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ABSTRACT

The sol-gel transition of tetra-coordinated spirosilicate via hydrolysis and
condensation under acidig-and basic conditions is examined to elucidate the effect of
catalyst, reaction time and temperature on the properties of obtained gel. The main
advantage of this process is the low temperature employed, producing a solid network
with a high specific surface area. FTIR spectroscopy and TGA analysis were used to
characterize the formation of siloxane bonds (5i-O-Si). It is found that spirosilicate can be
hydrolyzed under bﬂth. acid and base catalyzed conditions. The condensation rate to
silicates is shown to be at a minimum in 1% of 1M HCI, which is the iso-electric point of
silica. The prepared xerogel has a low-density and is an amorphous material with a
specific surface area of 596 m*/g. Besides the catalyst media, the type of precursor also
has a strong influence on the gel formation. An aminospirosilicate, six-membered ring,
containing methyl and amino groups as substituénts, was chosen for this study. The
resulting xerogel is determined by the fact that to obtain the Si-O-8i bonds, a higher
concentration of solvent and higher temperature are more favorable, due to the stability of

the ring and branching of alkyl portion.
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INTRODUCTION

Applications for sol-gel derived products are numerous. One of the largest
application areas is for maﬁﬁgs and thin films used in electronic, optical, and electro-
optic components and devices, such as substrates, capacitors, memory devices, infrared
(IR) detection, and wave-guides. Moreover, the sol-gel method is also suitable for
preparing catalytic materials. The term sol-gel was first coined in the late 1800s. The
gel route to glasses and ceramiecs has been aftractive in science and technology because
of their diverse utilities (Turgay, 2000). Moreover, the sol-gel process offers new
approaches to the synthesis of oxide materials. Starting from molecular precursors,
such as metal alkoxides, an oxide network is obtained via inorganic polymerization
reaction. Initiation is performed thiough the hydroxylation of metal alkoxides. As soon
as hydroxyl groups are gemerated, propagation occurs through a polycondensation
process. With an alkoxide (M(OR),) as a precursor, sol-gel chemistry can be described
in terms of two classes of reactions: (David, 1995; Charles, 1994)

Hydrolysis: -M(OR) + xH;0 ~ —  M(OR)p(OH)x + XROH

Condensation:

(a) Dehydration

R R ?R R
R(}-;DH i H'D-! -OR———> R{}-ITI-'D- -OR + HO
OR OR OR OR

(b) Dealcoholation
?R ?R {:[)R ?R
RO-M-OR + HO-M-OR ———» RO-T’-D-M-DR + ROH

I
OR OR R OR

In fact, sol-gel chemistry generally refers to a low temperature method using

chemical precursors that can produce more pure and homogenous materials than



conventional high temperature processes. The low temperature method leads to the
formation of oxides with amorphous that are difficult to prepare by other methods.

Sol-gel chemistry of silicon alkoxides is rather simple, compared to that of
complexes of transition metal alkoxides in which metal atoms may exhibit several
coordination states. Molecular precursors of silicon alkoxides are always monomeric
tetrahedral species Si(OR)s. One of the usual starting materials for silica glasses is
tetracthylorthosilicate (TEOS, Si(OCH;CH:)y) (Turner, 1986 ). However, many other
alkoxide precursors can be used to impart different properties to the gels. Recently, an
inexpensive method of silica has been developed into precursors called glycolato
silicate species, which produces refined powders. The advantages of these species are
low cost, easy process and environmental friendly (Varangkana, 2001). By applying
the sol-gel method, the resulting xerogel exhibited different chemical properties, which
is evidenced by the step-growth polymerization determined by solvent content, acid or
base, aging time and temperature.

Sol-Gel Process of Silica-Type Materials

Silicon containing materials are derived from the synthesis of oxides involving
hydrolyzable alkoxides that undergo a sol-gel transition. The sol-gel transition
represents a linking of nanometer-sized units, around 100A®, into an oxide network of
infinite molecular weight. The process involves polymenzation and branching, but a

typical overall reaction may be written as eq. |

Si(OR)s + 2H;,0 ——» Si0; + 4ROH (1)

Where the Si(OR)4 organometallic species is typically TEOS., In this application, the
organometallic compound is hydrolyzed, condensed to polymeric chains, the chain
becomes more and more branched, and finally a highly swollen gel is formed. It is first
dried at moderately low temperatures to remove volatile species, and then is fired into

a porous ceramic object.



Advantages and Limitations of Sol-Gels

The advantages of the sol-gel process in general are;

¢ a higher purity of starting materials is obtained,

e a relatively low temperature is required, reducing loss of volatile
components,

e the possibility of controlling the "ultra-structure” of the ceramic (to reduce
the microscopic flaws that lead to brittleness) results, and

e ceramic coatings can be formed.

The disadvantages of sol-gel processing include the shrinkage of the ceramics
from removal of the solvents and the need for expensive high-purity alkoxides. This
tends to limit the use of the process for bulk ceramics, but is a minor factor for
specialty applications or those cases where conventional technology fails.

Polysiloxanes

The Si-O backbone of this class of polymers endows it with a variety of
intriguing properties. The strength of these bonds gives ithe siloxane polymers
considerably thermal stability, which is important for their use in high temperature
applications, for examples, as heat-transfer agents and high-performance elastomers.
The nature of the bonding and the chemical characteristics of the side groups give the
chains a very low surface energy and therefore, highly unusual and desirable surface
properties.

