
C H A P T E R  II 
L IT E R A T U R E  SU R V E Y

T h e  s o l - g e l  t e c h n i q u e  a p p e a r s  to  b e  t h e  m o s t  e l e g a n t  m e t h o d  f o r  

o v e r c o m i n g  t h e  d i s a d v a n t a g e s  o f  t h e  p o w d e r  m e t a l l u r g i c a l  m a n u f a c t u r i n g  

p r o c e s s e s .  T h i s  w e l l - k n o w n  t e c h n i q u e  f u n c t i o n s  f r o m  b o t h  c o l l o i d a l  s o l u t i o n s  

a n d  m e t a l - o r g a n i c  c o m b i n a t i o n s .  I n  t h e  c a s e  o f  m e t a l  a l k o x i d e s ,  t h e y  c a n  b e  

r e a c t e d  w i t h  w a t e r  t o  p r o d u c e  a  f i n e l y  d i s t r i b u t e d  s o l .  T h i s  t e c h n i q u e  w a s  

d e v e l o p e d  m a i n l y  f o r  t h e  p r o d u c t i o n  o f  c e r a m i c s  b a s e d  o n  s i l i c o n  d i o x i d e  

( R o p p ,  1 9 9 2 ) .

M c h r o t r a  ( 1 9 8 9 )  s h o w e d  t h a t  t h e  f i r s t  r e p o r t  s y n t h e s i s  o f  a n  m e ta l  

a l k o x i d e  w a s  b y  E b e l m a n  w h o  in  1 8 4 7  p r e p a r e d  t e t r a e t h y l o r t h o s i l i c a t e  

( T E O S )  b y  t h e  f o l l o w i n g  r e a c t i o n  ( B r a d l e y ,  1 9 7 8 ) :

S o o n  a f t e r  t h e  s y n t h e s i s  o f  T E O S ,  i t  w a s  n o t i c e d  t h a t ,  o n  e x p o s u r e  to  

a t m o s p h e r i c  m o i s t u r e ,  T E O S  w a s  h y d r o l y z e d  in  a  f e w  d a y s  to  g i v e  a  

t r a n s p a r e n t  g l a s s y  g e l - l i k e  m a t e r i a l ,  f r o m  w h i c h  f i b r e s  c o u l d  b e  d r a w n .

I n  o r d e r  t o  u n d e r s t a n d  t h e  a b o v e  r e s u l t ,  L i v a g e  ( 1 9 8 9 ) ,  c o n s i d e r e d  t h a t  

m e t a l  a l k o x i d e s  a r e  g e n e r a l l y  v e r y  r e a c t i v e  s p e c i e s  w h i c h  m a y  b e  d u e  t o  th e  

p r e s e n c e  o f  e l e c t r o n e g a t i v e  a l k o x y  g r o u p s  m a k i n g  t h e  m e t a l  a t o m s  h i g h l y

J f-H C l)

( 2 . 1 )
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p r o n e  t o  n u c l e o p h i l i c  a t t a c k .  T h e i r  r e a c t i o n  w i t h  X O H  m o l e c u l e s  c o n t a i n i n g  

r e a c t i v e  h y d r o x y  g r o u p s  c a n  b e  w r i t t e n  a s  f o l l o w s ;

M ( O R ) n +  x H O X -------►  M ( O R )n _ x( O X ) x +  x R O H  ( 2 .2 )

D e p e n d i n g  o n  t h e  c h e m i c a l  n a t u r e  o f  X , s u c h  a  r e a c t i o n  c o r r e s p o n d s  to  

h y d r o l y s i s  ( X  =  H ) ,  c o n d e n s a t i o n  ( X  =  M ) .  A n  a s s o c i a t i v e  n u c l e o p h i l i c  

s u b s t i t u t i o n  c o u l d  b e  d e s c r i b e d  f o l l o w i n g  a  3 s t e p  p r o c e s s :

1. N u c l e o p h i l i c  a d d i t i o n  o f  t h e  X O H  g r o u p  o n t o  t h e  p o s i t i v e l y  c h a r g e d  m e ta l  

a t o m .

2 .  P r o t o n  t r a n s f e r ,  w i t h i n  t h e  t r a n s i t i o n  s t a t e  M ( O R ) n( X O H )  f r o m  t h e  e n t e r i n g  

m o l e c u l e  t o  t h e  l e a v i n g  a l k o x y  g r o u p .

3 . D e p a r t u r e  o f  t h e  p o s i t i v e l y  c h a r g e d  p r o t o n a t e d  s p e c i e s .

X O H  + - M - O R ^ X - ( § - M - O R - ^ X Ô - M - O H  - H ^ X O - M  +  R O H  ( 2 .3 )
(1 )  H  (2 )  k  (3 )

T h e  w h o l e  p r o c e s s  d e p e n d s  o n  c h a r g e  d i s t r i b u t i o n  in  t h e  a l k o x i d e  a n d  

t h e  t r a n s i t i o n  s t a t e  ( H O X ) - M - ( O R ) n . B a s i c a l l y ,  t h e  m e t a l  a t o m  M  a n d  t h e  

l e a v i n g  g r o u p  R O H  h a v e  to  b e  p o s i t i v e l y  c h a r g e d .

