
CHAPTER V
MORPHOLOGY DEVELOPMENT AND STABILITY OF 

POLYPTOPYLENE/ORGANOCLAY NANOCOMPOSITES

5.1 Abstract

A  s e r ie s  o f  p o l y p r o p y le n e  ( P P ) / o r g a n o c la y  n a n o c o m p o s i t e s  w i t h  v a r ie d  

c o n c e n t r a t io n s  o f  c la y ,  f r o m  1 to  7  w t% , w a s  s u c c e s s f u l l y  p r e p a r e d  v ia  m e l t  

in te r c a la t io n  u s i n g  a  p p  f u n c t io n a l iz e d  w i t h  m a le i c  a n h y d r id e  a s  c o m p a t ib i l i z e r .  T h e  

m o r p h o lo g y /p r o p e r t y  r e la t io n s h ip s  o f  t h e  n a n o c o m p o s i t e s  w e r e  i n v e s t ig a t e d  b y  

X R D ,  T G A , a n d  D S C  a n a ly s e s .  T w o  d i s t in c t  g r o u p s  o f  c o m p o s i t e s ,  f r o m  a  q u a s i-  

e x f o l ia t e d  to  a n  in te r c a la te d  m o r p h o lo g y ,  w e r e  id e n t i f i e d .  In  p a r t ic u la r ,  
i n t e r c a la t e d / f lo c c u la t e d  m o r p h o lo g i e s  w e r e  o b t a in e d  f o r  t h o s e  c o m p o s i t e s  w i t h  a n  

o r g a n o c la y  c o n c e n t r a t io n  b e y o n d  th e  t h r e s h o ld  (3  w t % ) ,  a s  e v i d e n c e d  b y  X R D  

a n a ly s i s  a n d  c o n f ir m e d  b y  a n  in c r e a s e  in  th e  g la s s  t r a n s i t io n  te m p e r a tu r e .  T h is  la s t  

e f f e c t  w a s  r e la te d  to  th e  c o n f in e m e n t  o f  p o l y m e r  c h a in s  b e t w e e n  t h e  s i l i c a t e  la y e r s ,  
g e n e r a t in g  a  r e d u c t io n  o f  th e  c h a in  m o b i l i t y .  T h e  v a r ia b le  in c r e a s e  o f  th e  th e r m a l  

s t a b i l i t y  o f  th e  n a n o c o m p o s i t e s  w a s  a l s o  l ik e l y  r e la te d  to  th e  d i f f e r e n t  d e g r e e s  o f  

e x f o l ia t io n / in t e r c a la t io n  o f  th e  s a m p le s .  T h e  t o l u e n e  e x t r a c t io n  o f  c o m p o s i t e s  h a v in g  

a  s e m i - e x f o l i a t e d  s tr u c tu r e  s p l i t  th e  s a m p l e s  in t o  t w o  f r a c t io n s  h a v in g  a  s im i la r  

m o r p h o lo g y ;  fo r  t h o s e  s a m p l e s  h a v in g  t h e  h ig h e r  o r g a n o c la y  c o n c e n t r a t io n  a n d  

in te r c a la te d  m o r p h o lo g y ,  a  t o lu e n e - r e s id u e  f r a c t io n  c o n t a in in g  a lm o s t  a l l  o f  th e  c la y  

w a s  o b t a in e d .  F u r th e r m o r e , in  th is  c a s e ,  t h e  m o r p h o lo g y  a n a l y s i s  o f  t h e  r e s id u e  

f r a c t io n  e v i d e n c e d  a  c o l l a p s e  o f  th e  in o r g a n ic  s tr u c tu r e  c o m p a r e d  t o  th a t  o f  th e  

u n e x tr a c te d  c o m p o s i t e .  A  c a r e fu l  c h a r a c t e r iz a t io n  o f  b o th  s o lu b l e  a n d  r e s id u e  

f r a c t io n s  i s  r e p o r te d  a n d  t h e  r e s u lt s  a re  d i s c u s s e d  c o n s id e r in g  th e  in t e r a c t io n s  a t th e  

in t e r f a c e  b e t w e e n  th e  f u n c t io n a l iz e d  p p  c h a in s  a n d  th e  s i l i c a t e  l a y e r s ,  a n d  th e ir  

e f f e c t s  o n  th e  o r g a n o c la y  d i s p e r s io n  s ta te  a n d  s t a b i l i t y .

(Key-words: polyolefins; nanocomposites; nanoconfinement; morphology;
interfacial interaction; solvent fractionation)
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5.2 Introduction

P o ly m e r /c la y  n a n o c o m p o s i t e s  a re  a  c l a s s  o f  h y b r id  m a t e r ia ls  c o m p o s e d  o f  

a n  o r g a n ic  p o l y m e r  m a tr ix  in  w h i c h  in o r g a n ic  n a n o s c a le  p a r t ic le s  a r e  im b e d d e d  

( M e s s e r s m i t h ,  1 9 9 5 ;  U s u k i ,  1 9 9 3 ;  K o j im a , 1 9 9 3 ;  Y a n o ,  1 9 9 3 ;  V a ia ,  1 9 9 5 ;  B i a s c i ,  

1 9 9 4 ) .  A t  t h is  s c a le ,  th e  in o r g a n ic  f i l l e r s  d r a m a t ic a l ly  im p r o v e  th e  p h y s ic a l  a n d  

m e c h a n ic a l  m a c r o s c o p ic  p r o p e r t ie s  o f  th e  p o ly m e r ,  e v e n  w h e n  th e ir  a m o u n t  is  l o w  

( < 3 - 5 %  w t ) .  In  p a r t ic u la r , p o ly m e r  n a n o c o m p o s i t e s  p r e p a r e d  b y  u s i n g  la y e r e d  

in o r g a n ic  s u b s t r a te s  e x h ib i t  h ig h  h e a t  d is t o r t io n  t e m p e r a tu r e s ,  e n h a n c e d  f la m e  

r e s i s t a n c e ,  in c r e a s e d  m o d u lu s  v a lu e s ,  im p r o v e d  b a rr ier  p r o p e r t ie s ,  a n d  d e c r e a s e d  

th e r m a l  e x p a n s io n  c o e f f i c i e n t  ( G ia n n e l i s ,  1 9 9 6  a n d  W a n g ,  1 9 9 8 ) .  T h e  e n h a n c e d  

p r o p e r t ie s  a re  p r e s u m a b ly  d u e  to  th e  s y n e r g i s t ic  e f f e c t s  o f  th e  n a n o s c a l e  s tr u c tu r e  

a n d  th e  p a r t ic l e - p a r t i c l e  in t e r a c t io n s  e x t e n d e d  to  th e  p o ly m e r  s u r f a c e s .
B e y o n d  th e  c o n v e n t io n a l  p h a s e - s e p a r a t e d  p o l y m e r / c l a y  c o m p o s i t e s ,  t w o  

id e a l  t y p e s  o f  n a n o c o m p o s i t e s  a re  p o s s i b l e .  I n te r c a la te d  s tr u c tu r e s  a r e  f o r m e d  w h e n  a  

s in g le  (o r  s o m e t i m e s  m u l t ip l e )  e x t e n d e d  p o ly m e r  c h a in  i s  in te r c a la te d  b e t w e e n  th e  

s i l i c a t e  la y e r s .  T h e  r e s u lt  i s  a  w e l l  o r d e r e d  m u lt i la y e r  s t r u c tu r e  o f  a l t e r n a t in g  p o l y m e r  

a n d  in o r g a n ic  la y e r s ,  w i t h  a  r e p e a te d  d i s t a n c e  b e t w e e n  th e m . T h e  in t e r c a la t io n  c a u s e s  

a  l e s s  th a n  2 - 3  n m  s e p a r a t io n  b e t w e e n  th e  la y e r s  ( A le x a d r e ,  2 0 0 0 ;  C h in ,  2 0 0 1 ;  K im ,  
2 0 0 1 ) .  O n  th e  o th e r  h a n d , e x f o l ia t e d  o r  d e la m in a t e d  s t r u c tu r e s  c a n  b e  o b t a in e d  w h e n  

th e  c la y  la y e r s  a re  w e l l  s e p a r a te d  e a c h  f r o m  o th e r  a n d  i n d iv id u a l ly  d i s p e r s e d  in  th e  

c o n t in u o u s  p o ly m e r  m a tr ix  ( A le x a d r e ,  2 0 0 0 ;  C h in , 2 0 0 1 ;  K im ) .  In  t h i s  c a s e ,  t h e  

p o ly m e r  e x p a n d s  th e  c la y  la y e r s  to  8 - 1 0  n m  o r  m o r e  ( K im  et al. 2 0 0 1 ) .  T h a t  i s ,  th e  

in te r la y e r  e x p a n s e  i s  c o m p a r a b le  t o  th e  r a d iu s  o f  g y r a t io n  o f  th e  p o l y m e r  ra th e r  th a n  

t o  th a t  o f  a n  e x t e n d e d  c h a in , in  th e  in te r c a la te d  h y b r id s  ( G ia n n e l i s  et al. 1 9 9 6 ) .  T h e  

e x f o l ia t i o n  c o n f ig u r a t io n  is  o f  p a r t ic u la r  in t e r e s t  b e c a u s e  it  m a x i m i z e s  t h e  p o l y m e r -  

c l a y  in te r a c t io n s  m a k in g  th e  e n t ir e  s u r f a c e  o f  th e  la y e r s  a v a i la b le  f o r  th e  p o ly m e r .  
T h is  le a d s  t o  th e  m o s t  s ig n i f ic a n t  c h a n g e s  in  th e  m e c h a n ic a l  a n d  p h y s ic a l  p r o p e r t ie s  