Several structural features make the siloxane backbone one of the most
flexibles in'all of polymer science. The reasons for this extraordinary flexibility can be
seen in Figure 1. First, because of the nature of the bonding, the Si-O skeletal has a
bond length of 1.64 A° which is significantly larger than that of the C-C bond (1.53

A®) found in most organic polymers.



Figure 1 A monolithic glass shapes made using the sol-gel process.

As a result, steric interferences or intramolecular congestion is diminished. The
oxygen skeletal atoms are also unencumbered by side groups, and still have the
divalency needed to continue a chain structure. Finally the Si-O-Si bond angle (180-8")
of = 143° is much more open than the usual tetrahedral bonding (=110°), and torsional
rotations can occur without incurring a serious energy penalty (Figure 2).

These structural features have the effect of increasing the dynamic flexibility of
the chain (James, 1992).

g -
T N8 6.0 °" ~CH3
y CHj3
CH3 CH3

Figure 2 Sketch of poly(dimethylsiloxane), PDMS, chain, showing some
structural information relevant to its high flexibility.

Palycondensation of Polysiloxane

Polycondensation processes are often applied for the synthesis of both linear
siloxane polymers and cyclic siloxane oligomers. A polysiloxane chain is most often
formed as a result of two types of polycondensation; homofunctional polycondensation
of silanediols and heterofunctional polycondensation involving the silanol group and

another function. These reactions usually constitute the second step of the hydrolytic



polycondensation of organosilanes having two hydrolyzable groups attached to silicon
(eq.2).
-HX
nR,S1X, ﬁ" TSIRO = X =Cl OR, OC(O)R, NR3, SR etc. (2)
2

Both stcps, hydrolysis and polycondensation, usually occur in one process. If
the hydrolysis is much faster and an excess of water is used, then the silane is fully
transformed into silanediol and the polymer is formed from the homofunctional
silanediol polycondensation.

Heterofunctional polycondensation (eq.3) is favored in the process of eq.2
when the functional group is less reactive and a limited amount of water is used.

—R,SiX + HOSiRe— =~ —RySiOSiRy— + HX (3)

Crosslinking Using Condensation Reactions

The condensation of silanol to form siloxane bonds (eq.4) is a reaction of
considerable importance in industrial silicone chemistry. If it were feasible to extend
this chemistry to molecules where more than one silanol group is attached to a single
silicon atom, then this condensation reaction could be used to produce a three-
dimensional crosslinked matrix with the desirable absence of any additional organic
character, except siloxane bonds (eq.5). The principle, howéver, has been harnessed
successfully in room temperature curing systems. Molecules are synthesized (which
contain =Si(OR), or -Si(OR); groups) as part of the siloxane chain and these groups,
on exposure to atmospheric moisture; are spontaneously hydrolyzed and condensed to

give a three-dimensional crosslinked network.

=Si0H +=8iDH—> =Si0S8== + HL,0 (4)

/0 . /0 a1 condensation

—Si—OR + HC '—'—Si\OH - 2= Crosslinked structure (5)
H

If we include the initial hydrolysis of the -OR functional group attached to

oy InouinTg
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silicon, then there are three possible reactions (eqs.6-8) involved in the crosslinking
process (Clarson, 1993).

=SiOR + Q0 — ==iOH + ROH (6)
=8i0H +=Si10H = —=S105 + H;0 (7)
==Si0H +=Si0R = =—35i0Si== + ROH (8)

The sol-gel technique appears to be the most elegant method for overcoming
the disadvantages of the powder metallurgical manufacturing processes. This well-
known technique functions from both colloidal solutions and metal-organic
combinations. In the case of metal alkoxides, they can be reacted with water to
produce a finely distributed sol. This technique was developed mainly for the
production of ceramics based on silicon dioxide (Ropp, 1992).

Mahrotra (1989) showed that the first report synthesis of an metal alkoxide was
by Ebelman who in 1847 prepared. tetracthylorthosilicate (TEOS) by the following
reaction (Bradley, 1978):

QoSS ~

Q- Smmedeiss D e O ==
WAy 7N
- cr o d RO Cl

l (-HCh

Si N - Si (9)
/ N\ on v 0/ N

Cl

Soon after the synthesis of TEOS, it was noticed that, on exposure to atmospheric
moisture, TEOS was hydrolyzed in a few days to give a transparent glassy gel-like
material, from which fibres could be drawn.

In order to understand the above result, Livage (1989) considered that metal
alkoxides are generally very reactive species which may be due to the presence of
electronegative alkoxy groups making the metal atoms highly prone to nucleophilic



attack. Their reaction with XOH molecules containing reactive hydroxy groups can be
written as follows;
M(OR), + XHOX —» M(OR)yx(OX), + xROH (10)

Depending on the chemical nature of X, such a reaction corresponds to hydrolysis (X =
H), condensation (X = M). An associative nucleophilic substitution could be described
following a 3 step process: -
* Nucleophilic addition of the XOH group onto the positively charged metal atom.
¢ Proton transfer, within the transition state M(OR),(XOH) from the entering
molecule to the leaving alkoxy group.
¢ Departure of the positively charged protonated species.
& 8 5 & 5 &
XOH +-M-OR 4 X-O-M-OR- —3XO-M-OH _, XO-M +ROH (11)
() =~ H (2) R (3

The whole process depends on charge distribution in the alkoxide and the
transition state (HOX)-M-(OR),. Basically, the metal atom M and the leaving group
ROH have to be positively charged.

