
C H A P T E R  II  
L I T E R A T U R E  R E V I E W S

2 .1  P o ly im id e

R e c e n tly , p o ly im id e s  h av e  d raw n  m o re  and  m o re  a tte n tio n  b e c a u se  
o f  th e ir  im p o r ta n t ro le  as d ie lec tric  lay e rs  in a v a r ie ty  o f  m ic ro e le c tro n ic  
d e v ic e s . G e n e ra l sp eak in g , th e y  h av e  re la tiv e ly  h ig h  g lass  tra n s itio n  
te m p e ra tu re s , h ig h  p ro ce ssa b ility , lo w  d ie lec tric  c o n s ta n t, h ig h  th e rm a l 
s ta b ility , h ig h  c h e m ic a l re s is ta n c e , an d  g o o d  m e c h a n ic a l p ro p e rtie s . D u e  to 
th e  o v e ra ll o f  th e ir  ch a ra c te ris tic s , th e re  a re  m an y  re se a rc h  w o rk s  e x p la in in g  
m a n y  s id es  o f  v ie w  ab o u t p o ly im id e .

C o a tin g  th ic k n e ss  e ffe c t on  th e  o rien ta tio n  an d  th e rm a l e x p a n s io n  
c o e ff ic ie n t o f  p o ly im id e  film s w as p ro p o se d  b y  Jo u  et al. (1 9 9 2 ). F o r  film s 
w ith  r ig id -ro d  p o ly im id e , film  o rien ta tio n  w as  e sp e c ia lly  p ro m in e n t and  
d e c re a se d  s ig n if ic a n tly  as film  th ic k n e ss  in c reased . F ro m  e x p e rim e n t, it w as 
o b se rv e d  th a t th e  av e ra g e  film  o rien ta tio n  d ec re a se d  a n d  th e  c o rre sp o n d in g  
th e rm a l e x p a n s io n  c o e ff ic ie n t in c reased  w ith  in c re a s in g  o f  film  th ic k n e ss .

P ry d e  (1 9 9 3 ) re p o rte d  an  an a ly s is  o f  im id e  fo rm a tio n  u s in g  th e  1370 
c m '1 b an d  (C -N  s tre tch ) in c o n ju n c tio n  w ith  th e  1500 c m '1 a ro m a tic  b a n d  as 
an  in te rn a l s ta n d a rd . E x am in a tio n  o f  g ra z in g  in c id e n ce  re fle c tio n  sp e c tra  o f  
u ltra th in  film s o f  o n e  p o ly im id e  on  m eta l su b s tra te  in d ica te d  th a t th e re  w a s  a 
h ig h e r  d eg re e  o f  im id e -g ro u p  o rien ta tio n , p a r tic u la rly  fo r f ilm s  on 
a lu m in u m . H o w e v e r, a n a ly s is  o f  th e  g ro w th  o f  th e  n o rm a liz e d  C -N  b a n d  in 
th e se  sp e c tra  in d ica te d  th a t th is ap p ro a ch  w as  c a p a b le  o f  g iv in g  a t least 
se m iq u a n ti t ita tiv e  m e a su re m e n ts  o f  im id iza tio n .

T h e  e ffe c t o f  o rien ta tio n  on th e rm al e x p a n s io n  b e h a v io r  in p o ly im id e  
film s w as  su g g e s te d  by  P o ttig e r et al. (1 9 9 4 ). F le x ib le  (B T D A -O D A /M P D ),
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s e m ir ig id  ( P M D A - O D A ) ,  a n d  r ig id  (B P D A - P P D )  b a c k b o n e  p o ly im id e s  w e r e  
in v e s t ig a te d .  T h e  b a c k b o n e  s t i f fn e s s  c o n tro ls  th e  d e g r e e  o f  o r ie n ta t io n  th a t  is 
d e v e lo p e d  d u r in g  c u re . T h e  in -p la n e  C T E s  v a r ie d  s ig n i f ic a n t ly  w ith  
o r ie n ta t io n  r a n g in g  f ro m  3 p p m / ° c  fo r  th e  r ig id  B P D A - P P D  to  4 7  p p m / ° c  
f o r  th e  f le x ib le  B T D A - O D A /M P D . A  d e c r e a s e  in  th e  in - p la n e  C T E s  
th e r e f o r e  o c c u r r e d  w i th  a n  in c r e a s e  in  d e g re e  o f  o r ie n ta t io n .