( D e n n i s  et al. 2 0 0 1 ) .  H o w e v e r ,  i t  i s  n o t  e a s y  t o  a c h i e v e  c o m p l e t e  c l a y  e x f o l ia t i o n  

a n d , w i t h  f e w  e x c e p t i o n s ,  th e  m a jo r i ty  o f  th e  p o ly m e r  n a n o c o m p o s i t e s  r e p o r te d  in  

th e  l ite r a tu r e  h a v e  in te r c a la te d  o r  m ix e d  in t e r c a la t e d /e x f o l ia t e d  n a n o s t r u c t u r e s  ( C h in  

et al. 2 0 0 1 ).
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M o s t  o f  th e  w o r k  r e p o r te d  in  l i te r a tu r e  h a s  f o c u s e d  o n  th e  im p o r t a n c e  o f  th e  

“ c h e m is t r y ”  u s e d  t o  m o d i f y  th e  s u r f a c e  o f  th e  c la y ,  u s u a l l y  m o n t m o r i l lo n i t e  ( M M T ) ,  
t o  f a v o r  th e  t h e r m o d y n a m ic s  a n d  k in e t i c s  ( V a ia ,  1 9 9 5  a n d  1 9 9 7 ;  M a n ia s ,  2 0 0 0 )  

i n v o lv e d  in  m e l t  in t e r c a la t io n ,  m a x im i z i n g  th e  e f f e c t i v e  in t e r a c t io n s  a n d  l e a d i n g  to  

t h e  a b o v e - m e n t i o n e d  m o r p h o lo g y  a n d  p r o p e r t ie s .  In  p a r t ic u la r , t h e  s u r f a c e  

m o d i f i c a t i o n  o f  c la y  b y  s u r f a c ta n t s  a n d  t h e  u s e  o f  s p e c i f i c a l l y  f u n c t io n a l iz e d  

c o m p a t ib i l i z e r s  ( g r a f te d  a n d /o r  b l o c k  c o p o l y m e r s )  w e r e  e x t e n s i v e l y  e m p lo y e d  a s  

s u i t a b le  m e t h o d o lo g i e s  t o  a d d r e s s  th e  m o r p h o lo g y  p r o p e r t ie s  t o w a r d  h ig h  l e v e l s  o f  

n a n o d i s p e r s io n  b y  t a k in g  a d v a n t a g e  o f  v a n  d e r  W a a ls  a n d  p o la r  in t e r a c t io n s  

p r e d ic t e d  b y  u s i n g  H a m a k e r  c o n s t a n t s  (H a m a k e r ,  1 9 3 7 ) .  I n d e e d ,  th e  V a ia  tr a c ta b le  

a p p r o a c h  ( V a ia  a n d  G ia n n e l is ,  1 9 9 7 )  r e p o r ts  th a t  a  “ f a v o r a b le  e n t h a lp y  o f  m i x i n g  is  

a c h i e v e d  w h e n  th e  p o l y m e r / f i l l e r  in t e r a c t io n s  a re  m o r e  f a v o r a b le  th a n  th e  

s u r f a c t a n t / f i l l e r  in t e r a c t io n s ” . T h is  s u g g e s t s  th a t  a n  a p p r o p r ia te  d e s i g n  o f  th e  

n a n o c o m p o s i t e  s tr u c tu r e  c a n  b e  a p p r o a c h e d  b y  m o d u la t in g  th e  in t e r f a c e  a n d  

p a r t ic u la r ly  t h e  in te r fa c ia l  in t e r a c t io n s  m o s t l y  a s s o c i a t e d  w i t h  t h e  c o m p e t i t iv e  

a d s o r p t io n  o f  p o l y m e r  a n d  s u r f a c ta n t  b e t w e e n  t h e  c l a y  p la t e le t s .
M o r e  r e c e n t ly ,  t h e r m o d y n a m ic  a n d  d y n a m ic  f a c t o r s  w e r e  s im u l t a n e o u s l y  

t u n e d  fo r  c o n t r o l l in g  th e  m o r p h o lo g y  d e v e lo p m e n t  d u r in g  m e l t  in t e r c a la t io n .  
M o r e o v e r ,  t h e  r o le  a n d  im p o r t a n c e  o f  m a te r ia l  p r o c e s s i n g ,  a n d  th e  in t e r p la y  b e t w e e n  

t h e  t h e r m o d y n a m ic s  a n d  s h e a r , w a s  a ls o  a s s e s s e d  ( D e n n i s ,  2 0 0 1 ;  C h o ,  2 0 0 4 ;  W a n g ,  
2 0 0 4 ) .

R e c e n t  s t u d ie s  a b o u t  t h e  r e la t io n s h ip s  b e t w e e n  m o r p h o lo g y  a n d  m e c h a n ic a l  

r e s p o n s e  a n d /o r  th e r m a l  b e h a v io r  t o o k  in to  a c c o u n t  th a t  t h e  p o l y m e r  c h a in s  c l o s e  to  

t h e  in t e r f a c e  a r e  lo c a t e d  in  a  ‘ c o n s t r a in t  r e g i o n ’ s u r r o u n d in g  t h e  n a n o s c o p ic  f i l le r ;  

th a t  i s  e x p e c t e d  t o  d i f f e r  in  p r o p e r t ie s  a n d  m o r p h o lo g y  f r o m  th e  b u lk  p o l y m e r  m a tr ix .  
I n d e e d ,  s ig n i f i c a n t  v a r ia t io n s  o f  p o ly m e r  p r o p e r t ie s ,  h a v e  b e e n  e x p e r im e n t a l ly  

o b s e r v e d ,  e s p e c i a l l y  t h e  g la s s  t r a n s i t io n  te m p e r a tu r e  ( Tg) ,  o w i n g  t o  t h e  d i f f e r e n t  

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

o r  c o n f in e d  b e t w e e n  th e  s i l i c a t e  la y e r s .
T h e  p h e n o m e n o n  o f  c h a in  c o n f in e m e n t  i s  s t i l l  a  s u b j e c t  o f  s c i e n t i f i c  

c o n t r o v e r s y .  S e v e r a l  m e t h o d s  s u c h  a s  d y n a m ic s  s im u la t io n ,  m o d e l s ,  a n d  e x p e r im e n t s  

a b o u t  in t e r c a la t io n  o r  c a p p in g  o f  n a n o p a r t ic le s  f o r  in t e r a c t in g  o r  n o n - in t e r a c t in g
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n a n o f i l l e r - p o l y m e r  s y s t e m s  h a v e  b e e n  u s e d  t o  p r o v e  th a t  th e  Tg o f  c o n f in e d  c h a in s  in  

p o ly m e r  n a n o c o m p o s i t e s  i s  c h a n g e d  ( d e p r e s s e d  o r  e n h a n c e d )  ( G ia n n e l i s ,  1 9 9 9 ;  V a ia ,  
1 9 9 7 ;  E lm a h d y ,  2 0 0 6 ;  A n a s t a s ia d is ,  2 0 0 0 )  d e p e n d in g  o n  th e  k in d  o f  p o l y m e r  a n d  it s  

th e r m a l  p r o p e r t ie s ,  t h e  p r e s e n c e  o f  s u r f a c ta n ts ,  th e  a m o u n t  o f  in o r g a n ic  f i l l e r ,  a n d  

o b v i o u s l y  t h e  m o r p h o lo g y  o f  t h e  n a n o c o m p o s i t i e s .  W ith  s p e c i f i c  r e f e r e n c e  to  

n a n o s tr u c tu r e d  la y e r e d  s i l i c a t e  m a t e r ia ls  ( i . e .  m o n t m o r i l lo m i t e ,  M M T ) ,  in te r c a la te d  

p o l y e t h y l e n e  o x id e  ( P E O ) /M M T  n a n o c o m p o s i t e s  s h o w e d  v e r y  fa s t  r e la x a t io n s  

a s s o c ia t e d  w i t h  a  l o w  Tg v a lu e ,  th u s, i n d ic a t in g  th a t  t h e  c o o p e r a t iv e  m o t io n  

p r e c ip i t o u s ly  d e c r e a s e s  a s  th e  p o l y m e r  i s  c o n f in e d  t o  e x t r e m e ly  n a r r o w  s l i t s ,  l e s s  

