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i 

 

Abstract 

 

Reinforced composite materials can be found in a very wide range of applications. The diglycidyl 

ether of bisphenol-A (DGEBA) is by far the most commercially important epoxy resin used to form a 

polymer matrix. In this study, hybrid materials comprised of inorganic glasses and organic polymers 

were investigated as potential replacements for DGEBA to improve the thermo-mechanical properties 

of the composites. An epoxy functionalized silane, 3-glycidoxypropyltrimethoxysilane (GPTMS), was 

employed to synthesize organic-inorganic hybrid materials (OIHMs) via a sol-gel process. The 

oxirane ring in GPTMS was crosslinked by compounds including an aliphatic amine (DETA), amine 

functionalized silane (AEAPTMS), tertiary amine (DMP-30), and acid anhydride (HHPA). OIHMs 

derived from di-functional organosilanes, (3-glycidoxypropyl)methyldimethoxysilane (GPDMS) were 

also synthesized to compare the mechanical properties with OIHMs derived from GPTMS. The 

OIHMs were then used as polymer matrices to produce fiberglass and basalt fiber reinforced 

composites in which zeolite, fumed silica, and amine functionalized fumed silica were incorporated in 

the polymer matrix as reinforcing fillers. DMTA results showed a significant improvement in the 

thermal stability of composites made from OIHMs. The storage modulus of composites was also 

increased with filler addition. 
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Chapter 1 Introduction 

1.1 Composite materials 

Matter in the form of filaments can possess extraordinary mechanical properties of strength 

and stiffness. This means that fiber-reinforced composite materials have become the 

dominant form of structural material, especially in transportation, and have replaced many 

traditional structural materials as exemplified by the Boeing 787. The great difference 

between the traditional and fiber-based approach is that the bulk materials, such as metals, 

have the same characteristics in all directions (i.e., it is isotropic), whereas a fiber assembly is 

highly anisotropic. For example, a glass fiber is stiff and strong in both tension and 

compression, assembling the fibers isotropically makes it much stronger than the same 

volume of the same glass in bulk form. Thus, fiber-reinforced composites are excellent high-

performance materials. The strength of composites is not the only feature that makes the 

materials suitable for applications at the frontiers of engineering. Other properties such as 

light weight, low density, flexibility, very low coefficient of thermal expansion, thermal and 

electrical insulation, corrosive resistance, superior fatigue resistance, and long durability have 

also allowed composites to become the material of choice for an increasing number of 

applications. In addition, the forming method with composites is also an advantage, since 

fibers can be made into layers as a cloth. By using sheets of fiber cloth to drape and layer, the 

sheets can take the shape of complex structures. Hence, complex finishing products can be 

manufactured. Although the raw materials, i.e., fibers and matrix resins, are generally more 

expensive than the price of conventional materials, the overall final cost of a composite part 

can be reduced significantly by improving manufacturing techniques. 

Today, a very wide range of applications for reinforced-composite materials can be found in 

space, aircraft, petroleum industry, ground transportation, building and civil engineering. 

These include pleasure boats, rotating parts, storage tanks, body parts for cars, sports gear, 

furniture, computer parts, dental implants, and many more. The composites can be made 

using various types of fibers, but the most versatile materials for general composites are glass 

reinforced plastics (GRP). The use of GRP represents more than 90% of the overall global 

market.
1



2 

 

Reinforced-composite materials made of organic polymer matrices are called polymer matrix 

composites (PMC), which can be divided into two classes: thermosets and thermoplastics. 

Epoxy resins are considered to be the most common thermosetting resin used in PMC due to 

their wetting ability, adhesion to glass fibers, versatility of epoxy groups towards a wide 

variety of chemical reactions, high strength, low shrinkage on cure, very low creep, excellent 

corrosion and weather resistance, adequate electrical properties, and elevated temperature 

service capability.
2,3 

1.2 Epoxy resins 

Epoxy resins are compounds or mixtures of compounds with the presence of one or more 

epoxide group which plays some part in either binder synthesis or field conversion (curing).
4
 

 

Figure 1.1 Chemical structure of epoxide group 

An epoxy resin matrix is prepared using a curing agent and/or heat. The molecular chains are 

covalently linked into a rigid three-dimensional network. This is known as crosslinking and 

results in a rigid thermoset polymer matrix. This transformation is irreversible and the 

thermomechanical properties of thermosetting matrices are directly related to crosslink 

density. 

Generally, epoxy resins can be categorized as 

 Bisphenal A epoxy resins 

 Bisphenol F epoxy resins 

 Epoxy novolacs 

 Multi-functional epoxy resins 

The diglycidyl ether of bisphenol A (DGEBA) is by far the most commercially important 

epoxy resin used for reinforced composites. Curing of epoxides can be carried out using a 

variety of curing agents. However, an amine system is the most widely used curing agent due 

to the better understanding/control of epoxy-amine reactions.
3
 The reaction involves the 

epoxide groups opening to combine with the hydrogen atom in the amine. More details of 
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curing agents and their chemistries will be discussed in Chapter 3. Examples of epoxy resins 

and curing agents are provided in Table 1.1. The selection of epoxy resin, coupled with the 

chemical nature and the amount used of curing agents, have direct effects on the crosslink 

density which determinates mechanical properties of the cured resins. For instance, bisphenol 

F-based epoxy coatings are now used in many applications where bisphenol A-based systems 

have traditionally been used due to higher crosslink density compared to the matrices made 

from bisphenol A systems with similar molecular weight. Bisphenol F gives films with higher 

glass transition temperature (Tg), higher heat distortion temperature, and better solvent and 

chemical resistance which make them more suitable for marine and harbor applications 

including ships, barges, locks, dams, bridges, tank, storage containers, and water and sewage 

applications.
4
 Type of curing agents also defines other properties of the cured resins such as 

tolerance for wet or low temperature, chemical, solvent, water, and heat resistance, adhesion, 

flexibility, impact resistance, and color. Thus, the properties of fiber reinforced composite 

materials (e.g. maximum service temperature and long-term durability) can be engineered by 

tailoring the properties of the polymer matrices. 

Table 1.1 Chemical structures of epoxy resins and amine curing agents 

E
p
o
x
y
 r

ei
n
s 

diglycidyl ether of bisphenol A 

(DGEBA) 

 

trigylcidyl p-amino phenol (TGAP) 

 

tetraglycidyl ether of 4,4’-diamino 

diphenyl methane (TGDDM) 
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Novolac epoxy 

 

A
m

in
e 

cu
ri

n
g

 a
g

en
ts

 

diamino diphenyl methane (DDM) 
  

diamino diphenyl sulfone (DDS) 

 

diethyl toluene diamine (DETDA) 

  

triethylenetetramine (TETA) 

 
 

1.3 Fiber reinforcement 

The properties of composite structures depend not only on the polymer matrix, but fiber 

reinforcements also have effects on the stiffness and other varying properties. For example, 

high thermal conductivity can be provided by the use of graphite fibers. 

Fibers can be divided into three groups; natural, regenerated and synthetic. As mentioned 

above, glass fibers are the most versatile synthetic mineral fibers used in manufacturing 

composite materials. Despite lower strength, stiffness, and no weight saving when compared 

to carbon fibers, glass fibers are in fact less brittle and have relatively good adhesion to the 

polymer matrix. Moreover, the raw materials are much less expensive and their ease of use 

facilitates manufacturing. Today there are many types of glass available, but all glass fibers 

derive from compounds containing silica. The most commonly used glass in fiber reinforced 

composite industry is E-glass, signifying electrical grade. E-glass is alumina-calcium-

borosilicate glass containing a maximum alkali content of 2% w/w. It is the lowest cost 

candidate with the widest range of applications. E-glass fibers offer more than strength and 

stiffness. The properties of E-glass include high production rates, relatively low density, 

being non-flammable, resistant to heat, having good chemical resistance, being relatively 



5 

 

insensitive to moisture, maintaining strength properties over a variation of end-use products, 

and possessing good electrical insulation.
5
 The other types of glass fiber with superior 

mechanical properties due to variation in the content of alumina (Al2O3), silica (SiO2), alkali, 

yttrium (III) oxide (Y2O3), and boron trioxide (B2O3) are given in Table 1.2. 

Table 1.2 Types of glass fiber
6
 

Letter designation Property or characteristic 

E, electrical 

S, strength 

C, chemical 

M, modulus 

A, alkali 

D, dielectric 

Low electrical conductivity 

High strength 

High chemical durability 

High stiffness 

High alkali or soda lime glass 

Low dielectric constant 

 

For applications with special requirements, such as aerospace, carbon fibers have 

revolutionized industry since the late 1970s. Boron fibers are widely used at first, as the 

elastic modulus is more than five times higher than the elastic modulus of glass
1
, but these 

were limited to spacecraft components due to their extremely high cost. Today carbon fibers 

also find increasing applications in other industrial areas such as automotive fields and small 

consumer goods. Other reinforced materials used in the spacecraft industry are aramid fibers 

and Kevlar due to their stiffness, dimensional stability, low mass, and high modulus.
7
 

 

Figure 1.2 Reinforcing fibers (a) carbon fiber, (b) boron fiber, (c) aramid fiber, (d) Kevlar 

fiber, (e) rock wool fiber, (f) ceramic fiber, (g) basalt fiber, and (h) glass fiber 

(a) (c) (b) (d) 

(e) (f) (g) (h) 
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In addition to the above-mentioned fibers, other several synthetic mineral fibers are also 

available in the market, i.e., rock wool, alumina-based fibers, SiC-based fibers and ceramic 

fibers (CeF). In the past decade the research focus has been on finding possible applications 

of basalt fibers as a reinforcement material for PMC. Basalt is a hard, dense volcanic rock 

that can be found in most countries across the globe. Basalt fibers made of basalt rock offer 

performance similar to S-2 glass fibers
8
 at a much lower price compared to carbon fibers, and 

are used for products in which carbon fibers are generally the choice of material. Basalt fibers 

are stronger and more stable than alternative mineral and glass fibers, with tenacity that 

exceeds steel fibers many times over.
9
 Other desirable properties, such as excellent sound and 

thermal insulation, non-combustible and fire-resistance, excellent tensile strength, resistance 

to electromagnetic radiation and very good durability, increase the possibility that basalt 

fibers can become a better choice in selected applications.
10

 

In reinforced-composite materials, filler can be added to the polymer matrix to enhance and/ 

or provide various properties to composites. These fillers can reduce cost, provide body, 

minimize curing time, minimize shrinkage, improve thermal endurance, provide mechanical 

strength and mechanical properties, and enhance electrical and chemical characteristics. A 

filler can be used in the form of a powder, or pellets in the shape of spheres or needles, 

granular or fibrous.
11

 

1.4 Coupling agents 

Early glass-resin composites first made in 1940 were found to possess higher strength-to-

weight ratios than aluminium or steel. However, they lost much of their strength during 

prolonged exposure to moisture due to the debonding of resin from hydrophilic glass. Since 

the overall properties of composite materials are determined by the phase morphology and 

interfacial properties, as well as the properties of the individual components, this problem 

created a need to increase interfacial interactions between such dissimilar materials.  

The concept that two dissimilar materials may be held together by a third intermediate 

material is possible by using a coupling agent. Organofunctional silicones were exploited as 

coupling agents because they are hybrids of silica and of organic materials related to resins. A 

methylacrylate-chrome complex (Volan A
®
) and various organofunctional silanes have been 

the most promising solutions for improving chemical resistance (especially to water) of the 

bond across the interface.
12
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Figure 1.3 The general structure of a silane coupling agent includes a functional group (R) at 

the end of an organic spacer and up to three hydrolysable groups (X) attached to the central 

silicon atom.
13

 

One approach is to treat the surface of fiberglass with a thin coating layer of organosilanes 

and a mixture of many additional substances. The surface treatment is called a “sizing” or 

“size”. These couple the active fiber surface to a non-polar resin, predominantly through 

increased oxygen functionality. Not only can the chemical bonding between the inorganic 

glass and polymer matrix be increased, sizing may perform a variety of functions such as 

protecting the fiber surface, binding the fibers together, and reducing static electricity.
14

 

Organosilanes used as coupling agents may function as (1) a finish or surface modifier, (2) a 

primer or size, or (3) an adhesive used to bond solid adherents.  

1.5 Organic-inorganic hybrid materials 

Organofunctional silanes have also been used to synthesize hybrid nanocomposite materials 

or so-called organic-inorganic hybrid materials (OIHMs), which comprise glasses and 

organic polymers blended on a molecular scale. The idea of combining an inorganic glass and 

an organic polymer is to use glass as a reinforcing agent, imparting increased hardness, 

compressive strength, heat distortion temperature, plateau modulus and lower thermal 

expansion coefficient to the polymer.
15

 By using coupling agents to in situ polymerize both 

an organic polymer and an inorganic matrix under the right conditions, the polymer can be 

kinetically trapped within the inorganic matrix before significant phase separation has had a 

chance to occur. Generally, phase separation can occur easily if the two phases have opposite 

properties, such as different polarity. The system would thermodynamically phase separate at 

a molecular or nanometer level. If the phase segregation is of a small length scale, the 

materials formed can be macroscopically homogeneous and optically clear. This is because 

the interaction with visible light is minimal. On the other hand, composition on the molecular 

or nanometer length scale can be heterogeneous, if the phase segregation reaches several 

hundred nanometer in length or the refractive index of the domains formed is very different. 

The materials often turn opaque, such effect can be avoided if the reaction parameters are 
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controlled in such a way that the speed of network formation is faster than the speed of phase 

separation.
16

 

The inorganic matrix is generally formed via a sol-gel process, which was suggested as a 

non-melting technique for the preparation of glasses.
17

 The alkoxy groups in a coupling agent 

are hydrolyzed and condensed to form ramified, three-dimensional SiO2 networks. More 

details of the sol-gel process will be provided in Chapter 2. The organic component is formed 

by addition or radical polymerization, depending on the choice of monomer.  

Novak
18

 divided these composite materials into five major classes based on their 

macromolecular structures and phase connectivities. 

 Type I: Soluble, preformed organic polymers embedded in an inorganic 

network 

 Type II: Embedded, preformed organic polymer possessing covalent bonds to 

the inorganic network 

 Type III: Mutually interpenetrating organic-inorganic networks. 

 Type IV: Mutually interpenetrating networks with covalent bonds between the 

organic and inorganic phases 

 Type V: Non-shrinking sol-gel composite materials 

According to Novak’s hybrid composite classification, the above synthesis route falls into 

Type III. Typically, the limitation found in Type I and Type II hybrid materials arises from 

the method of forming composites. The incorporation of organic polymers is limited by the 

number of polymers that are soluble in the tri-component, sol-gel solution. Furthermore, most 

molding applications of these materials are precluded due to the shrinkage associated with 

their drying which introduces a considerable degree of stress within the dried glasses. The 

synthesis route of Type III hybrid materials overcomes these limitations by forming organic 

and inorganic network simultaneously (in situ formation) or sequentially. With this approach, 

transparent OIHMs can be prepared from organic polymers that are not normally soluble in 

typical sol-gel solutions. The derived materials are called interpenetrating networks (IPNs) as 

the organic and inorganic components interpenetrate each other without strong chemical 

interactions.
18 
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In addition to the bonding characteristics, OIHMs can also be categorized based on their 

structural properties. Organofunctional silanes can act as a network modifying compound 

because the inorganic network is only modified by the organic group in the final structure. 

These compounds modified the silica network in the sol-gel process via the reaction of the 

trialkoxysilane group without supplying additional functional groups intended to undergo 

further chemical reactions to the material formed (Fig. 1.4a). If a reactive functional group is 

incorporated, the organofunctional silanes act as a network functionalizer (Fig. 1.4b). If the 

inorganic group becomes an intergral part of the hybrid network (Fig. 1.4c), they function as 

a network builder. 

 

Figure 1.4 Examples of network modifier, network functionalizer, and network former
16 

OIHMs have component domain dimensions typically on the nanometer scale. But in some 

cases, the domain sizes can reach a level of true molecular composites in the range of a few 

angstroms (Å).
19

 It should be noted that there is not clear borderline between the term hybrid 
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materials and nanocomposites. The term nanocomposite is used if one of the structural units, 

either the organic or the inorganic, is in a defined size range of 1-100 nm. Therefore, there is 

a gradual transition between hybrid materials and nanocomposites. This is because large 

molecular building blocks for hybrid materials, such as large inorganic clusters, can already 

be of the nanometer length scale. Commonly, the term nanocomposite is used if discrete 

structural units in the respective size regime are used. The term hybrid material is more often 

used if the inorganic units are formed in situ by molecular precursors. Examples of discrete 

inorganic units for nanocomposites are nanoparticles, nanorods, carbon nanotubes, and 

galleries of clay minerals. Usually, a nanocomposite is formed from these building blocks by 

their incorporation in organic polymers.
16 

At a fixed organic/inorganic ratio, the properties of OIHMs are influenced by the phase 

behavior, degree of interpenetration, and interphase connectivity. OIHMs are often highly 

transparent as a result of intimate mixing, while traditional glass fiber reinforced polymer 

composites tend to be largely opaque because of light scattering by the particles or fibers 

embedded within the continuous phase. For example, the size of typical fibers used in glass 

reinforced epoxy composites may be of the order of 5-20 µm in diameter. Therefore, they act 

as effective scattering sites. The transparency of OIHMs could be explained by the decrease 

in light scattering due to the phase domains being smaller than the wavelength of light.
16

 This 

transparent property allows OIHMs to be used in many more applications outside the 

boundaries of traditional composites. 

The most obvious advantage of organic-inorganic hybrids is that they can combine the often 

dissimilar properties of organic and inorganic components in one material. Therefore, such 

materials have been developed rapidly since the concept of OIHMs was put forward in the 

1980s. In general, OIHMs possess the best features of both chemistries. The inorganic 

content delivers high strength, hardness, good chemical and UV resistance, and high thermal 

stability, while the organic polymers introduce elastic behavior. Since there are many 

possible combinations of the components, this provides the opportunity to invent an almost 

unlimited set of new materials with a large spectrum of known and yet unknown properties. 

Moreover, the applications of OIHMs can be broadened by altering organic/inorganic ratios. 

For OIHMs with high inorganic content or organically modified glass, the hardness of these 

hybrid materials is partially lost due to added flexibility from the organic content. At the 

same time, the toughness of the materials is improved, which allows for convenience in 
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handling and machining. Organically modified glasses have been used for fiber optics, 

waveguides, non-linear optical materials (e.g. sun shielding glasses, heat mirrors, anti-

reflection glasses, and contact lens), impact resistant glasses, low density and strong 

materials, inorganic adhesives, and safety glasses.
16,20

 With OIHMs having a low inorganic 

content (less than 15 wt%) or with inorganically modified polymers, the behavior of hybrid 

materials is generally the same as the neat organic polymer but with a higher elongation 

aptitude.
21

 The materials become more and more brittle with an increase of the inorganic 

content, resulting in internal stresses developing in the materials. The applications of 

modified organic polymers can be found in anti-scratch coatings, corrosion protection 

coatings, and spinned fibers.
22,23,24

 

Since material properties of OIHMs can be changed by modifications of the composition on 

the molecular scale. Another material property of the OIHMs derived from organosilanes, 

which do not possess reactive organic substitutions, is wettability. Surface energy or wetting 

characteristics of a substrate can be altered by applying a thin layer of OIHM containing 

hydrophobic/hydrophilic components. In the simplest case, methyltrichlorosilane, 

dimethyldichlorosilane, trimethylchlorosilane, their alkoxyl derivatives, and 

hexamethyldisilazane are used to render substrates water repellent. For example, glassware 

(e.g. pipettes and graduated cylinders) can be dipped into a 5% to 10% solution of 

dimethyldiethoxysilane and heated for ten minutes. The treated glassware exhibits flat 

meniscuses and completely transfers aqueous solutions.
13 

It has been mentioned earlier that the properties of traditional fiber reinforced composites not 

only depend on the interfacial interaction between the two dissimilar phases, but also upon 

the polymer matrix and reinforcing fibers. The mechanical properties of the polymer matrix 

depend on the flexibility of the segments and on the crosslinking density. In amorphous 

polymers, the glass transition temperature (Tg) is generally considered to be the most 

significant parameter in engineering applications. Tg is used to determine the mechanical 

properties as a function of the temperature of the material, thus, it represents the maximum 

use temperature. In the glassy state below Tg, it is better for the matrix to transfer load to the 

fiber, providing support against fiber buckling, and maintaining alignment of the fibers. 

When operating above the glass transition temperature, the matrix becomes soft and does not 

perform these functions well.
25

 Therefore, the applications of polymer resins, for example, 
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epoxies, vinyl esters, and polyesters, are often restricted by their low service temperatures 

(70-80ºC)
 14

.  

In applications such as aviation and space domains, polymer resins with high Tg are required 

for high temperature performance composite materials. A group of resins, which can be either 

thermosetting or thermoplastic, are known as thermostable resins. They are distinguished 

from other resins essentially by their thermal performance which can be generally divided 

into two classes; bismaleimide resins (200ºC class) and polyimides (300ºC class). Even 

though these thermoresins offer better thermal stability than common resin systems, they are 

generally expensive and their chemistry is more complex.
1,26

  

It has been previously reported that OIHMs exhibit excellent mechanical properties at 

temperatures extending far above the Tg of the corresponding organic polymers. For example, 

Type I OIHMs derived from tetraethoxysilane (TEOS) and polymers such as poly(methyl 

methacrylate), poly(vinyl acetate), poly(vinyl pyrrolidone), and poly(N,N,-

dimethylacrylamide) showed an improvement in mechanical properties and solvent resistance 

compared to those of neat organic polymers.
27,28

 The Tg of Type II OIHMs also increased 

with increasing silicate content when poly(acrylates) functionalized trialkoxysilane was 

employed in retard phase separation between TEOS and acrylic polymers.
 29 

The similar 

results can be seen in OIHMs derived from Type III, IV, and V as well.
17 

Thus, OIHMs have 

the potential to be used as matrix resins in polymer reinforced composites. For example, it is 

possible to improve thermal stability and other mechanical properties by replacing epoxy 

resins with OIHMs containing epoxy as the organic component. 

1.6 Objectives 

In this study, hybrid materials comprising inorganic glass and organic polymers were 

investigated as potential replacements for the neat organic matrices used in traditional 

composite fabrication in order to improve mechanical and thermal properties of polymer 

matrices without using highly expensive raw materials. The synthesis of OIHMs was carried 

out via a sol-gel process in which an epoxy functionalized silane, 3-

glycidoxypropyltrimethoxysilane (GPTMS), was employed to achieve a three-dimensional 

siloxane network. The organic network was formed by using an aliphatic amine curing agent, 

diethylene triamine (DETA), to open and crosslink with the epoxy ring in the GPTMS. 

Amine functionalized silane, n-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS), 
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was also used as a curing agent to produce a high inorganic content OIHM. Furthermore, the 

esterification reaction of epoxy and anhydride was studied. Hexahydrophthalic anhydride 

(HHPA) was used as a curing agent, in which crosslinked polymers were formed at the end of 

the reaction. The organic network of OIHMs was also developed through 

homopolymerization of oxirane ring in GPTMS with an aromatic amine, 

2,4,6,tris(dimethylaminomethyl)phenol (DMP-30). The effect of the inorganic network 

crosslink density on the mechanical properties of the OIHMs was also studied. OIHMs with a 

lower degree of crosslinking were obtained by using a di-functional organosilane, (3-

glycidoxypropyl)methyldimethoxysilane (GPDMS), in which linear siloxane chains were 

formed. In the sol-gel process, the hydrolysis, condensation, epoxy ring opening reactions, 

and the optimal synthesis conditions were investigated.  

In addition, OIHMs derived from methacrylyl functional silanes, i.e., methacryloxypropyl- 

trimethoxysilane (MAPTMS) and 3-methacryloxypropylmethyldimethoxysilane 

(MAPDMS), were also studied. Fiberglass and basalt fiber reinforced composites were then 

fabricated by using the selected OIHMs as a polymer matrix. The effect of reinforcing fillers 

was also studied. Molecular sieve 13X (Type X) and silica nanopowders with and without 

amine treatment were added to OIHM matrices. 

To characterize the structure of the cured OIHMs and their reinforced composites, scanning 

electron microscopy (SEM), visual microscopy, and attenuated total reflectance spectroscopy 

(FTIR-ATR) were employed. Differential scanning calorimetry (DSC) and thermal 

gravimetric analysis (TGA) were used to measure thermal properties. The thermomechanical 

properties and crosslinked density were evaluated using dynamic mechanical thermal analysis 

(DMTA). A comparison between OIHMs and their reinforced composites was established 

based on the type of silanes, the system of epoxy curing agents, the effects of filler addition, 

and the type of reinforcing fibers. Moreover, thermal stability and mechanical properties of 

OIHMs were also compared to a standard cured epoxy resin (West system
®
 105/207). 
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Chapter 2 Chemistry of silane coupling agents 

2.1 Inorganic component formation 

2.1.1 General concept of sol-gel processes 

Sol-gel technology has been proposed as a non-melting technique and as an alternative 

method of glass production. It is considered one of the fastest growing fields of contemporary 

chemistry, offering high homogeneity and high purity in final products.
1
 A typical sol-gel 

process can be described as an in situ generation of an oxide network by progressive 

reactions of hydrolysis and polycondensation of their corresponding precursor molecules in a 

liquid medium.
2
  

The most common candidates for the role of molecular precursors are metal alkoxides, 

M(OR)n, which are derivatives of alcohols (ROH). Here, M represents a metal center such as 

Si, Ti, Zr, Al, Fe, B, etc. and n is its oxidation state. Metal alkoxides of Ti, Zr, Sn, or Al are 

much more reactive in nucleophilic reactions compared to Si. This is due to the lower 

electronegativity of the metal, and the fact that the metal atom can exhibit several 

coordination states. But the reaction of alkoxysilanes is considerably milder, hence they have 

been extensively studied for the formation of sol-gel materials, especially OIHMs.
2
 RO is a 

common leaving group present in metallic salts or metal alkoxides, these organic compounds 

are inexpensive and are readily available. Moreover, they are extremely weak acids and 

easily removed via hydrolysis and thermal treatments, leaving a high purity hydrated oxide.
3
 

The sol-gel process involves connecting metal centers with oxo- or hydroxo-bridges. As a 

result, metal-oxo or metal-hydroxopolymers are generated in the solution.
4
 

In practice, the sol-gel process at the macroscopic scale is simple. However, at the 

nanoscopic and microscopic scales, the process becomes much more complex as it involves 

several transformations from solution to colloid and solid.
5
 

The formation of metal oxides via the sol-gel route proceeds through four stages: 

(a) Partial hydrolysis of metal alkoxides to form reactive monomers 

(b) Condensation and polymerization of monomers to form colloid-like oligomers 

(sol formation) 

(c) Growth of the particles 
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(d) Additional hydrolysis to promote polymerization and agglomeration of the 

polymer structures, leading to network formation (gel formation) 

Although presented sequentially, both hydrolysis and condensation reactions occur 

simultaneously after the hydrolysis is initiated. These reactions can be described as SN2 

nucleophilic substitutions. The chemical reactivity of metal alkoxides toward hydrolysis and 

condensation depends mainly on the electronegativity of the metal ion and the ability to 

increase its coordination number.
6,7 

The hydrolysis is relatively fast (minutes), while the 

condensation reaction is much slower (several hours).
8
 Hydrolysis of an alkoxy group or 

depronation of a water molecule attached to a metal center leads to a reactive intermediate, a 

hydroxyl-metal species. 

M-(OR)n  +  H2O    (RO)n-1M-OH  +  R-OH  

The hydroxylated metal species can then react with other metal centers, leading to a 

condensation reaction where an oligomer is formed by bridging two metal centers. Inorganic 

polymerization is a process quite similar to organic polymerization. However, it is much 

more complex since inorganic polymerization can occur in many directions depending on the 

valences of the metal centers. In the case of oxolation, condensation leads to an oxo bridge   

(-O-) formation between two metal centers. Oxolation of coordinatively saturated metals 

proceeds by a two-step SN reaction between oxyhydroxy precursors. The reaction involves 

nucleophilic addition followed by water or alcohol elimination to form M-O-M bond.  

