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 Melting gels are silica-based organic–inorganic hybrid gels. A characteristic of so 

called melting gels is that the gels, which are rigid at room temperature, are able to soften 

and re-soften at temperatures around 110°C. However, after consolidation at a temperature 

higher than 150°C, the gels no longer re-soften. In hybrid gels, which show melting gel 

behavior, the system contains a di-substituted alkoxysilane and a mono-substituted 

alkoxysilane. Melting gels have many applications such as corrosion protection for metals, 

alternatives for low-melting sealing glasses, and hermetic packaging for electrochemical 

devices. 

 Melting gels with phenyltriethoxysilane (PhTES) and diphenyldiethoxysilane 

(DPhDES), as well as phenyltrimethoxysilane (PhTMS) and diphenyldimethoxysilane 

(DPhDMS), have been studied in the past. It is known that melting gels do not form when 
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PhTES or PhTMS is mixed with tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) 

alone. Nevertheless, it is possible to form melting gels when small amounts of TEOS or 

TMOS are added to PhTES/DPhDES and PhTMS/DPhDMS gels. This study was carried 

out to determine the limits of TEOS or TMOS additions, before melting gels lost the ability 

to soften.  

 The limit of TEOS or TMOS additions was determined for eight different mixtures. 

In all cases, the mole ratio of PhTES/DPhDES or PhTMS/DPhDMS was held constant at 

1/0.25. The TEOS or TMOS addition was expected to give an increase in the number of 

bridging oxygens between silicons, -Si-O-Si-, during the hydrolysis and condensation 

polymerization stage. The miscibility limits were maximum for the gel containing PhTES 

and DPhDES in ethanol with 50% TEOS in methanol, and minimum for the gel containing 

PhTMS and DPhDMS in methanol with 5% TEOS in methanol. 

 An increase in the number of bridging oxygens that result when condensation 

polymerization is more complete was accompanied by a decrease in the total weight loss 

measured in thermal gravimetric studies, and to slight decreases in the consolidation 

temperature. The glass transition temperature recorded using differential scanning 

calorimetry increased for compositions with increasing TEOS in ethanol or TMOS in 

methanol. Different solvents, for example, TEOS in methanol, caused transesterification 

and trends that were not consistent. Helium pycnometer measurements showed that the 

density of all samples after consolidation increased with increasing the TEOS or TMOS 

additions. Those with TMOS had higher densities than those with TEOS, due to the higher 

reactivity and more complete hydrolysis of TMOS. Micro-hardness values for gels 

increased gradually with increasing TEOS in ethanol or TMOS in methanol. All 
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compositions produced coatings with hydrophobic surfaces, with methoxy substituted 

compositions being slightly more hydrophobic than ethoxy-substituted compositions. 

 FTIR spectra revealed the species present in the consolidated gels. The peaks in the 

spectra were assigned to hydroxyl groups, phenyl and other organic groups, and Si–O–Si 

bonds in the organically modified glass network. Si–C direct bonds from the substituted 

siloxanes were retained in the consolidated hybrid glasses. The general trend was that peaks 

were shifted to higher wavenumbers in systems with TEOS, while peaks were shifted to 

lower wavenumbers in systems with TMOS, reflecting the faster gelation in TMOS 

systems. 
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I love fools' experiments. I am always making them. 

Charles R. Darwin in Francis Darwins “The Life of Charles Darwin”, 1902  

Kohn's Second Law: An experiment is reproducible until 

another laboratory tries to repeat it. 
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You make experiments and I make theories. Do you know the 

difference? A theory is something nobody believes, except the 

person who made it. An experiment is something everybody 

believes, except the person who made it. 

Albert Einstein in Gerald Holtons, “The Advancement of Science, and Its Burdens”, 

(1986),  

The most exciting phrase to hear in science, the one that 

heralds new discoveries, is not 'Eureka!' (I found it!) but 

'That's funny ...' 

Isaac Asimov (1920 - 1992)  
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Chapter One 

Introduction 

1.1 Introduction 

 The field of materials is immense and diverse. Historically, materials utilization 

began with the emergence of man himself. The ages of civilization are classified according 

to materials, such as Stone Age, Bronze Age, and Iron Age.  Since materials are an essential 

part of our daily life, the necessity of exploring new materials to make our lives better 

increases as the civilizations grow. 

 There is an enormous demand for novel materials to meet the recent technological 

challenges related to health, sustainability, and environmental protection that cannot be 

satisfied using the well- established materials, such as metals, ceramics, or plastics. 

Naturally, the necessity of formulates and developing new functional materials that could 

improve the quality of life, and that can contribute to advanced technologies is of supreme 

importance. The ultimate realization of these technological advancements will be based on 

our ability to synthesize and organize matter into controlled geometries on the nanoscale.  

 Mixing of different classes of materials can show superior properties compared 

with their pure counterparts. With the surge occurring in the area of chemistry and physics, 

material scientists and chemists have managed to manipulate existing resources and design 

new-engineered materials where one can add or eliminate specific properties by choosing 

the suitable processing routes. Thus, many new materials came into existence, which were 

either a replica of natural materials with desired changes or completely new materials. 
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These new-engineered materials were categorized into two major groups: Composites 

(engineered combination of at least two different materials) and advanced materials (used 

in new technology applications) including semiconductors, biomaterials, smart materials, 

and nanoengineered materials. [1] 

 In general, a composite is considered to be any multiphase material that exhibits a 

substantial proportion of the properties of both constituent phases such that a better 

combination of properties is realized. In addition, the constituent phases must be 

chemically dissimilar and separated by a distinct interface. Composite materials can occur 

in nature, such as wood, which consists of strong and flexible cellulose fibers surrounded 

and held together by a stiffer material called lignin. Also, bone is a composite of the strong 

yet soft protein collagen and the hard, brittle mineral apatite. Composites also can be 

artificially made such as fiberglass-reinforced polymers and concrete. Recognition of this 

novel concept of combining dissimilar materials during manufacture led to the 

identification of composites as a new class of materials. [2]  

  

 

 

 

 

 

16.2 Large-Particle Composites  •  637

 One simple scheme for the classification of composite materials is shown in 
Figure  16.2, which consists of four main divisions: particle-reinforced, fiber-rein-
forced, structural, and nanocomposites. The dispersed phase for particle-reinforced 
composites is equiaxed (i.e., particle dimensions are approximately the same in all 
directions); for fiber-reinforced composites, the dispersed phase has the geometry 
of a fiber (i.e., a large length-to-diameter ratio). Structural composites are multi-
layered and designed to have low densities and high degrees of structural integrity. 
For nanocomposites dimensions of the dispersed phase particles are on the order of 
nanometers. The discussion of the remainder of this chapter is organized according 
to this classification scheme.

Figure 16.2 A classification 
scheme for the various composite 
types  discussed in this chapter.

Composites

Fiber-reinforcedParticle-reinforced

Large-
particle

Dispersion-
strengthened

Continuous
(aligned)

Discontinuous
(short)

Laminates Sandwich
panels

Structural Nano

Aligned Randomly
oriented

As noted in Figure 16.2, large-particle and dispersion-strengthened composites are the 
two subclassifications of particle-reinforced composites. The distinction between these 
is based on the reinforcement or strengthening mechanism. The term large is used to 
indicate that particle–matrix interactions cannot be treated on the atomic or molecular 
level; rather, continuum mechanics is used. For most of these composites, the par-
ticulate phase is harder and stiffer than the matrix. These reinforcing particles tend to 
restrain movement of the matrix phase in the vicinity of each particle. In essence, the 
matrix transfers some of the applied stress to the particles, which bear a fraction of the 
load. The degree of reinforcement or improvement of mechanical behavior depends on 
strong bonding at the matrix–particle interface.
 For dispersion-strengthened composites, particles are normally much smaller, 
with diameters between 0.01 and 0.1 !m (10 and 100 nm). Particle–matrix interactions 
that lead to strengthening occur on the atomic or molecular level. The mechanism of 
strengthening is similar to that for precipitation hardening discussed in Section 11.9. 
Whereas the matrix bears the major portion of an applied load, the small dispersed par-
ticles hinder or impede the motion of dislocations. Thus, plastic deformation is restricted 
such that yield and tensile strengths, as well as hardness, improve.

large-particle 
 composite

dispersion-
 strengthened 
 composite

Particle-Reinforced Composites

Some polymeric materials to which fillers have been added (Section 15.21) are really 
large-particle composites. Again, the fillers modify or improve the properties of the mate-
rial and/or replace some of the polymer volume with a less expensive material—the filler.

16.2 LARGE-PARTICLE COMPOSITES

Figure 1.1: A classification scheme for the various composite types. [1] 
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 Composite materials can be simply classified into four main divisions as shown in 

Figure 1.1, which consists of: particle-reinforced, fiber-reinforced, structural, and 

nanocomposites. [1]  

 Macroscopic composites, especially fiber-glass-reinforced epoxy, are well-known 

composite materials. Despite the fact that they are essential to many industries, such as 

electronics, aerospace, and automotive, recently macroscopic composites have lost some 

of their fascination with the emerging of nano-science field. Now the excitement in 

advanced materials is nanocomposites. A rapidly growing field of materials under this 

category is Inorganic/Organic Hybrid Materials. Hybrid is the generic term used for an 

inorganic–organic material and nanocomposites refer to the family of materials where the 

inorganic and organic components are mixed on the nanometer scale. [3]  

 The present chapter aims to provide a general overview about hybrid 

nanocomposites and the different synthetic methods developed for the preparation of 

organic–inorganic polymer based nanohybrids/nanocomposites with emphasis on sol-gel 

technique and of their applications in various fields including biomedicine, sensing, 

energy, catalysis, optoelectronics, environmental remediation, and finally in construction, 

automotive, and coating technologies.  

 The objective of this dissertation is to formulate and characterize different types of 

organic/inorganic hybrid nanocomposites. The precursors used in the manufacturing 

process are monosubstituted, disubstituted alkoxysilanes and tetralkoxysilane.  A suitable 

application for these hybrids is as coating metals to protect them from corrosion.  
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1.2 Polymer Hybrid Nanocomposites  

 An astonishing archaeological discovery was made on 1964 in Mexico known as 

Bonampak (Maya painted walls). This ancient Mayan mural was built in the 8th century 

characterized by bright blue and ochre colors that had been miraculously preserved. A 

special feature of these wall paintings was precisely their bright blue hues. Maya blue was 

known for its remarkable durability. Despite the harsh environment and biodegradation, 

Maya blue withstood more than twelve centuries. Also showing unique stability when 

exposed to acids, alkalis and organic solvents. At the end of the 20th century with the 

availability of advance analytical techniques, the Mayan blue secret was uncovered. These 

pigments are the first manmade hybrid organic-inorganic material with molecules of the 

natural blue dye known as indigo encapsulated within the channels of a clay mineral known 

as palygorskite. [4] 

 The pursuit to combine properties of organic and inorganic components in a single 

composite material starts with the beginning of the industrial era. The real development of 

hybrid organic-inorganic materials exploded only very recently with the birth of soft 

inorganic chemistry processes (“Chimie Douce”), where mild processing conditions, 

particularly the low reaction temperatures, open the opportunity to assemble chemically 

designed hybrid organic-inorganic materials. Where organic materials are characterized by 

ease of processing, lightweight, and flexibility, inorganic materials exhibit superior thermal 

and mechanical behavior as well as unique optical, electrical, catalytic, and magnetic 

properties, especially when they are in nanoscale dimensions. Recently the field of organic-

inorganic materials has become more sophisticated, including structural hybrid materials 
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based on carbon-silicon networks. Classical macroscopic composite materials include 

adobe, a mixture of clay and straw that used to make bricks in dry climate regions 

throughout history, and reinforced concrete that built the infrastructure. When it comes to 

the microscopic field, and particle sizes are reduced to the nano scale level, components 

interact at a molecular level, increasing the importance of the interphase and causing a 

tremendous boost to the physical and chemical properties in composite mixtures. [5] 

 The hypothesis behind using building blocks having nanosize dimensions is to 

make it possible to create new polymeric materials exhibiting new or improved physical 

properties, such as unrivaled flexibility with complementary strengths. [6] 

 This approach has been used successfully in recent years for producing hybrid 

polymers, particularly structural hybrid materials, based on mixed silicon-carbon networks 

prepared by sol-gel methods. In this field, scientists aim to produce structural materials 

with properties between those of inorganic glasses and organic polymers. The expectations 

go beyond mechanical strength, thermal and chemical stability. These new materials can 

exhibit unusual behavior, relative to optical transparency, dielectric and electrical 

properties, luminescence, ionic conductivity, biological compatibility and biological 

activity, as well as chemical or biochemical activity. [7]  

1.3 Classification of hybrids nanocomposites 

 Hybrid nanocomposites can be classified according to several criteria. The first and 

simplest way is according to the properties and the type of application for which they are 

designed and used, in particular, into the broad groups of structural and functional materials 

with the emphasis on functionality and on functional hybrid materials. The applications of 

this kind of materials are enormous.  A large number of hybrids are based on electro-active 
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inorganic compounds and conducting organic polymers (COPs), which are also electro-

active. Such materials improve applications like electrocatalysis [8] or energy storage [9] 

where the electrochemical activity is paramount property.  

 In a review article Romero [5], proposed a new scheme for classification of 

functional hybrid composites into three categories according to the nature of host and guest 

molecule. The first one is organic-inorganic (OI) materials or compounds where the matrix 

is the organic phase surrounding an inorganic guest. The second one is the inorganic-

organic (IO) material where the inorganic is the host and organic phase is the guest (Fig. 

1.2). The third category, which falls in between these two major classes, can be called 

“nanocomposite hybrids”, where neither the inorganic nor organic components acts as the 

host or guest molecules as the predominant matrix, but each part of the hybrid maintains 

its own structure with increased interfacial interaction due to the nanometric particle size.  

It is noteworthy that inorganic species, which will form hybrid materials, can be either 

molecular or extended in nature. In OI hybrids, the organic phase is responsible for 

structural support while the inorganic molecules in general contribute their chemical 

activity to become part of a useful solid material. On the other hand, in IO hybrids, it is the 

inorganic phase fulfilling the structural task, although the inserted organic polymer can 

also imprint its polymeric nature onto the material. Some of the properties of organic and 

inorganic materials and their relation to structure are summarized in Table (1.1). [10] 

 A classification widely used for all sorts of hybrid materials relies on the nature of 

interaction between organic and inorganic components. The properties of these materials 

are not just the sum of the individual contributions from each phase. The role of the 

interfaces is predominant. According to the nature of the interface, these materials are 
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divided into two distinct classes [10,11]. Class I is organic/inorganic materials mixed with 

each other and held via weak bonds (hydrogen, van der Waals or sometimes ionic bonds), 

which are amorphous or ordered. In Class II, the two phases are bonded to each other 

through primary chemical bonds (covalent or partially-covalent bonds). Some hybrids 

materials from class II may contain weak bonds likewise in class I hybrids.  

Table 1.1: General properties of the organic and inorganic materials. [10] 

Property Organics (polymers) Inorganics (SiO2 and TMO) 

Nature of bonds 

Covalent [C-C] 

+� (weaker van der Waals or 
H bonding)�  

Ionic or iono-covalent [M-O] 

 

Tg Low (- 100 to 200 OC)�  High (> 200 OC)�  

Temperature stability Low (< 350 OC except 
polyimides, 450 OC) High (>> 100OC)�  

Density�  0.9-1.2�  2-4�  

Refractive index 1.2-1.5�  1.15-2.7�  

Mechanical properties 

 

Elasticity, plasticity, rubbery-
like (depending on T,) Hardness, strength fragility 

Hydrophobicity 
permeability 

Hydrophilic, hydrophobic, 
permeable to gases 

Hydrophilic, � low 
permeability to gases 

Electronic properties 

 

Insulating to conducting, 
redox properties 

Insulating to semiconducting 
(SiO2, /TMO), redox 
properties (TMO)�  

Processability 

 

High molding, casting, 
machining, thin films from 
solution, viscosity control 

 

Low for powders needs to be 
mixed with polymers or 

dispersed in solutions, high 
for sol-gel materials (similar 

to polymers) 
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 Another name for this classification, proposed by Klein and Wojcik, is physical 

nanocomposites and chemical nanocomposites depending on the nature of the bond. The 

former one can be subdivided into interpenetrating networks and soluble polymers, while 

the latter one can be classified into monomer systems, monomer–polymer systems, and 

copolymers. [3] 

  

 The term organic-inorganic hybrid is most commonly used in a general way due to 

the indistinct use of both terms organic-inorganic and inorganic-organic hybrids in the 

literature.  

 1.4 Synthetic Techniques of Organic–Inorganic Polymer Hybrids  
 In the following section, the different synthetic approaches used for synthesizing 

organic–inorganic hybrids are described. These different processing methods were 

reviewed in different articles and books. [12-14] 

 

Figure 1.2: Schematic representation of the three major groups of hybrids materials and their 

combinations to form OI and IO hybrids. [5] 
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1.4.1 Blending  

 Blending includes two methods. The first one is solution and melts blending which 

is the simplest way to produce organic-inorganic nanocomposites. In this method, a 

polymer solution is formed first by dissolving the polymeric material in an appropriate 

solvent followed by the addition of the inorganic nanoparticulates. Mixing of the two 

phases occurs though mechanical stirring or ultra-sonication. Upon solvent removal, the 

intercalated structure remains, resulting in an OI nanocomposite. Despite the fact that this 

process is simple and cheap it has drawbacks such as when nanoparticles agglomerate in 

order to reduce their surface energy. Inorganic nanoparticles are usually functionalized 

with either organic molecules or macromolecules to ensure good solubility and mixing at 

a molecular level with the polymer matrix as schematically depicted in Figure1.3. [15] 

 Blending of polymer melts does not require the use of organic solvents to prevent 

aggregation and inhomogeneity, which makes it an environmentally benign process 

compared to the solution blending method. The process is carried out under similar 

processing conditions of the parent polymers and it is compatible with current industrial 

processes, such as extrusion and injection. The inorganic nanoparticles could be, but are 

not limited to, nanoclays [16], silica [17], and metal nanoparticles (MNP) [18].  
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inorganic nanoparticles including nanoclays (Albdiry et al. 2013), silica (Lai et al. 
2013; Reddy and Das 2005), metal nanoparticles (MNP) (Xia et al. 2006), semicon
ducting quantum dots (QD), (Minhao Wong et al. 2012) and Al2O3 nanoparticles 
(Psarras et al. 2011) to mention only a few.

2.2.1.2   Powder Blending

Solid-state powder processing has been also used for the synthesis of polymer–in
organic hybrids. The use of solid-state processes is advantageous from the aspect 
that they do not require any solvents (i.e., environmental issues arising from solvent 
removal and disposal do not exist) or polymer heat treatment, and they overcome 
the processing problems associated with the high nanoparticle loading, observed 
in the case of solution and in particular in the case of melt processing due to the 
tremendous increase in the viscosity of the melt rendering the whole process in
feasible. Moreover, polymers with poor solubility in organic solvents or with high 
melting temperatures cannot be co-processed with inorganic nanoparticles using the 
aforementioned techniques to obtain polymer–inorganic hybrid materials.

High-energy ball milling (HEBM; Castrillo et al. 2007) has been used for syn
thesizing polymer–inorganic hybrid materials. During the HEBM process, a series 
of energy-transfer events takes place promoting intermixing between polymers and 
inorganic nanoparticles. Existing agglomerates of the filler particles break up into 
smaller (nano) particles during the process resulting in their homogeneous disper
sion inside the polymer matrix. This in turn leads to a composite material where 
the properties of the individual components are retained, whereas depending on 
the degree of interaction between the filler particles and the polymer matrix, new 
properties may arise due to synergistic interfacial effects.

Polymers have been combined with silica (Olmos et al. 2012; Pantaleon and 
Gonzalez-Benito 2010; Gonzalez-Benito and Gonzalez-Gaitano 2008), barium tita
nate (Olmos et al. 2013; Serra-Gomez et al. 2012), TiO2 (Ouyang et al. 2012), nano
clay minerals (Vertuccio et al. 2009; Mangiacapra et al. 2006), magnetoresponsive 
MNP (Giri 1997; Bao and Jiang 2005; Zhu et al. 2006; 2008), and nickel-ferrite 
nanopowder (Azhdar et al. 2008) employing cryogenic HEBM.

ba

Fig. 2.1   Polymer–inorganic 
nanocomposite material 
in which a nanoparticle 
agglomeration takes place 
and b nanoparticles are well 
dispersed within the polymer 
matrix

 

Figure 1.3: Organic–inorganic nanocomposite 
material a) nanoparticle agglomeration takes 
place and b) nanoparticles are well dispersed 
within the polymer matrix. [14] 
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The second blending method is powder-blending. This method does not require any solvent 

or polymer heat treatment. Moreover, it overcomes the problems associated with the high 

nanoparticle loading which tends to increase the viscosity especially in the melt method 

making the process difficult. Usually, high-energy ball milling is used in this method 

ensuring homogeneous dispersion between the constituents on a Nanoscale level. 