In the study of the reactivity of tetramethylorthosilicate (TMOS) towards
gelation, Lippert et al. (1988) were able to assign eight of the Raman bands observed
during the gelation of TMOS. Figure 3 shows the Raman spectrum with a band at 646
cm” due to TMOS at early times together with bands at 673, 696 and 726 cm™ (due to
hydrolysis products). A strong broad band due to dimer also appears at early times at
609 cm™. The bands on the high frequency side of TMOS disappear rapidly and the
band at 609 cm™ becomes dominant but with a shoulder at 589 cm™. cAt later times
these bands give way with sequential growth and conversion of multimeric bands at
525,484 and 432 cm™.
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Figure 3 Raman spectra obtained at various times during the sol-gel reaction in a
solution containing 1:1:0.24 (vol) TMOS, MeOH, and 3x107 M
aqueous HCL (Lippert et al. (1988)).

In the same year Brinker et al. {1933j.jobs.ervad that the formation of a cyclic
trisiloxane are absent in the as-dried gel. These species form at intermediate
temperatures predominantly on the silica surface by the condensation of isolated
vicinal silanol groups located on unstrained precursors via the following reaction;

e
147
109 %

The heat of formation of 3-membered rings according to reaction (12) is calculated to
be quite endothermic (AH¢ = 23 kcal/mole). This is due to the strain energy required to

reduce the bond formation (&) to 136.7° from its equilibrium value, 147°, and to
reduce the tetrahedral (O-5i-0) angle to 103.3° from 109.5°.



The altered environments of siloxane bonds contained within tri-siloxane
greatly influence their stability. The changes in tetrahedral symmetry around silicon
activate empty d-acceptor orbitals, making Si more acidic. By decreasing bond
formation (&), transfer electron density into the lone pair orbitals of the bridging
oxygen makes the oxygen more basic and the silicon more acidic. The increased
polarity and enhanced acid/base properties of strained Si-O bonds promote the
adsorption of water on the bond and the subsequent bond hydrolysis reaction (the
reverse of eq.13). according to the following mechanism.

(13)

| {
@
ermrill
—ox
—ox

The classic example of using sol-gel kinetics to control the pore structure of
products is the effect of pH on the properties of silica. Under acid conditions
hydrolysis occurs at a faster rate than cﬂn&msatiun and the resulting gel is weakly
branched. Condensation is accelerated relative to hydrolysis with increasing pH. Thus,
a base-catalyzed gel is highly branched and contains colloidal aggregates. Handy et al.
in 1991 (David et al. (1995)) found that because of the different extent of branching,
acid-catalyzed gels contain mostly micropores whereas base-catalyzed ones contain
mesopores. There are also chemical differences. Ying et aliin 1992 and 1993 (David et
al. (1995)) have shown that acid-catalyzed gels contain higher concentration of silanol
groups than base-catalyzed ones, as shown in-figure 4.



(b)

Figure 4 Schematics of silica gel network from the hydrolysis and condensation
of TEOS; (a) acid and (b) base-catalyzed gel. (David et al. (1995))

Another important parameter that affects a sol-gel product is the type of
precursor. It was found that the size of the alkoxy ligands changes the rates of both
hydrolysis and condensation due to steric and inductive effects (David, 1995).
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Charles (1994) suggested that by having formed gel, conversion to an
inorganic oxide structure is accomplished by heat treatment. The behavior of a gel on
heating can be considered in three parts:

1. Drying and pyrolysis of organics

2. Structural rearrangement and densification
and 3. Crystallization.

Differences in the drying behavior and in the physical properties of gels can be
explained in terms of the different structural rearrangements that occur on removal of
the solvent. Two extremes of gel structure: linear polymeric chains formed under (say)
acidic conditions, and a highly cross-linked colloidal gel formed (for example) in a
basic environment are considered. Owing to the low levels of cross-linking in acidic
low-water gels, considerable Structural rearrangement can occur, resulting in high
density, low pore volume gels. With greater water addition, or under basic conditions,
structural rearrangements still oceur, but due to the already highly cross-linked nature
of the gel, less densification is possible. and larger pore volume results.

Brinker (1988) investigated the formation of gels towards dense glasses and
ceramics by thermal treatments, causing a second stage of shrinkage. Owing to the
very high surface areas and very small pore dimensions, gels may be completely
densified at such low temperatures, as shown in figure 5.

As a consequence, much effort is devoted to the understanding of the sol-gel
transition using a variety of experimental techniques.

