [4-7]. A typical example was as
follows. Into a polymerization tube, 0.10 g of carbon black, 5.0 ml of vinyl mono-
mer, 10.0 ml of solvent, 0.10 g of BPO (AIBN) and a stirrer bar were charged. The
mixture was frozen in a liquid nitrogen bath, degassed with a vacuum pump and
then thawed. After this operation was repeated three times, the tube was sealed
under vacuum. The sealed tube was heated with stirring. After the graft polymeriza-
tion, small amount of methanol was added into the reaction mixture in order to
terminate the polymerization.

2.4.2.2 Radical Graft Polymerization of Vinyl Monomers
Initiated by BPO in the Presence of Carbon Black

Figures 2.13 and 2.14 show effect of ionic liquid on the radical polymerization of
St and MMA, respectively, initiated by BPO in the presence of carbon black. It was
found that when toluene was used as solvent, the polymerization was remarkably
retarded. It is interesting to note that the retardation of polymerization observed in
the presence of carbon black almost disappeared in the initial stage of the polymeri-
zation in ionic liquid.

Figures 2.15 and 2.16 show the relationship between the reaction time and per-
centage of polySt and polyMMA grafting, respectively, onto carbon black surface.
In toluene, the grafting of polySt onto the carbon black surface was less than 1%.
On the contrary, in ionic liquid, the percentage of polySt grafting increased with
increasing reaction time and reached 4%.

On the other hand, effective grafting of polyMMA onto carbon black was
achieved in ionic liquid: the percentage of grafting reached 35% after 30 h.
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Fig. 2.13 Effect of ionic solvent on
the polymerization of St initiated by
BPO in the presence of carbon black:
Carbon black, 0.10 g; BPO, 0.10 g;
St, 5.0 mL; solvent, 10.0 mL; 60°C

Fig. 2.14 Effect of ionic liquid on
the polymerization of MMA initiated
by BPO in the presence of carbon
black: Carbon black, 0.10 g; BPO,
0.10 g; MMA, 5.0 mL; solvent, 10.0
mL; 60°C
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Figure 2.17 shows relationship between conversion and grafting efficiency in
the polymerization shown in Fig. 2.13. It is interesting to note that the grafting
efficiency in ionic liquid was larger than that in toluene. It was found that the grafting
efficiency in ionic liquid also remarkably decreased with increasing conversion as

well as in toluene.

The grafting of polySt and polyMMA onto carbon black surface was confirmed
by FT-IR and thermal decomposition GC-MS. These results may be explained as
follows. In toluene, the initiating radicals (benzoyloxy radicals) were preferentially
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trapped by carbon black surface and the polymerization is retarded. During the
polymerization, a part of growing polySt radicals was trapped by carbon black
surface; the percentage of grafting was very small. This indicates that very low
molecular weight of polySt was grafted onto the surface in toluene.

On the contrary, in ionic liquid growing polySt radicals with relatively high
molecular weight were trapped by carbon black surface to give polySt-grafted car-
bon black, because of stabilization of radicals in ionic liquid (Scheme 2.8).
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2.4.2.3 Radical Graft Polymerization of MMA Initiated
by AIBN in the Presence of Carbon Black

Figure 2.18 shows the results of the radical polymerization of MMA in the presence
of carbon black initiated by AIBN in ionic liquid and toluene. It was found that the
retardation of the radical polymerization of MMA in the presence of carbon black
was also remarkably reduced in ionic liquid. The polymerization behavior of MMA
initiated by AIBN shows almost the same tendency as that initiated by BPO in the
presence of carbon black.

Figure 2.19 shows the relationship between reaction time and percentage of
polyMMA grafting. It was found that the percentage of grafting increased with
increase in reaction time. The percentage of grafting in ionic liquid was also much
larger than that in toluene.

2.4.3 Grafting of Vinyl Polymers onto
Silica Nanoparticles and Carbon Black
by “Grafting from” Method in Ionic Liquid

As mentioned above, the radial graft polymerization of vinyl monomers were initi-
ated by the surface azo groups previously introduced onto silica nanoparticle and
carbon black, and the corresponding polymer-grafted silica nanoparticle and carbon
black can be obtained by “grafting from” method [5, 6]. The effect of ionic liquid
on the radical grafting of vinyl polymers onto silica nanoparticle and carbon black
by “grafting from” method was investigated [54].
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Fig. 2.18 Effect of ionic
liquid on the polymerization
of MMA initiated by AIBN
in the presence of carbon
black: Carbon black, 0.10 g;
AIBN, 0.10 g; MMA, 5.0
mL; solvent, 10.0 mL; 60°C

Fig. 2.19 Relationship between
polyMMA grafting and reaction
time. Polymerization conditions
are given in Fig. 2.18
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The introduction of azo groups onto carbon black surface was achieved by the reaction
of 4,4’-azobis(4-cyanopentanoic acid) (ACPA) with isocyanate groups, which were
introduced by the reaction of carboxyl and phenolic hydroxyl groups on carbon
black surface with toluene-2,4-diisocyanate (TDI) as shown in Scheme 2.9 [4]. Into
a 100-mL flask, 2.0 g of carbon black, 60 mL of dimethyl sulfoxide (DMSO), 0.6
mL of TDI, and a-picoline were charged. The mixture was stirred for 4 h with a
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Scheme 2.9 Introduction of azo groups onto carbon black surface

magnetic stirrer at room temperature under dry nitrogen. After the reaction for 4 h,
the flask was cooled to room temperature. Then 1.0 g of ACPA was added into the
flask and the reaction was continued with stirring for 8 h at 25°C. After the reac-
tion, carbon black was repeatedly washed with methanol and dried in vacuo at room
temperature. The treated carbon black was stored in the dark below —5°C. The
content of azo groups was determined to be 0.11 mmol g by DSC. The resulting
carbon black is abbreviated as CB-Azo.

Radical Graft Polymerization of Vinyl Monomers
Initiated by Azo Groups Introduced onto Silica
Nanoparticle and Carbon Black Surface in Ionic Liquid

The radical graft polymerization of vinyl monomers initiated by azo groups introduced
onto silica nanoparticle and carbon black in ionic liquid were carried out in a sealed
tube under vacuum. A typical experiment is as follows. Into a polymerization tube,
0.20 g of Silica-Azo (0.15 g of CB-Azo0), 5.0-10.0 mL of vinyl monomer, 5.0-10.0 mL
of solvents, and a stirrer bar magnet were charged. The mixture was frozen in a
liquid nitrogen bath, degassed with a vacuum pump and then thawed. After this,
operation was repeated three times and the tube was sealed under high vacuum. The
sealed tube was heated under stirring. After the graft polymerization, a small
amount of MeOH was added into reaction mixture in order to terminate the polym-
erization. The precipitate was filtered and dried in vacuo at 30°C.

Isolation of Grafted PolySt from Silica Nanoparticle Surface

To isolate grafted polySt from the silica nanoparticle surface, the polySt-grafted silica
nanoparticle was treated with aqueous alkali. A typical experiment is as follows. Into a
flask, 1.0 g of polySt-grafted silica nanoparticle and 100 mL of 12% NaOH aqueous
solution were charged and the reaction mixture was stirred at 110°C for 8 h. The resulting
solution was extracted with toluene twice. The toluene phase was washed with water
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and dried over sodium sulfate. By the evaporation of toluene, polySt was obtained and
purified by reprecipitation from THF solution to methanol.

2.4.3.2 Radical Graft Polymerization of Styrene
and MMA Initiated by Azo Groups Introduced
onto Silica Nanoparticle Surface in Ionic Liquid

The effect of ionic liquid as solvent on the radical graft polymerization of styrene
and MMA initiated by Silica-Azo was investigated. Figures 2.20 and 2.21 show the

Fig. 2.20 Effect of ionic
liquid on the graft polymeri-
zation of St initiated by azo
groups introduced onto the
silica nanoparticle surface:
Silica-Azo, 0.20 g; St, 5.0
mL; solvent, 10.0 mL; 70°C

Fig. 2.21 Effect of ionic
liquid on the graft polymeri-
zation of MMA initiated by
azo groups introduced onto
the silica nanoparticle sur-
face: Silica-Azo, 0.20 g;
MMA, 5.0 mL; solvent, 10.0
mL; 70°C
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effect of ionic liquid on the rate of polymerization of styrene and MMA, respec-
tively. It was found that the rate of the polymerization of both monomers initiated
by Silica-Azo in ionic liquid was considerably larger than those in 1,4-dioxane.
Figures 2.22 and 2.23 shows the effect of ionic liquid on the grafting of polySt
and polyMMA onto the silica nanoparticle surface obtained from the graft polym-
erization shown in Figs. 2.20 and 2.21, respectively. It was found that the percentage
of grafting onto the silica surface increased with increas in reaction time in both the
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solvents. It is interesting to note that the percentage of grafting in ionic liquid was
much larger than those in 1,4-dioxane: the percentage of grafting exceeded 200%.

This may be due to the fact that the lifetime of radicals are prolonged because
of the high viscosity of ionic liquid [44—47].

In the previous paper, we pointed out that the formation of ungrafted polymer
preferentially proceeded by chain transfer of the growing polymer chain with the
progress of the polymerization and the propagation of grafted chain was blocked by
the grafted chain on the surface with the progress of the reaction. Therefore, the
grafting efficiency was relatively high, about 50% at the initial stage of the polym-
erization, but immediately decreased at the middle and last stages of the polymeri-
zation as mentioned above (Scheme 2.5).

On the contrary, it is considered that in ionic liquid the propagation of grafted
chains from surface radicals formed by the thermal decomposition of azo groups
effectively proceeded, because of the stabilization of surface radicals and depres-
sion of chain transfer reaction.

2.4.3.3 Radical Graft Polymerization of MMA
Initiated by Azo Groups Introduced onto Carbon
Black Surface in Ionic Liquid

The effect of ionic liquid as solvent on the radical graft polymerization of MMA initi-
ated by CB-Azo was investigated. Figure 2.24 shows the relationship between the
reaction time and conversion, in ionic liquid and 1,4-dioxane. It was found that the
rate of the polymerization in ionic liquid was also larger than that in 1,4-dioxane.
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Fig. 2.24 Effect of ionic
liquid on the graft polym-
erization of MMA initiated
by azo groups introduced
onto carbon black: CB-Azo,
0.15 g MMA, 10.0 mL;
solvent, 5.0 mL; 70°C Time (h)

30



124 N. Tsubokawa

Figure 2.25 shows the effect of ionic liquid on the polyMMA grafting onto the
carbon black surface obtained from the graft polymerization shown in Fig. 2.24. It was
found that the percentage of grafting increased with increase in reaction time in
both the solvents and the percentage of grafting in ionic liquid was larger than that
in 1,4-dioxane.

2.4.3.4 Effect of Ionic Liquid on the Molecular
Weight of Grafted Polymer

PolySt grafted onto silica nanoparticle was isolated by the alkali treatment of
polySt-grafted silica nanoparticle. Table 2.14 shows the molecular weight of
grafted polySt on silica nanoparticle surface and ungrafted polySt obtained from
the graft polymerization in ionic liquid and 1,4-dioxane. It was found that the
molecular weight and molecular weight distribution in ionic liquid were almost
equal to those in 1,4-dioxane.

On the basis of the above result, the number of the grafted polymers on the silica
surface was calculated. The results are shown in Table 2.15. The number of grafted
polymers on silica obtained from the polymerization in ionic liquid was about five
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Table 2.14 Molecular weight of polystyrene grafted onto silica nanoparticle surface

Mw x 104 Mw/Mn
Solvent Ungrafted Polymer Grafted polymer Ungrafted polymer Grafted polymer
1,4-Dioxane 5.16 5.45 2.01 1.95

IL 5.17 5.47 2.08 2.12
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IL 1,4-Dioxane
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Fig. 2.26 Polymer chains grafted onto silica nanoparticle surface in RT IL and 1,4-dioxane

Table 2.15 Number of grafted polystyrene chains grafted onto silica nanoparticle surface®

Solvent No. of grafted polymer R (%)°
1,4-Dioxane 2.1 x 10" 55
IL 9.6 x 10" 25.0

Silica-azo, 0.20 g; styrene, 5.0 mL; solvent, 10 mL; 70°C; 8 h
R= [Grafted polymer (mmol g')/Azo group (mmol g")] x 100

times larger than that in 1,4-dioxane, as schematically shown in Fig. 2.26. The pro-
portion used for the grafting site to azo group on the surface was about 5% in 1,4-
dioxane, but about 25% in ionic liquid, because of stabilization by ionic liquid.

These may be due to the fact that in 1,4-dioxane the growth of grafted polymer
chain from silica nanoparticle surface is inhibited by the blocking effect of surface
radical by grafted polymer chain, but in ionic liquid, the blocking effect is reduced,
because of stabilization by ionic liquid.

2.4.4 Recycle of Ionic Liquid after
the Radical Graft Polymerization

Ungrafted polymer precipitated because polymer is insoluble in ionic liquid. After
the graft polymerization, polymerization was terminated by the addition of small
amount of methanol. Therefore, ionic liquid contains polymer-grafted nanoparticles,
unreacted monomer, ungrafted polymer, and methanol. The precipitate, containing
polymer-grafted nanoparticle and ungrafted polymer, was removed by filtration.

On the other hand, filtrate contains unreacted monomer and methanol. Methanol
and monomer were removed from the filtrate under high vacuum at 70°C and the
resulting ionic liquid was recovered after washing with water followed by drying
under high vacuum at 50°C. The ionic liquid recovered can be reused.
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Fig. 2.27 Recycle procedures of ionic liquid after the graft polymerization

Therefore, the reduction of wastage of solvent by recycle and scale-up synthesis
of polymer-grafted nanoparticles were achieved by the use of ionic liquid as a reaction
solvent (Fig. 2.27).
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Chapter 3
Inorganic—Organic Hybrid Porous Materials

Nicola Hiising and Sarah Hartmann

Abstract Hybrid materials are becoming increasingly important because of the
possibility of combining inorganic, organic, and even biological entities and
functions in a well-defined host matrix.

Soft chemistry-based processes (i.e., chemical pathways at low temperatures and
pressures, from molecular, colloidal, or polymeric precursors) clearly offer the most
favourable paths towards hybrid materials. Especially the mild reaction conditions
and the high adaptability of the sol—gel process are very promising in the design of
hybrid inorganic—organic matrices.

For a porous material many favourable properties are derived from its specific
porous structure. This structure is typically built-up by a deliberate positioning of
the different building blocks to form the inorganic framework, which determines
the pores’ size, shape, and arrangement. Many of the properties of these materials,
e.g. extremely low thermal conductivity, large adsorption capacity, etc are a
consequence of the highly porous structure. Therefore, any chemical modification
of the inorganic network must retain this specific structure.

For many inorganic porous materials modifications of the backbone are necessary
to provide a certain specific functionality, surface chemistry, or even active sites.
These modifications make the material more suitable for application in catalysis,
sensing, or separation technologies. A significant surface modification for materials
is performed in chromatography, in which very often long alkyl chains as hydrophobic
surface groups are incorporated.

This chapter on hybrid porous materials will focus the discussion on the chemical
functionalization of different types of hybrid porous materials that are zeolites, aerogels,
M41S materials, and frameworks with a hierarchical organization of the pore structure.
Each of these materials has a distinct way of preparation to produce the pore structure,
therefore, different pathways give optimal results for an organic functionalization.

Following a short introduction on soft chemistry-based approaches toward the
formation of oxidic inorganic networks in general (sol-gel chemistry), we will
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discuss the specific properties of the different porous matrices, starting from micro-
porous, to mesoporous, macroporous materials and finally networks with hierarchical
organization of the pore structure. In the second part of this chapter, different alter-
natives for the functionalization and modification of these porous networks are
discussed, starting with different strategies such as grafting of organic groups, co-
condensation reactions, or incorporation of the organic moieties as an integral part
of the pore wall for the different porous matrices. It will be shown that, in principle,
the general strategies for the modification of both types of porous materials are the
same, but that different problems are encountered, which means that the applicability
of various methods for different materials can vary significantly.

3.1 Introduction

3.1.1 General Principles of Sol-Gel Processing

The sol-gel process can be described as the creation of an oxide network by progressive
polycondensation reactions via a sol, gelation of the sol and finally removal of
the solvent. Starting from homogeneous liquid mixtures of all components
enables mixing on a nanometric scale, and thereby easy processing of different
macro-morphologies such as fibres, monoliths, films, and powders [1-3]. Sol-gel
systems typically solidify under kinetic control. Therefore, slight changes of the
experimental parameters such as pH, temperature, concentration of the precursors,
choice of solvent, and counter-ions, etc can lead to substantial differences in the
final material properties, e.g. structure, morphology, etc.

Before going into detail to the mechanisms by which the solids are eventually
formed, the terms “sol” and “gel” must be defined. A sol is a stable suspension of
colloidal solid particles or polymers in a liquid. These particles can be amorphous
or crystalline. A gel consists of a porous, three-dimensionally continuous solid
network surrounding and supporting a continuous liquid phase. In most “inorganic”
sol-gel systems, gelation is due to the formation of covalent bonds, e.g. for silica,
siloxane bonds are formed.

3.1.1.1 Silica-Based Materials

Various types of precursors can be used to prepare silica gels by sol-gel processing.
The most common precursors are aqueous solutions of sodium silicates (“water
glass™) and silicon alkoxides (Si(OR),).

Hydrolysis and Condensation

The chemical reactions during sol-gel processing of silica-based materials can be
formally described by three equations (Scheme 3.1). In alkoxide-based systems,
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Si-OR + HLO —m» Si-OH + ROH Hydrolysis

Si-OH + Si-OR —— Si-O-Si + ROH
) ) Condensation
Si-OH + Si-OH ——— Si-O-Si + H,O

Scheme 3.1 Basic sol—gel reactions

hydrolysis reactions generate Si—OH groups from Si—OR groups before condensation
can take place. Condensation can occur either via an alcohol-producing mechanism,
or via a water-producing mechanism.

These chemical reactions seem to be straightforward and easy to understand,
however, the overall picture is much more complex, since hydrolysis and condensation
reactions occur simultaneously and compete with each other during all steps of the
sol—gel process. Thus, a large variety of different species can be found in a single
reaction mixture. In addition, parameters such as pH, temperature, concentration of
the precursors, etc influence the reaction rates of the hydrolysis and condensation
reactions to a different degree. The final properties of the obtained gel depend to a
large extent on the structural evolution that is governed by the relative rate of the
hydrolysis and condensation reactions.

Two chemically different situations have to be considered for silicon-containing
sol—gel precursor systems: reactions under acidic or basic conditions, respectively.
The point of zero charge (PZC) of Si—~OH-containing species lies between pH 1.5
and 4.5, depending on the degree of condensation (the higher the degree of
condensation, the lower the PZC). Acidifying the solution to a pH below the PZC
means that the siliceous species are positively charged, and increasing the pH above
the PZC (more basic) means that the species are negatively charged.

Under acidic conditions the oxygen atom of an Si—~OH or an Si—-OR group is
protonated in a rapid first step and a good leaving group (with water or alcohol)
is created. In addition electron density is withdrawn from the central silicon atom,
making it more electrophilic and thus more susceptible to be attacked by water
(hydrolysis) or silanol groups (condensation). Under basic conditions, to which we
generally refer when the reactions occur at a pH > 3, the reaction proceeds via a
nucleophilic attack of either an OH™ or =Si—O~ ion to the silicon atom by an
S, 2-type mechanism.

Some general trends in the reactivity of alkoxysilanes: the rate of hydrolysis of
alkoxysilanes decreases as the steric bulk of the alkoxide group increases. The relative
rates for the first hydrolysis of alkoxysilanes reveal that MeO >> EtO > n-PrO >
n-BuO. In most cases the methoxy or ethoxy derivatives are used, with the latter
being favored because of the lower toxicity of ethanol. In organotrialkoxysilanes,
which are often used in the synthesis of hybrid materials, the nature of the organic
group (R”) has strong electronic and steric effects on the hydrolysis and condensation
chemistry and therefore, exerts a profound influence on the progress and ultimate
product of the sol-gel process. These effects are especially important when mixtures
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of tetra- and organically modified trialkoxysilanes are employed. Due to the different
reaction mechanisms that have been discussed above, electron-donating groups such
as alkyls (methyl, ethyl, etc) increase the rates of hydrolysis and condensation relative
to tetraalkoxysilanes under acidic conditions. The opposite is true in an alkaline envi-
ronment, in which electron-donating groups decrease the reaction rates of the
organotrialkoxysilane compared to the tetraalkoxysilane [2, 4].

In addition hydrolysis reactions of alkyltrialkoxysilanes and condensation of the
corresponding silanols are very sensitive to the steric bulk of the alkyl group with
the rate of reaction decreasing as the alkyl substituent changes from methyl to ethyl,
propyl or butyl. Functional groups, e.g. such as aminopropyl moieties might
interfere with the sol-gel reactions due to the basic properties and thus lead to
complete mechanistic changes. For more information on sol-gel processing of
organo trialkoxysilanes see the corresponding references [5-9].

Very important modifications of sol—gel materials are based on a covalent linkage
of organic groups to the inorganic network. The mild processing conditions (“chimie
douce”) allow the integration of a wide variety of organic groups. In silica-based
processes, organotrialkoxysilanes such as R’-Si(OR), or (RO),Si-R’-Si(OR), can be
used in the same way as tetraalkoxysilanes. The covalent Si—C bonds are hydrolyti-
cally stable and therefore, the organic group is retained in the final material. The
choice of R’ is almost unlimited (see wide infra), and many functional groups can be
used. Materials that are built from those modified trialkoxysilanes only, are usually
termed silsesquioxanes — describing an average stoichiometry of 1.5 or sesqui
oxygens per silicon.

Only very few studies report on the formation of porous materials from pure
silsesquioxanes, e.g. methyltrialkoxysilanes, and these synthesis procedures
are typically performed under extreme pH conditions [8, 10-13]. This can probably
be attributed to (a) the lower degree of cross-linking that is expected when precursors
are used with only three potential reaction sites (resulting in long gelation times),
(b) the mechanical instability of the resulting gels due to the lower connectivity and
(c) phase separation phenomena of oligomeric or polymeric silsesquioxanes due to
the polarity differences within the precursor molecule [8].

Gelation, Aging, and Drying

The sol—gel transition (gel point) is reached when a continuous three-dimensional
network is formed. The faster the condensation reactions, the faster gel formation
takes place. The final network structure — polymeric versus colloidal — does
strongly depend on the reaction conditions chosen in the beginning. An extremely
important aspect of the preparation of inorganic gels by sol—gel processing is that
the chemical reactions are not completed with the formation of the solid network.
The pore liquid still contains condensable particles, and structural rearrangements
of the gel network might take place (Ostwald ripening, syneresis). Therefore, the
gel needs to be aged for a certain period of time before it can be dried [1, 2, 9].
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While reaction rates and physical changes slow down in the gel state, one must
remember that the system is still dynamic. This can easily be seen by the syneresis
that is shrinkage of the gel body with expulsion of the solvent from the gel. Thus it
is very critical to control the aging time, because syneresis and other processes can
have a profound effect on the porosity and texture of the resulting gels. The final
step during sol—gel processing is the drying of the wet gel structure. Here different
routes can be followed: The sample can either be dried traditionally in vacuum,
typically resulting in strong shrinkage of the gel network, or by surface modification
or supercritical drying giving access to porous gels.

3.1.2 Silica-Based Porous Materials

A wide variety of different porous materials are known. Following the classification
by IUPAC, they can be grouped by the size of their pores: microporous solids with
pore diameters up to 2 nm with zeolites and metal-organic frameworks (so-called
MOF structures) as the most prominent representatives, mesoporous solids with
pore sizes between 2 and 50 nm, e.g. aerogels, pillared clays, or M41S phases, and
macroporous solids with pore sizes larger than 50 nm, such as foams or glasses.
In addition, these materials can be distinguished by the arrangement of the
pores — periodic or random — and the pore radii distribution, which can either be
narrow or quite broad.

3.1.2.1 Statistical Arrangement of Pores: Aerogels

Aerogels are characterized by an extremely high porosity with well-accessible,
cylindrical, branched mesopores typically prepared by sol-gel processing followed
by supercritical drying. In rare cases, the highly porous structure is retained after
surface modification and subsequent drying. The bulk densities of aerogels are very
low and typically in the range of 0.003-0.500 gcm™.

Aerogels can be prepared as monoliths, granulates, or powders. The filigrane
solid network and, as a result, the pore structure of aerogels is formed by condensa-
tion of primary particles which have diameters in the lower nanometer range.
Figure 3.1 shows schematically the structural build-up of a silica aerogel. The gen-
eration and aggregation of the network forming particles are typically controlled
via the conditions chosen for sol-gel processing. There are some recent review
articles on various aspects of aerogels [14-21].

One of the big problems particularly for the technical use of unmodified SiO,
aerogels is their long-term stability in humid atmosphere. The large number of
silanol groups on the inner surface results in adsorption and capillary condensation
of water, and eventually in the cracking of the gel body by the resulting capillary
forces. Therefore, approaches to modify the aerogel network, e.g. with organic
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Fig. 3.1 Photograph and schematic representation of a silica aerogel structure

groups to permanently hydrophobize the inner surface, but simultaneously retain
the typical structure were investigated quite early.

3.1.2.2 Periodic Arrangement of Pores: Zeolites, M41S-materials
and Inverse Opal Structures

Zeolites are microporous crystalline oxides, typically composed of silicon, oxygen, and
aluminum with cavitities that are interconnected by smaller windows. Since their
first discovery in the middle of the eighteenth century, zeolites had been generally
regarded as microporous crystalline aluminosilicates having ion-exchangeable
cations and reversibly desorbable water molecules (analogue to natural zeolites).
Today this definition has been extended for several reasons, i.e. in 1978, a purely
siliceous zeolitic material, silicalite, was synthesized, which does not have an
ion-exchanging ability (it is an aluminum-free material) and in 1982, the first
aluminophosphates were prepared as microporous crystalline molecular sieves again
with electrostatically neutral frameworks. It would be far beyond the scope of this
chapter to cover all aspects of zeolite chemistry and their microporous analogues.
The reader is referred to the literature given in this chapter and specifically to the
Handbook of Porous Solids, which covers many different aspects of zeolites [21].

In zeolites, the pores are formed as an inherent feature of the crystalline inorganic
framework — thus the pores are also periodically arranged. When discussing pores
in zeolites, the reader has to be aware of the fact that one has to distinguish between
a cage, in which molecules can be accommodated and the windows to this cage,
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which are typically smaller than the actual cage. Therefore, molecules that fit into
the cage are not necessarily able to cross the windows, thus diffusion within the
material can be drastically limited. The size of the cage (pore) must be spacious
enough to accommodate at least one molecule. For the accommodation of water
molecules the pore diameter must exceed 0.25 nm which is the lower limit for the
pore size in zeolites. Today a wide variety of zeolitic structures either natural or
synthetic is well known, covering the pore size regime from 0.25 to 1.5 nm. In addition
to the different pore sizes, zeolites can be classified as uni-, bi- and tridirectional
zeolites, depending on whether the channel system is arranged along one, two, or
the three Cartesian axes. This directionality is extremely important with respect to
the ability of guest molecules to diffuse within the zeolite matrix.

Zeolites owe their importance to their use as catalysts in gas-phase, large-scale
petrochemical processes, such as catalytic cracking, Friedel-crafts alkylation and
alkylaromatic isomerisation and disproportionation. In addition to their importance
in heterogeneous catalysis, it is likely that these solids will also attract interest in
the development of functional materials and in nanotechnology, for which zeolites
provide an optimal rigid matrix which allows inclusion of some active components.

MA41S materials: Since the early 1990s a novel synthetic approach has been
available for the preparation of porous solids; this entails the use of supramolecular
aggregates (e.g., of surfactants, or amphiphilic block copolymers) serving as templates,
thus providing access to porous materials with larger pore sizes from 2 to 50 nm
[21]. The first materials with periodic mesoporosity, termed FSM (Folded Sheet
Materials) and MCM (Mobil Composition of Matter), were independently
developed by the two groups of Yanagisawa et al. and Kresge et al. [22, 23] The latter
group developed a synthetic “templating” approach similar to the synthesis of
zeolites by applying supramolecular aggregates of surfactants as structure-directing
agents (Fig. 3.2), while the former used amphiphilic molecules to swell an
inorganic clay material (Kanemite).

Although most of the pathways leading to periodically arranged composites rely
on cooperative mechanisms, where the interaction between the inorganic precursor
and the amphiphilic structure-directing agent leads to the formation of the lyotropic
mesophases far below the critical micelle concentration, some synthetic routes also
start from an already preformed liquid crystalline phase of the amphiphile in water,

surfactant

molecule micellar

OCH;

HaCO —?l—OCHa i

OCHg
molecular micellar template ; ; Periodic
inorganic (cross-section; ﬁ;%z‘:;g{:mrgsg e Porous
species "soap in water") po Silica

Fig. 3.2 Synthesis scheme of the formation of MCM-41 [adapted from [24]]
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thus a true liquid crystal templating (TLCT) pathway is taken. However, in most
cases, the organic-inorganic mesophase, which can be converted to a porous material
by removing the organic moieties, is formed by the cooperative organization of the
liquid crystal-forming organic moieties and inorganic condensable precursors.

So far, the synthetic pathways and the compositional variability of these
mesostructured materials have been extensively developed. Silica and alumina are
no longer the only two components for mesoporous solids, but various materials com-
posed of transition metal oxides and even pure metals have been prepared. In addition,
the pore size, wall thickness, etc. can strongly be influenced by the choice of the
structure-directing agent, which can be ionic but also non-ionic. Besides the cationic
surfactants of long chain alkyl ammonium molecules mostly applied in the first years
as structure-directing agents, amphiphilic block copolymers can also be used as
templates for preparing large-pore mesostructured materials [21, 24, 25]. Table 3.1 gives
selected examples of the most often prepared periodically organized materials.

Inverse opals: Macroporous solids that are templated from spherical packings of
e.g., latexes or Stober particles (opal structures) will result in inverse opal materials
after removal of the spherical packings. Thus a macroporous structure with a
periodic arrangement of the macropores is obtained [31, 32]. The general steps for
production of such macroporous solids are shown in Figure 3.3.

To obtain a perfectly organized material, much effort is invested in the production
of a perfect face-centered cubic (FCC) or hexagonally dense (HDP) sphere packing.
To use spheres as templates, several requirements must be met: (a) they must be
removable without destruction of the residual porous framework; (b) they must be
compatible with the process conditions, (c) they should be wettable with the precursor
for the framework, and (d) for a high-quality, low-defect concentration structure they
should have a narrow particle-size distribution with a variance of less than 5-8%.
These requirements drastically reduce the choice of mould materials to basically two
different cases — as already mentioned above: silica spheres produced by the Stober

Table 3.1 Relevant mesoporous matrices, their structure, abbreviations, pore connectivity and
synthesis conditions

Synthesis conditions (explanation for the

Designation Pore system/symmetry abbreviation, full name of the material)

MCM-41 [24, 26] 2D Hexagonal/P, Basic conditions, cationic template (Mobil
composition of matter no. 41)

MCM-48 [24,26]  Cubic/l Basic conditions, cationic template (Mobil
composition of matter no. 48)

FSM-16 [22] 2D Hexagonal From Kanemite (layered clay), cationic
surfactant (folded sheet materials no. 16)

HMS [27] Wormhole-like organization Acidic conditions, neutral amine templates
(hexagonal molecular sieves)

SBA-15 [28] 2D Hexagonal, P Acidic conditions, neutral block copolymer
(Santa Barbara no. 15)

KIT-6 [29, 30] Cubic, 1, Acidic conditions, neutral block copolymer,

butanol (Korea Advanced Institute of
Science and Technology no. 6)
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Fig. 3.3 Inverse opal structures and production pathway [31]

process or polymer latexes, which are typically produced by emulsion polymerization
processes — both in a narrow particle-size distribution [21]. These preformed particle
arrangement are in a second synthesis step infiltrated with a liquid precursor solution
(e.g., sol-gel process based). After condensation, the solid composite matrix is dried
and the spheres are removed by either calcination or extraction depending on the
choice of template (for organic polymers high temperatures are used, for Stober silica
spheres leaching with HF or NaOH can be applied).

The underlying chemistry for the formation of inverse opal structures is very
similar to the processes already discussed for M41S materials, the network is typically
formed of amorphous silica and the pores are aligned in a periodic fashion — only
the pore size varies. As a consequence the same modification procedures apply for
the formation of inorganic—organic hybrid materials and the reader is referred to the
sections on M41S materials.

3.1.2.3 Materials with Hierarchical Porosity

Materials with hierarchical porosity exhibiting pore sizes over at least two of the
aforementioned pores size regimes can also be prepared. These can, e.g., be macro-
porous materials with zeolitic framework walls, but also M41S type of materials as
network forming component in a nonperiodic macroporous foam-like structure.
Typical synthesis strategies towards these materials are based on dual/multiple
templating or nanocasting approaches applying either hard or soft templates [33—
36]. Another simple and reproducible, however, more chemical method is based on
sol-gel processing accompanied by phase separation. In a sol, containing a soluble
polymer, phase separation can be induced because of changes in the miscibility and
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polarity due to the continuous condensation reactions and formation of more hydro-
phobic siloxane species. At some point during the reaction, the phase-separated
structure is just frozen. [37—40]. This approach, also termed polymerization-induced
phase separation has been proven a rather successful and variable approach especially
in the synthesis of monolithic inorganic but, also inorganic—organic hybrid materials.
The bicontinuous structure, in which each separated phase is interconnected in
three-dimensions, is spontaneously formed when the transient structure of the
phase separation is frozen in by the ongoing inorganic condensation reaction.
Nakanishi et al. published a series of papers in which they reported the use of
water-soluble organic polymers, such as poly(ethylene oxide) (PEO), to control
macroscopic phase separation parallel to the sol—gel transition. Lindén and Nakanishi
extended this approach by applying the macroscopic, PEO-polymer-controlled
phase separation of silica particles in combination with an ionic or non-ionic
surfactant as structure-directing agent in the nanometer regime [41—43]. The material
they obtained exhibited interconnected porosity on several length scales, for which
the macropore diameter is controlled via PEO-nanoparticle interactions, and the
mesopore diameter by the presence of the surfactant e.g., cetyltrimethylammonium
bromide or a poly(ethylene oxide)-based polymer.

Figure 3.4 shows a schematic time evolution of the transient structure of the
phase separation that can in principle occur by nucleation and growth or spinodal
decomposition mechanisms depending on the relative starting concentrations and
the choice of the precursors [37].

Silica monoliths exhibiting a unique hierarchical network structure with a
bimodal pore size distribution and high surface areas can also be prepared from
polyol-modified silanes, e.g., tetrakis(2-hydroxyethyl)-, tetrakis(2-hydroxypropyl)- and
tetrakis(2,3-hydroxypropyl)-orthosilicate by sol—gel processing in the presence of
amphiphilic block copolymers. For ethylene glycol- and propane-1,2-diol-modified
silanes, simply the release of the corresponding diols during sol—gel processing in

Domain Formation by Phase Separation

1. Nucleation and Growth

Dispersed domains with sharp interfaces grow by
diffusion controlled kinetics.

2. Spinodal Decomposition

Interconnected domains with diffuse interfaces grow
exponentially with time. (Initial stage)
Fig. 3.4 Schematic evolution

of networks by either o Yyt
nucleation and growth or -2 --> ff" -
spinodal decomposition [37] o XY
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Fig. 3.5 Schematic description of the synthesis protocol towards hierarchically organized silica-
based materials (route presented by Nakanishi (a), by Huesing (b))

the presence of the block copolymer surfactant such as Pluronic P123 results in
phase separation on several different levels. Figure 3.5 shows a schematic comparison
of the two different synthetic approaches by Nakanishi et al. and Huesing et al. In
approach (a) phase separation is induced by the addition of an additional polymer
e.g., poly(ethylene oxide), in the second one (b) phase separation is induced due to
the release of ethylene glycol in the presence of the blockcopolymeric structure-
directing agent.

In addition to an extraordinary cellular porous network structure of amorphous
silica with interconnected macropores of several hundreds of nanometers up to
micrometers in diameter, the material exhibits a well-ordered mesostructure
with periodically arranged mesopores of about 6-7 nm in diameter as displayed
in Fig. 3.6 [44-46].

3.2 Hybrid Porous Materials

Hybrid inorganic—organic materials are not just physical mixtures of inorganic and
organic moieties. They can be defined as nanocomposites with organic and inorganic
components that are intimately mixed on a molecular level. The general concept is to
combine the properties of organic groups, biomolecules and polymers (functionaliza-
tion, ease of processing at low temperatures, toughness) with properties of glass- or
ceramic like materials (hardness, chemical, and thermal stability), in order to generate
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Fig. 3.6 Hierarchical network build-up of a silica gel prepared from tetrakis(2-hydroxyethyl)-
orthosilicate in the presence of P123 as structure-directing agent

new and synergetic properties not accessible otherwise. Hybrids are typically either
homogeneous systems derived from monomers or miscible organic and inorganic
components, or heterogeneous systems (nanocomposites) in which at least one of the
components’ domains has dimensions ranging from some A to several nanometers.
The properties of the final materials certainly depend to a large degree on the chemi-
cal nature of the compounds, however, the synergistic effects arising from the combi-
nation of the different moieties cannot be underestimated. Therefore, one key aspect
in the synthesis of hybrid inorganic—organic materials is the deliberate positioning of
the various species in the network and the design of the nature, the extent and acces-
sibility of the interface between the various parts. One very prominent natural inor-
ganic—organic nanocomposite material is nacre with its alternating layers composed
of calcium carbonate and an organic polymer.