1.4.2 Emulsion Polymerization 

 Emulsion polymerization is a common synthetic method for polymer 

nanocomposites, where polymer is dispersed in an aqueous solution containing a 

surfactant. With the help of emulsifier and the action of the mechanical stirring, the 

monomers are dispersed in water emulsion and polymerized by the initiator and precursor. 

Emulsion polymerization can be divided into two methods. In the inverse emulsion 

polymerization, a non-polar solvent is used, and the monomers are dispersed in the oil 

phase with the help of emulsifier. This technique has many advantages such as higher 

polymerization rate at low temperature, high molecular weight and small molecular weight 

distribution of the product. Second method is seeded emulsion polymerization that is used 

often for preparation of inorganic-organic nanocomposites. In this method the inorganic 

compounds are pretreated with a coupling agent in order to achieve good compatibility 

between the hydrophilic inorganic particles and the hydrophobic organic monomers. 

Meanwhile polymer latex particles that are generated in the emulsion system serve as seeds 

for the monomer agglomeration. [12] 
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1.4.3 Photopolymerization 

 Photopolymerization is a common method used to synthesis polymer-based 

nanocomposites materials. This process uses of an intense ultraviolet (UV) irradiation in 

the presence of photoinitiators within monomers or oligomers to induce photo-crosslinking 

polymerization process [19]. In the presence of inorganic nanofillers, polymer–inorganic 

nanocomposites are generated. Organic–inorganic polymer nanocomposites prepared by 

photopolymerization processes have many applications particularly in the coating industry 

for the protection of all types of materials. Advances in this field enabled the fabrication of 

polymer-based nanocomposite coatings with improved physical, chemical, and biological 

properties. Other applications include printing inks, adhesives, microelectronics, printing 

plates, and three-dimensional imaging and microfabrication processes [20]. Some of the 

polymers used in this process include, acrylates, methacrylates, epoxy and, vinyl ether-

based systems combined with metal oxide nanoparticles including silica, titania and 

alumina, clays, and MNPs [14]. Figure 1.4 shows a simple sketch for metal/polymer 

nanocomposites by photochemical processes. [20] 

 

 

 

small size metal nanoparticles with those of polymeric
materials in a beneficial manner. Many advanced
optoelectronic and sensor devices are based on the
fabrication of these materials.71–74 Because of their
high surface-free energy, nanoparticles tend to agglom-
erate. Again, a key challenge for a potential techno-
logical use is the achievement of homogeneous
dispersion of the thermodynamically unstable nano-
particles. Various methods have been applied. Gener-
ally applied methodology is detaining nanoparticles
during the preparation by adding protecting agents or
setting them in an inert environment. Among them,
photochemical methods involving light-induced reduc-
tion of metal ions such as Ag and Au complexes are of
particular interest as they find a wide range of
application including synthesis of metallic colloids,
and metallization and patterning of films.

Recently, we have introduced a novel approach for
the preparation of metal–polymer nanocomposites, in
which nanoparticle formation and UV crosslinking
process were accomplished in one pot by simply
irradiating appropriate formulations, obtaining the
homogeneous distribution of the nanoparticles within
the polymer network without any macroscopic agglom-
eration. Silver or gold nanoparticles and initiating
species were formed in a single redox process. The
overall strategy is represented in Scheme 6.

The nature of the photochemically generated radi-
cals and the redox properties of the salt are quite
crucial for the success of the process. Appropriate
combinations of electron donor radicals with certain
metal salts induce metal formation and chain propa-
gation concomitantly. For example, photoinduced
cleavage of 2,2-dimethoxy-2-phenyl acetophenone
(DMPA), is a good source of electron donor radicals,
namely alkoxy benzyl radicals.75 Thus, irradiation of
DMPA in the system in the presence of AgPF6 leads to
its reduction with rapid generation of both metallic
silver and initiating cations without any undesirable
side reactions (Scheme 7).

The process is not limited to the cationically
polymerizing epoxy resins. Acrylates and methacry-
lates that polymerize by a free radical mechanism can
also form nanocomposites by the described in situ
method. In this case, while the silver nanoparticles are
formed in a similar manner, the free radical chain
growth occurs from the benzoyl radicals derived from
DMPA.

For the potential use of such nanocomposites as
coating materials, we prepared oil-based nanocompos-
ites containing silver nanoparticles. The composites
showed good adhesion, flexibility, water, acid, and
alkali resistances. For further extension of their use as
antimicrobial coatings, antibacterial properties were

hv

Photoinitiator
+

Metal
nanoparticles

Polymer/metal
nanocomposite

(mono- and/or di-functional)
monomers

Metal salts

Scheme 6: General mechanism for the light-induced synthesis of polymer metal nanocomposites
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OCH3

O OCH3

+
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OCH3
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OCH3

OHCH3

SbF6 + Ag0

(Ag0 )

Epoxy/silver
nanocomposite

OCH3

OHCH3

SbF6 + O

O

OO

EPOX

–

–

Scheme 7: Light-induced synthesis of silver–epoxy nanocomposites

J. Coat. Technol. Res., 9 (2) 125–134, 2012
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Figure 1.4: General schematic of photopolymerization synthesis of polymer metal nanocomposites. [20] 
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1.4.4. Intercalation 

 Generally, this process is easier than the sol-gel synthesis method. Fundamentally 

intercalation consists of polymerization of dispersed monomers inside inorganic 

compounds that have layered structures such as silicate clay, phosphate, graphite, metal 

oxide, disulfide, and tri-phosphorus sulfide complex. Three approaches of intercalation 

synthesis are possible depending on raw materials, which are intercalation polymerization, 

solution intercalation and melt intercalation. The monomers intercalate within the 

inorganic layered structure, then polymerize and expand. As a result, the weak forces that 

stack the layered structure of the inorganic material together are exfoliated in an 

appropriate solvent. Consequently, the layers are nanometer in scale and dispersed within 

the polymer matrix.  In solution and melt intercalation, similar process occurs to embed the 

polymer into the channels of the inorganic compound, resulting in polymer 

nanocomposites [12,21]. 

1.4.5. Microwave Irradiation 

 Recently, microwave irradiation has been used as an effective alternative energy 

source for polymer synthesis and processing. High-purity nanocomposites products can be 

obtained using microwave irradiation synthesis method in a few minutes. The principle of 

this process is based on applying an electromagnetic field on molecules having permanent 

dipole moments. The molecules couple with the applied field and generate heat. One of the 

most important advantages of this process is the fast polymer formation, which is crucial 

to encapsulate inorganic nanoparticles before agglomeration. Microwave-assisted 
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preparation of polymer nanocomposites has application in different fields like biomedicine, 

environmental materials, electronic materials, photoconductive materials, fuel cells, 

magnetic materials, and photonic crystals [12,22]. 

1.4.6. Electrochemical Synthesis 

 Electrochemical synthesis is a convenient way to prepare polymer-based 

nanocomposites films. The film is directly deposited on an electrode surface through the 

electrochemical polymerization of electroactive monomers, such as aniline, thiophenes, 

and pyrrole in the presence of inorganic nanoparticles. The process is usually done in an 

electrochemical workstation [12]. For instance, polythiophene-magnetite composite layers 

have been prepared through the electropolymerization of 3-thiophene-acetic-acid in the 

presence of Fe3O4 nanoparticles in nitrobenzene and as a consequence modified electrodes 

with magnetic properties can be prepared for magnetic electrocatalysis. [23]  

1.4.7.  Surface Grafting 

 Surface grafting is the process of tethering of polymeric chains to the surface of 

nanoparticles to construct what are called polymer brushes [24]. Polymer brushes are 

ultrathin polymer coatings consisting of polymer chains, which are tethered by one chain 

end to a surface or an interface, generally a solid substrate. Improving the interface 

interactions between the polymeric and the inorganic species is the main requirement to 

develop organic-inorganic nanocomposites. For this purpose; two grafting techniques are 

known.  The “grafting to” strategy involves the attachment of presynthesized polymers via 

either physisorption or chemisorption (covalent bond) to the particle surface, typically by 



 
 
 
 

 

14 

using reactive chain ends to achieve the coupling process. In the “grafting from” approach, 

the polymerization is directly initiated from initiator-functionalized surfaces using 

controlled polymerization techniques such as anionic polymerization, cationic 

polymerization, ring-opening polymerization, ring-opening metathesis polymerization, 

and free radical polymerization. The “grafting from” method is favorable in controlling 

brush thickness, composition, and architecture [25]. Polymer brushes are used in many 

applications such as new adhesive materials, protein-resistant biosurfaces, 

chromotographic devices, lubricants, polymer surfactants and polymer compatibilizers. 

[26] 

1.4.8.  Self-Assembly 

 This process is based on electrostatic attractive forces (hydrophobic interactions 

hydrogen and coordination bonding) developed between oppositely charged organic and 

inorganic species. Self-assembly is a useful chemical strategy, which is able to form 

polymer nanocomposites by direct assemble of the various structurally well-defined 

nanomaterials into the complex architectures with hierarchical structures. The mild 

conditions allow easy design of chemically hybrid organic–inorganic materials. The 

possible synthetic methods include in-situ self-assembly, template-induced self-assembly, 

evaporation-induced self-assembly, and layer-by-layer assembly [27]. Figure 1.5 shows a 

simple sketch for layer-by-layer self-assembly method. [14] 

1.4.9. Amphiphilic Block Copolymer-Mediated Synthetic Approaches 

 Amphiphilic block copolymers (ABC) represent a class of polymers known as soft 

materials, a new class of functional polymers. They are formed by two or more chemically 
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homogeneous polymer fragments (blocks) joined together by covalent bonds with different 

chemical natures, making them amphiphilic. 

 

   

  

 ABCs architectures can be prepared in different structure such as di-block, tri-

block, multiblock, graft, or star copolymers. Amphiphilic block copolymers are important 

in technology for different kinds of problems related to interface and particle stabilization. 

In order to prepare stable organic-inorganic hybrid materials using ABCs approach, the 

interface between polymer/inorganic has to be sufficiently stabilized. That can be obtained 

by employing functional blocks that bind to the inorganic material providing sufficient 

adhesion between the two phases. Block copolymers provide a large variety of 

microstructures for use in the synthesis of nanocomposites hybrid materials. An overview 

of these structures is given in Figure 1.6. Amphiphilic copolymers find the way to 

numerous applications like emulsifiers, dispersants, foamers, thickeners, rinse aids, and 

compatibilizers. [28] 
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bonding interactions. For example, recently, Liu et al. (2012) described the syn
thesis of polymer–TiO2 raspberry-like core–corona composites consisting of a 
poly(4-vinylpyridine; PVPy) core and a poly(ethylene glycol dimethacrylate-co-
methacrylic acid)/TiO2 corona. In this system, the hydrogen bonding takes place 
between the hydroxyl moieties of titania and the pyridyl groups of PVPy.

2.2.11   Amphiphilic Block CopolymerMediated Synthetic 
Approaches

The ABCs consist of at least two constitutional and/or configurational building 
blocks that are covalently linked together. Depending on the number of block seg
ments incorporated within their structures, ABCs are classified into diblock, tri
block, or multiblock copolymers, whereas by employing different synthetic path
ways ABCs of various architectures, including linear, branched, graft, and star 
copolymers, can be prepared (Hadjichristidis et al. 2003). Due to incompatibility 
issues existing between the different block segments, ABCs have the tendency for 
microphase separation in solution or at the solid state. This phenomenon results 
in the generation of well-defined nanomorphologies in solution (such as micelles 
of different shapes and vesicles) as well as at the solid-state (ordered continuous 
morphologies including lamellae, body-centered cubic (BCC) packed spheres, hex
agonally ordered cylinders (HEX) or bicontinuous structures) as schematically pre
sented in Fig. 2.14 (Förster and Antonietti 1998).

The ABCs have been extensively employed for the synthesis of nanostructured 
polymer–inorganic hybrids in which either metal or ceramic nanoparticles have been 
embedded within nanostructured polymer domains. The use of well-defined ABCs 
(i.e., characterized by controlled molecular weights and narrow molecular weight dis
tributions) synthesized by means of living/controlled polymerization methods as nan
otemplates for the development of such hybrid nanomaterials is very important, since, 
depending on the nanomorphology adopted by the ABC chains, the morphology, size, 
and consequently properties of the embedded inorganic nanoparticulates, including 
optical, electrical, magnetic, catalytic, and others, can be precisely controlled.

…….

Fig.  2.13   The layer-by-layer self-assembly approach used for the synthesis of polymer-based 
nanocomposites. This approach is based on the development of strong electrostatic attractive 
forces between oppositely charged organic (polymer) and inorganic components

 

Figure 1.5: The layer-by-layer self-assembly approach used for the synthesis of polymer-based 
nanocomposites. [14] 
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1.4.10. Sol–Gel Synthesis 

 Organic/inorganic hybrid nanocomposite materials prepared by the sol-gel method 

have drawn much interest in the field of materials science research.  This is related to their 

diphasic structures, homogeneous, and high-purity products, which are mostly inorganic 

oxide, can be made at ambient temperatures rather than at the very high temperatures 

leading to multifunctional materials.  In the past few decades the explosion of activity in 

this area- the increase in the volume and the quality of published work- has made 

tremendous progress in both the fundamental understanding of the sol-gel process and the 

development and applications of new organic/inorganic hybrid materials. Sol-gel synthesis 

Figure 1.6: Common morphologies created by ABCs: body centered cubic (bcc) packed 
spheres (BCC), hexagonally ordered cylinders (HEX), gyroid (Ia3d), hexagonally perfo- 
rated layers (HPL), modulated lamellae (MLAM), lamellae (LAM), cylindrical micelles 
(CYL), and spherical micelles (MIC). [28] 
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offers a degree of control over composition and structure at the molecular level 

unachievable with traditional sintering or precipitation methods. A great deal of research 

has focused on silica-based gels where the physics and chemistry involved in the synthesis 

were detailed in books that also explain the process to some extend for nonsilicate-based 

gel [29, 30].  

 Glasses and ceramics can be synthesized through powderless processing via the 

sol–gel route. Moreover, the easy control of the rheology of the colloid states (sol) and gels 

allows the formation of product in a variety of forms like monoliths, fibers and thin films.  

Films are produced with controlled thickness directly from the solution by techniques like 

dip-coating, spin-coating and spin-drawing.  Powders can result from a sol-gel process with 

particles of controlled size and shape. [31] 

 Organic-inorganic composite materials synthesized using the sol-gel route can be 

divided into five major classes based on their macromolecular structures and phase 

connectivities: [7] 

Type I:  Soluble, preformed organic polymers embedded in a xerogel. 

Type II:  Embedded, preformed organic polymer connected covalently to the 

inorganic network.  

Type III:  Mutually interpenetrating organic-inorganic networks.  

Type IV:  Interpenetrating networks with covalent links between the organic 

and inorganic phases.  
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Type V:  "Non-shrinking" sol-gel composite materials.  

1.4.10.1. Background and Basics of the Sol–Gel Method 

 As early as the mid-1800s, Ebelman and Thomas Graham had prepared gels of 

silica through hydrolysis of tetraethylorthosilicate (TEOS), Si(%&'()), under acidic 

conditions. Therefore sol-gel process is by no means a new method for the preparation of 

materials. [32,33]. A solution is a single-phase liquid while a sol is defined as a colloidal 

dispersion of stable solid particles in a liquid. Colloids are in turn described as solid 

particles with dimensions in the range of 1nm to 1µm (10-10,	./), each containing 100 to 

101 atoms per particle. A gel is a three-dimensional interconnected network that contains 

a continuous solid skeleton enclosing a continuous liquid phase: the liquid prevents the 

solid from collapsing; the solid prevents the liquid from escaping. The term "gel" includes 

a diversity of combinations that can be classified into four categories as discussed by 

Flory:(1) well-ordered lamellar structures; (2) covalent polymeric networks, completely 

disordered; (3) polymer networks formed through physical aggregation, predominantly 

disordered, and (4) particular disordered structures [34]. Presently a more acceptable 

classification of gel used by ceramists is polymeric and colloidal gels [30]. Thus, the formal 

definition of sol – gel processing is the growth of colloidal particles and their linking 

together to form a gel, even though gelation may not occur (particle formation). [35]  

 Organic/inorganic hybrid materials prepared by the sol-gel process can be 

generated using different synthetic techniques by incorporating various starting inorganic 

and organic components with varied molecular structure. The organic component can be 



 
 
 
 

 

19 

introduced as (i) a precursor, which can be a monomer or an oligomer, (ii) a preformed 

linear polymer (in molten, solution, or emulsion states), and finally (iii) a preformed 

polymer network, physically (e.g., semicrystalline linear polymer), or chemically (e.g., 

thermosets, elastomers) crosslinked. The mineral part can be introduced as (i) a monomer 

(e.g., a metal alkoxide), (ii) preformed nanoparticles, whiskers, or platelets, and finally (iii) 

an existed nanoporous structure (e.g., aerogel). [36] Additives of different kinds can be 

added to the liquid mixture before it gels as a composite. [37]  

 When using alkoxides, the first step in sol-gel synthesis is the hydroxylation of the 

precursors, which occurs upon hydrolysis of the hydrolyzable alkoxy groups as follows: 

[29] 

2−45 +784⟺ 2−47+547															 	 	 										 										Eq.	(1.1)	

During hydrolysis, the alkoxide groups (-OR) are replaced via the nucleophilic attack of 

the oxygen atom of a water molecule and release of alcohol and the formation of a metal 

hydroxide. Then they undergo polycondensation reactions via two competing mechanisms:  

(a) Oxolation is the formation of an oxygen bridge between two hydroxylated metal 

species liberating water (oxolation) or between a hydroxide and an alkoxide releasing an 

alcohol (alcoxolation) leading to M-O-M bonds.  

2−47+74 −2	 ⟺ 2−4−2+784				 	 																	 										Eq.	(1.2)	

2 − 45 +74 −2	 ⟺ 2− 4−2+ 5−47							 												 																								Eq.	(1.3)	

      (b) Olation is the formation of a hydroxo bridge, when the coordination number of the 

metal is higher than the valence state {(N-z) > 0}. [29]  
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2−47+74 −2	 ⟺ 2(47)82																														 	 																								Eq.	(1.4)	

 These reactions can be described as S"2 nucleophilic substitutions. The chemical 

reactivity of metal alkoxides toward hydrolysis and condensation depends mainly on the 

electronegativity of the metal ion. Electronegativity is defined as the power of attraction 

for the electrons in a covalent bond. The partial charge δ	$, and the ability of the atom to 

exhibit several coordination numbers N. As a general rule, the electronegativity of metal 

atoms decreases as their size increases, and the chemical reactivity of the corresponding 

alkoxides increase as shown in Table (1.2). Therefore, silicon alkoxides are less reactive 

than transition metals. [38, 39] 

 Table 1.2: Electronegativity (E"), partial charge (δ$), ionic radius (r), maximum coordination 

number (N), and degree of unsaturation (N-z) of some tetravalent metals (z = 4). [39] 

Alkoxide E" δ$ r (A°) N N-z 

DE(%FGH)4 1.74 +0.32 0.40 4 0 

IE(%FGH)4 1.32 +0.60 0.64 6 2 

Zr	(%FGH)4 1.29 +0.64 0.87 7 3 

&L(%FGH)4 1.17 +0.75 1.02 8 4 

  

 The resulting morphology and structure of the metal-oxo macromolecular network 

depends on many parameters. It is very sensitive to slight changes in any of the synthesis 

conditions. The simultaneous occurrence of hydrolysis and condensation affects the 

chemical reaction rates, which are dependent on many factors such as reaction temperature, 

pH, and amount of water, solvent, and precursor used, and the use of complexing agents. 

In general, increasing the temperature will increase the reaction rate. The pH of the solution 
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is controlled by adding catalyst (acid or base) to control the rates of these reactions. Under 

acid-catalyzed conditions, hydrolysis proceeds rapidly, and the initial sol contains many 

small oligomers and particles. Therefore acid-catalyzed gels are aggregates of very small 

ultimate particles, which lead to formation of linear polymer chains. The very small sizes 

of the particles minimize light scattering effects and produce transparent gels that have 

numerous applications in optics. In contrast under basic catalysis, hydrolysis and particle 

nucleation steps are rate limiting (condensation is faster), so the sol will contain fewer, 

larger particles than in the acid-catalyzed case, which tend to result in lower surface area 

gels with high porosities (Figure 1.7) [40]. Solvent usually is added to prevent separation 

between liquid phases and solvent plays a major role during hydrolysis and condensation 

reactions. Typically, longer chain alcohols are used to solvate more complex compositions. 

 

the material ceases to flow, normal solution mobility is suddenly lost, and the
material becomes segregated into regions of solid and regions of entrapped pore
solvent. At the gel point, the silica structure is essentially locked in, and further
sol–gel chemistry only tends to modify the existing framework.