th a n  a  f e w  n a n o m e t e r s  ( V a ia  et al. 1 9 9 7 ) .  L a te r , d i e l e c t r ic  s p e c t r o s c o p y  e x p e r im e n t s  

s h o w e d  th a t  th e  c o n f in e m e n t  o f  P E O  in  s o d iu m  m o n t m o r i l lo n i t e  r e s u lt s  in  a  s p e e d - u p  

o f  th e  P E O  s e g m e n t a l  r e la x a t io n  d y n a m ic s ,  e n h a n c in g  th e  i o n i c  m o b i l i t y  o f  th e  

n a n o c o m p o s i t e s  ( E lm a h d y  et al. 2 0 0 6 ) .  S im i la r  r e s u lt s  w e r e  r e p o r te d  fo r  

p o l y m e t h y l p h e n y l s i l o x a n e - f o r m i n g  in te r c a la te d  h y b r id s  w i t h  o r g a n i c a l l y  m o d i f i e d  

la y e r e d  s i l i c a t e  ( O M M T )  ( A n a s t a s ia d is  et al. 2 0 0 0 ) .  O n  th e  o t h e r  h a n d , t h e  d y n a m ic  

m e c h a n ic a l  a n a ly s i s  o f  p o l y ( m e t h y l  m e t h a c r y la t e )  ( P M M A ) / M M T  n a n o c o m p o s i t e s  

p r e p a r e d  b y  in situ in t e r c a la t iv e  p o ly m e r iz a t io n  s h o w e d  a n  in c r e a s e  o f  t h e  Tg w i t h  

g r o w in g  c l a y  c o n t e n t ,  c o m p a r e d  t o  t h e  p u r e  p o ly m e r .  T h e  a u th o r s  p r o p o s e d  th a t  p a r t  

o f  th e  P M M A  c h a in s  in  th e  n a n o c o m p o s i t e s  w a s  s t r o n g ly  in t e r a c t in g  w i t h  th e  

in o r g a n ic  s u r f a c e s  a n d /o r  w e r e  tr a p p e d  b e t w e e n  th e  la y e r s ,  h e n c e  b e in g  r e s i s t a n t  to  

P M M A  c o m m o n  s o lv e n t s  a n d  s u g g e s t i n g  th a t  t h e  n a n o c o n f in e m e n t  c a n  c h a n g e  th e  

m a c r o m o le c u l e  s o lu b i l i t y  (L i  et al. 2 0 0 3 ) .
P o l y o l e f i n s ,  d u e  to  t h e ir  h y d r o p h o b ic  n a tu r e , a re  n o t  a b le  t o  e s t a b l i s h  

in t e r f a c e  in t e r a c t io n s  s o  e f f e c t i v e l y  a s  to  d i s p e r s e  th e  n a n o p a r t ic le s  b y  in t e r c a la t io n  

a n d  s t a b i l i z e  th e  m o r p h o lo g y ;  fo r  th is  r e a s o n ,  s u i t a b le  s u r f a c ta n t s  a s  in o r g a n ic  

s u r f a c e  m o d i f i e r s  a n d  f u n c t io n a l iz e d  p o l y o l e f i n s  a s  m a tr ix  o r  a s  c o m p a t ib i l i z e r s  a re  

g e n e r a l ly  u s e d :  th e  c o m b i n e d  h y d r o p h o b ic  a n d  h y d r o p h i l i c  in t e r a c t io n s  g r a n t  b o th  

th e  e f f e c t s ,  e v e n  i f  th e  c o n c e n t r a t io n /a m o u n t  o f  p o la r  g r o u p s  i s  v e r y  l o w ,  g e n e r a l ly  

l e s s  th a n  1%  b y  m o l  ( C ia r d e l l i ,  2 0 0 8 ;  P a s s a g l ia ,  2 0 0 5  a n d  2 0 0 8 ) .  In  t h is  w a y ,  th e  

p r e p a r a t io n  o f  p o l y o l e f i n  n a n o c o m p o s i t e s  w i t h  a  w e l l - e s t a b l i s h e d  d i s p e r s io n  l e v e l  

r e f l e c t e d  in  g o o d  p e r f o r m a n c e s  (p a r t ic u la r ly  fo r  g a s  b a r r ie r  p r o p e r t ie s )  i s  p o s s i b l e  

a n d  w e l l - d o c u m e n t e d  in  th e  l ite r a tu r e  ( C ia r d e l l i ,  2 0 0 8 ;  P a s s a g l ia ,  2 0 0 5  a n d  2 0 0 8 ) .
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T h e  th e r m a l  a n a ly s i s  o f  t h e s e  s a m p le s  g e n e r a l ly  h i g h l ig h t s  th a t  th e  c o o p e r a t iv e  

r e la x a t io n  o f  p o l y o l e f i n  c h a in s  in  th e  c o m p o s i t e s  b e c o m e s  w e a k  d u e  t o  th e  r e s tr ic t e d  

m o b i l i t y  o f  th e  c h a in s  in  th e  p r e s e n c e  o f  c l a y  p la t e le t s  (H a m b ir  et al. 2 0 0 1 ) .  
M o r e o v e r ,  s o lv e n t  e x t r a c t io n  p r o c e d u r e s  a l l o w e d  fo r  th e  i s o l a t i o n  o f  p o l y o l e f i n  

c h a in s  s t r o n g ly  in te r a c t in g  a n d /o r  tr a p p e d  b e t w e e n  th e  la y e r s  w i t h  a  Tg ( d e t e r m in e d  

b y  D S C  a n d  a s s e s s e d  a l s o  b y  d ie l e c t r ic  m e a s u r e m e n t s )  h ig h e r  th a n  th a t  o f  t h e  b u lk  

m a tr ix  ( P a s s a g l ia  et al. 2 0 0 8 ) .  M o r e  r e c e n t ly ,  a  t h e o r e t ic a l  a p p r o a c h , r e a s o n a b ly  

e x p la in in g  s o m e  im p o r ta n t  f e a tu r e s  a n d  r e s u lt s  (p a r t ic u la r ly  a b o u t  th e  m e c h a n ic a l  

a n d  r h e o lo g ic a l  b e h a v io r  o f  p o l y p r o p y le n e ( P P ) / c la y  n a n o c o m p o s i t e s ) ,  e v i d e n c e d  th a t  

w h e n  th e  o r g a n o c la y  a m o u n t  is  h ig h e r  th a n  2 %  b y  w e i g h t ,  a  t h r e e - d im e n s io n a l  f i l l e r  

n e tw o r k  i s  fo r m e d  a n d  it  p l a y s  a n  e s s e n t i a l  r o le  in  t h e  d y n a m ic s  b e h a v io r  o f  th e  p p  

c h a in s .  T h e  p h y s ic a l  j a m m i n g  a n d  c o n n e c t i n g  o f  th e  n a n o s c a le  d i s p e r s e d  f i l l e r s  

( r a n d o m ly  o r ie n te d  c la y  t a c t o id s  w i t h  l o c a l l y  c o r r e la t e d  la y e r s )  g e n e r a t e s  a  s tr u c tu r e  

la r g e r  th a n  th a t o f  in te r c a la te d  a n d  e x f o l ia t e d  m ic r o s tr u c tu r e s ;  t h is  la r g e r  s tr u c tu r e  

c a n  b e  r e g a r d e d  a s  a  m e s o s c o p i c  s tr u c tu r e  w h e r e  m o t i o n  o f  th e  p p  c h a in s  i s  r e s tr ic t e d  

( W a n g  et al. 2 0 0 6 ) .
B y  c o n s id e r in g  th a t  p p  i s  o n e  o f  t h e  m o s t  w i d e l y  u s e d  c o m m o d i t y  

t h e r m o p la s t ic s  fo r  p r e p a r in g  p o l y m e r / c l a y  n a n o c o m p o s i t e s  w i t h  c o n v e n t i o n a l  m e l t 
m ix in g  t e c h n o l o g y  ( X u  et al. 2 0 0 3 ) ,  w e  a re  r e p o r t in g  h e r e  r e s u l t s  o n  th e  

m o r p h o lo g y /p r o p e r t y  r e la t io n s h ip s  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s  o b t a in e d  w i t h  

in c r e a s in g  a m o u n t s  o f  o r g a n o c la y  ( f r o m  1 to  7  w t % ) .  T h e  d e v e lo p m e n t / e s t a b l i s h m e n t  

o f  e x f o l ia t e d ,  in te r c a la te d  a n d  e v e n  m e s o s c o p i c  s tr u c tu r e s  a s  a  f u n c t io n  o f  th e  

o r g a n o c la y  c o n t e n t  w a s  e v i d e n c e d  b y  c o m b i n in g  X R D ,  T E M , a n d  a  s o lv e n t  

f r a c t io n a t io n  p r o c e d u r e . T h e  e x t r a c t io n  o f  p o l y o l e f i n  n a n o c o m p o s i t e s  w i t h  a  s o lv e n t  

d i s s o lv i n g  th e  p o ly m e r  a l l o w s  fo r  th e  s e p a r a t io n  o f  f r e e  p o l y m e r  c h a in s  f r o m  t h o s e  