I n  t h e  s t u d y  o f  t h e  r e a c t i v i t y  o f  t e t r a m e t h y l o r t h o s i l i c a t e  ( T M O S )  

t o w a r d s  g e l a t i o n ,  L i p p e r t  e t  a l .  ( 1 9 8 8 )  w e r e  a b l e  t o  a s s i g n  e i g h t  o f  t h e  R a m a n  

b a n d s  o b s e r v e d  d u r i n g  t h e  g e l a t i o n  o f  T M O S .  F i g u r e  2 .1  s h o w s  t h e  R a m a n  

s p e c t r u m  w i t h  a  b a n d  a t  6 4 6  c m ' 1 d u e  t o  T M O S  a t  e a r l y  t i m e s  t o g e t h e r  w i t h  

b a n d s  a t  6 7 3 ,  6 9 6  a n d  7 2 6  c m ' 1 ( d u e  t o  h y d r o l y s i s  p r o d u c t s ) .  A  s t r o n g  b r o a d  

b a n d  d u e  t o  d i m e r  a l s o  a p p e a r s  a t  e a r l y  t i m e s  a t  6 0 9  c m '1. T h e  b a n d s  o n  t h e  

h i g h  f r e q u e n c y  s i d e  o f  T M O S  d i s a p p e a r  r a p i d l y  a n d  t h e  b a n d  a t  6 0 9  c m ' 1 

b e c o m e s  d o m i n a n t  b u t  w i t h  a  s h o u l d e r  a t  5 8 9  c m '1. A t  l a t e r  t i m e s  t h e s e  b a n d s  

g i v e  w a y  w i t h  s e q u e n t i a l  g r o w t h  a n d  c o n v e r s i o n  o f  m u l t i m e r i c  b a n d s  a t  5 2 5 ,  

4 8 4  a n d  4 3 2  c m ' 1
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a. S i-(O C I-^)4 (B46 cm’ *) m onom er

b .^ i-(O C h ig )g  (B 7 3 c rn * )

c. Si-ioch )̂2 (อร? cm"*) 
(OHJg

d. S i-O C H j (725 cm’ 1) 
(OH)g

hydro lyzed

(BB0 and 5QS cm *) 
endgroups

e .= S i-0 -S i-(0 H ^ -(0 C H g )g _ n

f.= S i-0 -S i-(0 H ^n-(0C H g)rj_m (525 cm"*)
๐ - S i- chains, rings

g .-S i-O -S i-O H (4Q7 err? )

(d )-S i=k trisubstitu ted

h . =S i-0 -S i-(0 -S i=  ̂ (435 err?) 
tetrasubstituted

F ig u r e  2 .1  Raman spectra obtained at various times during the sol-gel 
reaction in a solution containing 1:1:0.24(vol) TMOS, MeOH, and 3xlO'3 M 
aqueous HC1. From Lippert et al. (1988).

In the same year Brinker et al. (1988) observed 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:

(2.4)
The heat of formation of 3-membered rings according to reaction 2.4 is 
calculated to be quite endothermic (AHf = 23 kcal/mole) due to the strain 
energy required to reduce the bond formation (0 ) to 136.7° from its
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equilibrium value, 147°, and to reduce the tetrahedral (O-Si-O) 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 (0 ), 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-0 bonds promote the adsorption of water on the bond and the 
subsequent bond hydrolysis reaction (the reverse of equation 2.4), according to 
the following mechanism.

H

+ A \  a .5 )

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 
acidic conditions hydrolysis occurs at a faster rate than condensation 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 ah, (1991) 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 ah, (1992, 1993) have shown that acid-catalyzed 
gels contain higher concentration of silanol groups than base-catalyzed ones, 
as shown in figure 2 .2 .
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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).

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 occur, but due to the already highly cross-linked nature of 
the gel, less densification is possible, and a 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 2.3.
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Figure 2.2 S c h e m a t ic s  o f  s i l ic a  g e l n e tw o r k  f ro m  th e  h y d r o ly s i s  a n d
c o n d e n s a t io n  o f  T E O S ;  (A )  a c id  a n d  (B )  b a s e - c a ta ly z e d  g e l. F r o m  D a v id  e t
a l. ( 1 9 9 5 ) .
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F ig u r e  2 .3  Linear shrinkage versus temperature at l°c/m in heating rate for 
silica gels prepared by three different methods: a) acid hydrolysis, b) base 
hydrolysis, c) colloidal process. From Brinker et al. (1990).

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

Charoenpinijkam (1999) 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 occurred 
the reaction continues since the cross-linking is not yet completed in this step, 
leaving some organic ligand. The pure Si02 network is obtained by 
pyrolyzing the gel to 800°c to remove all organic ligands.

รนท (2000) successfully synthesized spirosilicates from Si02 and 
ethylene glycol, EG, and ethylene glycol derivatives in the presence of 
triethylene-tetramine, TETA, as a base or catalyst, withAvithout potassium 
hydroxide, KOH, as a co-catalyst, as shown in figure 2.4, where R represents 
as

i) . -CH2CH2-
ii) . -CH2(CH3)C(NH2)CH2-
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Figure 2.4 Schematic of the synthesis of the tetra-coordinated spirosilicate 
and its derivatives.
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