Hybrid inorganic—organic materials are typically divided into different classes:
[47, 48] Class I materials are typically composed of organic or inorganic moieties
embedded in an inorganic or organic matrix, respectively, by only weak chemical
bonding (hydrogen, van der- Waals or sometimes ionic bonds). In class II materials,
the different components are linked on a molecular level by strong bonds (covalent
or iono-covalent bonds). (For further information see also the excellent review
articles and the special issue devoted to Hybrid Materials in J. Mater. Chem. in
2005 [49] and references herein) [48, 50-56].

In the synthesis of hybrid inorganic—organic materials with an inorganic backbone
in general, but also more specifically for porous materials, the sol-gel process plays
an essential role, due to its mild processing conditions (metal-organic precursors,
organic solvents, low processing temperatures, processing variability of the colloidal
state). It allows not only the intact integration of a large variety of organic functions
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into an inorganic framework (due to the low temperatures) but also for homogeneous
mixing of all components on a nanometric level.

There is a wide range of possibilities to vary the composition and structure and
thus the properties of the materials, starting from the chemical composition, the
ratio of the inorganic to organic components, the structure and distribution of the
building blocks [49]. The ability to entrap molecular species (class I) has been
largely used to prepare functional materials applicable in catalysis, optical, electro-
chemical, and other applications. For porous materials simple entrapment of
functional molecules inside the matrix always bears the risk of leaching of the
active compound. Therefore, for many applications, covalent bonding to the
backbone greatly enhances the lifetime and stability of the material.

Siloxane-based class II materials can be easily synthesized due to the high
hydrolytic stability of the Si—C(sp®) bond. A large variety of organo-substituted
silanes of the general formula R’-Si(OR), or the corresponding bridged species
(RO),Si-R’-Si(OR), are available, where R” can be almost any organofunctional
group (e.g., an alkyl group, a polymerizable group, a group that complexes metal
centres, an organic dye, etc) (Fig. 3.7).

The chemical synthesis pathway that is used to design a given hybrid network
structure is one of the most important parameters in the preparation process.
General strategies towards the synthesis of hybrid materials are discussed in detail
in several review articles [49] and references herein), [48, 50-56]. With respect to
porous hybrid matrices many of these synthetic approaches can be used, but in
many cases have to be adapted to the specific porous host material.

Chemical modification of porous materials in principle, and covalent modification
by organic entities in particular, can be achieved at various stages of the preparation
process.

1. Post-synthesis modification of the final dried porous product by gaseous, liquid
or dissolved organic or organometallic species

2. Addition of molecular, but non-reactive compounds to the precursor solution

3. Liquid-phase modification in the wet nanocomposite stage or — for mesostructured
materials or zeolites — prior to removal of the template

4. Co-condensation reactions by the use of organically substituted co-precursors

5. Application of “single source precursors” in which the organic entity is an inte-
gral part of the network-forming species

These approaches open the door to a large variety of porous hybrid materials that
benefit from the properties of both parts by the combination of inorganic and organic
building blocks. The purpose for is to improve the spectrum of properties without
deteriorating the existing positive characteristics by modifying porous materials by
organic groups. The favorable physical and derived properties of porous materials
are a consequence typical of the highly porous structure. Therefore, any chemical
modification of the material must retain this structure. In the case of crystalline
microporous materials, the crystallinity and stability of the material should remain
unchanged, and for mesostructured porous materials, the periodicity of the structure
must be retained [57, 58]. For example, unmodified M41S silica-based materials are
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hydrophilic, which is undesired for many applications. The material can be rendered
hydrophobic by the introduction of hydrophobic organic groups, e.g., methyl or
phenyl groups (vide infra). The organic groups can selectively be placed on the
internal and/or the external pore surfaces or even within the pore walls. The organic
modification in principle permits a very selective fine tuning of material properties,
including potential interaction to guest molecules. In addition, surface reactivities
can be altered, the surface can be protected by organic groups from chemical attack,
and bulk properties, e.g., mechanical or optical properties can be modified. This
flexibility in choosing organic, inorganic, or even hybrid building blocks allows
control over the materials properties to optimize them for each desired
application.
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Fig. 3.7 Selection of representative organofunctional silanes available for the preparation of
inorganic—organic hybrid materials (APTS = aminopropyltrialkoxysilane)
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The selection of porous matrices that are discussed in the following sections of this
chapter is somewhat arbitrary, but represents the general reaction schemes and the prob-
lems associated with the different pathways in the synthesis of hybrid porous materials.

3.2.1 Post-Synthesis Treatment

The easiest way to modify a porous material with organic groups is to synthesize
the porous inorganic network first and add the functionalizing species in a second
step. A large number of examples can be found in the literature not only for the
different porous matrices, but also for a variety of organic entities. Therefore, the
selection of examples given in this section can only be a general overview and the
reader is referred to more specialized literature (see references).

The focus of this section lies on the possibilities and problems related to post-synthesis
modification of the various porous matrices, the different types of post-synthesis
treatments (covalent grafting versus simple impregnation without chemical
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attachment) and the various stages of the synthesis process at which the modification
can be performed.

3.2.1.1 Zeolites

In general — not only for zeolites — a post-synthesis grafting process may be limited
in its efficiency, since the organic groups may concentrate near the opening of the
channels and show only a limited diffusion into the pores. The smaller the pores,
the more severe this problem may become.

Inclusion chemistry in zeolites has already been well reviewed [57, 59, 60]. Just as
an example at this point, inclusion of p-nitroaniline in ALPO-5 from the gas phase
as well as from the liquid phase into the porous zeolitic host is mentioned and very
common is also the inclusion of luminescent dye molecules in zeolite L [61-64].
One major aspect in these studies is the alignment of the organic guests in the
matrix and subsequent supramolecular organisation to obtain a material with novel
electronic properties. For microporous materials, e.g., zeolites, adsorption from the
liquid phase is always a competitive process between the adsorption of the guest
molecule and the solvent. Here solvents that are sufficiently big to be completely
excluded from the micropore system can be used [62].

Ions can easily be incorporated into the pore system of porous materials in
which the framework walls carry charges. Classical zeolitic frameworks are an
excellent example of negative framework charges that can be modified by “sim-
ple” aqueous ion exchange processes. These reactions, however, can pose severe
problems in some cases, e.g., upon exchange reactions, the crystallinity of the
matrix can decrease. The pH is a very critical parameter, especially if metal ions
which easily might precipitate as metal hydroxides are involved. In addition, ion
exchange is an equilibrium process, which makes it difficult to get quantitative
exchange. Nevertheless, a large variety of metal ions and even larger organic molecules
can be incorporated into zeolitic frameworks by this approach.

Larger entities that cannot pass the apertures of the pore system of the porous
matrix can be formed by the so-called “ship-in-the-bottle ’-synthesis. Here, small
precursors are brought into the pore system, e.g., by simple impregnation via the
liquid phase, and are subsequently reacted with each other to produce a bigger guest
molecule. One archetypical reaction of a “ship-in-the-bottle ’-reaction is the synthesis
of metallic phthalocyanines inside faujasite X by treating 1,2-dicyanobenzene with
a transition metal-exchanged faujasite at temperatures above 200°C (Scheme 3.2).
This synthesis allows the incorporation of species into the cavities of zeolites which
would otherwise not be able to diffuse through the smaller windows [65-67].

The “ship in the bottle”-synthesis has been extended to the preparation of a
large variety of molecules for various applications. Metal carbonyl clusters such as
Pd (CO)_ or Rh(CO),, or the heteropolyacid H,PW O, have been successfully
synthesized for catalytic applications [67—-69]. By a similar approach, a conducting
organic polymer — polyaniline — was synthesized in the pores of zeolites after loading
the corresponding monomers [70].
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Scheme 3.3 Possible surface silylation reactions with chlorosilanes, alkoxysilanes and silazanes
and R” = organic (functional) group

Grafting refers to a post-synthesis modification of a pre-fabricated porous host
by attaching functional/organic moieties to the inner surface. Grafting reactions can
be performed prior to or after drying the porous material. If templates or structure-
directing agents are employed in the synthesis of the material, grafting is typically
performed after removal of the template, however, some examples show that grafting
can also be used to catch two birds with one stone: template removal and surface
functionalization e.g., for zeolites and M41S materials. Scheme 3.3 gives the three
possible reaction schemes that are routinely used for the functionalization of
siliceous matrices.

These grafting reactions of organosilanes to silanol-containing surfaces are not
straightforward for microporous zeolites because a large fraction of the grafted
functional groups becomes instead attached to the exterior surface of the zeolite
crystals. One also has to keep in mind that the number of reactive silanol groups at
the surface of zeolites is not as large as for amorphous materials and that steric
constraints due to the small pore sizes may influence the grafting reactions.
Nevertheless, in principle the same reactions as discussed in the next section for
mesoporous solids apply to zeolites.

3.2.1.2 M41S materials

Introduction of organic groups into the pores of mesoporous ordered materials has
been reviewed extensively [49, 71-76]. Many different organic species, organometallic
complexes, and even biomolecules can be entrapped into the mesoporous
framework via gas or liquid phase without any strong linkage to the pore walls. One
of the major problems connected with this approach is leaching of the organic
entity with time. However, the post-synthesis functionalization is not limited to
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small molecules, but even large entities such as proteins, fullerenes, phthalocyanines,
etc. can be included [77-80].

The synthesis of organic polymers inside the pore channel system of mesoporous
silica is of high interest, especially with respect to one-dimensional conductivity, if
conductive polymers are used. The nanoscale channels of the mesoporous host can
act as confinement for the polymerization reaction and thus, limit the formation of
polymer side-chains. Consequently a more ordered growth of the polymer chains
along the channels is favored. Bein and co-workers have prepared polyaniline
nanowires inside the channels of MCM-41 [79, 80]. By polymerizing formaldehyde
and phenol inside the pore channels of MCM-41 and subsequent removal of silica
by etching with HF. Ozin and coworkers have obtained high aspect ratio, controlled
diameter mesoscale poly(phenolformaldehyde) fibers [81]. All these approaches
are based on a post-synthesis loading of the monomeric species into the preformed
porous silica host matrix. Li et al. have chosen a different approach by using
structure-directing agents based on polymerizable thiophene groups. Here, the
organic polymer is formed in situ after obtaining the silica/structure-directing agent
composite by addition of FeCl, [82].

Incorporation of functional groups by grafting reactions to the surface of the pore
walls offers a further possibility to tailor the chemical properties of the porous material.
This post-synthetic grafting process has been widely employed to anchor various
organic groups, including organometallic species, amine and thiol groups, and epoxide
functions. However, this method quite often leads to low loadings, an inhomogeneous
distribution of the functional groups and a decrease of the pore volume [83]. For an
effective grafting via silylation reactions, it is desired to have a large number of surface
silanols in the material. If the surfactant has been removed prior to the grafting reaction
by calcination, many of the silanol groups are lost due to condensation to neighbouring
silanols. In this case, it is advantageous to rehydrate the surface by treatment in boiling
water, or by acid hydrolysis or steam treatment. Removal of the surfactant by extraction
processes minimizes this loss of silanols. However, without a heat treatment, many
silanols show a lower reactivity due to intersilanol-hydrogen bonding. Grafting of
enantioselective catalysts has been carried out with a large variety of different species.
Hydrogenations, oxidations, dehydrations, hydrolysis, epoxidations, Diels-Alder
reactions, and other catalytic systems have been investigated by the grafting of
catalytically active material to the pore walls. Especially chiral catalytic centers are
of high interest in this context [71-74, 83].

3.2.1.3 Aerogels

For aerogels, post-synthesis treatment of the highly porous dried gel bodies with a
liquid phase is difficult, because the wet gels are formed again and the laborious
drying process has to be repeated. When a liquid is evaporated from a wet gel, the
different stages during drying — shrinkage or gel deformation, condensation of
surface silanols due to the shrinkage and finally cracking of the gel body, result in
a collapse of the highly porous network structure.
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Two processes are of main importance for this collapse upon drying: First, the
slower shrinkage of the network in the interior of the gel body results in a pressure
gradient which causes cracks. Second, larger pores will empty faster than smaller
ones during drying for a gel with differently sized pores, thus the meniscus of the
liquid drops faster in larger pores. The walls between pores of different size are
therefore subject to uneven stress and crack.

Still the most common method to overcome this network collapse is supercritical
drying. In this procedure, the pore liquid is put into the supercritical state. Above the
critical point, liquid/gas interfaces no longer exist, and the capillary forces are thus
avoided. The supercritical fluid is then slowly vented without crossing the phase
boundary between the liquid and the gas [14-20].

Ambient-pressure methods for preparing highly porous aerogels are just emerging.
One approach is based on a surface modification of the wet gel by grafting reactions
and subsequent solvent exchange. The contact angle between the pore liquid and
the pore walls has to be influenced by deliberate modification of the inner surface
and variation of the solvent to minimize the capillary forces.

Smith et al. published the first synthesis of ambient pressure dried SiO, aerogels
in 1992 [84-86]. The procedure involves, in principle, the passivation of the inner
surface by silylation of the Si—OH groups with trimethylchlorosilane (see also
Scheme 3.3, that is conversion in Si~OSiR, groups), thereby inverting the polarity.
The gel shrinks strongly during evaporation of the solvent from the pores at
ambient pressure, as expected. However, no irreversible narrowing of the pores by
formation of Si—O—-Si bonds is possible because of the surface silylation (passivation).
Therefore, the gel is able to expand to nearly its original size after the pores
have been emptied, when its mechanical stability is high enough. This is called
“spring-back” effect [87].

3.2.1.4 Hierarchically Organized Materials

A similar approach also using organochlorosilanes and organoalkoxysilanes as post
treatment reagents was recently published not for drying, but for the extraction of
ionic surfactants from self-assembled silica-surfactant powders [88, 89]. The driv-
ing force for this reaction is the replacement of electrostatic interactions at the
inorganic—organic interface by covalent siloxane bonds, that is the formation of
Si-O-SiR, (Fig. 3.8).

Large, low-density silica monoliths with multimodal pore size distribution as
prepared by the application of ethylene-glycol modified silanes in the presence of
amphiphilic molecules are already high performance materials. However, for many
applications, the spectrum of properties of these materials needs to be improved by
additional functions, e.g., hydrophobic groups, metal-coordinating groups, etc,
without deteriorating the existing structural features such as porosity, periodic
ordering, large surface area, etc. Inspired by the successful simultaneous drying,
surface modification and surfactant extraction of silica materials as demonstrated
by Smith et al. for silica aerogels and Jaroniec et al. for MCM powders, large silica
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Fig. 3.8 Schematic depiction of the silylation reaction of surface silanols with trimethylchlorosilane
or hexamethyldisilazane and concomitant change of surface polarity

monoliths with a hierarchical network organization have been modified by this
simple surface silylation reaction of the wet gel structure with simultaneous extraction
of the block copolymer amphiphile to almost 100% [90].

A variety of organofunctional silanes such as trimethylchlorosilane, 3-mercap-
topropyl-trimethoxysilane, phenyl-trimethoxysilane, 3-[(2,2-dimethyl-1-aza-2-
silacyclopent- 1-yl)dimethylsilyl]-1-propanamine, a cyclic silazane resulting in
aminopropyldimethyl-silyl groups on the silica surface, and (methylmethacryloyl)
dimethyl-methoxysilane, has been successfully applied in this interfacial modifica-
tion of the silica surface. Figure 3.9 shows exemplarily the SEM and TEM images
of a methacrylate-modified hierarchically structured silica gel. The delicate gel
structure is completely retained during the post-synthesis treatment and a rather
high bonding density of functional groups to the silica surface with 2—4 mmol
g(Si0,) is achieved (Fig. 3.9) [45, 46]. This approach can in principle be extended
to many many more functional groups. Even further reactions at the functional
centres now located on the pore walls are possible.

The resulting material is still characterized by a high surface area (above 500 m?
g™"), narrow pore diameter distribution in the mesoporous regime with pores of
about 7 nm and macropores of about 1-2 pm.

3.2.2 In-situ Synthesis

As already mentioned above, two different situations have to be distinguished when
discussing inorganic—organic hybrid materials: intercalation into the porous host by
either weak non-covalent (class I) or strong covalent (class II) interactions.
Organic species can always be added to the precursor solution when a solution
based approach such as sol-gel processes are used. Here, the organic components
(e.g., a dye, metal complex, etc.) initially present in the precursor solution are typically
embedded in the growing metal-oxo-based network. From a preparative point of
view, it is desirable to increase interfacial interactions such as hydrogen bonding,
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gel body, and the corresponding SEM and TEM image for a methacrylate-modified sample

T—m-interactions, etc., to achieve a homogeneous and intimate mixing of all species.
However, this very simple way, does not always result in the desired material.
Especially when networks with a periodic organization of the pore system are prepared
by templating approaches, network formation is very often disturbed by the addition
of organic species and non-organized materials or even phase separated structures are
formed. For many sol-gel-based materials, the organic component is nevertheless
entrapped in the final matrices, which exhibit a wide variety of interesting properties
with respect to their mechanical, optical, electrical, ionic, sensor, catalytic behaviour.
For porous materials, leaching has always to be discussed as a big problem.

As already discussed above, the sol—gel process offers the possibility to apply
organically substituted precursors, such as functional trialkoxysilanes, R’~Si(OR),,
where R can be almost every organic group (see also Fig. 3.7). The use of these
organofunctional precursors results in materials in which the organic group is
covalently linked to the inorganic network.

The connectivity of the organotrialkoxysilanes is reduced with respect to the
ability to form siloxane bonds. Therefore, it is typically much more difficult to form
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stable three-dimensional gel networks in reasonable time scales. To circumvent this
problem, but still benefit from the presence of the organic moiety, these precursors
are typically processed in the presence of an unsubstituted tetraalkoxysilane.
However, one has to keep in mind, that the addition, of the organically substituted
trialkoxysilane can have a profound influence on the hydrolysis and condensation
reactions. In addition, homo- versus heterocondensation processes have to be
considered depending on the reaction kinetics of the different precursors [1-9].

3.2.2.1 Zeolites

For zeolites, typical problems that might be encountered in the synthesis of class I or
class II materials by the in-situ approach include:

o Structural impacts: The addition of small amounts of organic species to a synthesis
mixture can have an extreme influence on the structure. For zeolites, not only
mixtures of crystalline phases are obtained, but in some cases crystallization
does not occur at all.

e Phase separation: Phase separation of the organic phase from the aqueous zeolite
synthesis gel is commonly observed.

e Porosity: not only structural defects, but also loss of porosity can be a problem. The
organic groups are located in the micropores, thus spoiling the microporosity.

e Loading: Only a very low amount of organic groups can be incorporated by
co-condensation reactions with organically modified silanes of about 1-3% of
the Si-atoms into zeolitic frameworks.

o Template removal: One methodological disadvantage is the question of the
removal of the template (typically calcination) without deteriorating the organic
functional moieties on the inner surface.

Addition of organic species to the synthesis solution typically results in loss of
crystallinity and periodicity of the zeolite structure. One option is to apply a functional
structure-directing agent for two different functions: a) it serves as the structure-
directing entity, and b) it adds a specific functionality to the final zeolite nanocomposite
structure. This approach was successfully demonstrated for organometallic complexes
in zeolite structures such as cobalticinium fluoride nonasil.

In principle, it is possible to synthesize zeolites with pendant organic functionalities.
However, attempts at modifying zeolites by co-condensation with organically modified
precursors usually create structural defects (loss of crystallinity) or block the internal
channels with large pendant groups. By carefully choosing the system, some organi-
cally modified zeolites have been prepared. For example, phenethyltrimethoxysilane
has been used as modification agent for the preparation of zeolites with *BEA struc-
ture and intracrystalline phenethyl groups. Even polar groups have been successfully
incorporated into zeolitic structures, e.g., aminopropyl-, mercaptopropyl-, 2-(4-chlo-
rosulfonylphenyl)ethyl-, 3-bromopropyl-moieties, etc. In addition, so-called follow-up
reactions to convert functional groups have been successfully performed; such as
the sulfonation reaction of the phenethyl-moiety [91, 92].
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3.2.2.2 Aerogels

Permanently hydrophobic aerogels were prepared in a simple one-step process
using a mixture of tetra- and organo-trialkoxysilanes in alkaline conditions. Sol-gel
processing of mixtures of Si(OR), and R’-Si(OR), (R’ = alkyl, aryl, or (CH,) A (n
=2, 3; A = SH, OCH,-epoxy, OC(O)C(Me) = CH,, NCO, CI, NHC(O)OMe, PPh,)
under alkaline conditions proceeds in two steps (see also the discussion of the reaction
mechanisms of sol-gel reactions above). Hydrolysis and condensation rates of the
organically modified trialkoxysilane are slower than that of the corresponding
tetraalkoxysilane in basic media. Therefore, in the first stage of the reaction, the gel
network is formed only by hydrolysis and condensation of Si(OR),, while
R’-Si(OR), behaves as a kind of co-solvent. Hydrolysis and condensation of
R’-Si(OR), are delayed under these conditions. Once R’Si(OR), (OH) species are
formed, the organically substituted moieties condense to the already preformed
silica network (formed from the tetraalkoxysilane). Thus, the R’-Si= are positioned
specifically on the inner surface of the pores and truly modify the silica particles.
Organically substituted silica aerogels with the typical aerogel properties retained
in the material have been prepared successfully by this approach [93-96].
Surprisingly the structure of aerogels (porosity, specific inner surface area) is much
more influenced by the Si(OR),/R’-Si(OR), ratio than by the properties of the
group R’. Because the trialkoxysilane basically acts as a co-solvent in the first stage
of the reaction, the tetraalkoxysilane is more diluted in this stage (resulting in a
decrease of the network density), and a larger relative amount of water and catalyst
is available for the reaction, thus resulting in larger particles.

Sol-gel processing of TEOS/(MeO),Si(CH,),NR’, mixtures (NR’, = NH,,
NHCH,CH,NH,), followed by drying of the wet gels with supercritical CO, have
also resulted in organically functionalized aerogels. However, due to the basic
amino groups (which can undergo hydrogen bonding), both silanes appear to be
involved in the build up of the aerogel network, by contrast with alkoxysilanes
without basic properties [97].

3.2.2.3 M41S Materials

The co-condensation approach (also termed one-pot synthesis) can also be used in
the synthesis of organically modified M41S materials. Mixtures of tetraalkoxysi-
lanes and organotrialkoxysilanes in the presence of surfactant template molecules
were employed in either a hydrothermal synthesis of mesostructured hybrid pow-
ders or in sol-gel based approaches towards mesoporous thin films and bulk materi-
als. Many examples of hybrid mesostructured materials can be found in the
excellent review articles [71-74, 98, 99]. Compared to post-synthetic grafting reac-
tions, the co-condensation approach leads to higher loadings and the organic groups
do not tend to block the pores. However, for mesostructured materials it does not
only offer advantages, but shows some distinct disadvantages, e.g., the degree of
mesostructural ordering typically drastically decreases with increasing amount of
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organotrialkoxysilane; above a limit of about 40% of R’-Si(OR), groups the peri-
odic mesostructure typically collapses completely and the amount incorporated into
the final matrix is often lower than the one in the starting solution. Systematic stud-
ies of the hydrolysis and condensation kinetics of the different precursors similar to
the ones for aerogels have not been performed, but the incorporation of the organic
groups has been in most cases confirmed by Si MAS NMR spectra. With respect
to template removal, the same problems arise: it remains difficult to selectively
degrade the template without deteriorating the organic function. Therefore, the
template has to be removed by time-consuming and tedious extraction processes.

Since the first publications by Mann, Macquarrie and Stein many different mes-
ostructured silica-based materials have been synthesized via the co-condensation
approach [100-102]. The large choice of organofunctional silanes allows access to
surface-functionalized mesostructured silica with alkyl-, thiol-, amino-, cyano-,
phosphine-, vinyl-, methacrylate-, epoxide-, aromatic, etc groups covering the pore
walls (see also Fig. 3.7 for some examples from the various choices of organosi-
lanes) [103-108].

These chemical functions on the pore surface can be used in subsequent chemical
reactions, e.g., hydroboration or bromination of vinyl groups, adsorption of heavy
metals, especially Hg**-ions, or even catalytic reactions such as heterogeneous acid or
base catalysis, in Knoevenagel reactions, etc. [102, 109]. Many more examples such as
modifications with dye, cyclodextrines, photosensitive molecules, chelating ligands, etc.
could be given, but the reader is referred to the more specific review articles [98, 99].

Another approach towards hybrid mesostructured materials lies in the possi-
bility of combining the template and inorganic precursor within one compound.
This “self-templating synthesis” of organic-inorganic silica-grafted surfactant
materials — so called SGS materials — is shown by applying a starting reagent
such as a cationic surfactant covalently bonded to an alkoxysilane, which is able
to hydrolyze and polymerize giving spontaneously self-assembled entities with
layered (like organoclays) or hexagonal (like silica micelle intermediates of
MCM-41) arrangements [110].

In addition, the co-condensation approach can be used to tailor the microstructure
of the final material. This was reported by Che et al. [111] They have prepared a
chiral mesoporous silica-based material based on the self-assembly of chiral anionic
surfactants and simultaneous co-condensation of tetraethoxysilane and a quaternized
aminosilane. The latter one is required for charge matching. (Fig. 3.10) [111].

3.2.2.4 Hierarchically Organized Materials

Co-condensation reactions between tri- and tetraalkoxysilanes can also be used for
the formation of hierarchically organized materials. The same problems as already
discussed above apply here: strong influence on network formation, only limited
amounts of organic groups can be incorporated without deteriorating the hierarchical
structure, homo- versus hetero-condensation, limited degree of loading, etc.

Only very few studies report on the formation of highly porous hybrid materials
from pure silsesquioxanes, e.g., methyltrialkoxysilanes in a well-defined macroscopic
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Fig. 3.10 Schematic description of the interaction between the chiral surfactant molecules and
the ammonium-group modified silica pore wall surface (/eft), and the corresponding SEM image
and schematic drawing of the mesoporous, silica fibres with helical-chiral topology after calcination
(right) [adapted from [111]]

morphology [8, 10-13, 42, 112—114]. This can probably be led back to the lower
degree of cross-linking that is expected when precursors are used with only three
potential reaction sites (resulting in long gelation times) as well as the mechanical
instability of the resulting gels due to the lower connectivity, and phase separation
phenomena of oligomeric or polymeric silsesquioxanes due to the polarity differ-
ences within the precursor molecule.

Siloxane-based inorganic—organic hybrid monoliths with well-defined macropo-
res and mesopores have been synthesized by sol-gel processing of trialkoxysilanes
accompanied by phase separation [42]. In this work, Nakanishi et al. investigated
the hydrolysis/condensation and phase separation behaviour of methyltrimethox-
ysilane in the presence of formamide and methanol in detail. They found that the
phase separation tendency is increased compared to tetraalkoxysilanes, but can be
deliberately controlled by the choice and concentration of the solvent phase.
Another important parameter which governs the final network structure are the rela-
tive reaction rates of sol—gel transition and phase separation.

Similar materials were prepared by Brennan et al. by using a two-step acid/base
processing methodology [112, 113]. They first hydrolyzed methyltrimethoxysilane
in methanol and aqueous hydrochloric acid and added ammonium hydroxide as a
basic catalyst in a second step. Again phase separated structures, exhibing rather
high surface areas and porosities are obtained. A tight control over macropore size
is obtained by simply changing the duration of the acid hydrolysis. With longer
times in the acidic medium, the gelation is retarded and phase separation occurs,
thus resulting in an increase of pore size.

Other silica-based materials with hierarchical organization of the pore structure and
more pronounced mesoporosity can be obtained by using glycol-modified silanes.
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Pure silsesquioxane gels were prepared from tris-(2-hydroxyethoxy)methylsilane and
tris-(2-hydroxyethoxy)phenylsilane. Interestingly, these organically substituted pre-
cursors exhibit a much faster gelation time than the corresponding ethylene glycol-
modified tetraalkoxysilane in acidic medium, but still show gelation, not precipitation
[115, 116]. These precursors can also be processed in the presence of the tetrakis
(2-hydroxyethyl)orthosilicate and a surfactant, similar to the co-condensation route
described previously. Mechanically stable monoliths, exhibiting macropores and peri-
odically arranged mesopores were obtained. Again, the final network structure is
strongly influenced by the amount of organosilane used to substitute the SiO -entities.
Figure 3.11 shows SEM images for gels prepared from tris-(2-hydroxyethoxy)methyl-
silane with various degrees of substitution from 10 mol% (Mel0) up to 100 mol%
(Mel100) and at different pH-values. It can clearly be seen that the macrostructure is
strongly influenced by the pH and the amount of organosilane (degree of substitution).
The corresponding SAXS curves at the bottom part of Figure 3.11, in addition, indi-
cate that not only the macrostructure, but also the mesostructure is strongly influenced.
Under the given set of synthesis conditions, periodic ordering was only achieved up to
25 mol% of tris-(2-hydroxyethoxy)methylsilane.

3.2.3 Bridged Polysilsesquioxanes

Bridged polysilsesquioxanes are a rather new family of hybrid inorganic—organic
materials that are prepared via sol-gel processing of monomers that contain a
bridging organic group and two or more trialkoxysilyl groups [53, 117, 118].
The use of these bridged presursors, such as X,Si-R’-SiX, (R” is an organic spacer,
X = Cl, Br, OR) allows the formation of homogeneous molecular hybrid
inorganic—organic materials, which have a high degree of local organization.

The organic spacer can be varied in length, rigidity, geometry of substitution,
and functionality (Fig. 3.12).

The most intriguing aspect related to bridged polysilsesquioxanes is the fact that
materials derived from these precursors are characterized by organic entities that
are integral parts of the structural network and not only surface decorating/
modifying species. Therefore, the large variability of the organic spacer provides
an opportunity to engineer bulk properties such as porosity, thermal stability,
refractive index, optical clarity, chemical resistance, hydrophobicity, and dielectric
constant. Today, many precursors for bridged polysilsesquioxanes are available
(either commercially or via rational synthetic approaches); a few representative
examples are presented in Figure 3.12. The variety of organic spacers in the monomers
is rather endless and range from rigid arylenic, acetylenic, and olefinic bridging
moieties to flexible alkylenes ranging from 1 to 14 methylene groups in length.
In addition, a large variety of functional groups such as amines, ethers, sulfides, phos-
phines, amides, ureas, carbamates, carbonates, azobenzenes, or even organometallics,
e.g., ferrocenyl-bridged monomers or n-6-arenechromiumtricarbonyl complexes,
can be incorporated as the bridge between two or more alkoxylsilyl-moieties.
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Fig. 3.11 SEM images of the methyl silsesquioxane monoliths (Me = methyl) at different pH and
for different degrees of substitution and the corresponding small angle X-ray scattering patterns
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Fig. 3.12 Representative examples of bridged organosilanes that have been used in the formation
of micro/mesoporous frameworks

3.2.3.1 Porous Silsesquioxanes by Sol-Gel Processing

Sol-gel processing of these precursors in acidic or basic environment results in the
formation of bridged silsesquioxane gels (Fig. 3.13), which can be converted — depending
on the drying conditions — into porous or nonporous hybrid materials. As already
discussed above, hydrolysis and condensation rates of alkyl- and aryltrialkoxysilanes



3 Inorganic-Organic Hybrid Porous Materials 159

Hydrolysis
H0 OH
XS SHY; —— =  KSiS-X
_HX X
Condensation X\s /X
OH _ o S SiXs
X5 -5i-X _— XS~ S
X -H0 X X
or HX
Gelation vy o 0 o %o
- ! 1
i x s; “‘/‘51 —Q—s{' —o‘dﬂ—fsa-,(—
B-o-sitx o 4, o "o
N % —5-0-{ -0 0 o—&5-C s
XoSi—~COp-sit ; S o o N\
% P oH ( SII“--"':_,O —% %ocl's{‘“
S v 5 ] 7
X, | S <S5t —— - A O ¢ N Oy, 0 0
X 2Si~Ca-5i—0 —_— ], P sH _oTA S
X O / — 48 1 96 0y 050
X TGS, O, e o,
1 Sy ururun
X5 -C5i-0' X X e \OJS'; Y Si—o,
b - 0 s
HO X g 20" % s
Soluble Oligomers and Polymers Bridged Polysil sesquioxane Gel

S = arylene, alkylene, etc.

Fig. 3.13 Formation of bridged polysilsesquioxanes by hydrolysis and condensation of monomers with
two or more trialkoxysilyl groups attached to the organic bridging group [taken from [4]]

are significantly faster than the rates of tetraalkoxysilanes under acidic conditions
and slower under basic conditions. These trends have so far not been verified for
bridged bis-silyl precursors, but it seems reasonable to suspect a similar behavior
depending on the electronic properties of the organic spacer.

The majority of organotrialkoxysilanes will not form gels when used as the sole
network forming precursor (100% R’-Si(OR),) under any sol-gel conditions, due
to the low degree of cross-linking resulting from only three condensable groups per
silicon. In contrast, the bridged precursor molecules very rapidly form gels due to
the hydrolytically stable Si—X-Si spacer and the six reactive alkoxide groups thus
resulting in a connectivity of four per silicon.

Depending on the gelation and drying conditions, the final pore structure of
bridged silsesquioxane gels can be deliberately tailored. Simple air-drying of the
obtained gels typically results in large shrinkage of the gel body (depending on the
concentration of monomers used in the synthesis). This shrinkage can result in gels
that are non-porous, however most bridged silsesquioxane xerogels still exhibit a
certain degree of porosity and surface areas between 200 and 1200 m? g-!. Highly
porous hybrid materials can be obtained via supercritical extraction procedures (as
already applied in the synthesis of aerogels, Fig. 3.14). When precursors of the type
(RO),Si(CH,) Si(OR), withn =2, 6, 8, 10, 14 are processed under either acidic or basic
conditions and are dried supercritically, the length of the spacer (n) has a decisive
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Fig. 3.14 Scanning electron micrographs of a hexylene-bridged polysilsesquioxane xerogel (left)
and the analogous aerogel (right) [taken from [4]]

influence on the later aerogel structure. Most of the alkylene-bridged aerogels are
mesoporous, high surface area materials. However, the specific surface area decreases
with increasing n and the base-catalyzed sample with n = 14 is even non-porous.
Another strategy for creating porosity is to use the organic group as the template
for porosity. This templating relies on the ability of the organic group to occupy
space until calcination, chemical oxidation or chemical rearrangement of the template.
This will leave a pore whose size and shape roughly corresponds to that of the organic
molecule. A variety of chemical processes have been developed for cleaving,
chemically modifying, or removing portions of the organic groups, including retro-
Diels-Alder reactions, decarboxylation or thermal decomposition (Fig. 3.15).

3.2.3.2 Templated Bridged Silsesquioxanes (PMQOs and ZOLs)

Periodic Mesoporous Organosilicas PMOs: Most of the available precursors can
also be condensed in the presence of a structure-directing agent such as a liquid
crystalline phase of surfactant molecules or amphiphilic block copolymers, neces-
sary for the preparation of periodically arranged mesoporous frameworks.
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The first synthesis of a periodically arranged mesostructured silsesquioxane
material with an organic bridge as an integral part of the network was reported in
1999, independently by three different groups [119-121]. Today these materials are
often called periodic mesoporous organosilicas (PMOs).

PMOs exhibit several unique features built into their structure:

. High loading of organic groups

. Insignificant pore blocking

. Chemical reactive sites in the pore wall

. Homogeneously distributed groups

. Easily modified physical and chemical properties by flexible tuning of the
organic bridge

6. High surface area, uniform pore and channel size with nanoscale dimensions

D AW =

Furthermore, different periodic pore geometries (cubic — with a 3D-channel system
or hexagonal — with a 1D-channel system) are accessible, depending only on the
supramolecular templating agent used in the synthesis.

The largest pores (cage-like pores of 10 nm) in a well-ordered mesostructured
silica material with integrated organic groups have been reported by using a large
block copolymer as surfactant and bis(triethoxysilyl)ethane as the framework-forming
component. In contrast, super-microporous organic-integrated silica with periodic
and uniform pore sizes of 1-2 nm have been prepared from alkylamine surfactants
and bis(triethoxysilyl)ethane. This already indicates that the synthesis of PMOs is
very flexible with regard to the porous matrix, but also the chemical reactivity of
the final material can be varied, e.g., by applying a functional bridging molecule.

The amount of organic bridging units can easily be controlled by using mixtures
of the bridged silsesquioxane precursor and a tetraalkoxysilane. This has been
demonstrated by mixing a photoresponsive bissilyl-derivatized propylureido azoben-
zene moiety and tetraethoxysilane in the presence of hexadecyltrimethylammonium
bromide as the structure-directing agent. The resulting material exhibits periodic
ordering of the mesopores and the possibility of photochemical switching of the
azobenzene moieties from cis to trans configuration and thus, a reversible change
in the pore dimensions (therefore the adsorption capacity) [122].