Charoenpinijkarn (2001) studied 'the sol-gel processing, of polysilatrane. It
was observed that high pH solution accelerates the hydrolysis rate, resulting in fast
gelling time." Additionally, after gelation has o¢curred the réaction continues since the
cross-linking is not yet completed in this step, leaving some organic ligand. The pure

Si0, network is obtained by pyrolyzing the gel to 800°C to remove all organic ligands.
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Figure 5 Linear shrinkage versus temperature at 1“(.!'Jmin heating rate for silica
gels prepared by three different methods: a) acid hydrolysis, b) base
hydrolysis, €) colloidal process. (Brinker et al. (1990))

Varangkana (2001) successfully synthesized spirosilicates from Si0O, and
ethylene glycol, EG, and ethylene glycol derivatives in the presence of triethylene-
tetramine, TETA, as a base or catalyst, with/without potassium hydroxide, KOH, as a
co-catalyst, as shown in figure 6, where R represents as

i). -CH,CHas-

ii). -CHy(CH\)C{NH;)CH,-



Figure 6 Schematic of the synthesis of the tetra-coordinated spirosilicates.



OBJECTIVES

e To study the effect of reaction conditions on the kinetics of C2 and C4 sol-
gel transition.

* To study the optimal conditions to high surface area silica for further use in
many applications. 2 \
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EXPERIMENTAL

Materials

Fused silicon dioxide or HI-SIL 927 silica (Si0O,), with a surface area of 168
mzfg, by BET, was donated by PPG Siam Silica Co., Ltd. Fumed silicon dioxide with a
surface area 320 m?/g was purchased from Aldrich Chemical Company. Both Fused
and Fumed silicon dioxide were dried in oven ai 100°C for 10 h.

2-amino-2-methyl-1,3-propanediol  (HOCH,C(CH3)(NH;)CH,OH)  was
purchased from Aldrich Chemical Company, used without purification and kept under
nitrogen atmosphere.

Ethylene glycol (EG, HOCH,CH;OH), purchased from Labscan, was used as
a reaction solvent. It was distilled by fractional distillation at 200°C under N;
atmosphere. Triethylenetetramine [TETA, HoN(CH;CH;NH):] was purchased from
Facai Polytech Co., Ltd., used as received and as a catalytic base. It was purified by
vacuum distillation at 120°C (0.1 mmHg).

Potassium hydroxide (KOH) was purchased from Baker Analyzed Reagent. It
was used as received as.catalyst.

Methanol (CH3;OH) and acetonitrile (CH3CN) were purchased from Baker
Analyzed Reagent and Lab-scan Analytical Science. They were used as precipitating
agents and purified by fractional distillation under nitrogen gas over magnesium
activated with iodine and calcium hydride, respectively. Both were stored over
molecular sieves.

Hydrochloric acid ~solution (HCI) and ammonium hydroxide solution
(NH4OH) were diluted with deionized water at various concentrations. They were
used as an electrolyte.

UHP grade nitrogen gas with 99.99% purify was purchased from Thai
Industrial Gases Public Company Limited (TIG).
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Equipment

1.  Fourier form IR)S
FTIR spectra were obtained on a Vector 3.0 Bruker Spectrometer
with 32 scans at a resolution of 4 cm™. A frequency range of 4000-400 cm™ was
observed using a deuteriated triglycinesulfate detector (DTGS) with specific
detectivity of D* = 1x10° cm x Hz " x W™'. The powder samples were pressed to
form pellets by mixing with pure and dry crystalline potassium bromide, KBr.
2. Nuclear M ic Resonance S
'H and "C-NMR spectra were obtained on a 200 MHz JEOL
spectrometer at the Chemistry Department, Faculty of Science, Chulalongkorn
University at room temperatire. While *’Si-NMR spectra were obtained on 500 MHz
JEOL spectrometer at the Scientific and Instrument Research Equipment Centre,
Chulalongkorn University. Deuterated dimethyl sulfoxide (DMSO-ds) was used as a
solvent. Tetramethylsilane (TMS) was used as the reference.
3.  Thermogravimetric Analysis (TGA)
TGA measurement data were obtained on a Du Pont instrument, Du
Pont TGA 2950, using a platinum pan, using samples of 12-15 weight. The
temperature program was started from room temperature 10 750°C, with a heating rate
of 10°C/min and nitrogen flow rate of 25 mL/min.
4. Scanning Electron Microscope (SEM)
SEM digitized micrographs were obtained from a JEOL 5200-2AE (MP
15152001) scanning electron microscope with magnification range of 35-20,000X.

Micrographs of the sample surfaces were obtained using a voltage 25 kV at 5000 and
7500 magnification. The pyrolyzed samples were stuck to aluminium stubs. Before
characterization, these stubs with samples were dried in vacuum oven at 60°C and kept
in silica gel-container before coated with gold by vapor deposition.
5. BET Surface Area Measurement

Surface area of pyrolyzed product was determined by Autosorb-1 Gas
sorption system (Quantachrome Corporation) with the Brunauer-Emmett-Teller
method (BET). A gaseous mixture of nitrogen and helium was allowed to flow

through the system at a constant rate of 30 ml/min. The nitrogen gas was injected with
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a one milliliter syringe to calibrate the analyzer for each gas composition and also used
as the adsorbate at liquid nitrogen temperature. Each sample was degassed at 300°C
for 3 h before measurement. The surface area of the samples was obtained from five
point adsorption. The results were calculated based on the desorption surface area and
the dried weight of the sample after analysis.

6. Wide Angle X-Ray Diffractometer (WXRD)

WXRD used in this study was D/MAX 2000 series of Rigaku X-ray
Diffractometer system. X-ray of Cu k-30 mA was used as a source. The k-beta filter
was used to eliminate interference peak. Divergence slit and scattering slit at 1 degres
together with 0.3 mm of receiving slit were set. The experiment was performed in the
range of 5-90 degree with scan speed 5 deg/min and 0.02 degree for scan step.

