
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Ethylene Copolymerization by Half-Titanocenes Containing Imidazolin-2- 
Iminato Ligands -  MAO Catlyst System

4 .1 .1  E t h y le n e  p o ly m e r iz a t io n  u s in g  h a l f - t i t a n o c e n e s  c o n t a in in g  i m id a z o l in  

- 2 - i m in a to  l ig a n d s  -  M A O  c a t a ly s t  s y s t e m s

t i t a n o c e n e s  c o n t a in in g  1 ,3 - s u b s t i t u t e d  i m id a z o l in - 2 - im in a t o  l ig a n d s ,  C p ’T iC l2 [ l , 3 - 

R 2 ( C H N ) 2 C = N ]  [ C p ’ =  C p  ( 1 ) ,  'B 11C 5 H 4 (2); R =  'B u  ( l ,3 - d i - t e r / - b u t y l im i d a z o l i n - 2 -  

im id e ,  a), 2 , 6 - ^ 2 บ 6 แ 3 ( l , 3 - d i i s o p r o p y lp h e n y l - im i d a z o l i n - 2 - i m id e ,  b)], w e r e  

c o n d u c t e d  in  t o lu e n e  a t 2 5  ๐C  in  th e  p r e s e n c e  o f  M A O . M A O  w h i t e  s o l i d  ( d - M A O ) ,  
w h ic h  w a s  p r e p a r e d  b y  r e m o v in g  A l M e 3 a n d  t o lu e n e  f r o m  th e  c o m m e r c ia l ly  

a v a i la b le  s a m p le s  ( P M A O - S ,  6 . 8  w t%  in  t o lu e n e ,  T o s o h  F in e c h e m  C o .) ,  w a s  c h o s e n  

in  th is  s t u d y ,  b e c a u s e  it w a s  e f f e c t i v e  in  th e  p r e p a r a t io n  o f  h ig h  m o le c u la r  w e i g h t  

e t h y l e n e / a - o l e f i n  c o p o ly m e r s  w i t h  u n im o d a l  m o le c u la r  w e i g h t  d is t r ib u t io n s  w h e n  th e  

C p * T iC l 2 ( 0 - 2 , 6 -'P r 2 C 6 H 3 )  w a s  u s e d  a s  th e  c a t a ly s t  p r e c u r so r  ( N o m u r a  e t a l ,  1 9 9 8 ) .  
T h e  p o ly m e r iz a t io n  c o n d i t io n s  ( a m o u n t  o f  t i ta n iu m  c h a r g e d )  w e r e  o p t im iz e d  o n  th e  

b a s i s  o f  p o ly m e r  y ie ld s  ( 5 0 - 1 8 0  m g ) .  T h e  r e s u lt s  a re  s u m m a r iz e d  in  T a b le  4 .1 .

A s  s h o w n  in  S c h e m e  1 , e t h y le n e  p o ly m e r iz a t io n s  u s in g  h a l f -

Scheme 1 E t h y le n e  p o ly m e r iz a t io n  u s in g  h a l f - t i t a n o c e n e s  c o n t a in in g  i m id a z o l in  - 2 -  

l in in a t o  l ig a n d s  -  M A O  c a t a ly s t  s y s t e m s
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Table 4.1 E t h y le n e  p o ly m e r iz a t io n  b y  C p ’T i C l 2 [ l , 3 - R 2 ( C H N ) 2 C = N ]  [ C p ’ =  C p  ( 1 ) ,  
'B U C 5 H 4  ( 2 ) ;  R  =  'B u  (a ) ,  2 , 6 - 'P r 2 C 6 p l3 (b ) ]  - M A O  c a t a ly s t  s y s t e m s  ( e t h y le n e  6  a tm ,  
2 5  ° c ,  1 0  m in )

