
CHAPTER III
R E S U L T S  A N D  D I S C U S S I O N

3.1 S y n th e s is

3.1 .1  S y n th esis  o f  G lv c o la to  S ilo x a n e  P o ly m e r
In  th is  s tu d y , g ly c o la to  s i lo x a n e  p o ly m e r  p ro d u c ts  w e re  

sy n th e s iz e d  fro m  s ilico n  d io x id e , S i0 2 ,  a n d  e th y le n e  g ly co l, E G , in th e  
p re se n c e  o f  tr ie th y le n e te tra m in e , T E T A , as a b ase . B e c a u se  w a te r  is a b y ­
p ro d u c t o f  th e  reac tio n , it m u s t be re m o v e d  from  th e  sy s te m  to  d riv e  th e  
re a c tio n  fo rw a rd  and  p rev en t g e la tio n , as sh o w n  in e q u a tio n  (3 .1 ):

*t e t a / - h , o

S 1 0 2 +  /  \  ________ -
H O  O H  h c ii  V — 0 +■ [ C r i

reflux poin t o f  EG _ท ’v V > -

In  th is  sy stem , th e  re a c tio n  m ix tu re  s ta r te d  as a tw o  p h a se  m ix tu re  
c o m p o se d  o f  S i0 2 ,  e th y le n e  g ly co l an d  T E T A . W h en  th e  re a c tio n  w as 
ach iev ed , th e  m ix tu re  h o m o g e n e o u s ly  tu rn e d  c lea r. T h e  p ro d u c t w as p u rified  
by  p re c ip ita tin g  in 2 .5 %  d ried  M e O H  in d ried  C H 3 C N . A  s lig h t a m o u n t o f  
M e O H  h e lp e d  to  p rec ip ita tio n .

E ffe c t  o f  TETA C o n c e n tra tio n  on  G ly c o la to  S ilo x a n e  P o ly m e r  
T h e  study  w as c o n d u c te d  at T E T A  c o n c e n tra tio n  o f  10 m o l%  (25 

m m o l, 100 m m o l o f  N  e q u iv a le n t) , 15 m o l%  (37 .5  m m o l, 150 m m o l o f  N  
e q u iv a len t) , 20  m o l%  (50  m m o l, 200  m m o l o f  N  e q u iv a le n t) , 25 m o l%  (62.5  
m m o l, 250  m m o l o f N  e q u iv a le n t) , and  30 m o l%  o f  SiC>2 (75 m m o l. 300  m m ol 
o f  N  e q u iv a le n t) , re sp ec tiv e ly . T h e  m ix tu re  re a c tio n  to o k  25 h. to  co m p le te ,
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and  at th is  p o in t  th e  m ix tu re s  w e re  c le a r  w h e n  they  w ere  a llo w e d  to  co o l dow n , 
in d ic a tin g  th a t th e  re a c tio n s  w e re  co m p le te d . T h e re fo re , th e  a p p ro p ria te  tim e  
fo r S i(e g ) 2  sy n th e s is  at e a c h  T E T A  co n c e n tra tio n s  w as at 25 h.

3 .1 .2  C ro ss lin k in g  S tep  w ith  G ly ce ro l
A d d itio n  o f  G ly c e ro l to G ly c o la to  S ilo xa n e  P o ly m e r  (S c h e m e  VII)

-TETA /-H20
S i02 + HOCH2CH2OH ^ = ^  Glycolato Siloxane

at refluxing 
temperature of EG

Glycerol
Vacuum Further heating . .7

D rying"* at 100 oc under "* Mixture
at 80 oc high vacuum (10-2 Torr)

Y
Precipitation in

2.5 % dried MeOH 
in dried CH3CN

S c h e m e  V I I  ะ C r o s s l i n k i n g  g ly c o la to  s i lo x a n e  p o l y m e r  w i th  g l y c e r o l .

T h e  sy n th e s is  re su lts  w e re  acq u ired , b ased  on S c h e m e  V II  

reac tio n  ro u te . T h e  T G A  d a ta  (see  T ab le  3 .1 ) w ill be  d iscu ssed  a lo n g  w ith  o th e r 
resu lts .
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T ab le  3.1 : P e rc e n t C e ra m ic  y ie ld s  o f  c ro ss lin k in g  p ro d u c ts  at d if fe re n t T E T A  
c o n c e n tra tio n  a n d  d iffe re n t c ro ss lin k in g  re a c tio n  tim e s

x .  TETA Cone. 

Crosslinking t i m e ^
15 mol% 20 mol% 25 mol% 30 mol % 100 mol%

10 hr 42.1 51.2 53.6 40.1 -

15 hr 46.8 42.4 53.9 40.5 -

20 hr 43.5 65.8 41.5 51.3 -

40 hr - - - - 43.7

50 hr - - - - 7.6

T h e  m ix tu re  w a s  fu rth e r  h ea ted  at 100 °c  u n d e r  h ig h  v a c u u m  
(1 0 '2  T o rr) , to  e lim in a te  re m a in in g  E G . M ean w h ile  th e  e x c h a n g e  re a c tio n  
b e tw e e n  E G  an d  g ly ce ro l o c c u rre d , as illu s tra ted  b e lo w  (S c h e m e  V III) .
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Theoretical percent ceramic yield = 28.9

3Si(eg)2 + 4Glycerol------------^  Si3(gly)4 + 6 EG

S^CglyA + excess 0 2----------- 3Si02 + 12C02 + 20H2O

Theoretical percent ceramic yield = 40.9

S c h e m e  V I I I  ะ E x c h a n g e  r e a c t i o n  b e tw e e n  E G  a n d  g l y c e r o l .