In addition, two different functions can be incorporated simultaneously into the net-
work, by using two different precursor molecules, e.g., co-condensation of ethane and
propyl ethylenediamine bridged bissilyl compounds [123]. To obtain optimal results,
the mobile diamine bridge was complexed with Cu?*-ions prior to sol-gel processing
to decrease the flexibility. This approach can be extended to an almost unlimited choice
of precursors.

In principle, a bistrialkoxysilyl precursor can also be co-condensed with an
organically modified trialkoxysilane to obtain a material that contains functional
groups as an integral part of the network, but also located at the pore walls. To mention
just one example of a successful synthesis, the combination of bis(triethoxysilyl)
ethane and mercaptopropyltrimethoxysilane is named [124, 125].

Typically, the framework of the MCM-type mesostructured materials is amorphous.
However, an interesting feature has been discovered when 1,4-bis(triethoxysilyl)



3 Inorganic—Organic Hybrid Porous Materials 163

benzene is used as network former. The reaction of a mixture of 1,4-bis
(triethoxysilyl)benzene, octadecyltrimethylammonium salt, sodium hydroxide and
water results in a material possessing a crystal-like pore-wall structure. This addi-
tional periodicity is attributed to a regular arrangement of O, .Si—-C H,-SiO  units
in the pore walls due to non-covalent hydrophobic and m—n-intermolecular interac-
tions between the phenylene groups and hydrogen bonding through C-SiOH
groups [126]. It was shown that these groups are accessible for further reaction,
such as sulfonation of the phenylene moieties.

Zeolites with organic groups as lattice, ZOLs: As discussed above, modifying
zeolites by adding organic groups is not trivial due to the steric constraints and the
inherent structural defects imposed to the zeolite matrix. However, would it be pos-
sible to incorporate bridging organic groups?

ZOL materials are zeolite matrices with organic groups as an integral part of
their lattice [127, 128]. In the synthesis of zeolites, these brigding moieties are
limited to hybrid zeolites with methylene groups (~CH,-) replacing a lattice oxygen
atom by starting with bis(triethoxysilyl)methane having a bridging methylene
group (Si—-CH-Si) between two ethoxysilanes as the silicon source (Fig. 3.16).
Different organic-inorganic hybrid zeolitic phases have been synthesized. However,
due to the reaction conditions, the synthesis is not as straightforward as anticipated.

Yy
=si—CH,—B8I== +0OH —  ==5i—0H + 'H —%

I
|||

—  ==8Si—0H + Hy

co-crystallizahon

Fig. 3.16 Possible pathways to ZOL materials [adapted from [127]]
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Although the Si—C-bond is generally strong enough to be resistant against hydrolysis,
Si—CH-Si is relatively easy to be cleaved by nucleophilic substitution via possible
intermediate species, e.g., Si-CH™. This carbanion can presumably be stabilized by
the vacant d-orbital of the adjacent Si atom. Supposedly, purely inorganic Si species
thus formed and organically modified species co-crystallize to form the organically
modified material, which can be seen in the Si-MAS NMR spectra of the final
zeolite material that contains, Q(SiO,) and T(-~CH,-SiO, and CH,-SiO,) species.
The amount of organic groups can be quantified by measuring the amount of
T-units in the ¥Si-NMR spectra, which is about 30% of total Si. Compared to their
purely inorganic counterparts very long crystallization times up to several weeks
can be observed for the synthesis of these hybrid systems.

The use of other organosilanes, such as bis(triethoxysilyl)ethane, have not
yielded crystalline materials, presumably because two CH,-groups are too large to
replace a lattice oxygen atom.

Why is it so difficult to substitute the oxygen atom by a methylene group? Bond
length and angles have to match rather closely to crystallize in a typical zeolite structure.
The typical bond length of Si—C is 1.88 A, which is longer than that of Si—O with 1.6 A.
In addition, the steric demand of a CH,-unit is higher than a single oxygen. However,
the Si—C-Si bond angle (~109°) is usually smaller than the Si—O-Si angle. This
smaller bond angle compensates for the distance of two silicon atoms thus enabling
crystallization of this type of inorganic—organic hybrid zeolitic material, but the limits
are already seen when the size of the organic spacer is increased.

3.2.3.3 Bridged Silsesquioxanes with Hierarchical Porosity

The first reports on organo-silica materials in monolithic form with a bimodal
pore-structure in the form of interconnected macropores and periodically ordered
mesopores have been published by Nakanishi et al. [129]. They describe the
synthesis of alkylene-bridged silica monoliths using a non-ionic block copolymer
(P123) as template in combination with 1,3,5-trimethylbenzene as swelling agent,
an additive that enhances the self-organization of structure-directing agents.

A different approach to synthesize silica monoliths with a hierarchical build up
of highly ordered mesopores and interconnected, uniform macropores has been
recently presented by Hiising and coworkers (Fig. 3.17) [130]. The key of this work
has been the substitution of ethoxy-/methoxy groups of conventional tetraalkoxy-
silane precursors with short chain glycols as they show much better compatibility
with the self-assembly of silica/surfactant mesophases compared to ethanol or
methanol. Furthermore, the glycol-modified silanes, e.g., tetrakis-(2-hydroxyethyl)
orthosilicate (EGMS), are water-soluble and can be hydrolyzed/condensed without
the addition of an acid or base catalyst at neutral conditions in purely aqueous
medium. The synthetic process is therefore simplified, as no toxic and/or expensive
additives like swelling-agents and co-solvents are required. In summary, a simple,
versatile method has been demonstrated to fabricate phenylene-bridged silica
monoliths with a hierarchical build up on at least four levels — (a) deliberate macroscopic
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Fig. 3.17 Hierarchy on four levels: Photograph (a), SEM image (b), and TEM images (c, d) of
the dried phenylene-bridged silica monolith bPh_a, exhibiting its hierarchical build-up

shape, (b) uniform macropores, c¢) highly ordered mesopores (plus micropores),
and (d) molecular periodicity of the phenylene moieties within the pore walls. The under-
lying notion of substituting the alkoxygroups of conventional organo-alkoxysilane
precursors with ethylene glycol can be readily extended to other organic function-
alities. This method represents a versatile tool to tailor the chemical functionality
of monolithic materials with well-defined, multi-modal pore structures, thus
increasing their potential application significantly.

3.3 Conclusions

Hybrid inorganic—organic materials have been and are becoming increasingly impor-
tant for a large variety of technologies, especially since researchers from different fields
such as physics, chemistry, materials science and even biology are starting to exploit
the apparent benefits that arise from the combination of the different areas.

Porous materials that are built-up from inorganic and organic moieties have been
used for a long time already. Prominent examples are reversed-phase silicas used in
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chromatographic applications. Today reversed-phase silicas with n-octadecyl- and
n-octyl ligands are among the most common adsorbents in high performance liquid
chromatography (HPLC). The variety and broad applicability of approaches
towards inorganic—organic hybrid materials has been discussed in this chapter. The
presented examples display only a small selection of the possible hybrid porous
structures, but show that chemists can practically tailor-make any porous inorgan-
ic—organic hybrid material.

The scientific work in the field of hybrid inorganic—organic materials is growing
tremendously in recent years. Another interesting example — not discussed in this
chapter — but nevertheless of high interest is the research on metal-organic frameworks
(MOFs) that represent the ultimate hybrid porous material built-up from inorganic
metal ion complexes bridged by organic linkers to form a three-dimensional
network. These materials have almost no dead volume and due to that display
world-record surface areas of up to 6000 m?> g-!. One potential application is
envisioned in the area of gas storage.

In general, the explosion of novel synthetic strategies to all kind of inorganic—organic
hybrid materials will definitely lead to numerous scientific breakthroughs in the
field of porous materials.

References

1. Brinker CJ, Scherer GW (1990) Sol-Gel Science: The Physics and Chemistry of Sol-Gel
Processing. Academic Press, New York
2. Schubert U, Hiising N (2004) Synthesis of Inorganic Materials. Wiley-VCH, Weinheim
3. Sakka S (2005) Current and future possibilities of sol—gel process. Trans Ind Ceram Soc 64:
13-19
4. Shea KJ, Moreau J, Loy DA, Corriu RJP, Boury B (2004) Bridged polysilsesquioxanes.
Molecular-engineering nanostructured hybrid organic-inorganic materials. In. Gémez-Romero
P, Sanchez C (eds) Functional Hybrid Materials. Wiley-VCH, pp. 50-85
5. Loy DA, Mather B, Straumanis AR, Baugher C, Schneider DA, Sanchez A, Shea KJ (2004)
Effect of pH on the gelation time of hexylene-bridged polysilsesquioxanes. Chem Mater 16:
2041-2043
6. Loy DA (2001) Hybrid organic-inorganic materials. MRS Bull 26: 364-365
7. Schneider DA, Baugher BM, Loy DA, Rahimian K, Alam T (2001) Sol-gel chemistry of tri-
alkoxysilanes. Mater Res Soc Symp Proc 628: CC6.35.1-CC6.35.6
8. Loy DA, Baugher BM, Baugher CR, Schneider DA, Kamyar K (2000) Substituent effects on
the sol-gel chemistry of organotrialkoxysilanes. Chem Mater 12: 3624-3632
9. Barton TJ, Bull LM, Klemperer WG, Loy DA, McEnaney B, Misono M, Monson PA, Pez G,
Scherer GW, Vartuli JC, Yaghi OM (1999) Tailored porous materials. Chem Mater 11:
2633-2656
10. Gun J, Lev O, Regev O, Pevzner S, Kucernak A (1998) Sol—gel formation of reticular methyl-
silicate materials by hydrogen peroxide decomposition. J Sol Gel Sci Technol 13: 189-193
11. Kanamori K, Yonezawa H, Nakanishi K, Hirao K, Jinnai H (2004) Structural formation of
hybrid siloxane-based polymer monolith in confined spaces. J Sep Sci 27: 874-886
12. Shirtcliffe NJ, McHale G, Newton MI, Perry CC (2003) Intrinsically superhydrophobic organosilica
sol—gel foams. Langmuir 19: 56265631



13.

14.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Inorganic—Organic Hybrid Porous Materials 167

Rao AV, Kulkarni MM, Amalnerkar DP, Seth T (2003) Superhydrophobic silica aerogels
based on methyltrimethoxysilane precursor. J] Non-Cryst Solids 330: 187-195

Ayen RJ, Iacobucci PA (1988) Metal oxide aerogel preparation by supercritical extraction.
Rev Chem Eng 5: 157-198

. Gesser HD, Goswami PC (1989) Aerogels and related porous materials. Chem Rev 89:

765-788

Pajonk GM (1991) Aerogel catalysts. Appl Catal 72: 217-266

Fricke J, Emmerling A (1992) Aerogels — preparation, properties, applications. Struct
Bonding 77: 37-87

Schneider M, Baiker A (1995) Aerogels in catalysis. Catal Rev Sci Eng 37: 515-556

Hiising N, Schubert U (1998) Aerogels — airy materials: Chemistry, structure, and properties.
Angew Chem Int Ed Engl 37: 2245

Rolison DR, Dunn B (2001) Electrically conductive oxide aerogels: new materials in elec-
trochemistry. J Mater Chem 11: 963-980

Schiith F, Sing KSW, Weitkamp J (eds) (2002) Handbook of Porous Solids, Wiley-VCH,
Weinheim

Yanagisawa T, Shimizu T, Kuroda K, Kato C (1990) The preparation of alkyltrimethylamno-
nium-kaneinite complexes and their conversion to microporous materials. Bull Chem Soc Jpn
63: 988-992

Kresge CT, Leonowicz ME, Roth W1J, Vartuli JC, Beck JS (1992) Ordered mesoporous molec-
ular sieves synthesized by a liquid-crystal template mechanism. Nature 359: 710-712

Biz S, Occeli ML (1998) Synthesis and characterization of mesostructured materials. Catal
Rev-Sci Eng 40: 329407

Patarin J, Lebeau B, Zana R (2002) Recent advances in the formation mechanisms of organized
mesoporous materials. Curr Opinion Coll Interf Sci 7: 107-115

Beck JS, Vartuli JC, Roth WC, Leonowicz ME, Kresge CT, Schmitt KD, Chu CTW, Olson DH,
Sheppard EW, McCullen SB, Higgins JB, Schlenker JL (1992) A new family of mesoporous
molecular sieves prepared with liquid crystal templates. ] Am Chem Soc 114: 10834-10843
Tanev PT, Pinnavaia TJ (1995) A neural templating route to mesoporous molecular sieves.
Science 269: 865-868

Zhao D, Huo Q, Feng J, Chmelka BF, Stucky GD (1998) Non-ionic triblock and star diblock
copolymer and oligomeric surfactant syntheses of highly ordered, hydrothermally stable,
mesoporous silica structures. ] Am Chem Soc 120: 6024-6036

Ryoo R, Kim JM, Ko CH, Shin CH (1996) Disordered molecular sieve with branched mes-
oporous channel network. J Phys Chem 100: 17718-17721

Kleitz F, Choi SH, Ryoo R (2003) Cubic Ia3d large mesoporous silica: synthesis and replication
to platinum nanowires, carbon nanorods and carbon nanotubes. Chem Commun 2136-2137
Holland BT, Blanford C, Stein A (1998) Synthesis of macroporous minerals with highly
ordered three-dimensional arrays of spheroidal voids. Science 281: 538-541

Stein A, Schroden RC (2001) Colloidal crystal templating of three-dimensionally ordered
macroporous solids: materials for photonics and beyond. Curr Opinion Solid State Mater Sci
5: 553-564

Yang P, Deng T, Zhao D, Feng P, Pine D, Chmelka BF, Whitesides GM, Stucky GD (1998)
Hierarchically ordered oxides. Science 282: 2244-2247

Velev OD, Jede TA, Lobo RF, Lenhoff AM (1998) Microstructured porous silica obtained via
colloidal crystal templates. Chem Mater 10: 3597-3602

Antonietti M, Berton B, Goltner C, Hentze HP (1998) Synthesis of mesoporous silica with
large pores and bimodal pore size distribution by templating of polymer latices. Adv Mater
10: 154-159

Holland BT, Abrams L, Stein A (1999) Dual templating of macroporous silicates with zeolitic
microporous frameworks. J Am Chem Soc 121: 4308-4309

Nakanishi K (1997) Pore structure control of silica gels based on phase separation. J Porous
Mater 2: 67-112



168 N. Hiising and S. Hartmann

38. Nakanishi K (2006) Sol-gel process of oxides accompanied by phase separation. Bull Chem
Soc Jpn 79: 673-691

39. Nakanishi K, Takahashi R, Nagakane T, Kitayama K, Koheija N, Shikata H, Soga N (2000)
Formation of hierarchical pore structure in silica gel. J Sol Gel Sci Technol 17: 191-210

40. Sato Y, Nakanishi K, Hirao K, Jinnai H, Shibayama M, Melnichenko YB, Wignall GD (2001)
Formation of ordered macropores and templated nanopores in silica sol-gel system incorporated
with EO-PO-EO triblock copolymer. Colloids and Surfaces A 187-188: 117-122

41. Smatt J-H, Schunk S, Lindén M (2003) Versatile double-templating synthesis route to silica
monoliths exhibiting a multimodal hierarchical porosity. Chem Mater 15: 2354-2361

42. Nakanishi K, Kanamori K (2005) Organic-inorganic hybrid poly(silsesquioxane) monoliths
with controlled macro- and mesopores. J] Mater Chem 15: 3776-3786

43. Konishi J, Fujita K, Nakanishi K, Hirao K (2006) Phase-separation-induced titania monoliths
with well-defined macropores and mesostructured framework from colloid-derived sol-gel
systems. Chem Mater 18: 864-866

44. Hiising N, Raab C, Torma V, Roig A, Peterlik H (2003) Periodically mesostructured silica
aerogel monoliths from diol-modified silanes. Chem Mater 15: 2690-2692

45. Brandhuber D, Peterlik H, Huesing N (2005a) Simultaneous drying and chemical modification
of hierarchically organized silica monoliths with organofunctional silanes. J] Mater Chem 15:
3896-3902

46. Brandhuber D, Torma V, Raab C, Peterlik H, Kulak A, Hiising N (2005b) Glycol-modified
silanes in the synthesis of mesoscopically organized silica monoliths with hierarchical porosity.
Chem Mater 17: 4262-4271

47. Sanchez C, Ribot F (1994) Design of hybrid organic-inorganic materials synthesized via sol-gel
chemistry. New J Chem 18: 1007-1047

48. Sanchez C, de AA, Soler-Illia GJ, Ribot F, Lalot T, Mayer CR, Cabuil V (2001) Designed
hybrid organic-inorganic nanocomposites from functional nanobuilding blocks. Chem Mater
13: 3061-3083

49. Sanchez C, Julidn B, Belleville P, Popall M (2005) Applications of hybrid organic-inorganic
nanocomposites. Special issue on Functional hybrid materials, Sanchez C (eds). J] Mater
Chem 35/36: 3559-3592

50. Chujo Y, Saegusa T (1992) Organic polymer hybrids with silica gel formed by means of the
sol-gel method. Adv Polym Sci 100: 11-29

51. Novak BM (1993) Hybrid nanocomposite materials — between inorganic glasses and organic
polymers. Adv Mater 5: 422-433

52. Schubert U, Hiising N, Lorenz A (1995) Hybrid inorganic—organic materials by sol-gel
processing of organofunctional metal alkoxides. Chem Mater 7: 2010-2027.

53. Loy DA, Shea KJ (1995) Bridged polysilsesquioxanes. Highly porous hybrid organic-inorganic
materials. Chem Rev 95: 1431-1442

54. Judeinstein P, Sanchez C (1996) Hybrid organic-inorganic materials: a land of multidiscipli-
narity. J] Mater Chem 6: 511-525

55. Corriu RJP (1998) Monophasic organic-inorganic hybrid materials. CR Acad Sci 1: 83-89

56. Sanchez C, Ribot F, Lebeau B (1999) Molecular design of hybrid organic-inorganic nanocom-
posites synthesized via sol-gel chemistry. J Mater Chem 9: 35-44.

57. Corma A (1997) From microporous to mesoporous molecular sieve materials and their Use in
catalysis. Chem Rev 97: 2373-2420

58. Wight AP, Davis ME (2002) Design and preparation of organic-inorganic hybrid catalysts.
Chem Rev 102: 3589-3614

59. Ozin GA, Kuperman A, Stein A (1989) Advanced zeolite, materials science. Angew Chem Int
Ed 28: 359

60. Stucky GD, MacDougall JE (1990) Quantum confinement and host/guest chemistry: Probing
a new dimension. Science 247: 669-678

61. Marlow F, Demuth D, Stucky G, Caro J, Schiith F (1995) Polarized IR spectra of p-nitroaniline-
loaded AIPO,~ single crystals. J Phys Chem 99: 1306-1310



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Inorganic—Organic Hybrid Porous Materials 169

Striebel C, Hoffmann K, Marlow F (1997) The microcrystal prism method for refractive index
measurements on zeolite-based nanocomposites. Microporous Mater 9: 43-50

Calzaferri G, Huber S, Maas H, Minkowski C (2003) Host-guest antenna materials. Angew
Chem Int Ed 42: 3732-3758

Brithwiler D, Calzaferri G (2004) Molecular sieves as host materials for supramolecular
organization. Microporous Mesoporous Mater 72: 1-23

Meyer G, Woehrle D, Mohl M, Schulz-Ekloff G (1984) Synthesis of faujasite supported
phthalocyanines of cobalt, nickel and copper. Zeolites 4: 30-34

Schulz-Ekloff G, Ernst S (1997) Zeolite-entrapped metal complexes. In: Ertl G, Knézinger H,
Weitkamp J (eds) Handbook of Heterogeneous Catalysis, vol 1. Wiley-VCH, Weinheim, pp 374
Sheu LL, Knoezinger H, Sachtler WMH (1989) Palladium carbonyl clusters entrapped in NaY
zeolite cages: ligand dissociation and cluster-wall interactions. J Am Chem Soc 111: 8125-8131
Nandhini UK, Arabindoo B, Palanichamy M, Murugesan V (2004) ¢-Butylation of phenol
over mesoporous aluminophosphate and heteropolyacid supported aluminophosphate molecular
sieves. ] Mol Catal A 223: 201-210

Corma A, Garcia H (2004) Supramolecular host-guest systems in zeolites prepared by ship-
in-a-bottle synthesis. Eur J Inorg Chem 6: 1143-1164

Enzel P, Bein T (1989) Inclusion of polyaniline filaments in zeolite molecular sieves. J Phys
Chem 93: 6270-6272

Moller K, Bein T (1998) Inclusion chemistry in periodic mesoporous hosts. Chem Mater 10:
2950-2963

Stein A, Melde BJ, Schroden RC (2000) Hybrid inorganic—organic mesoporous silicates — nano-
scopic reactors coming of age. Adv Mater 12: 1403-1419

Scott BJ, Wirnsberger G, Stucky GD (2001) Mesoporous and mesostructured materials for
optical applications. Chem Mater 13: 3140-3150

Sayari A, Hamoudi S (2001) Periodic mesoporous silica-based organic-inorganic nanocomposite
materials. Chem Mater 13: 3151-3168

Thomas JM, Raja R (2004) Catalytic significance of organometallic compounds immobilized
on mesoporous silica: economically and environmentally important examples. J Organomet
Chem 689: 41104124

Ogawa M (2002) Photoprocesses in mesoporous silicas prepared by a supramolecular templating
approach. J Photochem Photobiol C 3: 129-146

Hartmann M (2005) Ordered mesoporous materials for bioadsorption and biocatalysis. Chem
Mater 17: 4577-4593

Yiu HHP, Wright PA (2005) Enzymes supported on ordered mesoporous solids: a special case
of an inorganic-organic hybrid. J Mater Chem 15: 3690-3700

Wu CG, Bein T (1994a) Conducting carbon wires in ordered, nanometer-sized channels.
Science 266: 1013-1016

Wu CG, Bein T (1994b) Conducting polyaniline filaments in a mesoporous channel host.
Science 264: 1757-1760

Johnson SA, Khushalani D, Coombs N, Mallouk TE, Ozin GA (1998) Polymer mesofibres.
J Mater Chem 8: 13-14

Li G, Bhosale S, Wang T, Zhang Y, Zhu H, Fuhrhop JH (2003) Gram-scale synthesis of sub-
micrometer-long polythiophene wires in mesoporous silica matrices. Angew Chem Int Ed 42:
3818-3821.

Hiising N, Schubert U (2004) Porous inorganic—organic hybrid materials. In: Sanchez C,
Goémez-Romero P (eds) Functional Hybrid Materials. Wiley-VCH, Weinheim, pp.86-121
Davis PJ, Brinker CJ, Smith DM (1992a) Pore structure evolution in silica gel during aging/
drying I. Temporal and thermal aging. J Non-Cryst Solids 142: 189-196

Davis PJ, Brinker CJ, Smith DM, Assink RA (1992b) Pore structure evolution in silica gel
during aging/drying II. Effect of pore fluids. J Non-Cryst Solids 142: 197-207

Deshpande R, Hua DW, Smith DM, Brinker CJ (1992) Pore structure evolution in silica gel
during aging/drying. III. Effects of surface tension. J] Non-Cryst Solids 144: 32—44



170

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

N. Hiising and S. Hartmann

Smith DM, Stein D, Anderson JM, Ackerman W (1995) Preparation of low-density xerogels
at ambient pressure. J Non-Cryst Solids 186: 104—112

Antochshuk V, Jaroniec M (1999) Simultaneous modification of mesopores and extraction of
template molecules from MCM-41 with trialkylchlorosilanes. Chem Commn 2373-2374
Antochshuk V, Jaroniec M (2000) Functionalized mesoporous materials obtained via interfa-
cial reactions in self-assembled silica-surfactant systems. Chem Mater 12: 2496-2501
Hiising N, Raab C, Torma V, Brandhuber D, Peterlik H (2005) Cellular mesoscopically
organized silica monoliths with tailored surface chemistry by one-step drying/extraction/
surface modification processes. ] Mater Chem 15: 1801-1806

Tsuji K, Jones CW, Davis ME (1999) Organic-functionalized molecular sieves (OFMSs): 1.
Synthesis and characterization of OFMSs with polar functional groups. Microporous
Mesoporous Mater 29: 339-349

Jones CW, Tsuji K, Davis ME (1999) Organic-functionalized molecular sieves (OFMSs): II.
Synthesis, characterization and the transformation of OFMSs containing non-polar functional
groups into solid acids. Microporous Mesoporous Mater 33: 223-240

Schwertfeger F, Glaubitt W, Schubert U (1992) Hydrophobic aerogels from Si(OMe),/
MeSi(OMe), mixtures. J Non-Cryst Solids 145: 85-89

Schwertfeger F, Hiising N, Schubert U (1994) Influence of the nature of organic groups on
the properties of organically modified aerogels. J Sol Gel Sci Technol 2: 103—-108

Riegel B, Plittersdorf S, Kiefer W, Hiising N, Schubert U (1997) Raman spectroscopic
analysis of the sol-gel processing of RSi(OMe)./Si(OMe), mixtures. ] Mol Struct 410-411:
157-160

Hiising N, Schubert U, Misof K, Fratzl P (1998) Formation and structure of porous gel
networks from Si(OMe), in the presence of A(CH,) Si(OCH),. Chem Mater 10:
3024-3032

Hiising N, Schubert U, Mezei R, Fratzl P, Riegel B, Kiefer W, Kohler D, Mader W (1999)
Formation and structure of gel networks from Si(OEt) 4/(MeO)SSi(CHZ)3NR’2 mixtures.
Chem Mater 11: 451-457

Nicole L, Boissiére C, Grosso D, Quach A, Sanchez C (2005) Mesostructured hybrid
organic-inorganic thin films. J Mater Chem 15: 3598-3627

Hoffmann F, Cornelius M, Morell J, Froba M (2006) Silica-based mesoporous organic-inor-
ganic hybrid materials. Angew Chem Int Ed 45: 3216-3251

Burkett S, Sims SD, Mann S (1996) Synthesis of hybrid inorganic-organic mesoporous silica
by co-condensation of siloxane and organosiloxane precursors. Chem Commun 1367-1368
Macquarrie DJ (1996) Direct preparation of organically modified MCM-type materials.
Preparation and characterisation of aminopropyl-MCM and 2-cyanoethyl-MCM. Chem
Commun 1961-1962

Lim MH, Blanford CF, Stein A (1997) Synthesis and characterization of a reactive vinyl-
functionalized MCM-41: Probing the internal pore structure by a bromination reaction.
J Am Chem Soc 119: 40904091

Mercier L, Pinnavaia TJ (2000) Direct synthesis of hybrid organic-inorganic nanoporous
silica by a neutral amine assembly route: Structure-function control by stoichiometric
incorporation of organosiloxane molecules. Chem Mater 12: 188—196

Walcarius A, Delacote C (2003) Rate of access to the binding sites in organically modified
silicates. 3. Effect of structure and density of functional groups in mesoporous solids
obtained by the co-condensation route. Chem Mater 15: 4181-4192

Che S, Garcia-Bennett AE, Yokoi E, Sakamoto K, Kunieda H, Terasaki O, Tatsumi T (2003)
A novel anionic surfactant templating route for synthesizing mesoporous silica with unique
structure. Nature Mater 2: 801-805

Cagnol F, Grosso D, Sanchez C (2004) A general one-pot process leading to highly functional-
ised ordered mesoporous silica films. Chem Commun 1742-1743

Liu N, Assink RA, Smarsly B, Brinker CJ (2003) Synthesis and characterization of highly
ordered functional mesoporous silica thin films with positively chargeable -NH, groups.
Chem Commun 1146-1147



3

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Inorganic—Organic Hybrid Porous Materials 171

Ji X, Hampsey JE, Hu Q, He J, Yang Z, Lu Y (2003) Mesoporous silica-reinforced polymer
nanocomposites. Chem Mater 15: 3656-3662

Asefa T, Kruk M, MacLachlan MJ, Coombs N, Grondey H, Jaroniec M, Ozin GA (2001)
Sequential hydroboration-alcoholysis and epoxidation-ring opening reactions of vinyl
groups in mesoporous vinylsilica. Adv Funct Mater 11: 447456

Ruiz-Hitzky E, Letaief S, Prévot V (2002) Novel organic-inorganic mesophases: Self-templating
synthesis and intratubular swelling. Adv Mater 14: 439-443

Che S, Liu Z, Osuna T, Sakamoto K, Terasaki O, Tatsumi T (2004) Synthesis and characteri-
zation of chiral mesoporous silica. Nature 429: 281-284

Dong H, Brennan JD (2006a) Controlling the morphology of methylsilsesquioxane monoliths
using a two-step processing method. Chem Mater 18: 541-546

Dong H, Brennan JD (2006b) Macroporous monolithic methylsilsesquioxanes prepared by
a two-step acid/acid processing method. Chem Mater 18: 41764182

Loy DA (2007) Sol-gel processing of inorganic—organic materials based on polysilsesquiox-
anes. In: Kickelbick G (ed) Hybrid Materials, Wiley-VCH, pp. 225-254

Hiising N, Brandhuber D, Kaiser P (2006) Glycol-modified organosilanes in the synthesis of
inorganic—organic silsesquioxane and silica monoliths. J Sol Gel Sci Technol 40: 131-139
Hiising N, Brandhuber D, Hartmann S (2007) Glycol-modified silanes: Novel possibilities
for the synthesis of hierarchically organized (hybrid) porous materials. Acc Chem Res
40(9): 885-894

Corriu RJP, Leclercq D (1996) Recent developments of molecular chemistry for sol-gel
processes. Angew Chem Int Ed Engl 35: 1420-1436%*

Shea KJ, Loy DA (2001) Bridged polysilsesquioxanes. Molecular-engineered hybrid
organic-inorganic materials. Chem Mater 13: 3306-3319

Inagaki S, Guan S, Fukushima Y, Ohsuna T, Terasaki O (1999) Novel mesoporous materials
with a uniform distribution of organic groups and inorganic oxide in their frameworks. J] Am
Chem Soc 121: 9611-9614

Melde BJ, Holland BT, Blanford CF, Stein A (1999) Mesoporous sieves with unified hybrid
inorganic/organic frameworks. Chem Mater 11: 3302-3308

Asefa T, MacLachlan MJ, Coombs N, Ozin GA (1999) Periodic mesoporous organosilicas
with organic groups inside the channel walls. Nature 402: 867-871

Alvaro M, Benitez M, Das D, Garcia H, Peris E (2005) Reversible porosity changes in photore-
sponsive azobenzene-containing periodic mesoporous silicas. Chem Mater 17: 4958-4964
Zhu H, Jones DJ, Zajac J, Dutartre R, Rhomari M, Roziere J (2002) Synthesis of periodic
large mesoporous organosilicas and functionalization by incorporation of ligands into the
framework wall. Chem Mater 14: 48864894

Yang Q, Liu J, Yang J, Kapoor MP, Inagaki S, Li C (2004) Synthesis, characterization, and
catalytic activity of sulfonic acid-functionalized periodic mesoporous organosilicas. J Catal
228: 265-272

Asefa T, Yoshina-Ishii C, MacLachlan MJ, Ozin GA (2000) New nanocomposites: putting
organic function “inside” the channel walls of periodic mesoporous silica. ] Mater Chem 10:
1751-1755

Inagaki S, Guan S, Ohsuna T, Terasaki O (2002) An ordered mesoporous organosilica
hybrid material with a crystal-like wall structure. Nature 416: 304-307

Yamamoto K, Sakata Y, Nohara Y, Takahashi Y, Tatsumi T (2003) Organic-inorganic hybrid
zeolites containing organic frameworks. Science 300: 470473

Yamamoto K, Nohara Y, Domon Y, Takahashi Y, Sakata Y, Plévert J, Tatsumi T (2005) Organic-
inorganic hybrid zeolites with framework organic groups. Chem Mater 17: 3913-3920
Nakanishi K, Kobayashi Y, Amatani T, Hirao K, Kodaira T (2004) Spontaneous formation
of hierarchical macro-mesoporous ethane-silica monolith. Chem Mater 16: 3652-3658
Brandhuber D, Peterlik H, Hiising N (2006) Facile self-assembly processes to phenylene-
bridged silica monoliths with four levels of hierarchy. Small 2: 503-506



Chapter 4

Synthesis of Mechanically Flexible
Organic-Inorganic Hybrid Nanocomposites
from Polydimethylsiloxane and Metal Alkoxides

Shingo Katayama

Abstract Organic—inorganic hybrid nanocomposites derived from polydimethylsi-
loxane (PDMS) and metal alkoxides are reviewed as “flexible ceramics” candidates,
which have both high thermal and mechanical flexibility. The synthesis, structure and
mechanical properties of the PDMS-based organic—inorganic hybrid nanocomposites
are discussed. In addition to the mechanical flexibility, some additional properties
such as tribological, surface, bioactive, and thermally conductive properties are discussed
in the PDMS-based organic—inorganic hybrid nanocomposites for practical uses.

4.1 Introduction

Materials used around us can be divided broadly into two categories, organic and
inorganic materials. Organic materials are organic polymers and rubbers, which
have characteristics such as soft, elastic, low density and low refractive index.
Inorganic materials are metals, ceramics and glasses, which have characteristics
such as hardness, strength, thermal stability, high density and high refractive index.
Considering the mechanical flexibility (elastic modulus or Young’s modulus) and
thermal stability of both materials, a materials map can be drawn as shown in
Fig. 4.1 [1]. Inorganic materials have high thermal stability but low mechanical
flexibility (low Young’s modulus). Organic materials, on the contrary, have high
mechanical flexibility but low thermal stability. No material exists with both, high
thermal stability and high mechanical flexibility. This is an undeveloped region as
shown in Fig. 4.1. Organic materials endowed with thermal stability, “thermally
stable elastomers,” and inorganic materials endowed with mechanical flexibility,
“flexible ceramics,” are required as materials going into the undeveloped region.
While an effort has been made to improve properties in the individual fields of
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conventional organic and inorganic materials, organic—inorganic hybrid nanocompos-
ites are expected to be the first ones to go into the undeveloped region in Fig. 4.1.

As mentioned above, organic—inorganic hybrid nanocomposites, in which
organic and inorganic components are combined at a nano- or molecular-scale, are
attracting attention because they provide the desirable properties of both inorganic
and organic compounds within a single composite. However, it is not easy to synthesize
organic—inorganic hybrid nanocomposites because of large differences in process
temperature between organic and inorganic materials. In general, the process
temperature of organic materials is low, from room temperature to ~200°C, but that
of inorganic materials is high, 1,000°C or above. Since the sol-gel process is a
low-temperature route for preparing ceramics and glasses [2—4], it has been also
employed to synthesize organic—inorganic hybrid nanocomposites, especially the
organosiloxane-based system [3]. The synthesis of the organosiloxane-based
organic—inorganic hybrid nanocomposites by the sol-gel process has been
researched since the 1980s [5, 6]. Recently, there has been increased activity in the
research of organosiloxane-based organic—inorganic hybrid nanocomposites
aiming at numerous applications in optical [6, 7], mechanical [8, 9], chemical
[10-14], electrical [15, 16], biological [17] and other fields. Despite large research
on organosiloxane-based organic—inorganic hybrid nanocomposites, not many
reports on bulk materials such as mechanically flexible sheets are available.

One of the organosiloxane-based organic—inorganic hybrid nanocomposites,
“Ceramer” has been synthesized from tetraethoxysilane (TEOS) and silanol-terminated
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polydimethylsiloxane (PDMS) precursors and its mechanical properties have been
studied by Wilkes et al. [5, 18-21]. In succession, Mackenzie et al. have investigated
the rubbery behavior of the PDMS-based system prepared from TEOS and PDMS,
“rubbery Ormosils,” based on the viewpoint that the sol-gel derived oxide networks
were modified by the incorporation of organic groups to improve ductility [8, 22-33].
It is possible that the rubbery Ormosils are thermally more stable than pure organic
rubbers because the inorganic component derived from TEOS is incorporated and can
act as a thermally stable cross-linking species of PDMS [30, 32]. Although rubbery
Ormosils have only the TEOS-derived siloxane network as an inorganic component,
we can also consider the use of various metal alkoxides instead of TEOS, such as Al,
Ti, Zr and Ta alkoxides, which is expected to alter the structure and properties of the
PDMS-based system due to differences in molecular weight, valence and coordina-
tion number between silicon and other metallic elements. Since the metal alkoxides
other than TEOS are generally so reactive toward water that they give a precipitate
such as the corresponding oxides and hydroxides [34-36], it is very difficult to syn-
thesize the PDMS-based organic—inorganic hybrid nanocomposites containing an
inorganic component derived from metal alkoxides other than TEOS. However, the
metal alkoxides can be chemically modified by ethyl acetoacetate (EAcAc) to prevent
precipitation [36—40], resulting in the synthesis of PDMS-based organic—inorganic
hybrid nanocomposites containing an inorganic component metal alkoxides other
than TEOS [41, 42]. This review will concentrate in particular on the mechanically
flexible bulk materials of PDMS-based organic—inorganic hybrid nanocomposites.
Material design, properties and applications will be discussed.