Many studies have shown that the sol–gel structure continues to evolve long
after gelation. For a period immediately following gelation, the gel is extremely
fragile. An optically transparent (most likely acid-catalyzed) gel, when first
prepared, cannot be removed from its container without turning into a powdery
material. Before such gels can be used as lenses, nonlinear optics (NLO)
devices, and so on, they must be allowed an aging period before the monolithic
structure has stabilized sufficiently to permit manipulation of the sample. During
the aging period, the silica particles undergo continued condensation, which
stabilizes the structure. As with gelation time, the duration of the aging period
that is necessary to stabilize the gel depends greatly on the conditions used in the
sol–gel recipe, but typical aging periods are on the order of days or weeks.

If, following aging, the solvent is allowed to evaporate slowly from the
container, the gel will undergo an additional phase of evolution. As solvent
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Figure 4. The pH dependence of growth and condensation of silica particles during gel formation.
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Figure 1.7: The pH dependence of growth and condensation of silica particles during gel formation. [40] 
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Addition of solvents may promote esterification or depolymerization the reverse of Eq. 

(1.1 and 1.3). The overall effect of solvent on rate of reaction can be summarized as follow: 

[41] 

• Fastest rates for, non–polar, aprotic solvents (i.e. dioxane), 

• Intermediate rates for, polar, aprotic solvents (i.e. DMF, acetonitrile), 

• Slowest rates for, polar, protic solvents (i.e. methanol, formamide). 

 Choice of the precursors and control of their reactivity toward hydrolysis–condensation 

reactions largely determine the kinetics and the type of gel obtained and the structure of 

the resulting materials. The higher the molecular weight the slower the reaction rates so 

that methyl groups have the fastest rates [29,42]. The sol-gel transition occurs when the sol 

suddenly loses its fluidity and transform from viscous liquid to a solid phase by going 

through a gel-point. Hence the resulting “wet” gels are called aquagels, hydrogels, or 

alcogels depending on the predominant liquid exist inside the pores whether it is water or 

alcohol.  At the sol-gel transition the chemical reactions do not stop since the pore liquid 

still contains condensable particles. The composition, structure, and properties of the gel 

continue to change with time in a process called aging. Continued polymerization increases 

the cross linking of the gel network. Syneresis, which is spontaneous shrinkage of the gel 

by release of solvent, occurs during aging. Coarsening and ripening can occur, with an 

increase in pore size and reduction in surface area through dissolution and reprecipitation. 

Finally, segregation, phase separation or crystallization can take place during aging. 

Generally, the gels need to be aged for a certain period of time before drying. [43-44] 

 A gel is said to be dry when the physically adsorbed water is completely removed. 
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This occurs between 100 and 180 ºC. Capillary stresses arise whenever gas–liquid menisci 

appear at the pore boundaries, during evaporation of the pore liquid. When the pore liquid 

in the interconnected solid gel network is replaced by air without considerable shrinkage 

and collapse of the network, an is produced. This can be achieved using a variety of 

strategies such as synthesis of gels with large pores (>50nm), which would yield low 

capillary stress. Freeze-drying is accomplished by freezing the liquid and then removing it 

under vacuum sublimation. The drying process can be controlled by using drying control 

chemical additives DCCAs, such as formamide M('&(%, dimethylformamide DMF, and 

oxalic acid, that work to modify the pH during the course of the sol–gel reaction and 

produce larger and more uniform pore size. Supercritical drying, removal of the solvent at 

a temperature and pressure above the critical point of the liquid, eliminates the liquid–

vapor interface and the surface tension effects. Aerogels can have pore volumes as large as 

98% and densities as low as 80 kg/m3. When the pore liquid is removed at ambient pressure 

by thermal evaporation, substantial shrinkage occurs, resulting in xerogels. Typical surface 

areas for xerogels are about (500-900)	N'/P, while for aerogels they may exceed 1000 

N'/P. [29,45,46] 

 Heat treatment (densification) is necessary for the production of dense glasses and 

ceramics from dry gel. Dried gels still contain a considerable amount of chemisorbed 

hydroxyls on the surface of the pores and organic residue. The densification temperature 

depends mainly on the size of the pores, the connectivity of the pores, and surface area. 

The number of pores and their connectivity will reduce while the density increases as a 

consequence of heat treatment of a gel at elevated temperatures due to viscous flow 

sintering and/or atomic diffusion. Usually aerogels are densified at temperature around 
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1000 ºC whereas xerogels are treated at higher temperature. [30,46] 

1.4.10.2. Types of Precursors 

 Sol-gel processes are a method of forming dispersed inorganic materials in 

solvents, through the growth of metal-oxo polymers [10]. There are two common types of 

precursors, metallic salts (chloride, nitrate, and sulfate) and alkoxides. Salts have the 

formula RSTU were M is the metal, X is an anionic group, m and n are stoichiometric 

coefficients, as in .V&V0. Alkoxides have the general formula R(%W)U which points out 

that they are group of a cation M (M=Si, Al, Zr, Ti, Mo, etc.) with n of alkoxy groups (OR); 

for example, Aluminum ethoxide, .V(%&'())0, and tetraethylorthosilicate TEOS, 

DE(%&'()), [30]. In metal salts, it is difficult to control their reactivity, but they are used 

when metal alkoxides are expensive or difficult to obtain. Many metal alkoxides are 

sensitive to moisture, heat, and light making long-term storage difficult. Besides titanium 

and zirconium, transition metal alkoxides are not readily available [47]. Metal salts 

normally dissolved in water and form oxide/hydroxide precipitates upon pH changes.  Acid 

dissociation of hydrated metal ions increases, when the metal cation is more 

electropositive: 

[2…478][\ ⇌ 	 [2− 47]([^_)\ + 7\ ⇌ 	 [2 = 4](a^8)\ + 87\                      Eq.	(1.5) 

The reaction above (Eq.1.5) proceeds to the right as long as the overall partial charge on 

OH is positive in the general species [R%c('c^d](e^d)\. By applying the partial charge 

model, we can determine the equilibrium species formed in aqueous solution of metal salts. 

Another important factor is the ability of the metal to change their coordination number 

depending on the size and charge. Small size, high charge cations promote strong 
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electrostatic interaction with water [48,38]. During hydrolysis and condensation reaction 

of metal salts different ligands can be formed in solution (aquo, hydroxo, and oxo), which 

depends mainly on the valence of the metal and the pH as shown schematically in Figure 

1.8. [30] 

  
 

 

 

 

 

 

For example, when aluminum salts are dissolved in water, the hydrated cation 

[.V(('%)f]0\ exists only below pH 3. As the pH is increased, the water ligands are 

deprotonated, and the ions [.V(%()g(('%)f^g](0^g)\ are formed. Polymerization of metal 

salts complex usually occur if at least one hydroxo (OH) ligands is bonded to the metal 

cation, by adding catalyst to the solution. Condensation reaction proceeds to form one of 

two types of bridges between the two metal atoms as mentioned earlier in eq. (1.2 and 1.4). 

As for metal alkoxide the degree of unsaturation (N-z) beside electronegativity of the cation 

has been suggested as the main driving force for the reactivity of non-silicate metal 

alkoxides towards nucleophilic attack as show in table (1.2). Since silicon has a high 

electronegativity and a low degree of unsaturation, sol-gel reactions involving silicon 

Figure 1.8: Charge (Z) versus pH diagram indicating the domains of aquo, hydroxo, and oxo species. 
[30] 
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alkoxides are slow. Gelation occurs within several days after water has been added [49]. 

Thus, two important differences between silicon (as a semimetal) and typical main group 

or transition metals alkoxide are realized: 

1. Metals are more electropositive (Lewis acidic) than silicon and therefore more 

susceptible to a nucleophilic attack.   

2. The preferred coordination number of silicon is equal to its valence (+IV). For 

metals, especially transition metals, their oxidation state Z is often smaller than 

their usual coordination state N in an oxide network. The increase of the 

coordination number beyond the valence is reached by interaction with any 

nucleophilic (Lewis basic) entity in the system. This currently occurs via solvation 

or oligomerization (association via OR bridges).  

 Most metal alkoxides form precipitates spontaneously upon addition of water 

because their reactivity is so high. While the reaction of silicon alkoxide need a catalyst to 

boost the reaction. Therefore, the reaction rates of metal alkoxides must be modified to 

obtain gels instead of precipitates. In general, the same parameters discussed in previous 

section influence the rates of the hydrolysis and condensation reactions of metal alkoxides. 

A catalyst is not a necessity due to the higher propensity of metal atoms to interact with 

nucleophilic agents. An additional factor is the degree of oligomerization of the alkoxide 

precursors. The degree of association via OR bridges depend on the following: [39,49,50] 

• Bulkiness of R groups: because of steric hindrance the larger the group R the 

smaller the units. For example, Ti	(OEt), in ethanol has a trimeric structure, while 
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Ti	(OPrm), is monomeric in isopropanol solution. �  

•  Size of the metal: the tendency to oligomerize increases with the size of the metal. 

For example, the average degree of oligomerization of M(OEt), is 2.4 for M = Ti, 

3.6 for Zr and Hf, 4.0 for Sn, and 6.0 for Th.  

• Type of the solvent: the kinetics of the reaction and as a result the structure of oxide 

particles formed can be controlled via an appropriate choice of solvents. Oligomeric 

[nG(%FGU),]U species are formed in non-polar hydrophobic solvents such as 

cyclohexane, while solvates are formed in n-propanol. Precipitation occurs when 

nG(%FGU), is dissolved in n-propanol while monolithic gels can be synthesized in 

cyclohexane [51]. 

  One of the main drawbacks of metal alkoxides is their high reactivity that has to be 

moderated to control the reactions rate and to avoid fast precipitation. This can be 

accomplished by the addition of chemical additives (hydroxylated nucleophilic ligands) 

such as inorganic acids, carboxylic acids, polyols, β-diketones and allied derivatives. In 

most cases complexation by XOH species can be described as a SN reaction as follows:  

2(45)[ + op47	 → [	2(45)[^o(4p)o] + o547                                               Eq.	(1.6)	

 For example, Ethylacetoacetate (EAcAc) complexes with metal alkoxides by forming 

metal-AcAc bonds, which are much less susceptible to hydrolysis than metal-OR bonds. 

This inhibition is likely related to steric factors and the strength of the metal-AcAc bond 

(i.e. the strength of the ligand). An important point that must be considered when using 
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complexing ligands is that they remain in the resulting material and hence may affect final 

properties [52]. Using of	[M(OR)u^v(OX)v] compounds is very similar to that of 

organically modified silane (W′DE(%W)0), but there is one important chemical difference. 

The [M(OR)u^v(OX)v] derivatives are coordination compounds, which means that they are 

prone to coordination/decoordination equilibria with other atoms while Wygroup stay at the 

silicon atom. [50]   

Other precursors include organometallics, which differ from the metal alkoxide 

because they have a direct bond between metal and carbon atom (M-C). The simplest types 

of organometallics are those in which the organic part consists of an alkyl group with 

general formula MRn. The most interesting and useful type of organometallics is the 

organoalkoxysilanes that containing organofunctional silicates based on RzSi(OH)(,^z), 

where n= 1, 2, or 3 with the designations of (monoalkyl), (dialkyl), and (trialkyl) 

substituted centers that behave differently from the other organometallics. [29,10] 

Organically modified silanes (ormosils) are a class of sol–gel precursors that are hybrid 

systems consisting of alkoxysilane ligands and at least one not an alkoxy group. Ormosils 

were developed in the eighties by Schmidt and co-workers at the Fraunhofer Institute, 

Wilkes and co-workers, and Philipp [53-55]. These hybrids materials belong to class II 

because they have organic groups directly bonded into the inorganic network. Hybrids 

made by this technique involving low molecular weight organics also are usually called 

ORMOCERs (organically modified ceramics), and CERAMERS (CERamic polyMERs) 

or POLYCERAM (POLYmeric CERAmics). These hybrids possess peculiar properties 

that are not available in others [56]. Examples of organically modifying and network 
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forming groups are shown in Table 1.3 and 1.4 [57]. Regarding precursors, such as 

transition metals, when M is more electropositive, the C–M bond is easily cleaved by 

hydrolysis. Therefore, the links generally used to build Class II hybrids are formed by 

strong complexing organic ligands, such as β-diketones, β-ketoesters, carboxylic acids, 

phosphates or phosphonates as explained earlier or by the formation of stable M– O– Si–R. 

bonds. [58] 

 New precursors are being developed for the synthesis of silica-based hybrid 

materials. Polyhedral oligomeric silsesquioxanes (POSS) and polysilsesquioxanes bridges 

that form structurally well-defined cages represented by the generic formula (WDE%}.))U 

(n=6, 8, 10, etc.). These materials are basically organic and inorganic groups that integrate 

at molecular length scales resulting in the formation of ≡ Si–O– Si ≡ bonds by sol gel 

techniques. [56] 

 The starting reagents of POSS are Ry– Si(X)0, organotrialkoxy (X=OR), or trichloro 

(X=Cl) silanes or an acetoxy group which are able to polymerize and form silanol. On the 

other hand, the polysilsesquioxanes bridge precursors are also organotrialkoxy or (-chlore) 

silane containing two or more trialkoxysilyl groups separated by Ry variable bridging 

organic groups [(OR)0– Si– Ry– Si– (OR)0]. Because Si-C bonds are hydrolytically stable 

the organic groups remain as an integral component of the final product.  These precursors 

are usually processed together with unsubstituted alkoxide because of the difficulties in 

obtaining three-dimensional gel networks from organically substituted trialkoxysilane 

alone.  

 There are a vast selection of organic group R’ that can be chosen ranging from rigid 
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aromatic, alkyne, alkene, alkane, variety of functionalized groups such as amines, ethers, 

sulfides, phosphines, amides, ureas, carbamates, and carbonates or organometallics in 

which the metal is part of the bridge or pendant to the bridge. The structures of 

silsesquioxanes have been reported as random structure, ladder structure, cage structures, 

and partial cage structure, as illustrated in Figure 1.9. This type of materials has a plethora 

of applications since the control over physical and chemical properties of products can 

achieved. Applications include optical and electronic devices, catalysts, separations media, 

coatings, carcinostatic drugs, as well as ceramics precursors [59,60]. 

Table 1.3: Examples of alkoxysilanes for inorganic network modifying from Ref. [57] with permission.. 
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  Beside these precursors there are also metal acetates and metal acetylacetonates, in Table 1.4: Examples of alkoxysilanes for organic crosslinking/network forming from Ref. [57] with 
permission. 
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Beside these there are also metal acetates and metal acetylacetonates, in which the process 

is based on thermal decomposition rather than sol-gel, frequently referred to as non-

aqueous sol-gel chemistry. [61]  

 

1.4.10.3 Melting Gel  

 Melting gels are a type of ORMOSIL that has the ability to soften upon heating to 

a temperature around (~110) °C and solidify again when cooled down to the room 

temperature. Once melting gels are heated to a temperature called the consolidation 

temperature, they do not soften again. The consolidation temperature varies with the 

composition. At the consolidation temperature, polymerization reactions (cross linking) 

between the precursors are completed. At the consolidation temperature, the melting gel is 

transformed into a hybrid glass. The process of softening and becoming rigid can be 

repeated many times, and the melting gels can be stored at room temperature for several 

years without losing their ability to soften. The low viscosity of melting gels at their 
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softening temperature makes it easy to pour and form shapes. [62] 

 Melting gels are prepared by mixing different organoalkoxysilanes (mostly mono-

substituted organo-modified alkoxide R′Si(OR)0 and di-substituted organo-modified 

alkoxide R′'Si(OR)') precursors, in which the organic group R’ is covalently bonded to 

the silicon atom via a Si-C bond. The sol-gel processing with mixtures of different 

alkoxides and organoalkoxides requires slow additions of one to another to maintain the 

miscibility. Some desirable properties of melting gels include hydrophobicity, corrosion 

protection, low dielectric constants, good scratch resistance, and hermeticity for food 

packaging, electronic and microelectronic devices. For example, mixtures of mono-

substituted alkoxysilanes and di-substituted alkoxysilanes have been studied extensively to 

identify appropriate melting gel compositions. The mixtures and the resulting melting gels 

have been evaluated for their softening temperatures and consolidation temperatures, and 

their physical properties have been measured as well. [62-65]  

1.4.10.4 Phase Separation: Phenomena and Kinetics 

 The degree of phase separation has to be controlled in order to obtain uniformly 

mixed hybrid materials. To control this, there should be a strong interface between organic 

and inorganic domains. The obtained gel morphologies depend on the competition between 

phase separation and gelation. If the gelation is faster than phase separation, then 

homogenous hybrids are obtained. If phase separation is faster, heterogeneous hybrids or 

sedimentation result. In general phase separation behavior in sol-gel systems depends on 

the nature of the precursors, the volume fraction, size, shape, and orientation of the organic 
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group, solvent composition, processing conditions and the state of adhesion between the 

two phases. This problem has been solved by adding a coupling agent, functionalizing the 

oligomer or polymer chain ends, selecting polymers with appropriate backbone structures, 

or by using copolymers possessing functional groups that can interact with the growing 

inorganic oxide network. [3] 

To understand how the reactions influence the phase separation, arising from the 

formation of silanol (Si-OH) groups via hydrolysis and siloxane (Si-O-Si) bridges via the 

condensation reaction the ternary system TEOS- Ethanol- and water has been studied [66]. 

The polymerization process is chemically equivalent to the continuous physical cooling 

with respect to the chemical interaction (mutual solubility) and material transport (mobility 

of the solutes). That is, the polymerizing system resulting in a sol–gel transition is a likened 

to a continuously cooled system resulting in a glass transition.  

 A typical hydrolysis–polycondensation of alkoxysilanes under acidic conditions, 

gives a distribution of the molecular weight of the polymerizing oligomers. The molecular 

weight of the polymerizing species in a solution increases with reaction time by essentially 

irreversible polycondensation reactions among the monomers/oligomers. The 

thermodynamics of solutions requires that mutual solubility among the polymerizing 

species becomes lower as the average molecular weight increases. This is mainly due to 

the loss of entropy of mixing among the constituents. 

The decrease in mutual solubility caused by polymerization increases the free 

energy of mixing. Making a single solution less stable as the TDS term value decreases. 

Changes in the polarity of oligomers with the generation and/or consumption of silanol 



 
 
 
 

 

35 

groups contribute to increasing the DH term, which also destabilizes the system. When the 

sign of the free energy of mixing of the system becomes positive, a thermodynamic driving 

force for phase separation is generated [67]. This has been demonstrated in various systems 

containing poly acrylic acid [68] and formamide [69]. 

 1.5 Applications of OIH composites 

 The remarkable properties of organic–inorganic hybrid materials generated through 

a sol-gel process lead to innovative industrial applications. No doubt these new hybrid 

materials have applications in optics, electronics, energy, environment, membranes and 

separation devices, functional smart coatings, fuel and solar cells, catalysts, and sensors 

[10].  The interest in hybrid materials stems mainly from the fact that these materials have 

similar properties to inorganic glasses or ceramics but can be functionalized and processed 

like organic carbon-based polymers and without employing an expensive processing 

technology, such as vacuum methods. Transforming conventional gels into glasses, 

ceramics and inorganic–inorganic microcomposites that are nonporous requires 

temperatures ~1000-1400ºC. In comparison, heat treatment of organic–inorganic hybrids 

to form nonporous materials requires temperatures no higher than 200°C. [70] 

 Many books [50,70,71] and articles [72-74], are filled with current and potential 

applications for the sol gel process. One of the most interesting fields of applications is 

coatings based on their transparency, their good adhesion to various substrates, and 

chemical stability.  Low temperature coating applications are important, where the coatings 

are able to provide corrosion- and abrasion-resistance [75]. Many advanced devices are 

entirely dependent on thin film coating, e.g. flat panel TV screens and solar cells, vision 
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lenses, smart phones, and other applications including: [72] 

1- Protective and decorative coatings. 

2- Barrier systems.  

3- Dental applications.  

4- Microelectronics.  

5- Micro-optics.  

6- Batteries. 

7- Photovoltaic cell application.  

8- Proton-exchange membrane fuel cell (PEMFC) applications. 

9- Other applications such as adhesives, cosmetics, water-repellents and additives for 

paper release coatings, cable insulation. 