 

X = H or R 

At first, nanometric linear and cyclic oligomers are formed.  The oligomers gradually 

undergo polycondensation reaction and become intermingled to yield crosslinked polymers 

with sizes ranging from 10-100 nm. Both the hydrolysis and condensation steps generate low 

molecular weight by-products such as alcohol and water. The mechanism of sol formation 

(polycondensation) is shown below; 
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These polymers aggregate into micrometer-sized colloids. Thus, viscous sols made of 

suspended colloidal-sized entities are obtained and can be detected by light scattering. The 

growth of these structures can be controlled, for example, by poisoning or by limiting the 

aggregation. In the case of olation, an addition reaction occurs and a hydroxo bridge is 

formed. This reaction takes place when the coordination number of the metal center is higher 

than the valence state, as in the case of Ti(IV), Zr(IV), or related cations. 

  

X = H or R 

In the next stage, the gel is formed after the colloidal-sized polymers link together 

extensively or aggregate until reaching macroscopic dimensions, creating a solid wide-

meshed network capable of retaining all the solvent and occupying the entire volume. This 

sol-gel transition step corresponds to a chemical reaction occurring at the surface of the 

colloids and the mechanism is similar to flocculation.
6
 The solid phase continues to develop 

as it undergoes further modifications. The initial stage is called syneresis which corresponds 

to expulsion of the solvent by SiO2 network, resulting in a slow rearrangement of the solid 

gel. The size reduction of the gel cavities caused by the continuation of the polycondensation 

promotes this process. The number of bonds between the colloids increases, thus, the gel 

becomes denser. This modification may be slow but it is important and irreversible. The 

texture of the solids, as measured by parameters, such as specific area, porosity, density and 

hydrophilicity, etc., essentially depends on this process. 

Upon continuation of the bonding process, the solid phase becomes amorphous. This process, 

called Oswald aging, is very important because it controls the macroscopic characteristics of 

the solid (i.e., its texture). During the ageing of the solid, the porosity and the specific area 

continue to change slowly until the solid obtains a stable granulometry and porosity under 

ambient conditions. Several months are sometimes necessary to achieve this stabilization. For 

this reason, solids synthesized via the sol-gel process have been erroneously described as 

unstable. The complex kinetics of this process is even more difficult to control than those of 

polycondensation reactions. 

It is expected that a material must be stable to be practically useful. Therefore, it is important 

to cure the aged solid using a hydrothermal synthesis to complete the redistribution and 
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polycondensation reactions. In this step, the small molecule by-products generated during the 

hydrolysis and condensation reactions are driven off, leading to network shrinkage caused by 

further condensation. Consequently, the gel becomes more highly crosslinked and its excess 

free volume and surface area are reduced. Thus, the texture of the materials can be 

significantly affected by the curing conditions.
2,4,5

 

Hydrolysis and condensation reactions are the major contributor to the structure, connectivity 

and morphology of the formed gel. A variety of gel structures can be obtained, depending on 

intrinsic conditions, including metal center features such as coordination, acidity and lability, 

and extrinsic conditions, such as the nature of the solvent, water content, pH, catalysts, 

reaction time and temperature. When these factors are not optimally controlled, a large scale 

phase separation could occur in the obtained gel. In addition, gelation, aging, and drying 

processes also have direct effects on the gel microstructure.
4,9,10

  

2.1.2 Silane coupling agents 

The sol-gel process was initially used for the preparation of glasses and ceramics. In the mid-

1980s, the sol-gel technique was employed to synthesize organic-inorganic hybrid materials 

(OIHMs) and a series of pioneering research articles was published.
11,12,13,14

 Since then, 

extensive studies have been conducted in order to establish a fundamental understanding of 

sol-gel chemistry as well as the preparations of novel OIHMs and their practical applications. 

Unlike traditional glass production, in which a glass is melted at very high temperatures, the 

sol-gel process allows organic polymers to be incorporated into an inorganic matrix at 

temperatures at which the organic polymers can survive. 

As mentioned earlier, silicon containing materials are the most extensively developed via the 

chemistry of the sol-gel process. The most widely used silane precursors are organosilanes 

containing one organic substituent and three hydrolyzable substituents. The general structure 

of a functional silane coupling agent is shown below. 

 

Figure 2.1 The general structure of a silane coupling agent
15
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The organic substituent may also contain an organofunctional group, -R, which can be a 

simple non-hydrolyzable group (e.g., Si-CH3) or polymerizable monomers, such as vinyl, 

methacryl, or epoxy groups. The non-hydrolyzable group has a network modifying effect 

when incorporated into an inorganic network while the polymerizable group acts as a 

network former. These organofunctional groups facilitate the covalent linkage to another 

organic molecule. The silane reactive groups, -X, can be a hydrogen atom (silicon hydride), 

halogen-silicon derivatives (e.g., a chlorosilane), or hydrolyzable groups (alkoxysilanes). 

These derivatives can be used to covalently couple to certain molecules or inorganic 

substrates. The advantage of these functional silane derivatives is to promote the bonding of 

an organic molecule to an inorganic particle, surface, or substrate.  

Currently, the most common way to introduce an organic group into an inorganic silica 

network for preparation of hybrid materials is to use organo-alkoxysilane molecular 

precursors or oligomers, generally in the form of R’nSi(OR)4-n, (OR)4-nSi-R”-Si(OR)4-n (n = 

1,2,3).
16

 Some of the most commonly used alkoxysilanes are given in Table 2.1.  

Table 2.1 Structure of some alkoxysilanes used in sol-gel synthesis of hybrid materials
2
 

Abbreviation Chemical name Functional group Chemical structure 

MTES methyltriethoxysilane methyl- 

 

MTMS methyltrimethoxysilane methyl- 

 

VTMS vinyltrimethoxysilane vinyl- 

 

PTMS phenyltrimethoxysilane phenyl- 
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PHS 
diethylphosphonatoethyl 

triethoxysilane 
phosphonato- 

 

APTES 3-aminopropyl triethoxysilane amino- 

 

AEAPTES 
n-(2-aminoethyl)-3-

aminopropyltriethoxysilane 
amino- 

 

GPTMS 
3-glycidoxy propyl 

trimethoxysilane 
glycido- 

 

MAPTMS 
-methacryloxypropyl 

trimethoxysilane 
methacryloxy- 

 

MPTMS 
-mercaptopropyl 

trimethoxysilane 
mercapto- 

 

 

The sol-gel process of OIHMs derived from silane coupling agents often starts with the 

hydrolysis of alkoxy groups to form silanol groups, which is a highly reactive intermediate. 

Methoxysilanes are more reactive than higher alkoxysilanes where the hydrolysis rate is very 

slow in water due to the compounds being strongly hydrophobic (Fig. 2.2). The reaction 

techniques that can be used with functional silane coupling agents are varied. Reactions can 

be undertaken in aqueous solution, entirely in organic solvents, organic solutions containing a 

small amount of water, and even in the vapor phase.
15 
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Fig 2.2 Relative hydrolysis rates of hydrolyzable groups
17

 

2.2 Organic component formation 

As previously mentioned in the Chapter 1, the organic component in an OIHM is formed by a 

reaction depending on the organofunctional group. In this study, glycido- and methacryloxy-

functional groups were selected to synthesize OIHMs containing glycidylfunctional epoxy 

resin and polymethylmethacrylate (PMMA), respectively. Reactions of related chemicals and 

their mechanisms are described below. 

2.2.1 Crosslinking by aliphatic amine curing agents 

All reactions of amine-cured epoxies are based on oxirane ring opening with active amine 

hydrogens. Aliphatic amines and aromatic compounds having at least three active hydrogen 

atoms present in primary and/or secondary amine groups are widely used as curing agents for 

epoxy resins. Primary aliphatic amine hydrogens are more reactive than secondary amine 

hydrogens because of steric hindrance effects. On the contrary, aromatic amines are slow to 

react, unless modified. The ring-opening reaction can also take place with sulfhydryls (e.g., 

polymercaptan) at a slightly basic pH (pH 7.5-8.5) or hydroxyl groups under very high 

alkaline conditions (pH > 11)
15

. The reaction between an epoxide derivative and an amine 

compound may be written simply as: 
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Figure 2.3 Reaction between an epoxide derivative and an amine compound
18

 

However, there is much evidence suggesting that the reaction requires the presence of a 

proton donor, which may be either hydroxyl groups present in the resin or traces of water.
19

 It 

is supposed that these compounds aid the ring-opening process of the oxirane group by 

hydrogen forming a -hydroxy group on the epoxy compound in the transition state. 

 

 

Figure 2.4 Reaction between an epoxide derivative and an amine compound in the presence 

of water 

The ring-opening reaction with aliphatic amine hydrogens, including hydrogens on amines 

and amides, is fast. The reactions are highly exothermic and generally do not require 

catalysts. A crosslinked polymeric structure can be obtained using a polyfunctional amine. As 

the primary amine hydrogen reacts with the oxirane group, secondary amines are formed. As 

the secondary amines react tertiary amines are formed. Both reactions are autocatalyzed by    

-OH groups formed during the process. These hydroxyl groups can react with epoxy 

functions in an etherification reaction. In most systems when a stoichiometric equivalent or 

excess amine is used, this reaction can be neglected as it is not promoted to any great 

extent.
19,20,21

 Moreover, the etherification is usually much slower than the amine-epoxy 

reactions and only becomes significant in the system when the primary amine is sufficiently 

depleted.
22

 The tertiary amines derived from the reaction of secondary amines and an epoxy 

are virtually unreactive unlike tertiary amine catalysts normally used in the epoxy curing 

process due to steric crowding.  
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Figure 2.5 Schematic of etherification in epoxy-aliphatic amine reactions 

The earliest amines used as curing agents were the unmodified alkylene amines, diethylene 

triamine (DETA), triethylene tetramine (TETA), and tetraethylene pentamine (TEPA) (Fig. 

2.5). In this study, DETA has a dual purpose in curing OIHMs. The addition of DETA in sol 

solution not only opens and crosslinks the oxirane rings, but it also accelerates the 

condensation reaction of silanol groups. Amine compounds are basic in nature, therefore, the 

pH of the sol solution increases and a faster gelation can be observed.
23,24,25 

 

diethylene triamine (DETA) 

 

triethylene tetramine (TETA) 

Figure 2.6 Chemical structure of some amine curing agents 

2.2.2 Self-polymerization by tertiary amine curing agents 

Tertiary amines do not cause an additional reaction with epoxy derivatives, but work as a 

polymerization catalyst. The nucleophilic catalyst attacks the epoxy carbon, leading to 

cationic ring-opening polymerization. This polymerization is a form of addition 

polymerization, in which the terminal end of a polymer acts as a reactive center. The 

nucleophilic oxygen of the epoxide ring attacks another epoxy carbon, joining further cyclic 

monomers to form a larger polymer chain of poly(ethylene oxide) through ionic propagation. 

Examples of tertiary amines used as curing agents for epoxy resins include 

benzyldimethylamine (BDMA), 2-(dimethylaminoethyl)phenol (DMP-10), 2,4,6-

tris(dimethylaminomethyl)phenol (DMP-30), triethanolamine and N-n-butylimidazole. 
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benzyldimethylamine (BDMA)     triethanolamine 

 

2,4,6-tris(dimethylaminomethyl)phenol (DMP-30) 

Figure 2.7 Chemical structure of some tertiary amines 

The reaction is thought to proceed through the following steps: 

(i) Formation of quaternary base 

 

(ii) Protonation of quaternary base with formation of an anion 
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(iii) Polymerization through epoxy groups  

 

Figure 2.8 Polymerization of epoxy derivative in a cationic way
19

 

The termination of the chain occurs when the oxirane ring cleaves and the oxygen takes up a 

proton instead of attacking another epoxy group. 

 

Figure 2.9 Termination of poly(ethylene oxide) chain
 

2.2.3 Crosslinking by anhydride curing agents 

High temperature anhydride conversion is the most commercially important acid crosslinking 

reaction used with epoxies. To react with the terminal oxiranes, the anhydride ring must be 

opened first. In the absence of either acid or base catalysts, this ring opening is initiated by 

hydroxyl compounds, producing a half acid ester from the anhydride. The carboxyl group is 

then free to react with the oxirane rings in an esterification reaction. This reaction results in 

the creation of another hydroxyl group that can react with another anhydride group through a 

similar esterification. In the presence of free acid groups acting as catalysts, the generated 

hydroxyl group reacts with another oxirane ring to form an ether linkage. This reaction, 

although much slower than the esterification reaction at elevated temperatures, accounts for 

the optimum mix ratios generally being less than the stoichiometric equivalents. Therefore, 

the amount of anhydride needs to be reduced to 55 percent of stoichiometry to avoid residual 

anhydride in the product.
18
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Commercial anhydride hardeners include phthalic anhydride (PA), maleic anhydride (MA), 

succinic anhydride, chlorendic anhydride (CA), trimellitic anhydride (TMA), pyromellitic 

dianhydride (PMDA), tetrahydrophthalic anhydride (THPA), methyl tetrahydrophthalic 

anhydride (MTHPA), hexahydrophthalic anhydride (HHPA) and are solid and must be 

melted in the epoxy resin. Liquid anhydride such as methyl hexahydrophthalic anhydride 

(MHHPA) and methyl endomethylene tetrahydrophthalic anhydride are also available. 

     

maleic anhydride (MA)   succinic anhydride 

     

phthalic anhydride (PA)  hexahydrophthalic anhydride (HHPA) 

Figure 2.10 Chemical structure of some anhydride hardeners 

The reaction mechanism of acid cure by anhydride is shown below; 

(i) Anhydride ring-opening reaction 

 

(ii) Esterification reaction of a carboxylic acid group with an oxirane ring 
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(iii) Esterification reaction of an hydroxy diester with an anhydride 

 

or reaction of a hydroxy diester with an oxirane ring 

 

Figure 2.11 Esterification of epoxy derivative with anhydride 

2.2.4 Free radical polymerization of methacryloxy functional organosilanes 

Free radical polymerization is restricted to unsaturated organic compounds (with some 

exceptions). Every monomer is added to the chain end, therefore, it is a chain-growth 

polymerization. The process can be divided into four parts: initiation, propagation, transfer 

reactions, and termination. The initiation reaction is the attack of a monomer molecule by a 

primary radical originated from the initiator. This process involves decomposition of the 

initiator to form primary radicals and the actual initiation. In this study, the type of free 

radical initiator employed was an aliphatic azo compound (R-N=N-R’), which is commonly 

used as a free-radical polymerization initiator. The azo compounds are thermally unstable and 

generate organic free radicals by cleavage of two carbon nitrogen bonds to produce nitrogen 

and two alkyl radicals. 
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Figure 2.12 Generation of free radicals from azo compounds
26

 

The propagation reaction is a process in which a monomer molecule is taken up by the 

primary radical to form a new radical. This new radical takes up another monomer molecule 

and forms a new radical. 

 

Figure 2.13 Free radical polymerization of a methacryloxy group
27

 

Transfer reactions are similar to the propagation but the radicals formed may be a monomer 

radical or a substrate radical instead of polymer radicals as formed in the propagation 

reaction. The termination occurs when two radicals react either by recombination or 

disproportionation. The termination by recombination is the formation of a single bond 

between two polymer radicals, resulting in the polymer having a head-to-head linkage. The 

disproportionation takes place when a proton is abstracted from one polymer radical to the 

other, producing two different types of unreactive polymer molecules. One of these 

molecules is saturated and the other has a terminal double bond. 
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Chapter 3 Literature Review 

3.1 Organic-inorganic hybrid materials 

As mentioned in Chapter 1, Novak’s type III hybrid materials have raised significant interest over 

the past decade due to their stronger interaction between organic and inorganic phases, compared to 

type I and type II hybrid materials. One of the most highly studied organically modified silanes is 3-

glycidoxypropyltrimethoxysilane (GPTMS), in which a terminated epoxy ring can be opened and 

crosslinked with a curing agent in a similar way to the chemistry of epoxy resins. A large number of 

studies have been dedicated to the synthesis of organic-inorganic coatings using different silane 

coupling agents and reaction strategies. Applications can be found in coatings on metals such as 

aluminium, alloys, and steel for corrosion protection. An epoxy functionalized silane-amine system 

has been proposed as the mechanism that produces highly crosslinked organic-inorganic hybrid 

films.
1
 The extensive hydrolysis due to a large excess of water plus long aging periods facilitate the 

formation of a dense cyclic silica network. For example, organic-inorganic hybrid films of 

GPTMS/TEOS were synthesized via a process called self-assembled nanophase particles (SNAP)
2
. 

Functionalized silica nanoparticles were formed in an aqueous based sol-gel process and these 

nanoparticles were then crosslinked by diethylene triamine (DETA) crosslinking agent to form a 

thin film on a substrate (Fig. 3.1). It was found that the films with high organic content were 

smoother with fewer defects.  

 

Figure 3.1 Fuzzy tennis ball SNAP coating model (Unit spacing = 1.8 mm)
2 

 

http://www.sciencedirect.com.ezproxy.auckland.ac.nz/science/article/pii/S0300944003001826#gr14
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On the other hand, films with higher amounts of inorganic components were more conductive and 

afforded less protection against corrosion. Vreugdenhil et al.
3
 investigated the impact of different 

crosslinking agents on the properties and corrosion protection performance of these materials. The 

films derived from DETA demonstrated better overall performance compared to films formed from 

ethylene diamine (EDA). This result indicates that the properties of the protective coating depend 

on the crosslinking density of the films, this can be related to the number of primary and secondary 

amine reaction sites present on the amine crosslinking agent. Pathak et al.
4
 conducted similar 

experiments based on coating made from solutions of methytrimethoxysilane (MTMS) and 

GPTMS. Crosslinking agents were amino functional organosilanes, namely 3-aminopropyl 

trimethoxysilane (1N) and N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (2N) which have one 

and two amine groups, respectively. The organic-inorganic hybrid films made with 2N showed 

higher degradation temperatures due to the highly crosslinked structure, despite having greater 

average porosity compared to the films derived from 1N. However, results for corrosion resistance 

were contrary to the previous study, as an increase in the corrosion resistance of the coating was 

observed with increasing GPTMS concentration. Coatings derived from sol-gel solutions have also 

been used to improve scratch resistance and enhance the optical properties of polymeric substrates 

such as poly(methyl methacrylate) (PMMA), polycarbonate (PC), polyethylene terephthalate (PET), 

and polypropylene (PP).
5,6,7,8

  

Up until now, only a few articles have been published on the synthesis and characterization of 

OIHMs derived from GPTMS silane precursors in bulk form. Shajesh et al.
9
 synthesized a low 

density hybrid aerogel using GPTMS as a co-precursor with TEOS. The organic component was 

formed by crosslinking between the epoxy ring and DETA (Fig. 3.2). Different catalysts have also 

been used in the epoxy ring opening reaction to form bulk hybrid glasses. Innocenzi et al.
10

 studied 

the mechanical properties of bulk materials derived from GPTMS and TEOS precursors. Titanium 

and zirconium alkoxides were used as catalysts for hydrolysis and condensation reactions as well as 

the self-polymerization of epoxy rings, resulting in the formation of poly(ethylene oxide). At the 

same time, the hydrolyzed forms of these catalysts can also condense with silanol groups and 

become a part of the inorganic network. 

 

Figure 3.2 Scheme of the structure of the gel network with increasing water to GPTMS ratio
9 

http://www.sciencedirect.com.ezproxy.auckland.ac.nz/science/article/pii/S002197970900438X#gr14
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As mentioned earlier, the chemistry of the epoxy ring on a GPTMS molecule is similar to those of 

epoxy resins used in polymer matrix composites (PMCs). Organically modified glasses synthesized 

from GPTMS also appear to have exceptional mechanical properties as anti-scratch protective 

coatings
5
. Therefore, OIHMs have the potential to replace the use of conventional epoxy resins in 

fiber reinforced polymers (FRP). Since OIHMs comprise inorganic and organic entities, a hybrid 

polymer is expected to be strong, flexible, and thermally stable. So far, very few papers have 

reported the study of OIHMs as a polymer matrix in such composites. One of these papers
11

 showed 

how a hybrid poly(methylvinylsiloxane) can be used in composites reinforced with short PET fibers 

and wollastonite whiskers. Preformed poly(methylvinylsiloxane) with a number average molecular 

weight of 790,000 g/mol was mixed with the reinforcing materials and dibenzoyl peroxide (BPO) 

using mechanical agitation. Radical polymerization of the vinyl group was then initiated by a heat 

treatment at 120C for 15 min, followed by post curing at 180C for 4 h. At high volume fraction 

ratios of wollastonite to the hybrid polymer matrix, polysiloxane acts as a binder and improvement 

of tensile strength and rupture energy were observed. 

In order to use OIHMs as polymer matrices in composites, a better understanding of their 

mechanical properties is required. However, these mechanical properties are difficult to evaluate 

and generalize as they vary with processing parameters, micro- and nanostructures, and the nature 

and extent of the organic-inorganic interfaces.
10,12 

The study of the mechanical properties of OIHMs 

using different techniques has become the main focus of OIHM development. 

To conduct mechanical tests such as elastic modulus and fracture toughness of the coating films, it 

is sometimes possible to detach the coating from the substrate and measure the properties using this 

“free-standing” coating. However, it is usually impossible to detach the coating. Thus, measuring 

the mechanical properties of the coating is commonly carried out by indentation testing on a 

nanometer scale, commonly referred to as nanoindentation, combined with scratch testing.
13

 The 

nanoindentation technique analyzes the force required to indent the coating with a diamond tip. At 

low forces, this technique estimates the hardness and the elastic modulus of the coating based on 

indentation depth, while cracks appear at higher forces.
14 

In the case of bulk hybrid polymers, the resonance method and Knoop microindentation were 

employed to measure the mechanical properties of bulk samples. From the study of Innocenzi et 

al.
10

 mentioned earlier, microhardness was measured by an indentation test with a Knoop indenter. 

Elastic modulus (E) was calculated from the results of Young modulus measured by Knoop 

microindentation. Resonant vibration was used to measure the flexural E modulus as a function of 

resonant frequency. The excitation of sample vibration was obtained by an electrostatic force, 
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generated by an alternating voltage of variable frequency applied between a thin aluminium foil 

glued in the middle of the sample and electrode suitably placed near the specimen surface (Fig. 3.3). 

It was concluded that both methods gave results in good agreement when applied to samples treated 

for shorter times. But with other samples, Knoop microindentation gave a larger values of E 

compared to the resonance vibration method. The prepared bulk samples were thermally cured at 

125C for 7 days and the measurement was taken after every 24 h. It was observed that the samples 

cured for longer times showed an increase in E value. 

 

Figure 3.3 Schematic of resonant vibration apparatus used to measure the elastic modulus
10 

Although the mechanical properties of thin coating films
15

 and bulk hybrid polymers have been 

well-established using these techniques, the evaluation of thermomechanical properties of OIHMs 

still remains a challenge. An important characterization parameter needed from a practical 

perspective is the glass transition temperature (Tg), which determines the highest use temperature of 

a material. At the same time Tg represents the lowest possible processing temperature as a material 

cannot be processed or worked with once its temperature drops below Tg.
16,17

 Differential scanning 

calorimetry (DSC) has been employed to measure the Tg in OIHMs by detecting the change in the 

heat flow to and from a sample as it is heated. The transition is indicative of a change in heat 

capacity and appears as a step transition, Tg is taken from the midpoint of the heat flow change. 

With this technique, the sample can be in a thin film or powder form, only a small amount of 

sample between 10 and 20 mg is required
17

. The study of hybrid siloxane-silica coatings prepared 

using N-[3-triethoxysilylpropyl]-2,4-dinitrophenylamine (TSDA) and tetramethyl orthosilicate 

(TMOS) as precursors showed an increase in Tg with the inorganic content, while the apparent 

variation of heat capacity at Tg decreased.
18

 On the other hand, Pathak et al.
4
 found that none of the 

coating systems showed evidence of a glass transition temperature (Fig.3.4). Only a relatively small 

endothermic peak and two exothermic peaks were observed corresponding to the evaporation of 

volatile species, the condensation reaction of residual silanol groups, and the degradation of organic 
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polymeric components. For highly crosslinked polymers, Tg is generally less prominent than for 

linear amorphous polymers. Therefore, the Tg may be difficult to observe using DSC, because the 

change of heat capacity (Cp) will be small and occur over a broad temperature range. The Tg of 

these materials may be observed more clearly with dynamic mechanical thermal analysis (DMTA) 

due to the much larger baseline shift of storage modulus (E’) than the Cp measured in DSC at 

Tg.
16

 Also, the larger sample provides a greater scope for observing property changes compared to 

DSC. For this reason, DMTA is the main technique used to characterize the elastic behavior of 

various polymer-oxide hybrid materials. 

 

Figure 3.4 DSC traces of 1N and 2N hardened coatings: molar ratios of MTMS:GPTMS = 1:2 and 

GPTMS:NH = 1:1
4 

DMTA is a useful method for the study of the mechanical behavior of polymeric materials as a 

function of temperature, deformation frequency or time. DMTA is carried out by subjecting the 

sample to an oscillating deformation and measuring the resulting oscillating stress.
19

 Storage 

modulus (E’), loss modulus (E”) and tan  are the main parameters that can be related to the 

performance of the material as it is heated or cooled. For OIHMs, the observed elastic behavior is 

solely due to the molecular motion and flow behavior of the polymeric phase with the restriction 

caused by the inorganic phase.
12

 The relaxations due to the inorganic phase occur at a much higher 

temperature (Tg of silica is estimated around 1200C
18

). Therefore, they cannot be observed without 

the degradation of the polymer component. 

In spite of DMTA being the accepted technique for use with OIHMs, difficulties in the sample 

preparation are often found, especially in an OIHM containing a high content of inorganic 

component or OIHMs consisting of brittle organic polymers. Coltrain et al.
20

 described that OIHMs 

derived from poly(methyl methacrylate-co-[3-(methacryloxy)propyl]trimethoxysilane) (PMMSi) 

were extremely brittle, and the samples needed be cut using a razor blade on 90C heated plates, 
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while other reaction solutions can be cast into Teflon molds to form free-standing films. The 

brittleness of the obtained materials also caused problems in dogbone preparation, creating 

difficulties in making a direct comparison of the mechanical properties between the samples due to 

change in testing temperature range and the measurement of stress-strain analysis in some samples. 

Another way to prepare the test sample is to coat the sol-gel solution on to a substrate. Landry et 

al.
21

 studied the dynamic mechanical properties of TEOS/PMMA films using a knife coating 

technique on Kapton-H sheets. Glass slides are also often used as a substrate because the large 

viscoelastic relaxation of glass does not appear in the same temperature range as the main loss 

modulus of the coatings. Thin films of MPTMS/colloidal silica and GPTMS/TMOS/APTMS have 

been studied by Yu et al.
22

 and Ershad-Langroudi et al.
23

, respectively. 

For the OIHMs containing a high organic content, free-standing films can be obtained. However, a 

different sample preparation method may be required to avoid cracking when preparing thick films. 

Gyo et al.
24

 prepared a thick film for the DMTA test by adding water-free toluene into the mixture 

of Ti6O4(OEt)8(OMc) to prevent cracking. The solution was then poured onto a Teflon dish to cast a 

film. 

An extensive review on the mechanical properties of hybrid materials published by Mammeri et 

al.
12

 described many studies undertaken on different OIHMs. The Tg of these hybrid materials 

obtained from DSC and DMTA are generally higher than the Tg of corresponding neat organic 

polymers, and the Tg increases with an increasing amount of inorganic network. On the contrary, 

hybrid materials of polyhedral oligomeric silsesquioxanes (POSS) -modified thermosetting 

polymers (e.g., epoxies)
25,26,27,28,29

 displayed a lower Tg than that of control epoxies despite having 

rigid POSS particles present as a nanoreinforcing agent (Fig. 3.5). This could be explained by the 

decrease in crosslink density for the epoxy containing POSS, as it is known that the modulus of 

elastomer increases with increasing crosslink densities. 

 

Figure 3.5 Chemical structure of POSS 
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Figure 3.6 DMTA curves of bending modulus (E’) vs temperature at 1 Hz for an aliphatic epoxy 

resin and its epoxy/POSS 95/5 and 75/25 (wt/wt) composites after final curing at 120°C/25 h
30 

Yu et al.
22 

reported that in some cases, the Tg of OIHMs cannot be detected on highly crosslinked 

hybrid films of 3-(trimethoxysilyl)propyl methacrylate (MSMA)/colloidal SiO2/PMMA. Similar 

observations have been made with crystalline polymers, crosslinked thermosets and heterophase 

polymers, where the transition region is very broad and neither the peak E” nor tan  may be 

entirely suitable for specifying Tg.  