Methodology
Synthesis of Tetra-Coordinated Spirosilicate, C2, from Silica and Ethylene Glycol

The reaction mixture was prepared according to Varangkana’s work (2001) in
a round bottom flask at room temperature. Powder of fused silica (6g, 0.1mol) was
dissolved in excess of ethylene glycol (20 ml), resulting in clear solution. Afterwards
triethylenetetramine (18.24g, 0.12mol) was quickly added. The reaction was carried
out under nitrogen atmosphere at the boiling point of ethylene glycol. The mixture was
heated to distill off EG and by-product water, see figure 7. The mixture turned to
yellow clear in 24 h and was then allowed to stand at room temperature to cool down.
The solution mixture was purified using 10% of distilled methanol in 90% of distilled
acetonitrile. The white powder product was stored in a silica gel container due to the
moisture absorption property:



Si0; + x's HOCH,CH,OH + TETA

'Hlu 200°C/ N;

Purification

=

Tetra-coordinated spirosilicate, C2

Figure 7 Schematic of the C; tetracoordinated spirosilicate synthesis.

Synthesis of Aminospirosilicate, C4 from Silica and 2—-Aiu£na—2—mdhyf—!,3-
propanediol

The product of aminospirosilicate, C4 (Varangkana, 2000) was prepared in a
round bottom flask at room temperature with a mixture of 0.033 mol (2 g) fumed
silica, 50 mL of TETA, 0.2 mol (21 g} Z-amino-2-methyl-1,3 propranediol, and 7 mol
percent of KOH equivalent to silica. The reaction was carried out at 160°C under
vacuum, 0.1 mmHg, for 14 h, see eq.14, to obtain TETA and water as by-product. The
mixture was then allowed to cool down, precipitated by using 10% of distilled
methanol in 90% of distilled acetonitrile. The white powder product was kept in silica
gel container due to-the moisture absorption property.

i NH
4 : KOH/0bmmHg  Ha p Hs

S0; + A JTER) S -9 19 :s:\ (14)
o' | o 160°C 7120 | 1y 0~/ \Niz

Aminospirosilicate:C4
Sol-gel Transition Study

Hydrolysis of the synthesized C2 and C4 tetracoordinated spirosilicates was
carried out by addition of either HCI or NH4OH solution at various concentrations. The



mixture was prepared directly in 7 in. crucible at room temperature, resulting in a
formed-gel product, afterwards the gel was aged at room temperature. To study the sol-
gel transition, at each hour the alicquots of mixture were deducted and dried using high
vacuum (0.1 mmHg) to remove solvent. The hydrolysis reaction was also carried out at
40° and 60°C.

Pyrolysis of Hydrolyzed Product

The hydrolyzed gels obtained from previous sections were pyrolyzed in a
furnace at a heating rate of 10°C/min to 750°C and temperature maintained at 750°C,
for 7 h. The pyrolyzed products were then characterized using TGA, FTIR, BET, SEM
and WXRD.

Density Measurement

The volumetric property of the monomer C2, the stable hydrolyzed product
from 3.3.3, was determined using a4 25 mL pycnometer (for powder form product) and
distilled isooctane as media. The measurement was performed at 25°C. The purified
product in the bottle was weighed in the range of 0.5-1.0 g. The media was added until
covering the product. Then the bottle was sonicated and incubated at 25°C for 2 h
before adding the media to the marked point. The same procedure was made with
fused silica for comparison.
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RESULTS AND DISCUSSION

Synthesis

The synthesized product of tetra-coordinated spirosilicate, C2, and
aminospirosilicate, C4, were prepared following Jitchum's work. The products were
identified using FTIR, NMR and TGA, as described following.

Fourier Transform ' S

The white powder products of tetra-coordinated spirosilicates, C2, and
aminospirosilicate, C4, were characterized by mixing with KBr, as shown in figure 8.
The characteristic peaks of each product are summarized in table 1.

Table 1 The FTIR bands of C2 and C4.

Products Functional groups Wave number (cm ™)
Monomer :C2 O-H stretching Broad band at 3405 cm™
C-H stretching 2951-2883 cm’™
Si-0-CH stretching 1086, 944, and 883 cm™
(Jitchum,2000)
Monomer :C4 O-H stretching Broad band at 3405 cm™’
C-H stretching 2951-2883 cm’’
8i-O-CH stretching 1086 and 944 cm’
(Jitchum,2000)
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Figure 8 FTIR spectra of tetra-coordinated spirosilicates, a) C2 and
b) amino, C4.

Proton and Carbon Nuclear Magnetic Resonance Spectroseopy

('H- and *C-NMR)
The spectra of 'H+ and ""C-NMR of tetra-coordinated spirosilicates,

C2 and amino C4, are shown in figures 9 and 10, respectively. The results are

summarized in table 2.
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Table 2 The 'H-and ""C-NMR spectra of spirosilicate species.

Chemical shift (ppm)

Type of products | 'H-NMR | "“C-NMR Assignment
Monomer :C2 3.27 62.75 CH,-O
Monomer :C4 0.83 22.11 CH,

- 5347 C
3.13 67.12 CH;-0
'H-NMR. | |

DMSO

i
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Figure 9 "H-and "*C-NMR spectra of tetra-coordinated spirosilicate, C2.
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Figure 10  'H-and "C-NMR spectra of aminospirosilicate, C4.

