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APPENDICES

Appendix A

FORMATION AND STRUCTURE OF TRIS(ALUMATRANYLOXY-I- 
PROPYDAMINE DIRECTLY FROM Al(OH)3 AND 

TRIISOPROPANOLAMINE

Abstract
R e c e n tly , a  n ew  one  s tep  m e th o d  w as d e v e lo p e d  fo r sy n th e s iz in g  a m ethy l 

su b s titu te d  a lu m a tra n e  d irec tly  fro m  a lu m in u m  h y d ro x id e  [A l(O H )3 ] and  
tr iiso p ro p a n o la m in e  (T IS ). T h e  s tru c tu re  o f  T IS-A 1 w as c h a ra c te r iz e d  u s in g  D S C , 
T G A , F A B +-M S , N M R  (*H-, 13C -, 27A1-) and  F T IR . T rie th y le n e te tra m in e  (T E T A ), a 
s tro n g e r  b a se  th an  T IS , w as fo u n d  to  ac t as a  c a ta ly s t to  a c c e le ra te  th e  A l(O H ) 3  

d isso lu tio n  ra te . T h e  k in e tic s  o f  T IS-A 1 fo rm a tio n  w e re  s tu d ie d  as a  fu n c tio n  o f  
d iffe re n t co n d itio n . T h e  a c tiv a tio n  e n e rg y  o f  re a c tio n  w as 24  ±  2 k j  m o l '1.

Introduction
A tra n e s , I, w ith  M = B , A l, S i, G e, รท, P b , P, T i, V , M o , e tc . h av e  been  

sy n th e s iz e d  an d  s tu d ie d  e x te n s iv e ly  o v e r th e  la s t th re e  d e c a d e s  [1-5]. T h ese  
c o m p o u n d s  a re  o f  in te re s t o w in g  to  th e ir  c a g e  s tru c tu re  an d  p h y s ic a l/c h e m ic a l 
p ro p e rtie s . T h e  b e h a v io r  o f  a lu m a tran e , w h e re  M =A 1, 2 ,8 ,9 - tr io x a -5 -a z a - l-  
a lu m a tr ic y c lo  [3 .3 .3 .0 1'5] u n d ecan e , an d  o lig o m e ric  a lu m a tra n e  h as  b e e n  d esc rib ed  
p re v io u s ly  [6 -7 ], In  b e n z e n e , c ry o sc o p y , and  e b u llio sc o p y  in d ic a te  te tra h e d ra l and  
o c ta h e d ra l b e h a v io r . A  m ass  sp e c tro sc o p ic  (E l 7 0  eV ) s tu d y  sh o w e d  th e  s tab ility  o f  
the  d im e r r  in  th e  g as  p h ase .
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T h e re  a re  sev e ra l m e th o d s  o f  p rep a rin g  a lu m a tra n e s . A lu m a tra n e  is p rep a red  
read ily  in  h ig h  y ie ld  by  reac tio n  o f  a lu m in u m  a lk o x id e s  w ith  tr ie th a n o la m in e  in an 
a ro m a tic  so lv e n t [10 ,1 1 ] o r  w ith  no  so lv en t [1 2 -1 4 ], T r ie th y la lu m in u m  a lso  reac ts  
w ith  tr ie th a n o la m in e  in  to lu e n e  o r h ex an e  at -78  ๐c  to  fo rm  a lu m a tra n e  [15]. V erk ad e  
[16] p re p a re d  a lu m a tra n e  by  the  a lc o h o ly s is  o f  tr is - (d im e th y la m id o )  a lu m in u m  w ith  
tr ie th a n o la m in e  an d  a lso  by  tra n s lig a tio n  o f  m o n o m e ric  an d  d im e ric  a lu m a z a tran e s  
w ith  tr ie th a n o la m in e .

A c c o rd in g  to  27A1-, 'H -, an d  13C -N M R  d a ta , th ey  fo u n d  te tra m e rs , II, in 
so lu tio n  an d  d im e ric  r  by  m ass sp e c tra  in  th e  g as  p h ase . A lu m a tra n e  p recu rso rs , 
a lu m in u m  a lk o x id e  [A l(O R ) 3 ] o r  a lu m in u m  a lk y l [A1(R)3] a re  e x p e n s iv e  and  the 
sy n th e se s  a re  m u ltis te p . L a in e  e t al. h av e  d e v e lo p e d  an  in e x p e n s iv e  w ay  to  c o n v e rt 
m eta l o x id e  o r  h y d ro x id e s , n am ely , A l(O H 3) an d  s ilic a , in to  n o v e l m a te r ia ls  ran g in g  
fro m  ion  c o n d u c tin g  [17], liq u id  c ry s ta llin e  p o ly m e rs  [18], to  o lig o m e ric  and  
p o ly m e ric  p re c u rso rs  [19].
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II
L a in e  a lso  fo u n d  th a t h ig h e r b o ilin g  p o in t a m in e  b a se s  (b .p . > 2 0 0  °C ), su ch  as 

tr ie th a n o la m in e  an d  tr ie th y le n e te tra m in e  (T E T A ) c a n  b e  u sed  e i th e r  in  c a ta ly tic  o r 
s to ic h io m e tr ic  q u a n titie s  to  d isso lv e  S iÛ 2 . M o re o v e r , th ey  a lso  fo u n d  tha t 
a p p ro x im a te ly  s to c h io m e tr ic  q u a n titie s  o f  tr ie th a n o la m in e  w ill e f fe c tiv e ly  d isso lv e  
A l(O H 3 ). T h e  “ o x id e  o n e  p o t sy n th es is  p ro cess  (O O P S )” fo r  a lk o x y a la n e s  w as 
d e v e lo p e d  a f te r  it w as  d isc o v e re d  th a t s to c h io m e tr ic  a m o u n ts  o f  tr ie th a n o la m in e  
w o u ld  d isso lv e  A K O H 3 ), th e  so u rce  m a tria l fo r  m o s t p u re  a lu m in a .

T h e  p u rp o se  o f  th is  w o rk  is to  ex ten d  p re v io u s  e ffo r ts  to  re a c tio n s  o f  A K O H 3 ) 
an d  tr iiso p ro p a n o la m in e  (T IS ), an d  s tu d y  the  k in e tic  o f  th e  p ro d u c t fo rm a tio n , w h ich  
in c lu d e s  th e  re a c tio n  o rd e r, ra te  co n s tan t, an d  a c tiv a tio n  en e rg y . A lo n g  w ith  th is , the  
e ffe c t o f  T E T A  on  th e  reac tio n  w as a lso  s tu d ie d  to  im p ro v e  th e  so lu b ility  o f  th is  
no v e l a lu m in u m  a lk o x id e  in  n o n -p o la r  so lv en ts  fo r  u se  as  a  c a ta ly tic  in te rm e d ia te  in 
so l-g e l p ro c e ss in g

Experimental section
Materials. T h e  s ta rtin g  m a te ria ls  an d  p ro d u c ts  a re  s lig h tly  m o is tu re  and  a ir  

sen s itiv e . T h e re fo re , a ll o p e ra tio n s  w ere  c a rried  o u t w ith  ca re fu l e x c lu s io n  o f  a ir  by 
p u rg in g  w ith  n itro g e n  gas.
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U H P  g ra d e  n itro g e n ; 9 9 .9 9 %  p u rity  w as o b ta in e d  fro m  T h a i In d u s tr ia l G ases 
P u b lic  C o m p a n y  L im ite d  (T IG ). A lu m in u m  h y d ro x id e  h y d ra te  [A l(O H )3 x H 2 0 ]  
c o n ta in in g  5 7 .5  %  A I2 O 3 as d e te rm in e d  by  T G A  w as p u rc h a se d  fro m  A ld rich  
C h e m ic a l C o . In c . (U S A ) an d  u sed  as re c e iv e d . E th y le n e  g ly co l (E G ), u sed  as 
so lv e n t in  th e  re a c tio n , w as p u rc h a se d  fro m  F a rm ita lia  C a rlo  E rb a  (B a rc e lo n a ) and  
p u rif ie d  by  fra c tio n a l d is til la tio n  a t 200 °c, u n d e r  N2 b e fo re  u se . T IS  w as o b ta in ed  
fro m  F lu k a  C h e m ik a -B io C h e m ik a  (S w itze rlan d ) an d  u sed  as re c e iv e d . T E T A  w as 
o b ta in e d  fro m  U n io n  C a rb id e  T h a ila n d  L im ited  (B a n g k o k , T h a ila n d )  an d  d is tilled  
u n d e r  v a c u u m  ( lO ' 2  T o rr)  at 120 °c. A c e to n itr ile  an d  m e th an o l w e re  p u rc h a se d  from  
J.T . B a k e r  Inc. (P h ilip b u rg , U S A ) an d  p u rified  b y  s ta n d a rd  te ch n iq u es .