As mentioned earlier in this chapter, few published papers have reported the synthesis and 

characterization of OIHMs derived from GPTMS precursor in bulk form. Most research has been 

focused on coatings applications, which are now available as the first commercial products due to 

the ease of fabrication. One of the reasons for the lack of research may be that the fabrication of 

large monolithic and thick self-standing films is very difficult.
31

 It has been well-documented that 

sol-gel derived wet gels are easily fractured during the drying process due to the internal stresses 

caused by strong capillary forces generated in the very small (<1 nm) pores of the gels, and the 

large volume shrinkage as a result of solvent removal.
32

 In the drying process, gels with the 

dimensions greater than a few millimeters tend to shrink, crack, and shatter, leading to powdered 

silica gels. Cracking can be minimized in several ways but drying wet gels at or near supercritical 

conditions has proved to be a solution for the preparation of crack-free dry gels and monolithic 

glasses. Under conditions where no vapor is present, the stresses and cracks in the gels are 

prevented.
33

  

A possible solution to reduce crack formation in sol-gel derived materials is by reducing the 

crosslinking capabilities of the silane precursors, e.g. by reducing the number of hydrolyzable 

alkoxy groups of the silanes.
31

 Thus, the mechanical stress relaxation during drying and curing 

could be increased. Therefore, in the present study, di-functional epoxy-modified silane, (3-

glycidoxypropyl)methyldimethoxysilane (GPDMS) has been employed in the hybrid material 
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preparation and the characterization of the derived hybrid materials were compared to that of hybrid 

materials synthesized from GPTMS. 

The study of GPDMS, also known as GDMMS or GPMDES, precursor in the synthesis of hybrid 

materials has not been very extensive. This applies not only to the difference in the number of 

functional groups that affects the crosslink density of the derived OIHMs, but also the network 

formation, structure, and mechanical properties of the materials. Obaid et al.
34

 studied the 

interphase properties of glass/epoxy composites using mixtures of GPDMS (di-), GPTMS (tri-), and 

TEOS (tetra-) as sizing systems for fiberglass. The interphase properties of the epoxy composites 

made with the sized fiberglass were characterized in situ using dynamic interphase loading 

apparatus (DILA). It was found that the shear strength and energy absorption can be tailored by 

controlling the amount of functional groups in the sizing systems. The sizing of GPDMS-TEOS 

(3:1) showed the highest increase in shear strength by 92%, compared to the epoxy composite 

fabricated without the sizing on fiberglass, which indicates a significant improvement in the 

structural and toughness properties of the glass/epoxy composites. GPDMS derived hybrid 

materials have also been used as matrices in photonic applications in which the organic molecules 

(chromophores) with high second-order nonlinear optical (NLO) activity were dispersed or 

covalently bonded to the hybrid matrices.
35

 The hybrid films were deposited by spin coating on 

soda lime glass and on silicon wafers. During the poling process, which is chromophore orienting 

by applying a high electric field to obtain polar order, the rate of dye alignment in the doped films 

depends on the rigidity of the matrix. By using a GPDMS precursor, the orientation of the 

chromophores is reached at shorter times with respect to GPTMS based systems due to the lower 

crosslink density of the matrix. This facilitates the orientation of the molecules inside the dried but 

not yet completely reticulated matrix allowing their fast alignment. Other applications can be found 

in surface modification of the particles of silica sols, integral blend additives in silicone rubber for 

adhesive property improvement, and substitutes for antifreeze proteins (AFPs).
36,37,38

  

Another potential solution to the cracking problems is to synthesize the OIHMs under acidic 

conditions. As the gel derived from a low pH sol solution contains only linear siloxane chains, the 

cracking is reduced and transparent monolithics can be obtained.
12 

In the articles previously 

reviewed, it can be seen that the GPTMS derived OIHMs were frequently synthesized via a two-

step acid-base catalyzed sol-gel process, in which an acid catalyst accelerates the hydrolysis 

reaction and a basic crosslinking agent (i.e., amines) opens the epoxy ring and accelerates the 

condensation reaction of silanol groups by increasing the pH of the solution. For epoxy resins, acid 

curing is the most commercially important reaction next to amine curing. The most important acid  



41 

 

crosslinking reaction is high temperature anhydride conversion.
39

 In this work, hexahydrophthalic 

anhydride (HHPA) has been chosen to react with the epoxy ring in GPTMS and GPDMS. The 

esterification reaction of anhydrides and their mechanism are demonstrated in Chapter 2.  

In previous studies, anhydrides have been used in the synthesis of OIHMs, especially as a curing 

agent in sol solutions containing bisphenol-A epoxy resin (DGEBA).
40,41

  Ochi et al. reported the 

preparation of epoxy/zirconia hybrid materials in which HHPA plays double role in controlling the 

hydrolysis and condensation reactions of zirconium alkoxide, as well as reacting with the epoxy 

resin (DGEBA) via an esterification of the half-ester compound of HHPA desorbed from 

zirconium.
42

 As a result, both the sol-gel reaction and epoxy curing proceeded simultaneously in a 

homogeneous solution. Thus, the zirconia produced by the in situ polymerization was uniformly 

dispersed in the epoxy matrix on the nanometer scale, and the obtained hybrid materials exhibited 

excellent optical transparency.  

To the author’s knowledge, there have been very few studies published on the use of anhydrides 

with GPTMS precursor. One of these was the synthesis of nanocomposites consisting of styrene-

maleic anhydride copolymers and polysiloxane nanoclusters.
43

 By using a free radical initiator, 

benzoyl peroxide (BPO), the free-radical copolymerization of styrene with maleic anhydride 

(MAH) and esterification of MAH with pre-acidic hydrolyzed GTPMS occurred, generating a 

covalently combined OIHM. With this approach, bulk nanocomposite samples with a thickness of 

15-20 mm can be obtained. 

Another problem found in hybrid materials derived from GPTMS has also been described. Davis et 

al.
44

 studied the formation of silica/epoxy hybrid materials using the aliphatic amine curing agent, 

DETA. 
29

Si MAS NMR spectroscopy of the obtained hybrids showed two peaks of T
2
 and T

3
 

species, representing silicon atoms with two and three siloxane linkages, respectively. In principle, 

100% T
3
 is formed when all three methoxy groups of the GPTMS monomer is fully condensed. In 

the hybrid system containing insufficient amounts of active hydrogen atoms to the epoxy rings 

(1:8), the 
13

C NMR spectrum revealed that many of the epoxy rings were unopened, while the peaks 

of T
2
 and T

3
 species indicated a greater extent of formation of the inorganic network compared to 

the siloxane network with a stoichiometric concentration of amine to epoxy ring (1:1). This is 

contrary to what was first expected, since more basic conditions normally accelerate the inorganic 

network condensation. These results suggest that the formation of the organic network results in a 

geometric constraint to the condensation reaction of the silanol groups. As the amount of DETA 

curing agent increased, the organic network formation becomes more rapid and dominant. 

Consequently, a larger constraint is generated to the system and the extensive network formation of 
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the inorganic component is limited due to the much faster rate of the epoxy ring opening reaction 

with respect to the silanol condensation rate. 

By matching the polymerization rates of the two components, both organic and inorganic network 

formation can be maximized. Tertiary amines used with epoxies in anionic homopolymerization 

reactions (self-polymerization reactions) are well known, if not widely used in coatings.
39

 They are 

also used as accelerators or supplemental curing agents with other curing agents such as 

polyamides, amidoamines, or anhydrides. Unlike primary and secondary amines, the active 

hydrogen of the tertiary amine is replaced by a substituent such as an alkyl or aryl group. The 

reaction mechanism of these compounds with epoxy involves lone pair on the nitrogen atom. 

Therefore, the curing rate is not as fast as the active hydrogen atoms of the primary or the secondary 

amine, and they do not enter into the reaction themselves. Instead, they work as a polymerization 

catalyst. Thus, the loading is not constant and depends on the type of curing agent. The reactivity of 

tertiary amines varies widely as the electron density around the nitrogen changes. This electron 

density is affected by the composition and location of hydrocarbon groups on the amine.
45

 The 

curing temperature significantly influences the curing speed, heat generation, and the properties of 

the cured resin.
46

 The presence of the hydroxyl group on some of the tertiary amines also assists in 

further increase in the activity of these catalysts. 

It should be noted that primary and secondary amines (e.g., diethylene triamine) are often 

incorrectly referred to as catalysts or activators in the reaction with epoxy resins, but they are 

actually curing agents. The reaction mechanisms of primary and secondary amines to an epoxide 

group are also different from that of tertiary amines, as described in the previous chapter. However, 

sometimes it is believed that the resultant tertiary amine from the reaction between a secondary 

amine and an epoxide group initiates the epoxy self-polymerization reaction, forming poly(ethylene 

oxide) (PEO) through a similar mechanism to that of the true tertiary amines.
 9,45,47

  

 

Figure 3.7 Reaction scheme of epoxy group with primary amine
45 
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In hybrid materials, there have been reports on the use of benzyldimethyl amine (BDMA) in the sol-

gel polymerization and epoxy curing of GPTMS precursor. Matějka et al.
48

 proposed that the 

condensation of tri-functional alkoxysilanes resulted in the formation of branched 

polysilsesquioxanes having general formula RSiO3/2. The extent of the cage formation increases 

with dilution and the amount of water and depends appreciably on a catalyst. In the reaction mixture 

of GPTMS catalyzed by BDMA, the siloxane oligomer formation can be observed at the very 

beginning of the sol-gel process. The oligomer (cage) fraction reached the maximum value within   

5 h and the gelation occurred after about 50 h. The epoxy ring opening reaction and the subsequent 

condensation of the formed C-OH with Si-OH were proven by NMR. The analysis showed that the 

rate of epoxy ring opening reaction was much slower than the rate of inorganic polymerization at 

the early stages of the sol-gel reactions. In the first 15 min, siloxane bridge formation was the major 

condensation reaction in the solution mixture, while the intermolecular condensation leading to     

C-O-Si bond became important at a later stage. 

BDMA has also been used to catalyze the synthesis of hybrid material derived from GPTMS and 

DGEBA. Ochi et al.
49

 studied the effects of primary and tertiary amine curing characteristics on 

phase structure and thermomechanical properties of the hybrid materials. FTIR spectra of the hybrid 

material synthesized with unmodified epoxy resin showed a large content of hydroxyl groups 

generated from the epoxy ring opening reaction when tetraethylenepentamine (TETA) was used as 

a primary amine curing agent. On the other hand, the hybrid materials cured with BDMA had very 

few hydroxyl groups in the organic matrix. This is because the homopolymerization reaction of the 

epoxy ring with tertiary amine results in the formation of poly(ethylene oxide). The hydroxyl group 

is only formed at the end of the polymer chain in the termination step. These results confirmed the 

difference in curing mechanism of these amines. In contrast, when BDMA was used to catalyze the 

hybrid system containing GPTMS modified DGEBA, a large absorption peak of hydroxyl group 

was observed. This increase in intensity of the adsorption suggested that the condensation reaction 

of silanol intermediate species was not complete. Thus, some unreacted silanol groups were present 

in the cured hybrid system. The hydroxyl content in the modified DGEBA cured with TETA was 

expected to be high. However, FTIR showed a decrease in the peak intensity of the hydroxyl group. 

It was believed that the hydroxyl group formed in the epoxy network reacted with the silanol or 

methoxy group of the silica network, forming a covalent bond between the organic and inorganic 

phases. DMTA also showed a significant improvement in the heat resistance in the hybrids cured 

with TETA, which was not observed in the hybrids cured with the tertiary amine (Fig. 3.8). The 

increase in the heat resistance could be a result of strong interaction between the organic and 

inorganic phases via the numerous covalent bonds between the hydroxyl and silanol or methoxy 
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groups. Therefore, the differences in the interactions between the organic and inorganic phases 

significantly affect the properties and microstructure of the resultant composites. 

 

Figure 3.8 Dynamic mechanical properties of a) TETA-cured hybrid systems and b) DBMA-cured 

hybrid systems with silica contents of () 0, () 2, () 4, () 6, and () 10 wt %. The epoxy resin 

was DGEBA and the silane alkoxide was TMOS.
49

 

3.2 Composite materials 

For more than 50 years, fiberglass has been a versatile reinforcing material in composite fabrication. 

Over the past decade, the use of mineral fibers such as basalt has gained increasing attention as a 

possible replacement for conventional glass or carbon fibers, due to advantages in terms of 

a) 

b) 



45 

 

production cost and thermal resistance, plus health and environmental impact. Basalt fiber is 

produced in a continuous process similar in many respects to that used to make glass fiber in which 

the material is liquefied at a temperature of 1500C. However, glass fiber processing is more 

complex as glass contains more components such as silica sand, oxides of boron and aluminium 

and/or several other minerals. These compositions must be metered independently into the furnace. 

However, basalt fiber features no secondary materials, hence, the process is actually simpler and 

requires only a single feed line to carry crushed basalt rock into the melt furnace. This makes the 

production cost of basalt fiber lower than that of the glass fiber. In terms of health and 

environmental impact, basalt fiber is superior in the realm of worker safety as well as air quality. 

Since basalt is the product of volcanic activity, the fiber forming process is more environmentally 

safe than that of glass fiber. The greenhouse gases that might otherwise be released during fiber 

processing were vented millions of years ago during the magma eruption. Moreover, basalt is 100 

percent inert, which means it has no toxic reaction with air or water, and is noncombustible and 

explosion proof.
50

 

The specific mechanical properties of basalt fibers are comparable with, or better than, those of E-

glass (Table 3.1).
51

 However, it should be noted that basalt fiber manufacturers have less direct 

control over the purity and consistency of the raw basalt stone. While basalt and glass are both 

silicates, molten glass forms a noncrystalline solid when cooled. Basalt, however, has a crystalline 

structure that varies depending on the different chemical compositions of the lava flow at each 

geographical location. 

Table 3.1 The properties of E-glass and basalt fibers  

Property E-glass  Basalt 

Density (g/cm
3
) 

E modulus (GPa) 

Tensile strength (GPa) 

Elongation to fracture (%) 

Specific E modulus (GPa/g/cm
3
) 

Specific tensile strength (GPa/g/cm
3
) 

2.56 

76 

1.4-2.5 

1.8-3.2 

30 

0.5-1 

2.8 

89 

2.8 

3.15 

31.78 

1 

 

Recently, the mechanical performance of basalt fiber reinforced epoxy laminates has been studied, 

where the basalt fibers were used to partially or fully replace fiberglass. Sarasini et al.
52

 reported the 

impact behavior under low impact velocity of E-glass/basalt reinforced epoxy composites 

manufactured by a laboratory Resin Transfer Molding (RTM) technique. The fiberglass/basalt fiber 

hybrid specimens were prepared with two different stacking sequences; a sandwich configuration 

and an intercalated lay-up. For comparison, fiberglass composites and basalt fiber composites were 
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also fabricated. The results showed that the basalt fiber composites and the intercalated hybrid 

composites exhibited better energy absorption capability compared to glass and sandwich hybrid 

laminates. Poor damage resistance and tolerance of glass laminates can be enhanced by 

hybridization with basalt layers, especially in alternatively stacking sequence. This hybrid laminate 

presented the most favorable degradation pattern and the best combination of post-impact flexural 

strength and damage tolerance through multiple small delaminations between dissimilar layers, 

instead of extensive fiber breakages or delamination in the compression side. However, fiberglass 

composites had the highest load peak, whereas the basalt fiber composites had the lowest load peak. 

The hybrid composites with sandwich configuration performed slightly better than the intercalated 

type but not as well as the fiberglass composites. In a similar study by Flore et al.
51

, epoxy 

composite structures reinforced by randomly oriented E-glass short fibers and hybrid composites 

reinforced by both glass mat and one or two layers of unidirectional basalt fabric were produced 

using a vacuum bag technique. The flexural test showed that by replacing a layer of mat glass with 

uniaxial basalt fibers, the stiffness of the laminates increased. Three point bending and tensile tests 

showed that the presence of two external layers of basalt fiber maximized the mechanical properties 

of hybrid laminates compared to fiberglass reinforced epoxy laminates. These specimens also 

exhibited the best improvement in the flexural modulus, as the value was approximately 118% 

higher compared to that of the fiberglass laminates. 

The use of basalt fiber to substitute fiberglass in reinforced epoxy composites has also been 

reported. Lopresto et al.
53

 studied the mechanical characterization of basalt fiber reinforced epoxy 

composites using a vacuum bag technique. Different types of reinforcement were employed; basalt 

dry fabrics and plain-weave. By comparing the results of the mechanical tests carried out on 

equivalent basalt and E-glass fiber reinforced epoxy laminates, the basalt composites showed a 

significant increase in Young’s modulus as well as better compressive strength and flexural 

behavior. However, a higher tensile strength was found for the fiberglass reinforced composites. For 

the interfacial adhesion, basalt composites exhibited good adhesion similar to that between E-glass 

and an epoxy matrix. Therefore, it can be concluded that basalt fibers may be considered as a 

possible alternative to fiberglass in the applications where glass composites are already used.   

In the composites made with OIHM matrices, basalt fibers have been scarcely exploited, and no 

research work can be found in the literature.  Only nanosilica-epoxy solutions were used as sizing 

for basalt fibers.
54

 In the previous study undertaken by Wei et al.
55

, a significant improvement in the 

tensile strength of the basalt fiber was found in the fiber treated with a polymer sizing containing    

5 wt% nanoparticles. The improvement in fiber tensile strength was attributed to the nanoparticles 

acting as a ‘padding’ at the defect tips on the fiber surface which delay the crack opening. The 
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surface modification of basalt fiber multiple yarn resulted in an increase in tensile strength by 30% 

and the inter-layer shear strength (ILSS) of the sized-fiber reinforced epoxy composite was 

enhanced by 15%. 

Due to the fact that epoxy resins are brittle in nature, conventional fiber reinforced polymers (FRPs) 

have the potential risk of suffering from extension of internal defects under impact and fatigue 

loading.
56

 As mentioned in the first chapter, the concept of OIHMs is the dispersion of an inorganic 

glass, which is in-situ synthesized via a sol-gel process, in an organic polymer matrix. The 

nanosilica particles function as a nano-sized reinforcing agent, modifying the thermosetting matrix. 

With this approach, the mechanical properties of the OIHMs can be enhanced with the addition of 

well dispersed nanoparticles. A similar approach to toughen epoxy resins by using pre-formed 

colloidal sols in an epoxy resin matrix has also proved that the modulus of elasticity, tensile 

strength, ductility and plain strain fracture toughness can be increased.
57,58,59

 Since the presence of 

small amounts of nanoparticles in a polymer matrix has shown positive impacts to the derived 

nanocomposite materials, there is good potential for improving the fracture toughness and the 

strength of compression after impact (CAI) of fiber reinforced composites via the incorporation of 

nanoparticles into the matrix as a secondary reinforcement. 

The secondary reinforcing agent (or so-called nano-sized fillers) increases the matrix toughness by 

providing extrinsic toughening mechanisms such as crack pinning, matrix shear yielding or shear 

bending, micro-cracking, rubber cavitation, crack deflection, and particle tearing (soft particles) or 

bridging (rigid particles).
60,61

 Micron-sized soft organic (rubber or thermoplastic) or inorganic rigid 

particles have also been used to modify thermosetting matrix resins. However, reduction in Tg, 

stiffness, and strength of the derived materials are unfavorable and the incorporation of rigid 

particles results in only a moderate improvement in the fracture toughness of about 2-4 times 

greater than that of the neat polymer matrix.
62

 

Considerable research has been undertaken on the nanoparticle reinforcement of fiber reinforced 

composites with various polymer matrices such as polyamides (PAs), polyesters (PEs), 

polyurethanes (PUs), polypropylenes (PPs), polyimide (PI), poly(ether ether ketone) (PEEK), 

polyacrylacetylene, and poly p-phenylene benzobisoxazole (PBO).
63

 For epoxy nanocomposites, the 

nano-sized fillers such as silica, carbon nanotubes and fibers (CNTs/CNFs), and nanoclays have 

been studied due to their unique mechanical properties in improving the performance of epoxies.
64

 

Böger et al.
65

 reported an increase in the fatigue life of glass fiber reinforced polymers (GFRPs) 

under mechanical load with the incorporation of fumed silica and multi-wall carbon nanotubes 

(MWCNT) in an epoxy matrix. Both nanoparticle modifications resulted in increases in load cycle 
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by orders of magnitude in tensile, alternating and compression loading. Moreover, it was possible to 

correlate the onset of the first matrix cracks with a significant increase in electrical conductivity for 

the MWCNT modified laminates giving the possibility for an in situ damage sensing in the 

composites. 

As with the interaction between polymer matrix and fiberglass in FRPs, it is necessary to improve 

the compatibility between the filler and the matrix material, as the nanoscale morphology plays an 

important role in achieving tunable macroscopic properties. A possible solution to increase the 

degree of adhesion between matrix and filler is by modifying one of the component surfaces with a 

chemical agent to enhance or diminish the degree of compatibility. The modification of the 

inorganic nanoparticles have been undertaken on nanosilica and carbon nanotubes using silane 

coupling agents such as  -glycidoxypropyl trimethoxysilane (GPTMS), 3-aminorpopyl 

triethoxysilane (APTES), and aminoethylaminopropyl trimethoxysilane (AEAPTMS).
66,67

 The 

resulting nanocomposites showed an improvement in flexural and fracture properties due to 

enhanced dispersion and interfacial interactions between the silane-modified nanofillers and the 

epoxy matrix. 

In this study, two types of silica nanopowder were employed for comparative study; untreated and 

treated silica nanopowders. Aerosil
®
 R 504 is a hydrophobic fumed silica treated with 

hexamethyldisilazane (HMDS) and aminosilane.
68

 The organic-inorganic hybrid composites made 

with treated silica nanopowder are expected to exhibit better mechanical and thermal properties 

than the composites made with untreated silica. As the treated silica particles can covalently bond to 

both silanol groups and epoxy rings, the interaction between the polymer matrix and the reinforcing 

filler can be improved. 

 

Figure 3.9 Chemical structure of hexamethyldisilazane (HMDS) 

Zeolites, which are a type of a molecular sieve, have also been employed in composite materials as 

the secondary reinforcing agent. Zeolites are a volcanic rock composed of hydrated aluminosilicates 

of the alkali earth metals which have three dimensional crystalline frameworks of tetrahedite silica 

or alumina anions bonded strongly at all corners.
69

 Zeolites, especially aluminous zeolites, can be 

used as desiccants as well as fillers due to the ability to absorb water without damage to the crystal 
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structure. The application of zeolites in composite materials can also be found in the modification of 

organic polymers such as polypropylene (PP) to improve their thermal resistance and fire behavior. 

The study of Pehlivan et al.
70

 suggested that PP composites containing clinoptilolite zeolite 

exhibited higher degradation temperature than pure PP polymer due to its higher thermal stability. 

Surface modification of zeolite has also been reported. In the study of Demir et al.
71

, micro-sized 

clinoptilolite zeolite was treated with two silane coupling agents: (3-mercaptopropyl) 

trimethoxysilane (MPTMS) and APTES to enhance the mechanical and fire retardant properties.  

The improvement in the strain properties and the development of elongation properties were 

observed in the polypropylene reinforced with a small amount of treated zeolite which could be a 

consequence of homogenous structure and increased adhesion between the matrix and the filler via 

the modified surface. However, the surface treatment of zeolite did not have a significant effect on 

tensile strength properties of the composites.  

In the present study, zeolite was also employed as a secondary reinforcing material due to its ability 

to absorb small molecules and moisture. As the condensation of silanol generates water, the 

addition of zeolite was expected to reduce the fracture caused by trapped water in the dried gel as 

well as enhancing the mechanical properties of the materials. Zeolites are divided into X and Y 

types, depending on the silica-to-alumina ratio of their framework. The ratio of zeolite type X is 

often between 2 and 3 while type Y zeolites have a ratio of 3 or higher. For this reason, faujasite 

zeolite type X, or molecular sieve 13X, was chosen because it has low ratio of silica-to-alumina. In 

other words, this zeolite is alumina-rich, therefore, it has a better ability to absorb water over type 

Y. 

    

Fig. 3.10 Sodalite unit (-cage) and faujasite framework (type X and Y) with three different layers 

of sodalite cages which are indicated with the letter A, B, and C
72
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It can be seen that the evolution of composite materials has led to the incorporation of various types 

of reinforcing agents using different manufacturing processes. From conventional composite 

materials to high-performance nanocomposites, these materials can be categorized as listed in Table 

3.2. 

Table 3.2 Types of composite materials 

Name Matrix Reinforcement 

Conventional composite materials Organic polymers Fibrous materials 

Organic-inorganic hybrid materials or 

nanocomposites 
Organic polymers Sol-gel derived nano-colloidal glasses 

Nanoparticle reinforced polymers Organic polymers Nano-sized inorganic fillers 

Nanoparticle-fiber reinforced composites Organic polymers 
Fibrous materials and nano-sized 

inorganic fillers 

Despite the fact that the synthesis methods and the mechanical properties of these materials have 

been well established, the review of Mammeri et al.
12

 showed that the thermomechanical properties 

of organic-inorganic hybrid materials (OIHMs), especially from GPTMS-epoxy system, has not 

been widely studied. Moreover, this type of hybrid is not commonly prepared in bulk form as 

mentioned previously. Therefore, the main focus of the present study is on the preparation and 

characterization of novel hybrid composite materials using organic-inorganic hybrid materials 

(nanocomposites) as a matrix resin reinforced with fibrous materials and nanofillers as a primary 

and secondary reinforcing agents, respectively. The effects of different silane precursors and curing 

agents were also investigated. 
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Chapter 4 Materials and characterization methods 

4.1 Materials 

The chemicals and reinforcing agents used in this study are listed in Table 4.1. Silane 

precursors, curing agents, and acid and base catalysts were all reagent grade and were used 

without further purification. The fiberglass veil employed was C glass (C-HL20) with a unit 

weight of 20 g/m
2 

and filament diameter of 13 m suitable for hand lay-up. Epoxy sized 

basalt fiber veil had a unit weight of 30 g/m
2
 and filament diameter of 11-13 m. The discrete 

particle size of halloysite was less than 2 m and prior surface treatment was applied using 

acrylamide. Molecular sieves, 13X, had an average particle size of about 2 m. Silica 

nanopowder had an average particle size of 12 nm and 99.8% purity. For silica nanopowder 

containing amino functional groups, Aerosil
®
 R 504 with an average particle size of 12 nm 

was chosen.  

Table 4.1 List of chemicals and reinforcing agents 

S
il

an
e 

3-glycidoxypropyl trimethoxysilane (GPTMS) Gelest Inc. (USA) 

(3- glycidoxypropyl)methyl dimethoxysilane 

(GPDMS) 
Gelest Inc. (USA) 

n-(2-aminoethyl)-3-aminopropyltrimethoxysilane 

(AEAPTMS) 
Gelest Inc. (USA) 

3-aminopropyl triethoxysilane (APTES) Acros (USA) 

methacryloxypropyl trimethoxysilane (MAPTMS) Gelest Inc. (USA) 

3-methacryloxypropylmethyl dimethoxysilane 

(MAPDMS) 
Gelest Inc. (USA) 

C
u
ri

n
g
 a

g
en

t 

diethylene triamine (DETA) Acros Organics (France) 

hexahydrophthalic anhydride (HHPA) 
Nuplex Industries Ltd. (New 

Zealand) 

2,4,6-tris(dimethylaminomethyl)phenol (DMP-30) Air Products (USA) 

benzyldimethyl amine (BDMA) Sigma Aldrich (Germany) 

EPODIL


750 diluent Air Products (USA) 

XBK 3275 hardener Huntsman (USA) 

Jeffamine D-230 Huntsman (USA) 



57 
 

R
ei

n
fo

rc
in

g
 a

g
en

t 
fiberglass veil 

New Zealand Fiberglass Ltd. 

(New Zealand) 

basalt fiber IMCD (New Zealand) 

halloysite 
Imerys Tableware (New 

Zealand) 

molecular sieves, 13X Sigma Aldrich (USA) 

silica nanopowder Sigma Aldrich (USA) 

Aerosil
®
 R 504 Evonik Industries (USA) 

M
is

ce
ll

an
eo

u
s 

distilled water N/A 

hydrochloric acid (HCl) Sigma Aldrich (USA) 

sodium hydroxide (NaOH) 
Ajax Finechem Pty Ltd 

(Australia) 

epoxy resin (West System
®
 105) 

Adhesive Technologies Ltd. 

(New Zealand) 

hardener (West System 207) 
Adhesive Technologies Ltd. 