Non-oxide ceramics such as silicon carbide (SiC), silicon nitride (DE0M,), and boron 

carbide (�,&), processed through sol gel routes are also in demand because of their 

mechanical, electrical or even their optical properties, for space, defense, and aviation 

applications. [76] 

1.6 Advantages and limitations of sol gel process 

 When interest in the sol-gel process was relatively new, Mackenzie pointed out 

potential advantages and disadvantages of sol-gel route early by comparing glasses 

produced via sol-gel route and conventional melting technique, Table 1.5 [77]. It was 

pointed out that sol-gel chemistry offered advantages for making multicomponent 

materials, or even completely new mixed organic-inorganic materials. Sol-gel materials 
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could be processed to form fibers, monolith, and coatings with chemical homogeneity at 

the molecular scale [49]. The liquid precursors could be purified to very high degree (e.g. 

by distillation or sublimation). The whole process aside from densification can be carried 

out at relatively low temperature (<200ºC), which allows the entrapment of organic groups 

such as biological species within an inorganic network via weak or strong bond without 

losing their functions. It is possible to incorporate ceramic oxides, metal ions, inorganic 

compounds, metallic particles, quantum dots, organic dyes, and biomolecules such as 

enzymes [50]. Since liquid precursors are used it is possible to form complex shapes such 

as SiC fibers from polycarbosilane [78], or thin films for optical component. [48] 

 The sol-gel process has some drawbacks that relate to the precursors, which are 

often expensive and sensitive to the light, and moisture, which limits their long-time 

storage. The process is time consuming and sensitive to slight changes in any of the process 

conditions. The large shrinkage of some of the products after drying and densification limit 

large scale production, when they are prone to cracking, so special care must be taken 

during aging drying and densification. Unwanted residues or contamination from reaction 

by-products such as carbon can be hard to get rid of, which may require post-treatments. 

Finally, some of the precursors present health hazards. These drawbacks have to be 

balanced with the need to use the sol-gel process when a product is not attainable by other 

methods. The challenge is to build hierarchically structured porous or nonporous, inorganic 

or hybrid materials under environment-friendly conditions by the sol-gel process. 
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Table 1.5: Some potential advantages of the sol-gel method over conventional glass preparation.  

1 Better homogeneity - from raw materials 

2 Better purity - from raw materials �  

3 

Lower temperature of preparation: 

a. Save energy 

b.  Minimize evaporative losses �  

c.  Minimize air pollution �  

d.  No reactions with container, thus purity �  

e.  By-pass phase separation �  

f.  By-pass crystallization �  

4 New non-crystalline solids outside the range of normal glass formation �  

5 New crystalline phases from new non-crystalline solids �  

6 Better glass products from special properties of gel �  

7 Special products such as films �  
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Chapter 2 

Literature Review 

2.1 History of sol-gel technology 

 Sol-gel technology is a nanotechnology since all gel products contain nanoparticles 

or are nanocomposites. According to Sakka [29] who is one of the pioneers, sol-gel 

processing plays a major role in the development of modern nanotechnology for the 

preparation of new materials, and it is now well known for the design of materials with 

mechanical, magnetic electrical and optical properties that are different from those on the 

microscale [79]. To sketch the history of this technology, first we have to understand what 

sol-gel encompasses. Despite the existence of an excellent text and review articles on sol-

gel processing [29,30,50,70], a precise definition is still elusive.   

 There are several definitions for sol-gel processes. Dislich [80] considers that the 

sol-gel process involves only multicomponent oxides that are homogeneous at the 

nanoscale level. This does not include the colloidal coprecipitates of hydroxides and 

oxyhydrates, since they become homogeneous only by reaction at high temperature.  

Actually, here the term "sol-gel" is confined to the gels synthesized from alkoxides. For 

comparison, Segal [81] defines the "sol-gel" process as the production of oxide ceramics, 

either from metal alkoxide intermediates or from colloidal dispersion of hydrous oxides.  

The sol-gel process, however, no longer includes solely oxides but also some other 

components such as nitrides and sulfides that have been used recently in the synthesis of 

hybrid organic-inorganic materials [30]. Brinker and Scherer have defined sol-gel as the 
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preparation of ceramic materials by preparation of a sol, gelation of the sol, and removal 

of the solvent [29]. 

 In 1845 Ebelmen [32] was the first to report the formation of a transparent material 

from slow hydrolysis of an ester of silicic acid (metal alkoxide). This product gelled on 

prolonged exposure to the atmosphere with normal humidity. Ebelmen hoped that his 

product could be used one day in the construction of optical instruments. On the other hand, 

Wohler described the preparation and properties of titania gels in 1850 while Cossa 

successfully synthesized the first alumina gels in 1870 [82, 83]. Since then, all kinds of 

inorganic gels have been synthesized using various techniques such as the supercritical 

drying that was invented by Kistler [84]. This method led to the production of the first 

aerogels by replacement of the water in a silica gel with alcohol followed by removal of 

the alcohol above the critical temperature [84].   

 The major developments for sol-gel processing in the 19ÅÇ century even known as 

the “Golden Age of Colloids” [85] was the intensive study of physical and chemical 

properties of colloids by well-known scientists, including Becquerel, Graham and Faraday 

whose gold sols were so stable that they are still in existence at the Royal Institution in 

London. However, these developments were of interest only for chemists and had little 

impact in the development of sol-gel science field for the next 50 years. In 1919, Patrick 

of the Silica Gel Corporation began processing silica gel catalysts and absorbent materials 

by sol gel methods [86]. He showed that partially dried gel could be impregnated with 

metal salts to make supported catalysts [87]. By 1930 he had filed many patents in the sol 

gel field pertaining to supported catalysts in anticipation of the establishment of sol-gel 

technology [88]. Geffcken and Berger of the Schott Company succeeded in the 1930’s to 
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prepare a thin oxide coating on a commercial glass surface using several metal-containing 

precursors and dip coating. These coating were found to densify at low temperature and 

could be processed to be antireflective or scratch resistant. By the early 1940’s, a variety 

of industrial applications based on sol-gel science and technology emerged. In 1953 this 

novel treatment was employed in rear view mirrors for automobiles [89, 90]. Of all the 

areas, the most active ones were coatings and films [91].   

 D. Roy and R. Roy proposed a method for preparation of more homogeneous melts 

and glasses using a sol-gel process. This approach was used in phase equilibrium studies 

[92, 93]. In the early 1960’s, a sol-gel approach was used in the nuclear fuel industry for 

dust-free preparation of thoria and urania microspheres. However, these results were 

classified for a long time [94]. In the early 1950’s Schroeder followed up the pioneering 

work by Geffcken. Schroeder deposited transparent coatings on glass surfaces in order to 

change the refractive index using titanium butoxide [95]. Dislich [96] broadened the 

attention given to sol-gel processing. He made the scientific community aware that 

multicomponent oxide glasses, glass ceramics, and crystalline ceramics, which can be 

produced by traditional methods, can also be produced by hydrolysis and condensation of 

alkoxide complexes using the sol-gel process. 

 The ceramic industry began to show interest in sol-gel processing in the late 1960’s 

and early 70’s. Preparation of multicomponent glasses, ceramic fibers and monoliths using 

sol-gel routes and employing alkoxide and organometallic precursors was demonstrated 

[29]. One of the first applications of the sol-gel technology was the production of glass 

fibers by low temperature sol-gel synthesis. Amorphous fibers were drawn from viscous 

sols, followed by thermal treatment at temperatures substantially lower than the normal 
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melting temperature of SiO2. These investigations lay out the basis for obtaining many 

types of optical fibers. [97] 

 A turning point was reached with the emergence of amorphous materials containing 

organic and inorganic components in their structure (organically modified silicates) and 

the development of organic-inorganic nanocomposites. It can be said that the pioneering 

studies of Schmidt [98,53,55] on the preparation of hybrid structures mark the start of an 

important era in the development of sol-gel science and technology. Schmidt successfully 

prepared what it is well known nowadays as ORMOSILs and ORMOCERs, new types of 

noncrystalline materials with strong chemical bonds between organic and inorganic 

components. At the same time, Avnir et al. [99] investigated another type of hybrid 

materials for incorporating organic dyes in oxide gels. The chemical bonds between the 

organic molecules and the inorganic matrix are not significant, making these structures 

nanocomposites. Many promising applications emerged upon the preparation of these 

hybrids related to the production of solar collectors, elements for nonlinear optics, sensors, 

biological markers, materials for fluorescence diagnostics and photodynamic therapy in 

medicine.  

 During the 90’s many applications were based on the modern version of the method 

of Pechini [100]. A nanosized powder can be attained using this method, in which the 

particles are distributed within very narrow limits (monodispersity) and the reactivity of 

the powder is enhanced relative to the conventionally prepared powder. The progress in 

this area is summarized in a book of Ganguli [101]. Ceramic powders obtained by sol gel 

technology are characterized by lower sintering temperatures, improved stability with 

respect to grain growth (recrystallization) and, finally, formation of dense ceramics.  
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 The possibilities of sol-gel processes for preparation of hybrid and nanostructured 

materials were reviewed in several excellent articles [11, 102-104]. A review by Sanchez 

[103] explained the possibilities of combining the sol gel process with templated growth 

of inorganic or hybrid networks, allowing design of nanostructured and/or microtextured 

inorganic and hybrid materials shaped as thick or thin films, microparticles and fibers.  

 The research field of the sol-gel reaction is increasing dramatically. The main 

interest for this process is to synthesize all kinds of new materials possessing controllable 

shape, unique microstructure, superior properties, and special application, through 

combining with other technologies, such as surface modification, hybridization, templating 

induction, self-assembly, and phase separation. [105] 

2.2 Melting Gels 

 Generally, organic–inorganic materials are classified in two broad categories: 

materials where the organic and inorganic components are embedded together via weak 

bonds (Class I), and materials where there are strong covalent bonds between the inorganic 

and organic components (Class II) [11]. Ormosils belong to Class II hybrids, which are 

formed from R′Si(OR)0-type organo-alkoxysilanes, where radical R has a network 

modifying effect and is used to introduce new functionalities into the inorganic network.  

As previously mentioned in section 1.4.10.3 melting gels are a class of ormosil that is rigid 

at room temperature, flows or softens at temperature T1�100°C and consolidates at 

temperature T2 where (T2> T1).  The consolidation treatment increases the degree of cross-

linking between polymer chains in the gel to a point where the network is permanently 
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rigid [63,106,107]. Generally, T2 depends on the type of precursors and their molar ratio 

in the mixture.   

 Two common organo-alkoxysilanes, which act as network modifiers, are 

methyltriethoxysilane (MTES) [108] and phenyltriethoxysilane (PhTES) [109].  

Hydrolysis and condensation of trialkoxysilanes alone results in the formation of 

silsesquioxanes RSiO0/' in which the organic groups R are covalently bonded to the 

polysiloxane network [60]. Bifunctional silanes of formula W′W′′DE	(%W)' can also be used 

to prepare Ormosils. Upon polymerization, these organoalkoxysilanes form cyclic species 

or linear chains and are therefore not able to crosslink and form networks themselves. 

Therefore, these materials are usually inorganically diluted by co-hydrolysis with 

tetrafunctional alkoxysilane Si	(OR′), in any ratio to incorporate desirable functionality 

into the hybrid network. For example, hydrophobicity can be achieved by introducing a 

methyl, phenyl or fluoroalkyl chain as R [110,111].   

 There are also ormosils where radical R forms a bridge between two Si atoms. A 

good example of this is arylene or alkylene-bridged polysilsesquioxanes [59,112]. The 

functionality of these precursors decreases with the increasing number of the organic 

groups bonded directly to the silicon atom [62]. Consequently, the degree of cross-linking 

of the inorganic network decreases with the increasing in the number of organic groups. It 

has been shown that in some cases of ormosils containing hydrolytically stable organic 

groups, that these groups exhibit modifying effects on the inorganic network. These so-

called ‘‘melting gels’’ were developed primarily to replace low melting temperature 

sealing glasses that melt around 600 °C. This temperature is too high for most electronic 

packaging, especially newer devices with organic light emitting diodes (OLED). [65]   
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 The first report of softening gels is 1998, when Katagiri et al. [113] prepared 

continuous, transparent thick films on indium tin oxide (ITO) coated glass substrates by 

using electrophoretic sol–gel deposition of phenylsilsesquioxane (PhSiO0/') particles.  

The morphology of the thick films changed after heat treatment, from aggregates of 

particles with numerous open spaces among the particles to a monolith with no open 

spaces, accompanied by an increase in transparency and a decrease in the thickness of the 

thick films. Matsuda et al. [114] reported the softening behavior of melting gels, prepared 

with poly(benzylsilsesquioxane) particles. Gels obtained from poly(phenylsilsesquioxane) 

exhibited an irreversible glass transition temperature after repeated heating runs [115]. This 

method was applicable to the fabrication of microoptical devices. The development of the 

siloxane network during heat treatment was more significant in (PhSiO0/') than in 

(BnSiO0/').   

 Masai et al. [116] obtained organically modified polysilsesquioxanes with 

softening or melting behavior. They used hydrochloric acid first to hydrolyze the mixture, 

followed by ammonia for condensation. This study investigated the melting behavior of 

(PhSiO0/') and (MeSiO0/') synthesized using phenyltriethoxysilane (PhTES) or 

methyltriethoxysilane (MTES) alone. Next bifunctional siloxane, diphenyldiethoxysilane 

(DPhDES) or dimethyldiethoxysilane (DMDES) was added as a second component to the 

system. The glasses obtained showed softening temperatures except for (MeSiO0/') glass, 

which had a rubbery behavior above the softening point and could not be resoftened. All 

other gels showed a decrease in network connectivity by incorporation of bifunctional 

siloxane groups, making it possible to obtain melting gels. This can be explained by 
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considering that the formation of an infinite glass network is hindered by the incorporation 

of bifunctional units. Later 29Si-NMR and gel permeation chromatography were used to 

study the viscoelastic properties of the complex structure of the gels in the (1-x)PhTES - 

xDPhDES and (1-y)(PhTES) - y(MTES) systems. 29Si-NMR spectra showed that the 

molecular structures of the gels were three-dimensional siloxane networks with phenyl 

groups, which are distributed to maintain weak bonds with each other. The number of 

bridging oxygens between silicons and the intramolecular structure was shown to influence 

the viscosity, which follows a free volume model. [117,118] 

 Jitianu� et al. [63] prepared melting gels consisting of mono-substituted alkoxide 

and a di-substituted alkoxide (MTES-DMDES). These gels were investigated for hermetic 

barriers for protection from humidity and atmospheric gasses for electronic devices. The 

BET surface area measurements showed that those gels were non-porous and suitable to 

seal metal envelopes for a long time. The consolidated gel had a helium transmission rate 

of ~ 8.6 x 10^) cm3/m2 x day [119]. Another study focused on the preparation of melting 

gels from MTES–DMDES and MTMS–DMDMS systems to form hydrophobic coatings. 

Both groups showed the behavior of melting gels and formed coatings on mica substrates 

of ~ 1 mm thick with no visible cracks and contact angles greater than 90° [64].   

 Kamimura et al. [120] determined the activation energy for softening in phenyl 

polysiloxane glasses prepared using PhTES. The phenyl groups produced domains in the 

glass that allowed softening at low temperatures. A one-step acid catalysis method was 

used to synthesize melting gel using phenyl-substituted alkoxides. Phenyl-

trimethoxysilane (PhTMS) with diphenyldimethoxysilane (DPhDMS) and PhTES with 

DPhDES were studied. The consolidation temperature increased with an increase in 
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disubstituted alkoxide for both systems. However, the glass transition temperature 

demonstrated an inverse trend. Continuous, hydrophobic thick coatings were obtained by 

pouring the softened gels onto different substrates [107]. 

 The thermal behavior of melting gels in the MTES-DMDES system was studied. It 

was found that the consolidation temperature increases with an increase in the number of 

non-hydrolytic groups [121]. Also, these gels have glass-transition temperatures below 

0°C, which makes them suitable for imprint lithography [122]. Some of these compositions 

are being investigated for low-k dielectric coatings and for multilevel interconnect 

structures. [62]  

 Hybrid glasses resulting from consolidation of melting gels have some advantages 

over epoxies in microelectronic packaging. The dielectric constant measured by impedance 

spectrometry was as low as 3.3 in the 50% MTES–50% DMDES composition at 

frequencies greater than 1 kHz. As direct Si–C bonds are less polarizable than Si–O–Si, 

the di-substituted alkoxysilane, DMDES, contributes to decreasing the dielectric constant 

[123]. Another study shows that varying the ratio of mono-substituted to di-substituted 

siloxanes or the substituted group from aromatic to aliphatic can be used to adjust the 

temperatures for softening and consolidation of melting gel [124]. The range between glass 

transition temperature (Tg) and consolidation temperature (Tcon) is important within fields 

such as microfabrication, optoelectronics, chemical sensors that involving pattern transfer 

and imprinting. [125,126]  

 Recently, melting gels prepared from different precursors have been used as 

anticorrosive coatings for AISI 304 stainless steel [127,128] and titanium alloy [129]. 

Thick, hydrophobic, crack-free and nonporous coatings were formed. The coatings showed 



 
 
 
 

 

48 

some plasticity in scratch tests and good adhesion to the substrate through hydroxyl bonds. 

Electrochemical tests show excellent performance of the coatings against corrosion with 

no sign of degradation even after several months of immersion in alkali solution.  

 13C and 29Si NMR spectroscopy along with synchrotron-based SAXS and scanning 

electron microscopy (SEM) has been used to characterize the structure in detail. In 

particular, the SAXS results show that the glasses are homogeneous from the nm to 

micrometer length scales. The SEM images show surface that are uniform and free of 

defects. This study provides useful information that impacts the synthesis and design of a 

broader range of hybrid glass materials by consolidation of melting gels that are being 

developed for mechanical and electrochemical applications [130]. 
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Chapter Three 
Experimental Procedures 

3.1 Introduction 

 The sol-gel synthesis of siloxane-based hybrid organic-inorganic compounds 

usually involves di- or trifunctional organosilanes co-condensed with metal alkoxides, 

mainly Si(OR)4, Ti(OR)4, Zr(OR)4 or Al(OR)3. Each of these components has specific roles 

that have been reviewed and discussed extensively [110]. Metal alkoxides and trifunctional 

alkoxysilanes are active crosslinkers that after condensation usually produce hybrid 

materials having high Young’s modulus (E > 10 GPa) and either high glass transition 

temperature (Tg> RT) or no Tg. Difunctional alkoxysilanes co-condensed with metal 

alkoxides generate linear polymers and cyclic oligomers that behave as hybrid elastomers 

and exhibit low Young’s modulus (E = 5 - 100 MPa) and low glass transition temperature 

(Tg< RT). Therefore, mixing these different molecular precursors (tri- and di-functional 

alkoxysilanes, metal alkoxides, functional macromonomers, etc.) leads to the ability for 

mechanical and functional properties of hybrid materials to be tuned between those of 

polymers and glasses [72].   

 The experimental procedures for preparing melting gels by mixing two components 

or three components, and the procedure to obtain the final condensed product are explained 

below, along with the characterization techniques used in this study.  

 Preparation of melting gels using two components (metal alkoxide and 

organoalkoxysilanes or two organoalkoxysilanes) has been reported in many studies 

[29,62,64,106]. One method is shown in Figure 3.1 from Klein et al., which is similar to 

our procedure in preparing melting gels with three components [107]. 
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 In this study, a one-step acid catalyst method was used to synthesize sol–gel hybrids 

(melting gels) using phenyl substituted alkoxides and tetra-alkoxysilane. 

Phenyltrimethoxysilane (PhTMS) with diphenyldimethoxysilane (DPhDMS) and 

phenyltriethoxysilane (PhTES) with diphenyldiethoxysilane (DPhDES), mixed either with 

tetraethylorthosilicate (TEOS) or with tetramethylorthosilicate (TMOS). In this study 

melting gels were prepared from mixing three components (di-substituted alkoxysilane, 

mono-substituted alkoxysilane, and tetraalkoxysilane) using the method illustrated in 

Figure 3.2. The purpose was (i) investigating the possibility of synthesizing melting gels 

 

Fig 3.1: Flowchart of the synthesis of the melting gels in the phenyltrimethoxysilane (PhTMS)- 

diphenyldimethoxysilane (DPhDMS) system and the coating process. [107] 
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by mixing three precursors, (ii) comparing the effects of TEOS and TMOS on melting gels 

properties, and (iii) determining the limit of adding tetrafunctional alkoxide on producing 

melting gels. These gels were finally used to produce thick coatings on mica, and stainless-

steel substrates.  

 The compositions under study are listed in table 3.1 along with the system names 

that are used throughout this dissertation. Hybrid gels were then investigated using 

different characterization techniques, including thermal characterization using (DSC, 

DTA, and TGA), hydrophobicity through contact angle measurements, density, micro 

hardness and FTIR for all samples according to the compositions listed in table 3.1.  

Scanning electron microscope (SEM) was done on some samples to investigate the 

morphology of the surface. The purpose was to compare the effects of TEOS and TMOS 

on melting gel properties. For that we prepared the systems listed in table 3.1 where the 

main difference between them is the tetraalkoxysilane component only. Hence, we can 

compare: 

* Sys (1-1) compare with Sys (5-1). 

* Sys (1-2) compare with Sys (5-2). 

* Sys (3-1) compare with Sys (7-1). 

* Sys (3-2) compare with Sys (7-2). 

In all cases, the ratio of PhTMS to DPhDMS or PhTES to DPhDES was held constant at a 

mole ratio of 1 to 0.25. 
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Table 3.1: Compositions of the investigated melting gels systems. 
 

System ID Composition 
TROS Mono. Sub. Di.Sub. 