4.2 Mechanical Flexibility of Organosiloxane-Based
Organic-Inorganic Hybrid Nanocomposites

Silica glass with inorganic three-dimensional networks of —O—Si—O-Si— has high
Young’s modulus (7.5 x 10'° Pa) due to rigidity of oxide networks. However, rigid-
ity can be relaxed by the incorporation of methyl groups (~CH,) into the siloxane
networks as shown in Fig. 4.2, thereby providing a decrease in Young’s modulus
(~10° Pa) [43].

Dimethysiloxane is effective for further decrease in Young’s modulus, reaching
rubbery regions (10107 Pa) [19, 24, 44, 45]. The rotation energy of the Si—O bond of
PDMS chains is low because the Si—O bond has longer bond-distance and lower
electron-density than the C—C bond. The bond angle of O-Si—O is the same as that of
C—C-C, but the bond angle of Si—O-Si is larger than that of C—C—C as shown in
Fig. 4.3. In addition, since the Si—O bond has an ionic character of 50%, the bond angle
of O-Si—O is easily varied with low energy. Thus, it is very easy for PDMS chains to
move and bend. PDMS chains are bulky because two methyl groups are bonded to a
Si atom. PDMS chains vibrate with relatively large amplitude. Thus, it is difficult for
PDMS chains to approach each other. That is, the intermolecular forces or cohesive
forces of PDMS chains are low, the distance among PDMS chains is large, and the
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occupying space of PDMS chains is very large. PDMS chains are easily deformed by
adding a compressive or tensile stress, resulting in mechanical flexibility.

The nature of PDMS chains described above causes the mechanical flexibility in
the PDMS-based organic—inorganic hybrid nanocomposites. Silicone rubbers are
also well known as an elastomer based on the flexibility of PDMS chains [46], which
can fall into the category of organic—inorganic hybrid materials in the broad sense.
However, the difference between silicone rubbers and PDMS-based organic—inorganic
hybrid nanocomposites is a cross-linking species in PDMS chains. While PDMS-based
organic—inorganic hybrid nanocomposites have an inorganic cross-linking species,
silicone rubbers have an organic cross-linking species. The organic cross-linkers in
silicone rubbers are formed by vulcanization as shown in Fig. 4.4. The representative
vulcanization is carried out by means of curing with free-radical initiators like per-
oxides [46]. On the other hand, the inorganic cross-linkers in PDMS-based
organic—inorganic hybrid nanocomposites are derived from metal alkoxides as
shown in Fig. 4.4. The species formed by hydrolysis of metal alkoxides react with
the silanol of PDMS chains, connecting PDMS chains via M—O-Si bonds [47].
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Cross-linking of silicone rubbers
=Si-CHz + CH3-Si= — =Si-CH,CH,-Si= =  ...... 1)
= Si-CH,=CH, + CH3-Si = - =Si-CH,~CH,~CH3-Si= - 2
Cross-linking of PDMS-based organic/inorganic hybrids
M(OR), + nH,0 — M(OR), + nROH o (3)
2PDMS-OH + xM(OH), —= PDMS-O-(MO,_5);-O-PDMS ------- (4

Fig. 4.4 Cross-linking reactions of silicone rubbers and PDMS-based organic—inorganic hybrids

Higher thermal stability is expected in the PDMS-based organic—inorganic hybrid
nanocomposites because the inorganic cross-linkers are thermally stable.

4.3 TEOS-PDMS-Derived Organic-Inorganic
Hybrid Nanocomposites

TEOS has been used as a precursor of fine fillers for silicone rubbers because fine
silica particles can be prepared by appropriate hydrolysis of TEOS. Mark et al. have
investigated the filled silicone elastomers prepared by simultaneous curing and filling
[48-56]. During curing of PDMS, silica particles with a diameter of 15-25 nm are
in-situ generated by hydrolysis of TEOS [55]. Differing from a viewpoint of
inorganic fillers, Wilkes et al. have synthesized “Ceramer” from TEOS and PDMS,
in which silica formed from TEOS mainly plays the role of cross-linkers between
PDMS chains rather than that of fillers [5].

According to (3) and (4) in Fig. 4.4, TEOS is hydrolyzed under acidic condition
and then condensed with silanol groups of PDMS. The size of the inorganic component
derived from TEOS ranges over several nm and depends on the reaction condition
[19, 32]. For example, the size of silica clusters increases when increasing the
amount of acid catalyst because of the progress of the self-condensation reaction of
TEOS [8]. Transparent bulk samples can be synthesized under appropriate reaction
conditions [18, 19] and spongy flexible bulk samples can also be synthesized by
aero-gelation [22]. The mechanical flexibility of TEOS-PDMS-derived organic—inorganic
hybrid nanocomposites is affected by synthesis conditions such as the amount of
acid catalyst, TEOS/PDMS ratio and molecular weight of PDMS [19].

TEOS-PDMS-derived organic—inorganic hybrid nanocomposites have a thermal
stability superior to that of silicone rubbers because of inorganic cross-linking by
silica. However, thermal stability must be still improved to aim at “thermally stable
elastomers” and “flexible ceramics” in the undeveloped region of Fig. 4.1.
Mackenzie et al. have further investigated the improvement of TEOS-PDMS-derived
organic—inorganic hybrid nanocomposites by adding small amounts of iron chloride
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[27, 30, 33]. Since iron chloride is known as an improving agent for thermal stability
of silicone rubbers, the same effect can be expected. This involves suppression of
the oxidation of methyl groups by redox reactions of ferrous and ferric ions with
O,. However, it is difficult to apply such a mechanism to TEOS-PDMS-derived
organic—inorganic hybrid nanocomposites as the amount of added Fe ion is too
small to prevent oxidation of many methyl groups. In the case of TEOS-PDMS-derived
organic—inorganic hybrid nanocomposites, it is proposed that the improvement of
thermal stability by adding Fe ions is due to the development of silica cross-linking
structures of PDMS chains with the effect of Fe ions in the formation process [33].

4.4 M(OR) -PDMS-Derived Organic-Inorganic
Hybrid Nanocomposites

4.4.1 Chemical Modification of Metal Alkoxides

Metal alkoxides, M(OR) , have been frequently used as a starting material (precursor)
for the sol—gel process for preparing ceramics and glasses [4, 57, 58]. Metal alkoxides
are readily hydrolyzed and condense to form an inorganic network with M—O-M
bonds at low temperatures as shown in Fig. 4.5 [59]. Since the sol-gel process
involves the inorganic network of M—O-M at relatively low temperatures, it is one
of the promising methods of hybridizing inorganic compounds such as ceramics
and glasses with organic compounds that are unstable at high temperatures.
Though the hydrolysis and condensation reactions of metal alkoxides easily
occur as shown in Fig. 4.5, the reactivity of metal alkoxides actually depends on

OR +H o OH OH ?H cl) O_nln i%," ‘
RO~ —OR == HO—1—OH = HO—M—O0—W—OH == . -Q Mio/é i %
b ROH o MO dn v HO {é}jl\lﬂ:&cl)_
Metal alkoxide Inorganic netiwork 6 '
R: -CHg, -C,Hs....

| Precipitates |

Fig. 4.5 Reactivity of metal alkoxides
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Fig. 4.6 Reactivity of metal alkoxides chemically modified with EAcAc

metals and alkoxy groups. Alkoxides of Si, for example TEOS, are less reactive,
so it is easy for us to handle them. Most of the metal alkoxides other than Si are highly
reactive, and it is difficult to handle them especially in the atmosphere. Therefore,
if highly reactive metal alkoxides such as transition metal alkoxides are directly
used, inorganic networks will largely grow without reaction with PDMS and the
corresponding oxide or hydroxide will precipitate separately from PDMS as
shown in Fig. 4.5. Consequently, metal alkoxides have been chemically modified
with chelating agents such as EAcAc to reduce reactivity during formation of
PDMS-based organic—inorganic hybrid structures [41, 42]. Figure 4.6 shows a
schematic example of Ti(OC,H,), modified with EAcAc, in which no precipitation
occurs even after adding water [59]. The chelating EAcAc groups prevent rapid
growth of oxide or hydroxide particles.

The behavior of modified metal alkoxides with EAcAc during the formation of
M(OR),-PDMS-derived organic—inorganic hybrid nanocomposites will be discussed.
Figure 4.7 shows sequential FT-IR spectra at each step of the process, comprising
(a) metal alkoxides mixed with EAcAc in a molar ratio of EAcAc/M(OR), =2, (b)
hydrolyzed solutions of modified metal alkoxides in the presence of PDMS, (c) gels
prepared at 70°C for 2 days and (d) samples synthesized by heat-treatment at 150°C
for 3 days [42]. Presence of peaks around 1,530 and 1,620 cm™ in Fig. 4.7a suggests
formation of M(OR)__(EAcAc) because formation of the chelate complex is
confirmed by the appearance of the peak around 1,620 cm™ assigned to C-O bonding
with M, and the peak around 1,530 cm™ assigned to C = C vibration of six-membered
ring of the chelate complex [37, 38]. In the case of Al(IIl), TiIV) and Zr(IV) alkoxides,
almost all the added EAcAc react with metal alkoxides, indicating that two alkoxy
groups in one alkoxide molecule are replaced with two EAcAc molecules. On the
other hand, strong absorption peaks of free EAcAc are also observed around
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Fig. 4.7 Sequential FT-IR spectra at each step of the process, comprising (a) metal alkoxides
mixed with EAcAc in a molar ratio of EAcAc/M(OR),_ = 2, (b) hydrolyzed solutions of modified
metal alkoxides in the presence of PDMS, (c) gels prepared at 70°C for 2 days and (d) samples
synthesized by heat-treatment at 150°C for 3 days
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1,730 cm™ in Nb(V) and Ta(V) alkoxides. One alkoxy group in an alkoxide molecule
may be replaced with one EAcAc molecule and EAcAc not reacted with Nb(V) and
Ta(V) alkoxides remains free in a keto form. As a result of the chemical modification
with EAcAc in a molar ratio of EAcAc/M(OR), = 2, the number of remaining
alkoxy groups in one modified alkoxide molecule is thought to be reduced to four
in the case of Nb(V) and Ta(V) alkoxides, about two in Ti(IV) and Zr(IV) alkoxides
and one in AI(III) alkoxide.

After hydrolysis with water of H,O/M(OR), = 2 in the presence of PDMS, the
absorption peaks corresponding to alkoxy groups around 500-700 cm™ [60] disappear
and that corresponding to free EAcAc around 1,730 cm™ appears or becomes
stronger as compared with the absorption peaks of chelating EAcAc around 1,620 and
1,530 cm™, as shown in Fig. 4.7b. Although part of the EAcAc forming a chelate com-
plex is released upon hydrolysis and exists as free EAcAc, the absorption peaks of
EAcAc forming a chelate complex still remain in all the hydrolyzed metal alkoxides.

In a gel prepared at 70°C, the absorption peaks of free EAcAc almost disappear
whereas those of EAcAc forming a chelate complex still remain as shown in
Fig. 4.7c. Although part of the EAcAc bonded to these alkoxides is released upon
hydrolysis, the chelating EAcAc still exists in hydrolyzed solutions and gels, preventing
growth of large inorganic particles.

In the samples obtained after the heat-treatment at 150°C, however, no absorption
peaks corresponding to EAcAc were observed as shown in Fig. 4.7d. A new absorption
peak around 930 cm™ is clearly observed in the sample derived from Ta(V) alkoxide.
The samples derived from Ti(IV), Zr(IV) and Nb(V) alkoxides also show a small
new peak from 910 to 930 cm™ as indicated by arrows. These peaks attributed to
the v(M—O-Si) vibrations [61, 62] result from M—O-Si bonds formed by the reaction
of hydrolyzed alkoxides with silanol groups of PDMS.

4.4.2 Formation Behavior and Structure

Figure 4.8 shows a representative sample of organic—inorganic hybrid nanocomposite
sheet synthesized from chemically modified Zr(OC H,) and PDMS [47].

The sheet is flexible, homogeneous and transparent without inorganic particles
precipitated from the metal alkoxide. This means that the incorporated inorganic
component has a size smaller than the Rayleigh scattering size, which is at least
smaller than the visible wavelength. The size of the inorganic component was
confirmed by HRTEM and SAXS [47]. Figure 4.9 shows the HRTEM of a sample
synthesized from chemically modified Zr(OCH,), and PDMS. The TEM
images indicate larger dark regions with 2-3 nm size distributed over the whole
area, which is likely the inorganic component with high electron density, derived
from Zr(OC,H,),. The size of the inorganic component is extremely small,
compared to silica fillers with ~20 nm size that were dispersed in the PDMS
network by using TEOS [55].
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Fig. 4.8 Representative sample of organic—inorganic hybrid nanocomposite sheets synthesized
from chemically modified Zr(OC,H,) and PDMS

Fig. 4.9 HRTEM of sample
synthesized from chemically
modified Zr(OC,H,), and
PDMS

| Inorganic component ‘

The formation behavior of organic—inorganic hybrid nanocomposites from
M(OR), and PDMS is schematically shown in Fig. 4.10 [42, 47].

Chemically modified metal alkoxides are subject to hydrolysis and condensation
reactions, providing the inorganic clusters. However, these inorganic clusters cannot
grow into large particles identified as precipitates. Therefore, inorganic components
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Fig. 4.10 Formation behavior of organic—inorganic hybrid nanocomposites from PDMS and
chemically modified M(OR),

derived from metal alkoxides are present as oxide-like clusters with several nm
sizes or below, which are attached to PDMS via M—O-Si bonds and hydrogen
bonds. Since the inorganic components are close to molecular-level size, they are
thought to behave as cross-linkers of PDMS chains rather than simple fillers such
as inorganic particles [42, 47, 63].

4.4.3 Mechanical Properties

Flexible bulks or sheets are also synthesized from M(OR)-PDMS-derived organ-
ic—inorganic hybrid nanocomposites as exhibited in Fig. 4.8. Figure 4.11 shows a
typical example of dynamic mechanical behaviors depending on temperature for the
flexible samples [47]. The dynamic elastic modulus exhibits a high value at low
temperatures but at temperatures between 0 and 300°C, it is low and approxi-
mately constant in the rubbery region. The abrupt decrease in dynamic elastic
modulus and the peak of tan & around —120°C are attributed to the glass transition
of PDMS chains.

Mechanical flexibility depends not only on synthesis conditions such as
M(OR) /PDMS ratio and molecular weight of PDMS but also on the type of
inorganic components derived from metal alkoxides [42, 47, 63]. Figure 4.12 shows
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the effect of inorganic component on the property of mechanical flexibility. The elastic
modulus is influenced by type and content of inorganic components. Generally,
when inorganic content increases, elastic modulus also increases. This effect depends
on the type of inorganic components derived from metal alkoxides. This is due to
the difference in interaction between the inorganic component and PDMS chains [47].

4.4.4 Use of Dimethyldiethoxysilane (DMDES)

Dimethyldiethoxysilane (DMDES, (CH,),Si(OC,H,),) can be hydrolyzed and can
condense to form PDMS as shown in Fig. 4.13. Thus, PDMS based organic—inorganic
hybrid nanocomposites can also be synthesized using DMDES and TEOS although
it is difficult for DMDES to form a long chain of PDMSs like the PDMS used as a
starting material.
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Fig. 4.13 Hydrolysis and condensation reactions of dimethyldiethoxysilane

Not only TEOS [64, 65] but also M(OR)_ such as Ti, Zr and Al alkoxides [66-68]
have been used as starting materials of the inorganic component in the PDMS-based
organic—inorganic hybrid nanocomposites synthesized using DEMDMS. Whereas
transition-metal alkoxides are highly reactive to water, they can be used without
chemical modifiers in the case of the DMDES-derived system. Metal alkoxides act
not only as precursors of inorganic cross-linking species but also as catalysts for the
hydrolysis and condensation reactions of DMDES [69, 70].

4.5 MultiFunctionality and Applications of Mechanically
Flexible Organic-Inorganic Hybrid Nanocomposites

The application of mechanically flexible hybrid nanocomposites such as the
PDMS-based organic—inorganic hybrid nanocomposite sheets and bulks has been
limited as yet. Some examples are listed in Table 4.1. In addition to mechanical
flexibility, some additional properties have been investigated in the PDMS-based
organic—inorganic hybrid nanocomposites for practical uses.

4.5.1 Tribological Property

The wettability to engine oil in organosiloxane-based organic—inorganic hybrid
nanocomposites has been investigated, aimed at the development of low friction
materials under boundary and fluid lubrication conditions for automobile components,
especially a piston ring without a gap [71-73]. In conventional materials such as
cast iron and steel of piston rings, a gap is needed for assembling it into a piston.
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Table 4.1 Examples of applications and additional properties of PDMS-based organic—inorganic
hybrid nanocomposites

Application Additional Method for approaching Refs.
property to the additional property

Piston rings (low friction Tribological property  incorporating phenyl groups [72-74]
materials)

Thermal-fixation rolls for Surface property optimizing the content and ~ [78, 79]
electro-photographic condition of organic and
printers inorganic components
Biomedical materials Bioactive property adding Ca(II) ions [16, 79-85]
Thermally conductive Thermally conductive  dispersing filters [86]
sheets for electric Property
assemblies
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Fig. 4.14 TG-DTA curves of (a) PDMS-based inorganic—organic hybrid, (b) PDMDPS-based
inorganic—organic hybrid and (c) PDMDPS-based inorganic—organic hybrid with addition of FeCl,

These piston rings face the problem of combustion gases slightly leaking through the
gap, leading to low fuel efficiency. A flexible piston ring made out of organic—inorganic
hybrid nanocomposites would be stretched to fit the piston even without a gap.
In order to apply flexible organic—inorganic hybrid nanocomposites to the piston ring,
not only mechanical flexibility but also lubrication properties must be optimized.
The organosiloxane-based organic—inorganic hybrid nanocomposites containing
phenyl groups derived from phenyltriethoxysilane were found to have high wettability
with engine oil and good friction property [71]. In addition, flexible sheets of
organosiloxane-based organic—inorganic hybrid nanocomposites containing phenyl
groups have been synthesized from starting materials of polydimethyldiphenylsiloxane



4 Synthesis of Mechanically Flexible Organic—Inorganic Hybrid Nanocomposites 187

(PDMDPS), phenyltriethoxysilane (PhSi(OEt),) and zirconium n-butoxide
(Zr(0"C,H,),) [73]. The incorporation of phenyl groups provides not only high
wettability with engine oil and good friction property but also high thermal stability.
The PDMDPS-based system has higher thermal stability than the PDMS-based
system as shown in TG-DTA curves of Fig. 4.14. In the PDMDPS-based system,
no weight loss is observed until 400°C and large weight loss corresponding to the
thermal decomposition occurs above 400°C with endothermic peaks of DTA. On the
other hand, the PDMS-based system has large weight loss from 300°C with an
endothermic peak of DTA corresponding to the thermal decomposition. It is known
that the phenyl group is one of the thermodynamically stable organic components in
organosiloxanes because of the thermal stability of the aromatic structure. The inductive
effect of the phenyl group also strengthens Si—O bonds of a phenylsiloxane network
[74]. These effects are thought to result in high thermal stability of PDMDPS-based
organic—inorganic hybrid nanocomposites. As mentioned above, the addition of
FeCl, into TEOS-PDMS-derived organic-inorganic hybrid nanocomposites is
effective in thermal stabilization [27, 30, 33]. In the PDMDPS-based system, the
addition of FeCl3 is effective in thermal stabilization but its effect is small, as shown
in the TG-DTA curves of Fig. 4.14.

4.5.2 Surface Property

There are very few studies on the surface properties of PDMS-based organic—inorganic
hybrid nanocomposites. As a fundamental study, Rubio et al. reported on the surface
energy of silica-TEOS-PDMS ormosils and TEOS-TBOT (tetrabutyl orthotitanate)-
PDMS hybrids, which was measured by inverse gas chromatography [75, 76]. The
surface is covered mainly with methyl groups from PDMS chains, but acidic hydroxyl
groups originating from silica particles are also present and lower surface energy.
As apractical study, Shindo et al. reported on the surface properties of the Ti(OC,H.),-
PDMS-derived system with the aim of applying it on the thermal-fixation roll for
electro-photographic printers [77, 78]. In order to achieve a higher quality print, the
toners need tobe globular and finer. But such toners are prone to adhere easily to the
surface of the thermal-fixation roll. The next generation thermal-fixation rolls need
not only mechanical flexibility but also a surface property avoiding adhesion of the
toners - so-called “toner-offset” property. In the Ti(OC,H.),-PDMS-derived system, the
surface was characterized in terms of the contact angle of water and the surface mor-
phology by AFM. The effect of heat-treatment and composition on the surface property
was elucidated. Practical evaluation showed an excellent “toner-offset” property.

4.5.3 Bioactive Property

In addition to mechanical flexibility, the introduction of the property of bioactivity into
the TEOS-PDMS-derived system has been investigated for biomedical applications.
Tsuru et al. found that the addition of Ca(Il) ions derived from calcium nitrate was
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effective for making the TEOS-PDMS-derived system bioactive - the so-called
“ormosils” [17, 79-85]. The Ca(II)-containing ormosils deposit apatite spontaneously
on their surface when soaked in human physiological fluids, whereas ormosils without
Ca ions do not show such effect.

4.5.4 Thermally Conductive Property

Silicone rubber sheets filled with ceramic particles are used as electrically insulating
and thermally conductive spacers for electric assemblies. There is a growing demand
for high-performance thermally conductive sheets since heat-management is becoming
more important for power transistors, power modules, and so on. PDMS-based
organic—inorganic hybrid nanocomposites have high potential for the above applications
because they not only have the same PDMS chains as silicone rubbers but also
inorganic components derived from metal alkoxides as an inorganic cross-linking
species. The inorganic components may be effective for making a strong interaction
with fillers. The Zr(OC,H,),-PDMS-derived organic-inorganic hybrid nanocomposite
filled with alumina particles shows high thermal conductivity above 5 W/m K [86].
Further improvement of thermal conductivity is expected in the near future.

4.6 Conclusions

Organosiloxane-based organic—inorganic hybrid nanocomposites have been actively
investigated for a variety of applications because they have potential due to extraor-
dinary properties resulting from the synergistic effect of organic and inorganic
components. In particular, many attempts have been made to apply the films and coatings
for practical uses but application of bulks and coatings is limited. Typical applications
of bulks and sheets are “thermally stable elastomers” and “flexible ceramics” shown
in Fig. 4.1, which are essentially required for our applications. In order to apply
bulk and sheet materials to individual practical uses, however, we have to consider
and design additional properties beside flexibility. Fortunately, the design of
organosiloxane-based organic—inorganic hybrid nanocomposites can take advantage
of a wide range of combinations of organic and inorganic components, which can
lead to the desired property. Bulk and sheet materials, especially mechanically flexible
materials of organic—inorganic hybrid nanocomposites should be further improved and
spread out in the near future, to target applications beyond those listed in Table 4.1
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Chapter 5

Structural Characterization of Hybrid
Organic-Inorganic Nanocomposites: X-ray
Scattering and Solid-State Nuclear Magnetic
Resonance Spectroscopy

Tiziana Di Luccio and Marzia Pentimalli

Abstract The properties of hybrid composites result from a complex cooperation
between the organic and inorganic species constituting the nanocomposites. A con-
tinuous, increasing demand of the detailed knowledge of such properties at the
nanoscale has contributed to the development of the characterization techniques.
The chapter provides an overview on two specific characterization tools widely
used in nanocomposites research: X-ray scattering (XRS) and Solid-State Nuclear
Magnetic Resonance spectroscopy (SSNMR). We briefly describe some fundamentals
of both the methods and present several relevant results from the literature in this
field. Specific emphasis is devoted to nanoparticle polymer nanocomposites and
polymer-layered silicate nanocomposites.

Abbreviations CP: Cross-polarization; CSA: Chemical shift anisotropy; DD:
Dipolar decoupling; FWHM: Full width half-maximum; GID: Grazing-incidence
diffraction; GISAXS: Grazing-incidence small-angle X-ray scattering; MAS:
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iodide) ethyl acrylate; MMT: Montmorillonite; MQ-MAS: Multiple-quantum
magic-angle spinning; PL: Photoluminescence; PLS: Polymer-layered silicate;
PS: Polystyrene; RD: Recycle delay; SAXS: Small-angle X-ray scattering; SPE:
Single-pulse excitation; SSNMR: Solid-state nuclear magnetic resonance; TEM:
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mer; USAXS: Ultra-small-angle X-ray scattering; WAXS: Wide-angle X-ray
scattering; XRD: X-ray diffraction.
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5.1 X-ray Scattering Methods

5.1.1 Introduction

X-ray scattering represents a powerful tool to study the structure and dynamics in
hybrid composites. To this purpose, different X-ray scattering techniques are available;
from traditional methods of powder diffraction to modern synchrotron radiation
techniques that allow the study of structures such as molecular monolayers, quantum
dots, supported islands, nanoparticles and proteins, otherwise difficult to determine
because of their low scattering power. The choice of the specific technique depends
on the system under investigation, length scales involved and information required.
In this chapter, we will illustrate most of them, namely, X-ray diffraction (XRD),
wide- and small-angle X-ray scattering (WAXS and SAXS, respectively) and
grazing incidence small angle scattering (GISAXS) and will report selected results
on hybrid nanocomposites. A comprehensive distinction among such methods can be
made in terms of the scattering vector (or momentum transfer) q defined as the dif-
ference between the scattered and the incident wave vectors. The atomic scale
corresponds to values of ¢ > 0.1 nm~". Both XRD and WAXS provide information
at this scale. Traditionally, XRD is used in reflection geometry (Fig. 5.1b); best suitable

a Beamstop| | by diffracted beam optics:
z q: x-ray d E ::rriﬁ;a; zgaI{z‘er, slits,
y a i 3% {:},O
X-ra -
— foQo =y
> qx incident beam ¢ ~# 120 < detector
a; x 20, | ' optics: slits, mirror, T
= f cch monochromator
GISAXS XRD ;
— ] 9 (nmTY)
107 1073 102 1071 10° 10°
USAXS SAXS WAXS

1

source
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Fig. 5.1 Schematic view of the momentum range q where different scattering techniques apply.
Fig. 5.1a has been reprinted in part with permission from [1]. Copyright © (2005) American Chemical
Society
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for samples with a defined surface such as films deposited on opaque substrates.
On the other hand, WAXS is performed in transmission (Fig. 5.1c) and is suitable
for solutions, powders in small quantities and polymers. In SAXS, the g-range
extends from about 1 nm™' down to 0.01 nm™' or below, entering the ultra-small-
angle scattering regime (USAXS).

The experimental setup is essentially the same for USAXS, SAXS and WAXS,
as schematically represented in Fig. 5.1c. SAXS has gained popularity in the last
years because it permits to access periodicities from 0.1 to 100 nm, typical of large
atomic aggregates, such as nanostructures or molecules, and their combination in
organic/inorganic nanocomposites. At these length scales, scattering of the X-ray
radiation is due essentially to strong variations of the mean electronic density rather
than the specific atomic configuration. GISAXS and X-ray reflectivity (XRR) are
the two scattering techniques that investigate the electronic density in thin films.
XRR probes variations of electronic density along the surface normal and allows
the determination of thickness of thin films and multi-layers and interface
roughness along such direction [1]. GISAXS is complementary to XRR because it
involves off-specular measurements (Fig. 5.1a) that provides information about
lateral correlations [2, 3], roughness of a surface [4, 5], size, shape and distribution
of quantum dots distributed on a substrate [6, 7]. Nowadays, the use of GISAXS
and other surface techniques is continuously increasing in the research field of
nanocomposite materials. Thanks to the enormous advances in the synchrotron
radiation sources and equipments, both traditional diffraction methods and scattering
techniques have received a great development. The potentiality of the synchrotron
radiation experiments is the in-situ sample preparation assisted by the most suitable
scattering technique, with usually very versatile equipments (vacuum or controlled
atmosphere and thermal heating or cooling).

Some generic concepts of X-ray scattering and their main usefulness
regarding the structural study of nanocomposites will be given in the next sec-
tion. The experimental results from different research groups will be presented
in the two successive sections. The first one is about nanoparticle nanocom-
posites and the second one is about polymer-layered silicate nanocomposites.
The same topics will be treated in Sect. 5.2 wherein the characterization by
NMR will be discussed.

5.1.2 Generalities

X-ray diffraction (XRD) is probably the most popular X-ray scattering technique
since it has been traditionally employed as a method to investigate the microscopic
structure of crystalline solids, in the form of single crystals, powders, pellets or thin
films. In this section, we will discuss a few elements of the X-ray scattering theory
in order to understand the application of the several X-ray scattering techniques in
the field of nanocomposites. For further readings on the theory of XRD, we recommend,
among others, some good books [8—10].
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In the general case of an imperfect crystal, the atoms are placed at arbitrary
positions. If the crystal is irradiated by a monochromatic parallel X-ray beam,
each atom behaves as a scattering centre by emitting a wave coherent with the
incident radiation. The observed diffracted wave results from the interference of all
the waves emitted by the single atoms. The amplitude of the diffracted wave in the
reciprocal space is the superposition of all the waves scattered by an object constituted
by N atoms

N
A(s) = an exp(—27is-x,) = jp(x) exp(—2is-x), (5.1)

n=1
where f, is the atomic scattering factor, s= (k,, —k,,) is the unitary scattering
vector, A is the X-ray beam wavelength and X, is the position of the atom in the
real space. Since the atomic scattering factor f, is related to the electronic density
p(x), the right-hand side of the above definition expresses the scattered amplitude as
the Fourier transform of the electronic density. What is really measured in a

diffraction experiment is not the amplitude, since the phase in (5.1) is not a measurable
quantity, but its square modulus, that is the diffracted intensity or scattering power

Iy(s)=|As) . (5.2)

When a group of atoms is considered, it is useful to consider the interference
function

3(sy= 1) (5.3)
NF*?
The value of 3 is determined by the interference between the scattered waves,
being equal to unity if the scattering is incoherent.
Among hybrid nanocomposites, it is very likely that powder-like diffracting
systems are encountered. A powder is composed of identical objects that are ran-
domly oriented. In this case, the scattering power is given by the Debye formula:

IN(S)—Zfo s1n(27rsx )’ (5.4)

n=1n’=1 nn’

where I s is the average observed intensity and x,, = x,, — x,.. The corresponding
interference function assumes the following expression:

S(5) = 1+ 2 3 ) (5.5)

27sx

nn'

The experimental diffraction pattern of a powder shows only a dependence on the
interatomic distances X but does not contain any information about the orientation.
When the diffraction is applied to crystals, a different formula of the scattering
power is given, based on the concepts of crystal and reciprocal lattices. The scattering
amplitude per unit cell is the Fourier transform of the electron density of the crystal
p.(x) that can be expressed as the convolution of the Fourier transforms of the electron
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density inside the unit cell p(x), the crystal lattice function z(x) and the form factor
of the crystal o (x) according to the following expression:

p.(x) = p(x)* [z(x)o(x)]

Correspondingly, the scattering power per unit cell assumes the form:

1<s>=%;§;|2(s—nl,)

where V is the entire volume of the crystal, V. is the volume of the unit cell, F il is
the structure factor of the crystal relative to the lattice plane identified by the Miller
indices (hkl). The plane (hkl) corresponds in the reciprocal lattice to a point in the
position ', and the function X'is the Fourier transform of the form factor. X has its
maximum at the node of the reciprocal lattice s=r",, and is different from zero
except in a small region around such node.

Among the two formulations given by (5.4) and (5.6), the Debye formula is
sometimes more convenient to use, for example, in the case of a crystal with a small
number of atoms. On the other hand, (5.6) has the advantage to show the explicit
dependence on the reciprocal lattice and its integral value is used to calculate

observable quantities. The Bragg’s law
A =2d sin (6) 5.7

is easily derived from (5.6) considering that I(s) differs significantly from zero only
if the vector r*, belongs to the reciprocal lattice, i.e., it lies on the surface of the
Ewald sphere, centred at the tip of the incident wave vector k. and having modulus
k) = I, ) = .

In order to estimate the grain size L of the powder grains, the Scherrer formula
is very useful:

2
s

(5.6)

0.9

AQRO)=——.
(26) Lcos(6,)

(5.8)
In this expression, A'(20) (expressed in rad) is the full width at half-maximum
(FWHM) of the diffraction peak corresponding to the Bragg angle 6, while A is the
wavelength used in the experiment. The grain size calculated by using (5.8) is
termed “apparent size” of the grain, while the “true” size is defined as the cube root
of the crystalline volume. To be rigorous, rather than the FWHM one should
know the integral width, defined as the total area under the diffraction maximum
divided by the peak intensity, or the complete line profile and take into account
other factors that might influence the peak broadening beyond the crystal size, such
as the crystallite shape and size distribution, instrumental contribution or lattice
defects [11]. To this purpose, very long and accurate measurements should be
performed and the “true” Scherrer formula given by (5.8) without the factor 0.9
should be used [9, p 143]. However, the computation of the real crystal size in
nanometric crystals by means of the Scherrer formula is not correct, as stated by
several authors [12, 76], mostly when the nanocrystals contain less than a thousand
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atoms. The correct approach would involve the calculation of the FWHM by means
of theoretical approaches based on the Debye formula (4) [13] or line profile
analysis [14-16].

While the theory for XRD and WAXS is essentially the same and the two
techniques differ only for the measurement geometry (reflection and transmission,
respectively) (Fig. 5.1), SAXS needs a separate treatment [17, 18] because the
scattering region is located at small angles in the vicinity of the primary beam
where it has different properties with respect to the high-angle region. The scattering
features at these angles extend from tens to thousands of Angstroms and at these
lengthscales the mean electronic density plays the major role in the scattering
mechanism with respect to the detailed atomic structure. SAXS is applied to systems
of identical particles to determine the nanoparticle size distributions [19] or the size
and shape of colloidal core—shell nanoparticles [20]. It is also employed to study
crystallization phenomena in polymers [21, 22] or the biomineralization of
inorganic nanostructures in DNA templates [23].The interpretation of SAXS data
can be very difficult because the curves are often featureless and require a proper
model to be correctly interpreted in conjunction with other techniques, such as
microscopy. The scattering intensity in the vicinity of the reciprocal space origin
r’,, = 0 can be written in terms of the mean electronic density of the crystal p and
of the Fourier transform of the form factor >.:

I(s) = p* | X(s) . (5.9)

This expression is obtained from (5.6) at r*, = 0 and considering that F/V_= p.
Since the function X (s) has its maximum at s = 0, at these conditions the scattering
curve is characterised by a central peak that depends only on the external shape of the
object. The central peak is not observed very often because very narrow and conse-
quently is completely hidden by the direct beam. Since its angular width € = 1/ d,
where d is of the order of the size of the object, the central peak is likely to be observed
at dimensions below 0.1 pm. For systems of identical particles that are randomly
oriented and not interacting, the scattering intensities for each particle are simply
summed (no interference). In that case, the function X (s) can be easily calculated
for a specific shape of the particles [8, Appendix A]. When X (s) is inserted in (5.9)
the scattering intensity will depend on the geometrical factors of the particles, for
example, the radius in the case of a sphere. For powder-like systems, the experimental
SAXS diffraction patterns are usually recorded on photographic plates and are
characterised by a central spot (the direct beam shadowed by a beam stop) and a
certain number of concentric rings of decreasing intensity. This two-dimensional
pattern has to be integrated to get a one-dimensional curve of I(s) as a function of s.
For a system of spherical particles, the radius can be calculated by the conditions
at which the intensity vanishes.

At very small angles (s ~ 0), the exponential approximation for I(s) is considered:

2 p2
I(s)=n’ exp(—%). (5.10)
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This is valid for particles of any shape and also when the particles are not identical.
From the slope near the origin, it is possible to evaluate the gyration radius R. The
limit of higher angles is called Porod region of the SAXS curve. In this region, I(s)
has the asymptotic form:

I()—(p po) i (5.11)

where S is the total surface of the particles. This expression is valid for particles of
any shape, randomly oriented and also for not homogenous and dense systems. The
shape of the particles obtained from the s ~ 0 region can be used in this limit to get
the surface-to-volume ratio of the scattering objects. Many other useful informa-
tions can be achieved by means of SAXS. For example, the area under the curve
gives the so-called “invariant,” and any change in the invariant can be indicative of
the crystallisation process of polymers.

When the particles are close to each other, the interference effects in the function
I(s) cannot be neglected, but if the particles are randomly distributed it is possible to
give an analytic form to I(s). For particles with spherical symmetry, the scattering
intensity is the sum of a term due to the single-particle scattering plus an interference
term. As the scattering vector s increases, the interference term first decreases and then
has a hump that becomes a maximum at high concentrations. The value of s at the
maximum gives a length d that is of the order of magnitude of the nearest particles
distance. Such a maximum is often observed in semiconducting nanoparticles, as reported
in the next section.