c h a in s  s t r o n g ly  in te r a c t in g  w i t h  la m e l la e ;  th is  s t r o n g  in t e r a c t io n  c a u s e s  t h e s e  c h a in s  

to  b e  i n s o lu b le  in  th e  s o lv e n t  ( P a s s a g l ia ,  2 0 0 1  a n d  2 0 0 8 ) .  T h is  a n a l y s i s ,  w h i c h  i s  n o t  

g e n e r a l ly  u s e d ,  r e p r e s e n t s  a  p o w e r f u l  m e t h o d  t o  p r o v id e  e v i d e n c e  fo r  p o l y m e r / c l a y  

in te r fa c e  in te r a c t io n s  a n d  it i s  a l s o  a  g o o d  w a y  t o  i s o l a t e  th e  a d s o r b e d / in t e r a c t in g  

n a n o c o n f in e d  p o ly m e r  f r o m  th e  n o n - in t e r c a la t in g  m a c r o m o le c u l e s .  T h u s ,  th e  

m a c r o s c o p ic /b u lk  p r o p e r t ie s  o f  t o lu e n e  s o lu b l e  a n d  i n s o lu b l e  c o m p o s i t e  f r a c t io n s  

w e r e  in v e s t ig a t e d  a n d  c o m p a r e d  w i t h  t h o s e  o f  t h e  s ta r t in g  m a t e r ia ls  ( p o l y m e r s ,  c la y ,
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a n d  c o m p o s i t e s ) .  M o r e o v e r ,  in  o r d e r  t o  e v a lu a t e  a n d  c o r r e la t e  th e  c h a n g e  o f  p o ly m e r  

p r o p e r t ie s  t o  d i f f e r e n t  m o r p h o lo g ie s  ( c o n f in e m e n t  e f f e c t s ) ,  in fr a r e d  s p e c t r o s c o p y  

m e a s u r e m e n t s  ( I R )  a n d  th e r m a l  a n a ly s i s  ( D S C ,  T G A )  w e r e  a l s o  c a r r ie d  o u t .  A  m a jo r  

e m p h a s is  w a s  p la c e d  o n  u n d e r s t a n d in g  th e  r o le  o f  o r g a n o c la y  n a n o d i s p e r s e d  p la t e le t s  

o n  c o m p o s i t e  p r o p e r t ie s  b e f o r e  a n d  a f te r  th e  e x t r a c t io n  p r o c e d u r e ,  th u s  c o n t r ib u t in g  

t o  fu r th e r  c la r i f y i n g  th e  o p e n  q u e s t io n s  c o n c e r n in g  t h e s e  in t e r a c t in g  m a t e r ia ls .

5.3 Results and Discussion

5 .3 .1  M o r p h o lo g y  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s
T h e  X R D  p a t te r n s  o f  th e  n a n o c o m p o s i t e s  ( F ig u r e  5 .1 )  c l e a r ly  s h o w e d  

a  s h i f t  o f  th e  O B T N  ( 0 0 1 )  d i f f r a c t io n  p e a k  to w a r d  l o w e r  a n g l e s  f o r  a ll  o f  th e  

s a m p le s ,  w h i c h  w e r e  p r e p a r e d  b y  a d d in g  d i f f e r e n t  a m o u n t s  o f  o r g a n o c l a y  ( r a n g in g  

f r o m  1 t o  7 %  w t ) ,  in d ic a t in g  a n  in c r e a s e  o f  th e  in t e r la y e r  s p a c i n g  (d o o i)  b y  th e  

in t e r c a la t io n  o f  th e  p o l y m e r  c h a in s .  N e v e r t h e l e s s ,  s o m e  d i f f e r e n c e s  ( i . e .  p o s i t io n ,  
s h a p e ,  a n d  in t e n s i t y  o f  t h e  dooi p e a k ) ,  w e r e  o b s e r v e d  m o v i n g  fr o m  t h e  lo w e r  t o  th e  

h ig h e r  O B T N  c o n t e n t .  In  th e  c a s e  o f  p p  c o m p o s i t e s  c o n t a in in g  1 , 2 ,  a n d  3  w t%  

O B T N ,  th e  dooi p e a k  p o s i t i o n  w a s  c o n s i s t e n t  w i t h  a n  in t e r la y e r  s p a c i n g  o f  3 .4  ra n ,  
th u s  in d ic a t in g  th e  p r o b a b le  f o r m a t io n  o f  a n  in t e r c a la t e d  s tr u c tu r e  e v e n  t h o u g h  th e  

p r e s e n c e  o f  s i n g l e  la m e l la  c a n  n o t  b e  c o n f ir m e d .  T h e  5 a n d  7  w t%  O B T N  c o m p o s i t e s  

o n  th e  o th e r  h a n d  , s h o w e d  t w o  d i s t in c t  dooi p e a k s :  o n e  a t  l o w e r  a n g l e ,  w h ic h  w a s  

c o n s i s t e n t  w i t h  a  dooi o f  3 .2  n m , a n d  a  s e c o n d  p e a k  a t th e  s a m e  ( 0 0 1 )  r e f l e c t io n  a n g le  

o f  th e  p u r e  O B T N  (o r  w e a k l y  h ig h e r ) .  A s  a lr e a d y  r e p o r te d  a n d  d i s c u s s e d  in  l ite r a tu r e  

( C ia r d e l l i ,  2 0 0 8 ;  P a s s a g l ia ,  2 0 0 8 ;  W a n g ,  2 0 0 6 ) ,  fo r  h i g h  a m o u n t s  o f  o r g a n o c la y  

a n d /o r  b y  in c r e a s in g  it s  c o n t e n t ,  a  c o n s id e r a b le  a g g r e g a t io n  ( t a c t o id s  a n d  m a c r o 
a g g r e g a t e s )  o f  th e  la y e r s  in  p o l y o l e f i n  n a n o c o m p o s i t e s  i s  g e n e r a l ly  o b s e r v e d  ( C a u s in ,  
2 0 0 5  a n d  P r e s c h i l la ,  2 0 0 8 ) .  A c c o r d in g ly ,  a l s o  in  th is  c a s e ,  th e  a d d it io n  o f  m o r e  

O B T N  e n h a n c e d  th e  d e n s i t y  o f  c la y  s t a c k s  a n d  la y e r s  in  t h e  p p  m a t r ix ,  th u s  r e s u lt in g  

in  a  s t r o n g  c o n n e c t i o n  b e t w e e n  t a c t o id s ,  la y e r s ,  a n d  p o ly m e r  c h a in s .  T h e  f in a l  e f f e c t  

i s  t h e  g r a d u a l f o r m a t io n  o f  a  “ p e r c o la t in g  f i l l e r  n e t w o r k  s tr u c tu r e ”  a s  t h e  c la y  c o n t e n t  

r e a c h e s  a  c e r ta in  th r e s h o ld .  I n d e e d , in  o u r  p r e v io u s  w o r k ,  a  t h r e s h o ld  v a lu e  o f  th e  

o r g a n o c la y  c o n t e n t  (3  w t%  O B T N )  w a s  o b s e r v e d ,  b e y o n d  w h i c h  a  s ig n i f i c a n t  c h a n g e
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o f  th e  s h e a r  s t r e s s /v i s c o s i t y  a n d  f l o w  a c t iv a t io n  e n e r g y  ( E a) b e h a v io r  t o o k  p la c e  

( M u k s in g  et al. 2 0 0 8 ) .  T h is  r e s u lt  i s  c o n s i s t e n t  w i t h  th e  f o r m a t io n  o f  a  m e s o s c o p i c  o r  

p e r c o la t in g  f i l l e r  n e t w o r k  s tr u c tu r e , in  a g r e e m e n t  w i t h  th e  m o r p h o lo g ic a l  a n a ly s i s :  

th e  f o r m a t io n  o f  in te r c a la te d  s tr u c tu r e s  a n d  th e  in c r e a s e  o f  c l a y  c o n c e n t r a t io n  f a v o r e d  

th e  in te r a c t io n s  b e t w e e n  c la y  t a c t o id s ,  c l a y  la y e r s ,  a n d  p o ly m e r  c h a in s .

2 e  (deg.)

Figure 5.1 X R D  p a tte r n s  o f  p p /o r g a n o c la y  n a n o c o m p o s i t e s  a t v a r io u s  O B T N  

c o n t e n t s .

