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(ABSTRACT)

The range of polymeric materials containing the Si-O bond spans from the three-

dimensional inorganic networks of silica (SiOy), to linear high molecular weight polysiloxanes

which display properties of both organic and inorganic materials.

Part 1 of this dissertation describes the synthesis of three-dimensional inorganic SiOp
networks and organic-inorganic hybrid networks using a low temperature solution technique
known as the sol-gel process . During this process, hydrolysis and subsequent condensation of
inorganic alkoxides (most often tetraethylorthosilicate, TEOS) in the presence of catalysts leads to
the formation of three-dimensional SiOo networks. However, the strong acid or base catalysts
typically employed in sol-gel reactions would also cause undesirable degradation of many organic
modifiers, especially at higher temperatures required for the drying of the gels.

A catalyst-free sol-gel process, based on tetramethylorthosilicate (TMOS), the most
reactive silicon tetraalkoxide in the series, was developed. The catalyst-free route provides an
optimum reaction environment for the synthesis of organic-inorganic materials through
copolymerization reactions. This concept willl be exemplified by two organic-inorganic systems in
which TMOS was used as the inorganic component while poly(dimethylsiloxane) and polyimide
oligomers respectively, were employed as the organic component. The effect of such

modifications on the surface and bulk properties of the inorganic SiO, networks was also

investigated.



Part 2 of this dissertation describes specific aspects associated with the synthesis of
amine containing polysiloxane oligomers. A new molecular design which allows for independent

control of molecular weight and amine functionalities was developed. The new synthesis involves

anionic ring opening equilibrium copolymerization of the cyclic siloxane tetramer D4 with a new

cyclic siloxane monomer containing amine functionalities as pendant groups on silicon atoms.

The effect of the bulky substituent {-CH>CH(CH3)CHoNHCH>CHoNHb} of the silicon atom on the
position of thermodynamic equilibrium, and the extent of molecular weight and composition

control in the linear polysiloxane oligomers was studied.
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PART 1

Synthesis and Characterization of
Organic-Inorganic Polymer
Networks via Sol-Gel Chemistry



CHAPTER 1
INTRODUCTION =~ -=-eeemmmmmmmmmemom e mme e em oo oneo

For the last few decades polymeric materials have been extensively used in almost every aspect
of human life. New polymers with improved properties are being created each year. Although
each homopolymer has its individual features, the most versatile way of creating new materials is
through combination of homopolymers. This can be achieved by either blending or
copolymerization. Hundreds of such systems have been developed and many have been
commercially applied. However, among all of these, organic compounds are usually the major
ingredient and the example of combining them with inorganic compounds are uncommon, except

for fillers.

Silica glass, a highly crosslinked, defect containing SiOo network is a very representative material

in the inorganic field and it is well known for its good optical properties, high hardness and
modulus, and its outstanding thermal and dimensional stability unobtainable with any of the
known organic systems. On the other hand, the flexible organic chemistry allows for a remarkable
variety in molecular and properties design of the organic polymers. Combination of organic and
inorganic materials, at the molecular level, through chemical reactions, appears as a very attractive
approach for generating new materials which would bring together the best of both the inorganic

and the organic worlds.

Traditionally, solid melting techniques are used in melting silica powder (SiO») into a viscous liquid
under very high temperature (>1400°C), to make glass or ceramics. Temperatures of this
magnitude would degrade any organic component and therefore rule out any successful attempt
for combining organic and inorganic materials. The conventional melting method has been

substituted in part by a new technique which has, as the most significant feature, the ability to



generate glasses at lower temperatures. This new technology known as the sol-gel process
refers to the evolution of a network glass from solution. During this process hydrolysis and
subsequent condensation of organic or inorganic alkoxides leads to the formation of three
dimensional networks. The advantages are several-fold. The new method leads to
homogeneous products because of the fact that the precursor materials are liquids, allowing
"miscibility” at the molecular level. Also materials with higher purity can be achieved because it is
possible to distill the starting monomers. However, the most important advantage of this process
is the use of low temperature operation to acquire the gels. The result is an exciting new area of

research for producing organic-inorganic materials by copolymerization techniques.

The initial objective of the present research was to select an inorganic sol-gel system which could
provide the best environment for further modification with organic components. Traditionally,
tetraethylorthosilicate (TEOS) is the most commonly used starting alkoxide for the silicon based
sol-gel reactions. However, the strong acid or base catalysts typically utilized to hydrolyze TEOS
would also cause undesirable degradation of many organic modifiers, especially at higher
temperatures required for the drying of the gels. Thus, a relatively neutral reaction environment is
required for many of the organically modified systems. In order to eliminate the need for a reaction
catalyst, tetramethylorthosilicate (TMOS), the most reactive tetraalkoxysilane in the series, was
used as the inorganic starting alkoxide. The inorganic sol-gel system based on TMOS was initially
investigated in order to demonstrate that this starting alkoxide can provide a catalyst-free route for
the generation of SiOo networks. The hydrolysis and condensation of TMOS, in the absence of
catalyst, were investigated under a variety of reaction conditions in order to determine the most
important parameters affecting the reaction rate and conversion and to understand the growth

mechanism (known to be important for the resulting microstructure) under catalyst free conditions.