Thermogravimetric Analysis (TGA)
The result of TGA, as indicated in figure 11, gave the final ceramic

yields for monomers C2 and C4 42.74%, and 26.84% respectively. The theoretical
yields of both are 40.05% and 25.64%, respectively. The differences are due to the
further crosslinking of the monomers during heating since the final residue was black.

FTIR, NMR and TGA results indicated that the spirosilicates were
successfully synthesized.
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Figure 11 TGA thermograms showing (%) weight loss due to thermal changes of
tetra-coordinated a) spirosilicate, C2 and b) aminospirosilicate, C4.

Sol-gel Transition Study

It is the well known that the catalyst used in a gelation reaction can have large
effects on the microstructure of the gels formed as wwell as on the rapidity of the
gelation process (Mackenzie, 1986). During sol to gel transition induced by applying
solvent, the polymerization occurs via hydrolysis and polycondensation reaction.
Figure 12 shows two proposed mechanisms of hydrolysis and condensation for
tetracoordinated spirosilicates under acidic and base conditions.

The hydrolyzed products of monomer C2 and C4 were identified using FTIR
and TGA, as described below.
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Figure 12 Schematics of hydrolysis and condensation under (a) hydrochloric acid

solution and (b) ammonium hydroxide solution.
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Tetracoordinated spirosilicate C2

Fourier Transform Infrared (FTIR) Spectroscopy : Using 1M hydrochloric
acid solution

It is worth noting that using less than 1% of 1M HCI, spirosilicate C2
can not form gel within one week. The main reason probably comes from not enough
proton species to hydrolyze the starting material.

From figure 13 (a) using 1% of IM HCI, it was shown that the
characteristic peaks at 3405, 2951, 2883, 1086 and 883 cm™ decreased as the time
increased. The decrease in the absorption at 3405 ¢m™' was attributed to the decreas in
the amount of Si-OH due to the condensation of silanols (Yamane, 1988). At the same
time, the absorption peak around 1648 cm™, which was assigned to the OH bending
(Jung, 2000), also decreased in the same manner. The change in the absorption peak at
1086 cm™ suggests that crosslinking of Si-O-Si bonds occurs via hydrolysis and
condensation. This was confirmed by comparison with the disappearance of absorption
peaks at 3405, 2951, 2883 cm’, indicating a decrease of organic groups (carbon atom).
It should be noted that at 9 h the absorption peaks at 3405, 2951, 2883, 1086 and 883
em” were changed in reverse direction (Brinker, 1988, 1990), and further decreased
again at 10 h and obtained the final result at 11 h.
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Figure 13 FTIR spectra of hydrolyzed C2 monomer products with (a) 1% and (b)
2% of 1M HCI at room temperature.

The structure at this point of hydrolyzed products obtained was very
close to that of silica. The FTIR structure of fused silica is shown'in figure 14.
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Figure 14  FTIR spectrum of fused silica.
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From figure 13 (b) for 2% of 1M HCI, the obtained results were almost
the same as figure 12 (a). In addition, the change of absorption peaks at 3405, 2951,
2883, 1086 and 886 cm™ initially decreased faster in the beginning when compared to
lower concentration of HCl used, indicating the higher rate of hydrolysis and
crosslinking reaction.

The results are shown more clearly in the figure 15, which displays the
relationship between the ratio of $i-0-CH/ Si-O (the absorption peak at 1086 cm™ and
463 cm’, internal reference peak) and hydrolysis time of the spirosilicate C2 at various
acid concentrations at room temperature. From the mechanism proposed in Figure 12,
the reactions occur during hydrolysis step are in equilibrium. Depending on acid
condition, the condensation reaction may continue after hydrolysis reaction.
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Figure 15  The time-dependence of hydrolyzed products of spirosilicate C2 with
19%-5% of 1M HCI at room temperature.

The results indicate thatthe optimum condition, showing a good trend
of hydrolysis sequence, is when the 1% of 1M HCI is applied, as studied by Lippert in
1988 for TEOS. Thus, this condition again was selected to apply for studying the
effect of temperature, as can be seen in figure 16. It was found that at 40°C the rate of
decrease of absorption peaks at 3405, 2951, 2883, 1086 and 883 cm™ was much faster
than at room temperature.
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Figure 16 FTIR spectra showing the effect of temperature on the hydrolyzed
Product at room temperature and 40 °C.

Using 1M ammonium hydroxide solution

Figure 17 shows dependence of the Si-O-C/Si-O-Si absorption peak
ratio versus hydrolysis time for different concentration of NH4OH. From figure 16, for
1% of 1M NH4OH, the results of the structural éh&_nge from Si-O-C to Si-O-Si showed
little change, as compared to that between spirosilicate and hydrolyzed product, during
the time period of 1 and 8 h. After 9 h, a substantial decrease of the peak ratio was
observed. Subsequently, however, afier 11 h, the ratio increased again. Similar to
acid-catalyzed hydrolysis; the reactions during hydrolysis step are reversible, thus
depending on how strong the base solution is, the reaction rate is different.
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Figure 17 The time-dependence of hydrolyzed products of spirosilicate C2 with
1%-4% of 1M NH4OH at room temperature.
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In summary, the kinetics of the sol-gel transition of spirosilicate C2 are
the slowest at 1% and 2% of 1 M HCI, due to the absence of ionized hydroxyl groups
[Si-O" or Si{OH,)'] (LaCourse 1988), for which pH = 2 (Table 3), as monitored by
decrease of absorption peaks at 3405, 2951, 2883, 1086 and 883 cm™, consistent with
experimental studies of Brinker and coworkers (Brinker, 1990), who determined the
optimal gel time of TEOS to be at pH near 2.