(New Zealand) 

methyl methacrylate (MMA) Aldrich (USA) 

azobisisobutyronitrile  (AIBN) Arkema Inc. (USA) 

 

4.2 Characterization methods 

4.2.1 Attenuated total reflectance spectroscopy (FTIR-ATR) 

Infrared spectroscopy can be defined as the interaction between electromagnetic radiation 

(EMR) and matter.
1
 IR is divided into three regions, the far infrared (< 25m or 400-10 cm

-1
), 

mid-infrared (2.5-25 m or 4000-400 cm
-1

) and the near infrared (< 2.5 m or 14285-4000 

cm
-1

). IR spectra can be obtained by passing radiation sources through a sample and 

determining what fraction of the incident radiation is absorbed at a particular energy. The 

energy at any peaks in IR spectrum corresponds to the vibrational frequency of functional 

groups present in the sample molecule.
2
 To absorb IR radiation, a molecule must contain 

bonds that have dipole moment such as CH2.
3
 The modes of vibration can be either stretching 

(change in bond length) or bending (change in bond angle). Stretching can be symmetrical (in 

plane) or asymmetrical (out of plane), and the bending vibration is identified as rock or 
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deformation when moved in the same or in opposite direction, respectively.
4
 Thus, FTIR 

provides the “fingerprints” of the functional groups that can be displayed narrowly and 

intensely in the mid IR region. 

Attenuated total reflection (ATR) spectroscopy is based on the phenomenon of total internal 

reflection of an infrared beam, which radiates along the length of a totally reflecting interface. 

A special type of electromagnetic wave called the evanescent wave is then created and 

formed on the other side of the reflecting interface. When an absorbing material is held in 

contact with the reflecting interface, it absorbs some of the intensity of the evanescent wave, 

which extends just a short distance above the surface of the reflecting interface. The intensity 

of the reflected light collected at the opposite end is, thus, attenuated with respect to the 

incoming intensity.
5
 

ATR spectra resemble transmission spectra in many respects but the absorbance derived from 

ATR reflectance more closely resembles the absorbance index of the sample than the 

absorbance derived from transmittance. This is because some of the light that transmits 

through the sample is reflected back. This reflected light does not make it to the detector and, 

therefore, is misinterpreted as the light that was absorbed by the sample. Some of the incident 

light still can be reflected back even if the sample does not absorb at all while the light of the 

reflectance is total. Hence, the loss of light in internal refection spectroscopy is caused by the 

absorption of the sample only.
6
 

The materials that have been used as a reflecting interface in ATR includes germanium (Ge), 

thalium bromoiodide (KRS-5), silicon (Si), zinc selenide (ZnSe), zinc sulfide (ZnS), and 

diamond. Due to its optical properties, single reflection ATR spectroscopy can be used with 

diamond, while multiple reflection ATR is required for other reflecting materials to achieve 

good signal/noise (S/N) during the measurement. In addition, samples in all forms (solids, 

liquids, and powders) can be analyzed with diamond single reflection ATR spectroscopy.
2
 

 

Figure 4.1 Geometry of multi-reflection ATR element
2
 

In this study, a Thermo Electron Nicolet 8700 series FTIR equipped with a Smart Orbit ATR 

Single-Reflection accessory with diamond was employed. The optimal reaction conditions 
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for OIHM syntheses were determined by monitoring the progress of hydrolysis, 

condensation, and epoxy ring opening reactions. The reaction solutions were taken every 30 

minutes and the infrared spectra of the sol solutions were acquired with a resolution of 4 cm
-1

 

in the spectral region from 4000 to 650 cm
-1

. An average of 64 scans was taken for each 

spectrum. The changes that occurred in a totally internally reflected infrared beam were 

determined. The measurements were carried out in absorbance mode and the spectra are 

presented in ATR units and are linear with respect to concentration. Data acquisition and 

analysis were performed using standard software (Omnic ESP, version 7.1). The derived 

OIHMs were then powdered and characterized by pressing onto the surface of the diamond. 

4.2.2 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a measurement of change of the difference in the 

heat flow rate to the sample and to a reference sample, as a function of temperature or time 

while they are subjected to a controlled temperature program.
7
 DSC allows samples to be 

measured quickly using very small masses (milligram range). The ease of sample preparation, 

experimental setup, and interpretation of the results make DSC the most commonly used 

thermal analysis technique.
8
 Specific information that can be obtained from DSC includes 

glass transition temperatures, melting points and boiling points, crystallization time and 

temperature, percent crystallinity, heat of fusion and reaction, specific heat, oxidative 

stability, rate of cure, degree of cure, reaction kinetics, purity, and thermal stability. DSC is a 

very useful technique to characterize polymers as they can undergo many thermal reactions 

when heated. One of these points is the glass transition temperature (Tg), which occurs over a 

temperature range and appears in a DSC scan as a shift in the baseline. Conventionally, Tg is 

reported as a single temperature defined as the midpoint of the temperature range. 

As mentioned in chapter 3, DSC has been employed to determine the Tg of OIHM coatings. 

However, where changes in the step transition are too small, the Tg cannot be detected. 

Moreover, many other energetic peaks that appear in the DSC scan can interfere with the 

glass transition slopes. Therefore, DSC peaks are easy to misinterpret and should not be the 

sole decision criteria for movement on temperature.
9
 

Cured OIHMs were characterized using a TA Instruments Model Q1000 calorimeter 

connected to a liquid nitrogen cooling system (LNCS). An empty aluminium pan with lid was 

used as the reference and the sample pan with lid contained approximately 10 mg of cured 
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OIHM. The sample and reference were heated in flowing dry, oxygen-free nitrogen gas at 

10°C min
-1

 throughout the measurement. The temperature range was 25 to 200°C. The 

computed differential heat flux was recorded and plotted as a function of temperature.  

4.2.3 Dynamic mechanical thermal analysis (DMTA) 

As mentioned in Chapter 3, the mechanical properties of highly crosslinked OIHMs remain 

difficult to evaluate due to their infusibility and general intractability. Although it is 

considered that Tg is one of the important characterization parameters of polymers, this 

cannot always be obtained from DSC scans as the change in heat flow due to Tg of highly 

crosslinked polymers is too small and often occur over a broad temperature range. DMTA not 

only can analyze Tg more clearly than DSC but can also measures changes in sample 

dimension and modulus as a function of the sample temperature. For OIHMs, the relaxations 

of the inorganic component occur at much higher temperatures compared to the relaxation of 

the organic component as Tg of silica is estimated around 1200C.
10

 Therefore, the observed 

relaxation is a resulting stress response of the organic polymer phase in relation with the 

inorganic phase.
11

  

In addition, crosslink density, which is the most important characteristic of a thermoset 

network, can also be calculated from a DMTA curve. It is often expressed as a number (or 

number of moles) of crosslinks per unit volume or per unit mass.
12

 Crosslink density of 

highly crosslinked thermoset coatings or thin films can be determined by modulus 

measurements at a temperature on the rubbery plateau. When the deformation of sample is 

accommodated by conformational changes, without bending or breaking of bonds, the 

relationship between rubbery plateau modulus and crosslink density can be determined using 

the equation: 

e = 
𝐸′

3𝑅𝑇
 

where the e is the number of moles of elastically effective network chains per volume 

(molm
-3

, E’ is the elastic modulus determined at a temperature above Tg (Pa), T is the 

absolute temperature corresponding to the E’ value (K), and R is the universal gas constant 

(JK
-1
mol

-1
).

13,14
 With the information on the degree of crosslinking and the glass transition 

of the polymer network, the relationship between polymer structure and polymer properties 

can be established. 
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DMTA is a thermal analysis technique for viscoelastic property characterization by 

subjecting a sample to an oscillating deformation (strain) and measuring the resulting 

oscillating stress. DMTA is used to study molecular relaxation processes in polymers and to 

determine inherent mechanical or flow properties as a function of time and temperature. The 

value of storage modulus (E’) and tan  can be related to the performance of materials in a 

number of empirical tests such as hardness, blocking resistance, and chemical resistance.
 15,16

  

Linear amorphous polymers exhibit a number of characteristic physical states depending on 

the timescale of the measurement and temperature. These physical states are classified as 

glassy, leathery, rubbery, rubbery flow, and viscous.
17

 All linear amorphous polymers exhibit 

all five states when they are observed over a wide range of time or temperature. Polymers 

that are either crosslinked or crystalline do not exhibit the rubbery flow and viscous liquid 

responses. For crystalline polymers, the viscous response appears at temperature above the 

melting transition.
18

 

 

Figure 4.2 Illustration of loss tangent (damping) and storage modulus characteristics for a 

linear amorphous polymer illustrating various distinct physical states that the polymer 

assumes with varying temperature or frequency
19

 

From the dynamic mechanical data obtained, Tg is easily identified due to the sharp decrease 

in storage modulus E’ (or shear storage modulus G’), and the corresponding loss modulus E” 

(or shear loss modulus G”) or tan  that occurs at Tg. This is shown in Fig. 4.3 for a typical 

amorphous polymer. It is evident that there is a variation in how the value of Tg is chosen 

from a set of DMTA curves, which often leads to confusion in the literature.
7
 Generally, the 
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criterion for selection of Tg is either the peak in loss modulus E” or a peak in tan . However, 

Tg from the peak of tan  is typically several degrees higher than that from the peak E”. For 

polymers that have unusually broad glass transitions (e.g., crosslinked, semi-crystalline, and 

hetero phase systems), the difference of Tg obtained from these two peaks are much greater.  

 

Figure 4.3 A typical DMTA thermogram presenting E’, E” and tan  versus temperature
20

 

In the literature, Tg is often reported as the temperature at the tan  peak whereas the peak of 

loss modulus E” is the more appropriate criterion from molecular and practical or 

engineering points of view. This is because the upper use temperature of many amorphous 

polymers is the softening point. The maximum E” appears closely to the initial drop of E’ 

which is related to the initiation of segmental molecular motions and loosening of the 

polymer structure associated with Tg. The maximum tan  corresponds more closely to the 

transition midpoint or inflection point of the decreasing log E’, where the softening point has 

already been exceeded. In this region, significant molecular relaxation due to motions of the 

polymer chains makes the temperature for tan  maximum more sensitive to parameters such 

as molecular weight, crosslink density, filler content, and morphology.
7
 In addition, it has 

been observed that increasing the measuring frequency affects the shift in Tg in the tan  

damping peak maximum more than in the loss maximum.
21

 In other words, the Tg values 

determined from the peak of loss modulus only shift slightly with a change in the measuring 

frequency. The method for specifying Tg is prescribed by ASTM E1640-07.
7
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In the case of crystalline polymers, crosslinked thermosets, or heterophase polymers, the 

transition region is very broad and neither the peak E’ (or G’) nor tan  may be entirely 

suitable for specifying Tg. The choice of either E” or tan  might be taken depending on 

which appears sharper. For thermosets, Tg is an important parameter for engineering 

applications and is related to the degree of crosslinking. However, specifying Tg for 

thermosets is difficult because of the effect of crosslinking on relaxation in the transition 

region.
22

 The loss modulus E” decreases in intensity, broadens, and shifts to higher 

temperatures. The slope of storage modulus also decreases. For highly crosslinked polymers, 

E” curve can be very flat with no well-defined maximum value. In this case, the point where 

Tg should be taken is based on practical considerations. Based primarily on the criterion of 

retention of structural integrity, the point where E’ begins to drop from glassy value is the 

most appropriate Tg assignment.
7 

For DMTA measurement, organic-inorganic hybrid polymers and composites required 

different methods for sample preparation. As free-standing films of hybrid polymers can be 

brittle, the most suitable approach was to coat sol-solutions onto a fiberglass veil support. The 

samples were then cured according to the optimal curing regimes. Modulus and Tg were 

measured using a TA Q800 DMTA in dual cantilever mode at a frequency of 1 Hz with a 

heating rate of 3Cmin
-1

 by scanning films or specimens from 40 to 200C. 0.05% strain and 

Poisson’s ratio of 0.04 were applied. Typical dimensions of the sample used were about 50 

mm in length, 12 mm in width, and 0.5-2.5 mm in thickness. Storage modulus (E’), loss 

modulus (E”), and tan  as a function of temperature at a constant frequency were observed. 

4.2.4 Thermo gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) measures changes in physical or chemical properties of 

a sample as a function of temperature or time in a controlled atmosphere, where air or inert 

gas such as nitrogen, argon, or helium purges through the balance. TGA is used to determine 

mass loss or gain caused by loss of volatiles, oxidation, and decomposition.  

In this study, TGA was employed to corroborate the completion of condensation reaction of 

silanol group in OIHMs and the optimum curing time and temperature as further curing can 

be indicates by a mass loss due to the removal of water. TGA was also used to identify the 

degradation of organic components in OIHMs as well as the inorganic contents in the hybrid 
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materials. In addition, TGA was used to identify the moisture content of zeolite desiccant as 

zeolite was used to absorb water generated in the condensation reaction. 

A TA Instruments Q5000 IR TGA was employed to observe mass changes on heating for 

OIHMs in nitrogen atmosphere with the temperature range of 25 to 600C. A small sample of 

about 10 mg was heated and the TGA curves were plotted by converting the TGA signals to 

percent weight change on the Y-axis against the reference material temperature on the X-axis. 

It should be noted that the property measured by TGA is now referred to as mass and is no 

longer referred to as weight.
7
 However, in this study the mass changes of the material were 

reported as percent weight loss. 

4.2.5 Morphology observation 

The initial morphology observation on the structures of synthesized OIHMs was done using 

scanning electron microscope (SEM). A Philips field emission gun XL30S FEG SEM 

equipped with an energy-dispersive X-ray spectroscopy (EDS) and ultra-thin window SiLi 

(Lithium drifted) detector was employed. Small fractures of the materials were mounted on a 

pin specimen with double-sided adhesive tape. The pin specimens were then placed on 

stainless steel holders and sputter coated with platinum at the current and voltage of 5-10 mA 

and 1.1 kV, respectively. The coating was carried out for 600 seconds prior to the 

observation.  

In addition, the OIHMs morphology and microscopic orientation of reinforcing fibers and 

fillers in OIHMs were determined using polarizing microscopy. A Leica DM2500P 

microscope with 4x, 10x, 40x, and 63x magnification was employed. For the derived 

composites, Barska
®
 AY11336 digital microscope with 10x-300x magnification was 

employed. 

4.2.6 Solid-state nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy is one of the most powerful techniques utilized to investigate molecular 

properties of matter which can be individual compounds or large macromolecules. NMR is a 

physical phenomenon in which electromagnetic field is received and re-emit by atomic nuclei 

when they are irradiated. Their specific resonance frequency (0) is proportional to the 

strength of the magnetic field (B0) and the magnetic properties of the isotope of the atoms. 

23,24
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Among a number of nuclei obtained from the NMR spectra, 
29

Si
 
and 

13
C are the two most 

important nuclei for the characterization of hybrid materials. The 
29

Si
 
and 

13
C nuclei can be 

used to determine the level of polycondensation at silicon in the inorganic entity and the 

completion of epoxy ring opening reaction, respectively. 

The nuclei of many elemental isotopes have a characteristic spin (I) (i.e., integral spins, 

fractional spins, and no spin). The 
29

Si nucleus, with a spin of ½, is not abundant (4.7%). Its 

relaxation time may also be very long, especially in solids. These two characteristics make 

29
Si a nucleus difficult to exploit experimentally. However, 

29
Si NMR is sensitive to the 

second neighbor. Thus, different types of silicon atoms present in the material can be 

distinguished qualitatively.
25

 

In the sol-gel process of an organosilane, the Si atom is bonded at least to one atom of carbon 

and the four types of polycondensation can be described as T
1
, T

2
, T

3
, and T

0
 (corresponding 

to uncondensed species). The schematic diagram of the different entities that maybe formed 

in the polycondensation of RSi(OR’)3 are shown in Fig. 4.4. 

 

Figure 4.4 Structure of alkyltrisilanol (T
0
) and corresponding T

1
, T

2
,
 

and T
3
 

polycondensation species
25 

Similar to T species, silicon atom with the substitution by two carbon atoms can be easily 

identified in the case of OIHMs derived from di-functional organosilanes. The chemical 

shifts of these 
29

Si NMR signals are described as D
0
, D

1
, and D

2
. The schematic diagram of 

the D species is shown below. 
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Figure 4.5 Structure of dialkyldisilanol (D
0
) and corresponding D

1 
and D

2
 polycondensation 

species
25

 

In the OIHMs, a mix of T species is expected to be observed.
26

 In order to determine the 

completion of condensation reaction and the inorganic network formation in the fully cured 

OIHMs, a solid-state NMR is required to analyze such media with no or little mobility. In 

solution NMR, anisotropic NMR interactions caused by the shielding effect of asymmetric 

molecular orbitals are averaged out by the rapid tumbling of molecules in the solution. This 

results in NMR spectra consisting of a series of very sharp transitions. By contrast, the 

shielding effect from a solid sample with asymmetric molecular orbitals becomes orientation-

dependent with respect to the external field (B0) due to the lack of Brownian effect. Thus, 

solid-state NMR spectra are very broad as the full effects of anisotropic interactions are 

observed in the spectrum. For this reason, it is necessary to apply techniques to achieve 

resolution in spectra in order to resolve the spectral lines.
27,28,29

  

The effect of anisotropic dipolar interaction and heteronuclear dipolar-coupling can be 

suppressed by introducing artificial motions on the solid which involves rapid rotation of the 

sample in a cylindrical rotor about a spinning axis orientated at 54.74 with respect to the 

applied magnetic field (Fig 4.5). This spinning experiment became known as magic-angle 

spinning (MAS). In order for the MAS method to be successful, spinning has to occur at a 

rate equal to or greater than the magnitude of the anisotropic interaction to average it to zero. 

If the sample is spun at a rate less than the magnitude of the anisotropic interaction, a 

manifold of spinning sidebands becomes visible, which are separated by the rate of spinning 

(in Hz).
29,30
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Figure 4.6 Magic-angle spinning (MAS) 

When observing dilute spins (e.g., 
13

C, 
15

N, and 
29

Si), two common problems arise in the 

NMR measurement of solids. The low abundance of the nuclei produces poor signal-to-noise 

(S/N), and spin-lattice relaxation times tend to be very long. This is because strong 

homonuclear dipolar interactions which can stimulate relaxation transitions are largely 

absent. Only much weaker heteronuclear dipolar interactions are present. The long relaxation 

times result in long waiting times between scans (minutes). This becomes significant when 

several thousand scans are required to lower the noise to a suitable level.
30, 31

 

Cross polarization (CP) experiments can overcome both problems. The technique involves 

the transfer of magnetization (or polarization) from abundant nuclei (i.e., 
1
H, 

19
F, or 

31
P) to 

dilute nuclei (X). The cross polarization pulse sequence is shown in Fig. 4.7. With this 

technique, the S/N ratio in the spectrum can be increased significantly as a result of the 

reduction in the spin-lattice relaxation time. Because the magnetization originates from 

abundant spin (I), the spin-lattice relaxation time (T1) is limited by the recovery of the I and 

not that of the X spins. Since abundant spins are strongly dipolar coupled, they are, therefore, 

subject to large fluctuating magnetic fields resulting from motion. This induces rapid spin-

lattice relaxation at the abundant nuclei, which means the pulse sequence can be repeated 

much more rapidly than in a direct excitation experiment.
32

 

Cross polarization also enhances signal from dilute spins potentially by a factor of I/X, 

where  is the gyromagnetic ratio. It is a proportionality constant between the magnetic dipole 

moment and the angular momentum, specific to each nucleus.
29 
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Figure 4.7 The cross polarization pulse sequence. The effect of the sequence is to transfer 

magnetization from the abundant 
1
H spins in the sample to the X spin via the agency of the 

dipolar coupling between 
1
H and X spins.

30 

Another technique that is considered important in obtaining high quality, well-resolved 

spectra, especially from solid samples, is high power decoupling (HPDEC). When observing 

a dilute spin (e.g., 
13

C or 
15

N) of organic or organometallic compounds with many 
1
H or other 

abundant spins nearby, extensive line broadening causes a serious problem to an already 

weak spectrum. This is because heteronuclear dipolar interactions such as (
13

C,
1
H) or 

(
15

N,
1
H) can be very strong (up to ~50kHz). The effect causes NMR signals in the spectrum 

to be split into multiple peaks which are up to several hertz frequency from each other. High 

power decoupling is a simple technique which eliminates fully or partially the effect of 

coupling between certain nuclei. The method (Fig. 4.8) consists of applying a continuous 

irradiation of very high power (100-1000 watts) at the frequency or frequency range of the 

proton resonance. The required pulse sequence for the analyzed dilute nuclei is then applied, 

and the free induction decay (FID) is measured while continuing the 
1
H irradiation. 
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Figure 4.8 High power decoupling is applied to the 
1
H spins during the acquisition of the X 

spin spectrum.
30 

In addition to the 
29

Si NMR study of the derived OIHMs, the completion of the epoxy ring 

opening reaction was evaluated from 
13

C NMR spectrum. The GPTMS precursor shows six 

main resonance peaks according to six carbon atoms in the molecule (Fig. 4.9). The 

completion of epoxy ring opening reaction can be determined by monitoring the relative 

intensities from the epoxy ring carbons (5 and 6). 

 

Figure 4.9 Chemical structure of GPTMS precursor with the numbers next to the carbon 

atoms for identification in the 
13

C NMR spectra 

In this study, solid-state NMR measurements were performed on a Bruker 200 DRX 

spectrometer at a magic angle spinning (MAS) rate of 5 kHz. The radio-frequency field 

strengths for 
13

C and 
29

Si NMR spectra pulses were 50.3 and 39.8 MHz, respectively. For the 

standard cross-polarization (CP) experiment, each 1.5 s pulse delay was followed by a proton 

preparation pulse of duration tp = 4.6 s, a 1 ms contact time, and a 30 ms acquisition time. 

The proton transmitter power was increased to a value corresponding to a 90 pulse width of 

2.8 s for proton decoupled during 
13

C data acquisition.
33

 For 
29

Si solid-state NMR, single 
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30 excitation pulses, relaxation delays between 20, and 30 s and high power proton 

decoupling were employed. All NMR measurements were carried out at 30C. 
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Chapter 5 Organic-inorganic hybrid materials 

5.1 Synthesis of organic-inorganic hybrid materials 

5.1.1 GPTMS/DETA 

The hydrolysis and condensation reactions of functionalized silane coupling agents were 

done by mixing GPTMS (0.02 mol) with distilled water (0.06 mol) at ambient temperature. 

The pH of the solution was adjusted to 2 by adding 1 M HCl. The solution was vigorously 

stirred for 2 h. DETA (0.004 mol) was added to the sol solution and the stirring continued for 

an additional 5 min. The sol solution was then transferred onto a glass plate covered by a 

Teflon fabric and dried as bulk. For DMTA sample preparation, the sol solution was cast on 

to a fiberglass veil support with the dimensions of 12 mm wide and 60 mm long to form thin 

films. The gel was cured in an oven at 100C for 24 h and post cured at 150C for 4 h. 

5.1.2 GPDMS/DETA 

GPDMS/DETA hybrid material was synthesized using the conditions and procedure that 

were used for GPTMS/DETA. However, smaller amount of distilled water (0.04 mol) was 

required to hydrolyze with 0.02 mol of GPDMS.  

5.1.3 GPTMS/AEAPTMS 

GPTMS and AEAPTMS were hydrolyzed separately. For the GPTMS precursor, the sol-gel 

process was carried out as previously described in 5.1.1. AEAPTMS (0.0067 mol) was 

hydrolyzed with distilled water (0.02 mol) without adding acid catalyst. Both sol solutions 

were vigorously stirred for 2 h and then mixed together. The solution mixture was stirred for 

an additional 5 minutes. The resulting sol solution was dried using the same curing regime for 

GPTMS/DETA. 

5.1.4 GPTMS/HHPA 

The sol-gel process of GPTMS used the same reaction conditions as used in the 

GPTMS/DETA synthesis. After stirring for 2 h, HHPA (0.01 mol) was added to the sol 

solution and the stirring continued for an additional 5 min. The sol solution was then cured at 

100C for 24 h followed by post curing at 150C for 24 h. 
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5.1.5 GPDMS/HHPA 

GPDMS/HHPA was synthesized using the same conditions and procedure described above 

but the hydrolysis of GPDMS was done by mixing 0.02 mol GPDMS with 0.04 mol of 

distilled water. 

5.1.6 GPTMS/DMP-30 

The sol-gel process of GPTMS precursor was carried out as previously described in 5.1.1. 

The self-polymerization of epoxy rings was initiated by adding 5% (w/w) of DMP-30 and the 

solution was stirred for 5 min. The resulting sol solution was then dried using the same curing 

regime for GPTMS/HHPA. 

5.2 Results and discussion 

5.2.1 Preparation of OIHMs 

As mentioned in Chapter 2, the structure and morphology of the OIHMs synthesized via a 

sol-gel process are directly related to the conditions in which the hydrolysis and condensation 

reactions are carried out. Key parameters that are as follows: 

5.2.1.1 Catalysts 

In the sol-gel process, both hydrolysis and condensation reactions require a catalyst to be 

efficient at moderate temperatures and the pH of the solution to be carefully controlled as the 

microstructure of the derived gel is highly pH dependent. The catalysts may be acidic (H
+
), 

basic (OH
-
), or nucleophilic (i.e., F

-
). Acid-catalyzed hydrolysis of silicon alkoxides involves 

the protonation of the alkoxide group in a fast step followed by a bimolecular SN2-type 

displacement of the leaving group by water.
1
 Even though rates of hydrolysis by both 

mechanisms are influenced by the nature of the alkoxyl group on silicon as well as the 

leaving alkoxyl group, the rate of hydrolysis generally proceeds more rapidly than base 

hydrolysis.
2,3,4

 The rate of silicon alkoxides hydrolysis exhibits a minimum at pH 7 and 

increases tremendously at lower pH.
5
 Under basic condition, the hydrolysis proceeds through 

an attack on silicon by a hydroxyl ion to form a pentavalent negatively charged intermediate 

followed by a bimolecular displacement of alkoxyl by the hydroxyl group. The mechanisms 

of both acid- and base-catalyzed hydrolysis are shown in below. 
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Figure 5.1 Mechanism of the first step of (a) acid-catalyzed hydrolysis and (b) base-

catalyzed hydrolysis
6 

In the condensation reaction, inorganic polymeric species are formed into different shapes 

and textures due to the difference in selectivity between acid- and base- catalyzed reaction.
7
 

Acid catalysis is directed preferentially towards the ends of oligomers. Consequently, 

primary linear or randomly branched polymers are formed which entangle and form 

additional branches resulting in gelation. After drying, a weakly branched polymer of highly 

microporous xerogel with a very fine texture is obtained (Fig. 5.2).
7,8,9

  

In the case of basic conditions, the condensation rate is much faster than that of the acid-

catalyzed condensation and the reactivity increases with a decreasing number of alkoxyl 

groups.
10

 Silanol groups condense preferentially continues along the inner centers of 

oligomers and not at the ends, hence, more highly branched clusters are formed.
6
 Unlike 

highly entangled polymers formed under acid conditions, these clusters do not interpenetrate 

prior to gelation and behave as discrete species. The gelation occurs by linking clusters in a 

manner similar to colloidal gel formation, leading to highly branched dense silica network. 