Other scattering techniques are available to study other properties of the materials.
For example, GISAXS has been developed to measure thin films and surfaces and
it is a combination of grazing-incidence diffraction (GID), which uses reflection geom-
etry to obtain surface-sensitive X-ray scattering, and SAXS. Examples of GISAXS
will be given in the Sect. 5.1.2. Beyond GISAXS, anomalous SAXS (ASAXS) uses
the atomic scattering factor dependence on the energy of the incident X-ray beam to
enhance the scattering signal in proximity of the X-ray absorption edges. This effect,
termed “anomalous effect,” makes the technique very sensitive to the chemical
composition of the samples and is very useful to reveal elements present in small
percentages, such as metals contained in polymers, or to define the stoichiometry of
binary alloys [77-79].

5.2 Nanoparticles Nanocomposites

XRD is widely applied to nanocomposites of semiconducting and magnetic
nanocrystals embedded in a polymer matrix, or nanoparticles functionalised by
different functional groups, such as thiols or silane groups for specific applications.
In many cases, XRD serves to characterise the crystal structure of the nanoparticles,
estimate their size and shape and individuate lattice defects. On the other hand,
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SAXS is related to the spatial distribution of nanoparticles and at the same time is
used to study the polymer-related properties.

Murray et al. [24] used XRD to investigate the structure of CdE (E =S, Se or
Te) nanocrystals synthesised by the TOP/TOPO route. The nanocrystals prepared
by such a technique have mainly a wurtzite structure and are nearly monodisperse,
as shown by TEM, with a size tuneable between 1.2 and 11.5 nm. They show very
regular redshift in the absorption and luminescence spectra with decreasing size.
The effect of the finite size of the crystals and the contribution of defect broadening
were included in the Debye formula (4) to fit the experimental XRD data. The best
fit is obtained by assuming a wurtzite structure with stacking faults along the [002]
direction, which is responsible for the broadening of the 102 and 103 reflections.

Many fundamental works towards the synthesis of CdS [25] and CdSe [26]
nanocrystals and related core—shell structures [27] are from Weller’s group. Both
WAXS and SAXS are used to characterise the nanocrystals. A crystal structure
change from the cubic to hexagonal phases is observed from smaller (~2 nm) to
larger (~4 nm) nanocrystals. At small-angle regime, the presence of a sharp
first-order peak and a weaker second-order peak are the signatures of ordered
nanoparticles at short range, as expected from dense systems of identical particles
(see the Generalities paragraph).

In core—shell nanostructures, as in the case of CdS/ZnS shells on colloidal CdSe
nanorods [28], by combining TEM and XRD it was established that the shell grows
epitaxially with the core. The core dimensions varied between 4.4 and 7.3 nm while
the shell dimensions varied between 24.2 and 29.8 nm. The diffraction peaks shift
towards higher angles with the shell thickness and confirm epitaxial growth except
for the thickest shell.

The above cited works are a few examples to show how the size, shape and
spatial distribution of nanoparticles can be characterized by XRD. When the
nanoparticles are used to prepare nanocomposites with organic materials, such as
polymers, the same methods can be applied. The main difficulties encountered in
the dispersion of nanoparticles in polymers are phase separation and agglomeration.
Reducing these effects is of utmost importance to enhance the efficiency of fullerene/
polymer photovoltaic devices or to control the polymer viscosity by nanoparticles
addition. In-situ growth of the nanoparticles inside a polymer matrix is an alternative
way to control their dispersion.

A route for a new kind of hybrid nanocomposites is offered by employing
dendrimers that can be used as template to form metallic [29] or metal sulphide
nanoparticles [30] within the polymer matrices. SAXS, SANS and TEM provide in
these cases full characterization of the system.

5.2.1 Case of CdS Nanoparticles Grown in a Polymer
Matrix by Thermolysis

An example of in-situ preparation of nanoparticles/polymer nanocomposites is
given by CdS nanoparticles grown within amorphous transparent polymer matrices
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such as polystyrene (PS) [31-33] or topas (TP) [34, 35]. The nanocomposites were
prepared by a thermolysis process that consists of thermally induced decomposition
of a suitable precursor molecule and successive formation of a given micro- or
nanocrystals. In particular, we used this method to prepare CdS nanoparticles in
amorphous polymer matrices by first dispersing a Cd thiolate precursor Cd(SR),
(R =CH, ) in the polymer solution. Successively, a precursor/polymeric foil of
about 2-mm thick was obtained by drop-casting the solution and the solvent
was allowed to evaporate during 1 or 2 days. If heated at temperatures above the
precursor decomposition temperature, CdS nanoparticles become embedded in the
polymer matrix. For these nanocomposites, ex situ WAXS and SAXS, together with
NMR spectroscopy (see Sect. 5.2) allowed a careful study of the synthesis parameters
(annealing conditions and role of the polymer).

WAXS and SAXS analyses were performed on samples previously annealed at
different temperatures [34]. The distance between the sample and the detector position
can be varied in such a way that the momentum transfer ¢ covers both the SAXS
(0.05-10 nm™") and the WAXS (10-40 nm™') regions.

The SAXS/WAXS experiments were very useful in clarifying the role of the matrix,
as can be seen from Fig. 5.2. In this figure curves (a) and (b) refer to polystyrene
(PS) at room temperature and after annealing at 250°C, respectively, while the curve
(c) refers to CdS/PS obtained upon annealing at 237°C. The WAXS curves relative
to the pure polymer are the same before and after the thermal treatment. Moreover,
in the WAXS curve of the precursor/polymer foil (c) we distinguish the polymer
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Fig. 5.2 WAXS curves relative to nanocomposites of CdS nanoparticles embedded in a polystyrene
(PS) matrix obtained by thermolysis of a cadmium-(bis)thiolate precursor with 12 carbon atoms
(C12) dispersed in a PS foil: (a) PS only, before annealing; (b) PS only, after annealing at 250°C;
(c) C12/PS after annealing at 237°C. The annealing allows the formation of CdS nanoparticles,
confirmed by the Bragg peaks indicated in (¢) while the PS signal remains the same as was before
the annealing
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Fig. 5.3 WAXS curves relative to C12/TP (where TP is an acronym for topas, a cyclic olephin
copolymer) after annealing at 250°C in vacuum and at 300°C in air. The two processes produce
nanoparticles of the same size and spatial distribution, since the scattering spectra are the same in
both cases

peaks equal to those observed in (a) and (b), and additional peaks from the crystalline
CdS nanoparticles. Considering these results, one can conclude that the polymer
has the function of template where the precursor transformation occurs.

The small size of the nanoparticles broadens the peaks making it difficult to
distinguish, at least without a proper simulation, between the cubic and the hexagonal
phases, because the peaks of the two phases are often overlapped. The nanoparticles
size, evaluated by the Scherrer formula applied to the cubic (220)/hexagonal (110)
peak, is about 1.5 nm. At small values of the ¢g- vector, a strong peak, similar to that
observed by Murray et al. [24-27], centred at ¢ = 1.8 nm™! corresponds to an average
distance of 3.5 nm, showing that the nanoparticles produced at this annealing
temperature are well separated. By means of WAXS and NMR (see Sect. 5.2) it was
shown that it is preferable to perform the annealing process under vacuum instead
of air, where unwanted polymer reactions can take place. The same WAXS
spectrum is obtained by annealing two identical precursor/polymer samples, one in
vacuum and the other one in air (Fig. 5.3) at different temperatures. In fact, in
vacuum the annealing temperature needed to obtain 1-nm CdS nanoparticles in
topas (TP) is 250°C, instead of 300°C in air. The matrix can be chosen among
amorphous polymers, such as PS and TP, that are suitable for optical applications
because of their high transparency. From the structural point of view, TP offers the
advantage that the amorphous peak is not too much overlapped with the first Bragg
reflection from CdS.

The kinetics of the reaction from the precursor to the nanoparticles was followed
by in-situ synchrotron XRD experiments, in order to understand the underlying
growth process [35]. The size and crystal structure of the so-prepared nanoparticles
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Fig. 5.4 PL maximum and crystal size of the CdS nanoparticles in CdS/PS nanocomposites
obtained by thermolysis, as a function of the annealing temperature. Reprinted with permission
from [35]. Copyright © (2006) American Chemical Society

were found to depend mainly on the annealing temperature. Annealing temperatures
between 230 and 300°C under vacuum produce nanoparticles with a size of 1 and
8 nm (Fig. 5.4). In this figure, the temperature dependence of nanoparticle size and
of the photoluminescence peak position (PL) are reported on the right and left axis,
respectively. In particular, the size has been evaluated from simulation of the in situ
synchrotron XRD data as described below. The temperature dependence of several
precursors Cd(SR),, R=CH,  (n=3,5, 12, 18) dispersed in TP matrix was
followed by in situ synchrotron XRD measurements. The experiments were
performed at the beamline W1.1 of Hasylab (DESY) by using an incident beam
energy of 10.5 KeV (A= 1.18 A). A piece of precursor/polymer foil was mounted
on a Cu holder heated by resistors, and measured in reflection by detector 20 -scans
at fixed incident angle of 2° under vacuum. The data were acquired in temperature
steps of 10°C from room temperature to 300°C. The results are reported in Fig. 5.5
for the precursor with n = 12 carbon atoms in the thiol chain, named C12 and the
corresponding polymer composite, named C12/TP.

In the temperature range 100-200°C (Fig. 5.5a), we observe the precursor
transformation, while the nanoparticle growth happens in the high-temperature
range 200-300°C as shown in (Fig. 5.5b, c¢) for the small and large ¢- values.
The diffraction curve at 100°C is characterised by regularly separated peaks
SL1-SLS5 that arise from the lamellae structure of the C12 precursor (Fig. 5.5a).
The peak separation corresponds to a periodicity of the lamellae along the aliphatic
chain of 35 A. The SL peak intensity decreases with the temperature until the peaks
completely disappear at 160°C. Meantime, new peaks P1-P4 arise from metastable
phases from the decomposition process. The peak P1 is present between 100 and
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Fig. 5.5 Synchrotron X-ray diffraction curves of C12/TP as a function of annealing temperature.
(a) T = (100-200)°C. The C12 precursor peaks are indicated by SLi. The peaks Pi (i = 1, 4) are
transitory peaks induced by the thermolysis of the C12. P is related to the mean distance among
the growing CdS nanoparticles, TP is the topas peak. (b) T = (230-300 °C), ¢ = (1-8 nm™") and
(¢) T =(230-300 °C), ¢ = (10-40) nm~'. The g-range is plotted in two parts, the high q regime,
where the crystalline reflections from CdS are measured, and the small q regime, where the
decomposition of the precursor is followed. Reprinted with permission from [35]. Copyright ©
(2006) American Chemical Society

160°C, while the other three peaks appear at 180°C and disappear at 240°C, where
the precursor decomposition is complete. The peaks P2, P3 and P4 are compatible
with the structure factors of the 11, 02 and 22 reflections of a hexagonal lattice with
centred rectangular unit cell of lattice parameters a = 4.45 nm and b = 2.55 nm.
Such a structure is a possible configuration of the S and Cd atoms because of the
flexibility or partial decomposition of the long alkyl chains in the lamellae precursor.
In Fig. 5.5a, we observe that the peak P is present from 200°C and shifts to smaller
values of the scattering vector ¢ as the temperature is increased (Fig. 5.5b).
This peak in the diffraction curve is the equivalent of the SAXS first-order reflection,
indicative of a mean distance among the nanoparticles which in this specific case is
temperature-dependent. A weak and broad signal from the CdS Bragg reflection,
located in the region ¢ = 15-40 nm™, appears at 230°C (Fig. 5.5¢) but becomes very
well defined at higher annealing temperatures. Two are the main effects of the
temperature on the nanoparticle structure: (1) the reduction of the peak broadening,
sign of larger crystals and (2) a structural evolution, from mostly zinc-blende below
250°C to the presence of all the peaks of the wurtzite phase at 300°C. The diffraction
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curves were simulated by using a diffraction peak intensity profile from spherical
crystallites of the zinc-blende (zb) or wurtzite (w) phase, according to Ida et al. [36]:

o w2 TD? 2 . 2 ’
I (q):%mhlethF;'kbl’ | zf(qf I_Tq)sm(s(q))—i_[Tq)sm(%)} (5.12)

with

s(q) = 2mgD,

where ¢ is the usual scattering vector, D is the diameter of the nanoparticle, L, is
the Lorentz polarization factor and m,, and F, , are the multiplicity and structure
factor of the Akl reflection, respectively. The calculated curves that better approximate
the experimental data show that a mixture of both zb and w phases is present. With
the hypothesis that each phase contributes to the total scattered intensity by 50%,
we obtained a good fit of the experimental curves.

We report the results relative to the samples annealed at 240 and 300°C (Fig.5.6)

where the nanoparticle diameter D is evaluated as 1.8 and 8 nm, respectively. This study,
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Fig. 5.6 Theoretical simulations of the in situ synchrotron XRD data of C12/TP at annealing
temperatures 7 = 240 °C (a) and 300 °C (b), by considering spherical CdS nanoparticles with
zincblende (zb) and wurtzite (w) phases of diameter @ = 1.8 nm (a) and 8.0 nm (b). In both (a)
and (b): (i) the dots represent the experimental data points, the green curve is the calculated for
nanoparticles with zb phase, the blue curve for nanoparticles with w phase, the red curve is
obtained by considering 50% zb and 50% w mixed phase; (ii) the peaks are labelled by the relative
Miller indexes of the zb and w phases. Reprinted with permission from [35]. Copyright © (2006)
American Chemical Society
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Fig. 5.7 Schematic view of the chemical transformation of the thiolate precursors and the
nucleation and growth of the CdS nanoparticles from the precursor thermolysis: (a) lamellae
structure of the precursor from room temperature up to 100°C; (b) hexagonal structure due to the
flexibility of the alkyl chains in the temperature range between 160 and 240 °C; (c) final state
(above 240 °C) consisting of CdS nanoparticles only. The organic component has completely
decomposed. The crystalline structure of the nanoparticles has been simplified in the sketch.
Reprinted with permission from [35]. Copyright © (2006) American Chemical Society

together with supporting analyses from TEM, PL and Gas chromatography/Mass
spectrometry, allowed to draw a possible mechanism for the CdS nanoparticle
formation from the thermolysis of the long-chain thiol precursors (Fig. 5.7):
below 100 °C, the precursor has a lamellae structure (a) that changes to an hexagonal
lattice formed by the sulphur atoms (b) because of the flexibility of the organic
chains induced by the increased temperature (160-240 °C). Above 240 °C, (c) the
precursor molecules are completely decomposed and the CdS nanoparticles are grown
dispersed in the polymer matrix.

5.3 Polymer-Layered Silicate Nanocomposites

Polymer-layered silicate nanocomposites represent a large group of nanocomposites
materials that has developed in the last 15 year. Publications in this field started
appearing in around year 1995, increased up to 50 in 2000 and was about 200 in
2005. The reason is that the combination of a few percents of inorganic-layered
silicates (or clays) with polymers can produce a final composite with improved physical
and mechanical properties and with final economical advantages. The nanocomposites
are obtained when the sheets of the clay unit cells are more or less intercalated in
the polymers. In the case of no intercalation, the clay and the polymer are
phase-separated and no composite is obtained. At an intermediate level of the polymer
intercalation, the clay sheets distance is increased compared to the original distance
without the polymer (intercalated nanocomposites). In the opposite limit, the clay
sheets are pushed so far away that a complete exfoliation occurs (exfoliated
nanocomposites). The exfoliation is usually favoured when the clay is organically
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modified by the addition of quaternary ammonium surfactants that improve the
interactions between the polymer and the clay. A complete review that covers
both the preparation and processing methods is given by Sinha Ray and Okamoto
[37] and the references therein. Other reviews are important as well [38—40]. The
review by Ray and Okamoto contains a detailed bibliography on most of the polymers
used, from vinyl polymers to polyolefins and condensation step polymers,
poly(N-vinylcarbazole) and polyaniline. The most used layered silicates are
Montmorillonite [M (Al, Mg )Si O, (OH),], Hectorite [M (Mg, Li )Si,O, (OH),],
Saponite [M Mg (Si, Al )O,(OH),]. Traditional X-ray diffraction experiments in
reflection are widely employed in the field of polymer-layered silicate nanocomposites
to reveal the degree of exfoliation of the clay material by the polymer intercalation.
This preliminary information helps to optimise the processing conditions. As the
length scale of the clay sheet distance is above 1 nm, the interesting part of the
diffraction pattern is located below 10° (with Cu radiation). The position, intensity
and width of the diffraction peaks in this range are used to distinguish among
immiscible, intercalated or exfoliated silicate composites.

In some cases, transmission measurements (WAXS and SAXS) are preferred when
a low amount of material is available. SAXS allows to obtain important information
about the organization and correlation of the nanostructures [41, 42]. Some examples
will be given below. Microstructural properties such as the mutual orientation of the
clay sheets with respect to the polymer matrix can be derived by means of SAXS.

Varlot et al. reported on the preferential orientation of the montmorillonite
sheets and polyamide crystalline lamellae [43]. The nanocomposites were prepared
by extrusion-injection of two kinds of montmorillonite, a slightly swollen and a
highly swollen montmorillonite, after modification with quaternary ammonium
ions. They performed conventional XRD at different depths in the samples by
abrading the surface. At the surface level, they found three peaks, the first one at
the diffraction angle 2.3° and the other two at higher angles, interpreted as higher
order peaks. The presence of these reflections proves that the intercalated structure
is formed only when the highly swollen montmorillonite is used (Fig. 5.8). In this
graph, the curve PA1 refers to the polymer only. The three reflections become much
weaker when the inner part of the sample is measured. Very interesting are the results
of the SAXS experiments on the PA2 sample, oriented in four possible directions
with respect to the incident beam (Fig. 5.9). The highest intensity of the low-angle
peak is observed in case 1, when the beam is aligned along the injection direction
and a good signal is also recorded in orientation 2. This result is interpreted as a
preferential orientation of most of the sheets parallel to the largest area of the
sample. In the case of slightly swollen montmorillonite/polyamide, the absence of
diffraction peak is typical of a completely exfoliated structure (Fig. 5.8). Nevertheless,
from a change in the curvature at low ¢, a characteristic length of 35 nm is interpreted
as the distance among the sheets homogeneously dispersed in the polyamide.

A reference paper on diffraction studies of polymer-layered silicate nanocomposites
has been published by Vaia and Liu [44]. The interpretation of the diffraction data are
often compromised by several factors, such as layer disorder, silicate volume fraction
below 10% and experimental conditions. They calculate the ideal scattering pattern for
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Fig. 5.8 XRD spectra of polyamide crystalline lamellae reinforced by montmorillonite (MMT)
sheets, as measured at the level of the surface of two samples (PA2 and PA3) extruded by using
highly and slightly swollen MMT, respectively, and compared with pure polyamide (PA1).
Montmorillonite is completely exfoliated in the sample PA3, while it is intercalated in the sample
PA2. The a- and y-phases of polyamide are indicated by dotted lines. Reprinted with permission
of John Wiley & Sons, Inc. from [43]; Copyright © (2001) John Wiley & Sons, Inc.
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Fig. 5.9 SAXS experiment results on the sample PA2 of Fig. 5.8, performed at different sample
orientation with respect to the incident X-ray beam as indicated by the scheme at the right. The intensity
of the correlation peak shows that MMT is preferentially oriented in the injection direction. Reprinted
with permission of John Wiley & Sons, Inc. from [43]; Copyright © (2001) John Wiley & Sons, Inc.
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Fig. 5.10 Calculated diffraction profiles for MMT layers with distance among the sheet D = 3.0
nm, and random crystalline distribution. From top to bottom, the mean number of layers in a
crystallite <N> is 5, 5, 5 and 2, while the mean strain indicative of disorder, ¢, has the values 0.0,
0.5, 1.5 and 1.5 nm, correspondingly. The top curve has been multiplied by a factor 0.33. Reprinted
with permission of John Wiley & Sons, Inc. from [44]; Copyright © (2002) John Wiley & Sons, Inc.

the nanocomposites given by the product of the structure factor of a single, independ-
ent, randomly oriented clay layer, by the interference function of the stacks of layers
in the clay, and by the Lorentz polarization factor. The interference function contains
information about the stack size, size polydispersity and structural disorder.

The results of the calculations by Vaia and Liu indicate that a nanocomposite
without disorder in the stacking layer structure should have a spectrum characterized
by three peaks, the (001) peak and the second and third order peaks, of decreasing
intensity and similar breadth (Fig. 5.10). The higher order peaks are usually
broadened by internal disorder. From the calculations, the internal disorder causes
also a shift of the (001) peak and a general decrease of the intensity, that reduces
the features observed in the diffraction curves as seen from Fig. 5.10. Therefore, the
shift of the (001) peak, commonly assumed to indicate the distance variation among
the silicate layers, might be influenced by other factors, such as disorder, sample
alignment and choice of the source slit. For this reason, the XRD technique has to be
supported by other techniques, such as microscopy, to provide a complete
characterization of the morphology and structure of the layered silicate nanocom-
posites. A generalization of this work was extended from XRD to SAXS analyses
of organically modified montmorillonite suspension [45].

Other works have focused on the crystallization properties of the polymer [22].
In this case, scattering experiments in real time need to be performed during the
crystallization process. Nair and Ramesh reported a study on the crystallization of
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nanocomposites of nylon-6 with montmorillonite. Nylon-6 is polymorphic and can
crystallize in two phases, o and y. In particular, the y-phase is less readily obtained
than the a-phase but when nylon-6 is combined with clay materials the y-phase is
easily formed. In situ variable temperature WAXS experiments allowed to observe
the intercalation from the clay point of view, and to follow the whole crystallisation
process of the polymer, the evolution of the two phases and the appearance of a
metastable phase. The metastable phase is present between 150 and 210°C, which
is the crystallization temperature of the y-phase. Such features are completely
reversible with the temperature. The extent of crystallization into the y-phase has
been observed to depend on the clay content, while, on the other hand, the gallery
height of the clay decreases when the temperature is reduced because of the
crystallization of nylon-6. This result shows that a mutual influence between the
clay and polymer contributes for determining their structural properties.

In situ WAXS is used also to study the mechanical properties of polymer—clay
nanocomposites under deformation. For example, Wang et al. studied two
nanocomposites, one constituted of polyethylene grafted with maleic anhydride
(PEMA) and montmorillonite 20A (PE/20A), and the other made of PEMA and
SiO, nanoparticles [46]. In general, the nanocomposites employing MMT 20A
have a better dispersion in the PEMA than those with the SiO, nanoparticles, as
observed in the TEM images (Fig. 5.11), and have a better interfacial adhesion
upon deformation. The WAXS experiments, performed while cold-drawing is
applied to the samples, show a martensitic transformation of the polyethylene.
Such transformation consists of a structural phase transition from orthorhombic to
monoclinic structure, as can be seen from Fig. 5.12. Here, at low strain the (110)
and (200) of the orthorhombic phase are visible, while at higher strain the (001) of
the monoclinic phase appears. Close to the beam stop, in the low-angle region, an
anisotropic signal suggests a certain orientation of the clays during the cold-drawing
reported also by other authors [47].

Porous silicate-based nanocomposites can find application as low dielectric
constant films. To this end, nano-porous organosilicate thin films were prepared by
Lee et al. by mixing a poly(g-caprolactone) (PCL4) precursor and poly(methyl-
silesquioxane) (PMSSQ). PCL4 is a porogen, while the PMSSQ is the organosili-
cate polymer matrix [1]. Thin films of about 100 nm thickness were obtained by
spin-coating the solutions at different precursor/polymer wt % concentrations.
GISAXS measurements were conducted by means of synchrotron radiation to char-
acterize the pores and understand their formation. A scheme of the GISAXS experi-
mental setup used by Lee et al. is reported in Fig. 5.13. The incoming X-ray beam
is sent at an incident angle o, on the film surface under total reflection conditions,
i.e., o, below the critical angle of the film. The scattered beam exits at an angle o
with respect to the film surface and at a diffraction angle 26, with respect to the
incidence plane. The scattered radiation is collected by a 2D CCD detector. The
GISAXS theory is based on the evaluation of the differential cross-section

d *
gisaxs = é =r’ {IP(F)‘P (I‘)}, (5.13)



Fig. 5.11 TEM images of
nanocomposites containing
polyethylene grafted with
maleic anhydride and MMT
20A (PEMA/20A), and
PEMA and SiO, nanoparticles
(PEMA/SiO,). Reprinted
with permission from [46].
Copyright © (2002)
American Chemical Society
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Fig.5.12 Insitu WAXS patterns measured during the tensile deformation: (a) PEMA, (b) PEMA/20A,
(¢c) PEMA/SIO,. Reprinted with permission from [46]. Copyright © (2002) American Chemical Society
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Fig. 5.13 Geometry of grazing-incidence small-angle scattering (GISAXS) and schematic diagram
of the sample measured, a nanoporous film deposited on silicon substrate: medium 1, vacuum;
medium 2, film of thickness d; medium 3, silicon substrate. Reprinted with permission from [1].
Copyright © (2005) American Chemical Society

where y(r) is the solution of the Schrodinger equation with a scattering potential V
given, in the specific case, by a potential of a thin film without the pores plus a
potential that takes into account the presence of the pores. The potential due to the
pores, or other structures such as quantum dots, metallic islands or roughness that
are responsible for the diffuse scattering are treated as a perturbation to the unper-
turbed systems described by the Parratt formalism commonly used in X-ray reflec-
tivity. The perturbation is treated by the distorted-wave Born approximation
(DWBA) since the interface roughness is small with respect to the film thickness
and can thus can be neglected. More details on the theory can be found in the paper
by Lee [1], in the SAXS theory references [18, 48] and in the paper by Lazzari[49],
and references therein. The PLC4/PMSSQ films were measured both by static and
in situ GISAXS. In the latter case, the data were recorded during the thermal treat-
ment from room temperature to 400°C and during the cooling; the duration of each
scan was between 1 and 2 min. The data analysis, based on distorted-wave Born
approximation (DWBA), allowed the calculation of pore size and size distribution,
gyration radius, porosity, electron density and miscibility of the two components.
On the basis of the GISAXS results and TGA measurements, a picture of the forma-
tion mechanism of the pores was drawn. The PMSSQ precursor undergoes a ther-
mal curing that causes phase separation and porogen aggregates at temperatures
below 200°C. At 293°C, the porogen aggregates are completely degraded leaving
their imprint in the matrix as pores. The pore parameters (size density, etc.) depend
on the porogen wt%.



5 Structural Characterization of Hybrid Organic—Inorganic Nanocomposites 213

5.4 Solid-State NMR Methods

5.4.1 Introduction

From the previous section, we have seen that the preparation of homogeneous
organic—inorganic hybrid nanocomposites with specific enhanced properties requires
a high control of both the synthesis process and material structure. Furthermore, the
structure of a hybrid composite is the result of a complex cooperation between
the organic and inorganic species. In order to elucidate the successive steps of the
nanocomposites preparation, it is necessary to apply a combination of advanced
characterization techniques. Solid-state nuclear magnetic resonance (SSNMR)
spectroscopy is a powerful tool capable of providing information both about the
structure of materials and the dynamics of processes occurring within those materials.

In particular, SSNMR has been widely used for polymer characterization over a
wide range of length scales. The focus of many studies is a molecular-level under-
standing of polymers in their functional state.

In the following section, some generalities on NMR in the solid state and its use
for the structural study of nanocomposites will be given. Examples of organic—
inorganic hybrid nanocomposites, as characterized by different NMR techniques in
the solid state, will be presented in the two successive sections: semiconductor
nanoparticle and polymer-layered silicate nanocomposites.

5.4.2 Generalities

In this section, a few aspects of the NMR theory will be pointed out aiming to give
the reader some fundamentals to understand the discussed applications in the field
of nanocomposites. Nevertheless, the interested reader is encouraged to consult
some of the existing excellent books dealing with different aspects of NMR spec-
troscopy and solid-state NMR with a different emphasis and perspective. Among
these, let us mention the book by Abragam [50-52] for the background to the phys-
ics of NMR. Ernst et al. [53] have discussed in detail the physical basis of multi-
dimensional NMR techniques. Ample literature is devoted to *C NMR of organic
materials including the book of Stejskal and Memory [54]. Schmidt-Rohr and
Spiess [55] have presented a comprehensive background to modern NMR techniques
for characterizing solid polymeric materials. A recent book on solid-state NMR of
inorganic materials is by MacKenzie and Smith [56].

In liquid samples, the molecules typically move rapidly and randomly in such a
way that the time-averaged dipole—dipole interactions among nuclei do not affect
the NMR spectrum; whereas in solid samples, the motion of atoms and molecules
is restricted and therefore the effect of their interactions does not average to zero.
The resonance frequency of a particular nucleus depends on the magnetic field at
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its site. Since the local field due to neighbour nuclei varies from place to place
through out the sample, in solid samples a significant spread in the resonance
frequencies occurs. This effect produces a broadening of the lines in the NMR spectrum
of solid samples, for mononuclear dipolar coupling, by several order of magnitude
with respect to the lines obtained from liquid samples.

Another source of line broadening in solid samples is the chemical shift anisotropy
(CSA). The chemical shift depends on the orientation of the molecules with respect
to the external field. In a powdered sample, the small crystals exhibit a range of
orientations with respect to the applied static field and one observes a dispersion of
peak positions because of CSA. The magnitude of CSA depends upon the nucleus
and its chemical environment.

Finally, spectra of quadrupolar nuclei (nuclei with spin > 1/2) are also enlarged by
the presence of quadrupolar interactions between the nuclear quadrupole moment and
the electric-field gradient at the site of the nucleus. As a consequence, the direct
application of solution-state NMR techniques to solid samples would give very broad
and featureless spectra. However, the nature of the different sources of line broaden-
ing in solids is well known and it is possible to tailor experiments in which different
techniques are applied at the same time to obtain well-resolved spectra. These experi-
ments include the rotation of the sample at the magic angle (MAS), the dipolar
decoupling (DD) for removing interactions between abundant nuclei (protons) and
rare nuclei (carbon, silicon, etc.), and the cross-polarization (CP) for enhancing the
signal/noise ratio of rare nuclei. Moreover, very recently developed 2D experiments
known as multiple-quantum magic-angle spinning (MQ-MAS) allow to obtain well-
resolved 2D map of quadrupolar nuclei, such as ?’Al, NA, ¥Rb and ''B .

We will briefly describe some types of SSNMR experiments which can be used
for studying hybrid nanocomposites.

The Hamiltonians, which take into account the dipolar interactions, for the
chemical shift anisotropy and, only partially, for the quadrupolar interaction contain
aterm (3 cos? 6 — 1). In solution, rapid isotropic tumbling averages this spatial com-
ponent to zero.

Magic-angle spinning introduces artificial motion by rotating the axis of the
sample at the magic angle with respect to the static magnetic field B, [54, 57].

The average of the term (Bcos’ 0 -1) is equal to zero when @ =54.74" (Fig.
5.14). In order to fully average the interactions to zero, the spin rate must be greater
than or equal to the magnitude of the interactions (this however does not hold for
quadrupolar interaction because the second-order quadrupolar interaction is not
averaged at MAS). Otherwise, residual interactions, even if at a minor extent, will
anyway affect the spectrum.With the CP-MAS technique, the polarization from
abundant spins such as 'H or “F is transferred to dilute spins, such as *C, #Si, and
5N. Two types of advantages are thus obtained:

1. Cross-polarization enhances signals of dilute spins potentially by a factor of
Y1175, where
Y:is the magnetogyric ratio of the abundant spin / and
%, is referred to the dilute spin S.
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Fig. 5.14 Schematic draw of magic-angle
spinning rotor where the sample is inserted

B,

L

2. The CP experiment is repeatable on a timescale determined by the 'H spin—lattice
relaxation times which are usually much shorter than those of "*C.

Oy=54.74°

In other words, the recycle delay between successive scans is much shorter than the
recycle delay to be used when performing the experiment without cross-polariza-
tion [54, 57].

The commonly used sequence scheme is reported in Fig. 5.15 for a sample
containing carbon and proton atoms.

During the CP experiment, a 90° pulse on the 'H channel creates a magnetization
along the y axis and during the spin-lock pulse, the simultaneous double-frequency
irradiation of the 'H and "C spins matches the Hartmann—-Hahn condition:
YeB- =7v,B,; under this condition the two species of spin exchange energy via
the dipolar interaction [54, 57].

The key for obtaining an efficient cross polarization is to set the Hartmann—Hahn
match properly (see Fig. 5.15). In this case, the precession frequency of the dilute
spin (e.g., @) is made equal to that of the abundant spin (e.g., ®,) by adjusting the
radio frequency field on both channels. Under these conditions, proton and carbon
magnetizations precede in the rotating frame at the same frequency, i.e. @, =@,
(valid for static conditions), allowing the magnetization to be transferred from the
abundant to the dilute spins (Fig. 5.16).

5.5 Semiconductor Nanoparticles in Polymeric Matrices

Semiconductor nanoparticles have been widely investigated because of their
enhanced optical, luminescent and electrical properties resulting from the quantum
size effect and from their increased surface/volume ratio [24]. In particular, we
focused our NMR studies on a cadmium sulphide-polystyrene nanocomposite
obtained as described by [32] using a thermolytic synthesis method [31]. The same
compounds were studied by X-ray scattering: results and more details on their
preparation can be found in the Sect. 5.1.1.

In this case, the SSNMR contributed especially to optimize the synthesis conditions.
The work started with the characterization of a CdS/polystyrene composite
prepared by annealing in air at 300°C a polystyrene film containing a certain
amount of cadmium-(bis)thiolate as precursor. Direct evidence of the CdS formation
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Fig. 5.16 Scheme of Hartmann—Hahn match for the system 'H-'*C

was obtained by performing solid-state *Cd NMR measurements of the samples
before and after the annealing. In Fig. 5.17, we report the '3Cd CP MAS spectra
of the precursor/polystyrene films before (a) and after (b) the annealing. In the
spectrum (b) the signal at 715 ppm arises from the CdS nanoparticles formed after
10 min of annealing. These measurements directly probed the presence of CdS and
some unreacted precursor, and other reaction products (signal at 648 ppm) as well.
Generally, depending on the type of nanoparticles, by appropriate choice of the
observable NMR nucleus one can follow the formation reactions of the nanoparticles

as well.
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Fig. 5.17 '3Cd CP MAS spectra of cadmium-(bis)thiolate/polystyrene films before (a) and after
(b) annealing in air at 7= 300 °C. Spectra are carried out at 44.366 MHz on a Bruker ASX-200
spectrometer. Spin rate 8 kHz; /2 pulse width 4 ps; recycle delay 3 s; contact time 15 ms; number
of scans 32,000. Chemical shifts are reported with respect to Cd(ClO,), -6H,0. Reprinted from
[32], supporting information, copyright (2005), with permission from Elsevier

The second important point concerns the purity of the obtained nanocomposite
samples. The presence of undesired species in the final sample prompted us to
optimize the thermolytic process for obtaining enhanced quality CdS/PS nanocom-
posites. Thus, we performed '*Cd CP MAS spectra of samples annealed in differ-
ent atmospheres (see Fig. 5.18). Depending on the annealing conditions, the
intensity of the CdS peak at 715 ppm increases from air to nitrogen, reaching the
maximum value in the vacuum-annealed sample (Fig. 5.18c). These data qualita-
tively identify annealing under vacuum as the treatment that produces the best
quality sample.

The great chemical shift dispersion of ''*Cd (800 ppm) with respect to the other
spin (=1/2) nuclei, such as 'H (12 ppm), *Si (200 ppm) and "*C (300 ppm), indicates
that the shielding of the '*Cd nuclei may possibly be most sensitive to the local
environment [58]. However, '*Cd solid-state NMR spectra need both long signal
averaging and the use of cross-polarization (CP) [59, 60] and magic angle spinning
(MAS) techniques to overcome problems such as low natural abundance, low gyro-
magnetic ratio and large spin—lattice relaxation times of these nuclei. Thus, when
applied in studying the in situ synthesis of organic—inorganic nanocomposites,
solid-state cadmium NMR spectroscopy is a valid tool for a qualitative assessment
of the principal features of the material (formation of nanoparticles and purity of
the composite). Its only limit is the concentration of the inorganic part which should
be at least 10% wt/wt.

5.5.1 BC on polymer

The organic counterpart of hybrid nanocomposites often plays a role of matrix serving
as dispersion media for nanoparticles precursors (in situ synthesis) or as a physical
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Fig. 5.18 '"*Cd CP MAS spectra
of cadmium-(bis)thiolate/polysty-
rene films annealed in (a) air; (b)
nitrogen; (¢) vacuum. Reprinted
from [33], copyright (2006) with
permission from Elsevier
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obstacle to particles agglomeration. However, in some cases the polymeric component
interacts with the inorganic counterpart through molecular mechanisms.

It is well established that solid-state *C NMR spectroscopy is a powerful
method to characterize completely polymers and probe the nature of the molecular
interactions between the organic and inorganic phases of polymer-based
nanocomposites.