5 .3 .2  T h e r m a l  p r o p e r t ie s  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s
F ig u r e  5 .2  s h o w s  th e  c r y s t a l l i z a t io n  t h e r m o g r a m s  o f  p p / o r g a n o c la y  

n a n o c o m p o s i t e s  a t v a r io u s  O B T N  c o n t e n t s .  T h e  m e l t i n g  a n d  c r y s t a l l i z a t i o n  

t e m p e r a tu r e s  ( Tm a n d  r c> r e s p e c t i v e ly ) ,  a s  w e l l  a s  th e  m e l t i n g  e n t h a lp y  ( A / / m)  a n d  

d e g r e e  o f  c r y s t a l l in i t y  (2c), c a lc u la t e d  f r o m  th e  s e c o n d  h e a t in g  r a n , a re  s u m m a r iz e d  

in  T a b le  5 .1 .  T h e  1 w t%  O B T N  n a n o c o m p o s i t e  s h o w e d  th e  m a x im u m  r c a n d  d e g r e e  

o f  c r y s t a l l in i t y  (2c). F u r th e r  in c r e a s in g  t h e  o r g a n o c la y  c o n t e n t ,  p a r t ic u la y  a b o v e  3  

w t% , a  s l i g h t ly  d e c r e a s e  o f  b o th  th e  Tc a n d  2c w a s  p r o d u c e d .  N e v e r t h e l e s s ,  fo r  a ll  th e  

n a n o c o m p o s i t e s ,  th e  2c w a s  h ig h e r  th a n  th a t  o f  th e  m a tr ix  ( P P /P P M A H  b le n d )
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m o v i n g  f r o m  4 8 .6 %  t o  4 9 .7 % , e v e n  i f  th e  Tm w a s  n o t  s ig n i f i c a n t ly  in f lu e n c e d  (T a b le  

5 .1 ) .  F r o m  th e  D S C  th e r m o g r a m s ,  it  w a s  a l s o  o b s e r v e d  th a t  f o r  t h e  h ig h e r  o r g a n o c la y  

c o n t e n t  ( >  3 w t%  O B T N ,  w h ic h  i s  th e  p e r c o la t in g  f i l l e r  t h r e s h o ld )  ( M u k s i n g  et al, 

2 0 0 8 ) ,  th e  Tc s h i f t e d  to w a r d  l o w e r  v a lu e s ,  w h i c h  i s  c o n s i s t e n t  w i t h  th e  c o n f in e m e n t  

o f  p o ly m e r  c h a in s  b e t w e e n  th e  la y e r s ,  c a u s in g  a  d e c r e a s e  o f  th e  c r y s t a l l i z a t io n  ra te  

( L in c o ln ,  2 0 0 1 ;  P e r r in - S a r a z in , 2 0 0 5 ;  Y u a n , 2 0 0 6 ) .

Temperature (°C)

Figure 5.2 C r y s t a l l i z a t io n  th e r m o g r a m s  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s  a t v a r io u s  

O B T N  c o n t e n t s .

T h e  g la s s  t r a n s i t io n  t e m p e r a tu r e  ( Tg)  o f  th e  n a n o c o m p o s i t e s  o b t a in e d  

b y  D S C  a n a ly s i s  ( F ig u r e  5.3 a n d  T a b le  5.1) w a s  h ig h e r  th a n  th a t  o f  th e  m a t r ix ,  th u s  

c o n f ir m in g  th e  e x i s t e n c e  o f  g o o d  p o l y m e r - f i l l e r  in t e r a c t io n s  r e d u c in g  th e  m o b i l i t y  o f  

th e  p o ly m e r  c h a in s .  I n t e r e s t in g ly ,  b o th  th e  Tg a n d  th e  n a n o c o m p o s i t e  m o r p h o lo g y  

s e e m  to  b e  in f lu e n c e d  b y  t h e  a m o u n t  o f  a d d e d  c la y  I n d e e d ,  t h e  Tg g e n e r a l ly  

in c r e a s e s  b y  d e c r e a s in g  th e  f i l l e r  p a r t ic le  s i z e  ( f r o m  m ic r o  to  n a n o ) ,  o w i n g  t o  th e  

e n h a n c e d  p o l y m e r - f i l l e r  in t e r a c t io n  a r ea . T h e  n a n o c o m p o s i t e  c o n t a in in g  1 w t%  

O B T N  e x h ib i t e d  th e  l o w e s t  Tg (5.9 °C), w h i c h  i s  1 .7  °c h ig h e r  th a n  th a t  o f  t h e  p u r e
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m a tr ix ,  w h i l e  th e  h ig h e s t  Tg v a lu e  w a s  o b t a in e d  fo r  th e  5  w t%  O B T N  n a n o c o m p o s i t e  

( 9 .8  ° C ) .  In  f a c t ,  in  t h i s  la s t  c a s e ,  b y  c o m b in in g  t h e  X R D  r e s u l t s  a n d  c a p i l la r y  

r h e o lo g y  b e h a v io r  ( M u k s in g  et al. 2 0 0 8 ) ,  it c a n  b e  e s t a b l i s h e d  th a t  th is  s a m p le  h a s  a  

p r e d o m in a n t ly  in te r c a la te d  m o r p h o lo g y  w i t h  e v i d e n c e  o f  a  p e r c o la t e d  f d le r  n e tw o r k  

s tr u c tu r e  th a t  s t r o n g ly  r a i s e s  th e  a v e r a g e  c o n t a c t  s u r f a c e  a r e a  b e t w e e n  th e  p o ly m e r  

a n d  f i l le r .  T h e  c o n f in e m e n t  o f  p o ly m e r  c h a in s  p r o b a b ly  g e n e r a t e s  a  r e d u c t io n  o f  th e  

c h a in  m o b i l i t y  u n t i l  th e r e  i s  s u p p r e s s io n  o f  c o o p e r a t iv e  s e g m e n t a l  m o t io n s  o f  th e  

c o n f in e d  m a c r o m o le c u l e s ,  th u s  d e t e r m in in g  a n  in c r e a s e  o f  th e  Tg. M o r e o v e r ,  th e  

p e r c o la t e d  f i l l e r  n e t w o r k  c o u ld  a l s o  b e  r e s p o n s ib le  o f  a  fu r th e r  r e s t r ic t io n  o f  c h a in  

m o b i l i t y  ( P a s s a g l ia ,  2 0 0 8  a n d  W a n g ,  2 0 0 6 ) .

PP/PPMAH (pure matrix)
1 wt% OBTN

£  1o
E

๐■ Ô

j s ç
P .

10 20 30 40 50
Temperature ( ° C )

Figure 5 .3  D S C  th e r m o g r a m s  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s  a t v a r io u s  O B T N  

c o n t e n t s :  d e t e r m in a t io n  o f  th e  g la s s  t r a n s i t io n  te m p e r a tu r e  (Tg).
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T a b l e  5 .1  D S C  a n d  T G A  r e s u l t s  o f  P P /P P M A H  a n d  P P /P P M A H / o r g a n o c l a y  n a n o c o m p o s i t e s  a t v a r io u s  O B T N  c o n t e n t s

C o m p o s i t io n
( P P /P P M A H /% O r g a n o c la y )

Tc p e a k

( ° C )

Tm p e a k

( ° C )
A  H m*

(J /g )
Zch(%)

, 7
7 W „ d
( ° C )

w
( ° C )

R e s i d u e c

(% )

8 5 / 1 5 / 0 1 1 8 .3 1 6 2 .4 6 9 .8 4 6 .8 4 .2 3 0 0 .7 3 5 6 .9 -

8 4 /1 5 / 1  w t% O B T N 1 1 8 .5 1 6 3 .2 7 5 .4 4 9 .1 5 .9 2 9 4 .5 3 8 7 .5 1 .2

8 3 / 1 5 /2 w t % O B T N 1 1 7 .8 1 6 2 .7 7 4 .2 4 9 .7 8 .9 3 1 9 .1 3 9 6 .5 1 .5

8 2 / 1 5 /3 w t % O B T N 1 1 7 .6 1 6 3 .0 7 1 .6 4 8  5 6 .5 3 4 0 .2 4 0 6 .2 2 .3

8 0 / 1 5 / 5  w t % O B T N 1 1 7 .5 1 6 2 .5 7 0 .1 4 8 .1 9 .8 3 2 2 .8 3 9 7 .4 4 .1