Table3 The pH results of different catalyst concentration.

Concentration of pH result Concentration of pH result
HCI (1M) NH;OH (1M)
1% 2.14 " 1% 9.56
2% 2.03 2% 9.67
3% 1.97 3% 9.72
4% 1.81 4% 9.80
5% Mk 5% 10.1
15% 0.65 15% 10.2

Thermogravimetric Analysis (TGA)

The TGA results of monomer after hydrolysis with 1% and 2% of 1M
HCI were chosen to study due to the slow polymerization, as shown in figures 13 and
15. Those showed significant of decrease in the absorption peaks at 3405, 2951, 2883,
1086 and 883 ¢m’’, The ceramic vields of the product obtained from both conditions
are shown in figure 18 (a) and (b) and in table 4.

Evidently, the kinetic data obtained from FTIR spectra and the ceramic
yields from TGA are in agreement. A decrease in the absorption peak of Si-O-C and
increase in Si-0-Si peak correlate to an increase in ceramic yield. Notably, the increase
of Si-O-C peak at 9 h., as compared to 7 and 10 h. at 1% of 1M HCI, agrees with a

decrease of ceramic yield from TGA.
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Those results suggest surprisingly that the reaction can be proceed in the
reverse direction, so called "reesterification”, in which an alcohol molecule displaces a
hydroxyl group to produce an alkoxide ligand and water as a by product (Brinker
1984, 1990).
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Figure 18 TGA thermograms showing percent ceramic yield at various times after
hydrolysis with 1M HCI at (a) 1% and (b) 2%.
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Table 4 The ceramic yields of the hydrolyzed monomer after using 1M HCI at

various gel time.

Time (h) Ceramie Yield (%)
1% of 1M HCI 2% of 1M HCI

3 44.34 51.92
5 58.61 46.11
7 62.68 56.21
9 57.13 63.02
10 64.86 -

11 66.29 64.88

Aminospirosilicate C4

Fourier Transform Infrared (FTIR) Spectroscopy

C4 Aminospirosilicate is 6-membered ring spirosilicate. The rings are
more stable than 5-membered ring C2 spirosilicate. Moreover, C4 spirosilicate is
bulkier. As the result, C4 hydrolyzed with IM HCl and NH;OH showed no
differences between room temperature and 40°C. 1M HCI also showed no difference
on hydrolysis even at 60°C. Figure 19 thus shows only the results of C4 hydrolyzed
using 100% of 1M NH4OH at 60°C. The decrease in absorption peaks at 3405, 2951,

2883, 1086 cm™ indicate results similar to the structure of silica.
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Figure 19
at 60°C.

Thermogravimetric Analysis (TGA)

FTIR spectra showing the effect of time on the hydrolyzed C4 product

The final ceramic yield of the polymer, hydrolyzed at 60°C for 4 h, was
70.89%, as shown in figure 20, the higher ceramic yield obtained is due to high
concentration of reactive groups under base-catalyzed and high temperature resulting in
less time to arrange the molecules o allow crosslinking of Si-O-Si.
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Figure 20

TGA thermogram showing percent ceramic yield of hydrolyzed

aminospirosilicate, C4 at 60°C for 1, 3 and 4 h.

Characterization of Pyrolyzed Spirosilicate C2

BET Surface Area Measurement
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As mentioned previously that the kinetics of the sol-gel transition of
spirosilicate C2 are the slowest at 1% and 2% of 1 M HCI, due to the absence of
ionized hydroxyl groups [Si-O" or Si-(OH,)'] (LaCourse 1988). for which pH = 2
(Table 3), consistent with experimental studies of Brinker and coworkers (Brinker,
1990), who determined the optimal gel time of TEOS to be at pH near 2, the BET
surface area study of pyrolyzed product obtained from hydrolyzed gel with 1 and 2%
of 1M HCI at 750°C for 7 h is shown in Lable 5.

Table5 The BET surface area measurement of spirosilicate C2 after hydrolysis
with 1% and 2% of IM HCI at various times, followed by pyrolysis at 750°

C for 7 h.
Time (hr) Surface area (_,mz._-"g} ~ Pore volume (cc/g)
1% of 1M HCI | 2% of 1M HCI | 1% of 1M HCI | 2% of IM HCI
3 A48 7 292 0.5297 0.1811
5 458 257 0.4353 0.2380
7 524 219 0.4660 0.2040
9 561 219 0.4848 0.2148
11 598 239 —0.5754 0.1895

The results. from FTIR spectra, TGA and BET surface area
measurements Show that (the decrease of —OH and Si-0-C-peaks correlates to an
increment of ceramic yield and surface area. Depending on the gelation time both
hydrolysiscand -condensation rates are important to-the formation-of 8i-O-Si. If the
rates are too fast, the Si-O-8i- network may collapse, resulting in less surface area. On
the other hand, if the rates are too slow, TGA resulis will provide high ceramic vields

due to the carbon residue remained in the final char.