The branched nanostructures are then formed into small spheric particles of meso- or 

macroporous xerogels after drying.
11

 

(a) 

(b) 
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Figure 5.2 Schematic representation of gel desiccation for (a) acid-catalyzed gels and (b) 

base-catalyzed gels.
11 

In this study, GPTMS and GPDMS were hydrolyzed under acid conditions. However, the sol-

gel process of GPTMS/DETA, GPDMS/DETA, GPTMS/AEAPTMS, and GPTMS/DMP-30 

were two-step acid-base catalyzed as basic curing agents were added, resulting in an increase 

in pH of the sol solutions. The OIHMs obtained from these intermediate conditions exhibited 

intermediate structures and textures.
12

 For GPTMS/HHPA and GPDMS/HHPA, the sol-gel 

process was one-step acid-catalyzed which is the most preferred condition to obtain 

monoliths instead of aggregates formed under basic conditions.
13

 

In the hydrolysis, two-phase solution was initially observed due to poor solubility of 

alkoxysilanes in water.
3
 After acid catalyst was added, the solution became a single clear 

phase instantly, indicating the acceleration of hydrolysis reaction and the presence of silanol 

groups. In contrast, the hydrolysis of AEAPTMS, which was under basic condition, required 

longer time for the solution to become one phase. This confirms that the reaction rate of base-

catalyzed hydrolysis was noticeably slower than the acid-catalyzed reaction. However, the 

hydrolysis rate of GPTMS and GPDMS precursors can be reduced because the bulky 

glycidoxypropyl group destabilizes the pentacoordinated configuration formed as an 

intermediate species.
10 

 

(a) 

(b) 
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5.2.1.2 Amount of water 

The degree of condensation and network structure of the resulting gels are determined by the 

amount of water available in the sol-gel process. A dense microporous silica network arises 

from the sol solution with a low addition of water as a result of linear chain condensation and 

growth mechanism. In other words, the water content in the sol solution is less than or equal 

to the stoichiometric amount to hydrolyzable alkoxyl groups (-OR). With excessive additions 

of water (the ratio of H2O/-OR ≥ 5), the silanol groups condense to form ring structures and 

form a particulate like silica network. In the case of intermediate water content (the ratio of 

H2O/-OR is between 1 and 5), the condensation and growth mechanism leads to the 

formation of branched network of cyclic rings with porous structure.
14

 

 

Figure 5.3 Sol condensation processes and gel microstructures as a function of the ratio of 

water content to hydrolyzable alkoxyl groups observed in water-based gels with (a) low water 

additions, (b) intermediate water additions and (c) excessive water additions.
14 

In general, a stoichiometric molar ratio of water to Si-(OR)n is required to complete the 

hydrolysis.
15

 Lower molar ratio of H2O/-OR could result in partial hydrolysis which leads to 

less developed network structure. At higher molar ratios, greater stress generation and crack 

formation occur in the curing stage due to higher capillary pressure. Because the capillary 

pressure is proportional to surface tension of the vaporizing liquid and H2O has much higher 

surface tension than the alkoxyl groups, the capillary pressure would be larger at higher  

H2O/-OR ratios.
16

 Therefore, in this study a stoichiometric amount of water was chosen for 

(a) (b) (c) 
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the hydrolysis of tri-functional and di-functional silanes. GPTMS and GPDMS were 

hydrolyzed with 3 mols and 2 mols of water, respectively. However, it should be noted that 

the initial water content in the sol solution could be increased due to the ambient humidity 

causing further hydrolysis during the course of the experiment. 

5.2.1.3 Type of solvent 

Due to poor solubility of organosilanes in water, a mixture of water and an organic solvent 

(i.e., alcohols, toluene, THF) are often used in the hydrolysis reaction. However, high dilution 

with organic solvents can lead to a high content of oligomers and a decrease in the yield of 

SiO2.
15 

Moreover, hydrolysis of tri-functional silanes, such as trichlorosilanes and 

trialkoxysilanes, with excess water and organic solvent results in the formation of cage 

structures called polyhydral oligomeric silsesquioxane (POSS).
17

 These different types of 

oligomers, POSS, and many other cage-like structures can affect the composition and the 

homogeneity of the final material.  

 

Figure 5.4 POSS derived from tri-functional silanes; (a) cage structure and (b) partial cage 

structure.
18

 

In this study, the hydrolysis reactions of GPTMS and GPDMS were carried out in 100 

percent aqueous solution. As the methoxyl groups hydrolyzed, the silanol group and the 

alcohol by-product dissolved into the aqueous solution and the two-phase solution became 

clear. Therefore, the use of an organic solvent in the reaction solution was unnecessary.  

5.2.1.4 Aging and drying 

Once the condensation reaction has commenced, gelation takes place either when the surface 

charges are decreased (i.e., by pH change) or when the particle-to-particle distance is reduced 

below the repulsing level by solvent evaporation.
19

 At the gel point, the formed polymer 

(a) (b) 



80 
 

structure is frozen in liquid phase due to sharp increase in viscosity of the solution.
11

 

However, this frozen-in structure may change considerably during the aging and solvent 

removal process which affect the homogeneity and porosity of the silica gels. 

After gel formation, reactive silanol groups are still in the system as both hydrolysis and 

condensation are not completed. Aging the gel helps stiffening the gel network, however, it is 

a rather slow process at room temperature. Thus, heating at relatively high temperatures (100-

500C) is required to accelerate the gel densification by removing water, alcohol, and other 

volatile components.
15

 The decrease in volume of the liquid phase causes gel shrinkage as the 

network gradually collapses, resulting in an additional formation of covalent Si-O-Si bonds 

as unreacted hydroxyl and alkoxyl groups come in contact. If phase separation does not 

occur, the gel network continues to collapse and crosslink, making it becomes stiffer. 

Porosity of the gel develops when the gel network is sufficiently strengthened to resist the 

capillary contraction. Stresses generated by this capillary contraction may cause the gel to 

fracture if the relaxation is deficient. Thus, monolithic silica glasses and silica-based 

functional glasses are difficult to obtain.
20,21, 22

 

In this study, all wet gels were dried at 100C for 24 h followed by post curing at 150C. The 

gels derived from GPTMS/DETA, GPDMS/DETA, and GPTMS/AEAPTMS were post cured 

for 4 h only while the other gels were post cured for 24 h. This is because the presence of 

unreacted amine in the wet gel decomposed or volatilized on heating at high temperature 

and/or for long period of time causing the change in color from yellow to dark brown. The 

decomposition of excess amine tends to decrease the initial decomposition temperature and 

mechanical properties of the cured OIHMs.
23,24

 

The derived OIHMs were found to be prone to cracking, especially GPTMS/DETA and 

GPTMS/AEAPTMS. Bulk OIHMs cannot be obtained as the gel cracked during drying at 

both room temperature and higher temperatures (e.g., 100 and 150C). This result could be 

explained by the inorganic network formation in the two-step acid-base catalyzed solution. 

As mentioned earlier, condensation rate of silanol group in basic conditions are much faster 

than acid conditions. Although intermediate structures and textures are formed in the acid-

base catalyzed systems, the rate of condensation reaction would be faster in the second step 

than in the first step. Thus, the derived OIHMs are expected to compose a large content of 

linked clusters and a small content of entangled linear chains. Therefore, the derived OIHMs 
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formed fragments rather than monoliths, which can be obtained from one-step acid catalyzed 

sol-gel process as described in the previous studies. 

 

Figure 5.5 OIHMs derived from a sol-gel process; (a) GPTMS/DETA dried at room 

temperature as bulk, (b) GPTMS/DETA and (c) GPTMS/AEAPTMS dried at 100C in a 

Petri dish. 

However, GPTMS/HHPA formed under one-step acid catalyzed condition still showed some 

degree of cracking in the bulk OIHM. As shown in Fig. 5.6, bulk OIHM was obtained with 

the thickness of about 7 mm while the fragments of other OIHMs (Fig. 5.5) have the 

thickness of 1 mm or less.  

 

Figure 5.6 Bulk OIHM of GPTMS/HHPA 

It has been proposed that in the gel to glass conversion, at least four mechanisms contribute 

to shrinkage: (1) capillary contraction due to the increase in surface energy, (2) condensation 

polymerization, (3) structural relaxation, and (4) viscous sintering. The shrinkage caused by 

capillary contraction was suggested to account for only 3% to the total observed shrinkage in 

(a) (b) (c) 
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which the capillary contraction occurs in the temperature range of 25-150C.
25

 Internal 

stresses generated by this shrinkage could also contribute to the gel cracking even though the 

shrinkage is considered to be small. 

The cracking found in OIHMs contradicts results reported from a previous study
26

. Bulk 

specimens were prepared via a sol-gel process of GPTMS under similar conditions. The sol 

solution was allowed to set as a block at room temperature and the bulk materials were 

obtained. 

For thin free-standing films, the sol solutions were cast into a thin film sandwiched in 

between two glass plates covered with Teflon sheets. The dried OIHMs showed some degree 

of shrinkage. The films fractured and curled (Fig.5.7). 

 

Figure 5.7 Thin free-standing film of GPTMS/DETA. 

As mentioned in Chapter 3, cracking can be lessened by reducing the crosslinking capabilities 

of the silane precursors. Cracking in GPDMS/DETA was significantly improved. Thick films 

or monoliths can be obtained even though the OIHMs were synthesized from a two-step acid-

base catalyzed reaction.  
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Figure 5.8 Monolithic OIHMs of (a) GPDMS/DETA and (b) GPDMS/HHPA 

5.2.1.5 The formation of organic entities 

Another factor that can contribute to cracking is the formation of organic entities in OIHMs. 

Cracking was not found in GPTMS/DMP-30 even though this OIHM was synthesized under 

acid-base catalyzed sol-gel process as GPTMS/DETA and GPTMS/AEAPTMS. This can be 

explained by the way that the organic networks are formed in the OIHMs. 

 

Figure 5.9 Monolithic of GPTMS/DMP-30 

As mentioned in Chapter 2, organic networks formed by aliphatic amine curing agents are the 

result of oxirane ring opening by active hydrogen atoms of primary and/or secondary amine 

groups. The opened oxirane ring is then crosslinked with the aliphatic amine. Thus, in theory 

DETA and AEAPTMS can crosslink with five and three oxirane rings, respectively. In 

GPTMS/DETA and GPTMS/AEAPTMS, the agglomerated siloxane network is believed to 

be linked together by the curing agent, which is scattered in the gel. The developed network 

is expected to be highly crosslinked. These gels contained a large number of small pores and 

(a) (b) 
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are, therefore, prone to cracking due to the capillary force generating stress in the gel 

network. 

 

Figure 5.10 Crosslinking of five oxirane rings with DETA 

In contrast, the density of organic network in GPTMS/DMP-30 was believed to be lower than 

those mentioned above. Tertiary amines open the oxirane ring and polymerize to form linear 

chains of poly(ethylene oxide). These linear chains are not crosslinked with siloxane network. 

Therefore, the overall network crosslink density of this OIHM is lower than those of 

GPTMS/DETA and GPTMS/AEAPTMS as linear polymer chains are trapped within the 

siloxane network. The gel structure is believed to contain large pores similar to those 

synthesized under one-step acid catalyzed sol-gel process. Thus, much lower degree of 

cracking occurred during gel densification. 

 

Figure 5.11 Linear chain of poly(ethylene oxide) 

In this study, ethylene diamine (EDA) was also employed as an amine curing agent. EDA 

comprises two primary amine groups which in total have four active hydrogen atoms. The 

derived OIHM was expected to have lower degree of crosslinking. However, the cracking 

was still found in the resulting dried gel and bulk sample was not able to obtain. 
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5.2.2 Other silane coupling agents 

Different epoxide ring opening strategies and different type of organic network in OIHM 

were also investigated. The details are described below. 

5.2.2.1 Amine functionalized silane coupling agent 

EPODIL
®
750 Diluent or 1,4-butanediol diglycidyl ether (BDGE) was crosslinked using 3-

aminopropyl triethoxysilane (APTES). BDGE has two epoxide groups and APTES has two 

active hydrogen atoms. Therefore, the derived OIHM is expected to have lower degree of 

crosslinking than GPTMS/DETA. However, the obtained gel formed fragments rather than 

monolith gel. This could be explained by the gel network formation under one-step base 

catalyzed sol-gel process in which the silanol groups condensed to form clusters. The clusters 

were then link together by BDGE. 

 

3-aminopropyl triethoxysilane (APTES) 

 

1,4-butanediol diglycidyl ether (BDGE) 

Figure 5.12 The chemical structures of 3-aminopropyl triethoxysilane and 1,4-butanediol 

diglycidyl ether 

5.2.2.2 Polyetheramine curing agents 

Polyetheramine-based hardeners undergo typical amine reactions with epoxy. They are 

generally used in the applications where high flexibility and toughness are required. 

Jeffamine
®
 D-230 is a di-functional, primary amine terminated poly(propylene glycol) 

(PPGs) with an average molecular weight of about 230 gmol
-1

. The primary amine groups 

are located on the secondary carbon atoms at the end of the aliphatic polyether chain. 
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x  2.3 

 

Figure 5.13 Chemical structure of Jeffamine
®
 D-230 and the reaction with epoxides 

Another polyetheramine that was selected as long-chained amine curing agent was Aradur
®
 

3275. Both GPTMS/Jeffamine
®
 D-230 and GPTMS/Aradur

®
 3275 OIHMs possessed high 

flexibility. However, bulk OIHMs cannot be obtained. Instead, the dried gel cracked into 

large fragments (Fig. 5.14).  

 

Figure 5.14 OIHMs of (a) GPTMS/Jeffamine
®
 D-230 and (b) GPTMS/Aradur

®
 3275 

5.2.2.3 Acrylic functionalized silane coupling agents 

OIHMs containing acrylate polymer was synthesized by radical polymerization of 

methacryloxypropyl trimethoxysilane (MAPTMS) and 3-methacryloxypropyl 

dimethoxysilane (MAPDMS) using azobisisobutyronitrile (AIBN) as a radical initiator. 

MAPTMS and MAPDMS precursors were first hydrolyzed in acid condition followed by the 

radical polymerization at 75°C. However, the OIHMs of MAPTMS and MAPDMS cannot be 

(a) (b) 
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successfully synthesized due to precipitation of poly(methyl methacrylate) in the presence of 

methanol by-product. Therefore, the obtained OIHMs showed a significant level of phase 

separation. 

A similar finding was reported in the study of OIHMs based on poly(n-butyl methacrylate-

co-(3-(methacryloxypropyl) trimethoxysilane). The derived hybrid polymer exhibited 

heterogeneous phases when the silane content was increased to 40 mol%. The hybrid system 

became complicated with the formation of siloxane network when the silane content reached 

50 mol% or higher.
27

 Moreover, it was found that the conversion of the double bonds in 

MAPTMS was low due to the tight packing of the methacryloxy groups in the formed hybrid 

network, leading to obstruction through the growing polymer chains.
28

 Thus, the OIHMs 

exhibited low content of organic species. 

5.2.3 Characterization 

5.2.3.1 Morphology observation 

The initial morphology of GPTMS/DETA was revealed by SEM. The OIHM fragments 

derived from acid- and acid-base catalyzed sol-gel process showed no significant difference 

in morphology. However, the cellular structure or voids can be found in some areas of 

GPTMS/DETA synthesized under two-step catalyzed reactions (Fig. 5.15 (b)). This pore 

formation could be explained by the difference in gel densification due to the combination of 

siloxane network formation and crosslinking degree of formed network. 

As mentioned previously linear siloxane chains are formed under acid catalyzed 

condensation, the OIHMs derived from acid-base sol-gel process are expected to be highly 

amorphous and not as dense as the gel network forming under one-step basic catalyzed sol-

gel process in which discrete spheric siloxane is formed. This fuzzy gel network allows more 

liquid to retain in the gel due to large free volume within the network. During drying, liquid 

evacuation causes the gel to shrink, resulting in pore and void formations.  

The formation of siloxane network could also affect crosslinking of the organic species and 

the overall network structure of OIHMs. In the system where siloxane clusters are formed, 

oxirane ring opening and crosslinking by DETA tends to be more efficient as crosslinking in 

amorphous siloxane network is hindered by steric effects. Therefore, the OIHMs of 

GPTMS/DETA derived from one-step catalyzed sol-gel process exhibit mesoporous structure 
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with high degree of crosslinking while macroporous structure was obtained from acid-base 

catalyzed sol-gel process. 

In the case of GPTMS/EDA synthesized under acid-base catalyzed sol-gel process (Fig. 5.15 

(d)), pore formation was not observed as in GPTMS/DETA synthesized under the same 

catalyzed conditions. This could be due to lower degree of crosslinking. EDA curing agent 

has three active hydrogen atoms to open and crosslink with epoxide groups while DETA has 

five active hydrogen atoms. The OIHMs of GPTMD/EDA with lower degree of crosslinking 

is expected to be denser compared to GPTMS/DETA. Therefore, pore or void formation was 

not observed in GPTMS/EDA.  

 

Figure 5.15 SEM images of OIHMs (a) GPTMS/DETA fragment, (b) void structure in 

GPTMS/DETA synthesized at pH 2, (c) GPTMS/DETA synthesized at pH 10, and (d) 

GPTMS/EDA synthesized at pH 2 

(a) (b) 

(c) (d) 
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The morphology of OIHMs prepared for DMTA measurement was also analyzed using 

polarizing microscopy. As described previously, DMTA samples of OIHMs were prepared 

by casting sol-solutions on fiberglass veil supports and the samples were dried under optimal 

curing conditions. The microstructures of fiberglass and basalt fiber veils are shown in Fig. 

5.16.  

 

Figure 5.16 Microscope images (a) fiberglass veil and (b) basalt veil 

Microscope images of OIHM samples showed that most samples exhibited homogeneous 

polymer matrix in fiberglass veil support. However, small air pockets with the size ranging 

from 50 – 80 m and microscopic cracks were observed in the OIHM of GPTMS/HHPA 

(Fig. 5.17). The presence of air pockets and the microcracks in polymer matrix could be due 

to trapped water and stresses caused by gel shrinkage, respectively. These observations were 

not found in the OIHMs of GPDMS/HHPA. 

 

Figure 5.17 Microscope images of (a) GPTMS/HHPA and (b) GPDMS/HHPA 

100 m 

 

100 m 

 

100 m 100 m 

 

(a) (b) 

(a) (b) 



90 
 

5.2.3.2 Attenuated total reflectance spectroscopy (FTIR-ATR) 

The optimal conditions for OIHM syntheses were investigated using infrared spectroscopy in 

which the change of functional groups in IR spectrum related to hydrolysis, condensation and 

oxirane ring opening reactions were monitored. The infrared spectrum of GPTMS precursor 

is shown in Fig. 5.18. The epoxy group showed characteristic absorption band at 3045 cm
-1

, 

which are attributed to C-H stretching mode of the terminal CH2 group in the oxirane ring. 

Another absorption band was observed at 2758 cm
-1

.
29

 This observation is seldom reported in 

literature. The epoxy ring breathing vibration was detected at 1251 cm
-1

 and the asymmetrical 

ring stretching bands occurred at 910 and 855 cm
-1

.
29,30,31,32,33,34

 For methoxyl groups, the 

characteristic absorptions of Si-OCH3 were located at 2841, 1194, 1088 and 821 cm
-1

.
35,36

 In 

the -CH stretch region, GPTMS exhibits -CH2 asymmetric stretching and -CH3 symmetric 

stretching vibrations at 2939 and 2872 cm
-1

, respectively.
37

 

 

Figure 5.18 FTIR spectrum of GPTMS precursor 

In hydrolysis, GPTMS was reacted with a stoichiometric amount of water at pH 2 and the IR 

spectra of the derived sol-solution were taken after the reaction time of 30, 60, 90, and 120 

min (Fig. 5.19). The characteristic peaks of the methoxysilyl group at 2841, and 821 cm
-1 

disappeared after the hydrolysis was carried out for 30 min, suggesting fast hydrolysis rate 

and the completion of hydrolysis reaction. This result is in a good agreement with an 

observation of change in the phase of reaction solution. After acid addition, the reaction 

solution changed from two-phase to one-phase solution within seconds, indicating the 
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formation of silanol groups. The absorptions at 1194 and 1088 cm
-1

 cannot be seen as they 

were either disappeared or masked by the bands between 1200 and 1000 cm
-1

. This result 

indicates that the Si-OCH3 groups were hydrolyzed and transformed to silanol groups. Silanol 

showed a sharp band due to Si-OH bond stretching vibration at 3745 cm
-1

 and a single broad 

band at 935 cm
-1

.
38,39,40

 The broad absorption peaking around 3400-3200 cm
-1

 is also 

attributed to -OH stretching due to the Si-OH group and C-OH group from methanol 

byproduct.
29,34,36,40

 The intensity of this absorption peak increased with increasing reaction 

time which suggests that more silanol groups were formed and more methanol by-product 

was generated as the hydrolysis reaction proceeded. The same trend can also be observed in 

the other absorption bands attributed to methanol. As shown in Fig. 5.20, the absorption 

bands of methanol at 1540, 1507, 1465, 1454, 1411, 1380, 1212, 1152, 1029, and 827 cm
-1

 

were detected in the spectra of GPTMS sol solution and the intensity of these bands 

increased. 

 

Figure 5.19 FTIR spectra of hydrolyzed GPTMS after (a) 30 min, (b) 60 min, (c) 90 min, and 

(d) 120 min at pH 2 

In general, siloxanes show one or more very strong infrared bands in the regions 1130-1000 

cm
-1

. Disiloxanes and small-ring cyclosiloxanes show a single Si-O-Si band. As the siloxane 

chains become longer or branched, the Si-O-Si absorption becomes broader and more 
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complex, showing two or more overlapping bands.
36

 The single absorption occurred at 1106 

cm
-1

 is due to the Si-O-Si asymmetric stretching vibration.
31,34 

 

Figure 5.20 FTIR spectrum of methanol 

For epoxy groups, the IR absorptions were quite weak compared to the absorptions of other 

functional groups in the GPTMS sol-solution. It can be seen that the characteristic 

absorptions of epoxy group present throughout the hydrolysis of methoxyl group. This result 

indicates that epoxy ring opening reaction did not take place during hydrolysis. The band at 

3045 cm
-1

 appeared as a small shoulder of the broad band corresponded to -OH stretching. 

The band at 910 cm
-1

 was overlapped with the absorption of Si-OH group at 935 cm
-1

. The 

absorption at 855 cm
-1

 cannot be seen due to overlapping with the sharp band of Si-OH at 

827 cm
-1

.  

In the hydrolysis of GPTMS, Plueddemann
1
 suggested that acid catalysts must be avoided if 

the epoxy group is to be retained. This has been proved to contradict to several studies done 

by other researchers. Shen et al.
41

 reported that epoxy group may be hydrolyzed under acidic 

conditions. However, the epoxy ring opening reaction is much slower than that of the alkoxyl 

group and only in very late stage does the reaction of the epoxy groups become more 

important. Thermal treatment, strong acidity, and the addition of oxide particles or organic 
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amines are necessary to activate epoxy opening. Their study showed that without any further 

treatment, the ring opening reaction of GPTMS is not dominant during hydrolysis under 

acidic conditions. This is in good agreement with the study done by De Buyl et al.
42

 which 

suggested that there was no epoxy ring opening during the first 100 min of GPTMS 

hydrolysis under acid conditions. On the other hand, Greenwood et al.
43

 and Davis et al.
26

 

concluded that the epoxy group of GPTMS was not affected during hydrolysis. 

 

Figure 5.21 FTIR spectra of GPTMS sol-solution after (a) 5 min, (b) 10 min, and (c) 15 min 

of amine addition 

The epoxy ring opening reaction was carried by the addition of DETA curing agent. IR 

spectrum of the sol-solution (Fig. 5.21) showed two characteristic absorption bands at 3355 

and 3281 cm
-1

 as a result of N-H stretching vibration of primary and secondary amine, 

respectively.
44,45

 The characteristic absorption of secondary amine cannot be seen in the 

range of 3350-3310 cm
-1

 due to the overlapping bands corresponding to primary amine. 

During the epoxy ring opening reaction, intensity of the peak positioned at 3045 cm
-1 

decreased with time. The characteristic absorption of epoxy ring at 910 cm
-1

 disappeared after 

10 min of amine addition. It should be noted that pH of the sol-solution was increased and the 

condensation reaction of silanol group was accelerated by base catalysis. Consequently, more 

Si-O-Si bonds were formed and the siloxane network was developed rapidly. This is evident 
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by an increase in intensity of the Si-O-Si band at 1105 cm
-1

 and the absorption of silanol 

appearing at 1029 cm
-1

 shifted to 1039 cm
-1

 which is also due to Si-O-Si bond. In addition, 

the sol-solution became gel within 15 to 20 min. 

 

Figure 5.22 FTIR spectrum of DETA 

After the curing process, liquid in the gel network was removed and the gel solidified. The IR 

spectrum of GPTMS/DETA OIHM was shown in Fig. 5.23. The broad absorption band 

assigned to -OH stretching vibration at 3389 cm
-1

 was detected, indicating the presence of   

C-OH of opened epoxy rings and Si-OH of remaining silanol group. The presence of C-OH 

groups is confirmed by out of plane bending mode appearing at 687 cm
-1

 and the absorption 

band of silanol is located at 915 cm
-1

.
46,47,48

  The presence of silanol group indicates that the 

condensation reaction of silanol group was not complete and the siloxane network was not 

fully developed. The formation of siloxane network is evident by the two characteristic 

absorption bands at 1114 and 1043 cm
-1

 which are assigned to asymmetric Si-O-Si stretching 

mode of polysiloxanes.
35,36,49

 The vibrational band at 782 cm
-1

 is assigned to the Si-O-Si 

symmetric stretch.
50

 N-H stretching vibration of secondary amine at 3281 cm
-1

 can be seen 

overlapping with the broad -OH stretching band. N-H in plane bending mode of secondary 

amine also appeared at 1459 cm
-1

. This result suggests that some of the secondary amine was 

not reacted and crosslinked with the epoxy ring. In respect to the presence of secondary 

amine, the characteristic absorptions of epoxy ring with low intensity were observed at 1251 
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and 855 cm
-1

. The absorption at 1640 cm
-1

 is due to the deformation mode of absorbed 

water.
29,51 

 

Figure 5.23 FTIR spectrum of GPTMS/DETA hybrid material 

Unreacted silanol groups in cured hybrid polymers has been widely reported. Typically, the 

conversion of GPTMS to siloxane glass tends to be lower than that of tetraethyl orthosilicate 

(TEOS) to silica during the sol-gel process. The condensation reaction of silanol group 

cannot be completed due to the bigger sterical hindrance from the bulky -glycidoxypropyl 

group of GPTMS compared with ethoxy group of TEOS. Therefore, a fully crosslinked 

inorganic network is unlikely to be obtained.
26,52,53,54

  

Furthermore, unreacted epoxy rings in the cured hybrid polymers are also related to steric 

hindrance caused by the inorganic phase. The study of Macan et al.
55

 showed that total 

conversion of epoxy groups in bisphenol A diglycidyl ether (DGEBA) decreased with 

increasing content of GPTMS, this was evident by FTIR and Soxhlet extraction.  

It should be noted that the two absorption peaks at 2872 and 2841 cm
-1

, which are related to   

-CH3 stretching modes, cannot be seen. Instead, a new absorption was detected at 2862 cm
-1

 

which can be assigned to -CH2 symmetric stretching vibration.
56

 It could be concluded that no 

methoxyl groups were left unreacted. 
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For epoxy di-functional silane, the IR spectrum of GPDMS is similar to that of GPTMS (Fig. 

5.24). The absorptions due to terminal epoxy ring were detected at 3053, 2758, and 908 cm
-1

. 

The bands at 1250 and 855 cm
-1

 cannot be seen as they overlap with the absorption band of 

Si-CH3 group at 1258 cm
-1

 and the absorption band of C-O at 837 cm
-1

, respectively.
57

 The 

other absorption peaks due to the methyl group attached to silicon also appear at 1385 and 

803 cm
-1

.
36,58,59

 The bands at 2938 and 2872 cm
-1

 are due to the -CH2 asymmetric stretching 

and -CH3 symmetric stretching vibrations, respectively. The characteristic bands for 

methoxysilyl group can be located at 2836 and 1088 cm
-1

. 

 

Figure 5.24 FTIR spectrum of GPDMS precursor 

The IR spectrum of GPDMS/DETA OIHM is shown in Fig. 5.25. A broad absorption band at 

3407 cm
-1

 is assigned to -OH stretching vibration. The peak with low intensity at 3738 cm
-1

 is 

attributed to Si-OH band stretching vibration. The presence of -OH group, again, suggests 

that the condensation reaction of silanol group was not complete. The Si-CH3 group showed 

the absorption bands at 1261 cm
-1

 due to CH3 symmetric deformation and the CH3 rocking at 

798 cm
-1

.
60
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Figure 5.25 FTIR spectrum of GPDMS/DETA hybrid material 

It can be seen that the IR spectrum of GPDMS/DETA showed different absorption bands for 

Si-O-Si bond compared to that of GPTMS/DETA. The difference in band positions 

represents the different siloxane structures. As mentioned previously, the siloxane network in 

the OIHM derived from tri-functional silane (GPTMS) is three-dimensional (Fig. 5.26) 

whereas the GPDMS hybrid polymer comprises of linear siloxane chains. The characteristic 

stretching vibrational modes of the linear siloxane were located at 1080, 1052, and 1018 cm
-1

 

which are similar to the absorption peaks of siloxane in polydimethylsiloxane (PDMS).
61, 62,63

  

   

Figure 5.26 Siloxane structures (a) 3D network and (b) linear siloxane chain 

It should be noted that the characteristic absorptions of methoxyl group cannot be observed. 