In our work, CdS/polystyrene nanocomposites were studied by *C NMR in the
solid state. The first step was the assignment of polystyrene and of the precursor
cadmium-(bis)thiolate resonances. In Fig. 5.19a, we reported the *C CP MAS
NMR spectrum of Cd(SR), as synthesized, and compared the spectra of Cd(SR),/
PS samples before (b) and after (c) the annealing in air. In the spectrum of Fig. 5.19b,
the resonance at 127.7 ppm is due to the protonated aromatic carbons C,-C, of
polystyrene, while the signal at 146 ppm is from the non-protonated carbon C,. Ca
and the Cf carbons of polystyrene resonate at 39.8 and 45 ppm, respectively. The
resonances of cadmium thiolate are found in the 1240 ppm region: the terminal
methyl C , at 13.6 ppm and the methylene C, bound to C , at 22.6. The comparison
of the spectra in Fig. 5.19b, c evidences that all the resonances of the polystyrene
matrix are not affected by the thermal treatment, while weak signals due to reaction
by-products are observed in the 12-30 ppm region. Since *C CP MAS experiments
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Fig. 5.19 '3C CP MAS spectra of (a)
cadmium-(bis)thiolate as synthesized
and cadmium-(bis)thiolate/polystyrene
film before (b) and after (c) the annealing
in air. Reprinted from [33], copyright
(2006), with permission from Elsevier
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are not quantitative, evaluating the amount of the unwanted substances cannot be
performed by simply integrating the 12-30 ppm resonances. Therefore, according
to the procedure reported in the following paragraph, the cross-polarization
dynamic process was investigated for all the samples. As an example, we report the
correlation between the intensity of the carbon resonances C, and Ca of polysty-
rene, and C, | of thiolate, and the contact time 7 for a CdS/PS sample annealed in
air (see Fig. 5.20). It is worth to note that the Tlp(lH) value (120 ms) of the reso-
nance C,  is definitely much longer than the corresponding ones (9, 10 ms) obtained
for the resonances C, and CP of polystyrene. Therefore, in order to obtain a semi-
quantitative analysis, SPE spectra were carried out. It is well known that the sim-
plest experiment for obtaining quantitative measurements in solid-state
high-resolution NMR is the Single-Pulse excitation (SPE) experiment. A single /2
pulse is applied to excite the carbon signal that is recorded in the presence of MAS
and dipolar decoupling (DD). The recycle delay RD between successive scans must
be chosen to ensure that the longitudinal nuclear magnetization has recovered to
equilibrium following the preceding pulse.

The C SPE NMR spectra of the CdS/PS sample obtained by annealing in
different conditions are shown in Fig. 5.21: (a) air, (b) nitrogen and (c) vacuum;
only the 0-60 ppm region is shown. We compared the integral of some signals of
polystyrene resonating in the 36-60 ppm range (region A) with the ones resonating
in the 12-30 ppm range (region B). In all the spectra, the integral of region A was
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Fig. 5.20 Correlation between the area of the carbon resonances C |, Ca and C,, and the contact
time t. Lines through experimental points have been obtained by fitting the experimental data to
(5.14). Reprinted from [33], copyright (2006), with permission from Elsevier

normalized to 1. In this way, it was possible to quantitatively evaluate the amount
of the impurities in all the samples. In the case of annealing in air, the integral of
region B is found to be 0.8. When the annealing is conducted in vacuum, the integral
decreases down to 0.4, whereas an intermediate value of 0.6 is found in the sample
annealed in nitrogen. To summarize, the *C NMR semi-quantitative analysis
confirmed the '"*Cd NMR qualitative results, and established that the best CdS/PS
nanocomposites, with a low amount of impurities, are obtained when annealing the
samples in vacuum.

5.5.2 BC CP MAS Cross-Polarization Dynamic

Because "°C intensities depend on the cross-polarization rates which may be different
for different carbon atoms [57, 61], CP MAS spectra are not quantitative. The rate of
the process strongly depends on the number of the abundant spin I near the dilute spin
S and on their distance from S. The question arises when we wish to obtain a quantitative
analysis of the intensity of resonances due to carbon nuclei of different types.

In simple cases, the problem can be solved by investigating the cross-polarization
dynamic [54].

The kinetic of the cross-polarization dynamic is described by the equation
[61]:
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Fig. 5.21 !3C SPE spectra of the CdS/PS samples obtained by annealing in different atmospheres;
(a) air, (b) nitrogen and (c) vacuum. Integrals were calculated in the region A, 36—60 ppm and in
the region B, 12-30 ppm. Reprinted from [33], copyright (2006), with permission from Elsevier

T T (5.14)

N IS

rTlp(ISC) ’Tlp(lH),

where S, is the area of the resonance at time 7=0, 7, o (‘H) and T , (P C) are the proton
and the carbon spin-lattice relaxation times in the rotating frame, T is the
cross-relaxation time between protons and carbons. In homogeneous systems, the
spin-diffusion process averages the T, ("H) values of all carbon resonances; in this
case the S, values obtained fitting the data to the equation are the “true” areas of the
resonances. Whereas, in inhomogeneous systems the T, ("H) values are different
from each other as the spin-diffusion process is ineffective; in this case the S, values
cannot be used for a quantitative analysis. Under these circumstances, the only
possibility for obtaining a semi-quantitative analysis lies in performing SPE spectra
with a proper recycle delay. *C CP-MAS spectra were carried out with the contact
time 7 ranging from 0.05 to 40 ms. The area of three selected resonances was
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reported as a function of the contact time. By fitting the experimental data to (5.14),
T, ('H) and S, were evaluated.

5.6 Polymer-Layered Silicates

Polymer-layered silicate (PLS) nanocomposites are hybrid organic(polymers)—
inorganic(silicates) nanocomposites. The inorganic counterpart belongs to the family
of layered silicates, the phyllosilicates, such as talc, montmorillonite, mica, hectorite,
saponite, etc [62, 63]. They have a two-dimensional layer crystalline structure and
each layer is separated from its neighbours by a van der Waals gap. When the polymer
chains are intercalated between the silicate layers, the distance between them is of
a few nanometers. In other cases, the silicate can be totally delaminated and
dispersed in the polymer matrix and the distance between the layers is of the order
of the polymer gyration radius.

The good potential of SSNMR in the study of both polymers [57] and clays [64]
gave an impulse in experimenting the NMR characterization for the determination
of the structure of clay/methyl methacrylate copolymer nanocomposites [65]. They
prepared interlayer complexes of several MMA/2-(N-methyl-N, N-diethylammonium
iodide) ethyl acrylate (MDEA) copolymers with two different clays, bentonite and
hectorite, using two different preparations. These complexes were studied by means
of solid-state 3C NMR. Given the relatively high content of paramagnetic centres in
bentonite, which is ~50 times more paramagnetic than hectorite, the SPE/MAS and
CP/MAS spectra of the different nanocomposites with bentonite show differences
according to the proximity of the different copolymer moieties to the clay surface.
The dynamics of the organic molecules in the organic interlayers were investigated
by NMR relaxation time measurements. The paramagnetism of the clay, when relevant,
strongly influences the relaxation times whereas in the other cases the different
relaxation times allow one to discern differences in the structural organization and
mobility of the organic molecules depending on the preparation method. Finally, the
structure of the nanocomposite was determined by combining both the NMR and
WAXD results. Some authors [66, 67] also used FTIR spectroscopy to understand
the structure of the nanocomposites. Recently, do Nascimento et al. [68] presented
for the first time the resonance Raman characterization of a polymer/clay nano-
composite formed by aniline polymerization in the presence of MMT.

VanderHart et al. [69] first used 'H and *C NMR as a tool for gaining greater
insight about the surface chemistry, morphology and dynamics of exfoliated polymer
clay nanocomposites. In particular, they were interested in developing NMR methods
to quantify the level of clay exfoliation which is a very important aspect in the
nanocomposite characterization. The extent and the homogeneity of the dispersion
of the silicate layers within the polymer matrix are very important for determining
physical properties. The main objective in solid-state NMR measurements is the
correlation between the measured longitudinal relaxation times T, of proton (and
13C nuclei) with the quality of clay dispersion.
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The surfaces of naturally occurring layered silicates, such as montmorillonite,
are mainly made of silica tetrahedra while the central plane of layers contains
octahedrally coordinated Al** with frequent non-stoichiometric substitutions, where
AT is replaced by Mg?* and, although less frequently, by Fe**. The concentration of
the latter ion is very important because Fe* is strongly paramagnetic. Typical
concentration of Fe* in naturally occurring clays leads to nearest-neighbour Fe—Fe
distances of about 1.0-1.4 nm [70], and at such distances, the spin-exchange interaction
between the unpaired electrons of different Fe atoms is expected to produce magnetic
fluctuations in the vicinity of the Larmor frequencies for protons or *C nuclei [70].
The spectral density of these fluctuations is important because the T " of proton
(and "*C nuclei) within about 1 nm of the clay surface can be directly shortened. If that
mechanism is sufficiently efficient [71], the proton relaxation time will also propagate
into the bulk of the polymer by spin diffusion (Abragam 1961). Thus, this para-
magnetically induced relaxation will influence the overall measured T" to an
extent that will depend on both Fe concentration in the clay layer and on the average
distances between clay layers. The latter dependence suggests a potential relationship
between measured T " values and the quality of the clay dispersion. When the clay
particles are stacked and poorly dispersed in the polymer matrix, the average
distances between polymer/clay interfaces are larger, and the average paramagnetic
contribution to T " is weaker. The same authors employed this method to understand
the stability of a particular organically modified layered silicate under different
processing conditions [72, 73].

Yang and Zax [70] also used NMR to determine the relative mobility of bulk and
interphase polymers in intercalated polyethylene oxide nanocomposites, while
Mathias et al. [74] used NMR to determine the phase structure of polyamide-6/clay
nanocomposites.

In a more recent paper, the structure and dynamics of the polymer chains
inserted between the montmorillonite lamellae were studied by NMR [75]. Solid-
state NMR and X-ray diffraction measurements demonstrated a spontaneous
polymerization of 2-ethanylpyridine within the galleries of montmorillonite.

5.7 Conclusion

Nanoscience and nanotechnology represent a challenge for the research of new
hybrid organic—inorganic materials with specific tuneable properties and at the same
time have stimulated the development of more and more sophisticated experimental
techniques for characterizing and testing their functionalities. Among the numerous
characterization techniques of hybrid organic—inorganic nanocomposites, two of
them have been presented herein: X-ray scattering and NMR in the solid state. These
two techniques are both non-destructive tools to investigate the structural aspects at
the nanoscale, from crystalline and morphological properties to chemical surroundings
and molecular reconstruction. Particular emphasis was given to two classes of nano-
composites: nanoparticles-polymer nanocomposites and polymer-layered silicate
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nanocomposites. Advanced characterization setups, such as in situ synchrotron
radiation experiments and CP-MAS NMR experiments have been applied to under-
stand the structure of the materials, in an effort to improve the synthesis conditions and
the final properties of the nanocomposites.
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Chapter 6
Development of Hybrid Nanocomposites
for Electronic Applications

S.K. Samudrala and Sri Bandyopadhyay

Abstract Hybrid inorganic—organic nanocomposite materials with their widely
varying electrical and mechanical properties offer promising applications in many
areas of the electronic industry and have been traditionally employed as insulators
and dielectrics. The development of new materials has broadened their utilization
into areas where their semi-conducting and conducting properties have encouraged
use in many novel applications. In this chapter we have reviewed on the material
aspects of nanocomposites used in the following electronic applications: integrated
circuits, embedded capacitors, transistors, lithium ion batteries, light emitting
diodes, information storage, and briefly about liquid crystal, flat panel displays and
ultra large scale integrated (ULSI) devices.

6.1 Introduction

Hybrid organic—inorganic materials are nanocomposites with organic and inor-
ganic components that are either homogeneous systems derived from monomers
and miscible organic and inorganic components, or heterogeneous systems (nano-
composites) where at least one of the components’ domains has a dimension ranging
from some Angstrom to several nanometers. The improved or unusual features
related to multi-phase structures of these materials not only represent an alternate
to design new multifunctional materials and compounds for academic research,
but also result in the development of innovative industrial applications [1-3].
These new generations of hybrid materials, offer a land of promising applications
in many areas including electronics, ionics, mechanics, energy, environment, biology,
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optics, medicine (for example as separation devices and membranes), functional
smart coatings, solar and fuel cells, catalysts, sensors, etc [1, 4-19].

Nanocomposites represent the current trend in novel nanostructured materials.
Properties of these materials are not only limited to the sum of the individual
contributions of both phases, but also the role of the inner interfaces could be predominant.
Based on the nature of the interface, nanocomposites can be divided into two
distinct classes [1, 5, 20, 21] where (a) organic and inorganic components are
embedded and only weak hydrogen, van der Waals or ionic bonds give the cohesion
to the whole structure and (b) the two phases are linked together through strong
chemical covalent or iono-covalent bonds.

Nanocomposites being at the interface of organic and inorganic realms offer a
wide range of possibilities to elaborate tailor-made materials in terms of processing,
chemical and physical properties. Hybrid materials generate smart microelectronic,
or intelligent therapeutic vectors that combine targeting, imaging, therapy and
controlled release properties. Electronic technologies that allow for a reduction in
size, weight, and cost while improving functionality and performance are highly
desired for military and commercial applications, including telecommunications,
network systems, automotives, and computer electronic devices [1, 4-19]. Hybrid
inorganic—organic nanocomposites with their widely varying electrical and
mechanical properties have been traditionally employed as insulators and dielectrics
but, the development of new materials has broadened their utilization into areas
where their semiconducting and conducting properties have encouraged use in
many novel applications. This review will focus on the material aspects of nano-
composites used for electronic applications such as: integrated circuits, embedded
capacitors, transistors, lithium ion batteries, light emitting diodes, information storage,
and briefly about liquid crystal, flat panel displays and ULSI devices. Before going
into the review it is appropriate to briefly introduce these applications.

6.1.1 Background

6.1.1.1 Transistors

A transistor is a three-terminal semiconductor device that can be used for amplification,
switching, voltage stabilization, signal modulation and many other functions.
Transistor is a fundamental building block of both digital and analog integrated
circuits. In analog circuits, transistors are used in amplifiers, (direct current
amplifiers, audio amplifiers, radio frequency amplifiers), and linear regulated
power supplies. Transistors are also used in digital circuits such as logic gates,
random access memory (RAM), microprocessors, and digital signal processors
(DSPs) where they function as electronic switches.

Transistors are divided into two main categories: bipolar junction transistors
(BJTs) and field effect transistors (FETs). The vast majority of transistors are
fabricated into integrated circuits (also called microchips or simply chips) along
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with diodes, resistors, capacitors and other electronic components to produce
complete electronic circuits. A logic gate comprises about twenty transistors
whereas an advanced microprocessor, as of 2006, can use as many as 1.7 billion
transistors [22]. Field-effect transistors (FETs), sometimes called unipolar transistors,
use either electrons (N-channel FET) or holes (P-channel FET) for conduction.
Like bipolar transistors, FETs can be made to conduct with light (photons) as well
as voltage. Devices designed for this purpose are called phototransistors.
Transistors have the applications in and as [23-25]:

(1) Electronic Switches: for both high power applications including switched-
mode power supplies and low power applications such as logic gates.

(2) Amplifiers: from mobile phones to televisions, vast numbers of products
include amplifiers for sound reproduction, radio transmission, and signal
processing. Transistors are commonly used in modern musical instrument
amplifiers, where circuits up to a few hundred watts are common and rela-
tively cheap. They have largely replaced valves in instrument amplifiers. In
some cases of musical instrument amplifiers both transistors and vacuum
tubes are used in the same circuit, to utilize the inherent benefits of both the
devices.

(3) Computers: development of transistors was the key to computer miniaturization
and reliability. Transistors incorporated into integrated circuits have replaced
most discrete transistors in modern digital computers.

Some advantages of transistors over conventional vacuum tubes include [1, 5, 12,
22, 26-32]: smaller size, highly automated manufacture, lower cost (in volume
production), lower possible operating voltages, no warm-up period, lower power
dissipation, higher reliability, longer life, and ability to control large currents.

6.1.1.2 Integrated Circuits

Integrated circuits (ICs) were made possible by technology advancements in semi-
conductor device fabrication (by mid-twentieth century) and by the experimental
discoveries that showed semiconductor devices could perform the functions of
vacuum tubes [33-35]. The integration of large numbers of tiny transistors into a
small chip was an enormous improvement over the manual assembly of circuits
using discrete electronic components. The integrated circuit’s mass production
capability, reliability, and building-block approach to circuit design ensured the
rapid adoption of standardized ICs in place of designs using discrete transistors.
There are two main advantages of ICs over discrete circuits: cost and performance.
As of 2006, chip areas range from a few square mm to around 250 mm?, with up to
1 million transistors per mm? [22].

Microprocessors are the most advanced integrated circuits, which control computers
to cellular phones to digital microwave ovens. Digital memory chips are another
family of integrated circuits that are crucially important to the modern information
society [36]. While the cost of designing and developing a complex integrated circuit
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is quite high, when spread across typically millions of production units the individual
IC cost is minimized. Since the speed and power consumption gains are apparent
to the end user, there is fierce competition among the manufacturers to use finer
geometries [33-35].

Integrated circuits can be classified into analog, digital and mixed signal (both
analog and digital on the same chip) [37]. Digital integrated circuits contain from
one to millions of logic gates, flip-flops, multiplexers, and other circuits in a few
square millimeters [38]. The small size of these circuits allows high speed, low
power dissipation, and reduced manufacturing cost compared with board-level
integration [39]. In 1986 the first one megabit RAM chips were introduced, which
contained more than one million transistors. Microprocessor chips produced in
1994 contained more than three million transistors. The latest server processor from
Intel had four billion transistors on a chip [22].

6.1.1.3 Capacitors

Capacitors, (energy-storage devices in electrical circuits) can also be used to differentiate
between high-frequency and low-frequency signals which make them useful in
electronic filters.

Capacitors have various uses in electronic and electrical systems such as
[40-42]:

(a) Energy storage, filtering, signal coupling, noise filters, motor starters,

(b) Signal processing (energy stored in a capacitor can be used to represent informa-
tion, either in binary form, or in analogue form, as in analog sampled filters),

(c) Tuned circuits (capacitors and inductors are applied together in tuned circuits to
select information in particular frequency bands),

(d) Sensor applications [43, 44]:

I. Capacitors with an exposed and porous dielectric can be used to measure
humidity in air; by changing the distance between the plates, capacitors
can also be used to accurately measure the fuel level in airplanes

II. Capacitors with a flexible plate can be used to measure strain or pressure

III. Capacitors are used as sensors in condenser microphones,

IV. Some accelerometers use MEMS capacitors etched on a chip to measure
the magnitude and direction of the acceleration vector

V. They are used to detect changes in acceleration, e.g., as tilt sensors or to detect
free fall, as sensors triggering airbag deployment, and fingerprint sensors

6.1.1.4 Lithium Ion Batteries

Lithium (Li) ion batteries are rechargeable batteries that are commonly used in
consumer electronics. They are the most popular type of batteries, with one of the
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Table 6.1 Permanent capacity loss vs. storage conditions in lithium ion batteries at different
temperatures [45]

Storage Temperature (°C) 100% Charge 40% Charge

0 6% loss after 1 year 2% loss after 1 year
25 20% loss after 1 year 4% loss after 1 year
40 35% loss after 1 year 15% loss after 1 year
60 40% loss after 3 months 25% loss after 1 year

best energy-to-weight ratios, no memory effect and a slow loss of charge when not
in use. Lithium ion batteries can be formed into a wide variety of shapes and sizes,
so as to efficiently fill available space in the devices they power. The forte of the
Li-ion chemistry is the high open circuit voltage in comparison to aqueous batteries
(such as lead acid, nickel metal hydride and nickel cadmium). However, a unique
drawback of the Li-ion battery is its life span that is dependent upon aging from the
time of manufacturing regardless of the number of charge/discharge cycles.
Table 6.1 [46] lists the permanent capacity loss of Li ion batteries vs. storage conditions
at different temperatures.

6.1.1.5 Light Emitting Diodes

Organic light-emitting diodes (OLEDs) are a special type of light-emitting diodes
(LEDs) in which the emissive layer comprises a thin-film of certain organic com-
pounds. The emissive electroluminescent layer can include a polymeric substance
that allows the deposition of very suitable organic compounds, for example, in rows
and columns on a flat carrier by using a simple “printing” method to create a matrix
of pixels which can emit different color light [47]. One of the great benefits of an
OLED display over the traditional liquid crystal displays (LCDs) is that OLEDs do
not require a backlight to function. This means that they draw far less power and,
when powered from a battery, can operate longer on the same charge. It is also
known that OLED based display devices can be more effectively manufactured than
LCD and plasma displays [47].

6.2 Applications

6.2.1 Embedded Capacitors

Lighter, smaller, compact, cheaper, finer function and further miniaturization are the
keywords of today’s electronics industry. To satisfy these goals, electronic packaging
technology has to play a vital role [8, 19, 42, 48-53]. Discrete passives (capacitors)
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are useful in applications such as noise suppression, tuning, filtering, decoupling,
bypassing, termination, and frequency determination. Passives account for a very
large part of today’s electronic assemblies especially for digital products such as cel-
lular phones, camcorders, computers and defense devices [19, 48-50, 52, 53].
However, they outnumber the active integrated circuits (ICs) by several times and
occupy more than 70% of the substrate in a typical electronic system with the increase
of frequency. Also, current interconnect technology to accommodate surface mounted
passives impose certain limits on board design, which limit the overall circuit speed.
Thus discrete passives have become major barriers to the miniaturization of an elec-
tronic system especially when the ratio of capacitors to total passive components
could be more than 60% [54]. Many efforts were on to increase the integration density
of printed circuit boards (PCBs) as part of the general effort to miniaturize electronic
equipment. Additionally, as they occupy a substantial amount of surface area on a
substrate, there are limitations in the number of capacitors that can be placed around
a chip [53]. Hence, an obvious strategy is to reduce the number of surface mounted
passives by embedding them in the substrate or printed wire board.

Embedded passives provide increased real estate on the printed wiring board
(PWB), reduced parasitic effects and conversion cost, miniaturization of interconnect
distance, reduced part count and improved performance [55]. For this reason,
embedded passive technology, which aims at removing passive components (capac-
itors, resistors, and inductors) from the PCB surface and integrating them into the
bulk of the boards has attracted considerable interest [50]. System-in-a-package
(SIP), a novel technology, is an assembly of several types of chips such as logic,
memory, analog, and passives in a package, working as one system [56]. Embedded
passives, components placed between the interconnecting substrates of a PWB,
play an important role in SIP technique. Integration of the passives in packages also
has the benefits of higher reliability, and improved design options. Such embedded
capacitors demand materials with a high dielectric constant (especially at high
frequency over MHz), a low processing temperature, a low leakage current, and a
reasonable high breakdown field [49, 50, 52].

Thin film deposition and anodization have been used for manufacturing embedded
capacitors [57]. But, these techniques need relatively expensive equipment and are
not easily implemented into large-area MCM-L (multi chip module laminated)
substrates [52]. Metal organic chemical vapor deposition (MOCVD) can also be
used for fabrication of high value integral capacitors where cost may not be a critical
factor. MOCVD can be employed as a low temperature dielectric deposition
technique as required by the PWB multi-layer fabrication technology. This tech-
nique was implemented to deposit TiO, thin film dielectrics at temperatures below
180°C with higher capacitance densities [52]. Two different metal-dielectric-metal
type parallel plate capacitor structures on silicon and PWB substrates were developed
for relatively high frequency (45 MHz—-1 GHz) and low frequency (100 Hz—1 MHz)
characterization (Fig. 6.1 [52]). Copper was used as the ground and upper electrodes
with a 10 nm Cr adhesion layer between the dielectric and the electrodes. Specific
capacitance as high as 200 nF/cm? was reported at | MHz from devices built on silicon
substrates and at 100 kHz from devices on PWB substrates.
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Fig. 6.1 Relative dielectric constant vs. frequency in the range (a) 100 Hz—1 MHz (b) 45 MHz-1 GHz
(Reprinted with permission from [58]. Copyright (2000) Kluwer Academic Publishers)

For cost driven applications such as mobile phones and personal computers,
polymer composites are the preferred materials. Polymer composite materials have
emerged as a potential candidate for integral capacitors, because they satisfy
the requirements of low processing temperature and reasonably high dielectric
constant [53]. Many polymer nanocomposite studies focused on processing of high
capacitance density thin films within small substrates/wafers where the important
processing issue was to achieve high capacitance density on large coatings [54, 59,
60]. The uniqueness of polymer-based nanocomposites, compared with other nano-
size objects, lies in the influence of the matrix resin on composites’ performance and
matrix-nanoparticle interaction. Another distinctive feature of these systems is the
cooperative behavior of interacting particles in the case of highly filled composites,
which becomes observable at the so-called percolation threshold where certain
continuous structures of fillers are formed [61]. Novel integral passive component
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materials with extraordinarily high dielectric constants (K > 1,000) and high reliability
performances were demonstrated by Yang and Wong (Patented in 2001). These
materials (although needed precision filler concentration control) were characterized
by high dielectric constant based on the mechanism of interfacial polarization [53].

Two types of fillers have been investigated in polymers to suit as embedded
capacitors: ferroelectric ceramic fillers and conducting (metallic) fillers. Properties
of polymer/ferroelectric composites have been widely investigated for capacitor
integration [8, 54, 59]. The dielectric constant of these composites was reported to
be in the range of 10-100, depending on the ferroelectric filler concentration [62].
Also, in some cases, a high dielectric constant above 100 was reported; for example,
epoxy/ceramic composites [58, 63]. Epoxy is a suitable polymer for the ceramic/
polymer composites, because of its inertness to electroless plating solution and the
compatibility with PWBs. Barium titanate (BaTiO,) is a well-known ferroelectric
material, and has a high dielectric constant around 6,000 at a fine grain size of
~1 um, and of 1,500-2,000 at a coarse grain size [64]. Despite this, the micrometer
range ceramic particles used in polymer matrix composites form weak interfaces
between ceramic particles and the polymer, where more pores would form and
hence lower the dielectric permittivity [65-67].

To overcome these problems, additives with high dielectric constant were used,
surface modification of ceramic particles was done to improve their dispersion in the
matrix, curing temperature of polymer matrix was lowered, and dielectric constant
of the polymer matrix was increased [51]. Also chemical additives or shifters have
been applied to the dielectric ceramics to move the Curie peak value (towards room
temperature) and to smooth the Curie peak to improve the capacitance, and to have
lower temperature coefficient of capacitance respectively. However these isovalent
and aliovalent shifters can either decrease or increase the Curie point and change the
dielectric constant. In case of modified BaTiO, high dielectric constants have been
reported [64]. It is also reported that dielectric properties and the behavior of BaTiO,
ceramics are highly dependent upon the particle size, grain size, phase contents, and
the types of dopants added. Removal of grain boundaries, elimination of constrained
forces from neighboring grains and a drop in domain density with the decreased
particle size reduced the dielectric constant of the BaTiO, powders [64].

Further, conventionally to achieve high dielectric constant, the ceramic particle
loading in the polymer-ceramic composite is increased. However, a high ceramic
loading may lead to poor processability, poor dispersion, and therefore poor adhesion
of the composite due to large loose aggregates, which in turn will effect the reliability
of embedded capacitors [51]. Bai et al. [68] reported that the polymer—matrix
composite with a high dielectric constant of 250 with a 50% (volume) concentration
of relaxor ferroelectric ceramic particles, lost its flexibility. It was reported that a
ceramic loading of above 80 vol% is impracticable. Table 6.2 lists the dielectric
properties of commercial polymer-ceramic composites developed world-wide [51,
71]. Commercially available composites have only a dielectric constant of less than
40, which is far lower from the requirements for the next generation electronics.
Hence, novel polymer-ceramic composites approaching the highest margin of
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Table 6.2 Different commercial organic/inorganic composite materials with high dielectric
constant [69, 70]

Hadoco 3M Dupont Vantico

Trade name EmCap C-Ply Hi-K CFP
Composite Epoxy/Ceramic Epoxy/BTO  Polyimide/BTO Epoxy/Ceramic
Thickness (Lm) 100 4-25 25 12
Capacitance (pF/mm? 3.3 15.5-16.5 2.3 16
Dielectric constant 36 22 11.6 20.5

@ 1 GHz
Dielectric loss @1 GHz 0.06 0.10 0.01 -

ceramic loading based on new concepts are needed for embedded capacitor applications.
But, as per the 1998 National Electronics Manufacturing Technology Roadmap [72],
a required capacitance density of ~50 nF/cm? by 2001 is needed for successful
implementation of integral passive technology, polymer/ceramic nanocomposites
proved to be a viable option for values only up to 20 nF/cm? [73]. Since, for higher
values these nanocomposites have not been proven to be a viable solution for
integration with the printed wiring boards, alternative material systems were evaluated
for the critical needs as evident in the NEMI Roadmap [72].

Metal nanoparticles exhibit unique physical, chemical, optical, magnetic, and
electrical properties. Many researchers have exploited their properties in a readily
usable form by incorporating them into polymers [53]. The solution for the capacitors
consists in embedding those components in the form of metal/insulator/metal (MIM)
stacks in between the inner interconnection lines of multilayer PCBs. The advantages
of this technology include increased integration density, improved reliability (reduc-
tion of solder bumps) and better electrical performances (capacitors can be located
closer to active circuits) [S0]. Wong et al. demonstrated metal/epoxy composites [74]
for embedded capacitor applications. They fabricated epoxy/silver flakes composites
with a dielectric constant of more than 1,000 which is ten times higher than ferroelec-
tric/epoxy composites [74]. This approach is based on the fact that in metal/insulator
composites, the dielectric constant is predicted to diverge at the percolation threshold
[75, 76]. Li et al. [51] evaluated nickel (400 and 150 nm)-filled nanocomposite as a
candidate for embedded capacitors. They reported that with highly dispersed filler
even at loadings of 60 vol%, a high dielectric constant of over 90 was achieved.
The change in the dielectric constant with volume ratio of the filler is demonstrated
in Fig. 6.2 [51]. When the surface modification of a barium titanate (Phthalocyanine
coated BTO) particle was attempted in nanocomposite, its dielectric constant was
observed to be over 80 at 1 MHz, which was much higher than that of composite
derived from commercial BTO. Further, to improve the processability of the
nanocomposite, 4, 4’-diphenylmethane bismaleimide (BMI) was selected as a matrix
polymer by the combination with polyamide (PA). Higher dielectric constant
nanocomposite derived from PA/BMI and Pc-coat BTO was obtained, and its
potential application towards embedded capacitors was also evaluated.
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Pothukuchi et al. [53] used an in situ reduction approach to incorporate silver
particles in epoxy matrix for possible use in embedded capacitor applications.
Reduction of metal salt was carried out in an epoxy matrix using a reducing agent.
BaTiO,-epoxy based polymer nanocomposites having the potential to surpass
conventional composites to produce high capacitance density, low loss, and applicable
over large surface areas, in thin film capacitors were reported by Das et al. [49]. The
effects of particle size, thickness and loading parameters on the observed electrical
performance and the reliability of the embedded capacitors were shown. Electrical
properties of nanocomposites made of epoxy (used in majority of the PCBs) resin
filled with 70 nm silver particles were investigated by Gonon et al. [50] ac conduc-
tivity and dielectric constant were plotted (Fig. 6.3 [50]) in the 10-'-10° Hz range
frequency for different concentrations of silver nanoparticles. The composites
exhibited electrical properties that do not obey standard percolation laws. A very
low percolation threshold obtained (Pc = 1%) was related to a segregated distribution
of the fillers in the epoxy matrix. Also, they reported a very high dc critical exponent
(t = 5), which was attributed to the inter particle electrical contact. Pecharroman
et al. [78] have reported Ni/BaTiO, metal/ceramic composites with high dielectric
constant of 80,000, but the metal/ceramic composites still need to be sintered at
high temperature of about 1,300°C under the special protection of preventing
from oxidation of Ni. Dang et al. [79] reported a three phase (Ni/BaTiO,/PVDF)
composite based on the mixture rules and percolation theory, with dielectric constant
of above 500. These composites were prepared by simple blending and hot molding
procedures and they are reported to be flexible.

Conventionally, according to percolation theories, the dielectric constant takes very
large values for filler concentrations close to the percolation threshold [80-82].
So, in principle, provided one stays on the “insulating side” (filler concentrations
below the percolation threshold) it is possible to get a very high dielectric constant
while keeping insulating properties. Though it appears appealing, in practice this
approach is not so simple to implement. Indeed, there were many examples of
conductor/insulator composites for which divergence of the permittivity is not
observed at the percolation threshold. For instance, in carbon black/polymer
composites it was observed that the dielectric constant smoothly increases through
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Fig. 6.3 (a) ac conductivity and (b) dielectric constant vs. frequency for various silver nano-
particles volume fraction (Reprinted with permission from [77]. Copyright (2006) AIP)

the percolation threshold (no sharp increase is observed at the percolation threshold)
[83, 84]. The practical consequence is that it is not possible to get a high dielectric
constant while maintaining insulating characteristics.

In a more fundamental context, conductor/insulator mixtures of several kinds
were extensively studied to understand the insulator conductor transition in percolative
networks [75, 76]. Concerning a segregated particle network it has been proposed
that for spherical particles the following relationship should hold [85]:

[0} D
——=299—+,
100 -, D,
where @_is the percolation threshold in vol% and Dpand D are the diameters of
the polymer and the nanoparticle respectively. In a very recent work Luechinger
et al. [86] studied electrical conductivity of C/Co-PEO and C/Co-PMMA nanocom-
posites whereby a very low percolation threshold of 0.81 vol% C/Co could be
obtained. This low threshold resulted from a segregated C/Co-network located at
the polymer-polymer interfaces which was corroborated by SEM-micrographs and
a theoretical model. Despite numerous studies, metal/insulator composites are still
motivating basic studies because deviations from standard percolation theories have
been observed in many systems and some of them remain largely unexplained (as
cited above, one of the “anomalous” behaviors observed in metal/insulator mixtures
is the absence of permittivity divergence at the percolation threshold). A recent
paper of McLachlan and Chiteme gives a good summary of such singular systems
and the questions they raise about percolation theories [69].

To obtain thinner high-dielectric permittivity ceramic/polymer composite films,
it is necessary to study nanocomposites that could endure the repeated changes of
the heating-cooling processes when the films serve as dielectric in multilayer
embedded micro-capacitors. As dielectric materials, dielectric permittivity should
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increase as high as possible. But in a few cases [58, 87] results showed that the
dielectric permittivity of polymer-matrix composite with micrometer-sized ceramic
particles was a little higher than that with nanosized particles. This was because,
tetragonality of the micrometer-sized particle is better than that of the nanosized
one. Nevertheless, the thermal stability and mechanical properties of the composites
will be improved when the inorganic nano-filler replaces the micro-filler in the
polymer composites. Also, frequently, nanoparticles impart some particular properties
to the composite only when the particles are homogenously dispersed in the polymer
matrix. The polymer composites with electro-active ceramic nanoparticles were
prepared using ball-milling and a sol-gel process [58, 87, 88]. BaTiO,/polyvinylidene
fluoride (BT/PVDF) nanocomposites were prepared via a natural adsorption action,
which occurred between the nano-sized BT and PVDF particles [48]. The BT/
PVDF nanocomposites without obvious BT agglomerations provided the hope of
the application of the BT/PVDF nanocomposites as an alternative dielectric to
embedded micro-capacitors as a result of this simple and convenient technology.
Figure 6.4 [48] shows the dependence of the dielectric permittivity and loss of the
BT/PVDF nanocomposites on the volume fraction of nanosized BT at different
frequencies at room temperature.

Despite the positive effects of embedded nanocomposite capacitors, there is a
critical issue that needs to be considered in-depth: “yield” in the manufacturing
process, since embedded passive technology does not offer the luxury of reworka-
bility, as in the case of discretes. A single defect could result in discarding the entire
board with hundreds of pre-fabricated components.
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Fig. 6.4 Dependence of dielectric permittivity (/eff) and loss (right) of the BT/PVDF nanocom-
posite on the volume fraction of nanosized BT at different frequencies at room temperature. The
inset is a comparison of the experimental value in dielectric permittivity to the calculated results
using the Maxwell-Garnett approximation. (Reprinted with permission from [80]. Copyright
(2005) Wiley VCH)



6 Development of Hybrid Nanocomposites for Electronic Applications 243

6.2.2 Lithium Ion Batteries

The improvement of preparation technology and electrochemical performance of
electrode materials is a major focus of research and development in today’s world.
Particularly, the large scale demand for lithium rechargeable batteries or secondary
batteries in day-to-day electronics (cellular phones, laptop computers, camcorders,
and so forth) provided the thrust to improve their energy density, cycle life, and safety.
Lithium rechargeable batteries have higher voltage (nominal voltage for Lithium ion
battery is 3.6 V), higher energy density or specific energy (125 W h/kg L), and longer
cycle life (>1,000 cycles) compared to conventional batteries, such as lead-acid, [89,
90] Ni-Cd, Ni-MH, [91, 92] and Ag—Zn. The performance characteristics of second-
ary batteries are listed in Table 6.3 [93]. Also, large-scale Li-ion batteries have great
potential for electric vehicles and stationary energy storage systems.