Instrumentation. M ass sp ec tra  w ere  o b ta in e d  on  a  7 0 7 E -F iso n  In s tru m en t 
(V G -A u to sp e c , M a n c h e s te r , E n g lan d ) w ith  a  V G  d a ta  sy s te m , u se d  in  th e  p o s itiv e  
fa s t a to m ic  b o m b a rd m e n t (F A B +) m ode . T h e rm a l a n a ly s is  w as  c a rr ie d  o u t on  a 
N e tz sch  D S C  2 0 0  (G e rm a n y ) an d  a N e tz sch  G e ra te b u e  B m b H  T h e rm a l an a ly s is  T G  
2 0 9  (G e rm a n y ). 'H -  an d  1 3C -N M R  sp ec tra  w ere  o b ta in e d  u s in g  a  5 0 0  M H z  JE O L  
(JN M -A 5 0 0 ) sp e c tro m e te r  at th e  S c ien tific  an d  In s tru m e n ta l R e se a rc h  E q u ip m en t 
C en te r, C h u la lo n g k o m  U n iv e rs ity , u sin g  d e u te ra te d  m e th a n o l (C D 3 O D ) and  
te tra m e th y s ila n e  (T M S ) as th e  so lv e n t and  in te rn a l re fe re n c e , re sp e c tiv e ly . 2 7  A l- 
N M R  sp e c tra  w e re  re c o rd e d  on  B ru k e r 3 60  M H z  a t th e  U n iv e rs ity  o f  M ich ig an . 
F o u rie r  tra n s fo rm  in fra re d  (F T IR ) sp ec tra  w ere  re c o rd e d  o n  a B io -R a d  F T -4 5 A  F T IR  
sp e c tro m e te r  w ith  a  re so lu tio n  o f  ± 4  cm "1.

Procedure. G e n e ra l p ro ced u re s  to  o b ta in  tr is (a lu m a tra n y lo x y - i-p ro p y l)a m in e  
a re  as fo llo w s; a lu m in u m  h y d ro x id e , 50 m L  o f  E G , an d  T IS  w ere  ad d e d  to  a  250 m L  
tw o -n e c k e d  ro u n d  b o tto m e d  flask . T h e  re a c tio n  m ix tu re  w as s tir re d  an d  h ea ted  
u n d e r  N 2  in  a  th e rm o s ta tte d  o il b a th . W h en  th e  o il b a th  te m p e ra tu re  re a c h e d  200°c, 
th e  re a c tio n  w as c o n s id e re d  to  h av e  co m m en ced . F re sh  E G  in th e  sam e  am o u n t as 
th e  d is tilla te  w as ad d ed  to  m a in ta in  th e  to ta l re a c tio n  v o lu m e  u n til th e  reac tio n  
m ix tu re  tu rn e d  c le a r  (a b o u t 3 h o u r), in d ic a tin g  re a c tio n  c o m p le tio n . A fte r  le ttin g  the 
re a c tio n  m ix tu re  s ta n d  w ith o u t s tirr in g  o v e rn ig h t,w h ite  p ro d u c t p re c ip ita te d  out.
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A fte r filte r in g , th e  p ro d u c t w as s tir re d  w ith  d r ie d  a c e to n itr ile  o v e rn ig h t to  rem o v e  
e x cess  T IS . T h e  so lid  p ro d u c t w as  th en  filte re d  o f f  an d  d r ie d  u n d e r  h ig h  v acu u m  
(10‘2 to rr)  a t 120°c fo r  5 h. D rie d  p ro d u c ts  w ere  th en  c h a ra c te r iz e d  u sin g  D S C , 
T G A , F T IR , F A B +-M S  an d  N M R .

U n re a c te d  a lu m in a  re c o v e re d  fro m  a re a c tio n  w as p u rif ie d  as fo llo w s: a fte r  
th e  re a c tio n  m ix tu re  w as co o led , u n re a c te d  A l(O H ) 3 w as  f ilte re d  o ff, an d  s tirred  w ith  
d rie d  m e th a n o l o v e rn ig h t to  e x tra c t rem a in in g  p ro d u c t fro m  u n re a c te d  A l(O H )3. T h e  
u n re a c te d  A l(O H ) 3 w as filte re d  o ff, w ash ed  w ith  2 X 2 0  m l o f  d r ie d  m e th an o l, and  
th en  o v en  d r ie d  a t 120 ° c  fo r 10 h. F in a lly , th e  d rie d  A l(O H ) 3 w as  c a lc in e d  in the 
T G A  to  o b ta in  th e  a lu m in a  co n ten t. T h e  to ta l u n re a c te d  A l(O H ) 3 w as  re c a lcu la te d  to  
o b ta in  re a c te d  a lu m in a .

Kinetic studies. T h e  k in e tic  s tu d ies w e re  p rim a rily  c o n d u c te d  on  the  
d is so lu tio n  o f  A l(O H ) 3 as a fu n c tio n  o f  ch an g es  in th e  re a c tio n  c o n d itio n s , n am ely , 

th e  a m o u n t o f  T IS , th e  am o u n t o f  a lu m in u m  h y d ro x id e , re a c tio n  te m p e ra tu re , and  
tim e. E ach  re a c tio n  w as re p e a te d  th ree  tim es.

T h e  o p tim u m  ra tio  o f  T IS  w as s tu d ied  by  f ix in g  th e  a m o u n t o f  A l(O H ) 3 

(57.5% A U 0 3 c o n te n t by  T G A ) a t 22.7 m m ol o r  10 m m o l e q u iv a le n t o f  A l2 Ü 3. T h e  
a m o u n t o f  T IS  w as v a rie d  fro m  0-50 m m ol. T h e  re a c tio n  tim e  a n d  te m p e ra tu re  w ere  
fix ed  a t 3 h  an d  200°c, re sp ec tiv e ly .

Dissolution Rate as a Function of Al(OH)3 Concentration. T h e  a m o u n t o f  
T IS  w as f ix e d  a t 3 .8 3  g (20 m m o l) and  the  a m o u n t o f  A l(O H ) 3 w as  v a ried  fro m  
0.89-8.87 g (5-40 m m o l). E G  w as ad d ed  to  m ak e  th e  to ta l v o lu m e  o f  reac tio n  
m ix tu re  50 m L . T h e  reac tio n  tim e  and  te m p e ra tu re  w ere  se t a t 1 h an d  200°c, 
re sp e c tiv e ly . E a c h  ru n  w as re p e a te d  th ree  tim es. T h e  re la tio n sh ip  b e tw e e n  m m o l o f  
u n re a c te d  a lu m in a  a n d  m m o l o f  a lu m in a  ad d ed  w as p lo tted .

Dissoluion Rate as a Function of TETA Concentration. T o  s tu d y  the  
e ffe c t o f  [T E T A ] on  th e  ra te  o f  re a c tio n , A l(O H ) 3 an d  T IS  q u a n titie s  w ere  fix ed  at 
1.77 g (22 .7  m m o l) an d  0 .9 6  g (5 m m o l), re sp e c tiv e ly . T h e  c o n c e n tra tio n  o f  T E T A
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w as v a rie d  fro m  0 -4 .3 8 7 5  g (0 -3 0  m m ol). T h e  re a c tio n  tim e  a n d  te m p e ra tu re  w ere  
fix ed  at 3 h a n d  200°c. T h e  re la tio n sh ip  b e tw e e n  m m o l d is so lv e d  a lu m in a  and  m m ol 
T E T A  ad d ed  w as th en  p lo tted .

Determination of the Reaction Rate Constant and Activation Energy.
A m o u n ts  o f  A l(O H ) 3  and  T IS  w ere  fix ed  a t 1.77 g (22.7 m m o l) an d  0.96 g (5 

m m o l), re sp e c tiv e ly . T h e  reac tio n  tim e  w as v a ried  fro m  15-120 m in  w ith  in c rem en ts  
o f  15 m in  a t 150°, 170°, 190°, an d  200°c. T h e  re la tio n sh ip  b e tw e e n  m m ol o f  
u n re a c te d  a lu m in a  v e rsu s  re a c tio n  tim e  at each  re a c tio n  te m p e ra tu re  w as th en  p lo tted  
to  o b ta in  th e  re a c tio n  ra te  c o n s ta n t (k ). T h e  ac tiv a tio n  e n e rg y  w as th en  c a lc u la ted  by 
p lo ttin g  In (k ) v e rsu s  1/T  (1 K 1).

Dissolution Rate as a Function of Time in the Presence of TETA as a 
Catalyst. T h e  e ffe c t o f  tim e  on  th e  reac tio n  o f  A l(O H ) 3  an d  T IS  w ith  T E T A  as a 
c a ta ly s t w as s tu d ie d  by  f ix in g  th e  am o u n ts  o f  A l(O H ) 3 , T IS , an d  T E T A  a t 1.77g 
(2 2 .7  m m o l), 0.96 g (5 m m o l), an d  0.18 g (1.25 m m o l), re sp e c tiv e ly . T h e  reac tio n  
te m p e ra tu re  w as f ix e d  a t 200°c an d  the  reac tio n  tim e  w as v a r ie d  fro m  15-120 m in. 
T h e  m m o le s  o f  u n re a c te d  a lu m in a  fo r each  run  w ere  th en  p lo tte d  v e rsu s  tim e.

Results and discussion
In  th is  s tu d y , re c o v e re d  A l(O H ) 3  w as th e rm a lly  c o n v e r te d  to  a -a lu m in a  to 

d e te rm in e  th e  a c tu a l a m o u n t d isso lv ed . A l(O H ) 3  u sed  a t th e  b e g in n in g  an d  le ft a f te r  
the  re a c tio n  w as m e a su re d  as A I2 O 3 u sin g  T G A  c e ra m ic  y ie ld .