R e e  e t al. ( 1 9 9 5 )  r e p o r te d  th e  r e la t io n s h ip  b e tw e e n  p o ly m e r  c h a in  
o r ie n ta t io n  a n d  p r o p e r t ie s .  F o r  r ig id  ty p e  o f  p o ly m e r s  l ik e  B P D A - P D A ,  th e  
th e r m a l  e x p a n s io n  a n d  in te r f a c ia l  s t r e s s  in  th in  f i lm s  c o u ld  n o t  b e  r e d u c e d  b y  
th e  c o m p o s i te  fo r m a t io n  w ith  s i l ic a  a e ro g e ls  h a v in g  a  lo w  th e r m a l  
e x p a n s iv i ty .  T h e s e  p r o p e r t ie s  s ti l l  c h a n g e d  p r e d o m in a n t ly  w i th  th e  v a r ia t io n  
in  th e  p o ly m e r  c h a in  o r ie n ta t io n  c a u s e d  b y  s i l ic a  a e ro g e l  p a r t ic u la te s .  
H o w e v e r ,  th e  o p t ic a l  a n d  d ie le c t r ic  p r o p e r t ie s  w e r e  im p r o v e d  u t i l i z in g  th e  
lo w  d ie le c t r ic  c o n s ta n t  c h a r a c te r i s t ic s  o f  s i l ic a  a e ro g e l .

M a s c ia  e t al. ( 1 9 9 5 )  d is c u s s e d  a b o u t  in f lu e n c e  o f  s i lo x a n e  
c o m p o s i t io n  a n d  m o r p h o lo g y  o n  p r o p e r t ie s  o f  p o ly im id e - s i l i c a  h y b r id s .  T h e  
r e s u l t s  i l lu s t r a te d  th e  ro le  o f  s i l ic a  c o n te n t  in  d e p r e s s in g  th e  th e r m a l  
e x p a n s io n  c o e f f ic ie n t .  T h e s e  h y b r id s  h a d  b o th  im p r o v e d  te n s i le  s t r e n g th  a n d  
e lo n g a t io n  a t  b r e a k .  K im  e t al. ( 1 9 9 7 )  m a d e  g re a t  a d v a n c e  in  th is  s u b je c t  b y  
p r o v id in g  d ie le c t r ic  p r o p e r t ie s  o f  in o r g a n ic - o r g a n ic  s i l i c a - p o ly im id e  
c o m p o s i te  f i lm s  p r e p a r e d  f ro m  te t r a e th o x y s i la n e  ( T E O S )  a n d  p o ly im id e  
p r e c u r s o r s  v i a  s o l-g e l  a n d  th e rm a l  im id iz a t io n  p r o c e s s e s .  A s  th e  T E O S  
c o n te n ts  in c r e a s e d ,  th e  d ie le c tr ic  c o n s ta n t  a ls o  in c r e a s e d .  T h is  in c r e m e n t  o f  
th e  d ie le c t r ic  c o n s ta n t  w a s  m a in ly  d u e  to  th e  r e la t iv e ly  h ig h  d ie le c t r ic  s i l ic a  
p a r t i c le s  in c o r p o r a te d  in  th e  B P D A - P D A  p o ly im id e  m a tr ix .

V a r ia t io n s  o f  th e  th e rm a l  e x p a n s io n  c o e f f ic ie n t  o f  th in  p o ly im id e  
f i lm s  a s  a  f u n c t io n  o f  f i lm  th ic k n e s s  w e r e  s tu d ie d  b y  S a r a f  a n d  J o r d a n - S w e e t  
(1 9 9 7 ) .  T h e  e f f e c t iv e  e x p a n s io n  c o e f f ic ie n t  o f  th e  f i lm  d e c r e a s e d  w ith
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d e c r e a s in g  th ic k n e s s .  T h e  e x p a n s io n  c o e f f ic ie n t  o f  s u r f a c e  o r  in te r f a c ia l  
r e g io n  w a s  le s s  th a n  o n e - th i r d  th e  c o e f f ic ie n t  o f  th e  in te r io r  o f  th e  f i lm s .