The performances of Li-ion batteries are mainly influenced by the specific
capacity and quality of the anode and cathode. During charge and discharge proc-
esses, Li ions from cathode intercalate into the crystal structure of anode and then
the ions reverse direction, leaving the anode, and re-entering the cathode structure,
respectively [94-96]. To achieve high cycling efficiency and long cycle life, the
movement of Li ions in anode and cathode systems should not change or damage
the crystal structure. Hence the physical, structural, and electrochemical properties
of the cathode materials are critical to the performance of the whole battery as they
provide the lithium ion source for the intercalation reaction. Figure 6.5 [98] shows
a graphical representation of the energy storage capability of common types of
secondary batteries.

Metallic lithium with excellent energy density was used in earlier batteries as an
anodic material despite its high reactivity, which resulted in severe safety problems.
For example, the dendrites grown while electroplating of Li onto the anode during
charging reach the cathode resulting in an internal short, thereby leading to combus-
tion of the Li. To overcome the problems of metallic lithium, a number of approaches/
efforts were made. Scrosati et al. reported replacing metallic Li anode in Li secondary
batteries with Li-insertion type of anodes [99]. Use of carbonaceous materials like
graphite and artificial carbon having a graphite structure as anode materials for com-
mercial lithium-ion batteries was also reported [100, 101]. However, the capacity of

Table 6.3 Comparison of the performance characteristics of some secondary batteries [38].

Nominal volt- Specific energy Volumetric energy

age (V)
Battery (W h/kg) (kl/kg) (W h/l) (kJ/)
Pb-acid 2 35 126 70 252
Ni-Cd 1.2 40 144 100 360
Ni-MH 1.2 90 324 245 882
Ag—7n 1.5 110 396 220 792
Li-Ion 3.6 125 450 440 1584

Li-SPE 3.1 400 1,440 800 2,880
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Fig. 6.5 Energy storage capability of common rechargeable batteries (Reprinted with permission
from [97]. Copyright (2004) American Chemical Society)

graphite (372 mAh/g) was limited compared to that of lithium metal (3,860 mAh/g)
[102]; but on the positive side, this has opened up new avenues for the deployment
of transition metal oxides [103—105], metal-metal alloys [106—108], transition metal
vanadates [109], ATCO anodes [77, 110], metalloids, lithium metal oxides [111],
such as LiMSnO, [112], phosphates [113], niobates [114], and spinel-type ferrite
anodes, viz. CoFe O, [115], NiFe O, [116, 117], ZnFe,O, [118], and CaFe O, [119]
for their high specific capacities and facile synthesis.

The introduction of Stalion lithium ion cells by Fuji Photo Film Celltec [95, 120, 121]
whose anodes consisted of amorphous tin-based oxides instead of carbonaceous-
based materials also laid the foot steps to a new generation of Li ion rechargeable
batteries in the early 1990s. Materials such as SnO,, SnO and tin glass were shown
to have twice the theoretical gravimetric capacity and four times more theoretical
volumetric capacity as anode active materials than carbonaceous materials [122—
126]. This led to the investigation of new materials that are capable of alloying with
lithium such as Al, Sn, Pb, In, Bi, Cd, Ag, Mg, Zn, Si, and Sb [123, 124, 127].
These materials though showed satisfactory Li-ion transport properties, good lith-
ium packing density and electrochemical potential, a substantial change in specific
volume of the electrode upon continuous cycling resulted in loss of electrical contact,
and thus capacity loss as well as macroscopic dimensional problems within the cell
structure. For example, a large irreversible capacity loss at the first cycle due to a
reduction reaction [127] prevented tin oxide anode materials from having any
practical application. According to previous reports, tin oxides are reduced during
the first discharge to form fine particles of tin and inactive phases like Li,O, which
slowed the growth of tin [123] leading to an excessive usage of cathode materials.
Also, large tin oxide particles pulverize rapidly during discharge and charge cycles
due to volume mismatch, resulting in a rapid drop in reversible capacity upon cycling.
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In case of small particles, because the nanometer sized cavities within powders
absorb the expansion of materials during the formation of lithium compounds,
pulverization was thought to be less extensive. Silicon has the highest theoretical
capacity of 4,000 mAh/g when forming Li,,Si alloys. However, this alloying process
is associated with a 300% volume dilatation, pulverizing the brittle electrode and
inducing poor cyclability [6]. Limitation of cycling depth with a very thin reaction
layer [128, 129], reducing the metal particle size [95, 130], or construction of
bonded electrodes using Li*-conducting intermetallic phases [6, 131] were among
the several methods proposed to solve the problem of volume expansion. It was
thus postulated that nanostructured or amorphous electrodes may reduce the extent
of pulverization, and thereby improve the cycle life of the electrode [132, 133].

Since many nanomaterials show higher reversible capacity than the corresponding
micro-sized materials for anodes of lithium ion batteries, they have attracted great
interest for lithium secondary batteries [134—138]. Carbon nanotubes [139-143],
intermetallics, nanocomposites [98, 144], nano-oxides [104, 144—146], nanocrys-
talline thin films [147] are some examples, which have been reportedly used as
anode materials to improve lithium storage capacities. Among these, single walled
carbon nanotubes (SWNTs) showed a reversible capacity of 600 mAh/g [143]; a
nanocomposite of Si [148] exhibited better cycling performance and reversible
capacity of over 1,700 mAh/g at room temperature; and nano-sized transition-metal
oxides delivered a Li storage capacity of ~700 mAh/g with 100% capacity retention
for up to 100 cycles [104]. Chen et al. [45] reported the usage of nanocomposites
of carbon nanotubes with Sn,Sb alloy nanoparticles as anode material for Li ion
batteries and showed that the first cycle de-lithiation capacity of 580 mAh/g from
a carbon nanotube-56 wt% Sn,Sb nanocomposite was reduced to 372 mAh/g after
80 cycles. Moreover, Sony commercialized [149] the first tin-based anode battery
in February 2005, and Toshiba Corporation in March 2005 announced [149] a
breakthrough technology using nanoparticles as negative electrode of Li-ion batteries.

Further, Li et al. [134, 135] reported high capacity and good cyclability for
nanostructured tin oxides prepared by templating technique. Likewise, Yang et al.
[133, 138] found that ultra-fine Sn-SnSb particles with dp < 300 nm substantially
raise the electrochemical performance of tin based alloys. The authors have attributed
the improvement to the stabilization of the nano-sized alloy particles against
agglomeration during Li insertion and extraction reactions. Carbon nanotubes were
also used as one-dimensional hosts for the intercalation of Li and other alkali metals.
It was demonstrated that multi-walled carbon nanotubes (MWNTS) could accommodate
very high Li concentrations if insertion was carried out in the molten state at high
pressures [150]. Reversible capacities were found to be in the range of 80—640 mAh/g
for carbon nanotubes, in general, and further increase after ball milling. For example,
Chen et al. reported the reversible capacities for single-walled nanotube electrodes
after ball milling from 600 to 1,000 mAh/g [141, 151, 152]. However, a large voltage
hysteresis in the first electrochemical extraction reaction of Li* was observed in all
studies, in turn dampening the interest in using nanotubes as a viable Li-ion storage
compound.
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In addition, aggregation of nanotubes during cycling is a major challenging
problem, which gives rise to poor cycling performance and thus limiting their
practical applicability. Many efforts were put-forth to disperse the nanoparticles
homogeneously in a matrix [153] and also to synthesize metal-encapsulated
spherical hollow carbon [154], in order to improve their cycling behavior. But,
none of these methods resulted in significant progress. A few studies were also
focused at the usage of nanocomposites as anode materials in Li-ion batteries [6,
45, 95-98, 100, 102, 131, 155-157]. 10.3 wt% 3.5 nm Sn-graphite nanocomposite
made from an in situ formed SnCl, precursor displayed a high reversible Li* storage
capacity of 415 mAh/g, of which 91.3% was retained after 60 charge and dis-
charge cycles, and demonstrated that particle size and distribution are both very
important factors determining the applicability of Sn-based nanoparticles in Li-ion
batteries [158].

It is always highly desirable to apply simple and highly productive techniques to
produce both the anode and cathode materials despite the various methods available
for the production of the ultrafine nanoparticles used in Li-ion batteries. Spray
pyrolysis, an in situ fabrication technique, is one such method because it is inex-
pensive, versatile, industrially oriented, and can be operated over a large tempera-
ture range (100-1,000°C) [128, 129, 159, 160]. Martos et al. [129, 159] used
sprayed lead oxide powders as anode material in Li-ion batteries and showed that
the specific capacity fades on cycling when bulk powders were used. Recently, Ng
et al. [95] have suggested the addition of a carbon source (sucrose solution) to
enhance the electric conductivity of PbO [160-162]. The combination of spray
technology and carbon addition increased the specific surface area (above 6 m?/g
and the conductivity of PbO, improved the specific capacity, and maintained a cycle
life with a reversible capacity above 100 mAh/g beyond 50 cycles) [95]. The
increase in capacity retention for PbO—carbon compared to pure PbO was attributed
to the presence of a conductive and highly developed carbon matrix (an excellent
electric conductor) that can absorb large volume changes during alloying/dealloy-
ing of lead with [163, 164] lithium over the 1.50-0.01 V potential range. Also, with
increasing carbon content, an improved cycle life of the PbO—carbon nanocompos-
ites was reported (Fig. 6.6 [95]).

Different from the traditional methods (polymer coating, self assembly and layer
by layer formation [136]) to synthesize core/shell nanocomposites, Fu et al.
employed emulsion polymerization method followed by heat treatment to synthe-
size the core/shell structured TiO,/C nanocomposites [155, 165]. These nanocom-
posites proved to be a good way of improving the cycling behavior and kinetics of
lithium intercalation and de-intercalation of nano-titanium oxides [156]. They have
shown that the thickness of carbon shell and the number of TiO, nanoparticles in
the shell can also be controlled. In Fig. 6.7, [156] the discharge and charge curves
of virgin TiO, and TiO,/C nanocomposite electrodes are shown. The charge capacity
of TiO,/C nanocomposite remained at 96.7% (i.e., 118 mAhg™' titania) of its
original capacity (i.e., 122 mAh/g titania) even after 10 cycles, which was much
higher than that of virgin TiO, nanoparticles whose anode retained only 67.5% of
the original capacity. This was thought to be due to the suppression of the aggregation
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Fig. 6.6 Cycle life of PbO-C nanocomposites. The current density was 0.100 mA/cm?. The inset
figure presents the specific capacity vs. cycle number data for the bare carbon powder and the
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(2006) Electrochemical Society)

a 32 b 32
+ l':—
5 2,81 | 2,8
= charge r charge

] | I - Al

g 24 I| | 4 24
> 7 >

s 2,01 P E’u 2,04

s — discharge s discharge
E 1.6‘ I"'\\_ b E 1 -B'
> >

1,2 ; S S 12 : o O st
0 40 80 120 160 0 40 80 120 160
Capacity / mAh/(g TiO,) Capacity / mAh/(g TiO,)

Fig. 6.7 Discharge and charge profiles of: (a) the virginal TiO, nanoparticles and (b) the TiO,/C
core—shell nanocomposite at a constant current density of 0.1 mA/cm? (0.25 C) in the voltage
range 1.4-2.5 V (Reprinted with permission from [37]. Copyright (2006) Elsevier)

of nanoparticles by the coated carbon shell. They also reported that the nanocom-
posites exhibited higher apparent diffusion coefficients of lithium ions compared
with virgin TiO, nanoparticles.

For the first time, Selvan et al. [96] have reported the use of CuFe,O,/SnO,
nanocomposites (synthesized by means of a urea—nitrate combustion method) as
anode materials for Li-ion batteries. They showed that the electrochemical activity
of native CuFe O, was enhanced through the incorporation of SnO, and also identified
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the advantages of deployment of nanocomposite electrodes and the effect of SnO,
dopant in reducing the Li+ ion diffusion path lengths so as to enhance the diffusion
kinetics and impart improved charge—discharge characteristics. The coulombic
efficiency of copper ferrite anodes is improved from 65 to 99.5% through SnO,
doping. Figure 6.8 [96] represents the charge-discharge profiles exhibited by
CuFe,0, and CuFe,0,/Sn0O, anodes. The high specific capacity values exhibited by
both the ferrite anodes (>800 mAhg [20] were attributed to the electrochemically
driven size confinement of the nano electrodes.

The nano CuFe,O, anode and CuFe,O,/SnO, nanocomposites delivered an
improved specific capacity of 1,193 and 849 mAhg™', respectively, which were
almost three times higher than that of a carbon anode (372 mAh/g). Ahn et al. [102]
also have investigated the effect of dispersion of alumina particles on the electro-
chemical properties of Sn, SnOz, and tin based intermetallic Ni-Sn as anode materi-
als for Li-ion batteries. They have synthesized various tin-based nanocomposite
anodes with Al O,, using high-energy ball milling. The first charge (Li-insertion)
capacities were found to be very high for these composite electrodes. However the
nanosize oxide dispersion did not improve cycle properties of tin-based anodes.
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Fig. 6.8 Charge—discharge profiles exhibited by (a) CuFe,0, and (b) CuFe,04/SnO, anodes
(Reprinted with permission from [131]. Copyright (2006) Elsevier)



6 Development of Hybrid Nanocomposites for Electronic Applications 249

a 1000 b 350
> Sn + 30 wt% Al;O3 > I Sn0, + 30 wt% Al,O
S ball milled, 20h S ball milled, 20h
s o 250 A
S 600 s
oy S
= = 150 |
N <
2 200 2 .
a 8 504 ‘e
0 . . : : 0 . : : eotazeses]
0 5 10 15 20 25 0 10 20 30 40 50
Cycle Cycle
c
> 4001 | NiSn + 30 wt% Al,O4
S ball milled, 20h
g 300
(0]
o
S 200 1
N
[$] 4
i) .
0 100] “wee. e
50 +— ; : : . :
0 10 20 30 40 50
Cycle
d 300
2 1 \ NiSn + 30 wt% Al,Og
§ \ ball milled, 20h
g 200 1 \.\ annealed, 600°C
[0)) Y
= .
£ 100 1
a
0

0 10 20 30 40 50
Cycle

Fig. 6.9 Change in charge capacities on cycling for different nanocomposites (Reprinted with
permission from [22]. Copyright (2003) Elsevier)

Figure 6.9 [102] shows the change in charge capacities for different nanocompos-
ites on cycling.

Furthermore, nano-dispersed Si in carbon synthesized by chemical vapor deposition
(CVD) had demonstrated a reversible capacity of 500 mAhg™". However, the CVD
approach produced SiC and the morphology of Si and C cannot be controlled [166].
Nanostructured thin-film form of Si electrode was investigated by some researchers and
they reported a specific capacity of around of 1,100 mAh/g [167, 168]. Nano Si-C
composite prepared by hand mixing has been reported to have a high reversible capacity
of 1,700 mAh/g by Li et al. [148]. Also crystalline Si powders have been dispersed in
sol—gel graphite [169], in a TiN matrix [153], and in synthetic graphite [170], by ball
milling. All the Si—-C composites mentioned, exhibited increased specific capacity
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compared to bare graphite, and improved cyclability compared to bare Si electrodes.
Wang et al. [157] have reported the synthesis of nanostructured Si—C composites by
dispersing nanocrystalline Si in carbon aerogel. A reversible capacity of 1,450 mAhg!
for Si—C composite electrodes (Fig. 6.10a [157]) was reported. The good cyclability
was attributed to the usage of nano-sized Si powders and their homogeneous distribu-
tion (Fig. 6.10b [157]) in an amorphous carbon matrix.
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Fig. 6.10 (a) The discharge capacity vs. cycle number for Si—C electrode. (b) TEM image of
nanocrystalline Si—-C composites (Reprinted with permission from [171]. Copyright (2004)
Elsevier)
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A challenge in working with nanocomposites and nanostructured materials
derives from difficulties in obtaining adequate structural characterization, espe-
cially, as they often lack long-range order. For example, although XRD can
yield valuable information regarding structural changes that occur in the host
material during Li* insertion, the poor crystallinity of organic—inorganic hybrid
nanocomposites limits the applicability of this technique. So the results obtained
exclusively from this technique should be addressed in terms of their accuracy.
Nuclear magnetic resonance technique is proved to be a better alternative for
this purpose.

6.2.3 Integrated Circuits

Meso-, micro-, and nano-porous materials are of much interest in the microelec-
tronics industry due to their potential use as low dielectric constant (low-k) inter-
dielectrics [35, 122, 172-174], in integrated circuits (ICs) with multilayer
structures. They can lower line-to-line noise in interconnects and alleviate power
dissipation issues by reducing the capacitance between the interconnect conductor
lines. In addition to providing device speed improvements, low-k interdielectrics
also provide lower resistance-capacitance delay, making them superior to low
resistivity metal conductors such as copper and silver [33, 173, 175]. Thus, inter-
dielectric materials with k « 2.5 are in high demand in the microelectronics indus-
try, which is rapidly developing advanced ICs with multilayer structures that have
improved functionality and speed in a smaller package and also consume less
power [33, 173, 175].

As per “The Semiconductor Industry Association’s International Technology
Roadmap” for semiconductor materials, materials with an effective k of 2.5-3.0
are in production today, and that in the near future, material systems that deliver
an effective k < 1.9 are expected to be available, in particular for 50 nm or less
feature size technology based on copper metallization [175]. However low-k
dielectric materials must meet the thermal stability requirements of the metalli-
zation processing of ICs. For example, low-k nanoporous materials should with-
stand high temperatures during the processes like copper metallization, which
are conducted at <250°C; and generally, are followed by thermal annealing in
the range 400-450°C to ensure the production of void-free copper deposits.
Moreover, these materials also have to meet conditions such as [35, 176]: low
moisture uptake, high purity, good adhesion to silicon, silicon oxide and metals,
good planarization behavior, and appropriate plasma etching behavior.
Interdielectric materials also have to be able to withstand harsh chemical
mechanical polishing (CMP) conducted with an aqueous slurry containing an
abrasive (e.g., alumina particles) and an oxidant and/or complexing agent (e.g.,
nitric acid or ammonium hydroxide) to remove excess metal during the metal
inlay process [35, 176].
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A wide variety of polymers have been reported as potential low-k materials for
use in the development of advanced ICs such as polyimides, heteroaromatic polymers,
polyaryl ethers, fluoropolymers, non-polar hydrocarbon polymers, and polysilsesqui-
oxanes [34, 164, 177, 178]. The dielectric films of these materials can be deposited
from the gas phase with chemical deposition, plasma enhanced chemical vapor
deposition, and other techniques. Polytetrafluoroethylene has a k value of 2.2, the
lowest reported so far for such polymers. However, its very poor mechanical prop-
erties, poor interfacial adhesion and poor processability out-list PTFE for use in the
fabrication of ICs. Nevertheless, the k value of these polymers (k ~ 2.5) is lower
than those of today’s workhorse dielectrics silicon dioxide (k = 3.9—4.3) and silicon
nitride (k = 6.0-7.0), and still much higher than that of air (or vacuum), k = 1.01,
which is possibly the lowest value attainable. So, the idea of incorporating air into
dielectric materials as nano-pores to produce nanoporous materials with low k values
has attained much interest [33, 173, 174]. To prevent the metal diffusion into the
interdielectric layers during the IC fabrication, the nano-pores have to be at least
5-10 times smaller than the minimum IC metal feature size.

The dielectric constant obtained is limited primarily due to the intrinsic dielectric
constant of the matrix and the sizes of the dispersion pores in the materials. The
ultimate aim of the introduction of nanometer-sized pores into these materials is to
increase the amount of free space. Matrices containing homogeneous, nanometer-
scaled, and closed pores were preferred in terms of their electrical and mechanical
properties and the effect porosity on dielectric constant can be predicted using
simple models, such as the Bruggeman effective medium approximation [34]:

k +k k,—k
1 e +f2 2 e _
k +2k, 7k, +2k,
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where, f, and f, represent the fractions of the two components, kand k, are the
dielectric constants of the components, and keis the effective dielectric constant of
the material. The assumption here is that the material has two components, matrix
and pores. When the porosity exceeds 30%, the pores will become percolated or
interconnected causing local trapping of moisture and chemicals, which leads to an
increase in dielectric constant, and crack formation.

Films of poly(p-phenylene biphenyltetracarboximide) containing 27 wt% hollow
sphere silica nanoparticles (with refractive index of 1.7007 at a wavelength of
830 nm) were prepared by thermal sintering of monolithic silica aerogels [35].
These hollow nanoparticles were thermally stable and withstood temperatures of up
to 500°C, which made them useful for incorporation in organic polymers such as
polyamide, other high temperature polymer dielectrics and inorganic dielectrics
such as silicates and organosilicates. However the size of these nanoparticles
(150 nm) was larger than the actual metal features of the advanced ICs.

Generally, studies on porous materials were based on two routes: (a) thermal
decomposition of polymer blends or by block copolymers and (b) blending of a
highly thermal stable polymer [179—181] with an unstable one. Carter et al. [180]
developed a highly fluorinated polyimide with low dielectric constant of k < 2.3 by
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Table 6.4 Dielectric constant of polyamide nanoporous materials [29]

PEO-POSS in feed

Dielectric Thermal expansion coeffi- Measured |
Sample wt% mol% constant (K)  cient (ppm) 50-250 (°C) density (g/cc)
PI-OP 0 0 3.25 38.2 1.38
PI-2P 2 0.0007 2.88 42.3 1.31
PI-5P 5 0.0017 243 46.5 1.18
PI-10P 10 0.0034 2.25 55.8 1.09

using the nano-foam approach. However, fluorinated polymers have inadequate ther-
mal stability for use in integration procedures, and there are issues for fluoric acid
evolution during processing and reactions with the metals used [182, 183]. Block
copolymers usually consist of a highly temperature-stable block and a thermally
labile block that acts as the dispersed phase through the curing process, which makes
them good candidates for templates. Thermolysis of the labile blocks leaves pores of
sizes and shapes that correspond to those present in the initial copolymer’s morphol-
ogy. A number of reports [179, 180, 182] described the synthesis of porous structures
of high temperature thermoplastic materials (7g > 350°C) from block copolymers.
Lee et al. [184] synthesized nano-porous polyimide films through the use of a hybrid
poly(ethylene oxide)—polyhedral oligosilsesquioxane (PEO-POSS) template. Reduced
dielectric constant of k = 3.25-2.25 of the porous hybrid films with pore sizes in the
range of 1040 nm were reported. Table 6.4 [184] gives the dielectric constants of the
various composites having different POSS contents.

6.2.4 Transistors

Field effect transistors (FETs) play a significant role in modern electronics as they
are inherent parts of various devices, for example, computer chips. It is crucial to
develop novel device geometries to optimize gate electrostatics needed for efficient
ON-OFF switching for highly scaled molecular transistors with short channels [1].
Composite materials based on the coupling of conducting organic polymers (COPs)
and carbon nanotubes (CNTs) offer an attractive route to introduce electronic prop-
erties [20, 185—188]. Some of the COPs used are polyaniline (PANI) [5, 189-191],
polypyrrole (PPY) [192-194], polythiophene (PTh) [195], poly(3,4-ethylenedioxy
thiophene) (PEDOT) [193, 194, 196], poly(p-phenylene vinylene) (PPV) [186], and
poly(m-phenylene vinylene-co-2,5-dioctoxy-p-phenylene) (PmPV) [192, 197].
It was also suggested that in COP/CNT composites, either the polymer functionalizes
the CNTs or the COPs are doped with CNTs, i.e., a charge transfer occurs between
the two constituents [1]. Qi et al. [198] showed that SWNT-contacted P3HT FETs
exhibited higher current modulation of three orders of magnitude than the metal
contacted devices over a same gate voltage (-2 to 2 V gate range). However, there
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are many problems associated with the use of carbon nanotubes to be overcome, if
their potential towards the field of transistors has to be fully realized, which will be
briefly discussed in this section.

Carbon nanotubes, particularly, single-walled carbon nanotubes (SWNTs)
generated much interest as they possess unique electronic properties, high chemical
stability, impressive mechanical strength and excellent thermal and electrical stability
[12,26, 27]. Their potential use in a variety of technologically important applications,
such as electronic devices, field effect transistors, molecular diodes, memory elements,
logic gates, molecular wires, high strength fibers, sensors, and field emission is
very well established [12, 32]. Dekker [199-201], Lieber [202-204], and Avouris
[205] demonstrated that SWNTs can be used as semiconducting channels in functional
field effect transistors (FETs) and also outperform comparable Si-based devices
[32]. Dai and co-workers showed that SWNTSs can act as chemical sensors, where
exposure to specific gases, including ammonia, hydrogen and NO, alters nanotube
conductivity by up to three orders of magnitude within several seconds of exposure [32].
However, their structural resemblance to graphene, limits their flexibility for practical
applications due to their high chemical stability and insolubility in most organic
and aqueous solvents. This limiting factor must be overcome if carbon nanotubes
are to be utilized, especially in the preparation of blends with conventional polymers,
molecular electronics, and the production of homogeneously dispersed conducting
layers within electroluminescent devices [12, 32].

To modify their structure, especially to improve their solubility, compatibility,
chemical reactivity, and electronic properties [12] generally, CNTs are functionalized
with various organic, inorganic, and organometallic structures using both covalent and
non-covalent approaches with a primary focus of improving the solubility properties.
Initial success was achieved by functionalizing carboxylic acid groups, formed at
the ends and defective sites of SWNTs during oxidative purification/shortening
through amidation with alkylamines such as octadecylamine [206]. Later, this
approach has been extended to the attachment of organometallic complexes, including
Vaska’s complex [207] and Wilkinson’s catalyst [208], inorganic nanocrystals such
as CdSe [209] and Au, DNA, and various other biological molecules, dendrons, and
polymers. Another strategy for SWNT functionalization involves the use of side-wall
reactions such as fluorination with elemental fluorine, 1,3-dipolar cyclo addition,
electrochemical reduction of diazonium salts, and direct addition of nitrenes,
carbenes, and radicals to the unsaturated mt-system of the nanotubes. The covalent
functionalization strategies opened up a wide range of chemistry that can be per-
formed on the sidewalls of carbon nanotubes, which allow chemists to control the
properties of these nanoscale materials.

Functionalization with monolayer protected nanoclusters (MPCs) is highly
promising and many researchers have focused on gold nanoclusters because of their
special optical properties, unusual electronic properties, remarkably high catalytic
activity, and so forth. MPCs are generally organized on pre-functionalized nanotube
surface either by covalent, hydrophobic or hydrogen bonding. Geckeler et al.
arranged gold nanoparticles on SWNTs by the addition of metal salts to surfactant-
suspended SWNTs in water using the solution phase dispersion technique [12].
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Recently, Mahima et al. [12] reported an electrochemical route to assemble monolayer
protected gold nanoclusters (AuMPCs) on the surface of SWNT bundles, by applying
an external potential. This electrochemical process for preparing hybrid nanoscale
materials has added advantages compared to other chemical routes, which normally
include undesirable sidewall reactions, tedious purification processes, and shortening
of the tubes due to the use of strong oxidizing agents, which introduces defects on
the side-walls, making them less useful for potential electronic applications. The
authors reported significant enhancement in double layer capacitance (almost ten
times greater) for these hybrid materials as compared to bare SWNTs.

Further, a number of recent reports have concentrated on supramolecular
functionalization of SWNTs, especially with polymeric structures. Aromatic side-
walls of nanotubes provide the possibility for m-stacking interactions with conjugated
polymers as well as polycyclic aromatic hydrocarbons [32]. Substituted pyrene
molecules were also employed for surface attachment of a number of functionalities
where the appended structure has been used to attach proteins, polymerization ini-
tiators, or aqueous solubilizing groups in a non-covalent fashion. So far, covalent
attachment of polymers to carbon nanotubes has been mainly accomplished using
a “grafting to” approach, in which the polymer is first prepared and then reacted
with the carboxylic acid functionalities of the SWNTs.

As different from that approach, Yao et al. [32] described a “grafting from”
approach to the “growth” of polymers from the surface of nanotubes by first covalently
attaching polymerization initiators and then exposing the nanotube-based macro-
initiators to monomers. It was believed that a higher incorporation of polymers would
result relative to the “grafting to” approach because this approach strictly involves
the reaction of the nanotubes with small molecules. They investigated the use of
atom transfer radical polymerization (ATRP) which has been shown to be a highly
versatile technique for the controlled radical polymerization of acrylate based
monomers from the surface of nanoscale structures. SWNTs were functionalized
along their side-walls with phenol groups using the 1,3-dipolar cyclo addition reac-
tion and the phenols were further derivatized with 2-bromoisobutyryl bromide,
resulting in the attachment of atom transfer radical polymerization initiators to the
sidewalls of the nanotubes. They also reported that nanotubes functionalized with
poly(methyl methacrylate) were found to be insoluble, while those functionalized
with poly(tert-butyl acrylate) were soluble in a variety of organic solvents. The tert-
butyl groups of these appended polymers were removed to produce nanotubes
functionalized with poly(acrylic acid), resulting in structures that were soluble in
aqueous solutions [32].

Due to their low carrier mobility, conducting polymer based thin film transistors
suffer from inferior performance when compared to inorganic crystalline semicon-
ductors [1, 5]. The properties of the individual molecules and structural order of the
molecules are the key factors determining the macroscopic properties of the organic
semiconductor materials. Large mt-conjugation length, high degree of ordering, and
molecular packing are important factors for carrier mobility in conducting polymers
[210, 211]. Polyaniline is an outstanding conducting polymer in which the conductivity
results from a process of partial oxidation. It is interesting because of its good stability
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in the doped form and electronic properties. Based on morphological modification
or electronic interaction between the two components, carbon nanotubes in conducting
polymers were shown to possess properties of the individual components with a
synergistic effect [20, 186, 194]. Carbon nanotubes will not only allow the carriers
to be transported by providing percolation paths, but also help to improve the mobility.
The transfer characteristics’ analysis of the field effect transistors (FETs) suggested
that the carbon nanotubes have a higher carrier density than graphite and a hole
mobility comparable to that of heavily p-doped silicon [212].

In the core shell structure of the polyaniline (shell)/CNT (core) nanocomposites
obtained by in situ polymerization, the presence of CNTs have improved the polymer
properties by (a) inducing additional structural ordering of the polymer; (b) enhancing
thermal stability; (c) enhancing delocalization of charges in the composite; (d)
improving the compactness and conjugation or chain length; and (e) improving
charge carrier mobility [8]. These properties are desired for a material in the field
of organic electronics. DuPont have developed polyaniline/carbon nanotube composites
as printable conductors for organic electronics applications [29]. Ramamurthy et al.
[213] reported that improvement in material consistency and reduction in defect
densities will make these composites suitable for use in fabricating organic electronic
devices. It was suggested that by finely dispersing the carbon nanotubes in a polym-
erization medium, during in situ polymerization, a good level of homogeneity can
be achieved further enhancing the material quality.

Kuo et al. demonstrated polyaniline without any side chains to be the active
layer in an organic thin film transistor (TFT) and high field effect mobility was
observed [214]. Carbon nanotube nanocomposites used for thin-film transistors
provide one of the first technologically-relevant test beds for two-dimensional het-
erogeneous percolating systems. The characteristics of these TFTs are predicted by
considering the physics of heterogeneous finite-sized networks and interfacial traps
at the CNT/gate-oxide interface. TFTs based on two-dimensional networks of carbon
nanotubes or silicon nanowires were recently explored for low voltage, high
reliability, and high-speed applications in flexible macro-electronics [171, 215,
216] as well as in CNT microelectronics [217, 218]. A number of technical difficul-
ties remain, despite their promise to improve the performance of micro- and macro-
electronics, such as: poor sub-threshold characteristics and lack of understanding of
on-off current dependence on parameters such as the channel length, tube length,
and the fraction of metallic tubes. Properties of these two dimensional CNT networks
are controlled by the competition between heterogeneous networks of metallic and
semi-conducting CNTs, a regime that has never before been explored. A predictive
model is required to interpret experimental results and to expedite the development
of this new class of TFTs.

Kumar et al. [27] have developed a heterogeneous finite-size percolation model
to explore the dependence of gate characteristics in the linear regime on tube density
and metallic contamination for thin films made of randomly oriented nanotubes.
The authors explained the on-off ratio before and after the breakdown of metallic
tubes. The developed model also answered two questions of fundamental techno-
logical importance: (1) What are the performance limits of network transistors free
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Fig. 6.11 Dependence of (a) On-off ratio and (b) On-current on network density before and after
the removal of metallic tubes. L, = 10 um, L, =2 um, and H = 35 im. The network drops below
the percolation limit after breakdown for the tube density indicated by arrows (Reprinted with
permission from [7]. Copyright (2006) AIP)

from metallic tubes (f (metallic tube fraction) = 0)?, and (2) given a technology-
specific f , what is the maximum density of tubes that will preserve a high on-off
ratio? Figure 6.11 [27] represents the results obtained from the model for the on-off
ratio before and after the break down. Close agreement between numerical results
and different experimental observations was also achieved demonstrating the
capability of this model to predict the characteristics of CNT/nanowire-based
TFTs. Such predictive models would simplify device optimization and expedite the
development of this nascent TFT technology.

Organic thin film transistors though attracted a great deal of interest (as critical
components for the fabrication of low cost and large area flexible displays and sensors),
the major problem in using them in the logic circuits is the requirement of high
operating voltage. This problem needs to be focused in order to realize the full
practical applicability of these materials.

6.2.5 Information Storage

It is evident that modern information systems, in particular, electronic systems
inevitably reach the fundamental technological, physical, and functional limitations.
The fact that fiber optics communications is an advanced field of business today shows
that from the view-point of information carrier, photon is considered as an alternative to
electron [10]. Telecommunication networks mainly develop in a so-called “third
telecommunication window,” i.e., in the range of silica fiber (minimum absorption near
the wavelength of ~1.5 um), and erbium doped optical fibers (generally, used for ampli-
fication of optical signals [70] to achieve high amplification with low noise [219]).
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Photonic devices based on integrated optics and hybrid systems that use micro-laser and
other micro- and nano-optical elements are playing a significant role. These systems
demand a short effective gain length and, consequently, a higher concentration of active
medium. To meet this new active media, methods that obtain high doping concentra-
tions should be used and also concentration quenching be surmounted.

Photonic crystals (periodic quantum-dimensional systems) present a new type of
artificial media possessing a spatial periodicity of optical properties with the period
of the order of optical wavelength [219]. There are possibilities to control photons
in such media, which are advanced in various fields of modern optics and nano-
photonics. It was reported that most promising technologies for forming new media
with quantum-dimensional properties are those based on self-organizing systems
[219]. Photoluminescence of nanocomposites based on cubic packing SiO, nano-
spheres (opal matrices) and porous anodic alumina (PAA) doped with erbium and
other rare earth elements, vs. the element structure, concentration of rare earth ions,
matrix composition, optical properties, and technology was studied by Tsvetkov
etal. [219]. Fig. 6.12 [219] shows the images of these materials. They also discussed
the possible application of 3D-(space) and 2D-(planar) nanocomposites in systems
of optical information transfer, storage, and processing.

The progress of information technology depends critically on the development of new
materials for high density optical and magnetic memory storage. The last decade has
seen a great research effort in the case of optical data storage, geared towards develop-
ment of bit-oriented 3D, or multilayered, optical memories based on a variety of materials.
3D media promises a dramatic increase in memory capacity as the storage density scales
as 1/A? and 1/A%, where A is the wavelength of the reading beam, for 2D and 3D optical
memories, respectively [221]. Rentzepis et al. [222] explained the approach of bit-
oriented 3D optical memory based on two-photon writing for the first time. It was shown
that simultaneous absorption of two photons from overlapping laser beams led to excita-
tion of the photochromic molecule, spirobenzopyrane, which was molecularly dispersed
in a polymeric matrix. The intersection of the two laser beams at different spots in the
material led to spatially resolved photochemical changes in the bulk material. The “written”
state was sufficiently stable to be accessed or “read” [221].

A variety of media, have explored the use of photoinduced effects such as pho-
tochromism, photorefractivity, photobleaching, carbonization, microexplosions,
photoluminescence, and photopolymerization as the basis for information storage,
while a broad range of microscopy techniques have been used to read the data written
in 3D space [219, 223-225]. All these research studies have considered homogeneous
recording medium (storage density can be as high as 10'? bits/cm?) [219, 223, 225].
In other words, it was either represented by a single-component photosensitive film
material or contained low-molecular-weight photosensitive species uniformly dispersed
in a film-forming matrix. Siwick et al. [10] reported the use of a hexagonally close-
packed (HCP) array of fluorescent particles periodically embedded in an optically
inert polymer matrix. Optical recording in the nanocomposite was accomplished by
photo bleaching the fluorescent dye incorporated in the particles with a laser confocal
fluorescence microscope [10]. However, they showed that their approach did not
exploit the periodically modulated optical properties of the nanocomposite since
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Fig. 6.12 Images of (a) opal matrix, (¢) Er**-doped opal matrix, and (d) porous anodic alumina
obtained by electron microscopy; (b) image of opal film obtained by optical microscope
(Reprinted with permission from [220]. Copyright (2005) Elsevier)

each “written” mark contained up to 500 fluorescent beads. Later, they reported
another study in which the full potential of the nanocomposite was realized by using
every photo-sensitive core particle as a bit storage bin. Two-photon fluorescent dye
excitation was employed to induce local photo- bleaching of the fluorescent micro-
beads. The effective optical storage density was increased by a factor of two over
conventional bulk materials. Figure 6.13 [221] shows the intensity distribution of a
bit pattern photo bleached in homogenous material and nanostructured material
composed of fluorescent particles.