A s seen  in F ig . 1., w ith  a  fix ed  am o u n t o f  a lu m in u m  h y d ro x id e  h y d ra te  [1 .77  
g (22.7 m m o l)] a t a  re a c tio n  tim e  an d  te m p e ra tu re  o f  3 h. an d  200 °c, re sp ec tiv e ly , 
th e  re a c tio n  w e n t v e ry  s lo w ly  fo r  T IS  q u an titie s  less  th an  20 m m o l. H o w e v e r , it w en t 
to  c o m p le tio n  w h en  35 m m o l o f  T IS  w as u sed . It w as fo u n d  a lso  th a t w h en  10 m m ol 
o f  T E T A  w as u sed  w ith  th e  22.7 m m ol o f  A l(O H ) 3 an d  35 m m o l o f  T IS , th e  reac tio n  
w as c o m p le te  w ith in  2 h. (see  F ig . 6).
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Dissolution rate as a function of Al(OH)3. In  th is  ca se , d e te rm in a tio n  o f  a 
re a c tio n  ra te , th e  so -c a lle d  “ m e th o d  o f  in itia l ra te s” , w as  b a se d  u p o n  an  accu ra te  
a n a ly s is  o f  o n e  p ro d u c t at a v e ry  ea rly  s tag e  o f  re a c tio n . T h e re fo re , a ll re ac tio n s  
s tu d ied  d id  n o t p ro c e e d  to  co m p le tio n . T h e  re a c tio n  tim e  an d  te m p e ra tu re  w ere  thus 
se t a t 1 h  an d  200°c. T h e  a m o u n t o f  a lu m in a  w as v a rie d  fro m  7 .5  to  12 .5 , 15, and  40  
m m ol w h ile  th e  c o n c e n tra tio n  o f  T IS  w as fix ed  a t 20 m m o l. T h e  re la tio n sh ip  
b e tw een  th e  d is so lv e d  an d  a d d ed  a lu m in a  is n ea rly  lin ea r, (F ig . 2). C lea rly , the 
reac tio n  o f  A l(O H ) 3  a n d  T IS  a lso  d e p e n d e d  on  th e  c o n c e n tra tio n  o f  A l(O H )3. T h e  
cu rv e  w as n e a rly  lin ea r, su g g e s tin g  th a t th e  re a c tio n  w as f irs t o rd e r  w ith  re sp e c t to 
A l(O H ) 3 an d  f irs t o rd e r  w ith  re sp e c t to  T IS . It is w o rth  n o tic in g  th a t th e  in te rcep t o f  
b o th  c u rv e s  a re  n o t eq u a l to  zero . T h is  is b e c a u se  so m e  u n re a c te d  A l(O H ) 3 is lo s t 
d u rin g  re c o v e ry  step .

Determination of the reaction rate constant and the activation energy.
W e u se d  th e  in teg ra l m e th o d  to  d e te rm in e  th e  re a c tio n  o rd e r. T h e  reac tio n  

o rd e r  w as a s su m e d  to  b e  se c o n d  o rd e r  o v e ra ll. P lo ts  o f  ln [ ( l - r X ) / ( l -X ) ]  v ersu s  
re a c tio n  tim e  a t e a c h  te m p e ra tu re  a re  p re se n te d  in  F ig . 3, (no te : th e  lin e a rity  o f  the  
d a ta  su g g e s tin g  th a t  th e  reac tio n  is m o st lik e ly  to  b e  seco n d  o rd e r  as a ssu m ed ). T h e  
re a c tio n  ra te  c o n s ta n ts  w ere  o b ta in e d  fro m  th e  s lo p e  o f  th e  p lo tte d  d a ta , s tra ig h t line  
w ith  d if fe re n t g ra d ie n ts . A s e x p e c te d , th e  h ig h e r te m p e ra tu re  sh o w e d  th e  h ig h e r 
g ra d ie n t, m e a n in g  th a t th e  h ig h e r  re a c tio n  tem p e ra tu re , th e  h ig h e r  d is so lu tio n  ra te .

T o  d e te rm in e  th e  a c tiv a tio n  en e rg y , the  A rrh e n iu s  e q u a tio n  w as em p lo y ed . 
F ro m  se c tio n  3 .2 .3 , a fte r  o b ta in in g  th e  reac tio n  ra te  c o n s ta n ts  (k ), In k  w as p lo tted  
v e rsu s  1 /T ( l /K e lv in )  as  F ig . 4 , w h ich  g iv es  a s tra ig h t lin e  w ith  th e  s lo p e  p ro p o rtio n a l 
to  th e  a c tiv a tio n  en e rg y . T h e  s lo p e  o b ta in e d  is eq u a l to  th e  a c tiv a tio n  e n e rg y  d ev id ed  
by  th e  gas c o n s ta n t (8 .3 1 4  J m o l" 1 K"1). A s a re su lt, th e  a c tiv a tio n  e n e rg y  w as 24 ± 2  
K J m ol"1.

Dissolution Rate as a Function of TETA Concentration. T h e  p lo t o f  the  
am o u n t o f  d is so v e d  A l(O H ) 3 an d  a m o u n t o f  T E T A  is p re se n te d  in  F ig . 5. T h e  h ig h e r 
th e  T E T A  c o n c e n tra tio n , the  g re a te r  the  am o u n t o f  d is so lv e d  A l(O H )3. A t low  
T E T A  c o n c e n tra tio n  (1 .2 5 -2 .5  m m o l), th e  a m o u n t o f  A l(O H ) 3 d is so lv e d  in c rea sed
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Dissolution rate as a function of time in the presence of TETA as a 
catalyst. F ig . 6  sh o w s a  p lo t o f  m m o l o f  u n re a c te d  A l(O H ) 3  v e rsu s  reac tio n  tim e 
c o m p a rin g  re a c tio n s  w ith  an d  w ith o u t T E T A . T h e  d is so lu tio n  re a c tio n  ra te  w ith  
T E T A  w as fa s te r  th an  th a t w ith o u t T E T A  b e c a u se  T E T A  in c re a se d  so lu b ility  o f  
A l(O H ) 3 , r e su ltin g  in in c re a s in g  its su rfa c e  a rea  w h ic h  c a u se d  th e  re a c tio n  to  go 
fa s te r, as d is c u sse d  p rev io u s ly .

Characterization
Thermogravimetric Analysis. T h e  T G A  d a ta  fo r  th e  p ro d u c t fro m  the 

reac tio n  w ith o u t T E T A  sh o w s tw o  m a jo r reg io n s  o f  m ass lo ss  (F ig .7 (a)). T h e  first 
reg io n  w as b e tw e e n  180°-260°c th a t in d ic a te d  th e  d e c o m p o s itio n  o f  T IS  w h ich  is a 
c o m p o n e n t o f  th e  p ro d u c t w h ile  th e  seco n d  reg io n  o c c u rre d  a t a b o u t 260°-550°C 
w h ich  c o rre sp o n d e d  to  th e  o x id a tiv e  d e c o m p o s itio n  o f  th e  o rg a n ic  lig an d s  and  
c a rb o n  re s id u e s . T h e  %  ce ra m ic  y ie ld  o f  th e  p ro d u c t w as 27.6 % , w h ich  w as h ig h e r 
th an  th e  th e o re tic a l  c e ra m ic  y ie ld  (23.7 % ) o w in g  to  th e  in c o m p le te  c o m b u s tio n  o f  
th e  sa m p le  s in c e  th e  fin a l ash  w as still g ray  in  co lo r.

S im ila r ly , th e  T G A  o f  th e  p ro d u c t sy n th e s iz e d  in  th e  p re se n c e  o f  T E T A  (F ig  
•7(b)) a lso  sh o w e d  tw o  m a jo r  m ass  lo sses  a t 180°-250°c an d  250°-500°C 
c o rre sp o n d in g  to  th e  d e c o m p o s itio n  o f  T IS  lig a n d  an d  th e  o x id a tiv e  d e c o m p o s itio n  
o f  th e  o rg a n ic  lig a n d s , an d  c a rb o n  re s id u es , re sp e c tiv e ly . T h e  % c e ra m ic  y ie ld  o f  
p ro d u c t w as  3 1 .9  % , w h ich  w as m u ch  h ig h e r th an  th e  th e o re tic a l y ie ld . T h is  c an  be  
e x p la in e d  a lo n g  w ith  th e  m ass  sp e c tru m  w h ich  in d ic a te d  th a t th e  p ro d u c t sy n th e s iz e d  
fro m  th e  b a tc h  w ith  T E T A  g av e  m o re  d im er (m /e  4 3 1 ) th an  th e  o n e  w ith o u t T E T A  
b e c a u se  m a ss  sp e c tra l d a ta  sh o w ed  th a t th e  p ro d u c t c o n s is ts  o f  m o n o m e r, tr im er, 
p en tam er, an d  h ex a m e r. T h e  m o re  sm a llle r  u n it, th e  h ig h e r  c e ra m ic  y ie ld . M o reo v er, 
th e  fin a l a sh  w as d a rk e r  in  co lo r.

significantly, as compared to the higher TETA concentrations. This is due to the role
of TETA acting as solubilization catalyst to increase the surface area of Al(OH)3 .
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Differential Scanning Calorimetry. T h e  D S C  o f  th e  p ro d u c t fro m  the 
reac tio n  w ith o u t T E T A , see F ig . 8 (a), sh o w ed  an  e x o th e rm  a t 250°-280°C  
c o rre sp o n d in g  to  th e  b o ilin g  p o in t o f  T IS , s in ce  w h en  th e  p ro d u c t w as ru n  th e  seco n d  
tim e , th e re  w as no  e x o th e rm ic  p eak  in  D S C  th e rm o g ra m . A n  e n d o th e rm  a t 380°- 
4 0 0 °C , as c o m p a re d  to  its T G A , c o rre la ted  to  th e  d e c o m p o s itio n  te m p e ra tu re  o f  
p ro d u c ts . T h e  Tg w as o b se rv e d  a t ab o u t 167°C.