T h e  o b ta in ed  p ro d u c t g av e  a T G A  p ro file  w ith  a re la tiv e ly  h ig h  %  
ce ra m ic  y ie ld  as co m p ared  to  S i(g ly ) 2  w h ic h  has th e o re tic a l c e ra m ic  y ie ld  o f  
2 8 .9 % . T h is  su g g es ts  th a t th e  p ro d u c t m ig h t be  c ro ss lin k e d , se e  S c h e m e  IX , 
s in ce  th e  sy s te m  h ad  ex cess  g ly ce ro l and  w as ru n  in th e  p re se n c e  o f  T E T A .

3 .1 .3  E ffe c t o f  T E T A  C o n c e n tra to n  on C ro ss lin k e d  P o ly m e r P ro d u c t
T h e  sy n th es is  o f  g ly co la to  s ilo x a n e  p o ly m e r  w as  f irs t c a rr ie d  out 

in N 2  a tm o sp h e re . V a rie d  T E T A  c o n c e n tra tio n s  w e re  a d d ed , an d  v a ria tio n  o f  
th e  c ro s s lin k in g  re a c tio n  tim e  w as th en  s tu d ied . T h e  c ro ss lin k in g  re a c tio n  w as 
c o n d u c te d  u n d e r  v ac u u m  (~ 1 0 '2  T o rr) at 100°c .

F ro m  T ab le  3.1, th e  ra n g e  o f  ce ra m ic  y ie ld s  w a s  a p p ro x im a te ly  
from  40 to  60 %  ex cep t w h en  ex cess  T E T A  c o n c e n tra tio n  w a s  a p p lie d . A t 50 h. 
o f  c ro s s lin k in g  tim e , p e rcen t ce ra m ic  y ie ld  d ro p p e d  d ra m a tic a lly . T h e  reason  
fo r th is  is in th e  la te r sec tion .

T h e  e ffec t o f  T E T A  co n c e n tra tio n  on th e  fo rm a tio n  o f  n e tw o rk  
s tru c tu re  is c o n s id e re d  s im u ltan eo u sly  w ith  th e  e ffe c t o f  c ro s s lin k in g  tim e.
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S c h e m e  I X  ะ S y n th e s i s  o f  g ly c o la to  s i l o x a n e  p o ly m e r ,
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B efo re  th e  c ro ss lin k in g  step , e th y le n e  g ly co l (E G ) re a c te d  w ith  SiC>2 in the  
p re se n c e  o f  T E T A . as a base  to  fo rm  S i(eg)2- T he  m e c h a n ism  o f  th is  re a c tio n  
is sh o w n  in S ch em e X . A fte r  g ly c e ro l w as ad d ed  in th e  m ix tu re  and  then  
fu rth e r  h ea ted  at 100°c u n d e r  h ig h  v a c u u m  (1 0 '2  T o rr)  to  e lim in a te  E G , 
g ly ce ro l ex ch an g ed  w ith  E G  g ro u p s  in S i(eg )2  to  g iv e  S i(g ly )2 - C o n tin u e d  
re a c tio n  cau sed  th e  S i(g ly )2  to  c ro s s lin k  w ith  i ts e lf  to  fo rm  a n e tw o rk  p o ly m er, 
see  S ch em e IX . T h e re fo re  th e  c e ra m ic  y ie ld s  a fte r th e  c ro s s lin k in g  s tep  sh o u ld  
be  less th an  th o se  b e fo re  a d d in g  g ly c e ro l s in ce  th e  ra tio  o f  SiC>2 to  o rg an ic  
lig an d s o f  S i(g ly ) 2  is less th an  th a t o f  S iÛ 2  to  S i(e g )2 -

3 .1 .4  E ffec t o f  C ro ss lin k in g  T im e  on C ro ss lin k e d  P o ly m e r P ro d u c t
F ro m  T G A  d a ta  (T a b le  3 .1 ), fo r T E T A  c o n c e n tra tio n  o f  15 m o l% , 

th e  %  ce ram ic  y ie ld  d id  n o t c h a n g e  s ig n if ic a n tly  o n  c h a n g in g  re a c tio n  tim e  
from  10 to  20 h. A t 10 h. o f  c ro s s lin k in g  tim e , th e  o b ta in e d  c e ra m ic  y ie ld  w as
42.1 (th e o re tic a l %  ce ra m ic  y ie ld s  o f  S i(e g ) 2  =  4 0 .5 , S i(g ly )2  =  2 8 .9 , S i3 (g ly ) 4  

= 4 0 .9 , and  S i(eg X g ly ) =  3 3 .7 ). T h is  can  su g g e s t th a t th e re  m ig h t b e  so m e 
w a te r  le ft in th e  p ro d u c t w h ic h  h y d ro ly z e d  so m e  E G  an d  g ly ce ro l g ro u p s  in th e  
p o ly m e r m o lecu les  and  fo rm ed  S i-O -S i b o n d s. T h e se  b o n d s  c a u se d  th e  
o b ta in e d  ce ram ic  y ie ld  to  b e  little  h ig h e r  th a n  th e  th e o re tic a l c e ra m ic  y ie ld .