Scanning Electron Microscope (SEM
The morphology of the hydrolyzed aggregates was observed by

scanning electron microscopy, as shown in figure 21 (a) and (b). Each shows the
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characteristics of a dried gel, under acidic and base conditions, respectively. However,
certain differences in morphology are evident which can be traced to the effect of the
different catalyst used. Under acid catalysis, the hydroxylated spirosilicate is formed
via electrophilic (H") reaction. The condensation reaction continues via these
hydroxylated spirosilicates.

R R R OR
HO—Si—OH + HO—$i—OH ——— HO— i—D—gi—DH + H0  (15)
- - OR  OR

Using base catalysis, (b), the sol particles formed tend to repel each
other due to a high surface charge from SiO" groups formed according to the following
reaction.

SiFOH+OH —%  Si0" +H,0 (16)

Obviously, each condition has a different influence on the rate of condensation and
porosity of the dried gel product.
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(c) Pyrolysis of material (a) at 750°C, 7 h (d) Pyrolysis of material (b) at 750°C, 7 h

Figure 21 SEM of hydrolyzed (a and b) and pyrolyzed (c and d) spirosilicate C2.

Effect of Catalysts on Reaction Time
Acid catalyst promotes thé minimum reaction at 1% of 1M HCl at a pH
near the iso-electric point, which gives no electrostatic particle repulsion, (near pH= 2-
2.5 (ller, 1979)). By increasing the concentration of the catalyst, the reaction rate
increases, as a result, the gel time is reduced. On the other hand, the base-catalyzed
reaction takes place via nucleophilic reaction (Yamane, 1988). Since the condensation

reaction provides SiO’", resulting in faster condensation before completely hydrolysis.
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Effect of Catalyst on Gel Properties

By using base catalyst, repulsion of the sol structure gave more time for
particles to rearrange. Larger particles tend to form first. This is different from using
acid catalyst, occurring via addition reaction in which many small molecules tend to
grow slowly (LaCourse, 1988). The SEM micrograph in figure 21 (b) shows that the
porosity of the sol structure is greater than that in figure 21 (a).

In fact, the gel consists of two phase, the network solid phase and the
connected pores filled with liquid phase (Ropp, 1992). As the heat treatment is
applied, the gel shrinks under capillary force as the liquid evaporates. It can be seen in’
figure 21 (a). The HCI catalyzed gel contains small pores. If it originally contains a
large amount of water meolecules in the pores, upon heating the gel, the water
generated from the conceniration of hydroxyl groups will lead to a higher shrinkage of
the gel, figure 21 (c). On the other hand, the NHyOH catalyzed gel contains large pores
and small amount of water molecules, smaller shrinkage occurs.

Wide angle X-Ray Diffractometer (WXRD)
Figure 22 shows the XRD patterns of pyrolyzed monomer, as
compared to fused silica. The resulting diffraction patterns consist of a broad

featureless band, showing the non-crystalline amorphous solid form.
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Figure 22  XRD patterns of pyrolyzed monomer and fused- silica.
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Characterization of Pyrolyzed Aminospirosilicate C4

BET Surface Area Measurement
The BET surface area analysis of aminospirosilicate, C4 pyrolyzed

products at 750°C for 7 h was 82.93 m%/g, reflecting the increase of reaction rate
because of the increase in concentration of catalyst and temperature (LaCourse,
W.C.,1988).

That is, under acidic condition, protonation of alkoxy group is retarded
due to the more stable ring structure, more steric hindrance, and the presence of amino
group in the structure, as compared to spirosilicate C2, Proton species protonated those
amino group to form salts. This results in ne structural change during hydrolysis of the
products under acid eondition, as shown in following reaction

H2N. CH
—_—
H3 NH2

Density Measurement

The density measurement of product obtained from hydrolyzed gel using 1%
HCI of 1M gave a density value less than fused silica, as shown in table 6.
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Table 6 The density measurement of pyrolyzed product: C2 and fused silica
(starting material).

Type of products | Density value (g/cm’) at 25°C
C2 0.54
Fused-silica 242

The density of hydrolyzed monomer C2 was lower than fused silica due to the
fact that the removal of alkoxy and hydroxyl groups by condensation reaction when the
gel was heated, causes a large weight loss, produces new crosslinks and stiffening the
structure. In the case of fused silica, a network structure has only small hydroxyl
groups on the surfaces thus there is not significant effect on the stiffness of the
structure (George, 1989).



CONCLUSIONS

Spirosilicates used for the sol-gel method can function via the reactive metal
aloxide group. They are chemically produced at room temperature or slightly elevated
temperature. At pH near 2, the IEP of silica particle, the products give high ceramic
yields and high surface area, which is required in ceramic precursor processing. The
low density property of materials was reported to be an important factor of the sol-gel
method.

In addition, aminospirosilicate can serve as the starting material for study of the
sol-gel transition. Because of the high stability and the steric hindrance of the extent
of substitution on the structure, one needs a higher concentration and higher
temperature. The product with high ceramic yield and less shrinkage can be employed

to use for engineering industry applications.
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