In  a d d i t io n ,  p o ly im id e s  h a v e  fo u n d  w id e s p r e a d  a p p l ic a t io n  in  
b le n d in g  w i th  o th e r s  c o n d u c t iv e  p o ly m e r s  d u e  to  th e i r  s u p e r io r  c h e m ic a l  a n d  
m e c h a n ic a l  p r o p e r t ie s  c o u p le d  w ith  e x c e l le n t  th e r m a l  s ta b i l i ty .  S e la m p in a r  et 
al. ( 1 9 9 7 )  p r e p a r e d  p o ly im id e - p o ly p y r o le  (P I - P P y )  b le n d s .  P y r o le  a n d  th e  
d o p a n t  io n  c o u ld  e a s i ly  p e n e t r a te  th r o u g h  th e  p o ly im id e  m a tr ix .  P I - P P y  
c o m p o s i te  f i lm s  s h o w e d  h ig h  e le c tr ic a l  c o n d u c t iv i ty  a n d  e le c t r o a c t iv i ty  
a s s o c ia te d  w i th  s ta b i l i ty  to  a m b ie n t  c o n d i t io n s .  H a n  e t al. ( 1 9 9 9 )  a p p l ie d  th e  
s a m e  c o n c e p t  to  p o ly a n i l in e .  T h e  b le n d  s h o w e d  a  m o r e  s ta b le  th e r m a l  
b e h a v io r .

B e c k  T a n  e t al. ( 1 9 9 8 )  s tu d ie d  a b o u t  in te r f a c e  e f f e c ts  o n  m o is tu r e  
a b s o r p t io n  in  u l t r a th in  p o ly im id e  f i lm s . W a te r  a b s o r p t io n  in  th in  f i lm s  
( < 1 0 0 0  Â )  o f  a  c o m m e r c ia l  p o ly im id e  a d h e re d  to  p o l i s h e d  s i l ic o n  s u b s t r a te s  
w a s  e v a lu a te d  b y  m o n i to r in g  d im e n s io n a l  c h a n g e s  in d u c e d  b y  a  h u m id  
e n v i r o n m e n t .  T h e  r e s u l t s  o f  th is  s tu d y  s h o w e d  th a t  th e  m o is tu r e - in d u c e d  
c h a n g e  ( p e r c e n ta g e )  in  th e  th ic k n e s s  o f  a  p o ly im id e  f i lm  a d h e r e d  to  a  
s u b s t r a te  d e p e n d e d  o n  th e  d ry  f i lm  th ic k n e s s .  T h e  u s e  o f  a n  in te r f a c ia l  
c o u p l in g  a g e n t  h a s  b e e n  s h o w n  to  d e c r e a s e  w a te r  a b s o r p t io n ,  r e d u c in g  th e  
to ta l  m o is tu r e - in d u c e d  s w e l l in g  in  a  f i lm  o f  a  g iv e n  th ic k n e s s .

F T I R  s tu d y  o f  th e  im id iz a t io n  p r o c e s s  o f  a n  e s te r - ty p e  
p h o to s e n s i t iv e  p o ly im id e ,  P M D A - O D A  f i lm s  o n  s i l ic o n  w a f e r  s u b s t r a te s ,  
w a s  r e p o r te d  b y  L i  e t al. (1 9 9 8 ) .  T h e  r e s u l t s  in d ic a te d  th a t  th e  im id iz a t io n  
r e a c t io n  s ta r te d  n e a r  100  ๐c  a n d  w a s  c o m p le te d  a t  2 7 0  °c. T h e  I R  p e a k  a t 
5 8 8  c m '1 w a s  u s e d  to  c a lc u la te  th e  im id iz a t io n  d e g r e e  f o r  th e  f i r s t  t im e ,  a n d  
th e  r e s u l t  c a lc u la te d  b y  u s in g  th is  p e a k  a g re e d  w e l l  w i th  th a t  o b ta in e d  b y  th e  
m o r e  c o m m o n ly  u s e d  p e a k  a t 1 3 7 8  c m '1. T h e r e  w a s  n o  e v id e n c e  o f  a n y  s id e  
r e a c t io n s  o c c u r r in g  a lo n g  th e  im id iz a t io n  p ro c e s s .  T h e  c h a n g e  in  th ic k n e s s  
w a s  a ls o  m e a s u r e d ,  a n d  it w a s  fo u n d  th a t  it s h r a n k  b y  a s  m u c h  a s  o n e  th i rd
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d u r in g  c u re  a n d  th a t  th e  te m p e r a tu r e  d e p e n d e n c e  o f  th e  th ic k n e s s  a g r e e d  v e r y  
w e l l  w i th  th e  d e g r e e  o f  im id iz a t io n .