A t 15 h. o f  c ro s s lin k in g  re a c tio n  tim e , th e  %  c e ra m ic  y ie ld  
in c reased  w h ich  w as th e  re su lt o f  fu r th e r  h y d ro ly s is . E v e n  th o u g h  th e  e x c h a n g e  
re a c tio n  b e tw een  so m e  g ly ce ro l a n d  E G  lig an d s a lso  o cc u rre d  at th e  sam e  tim e, 
th e  a m o u n t o f  g ly ce ro l th a t e x c h a n g e d  w as less th a n  th a t o f  h y d ro ly s is , so  th e  
ce ra m ic  y ie ld  still in c reased . A f te r  20  h. o f  c ro ss lin k in g  tim e , th e  c e ra m ic  y ie ld  
d ec reased  b ecau se  m o re  g ly ce ro l e x c h a n g e d  w ith  E G  g ro u p s  in S i(eg ) 2  

m o lecu le s  to  g ive  m o re  c ro ss lin k e d  p o ly m e rs .
F o r T E T A  c o n c e n tra tio n  o f  20  m o l% , at 10 h. o f  c ro ss lin k in g  tim e  

ag a in  th e re  w as so m e w a te r  left in th e  p ro d u c t w h ic h  c au sed  th e  c e ra m ic  y ie ld
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S c h e m e  X  : S y n th e s i s  o f  c r o s s l i n k e d  g ly c o la to  s i l o x a n e  p o l y m e r .
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to  b e  h ig h e r th a n  th e  th e o re tic a l ce ram ic  y ie ld  o f  th e  c ro s s lin k e d  p ro d u c ts  
b e c a u se  o f  th e  p re s e n c e  o f  S i-O -S i b o n d s in p o ly m e r m o le c u le s . W h e n  th e  
re a c tio n  c o n tin u e d  u n til 15 h ., th e  e x c h an g e  re a c tio n  b e tw e e n  so m e  E G  lig an d s  
an d  g ly ce ro l to o k  p la c e , re su ltin g  in  a d ec rease  o f  th e  c e ra m ic  y ie ld . A f te r  20 
h ., th e  c e ram ic  y ie ld  in c re a se d  ag a in . It m ig h t in d ic a te  th a t in th e  p re se n c e  o f  
T E T A  so m e g ly c e ro l lin k a g e s  m a y  be b ro k en  from  th e  n e tw o rk  and  fo rm  
a c ro le in  m o le c u le s  w h ic h  h av e  b o ilin g  p o in t on ly  53°c and  e v a p o ra te d  a w ay  as 
sh o w n  in S c h e m e  X I.

F o r  T E T A  c o n c e n tra tio n  o f  25 m o l% , 10 and  15 h. o f  c ro ss lin k in g  
tim e  gave s im ila r  n e tw o rk  s tru c tu re  since  th e  ce ra m ic  y ie ld s  w e re  s lig h tly  
d iffe re n t. A t 10 h. o f  c ro s s lin k in g  tim e, so m e S i-O -S i b o n d s  re su lte d  fro m  
h y d ro ly s is  o f  g ly c o la to  s ilo x a n e  p o ly m e r cau sed  th e  c e ra m ic  y ie ld  to  b e  h ig h e r  
th a n  th e  th e o re tic a l c e ra m ic  y ie ld . W h en  the re a c tio n  w as c o n d u c te d  u n til 15 h ., 
th e  c e ra m ic  y ie ld  in c re a se d  s lig h tly  b ecau se  o f  th e  fu rth e r  h y d ro ly s is . A s 
d isc u sse d  p re v io u s ly , th e  e x c h a n g e  reac tio n  b e tw e e n  so m e  g ly c e ro l and  E G  
g ro u p s  co u ld  o c c u r  a t th e  sam e  tim e , b u t the e x c h a n g e  w as still le ss . A f te r  20  h. 
o f  c ro ss lin k in g  re a c tio n  tim e , th e  ce ram ic  y ie ld  d e c re a sed  b e c a u se  m o re  
g ly ce ro l e x c h a n g e d  w ith  E G  lig a n d s  in g ly co la to  s ilo x an e  p o ly m e rs  to  g ive  
m o re  c ro ss lin k e d  p ro d u c ts .

W ith  h ig h e r  T E T A  co n cen tra tio n , 30  m o l% , 10 h. an d  15 h. o f  
c ro ss lin k in g  re a c tio n  tim e  gave  th e  lo w est ce ram ic  y ie ld s  as c o m p a re d  to  o th e rs . 
T h is  p h e n o m e n o n  m ig h t in d ic a te  th a t g lycero l read ily  e x c h a n g e d  w ith  E G  
lig a n d s  to  fo rm  n e tw o rk . H o w e v e r, i f  the  reac tio n  w as fu rth e r  c o n d u c te d  u n til 
20 h. th e  c e ra m ic  y ie ld  in c re a se d , in d ica tin g  th a t th e  n e tw o rk  p o ly m e r  b ro k e  
and  fo rm ed  so m e  a c ro le in  m o lecu le s .