In general, the major advantages of using nanocomposites in 3D optical data
storage applications include [10, 41, 219, 221, 223]:
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Bit Intensity Distributions
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Nanocomposites provide a greater flexibility in the design of new recording
media compared to homogeneous materials. The rigid latex cores can be
replaced with two-layer particles composing of a fluid core and a thin rigid
shell, where the fluid core is synthesized from a low-Tg polymer. Since the
high viscosity of polymers above the glass transition temperature imposes a
significant barrier to photochemical processes involving molecular rearrange-
ments or bimolecular processes (atomic displacements in general), the photo-
chemical reactions in the fluid cores will occur at higher speeds [227]. Hence,
the quantum yield increases significantly in fluid environments and accordingly,
the write speed.

Spatially periodic modulation of the photosensitive material.

Significant reduction in the cross talk in writing and reading processes that
results from the compartmentalization of information carrying domains with
respect to optically inert regions, which create “dead space” barriers against
cross talk.

Additional filter mechanism and ability to better tune the photochemistry within
composite materials makes nanocomposite polymeric systems highly attractive
candidates as future high density optical storage media [221].
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Another major application of photopolymers is with respect to the development
of holographic data storage devices because of their high sensitivity and large
refractive index change [228]. They have been extensively investigated as holo-
graphic recording media for many applications, including holographic scanners,
LCD displays, helmet-mounted displays, optical interconnects, waveguide cou-
plers, holographic diffusers, narrowband wavelength filters, laser eye protection
devices, automotive lighting, and security holograms [226, 228-230].

Holograms are stored in photopolymer materials as spatial modulations of
refractive index created in response to an interference pattern generated by incident
laser beams. Because of photoreactions, the refractive index of irradiated areas of a
material differs from that of dark areas. The bigger the difference in the refractive
index between these two regions, the greater will be the data storage capacity of the
material. The storage capacity of the material is also enhanced if the medium is
thick, as this enables recording of many holograms in a given volume of material
and results in improved diffraction efficiency of phase grating (modulated index)
[226, 228-230].

Among the photopolymers, an organic—inorganic hybrid film is proposed to
yield rigid media with low dimensional changes during holographic recording.
Further, optical transparency and ease of film processing with sol-gel solutions for
the organic—inorganic hybrids ensure the preparation of a thick film [228]. Many
researchers showed that inclusion of nanoparticles contributed to rapid grating
build-up and noticeable suppression of polymerization shrinkage, yielding high
recording sensitivity and dimensional stability. The grating formation in nanoparticle-
dispersed photopolymers is explained in terms of the mutual diffusion of monomer
molecules and nanoparticles during holographic exposure because reactive monomer is
consumed more in the bright region than in the dark one under holographic illu-
mination and monomer molecules diffuse from the dark to the bright regions due
to the difference of chemical potential between the bright and the dark regions. At
the same time nanoparticles counter-diffuse from the bright to the dark regions.
This is because the chemical potential of nanoparticles becomes higher in the bright
region owing to their photo-insensitivity. As a result, compositional and density
modulations of the formed polymer and nanoparticles having different refractive
indices are spatially created, leading to the formation of a refractive index modulation
(An) as large as 1072 [226].

Transparent inorganic oxides such as TiO, and ZrO, possess refractive indices
much higher than those of available monomer and polymeric binder materials (>2)
in the visible region: e.g., bulk refractive indices of 2.55 and 2.1 at 589 nm for TiO,
and ZrO,, respectively. Therefore such high-refractive-index inorganic nanoparticles
may be used to increase An further [226]. In these photopolymer nanocomposite
films, holographic recording is achieved through photo-induced refractive index
contrast arising from a compositional variation induced by polymerization and the
subsequent diffusion of monomers into the polymerized areas (the high-intensity
region of irradiation, the bright region) of the film under the constructive and
destructive interference of multiwaves [228]. Achieving the desired storage capac-
ity that would make holographic data storage commercially viable (~100 bits/um?)
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will therefore require developing a large index contrast in thick photopolymer
materials [230].

Suzuki et al. proposed holographic photopolymer incorporated with inorganic
TiO,, SiO, and organic (hyperbranched polymer) nanoparticles for permanent volume
holographic storage with high diffraction efficiency [220, 231-233]. TiO, nanopar-
ticles with an average diameter of 15 nm dispersed in methacrylate photopolymers
gave An as large as 5.1 x 10~ and the polymerization shrinkage suppression of
approximately 69% was achieved at the nanoparticle concentration of 15 vol%.
Sanchez et al. [234] also reported a similar 4 nm (average diameter) TiO, nanopar-
ticles dispersed in the mixture of two kinds of acrylate monomers. They performed
holographic recording at a wavelength of 351 nm and obtained An as large as
15.5 x 1073 at 633 nm. However the systems reported by both Suzuki et al. and
Sanchez et al. suffered scattering losses as high as 20 and 29%, respectively, for the
40 wm film thickness.

Further development of modern optical devices for information storage, transfer,
and processing requires a transition from “classical” optical media to materials with
quantum-dimensional parameters, in which an interaction of optical radiation with
medium on interfaces of the medium play the fundamental role [219]. Such an
approach results in considerably modified optical characteristics of materials, in
particular, a substantial increase in the optical response of the medium. New pos-
sibilities are open for creating advanced devices for telecommunications and other
modern industrial segments.

6.2.6 Light Emitting Diodes (LEDs)

LED technology is being used in commercial applications such as small screens for
mobile phones and portable digital music players (MP3 players), car radios and
digital cameras and also in high resolution micro displays for head-mounted displays.
Organic light emitting diodes are found in models of the Sony Walkman and of
some of the Sony Ericsson phones, notably the Z610i, as well as most Motorola
color cell phones [47].

6.2.6.1 Si-Based Nanocomposite Materials in LEDs:

Efficient visible photoluminescence from etched and as-anodized porous silicon
and observation of a blue shift in absorption edge triggered attention on the opto-
electronic behavior of nano-sized silicon from the view-points of scientific and
technological interests [235]. Fig. 6.14 [2] shows a nanostructured composite of
silicon quantum dots in an amorphous matrix. Although Si is the base material of
modern microelectronics, unfortunately, it does not efficiently emit light, due to its
indirect band gap and the exciton binding energy of a few meV. Photoluminescence
(PL) from Si is observed only at low temperature, which makes it impractical for
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Fig. 6.14 TEM image of nanostructured silicon quantum dots in an amorphous matrix for photo-
voltaic applications. (Reprinted with permission from [20]. Copyright Proceedings of ACUN-5
International Composites Conference: Developments in Composites: Advanced, Infrastructural,
Natural and Nanocomposites, Sydney)

use in optoelectronic circuits and devices. To overcome this problem and to achieve
high emission yield from Si, several different systems have been proposed [11,
236-240] and one among such systems is based on nanostructured Si (nanocrystalline
and porous Si), where quantum confined effects and exciton localization play a
major role in the light emission process [238, 239].

Silicon nanocrystals as a light source had an additional advantage over bulk
silicon in that the electrical carriers were confined to a region in which no defects
were present due to the fact that the host material (normally SiO,) ensures an
efficient passivation of defects and recombination centers. This opened gates for
different systems based on Si and SiO, to be investigated, like SiO, layers doped
with Si nanocrystals [238], Si/Si0, superlattices [11], oxidized porous Si or single
nanometer-thick quantum wells of crystalline silicon. Above all, the insulating
effect of Si0, makes it even difficult to inject electrical charges into Si nanocrys-
tals, and thus efficient light-emitting diodes are troublesome to make. Moreover,
large currents passing through an oxide film will eventually make it fail, resulting
in a short circuit. Amato et al. [4] proposed a completely different approach to
produce Si/Si0, nanocomposites by investigating the possibility of infiltrating Si
into porous silicon oxide (PSO) by CVD. PSO in which the pores are intercon-
nected acted as a template for the growth of the Si network so that the complete
pore filling gives rise to a percolated Si network inside SiO,. The authors reported
that the system was absent of consequent effects to porosity such as instability,
reactivity, and fragility. Additionally, several alternative ways have been pursued
to deal with its inability of Si to luminescence efficiently. Some examples are
crystalline silicon doped with rare earth ions, crystallized silicon quantum dots
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[240], and porous silicon [239]. Luminescent PS layer (formed by anodic conversion
of single-crystal silicon c-Si) consists of highly packed, isolated and/or intercon-
nected silicon nanocrystallites with a mean diameter of 2—3 nm, which is below
the critical level for the occurrence of quantum confinement. Koshida and Gelloz
[235] reviewed wet and dry porous silicon, their characterization, and properties
at greater depth.

In addition, silicon-based materials were also used as hosts for erbium doping.
They showed a 1.54 um emission (falls in the window of maximum transmission
for silica-based optical fibers) stimulating both academia and industries on erbium-
doped materials. 4f-shell luminescence from erbium-doped crystalline silicon was
reported for the first time in 1983 [2], and after that, erbium has been incorporated
in numerous other materials. Porous silicon was also used as a host for the incor-
poration of erbium ions. The ability to manufacture high reflectivity multilayer
structures [238], efficient visible photoluminescence [239], and compatibility with
standard silicon processes in making integrated optoelectronic devices [11] has
attracted porous silicon. The large surface area of nanostructured matrix of porous
silicon allows easy infiltration of the ions into the matrix. The structure of porous silicon
readily oxidizes, producing large concentrations of oxygen necessary for efficient
erbium emission. Different doping techniques have been proposed for porous silicon,
such as ion implantation [241], diffusion [242], and electrochemical migration
[243]. Among these, cathodic electrochemical migration was preferred because it
offers the advantages of deeper erbium penetration (10-20 wm), lower cost, and
simplicity of processing. However, erbium-doped crystalline silicon structures were
usually prepared by expensive and time consuming processes like ion implantation,
epitaxial growth, and chemical vapor deposition, which also require specialized equip-
ment, and limited to very shallow doping profiles [4].

Lopez et al. [244] infiltrated erbium in the pores by cathodic electrochemical
migration of the ions followed by high temperature annealing (600-1,100°C) to
produce a composite material made of silicon nano-crystals and silicon dioxide.
The devices exhibited exponential electroluminescence dependence in both bias
conditions (Fig. 6.15 [244]) as a function of the driving current and driving voltage.
It was reported that in reverse bias, the external quantum efficiency reached 0.01%;
the electroluminescence intensity decreased by a factor of 24 in reverse bias and 2.6
in forward bias when the temperature increased from 240 to 300 K; and the photo-
luminescence from the erbium-doped micro cavity resonators was enhanced by
more than one order of magnitude and tuned to emit in areas where the natural
erbium emission was very weak.

6.2.6.2 Polymer-Based Materials in LEDs

Polymers are very promising candidates for cost-effective micro- and nano-
photonic devices in optical communication networks, chip-to-chip interconnections
and sensors. They have many desirable properties, such as easy fabrication, low
production cost, device integration, and compatibility with Si and GaAs fabrication
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technologies [245]. They can also be deposited directly on any kind of substrates
and tune their optical properties by different combinations of monomers and
dopants. Different classes of polymers have been developed for micro-photonics:
photosensitive polymers (e.g., polyimides and photoresists), olefins, fluorinated
polymers, acrylates, elastomers [245].

n-conjugated polymers are extensively studied for their potential use in light
emitting diodes, photovoltaic cells (solar cells), and organic thin-film transistors.
Poly(p-phenylene vinylene) (PPV) and its derivatives were promising in this regard
because of their particular structure and highly interesting electroluminescent, electrical,
nonlinear optical and lasing properties [246]. Besides PPV and its derivatives,
polyfluorene (PF) and its derivatives are promising conjugated polymers for PLEDs
because of their thermal and chemical stability, good solubility, and high fluorescence
quantum yields. Despite this, the use of PF and its derivatives for PLED applications
has several disadvantages arising from the aggregation and excimer formation and/
or thermal oxidation (keto defect), as well as intermolecular cross-linking between
PF chains. These include relatively low electroluminescence quantum efficiencies
and unstable color purities. Although many approaches were used to overcome
these problems, like introducing solubilizing substitutes to control the aggregation,
there are still problems like complicated synthesis process and difficult to access
fully aromatic materials. Thus, further improvements are still needed to achieve the
commercialization of full-color displays [247] demonstrating the need for more
stable and efficient conjugated polymers.

An alternate approach to polyaromatics with multiple advantages in terms of
ease of synthesis, robustness, versatility in functionality, and high solubility was
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reported by Brick et al. [26]. Cubic octasilsesquioxanes novel compounds are used
as model catalytic surfaces, molecular catalysts, porous media, NMR standards,
fluoride encapsulants, and building blocks for nanocomposite materials. They
reported that polybromophenylsilsesquioxane Br, ,OPS reacts readily with borates
of phenyl, biphenyl, naphthyl, 9,9-dimethylfluorene, and thiophene using standard
Suzuki conditions to produce the corresponding polyaromatic and heteroaromatics
with complete substitution of all bromines. The resulting materials were completely
soluble in a variety of common organic solvents and were also stable at temperatures
exceeding 400°C in air. Photoluminescence measurements showed standard aromatic
behavior with typical quantum efficiencies [26].

Polyhedral oligomeric silsesquioxanes (POSSs), have unique cube-shaped
molecular structure and nanoscale dimensions, and POSS-functionalized organic—
inorganic hybrid materials were used as modifiers for nanoparticle applications
[247]. POSS-substituted organic—inorganic hybrid PFs were also developed by
several groups. Lee et al. [247] reported POSS-pendant PF copolymers and showed
that they have higher luminescence, efficiency, and color stability than POSS-free
pristine PF. Later, they hypothesized that small amounts of nanoscale POSS
attached to the C-9 position of fluorine in PF derivatives would reduce the intermo-
lecular m—m interactions between polymer chains and thus suppress aggregation and
thermal oxidative degradation [247]. Also, photoluminescence and electrolumines-
cence studies of POSS-functionalized PF derivatives showed that the inclusion of
POSS strongly suppresses the intermolecular aggregation and thermal oxidation
and thus, enhanced the light-emitting performance.

Recently, super radiance in PPV and PPV analogues was achieved suggesting
the prospect of polymer semiconductor lasers [246]. PPV exhibits a strong two-
photon pumped up-conversion emission when excited by near-IR laser pulses of
800 nm, which also opens up another prospect, upconversion lasing [246]. PPV is
traditionally made by a base catalyzed reaction of a water-soluble salt monomer
precursor. However, many questions and difficulties still remain in spite of the
rapidity with which PPV has been developed for electroluminescence applications.
It is extremely difficult to achieve a narrow distribution of molecular weight of PPV
due to the difficulty in controlling the base-catalyzed reaction and therefore leads
to large polymer chains. Moreover, since the final polymer is insoluble, it is difficult
to process it in various forms such as a bulk sample or in the form of a blend with
other polymers. Lal et al. [246] demonstrated a controlled, nanoscale polymerization
of the PPV monomer conducted within the size-controlled cavity of reverse
micelles, which yields processable PPV. These PPV analogues (oligomers) were
also readily processed through dispersion to prepare polymer blends. Figure 6.16
[246] shows the Fluorescence emission from poly(p-phenylenevinylene) of different
conjugation lengths synthesized within reverse micelles. Ho et al. [248] demonstrated
that PPV-SiO, nanocomposites exhibited a composition dependence of refractive
index that can be utilized to fabricate all polymer photonic structures in the visible-
NIR region. They fabricated conjugated polymer distributed Bragg reflectors and
micro-cavity light-emitting diodes [176, 248]. In this PPV-SiO, system, a very large
refractive index contrast was also achieved (>40%). This system also has other
advantages such as:
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Fig. 6.16 Fluorescence emission from poly(p-phenylenevinylene) of different conjugation
lengths synthesized within reverse micelles (from left to right: W, =35, 10, 15, 20). (a) UV excita-
tion; (b) two-photon excitation at 800 nm (Reprinted with permission from [108]. Copyright
(1998) ACS)

(a) silica is transparent over the key electronic and vibrational bands of PPV, also
inert to the acidic thermal elimination reaction that generates PPV,

(b) silica is a wide band gap insulator (hydrolytic silica is expected to have few
chemical defects; e.g., dangling bonds, so neither bulk/surface charge trapping
nor excitation energy transfer occurs)

(c) spectroscopic properties of PPV and its oligomers are well characterized and

(d) simple repeat structural unit of PPV leads to sharp spectroscopic features that
are more sensitive to disorder than those of many other conjugated polymers.

In the light-emitting diodes made of p-type polymers such as PPV derivatives, the
majority of the carriers of the emissive polymers are holes. It is thus, necessary to
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improve the electron injection ability at the interface of the polymer cathode and to
block the holes effectively before they reach the cathode, to improve the EL quan-
tum efficiency. For this purpose cathodes with low work function such as Ca and
Mg have been employed [247]. Since metals are susceptible to degradation upon
exposure to air an inert atmospheric condition is required to deal with them. To
overcome this problem, an electron injecting or transporting layer or an insulating
layer such as Al,O, and LiF were employed for the stable and efficient EL device
with an Al cathode. Later, the EL device with Al cathode was greatly improved by
the post-deposition annealing above the glass transition temperature of an emitting
polymer without any additional layer. A quantum well structure for the charge
confinement was also employed to improve the electron-hole recombination rate of
the organic EL device by An et al. [249]. In spite of all these efforts, fabrication of
multilayer devices by successive spin casting of polymer solutions is not easy.
Hence, to commercialize the polymeric EL devices the improvement of device
stability was urgently required.

Both chemical and physical methods were used to enhance the performance of
PPV-based devices. Using chemical methods, structure of the polymer was changed
by adding functional groups to the backbone, thereby improving the solubility or
modifying the band gap of the material [250]. Although, the chemical techniques
gave good results, they strongly depend on the synthesis of the polymer. Regarding
physical methods, the properties of a polymer can be improved by adding “selective”
inorganic nanoparticles to the host material and this process is also believed to
increase the electrical conduction of the polymer, and in addition, improve its
stability. Many researchers have reported nanocomposites of silica/titania nanopar-
ticles with PPV or its derivatives [251, 252]. Silica nanoparticles had a good effect
on the conductivity of the polymer host while the titania nanoparticles influenced
photovoltaic properties. In both cases, modification of the polymer luminescence was
observed. However, contradictory results were reported in very similar materials; for
example poly(2-methoxy-5(2” ethyl) hexoxy-phenylene vinylene) blended with SiO,
was found to have an improved conductivity as compared to the bare polymer; while
PPV with similar nanoparticles showed a lower conductivity than the polymer alone.
Lee et al. [251] reported that conjugated polymer layered silicate nanocomposites
with high environmental stability against oxygen and moisture showed greatly
improved photoluminescence intensity and its EL device also possesses hugely
improved external quantum efficiency. Nguyen et al. [252] performed isolation of a
conjugated polymer chain within mesoporous silica to control chain conformation
and energy migration. It was also reported that the conjugation length of the polymer
could be altered by the incorporation of the nanoparticles, modifying its optical and
electrical properties [250]. The main consideration here should be that the polymers
used in these works were not synthesized by the same technique and the analysis of
the results should also mind the quality of the polymer materials.

Yang et al. [250] studied diodes made using PPV/SiO, and PPV/TiO, nanocom-
posites by depositing the composite thin film onto indium tin oxide (ITO) substrates
followed by thermal evaporation of a MgAg cathode of thickness 500 nm.
Figure 6.17 [250] represents the current density vs. applied field for devices with
different concentrations of PPV/SiO, and PPV/TiO, composites.
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Fig. 6.17 Current density vs. applied
field in diodes with different nanoparti-
cle concentrations: (a) ITO-PPV/SiO,
(100 nm)-MgAg; (b) ITO-PPV/SiO,
(20 nm)-MgAg; (¢) ITO-PPV/TiO,

(20 nm)-MgAg (Reprinted with permis-
sion from [137]. Copyright (2005)
Elsevier)
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The authors reported different behavior patterns in devices of PPV/SiO,,
depending on the particle sizes; for smaller particles, the conductivity of the
composite decreased with the increasing concentration, while for larger particles, it
increased with the concentration. Qian et al. [253] showed almost forty times
increase in photoluminescence from nanotubed titania, compared to that of nano-
particles. This increase was attributed to the translational symmetry in TiO, octahedron
that remains along the tube axis; and no longer exists around its circumference.
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Since nanoparticles and nanotubes have different characteristics of surface area,
morphology, etc, the changes in the electronic band structure resulted in increasing
luminescence of titania nanotubes. They also reported blue electroluminescence
from titania nanotubes [253] doped into a poly (2-methoxy-5-(2-ethyl hexyloxy)-p-
phenylene vinylene) (MEH-PPV) matrix which directly comes from band to band
transitions of titania nanotubes. The onset voltages of the polymer light-emitting
diodes were lowered after doping with titania nanotubes and the doped devices
gave higher current compared with the undoped ones. Figure 6.18 [253] shows the
normalized EL spectra of the PLEDs.
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weight ratio 10 wt% under different applied voltages (Reprinted with permission from [31].
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Effective charge confinement of the nanocomposite devices plays a critical role
in improving the luminescent efficiency. Lee et al. [254] determined the charge
(electronic and ionic) carrier mobility of the LED made of nanostructured polymer/
clay composites by measuring pulsed- and steady-state transient EL. The authors
reported that the clay within the nanocomposite acted as a barrier against both
electronic and ionic charges. Figure 6.19 [254] represents the transient current and
EL as a function of time of different devices for a steady state electric field.

Furthermore, conducting polymer nanostructures not only have advantages/
applications in light emitting diodes, but also in various other electronic devices
such as flexible electronic circuits, field effect transistors and so on due to their ease
of controlling the conductivity (from insulator to conductor) by changing the doping
level. However, Lewis acid a commonly used dopant is reactive enough to damage
the electronic devices limiting long lifetime and device stability. On the other hand,
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Fig. 6.19 Transient current and EL as a function of time while applying a steady state electric
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272 S.K. Samudrala and S. Bandyopadhyay

small organic compounds have been applied to the semiconductors capable of being
fabricated into thin-film transistor (TFT). Examples include oligothiophenes,
substituted naphthalenes, phthalocyanines, and pentacene. The conduction mechanism
for these classes of organic semiconductors involves charge transport across 7 electrons
in these molecules. Most of them are known to carry electrons by positive
charge (hole). Triphenylamine derivatives such as N,N’-bis-(4-methylphenyl)-N,
N’-diphenylbenzidine (TPD), transport hole were used as organic conductors or in
organic electroluminescence devices. A new method to fabricate semi-conductor by
solution process based on the composite of organic hole transporting compound,
TPD, and titanium dioxide (TiO,) nanoparticles by sol-gel process was reported by
Yokozumi et al. [255]. The conductivity of the composite increased up to six orders
of magnitude higher than that of TPD itself when TPD was doped with TiO,
nanoparticles.

In sum, multifunctional polymers (exhibiting simultaneously more than one
property) are a new generation of materials that hold considerable promise for
numerous applications in the field of electronics and photonics [246]. Manipulation
of molecular architecture and the morphology at nano level provides a powerful
approach to control the electronic and optical properties of a material as well as its
processability. So far, most of the research was carried out on inorganic semi-
conductors in the design and preparation of quantum confined structures such as
quantum dots, quantum wires, and quantum wells [246]. Electron-hole pairs can be
quantum confined to control the band gap of materials by the correct choice of
physical sizes. In case of inorganic materials (semi-conductors and metal clusters)
the electronic and photonic properties, which are strongly dependent on their band
gaps, are well documented. However, nano-scale processing of polymers in a
restricted geometry to produce quantum confined structures and composites is less
explored. By tuning the morphologies, band gaps, and charge-transport properties
of these polymers, device stabilities have been increased, and emitters at a wide
variety of wavelengths have been fabricated [246, 251, 254, 256, 257].

6.2.7 Miscellaneous Applications

6.2.7.1 Ultra Large Scale Integration (ULSI) Devices

Multilayer polymer ceramic structures are important for many applications such as
the need for thin film polymers for electronic packaging, coatings, passivation layers,
lubrication, biocompatible materials, and intermetallic dielectrics for ULSI devices.
[258]. A major need exists to replace silicon dioxide with a low dielectric constant
material such as a polymer to reduce RC-delay and cross-talk in integrated circuits.
However, to realize this goal both synthesis techniques and a fundamental under-
standing of polymer thin films are needed. Different integration schemes were
proposed which used SiO, and functionalized poly(p-xylylene) derivatives to
take advantage of silica’s good adhesion properties and thermal stability while also
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taking advantage of the polymer’s low dielectric constant, which would ultimately
reduce the RC-delay in ULSI devices [258, 259]. The presence of SiO, specific
interactions and physical confinement causes thin film polymers to have more complex
morphology compared to the complex anisotropic morphology of the polymers.
Crystallization behavior of the polymer is a noticeable effect of the specific interac-
tions. In this regard ultrathin films of polystyrene (formed by spin casting/coating
technique) on H-terminated Si and on native oxide silicon have been studied and it
was reported that they exhibited opposite behavior in terms of their glass transition
temperature as a function of film thickness [258, 259]. These polymeric films are
not advantageous in fabricating ULSI devices due to their low processing through-
put, poor conformality, purity incorporation and the presence of casting solvent,
which is an environmental concern. Senkevich et al. [258] have deposited both SiO,
and PPXC (poly (chloro-p-xylylene)) polymer layer at near room temperature by
thermal CVD. CVD is very promising, but it is not very cost effective. They
reported that the introduction of a polymer with SiO, raised the refractive index
from 1.44 to 1.59 (at 630 nm) and lowered the dielectric constant from 4.0 to 3.30
(at 10 kHz) with a PPXC thickness fraction of ~0.80.

Ezhilvalavan and Tseng [260] reviewed the use of tantalum pentoxide (Ta,O,)
thin films for ULSI circuits applications. They investigated the deposition of Ta O
films by reactive sputtering, photo- CVD (chemical vapor deposition) and LPCVD
(low pressure CVD) and reported that LPCVD is more appropriate for high density
device applications owing to its good step coverage. Also maximum dielectric
constant and low leakage current density obtained with LPCVD-Ta O; films were
better than those of other processing methods.

6.2.7.2 Liquid Crystal Displays (LCDs)

Nanocomposites consisting of spatially confined liquid crystals are of great interest
due to the prospects of their application in optoelectronic devices, photonic crystals,
depolarizers, scattering displays, information storage and recording devices, and
windows with adjustable transparency. In these systems, applied external electric
field causes switching between the scattering and transparent states, and, under
some conditions, these states can be retained after the field switching off. In case
of spherical aerosol particles, it was found that the memory effect is achieved due
to formation of ordered branched network of the aerosol particles in the liquid
crystal matrix. But in the case of anisometric particles of a clay mineral an important
contribution for the memory effect can be from the influence of the clay surface on
the alignment of adjacent liquid crystal (LC) layers, which can be controlled by the
application of hydrophobic organic modifier on the clay mineral.

The effect of modification of the montmorillonite (MMT) clay mineral with dif-
ferent organic surfactant ions on the electro-optical properties of the MMT + 5CB
(4-pentyl-4’-cyanobiphenyl nematic liquid crystal) heterogeneous L.C—clay nano sys-
tems have been studied by Chashechnikova et al. [261]. Using IR and Raman
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spectroscopy techniques, it was shown that in the LC-clay nanocomposites consisting
of organically modified MMT and 5CB, mutual influence of SCB molecules and the
clay particles occurred that resulted in the ordering of the near-surface layers of both
inorganic and organic components of the composites. Because of this Van der Waals
interaction, the system became transparent under the action of electrical field, and
preserved the transparent state when the voltage was switched-off, i.e., the contrast
and electro-optical memory effect were observed. They also reported that the use of
polar additive (acetone) for preparation of the nanocomposite increases the uniform-
ity of the composites and considerably improves their electro-optical properties.

6.2.7.3 Flat Panel Displays

The velocity of electrons approaching the speed of light (3 x 10®* ms™) in vacuum
is limited to only a saturation velocity of 105 ms™ in solids by lattice scattering;
thus, making vacuum electronic devices attractive for high speed and high frequency
applications [262]. Conventional vacuum electronic devices use electrons liberated
by thermionic emission from hot filaments that are large and need much energy in
heating up the filament. So, replacing the thermionic cathode by a cold cathode
(uses field emission, FE, electrons where the electrons are liberated by tunneling
from the cathode material at room temperature under intense electric field) can
reduce the size of the device and also improve the power efficiency. Cold electron
FE materials, with low threshold fields, are seen as potential candidates for flat
panel displays (FPD). Some of the novel cold field emission materials include
metallic-dielectric nanocomposites such as resin-carbon coatings [263, 264] graphitic
clusters embedded in amorphous carbon (a-C) films, metal doped a-C films and
metal implanted SiC layers [264]. Due to a local electric field enhancement by
virtue of the electrical inhomogeneity between nano-sized conductive clusters and
insulating dielectric matrix, these materials have excellent field emission properties
and very low threshold fields for electron emission, smaller than 20 V/um compared
to several thousand volts per micron values of flat metallic cathodes.

Tsang et al. [264] have studied the electron field emission properties of the
Ag-SiO, nanocomposite layers. Threshold fields as low as 13 V/um was reported.
Figure 6.20 [264] shows the electron field emission characteristics of the nanocom-
posite layers at different Ag doses. SiO, as a host matrix has the advantages of
chemical stability, efficient fabrication process by thermal oxidation, and fast well
characterized etching process of SiO, which is convenient to create differently
patterned FE devices. Ag has excellent electrical and thermal conductivities (beneficial
in FE device applications), does not react chemically with the SiO, matrix, and the
formation of nano-sized pure Ag clusters in silica is possible with small Ag doses
(1 x 10" cm™) [264]. Hence, the combination of Ag-SiO, has the added benefit
that the whole fabrication process is compatible with existing IC technology and
thus the nanocomposite layers as the cathode material for vacuum microelectronic
devices take advantage of the possibility for integrating the devices with other circuit
elements on a single chip.
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Fig. 6.20 Electron field emission characteristics of samples implanted with various Ag doses. (a)
I-F characteristics and (b) the corresponding Fowler-Nordheim plots (Reprinted with permission
from [175]. Copyright (2005) Elsevier)

6.3 Summary

In this chapter, we discussed the material aspects of some of the nanocomposites
used in different electronic applications as: embedded capacitors, integrated cir-
cuits, lithium ion batteries, transistors, light emitting diodes, ULSI devices, LCDs,
and flat panel displays. The potential of these hybrid materials has been realized in
various modern day applications like: iMac G5 by Apple® Inc., OLEDs
(Nanohorizons®, Motorola®, NUVUE AMS550L by Eastman Kodak®, Dupont®,
Samsung®, Sony® corporation, Universal display corporation®, RiT display corpo-
ration®), Pioneer® organic electro luminescent display (OEL), Sanyo® OEL display,
surface conduction electron emitter display by Canon®, television display coating
by ecology coatings®, and in processors (Athlon® AMD™ 64 FX, AMD™ Athlon®
64 X2 dual-core, IBM power PC 970 FX/970 MP, Intel® Celeron® 4, Intel® Core™
duo, Intel® Pentium® 4, Intel® Pentium® D) [22, 265].
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Nonetheless, it is evident from this review and the unwanted break downs in
consumer electronics that more studies should be focused towards the fundamental
understanding of these materials. Recall that with increasing ceramic loading, the
dielectric constant of polymer/ceramic nanocomposite materials was increased for
embedded capacitor applications, but the role of processing methods and condi-
tions, filler size, shape, orientation, dispersion, percolation, and crystal structure are
still not very clear. Likewise, nanoparticle dispersion is another critical issue that
controls the use of these materials for commercial applications. Although, the
research work discussed in this review is mainly oriented in terms of electronic
behavior of the nanocomposites, it is very important to consider other properties of
these materials (mechanical, thermal, rheological, or any combination there-of) in
order to preserve the structural integrity of the material as a whole.
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Chapter 7

Next-Generation Hybrid Nanocomposite
Materials Based on Conducting Organic
Polymers: Energy Storage and Conversion
Devices

Monica Lira-Cantid and Pedro Géomez-Romero

Abstract This review deals with the most recent developments in the field of hybrid
nanocomposite materials based on conducting organic polymers (COPs) with special
emphasis on their impact on energy-related devices. Our aim is to introduce the
reader to the fascinating world of conducting organic polymers, from basic aspects
related to their working mechanism to their interplay with inorganic compounds to
form hybrid organic—inorganic functional materials. The multifunctionality observed
from these nanocomposite materials empower their application in a wide variety of
energy-related devices capable to produce, convert or save energy. In addition to the
later is their low-cost fabrication capability, linked to COPs processability, which
makes hybrid organic—inorganic materials a powerful resource for the energy sector.
In this review, we will focus on the design of hybrid nanocomposite materials based
on COPs and their application in the “state-of the art” energy-related devices such as
electrochemical supercapacitors and photovoltaic devices

Abbreviations C: Carbon; C2A: Carboxylated diacetylene; CNs: Carbon
nanotubes; CNT: Carbon nanotube; COP: Conducting organic polymer;
CV: Cyclic voltammetry; ETA: Extremely thin absorbers; FF: Fill factor;
HTM: Hole-transport material; HSC: Hybrid organic—inorganic solar cell; J.:
Current density in the short-circuit mode; MDMO-PPV: Poly[2-methoxy-5-
(3,7-dimethyloctyloxy)- 1,4-phenylenevinylene]; MEH-PPV: Poly[2-methoxy-5-
(2'-ethylhexyloxy-p-phenylenevinylene]; MWNT: Multiwalled carbon nanotube;
POTP: Poly(9,9'-dioctylfluorene-co-bithiophene) PAni: Polyaniline; PA-PPV:
Poly[N-phenylimino-1, 4-phenylene-1, 2-ethenylene-1, 4-(2,5-dioctoxy) phe-
nylene-1, 2-ethenylene-1, 4-phenylene]; PCBM: 1-(3-methoxycarbonyl)
propyl-1-phenyl[6,6]C, ; PEP: Photoelectrochemical polymerization; PEDOT: Poly-

61°
(3,4-ethylenedioxythiophene); PEP: Photoelectrochemical polymerization;

M. Lira-Canti (2<) and P. Gémez-Romero

Centre d’ Investigacio en Nanociencia i Nanotecnologia (CIN2, CSIC), Escola Tecnica Superior
d Enginyeria (ETSE) Campus UAB, Edifici Q 2nd Floor - QC/2111, Bellaterra (Barcelona),
Spain E-08193

e-mail: monica.lira@cin2.es

L. Merhari (ed.), Hybrid Nanocomposites for Nanotechnology, 289
DOI: 10.1007/978-0-387-30428-1_7, © Springer Science +Business Media, LLC 2009



290 M. Lira-Cantd and P. Gomez-Romero

PPy: Polypyrrole; PVK: Poly(N-vinylcarbazole); PU2T: Poly(3-undecyl-2,2'-
bithiophene); P3HT: Poly(3-hexylthiophene); P3OT: Poly(3-octylthiophene);
P4BTH: Poly(4-undecyl-2,2'-bithiophene); SWNT: Single-walled carbon nanotube;
PMOs: Polyoxometalates; PW12: Phosphotungstic acid; (H,PW 0,); PMol2:

12740
Phosphomolybdic acid; (H,PMo 0, ); SiW12: Silicotungstic acid; (H,SiW ,0,);
Spiro-OMeTAD: 2,2'.7,7'-Tetrakis(N,N-di-p-methoxyphenyl-amine)9,9 '-spirobi-
fluorene; ss-DSSC: Solid-state dye-sensitized solar cell; V. Voltage in open-

circuit mode; VK: N-Vinyl carbazole

7.1 Introduction

We are witnessing the prelude of what has been called a “technological wave,”
with Energy playing a vital role. Innovation, strongly supported by advances in
nanotechnology and alternative energy devices, is the focal point for this new
technological era. The different energy-related systems, where hybrid nanocom-
posite materials have created a breakthrough impact, can be divided into energy
storage (batteries, supercapacitors or hydrogen storage), conversion/production
(solar cells, fuel cells, thermal solar cells or thermoelectricity) and energy saving
(insulation, more efficient lighting, OLEDs, or combustion). In all of them,
renewable energy resources must be adequate to meet energy needs but energy
demand will only be met by the combination of different technologies. For exam-
ple, energy conversion devices like solar cells will have an important impact in
energy economy. The technology will have to evolve towards low-cost manufac-
turing in the future years, but it will also show a direct dependency on energy
storage systems like batteries, capacitors or supercapacitors [1, 2]. Also, for an
apparently self-sufficient device like a fuel cell, complementary storage might be
necessary as is becoming evident in the design of hydrogen cars in which super-
capacitors will be needed to provide peak currents [3]. Batteries are best suited to
store relatively large amounts of charge, thanks to their high energy densities
[4, 5]. However, the ionic diffusion processes are relatively slow, which is the
reason why batteries score low in power density and why complementary devices
related to conventional capacitors are under development. Electrochemical super-
capacitors fill in the gap between batteries and conventional capacitors, resulting
in devices that provide higher power density than a battery and