M is c ib i l i ty  o f  p o ly im id e  w ith  p o ly m e r ic  p r im e r  a n d  its  in f lu e n c e  o n  
a d h e s io n  o f  p o ly im id e  to  th e  p r im e d  c o p p e r  m e ta l  w a s  p u r p o s e d  b y  Y u  e t al. 
(1 9 9 9 ) .  P o ly im id e ,  B P D A - O D A , w a s  s y n th e s iz e d  f ro m  b o th  p o ly ( a m ic  a c id )  
( P A A )  a n d  p o ly ( a m ic  d ie th y l  e s te r )  (P A E )  p r e c u r s o r s  a n d  m is c ib i l i ty  
b e h a v io r s  o f  t h e s e  p r e c u r s o r s  w i th  P A E B I , w h ic h  is  a  g o o d  a d h e s io n  p r im e r  
fo r  c o p p e r  m e ta l ,  w e r e  in v e s t ig a te d .  T h e  r e s u l ts  in d ic a te  th a t  th e  P A A -  
P A E B I  b le n d  o v e r  th e  w h o le  r a n g e  o f  c o m p o s i t io n s  w a s  c o m p le te ly  m is c ib le  
a t  th e  m o le c u la r  le v e l ,  c o n s e q u e n t ly  le a d in g  to  th e  m is c ib le  P I /P A E B I  b le n d .  
T h is  m is c ib i l i ty  m ig h t  r e s u l t  f ro m  th e  s t ro n g  in te r a c t io n  v ia  th e  c o m p le x  
f o r m a t io n  o f  im id a z o le  g ro u p s  o f  th e  P A E B I  a n d  c a r b o x y l ic  a c id  g r o u p s  o f  
th e  P A A  p r e c u r s o r .  In  c o n tr a s t ,  th e  m is c ib i l i ty  o f  P A E /P A E B I  b le n d  in  N M P  
w a s  l im i te d  to  a  c o n c e n t r a t io n  o f  1 3 .5 -3 6 .3  w t% , le a d in g  to  a  p h a s e  
s e p a r a t io n .  T h e  im m is c ib i l i ty  m ig h t  r e s u l t  f ro m  th e  r e la t iv e  w e a k  
in te r a c t io n s  o f  im id a z o le  g ro u p s  o f  P A E B I  w ith  b o th  e s te r  a n d  a m id e  
l in k a g e s  in  th e  P A E  p r e c u r s o r .  T h e  d if f e r e n c e  in  th e  m is c ib i l i t ie s  o f  P A E B I  
w i th  th e  P A A  a n d  P A E  p r e c u r s o r s  w a s  r e f le c te d  in  th e  a d h e s io n  o f  
P I /P A E B I /c o p p e r  jo in t s .  T h e  h ig h e r  m is c ib i l i ty  g a v e  th e  h ig h e r  a d h e s io n  
s t r e n g th .

K o n g  e t al. ( 1 9 9 9 )  e x p la in e d  a b o u t  e f f e c ts  o f  c o u p l in g  a g e n t  
th ic k n e s s  o n  r e s id u a l  s t r e s s  in  p o ly im id e /y - A P S /s i l ic o n  w a f e r  jo in t s .  T h e  
la r g e s t  a d h e s io n  s t r e n g th  (7 8 0  N /m )  w a s  o b s e r v e d  in  th e  j o i n t  w i th  11 n m  o f  
y -A P S  ( c o u p l in g  a g e n t)  a n d  r e s id u a l  s t r e s s  in c r e a s e d  w i th  in c r e a s in g  y -A P S  
th ic k n e s s .
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2.2 Clay