B y  u s in g  ex c e ss  T E T A  co n cen tra tio n , and  c o n s id e r in g  ce ram ic  
y ie ld s  from  T a b le  3 .1 , it is fo u n d  th a t at 50 h. o f  c ro ss lin k in g  re a c tio n  tim e  
c e ra m ic  y ie ld  d ro p p e d  d ra m a tic a lly . T his m ig h t be b e c a u se  m o s t o f  n e tw o rk



24

p o ly m e r u n d e rw e n t d eh y d ra tio n  to  g ive  a c ro le in  sp e c ie s  w h ic h  w as th en  
p o ly m e riz e d  to  g iv e  p o ly m e r c o n ta in in g  no  s ilic o n  in th e  m o le c u le .

CHO

Scheme XI ะ Formation of acrolein molecule.

3 .1 .5  E ffe c t o f  D io c tv l P h th a la te  on  C ro ss lin k e d  P o ly m e r P ro d u c t
In th is  step , d io c ty l p h th a la te  u se d  as a p la s tic iz e r  fo r so fte n in g  

p o ly m e r w as ad d ed  in to  g ly co la to  s ilo x a n e  p o ly m e r at 0 .2 , 0 .3 , 0 .4  and  0.5 
m o l%  o f  SiC>2 , re sp ec tiv e ly , at th e  sam e  tim e  as th e  a d d itio n  o f  g ly ce ro l b e fo re  
th e  c ro ss lin k in g  step . T he re su ltin g  m ix tu re s  w e re  cast as f ilm s in th e  v acu u m  
o ven  at 80°c sin ce  the  c ro ss lin k e d  film s w ith o u t d io c ty l p h th a la te  w ere  
ex trem ely  b rittle  and  b ro k en  d u rin g  th e  d ry in g  p ro c e ss . D io c ty l p h th a la te
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w o u ld  se p a ra te  th e  p o ly m e r ch a in s  from  each  o th e r an d  h e n c e  m a d e  th e m  m ove 
easie r.

T h e  film s w ith  d io c ty l p h th a la te  c o n c e n tra tio n  o f  0 .2 , 0.3 and  0.4 
m o l%  w e re  still b r ittle  and  b ro k en  d u rin g  the  d ry in g  p ro c e ss . H o w e v e r, the 
c ro ss lin k e d  p o ly m e r  c o n ta in in g  d io c ty l p h th a la te  c o n c e n tra tio n  o f  0 .5  m o l%  
co u ld  b e  ca s t as f ilm s d u rin g  th e  d ry in g  p ro cess . T h is  m e a n s  th a t d iocty l 
p h th a la te  c o n c e n tra tio n  o f  0.5 m o l%  is a su itab le  c o n c e n tra tio n  fo r castin g  
c ro ss lin k e d  p o ly m e r film s.

3 .1 .6  M e c h a n ic a l P ro p erty . M o d u lu s , o f  C ro ss lin k e d  P ro d u c t
T h e  s to ra g e  m o d u lu s  (G ')  an d  loss m o d u lu s  (G " )  w e re  m e a su re d  

by  rh e o m e te r  fro m  25-250°C. A s sh o w n  in F ig u re s  1-6, a t lo w  te m p e ra tu re s , 
th e re  w e re  u su a lly  sev era l seco n d a ry  tra n s itio n s  in v o lv in g  c o m p a ra tiv e ly  sm all 
ch a n g e s  in  m o d u lu s . T he  p o ly m e r b eh av es  like  a h a rd  a n d  b r itt le  g lassy  
m ate ria l. T h is  is ca lle d  g lassy  reg io n . In  th is  re g io n , th e rm a l en e rg y  is 
in su ffic ie n t to  o v e rc o m e  th e  p o te n tia l b a rrie rs  fo r ro ta tio n a l an d  tra n s la tio n a l 
m o tio n s  o f  th e  p o ly m e r m o lecu le  seg m en ts . W ith  in c re a s in g  te m p e ra tu re , the  
a m p litu d e  o f  v ib ra tio n a l m o tio n  b e c o m e s  g rea te r, and  e v e n tu a lly  th e  th e rm al 
en e rg y  b e c o m e s  ro u g h ly  co m p a ra b le  to  th e  p o ten tia l e n e rg y  b a rr ie rs  o f  se g m e n t 
ro ta tio n  and  tra n s la tio n . In th is  te m p e ra tu re  reg io n , th e  p o ly m e r e x h ib its  at the  
g lass tra n s itio n  te m p e ra tu re  w h ic h  w as in th e  ra n g e  o f  170-200°c, at w h ich  
sh o rt-ra n g e  d iffu s io n a l m o tio n s  b eg in . T h is  p h e n o m e n o n  w a s  a c c o m p a n ie d  by 
a c a ta s tro p h ic  d e c re a se  in th e  m o d u lu s . T h e  tra n s itio n  re g io n  w as  b ro ad  
b e c a u se  th is  p o ly m e r w as c ro ss lin k ed  p o ly m er. A t te m p e ra tu re s  o v e r  200°c, 
th e  p o ly m e r w o u ld  d e c o m p o se  and  b e co m e  b rittle  so  th e  m o d u lu s  in c reased  
again . T h u s , w e  co u ld  n o t o b se rv e  th e  ru b b e ry  p la te a u  re g io n  in th is 
c ro ss lin k e d  p o ly m e r.
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B y co n s id e rin g  T G A  d a ta  (T a b le  3 .1 ) a lo n g  w ith  th e  m o d u lu s  
re su lts , fo r  T E T A  c o n c e n tra tio n  o f  15 m o l%  sy n th e s is , th e  m o d u lu s  o f  the 
c ro ss lin k e d  p ro d u c ts  d id  no t c h an g e  s ig n if ic a n tly  on c h a n g in g  re a c tio n  tim e 
from  10 to  20  h. w h ic h  co rre sp o n d s  to  th e  c e ra m ic  y ie ld s  th a t d id  n o t ch an g e  
m u ch  e ith e r . A t 10 h. o f  c ro ss lin k in g  re a c tio n  tim e  (F ig u re  1), th e  p ro d u c t gave 
th e  h ig h e s t  m o d u lu s  co m p ared  to  th e  o th e r  c ro ss lin k in g  tim e s  at th e  sam e 
c o n c e n tra tio n  (F ig u re  3 and  5) m e a n in g  th a t at th is  tim e  th e  p o ly m e r  had  the  
h ig h e s t s tiffn e ss . T h e  o b ta in ed  c e ra m ic  y ie ld s  w e re  s lig h tly  h ig h e r  th a n  the 
th e o re tic a l c e ra m ic  y ie ld s  b ec a u se  o f  th e  p re se n c e  o f  S i-O -S i b o n d s  in the  
p o ly m e r m o le c u le s . T h e re fo re , th e  m o d u lu s  c o u ld  b e  le ss  th a n  th a t o f  p o ly m ers  
w ith  less  S i-O -S i b o n d s  sin ce  S i-O -S i b o n d s  m ad e  th e  p o ly m e r  m o le c u le s  m o re  
f le x ib le  th a n  S i-O -C  b o n d s.