S im ila r ly , th e  D S C  d a ta  o f  th e  p ro d u c t fro m  th e  re a c tio n  w ith  T E T A , as 
sh o w n  in F ig . 8 (b ), in d ic a te d  th e  ex o th e rm  at ab o u t 2 2 0 °-2 6 0 °C  c o rre sp o n d in g  to  the 
m e ltin g p o in t fo llo w e d  by  th e  d e c o m p o s itio n  o f  th e  p ro d u c t, th e  e n d o th e rm  at ab o u t 
3 5 0 °-380°C . It is w o rth  n o tic in g  th a t the  b o th  te m p e ra tu re s  a re  lo w e r  th an  th o se  in 
F ig . 8 (a). T h is  is d u e  to  th e  m o re  sm a lle r  u n its  c o n ta in in g  in  th e  p ro d u c ts  o b ta in ed  
fro m  the  re a c tio n  w ith  c a ta ly s t T E T A . T h e  Tg o f  th is  p ro d u c t o c c u re d  a t ab o u t 166°C.

Positive fast atomic bombardment mass spectroscopy. M ass sp ec tra l 
a n a ly s is  su g g e s ts  th a t th e re  a re  fo u r  d iffe re n t a lu m a tra n e  c o m p le x e s ; h e x a m e r (m /e  
1292), th e  h ig h e s t in te n s ity  p e n ta m e r  p lu s o n e  m o rp h o lin e  (m /e  1250), re su lte d  fro m  
lo s in g  a  m o le c u le  o f  w a te r  in  T IS , tr im e r  p lu s  o n e  e th y le n e  g ly c o l (m /e  7 0 7 ), and  
m o n o m e r p lu s  o n e  T IS  (m /e  4 0 9 )  an d  th e  in te n s itie s  o f  all p ro p o se d  s tru c tu re s  w as 
sh o w n  in tab le  1 .

T h e  f ra g m e n ta tio n  p a tte rn  o f  the  p ro d u c t fro m  th e  re a c tio n  w ith  T E T A  gave  
h ig h e r  in te n s itie s  o f  th e  lo w e r u n it p eak s  a t m /e  2 1 6  an d  4 0 9 , an d  lo w e r  in ten s ity  o f  
th e  p eak  a t m /e  1250. T h is  re su lt can  o b v io u s ly  c o n firm  th a t th e  re a c tio n  c a rried  ou t 
w ith o u t T E T A  g iv e s  th e  p ro d u c t co n ta in in g  h ig h e r  m o le c u la r  w e ig h t u n it th an  the  
o n e  ru n  w ith  T E T A  o w in g  to  th e  ac c e le ra tio n  o f  T E T A  re su ltin g  in  fa s te r  c o m p le tio n  
o f  th e  re a c tio n .

t  VUMiU*.
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Nuclear magnetic resonance spectroscopy

T h e  N M R  re su lts  sh o w ed  th a t th e  p ro d u c ts  c e r ta in ly  c o n ta in e d  sev e ra l k in d s 
o f  o lig o m e rs , su c h  as  m o n o m er, d im er, e tc ., w h ic h  a re  c o in c id e d  w ith  the  m ass 
sp e c tro sc o p y  re su lts . T h e  *H -N M R  sp ec tru m  o f  th e  p ro d u c t f ro m  th e  reac tio n  
w ith o u t T E T A  sh o w e d  th ree  m u ltip le  c h a ra c te r is tic s  o f  q u a d ra p o la r  c o u p lin g  p eak s 
in d ica tin g  th e  p re se n c e  o f  a  few  sp e c ie s  in  th e  p ro d u c t. T h e  p e a k s  a t 1 .1 -1 .4  ppm  
c o rre sp o n d  to  th e  -C H 3 g ro u p  o f  T IS , p o sitio n  (a). T h e  p e a k s  a t 2 .4 -3 .1  p p m  are  
a ss ig n ed  to  th e  m e th y le n e  g ro u p  a d ja c e n t to  th e  N -a to m  o f  T IS  ( -N -C H 2 ) a t p o sitio n
(c). T h e  p e a k s  a t 3 .6 -4 .2  p p m  a re  a ss ig n ed  to  th e  te rtia ry  c a rb o n  a d ja c e n t to  the  O - 
a to m  o f  T IS , p o s itio n  (b). T h e  ^ - N M R  sp ec tru m  o f  th e  p ro d u c t f ro m  th e  reac tio n  
w ith  T E T A  g a v e  a s im ila r  one.

S im ila r ly , th e  1 3C -N M R  sp e c tru m  o f  th e  p ro d u c t fro m  th e  re a c tio n  w ith o u t 
T E T A  sh o w e d  a  m u ltip le  p e a k  a t 2 2 .0  p p m  c o rre sp o n d in g  to  -C H 3 g ro u p s  a t p o sitio n  
(a) c o u p le d  to  i ts e lf  an d  p ro to n  o f  th e  te rtia ry  ca rb o n . T h e  sh a rp  p e a k  a t 64 .3  p p m  
b e lo n g s  to  th e  c a rb o n  a d ja c e n t to  N -a to m  o f  T IS  (-N -C H 2 ) a t p o s itio n  (c). T h e  
m u ltip le  p e a k  a t 7 9 .0  p p m  is a s so c ia te d  w ith  th e  c a rb o n  a d ja c e n t to  O -a to m  o f  T IS  
(p o s itio n  (b )) d u e  to  th e  c o u p lin g  w ith  -N -C H 2  an d  -C H 3 . T h e  sp e c tru m  o f  bo th  
re a c tio n s  sh o w e d  th e  s im ila r  p o s itio n s .

T h e  2 7 A 1-N M R  sp e c tra  o f  th e  p ro d u c ts  fro m  th e  re a c tio n  w ith  an d  w ith o u t 
T E T A  c o in c id e n ta lly  sh o w ed  3 m u ltip le  p eak s , as sh o w n  in T a b le  3 .2 , a t a ro u n d  65, 
49  an d  7 p p m  a t th e  ra tio  o f  1:1:1. A g a in , th e se  th re e  p eak s  in d ic a te d  th e  p re se n c e  o f  
b o th  h ex a - (a t 7 p p m ) an d  te tra c o o rd in a ted  (a t 65 an d  4 9  p p m ) a lu m in u m  
c o m p o u n d s .
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Fourier Transform Infrared Spectroscopy. T h e  F T IR  sp e c tra  o f  the  
p ro d u c ts  f ro m  th e  re a c tio n s  w ith  an d  w ith o u t T E T A  sh o w  s im ila r  fu n c tio n a l g ro u p s 
(T ab le  3). D u e  to  th e  m o is tu re  sen s itiv ity  o f  th e  p ro d u c ts , th e  V O -H  ap p ea rs  at 
3 3 0 0 -3 7 0 0  cm "1, an d  th e  w av e  n u m b e r a t 2 7 5 0 -3 0 0 0  c m " 1 c o rre sp o n d s  to  V C -H . T h e  
s in g le  p eak  at a b o u t 1650  c m " 1 is O -H  o v e rto n e  an d  C -H  b e n d in g . T h e  s tro n g  p eak  at 
1 0 0 0 -1 2 5 0  c m " 1 re su lts  fro m  th e  V C -N  an d /o r O -H  b en d in g . T h e  b ro a d  p eak  a t 500- 
800  c m " 1 re p re se n ts  th e  V A l- 0  o f  th e  p ro d u c t.

Conclusions
In  th is  w o rk , a lu m a tra n e  c o m p lex es  w ere  sy n th e s iz e d  d ire c tly  fro m  

in e x p e n s iv e  s ta r tin g  m a te ria l, a lu m in u m  h y d ro x id e , an d  T IS , v ia  th e  o n e  step  
p ro cess , c a lle d  “ O O P S ” p ro cess . M ass  sp e c tra  re v e a le d  th a t p ro d u c ts  w ere
o lig o m ers . T h e  m a in  p ro d u c t w as p e n ta m e r b o n d e d  w ith  T IS  th a t lo s t o n e  H 2 O 
m o lecu le . F ro m  T G A  d a ta , th e  %  ce ram ic  y ie ld s  o f  th e  p ro d u c t f ro m  th e  reac tio n s  
w ith o u t an d  w ith  T E T A  w ere  2 7 .6  an d  31 .9  % , re sp e c tiv e ly , w h ic h  a re  h ig h e r  v a lu e  
th an  th e  th e o re tic a l y ie ld  (2 3 .7 % ). T h e  h ig h e r  p e rc e n t c e ra m ic  y ie ld s  w e re  d u e  to  the  
sm all u n it o f  o lig o m e rs  in th e  p ro d u c t an d  th e  sm a ll a m o u n t o f  u n re a c te d  A l(O H ) 3  

re m a in in g  in  th e  p ro d u c t.
T h e  re a c tio n  o rd e r  w as se co n d  o rd e r  o v e ra ll, f irs t o rd e r  w ith  re sp e c t to  

a lu m in u m  h y d ro x id e  an d  f irs t o rd e r  w ith  re sp e c t to  T IS . T h e  d is so lu tio n  ra te  
in c re a se d  w h en  th e  re a c tio n  te m p e ra tu re  in c rea sed . T h e  a c tiv a tio n  e n e rg y  o f  th is 
re a c tio n  w as a b o u t 2 4 ± 2  K J m o l '1.
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mmol of TIS
Reaction time : 3 h 
Reaction temperature : 200°c
•Equivalent mmol of alumina calculated from Al(OH)3.xH20  used

Figure 1 O p tim iz a tio n  o f  A l(O H ) 3 :T IS  ra tio  fo r  c o m p le te  A l(O H ) 3  d is so lu tio n .
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mmol of alumina addedReaction time : 1 h 
Reaction temperature : 200°c^Equivalent mmol of ฝนmina calculated from Al(OH)3>xH:2o  

Figure 2. D isso lu tio n  ra te  as a  fu n c tio n  o f  A l(O H ) 3 c o n c e n tra tio n .
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Figure 3. T h e  re la tio n sh ip  o f  lo g a rith m  o f  co n v e rs io n  fa c to r  v e rsu s  re a c tio n  tim e  fo r 
e a c h  v a r ia tio n  o f  re a c tio n  tem p era tu re .
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0.0021 0.00215 0.0022 0.00225 0.0023 0.00235 0.0024
1/T (1/Kelvin)

Figure 4. T h e  re la tio n sh ip  o f  lo g a rith m  o f  ra te  c o n s ta n t an d  re a c tio n  tem p e ra tu re .
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Figure 5 . E ffe c t o f  th e  T E T A  c o n c e n tra tio n .
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Figure 6. E ffec t o f  T E T A  c o n c e n tra tio n  w ith  tim e.