M o n tm o r i l lo n i te ( M M T )  is  a  ty p e  o f  c la y  in  s m e c t ic  g ro u p  m a d e  o f  
s i l i c a te  s h e e ts  w i th  a  th ic k n e s s  o f  a b o u t  1 n m . I t  h a s  b e e n  r e p o r te d  th a t  s o m e  
o r g a n ic  c o m p o u n d s  s u c h  a s  s ty re n e ,  a c ry l ic  a c id , a n d  a c r y lo n i t r i l e  m a y  e n te r  
b e tw e e n  th e  s i l ic a te  s h e e ts  a n d  u n d e r g o  p o ly m e r iz a t io n .  H o w e v e r  its  
s t r u c tu r e  is  in o r g a n ic  m a te r ia l  w h i le  m o s t  o f  p o ly m e r  is  o r g a n ic  m a te r ia l .  
T h is  is  th e  r e a s o n  w h y  o rg a n ic a l ly  m o d if ie d  s i l ic a te  la y e r s  h a v e  b e c o m e  o f  
in te r e s t  to  a p p ly  in  p o ly m e r .  G e n e ra l ly ,  c a t io n s  b e tw e e n  s i l ic a te  l a y e r s  a re  
e x c h a n g e d  w i th  p r o to n a te d  fo rm  o f  a m in e  g ro u p . M a n y  k in d s  o f  a m in e  h a v e  
b e e n  s tu d ie d  in  th e  m o d if ie d  o r g a n o p h i l ic - c la y  b y  in te r c a la t io n  in to  th e  s p a c e  
b e tw e e n  s i l ic a te  la y e rs .

O r g a n ic  c o m p o u n d  o f  b e n to n i te  (c la y )  w a s  p r e p a r e d  b y  J o r d a n  
( 1 9 4 8 ,  1 9 4 9 ) . T h e  e x p a n s io n  o f  s i l ic a te  la y e r  d e p e n d e d  o n  th e  le n g th  o f  
h y d r o c a r b o n .  T h e  e x p a n s io n  o f  la y e r  w a s  m u lt ip le  o f  4  Â , w h ic h  w a s  a b o u t  
th e  th ic k n e s s  o f  o n e  h y d r o c a r b o n  c h a in .  M o r e o v e r ,  th e  s w e l l in g  a b i l i ty  o f  
o r g a n ic  b e n to n i te  in  v a r io u s  o rg a n ic  s o lv e n ts  w a s  s tu d ie d .  B in a r y  s o lv e n ts  
s h o w e d  b e t t e r  a c h ie v e m e n t  to  sw e ll  th e  o rg a n ic  c o m p o u n d  o f  b e n to n i te  th a n  
m o n o s o lv e n t  s y s te m s .

J in - H o  C h o y  e t al. ( 1 9 9 7 )  r e p o r te d  th e  d is p e r s io n  o f  q u a te r n a r y  
a lk y la m m o n iu m  m o d if ie d  m o n tm o r i l lo n i te  in  p o la r  a n d  n o n p o la r  s o lv e n ts .  I t 
w a s  s h o w e d  th a t  th e  d is p e r s ib i l i ty  o f  m o d if ie d  m o n tm o r i l lo n i te  d e p e n d e d  o n  
c o m p a t ib i l i ty  b e tw e e n  fu n c t io n a l  g ro u p  o n  th e  m o d i f y in g  a g e n t  a n d  ty p e  o f  
s o lv e n ts .

Y a n g  e t al. ( 1 9 9 9 )  d is c u s s e d  a b o u t  in f lu e n c e  o f  in te r c a la t io n  a g e n t  
o n  th e  s t r u c tu r e  o f  M M T . T h e  W id e  A n g le  X - ra y  D i f f r a c t io n  ( W A X D )  
p a t te r n s  s h o w e d  th e  b a s a l  s p a c in g  o f  M M T  w ith  v a r io u s  in te r c a la t io n  a g e n ts .  
T h e  b a s a l  s p a c in g  o f  M M T  w a s  in c re a s e d  b y  th e  o r g a n o - m o d i f ic a t io n .  F o r  a
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c e r ta in  ty p e  o f  in te r c a la t io n  a g e n t ,  th e  b a s a l  s p a c in g  o f  o r g a n o - m o d i f ie d  
M M T  in c r e a s e d  w i th  le n g th  o f  th e  a lk y l  g ro u p  in  a n  a g e n t.