F o r  T E T A  co n c e n tra tio n s  o f  20 m o l% , a t 10 h. o f  c ro ss lin k in g  
re a c tio n  tim e , b e c a u se  o f  so m e w a te r  in th e  p ro d u c t w h ic h  h y d ro ly z e d  E G  and 
g ly ce ro l lig a n d s  in p o ly m e r ch a in , th e  c e ra m ic  y ie ld  w as  th u s  h ig h e r  th an  the  
th e o re tic a l c e ra m ic  y ie ld , re su ltin g  in  a lo w er m o d u lu s . 15 h. o f  c ro ss lin k in g  
tim e  w h ic h  g av e  th e  lo w est ce ram ic  y ie ld  c o m p a re d  to  o th e r  c ro s s lin k in g  tim es 
sh o w e d  th e  h ig h e s t m o d u lu s  s in ce  m o re  g ly ce ro l e x c h a n g e d  w ith  E G  g ro u p s in 
g ly c o la to  s ilo x a n e  p o ly m e r to  g ive  c ro ss lin k e d  p ro d u c t. T h e  c ro ss lin k e d  
p ro d u c t h ad  h ig h e r  m o d u lu s  so it sh o w e d  h ig h e r  s tiffn e ss . A fte r  th e  reac tio n  
w as c o n tin u e d  u n til 20 h., the  ce ra m ic  y ie ld  d e c re a sed  b e c a u se  so m e  g ly cero l 
lin k ag es  b ro k e  from  th e  p o ly m e r n e tw o rk  and  fo rm ed  a c ro le in  m o le c u le s  w h ich  
h av e  lo w  b o ilin g  p o in t and  e v a p o ra ted  aw ay . T he  m o d u lu s  o f  p o ly m e r  th e re fo re  
d e c re a sed , m e a n in g  th a t s tiffn ess  d e c re a sed  as w ell.

F o r T E T A  c o n cen tra tio n  o f  25 m o l% , 10 an d  15 h. o f  c ro ss lin k in g  
re a c tio n  tim e s  gave  s im ila r n e tw o rk  s tru c tu re  s in ce  th e  c e ra m ic  y ie ld  w ere  
s lig h tly  d iffe ren t. S o m e S i-O -S i b o n d s  re su lte d  from  h y d ro ly s is  o f  g ly co la to  
s ilo x a n e  p o ly m e r  cau sed  the ce ram ic  y ie ld  to  be  h ig h e r  th a n  th e  th e o re tic a l %
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ce ram ic  y ie ld . T h e  m o d u li o f  p ro d u c ts  o b ta in e d  w e re  th u s  low . T h e  rea so n  is as 
d e sc rib e d  ab o v e . 20  h. o f  c ro s s lin k in g  re a c tio n  tim e  g av e  th e  lo w e r  ce ram ic  
y ie ld  b ec a u se  o f  th e  ex ch an g e  re a c tio n  b e tw e e n  so m e  E G  g ro u p s  an d  g ly cero l, 
so  it gave  h ig h e r m o d u lu s , in d ic a tin g  th e  h ig h e r  s tif fn e ss  as w ell.

F o r T E T A  c o n c e n tra tio n  o f  30  m o l% , 10 h. o f  c ro ss lin k in g  
re a c tio n  tim e  g ave  th e  h ig h e s t m o d u lu s  an d  h ig h e s t s tiffn e ss  s in ce  th e  ex ch an g e  
re a c tio n  b e tw e e n  E G  lig an d s an d  g ly c e ro l o c c u rre d  m o stly . T h e  c e ra m ic  y ie ld  
w as th e  lo w est at th is  con d itio n ! A t 20  h. o f  c ro s s lin k in g  re a c tio n  tim e , the  
m o d u lu s  d ec re a sed  w h ile  th e  c e ra m ic  y ie ld  in c re a se d  b e c a u se  th e  n e tw o rk  
p o ly m e r b roke  and  fo rm ed  a c ro le in  m o le c u le s , as d e sc r ib e d  p re v io u s ly .

