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Abstract

Ever since the observation in 2001 that some organic-inorganic silica hybrid gels are rigid at room temperature but soften
and flow around 100 °C, there has been interest in so-called melting gels. Following heating to 150 °C or higher, the gels no
longer soften and are considered consolidated hybrid glasses. The catalog of melting gels has grown over the past 20 years.
Longer chain substitutions and other functional groups have been attached to the =Si-O-Si= molecular species. The
substitutions make it possible to adjust the glass transition, the viscosity, and the temperature range of their usefulness.

Graphical Abstract

Estimated Weight Loss for 50%MTES-50%DMDES in Various Units,
indicating substantial organic remaining in consolidated gel.
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Highlights

e Melting gels are mixtures of mono-substituted and di-substituted alkoxysilanes that, along with other additives, are
subjected to hydrolysis and condensation polymerization.

e Using differential scanning calorimetry (DSC), glass transition behavior is recorded in unconsolidated melting gels.

e Melting gels consolidate to organic-inorganic glasses when heated to higher temperatures for 24 h.

e The shelf-life for unconsolidated melting gels is longer than one year.
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1 Introduction

An early influence on sol-gel processing was the ground-
breaking work of Professor Sakka [1, 2]. While working in
the inorganic glass field at the time, he began looking for
alternative methods to prepare silicate glasses. He estab-
lished many of the principles that are followed today in
practicing the sol-gel process. The field has expanded since
then, even though tetraethyl orthosilicate (TEOS) is still the
most common precursor. Hydrolysis of TEOS creates
siloxane oligomers consisting of four-fold siloxane rings
that are maintained in the network during condensation
reactions, although six-fold rings are less strained and more
kinetically favorable [3].

A logical development from duplicating silicate glasses
with the sol-gel process is the investigation of organically
modified silicates (ormosils). Among organically modified
silicates with strong covalent bonds, there are so-called
melting gels, which have the unusual property of softening
around 100 °C when they are first prepared [4]. Following
hydrolysis and polymerization, a hybrid silica network
forms that contains unhydrolyzed groups. When the melting
gels are held isothermally at around 150 °C, the flexible
linear chains come closer together and favor further con-
densation reactions between the chains creating 3D rigid
structures [5]. This crosslinking process is irreversible and
prevents melting gels from resoftening [6].

One of the melting gel families that has been studied
extensively is methyltriethoxysilane (MTES)- and dime-
thyldiethoxysilane (DMDES)-derived gels [7]. The non-
reactive methyl groups cannot hydrolyze, leaving methyl
groups grafted on the three-dimensional silica backbone.
These melting gels have glass transition temperatures below
0 °C. Subsequently, melting gels were prepared with glass
transition temperatures around room temperature using
nonreactive phenyl groups [8]. As the catalog of melting
gels has expanded, it seems worthwhile to review the state-
of-the-art and to integrate the new information. As such, this
article is an extension of previous work [9].

2 State-of-the-art of melting gels

Freshly prepared melting gels and unconsolidated melting
gels exhibit glass transition behavior, where areas of the
network demonstrate relaxation phenomena like organic
polymer nanocomposites. Using differential scanning
calorimetry (DSC) and rotational rheometry, the glass
transition temperatures of the melting gels have been loca-
ted [10]. With simple extrapolative corrections, by mea-
suring the changes in specific heat, the glass transition
temperature is read directly from the DSC plot. In con-
ventional glasses, the glass transition temperature T, is a
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function of cooling rate. The glass transition temperature
reflects a temperature range where a viscous metastable
material transforms to a rigid, glassy material.

The glass transition temperature in melting gels is cor-
related with viscosity, dielectric constant and mechanical
properties and reflects the degree of cross-linking in the
silica network [11]. As the number of oxygen bridges
between silicon atoms increases and a more branched
structure is formed, the glass transition temperature tends to
increase. This trend has been observed in a number of
melting gel families, with methyl and phenyl substitutions
[10-12].

When thermogravimetric analysis (TGA) was used to
study methyl-containing melting gels made with DMDES
and MTES, weight loss percentage increased as the
DMDES content increased [13]. The weight loss occurred
in two steps. The first step was due to the removal of ethoxy
and hydroxy groups. The second step was due to the pyr-
olysis of methyl groups. Differential thermal analysis
(DTA) also showed an exothermic peak that confirmed the
combustion of methyl groups identified by TGA. A broad
exothermic peak indicated a uniform distribution of methyl-
groups throughout the silica network, while a narrow peak
arose from methyl-groups on the surface of the gel.