145

<»)
TG /%

(b)
TG/V*

Figure 7. T G A  th e rm o g ra m  o f  th e  p ro d u c t fro m  th e  reac tio n s : (a) w ith  and  (b)
without TETA.
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(a)

G»)

Figure 8 . D S C  th e rm o g ra m s  o f  th e  p ro d u c t fro m  th e  re a c tio n s  (a) w ith  and  (b)
without TETA.
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T a b le  1 T h e  P ro p o se d  S tru c tu re s  an d  F ra g m e n ta tio n  P a tte rn  o f  P ro d u c ts
m /e  In te n s itie s  P ro p o se d  S tru c tu re

A1N(CH2CH2CH30)3H +
4 0 9  17.5

4 9 2

707

959

38.7

3 5 .4

7 .9

A1N(CH2CH2CH30)3N(CH2CH2CH30 )
(C H 2 C H 2 C H 3 O H ) 2 H +

A12[N(CH2CH2CH30 )3]2 (0 CH2 c h 20 ) h 2+

Al3[N(CH2CH2CH30)3]2Al2[N(CH2CH2CH30)2]2
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m /e

1175

1250

1292

T a b le  1 (C o n ’t)
In te n s itie s  P ro p o se d  S tru c tu re

4 6 .3

100

7.8

A15[N(CH2CH2CH30)3]5N(CH2CH2CH30)2CH2C
h 2 c h 3 h +
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Table 2 P eak  P o s itio n s  o f  ‘H - , 1 3C -, an d  2 7 A 1-N M R  o f  P ro d u c ts

C o m p o u n d s ‘H -N M R  (p p m ) 13C -N M R  (p p m ) 2 7 A 1-N M R  (ppm )
P ro d u c t w /o  T E T A 1.07-1 .41  (a) 2 1 .5 9 -2 2 .4 5  (a) 7.5

2 .3 6 -3 .1 5  (c) 6 4 .3 0  (c) 4 9 .6
3 .6 5 -4 .2 3  (๖) 7 8 .5 6 -7 9 .2 1 6 6 . 0

P ro d u c t พ / T E T A 1 .0 7 -1 .8 8  (a) 2 0 .7 9  (a) 7 .4
2 .2 3 -2 .8 5  (c) 6 4 .3 0 -6 5 .6 3  (c) 4 8 .8
3 .7 3 -4 .1 1  (๖) 7 8 .7 9 -7 9 .4 8  (๖) 6 4 .9
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Table 3 P eak  P o s itio n  an d  A ss ig n m en ts  o f  F T IR  S p e c tra  o f  P ro d u c ts  w ith /w ith o u t 
T E T A

P eak  p o s itio n s A ss ig n m e n ts
A l-T IS T IS -A 1-T E T A
3 0 0 0 -3 7 0 0 3 0 0 0 -3 7 0 0 น O -H  an d  น C -H
2 7 5 0 -3 0 0 0 2 7 5 0 -3 0 0 0 u C - H
1650 1630 O -H  o v e rto n e ; 

C -H  b e n d in g
1450 1450 5 C -H
1 0 0 0 - 1 2 0 0 1 0 0 0 -1 2 5 0 น C -N ; O -H  b e n d in g
5 0 0 -8 0 0 5 0 0 -8 0 0 น A l - 0
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Appendix B

SOL-GEL PROCESSING OF SILATRANES

Abstract
S ila tra n e  c o m p le x e s  are  o rg a n o s ilic o n  co m p o u n d s  sy n th e s iz e d  by d irec t 

re ac tio n  o f  S iÛ 2  an d  tr ia lk a n o la m in e s . H ere , w e e x p lo re  th e ir  p o te n tia l as ce ram ic  
p re c u rso rs  v ia  th e  h y d ro ly tic  so l-g e l p ro c e ss in g  m e th o d . V isc o e la s tic  a n a ly s is  is u sed  
to  c h a ra c te r iz e  th e  g e la tio n  b e h a v io r  o f  s ila tra n e s  b a se d  on  tr iiso p ro p a n o la m in e , 
u n d e r  d if fe re n t h y d ro ly s is  c o n d itio n s . P y ro ly se d  c e ra m ic  p ro d u c ts  a re  ch a ra c te riz e d  
in te rm s o f  su rfa c e  a rea  an d  m o rp h o lo g y  an d  fo u n d  to  h a v e  a h o m o g en eo u s  
m ic ro p o ro u s  s tru c tu re  w ith  h ig h  su rfa c e  a reas  (3 1 3 -4 1 7  m 2 /g ). F a s te r  h y d ro ly s is  ra tes  
lead  to  sh o r te r  g e la tio n  tim es, an d  sm a lle r  p o re  s izes  in  th e  d e r iv e d  ce ram ic .

Introduction
O rg a n o s il ic a te  p o ly m ers  a re  o f  in te re s t fo r  th e ir  p o te n tia l as p re c u rso rs  in  so l- 

gel p ro c e ss in g  to  fo rm  c o m p le x  p re c e ram ic  sh a p e s  an d  s tru c tu re s , n o t read ily  
a c c e ss ib le  by  m e lt p ro c e ss in g  [1 -2 ]. D u e  to  w id e sp re a d  a v a ila b ility  an d  low  cost, 
s ilica , (SiC>2 ) is th e  id ea l s ta rtin g  m a te ria l to  m ak e  o rg a n o s ilic o n  p o ly m e rs . H o w ev er, 
th e  S i - 0  b o n d  is v e ry  s tro n g  an d  d iff ic u lt to  m a n ip u la te  c h e m ic a lly  [3]. A s a 
c o ro lla ry , o rg a n o s il ic a te  p o ly m ers , o n c e  fo rm ed , a re  v e ry  ea sy  to  h y d ro ly z e  b ack  to  
S i0 2 . S u ch  h ig h  re a c tiv ity  can  c re a te  p ro b lem s in  ch e m ic a l p ro c e ss in g , th e re fo re  it is 
a d v a n ta g e o u s  to  b e  ab le  to  c rea te  p re c u rso rs  w ith  red u ced  h y d ro ly tic  ac tiv ity .

S ila tra n e  c o m p le x e s  a re  a  fam ily  o f  o rg a n o s ilic a te  c o m p o u n d s  d e r iv e d  fro m  
re a c tio n  o f  SiC >2 w ith  tr ia lk a n o la m in e s  su ch  as tr ie th a n o la m in e  o r 
tr i iso p ro p a n o la m in e  [4-6]. T h ese  m a te ria ls  a re  h y d ro ly tic a lly  s ta b le  in  a ir  fo r 
p e rio d s  u p  to  se v e ra l w eek s. F o r  th is  re a so n , th ey  a re  c a n d id a te s  fo r  u se  as 
p re c u rso rs  in c e ra m ic  p ro c e ss in g  v ia  the  so l-g e l te c h n iq u e . H e re , w e  rep o rt som e 
p re lim in a ry  v isc o e la s tic  s tu d ies  o f  so l-g e l p ro c e ss in g  o f  s ila tra n e s  u n d e r  d iffe ren t
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h y d ro ly s is  c o n d itio n s , an d  in v e s tig a te  the  c h a ra c te r is tic s  o f  g la s se s  fo rm ed  by 
p y ro ly s is  o f  th e  p ro d u c ts .

Methods
Synthesis of Silatrane Complex
Materials. F u m e d  s ilic a  (su rface  a rea  2 8 0  m 2 /g , a v e ra g e  p a rtic le  s ize  o f  

0 .0 0 7  p m ) w as p u rc h a se d  fro m  A ld rich  C h em ica l C o m p a n y , an d  d r ie d  in  an  o v en  at 
90  °c fo r 10 hr. E th y le n e  g ly co l, p u rc h a se d  fro m  L a b sc a n , w as u se d  as reac tio n  
so lv en t, an d  p u rif ie d  by  fra c tio n a l d is tilla tio n  a t 2 0 0  °c u n d e r  N i a tm o sp h ere . 
T r iiso p ro p a n o la m in e  [T IS , N (C H 2 C H C H 3 0 H ) 3 ] w as o b ta in e d  fro m  F lu k a  C h em ica l 
C o m p a n y , an d  d rie d  in  a  d e s icca to r. C o m m erc ia l g ra d e  tr ie th y le n e te tra m in e  [T E T A , 
F E N C F ^ C fE N H C I-E h  C H 2 N H 2 ], su p p lie d  by U n io n  C a rb id e  T h a ila n d , L im ited , w as 
p u rif ie d  by  v a c u u m  d is tilla tio n  a t 120 °c (1 m m  H g ).