T h e re fo re , th e se  re su lts  su g g e s t th a t th e  o p tim u m  c o n d itio n  fo r 
c ro ss lin k e d  g ly c o la to  s ilo x a n e  p o ly m e r  is a t 30  m o l%  o f  T E T A  w ith  th e  
c ro ss lin k in g  tim e  o f  10 h. s in ce  it g a v e  th e  lo w e s t c e ra m ic  y ie ld . T h is  in d ica te s  
the  e ffe c tiv e  o f  g ly ce ro l as a c ro ss lin k in g  re a g e n t on  e x c h a n g in g  w ith  E G  
lig an d s in p o ly m e r m o le c u le s  to  fo rm  c ro ss lin k e d  n e tw o rk  p o ly m er.
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Figure 1 : Storage modulus (G') vs temperature of crosslinked glycolato
siloxane polymer at 10 h. of crosslinking time.
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Figure 3 : Storage modulus (G') vs temperature of crosslinked glycolato
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Figure 4 : Loss modulus (G") vs temperature of crosslinked glycolato
siloxane polymer at 15 h. of crosslinking time.
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3.2  C h a r a c t e r i z a t io n

3.2 .1  N u c le a r  M a g n e tic  R e so n a n c e  S p e c tro sc o p y  CNM R)
N M R  is a u sefu l te c h n iq u e  to c h a ra c te r iz e  th e  s tru c tu re  fo rm u la  

o f  th e  p ro d u c ts . iH -N M R  o f  e th y le n e  g lyco l, g ly ce ro l an d  c ro s s lin k e d  p ro d u c t 
are  sh o w n  in F ig u re s  7, 8 and  9, re sp ec tiv e ly .

1 F I-N M R  sp ec tru m  o f  c ro ss lin k ed  p ro d u c t sh o w s p e a k s  at 3 .25- 
3 .44  p p m  th a t sp litted  in to  m u ltip le t due to  th e  c o u p lin g  o f  p ro to n s  from  
m e th y le n e  a n d  m e th in e  g roups in th e  p ro d u c t. In th e  p ro d u c t sp e c tru m , the  
m u ltip le t p e a k s  a t 3 .2 5 -3 .2 9  p p m  re p re se n t -C H p -C H p -O -S i o f  g ly co la to  
s ilo x a n e  p o ly m e r. T h e  m u ltip le t p e ak s  at 3 .3 3 -3 .3 8  p p m  c o m e  f r o m - C H 2 - 
C H p -O -S i a n d  at 3 .3 9 -3 .4 4  p p m  co m e from  -C H 2 -C H -0 -S i  o f  g ly c e ro l in the  
c ro s s lin k e d  p ro d u c t. C o m p a rin g  w ith  I f f -N M R  sp e c tru m  o f  e th y le n e  g lyco l 
and  g ly c e ro l, ^ H -N M R  sp ec tru m  o f  c ro ss lin k ed  p ro d u c t sh o w s p e a k s  a t -C H 2 - 
C H 2 - 0 - S i  an d  -C H 2 -C H -0 -S i re g io n s  at lo w er c h e m ic a l sh ift. T h e  rea so n  for 
th e  a p p e a r in g  a t lo w er ch em ica l sh if t o f  th ese  p e ak s  m a y b e  fro m  th e  e ffe c t o f  Si 
in  th e  p ro d u c t. S in ce  Si a tom  h as (7-orbital o ffe rin g  free  sp a c e  w h ic h  can  let the  
u n b o n d e d  e le c tro n s  o f  o x y g en  to  re s id e , th en  th e  a m o u n t o f  e le c tro n s  a ro u n d  
o x y g e n  n u c le i d ec re a ses  cau s in g  th e  sh ie ld in g  e ffec t. M o re  a p p lie d  m a g n e tic  
fie ld  h a s  to  be  u sed . A s a c o n seq u en ce , th e  re so n a n c e  to o k  p la c e  at lo w er 
c h e m ic a l sh ift. T h e  m u ltip le t p eak s at 2 .2 2 -2 .3 9  an d  2 .6 2 -2 .6 8  p p m  d isp lay  
p ro to n s  o f  T E T A  left in the  p ro d u c t. A  p eak  a t 2.5  p p m  is fro m  th e  p ro to n  in 
th e  so lv e n t, D M S O -d g , and th e  b ro ad  s in g le t p e a k  at 3 .8  p p m  co rre sp o n d s  to 
th e  w a te r  a b so rb e d  in th e  so lven t.

F ig u res  10, 11 and  12 d e m o n stra te  l^ C -N M R  sp e c tra  o f  e th y len e  
g ly co l, g ly c e ro l an d  c ro ss lin k ed  p ro d u c t, re sp ec tiv e ly . T h e  re su lte d  sp ec tru m  
o f  c ro ss lin k e d  p o ly m e r sh o w  p eak s at 62 .67  and  62 .9 5  p p m  w h ic h  c o m e  from  
m e th y le n e  g ro u p  o f  e th y len e  g ly co l ligand . T he  p e a k s  at 72 .33  and  7 9 .0 9  ppm
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rep resen t m e th y le n e  and  m e th in e  g ro u p s o f  g ly ce ro l lig an d , re sp e c tiv e ly . 
C o m p arin g  th e  l^ C -N M R  o f  free  E G  and  free  g ly ce ro l, th e  c ro ss lin k e d  
p ro d u c ts  sh o w  a co m b in a tio n  o f  th ese  tw o  se t o f  p eak s. T h e  m u ltip le t p e a k s  at 
39 ppm  is fro m  th e  so lv en t, D M S O -d 5 .