2.3 Nanocomposite

In  th e  p a s t  d e c a d e ,  n a n o te c h n o lo g y  h a s  g a in e d  w id e  in te r e s t  in  th e  
d e v e lo p m e n t  o f  a  n o v e l  p o ly m e r ic  c o m p o s i te .  T h e r e  h a s  b e e n  in c r e a s in g  
r e s e a r c h  a b o u t  th e  m o le c u la r  c o m p o s i te  d e r iv e d  f ro m  th e  in te r c a la t io n  o f  
o r g a n ic  p o ly m e r s  in to  s m e c t ic  c la y s .  In  c o m p a r is o n  w i th  c o n v e n t io n a l  
p o ly m e r - m a t r ix  c o m p o s i te s ,  p o ly m e r - la y e r e d  s i l ic a te  n a n o c o m p o s i te s  
p o s s e s s  th e  f o l lo w in g  fe a tu re s :  a  v e r y  s m a ll  f r a c t io n  o f  s i l ic a te  f i l le r  w o u ld  
g iv e  s ig n i f ic a n t  im p r o v e m e n ts  in  th e  s t r e n g th  a n d  to u g h n e s s  o f  th e  m a te r ia ls ;  
th e  c o m p o s i te s  p o s s e s s  e x c e l le n t  th e r m a l  s ta b i l i ty  a n d  s iz e  s ta b i l i ty ;  a n d  th e  
c o m p o s i te  f i lm s  p o s s e s  e x c e l le n t  b a r r ie r  p ro p e r t ie s .

P o ly im id e  h y b r id  w ith  m o n tm o r i l lo n i te  c la y  m in e r a l  h a s  b e e n  
s y n th e s iz e d  f r o m  d im e th y la c e ta m id e  ( D M A C )  s o lu t io n  o f  p o ly ( a m ic  a c id )  
a n d  a  D M A C  d is p e r s io n  o f  m o n tm o r i l lo n i te  in te r c a la te d  w i th  a n  a m m o n iu m  
s a l t  o f  d o d e c y la m in e  b y  Y a n o  e t al. (1 9 9 3 ) .  M o n tm o r i l lo n i te  c o n s i s t s  o f  
s ta c k e d  s i l i c a te  s h e e ts  a b o u t  2 0 0 0  Â  in  le n g th ,  10 Â  in  th ic k n e s s .  T h e  
o r g a n o p h i l ic - c la y  w a s  u n i f o r m ly  d is p e r s e d  in  a  p o ly im id e  f i lm . T h is  h y b r id  
o r  n a n o c o m p o s i te  m a te r ia l  s h o w e d  e x c e l le n t  g a s  b a r r ie r  p r o p e r t ie s  a n d  lo w  
th e r m a l  e x p a n s io n  c o e f f ic ie n t  c o m p a re d  to  a n  o rd in a ry  p o ly im id e .

P o ly ( s - c a p r o la c to n e ) - c la y  n a n o c o m p o s i te s  u s in g  12- 
a m in o d o d e c a n o ic  a c id  to g e th e r  w i th  c o n c e n t r a te d  h y d r o c h lo r ic  a c id  a s  a  
c a t io n  e x c h a n g in g  r e a g e n t  in  s o d iu m  m o n tm o r i l lo n i te  (c la y )  w a s  p r e p a r e d  b y  
M e s s e r s m i th  a n d  G ia n n e l i s  (1 9 9 5 ) .  T h e  r e s u l t s  f ro m  W id e - A n g le  X - ra y  
S c a t te r in g  ( W A X S )  s h o w e d  th a t  th e  a lu m in o - s i l ic a te  la y e r s  p r o d u c e d  f in e  
d i s p e r s io n  in  p o ly m e r  m a tr ix .  T h e  s ig n i f ic a n t  p r o p e r ty  o f  n a n o c o m p o s i te s  
w a s  a  r e d u c t io n  in  m o is tu r e  p e rm e a b i l i ty .