A n h y d ro u s  d ie th y l e th e r  an d  d ic h lo ro m e th a n e , u se d  as  p ré c ip ita n ts , w ere  
p u rc h a se d  fro m  B a k e r  A n a ly tic a l C o . D ic h lo ro m e th a n e  w as d is tille d  o v e r  an h y d ro u s  
c a lc iu m  c h lo r id e  u n d e r  N 2  a tm o sp h e re . A n h y d ro u s  d ie th y l e th e r  w as d rie d  by  ad d in g  
a n h y d ro u s  c a lc iu m  c h lo r id e , le t s tan d  fo r 24  h r  w ith  o c c a s io n a l sh a k in g , an d  then  
filte re d  in to  a  c le a n  d ry  b o ttle . H P L C  g rad e  te tra h y d ro fu ra n , u se d  as so lv en t fo r 
m o le c u la r  w e ig h t d e te rm in a tio n  by  gel p e rm ea tio n  c h ro m a to g ra p h y , w as p u rch ased  
fro m  J. T. B a k e r  In c ., an d  u sed  as rece iv ed .

Reaction conditions. A s d isc o v e re d  by  P ib o o n c h a is it  [6 ], s ila tran e  
c o m p le x e s  w e re  fo rm e d  by  m ix in g  fu m ed  s ilic a  w ith  T IS  (an d  T E T A  as ca ta ly s t)  in 
e th y le n e  g ly c o l (E G ) as so lv en t. T h e  reac tio n  te m p e ra tu re  w as se t at th e  d is tilla tio n  
p o in t o f  E G  (2 0 0  °C ). W a te r  fo rm e d  d u rin g  th e  re a c tio n , an d  E G  w ere  co n tin u o u s ly  
re m o v e d  an d  re p la c e d  by  an  e q u iv a le n t a m o u n t o f  fre sh  E G  d is tilla te . A fte r  re ac tio n , 
the  re s id u a l E G  w as re m o v e d  by  v acu u m  d is tilla tio n  (1 m m  H g ). B a se d  on  G P C  
a n a ly s is  d e sc r ib e d  b e lo w , fo u r  d is tin c t ch em ica l sp e c ie s  m ay  b e  fo rm e d  d u rin g  the  
re a c tio n , w ith  p ro p o se d  s tru c tu re s  sh o w n  in F ig . 1, w h o se  re la tiv e  a b u n d an ce  
d e p e n d s  on  th e  m o la r  ra tio  o f  T I S :S i0 2, th e  a m o u n t o f  T E T A  c a ta ly s t p re sen t, the 
te m p e ra tu re  a t w h ic h  th e  v a c u u m  d is tilla tio n  o f  E G  is c a rr ie d  o u t, an d  on  the
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d u ra tio n  o f  th is  d is til la tio n  p ro ced u re . O f  th e  fo u r  s tru c tu re s  sh o w n , th a t w ith  
m o le c u la r  w e ig h t 4 0 7  is p a r tic u la r ly  u n d es irab le , b e c a u se  th e  s ilic o n  c o n te n t is low , 
and  h e n c e  th e  % c e ra m ic  y ie ld  is p o o r, w h ich  m ak es  th e  p ro d u c t u n su ita b le  as a 
c e ram ic  p re c u rso r . T h e  o p tim a l reac tio n  c o n d itio n , a t w h ich  m in im a l fo rm a tio n  o f  
th is  sp e c ie s  o c c u rs , w as fo u n d  to  b e  a t a 1: 1 m o la r  ra tio  o f  TIS:SiC>2 , (w ith  T E T A  in 
th e  a m o u n t o f  5 m o l%  o f  s ilic a  [6 ]). A s th e  v a c u u m  d is ti l la t io n  tem p e ra tu re  
in c re a se s , th e  a m o u n t o f  h ig h  m o le c u la r  w e ig h t sp e c ie s  in c re a se s  u p  to  180 °c, afte r 
w h ich  it d e c re a se s  ag a in , as sh o w n  in F ig . 2. T h e  o p tim u m  te m p e ra tu re  fo r h igh  
ce ram ic  y ie ld  is th e re fo re  180 °c.

Characterisation of Silatrane Complexes
FTIR Spectroscopy. F T IR  sp e c tro sc o p ic  a n a ly s is  w as p e rfo rm e d  u sin g  a 

B ru k e r in s tru m e n t w ith  a re so lu tio n  o f  4  c m '1. P o w d e re d  sp e c im e n s  c o n ta in in g  1.0%  
sam p le  m ix e d  w ith  9 9 %  c ry s ta llin e  K B r w ere  c o m p re sse d  in to  p e lle ts . T h e  p e lle ts  
w ere  p laced  in  th e  sam p le  c h a m b e r  p u rg e d  w ith  N 2 fo r  2 0  m in u te s  to  re m o v e  C O 2 .

NMR Spectroscopy. 13C  an d  ‘h N M R  sp e c tra  o f  s ila tra n e  c o m p le x e s  w ere  
o b ta in ed  u s in g  a  5 0 0 M H z  JE O L  sp ec tro m e te r. S a m p le s  w ere  d is so lv e d  in  d eu te ra ted  
D M S O . T e tra m e th y ls ila n e  w as u se d  as the  in te rn a l re fe re n c e  fo r  b o th  p ro to n  and  
c a rb o n  N M R .

Gel Permeation Chromatography. G P C  c h ro m a to g ra m s  w ere  p e rfo rm ed  
u s in g  a W a te rs  6 0 0 E  In s tru m e n t eq u ip p e d  w ith  u v  an d  R I d e te c to rs  (W a te rs  4 8 6  and  
4 1 0 , re sp e c tiv e ly ) . T h e  c o lu m n  u sed  w as S ty rag e l o f  p o re  s ize  su ita b le  to  sep a ra te  
m o le c u la r  w e ig h ts  in  th e  ra n g e  0  to  1,000. C a lib ra tio n  w as p e rfo rm e d  u sing  
p o ly s ty re n e  s ta n d a rd s  o f  n a rro w  m o le c u la r  w e ig h t d is tr ib u tio n . T H F  w as th e  so lv en t 
at a m b ie n t te m p e ra tu re . T h e  s ila tra n e  sam p le s  w ere  d is so lv e d  in T H F  at 
c o n c e n tra tio n  b e lo w  0 .3 %  w e ig h t, an d  f ilte re d  th ro u g h  0 .4 5  p m  m e m b ra n e  filte rs  
p r io r  to  G P C  an a ly s is .
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Rheological determination of the sol-gel transition. T h e  tran sfo rm a tio n  
fro m  a  so l to  a  g e l can  b e  m o n ito red  T heolog ically  by  fo llo w in g  th e  ch an g e  in 
v isc o e la s tic  p ro p e rtie s . T h e  s ila tra n e  reac tio n  p ro d u c t, a f te r  re m o v a l o f  re s id u a l 
e th y le n e  g ly c o l, h a s  th e  a p p e a ra n ce  o f  a h ard  p la s tic , an d  w as u se d  w ith o u t fu rth e r 
p u rif ic a tio n . T h e  m a te ria l w as d isso lv e d  in the  h y d ro ly s is  so lv e n t a t a  c o n c e n tra tio n  
o f  150%  w /v . T h e  h y d ro ly s is  te m p e ra tu re  w as se le c te d  to  be  4 0  ๐c ,  5 0  ๐c ,  o r  60  °c. 
T h e  so lu tio n  w as s tir re d  u n til h o m o g en eo u s  an d  p re h e a te d  in  a  w a te r  b a th  at the 
h y d ro ly s is  te m p e ra tu re , u n til the  so lu tio n  w as v isco u s  e n o u g h  to  b e  tra n s fe rred  to  the 
rh eo m e te r. T h e  c o n e  an d  p la te  a tta c h m e n t o f  th e  rh e o m e te r  w as p re -h e a te d  to  the  
h y d ro ly s is  te m p e ra tu re . T h e  g e la tio n  tim e  w as d e te rm in e d  fro m  th e  p o in t d u rin g  
p re -h e a tin g  a t w h ic h  th e  so lu tio n  rea c h e d  th e  h y d ro ly s is  te m p e ra tu re  in th e  w a te r 
ba th . M e a su re m e n ts  o f  s to ra g e  ( G ’(co)) an d  loss (G ” ( co)) m o d u li w e re  m ad e  in  a 
R h eo m e tric s  A R E S  rh e o m e te r  w ith  a  10g -cm  tra n sd u c e r , in  c o n e  an d  p la te  g eo m etry  
(co n e  ra d iu s  5 0  m m , co n e  an g le  0 .0 4  rad ian s). M e a su re m e n t o f  G ’(co) an d  G ” ( co) 
w as p e rfo rm e d  a t 10 fre q u e n c ie s  CO ra n g in g  fro m  0.1 to  1.6 ra d /se c . E ach  freq u en cy  
scan  re q u ire d  1 0  sec.