As shown in Fig. 5.19, the reaction rate of acid-catalyzed hydrolysis of GPTMS was fast and 
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the reaction completed within 30 min. Similarly, the hydrolysis of GPDMS proceeded rapidly 

under acid catalysis. Thus, it was expected that all methoxyl groups were transformed to 

silanol groups. The corresponding bands of epoxy and amine groups also cannot be located. 

This could be due to the combination of overlapping with nearby absorption peaks and low 

intensity. In contrast, all epoxy and amine groups could be fully reacted in the epoxy ring 

opening process. The formed linear siloxane chains allowed the epoxy and amine groups to 

react with less sterical hindrances compared to three-dimensional siloxane network that 

constrained access of the reactive sites. 

The three-dimensional network structure of GPTMS/AEAPTMS was confirmed by FTIR, 

showing two characteristic peaks of Si-O-Si bonds at 1110 and 1041 cm
-1

 (Fig. 5.27). 

Similarly to GPTMS/DETA, the absorptions of silanol can be located at 3741 and 920 cm
-1

, 

indicating the effect of steric hindrance during condensation reaction. The incompletion of 

epoxy ring opening reaction was also evident as the absorption bands at 1253 and 855 cm
-1

 

were detected. The broad band due to -OH is located at 3405 cm
-1

 with an overlapping band 

of -NH stretching at 3285 cm
-1

. A small absorption peak of absorbed water can be seen at 

1642 cm
-1

. 

 

Figure 5.27 FTIR spectrum of GPTMS/AEAPTMS hybrid material 

Organic entities in the OIHM derived from glycidyl functionalized silanes can also be formed 

via acid curing. As described in Chapter 2, cyclic anhydrides must undergo the ring-opening 
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reaction in order to form a carboxylic acid group which then reacts with an epoxide group in 

esterification reaction. IR spectrum of HHPA (Fig. 5.28) showed symmetric and asymmetric 

stretching of a five-membered cyclic anhydride at 1855 and 1783 cm
-1

, respectively.
64,65, 66

  

 

Figure 5.28 FTIR spectrum of HHPA curing agent 

From the IR spectrum of GPTMS/HHPA hybrid material (Fig. 5.29), it can be seen that these 

two peaks were absent. The result indicates that the anhydride ring-opening reaction was 

completed. However, some of the epoxy rings were not reacted with the hydroxyl group 

derived from HHPA as the small absorption bands of epoxy ring were detected at 1248, and 

855 cm
-1

. The characteristic absorptions of siloxane bonds can be seen at 1101, 1080, and 

1039 cm
-1

. It is evident that the network structure of siloxane comprised both three-

dimensional network and linear siloxane chains. This could be due to the one-step acid 

catalyzed sol-gel process in which the linear siloxane formation is promoted. The stretching 

mode of C-O was detected at 1304 cm
-1

. The absorption corresponding to the saturated ester 

group appeared as a shoulder at 1185 cm
-1

.
67

 The absorption peaks due to Si-OH group were 

located at 3731 and 915 cm
-1

. Stretching vibration of -OH and the deformation mode of 

absorbed water appeared at 3434 and 1639 cm
-1

, respectively.  

It should be noted that carboxylic acid group was expected to be present in the derived 

OIHM. However, most of the characteristic peaks of -COOH were overlapped with the other 

peaks. Only the small absorption at 1406 cm
-1

 can be observed.
68
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Figure 5.29 FTIR spectrum of GPTMS/HHPA hybrid material 

From Fig. 5.30, OIHM derived from GPDMS and HHPA also showed similar IR absorption 

to that of GPTMS/HHPA. The two characteristic absorptions at 1885 and 1783 cm
-1

 

corresponding to cyclic anhydride cannot be observed. The absorption of ester group as the 

result of anhydride ring opening reaction appeared at 1734 cm
-1

. The characteristic 

absorptions of epoxide group cannot be detected. This result is in good agreement with the 

absence of epoxy absorptions observed in the IR spectrum of GPDMS/DETA. It could be 

explained that all epoxy rings were able to react and crosslink with the carboxyl group of 

opened anhydride ring as the steric hindrance effect caused by the inorganic network 

formation was lower than that occurred in GPTMS/HHPA. 

The absorption bands corresponding to siloxane are not well-defined. The bands at 1080, 

1049, 1016 cm
-1

 are attributed to Si-O-Si stretching vibrations indicating a formation of 

mixed siloxane network structure as observed in GPDMS/DETA. The presence of silanol 

group was confirmed by the absorption located at 3738 cm
-1

.  The band at 1646 cm
-1

 is 

assigned to the deformation of absorbed water. The two strong absorptions at 2936 and 2872 

cm
-1

 as observed in GPDMS/DETA are due to -CH2 asymmetric stretching and -CH3 

symmetric stretching vibrations, respectively. Si-CH3 group showed the absorption peaking at 

1260 cm
-1

. Strong absorption of -CH3 rocking mode can be seen at 799 cm
-1

. The small 

absorption band at 1411 cm
-1

 is corresponding to C=O symmetric stretching vibration.
66
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Similar to the IR spectrum of GPTMS/HHPA, the absorptions attributed to C-O stretching 

and saturated ester can be located at 1302 and 1188 cm
-1

, respectively.  

 

Figure 5.30 FTIR spectrum of GPDMS/HHPA hybrid material 

The IR spectrum of tertiary amine cured hybrid material is shown in Fig. 5.31. The 

absorption bands corresponding to hydroxyl, ethyl, siloxane, and epoxy groups can be located 

at the similar frequencies compared to those of GPTMS/DETA hybrid material. However, the 

absorption band peaking at 2871 cm
-1

, which is assigned to -CH3 symmetric stretching 

vibration mode, was detected. This is due to the presence of methyl groups of the tertiary 

amine in DMP-30. Moreover, the low intensity peak appeared at 930 cm
-1

 can be observed. 

This absorption is attributed to the asymmetric stretching vibration band of C-N
+
(CH3)3.

69
 As 

described in Chapter 2, the epoxy ring opening reaction mechanism of tertiary amine curing 

agent is different than that of primary and secondary amines. The lone pair of nitrogen atom 

attacks the carbon atom of the epoxy ring. As a result, cationic ring-opening polymerization 

is initiated and quaternary ammonium cation is formed. 

It should be noted that the unreacted epoxy rings were present. This is evident that the 

addition polymerization of epoxide group by cation did not complete. The characteristic 

absorption of silanol groups were not detected in the GPTMS/DMP-30 hybrid material which 

suggests that the condensation reaction of silanol groups proceeded towards completion as a 
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result of acid-base catalysis. The inorganic component of the OIHM, therefore, contained 

mostly fully crosslinked siloxane. 

 

Figure 5.31 FTIR spectrum of GPTMS/DMP-30 hybrid material  

From the IR spectra of OIHMs, the difference in the intensity of the absorption peak due to    

-OH stretching vibration indicates the difference in the number of -OH groups present in the 

hybrid materials. The difference in the hydroxyl group formation demonstrates the difference 

in morphology of the OIHMs and the interaction between the organic and inorganic 

components in the material as a result of the functionalized silanes and curing agents used in 

the network forming process. 

In the previous studies, it is evident that the morphology of hybrid materials not only depends 

on how organic and inorganic networks are constructed, but also the interaction between both 

components as Si-O-C bond can be formed via the condensation reaction of silanol groups 

and hydroxyl group from opened epoxy rings.
26,52

 

 

Figure 5.32 The condensation reaction of opened epoxy ring and silanol group 
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As shown previously, the IR spectrum of GPTMS/DETA showed the absorption of -OH 

stretching vibration with high intensity. In general, hybrid materials synthesized using 

aliphatic amine curing agents are expected to contain a large number of hydroxyl groups as 

they are generated from the epoxy ring opening reaction. Meanwhile, the characteristic peaks 

of silanol groups with low intensity were also detected. Therefore, it can be concluded that 

the -OH groups present in the GPTMS/DETA hybrid material were from both silanol groups 

and opened epoxy rings.  

Unlike GPTMS/DETA, the IR spectrum of GPTMS/AEAPTMS hybrid material showed a 

decrease in the intensity of the -OH peak with an increase in siloxane content. In theory, a 

large amount of -OH groups would be observed as AEAPTMS silane precursor opens the 

epoxy ring via its primary and secondary amines. Also, having both GPTMS and AEAPTMS 

in the sol-solution would generate a larger amount of -OH groups as a result of high inorganic 

content in the hybrid material compared to that generated from the condensation reaction of 

GPTMS only. However, the amount of hydroxyl groups in GPTMS/AEAPTMS was found to 

be lower than that of GPTMS/DETA hybrid material. It is believed that the hydroxyl groups 

from the opened epoxy rings would react with the silanol group and form a covalent bond 

(i.e., Si-O-C) between the organic and inorganic phases. The formation of Si-O-C bond could 

occur more in GPTMS/AEAPTMS hybrid material compared to that in GPTMS/DETA due 

to more silanol group available for the condensation with C-OH group. 

For the OIHM derived from di-functional silane, the -OH absorption peak of GPDMS/DETA 

has the highest intensity. It was expected that a large number of hydroxyl groups was 

generated from the opened epoxy rings similar to that of the GPTMS/DETA hybrid material. 

However, the IR absorption bands of Si-O-Si bond indicate that the inorganic network of 

GPDMS/DETA consisted of linear siloxane chains and siloxane oligomers whereas highly 

crosslinked siloxane network was obtained from the condensation of GPTMS precursor. 

Therefore, it is thought that the extra amount of hydroxyl groups would come from the silanol 

groups of these oligomers. 

This observation can also be seen in the GPDMS/HHPA hybrid material. The IR spectrum 

showed that the -OH stretching vibration with high intensity was detected. In the epoxy ring 

opening reaction, the esterification reaction of a carboxylic acid group with an epoxide group 

or the reaction of a hydroxy diester with an epoxide group only produces a hydroxyl group 

terminated poly(ethylene oxide). Therefore, it can be concluded that most of the hydroxyl 
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groups found in the GPDMS/HHPA hybrid material came from the siloxane oligomers in the 

inorganic component. 

For GPTMS/HHPA, FTIR showed that a much lower amount of hydroxyl group was formed 

in the hybrid material compared to that of GPDMS/HHPA. Since a small number of hydroxyl 

group was generated from the reaction of HHPA with epoxide groups, the result suggests that 

most of the hydroxyl groups were generated from the incomplete condensation reaction of 

silanol groups. In addition, the amount of Si-OH group in the three-dimensional siloxane 

network is much lower compared to that in the siloxane network derived from di-functional 

silanes. Furthermore, the interaction between the organic and inorganic phases could be 

minimal as not many C-OH groups are available in the polymer matrix. 

As with the epoxy ring opening reaction of HHPA, a small amount of hydroxyl group is 

formed only at the end of the poly(ethylene oxide) polymer chains when a tertiary amine 

curing agent is used. FTIR showed that the GPTMS/DMP-30 hybrid material contained a 

proportionate amount of hydroxyl groups compared to that of GPTMS/HHPA. However, the 

absorption of silanol groups was not detected. The result suggests that most hydroxyl group 

in GPTMS/DMP-30 could not be due to the unreacted silanol groups, but they were from the 

hydroxyl terminated poly(ethylene oxide). It is likely that as the organic network in the 

OIHM of GPTMS/DMP-30 comprises many short chains of poly(ethylene oxide), more 

terminated hydroxyl groups were formed. 

From the IR spectra of OIHMs, it can be concluded that the formation of organic species in 

the hybrid materials affected the development of inorganic network, and vice versa. IR 

spectra of GPDM/DETA and GPDMS/HHPA showed the absence of epoxy ring absorption 

bands indicating no unreacted epoxide group in the materials when the inorganic network 

contained siloxane oligomers. In other words, the siloxane network was not fully developed. 

IR spectra of GPTMS/DETA, GPTMS/AEAPTMS, GPTMS/HHPA, and GPTMS/DMP-30 

confirmed the presence of unreacted epoxide group in the hybrid materials while highly 

crosslinked, three-dimensional siloxane network was formed. This observation was 

previously reported by Davis et al.
26

. In this study, hybrid materials were synthesized with 

varied amounts of DETA curing agent. It was found that the inorganic network formation 

increased with a decrease in the amount of amine. Moreover, Raman spectra showed that 

higher concentrations of amine resulted in a more developed organic network only. These 

results were contrary to what was expected since the alkalitnity of amine normally accelerates 
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the condensation of silanol group. Therefore, high amine concentrations in the system would 

further the formation of both organic and inorganic networks. However, it was evident that 

the inorganic network of those hybrid materials was affected by the extent formation of the 

organic network. This could be explained by the formation of the organic network resulted in 

a constraint that inhibited the condensation reaction of silanol group. As the amount of DETA 

was increased, the organic network formation became more rapid and more constraint in the 

system was generated. Consequently, the inorganic network formation was impeded. 

Due to the acid-base properties and reaction mechanism of different curing agents, the choice 

of curing agent not only dictates morphology of the derived hybrid materials but also has an 

impact on the polymerization rate of both organic and inorganic phases. As mentioned 

previously, the reaction rates of aliphatic amines are generally fast, and at the same time, their 

basic nature accelerates the inorganic polymerization. Anhydride and tertiary amine curing is 

much slower than aliphatic amines and it requires moderate temperatures. Thus, 

GPTMS/HHPA, GPDMS/HHPA, and GPTMS/DMP-30 hybrid polymers were post cured at 

150C for 24 h. Similar to aliphatic amines, DMP-30 accelerates the inorganic network 

formation while HHPA favors the hydrolysis of methoxyl groups. Therefore, matching the 

polymerization rates of the two phases is considered critical. Significant deviations from 

these matched rates result in phase separation when the organic polymerization rates are 

greater than the silanol condensation rate, and unreacted monomer trapped in the inorganic 

gel network when the condensation rate is much greater than the organic polymerization 

rates.
2
 

The choice of curing agent is also related to the cracking that occurred during solvent 

removal. As mentioned earlier, GPTMS/HHPA hybrid material showed a low degree of 

cracking while severe cracking was observed in the OIHMs of GPTMS/DETA and 

GPTMS/AEAPTMS. It was evident by FTIR that the inorganic component of 

GPTMS/HHPA comprised a mixed siloxane network structure due to acid catalysis. In the 

case of GPDMS/DETA and GPDMS/HHPA, FTIR showed that the derived OIHMs 

contained linear siloxane chains with significant amounts of siloxane oligomers. And, there 

was no cracking observed in these two hybrid materials. 

In addition, curing temperature and time have a direct impact on the completion of siloxane 

network formation. As shown in Fig. 5.33, IR spectra of OIHMs cured at ambient 

temperature showed -OH absorption peaks with higher intensity compared to that of hybrid 
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material cured at 100C. The same trend can be seen for the absorption band at around 1640 

cm
-1

, which is the deformation of absorbed water. According to differential thermal analysis 

(DTA) done by Brinker et al.
10

, curing temperatures in the region of 25 to 150C causes a 

weight loss with a low degree of shrinkage in silica derived from sol-gel process. The weight 

loss measured in this region is due to desorption of physically absorbed water and alcohol by-

product. The removal of liquid phase also increases surface energy, causing stresses and 

small shrinkage in the material. This explains the decrease in intensity of the -OH absorption 

band when heat treatment was applied to the OIHMs.  

 

Figure 5.33 IR spectra of GPTMS/DETA (a) cured at ambient temperature, (b) cured at 

100C, and (c) 200C 

The intensity of -OH absorption band continued to decrease when the hybrid material was 

heated to 200C (Fig. 5.34). From Brinker’s study, heat treatments above 150C resulted in 

the shrinkage that is proportional to weight loss. This shrinkage is caused by an increase in 

surface energy due to further condensation reaction between silanol groups.
70

 This 

observation is in discord with the study done by Davis group in which FTIR and Raman 

spectroscopy suggested that there was small or no addition inorganic network formation 

occurred when the room temperature cured hybrid materials were heat treated at 150C for 1 

h.
26

 However, it can be seen from Fig. 5.33 that the characteristic absorption of Si-O-Si for 

GPTMS/DETA cured at ambient temperature showed an extra band at 1053 cm
-1

 which is 

attributed to the absorption of Si-O-Si linear chain as seen in IR spectra of GPDMS/DETA 
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and GPTMS/HHPA hybrid polymers. This absorption peak was not detected in the 

GPTMS/DETA cured at 100C. This result suggests that further condensation reaction of 

silanol groups proceeded when the hybrid material was subjected to a heat treatment. A 

decrease in intensity of the silanol absorption at 3739 cm
-1

 also indicates this further 

condensation reaction. Therefore, it can be concluded that an extensive inorganic network 

was formed in OIHMs as a result of heat treatment. 

5.2.3.3 Differential scanning calorimetry (DSC) 

The necessity of heat treatment for curing hybrid materials is also confirmed by DSC. As 

shown in Fig. 5.34, the DSC scan of GPTMS/DETA cured at ambient temperature showed a 

slight incline in heat flow appearing in the temperature range between 50 and 100C which is 

corresponding to the loss of absorbed water. An endothermic peak was observed when the 

sample was heated from 100 to 200C, indicating a drop in heat flow as a result of removal of 

water trapped in the hybrid material. This endothermic peak, however, was not observed in 

the second heating. The DSC scans suggest that most of the water was removed upon heating 

to 200C and an additional inorganic network was formed as a result of further condensation 

of silanol groups. 

 

Figure 5.34 DSC scans of GPTMS/DETA cured at ambient temperature 

The optimal curing temperature of an OIHM is thought to be somewhat in between Tg and 

decomposition temperature of the organic component in hybrid material. According to the 
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study of Macan’s group
71

, the DSC scan of unmodified epoxy resin showed no residual 

activity since heat treatment was performed at temperature above its Tg. On the other hand, 

the GPTMS/DGEBA/Jeffamine hybrid materials cured at above their Tg of respective epoxy-

amine exhibited the residual activity, indicating further curing during DSC scan. 

For GPTMS/DETA cured at 100C, the endothermic peak was not observed in the DSC scans 

of both the first and the second heating (Fig. 5.35). The result suggests that there was little or 

no further curing occurred when the hybrid polymer was heated to 200C. However, the 

study of Rhodes et al.
72

 proposed that the further curing still occurred even after long cures 

due to steric hindrance in the hybrid polymers. The DSC scans revealed that the condensation 

reaction of silanol group was not complete. As the additional short cures at 300C were 

applied, the condensation reaction proceeded towards completion and the Tg of OIHMs was 

increased. It was believed that the increased cure temperature caused the system to soften, 

allowing the additional crosslinking to occur. However, longer exposure (i.e., 30 minutes or 

more) at 300C usually resulted in a decrease in Tg which could be due to either oxidation 

(decomposition) occurring or crack formation caused by the significant change in the 

expansion coefficient as the material going through the glass transition. 

 

Figure 5.35 DSC scans of GPTMS/DETA cured at 100C 

The decomposition of organic component in the OIHMs of GPTMS/DETA was shown in 

Fig. 5.36. From the DSC scan of GPTMS/DETA heated to 450C in oxygen, an exothermic 
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signal appeared at 325C which is attributed to a decomposition reaction of the organic 

component in OIHM. It should be noted that a step in baseline representing Tg cannot be 

observed in all DSC scans. Only an endothermic peak and an exothermic peak can be 

observed corresponding to the evaporation of volatile species and the decomposition of 

organic polymeric component. The loss of well-defined Tg in DSC curves was suggested as 

the indication of good molecular dispersion of organic entity in the inorganic network.
73

 

 

Figure 5.36 DSC scan of GPTMS/DETA cured at ambient temperature 

5.2.3.4 Thermo gravimetric Analysis (TGA)  

Thermal degradations of GPTMS/DETA, GPDMS/DETA, and GPTMS/AEAPTMS hybrid 

polymers were shown in Fig. 5.37, in which the temperature range was within 25 to 600C. 

The results of TGA analysis of these OIHMs are summarized in the table below.  

Table 5.1 TGA analysis of GPTMS/DETA, GPDMS/DETA, and GPTMS/AEAPTMS 

Temperature range (C) Weight loss (wt%) 

GPTMS/DETA GPDMS/DETA GPTMS/AEAPTMS 

25-150 3.6 1.7 3.7 

150-350 5.6 4.7 4.7 

350-600 60.2 61.1 38.6 

It can be observed that the OIHMs exhibit three distinct weight loss stages. The initial small 

weight loss is due to the release of absorbed moisture by the hydrophilic surface with high 
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surface energy. It can be seen that GPDMS/DETA showed the least weight loss in the first 

stage. This could be explained by the low inorganic content in the material. Thus, 

GPDMS/DETA OIHM absorbed a small amount of water compared to GPTMS/DETA and 

GPTMS/AEAPTMS. In contrast, the latter hybrid material had the highest amount of 

absorbed water as observed in the temperature range from around 25 to 140C. This is due to 

high inorganic content in the OIHM of GPTMS/AEAPTMS.  

 

Figure 5.37 TGA curves of GPTMS/DETA, GPDMS/DETA, and GPTMS/AEAPTMS 

At the second stage, a gradually decline of weight loss over the temperature range of 150-

350C associated with the decomposition of the unreacted organic compound trapped in the 

network.
33

 It was observed that GPTMS/DETA had the highest weight loss, 5.6%. This 

suggests that more unreacted amine curing agent was trapped in the network of 

GPTMS/DETA compared to that of GPDMS/DETA. This is due to lower degree of 

crosslinking of GPDMS causing small steric hindrance in the system. The major weight loss 

occurred between 350 and 600C which can be related to the decomposition of organic 

component in hybrid materials. It can be seen that the decomposition of all three OIHMs 

started at around the same temperature and it is consistent with the DSC scan shown in Fig. 

5.36 in which the exothermal signal was detected at about 330C. Furthermore, the weight 

loss in this region is also believed to be corresponding to further condensation reaction of 

silanol groups.
74,75

 As indicated by FTIR, the amount of hydroxyl group in OIHMs decreased 

with the increase in curing temperature. The residue of GPTMS/AEAPTMS is about 53%, 

which is the highest residue weight compared to 41% and 33% for GPTMS/DETA and 
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GPDMS/DETA, respectively. The results confirm that GPTMS/AEAPTMS hybrid material 

contained the largest amount of inorganic content whereas the lowest amount was found in 

the OIHM of GPDMS/DETA. 

As observed from the TGA curve in Fig. 5.37, GPTMS/DETA illustrates a sharp drop in 

weight loss of 6.4% at the temperature around 480C. A similar drastic drop of weight loss in 

TGA curves can also be seen from the previous studies. The TGA curve of GPTMS/DETA 

hybrid material synthesized by Gizdavic-Nikolaidis group
32

 exhibited a small sudden 

decrease in weight loss at the temperature around 500C. From the study done by Guo et 

al.
76

, the weight loss of GPTMS/TEOS/PVA hybrid membranes became rapid at 440C for 

the material containing 50% GPTMS and 50%TEOS. This drop in weight loss shifted to 

higher temperature, 475C, when the hybrid membrane was synthesized with 100% GPTMS 

(Fig. 5.38). The cause of this phenomenon is still unknown. However, it was thought that this 

phenomenon could be attributed to the degradation of unreacted GPTMS or a breakdown of 

GPTMS derived product(s). More experimental results are required for a more complete 

understanding of this phenomenon. 

 

Figure 5.38 TGA of pure PVA membrane and PGT hybrid membranes
6 

Similar to the OIHMs derived from epoxy-aliphatic amine system, the TGA curves of 

GPTMS/HHPA and GPDMS/HHPA showed the initial degradation temperature in the 

temperature range of 25 to 150C, indicating the removal of absorbed water (Fig 5.39). The 
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slight weight loss of GPTMS/HHPA and GPDMS/HHPA in this region are about 2.1% and 

1.1%, respectively. The results indicate that the OIHM of GPTMS/HHPA containing higher 

inorganic content absorbed more water than GPDMS/HHPA hybrid material. The second 

weight loss is in the temperature region between 150 and 250C. The unreacted HHPA in 

GPTMS/HHPA and GPDMS/HHPA are about 3.3% and 1.2%, respectively. Higher degree 

of crosslinking of tri-functional silane caused a larger amount of HHPA trapped in the gel 

network due to higher steric hindrance. The major weight loss associated with the 

decomposition of organic components and further condensation of silanol in the hybrid 

materials can be observed at the temperature range from around 250 to 500C. It can be seen 

that the major weight loss of GPTMS/HHPA is similar to those of OIHMs shown in Fig. 

5.37. The major weight loss of GPDMS/HHPA, however, occurred at the temperature around 

340C whereas GPTMS/HHPA exhibited the major weight loss at 390C. This is evident that 

the thermal stability of GPDMS/HHPA is lower than that of GPTMS/HHPA and the other 

OIHMs derived from epoxy-aliphatic amine system. In the last stage, a slight decline of 

weight loss was observed in both OIHMs. The result suggests that most of the organic 

component in hybrid materials was decomposed at the temperature below 500C. The weight 

loss above this point is thought to be corresponding to further condensation reaction of silanol 

group only. It should be noted that the TGA curve of GPDMS/DETA also exhibited the slight 

decline in weight loss starting from 540C. At 600C, the residue of GPTMS/HHPA and 

GPDMS/HHPA are about 33% and 29%, respectively. 

 

Figure 5.39 TGA curves of GPTMS/HHPA and GPDMS/HHPA 
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As illustrated in Fig. 5.40, GPTMS/DMP-30 exhibited the initial weight loss of about 2.2% in 

the temperature range of 25 to 150C. A steady decline in the second stage of weight loss 

occurred in the temperature range between 150 and 300C where 1.6% weight loss was 

observed. It is evident that the unreacted DMP-30 trapped in the gel network was small 

compared to the unreacted amine in the OIHMs derived from epoxy-aliphatic amine system. 

In the last stage, weight loss due to the decomposition of organic component and further 

condensation reaction of silanol is about 50%. The residue of 46.6% indicates that the 

inorganic component in GPTMS/DMP-30 is slightly higher than that of GPTMS/DETA. 

 

Figure 5.40 TGA curve of GPTMS/DMP-30 

For comparison, cured epoxy resin derived from West System
®
 105/207 which is a bisphenol 

A based epoxy resin was used as a standard epoxy resin. The TGA curve as shown in Fig. 

5.41 indicates that a small weight loss of 3% observed from room temperature to about 

180C is attributed to the decomposition of unreacted curing agent. The second weight loss in 

the temperature region between 180 and 350C is due the decomposition of unreacted epoxy 

resin. The two main decomposition steps can be observed between 300 and 450C for the 

first step and between 450 and 600C for the second step. The weight losses of these two 

decomposition temperatures were 54.6% and 27.1%, respectively. Only 0.8% of the sample 

was detected at 600C. 
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Figure 5.41 TGA curve of bisphenol A based epoxy resin 

It should be noted that the cured epoxy resin exhibited the first decomposition at about 350C 

which is lower than the decomposition temperatures observed in the TGA curves of most 

OIHMs. Moreover, the major decrease in weight of OIHMs occurred over a broad range of 

temperature rather than a drastic drop that appeared in the TGA curve of cured epoxy resin. 

The results indicate that the thermal stability of hybrid polymers was higher than that of the 

cured epoxy resin as the decomposition shifted to higher temperatures. This could be due to 

the Si-O-C bond that improved the interaction between the organic and inorganic phases. 

Hence, the thermal stability of the OIHMs was enhanced. 

 

Figure 5.42 TGA curve of cured epoxy resin in comparison to the TGA curves of OIHMs 
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5.2.3.5 Dynamic mechanical thermal analysis (DMTA) 

The DMTA curves of neat epoxy resin and GPTMS/DETA hybrid material are given in Fig. 

5.43. where storage modulus (E’) was measured from 40 to 200C. E’ is the measure of the 

elastic character or solidlike nature of the material. It indicates the deformation energy 

required to deform the sample which is elastically recoverable. In other words, E’ is related to 

the stiffness of the material.
77

 

It can be seen that the E’ of cured epoxy resin was slightly higher than that of the epoxy 

hybrid material in the glassy state. The E’ values of cured epoxy resin and GPTMS/DETA at 

40C are 6532 and 6447 MPa, respectively. As the heating continued, the E’ of cured epoxy 

resin exhibited a drastic drop in the leathery region. The E’ reached the lowest value of 463 

MPa in the rubbery plateau region at the temperature around 100C. On the other hand, E’ of 

GPTMS/DETA decreased slightly to 4928 MPa from glassy to rubbery plateau region which 

indicates that GPTMS/DETA hybrid material illustrated substantially higher thermal stability 

than that of neat epoxy resin. The stiffness of the hybrid material remained stable up to about 

190C while the cured epoxy resin lost its stiffness by 85% at the temperature around 100C. 