Sys (1-1) TEOS (MeOH) PhTMS DPhDMS (MeOH) 

Sys (1-2) TEOS (EtOH) PhTMS DPhDMS (MeOH) 

Sys (3-1) TEOS (MeOH) PhTES DPhDES (EtOH) 

Sys (3-2) TEOS (EtOH) PhTES DPhDES (EtOH) 

Sys (5-1) TMOS (MeOH) PhTMS DPhDMS (MeOH) 

Sys (5-2) TMOS (EtOH) PhTMS DPhDMS (MeOH) 

Sys (7-1) TMOS (MeOH) PhTES DPhDES (EtOH) 

Sys (7-2) TMOS (EtOH) PhTES DPhDES (EtOH) 

Sys 1 or Sys 5 - PhTMS DPhDMS (MeOH) 

Sys 3 or Sys 7 - PhTES DPhDES (EtOH) 

 
 
3.2 Gel Preparation:  
 The preparation of melting gels was carried out using the mono-substituted 

alkoxide which is either phenyltriethoxysilane (PhTES) or phenyltrimethoxysilane 

(PhTMS) both from (Gelest Inc., Morrisville, PA) mixed with water in which the pH=2.5 

was adjusted using a 0.1M HCl (Fisher Scientific, Atlanta, GA) as a catalyst. Both mono-

substituted alkoxide and water were continuously stirred using magnetic stirrer placed 

inside an oven at 40ºC for five hours in beaker sealed with Parafilm® (closed system) until 

clear solution was obtianed. The molar ratio between mono-substituted and water was 

(1:1.5). Clear solutions were achieved faster with PhTMS than the PhTES, due to the higher 

reactivity of the methoxy alkoxides, compared with ethoxy alkoxides [131].  

  Di-substituted alkoxide was either diphenyldiethoxysilane (DPhDES) or 
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diphenyldimethoxysilane (DPhDMS) both from (Gelest Inc., Morrisville, PA) diluted with 

parental anhydrous alcohol ethanol or methanol (Sigma-Aldrich) respectively. The molar 

ratio between di-substituted and alcohol was (1:4). Di-substituted alkoxide and alcohol 

were stirred separately for 30 minutes in closed system at room temperature before mixing 

with mono-substituted and water mixture. The tetra-alkoxysilane was either tetraethyl 

orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS) (Sigma-Aldrich) diluted with 

anhydrous alcohol, ethanol or methanol (Sigma-Aldrich) with the molar ratio (1:1). The 

tetra-alkoxysilane and alcohol were also stirred separately at room temperature for 30 

minutes in closed system before adding it to the other two components in the oven. These 

gels were prepared using the molar ratio of mono- to di-substituted alkoxides of (1:0.25).  

Then the clear sol was stirred in open system at room temperature until gelation occurred.   

 The synthesis route for all systems is shown in the flowchart Figure 3.2. Hence, all 

precursors were used without further purification. The percentage of tetra-alkoxysilane was 

increased gradually until we determined the limit of the systems that beyond we either get 

precipitation or the softening property of the melting gels is lost. Tetra-alkoxide was added 

in proportion to mono-substituted weight that was used in preparing the samples as shown 

in Tables 3.2, 3.3, 3.4 and 3.5 for all systems under study. After heat treatments at 70ºC to 

eliminate alcohol and 110ºC to remove the residual surface water from melting gels, the 

gels were clear and solid at room temperature, but they resoftened at ~110 ºC.   

 Noticing that, we tried another method to prepare the gel by adding the di-

substituted alkoxide/alcohol and tetra-alkoxide/alcohol mixtures at the same time to the 

mono-substituted alkoxide/water mixture when a clear solution was obtained from it (after 
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5 hrs. of stirring). This procedure was not successful to prepare melting gels since the 

results often were not even a gel but rather a viscous liquid. These viscous liquids were 

stable and did not turn into gel even after a long time of stirring in open system (more than 

170 hrs. of stirring) and more than three years of storage. We believe that the reason why 

we did not obtain gels through this procedure is that the reactions of hydrolysis and 

condensation among the three components are competitive ones. While the order of 

reactivity of the precursors increases from mono-substituted to non-substituted to di-

substituted [62]. For this reason, the TEOS will react faster with available water than di-

substituted alkoxide resulting in leaving the di-substituted alkoxide unhydrolyzed and only 

has the dilution effect on the sol. The properties and chemical formula of precursors 

investigated for melting gels are listed in Table 3.6. 

Table 3.2: Mole ratio and mole percentage for system (1). 
[PhTMS:DPhDMS:TEOS] 

 

 
 
 
 
 
 
 
 

Mono-Sub. 
PhTMS 

Di-Sub. 
DPhDMS 

TEOS 
 

Mole 
ratio Mole % Mole 

ratio Mole % Mole ratio Mole % Weight% 
TEOS/PhTMS % 

1 80 0.25 20 0 0 0 
1 78.8 0.25 19.7 0.019 1.49 2 
1 77.07 0.25 19.26 0.0475 3.66 5 
1 74.35 0.25 18.58 0.095 7.06 10 
1 69.45 0.25 17.36 0.19 13.19 20 
1 65.14 0.25 16.28 0.285 18.56 30 
1 61.35 0.25 15.33 0.38 23.31 40 



 
 
 
 

 

55 

 
Table 3.3: Mole ratio and mole percentage for system (3). 

[PhTES:DPhDES:TEOS] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Table 3.4: Mole ratio and mole percentage for system (5). 
 [PhTMS:DPhDMS:TMOS] 

 

 
 
 
 
 
 
 

Mono-Sub. 
PhTES 

Di-Sub. 
DPhDES TEOS 

Mole 
ratio Mole % Mole 

ratio Mole % Mole 
ratio Mole % Weight% 

TEOS/PhTES % 

1 80 0.25 20 0 0 0 
1 78.55 0.25 19.63 0.023 1.8 2 
1 76.48 0.25 19.12 0.0575 4.4 5 
1 73.24 0.25 18.31 0.1153 8.44 10 
1 67.54 0.25 16.88 0.2306 15.57 20 
1 62.65 0.25 15.66 0.346 21.68 30 
1 58.43 0.25 14.6 0.4614 26.96 40 
1 56.56 0.25 14.14 0.0259 29.29 45 
1 54.74 0.25 13.68 0.5768 31.57 50 

Mono-Sub. 
PhTMS 

Di-Sub. 
DPhDMS  TMOS 

Mole 
ratio Mole % Mole 

ratio Mole % Mole 
ratio Mole % Weight% 

TMOS/PhTMS % 

1 80 0.25 20 0 0 0 
1 78.37 0.25 19.59 0.026 2.03 2 
1 76.04 0.25 19.01 0.065 4.94 5 
1 72.46 0.25 18.11 0.13 9.42 10 
1 66.22 0.25 16.55 0.26 17.21 20 
1 60.97 0.25 15.24 0.39 23.78 30 
1 56.49 0.25 14.12 0.52 29.37 40 
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Table 3.5: Mole ratio and mole percentage for system (7). 
 [PhTES:DPhDES:TMOS] 

 
 
 
 
 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 

Mono-Sub. 
PhTES 

Di-Sub. 
DPhDES TMOS 

Mole ratio Mole % Mole ratio Mole % Mole ratio Mole % 
Weight% 

TMOS/PhTES 
% 

1 80 0.25 20 0 0 0 

1 78.06 0.25 19.51 0.031 2.42 2 

1 75.25 0.25 18.81 0.0788 5.93 5 

1 71.03 0.25 17.75 0.157 11.2 10 

1 68.728 0.25 17.182 0.205 14.09 13 

1 63.89 0.25 15.97 0.315 20.12 20 

1 58.03 0.25 14.5 0.473 27.45 30 

1 53.19 0.25 13.29 0.631 33.51 40 
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Mono-sub. +H2O+HCl 
 

Di-sub. + Alcohol Prepared separately and 
mixed for 30 min. 

  Magnetic Stirring 5 hr. @40°C in CS*  

Stir for 2 hr. @40°C in CS 

TROS+ Alcohol 
 

Prepared separately and 
mixed for 30 min. 

Stir for 2 hr. @40°C in CS 

Transparent Gel 

Stir in OS** @ R.T. until gelation occurs 
 

Melting Gel 
Thermal treatment @70°C for 24 
hr. 
Thermal treatment @110°C for 24 
hr. 
 

Monolith 

Fig. 3.2: Flow Chart of preparing melting gel from three components. 

* Close System, ** Open System 
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Table 3.6: Molecular weight, formula, melting point, boiling point, specific gravity, solubility, 
functionality, silica content and structure of precursors investigated for Melting Gels. 

Chemical 
Name 

 

Formula 
 

Molecular 
Weight 
(g/mol) 

 

Melting 
Point 
(°C) 

 

Boiling 
Point 
(°C) 

 

Specific 
Gravity 

 

Solubility 
 

Number 
of 

Reactive 
Groups 

 

%SiO2 Structure 
 

TEOS C8H20O4Si 208.33 -77 169 0.9335 

Reacts with 
water. 

Solubility 
parameter: 

7.87 

4 28.8 

 

TMOS C4H12O4Si 152.22 -2 121 1.032 
Reacts with 

water 
 

4 39.5 

 

PhTES C12H20O3Si 240.37 10 113 0.996 

Insoluble in 
water. 

Reacts with 
water 

3 25.0 

 

PhTMS C9H14O3Si 198.293 -25 211 1.064 

Insoluble in 
water. 

Reacts with 
water 

3 30.3 

 

DPhDES C16H20O2Si 272.42 15 167 1.0329 

Insoluble in 
water. 

Reacts with 
water 

2 22.1 
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3.3 Materials characterization  

 To fully understand the melting gel behavior and properties, certain information is 

required such as: thermal properties, surface topography, chemical composition, 

hydrophobicity, mechanical properties, and corrosion protection behavior. There is no one 

technique that is able to provide all the necessary information; so it requires several 

techniques. In order to fully comprehend the behavior, properties, and to solve the 

particular problems is necessary to examine and analyze the different aspects of materials.  

 The Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry 

(DSC) techniques were used to measure the thermal properties of the melting gel.  Scanning 

electron microscope (SEM) was used to study the surface morphology of the melting gels 

film. The surface analysis and chemical structure of the hybrid coating materials were 

studied by using Attenuated Fourier Transform Infrared Spectroscopy (ATR-FTIR). 

Hydrophobicity was measured by recording the contact angle between a water droplet and 

the film. Micro hardness and apparent density were also examined using Vickers hardness 

and a helium pycnometer. 

 

DPhDMS C14H16O2Si 244.36 15 161 1.0771 

Insoluble in 
water. 

Reacts with 
water 

2 24.6 
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3.3.1 Thermal Analysis – DTA - DSC�  

 The thermal behavior of the hybrid gels (glass transition temperature, energy 

liberated, reaction types exothermic or endothermic and weight loss of the melting gel) was 

studied using combined thermal analysis measurements (thermogravimetry TG and 

differential thermal analysis DTA) (Seiko EXTAR TGA/DTA 6200 thermal analyzer using 

platinum crucibles), and differential scanning calorimetry (DSC TA-Q-20, Thermal 

Analysis Instrument Specialists, Twin Lakes, WI). DTA and TGA were recorded at a 

5°C/min-heating rate in the temperature range between 50 and 1000°C under flowing air 

(50 mL/min). The DSC analyses were recorded using a 5°C/min-heating rate between -90 

and 500°C under nitrogen flow rate of 20 mL/min. Both of these techniques were used with 

melting gels that had not been consolidated. 

3.3.2 Scanning electron microscope (SEM) 

 Microstructures of melting gels coating were visually examined, the surface and 

the cross-sections of the fractures of the hybrid glasses were evaluated using a HITACHI 

S-2700 SEM. The SEM was operated at 25 keV acceleration voltage. The SEM was 

equipped with an AMT digital camera system. Only two systems were topographically 

evaluated using this technique. 

3.3.3 Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

 Characterization of the hybrid glasses with infrared spectroscopy (FT-IR) was 

obtained by consolidation of the melting gels on mica substrates (Grade V-4 muscovite, 

SPI Co., West Chester, PA) (15 mm x 15 mm). The Fourier transform infrared 
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spectroscopy (FT-IR) spectra were recorded between 400 and 4000 cm-1 using Thermo 

Nicolet Avatar 360 FTIR spectrometer (Waltham, MA) equipped with a Smart Endurance 

Attenuated Total Reflectance (ATR) attachment (diamond crystal). The resolution for the 

FTIR was 2 cm−1 and 100 spectra were averaged. The spectra were acquired under a Leica 

(Buffalo Grove, IL) optical microscope at 50× magnification and were recorded at fourteen 

different points along a line of 100 µm. 

3.3.4 Contact Angles 

 Hydrophobicity of the hybrid coatings was evaluated by measuring the contact 

angle between a water droplet and the coating film. Contact angles were measured on 

samples that had been fully consolidated for 24 h at their consolidation temperatures. The 

contact angle θ° was measured using a T-200 basic Theta Optical Tensiometer (Biolin 

Scientific, Stockholm, Sweden) equipped with LED blue light source and with a standard 

60 fps camera with a special zoom lens. Five measurements were taken for each 

composition sample then the data were averaged. The contact angle data were analyzed 

using Pendant Drop Surface Tension Software 3.80 (Biolin Scientific). Measurement was 

made at room temperature.  

3.3.5 Vickers Microindentation hardness 

 The microhardness of the hybrid glass was measured on consolidated samples at 

room temperature using LECO Corp. machine model (LM-248AT) equipped with a 

Vickers geometry diamond tip and 10X and 50X objective lenses. Vickers hardness for all 

samples was the mean average of five test results for each sample. Test load used was 50 

gf and 10 sec dwell time for all samples. Hence increasing the load to 100, 200 gf gave 
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approximately the same result but could cause the shattering of the samples. The 

indentation measurements were performed at ambient temperature with relative humidity 

of 47±5%. Using the following formula, we calculate Vickers microhardness:  

HV= 1.854 (F/d^2) 

where: 

HV is Vickers hardness in (kgf/mm2) to convert HV to GPa multiply by 0.009807. 

F is the test load (kgf) 

D is the average diagonal length of an indentation (mm) 

3.3.6 True density 

 True density (ρt) of consolidated samples was measured using helium pycnometry 

(Accupyc-1430, Micromeritics Instrument Corp., Nocross, GA). Helium gas was used as 

the displacement medium in this technique. The coating was peeled off of the coating 

substrate by immersing the coated mica samples in liquid nitrogen, and then the coating 

was ground using ceramic mortar and pestle. Each test result was the average of five results 

for every sample. 

3.3.7 Consolidation Temperatures 

 The consolidation temperatures, after which the gels no longer soften, were 

established experimentally by pouring the melting gels on mica substrate Mica (Grade V-

4 muscovite, SPI Co., West Chester, PA) (15 mm x 15 mm) inside the furnace at 110 OC, 

when the gels were fluid. Then perform a set of experiments on the coated substrate going 

through cycles of heating and cooling by increase the temperature gradually above 110 OC 

and cool to room temperature until the gels no longer softened after reheating and the 
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behavior was no longer reversible. Following deposition, the coatings were treated at the 

consolidation temperatures for 24 h. 
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Chapter Four 

Results and Discussions 

4.1 Introduction 

 The objective of this chapter is to characterize organic-inorganic hybrid (OIH) 

melting gel systems and to study the effect of adding a tetrafunctional siloxane 

(TEOS/TMOS) on the overall properties and coating properties of the OIH systems. OIH 

melting gel systems without TEOS or TMOS were synthesized as control samples.  The 

preparation of the control samples was identical to those with TEOS/TMOS except without 

the tetralkoxysilane component, as shown in Figure 4.1. During the formulation of OIH, 

the crosslinking structure of the hybrid nanocomposite is formed as is shown schematically  
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in Figure 4.2. The organic phase is represented by the phenyl groups from the phenyl 

trialkoxysilane and diphenyldialkoxysilane. The inorganic phase is formed by the 

hydrolysis and condensation of the polysiloxane.  

 Nuclear magnetic resonance (NMR) spectroscopy can be used to get the most 

accurate structure of the gel. This technique has been widely used for many years to analyze 

the structure of small molecules such as proteins. Unlike x-ray crystallography, NMR does 

not depend on having a crystalline sample; it simply requires a small volume of 

concentrated solution that is placed in a strong magnetic field. [132] 
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Fig. 4.1: Proposed formation of OIH melting gel from two components (A) and from three 
components (B). 
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 29Si and 13C CP/MAS NMR spectroscopy were used to investigate the influence of 

substance specific parameters such as silane concentration, type of silane, pH, and moisture 

content of the filler on the silica/organosilane reaction mechanics.  29Si spin lock CP NMR 

measurements were performed to characterize the solid structure of different polysilanes 

in the solid state [133]. Recent fundamental research on hydro-polymer gel systems by 

means of NMR techniques such as pulse NMR, pulsed field-gradient spin-echo NMR, solid 

state high resolution NMR and NMR imaging methods have been reviewed. [134]  

 

Fig. 4.2: Proposed crosslinking structure. 

Fig. 4.2: Proposed crosslinking structure. 
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4.2 Thermal gravimetric analysis (TGA)�  

 TGA was used to evaluate the thermal stability of the melting gels. TGA and DTA 

curves are shown in Figure 4.3 for the samples with TEOS as the inorganic phase which 

include systems (1-1), (1-2), (3-1), and (3-2), while Figure 4.4 is for the samples with 

TMOS precursor, which include systems (5-1), (5-2), (7-1), and (7-2). The degradation 

temperatures at maximum weight loss (Tmax), which is obtained from the highest peak of 

first derivative of thermograms, were summarized in Table 4.1.  

Incorporating the inorganic phase increased the maximum thermal degradation 

temperature. The enhanced thermal stability of hybrids is due to the higher dissociation 

energy of Si-O bond (798 kJ/mol) than C-C bond (335 kJ/mol) [6]. The TGA curves show 

that all samples have two steps of weight loss. For the methoxy-containing sample, the first 

weight loss is between 200°C and 400°C, which is likely due to the burning of methoxy 

groups and elimination of hydroxyl groups. For the ethoxy-containing samples, the first 

weight loss is between 200°C and 300°C. The second weight loss between 500°C and 

660°C corresponds to combustion of the phenyl groups. The second weight loss is similar 

for both the methoxy-containing and the ethoxy- containing gels, supporting the 

assignment of this weight loss to the phenyl groups that the samples have in common. The 

DTA curves for the control samples show an exothermic peak at 330°C for the methoxy-

containing sample and at 315°C for the ethoxy-containing sample. Combustion of the 

methoxy or the ethoxy groups gives rise to an exothermic peak. These peaks occur at lower 

temperatures when increasing the amount of TEOS or TMOS. However, the major 

exothermic peak for all samples occurs at ~ 600 °C, which is associated with the burning 

of the phenyl groups.   
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The maximum exothermic peaks and total weight loss were higher in systems with 

TEOS than with TMOS. The total weight loss decreases in most cases with the 

concentration of the tetralkoxysiloxane. The consolidation temperature trends in the same 

direction as the weight loss, as shown in Table 4.1 Increasing the amount of tetrafunctional 

alkoxide will increase the number of reactive sites and therefore, the number of bridges 

between the molecular species formed when the tetralkoxysiloxanes hydrolyze. 

In sys (1-1) weight loss begins at lower temperature with higher amount of TEOS, 

and exothermic reactions shifts to higher temperature with increasing TEOS%. The 

opposite trend can be seen in sys (3-1) where the weight loss begins at higher temperature 

and exothermic reactions shifts to lower temperature with increasing TEOS%. This can be 

attributed to the methoxy and ethoxy group in the monosubstituent and disubstituent 

precursors and to the cosolvent that was used with TROS. While sys (1-2) and sys (3-2) 

show the opposite of the above trend for sys (1-1) and sys (3-1), the reason is that the 

transesterification reactions occurs faster in these two systems. All systems above used 

TEOS as inorganic component and tends to dilute the mixture especially when mixed with 

ethoxy containing components and decrease the mixture viscosity. This explains why 

systems with TEOS and ethoxy groups starts to decompose at higher temperature than 

systems with TEOS and methoxy groups. On the other hand, sys (5-1) starts to decompose 

at lower T with increasing TMOS%, and the exothermic reaction shifts to higher 

temperatures. In contrast, sys (7-1) starts to lose weight at a higher temperature and the 

exothermic reaction shifts to lower T with more TMOS%. Furthermore sys (5-2) and sys 

(7-2) behave exactly the opposed to sys (5-1) and (7-2) respectively. In all above systems 
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TMOS is used and it apparently increases the mixture viscosity especially when mixed 

with methoxy containing precursors and that promotes thermal decomposition at lower 

temperature. 

Table 4.1: Composition and Thermal Characteristics of melting gel. 

Sample 
ID 

Composition 
Monosub./Disub./TROS 

TROS W% 
of (Mono) 

Glass 
transition 
Tg (˚C) 

Consolidation 
Temp. (˚C) 

Thermal 
weight 

loss (%) 

T (˚C) 
Max. 