When FT-IR spectra of evolved gases were collected
from melting gels during heating and isothermal treatment
at the consolidation temperature, which was determined
when the sample was heated isothermally for 17-24 h and
the sample lost its ability to resoften, only CO, was iden-
tified in the evolved gasses. The fact that CO, was released
during this process indicates the decomposition of unreacted
organic groups. At the same time, no water was identified in
the evolved gasses [14].

As expected, the weight loss during heating was higher
when the organic content increased. The consolidation
temperature is determined by the degree of crosslinking of
the hybrid silica network [15]. Di-substituted alkoxides
have only two ethoxy-groups available to create bonds with
a silica network. A decrease in the amount of di-substituted
precursor leads to a decrease of the consolidation tem-
perature, which is the opposite direction in temperature
from what is observed for glass transition.

The evolution from gel to rigid hybrid glass raises the
question about what structures exist in the rigid gel. For
mixtures of precursors with two reactive groups and three
reactive groups, the simplest structures that will form are
dimers, tetramers and silsesquioxanes, species of formula
RSiO3, [16]. Assuming that melting gels contain mostly
chains that can move when heated above the softening
temperature, the chains are flexible up to their consolidation
temperature. By increasing the temperature, the chains can
move to a favorable position that allows them to react
further through condensation reactions of the hydrolyzed
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parts of the chains. The final condensation reactions create a
denser, cross-linked network which is the final product of
the melting gel synthesis, a hybrid glass. Using a simple
calculation of the species present in a model gel, assuming
50% MTES and 50% DMDES, the weight loss expected for
various species are indicated in Fig. 1. For example, if a
dimer forms and all of the methyl groups are pyrolyzed the
weight loss would be about 22%. On the other hand, the
polyhedral oligomeric silsesquioxanes (POSS) structure
experiences a weight loss of around 59%. Full conversion to
SiO, corresponds to around 62% weight loss. The actual
recorded weight loss from TGA was around 45%, which is
close to that for ladder structures.

Initially, seven families of melting gels shown in
Figs. 2 and 3 were studied systematically. The glass tran-
sition temperatures were determined directly from the DSC

Estimated Weight Loss for 50%MTES-50%DMDES in Various Units,
indicating substantial organic remaining in consolidated gel.
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Fig. 1 Approximate thermal weight loss corresponding to possible
species in a model melting gel composition with 50% MTES —
50% DMDES

Fig. 2 Glass transition

plot, as the intersection of tangents as the heat flow versus
temperature curve bends. The consolidation temperature
was determined when the sample lost its ability to resoften
following 17-24h of heating. The trends for all seven
families are that the glass transition temperatures increase
and the consolidation temperatures decrease as the mol%
mono-substituted siloxane approaches 100%. Note there are
no melting gels with more than 50mol% of the di-
substituted siloxane.

Thin films and monoliths have been made from pre-
cursors with different levels of substitution groups. The
thermal analysis showed that combinations of alkyl groups
did not affect significantly the endothermic process of
removing solvent or water. However, precursors with large
substituted groups, such as phenyl-groups, required higher
temperature to remove the bulkier groups. The alkyl group
caused a decrease in the temperature of the exothermic peak
as the size of the group reduced. MTES with TEOS samples
showed that the methyl group is easier to remove than the
ethoxy-groups according to DSC measurements [6].

A one-step acid catalysis method was used to synthesize
melting gels using phenyltrimethoxysilane (PhTMS) with
diphenyldimethoxysilane (DPhDMS), along with phenyl-
triethoxysilane (PhTES) with diphenyldiethoxysilane
(DPhDES) [6, 15]. The consolidation temperature increased
with an increase in di-substituted siloxane for both systems,
while the glass transition temperature demonstrated the
opposite trend. Subsequently, this system was modified
with additions of TEOS and TMOS. By including a pre-
cursor with 4 hydrolyzable groups, it was thought that the
network would be stronger. However, there were dilution
effects and concerns about phase separation [17].