  

Figure 5.43 Storage modulus as a function of temperature for (a) cured epoxy resin and (b) 

GPTMS/DETA hybrid material 

Glass transition temperature (Tg) is actually a temperature range rather than a specific 
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of the temperature range. As described in Chapter 4, tan  curve is often cited as Tg in 

literature although the maximum loss modulus is the more appropriate value, according to the 

method for specifying Tg prescribed by ASTM E1640-07.
77

 From tan  curve shown in Fig. 

5.44, Tg of cured epoxy resin can be located at 86C while Tg taken from loss modulus (E”) 

curve is 75C.  

 

 

Figure 5.44 (a) Loss modulus and (b) tan  as a function of temperature for cured epoxy resin 

Above its Tg, the drop in storage modulus is indicative of the change from a rigid to 

compliant state. The strength and toughness of epoxy resin below Tg depend on the 
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properties of epoxy resin are influenced by crosslink density and its molecular weight.
78

 It 

should be noted that crosslinked polymers generally exhibit a plateau in storage modulus (E’) 

above Tg. The magnitude of which is inversely proportional to the molecular weight between 

crosslinks.
79

 From Fig. 5.43, it can be seen that the storage modulus of both cured epoxy resin 

and GPTMS/DETA exhibited plateau at the temperatures above leathery region. 

GPTMS/DETA illustrates higher magnitude of the plateau in E’ than that of cured epoxy 

resin. This indicates smaller molecular weight between crosslinks of GPTMS/DETA, hence, 

higher degree of crosslinking. 

For OIHMs containing high content of organic entity, tan  peaks are much broader than that 

of neat organic polymer but Tg can be identified.
47

 From Fig. 5.45, the tan  peak shifted to 

higher temperature while it weakened and broadened compared to that of the neat epoxy 

resin. Tg of GPTMS/DETA hybrid material taken from tan  peak can be located at 110C 

while Tg taken from E” is about 113C. It is well-known that the decrease in modulus in the 

Tg region of a polymer is due to the Brownian motion of the network chains. The tan  curve 

of GPTMS/DETA showed that the micro-Brownian motion of the epoxy network is severely 

restricted by the interaction developed between the organic and inorganic components. The 

result confirms that the crosslinks in hybrid polymers are covalent bonded rather than 

physical entangled macromolecular chains. The plateau observed in storage modulus above 

Tg and the shift in Tg to higher temperature are the indication of a high degree of crosslinking 

in GPTMS/DETA hybrid material. The crosslink density influences strength and toughness of 

the material to some extent, as well as other properties such as free volume or diffusion 

coefficients for low molecular weight penetrants.
13,52,80
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Figure 5.45 (a) Loss modulus and (b) tan  as a function of temperature for GPTMS/DETA 

hybrid material 

It should be noted that tan  is related to the distribution of relaxation times of the polymer 

within the hybrid material. In general,  ranges between 0 and 90. As  approaches 0, the 

material approaches a purely elastic behavior. As  approaches 90, the material approaches a 

purely viscous behavior. GPTMS/DETA exhibited significant lower magnitude of tan  and 

the  is close to 0 compared to that of the cured epoxy resin.
13

 This means the organic phase 

in GPTMS/DETA exhibited elastic behavior whereas the neat epoxy resin exhibited the 

behavior towards viscous fluid. 
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As mentioned earlier, an increase in the breadth of tan  peak confirms the covalently 

crosslinking between the organic and inorganic phases in hybrid material. In the rubbery 

region, the value of E’ above Tg also reveals the distinction between polymers that are only 

physically crosslinked by entanglement of macromolecular chains and covalently crosslinked. 

For the polymers that exhibit only physical entanglements, the value of E’ varies as a 

function of the measuring frequency. In covalently crosslinked polymers, the value of E’ 

remains constant and independent to the measuring frequency.
81

 From Fig. 5.46, the E’ 

values of GPTMS/DETA were measured in the frequency sweep mode in which the 

frequency was varied from 1, 3.2, 5.5, 7.7, and 10 Hz. It can be seen that there is a small 

deviation between the E’ curves. The result confirms that GPTMS/DETA hybrid polymer is 

covalently crosslinked. 

 

Figure 5.46 Storage modulus of GPTMS/DETA hybrid material measuring in the frequency 

sweep mode at 1, 3.2, 5.5, 7.7, and 10 Hz 

As confirmed by TGA, GPTMS/AEAPTMS has the highest inorganic content. This is 

because the AEAPTMS used as a curing agent can hydrolyze and condense to form siloxane 

network. The derived OIHM, therefore, consisted of inorganic entity up to 53%. From Fig. 

5.47, it can be seen that the E’ curve of GPTMS/AEAPTMS exhibits a decrease in the 

transition slope compared to the E’ curve of GPTMS/DETA. The result suggests that 

crosslink density of the GPTMS/AEAPTMS is higher than that of GPTMS/DETA and the 

molecular weight between crosslinks is lower. Although the stiffness of GPTMS/AEAPTMS 

is about 30% less than that of GPTMS/DETA in the rubbery plateau region, 
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GPTMS/AEAMS showed better thermal stability as E’ value remained constant up to 200C. 

The decrease in the stiffness of GPTMS/AEAPTMS could be due to higher content of 

inorganic entity in the hybrid material. The OIHM became more brittle and the yield stress of 

the polymers increases at the same time.
13 

 

Figure 5.47 Storage modulus of (a) GPTMS/DETA in comparison to (b) 

GPTMS/AEAPTMS hybrid material 

It should be noted that the E’ of both GPTMS/DETA and GPTMS/AEAPTMS increased 

slightly in the temperatures above 100C. This could be explained by the further 

condensation reaction of silanol group. At high temperature, the condensation reaction is 

driven towards completion. A higher E’ value can be obtained as a result of extended 

inorganic network formation which, in turn, increases the stiffness of the material.
13

 

Compared to tan  of GPTMS/DETA, GPTMS/AEAPTMS hybrid polymer exhibited a 

broader peak with lower magnitude (Fig. 5.48). This is due to higher inorganic content in the 

OIHM of GPTMS/AEAPTMS. Having more amount of siloxane network increases the 

restriction of molecular motion and flow behavior of the polymers. Therefore, the tan  

curves of hybrid materials with high inorganic content are expected to be quite linear.
47
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Figure 5.48 tan  of (a) GPTMS/DETA and (b) GPTMS/AEAPTMS 

Tg of GPTMS/AEAPTMS taken from tan  is at 108C which is at the same temperature of 

Tg taken from loss modulus (Fig. 5.49).  It should be noted that the difference in Tg (T) taken 

from E” is only 3C higher than the Tg taken from tan  for GPTMS/DETA and the T 

observed in GPTMS/AEAPTMS is zero. A much greater T is, however, was found in the 

neat epoxy resin in which the Tg taken from tan  is 11C higher than the Tg taken from E” 

curve. The results contradict to the statement made by Menczel et al. which suggested that for 

polymers that have unusually broad glass transition (e.g., crosslinked, semi-crystalline, and 

hetero phase systems), peak tan  will occur at a much greater T compared to the maximum 

E”.
77

 In this study, it can be seen from the results that T is inverse to the degree of 

crosslinking. 

 

Figure 5.49 Loss modulus of GPTMS/AEAPTMS 
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For GPDMS/DETA, DMTA showed that the E’ values dropped continuously from 6439 MPa 

to 1527 MPa when the measuring temperature reached 200C (Fig. 5.50). The result shows 

that the OIHM of GPDMS/DETA exhibited lower thermal stability compared to that of 

GPTMS/DETA. This could be explained by lower crosslink density of siloxane network as a 

result of di-functional GPDMS precursor. However, the drop in E’ of GPDMS/DETA is 

gradual whereas the drop in E’ of cured epoxy resin is drastic. It is evident that the siloxane 

reinforced the epoxy in hybrid polymer although inorganic component is linear siloxane 

chains and the amount present in the GPDMS/DETA hybrid material is low. 

 

Figure 5.50 Storage modulus of (a) GPTMS/DETA in comparison to (b) GPDMS/DETA and 

(c) cured epoxy resin 

E” is a measure of the viscous character or liquid-like nature of the material related to the 

deformation energy which is viscously dissipated as heat. In other words, this deformation 

energy is unrecoverable, hence, the term “loss” modulus.
77

 It was observed that the E” values 

of GPDMS/DETA were much higher than that of GPTMS/DETA (Fig. 5.51). This indicates 

that more energy was dissipated and the hybrid material exhibited high damping capability.
82

 

Unlike the E” curve of GPTMS/DETA, the initial drop in E” values of GPDMS/DETA is 

significantly more drastic with higher amplitude. The maximum E” value and tan  did not 

appear clearly during the material transition from brittle state to rubbery state (Tg). Therefore, 

Tg of GPDMS/DETA cannot be identified. However, it is thought to be at the temperature 

around 110C. 
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Figure 5.51 DMTA curves of (a) loss modulus and (b) tan  of GPDMS/DETA  

GPTMS/DMP-30 shown in Fig. 5.52 showed a slight drop in E’ similar to the E’ of 

GPTMS/DETA. At the temperatures above 80C, the E’ values increased continuously, 

indicating an increase in the stiffness of the material. The result suggests that further 

condensation reaction occurred as the sample was heated. At the end of the DMTA scan, the 

E’ value was about 370 MPa higher compared to the initial E’ value. 

The same trend can be seen in the E” and tan  curves of GPTMS/DMP-30. An increase in 

E” and tan  values was observed at the temperatures above 90C. Therefore, Tg of 

GPTMS/DMP-30 cannot be identified. 
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It should be noted that the E’ of GPTMS/DMP-30 is lower than that of GPTMS/DETA. This 

could be explained by the degree of crosslinking and the difference in the organic network 

formation. As mentioned earlier, the epoxy ring of GPTMS crosslinked with primary and 

secondary amine of DETA whereas the linear poly(ethylene oxide) was formed by DMP-30 

via cationic polymerization. Therefore, the resulting OIHM synthesized with DMP-30 

exhibited lower stiffness but higher resilience. 
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Figure 5.52 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of 

GPTMS/DPM-30 

The E’ of GPTMS/HHPA decreased continuously from about 2500 MPa to 1450 MPa at 

95C. Beyond this temperature, the E’ increased to 1640 MPa at 125C and decreased again 

to 990 MPa at 200C (Fig.5.53). The increase in E’ value of GPTMS/HHPA could be 

explained by the further condensation of silanol groups, resulting in an increase in the 

stiffness. The E’ curve showed that GPTMS/HHPA hybrid material exhibited lower stiffness 

compared to the OIHM of GPTMS/DETA. This could be due to the organic network in the 

hybrid material which composed of linear poly(ethylene oxide) and hydroxy ester. The 

formation of bulky hydroxy ester group and the linear poly(ethylene oxide) resulted in the 

OIHM with low crosslink density and high physical entanglement. Moreover, the inorganic 

component in the GPTMS/HHPA hybrid material also composed of linear siloxane chains 

which were formed under acid-catalysis. The resulting OIHM was, therefore, exhibited lower 

stiffness compared to that of GPTMS/DETA.  

The E’ curve of GPTMS/HHPA also showed that the OIHM exhibited slightly lower thermal 

stability compared to that of GPTMS/DETA, but it is considerably much better when 

compared with the thermal stability of GPDMS/DETA. The result suggests that the 

reinforcement from three-dimensional siloxane network in the polymer matrix has more 

influence on the thermal stability of the hybrid material over type of curing agent and 

structure of the formed organic network. 
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Figure 5.53 DMTA curves of (a) storage modulus, (b) loss modulus, and (c) tan  of 

GPTMS/HHPA 
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From Fig. 5.53, it can be seen that the E” of GPTMS/HHPA decreased continuously, 

indicating a decrease in the energy that dissipated as heat. Since E” is the measurement of 

viscous nature of the material, the result suggests that GPTMS/HHPA exhibited a decrease in 

the viscous character as the material underwent the rubbery state. The same trend can be 

observed in tan  curve. Therefore, the Tg of GTPMS/HHPA cannot be identified. 

For GPDMS/HHPA, E’ curve showed that the hybrid polymer exhibited lower stiffness 

compared to that of GPTMS/HHPA. It was observed that the E’ values decreased slightly 

from 1105 MPa and reached the minimum value of 988 MPa at the temperature around 65C. 

The E’ values then increased as the temperature increased. This could be due to further 

condensation reaction of silanol groups, resulting in an increase in the sample stiffness. 

As with GPTMS/HHPA, the E” and tan  curves of GPDMS/HHPA decreased continuously 

with temperature. The results confirm the further condensation reaction as it caused a 

decrease in liquid-like (viscous) character of the sample.
83

 The Tg of GPDMS/HHPA cannot 

be identified as the E” peak or tan  peak was not observed. It should be noted that all 

OIHMs exhibited low values of both loss modulus and tan  which indicate the small 

damping capacity of reinforced materials such as quartz particle filled epoxy, short carbon 

fiber filled nylon, and interpenetrating polymer networks.
84  
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Figure 5.54 DMTA curves of (a) storage modulus, (b) loss modulus, and (c) tan  of 

GPDMS/HHPA 

As mentioned in Chapter 4, crosslink density of highly crosslinked thermoset can be 

determined using the equation: 

e = 
𝐸′

3𝑅𝑇
 

Crosslink densities of the OIHMs are summarized in Table 5.2. The E’ values used in this 

calculation were taken from the modulus measurement at 150C (423 K), which is the 

temperature where the hybrid materials exhibited the rubbery plateau. R is the universal gas 
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constant which is 8.314472 cm
-1
MPaK

-1
mol

-1
. The results showed that GPTMS/DETA had 

the highest crosslink density and cured epoxy resin had the lowest value. It was observed that 

crosslink density of GPTMS/DETA was higher than that of GPDMS/DETA. This result is in 

agreement with the results from FTIR spectra which suggested that GPDMS/DETA 

composed of inorganic network with lower crosslink density due to the linear siloxane 

formation. The same trend can be observed in the OIHM of GPDMS/HHPA in which its 

crosslink density is lower than that of GPTMS/HHPA. The OIHM of GPTMS/DMP-30 

exhibited a slightly higher crosslink density compared to GPDMS/DETA despite having 

three-dimensional inorganic network in the hybrid material. This could be due to the organic 

network structure which composed of linear poly(ethylene oxide), resulting in more steric 

hindrance generated in the OIHM. In comparison to GPTMS/DMP-30, the crosslink density 

of GPTMS/HHPA is much lower. As mentioned earlier in this chapter, FTIR results 

suggested that the high crosslink density of GPTMS/DMP-30 is due to the synthesis via an 

acid-base catalyzed sol-gel process whereas the OIHM of GPTMS/HHPA was synthesized 

via a one-step acid catalyzed sol-gel process. More linear siloxane chains were expected to be 

found in GPTMS/HHPA hybrid material while the inorganic component of GPTMS/DMP-30 

mainly composed of three-dimensional siloxane network. 

Table 5.2 Crosslink density of OIHMs 

Sample E’ (MPa) T (K) e (molcm
3
) 

Cured epoxy resin 637 423 6.4 x 10
-2 

GPTMS/DETA 4950 423 4.7 x 10
-1 

GPDMS/DETA 3518 423 3.0 x 10
-1

 

GPTMS/AEAPTMS 4275 423 4.0 x 10
-1

 

GPTMS/DMP-30 3457 423 3.3 x 10
-1

 

GPTMS/HHPA 1459 423 1.4 x 10
-1

 

GPDMS/HHPA 1082 423 1.0 x 10
-1

 

 

5.2.3.6 Solid-state NMR 

In general, the substitutions by -OR and -OH on Si atom cannot be differentiated as the 

presence of SiOH or Si-O-C does not significantly modify the position of the 
29

Si NMR 

signal. However, a definite chemical shift can be observed in a Si atom belonging to the Si-
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O-Si sequence. Thus, the polycondensation at the silicon of hybrid materials can be easily 

identified on from type T signal on the NMR spectra. 

From the chemical shift data, the assignment of the peaks is based on previously published 

data on samples made of GPTMS.
14,26,29,85

 From Fig. 5.55, it was observed that the 
29

Si NMR 

of GPTMS/DETA showed two signals at approximately -59 ppm and -67 ppm with similar 

intensities. These peaks can be assigned to T
2
 and T

3
 species which are corresponding to     

R-Si(OSi)2OH and R-Si(OSi)3 polycondensation species. The result indicates that the 

condensation of silanol groups was not completed as, in principle, GPTMS precursor can 

form 100% T
3
 species. The NMR signal showed that the inorganic network of 

GPTMS/DETA contained a significant amount of Si-OH. However, it is well known that in 

practice the polycondensation of silicon is hardly ever complete although the all the precursor 

molecules are incorporated into the solid network. Generally, T
2
 species are dominate, but the 

T
1
 and T

3
 species are also present.

86
 For the OIHM of GPTMS/DETA, there is no evidence of 

any peaks associated with T
1
 and T

0
 species indicating that the condensation reaction of 

silanol groups proceeded towards the completion.  

 

Figure 5.55 
29

Si NMR spectrum of GPTMS/DETA hybrid material 

Similar result can be seen in GPTMS/AEAPTMS hybrid material (Fig. 5.56). The two peaks 

are evident in the 
29

Si NMR. The minor peak at -59 and the major peak at -67 ppm are 

attributed to T
2
 and T

3
 species, respectively. The result indicates that the condensation 

reaction of silanol groups proceeded more towards the completion compared to that of 
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GPTMS/DETA. The small intensity of the T
2
 peak indicates the low amount of Si-OH groups 

in the GPTMS/AEAPTMS hybrid material. This result is in agreement with the FTIR study 

which suggested that the amount of -OH group in the OIHM of GPTMS/AEAPTMS was 

lower than that of GPTMS/DETA hybrid material. 

 

Figure 5.56 
29

Si NMR spectrum of GPTMS/AEAPTMS hybrid material 

For the OIHM of GPTMS/HHPA, the 
29

Si NMR signals showed that the T
2
 species is 

dominant in the inorganic network. The result confirms that the OIHM derived from acid-

catalyzed sol-gel process contains a large portion of linear siloxane chains rather than a three-

dimension siloxane network. This is because the condensation reaction of silanol groups 

proceeds faster under basic catalysis. The condensation reaction in the OIHMs derived from 

DETA, AEAPTMS, and DMP-30, therefore, yielded higher content of T
3
 species. It should 

be noted that the result from 
29

Si NMR is in good agreement with the FTIR spectrum of 

GPTMS/HHPA in which an extra peak of linear siloxane chains were detected at 1015 cm
-1

. 
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Figure 5.57 
29

Si NMR spectrum of GPTMS/HHPA hybrid material 

From Fig 5.58, it can be seen that the OIHM of GPTMS/DMP-30 comprised mainly T
3
 

species with only a small portion of T
2
 species. The result is in agreement with the absence of 

silanol absorption in FTIR spectrum of the hybrid material (Fig. 5.31). Furthermore, the 
29

Si 

NMR resonance of GPTMS/DMP-30 also confirms that most of the hydroxyl groups in the 

material were from hydroxyl terminated poly(ethylene oxide) rather than the unreacted 

silanol groups. It was thought that the organic component of GPTMS/DMP-30 comprised 

short chains of poly(ethylene oxide). 

 

Figure 5.58 
29

Si NMR spectrum of GPTMS/DMP-30 hybrid material 
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For OIHMs derived from di-functional organosilane, the chemical shifts are noticeably 

different from the chemical shifts of the OIHM derived from tri-functional organosilane. The 

chemical shifts of 
29

Si were observed in the region of -10 to -30 ppm. From Fig. 5.59, a minor 

peak appeared at -14 ppm can be assigned to di-substituted siloxane oligomers 

(R2Si(OSi)2).
87

 The major peak at -22 ppm is due to linear polysiloxane chains (R2SiO)x. It 

should be noted that both two peaks are D
2
 species but the peak at -22 ppm is the resonance 

of siloxane structure similar to silicone oil which composed of linear polysiloxane with di-

substitution.
88

 The result suggested that the inorganic network of GPDMS/DETA comprised 

mostly linear polysiloxane chains with a fraction of siloxane oligomers. This is in agreement 

with FTIR result in which the absorption peaks at 1080, 1052, and 1018 cm
-1

 indicates the 

absorption of siloxane similar to polydimethylsiloxane. 

 

Figure 5.59 
29

Si NMR spectrum of GPDMS/DETA hybrid material 

Similar to GPDMS/DETA, the resonance of siloxane in GPDMS/HHPA appeared at -13 and 

-21 ppm. It is evident that the inorganic component of the GPDMS/HHPA OIHM contained a 

larger amount of di-substituted siloxane oligomers (R2Si(OSi)2) compared to that of 

GPDMS/DETA. The 
29

Si NMR signals of GPDMS/HHPA also showed an extra peak at 

around -19 ppm which could be attributed to octaalkylcyclotetrasiloxane (R2SiO)4.
88

 The 

structure of this siloxane species is shown in Fig. 5.60. The result indicates that the inorganic 

network of GPDMS/HHPA contained a substantial amount of this cyclic species. This could 

be explained by the one-step acid catalyzed sol-gel process of di-functional organosilane.  
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Figure 5.60 
29

Si NMR spectrum of GPDMS/HHPA hybrid material 

In addition to the evaluation of inorganic network structure of OIHMs, 
13

C NMR was done 

on GPTMS/DETA hybrid material to determine the completion of epoxy ring opening 

reaction. GPTMS precursor possesses six carbon atoms as shown in Fig 5.61. Therefore, six 

main resonance peaks of 
13

C NMR can be detected at approximately 11 ppm (1), 25 ppm (2), 

45 ppm (6), 52 ppm (5), 73 ppm (3), and 75 ppm (4).
26

  

 

Figure 5.61 Chemical structure of GPTMS precursor with the numbers next to the carbon 

atoms for identification in the 
13

C NMR spectra 

From Fig. 5.62, the 
13

C NMR signals of GPTMS/DETA showed three peaks at 10, 24, and 73 

ppm which are attributed to carbon atoms in the positions 1, 2, and 3, respectively. It should 

be noted that the resonance peaks observed in 
13

C NMR signals of GPTMS/DETA are much 

broader than those detected from GPTMS precursor.
89

 Therefore, the resonance peak at 75 

ppm could be masked by the peak at 73 ppm as the peak is broad. The peak broadening is an 

indication of a more constrained organic network due to higher degree of crosslinking.
26

 The 

13
C NMR spectra also showed that the two peaks for carbon 5 and 6 are not present which 

demonstrates that most of the epoxy rings were opened by DETA. This result is consistent 
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with the FTIR spectra in which the characteristic absorption of epoxy ring at 855 cm
-1 

with 

very low intensity was observed. 

 

Figure 5.62 
13

C NMR spectrum of GPTMS/DETA hybrid material 
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Chapter 6 Organic-inorganic hybrid composites 

6.1 Preparation of organic-inorganic hybrid composites 

Organic-inorganic hybrid composites were prepared using a wet lay-up method. This is a 

process in which liquid resins with low viscosity are used to impregnate reinforcements, 

either before or after the reinforcements have been laid in place. The liquid resin penetrates 

the fibers and displaces the air. This method allows the composite object to be shaped into its 

final configuration while the resin component of the lay-up is still liquid. After the lay-up is 

completely in place, the composite object is then hardened by undergoing a curing process.
1
 

In this study, sol solutions of GPTMS/DETA, GPDMS/DETA, GPTMS/AEAPTMS, 

GPTMS/HHPA, GPDMS/HHPA, and GPTMS/DMP-30 were synthesized according to the 

method described in Chapter 5. The total volumes of the sol solutions were increased to the 

quantities required for the fiber impregnation, while the ratios of organosilane precursors, 

water, and curing agents were kept constant. The composites can be divided into two groups; 

composites containing no filler and composites containing filler. 

6.1.1 Composites containing no filler 

In the preparation of composites, fiberglass veil and basalt veil (Fig. 6.1) were used as a 

reinforcing material. Both fiberglass veil and basalt veil were cut into rectangular shapes with 

dimensions of about 60 x 60 mm. The fiber impregnation was undertaken by layering the veil 

to 10 layers with the sol solution between each layer. The composites were sandwiched 

between glass plates covered with Teflon sheets. The composites were then cured in an oven 

under the conditions described in Chapter 5.  

 

Figure 6.1 (a) fiberglass veil and (b) basalt veil 

(a) (b) 
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It should be noted that the fiber impregnation using the sol solution of GPTMS/HHPA, 

GPDMS/HHPA, and GPTMS/DMP-30 required a mold. Due to the low viscosity of the sol 

solutions, the liquid resins cannot be retained in the reinforcing fiber. 

6.1.2 Composites containing filler 

Molecular sieve 13X, silica nanopowder (Fig. 6.2) and amine modified silica nanopowder 

were used as a filler in the composites by adding to the sol solution prior to the fiber 

impregnation. During the sol-gel process, 5% (w/w) of filler was added to the sol solution 

after the hydrolysis reaction was completed. The mixing was done by stirring for 5 min, 

followed by sonication for 15 min. The appropriate curing agent was then added and the sol 

solution was applied onto the reinforcing fiber. The impregnation and the drying process 

were done according to section 6.1.1.  

 

Figure 6.2 (a) molecular sieve 13X and (b) silica nanopowder 

6.2 Results and discussion 

6.2.1 Morphology observation 

Compared to the OIHMs, the derived composites made with fiberglass veil were obtained 

without fragment formation as shown in Chapter 5. The composites of GPTMS/DETA, 

GPDMS/DETA, and GPTMS/AEAPTMS exhibited a foamy texture whereas a dense texture 

was obtained for GPTMS/HHPA, GPDMS/HHPA, and GPTMS/DMP-30 (Fig. 6.3).  

(a) (b) 
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Figure 6.3 Organic-inorganic hybrid composites of (a) GPTMS/DETA, (b) GPDMS/DETA, 

(c) GPTMS/AEAPTMS, (d) GPTMS/HHPA, (e) GPDMS/HHPA, and (f) GPTMS/DMP-30 

made with fiberglass veil 

For comparison, composites made with basalt veil were prepared by the fiber impregnation of 

GPTMS/AEAPTMS and GPTMS/HHPA sol solution. The derived composites are shown 

below in Fig. 6.4. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 6.4 Organic-inorganic hybrid composites of (a) GPTMS/AEAPTMS and (b) 

GPTMS/HHPA made with basalt veil 

The surface morphology of the composites was analyzed using a digital microscope. From 

the microscope images in Fig.6.5, it can be seen that the composites of GPTMS/DETA made 

with fiberglass veil and basalt veil did not have a significant difference in the polymer matrix.  

 

Figure 6.5 Digital microscope images of GPTMS/DETA composites made with (a) fiberglass 

veil and (b) basalt veil  

It should be noted that small voids can be observed in the composites of GPTMS/HHPA, 

GPDMS/HHPA and GPTMS/DMP-30 which could be due to excess water trapped in the gel 

(Fig. 6.6). 

(a) (b) 

(a) (b) 
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Figure 6.6 Small voids observed in the GPTMS/HHPA composite 

6.2.2 Attenuated total reflectance spectroscopy (FTIR-ATR) 

The IR spectrum of the GPTMS/DETA composite (Fig. 6.7) showed similar absorption bands 

to those of the GPTMS/DETA hybrid material. The formation of a three-dimensional 

siloxane network was confirmed by the Si-O-Si symmetric stretch at 1108 and 1039 cm
-1

. 

Further, the Si-O-Si symmetric stretch can be located at 787 cm
-1

. The characteristic 

absorption band of the silanol group at 915 cm
-1

 indicates incompletion of the condensation 

reaction. A small absorption band due to the epoxy rings at 855 cm
-1

 can also be detected, 

which indicates unreacted epoxy rings. The absorption at 1645 cm
-1

 is due to the deformation 

mode of absorbed water. 

 

Figure 6.7 FTIR spectrum of the GPTMS/DETA composite 
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It should be noted that the GPTMS/DETA composite showed an absorption band with a low 

intensity at 1734 cm
-1

, which corresponding to a C=O stretching vibration. This absorption 

band was believed to be due to the coating of fiberglass veil, as shown in Fig. 6.8. The 

absorption bands in the range of 2800 to 3000 cm
-1

 and 900 to 1000 cm
-1

 can be assigned to 

vibrations of alkyl groups and siloxanes, respectively. 