run
c o m p le x

(p .m o l)
M A O /  m m o l  
( A l /T i  x l 0 ~3)*

y ie ld /  m g
a c t iv it y

k g - P E /m o l -
T i h

a c t iv i t y
k g - P E /m o l -

T i h a t m
1 l a  ( 0 .0 1 ) 0 .2 5  ( 2 5 ) 7 9 4 7 4 0 0 7 9 0 0

2 l a  ( 0 .0 1 ) 0 .5 0  ( 5 0 ) 8 5 5 1 0 0 0 8 5 0 0
3 l a  ( 0 .0 2 ) 1 .0  ( 5 0 ) 8 6 2 5 8 0 0 4 3 0 0
4 l a  ( 0 .0 2 ) 2 . 0  ( 1 0 0 ) 8 5 2 5 5 0 0 4 2 5 0
5 l a  ( 0 .0 2 ) 3 . 0 ( 1 5 0 ) 8 3 2 4 9 0 0 4 1 5 0
6 l a  ( 0 .0 2 ) 4 .0  ( 2 0 0 ) 8 5 2 5 5 0 0 4 2 5 0
7 l b  ( 0 .4 ) 1 .0  ( 2 .5 ) 1 7 6 2 6 4 0 4 4 0
8 l b  ( 0 .4 ) 2 . 0  ( 5 .0 ) 1 8 5 2 7 8 0 4 6 3
9 l b  ( 0 .4 ) 3 .0  ( 7 .5 ) 9 3 1 4 0 0 2 3 3
1 0 l b  ( 0 .4 ) 4 . 0 ( 1 0 ) 1 0 3 1 5 5 0 2 5 8
1 1 l b  ( 0 .4 ) 5 . 0 ( 1 2 . 5 ) 1 0 1 1 5 2 0 2 5 3
1 2 2 a  ( 0 .0 0 5 ) 0 .2 5  ( 5 0 ) 4 3 5 1 6 0 0 8 6 0 0
13 2 a  ( 0 .0 0 5 ) 0 .5  ( 1 0 0 ) 5 5 6 6 0 0 0 1 1 0 0 0

14 2 a  ( 0 .0 0 5 ) 1 . 0  ( 2 0 0 ) 5 0 6 0 0 0 0 1 0 0 0 0

15 2 a  ( 0 .0 2 ) 2 .0 ( 1 0 0 ) 7 0 2 1 0 0 0 3 5 0 0
1 6 2 a  ( 0 .0 2 ) 3 . 0 ( 1 5 0 ) 6 8 2 0 4 0 0 3 4 0 0

๘P o ly m e r iz a t io n  c o n d i t io n s :  t o lu e n e  +  m in im u m  q u a n t ity  o f  C H 2C12 to ta l  3 0  m L ,  
e t h y le n e  6  a tm , d - M A O  (p r e p a r e d  b y  r e m o v in g  t o lu e n e  a n d  A l M e 3 f r o m  o r d in a r y  
M A O ) ,  2 5  ° c ,  1 0  m in .  '’M o la r  r a t io  o f  A l /T i .
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It tu r n e d  o u t  th a t  th e  a c t iv i t i e s  w e r e  s t r o n g ly  a f f e c t e d  b y  th e  a m o u n t  o f  

A 1 in  th e  m ix t u r e  r a th e r  th a n  b y  th e  A l /T i  m o la r  r a t io s  (F ig u r e  4 .1 ) .  C o m p a r in g  ru n  2  

a n d  ru n  3 ,  w i t h  th e  s a m e  A l /T i  r a t io , ru n  3  s h o w e d  th e  d e c r e a s in g  c a t a ly t ic  a c t iv i t y  

d u e  to  th e  h ig h e r  a m o u n t  o f  A l .  T h e  s im ila r  tr e n d  w a s  a ls o  o b s e r v e d  in  r u n  13 a n d  

ru n  1 5 . T h e  h ig h e r  c a t a ly t ic  a c t i v i t i e s  c a n  b e  o b s e r v e d  a t th e  l o w  a m o u n t  o f  M A O  in  

a ll  c a s e s ,  a s  s h o w n  in  F ig u r e  4 .1 .  T h is  w o u ld  b e  p r o b a b ly  d u e  to  th a t  a n  e x c e s s i v e  

a m o u n t  o f  M A O  m a y  d e a c t iv a t e  th e  c a t a ly s t  b y  d i s s o c ia t io n  o f  th e  a n io n ic  l ig a n d s .  
A m o n g  t h e s e  c o m p l e x e s ,  2a s h o w e d  th e  h ig h e s t  a c t iv i t i e s  u n d e r  th e  o p t im iz e d  

c o n d i t io n s .  T h e  c o m p a r e d  c a t a ly t ic  a c t iv i t i e s  a re  in  th e  o r d e r  o f  2 7 8 0  k g - P E / m o l - T i h  

( l b ,  ru n  8 )  <  5 1 0 0 0  (la, ru n  2 )  <  6 6 0 0 0  (2a, ru n  1 3 ) . T h e  o r d e r  i s  th e  s a m e  a s  th a t  

r e p o r te d  p r e v io u s ly  ( N o m u r a  e t a l ,  2 0 1 1 ) ,  a n d  th e  r e s u lt s  m a y  s u g g e s t  th a t a n  

e l e c t r o n ic  fa c to r  in  th e  A - s u b s t i t u e n t  (a n d  C p ’)  w o u l d  p la y  a  r o le  (la  >  lb; 2a > la). 
T h e  r e s u lta n t  p o ly m e r s  w e r e  in s o lu b le  fo r  o r d in a r y  G P C  a n a ly s i s  ( in  o- 
d ic h lo r o r b e n z e n e  a t 1 4 0  °C ) p r o b a b ly  d u e  to  th e ir  u ltr a h ig h  m o le c u la r  w e i g h t s ,  a s  