Glass Transition (open symbols) and Consolidation Temperatures (filled symbols)
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Figure 2 is an updated compilation of glass transition
temperatures and consolidation temperatures. The previous
version has been expanded to include data obtained since
2017 [9]. An updated listing of many of the precursors that
have been incorporated into melting gels is given in
Table 1. The compositions are grouped according to the
number of components. First there are the single precursor

compositions that result in melting gels. Second, there are
the two precursor compositions that include a mono-
substituted and a di-substituted melting gel, or TEOS plus
a mono- or di-substituted precursor. Last, there are three
precursor compositions, where the third precursor is tetra-
functional and added in small amounts. Generally, the alkyl
groups have 1, 2 or 3 carbons. Mono-substituted siloxanes

Fig. 3 Molecular structures of ?H3 ?Hfi ~ o) -
some recent additions to melting CHs—Si—O—Si—CHs \/Si/ \Si\/
gels: a Hexamethyldisiloxane, | ? | |
b 1,3-Divinyltetramethyl CHs CH,
disiloxane ¢ Cyclopentyl
trimethoxysilane, d PDMS a. b.
poly(dimethylsiloxane)
HsC HsC CHj, CHs
. HaCal ‘Zi \SI .i’/CHa
~ \SI\ P / 0/ / \
o/ o HaC CHs
.« N\ )

Molecular structures of some recent additions to melting gels:
(a) Hexamethyldisiloxane, (b) 1,3-Divinyltetramethyldisiloxane (c) Cyclopentyl trimethoxysilane,
(d) PDMS poly(dimethylsiloxane)

Table 1 Reagents used in the Synthesis of Oligomeric Silsesquioxanes and Melting Gels (Those marked with * are illustrated in Fig. 2)

Name Abbreviation Chemical Number of

Formula Hydrolyzable Groups

1-Component

Methyl triethoxysilane MTES
Phenyl triethoxysilane* PhTES
Cyclohexyl trimethoxysilane or Phenyl PhTMS
trimethoxysilane
Cyclopentyl trimethoxysilane* PenTMS
2-Components - Mono- and di-substituted
Ethyl triethoxysilane with EtES
Diethyl diethoxysilane DEtDES
Methyl triethoxysilane with MTES
Dimethyl diethoxysilane DMDES
Methyl trimethoxysilane with MTMS
Dimethyl dimethoxysilane DMDMS
Methyl trimethoxysilane with MTMS
Methy phenyl dimethoxysilane MPhDMS
Phenyl triethoxysilane with PhTES
Diphenyl diethoxysilane DPhDES
Phenyl trimethoxysilane with PhTES
Dimethyl diethoxysilane DMDES
Phenyl trimethoxysilane with PhTMS
Diphenyl dimethoxysilane DPhDMS
Propyl trimethoxysilane with PrTMS
Dipropyl dimethoxysilane* Diso-PDMS

C;H305Si 3
CoHa0sSi 3
CoH,405Si 3

CsH,505Si 3

CyHy05Si
C4H;,0,Si
CH ,405Si
CH 0,Si
C4H,,058i
C4H;,0,Si
C,HpOsSi
CoH,,0,8i
CoHa0sSi
C6H200,Si
CoHa0sSi
CgHy0,Si
CoH,405Si
C,4H,0,Si
C4H,e05Si
CyHoO,Si

B W D W D W N W N WD W D W N W
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Table 1 (continued)

Name Abbreviation Chemical Number of
Formula Hydrolyzable Groups

2-components -Mono-or di-substituted With TEOS
Methyltriethoxysilane with MTES C;H,30;Si 3
Tetraethoxysilane TEOS CgH,04Si1 4
Phenyl triethoxysilane with PhTES C,H,05Si1 3
Tetraethoxysilane TEOS CgH,00,Si 4
Dimethyl diethoxysilane with DMDES CgH;60,Si 2
Tetraethoxysilane TEOS CgH,90,Si 4