Decomp. 
Sys (1-1) PhTMS/ DPhDMS/TEOS (MeOH) 2 19.4 210 62.2 611 
Sys (1-1) = 3 24.09 185 63.28 622 
Sys (1-1) = 4 23.09 185 61.14 615 
Sys (1-1) = 5 2.89 180 62.97 606 
Sys (1-2) PhTMS/ DPhDMS/TEOS (EtOH) 2 13.02 215 57.7 600 
Sys (1-2) = 5 4.97 210 62 619 
Sys (1-2) = 10 24.48 195 58.84 605 
Sys (1-2) = 20 25.24 175 52.17 599 
Sys (1-2) = 30 30.94 160 57.02 612 
Sys (5-1) PhTMS/ DPhDMS/TMOS (MeOH) 2 19.91 210 62 598 
Sys (5-1) = 5 36.93 218 59.3 612 
Sys (5-1) = 10 41.3 190 58.35 615 
Sys (5-1) = 20 40.9 180 56 610 
Sys (5-1) = 30 26.63 165 55.84 600 
Sys (5-2) PhTMS/ DPhDMS/TMOS (EtOH) 2 38.13 205 58.13 607 
Sys (5-2) = 5 37.17 200 58.4 603 
Sys (5-2) = 10 26.51 195 58.66 604 
Sys (5-2) = 20 16.46 193 58.3 602 
Sys (5-2) = 30 -8.85 185 59.4 608 
Sys (3-1) PhTES/ DPhDES/TEOS (MeOH) 2 40.94 220 59.77 613 
Sys (3-1) = 5 28.12 195 61.53 610 
Sys (3-1) = 10 38.84 205 58.1 612 
Sys (3-1) = 20 10.82 175 59.3 605 
Sys (3-1) = 30 12.44 165 57.11 603 
Sys (3-1) = 40 -2.51 170 57.92 607 
Sys (3-1) = 45 22.1 155 56.27 607 
Sys (3-1) = 50 28.25 - 53.79 612 
Sys (3-2) PhTES/ DPhDES/TEOS (EtOH) 2 30.95 165 60.62 607 
Sys (3-2) = 5 25.23 180 60 607 
Sys (3-2) = 10 58.57 185 57.87 614 
Sys (3-2) = 20 49.00 175 56.43 613 
Sys (7-1) PhTES/ DPhDES/TMOS (MeOH) 2 37.9 200 57.42 607 
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Sys (7-1) = 5 45.89 190 58.66 604 
Sys (7-1) = 10 47.92 180 57.62 622 
Sys (7-1) = 13 43.74 165 58.34 607 
Sys (7-2) PhTES/ DPhDES/TMOS (EtOH) 2 41.09 210 60.22 608 
Sys (7-2) = 5 32.58 200 58.53 605 
Sys (7-2) = 10 41.34 190 58.8 615 
Sys (7-2) = 20 42.55 185 57 611 
Sys (7-2) = 30 54.14 180 - - 
Sys1 or 5 PhTMS/ DPhDMS 0 25.97 175 62.16 604.7 
Sys 3 or 7 PhTES/ DPhDES 0 1.24 185 63.3 611 
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 Fig. 4.3: Thermogravimetric analysis and differential thermal analysis curves of the systems with TEOS {(1-1), 
(1-2), (3-1), and (3-2)}. 
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 Fig. 4.4: Thermogravimetric analysis and differential thermal analysis curves of the systems with TMOS {(5-1), 
(5-2), (7-1), and (7-2)}. 
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4.3 Differential scanning calorimetry (DSC) 

 Figure 4.5 shows the DSC results for systems with TEOS which include systems 

{(1-1), (1-2), (3-1), and (3-2)}, while Figure 4.6 is for the samples with TMOS precursor, 

which include systems {(5-1), (5-2), (7-1), and (7-2)}. DSC was used to determine the glass 

transition temperatures for gels before consolidation listed in Table 4.1 and where 

exothermic and endothermic reactions take place on scale from -50 °C to 400 °C.  It was 

obvious that for systems containing (TEOS/MeOH) the glass transition temperature (Tg) 

decreases with increasing its mole ratio, while the opposite is found in systems containing 

(TEOS/EtOH). The same trend is found in systems with (TMOS/EtOH), since the glass 

transition temperature decreases with increasing its mole ratio, while the opposite trend is 

observed in systems with (TMOS/MeOH) and both mono and di-substituted alkoxysilane.  

 In general, the glass transition temperature increases gradually with increasing 

tetra-alkoxide when it is diluted with the same alcohol group. The glass transition 

temperature decreases when it is diluted with a different alcohol group. This could be 

associated with transesterification reactions. Transesterification takes place between tetra-

alkoxide and alcohol in the presence of acid catalyst. Transesterification reactions occur 

faster when the same organic groups exist in tetra-alkoxide, organoalkoxide and alcohols 

[29]. Overall, Tg values were higher for systems {(7-1), and (7-2)} phenyl-substituted 

ethoxysilanes with TEOS and lower for systems {(1-1), and (1-2)} phenyl-substituted 

methoxysilanes with TMOS, whether the solvent was methanol or ethanol. 
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 The glass transition is generally thought of as the interval of transition between 

liquid states and glassy, amorphous states [135]. In another way, the glass transition reflects 

a number of macroscopic properties, such as viscosity, dielectric constant, and mechanical 

properties. Using the approach developed for traditional organic polymers and applied to 

inorganic silica-based polymers, the glass transition temperature is considered a measure 

of the degree of cross-linking in the silica network. In other words, the Tg increases with 

an increase in the number of oxygen bridges between silicon atoms. Hence the small 

additions of TROS in the three-component system increase the glass transition relative to 

the two-component system.   

Despite the fact that methoxy groups are more reactive groups than ethoxy groups, 

and should achieve a higher degree of polycondensation, the Tg in three components 

systems is higher for samples with ethoxy groups than with methoxy groups. This could be 

attributed to the fact that samples with ethoxy groups have more time to hydrolyze and 

undergo polycondensation to form larger 3D networks, while methoxy groups that react 

faster have less time to undergo polycondensation. Another indication is that the gelling 

time for samples with TEOS and/or ethoxy groups are longer than for samples with TMOS 

and/or methoxy groups. In this sense, the addition of TEOS is a dilution, which extends the 

gelling time. 
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Fig. 4.5:  Differential scanning calorimeter (DSC) curves of the systems with TEOS {(1-1), (1-2), (3-1), 
and (3-2)}.  
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 Fig. 4.6:  Differential scanning calorimeter (DSC) curves of the systems with TMOS {(5-1), (5-2), (7-1), 
and (7-2)}. 
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4.4 Scanning electron microscope (SEM) 

 Scanning electron microscopy (SEM) was used to observe the morphology of the 

organic-inorganic hybrid gels and to evaluate the uniformity of consolidated gels on both 

surface and cross-sections of the coated mica substrates. Two representative systems were 

topographically evaluated using this technique. System (7-1) with [PhTES/ 

DPhDES/TMOS (MeOH)] and system (7-2) with [PhTES/ DPhDES/TMOS (EtOH)] were 

compared. Both have TMOS as the inorganic component diluted in one case with methanol 

and the other with ethanol.  In both cases the coatings were transparent and uniform. Figure 

4.7a-d presents the surface SEM micrographs for system (7-1) with 0, 5, 10, and 13% of 

TMOS, coated on mica substrates, while Figure 4.8a-d presents the cross-section SEM 

micrographs of the of the same system. All the images were obtained with the same 

magnification for purposes of comparison.  System (7-1) has a methanol co-solvent. 

Smooth and crack-free layers were observed for 0, and 5% TMOS except for one 

small blister, indicating no macrophase separation occurred. However, further increasing 

the TMOS concentration resulted in a surface that was rough with wavy lines, indicating 

possible liquid-in-liquid phase separation. Also, when more TMOS was added, some air 

bubbles were trapped in the coating. The bubbles may also be caused by evaporation of the 

co-solvent methanol, which occurred during thermal treatment. Nevertheless, all of the 

samples were nonporous, according to nitrogen sorption analysis.  

Figure 4.9a-c and Figure 4.10a-c show the SEM images of the surface and cross 

section for system (7-2) with 2, 5, 20%TMOS respectively. System (7.2) has an ethanol 

co-solvent.  This system shows rougher surfaces than those with methanol co-solvent. The 
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samples with ethanol co-solvent have more micro cracks and more bubbles with increasing 

TMOS wt%. As can be seen from the surface and cross section images more wavy lines or 

“fibrils” and sharp edges are clearly observed, which suggests that this system is more rigid 

than system (7-1). This observation is supported by the hardness measurements, which are 

higher for this system. As reported in the section on hardness measurements, increasing 

TMOS content increased the hardness. Similar to system (7-1), the coating is nonporous.  

There are indications of liquid-in-liquid phase separation specifically near system limit of 

20% TMOS.  

All of the samples on the mica substrates are shown in Figure 4.11. At this level, it 

is possible to read text through all of the samples. In addition, on visual inspection, the 

surfaces appear smooth and uniform, as shown in Figure 4.11.  

 Solvents can strongly control both the gelation time and the structure of the product.  

They behave as true chemical additives and are able to react with alkoxide precursors, 

changing their structure at a molecular level. Depending on the solvent and the metal, 

alkoxy bridging, solvation or alcohol interchange reactions may be favored leading to 

different morphologies. Oligomerization or solvate formation depends on the solvent.  

Therefore, different hydrolysis rates are expected leading to completely different oxide 

materials. As a result, the molecular structure of alkoxide precursors depends on the nature 

of the solvent [38, 39, 165]. In conclusion, it is observed that the morphology is smoother 

and appears more uniform when the co-solvent used in the mixture has the same parent 

alcohol group as the tetra alkoxide component as in sys (7-1).  In sys (7-2), which has a 

different alcohol, the layer has a rough morphology. 



 
 
 
 

 

83 

 
A 



 
 
 
 

 

84 

 
B 



 
 
 
 

 

85 

 
C 



 
 
 
 

 

86 
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Fig. 4.7: Surface SEM images of system (7-1) [A: 0, B: 5, C: 10, D: 13] %TMOS. 
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Fig. 4.8: Cross section SEM images of system (7-1) [A: 0, B: 5, C: 10, D: 13] %TMOS. 
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Fig. 4.9: Surface SEM images of system (7-2) [A: 2, B: 5, C: 20] %TMOS. 
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C 
Fig. 4.10: Cross section SEM images of system (7-2) [A: 2, B: 5, C: 20] %TMOS. 
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4.5 Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

 The melting gel materials were studied by FTIR spectroscopy, which revealed the 

presence of various chemical groups corresponding to the phenyl-substituted siloxanes, 

tetra-functional siloxanes and co-solvents, as well as groups formed after the reactions with 

water (hydrolysis) and between precursors and co-precursors (polycondensation).  

Vibration bands at around the same frequencies were found for similar systems, with some 

differences in their intensities. These changes in intensity and position are the basis for 

understanding the reactions and, consequently, the corresponding chemical groups within 

the solid network. Variations in the network structures result from differences in the 

hydrolysis rates and the nature of the precursors.  

Figure 4.12 shows the FTIR-ATR spectra of the organic-inorganic hybrid coatings 

Fig. 4.11: images of coated mica samples (top row left to right) sys (7-1) (0, 5, 10, 13) 
%TMOS, (down row left to right) sys (7-2) (5, 10, 20) %TMOS. 
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after consolidation for the samples with TEOS as the tetra-functional addition. These 

include systems (1-1), (1-2), (3-1), and (3-2).  The major IR band assignments are listed in 

Tables 4.2, 4.3, 4.4, and 4.5 for sys (1-1), (1-2), (3-1), and (3-2) respectively.   

Figure 4.13 shows the spectra for the samples with TMOS precursor, which include 

systems (5-1), (5-2), (7-1), and (7-2). Tables 4.6, 4.7, 4.8, and 4.9 listed the major peaks 

for systems (5-1), (5-2), (7-1), and (7-2) respectively. In all cases, the spectra were 

normalized according to the maximum peak intensity.  

 The presence of phenyl groups is apparent in the hybrid glasses even after all the 

reactions of hydrolysis and polycondensation and also the thermal treatment. The presence 

of the organic groups was identified by the occurrence of the following absorption peaks 

in all systems:  νàâäã CH from CfH) at 3073 cm^}, νâäã CH from CfH) at 3049 cm^}, 

νàâäã CH0 at 2977 èN^}, νâäã CH0 at around 2924 èN^} . All of these peaks increase in 

their intensity with increasing TROS% and then decrease near the solubility limit. The 

presence of the vibration of phenyl groups bonded to the silica matrix was indicated by the 

vibration ν C–C from CfH) at 1429 èN^}, δâäã CH0 from Si–CH0 configuration at 1266 

èN^}, ρ CH0 at 730 èN^}, and τ C–C from the phenyl ring deformation at 692 èN^}.   

There is evidence for the existence of Si–C direct bonds in the FT- IR spectra by 

the presence of the absorbance peaks at ν Si–C from Si-CfH) at 1129 cm^}. This peak 

confirmed the presence of phenyl groups on the silica surface, and ds CH3(Si-CH3) from 

Si–CH0 at 1265 cm^}. The FTIR- spectra show that Si–C bonds remain intact during the 

hydrolysis-polycondensation reactions and gelation. The non-hydrolyzable Si–CH0 and Si–
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CfH) bonds are retained as a part of the polymer network in the consolidated hybrid 

glasses.  

The characteristic vibrations indicative of the Si–O–Si bonds in the organically 

modified glass network are found at around (778-795) cm^} for νâäã Si–O–Si, at (849-

895) cm^} for δ Si–O–C, at (1004-1014) cm^} due to the νàâäã Si–O–Si (transverse) and 

at 1053 cm^} due to νàâäã Si–O–Si (longitudinal). The band at 994 cm^} corresponds to 

the Si-OH stretching of silanol groups, which increase with increasing tetra-alkoxysilane 

concentration. Furthermore, the broad band at around 3490 cm^} corresponds to the 

stretching vibrations of O-H groups, which do not appear in two component melting gels.  

What is interesting about the three component gels is that the O-H group stretching 

vibration becomes stronger with increasing tetra-alkoxysilane addition as it will be 

discussed in more detail for each system later on. It appears that adding TEOS or TMOS 

increases the number of residual hydroxyls on the silica surface. This is supported by the 

contact angle measurements, which show that three component gels are less hydrophobic 

than two component gels. In addition, it appears that more water is released during 

hydrolysis and polycondensation reactions.   

Obviously, the peak intensities increase dramatically when adding the tetra-

alkoxide component to the melting gel and then decrease near the solubility limits. The 

peaks shift to higher wavenumbers in systems with TEOS due to the longer time of 

hydrolysis-polycondensation in the three-component based system. While in systems with 

TMOS the peaks shift to a lower wavenumber due to shorter time of gelation as mentioned 

in Table 4.10.  
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 Another important observation to be made from FTIR is that most of the absorption 

bands of silicon-containing sol-gel derived materials are located in the region of 1265 to 

778cm^}. However, it is noticeable that the intensity ratio of the nêëSi-O-Si (TO) 

absorption peak to the nC-C (&f()) absorption peak is higher than that in two component 

systems. This ratio increases with increasing the amount of tetra-alkoxide in the three 

component systems, which is exclusively associated with the more intense absorption of 

the siloxane groups due to the on-going condensation reactions along with increasing the 

tetra-alkoxide weight percentage as shown in Figure 4.14 for all systems with tetra-

alkoxide. These observations are in agreement with earlier studies on silica sol-gel process 

[66,166].  

 Significantly, as shown in Figure 4.14, the point when the nêëSi-O-Si (TO)/ nC-C 

(&f()) ratio reaches a maximum. In other words, at this amount of TROS, the hydrolysis 

reaction is being overtaken by condensation reactions, and thus more siloxane species are 

being generated at the expense of the silanol species, despite the fact that phenyl group is 

constant. After that point, the structure is incapable of continuing to extend the siloxane 

3D network, because there are no more bridging oxygens present from the hydrolysis 

reaction of mono and di-substituent precursors. Any further increase in the ratio may be a 

sign of phase separation between the siloxane network and an insoluble phase. To 

understand what is happening requires other experimental techniques, for example, light 

or x-ray scattering. 
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 Figure 4.12: The FT-IR spectra of the melting gels after their consolidation for sys (1-1), (1-2), (3-1), and (3-2) with 
TEOS. 
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 Figure 4.13: The FT-IR spectra of the melting gels after their consolidation for sys (5-1), (5-2), (7-1), and (7-2) with 
TMOS. 
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System 
ID 

Sys 
(1-1) 

Sys 
(1-1) 

Sys 
(1-1) 

Sys 
(1-1) 

Sys 
(1-1) Assignments Ref. 

TEOS% 0 2 3 4 5 

Peaks 
(cm-1) 

3627 3629 3629 3629 3629 
νO-H from free OH/ 

alcoholic 
 

- 3383 3386 3390 3391 

νO-H associated with 
hydrogen bonding on 
the organic modified 

silica surface 

136 

- 3138 3138 3138 3138 -  

3093 3093 3093 3093 3093 ν (CH)ring  

3073 3073 3073 3073 3073 νas (CH)ring 137,138,139 

3050 3050 3050 3050 3050 νs (CH)ring 137,138,139 

3006 3006 3006 3006 3006 ν (CH)ring  

2977 2977 2977 2977 2977 νas CH3 137,138,139 

- 2939 2939 2939 2941   

2924 2940 2919 2919 2917 νas CH2 136,140,141 

2852 2842 2842 2842 2842 νs CH2 136,140,141 

1593 1593 1593 1593 1593 g CH (C6H5) 142 

1489 1489 1489 1489 1489 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 ν C-C (C6H5) 144,145,146 

1265 1265 1265 1265 1265 ds CH3(Si-CH3) 137,138,147 

1128 1128 1128 1128 1128 n Si-C (from Si-C6H5) 148 

1050 1050 1050 1050 1050 νas Si-O-Si (LO Mode) 137,149 

1004 1011 1007 1007 1011 νas Si-O-Si (TO Mode) 137,149 

994 994 994 994 994 ν Si-O(H)  

Table 4.2: Peak Assignments of FTIR Spectra for sys (1-1). 
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ν, stretching vibration; νs, symmetric stretching vibration; νas, antisymmetric stretching 
vibration; δ, deformation vibration; δs, symmetric deformation vibration (bending); δas, 
antisymmetric deformation vibration (bending); τ, out-of-plane bending (twisting); r, 
rocking; γ, out-of-plane deformation vibration; σ, out-of-plane ring deformation vibration; 
LO, longitudinal optical; TO, transversal optical.  

 

 

 

 

853 857 854 854 853 

d Si-O-C from alkoxy 
This should be 

correlated with the 
presence of CH2 

137,149 

- 806 805 805 806 -  

780 782 780 780 780 νs Si-O-Si 29 

730 730 730 730 730 
rCH3+the C6H5 ring 

breathing 150 

716 716 716 716 716 s CH3  

692 692 692 692 692 

 The C6H5 ring plane 
deformation +  t C-C 

from C6H5 ring 

151,152, 

145,146 

668 648 648 648 648 νs Si-O???  

- 617 617 617 617 s(ring)in 	

584 586 586 586 586 ds O-Si-O  

473 477 477 477 477 δ Si-O-Si 141,153,154 
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System 
ID 

Sys 
(1-2) 

Sys 
(1-2) 

Sys 
(1-2) 

Sys 
(1-2) 

Sys 
(1-2) 

Sys 
(1-2) 

Assignments 

 

Ref. 

TEOS% 0 2 5 10 20 30 

 

3627 3629 3629 3627 3627 3629 
νO-H from free 
OH/ alcoholic 

 

- 3393 3393 3390 3391 3393 

νO-H associated 
with hydrogen 
bonding on the 

organic 
modified silica 

surface 

136 

- 3138 3138 3138 3138 3138 -  

3093 3093 3093 3093 3093 3093 ν (CH)ring  

3073 3072 3072 3072 3072 3072 νas (CH)ring 137,138,139 

3050 3049 3049 3049 3049 3049 νs (CH)ring 137,138,139 

3006 3006 3006 3006 3006 3006 ν (CH)ring  

2977 2977 2977 2977 2977 2977 νas CH3 137,138,139 

- - - 2942 2942 2940 νs C-H???  

2924 2924 2924 2918 2918 2924 νas CH2 136,140,141 

2895 - - 2896 2898 2898 νs CH3  

2852 2844 2844 2841 2841 2841 νs CH2 136,140,141 

1593 1593 1593 1593 1593 1593 g CH (C6H5) 142 

1489 1490 1490 1490 1490 1490 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 1429 ν C-C (C6H5) 144,145,146 

1266 1266 1264 1266 1267 1267 ds CH3(Si-CH3) 137,138,147 

- 1190 1190 1190 1190 1190 -  

1128 1128 1128 1128 1128 1128 
n Si-C (from Si-

C6H5) 
148 

1050 1049 1049 1048 1048 1047 νas Si-O-Si (LO 137,149 

Table 4.3: Peak Assignments of FTIR Spectra for sys (1-2). 
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ν, stretching vibration; νs, symmetric stretching vibration; νas, antisymmetric stretching 
vibration; δ, deformation vibration; δs, symmetric deformation vibration (bending); δas, 
antisymmetric deformation vibration (bending); τ, out-of-plane bending (twisting); r, 
rocking; γ, out-of-plane deformation vibration; σ, out-of-plane ring deformation vibration; 
LO, longitudinal optical; TO, transversal optical.  