7 8 / 1 5 / 7  w t % O B T N 1 1 7 .3 1 6 2 .9 7 0 .6 4 7 .5 7 .0 3 5 0 .5 4 1 7 .3 3 .2

aM e a s u r e d  o n  th e  s e c o n d  h e a t in g  c u r v e .
bC a lc u la t e d  a s  f o l lo w s :  %c= [ A c/ ( A c+ A a) ] * 1 0 0  ( M a c h a d o  et al. 2 0 0 5 ) ,  w h e r e  A c i s  th e  s u m  o f  a l l  B r a g g ’ s  r e f l e c t io n  a r e a s  a n d  A a i s  th e  

a r e a  o f  th e  a m o r p h o u s  h a lo .
cG la s s  t r a n s i t io n  t e m p e r a tu r e  (T g ) o f  th e  n a n o c o m p o s i t e s  c a lc u la t e d  in  th e  r a n g e  o f -10°c a n d  3 0  °c in  th e  s e c o n d  h e a t in g  c u r v e .  
drio%  a n d  T 50% a re th e  te m p e r a tu r e s  r e la t iv e  t o  m a s s  l o s s  o f  1 0  a n d  5 0  % w t , r e s p e c t i v e ly ,  
eC h a r  r e s id u e  a t 900 °c o b t a in e d  f r o m  T G A  a n a ly s i s .
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T h e  th e r m a l  s t a b i l i t y  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s  w a s  c h e c k e d  

b y  T G A  (F ig u r e  5 .4  a n d  T a b le  5 .1 ) ,  e v i d e n c i n g  a  r e m a r k a b le  im p r o v e m e n t  a t b o th  

lo w e r  a n d  h ig h e r  te m p e r a tu r e s  a s  c o m p a r e d  w i t h  th e  n e a t  m a tr ix .  I n d e e d ,  th e  

te m p e r a tu r e s  c o r r e s p o n d in g  to  1 0 %  a n d  5 0 %  o f  t h e  w e i g h t  l o s s  (Tio'/o a n d  T50%) fo r  

a ll  th e  n a n o c o m p o s i t e s  w e r e  s h i f t e d  h ig h e r  w i t h  in c r e a s in g  o r g a n o c la y  c o n t e n t .  In  

th is  c a s e ,  th e r e  s e e m s  to  b e  a  c o m b in a t io n  o f  t w o  e f f e c t s :  t h e  a m o u n t  o f  a d d e d  c la y  

a n d  th e  m o r p h o lo g y  o f  th e  n a n o c o m p o s i t e .  A t  a  r e la t iv e ly  l o w  o r g a n o c la y  c o n t e n t ,  
th e  in i t ia l  th e r m a l  s t a b i l i t y  in c r e a s e s  w i t h  in c r e a s in g  O B T N  c o n t e n t .  In  f a c t ,  th e .  
n a n o c o m p o s i t e  w i t h  3  w t%  O B T N  s h o w e d  t h e  h i g h e s t  th e r m a l  s t a b i l i t y ,  s im i la r  to  

th a t  o f  th e  c o m p o s i t e  c o n t a in in g  7  w t%  o r g a n o c la y .  I n s te a d , in  t h e  c a s e  o f  th e  s a m p le  

p r e p a r e d  w i t h  5 w t%  O B T N , th e  th e r m a l  s t a b i l i t y  d e c r e a s e d .  T h is  m a y  b e  d u e  t o  th e  

p r e s e n c e  o f  n o n -  in te r c a la te d  O B T N  t a c t o id s ,  w h i c h  a re  l e s s  e f f e c t i v e  in  b l o c k in g  th e  

h e a t  tr a n s fe r  th a n  s i n g l e  la y e r s  o r  in te r c a la te d  t a c t o id s .

F i g u r e  5 .4  T G A  ( t o p )  a n d  D T G  ( b o t t o m )  t h e r m o g r a m s  o f  p p / o r g a n o c la y  

n a n o c o m p o s i t e s  a t v a r io u s  O B T N  c o n t e n t s .
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5 .3 .3  F r a c t io n a t io n  o f  p p /o r g a n o c la y  n a n o c o m p o s i t e s  b y  s o lv e n t  

e x t r a c t io n s
T h e  s o lv e n t  e x t r a c t io n  t e c h n iq u e  w a s  u s e d  in  o r d e r  t o  i n v e s t ig a t e  th e  

n a n o c o m p o s i t e  s tr u c tu r a l s t a b i l i t y  a n d  th e  r o le  o f  t h e  in te r fa c ia l  in t e r a c t io n s  b e t w e e n  

la y e r e d  s i l i c a t e  a n d  p o ly m e r  ( L i,  2 0 0 3 ;  P a s s a g l ia ,  2 0 0 1  a n d  2 0 0 8 ) .  A  s o l v e n t  a b le  to  

c o m p l e t e ly  d i s s o l v e  th e  o r ig in a l  p o ly m e r  is  g e n e r a l ly  c h o s e n  in  o r d e r  to  s e p a r a te  fr e e  

p o ly m e r  c h a in s  fr o m  p o ly m e r  c h a in s  s t r o n g ly  in te r a c t in g  w i t h  l a m e l la e  th a t  s h o u ld  

b e  i n s o lu b le  ( P a s s a g l ia  et al. 2 0 0 8 ) .  D e s p i t e  th e  f a c t  th a t  th e  i s o t a c t ic  p p  u s e d  in  th is  

w o r k  i s  c o m p l e t e ly  s o lu b l e  in  r e f lu x in g  x y le n e ,  b o th  th e  p o ly m e r  c h a in s  a n d  th e  

la y e r e d  s i l i c a t e s  w e r e  in d is c r im in a t e ly  e x t r a c t e d  fo r  a l l  p p / o r g a n o c la y  

n a n o c o m p o s i t e s ,  e x c e p t  fo r  th e  c o m p o s i t e  c o n t a in in g  7  w t%  O B T N  ( T a b le  5 .2 ) .  
M o s t  l ik e ly ,  t h is  e f f e c t  w a s  d u e  t o  th e  c a p a b il i t y  o f  x y le n e  t o  p r o m o t e  th e  o r g a n o c la y  

d é la m in a t io n  ( H o  a n d  G l in k a ,  2 0 0 3 ) ,  th u s  r e d u c in g  p a r t ic le  d i m e n s io n s  a n d  a l l o w i n g  

th e  la m e l la e  e x t r a c t io n  fr o m  t h e  s t a in le s s  s t e e l  n e t . O n ly  fo r  t h e  h i g h e s t  O B T N  

c o n t e n t  ( 7  w t% ) , w a s  p o s s i b l e  to  r e c o v e r  a  l o w  a m o u n t  o f  i n s o lu b l e  m a te r ia l  ( 4  

w t% ), w h i c h  w a s  c o m p o s e d  o f  b o th  p o ly m e r  a n d  f i l l e r ,  a s  s h o w n  b y  F T I R  a n d  X R D  

a n a ly s e s  ( F ig u r e  5 .5  a n d  F ig u r e  5 .6 ) .
I n d e e d , th e  F T I R  s p e c tr u m  e v i d e n c e d  a b s o r p t io n  b a n d s  o f  p p  a t 1 4 6 2  

a n d  1 3 7 5  c m ' 1 a n d  s ig n a ls  o w in g  to  t h e  O B T N  a t a r o u n d  3 5 0 0  a n d  1 0 0 0  c m ' 1. T h e  

X R D  p a tte r n  a ls o  s h o w e d  a  r e f l e c t io n  a t l o w  a n g le s  c o r r e s p o n d in g  to  th e  c l a y  a n d  

2  #  r e f l e c t io n s  b e t w e e n  1 3 °  a n d  3 0 ° ,  c h a r a c te r is t ic  o f  p p .
C o n s e q u e n t ly ,  th e  s a m p le s  w e r e  e x t r a c t e d  w i t h  b o i l in g  t o l u e n e ,  r a th er  

th a n  x y le n e ,  e v e n  t h o u g h  th e  m a tr ix  ( P P /P P M A H  b le n d )  i s  n o t  c o m p l e t e ly  s o l u b l e  in  

t h is  s o lv e n t  ( T a b le 5 .2 ) .  It h a s  b e e n  r e p o r te d  th a t  t h e  i s o t a c t ic  p p  s o lu b i l i t y  in  h o t  

t o lu e n e  i s  i n f lu e n c e d  b y  th e  p o ly m e r  c r y s t a l l in i t y  a n d  it i s  b e l i e v e d  th a t  o n l y  th e  

a m o r p h o u s  p a rt is  s o lu b l e  (L i et al. 2 0 0 3 ) .  In  a d d it io n ,  it  w a s  a l s o  f o u n d  th a t  th e  

P P /P P M A H  b le n d  g i v e s  a  h ig h e r  a m o u n t  o f  r e s id u e  th a n  th e  p u r e  p p  ( c a .  2 5  w t% ).  
T h is  la s t  e f f e c t  m ig h t  b e  c a u s e d  b y  c h a in  in te r a c t io n  s u c h  a s  t h e  h y d r o g e n  b o n d in g  

b e t w e e n  h y d r o ly z e d  m a le i c  a n h y d r id e  g r a f te d  p p  g r o u p s ,  a f f e c t in g  th e  s o lu b i l i t y  a n d  

th e  c r y s t a l l in i t y  o f  th e  p p .  It h a s  a lr e a d y  b e e n  d e m o n s t r a t e d  th a t  th e  f u n c t io n a l  

g r a f te d  g r o u p s  in f l u e n c e  th e  c r y s t a l l i z a t io n  o f  p p ,  r e d u c in g  th e  h o m o g e n e o u s  

n u c lé a t io n  a t h ig h  c o o l i n g  ra te , a n d  a c t in g  a s  a  h e t e r o g e n e o u s  n u c le a t in g  a g e n t
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(K r u m p , 2 0 0 6  a n d  S e o ,  2 0 0 0 ) .  In  o u r  c a s e ,  th e  Tc o f  p u r e  p p  w a s  1 1 3 .6  °c w h i l e  th e  

Tc o f  th e  P P /P P M A H  b le n d  w a s  a b o u t  5  ๐c  h ig h e r  ( 1 1 8 .3  ๐C ) ,  b u t  th e  p e r c e n t a g e  o f  

c r y s t a l l in i t y  o f  th e  P P /P P M A H  b le n d  c a lc u la t e d  b y  X R D  ( T a b le  5 .1 )  w a s  s l ig h t ly  

l o w e r  th a n  th a t  o f  th e  p u r e  p p  ( 4 6 .8  %  v s .  4 7 .3 % ) .