3-Components
Phenyl triethoxysilane with PhTES C,H,005Si1 3
Diphenyl diethoxysilane DPhDES C6H200,Si 2
Tetraethoxysilane TEOS CgH,(0,Si 4
Phenyl trimethoxysilane with PhTMS CyH,40;Si 3
Diphenyl dimethoxysilane DPhDMS C14H;60,Si1 2
Tetramethoxysilane TMOS C4H,0,4Si 4
Methyl triethoxysilane with MTES C;H,305Si1 3
Dimethyl diethoxysilane DMDES CeH;60,Si 2
Tetraethoxygermane TEG CgHy004Ge 4
Phenyl triethoxysilane with PhTES C,H005Si 3
Hexamethyldisiloxane* HMDS C¢H,50S1, -
1,3-Divinyltetramethyldisiloxane* DVMDS CsH,50Si, -

may be diluted and co-hydrolyzed with tetrafunctional
alkoxysilanes, such as TEOS. There is a subset of ormosils
where a bridge is formed between two Si atoms producing
arylene or alkylene-bridged polysilsesquioxanes [16].

One interesting point in Fig. 2 is the one showing the
effect of substituting 1% of the silica with germania,
through a substitution of 1% MTEG for MTES. The sub-
stitution of 1% MTEG caused a decrease in the glass
transition temperature from —18.8 to —26.9 °C, along with
a decrease in the consolidation temperature from 150 to
120 °C. This is a sizable decrease for such a small sub-
stitution, and is attributed to shorter, less crosslinked
molecular chains. The substitution was intended to increase
the thermal stability of the network and to decrease the time
of consolidation. This work using a more electronegative
species such as Ge instead of Si is not yet published.

Organically modified polysilsesquioxanes with melting
behavior were obtained by using hydrochloric acid first to
hydrolyze the mixture, followed by ammonia for con-
densation [18]. This two-step process produced melting
behavior using PhTES alone. When DPhDES or DMDES
was added as a second component, the gels continued to
show softening. The trend was that the gels showed a
decrease in network connectivity by incorporation of di-
substituted siloxanes, making it possible to obtain melting
gels over a range of compositions [19].

The trends in behavior of substitutions with 1, 2, 3 or 4
carbons in the substitution has been confirmed in a number
of cases [20]. When the number of carbons is increased to 6,
7 and 8, the tendency is towards aggregation into cage-like
structures and increased steric hindrance. The glass transi-
tion temperatures recorded using DSC were as low as
—77 °C for 8 carbons and —97 °C for 6 carbons. Further
increase in the number of carbons to 10, 12, 16 and 18
carbons encouraged self-assembly and lamellar structures.
In these samples, no glass transition behavior was observed.
This study is valuable for placing a limit on the species that
can be incorporated into a melting gel [21].

3 Characterization techniques

In addition to studies using thermal analysis, melting gels
have been characterized using rotational viscometry [22].
The glass transition temperature measured in both cases are
very close. Most of the studies have used infrared spectro-
scopy to identify species in gels, and this has been expanded
to other spectroscopies.

For example, Si-NMR has been used to characterize
molecular structures in the PhTES-DPhDES and MTES-
DMDES systems. 2°Si-NMR spectra showed that the
molecular structures of the gels were three-dimensional
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siloxane networks with phenyl groups that interacted
weakly with each other. The number of bridging oxygens
between silicons and the intramolecular structure was
shown to influence the viscosity [23].

13C and ?°Si NMR spectroscopy along with synchrotron-
based small angle x-ray scattering (SAXS) have been used
to characterize the structure in detail. In particular, the
SAXS results show that the glasses are homogeneous from
the nm to um length scales [24].

4 Applications

Originally, melting gels were developed to replace low
melting temperature sealing glasses, which melt around
600 °C [25, 26]. Because this temperature is too high for
electronic packaging, for organic light emitting diodes
(OLED) and thin film transistors (TFT), it was important to
find materials with lower processing temperatures. Suc-
cessful applications are mainly optical materials, especially
those that require texturing and patterning, coatings that are
corrosion barriers and protective layers, and hosts for
optically active species.

4.1 Optical applications

Among melting gels that were developed to replace low
melting inorganic glasses, it was found that the refractive
index of hybrid coatings varied according to the quantity of
the organic bonded to the inorganic network, making them
candidates for waveguides [27]. To test this idea, a wave-
guide was prepared by microfluidic lithography, based on
PhTES, MTES and TEOS [28]. Using this method, pat-
terned microstructures with a linewidth of 20 and 35 pm
were obtained. Pregrooves 1.6 um in pitch and 86 nm in
depth were patterned on a 130 mm diameter glass disk
substrate for optical data storage using MTES and TEOS
[29]. Since then, several composition have been developed
that facilitate imprint lithography [30-32].