B o th  I f f -  and  l^ C -N M R  resu lts  in d ica te  th a t c ro ss lin k e d  p ro d u c t 
in fact co n ta in s  so m e  p a rt o f  g ly c o la to  s ilo x a n e  g roup .
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F ig u re  7 : iH - N M R  sp e c tru m  o f  e th y le n e  g lyco l.

F ig u re  8 : 1H -N M R  sp e c tru m  o f  g ly ce ro l
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F ig u re  9 : ^ H -N M R  sp e c tru m  o f  c ro s s lin k e d  p ro d u c t.
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3 .2 .2  F o u rie r T ra n sfo rm  In fra red  S p e c tro sc o p y  (F T IR )
S yn thesis  o f  g ly c o la to  s ilo x a n e  p o ly m e r an d  c ro ss lin k e d  p o ly m e r 

g ive s im ila r  spectra . T he  sp e c tra  and  th e  a ss ig n m e n ts  g ly c o la to  s ilo x an e  
p o ly m er, c ro ss lin k ed  p o ly m e r (T E T A  c o n c e n tra tio n  o f  15 m o l% ), and  all 
s ta rtin g  m a te ria ls , nam ely , SiC>2, E G  and  T E T A , a re  sh o w n  in F ig u re  13 and  
T ab le  3 .2 , re sp ec tiv e ly .

F ro m  F ig u re  13, th e re  a re  so m e  e v id e n c e  th a t g ly c o la to  s ilo x an e  
p o ly m e r an d  c ro ss lin k ed  p ro d u c t are  p re se n te d , s in ce  th e  re su ltin g  sp e c tra  show  
the p e ak s  at 2 8 4 5 -2 8 7 0  c r n 'l  c o rre sp o n d in g  to  C -H  s tre tc h in g  o f  S i-E G , at 
2 9 1 5 -2 9 4 0  c r n ' l ,  co rre sp o n d in g  to  C -H  s tre tc h in g  o f  S i-G ly c e ro l, at 1084 and 
879 c m ‘ l ,  co rre sp o n d in g  to  S i-O -S i an d  S i-O -C  o f  th e  p ro d u c t. T h e  p e a k  at 
1084 cm ~l w h ic h  com es fro m  S i-O -S i b o n d , in d ic a te s  th a t th e  h y d ro ly s is  
o ccu rrs  w h ile  g lycero l is e x c h a n g in g  w ith  E G .

F ro m  F ig u res  14, 15, and  16, th e  F T IR  sp e c tra  o f  c ro ss lin k e d  
p ro d u c t do  n o t show  s ig n if ic a n t v a r ia tio n s  w ith  d if fe re n t c ro ss lin k in g  reac tio n  
tim es, o r T E T A  co n cen tra tio n s . T h is  su g g e s ts  th a t th e  fu n c tio n a l g ro u p s 
co n ta in ed  in th e  c ro sslin k ed  p ro d u c ts  c a n n o t be  q u a n tita tiv e  an a ly se d  by  F T IR  
tech n iq u e .

T h e  F T IR  sp e c tra  o f  c ro ss lin k e d  p ro d u c ts  (se e  F ig u re s  14-16) 
sh o w  s tro n g  in ten sity  a b so rp tio n  p e a k  o f  S i-O -S i and  S i-O -C  s tre tc h in g  a t 1100 
c r n 'l  and  a low  in tensity  p eak  at 806 c m 'l .  T h e  p e a k  at 4 9 0  c m 'l  a lso  
co rre sp o n d s  to  S i-O -S i s tre tch in g . A s c o m p a re d  to  th e  sp e c tra  o f  E G  and 
g ly ce ro l, th e  c ro ss lin k ed  p ro d u c ts  a lso  d e m o n s tra te  th e  p e ak s  at 1650 c r n 'l ,  
co rre sp o n d in g  to  O -H  b en d in g  o f  S i-E G , at 1 2 5 0 -1 3 5 0  c m f l ,  c o rre sp o n d in g  to 
O -H  b e n d in g  o f  S i-G ly cero l, a t 8 0 0 -1 2 0 0  c r n 'l  an d  1 4 4 0 -1 4 8 0  cm ~ l, 
c o rre sp o n d in g  to  C -C  an d  C -H  b e n d in g s  o f  S i-E G  an d  S i-G ly c e ro l, 
re sp ec tiv e ly . T h e  p eak  at 2 8 4 5 -2 8 7 0  c m 'l  is from  C -H  s tre tc h in g  o f  S i-E G  and 
at 2 9 1 5 -2 9 4 0  c m 'l  is from  C -H  s tre tc h in g  o f  S i-G ly c e ro l. T h e  b ro a d  p eak  at
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3 3 0 0 -3 6 4 0  c n r 1 re p re se n ts  th e  b o n d e d  -O H  s tre tc h in g  o f  S i-E G  and  Si- 

G ly cero l.