F i g u r e  5 .5  F T I R  s p e c tr a  o f  ( a )  7  w t%  O B T N  n a n o c o m p o s i t e  x y le n e - r e s i d u e ,  (b )  

O B T N  o r g a n o c l a y ,  a n d  ( c )  P P /P P M A H  b le n d .

F i g u r e  5 .6  X R D  p a tte r n  o f  th e  7 w t%  O B T N  n a n o c o m p o s i t e  x y le n e - r e s i d u e  f r a c t io n .
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F o r  a ll  t h e  c o m p o s i t e s ,  a  h ig h e r  a m o u n t  o f  in s o lu b l e  m a te r ia l  th a n  th a t  

o f  th e  p u r e  m a tr ix  w a s  o b t a in e d  a n d  o n l y  w a s  p a r t ia l ly  p r o p o r t io n a l  to  th e  a m o u n t  o f  

th e  o r g a n o c la y .  L ik e  in  th e  c a s e  o f  f u n c t io n a l iz e d  E P M  c o m p o s i t e s  p r e p a r e d  w i t h  

s i l i c a  a n d  o r g a n o - m o n t m o r i l lo n i t e  ( P a s s a g l ia ,  2 0 0 1  a n d  2 0 0 8 ) ,  a n  in c r e a s e  o f  th e  

p e r c e n t a g e  o f  i n s o lu b l e  p o ly m e r  w i t h  in c r e a s in g  f i l l e r  c o n c e n t r a t io n  s h o u ld  b e  

c o n n e c t e d  t o  t h e  s t r o n g  in t e r a c t io n s  b e t w e e n  th e  in o r g a n ic  s u b s t r a te  a n d  th e  p o ly m e r  

c h a in s .  I n d e e d ,  th e  in t e r a c t io n s  o c c u r r in g  b e t w e e n  th e  p o l y m e r  a n d  t h e  s i l i c a t e  

s u r f a c e  a re  a b le  to  i m m o b i l i z e  p o ly m e r  c h a in s  i n s id e  a n d /o r  o n  th e  s u r f a c e  o f  th e  

la y e r e d  s i l i c a t e .  H o w e v e r ,  it  c a n n o t  b e  e x c l u d e d  th a t  th e  in c r e a s e  o f  th e  c r y s t a l l in i t y  

d e g r e e ,  o b s e r v e d  f o r  a l l  th e  n a n o c o m p o s i t e s ,  a l s o  i n f lu e n c e d  th e  e x t r a c t io n  r e s u lt s .  
H e n c e ,  th e  s o lu b l e  f r a c t io n s  m ig h t  t h e o r e t i c a l ly  c o n s i s t  o f  s o l u b l e  p p  c h a in s ,  w h i l e  

th e  r e s id u e  f r a c t io n  s h o u ld  c o n s i s t  o f :  ( i )  a  t o lu e n e  i n s o lu b l e  p p  f r a c t io n  a n d  ( i i )  a  

p o l y m e r / c l a y  f r a c t io n  w h e r e  p o ly m e r  c h a in s  a re  c o n f in e d  b e t w e e n  th e  s i l i c a t e  la y e r s  

o r  a re  s t r o n g ly  in t e r a c t in g .  T h e  p r e s e n c e  o f  a n  in o r g a n ic  p h a s e  in  th e  t o l u e n e  r e s id u e s  

w a s  a ls o  c o n f ir m e d  b y  T G A  a n a ly s i s ,  s h o w i n g  a  r e m a r k a b ly  h ig h e r  c o n t e n t  o f  T G A  

r e s id u e  w i t h  r e s p e c t  t o  th e  s o lu b l e  p a r ts  fo r  a l l  th e  c o m p o s i t e s .  T o  c o l l e c t  m o r e  

e v i d e n c e  s u p p o r t in g  t h e  d is t r ib u t io n  o f  b o th  c o m p o n e n t s  in  t h e  s o lu b le  a n d  r e s id u a l  

f r a c t io n s ,  F T I R  s p e c tr a  w e r e  r e c o r d e d .
T h e  F T I R  s p e c tr a  o f  a l l  th e  r e s id u e  f r a c t io n s  ( F ig u r e  5 .7 ( a ) )  s h o w e d  

th e  c h a r a c t e r i s t ic  p e a k s  o f  b o th  p p  a n d  la y e r e d  s i l i c a t e .  T h e  a b s o r p t io n  p e a k s  a t  

3 6 3 0 ,  1 0 4 0 ,  a n d  t h o s e  b e t w e e n  6 0 0  a n d  4 0 0  c m ' 1 c a n  b e  a s s o c i a t e d  r e s p e c t i v e ly  to  

th e  - O H  s t r e t c h in g  o f  th e  la t t ic e  w a te r ,  S i - 0  s t r e t c h in g ,  a n d  A l - 0  a n d  S i - 0  

b e n d in g ,  r e s p e c t i v e ly  ( Z h a n g  et al. 2 0 0 4 ) .  C o n c u r r e n t ly ,  p e a k s  a t 1 4 5 6  ( - C H 3 

a s y m m e t r y  s t r e t c h in g ) ,  1 3 7 6  ( - C H 3 s y m m e t r y  b e n d in g ) ,  1 1 6 3  ( - C H 3 r o c k in g ) ,  9 7 5  

( - C H 2 r o c k in g ) ,  8 5 3  ( C H - C H 2 s t r e t c h in g ) ,  a n d  8 1 2  c m ' 1 ( C H - C H 3 s t r e t c h in g )  a re  

c h a r a c t e r is t ic  o f  p p  ( H e  et al. 2 0 0 3 ) .  In  th e  c a s e  o f  s o lu b le  f r a c t io n s  ( F ig u r e  5 .7 ( b ) ) ,  
a lt h o u g h  a ll  th e  F T I R  s p e c tr a  s h o w e d  p e a k s  m a in ly  d u e  to  p p ,  w e a k  s ig n a l s  a t 1 0 4 0  

a n d  6 0 0 —4 0 0  c m ' 1 c o n f ir m e d  th e  p r e s e n c e  o f  a  l o w  a m o u n t  o f  th e  f i l l e r  in  t h e s e
fr a c t io n s  a ls o .
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(a )  E x t r a c t i o n  r e s id u e
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Figure 5.7 F T 1 R  s p e c tr a  o f  th e  (a )  s o lu b l e  f r a c t io n s  a n d  (b )  r e s i d u e s  o f  

p p /o r g a n o c la y  n a n o c o m p o s i t e s  a t  v a r io u s  O B T N  c o n t e n t s .
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The XRD analysis of both the residues fractions and soluble fractions 
(Figure 5.8(a) and 5.8(b)) of samples containing 1 and 2 wt% OBTN, respectively, 
showed the disappearance of the (001) reflection peak at 26 -  2.7C (๔001 = 3.4 nm), 
which was representative of the unextracted nanocomposite, thus indicating a more 
disordered structure of the clay due to the extraction process, as though a partial 
further exfoliation of the pristine structure occurred during the extraction. A similar 
result was obtained for the 2 พt% OBTN sample, which showed a weak broad peak 
at 2 6  = 4.47° (๔001 = 1-98 nm) only in the residue. A completely different behavior 
was observed for the 3, 5, and 7 wt% OBTN composites: the residue fractions of 
these nanocomposites evidenced the presence of two peaks corresponding to an 
interlayer spacing of 2.4-2.8 and 1.7-1.9 nm, respectively; on the other hand the 
soluble fractions seemed completely exfoliated or quasi-exfoliated. Compared to the 
starting composite, the toluene extraction caused a separation between two 
compositionally/morphologically different phases: a soluble fraction, containing a 
low amount of inorganic layered silicate characterized by a very good dispersion 
providing an exfoliated morphology; and an insoluble fraction, containing the main 
percentage of the starting amount of silicate characterized by an intercalated 
morphology, and probably stacks and tactoids of unmodified OBTN. This result 
demonstrates that the morphology of the PP/OBTN nanocomposites prepared with a 
high amount of organoclay is not completely stable and, by extraction, a collapse of 
the organoclay layered structure is observed. This effect is presumably due to the 
removal of polymer chains confined between the silicate layers and probably not 
effectively interacting with the clay surface (Passaglia e t al. 2008); however, it 
cannot be excluded that there is a possible desorption of the physically adsorbed 
organic surfactant.
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F igure 5.8 XRD patterns of pp/organoclay nanocomposite (a) residue and (b) 
soluble fractions at various OBTN content.
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To more deeply investigate the morphological structure and degree of 
intercalation, TEM micrographs were collected on the toluene residue and soluble 
fractions of the 5 wt% OBTN composite and were compared with those collected for 
the pristine composite material (Figure 5.9(a)-(c)). TEM pictures of the pure 
composite carried out at low magnification (Figure 5.9(a)) evidenced the presence of 
submicrometer-sized agglomerates of OBTN, while at high magnification a large 
number of non-closely packed stacks of a few lamellae was observed. Although a 
broad size distribution of OBTN agglomerates was evident, the dominant intercalated 
morphology was consistent with the XRD analysis. Also in the case of residue 
fractions and toluene soluble fractions, the morphologies observed were in good 
agreement with the XRD results. In particular, TEM micrographs of the residue 
fraction at low magnification (Figure 5.9(b)) showed a higher content of inorganic 
filler with respect to the pristine sample. A high number of sub-micrometric tactoids 
was observed at low magnification, whereas the high magnification pictures showed 
isolated platelets and not closely packed stacks of a few lamellae, thus suggesting the 
presence of polymer chains confined between clay layers. On the other hand, the 
TEM image of the soluble fraction taken at low magnification (Figure 5.9(c)) showed 
a very low amount of OBTN dispersed into the polymer matrix. The sample seems to 
be mainly composed of exfoliated layers with low aspect ratio, even if a small 
amount of intercalated tactiods is still present, as evidenced by the high 
magnification picture. This fact further indicates that only a little amount od 
organoclay particles is not chemically or physically linked to the polymer chains and 
could be removed by the solvent.
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(c) Extraction soluble part
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Figure 6.9 TEM micrographs of the 5 wt% pp/organoclay nanocomposite (a) 
composite, (b) residue fraction, and (c) soluble fraction.