The earliest reports of softening gels focused on con-
tinuous, transparent thick films on indium tin oxide (ITO)
coated glass substrates applied by electrophoretic deposition
of phenylsilsesquioxane particles. The morphology of the
thick films changed after heat treatment, from aggregates of
particles to continuous thick films. Softening behavior was
observed in films, prepared with poly(benzylsilsesquioxane)
particles, as well [19].

Melting gels consisting of MTES and DMDES were
investigated for hermetic barriers for electronic devices to
protect them from humidity and atmospheric gasses [6].
Nitrogen sorption BET surface area measurements showed
that these gels were non-porous. In a comparison of melting
gels from MTES-DMDES and methyltrimethoxysilane
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(MTMS)-dimethyldimethoxysilane (DMDMS) systems and
their ability to form hydrophobic hybrid glass coatings, both
systems showed melting gel behavior and formed hybrid
glass coatings on mica substrates of ~1 mm thickness with
no visible cracks, and contact angles greater than 90° [4].

When the thermal behavior of melting gels in the MTES-
DMDES system was studied, it was found that the con-
solidation temperature increased with an increase in the
number of non-hydrolytic groups [7]. In the 50 mol%
MTES-50 mol% DMDES composition a dielectric constant
as low as 3.3 was measured by impedance spectrometry at
frequencies greater than 1kHz. As direct Si—C bonds are
less polarizable than =Si—O-Si=, the di-substituted silox-
ane, DMDES, contributes to decreasing the dielectric con-
stant [11]. Another study showed that varying the ratio of
mono-substituted to di-substituted siloxane or varying the
substituted group from aromatic to aliphatic made it pos-
sible to adjust the temperatures for softening and con-
solidation. The range between glass transition temperature
and consolidation temperature is relevant to microfabrica-
tion of optoelectronics or chemical sensors that require
pattern transfer and imprinting [30-32].

A typical result of the capillary molding process is that
walls maintain a high aspect ratio of 5:1. Silsesquioxane
glasses are being developed for more applications where the
softening behavior facilitates their use for patterning. When
prepared without solvent from a single precursor, such as
cyclopentyl or cylclohexyl trimethoxysilanes, it is possible
to obtain clear glasses that are transparent in the deep-UV.
The glass transition temperature can be as high as 70 °C.
The viscosity behavior is classified as fragile according to
the Vogel-Fulcher-Tammann equation [33].

Over the past 20 years, more and more uses for melting
gels have been found. For example, hybrid gels described as
silsesquioxanes with =Si-O-Si= backbones and lateral
organic groups are being used as hydrogen scavengers in
fiber optic cables [34]. In cases where a high refractive
index is needed, alkoxysilanes modified with naphthyl and
phenanthrenyl groups have been processed into melting gels
in order to reach a refractive index greater than 1.6 and still
maintain transparency [35, 36].

It should be mentioned that unconsolidated gels stored in
closed containers for more than a year exhibited softening
when warmed up. It is not surprising that the samples with
no water in them are stable at room temperature.

4.2 Corrosion barriers

Melting gels from MTES and DMDES have been used as
anticorrosive coatings for AISI 304 stainless steel [37, 38]
and magnesium [39]. Thick, hydrophobic, crack-free and
nonporous coatings were formed. The coatings showed
some plasticity in scratch tests and good adhesion to the
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substrate through hydroxyl bonds. Electrochemical tests
showed excellent performance of the coatings against cor-
rosion with no sign of degradation even after several
months of immersion in 3.5% sodium chloride solution.

Some treatments with mixtures of TEOS and MTES have
been applied to 304 stainless steel by spraying [40] or
dipping [41]. Some sprayed layers were followed by dip
coatings to decrease the surface roughness. In addition to
the organically modified sol-gel coatings, some coatings
have been prepared with TEOS, 3-methacryloxy propyl
trimethoxysilane (MPTS) followed by thermal curing with
methyl methacrylate on mild steel [42]. Besides the studies
on steels, there are studies of organic-inorganic coatings for
aluminum alloys. For example, TEOS and triethoxy octyl-
silane (TEOCS) has been tested on aluminum alloys such as
AA2024 [43].