In addition, synthesis of organic oligomers of controlled molecular weight and functionality, and
their subsequent hydrolysis and co-condensation reactions with inorganic alkoxides to generate
organic-inorganic hybrid networks, were investigated. The first organic-inorganic system which
will be discussed will refer to the incorporation of an elastomeric type modifier into the sol-gel
glasses. Hence, reactive poly(dimethylsiloxane) (PSX) oligomers were synthesized through a two-
step reaction. In the initial step, vinyl terminated PSX oligomers of controlled molecular weight
were prepared by anionic ring opening polymerization of octamethylcyclotetrasiloxane (Dg4), using
1,3-divinyltetramethyldisiloxane as the chain transfer agent or end capper. Next, methoxy
functionalized oligomers were produced by a hydrosilation reaction at the terminal vinyl double
bonds, using methoxysilanes as the hydrosilating agents. A second organic-inorganic system
which will be discussed refers to the incorporation of a glassy component (below the Tg) in a sol-
gel inorganic network. Polyimide (PI) oligomers were selected for this study as the organic
"glassy" modifiers. Initially, amine terminated, fully imidized polyimide oligomers of controlled
molecular weight were synthesized by solution imidization techniques. Quantitative conversion
of amine terminal groups to nadimide endgroups and further hydrosilation at the nadimide double
bond with methoxysilanes as the hydrosilating agent, allowed for the synthesis of methoxy
functionalized polyimide oligomers. The above reactive oligomers were copolymerized with
inorganic alkoxides (TMOS) to generate organic-inorganic three-dimensional networks. The
chemistry of the copolymerization was investigated for the two organic-inorganic systems and

selective characterization was carried out.

In the forthcoming Chapter 2 Literature Review, the chemistry and supramolecular structure in
silicon based sol-gel systems will be discussed in detail. The experimental and analytical
techniques utilized in this work are outlined in Chapter 3. Synthesis of reactive PSX and PI

oligomers and their subsequent copolymerization with inorganic alkoxides will be discussed in



Chapter 4 which details the experimental results, followed by conclusions and suggested future

studies.



CHAPTER 2
LITERATURE ~ REVIEW -eeeeeeemmeeeeeee oo

PAGE

2.1. INTRODUCTION TO THE SOL-GEL PROCESS 5
2.2. HISTORIC PERSPECTIVE 7
2.3. MECHANISM OF SOL-GEL REACTIONS 9
2.3.1. Hydrolysis reactions 9
23.1.1.  Base-catalyzed hydrolysis 10

2.3.12. Acid-catalyzed hydrolysis 13

23.13. Neutral hydrolysis 17

23.2. Condensation reactions 19
2.3.2.1. Base-catalyzed condensation 20

2322, Acid-catalyzed condensation 28

2.3.3. The equilibrium state of silanols in alcohols 31

2.4. INORGANIC SOL-GEL SYSTEMS 32
2.4.1. Reaction parameters 34
24.1.1. The effect of catalyst and pH value 35

24.1.2. Type of alkoxide 40

24.1.3. The effect of water content 41

24.14. Effect of temperature 43

24.1.5. Effect of silicon alkoxide content 44



2.5,

2.6.

2.7.

2.8.

2.9.

2.4.1.6. Effect of solvents and additives

2.4.1.7. Effect of pressure

SOL-TO-GEL TRANSITIONS

2.5.1. Analysis of sol-gel structures by x-ray scattering
2.5.1.1. Brief review of SAXS techniques
2.5.1.2. Analysis of sol-to-gel transitions by SAXS

2._5.2. Analysis of sol-to-gel transitions by TEM

GEL-TO-GLASS TRANSITIONS

MICROSTRUCTURE OF THE SOL-GEL DERIVED MATERIALS

ORGANIC MODIFICATION OF THE SOL-GEL DERIVED MATERIALS

2.8.1. Unhydrolyzable -Si-C- bonded ligands as the organic
modifiers

2.8.2. Hydrolyzable organic modifiers

POTENTIAL APPLICATIONS FOR SOL-GEL MATERIALS
2.9.1. Vitrified gels

2.9.2. Non-vitrified gels

47

49

50
53
53
58
65

68

75

81

82

83

86
86

87



CHAPTER 2
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’

2.1..INTRODUCTION TO THE SOL-GEL PROCESS

In the general sense, any process during which a solution or "sol* becomes an insoluble three-
dimensional network or "gel" can be defined as a sol-gel process. Sol-gel technology, well known
to ceramic engineers, refers to a low temperature technique for preparing single-component or
multicomponent oxide glasses. The process involves the hydrolysis and condensation of a
solution of inorganic alkoxides, inorganic/organic alkoxides or other inorganic or organic
compounds. For example, synthetic silicates (I), prepared by sol-gel processing of alkoxysilanes
(equation 1), allow for the generation of amorphous materials that are precursors for high purity

glasses, ceramics, coatings and fibers.

9, O 0. 8
Ontigr OO0 20

O
talyst
nSOR); + 2nHO % (SiO2), + 4nROH (1

The generation of such three-dimensional networks through sol-gel processes comprises two
main aspects: (a) the chemistry of the process in homogeneous solutions and (b) the post-

gelation physico-chemical transformations.


























































































































































