T ab le  3 .2  : A ss ig n m e n t o f  in fra re d  sp ec tra  o f  re a c tan ts  a n d  p ro d u c t

Characterization SiOj EG TETA Si-EG Si-Glycerol

Bonded -OH 
stretching

3700-3100 cm-' 
(strong, broad)

3600-3300 cm-' 
(strong, broad)

3640-3630 cnr1 
(strong, broad)

NHj stretching 3600-3300 cm-' 
(strong.broad)

>NH stretching 3450-3300 cm-' 
(1 band)

C-H stretching 2960-2890 cm-1 
(medium,doublet)

2843-2845 cnr' 
(medium .doublet)

2870-2845 cm-' 
(weak.doublet)

2940-2915 cm-' 
(weak, doublet)

C-H bending 1450 cm"1 
(weak,sharp)

1469 cm’1 
(medium.sharp)

1480-1440 cm"' 
(weak.sharp)

1480-1440 cm"'

N-H bending 1650-1550 cm ' 
(medium.sharp)

O-H bending 1650 cm-' 
(medium,sharp)

1650 cm 1 
(medium.sharp)

1350-1250 cm-' 
(medium, sharp)

C-C stretching 1200-800 cm-' 
(weak,broad)

1200-800 cm- 
(weak.broad)

1200-800 cm ' 
(weak.broad)

C-O stretching 1030-1070 cm’1 
(strong)

1030-1070 cm-' 
(strong)

1 120-1080 cm-'

Si-O-Si • 
S i-o -c
stretching

1100 (broad) 
806 (weak) 
490 (weak)

1084 (broad) 
879 (weak)

1084 (broad) 
879 (weak)

N-H out of plane 
bending '

“ 815-720 cm ' 
(weak.broad)



Figure 13 : The FTIR spectra of glycolato siloxane polymer, their
crosslinked polymer and all starting materials.
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at 10 h. o f  c ro s s lin k in g  re a c tio n  tim e .
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Figure 15 : The FTIR spectra of crosslinked glycolato siloxane polymer at
at 15 h. of crosslinking reaction time.



Figure 16 : The FTIR spectra of crosslinked glycolato siloxane polymer at
at 20 h. of crosslinking reaction time.
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3.2 .3  T h e rm o  g ra v im e tric  A n a ly s is  (T G A )
A s d isc u sse d  p re v io u s ly , all T G A  s tu d ie s  w ere  ru n  in N 2  and  (ว2 

at th e  ram p  ra te  o f  1 0 ° c /m in . T E T A  c o n c e n tra tio n  o f  15, 20, 25 a n d  30 m o l%  
c ro ss lin k ed  p o ly m e rs  a t each  c ro s s lin k in g  re a c tio n  tim e  gave T G A  p ro f ile s  w ith  
the re la tiv e ly  h ig h  c e ra m ic  y ie ld s . T h is  co u ld  be in te rp re ted  as n e tw o rk s  o f  
p o ly m ers  s in ce  th e  sy s te m  h ad  e x c e ss  g ly ce ro l and  w as run in th e  p re se n c e  o f  
T E T A .

T h e  v a r ia tio n  o f  T E T A  c o n c e n tra tio n  and  c ro ss lin k in g  re a c tio n  
tim e h ad  e ffe c t on  c e ra m ic  y ie ld s  (F ig u re s  17-19). B efo re  the c ro s s lin k in g  step , 
E G  re a c ted  w ith  SiC>2 in  th e  p re s e n c e  o f  T E T A , as a b ase , to  fo rm  S i(eg )2 - I f  
th e re  w ere  so m e  w a te r  le ft in th e  p ro d u c t, w a te r  co u ld  h y d ro ly z e  so m e  E G  and  
g ly cero l lig an d s  in th e  p o ly m e r m o le c u le s  to  fo rm  S i-O -S i b o n d s  w h ic h  cau sed  
the  o b ta in e d  c e ra m ic  y ie ld s  to  b e  h ig h e r  th a n  the  th eo re tica l o n e s . A fte r  
g lycero l w a s  a d d ed , it e x c h a n g e d  w ith  so m e  E G  lig an d s in S i(e g ) 2  g ro u p s  to  
give S i(g ly ) 2  m o le c u le s  w h ic h  th e n  c ro ss lin k e d  to  fo rm  a n e tw o rk  p o ly m e r. 
T h en  th e  c e ra m ic  y ie ld  d ro p p e d  b e c a u se  th e  a m o u n t o f  o rg a n ic  lig an d s  in 
c ro ss lin k ed  p o ly m e rs  w a s  h ig h e r  th a n  b e fo re  c ro ss lin k in g  step . A fte r  th e  
reac tio n  w as co n tin u e d , th e  c e ra m ic  y ie ld  in c reased  again  sin ce  so m e  g ly ce ro l 
lin k ag es b ro k e  from  th e  n e tw o rk  a n d  fo rm  ac ro le in  m o lecu les  w h ic h  h a v e  low  
b o ilin g  p o in t and  e v a p o ra te d  aw ay .
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Figure 17 : The TGA profiles of crosslinked polymer at different TETA
concentration under at 10 hr. of crosslinking Time.
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Figure 18 : The TGA profiles of crosslinked polymer at different TETA
concentration under at 15 hr. of crosslinking Time.
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Figure 19 : The TGA profiles of crosslinked polymer at different TETA
concentration under at 20 hr. of crosslinking Time.
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