4.3 Nanoparticle hosts

Melting gels are a suitable host material for nanoparticles.
In particular, gold nanoparticles are used for their chemical
stability and their electromagnetic confinement that pro-
duces localized surface plasmon resonance [44, 45]. These
localized surface plasmon resonances result in amplification
of light by orders of magnitude enabling chemical sensors
based on surface plasmon resonance, as well as sensors
based on surface enhanced Raman spectroscopy (SERS).

Functionalized gold nanoparticles have been encapsu-
lated in sol-gel hybrid silica. In some cases, the nano-
particles were used as dopants for the hybrid silica gel
offering the property of localized surface plasmon reso-
nance. To ensure dispersion in the glass matrix, the nano-
particles where functionalized by a polymer mixture of
organosilanes [45]. The final nanocomposite showed shifts
in the plasmonic behavior that were attributed to size effects
and the properties of the matrix, rather than surface plasmon
resonance coupling indicative of particle agglomeration.

Gold nanoparticles suspended in acetone were intro-
duced easily into a 65 mol% MTES —35 mol% DMDES
melting gel during the purification step [46]. For this
composition, the glass transition temperature is —18.8 °C
and the consolidation temperature is 150 °C. While the gel
solution was stirred at high speed, the acetone suspension of
gold nanoparticles was added. The gels were heated at
70°C for 24 h for the removal of the remaining organic
solvents, ethanol and acetone, after which they were heated
to 110 °C to remove any remaining water.

The doped sample had a light violet color. UV-Vis
spectra indicated that when gold citrate nanospheres were
incorporated in the melting gel, there was a plasmon shift in
the spectra for the consolidated sample. Melting gels with
gold nanoparticles showed a broad plasmon peak at around
568 nm, compared to the undoped coating, which showed

no peak. The plasmon peak confirmed that the gold nano-
particles were incorporated in the melting gel without
modification [46].

4.4 Related systems

Some different but related systems have been investigated
for showing glass transition behavior well below room
temperature. For example, silica-poly(dimethylsiloxane)
(PDMS) composites have been prepared. In this case,
hydride-terminated PDMS (MW = 17,200) was mixed with
1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane  in
the presence of a catalyst. Films of this composition was
allowed to swell in TEOS in the presence of a catalyst. In
this way, composites with up to about 23.5 weight % were
achieved. The glass transition temperature was around
—115°C and did not vary much with silica content,
although increased silica content made crystallization of the
PDMS more difficult [47].

Recently, a similar behavior to melting gels has been
observed in solutions more commonly associated with
metal organic framework (MOF) systems. Titanium and
zirconium alkoxides were hydrolyzed in the presence of
some f-diketones. A low temperature thermomechanical
analyzer was used to measure glass transition temperatures
over a wide range, from —30 °C for titanium with a succinic
anhydride chelating agent to 20 °C for zirconium with an
ethyl benzoylacetate chelating agent. The behavior was
attributed to clusters forming with M-O-M bonds sur-
rounded by weakly bonded organic ligands [48].

As the original focus of melting gels was to find an
alternative to low-temperature sealing glasses, there con-
tinue to be studies beginning with PhTES which can be
modified in many ways, with for example hexamethyl dis-
iloxane and divinyltetramethyldisiloxane, to improve its
mechanical properties [49]. The important feature of this
system is the near total absence of silanol groups. In fact,
the ability to remove silanols in the final step of preparing
melting gels is an important quality of these materials as the
number of applications expands.

5 Summary

Melting gels generally contain a mono-substituted and a
di-substituted siloxane. Depending on the substitution,
both the glass transition and the consolidation temperature
varies, and consequently the temperature window between
the two changes in a systematic way. The window
represents the temperature range where the gels can be
manipulated in a number of ways to make thin and thick
films, to prepare textured surfaces, and to employ imprint
lithography.

@ Springer



Journal of Sol-Gel Science and Technology

Many combinations of mono-substituted and di-
substituted siloxanes have been processed into melting
gels. The gels can be used in bulk form and applied as thin
and thick coatings. The gels typically have no measurable
porosity, because the organic groups fill in spaces in the
silicate network. These properties make it possible to use
melting gels and their corresponding hybrid glasses for
corrosion barriers, low temperature sealing glasses, dielec-
tric layers, hydrophobic coatings, and hosts for optical
devices.
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