The overall results indicate that toluene extraction process kept 
unalterated the morphology of composites containing highly disordered structures (1 
and 2 wt% OBTN), while markedly changing that of the samples containing the 
highest concentrations of organoclay (3, 5 and 7 wt% OBTN) and showing an 
intercalated morphology. This behavior can be attributed to a nonthermodynamically 
stable dispersion of clay lamellae in the polymer matrix. In fact, it is believed that the 
exfoliation is promoted by strong interactions between the functional groups present 
on the compatibilizer polymer chains and the organoclay that favor firstly the 
intercalation of macromolecules within the galleries and after the delamination of the 
intercalated structures (Wang e t a l. 2004). Hence, as already stressed by Harrats and 
Groeninckx, (2008) the intercalation could be considered as an intermediate non
equilibrium step of the process of exfoliation, representing a thermodynamic state of 
a process forcing polymer chains to enter between two layers of the organoclay 
without overcoming the energy barrier necessary for completely splitting the layers. 
A schematic representation of morphologies and the morphological stability to 
solvent extraction, as dependent on the filler content, is reported in Figure 5.10.
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In particular, in the case of the 5 and 7 wt% OBTN composites, during 
the extraction process, the polymer chains present in between and at the edges of clay 
layers were removed. As a consequence, after the solvent evaporation, the clay layers 
in the residues collapsed in parallel stacks or formed percolated structures consisting 
of several clay layers stacked again. Instead, in the case of 1 and 2 wt% OBTN 
nanocomposites the exfoliated morphology was maintained and even improved after 
the extraction.

The TGA analysis of toluene residue and soluble fractions (Table 5.2) 
showed in the case of 1 and 2 wt% OBTN composites the formation of a comparable 
amount of inorganic residue (TGA residue at 900°C), as a consequence of an equal 
partitioning of the clay between the two phases, confirmed by their similar XRD 
morphology. Most likely, this is due to the good flexibility of the clay layers (Li e t  
al. 2003) that can be distorted in the polymer matrix thus easily passing through the 
holes of the steel net with the solvent. On the other hand, the amount of TGA 
inorganic residue of the toluene soluble fractions of 3, 5, and 7 wt% OBTN 
composites was sensibly lower than that of the residue parts: as already indicated by 
TEM and XRD results. Because of the mainly intercalated morphology of these 
composites, probably the tactoids/stacks and the percolated structures were hindered 
to easily pass through the meshes of the metal net used for the extraction, thus 
remaining in the residual material.

The Tg of the toluene residues (Table 5.2) shifted to higher 
temperatures compared to that of the unextracted composites. In particular, for the 
composites prepared by adding 1 and 2 wt% OBTN, respectively, the Tg of the 
residues was very close to that of the total composites, confirming that in this case 
the toluene extraction gave only a fractionation by maintaining the same 
polymer/clay ratio of the pristine material and a similar morphology. On the other 
hand, in the case of composites prepared with a high OBTN concentration, especially 
3 and 7 wt%, an appreciable increase of the Tg of the toluene residues was observed. 
In this last case, the extraction gave a residue containing mostly polymer-intercalated 
organoclay and even tactoids having the same interlayer distance of the pure OBTN. 
The increase of the Tg of the residue can be assigned to the confinement effect of 
polymer chains between the layers (Passaglia e t a l. 2008).
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Most stable -*----------------------  Meta state •*----------------------- Less stable

Partially exfoliated Intercalated (3 wt% OBTN) Intercalated/unintercalated
(1 and 2 wt% OBTN) (5,7wt%OBTN)

Extraction

Unchanged partially exfoliated Collapse of the structure and strong 
morphology in both soluble connection of each

and residual fractions layers/percolated/tactiods
(1,2 wt% OBTN) (3,5, 7 wt% OBTN)

Figure 5.10 Schematic representation of the morphology before and after solvent 
extraction.
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Table 5.2 Xylene and toluene extraction results, % residue, and glass transition temperature of pure PP, PP/PPMAH, and 
nanocomposites

Composition
(PP/PPMAH/Organoclay)

Xylene3 Toluene6 Char Residue0 (wt %)
T OSoluble

(wt%)
Residue
(wt%)

Soluble
(wt%)

Residue
(wt%) Soluble Residue

100/0/0 100.0 n.de 74.5 25.5 - - -
85/15 100.0 n.de 67.3 32.7 - - 6.0
84/15/1 wt%OBTN 100.0 n.dc 60.3 39.7 4.3 2.5 6.5
83/15/2wt%OBTN 100.0 n.de 66.8 33.2 3.9 3.4 9.0
82/15/3 wt%OBTN 100.0 n.dc 62.6 37.4 1.9 4.8 9.1
80/15/5 wt%OBTN 98.7 1.3 50.8 49.2 1.7 7.7 10.0
78/15/7wt%OBTN 95.8 4.2 60.4 39.6 0.5 7.7 8.2
a Soluble and residue fractions to the extraction with boiling xylene in Kumagawa for 8 h calculated as percentage of starting material. 
b Soluble and residue fraction to the extraction with boiling toluene in Kumagawa for 16 h calculated as percentage of starting material. 
c Char residue at 900 °c for the toluene-soluble fractions and residue fractions obtained from TGA analysis.
d Glass transition temperature (7g) of the toluene-residue fractions of nanocomposites calculated in the range o f -10 °c and 30 °c in the 
second heating curve. 
e n.d. = not determined
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5.4 Conclusions

In this work, the morphology/property relationships of pp nanocomposites 
containing 1, 2, 3, 5 and 7 wt% organoclay were investigated. The XRD analysis 
indicated that two distinct groups of nanocomposites were obtained. In particular, 
samples prepared with lower amounts of organoclay (1 and 2 wt%) provided an 
exfoliated/intercalated mixed morphology and were characterized by a significant 
improvement in thermal stability compared to that of the polymer matrix 
(PP/PPMAH). After the threshold composition of 3 wt%. organoclay, the 
nocomposite morphology moved from quasi-exfoliated to intercalated/unintercalated 
showing only a minor improvement in thermal properties. The extraction of 
nanocomposites with hot toluene was carried out to estimate the polymer-clay 
interactions and it was particularly useful for evaluating the stability of the 
nanocomposite morphology. Indeed, it was found not only that the solubility in hot 
toluene depends on the nanocomposite composition and interactions between 
polymer chains and silicate layers, but also that the solvent is able to differentially 
split polymer chains and clay layers as a function of the morphology.

The extraction process preserved and in some case improved the 
morphology of composites having a quasi-exfoliated structure and containing the 
lower amount of organoclay, thus obtaining two fractions (soluble and insoluble) 
having similar morphology and polymer/clay ratio. For samples containing the 
higher organoclay concentration and having an intercalated morphology (3, 5 and 7 
wt% organoclay) the same extraction procedure promoted the formation of a residue 
fraction containing almost the total amount of the clay and showing a collapse of the 
inorganic structure with a further reduction of the basal spacing. Hence, the solvent 
was unable to break apart polymer chains and clay layer bundles dispersed tightly 
within the matrix; on the other hand, the larger amount of intercalated structures 
were preferentially maintained in the residue fraction and the polymer chains 
confined between the layers were partially removed by the solvent. In this case, an 
appreciable increase of the 7g of the residue fraction was observed compared to that 
of the pristine composite as if the extraction process had selected that fraction where 
strong interactions between polymer chains and clay layers were formed.
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