 
 

 

Mode) 

1004 1008 1008 1011 1011 1011 
νas Si-O-Si (TO 

Mode) 
137,149 

994 994 994 994 994 994 ν Si-O(H)  

853 850 851 856 855 853 
d Si-O-C from 

alkoxi 
137,149 

780 780 780 780 780 780 νs Si-O-Si 29 

730 732 732 732 732 732 
rCH3+the C6H5 
ring breathing 150 

716 717 717 717 717 717 Ø C-H??? 	

692 694 694 694 694 694 

The C6H5 ring 
plane 

deformation +  t 
C-C from C6H5 

ring 

151,152 

145,146 

668 646 646 646 646 646 νs Si-O???  

584 586 586 586 586 586 ds O-Si-O  

473 477 477 477 477 477 δ Si-O-Si 141,153,154 
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System 
ID 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) 

Sys 
(3-1) Assignments Ref. 

TEOS% 0 2 5 10 20 30 40 45 50 

Peaks 

3617 3613 3614 3619 3619 3618 3617 3620 3620 
νO-H from 
free OH/ 
alcoholic 

 

- 3335 3366 3356 3362 3356 3366 3376 3356 

νO-H associated 
with hydrogen 
bonding on the 

organic 
modified silica 

surface 

136 

3140 3140 3140 3140 3140 3140 3140 3135 3135 -  
3094 3094 3094 3094 3094 3094 3094 3092 3094 ν (CH)ring  

3072 3072 3072 3072 3072 3072 3072 3071 3072 νas (CH)ring 137,138,1
39 

3049 3049 3049 3049 3049 3050 3050 3048 3049 νs (CH)ring 137,138,1
39 

3006 3006 3006 3006 3006 3006 3006 3006 3006 ν (CH)ring  

2977 2977 2977 2977 2977 2977 2977 2974 2975 νas CH3 
137,138,1

39 

2924 2924 2924 2924 2925 2925 2925 2923 2925 νas CH2 
136,140,1

41 

2895 2895 2895 2895 2895 2895 2895 2894 2895 νs CH3  

2850 2850 2850 2850 2850 2850 2850 2848 2850 νs CH2 
136,140,1

41 

1593 1593 1593 1593 1593 1593 1593 1593 1593 g CH (C6H5) 142 

1490 1490 1490 1490 1490 1490 1490 1490 1490 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 1429 1429 1429 1429 ν C-C (C6H5) 
144,145,1

46 

1394 1394 1394 1394 1394 1394 1394 1389 1389 das CH3 136 

Table 4.4: Peak Assignments of FTIR Spectra for sys (3-1). 
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1329 1329 1329 1329 1329 1329 1328 1329 1329 -  

1266 1266 1266 1266 1266 1266 1266 1266 1264 
ds CH3(Si-

CH3) 
137,138,1

47 

1128 1128 1128 1128 1128 1128 1128 1128 1128 n Si-C (from 
Si-C6H5) 

148 

1053 1049 1050 1051 1050 1051 1050 1051 1051 
νas Si-O-Si 
(LO Mode) 137,149 

1006 1012 1011 1012 1012 1012 1014 1010 1014 
νas Si-O-Si 
(TO Mode) 137,149 

994 994 994 994 994 994 994 994 994 ν Si-O(H)  

853 887 891 888 892 892 895 849 878 

dSi-O-C from 
alkoxy This 
should be 

correlated with 
the presence of 

CH2 

137,149 

778 778 778 778 778 778 778 778 778 νs Si-O-Si 29 

730 734 734 734 734 736 736 734 734 

rCH3+the 
C6H5 ring 
breathing 

150 

693 693 693 693 693 693 693 693 694 

The C6H5 ring 
plane 

deformation +  
t C-C from 
C6H5 ring 

151,152,1
45,146 

585 585 585 585 585 585 588 586 586 ds O-Si-O  

477 477 477 477 477 477 477 477 477 δ Si-O-Si 141,153,1
54 
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System 
ID 

Sys 
(3-2) 

Sys 
(3-2) 

Sys 
(3-2) 

Sys 
(3-2) 

Sys 
(3-2) Assignments Ref. 

TEOS
% 0 2 5 10 20 

Peaks 

3617 3627 3627 3613 3618 
νO-H from free OH/ 

alcoholic  

- 3353 3361 3360 3365 

νO-H associated with 
hydrogen bonding on the 
organic modified silica 

surface 

136 

3140 3140 3140 3140 3140 -  
3094 3095 3095 3095 3095 ν (CH)ring  

3072 3073 3073 3073 3073 νas (CH)ring 137,138,
139 

3049 3049 3049 3049 3049 νs (CH)ring 137,138,
139 

3006 3007 3007 3007 3007 ν (CH)ring  

2977 2976 2976 2976 2976 νas CH3 
137,138,

139 

2924 2924 2924 2924 2924 νas CH2 
136,140,

141 

2895 2895 2895 2895 2895 νs CH3  

2850 2851 2851 2851 2851 νs CH2 
136,140,

141 

1593 1593 1593 1593 1593 g CH (C6H5) 142 

1490 1489 1489 1489 1489 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 ν C-C (C6H5) 
144,145,

146 

1394 1394 1394 1394 1394 das CH3 136 

1329 1329 1329 1329 1329 -  

Table 4.5: Peak Assignments of FTIR Spectra for sys (3-2). 
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ν, stretching vibration; νs, symmetric stretching vibration; νas, antisymmetric stretching 
vibration; δ, deformation vibration; δs, symmetric deformation vibration (bending); δas, 
antisymmetric deformation vibration (bending); τ, out-of-plane bending (twisting); r, 
rocking; γ, out-of-plane deformation vibration; σ, out-of-plane ring deformation vibration; 
LO, longitudinal optical; TO, transversal optical.  

 

 

 

 

1266 1266 1266 1266 1266 ds CH3(Si-CH3) 
137,138,

147 

1128 1128 1128 1128 1128 n Si-C (from Si-C6H5) 148 

1053 1051 1051 1051 1051 νas Si-O-Si (LO Mode) 137,149 

1006 1012 1011 1011 1012 νas Si-O-Si (TO Mode) 137,149 

994 995 995 995 995 ν Si-O(H)  

853 882 888 891 891 

dSi-O-C from alkoxy This 
should be correlated with the 

presence of CH2 
137,149 

778 778 778 778 778 νs Si-O-Si 29 

730 733 734 734 734 
rCH3+the C6H5 ring 

breathing 150 

693 694 694 694 694 

The C6H5 ring plane 
deformation +  t C-C from 

C6H5 ring 

151,152,
145,146 

585 586 586 586 586 ds O-Si-O  

477 477 477 477 477 δ Si-O-Si 141,153,
154 
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System 
ID 

Sys 
(5-1) 

Sys 
(5-1) 

Sys 
(5-1) 

Sys 
(5-1) 

Sys 
(5-1) 

Sys 
(5-1) Assignments Ref. 

TMOS% 0 2 5 10 20 30 

Peaks 
(cm-1) 

3625 3625 3620 3617 3625 3627 
νO-H from free OH/ 

alcoholic 
 

- 3395 3395 3395 3395 3395 

νO-H associated with 

hydrogen bonding on 

the organic modified 

silica surface 

136 

- 3139 3139 3139 3139 3137 -  

3094 3094 3094 3094 3094 3094 ν (CH)ring  

3073 3073 3073 3073 3073 3073 νas (CH)ring 137,138,139 

3050 3050 3050 3050 3050 3050 νs (CH)ring 137,138,139 

- 3028 3028 3028 3028 3026 -  

3006 3006 3006 3006 3006 3005 ν (CH)ring  

2977 2980 2980 2980 2980 2980 νas CH3 137,138,139 

2924 2922 2941 2942 2941 2942 νas CH2 136,140,141 

2852 2844 2842 2842 2842 2841 νs CH2 136,140,141 

1593 1593 1593 1593 1593 1593 g CH (C6H5) 142 

1489 1489 1489 1489 1489 1489 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 1429 ν C-C (C6H5) 144,145,146 

- 1380 1380 1380 1380 1380 das CH3 136 

1266 1266 1266 1266 1266 1265 ds CH3(Si-CH3) 137,138,147 

1190 1190 1190 1190 1190 1190 -  

1128 1128 1128 1128 1128 1128 n Si-C (from Si-C6H5) 148 

1050 1047 1045 1048 1047 1047 νas Si-O-Si (LO Mode) 137,149 

1008 1010 1010 1010 1010 1010 νas Si-O-Si (TO Mode) 137,149 

994 994 994 994 994 994 ν Si-O(H)  

Table 4.6: Peak Assignments of FTIR Spectra for sys (5-1). 
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ν, stretching vibration; νs, symmetric stretching vibration; νas, antisymmetric stretching 
vibration; δ, deformation vibration; δs, symmetric deformation vibration (bending); δas, 
antisymmetric deformation vibration (bending); τ, out-of-plane bending (twisting); r, 
rocking; γ, out-of-plane deformation vibration; σ, out-of-plane ring deformation vibration; 
LO, longitudinal optical; TO, transversal optical.  

 

 

 

 

 

 

853 850 853 855 855 855 dSi-O-C 137,149 

- 802 805 805 805 - -  

780 784 785 785 785 795 νs Si-O-Si 29 

730 733 733 733 733 733 
rCH3+the C6H5 ring 

breathing 
150 

716 718 718 718 718 718	 Ø C-H??? 	

692 692 692 692 692 693 

The C6H5 ring plane 

deformation +  t C-C 

from C6H5 ring 

151,152 

145,146 

668 645 648 648 650 647 νs Si-O???  

- 617 617 617 617 617 -  

584 587 587 587 587 587 ds O-Si-O  

515 513 513 513 513 513 -  

473 477 477 477 477 476 δ Si-O-Si 141,153,154 
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System 
ID 

Sys 
(5-2) 

Sys 
(5-2) 

Sys 
(5-2) 

Sys 
(5-2) 

Sys 
(5-2) 

Sys 
(5-2) Assignments Ref. 

TMOS% 0 2 5 10 20 30 

Peaks 
(cm-1) 

- 3852 3852 3854 3854 - νs(O-H) or νs(CH) ???  

3625 3628 3628 3628 3628 3627 νO-H from free OH/ 
alcoholic  

- 3412 3390 3393 3393 3384 

νO-H associated with 
hydrogen bonding on the 
organic modified silica 

surface 

136 

- 3138 3138 3138 3138 3137 -  

3094 3093 3093 3093 3093 3093 ν (CH)ring  
3073 3073 3073 3073 3073 3072 νas (CH)ring 137,138,139 

3050 3050 3050 3050 3050 3049 νs (CH)ring 137,138,139 
- 3027 3027 3027 3027 3027 -  

3006 3007 3007 3007 3007 3005 ν (CH)ring  

2977 3983 3980 2978 2978 2975 νas CH3 137,138,139 

- - - 2941 2942 2942 -  

2924 2922 2922 2916 2916 2918 νas CH2 136,140,141 

2852 2848 2846 2841 2843 2843 νs CH2 136,140,141 

1593 1593 1593 1593 1593 1593 g CH (C6H5) 142 

1489 1489 1489 1489 1489 1489 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 1429 ν C-C (C6H5) 144,145,146 

- 1385 1385 1387 1387 1381 das CH3 136 

1266 1266 1266 1266 1266 1265 ds CH3(Si-CH3) 137,138,147 

1190 1190 1190 1190 1190 1190 -  

1128 1128 1128 1128 1128 1128 n Si-C (from Si-C6H5) 148 

Table 4.7: Peak Assignments of FTIR Spectra for sys (5-2). 
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ν, stretching vibration; νs, symmetric stretching vibration; νas, antisymmetric stretching 
vibration; δ, deformation vibration; δs, symmetric deformation vibration (bending); δas, 
antisymmetric deformation vibration (bending); τ, out-of-plane bending (twisting); r, 
rocking; γ, out-of-plane deformation vibration; σ, out-of-plane ring deformation vibration; 
LO, longitudinal optical; TO, transversal optical.  

 

 

1050 1048 1046 1047 1047 1035 νas Si-O-Si (LO Mode) 137,149 

1008 1011 1011 1011 1011 1014 νas Si-O-Si (TO Mode) 137,149 

994 994 994 994 994 996 ν Si-O(H)  

- 913 916 919 919 921 νb Si-O???  

853 850 850 853 853 855 dSi-O-C 137,149 

- 806 806 807 807 806 -  

780 781 781 784 784 784 νs Si-O-Si 29 

730 733 733 733 733 733 
rCH3+the C6H5 ring 

breathing 150 

716 718 718 718 718 718	 Ø C-H??? 	

692 693 693 693 693 693 

The C6H5 ring plane 
deformation +  t C-C from 

C6H5 ring 

151,152 

145,146 

668 649 649 647 647 644 νs Si-O???  

- 617 617 617 617 617 -  

584 587 587 587 587 588 ds O-Si-O  

515 513 513 513 513 514 -  

473 475 475 475 478 477 δ Si-O-Si 141,153,154 
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System 
ID 

Sys (7-
1) 

Sys (7-
1) 

Sys (7-
1) 

Sys (7-
1) 

Sys (7-
1) Assignments Ref. 

TEOS% 0 2 5 10 13 

Peaks 
(Cm-1) 

3617 3616 3624 3616 3619 
νO-H from free OH/ 

alcoholic  

- 3395 3390 3391 3396 

νO-H associated with 
hydrogen bonding on 
the organic modified 

silica surface 

136 

3140 3138 3138 3138 3138 -  
3094 3092 3095 3092 3095 ν (CH)ring  

3072 3073 3073 3073 3073 νas (CH)ring 137,138,
139 

3049 3049 3049 3049 3049 νs (CH)ring 137,138,
139 

3006 3006 3006 3006 3006 ν (CH)ring  

2977 2974 2976 2974 2976 νas CH3 
137,138,

139 

2924 2924 2924 2924 2924 νas CH2 
136,140,

141 

2895 2895 2895 2895 2895 νs CH3  

2850 2851 2852 2852 2851 νs CH2 
136,140,

141 

1593 1593 1593 1593 1593 g CH (C6H5) 142 

1490 1489 1489 1489 1489 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 ν C-C (C6H5) 
144,145,

146 

1394 1392 1389 1392 1389 das CH3 136 

1329 1329 1329 1329 1329 -  

Table 4.8: Peak Assignments of FTIR Spectra for sys (7-1). 
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ν, stretching vibration; νs, symmetric stretching vibration; νas, antisymmetric stretching 
vibration; δ, deformation vibration; δs, symmetric deformation vibration (bending); δas, 
antisymmetric deformation vibration (bending); τ, out-of-plane bending (twisting); r, 
rocking; γ, out-of-plane deformation vibration; σ, out-of-plane ring deformation vibration; 
LO, longitudinal optical; TO, transversal optical.  

 

 

 

1307 1307 1307 1307 1307 -  

1266 1266 1266 1266 1266 ds CH3(Si-CH3) 
137,138,

147 

1128 1128 1128 1130 1130 n Si-C (from Si-C6H5) 148 

1053 1051 1051 1051 1051 νas Si-O-Si (LO Mode) 137,149 

1006 1009 1009 1009 1009 νas Si-O-Si (TO Mode) 137,149 

994 992 992 992 992 ν Si-O(H)  

918 920 919 920 921 -  

852 852 850 854 853 dSi-O-C 137,149 

778 780 780 780 780 νs Si-O-Si 29 

730 733 733 733 733 
rCH3+the C6H5 ring 

breathing 150 

693 694 694 694 694 

The C6H5 ring plane 
deformation +  t C-C 

from C6H5 ring 

151,152 

145,146 

585 586 586 586 586 ds O-Si-O  

477 477 476 475 475 δ Si-O-Si 141,153,
154 
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System 
ID 

Sys 
(7-2) 

Sys 
(7-2) 

Sys 
(7-2) 

Sys 
(7-2) 

Sys 
(7-2) Assignments Ref. 

TMOS
% 0 2 5 10 20 

Peaks 
(cm-1) 

3617 3616 3616 3617 3617 
νO-H from free 
OH/ alcoholic  

- 3385 3390 3395 3376 

νO-H associated 
with hydrogen 
bonding on the 

organic modified 
silica surface 

136 

3140 3137 3139 3137 3137 -  
3094 3094 3094 3094 3094 ν (CH)ring  
3072 3072 3071 3072 3072 νas (CH)ring 137,138,139 

3049 3049 3049 3049 3049 νs (CH)ring 137,138,139 

3006 3006 3006 3006 3006 ν (CH)ring  

2977 2975 2976 2979 2979 νas CH3 137,138,139 

2924 2924 2924 2924 2924 νas CH2 136,140,141 

2895 2895 2895 2895 2895 νs CH3  

2850 2853 2852 2852 2852 νs CH2 136,140,141 

1593 1592 1593 1593 1593 g CH (C6H5) 142 

1490 1491 1488 1489 1489 ν C=C (C6H5) 143 

1429 1429 1429 1429 1429 ν C-C (C6H5) 144,145,146 

1394 1393 1389 1392 1394 das CH3 136 

1329 1329 1329 1329 1329 -  

1266 1266 1264 1266 1266 ds CH3(Si-CH3) 137,138,147 

1128 1128 1128 1130 1130 n Si-C (from Si- 148 

Table 4.9: Peak Assignments of FTIR Spectra for sys (7-2). 
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4.6 Hydroxyl Species Concentration 

 The IR absorption spectra of O–H stretching vibrations include different types of 

contributions in the region between 2800–4000 èN^}. In general, this band is very broad 

and intense in silica xerogels and decreases in intensity with increasing the treatment 

temperature. Also, it is strongly dependent on the atmosphere of treatment and humidity of 

the environment.  

 On the basis of the literature two main groups of bands can be assigned in this 

interval: (a) stretching modes of OH groups not involved or partially involved in hydrogen 

C6H5) 

1053 1053 1053 1054 1051 
νas Si-O-Si (LO 

Mode) 137,149 

1006 1011 1011 1005 1012 
νas Si-O-Si (TO 

Mode) 137,149 

994 994 994 993 994 ν Si-O(H)  

852 855 851 852 850 dSi-O-C 
137,149 

778 780 780 780 780 νs Si-O-Si 29 

730 733 735 730 735 
rCH3+the C6H5 
ring breathing 150 

693 694 693 693 693 

The C6H5 ring 
plane deformation 

+  t C-C from 
C6H5 ring 

151,152 

145,146 

585 586 586 586 586 ds O-Si-O  

477 477 476 475 475 δ Si-O-Si 141,153,154 
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bonding, which include isolated OH and terminal OH (3800–3650 èN^}); (b) stretching 

modes of hydrogen-bonded OH groups (3650–3200 èN^}) [155]. 

  The first group appears as a sharp narrow peak at around 3620 èN^} in all systems 

which is assigned to isolated silanol groups, and also due to terminal silanols. This group 

is found at higher frequency than the other group [156-158]. 

 The second group associated with hydrogen bonded silanols in chains on the 

organically modified silica surface, containing more than one pair of mutually H-bonded 

OH groups, are observed as a broad band between 3500–3200 cm^} region in all systems 

as well. These H–bonded surface silanols can form chains of different lengths and shapes 

and this diversity explains the broadness of this band [155]. However, what is most 

interesting is that this group does not appear in melting gels with only two components. In 

other words, the H-bonded surface silanols are associated with the addition of the tetra 

alkoxide, both TEOS and TMOS. 

 Figures 4.15 and 4.16 show the absorbance intensity of the two groups for systems 

with TEOS and systems with TMOS respectively. In all systems, the intensity of the free 

OH group and OH associated with hydrogen bonding on the organically modified silica 

surface group seem to be coincident with each other along the tetra-alkoxide weight percent 

axis. The concentration of the two-hydroxyl species increases with increasing tetra-

alkoxide concentration due to unreacted Si–O–R groups and residual alcoholic co-solvent 

within the film. Afterword the intensity starts to decrease near the systems limit due to the 

formation of siloxane bridges and an increase of the isolated species. The intensity is higher 

when the tetra-alkoxide is diluted with ethanol sys (x-2) rather than methanol as seen in 

Figure 4.15 and 4.16.  
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Fig. 4.14: Comparative FTIR ratios of Si-O-Si to C-C bond as a function of tetra-alkoxide weight percent (A) 
systems with TEOS, (B) systems with TMOS.  
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 Figure 4.15: Absorbance intensity of hydroxyl goups vs. TEOS concentration for sys (1-1), (1-2), (3-1), and (3-2)  
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Figure 4.16: Absorbance intensity of hydroxyl goups vs. TEOS concentration for sys (5-1), (5-2), (7-1), and (7-2)  
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4.7 Contact Angle Measurements 

 Contact angles were measured on samples that had been fully consolidated for 24 

h at their indicated consolidation temperatures in Table 4.1. Five measurements were made 

for each composition and averaged. Contact angle measurements are listed in Table 4.10.  