 

Figure 6.8 FTIR spectrum of the fiberglass veil 

The composite of GPDMS/DETA exhibited IR absorptions due to linear siloxanes at 1082, 

1049, and 1015 cm
-1

 (Fig. 6.9). A small absorption peak attributed to the epoxy ring was 

detected at 856 cm
-1

, indicating incomplete epoxy ring opening reaction. The absorption band 

due to the fiberglass veil was observed at 1735 cm
-1

. 

 

Figure 6.9 FTIR spectrum of the GPDMS/DETA composite 
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The IR spectrum of the GPTMS/AEAPTMS composite showed two characteristic absorption 

peaks for the three-dimensional siloxane at 1101 and 1031 cm
-1

 (Fig. 6.10). The incomplete 

condensation reaction of silanol groups and the epoxy ring-opening were evident by the 

absorption bands at 915 and 854 cm
-1

, respectively. The result is in agreement with the 

absorption detected at 3289 cm
-1

, corresponding to -NH stretching vibration. The absorption 

band with a small intensity observed at 1734 cm
-1

 was attributed to the coating on the 

fiberglass veil. 

 

Figure 6.10 FTIR spectrum of the GPTMS/AEAPTMS composite 

From Fig. 6.11, the IR spectrum of GPTMS/HHPA composite exhibited an absorption at 

1728 cm
-1

, indicating the completion of the anhydride ring-opening reaction. However, the 

absorption of the unreacted epoxy rings was still detected at 855 cm
-1

. The three-dimensional 

siloxane network in the polymer matrix was confirmed by the absorption bands at 1101 and 

1034 cm
-1

. It should be noted that the absorption band at 1080 cm
-1

, corresponding to the 

linear siloxane chains, was not observed in the composite, as seen in the OIHM of 

GPTMS/HHPA (Fig.5.29). The unreacted silanol groups showed a small absorption at 918 

cm
-1

.   
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Figure 6.11 FTIR spectrum of the GPTMS/HHPA composite 

For the GPDMS/HHPA composite, the FTIR showed a similar absorption to that of 

GPTMS/HHPA at 1732 cm
-1

 (Fig. 6.12), confirming the completion of the anhydride ring-

opening reaction. The absorptions attributed to linear siloxane chains were observed at 1081, 

1050, and 1017 cm
-1

. The absorption band appeared as a shoulder at 1036 cm
-1

 was thought 

to be the absorption corresponding to siloxane from the fiberglass veil. Similar to the OIHM 

of GPDMS/HHPA, the epoxy absorptions could not be detected, which could be an 

indication of lower steric hindrance effect in the polymer matrix. 

 

Figure 6.12 FTIR spectrum of the GPDMS/HHPA composite 

5001000150020002500300035004000

A
b

so
rb

an
ce

 

Wave number (cm-1) 

5001000150020002500300035004000

A
b

so
rb

an
ce

 

Temperature (C) 

1
7

2
8

 

1
1

0
1

 

1
0

3
4

 
9

1
8

 
8

5
5

 

17
3

2
 

1
0

81
 

10
50

 
1

0
3

6
 

10
17

 



 

150 
 

Similar to the OIHM of GPTMS/DMP-30, the IR spectrum of the composite showed a small 

absorption band at 930 cm
-1

 (Fig.6.13), corresponding to the asymmetric stretching vibration 

band of quaternary ammonium cations (C-N
+
(CH3)3.

2
 The absorptions of the three-

dimensional siloxane network were observed at 1101 and 1039 cm
-1

. The unreacted epoxy 

rings showed a small absorption band at 856 cm
-1

. The absorption due to the coating of the 

fiberglass veil appeared as a shoulder at around 1735 cm
-1

. 

 

Figure 6.13 FTIR spectrum of the GPTMS/DMP-30 composite 

6.2.3 Thermal gravimetric analysis (TGA)  

As mentioned previously in this chapter, the composites, especially the GPTMS/HHPA, 

GPDMS/HHPA, and GPTMS/DMP-30, exhibited small voids in the polymer matrix, which 

could be caused by excess water trapping in the gel network. This excess water can be 

reduced by incorporating a filler into the polymer matrix, which can act as a reinforcing agent 

as well as a desiccant.  

13X molecular sieve is a sodium form of the Type X crystal structure having a composition 

of 1 Na2O:1 Al2O3:2.8 0.2 SiO2:xH2O with a pore diameter of approximately 10 Å. In 

theory, it has a water capacity of 29.5%.
3
 Therefore, the addition of a molecular sieve is 

expected to absorb the excess water in the sol solution, reducing the trapped water in the gel. 

From the TGA curve of 13X molecular sieve (Fig. 6.14), it was observed that the weight loss 

due to the release of absorbed moisture by the molecular sieve was 23.4% after a temperature 
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ramp scan to 200C. The result indicates that by regenerating the 13X molecular sieve at 

200C, the desiccant can absorb the excess water in the sol-solution by over 20%. 

 

Figure 6.14 TGA curve of molecular sieve 13X 

By comparison, a molecular sieve type Y was analyzed by the TGA. From Fig. 6.15, it can be 

seen that the weight loss due to the release of absorbed moisture was 7.3% at 200C. The 

result suggests that the molecular sieve type Y had a much lower water capacity compared to 

that of the molecular sieve type X, 13X. 

 

Figure 6.15 TGA curve of molecular sieve type Y 
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6.2.4 Dynamic mechanical thermal analysis (DMTA) 

 6.2.4.1 Organic-inorganic hybrid composites 

The measurement of thermomechanical properties of the GPTMS/DETA composite is shown 

in Fig. 6.16, in which the storage modulus (E’), loss modulus (E”), and tan  were measured 

from 40 to 200C. An increase in the storage modulus was observed from 60 to 115C. The 

result suggests that further condensation reactions of the unreacted silanol groups occurred 

when the composite was subjected to heat. Consequently, the stiffness of the composite 

increased as the polymer matrix became more crosslinked. Beyond this temperature, the 

stiffness decreased slightly. The E’ value was stable at around 1300 MPa in the rubbery 

plateau region. 

The glass transition temperature (Tg) taken from the loss modulus peak can be located at 

around 110C, which is in good agreement with the Tg observed in the OIHM of 

GPTMS/DETA. The Tg cannot be taken from the tan  curve as the peak was not well-

defined. The low values of tan  suggest that the polymer matrix of GPTMS/DETA exhibited 

an elastic behavior.  

It should be noted that after the DMTA measurement indentation marks appeared on the 

surface of the epoxy composite while no marks were observed on the surface of the 

GPTMS/DETA composite (Fig. 6.17). This indicates the deformation of the epoxy polymer 

matrix at high temperature. In other words, the neat cured epoxy resin exhibited lower 

thermal stability than the OIHM matrix. 
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Figure 6.16 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of the 

GPTMS/DETA composite 
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Figure 6.17 O-I composites of cured epoxy resin (a) before DMTA scan and (b) after DMTA 

scan, in comparison with composites of GPTMS/DETA (c) before DMTA scan and (d) after 

DMTA scan 

For composite containing a high inorganic content, the GPTMS/AEAPTMS composite 

showed an increase in the slope of the E’ curve from 80 to 200C, indicating further curing in 

the polymer matrix (Fig. 6.18). The E’ values were about 2600 MPa, which is two times 

higher than those of the GPTMS/DETA composite. The result confirms that the 

GPTMS/AEAPTMS composite exhibited higher stiffness than the GPTMS/DETA composite 

due to a higher inorganic content. Furthermore, the increase in E’ values up to 200C 

indicates that the polymer matrix exhibited a higher thermal stability than that of 

GPTMS/DETA. 

The Tg of the GPTMS/AEAPTMS composite can be located at 117C from both E” curve and 

tan  curve.  

(a) (b) 

(c) (d) 
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Figure 6.18 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of 

GPTMS/AEAPTMS composite 
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From Fig. 6.19, the E’ curve of the GPDMS/DETA composite showed a decrease in E’ 

values from 1150 to 900 MPa at 80C. Beyond this temperature, the E’ curve exhibit a slight 

decline, and E’ values of about 880 MPa were observed in the rubbery plateau region. As 

mentioned in the previous chapter, the E’ values of GPDMS/DETA were expected to be 

lower than those of GPTMS/DETA. This is due to lower crosslink density of the siloxane 

network as a result of the di-functional GPDMS precursor. However, the E’ curve of the 

GPDMS/DETA composite showed that the material has good thermal stability at 

temperatures up to 200C. 

It should be noted that the Tg of the GPDMS/DETA composite cannot be identified as both 

E” and tan  curves do not exhibit a peak. The results are in agreement with the E” and tan  

curves of GPDMS/DETA hybrid material. 

The GPTMS/DMP-30 composite showed a continuous increase in E’ values at temperatures 

above 95C, indicating an increase in the stiffness of the material. At the end of the DMTA 

scan, the E’ value was about 1500 MPa higher than the initial E’ value. The same trend can 

be seen in the E” and tan  curves in which the slopes increased at the temperature above 

95C. Therefore, Tg of the GPTMS/DMP-30 composite cannot be identified. The results are 

in agreement with the GPTMS/DMP-30 hybrid material. 

The E’ of GPTMS/HHPA decreased slightly from 750 to 690 MPa when the temperature 

increased to 75C. The decrease in the E’ values was observed again in the rubbery plateau 

region, indicating a lower thermal stability compared to the other composites. The E’ value at 

200C was about 550 MPa, which is less than half than that of the GPTMS/DETA composite. 

The Tg of the GPTMS/HHPA cannot be identified as the E” and tan  curves do not exhibit a 

peak. Again, the results are in good agreement with the GPTMS/HHPA hybrid material. 
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Figure 6.19 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of 

GPDMS/DETA composite 
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Figure 6.20 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of 

GPTMS/DMP-30 composite 
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Figure 6.21 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of 

GPTMS/HHPA composite 
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The DMTA curves of the GPDMS/HHPA composite showed the lowest E’ values compared 

to the other composites, which indicates that the GPDMS/HHPA composite exhibited the 

lowest stiffness (Fig. 6.22). This could be due to the nature of the organic network formed in 

the polymer matrix as well as the low crosslinked inorganic network derived from the di-

functional silane precursor. Similar to the GPTMS/HHPA composite, a decrease in the E’ 

value can be observed. However, the drop in the stiffness occurred at the temperature about 

105C, while the drop in the E’ values of the GPTMS/HHPA occurred at about 140C. The 

results suggest that the GPDMS/HHPA composite exhibited a lower thermal stability 

compared to the GPTMS/HHPA composite. This observation supports the crosslink density 

results of the OIHMs in the previous chapter. 

Similar to the GPTMS/HHPA, Tg cannot be identified from the E” and tan  curves as there 

was no peak observed. 

In addition to the composite fabrication, basalt veil was employed as a reinforcing material 

for comparison of the mechanical properties to fiberglass veil. The OIHMs of GPTMS/DETA 

and GPTMS/HHPA were selected as the polymer matrix.  

From Fig. 6.23, it can be seen that the GPTMS/DETA composite made with basalt veil 

exhibited a significantly higher E’ values than the composite made with fiberglass veil. The 

E’ value of basalt composite was about 2400 MPa, while that of fiberglass composite was 

about 1350 MPa in the rubbery plateau region. The result suggests that the use of basalt 

reinforcing material improved the stiffness of the composite to nearly two times of the 

fiberglass composite. 
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Figure 6.22 DMTA curves of (a) storage modulus, (b) loss modulus and (c) tan  of the 

GPDMS/HHPA composite 
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Figure 6.23 Storage modulus curves of GPTMS/DETA composites (a) made with basalt veil 

and (b) made with fiberglass veil 

The same trend can be seen from the GPTMS/HHPA composite. In the rubbery region, the E’ 

values of the basalt composite were about 1260 MPa, while the fiberglass composite 

exhibited E’ values around 680 MPa. The result, again, indicates that the stiffness of the 

basalt composite was much higher compared to the composite made with fiberglass veil. 

 

 

Figure 6.24 Storage modulus curves of GPTMS/HHPA composites (a) made with basalt veil 

and (b) made with fiberglass veil 
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 6.2.4.2 Organic-inorganic hybrid composites containing filler 

As mentioned in Chapter 3, incorporation of the secondary reinforcing agent (or so-called 

filler) can enhance the mechanical properties of fiber reinforced polymers (FRPs) by 

increasing the matrix toughness. Storage modulus curves of composites containing molecular 

sieve 13X are shown below from Fig. 6.25 to Fig. 6.30. 

Compared to the E’ curves of the composites prepared without the secondary reinforcing 

agent, it can be seen that the composites containing 5% (w/w) of molecular sieve 13X 

exhibited notably higher E’ values. It is evident that the addition of the secondary reinforcing 

agent in the polymer matrix increased the stiffness of the derived composites. The 

approximate average value of the increasing E’ was 500 MPa. 

 

Figure 6.25 Storage modulus curves of GPTMS/DETA composites containing (a) 5% (w/w) 

molecular sieve 13X and (b) no filler 
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Figure 6.26 Storage modulus curves of GPDMS/DETA composites containing (a) 5% (w/w) 

molecular sieve 13X and (b) no filler 

 

Figure 6.27 Storage modulus curves of GPTMS/AEAPTMS composites containing (a) 5% 

(w/w) molecular sieve 13X and (b) no filler 
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Figure 6.28 Storage modulus curves of GPTMS/DMP-30 composites containing (a) 5% 

(w/w) molecular sieve 13X and (b) no filler 

 

Figure 6.29 Storage modulus curves of GPTMS/HHPA composites containing (a) 5% (w/w) 

molecular sieve 13X and (b) no filler 
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Figure 6.30 Storage modulus curves of GPDMS/HHPA composites containing (a) 5% (w/w) 

molecular sieve 13X and (b) no filler 

In order to improve the interaction between the organic-inorganic hybrid polymer matrix and 

the reinforcing filler, silica nanopowder was incorporated into the sol-solution prior to the 

composite fabrication. During the process of silica nanopowder formation, hydroxyl groups 

become attached to some of the silicon atoms on the surface of the silica particles. Therefore, 

silica nanopowder features a large number of hydroxyl groups, which is estimated to be 3.5 to 

4.5 hydroxyl groups per square millimicron of silica surfaced compared to a theoretical 

maximum of 7.85.
4
 These hydroxyl groups can condense with the silanol groups in the sol-

solution, leading to the formation of a Si-O-Si bond. 

Fig. 6.31 to 6.36 show a comparison of the storage modulus curves between the composites 

prepared with no filler and with 5% (w/w) silica nanopowder. It can be seen that the 

composites containing silica nanopowder exhibited higher E’ values. Table 6.1 also shows a 

comparison of E’ values between composites containing molecular sieve and silica 

nanopowder. The results indicate that the composites containing silica nanopowder exhibited 

higher stiffness than those containing the molecular sieve. It is evident that better interaction 

between the organic-inorganic hybrid polymer matrix and silica nanopowder was achieved 

through the Si-O-Si bond formed by silanol groups of the polymer matrix and hydroxyl 

groups on the silica surface.  
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Figure 6.31 Storage modulus curves of GPTMS/DETA composites containing (a) 5% (w/w) 

silica nanopowder and (b) no filler 

 

Figure 6.32 Storage modulus curves of GPDMS/DETA composites containing (a) 5% (w/w) 

silica nanopowder and (b) no filler 
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Figure 6.33 Storage modulus curves of GPTMS/AEAPTMS composites containing (a) 5% 

(w/w) silica nanopowder and (b) no filler 

 

Figure 6.34 Storage modulus curves of GPTMS/DMP-30 composites containing (a) 5% 

(w/w) silica nanopowder and (b) no filler 
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Figure 6.35 Storage modulus curves of GPTMS/HHPA composites containing (a) 5% (w/w) 

silica nanopowder and (b) no filler 

 

Figure 6.36 Storage modulus curves of GPDMS/HHPA composites containing (a) 5% (w/w) 

silica nanopowder and (b) no filler 
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Table 6.1 Storage modulus values in the rubbery region of composites containing molecular 

sieve and silica nanopowder filler 

Composite Storage modulus (MPa) 

Molecular sieve Silica nanopowder 

GPTMS/DETA 

GPDMS/DETA 

GPTMS/AEAPTMS 

GPTMS/DMP-30 

GPTMS/HHPA 

GPDMS/HHPA 

2000 

1280 

3030 

3600 

1200 

680 

3100 

4000 

3870 

4000 

1760 

800 

 

In addition to the study of composites containing silica nanopowder, Aerosil
®
 R 504, which 

is a silica nanopowder treated with hexamethyldisilazane (HMDS) and aminosilane, was used 

as a filler in fiberglass reinforced composites. The thermo-mechanical properties of the 

composites containing Aerosil
®
 R 504 are shown below. 

 

Figure 6.37 Storage modulus curves of GPTMS/DETA composites containing (a) 5% (w/w) 

Aerosil
®
 R 504 silica nanopowder and (b) 5% (w/w) silica nanopowder 
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Figure 6.38 Storage modulus curves of GPTMS/AEAPTMS composites containing (a) 5% 

(w/w) Aerosil
®
 R 504 silica nanopowder and (b) 5% (w/w) silica nanopowder 

From Fig. 6.37 and 6.38, the storage modulus curves of GPTMS/DETA and 

GPTMS/AEAPTMS showed that the composites containing 5% (w/w) of Aerosil
®
 R 504 

silica nanopowder exhibited higher E’ values compared to those containing untreated silica 

nanopowder. The results suggest that the amine treated silica filler enhanced the stiffness of 

the composites further by improving the interaction between the polymer matrix and the glass 

filler as the additional bonding was achieved from both inorganic and organic species. From 

the analysis of the polymer matrix previously shown, FTIR spectra indicated that a small 

amount of unreacted epoxy rings were present in the fully cured organic-inorganic hybrid 

polymer matrices. These unreacted epoxy rings can then be opened and crosslinked with the 

amine groups from HMDS and aminosilane, forming additional covalent bonds between the 

polymer matrix and glass filler. 
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Chapter 7 Conclusion and future work 

 

7.1 Thesis summary 

The sol-gel process and the epoxy ring opening reaction of GPTMS organosilane allowed the 

formation of organic-inorganic hybrid materials to be achieved. The formation mechanism 

and the network structure depended greatly on the organosilane precursors, the epoxy curing 

agents, and well-controlled reaction conditions. These parameters dictated the physical and 

thermo-mechanical properties of the derived hybrid polymers, enabling alteration of the 

material properties. In this study, it was evident that the presence of inorganic networks 

provided a significant improvement to the thermo-mechanical properties of the hybrid 

materials, in that an increase in the glass transition temperature and the end-use temperature 

were observed. 

For composite fabrication, the study showed that the organic-inorganic hybrid materials can 

be used as the polymer matrix in glass fiber reinforced composites. The DMTA results 

showed that the mechanical properties of the composites can be enhanced further by using 

basalt fiber as the replacement of fiberglass and the addition of fillers. Furthermore, it was 

evident that the interaction between the hybrid polymer matrix and the filler can be improved 

by using silica nanopowder. The condensation reaction between the silanol groups from the 

inorganic network and the hydroxyl groups on the surface of the silica filler allowed the 

formation of the Si-O-Si bonds, leading to composites with a higher modulus. The study also 

showed that the addition of amine treated silica nanopowder increased the storage modulus of 

the GPTMS/DETA composite further by 220% compared to the composite containing no 

filler.  

7.2 Recommendation for future work 

Although the results presented here have demonstrated the effectiveness of the use of 

organic-inorganic hybrid materials in improving thermo-mechanical properties of the 

polymer matrix composites (PMC), the materials can be developed in a number of ways: 

7.2.1 Extended study on the current approach 

As shown in this study, GPTMS/DETA and GPTMS/AEAPTMS composites made with 

basalt veil exhibited higher modulus values. More experiments on the different hybrid 



174 
 

polymer matrices can be undertaken to investigate changes in the properties of the derived 

composites. Furthermore, hybrid composites can also be fabricated using other reinforcing 

fibers, such as carbon fibers. The interaction between the carbon fibers and the hybrid 

polymer matrix can be improved by reacting amine functionalized silane precursors (e.g., 

AEAPTMS) with epoxy sized carbon fibers
1,2

. 

For composites containing fillers, the current study showed that the amine treated silica 

nanopowder enhanced the compatibility between the hybrid polymer matrix and the filler, 

resulting in an improvement in the modulus of the derived composites. Therefore, an 

extended study can be undertaken to investigate the effect of the silica nanopowder with 

different functional groups on various hybrid polymer matrices. 

To use hybrid materials as a polymer matrix in composites, a better understanding of the 

material properties needs to be established. For example, toughness or impact resistance of 

the composites can be measured using an Izod impact strength test. 

In chapter 5, the morphology observation showed that void formation could occur in the 

hybrid materials. More investigations can be undertaken to evaluate the effect of voids on the 

material properties. Additionally, more experiments on the curing regime can be considered 

to minimize or eliminate void formation during the gelation process. 

7.2.2 Extended study on the new approach 

In the current study, the organic-inorganic hybrid materials were synthesized by hydrolyzing 

alkoxide precursors. This sol-gel process is considered as a conventional hydrolytic route, in 

which the formation of the oxide network is based on the hydroxylation and 

polycondensation of the molecular precursors. OIHMs can also be synthesized via non-

hydrolytic sol-gel (NHSG) process which involves the reaction of a suitable metal or 

metalloid precursor with an oxygen donor leading to the formation of an inorganic oxide 

under non-aqueous conditions. NHSG methods fall into two groups depending whether or not 

they involve hydroxylation reactions. In the latter case, rigorously aprotic conditions are 

preserved by the use of hetero-functional condensation reactions, excluding hydroxyl groups. 

Therefore, such reactions are referred to as aprotic condensation reactions.
 3,4,5,6

 

Non-hydrolytic hydroxylation is a simple method involving the thermal decomposition of a 

metal alkoxide (or carboxylate) precursor. The temperature range is of 200 to 300C, in 

which hydroxyl groups are produced via a cyclic elimination mechanism with liberation of 



175 
 

alkene (Fig. 7.1). This reaction is more relevant to metal-organic chemical vapor deposition 

(MOCVD). However, it is most likely involved in the thermal degradation of residual alkoxyl 

groups during the calcination of non-hydrolytic gels into oxides. 

 

Figure 7.1 Cyclic elimination mechanism of metal alkoxide
6 

Another method of non-hydrolytic hydroxylation is the reaction of carbonyl compounds such 

as ketones with basic metal alkoxide, which are able to induce ketolization. For example, the 

reaction of acetone with zinc (II) alkoxide results in the formation of a gel, ultimately 

liberating zinc oxide, the alcohol, and mesityl oxide. 

For aprotic condensation, an oxo-bridge is formed via the condensation between two 

functional groups bonded to two different metal centers with elimination of a small organic 

molecule (Fig. 7.2). The organic compounds that can be eliminated are ether (a), ester (b), 

and alkyl halide (c). 

 

Figure 7.2 Aprotic condensation with elimination of (a) ether, (b) ester, and (c) alkyl halide
6 

Because many of the precursor molecules are liquids, the NHSG approach offers the potential 

to avoid the use of solvents. Therefore, the silanol group by-product can be reduced or 

eliminated.
1
 NHSG reactions follow a different mechanism leading to significantly less 

dependence on the identity of the metal ions. One important consequence of this is that 

reactivity differences between different metals, such as silicon and transition metals, may not 

be the same as those observed in the hydrolytic reaction. The NHSG process may also favor 

retention of smaller coordination numbers for transition metals and aluminium because of the 

involvement of nucleophilic substitution reactions. An important side reaction during the 
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NHSG process is the occurrence of ligand exchange reactions, which can change the kinetics 

and the mechanistic course of the reaction as well as the precise structure of the product(s).
3,7 
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Acronym Definition 

AEAPTMS n-(2-Aminoethyl)-3-aminopropyltrimethoxysilane  

AFPs Antifreeze Proteins 

AIBN Azobisisobutyronitrile 

APTES 3-Aminopropyl Triethoxysilane 

ATR Attenuated Total Reflectance 

BDGE 1,4-Butanediol Diglycidyl Ether 

BDMA Benzyldimethylamine 

BPO Benzoyl Peroxide 

CA Chlorendic Anhydride 

CAI Compression After Impact 

CeF Ceramic Fiber 

CNFs Carbon Nanofibers 

CNTs Carbon Nanotubes 

CP Cross-Polarization 

DDM Diamino Diphenyl Methane 

DDS Diamino Diphenyl Sulfone 

DETA Diethylene Triamine 

DETDA Diethyl Toluene Diamine 

DGEBA Diglycidyl Ether of Bisphenol-A 

DILA Dynamic Interphase Loading Apparatus  
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DMP-10 2-(Dimethylaminoethyl)phenol 

DMP-30 2,4,6,Tris(dimethylaminomethyl)phenol 

DMTA Dynamic Mechanical Thermal Analysis 

DSC Differential Scanning Calorimetry 

DTA Differential Thermal Analysis 

EDA Ethylene Diamine 

EDS Energy-Dispersive X-Ray Spectroscopy 

EMR Electromagnetic Radiation 

FID Free Induction Decay 

FRP Fiber Reinforced Polymer 

FTIR Fourier Transform Infrared Spectroscopy 

GDMMS (3-Glycidoxypropyl)methyldimethoxysilane  

Ge Germanium 

GFRPs Glass Fiber Reinforced Polymers 

GPDMS (3-Glycidoxypropyl)methyldimethoxysilane  

GPMDES (3-Glycidoxypropyl)methyldimethoxysilane  

GPTMS 3-Glycidoxypropyltrimethoxysilane 

GRP Glass Reinforced Plastic 

HCl Hydrochloric Acid 

HHPA Hexahydrophthalic Anhydride  

HMDS Hexamethyldisilazane 

HPDEC High Power Decoupling 
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ILSS Inter-Layer Shear Strength 

KRS-5 Thalium Bromoiodide 

LNCS Liquid Nitrogen Cooling System 

MA Maleic Anhydride 

MAH Maleic Anhydride 

MAPDMS 3-Methacryloxypropylmethyldimethoxysilane 

MAPTMS Methacryloxypropyltrimethoxysilane 

MAS Magic Angle Spinning 

MHHPA Methyl Hexahydrophthalic Anhydride 

MMA Methyl Methacrylate 

MOCVD Metal-Organic Chemical Vapor Deposition 

MPTMS -Mercaptopropyl Trimethoxysilane

MSMA 3-(Trimethoxysilyl)propyl Methacrylate 

MTES Methyltriethoxysilane 

MTHPA Methyl Tetrahydrophthalic Anhydride 

MTMS Methyltrimethoxysilane 

MWCNT Multi-Wall Carbon Nanotubes 

NaOH Sodium Hydroxide 

NHSG Non-Hydrolytic Sol-Gel 

NLO Nonlinear Optical 

NMR Nuclear Magnetic Resonance 

OIHMs Organic-Inorganic Hybrid Materials 
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PA Phthalic Anhydride 

PA Polyamide 

PBO Poly p-phenylene benzobisoxazole 

PC Polycarbonate 

PDMS Polydimethylsiloxane 

PE Polyester 

PEEK Poly(ether ether ketone) 

PEO Poly(ethylene oxide) 

PET Polyethylene Terephthalate 

PHS Diethylphosphonatoethyl Triethoxysilane 

PI Polyimide 

PMC Polymer Matrix Composite 

PMDA Pyromellitic Dianhydride 

PMMA Polymethylmethacrylate 

PMMSi 

Poly(methyl methacrylate-co-[3-

(methacryloxy)propyl]trimethoxysilane) 

POSS Polyhedral Oligomeric Silsesquioxanes 

PP Polypropylene 

PPGs Poly(propylene glycol) 

PTMS Phenyltrimethoxysilane 

PU Polyurethane 

RTM Resin Transfer Molding 

S/N Signal/Noise 
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SEM Scanning Electron Microscopy 

Si Silicon 

SNAP Self-Assembled Nanophase Particles 

TEOS Tetraethyl Orthosilicate 

TEPA Tetraethylene Pentamine 

TETA Triethylenetetramine 

TGA Thermal Gravimetric Analysis 

TGA Thermo Gravimetric Analysis 

TGAP Triglycidyl p-Amino Phenol 

TGDDM Tetraglycidyl Ether of 4,4'-Diamino Diphenyl Methane 

THPA Tetrahydrophthalic Anhydride  

TMA Trimellitic Anhydride 

TMOS Tetramethyl Orthosilicate 

TSDA N-[3-Triethoxysilylpropyl]-2,4-dinitrophenylamine  

VTMS Vinyltrimethoxysilane 

ZnS Zinc Sulfide 

ZnSe Zinc Selenide 
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