1 6

P in n a v a ia  e t al. ( 1 9 9 6 )  p r e p a r e d  e p o x y -c la y  n a n o c o m p o s i te s  b y  in- 
s itu  p o ly m e r iz a t io n  o f  e p o x y  re s in  m o n o m e r  in  d i f f e r e n t  ty p e s  o f  
o r g a n o p h i l ic - c la y .  B o th  th e  te n s i le  s t re n g th  a n d  th e  m o d u lu s  in c r e a s e d  w ith  
in c r e a s in g  c la y  c o n te n t .  T h e  r e in f o r c e m e n t  p r o v id e d  b y  th e  s i l ic a te  l a y e r s  a t 
15 w t%  lo a d in g  w a s  m a n if e s te d  b y  a  m o re  th a n  te n f o ld  im p r o v e m e n t  in  
t e n s i le  s tr e n g th .

G ia n n e l i s  (1 9 9 6 )  p r e p a r e d  p o ly ( e th y le n e  o x id e ) - c la y  n a n o c o m p o s i te  
b y  d i r e c t  p o ly m e r  m e l t  in te r c a la t io n .  T h is  p r o c e s s  in v o lv e s  m ix in g  th e  la y e r  
s i l ic a te  w ith  th e  p o ly m e r  a n d  h e a t in g  th e  m ix tu re  a b o v e  th e  s o f te n in g  p o in t  
o f  th e  p o ly m e r .  D if f e r e n t ia l  S c a n n in g  C a lo r im e try  (D S C )  r e s u l t s  s h o w  th a t  
a s  th e  in te r c a la t io n  r e a c t io n  p r o g r e s s e s ,  m o re  p o l y e t h y l e n e  o x id e ) ,  P E O , 
c h a in s  w e r e  in te r c a la te d  a n d  th e  a r e a  o f  e n d o th e r m  c o r r e s p o n d in g  to  
c r y s ta l l in e  P E O  w a s  re d u c e d . T h is  r e s u l t  a g re e d  w ith  X R D  p a t te r n s ,  w h ic h  
d e m o n s t r a te d  th e  in c r e m e n t  o f  in te n s i ty  o f  th e  P E O - in te r c a la te d  s i l ic a te  
p e a k . In  a d d i t io n  to  X R D , th e  n a n o c o m p o s i te  w a s  c h a r a c te r iz e d  b y  
t r a n s m is s io n  e le c t r o n  m ic ro s c o p y ,  T E M . W e l l - d is p e r s e d  in d iv id u a l  s i l ic a te  
la y e r s  o f  th ic k n e s s  10 Â  w e r e  e m b e d d e d  in  th e  e p o x y  m a tr ix .  T h is  
n a n o c o m p o s i te  s h o w e d  im p r o v e m e n t  in  m e c h a n ic a l  p r o p e r t ie s ,  b a r r i e r  
p r o p e r t ie s ,  h e a t  r e s is ta n c e ,  a n d  th e rm a l  s ta b i l i ty .  T h e  c o n d u c t iv i ty  o f  th e  
m e l t - in te r c a la te d  h y b r id  w a s  m u c h  h ig h e r  a n d  m o re  i s o t r o p ic  th a n  t h a t  o f  
p u re  m a tr ix .

W a n g  a n d  P in n a v a ia  (1 9 9 8 )  r e p o r te d  n a n o la y e r  r e in f o r c e m e n t  o f  
e la s to m e r ic  p o ly u r e th a n e .  F ro m  X R D  p a t te rn s ,  d - s p a c in g  fo r  c la y  la y e r s  
in c r e a s e d  a f te r  m o d if ie d  w ith  o r g a n o p h i l ic  a m m o n iu m  io n  d u e  to  
a r r a n g e m e n t  o f  a lk y l  c h a in  o f  o r g a n o p h i l ic  a m m o n iu m  io n  p e r p e n d ic u la r  to  
th e  c la y  b a s a l  s u r f a c e .  T h e  e x p a n s io n  o f  th e  o r g a n o p h i l ic - c la y  in c r e a s e d  w ith  
in c r e a s in g  c u r in g  t im e  a t  95  ๐c .  C le a r ly ,  th e  c la y  n a n o la y e r s ,  e v e n  w h e n  
a g g r e g a te d  in  th e  fo rm  o f  in te r c a la te d  ta c t io d s ,  s t r e n g th e n ,  s t i f f e n ,  a n d  
to u g h e n  th e  m a tr ix .  A n o th e r  s ig n if ic a n t  p r o p e r ty  o f  p o ly u r e th a n e - c la y
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nanocom posites w as their high optical transparency. F urtherm ore , the 
d ispersal o f  silicate  nanolayers substantially  reduced the perm eab ility  o f  the 
polym er.