Contact angles are an indication of the hydrophobicity of the consolidated coatings on mica 

substrates, by using droplets of water as the wetting liquid.   

Figure 4.17 shows contact angles for systems with TEOS while Figure 4.18 shows 

contact angles for systems with TMOS. The highest contact angles were obtained for 

systems with PhTMS:DPhDMS, which are systems 1 and 5, for both TMOS and TEOS.  

Both have almost the same contact angles in the range between θ= 86-94°. However 

systems with PhTES:DPhDES, which are systems 3 and 7, have more hydrophilic 

properties with contact angles between θ= 82-90°. These results are supported by the FTIR 

which confirm the presence of hydroxyl groups on the surface of three component systems 

with higher intensity especially when the mixture contain ethanol and/or ethoxy 

substituents alkoxide. 

When silanol groups on the surface are replaced by alkyl and phenyl groups, which 

have a poor affinity for water, the gel surface is hydrophobic. In melting gels, the presence 

of organic groups contributes to melting gels having contact angle values that are greater 

than 90°, with respect to water [124]. All the melting gels systems studied before, without 

the additional of a tetrafunctional alkoxysilane, were hydrophobic.  
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Figure 4.17: Contact Angles Measurements with respect to TEOS weight percent for systems (1-1), (1-2), (3-1) 
and (3-2). 
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 Figure 4.18: Contact Angles Measurements with respect to TMOS weight percent for systems (5-1), (5-2), (7-1) 
and (7-2). 
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4.8 Vickers Micro-Indentation Hardness 

 There is a direct relation between mechanical properties and glass transition 

temperature in sol gel material through their ability to form a 3D network [159]. The degree 

of cross linking of TEOS based sol gel coating is influenced by the ratio of hydroxyl and 

alkoxy groups on the Si atoms. More hydroxyl groups lead to a higher degree of cross 

linking, and consequently higher mechanical properties. The higher amount of inorganic 

network structure gives higher hardness as well [160]. Hardness measurements are listed 

in Table 4.10. The hardness measurements correlate well with the glass transition 

temperatures. Hardness of the samples increased in systems with increasing tetra-alkoxide 

component when diluted with the parent alcohol as shown in Figure 4.19, 4.20, and 4.21. 

Only system (1-1) did not show this trend. As a general rule, systems with ethoxy 

substituents have higher hardness than systems with methoxy substituents when they have 

the same tetraalkoxy (alcohol) substituent as shown in Figure 4.22. That is because systems 

with more ethoxy substituents have longer gelling times than methoxy systems, allowing 

more cross-linking in the network and subsequently an increase in the hardness. However, 

the all ethoxy system sys (3-2) appeared to have lower hardness than the comparable 

system sys (1-2). The reason for this exception is likely the dilution effect. Adding TEOS 

decreased the viscosity, while adding TMOS increased it. For the same reason, the system 

with all ethoxy substituents system (3-2) had lower hardness than all methoxy substituents 

system (5-1), as shown in Figure 4.23.   

Most of the samples show radial cracks under the microscope. At higher loads, this 

is followed by delamination and chipping, as shown in Figure 4.24. Such radial cracks 

appear to emanate from the indent as a result of residual tensile stresses that develop during 
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unloading. Measured crack lengths can be correlated to the material toughness, Kc, through 

the semi-empirical relationship [161]. These elongated cracks prove that most of the 

systems are durable for plastic deformation to some extent. 

4.9 True Density 

 To measure the density, it was necessary to remove the coatings from the mica 

substrates. This was accomplished by immersing the samples in liquid nitrogen for 5 min 

followed by exposure at room temperature. Due to the difference in thermal expansion 

coefficients, the coatings immediately peeled off. Subsequently, the samples were placed 

under liquid nitrogen for ease of grinding. The densities were measured on the ground 

powders. True density results from He pycnometry are listed in Table 4.10. The trend in 

the data reveals that increasing the tetra-alkoxide mole ratio increases the measured 

density.  In addition, samples with TMOS had higher density than those with TEOS. The 

higher density with TMOS reflects the fact that TMOS is more reactive than TEOS. The 

hydrolysis of TMOS is, in fact, around six times faster. The decrease in the hydrolysis rate 

with an increase of the organic group size is attributed to steric hindrance [162].  

Generally, the reactions are faster in the methoxy containing systems than in the 

ethoxy systems. The higher reactivity of the methoxy groups is said to give a more 

disordered three-dimensional network with shorter methyl modified silica chains. This 

leads to lower weight loss percentage for the samples prepared with the methoxy groups, 

as well as lower skeletal densities [64]. Moreover, mixtures of TEOS or TMOS with 

substituted methoxysilanes generate low-density xerogels due to a nucleation mechanism 

involving the substituted alkoxysilane. [163] 
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4.10 Consolidation Temperature 

 Before consolidation, the gels contain linear molecular chains, which allow those 

gels to soften. Upon thermal treatment to the consolidation temperature, the linear 

molecular chains are mobile and hydroxyl groups from different chains come into a 

favorable position so that hydrolysis reactions between molecular chains can occur. In this 

way, a three-dimensional network forms, preventing the re-softening of the gels.   

The coatings were deposited by pouring the softened gel onto the substrates. The 

apparent viscosity of the melting gels decreased with increasing TEOS mole percentage.  

In contrast, the viscosity increased with increasing TMOS mole percentage. These trends 

are reflected in the higher consolidation temperatures for systems with TEOS, compared 

to those with TMOS.  

Systems with TMOS have high transparency. The clarity improves with increased 

amount of tetra-alkoxide. Systems with TEOS are less transparent and became more 

yellowish by increasing the tetra-alkoxides percentage. In addition, systems with methoxy 

groups have higher consolidation temperature than comparable systems with ethoxy 

groups. For example, sys (1-2) with methoxy has higher consolidation temperatures 

compared with sys (3-2) with ethoxy, as listed in table 4.1. 

4.11 Melting Gel Limits 

 Adding tetra-alkoxide to the mono-substituted and di-substituted mixtures does not 

prevent melting, up to a certain limit of mol % of TROS. In comparison, mixtures of TEOS 

and mono-substituted alkoxysilanes do not form melting gels. The limits vary with co-

solvent used in the mixture of the three components and the nature of the substitution. The 
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limit of the systems was determined either by finding when the gel lost its ability to soften 

or, when a visible phase separation indicated by cloudiness was observed.   

In alkoxy-derived sol-gel systems, various macroporous morphologies can be 

obtained by inducing the phase separation parallel to the sol-gel transition. This principle 

of macroporous morphology control can be best applied to pure silica and silica-based 

multicomponent oxide systems that have many practical applications [164].  In the case of 

melting gels, it is desirable to avoid phase separation. In other words, this study did not try 

to induce phase separation by the use of solvents. In fact, the goal of this study was to 

maintain a single liquid during the synthesis stage. Nevertheless, there is a limit to how 

much of the third component can be added to the melting gel. Recognizing that there are 

competing reactions with regard to hydrolysis, condensation, and esterification, and that 

there are competing roles of hydrophobic and hydrophilic groups in the gel, it is expected 

that there is a limit. By making controlled additions of the third component, it was possible 

to determine the system limits, which are listed in table 4.11. The limits are given to the 

nearest 5% of TROS, as a weight per cent of mono-substituent. For example, in system (1-

1) the limit was 5%, which means that using 5g of mono-substituent (PhTMS), the limit 

was found by using 0.25g of TEOS diluted with methanol. The mono-substituted to di-

substituted ratio is constant 1:0.25 mole%. The lowest limit was obtained for system (1-1), 

which was 5%. The highest limit was for system (3-1) near 50% of TEOS before the gel 

no longer re-softened.  

A simplified ternary diagram among the three components was plotted using Origin 

Lab 2016 software showing the border along that we can prepare melting gel as presented 

in Figure 4.25 for systems with TEOS and Figure 4.26 for systems with TMOS.   
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Table 4.10: Physical properties of melting gel (density, contact angle, Vickers hardness 
and time to gel). 

Sample 
ID 

Composition 
Monosub./Disub./TROS 

TROS 
W% of 
(Mono) 

Glass 
transition 
Tg (˚C) 

Contact 
Angle O 

Density 
(g/cm3) 

Density 
Standard 
Deviation 

Hardness 
(g/um2) 

Hardness 
(GPa) 

Time to 
Gel 

(hrs.) 

Sys (1-1) PhTMS/ DPhDMS/TEOS 
(MeOH) 2 19.4 87 1.2876 0.0018 4.3 42.17 12 

= = 3 24.09 87 1.2837 0.0063 4.8 47.07 12 
= = 4 23.09 89 1.2845 0.0016 8.9 87.28 12 
= = 5 2.89 86 1.2921 0.0042 8.5 83.36 12 

Sys (1-2) PhTMS/ DPhDMS/TEOS 
(EtOH) 2 13.02 91 1.2892 0.003 8.1 79.43 12 

= = 5 4.97 89 1.2924 0.0033 8.6 84.34 12 
= = 10 24.48 88 1.2943 0.0006 8.8 86.3 13 
= = 20 25.24 94 1.2910 0.0018 9 88.26 13 
= = 30 30.94 89 1.3012 0.0037 8.5 83.36 13 

Sys (5-1) PhTMS/ DPhDMS/TMOS 
(MeOH) 2 19.91 91 1.2867 0.001 7.9 77.47 10 

= = 5 36.93 86 1.2859 0.0016 10.7 104.93 10 
= = 10 41.3 86 1.2882 0.0006 10.4 101.99 10 
= = 20 40.9 88 1.2924 0.0002 10.3 101.01 10 
= = 30 26.63 - 1.295 0.007 9.4 92.18 10 

Sys (5-2) PhTMS/ DPhDMS/TMOS 
(EtOH) 2 38.13 91 1.2956 0.002 9.6 94.14 10 

= = 5 37.17 88 1.2978 0.0043 9.1 89.24 11 
= = 10 26.51 87 1.2989 0.0071 7.3 71.59 11 
= = 20 16.46 89 1.3075 0.0026 6.8 66.68 11 
= = 30 -8.85 - 1.331 0.0006 8.8 86.3 10 

Sys (3-1) PhTES/ DPhDES/TEOS 
(MeOH) 2 40.94 86 1.2819 0.0003 10.2 100.03 15 

= = 5 28.12 84 1.2825 0.001 9.4 92.18 15 
= = 10 38.84 86 1.2942 0.0035 10.3 101.01 15 
= = 20 10.82 84 1.2954 0.0027 7.3 71.59 16 
= = 30 12.44 87 1.3009 0.0022 6.6 64.72 16 
= = 40 -2.51 88 1.3111 0.003 3.4 33.34 16 
= = 45 22.1 90 1.341 0.0062 10 98.07 17 
= = 50 28.25 - - - 9.8 96.1 16 

Sys (3-2) PhTES/ DPhDES/TEOS 
(EtOH) 2 30.95 89 1.2832 0.0006 4.6 45.11 17 

= = 5 25.23 86 1.2865 0.0041 6.7 65.70 18 
= = 10 58.57 88 1.2948 0.002 10.1 99.05 18 
= = 20 49.00 88 1.2963 0.0052 9.5 93.16 19 

Sys (7-1) PhTES/ DPhDES/TMOS 
(MeOH) 2 37.9 89 1.2988 0.0036 10.2 100.03 15 

= = 5 45.89 87 1.2993 0.0006 11.1 108.85 15 
= = 10 47.92 89 1.3031 0.0017 10.5 102.97 15 
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= = 13 43.74 90 1.3072 0.002 10 98.07 16 

Sys (7-2) PhTES/ DPhDES/TMOS 
(EtOH) 2 41.09 82 1.2991 0.0008 10.9 106.89 16 

= = 5 32.58 82 1.2980 0.0022 10.7 104.93 16 
= = 10 41.34 85 1.3133 0.001 11.0 107.87 17 
= = 20 42.55 84 1.3216 0.0025 11.5 112.78 17 
= = 30 54.14 - 1.3314 0.0068 - - 16 

Sys1 or 5 PhTMS/ DPhDMS 0 25.97 88 1.2843 0.0037 6.3 61.78 16 
Sys 3 or 7 PhTES/ DPhDES 0 1.24 90 1.2837 0.0041 8.8 86.30 16 

 

 

Table 4.11: Compositions of the investigated melting gels systems and their limits. 

System ID 
Composition System 

limit%, 

TROS Mono. Sub. Di.Sub. TROS W% of 
(Mono.) 

Sys (1-1) TEOS (MeOH) PhTMS DPhDMS (MeOH) 5 

Sys (1-2) TEOS (EtOH) PhTMS DPhDMS (MeOH) 30 

Sys (3-1) TEOS (MeOH) PhTES DPhDES (EtOH) 45 

Sys (3-2) TEOS (EtOH) PhTES DPhDES (EtOH) 20 

Sys (5-1) TMOS (MeOH) PhTMS DPhDMS (MeOH) 30 

Sys (5-2) TMOS (EtOH) PhTMS DPhDMS (MeOH) 30 

Sys (7-1) TMOS (MeOH) PhTES DPhDES (EtOH) 13 

Sys (7-2) TMOS (EtOH) PhTES DPhDES (EtOH) 30 
 

Sys 1 or Sys 5 - PhTMS DPhDMS (MeOH) - 

Sys 3 or Sys 7 - PhTES DPhDES (EtOH) - 
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Fig 4.19: Vickers hardness vs. glass transition temperature for sys (1-1), and sys (1-2). 
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 Fig 4.20: Vickers hardness vs. glass transition temperature for sys (5-1), and sys (5-2). 
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 Fig 4.21: Vickers hardness vs. glass transition temperature for sys (3-1), and sys (3-2). 
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Fig 4.22: Vickers hardness vs. glass transition temperature for sys (7-1), (7-2), and (5-1). 
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Fig 4.23: Vickers hardness vs. glass transition temperature for all Ethoxy system (3-2) and all Methoxy system (5-1). 
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A B 

C D 

E F 

Figure 4.24: Optical micrograph of a Vickers indentation for A sys (1-1)5%, B sys (3-1)20%, 

C sys (5-1)20%, D sys (7-1)13%, E (PhTMS/DPhDMS), F (PhTES/DPhDES). 
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Figure 4.25: Ternary expression of composition region in which melting gel can be process with TEOS. 
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Figure 4.26: Ternary expression of composition region in which melting gel can be process with TMOS. 
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Chapter Five 

Conclusions and Future Work 

5.1 Conclusions 

 This dissertation is based on the preparation of melting gel materials, which are a 

class of organic-inorganic hybrid materials, also known as “ceramers” or “ormosil”.  These 

materials possess both ceramic and polymeric characteristics.  Melting gels have the ability 

to soften upon heating to a temperature around (~110) °C and become rigid again when 

cooled down to room temperature. This process can be repeated many times. Once melting 

gels are heated to their consolidation temperature, they do not soften again. They are 

transformed into hybrid glasses. The consolidation temperature varies with the 

composition. Organic-inorganic hybrid materials have been developed as coatings for 

anticorrosion applications. The inorganic component in the coatings, typically prepared 

from alkoxysilanes via a sol-gel process, functions as both an adhesion promoter and a 

corrosion inhibitor. 

 Hybrid melting gels were successfully synthesized using phenyl substituted 

alkoxides and tetra-alkoxysilane. In general, three components (mono-substituted organo-

modified alkoxysilane R′Si(OR)(, di-substituted organo-modified alkoxysilane 

R′)Si(OR)), and tetra-alkoxysilane *+(,-).) were mixed to prepare melting gels.  The 

miscibility limits of adding tetra-alkoxide for all systems were determined and it was 

maximum for system (3-1) containing PhTES and DPhDES in ethanol with 50% TEOS in 

methanol, and minimum for sys (1-1) containing PhTMS and DPhDMS in methanol with 
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5% TEOS in methanol. 

Increasing the amount of tetrafunctional alkoxide is intended to increase the number 

of reactive sites, and, therefore, the number of bridges between the molecular species 

formed when the tetralkoxysiloxanes hydrolyze.  Accordingly, the total weight loss and the 

consolidation temperature generally decrease with increasing the concentration of the 

tetralkoxysiloxane. In general, the maximum exothermic peak temperature and total weight 

loss were higher in systems with TEOS than with TMOS. From the DSC plots, glass 

transition temperatures showed that it increases gradually with increasing tetra-

alkoxysilane when it is diluted with the same alcohol group but decreases when tetra-

alkoxysilane is diluted with a different alcohol group. For example, the glass transition 

temperature increases from about 1 to 60°C in sys (3-1) containing PhTES and DPhDES 

in ethanol with TEOS in ethanol, while it decreased from about 40 to -2°C in sys (3-2) 

containing PhTES and DPhDES in ethanol with TEOS in methanol. This is due to the 

transesterification reactions that compete with condensation polymerization and network 

formation. 

All samples of the consolidated gel on mica substrates for systems with TMOS 

were smooth and transparent while it became more yellowish with increasing TEOS%. 

SEM images show that solvent effects are seen in the morphology of the hybrid glass. It 

appears smoother with uniform structure when the co-solvent used in the mixture has the 

same parent alcohol group as the tetra alkoxysilane.  

The study shows that the hardness measurements correlate well with the glass 
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transition temperatures. Hardness increased with increasing tetra-alkoxysilane component 

when diluted with the parent alcohol. The exception was system 1 where the hardness 

increased with TEOS in both ethanol and methanol solvents. As a general rule, systems 

with ethoxy substituents have higher hardness than the comparable systems with methoxy 

substituents. 

Melting gels with methoxy substituents were more hydrophobic to water than 

systems with ethoxy substituents, regardless  the solvents. However, melting gels 

synthesized using only two components have higher contact angles than three components 

systems.  

FTIR spectra of melting gels after consolidation confirm the existence of Si–C 

direct bonds that are retained as a part of the polymer network in the consolidated hybrid 

glasses.  All of the peaks could be assigned to different groups that are expected in the 

consolidated gel.  Most of the peaks shift to slightly higher wavenumbers in systems with 

TEOS, while in systems with TMOS the peaks shift to a lower wavenumber.  The shifts in 

wavelength are consistent with ethoxy substituted silanes having longer times of gelation 

than methoxy substituted silanes. Also, the study found that the intensity of the peaks for 

free OH and associated OH groups increased with increasing tetra-alkoxide concentration 

due to unreacted Si–O–R groups, uncondensed Si-O-H groups, and residual alcoholic co-

solvent within the films which are not present in two component systems. 

He pycnometry density of all samples increases with increasing the tetra-alkoxide 

content. Samples with TMOS had higher density than those with TEOS due to the higher 
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reactivity of TMOS. Moreover, methoxy containing systems have lower weight loss 

percentage and therefor lower skeletal densities than ethoxy containing systems. This is 

consistent with methoxy containing systems having higher consolidation temperatures than 

comparable ethoxy containing systems. 

5.2 Future Work  

 The glasses obtained by the melting gel method offer the application not only to 

electronics but also to photonics by incorporating optically functional molecules.  These 

glasses are indispensable to advanced electronics technology.  For example, they are used 

as insulating, bonding, and passivation materials in a variety of electronics parts 

[116,123,167].  Linear or nonlinear optical molecules along with metal ions such as rare 

earth and transition metals can be mixed together in the polysiloxane glasses due to the 

high solubility and the coexistence of an organic functional group and an inorganic 

network.  

 Organic–inorganic hybrid (OIH) coatings produced by sol-gel process exhibited 

promising properties of adhesion and corrosion protection with many metal substrate [168]. 

Our melting gel materials were successfully used as corrosion protection for stainless steel 

[127] and need to be studied further with other metals to prove their effectiveness as 

corrosion inhibitor by preventing the contact between the corrosive medium and the 

metallic substrate and preventing ion migration through the coatings.  OIHs obtained by 

sol–gel methods are a new generation of multifunctional materials with a broad spectrum 

of useful properties and a diversity of application potential that need to be investigate. 
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 Other recommendations that need to be considered in the future in order to fully 

understand the behavior of melting gel and improve their properties include: 

1- Investigate the molecular structure further using Raman and Nuclear magnetic 

resonance spectroscopy and evaluate the effect of TEOS and TMOS on it. 

2- Employ hybrid glass that we obtain in other applications such as microelectronics 

and dye-sensitized solar cells.  

3- Study the effect of changing mono-substituents to di-substituents mole ratio on 

melting gel properties. 

4- Using substituents other than phenyl such as methyl or ethyl or mixture of them 

with tetra-alkoxide to examine the possibility of producing melting gel. 

5-  Changing the molar ratio between TROS: alcohol instead of 1:4 that have been 

used in this study and determine its influence on melting gel properties. 

6- Use different method of coating such as spin coating and examine the effect on the 

properties of melting gel (hardness, FTIR spectra, contact angle, thermal behavior). 
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