T h e  p re c ise  lo c a tio n  o f  th e  gel p o in t as d e te rm in e d  fro m  v isco e la s tic  
m e a su re m e n ts  h a s  b e e n  d isc u sse d  in  th e  p rev io u s  lite ra tu re  [7]. In itia lly , th e  m ate ria l 
in th e  so l s ta te  is a  v isco u s  f lu id  su ch  tha t tan ô  =  G ” ( co)/G ’(co) »  1. A s g e la tio n  
p ro ceed s , G ’ an d  G ” in c rea se  an d , u ltim a te ly , th e  m a te r ia l b e c o m e s  an  e la s tic  gel, 
tan ô  «  1. F re q u e n tly , it is a ssu m e d  th a t th e  g e l p o in t o ccu rs  a t th e  lo c a tio n  o f  th e  
c ro sso v e r  o f  th e  lo ss  (G ” ) an d  s to ra g e  (G ’) m o d u li (i.e . w h e re  tan ô  = 1 ) .  H o w ev er, 
e x p e rim e n ta lly , th is  c ro s so v e r  p o in t is o ften  fo u n d  to  d e p e n d  on  th e  d e fo rm a tio n  
fre q u e n c y , CO. A  m o re  d e f in itiv e  a n a ly s is  is n o w  p o ss ib le  fo llo w in g  m o re  recen t 
e x p e rim e n ta l an d  th e o re tic a l w o rk  [7-8]. A t th e  g e l p o in t, p o w e r- la w  b e h a v io r  is 
o b se rv e d  in  th e  fre q u e n c y  d e p e n d e n c e  o f  d y n a m ic  m e c h a n ic a l ex p e rim en ts . 
S p e c if ic a lly , th e  s to ra g e  an d  lo ss  m o d u li fo llo w  th e  re la tio n sh ip s  [7-8]:

G’(co) = G”( co)/tan(nn/2) = T(l-n)cos(nTt/2)Scon (1 )
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w h ere  r ( l - n )  re fe rs  to  th e  g am m a  fu n c tio n  o f  a rg u m e n t (1 -n ). T h e  p h ase  an g le  6  

b e tw e e n  s tre ss  an d  s tra in  is in d e p e n d e n t o f  f re q u e n c y  an d  p ro p o rtio n a l to  the  
re la x a tio n  e x p o n e n t, ท:

ร = ท7โ/2 (2)

A  v a rie ty  o f  e x p e r im e n ta l s tu d ies  h av e  b een  re p o rte d  [7; 9 -1 2 ], w h ich  su p p o rt the 
v a lid ity  o f  th is  v isc o e la s tic  d e fin itio n  o f  the  gel p o in t, in c lu d in g  b o th  c h e m ic a lly  and  
p h y s ic a lly  c ro s s - l in k e d  sy stem s. E x p e rim e n ta l v a lu es  o f  th e  re la x a tio n  e x p o n e n t ท 
vary  fro m  ท =  0 .2  to  ท =  0 .8 . F o r c e rta in  c h em ica lly  c ro ss - lin k e d  sy s te m s , ท d ep en d s  
on  s to ic h io m e try . T h e o re tic a l p red ic tio n s , w h ich  su p p o rt v a rio u s  v a lu e s  o f  th e  
d y n a m ic a l e x p o n e n t, ท, h av e  b een  re p o rte d  [7; 13-14]. P h y s ic a lly , th e  p o w e r law  
d e p e n d e n c e  o f  th e  m o d u li o r ig in a te s  in the  fac t th a t th e  g e l p o in t o ccu rs  w h en  the 
f irs t s a m p le -sp a n n in g  gel c lu s te r  fo rm s. H en ce , th e  m a g n itu d e  o f  th e  d y n am ica l 
e x p o n e n t is d e te rm in e d  by  th e  s tru c tu re  and  h y d ro d y n a m ic  p ro p e r tie s  o f  th e  c ritica l 
c lu s te r . T h e  p o w e r- la w  b e h a v io r  o rig in a te s  in  th e  fac t th a t th e  s tru c tu re  o f  the  
c ritic a l gel h as  a  frac ta l c h a ra c te r  [14],

Characterisation of Pyrolysis Products
BET Surface Area Measurement. T h e  su rfa c e  a re a  o f  p y ro ly sed  

p o ly s ila tra n e  g e ls  w as d e te rm in e d  u sin g  an  A u to so rb -1  G a s  S o rp tio n  S y s tem  
(Q u a n ta c h ro m e  C o rp o ra tio n )  v ia  th e  B ru n a u e r-E m m e tt-T e lle r  (B E T ) m eth o d . A 
g aseo u s  m ix tu re  o f  n itro g e n  an d  h e liu m  w as a llo w e d  to  f lo w  th ro u g h  th e  a n a ly se r  at 
a c o n s ta n t ra te  o f  3 0  cc /m in . N itro g e n  w as u sed  to  c a lib ra te  th e  a n a ly se r, an d  w as 
a lso  u sed  as th e  a d so rb a te  a t liq u id  n itro g en  te m p e ra tu re . E a c h  sa m p le  w as d e g a sse d  
at 3 0 0  °c fo r  2 h r b e fo re  an a ly sis . T h e  su rface  a rea  w as o b ta in e d  fro m  a  f iv e -p o in t 
iso th e rm  a t P /P 0  ra tio  le ss  th an  0 .3 . T h e  re su lts  w e re  c o m p u te d  b a se d  on  the  
d e so rp tio n  su rfa c e  a re a  an d  the  d rie d  w e ig h t o f  th e  sa m p le  a f te r  a n a ly s is .

Scanning Electron Microscopy. S E M  m ic ro g ra p h s  w ere  o b ta in e d  u s in g  a 
JE O L  5 2 0 0 -2 A E (M P  1 5 1 5 2 0 0 1 ) scan n in g  e le c tro n  m ic ro sc o p e . S am p le s  w ere  
p re p a re d  fo r  S E M  a n a ly s is  by  a tta c h m e n t to  A lu m in u m  stu b s , a f te r  p y ro ly s is  at 800
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°c. P rio r  to  a n a ly s is , th e  sp ec im en s  w ere  d ried  in  a v a c u u m  o v en  at 7 0  °c fo r 5 hr, 
and  th en  c o a te d  w ith  g o ld  by  v a p o r d ep o s itio n . M ic ro g ra p h s  o f  th e  p y ro ly se d  sam p le  
su rface s  w ere  o b ta in e d  a t 2 ,0 0 0  an d  7 ,5 0 0  m ag n ific a tio n .

Results and Discussion
Structural Characterisation of Silatrane Complex. S ila tra n e  co m p lex es  

p ro d u c e d  by  th e  sy n th e tic  m e th o d  d e sc rib e d  ab o v e  a re  a  m ix tu re  o f  fo u r  m o lecu la r  
sp ec ie s , b a se d  o n  G P C  an a ly sis . P ro p o sed  s tru c tu re s  o f  each  sp e c ie s  a re  sh o w n  in 
F ig . 1. E v id e n c e  fo r  th e  fo rm a tio n  o f  s ila tran e  c o m p le x e s  in c lu d e s  o b se rv a tio n  o f  
c h a ra c te r is tic  a b so rp tio n  b an d s  in  F T IR  an a ly s is  (T a b le  1) an d  re so n a n c e  freq u en c ies  
in 13c an d  ' h  N M R  sp e c tro sc o p y  (T ab le  2).

Rheological analysis of Sol-Gel transition of Silatranes. S ila tra n e  co m p lex  
fo rm ed  a fte r  v a c u u m  d is tilla tio n  o f  e th y len e  g ly co l w as d is so lv e d  in  o n e  o f  th ree  
h y d ro ly s is  so lv e n ts  a t a  c o n c e n tra tio n  o f  150 %  w /v . T h e  h y d ro ly s is  so lv en ts  w ere: 
d is tille d  d e - io n iz e d  w a te r  w ith  m easu red  p H  =  6 .7 ; M g O  so lu tio n  p re p a re d  by  
d is so lv in g  0 .5  g M g O  in 1 lite r  d is tille d  d e - io n iz e d  w a te r  w ith  m e a su re d  p H  =  11.3; 
an d  a  so lu tio n  o f  m e th an o l in d is tille d  d e -io n iz e d  w a te r  a t a  ra tio  1:1 (p H  =  8 .1). T h e  
c h a n g e  in  G ’ a n d  G ” w as o b se rv e d  fo llo w in g  p ro c e d u re s  d e sc r ib e d  ab o v e . In F ig . 3, 
w e sh o w  fre q u e n c y  scan s  o f  G ’ an d  G ” d u rin g  h y d ro ly s is  in w a te r  a t 4 0  ๐c  at th ree  
tim es, v iz . b e fo re  th e  g e l p o in t, a t th e  gel p o in t, an d  a f te r  th e  g e l p o in t. T h e  lo ca tio n  
o f  th e  g e l p o in t w as id e n tif ie d  fo llo w in g  th e  d isc u ss io n  o f  C h a m b o n  an d  W in te r  [7], 
su m m a riz e d  ab o v e  in  e q u a tio n s  (2) an d  (3), as th e  p o in t w h e re  G ’ a n d  G ” fo llo w  the 
sam e p o w e r law  w ith  e x p o n e n t ท, i.e. a f re q u e n c y - in d e p e n d e n t tan ô . A s e v id e n t in 
F ig . 4 , th is  o c c u rs  a t g e l tim e  t =  15600  ร ±  1100 ร, w h en  ท ~ 1.0 an d  tan  Ô ~ 1.0. T h e  
c o rre sp o n d in g  v a r ia tio n  o f  tanô , th e  a p p a re n t fre q u e n c y  e x p o n e n ts  o f  G ’ an d  G ” , and  
the  c h a n g e  in  m a g n itu d e  o f  th e  d y n am ic  v isc o s ity , ฦ *((ù), d u rin g  h y d ro ly s is  are  
sh o w n  in F ig s . 4 , 5, an d  6 , re sp e c tiv e ly . A s e v id e n t in  F ig s . 4  an d  5, th e re  is 
c o n s id e ra b le  u n c e r ta in ty  (~ ±  7 % ) in d e c id in g  th e  lo c a tio n  o f  th e  g e l p o in t b ased  on 
the  fre q u e n c y - in d e p e n d e n c e  o f  tanô , and , th e re fo re , a  c o rre sp o n d in g  u n c e rta in ty  in



157

th e  p re c ise  v a lu e s  o f  th e  d y n am ic  e x p o n e n t ท =  0 .5 5  ±  0 .1 5 . F ig . 6  c o n firm s  that, as 
ex p ec ted , th e  d y n a m ic  v isc o s ity  in c rea se s  d ra m a tic a lly  a t th e  g e l p o in t an d , a fte r  
g e la tio n , e x h ib its  a  s tro n g  d e p e n d e n c e  on  d e fo rm a tio n  freq u en cy .