C haracterization  o f  epoxy-clay hybrid com posite  prepared  by 
em ulsion  polym erization  w as discussed by Lee and Jang (1998). T he hybrid  
w as p repared  w ithou t any kind o f  ion-exchange reaction  w ith  alkyl or aryl 
onium  ions or by em ploying special coupling agents. T he structural 
characteriza tions by FTIR  and X RD  for the extracted  p roduct gave strong 
ev idence that an overw helm ing fraction o f  M M T  w as in tercalated  w ith  the 
epoxy polym er. T he enhanced therm al stability  o f  those postcured  p roducts 
w as confirm ed by TG A  and D SA  analysis. The strong fixation  o f  p o lym er to 
inorgan ic  su rface w as believed to be due to the cooperative form ation  o f  the 
ion-d ipo le  force acting  betw een polar functional groups o f  po ly m er chain 
and in terlayer ions.

L iu e t  a l. (1999) dem onstrated the studied on nylon 6-clay 
nanocom posites by m elt-intercalate process. X -ray d iffraction  and D SC  
resu lts show ed that the crystal structure and crystallization  behaviors o f  the 
nanocom posites w ere different from  those o f  nylon 6. M echan ical and 
therm al testing  show ed that the properties o f  the nanocom posites w ere 
superio r to ny lon  6 in term s o f  heat-d istortion  tem perature , strength , and 
m odulus w ithout sacrificing  their im pact strength. T his is due to the 
nanoscale  effects and the strong in teraction betw een the nylon 6 m atrix  and 
the clay in terface, as revealed by X -ray d iffraction and transm ission  electron 
m icroscope.

P reparation  and m echanical properties o f  po lysty rene-clay  hybrid  
w ere  reported  by H asegaw a e t  al. (1999). It w as found that silicate layers o f  
clay w ere delam inated  and uniform ly dispersed to the nanom eter level. The 
strong  m oduli o f  the hybrid  m aterials w ere h igher than those o f  m atrix  
po lym er at all tem peratures.
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N oh e t  a l. (1999) revealed in tercalation o f  styrene-acry lon itrile  
copolym er in layered silicate by em ulsion polym erization . T ransm ission  
electron m icroscopy  (TEM ) results show ed orderly arrangem ent o f  1-2 nm 
sized silicate  layer in the copolym er m atrix. The m odulus o f  e lasticity  o f  the 
p roduct increased  w ith  increasing content o f  M M T, w hereas the stress at 
m axim um  load decreased w ith  the increm ents o f  M M T.

Synthesis and characterization  o f  po lyaniline (PA n)-clay  
nanocom posite  w ith  extended chain conform ation o f  po lyan iline  w ere 
p resen ted  by พ น  e t  a l. (2000). The conductive em erald ine salt form  o f  
po lyaniline w as inserted into the layers o f  m ontm orillonite  clay to produce 
the hybrid  w ith  high conductivity. The results show  that a real 
nanocom posite  w as obtained and over 90%  o f  the po lyaniline chain w as 
inserted betw een  the layers. It w as a single chain w ith  ex tended-chain  
conform ation  ow ing  to the confined environm ent in the nanom eter size 
gallery.

R ecen tly , Chen e t  a l. (2000) successfully  prepared  a new  type  o f  
hybrid  m ateria l o f  clay w ith  poly(butyl acrylate) (PB A ) using in tercalation- 
po lym erization  process. T herm ogravim etric  analysis (TG A ) resu lt show ed 
that the hybrid  m aterial had a decom position  tem perature  (485°C ) h igher 
than that o f  pu re  PB A  (402°C).
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