H y d ro ly s is  e x p e rim e n ts  w ere  ca rried  o u t a t th re e  te m p e ra tu re s , an d  the gel 
tim es d e te rm in e d  a re  ta b u la te d  in  T a b le  3. A t e a c h  te m p e ra tu re , as  illu s tra te d  by  R oy 
an d  M c C a rth y  [1 5 -1 6 ], th e  sh o rte s t gel tim es a re  o b se rv e d  in  th e  m o st ion ic  M gO  
so lv en t, w h e re  th e  h y d ro ly s is  ra te  is fa s te s t, an d  th e  lo n g e s t g e l tim es  a re  in  the  least 
io n ic  M e O H  so lv e n t, w h ich  has th e  s lo w es t h y d ro ly s is  ra te . A lso  in c rea se  o f  
te m p e ra tu re  in c re a se s  th e  ra te  o f  h y d ro ly s is  and  th u s  d e c re a se s  th e  gel tim es.

Characterization of pyrolyzed ceramics. P o ly s ila tra n e  g e ls  p ro d u c e d  v ia  
h y d ro ly s is  in  th e  th re e  so lv en ts  a t 4 0  °c w ere  p y ro ly z e d  a t v a r io u s  te m p e ra tu re s  in 
th e  ra n g e  2 0 0  °c to  8 0 0  °c. F T IR  sp ec tra  a re  sh o w n  in F ig . 7 a n d  in d ic a te  in c rea s in g  
c o n v e rs io n  to  s ilic a , w ith  in c rea s in g  tem p e ra tu re  su ch  th a t a t 8 0 0  °c, e sse n tia lly  p u re  
SiC>2 is o b ta in e d . T h u s  p u re  c e ra m ic  p ro d u c t can  b e  g e n e ra te d  in  h ig h  y ie ld , u sin g  
p ro c e ss in g  te m p e ra tu re s  as low  as 8 00  °c. T h e  su rfa c e  a rea s  o f  c e ra m ic s  p ro d u ced  
by  p y ro ly s is  a t 8 0 0  °c o f  g e ls  fo rm e d  in each  o f  th e  h y d ro ly s is  so lv e n ts  a t 4 0  °c 
w ere  d e te rm in e d  by  th e  B E T  m e th o d . T h e  re su lts  a re  lis te d  in  T a b le  4 , a n d  in d ic a te  a 
tren d  o f  d e c re a s in g  su rfa c e  a rea  w ith  d ec rea s in g  gel tim es. A t h ig h  ra te s  o f  g e la tio n , 
it is lik e ly  th a t sm a lle r  g e l p a rtic le s  a re  fo rm ed , w h ic h  m ig h t le a d  to  sm a lle r  p o re  
s izes , an d  h e n c e  h ig h e r  su rfa c e  a reas  in  th e  p y ro ly se d  p ro d u c ts . In  F ig . 8 , w e sh o w  
S E M  m ic ro g ra p h s , tak en  a t a  m ag n ific a tio n  o f  x 7 5 0 0 , o f  th e  su rfa c e s  o f  th e  th ree  
p y ro ly z e d  c e ra m ic s  to g e th e r  w ith  th a t o f  the  fu m e d  s ilic a  s ta r tin g  m a te r ia l. C lea rly , 
so l-g e l p ro c e ss in g  v ia  fo rm a tio n  o f  s ila tran e  c o m p le x e s  h as  c o n v e r te d  th e  s ilic a  fro m  
a  g ra n u la r  p o ro u s  so lid  in to  a  h o m o g e n e o u s  m ic ro p o ro u s  g la ss , w ith  a  c o rre sp o n d in g  
in c rea se  in  su rfa c e  a re a  fro m  2 8 0  m 2/g  to  ~ 4 1 0  m 2 /g . F ro m  th e  m ic ro g ra p h s , th e re  
a p p ea rs  to  b e  a te n d e n c y  to w ard s  sm a lle r  p o re  s izes  w ith  sh o r te r  g e l tim es. In 
p a r tic u la r  th e  c e ra m ic  fro m  the  M g O  h y d ro ly s is  so lv e n t h as  th e  m o s t f in e ly  d iv id ed  
m o rp h o lo g y , b u t sh o w s  e v id e n c e  o f  c o n ta m in a tio n  by  sm all a m o u n ts  o f  p re c ip ita te d  
M g O  on  th e  su rface .
Conclusions
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T h e  o p tim a l re a c tio n  m ix tu re  fo r  s ila tra n e  sy n th e s is  is o n e  w ith  eq u im ila r  
am o u n ts  o f  T IS  an d  SiC b in  the  p re se n c e  o f  5 m o l%  o f  s ilica . T h e  o p tim u m  v acu u m  
d is tilla tio n  te m p e ra tu re  is 180 ° c .  A fte r  12 h o u rs  u n d e r  th e se  c o n d itio n s , m o st o f  the 
so lv en t is re m o v e d , an d  th e  m o n o m e r (M  =  2 7 7 ) is la rg e ly  c o n v e r te d  to  th e  d im er 
w ith  M  =  4 9 2 . G e la tio n  o f  th e  s ila tra n e  c o m p lex  fo rm e d  u n d e r  th e se  c o n d itio n s  is 
a ch ie v e d  by  h y d ro ly s is  u n d e r  io n ic  c o n d itio n s . P y ro ly s is  o f  th e  g e ls  a t 8 00  ° c  
p ro d u ces  a h o m o g e n e o u s  m ic ro p o ro u s  g lass. G la ss  fo rm e d  u n d e r  m o re  ion ic  
co n d itio n s  (M g 0 /H 2 0 ) h as  th e  sm a lle s t p o res  an d  la rg e s t su rfa c e  a rea , b u t su ffe rs  
fro m  c o n ta m in a tio n  b y  p re c ip ita te d  M gO .
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Table 1 A ss ig n m e n ts  o f  in fra re d  sp ec tra  o f  th e  p ro d u c ts .

Characterization Silatrane
Complexes

S i-N  s tre tc h in g 3 5 6 0 -5 9 0  e r a '1

S i - 0 - C H b 9 7 0 ,8 8 3  c m '1

C -O a 1 0 1 3 -1 0 7 0  c m '1

S i - 0 - C H 2b 101 5 -1 0 8 5  c m '1

C -N a 1270 c m '1

C -H  b e n d in g 3 1 3 8 0 -1 4 6 0  c m '1

C -H  s tre tc h in g 3 2 8 0 0 -2 9 7 6 0  c m '1

a: S ilv e rs te in  e t  a l .  1991.

b: A n d e rso n  D .R ., 1974.
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Table 2 *H-and 13C-NMR chemical shifts of silatrane complexes

Position Groups ^-NM R (ppm) 13C-NMR (ppm)
(a) N-CTb 2.86-2.91 57.7
(b) CH-CH3 4.0 23
(c) CH-CH3 0.96-1.12 2 0 - 2 1

(d) CH2-O 3.3 59.2
(e) CH2-OH 3.4-3.5 62.5-65



Table 3 Viscoelastic properties at the sol-gel transition of polysilatrane.

Solvent
Temperature

(°C)
Gelling
time(s) tan<!> ท

MgO + H2O 60 4500 1.31 0.55
h2o 60 6620 1.62 0.75

MeOH +
h 20 60 8260 1.20 0.61

MgO + H20 50 8950 3.02 0.85
h 20 50 9350 2.24 0.79

MeOH +
h20 50 9560 0.98 0.49

MgO + H20 40 14567 1.20 0.62
h20 40 16200 1.06 0.53

MeOH +
h20 40 18892 1.42 0.67



Table 4 Surface area of polysilatrane gel pyrolyzed at 800°c

Gel Surface area (เท2/g)
Hydrolyzed MgO+ H2O 417
Hydrolyzed H2O 401
Hydrolyzed MeOH+H^O 313
Pyrolyzed start from 500°c 414
Pyrolyzed start from room temp. 388
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(a)

F ig u r e  1 The proposed structures of silatrane complexes using 1:1 ratio of
[TIS]: [Si02].
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■  Mwt.=492
□  Mwt.=407
□  Mwt.=277
□  Mwt.=233

vacuum distillation temperature (°Q

Figure 2 Silatrane complexes obtained at 1:1 [TIS] : [Si0 2 ] and various vacuum 
distillation temperature.



166

Before gel point 
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After gel point 
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0.1 1.0
CO (rad/s) 10.0

Figure 3 The relationship of log G 'and G " vs. log frequency of 150 % w/v silatrane 
complex hydrolyzed in water at T = 40°c
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CO = 0.1 
co = 0.2 
CO = 0.4 
CO = 0.8 
CO = 1.6

Figure 4 Multi-frequency plot of tan(5 vs. gelling time of 150 % w/v silatrane 
complex hydrolyzed in water at T = 40 ๐c
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Figure 5 The plot of power-law exponent ท' and ท" vs. gelling time of 150 % w/v 
silatrane complex hydrolyzed in water at T ะ= 40 °c
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♦ ผ= 0.1 
■๓=0.2 

A ๓= 0.4 
x ๓=0.8 
°  ๓= 1.6

Figure 6 Complex viscosity ( 7 *) at different frequency plotted vs. gelling time of 
150 % w/v silatrane complex hydrolyzed in water at T = 40 °c
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Figure 7 FTIR spectra of the pyrolyzed polysilatrane gel at different temperatures.
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Me0H+H20  X 7500

Mg0+H20  X 7500

H20  X 7500

Fumed Si02 X 7500

Figure 8. SEM micrograph of pyrolyzed polysilatrane hydrolyzed with various 
solvent, at 800 °c, and heating rate of 10 °c/min as compared with fumed 
Si02 with magnification 7500
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