r e p o r te d  p r e v io u s ly  ( T a m m  et a l ,  2 0 0 6 ) .
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F i g u r e  4 .1  E f f e c t  o f  A l /T i  m o la r  r a t io s  o n  th e  c a t a ly t ic  a c t iv i t y  in  e t h y le n e  

p o ly m e r iz a t io n  o f  C p ’T iC l 2 [ l , 3 - R 2 (C F I N ) 2 C = N ]  [ C p ’ =  C p  ( 1 ) ,  'B u C 5 H 4 ( 2 ) ;  R  =  'B u  

( a ) ,  2 , 6 -'P r 2 C 6 H 3 (b)] -  M A O  c a t a ly s t  s y s t e m s  ( e t h y le n e  6  a tm  in  t o lu e n e ,  2 5  ° c ,  10  

m in ) .  D e t a i le d  d a ta  a re  s h o w n  in  T a b le  4 .1
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Table 4.2 S e le c t e d  d a ta  fo r  e t h y le n e  p o ly m e r iz a t io n  b y  C p ’T i C l 2 ( Y )  [ C p ’ =  C p  ( 1 ) ,  

/ e r / - B u - C 5 H 4  (2); Y  =  1 ,3 - R 2 ( C H N ) 2 C = N , R  =  'B u  (a), 2 ,6 - 'P r 2 C 6 H 3 (b)], o r  C p ’ =  

C p  ( 1 ) ;  Y  =  1 ,3 - R 2 ( C H 2N ) 2 C = N ,  R  =  'B u  (lc), P h  (Id), 2 ,6 - M e 2 C 6 H 3 (le)] -  M A O  

c a t a ly s t  s y s t e m s ."

ru n c o m p l e x  ( p m o l ) M A O /  m m o l a ctiv ity *
2 C p T iC l2[ l  ,3 - 'B u 2 ( C H N ) 2C = N ]  la  ( 0 .0 1 ) 0 .5 0 5 1 0 0 0
8 C p T iC l2 [ l , 3 - ( 2 ,6 - ' P r 2 C 6 H 3 ) 2 ( C H N ) 2C = N ]  lb  ( 0 .4 ) 2 . 0 2 7 8 0

1 7 C C p T iC l 2 [ l , 3 - ' B u 2 (C H 2 N ) 2 C = N ]  l c  ( 0 .0 5 ) 0 . 1 0 1 2 7 2 0
1 8 c C p T iC l2[ l  ,3 - P h 2 (C H 2N ) 2 C = N ]  I d  ( 0 .1 ) 3 .0 2 5 8 0
1 9 c C p T iC l2 [ 1 ,3 - ( 2 , 6 - M e 2 C 6 H 3 ) 2 ( C H 2 N ) 2C = N ]  l c  ( 0 .1 ) 3 .0 2 2 2 0

13 ( t e r t - B u C 5 H 4 ) T iC l 2 [ l , 3 - ' B u 2 ( C H N ) 2C = N ]  2 a  ( 0 .0 0 5 ) 0 .5 0 6 6 0 0 0
" P o ly m e r iz a t io n  c o n d i t io n s :  t o l u e n e  +  m in im u m  q u a n tity  o f  C H 2 C12  to ta l  3 0  m L ,  
e t h y le n e  6  a tm , d - M A O  (p r e p a r e d  b y  r e m o v in g  t o lu e n e  a n d  A l M e 3 f r o m  o r d in a r y  
M A O ) ,  2 5  °c, 1 0  m in .  ^ A c t iv ity  =  k g - p o ly m e r /m o l - T i  h . P o l y m e r i z a t i o n  d a ta  b y  
C p T iC l 2 [ l , 3 - R 2 ( C H 2N ) 2 C = N ]  [R  =  'B u  (c), P h  (d), 2 ,6 - M e 2 C ô H 3 (e)] ( N o m u r a  e t a i ,  
2 0 1 1 )

C o m p a r in g  th e  s e l e c t e d  p o ly m e r iz a t io n  r e s u lt s  (b y  la,b,2a) u n d e r  th e  

o p t im iz e d  c o n d i t io n s  w i t h  th e  r e s u lt s  o b ta in e d  f o r  th e  C p - l ,3 - i m id a z o l i d i n - 2 - im i n a t o  

a n a lo g u e s ,  C p T iC l 2 [ l , 3 - R 2 ( C H 2N ) 2 C = N ]  (lc-e) [R  =  'B u  (c), P h  (d), 2 ,6 - M e 2 C 6 H 3

(e), S c h e m e  2  ( N o m u r a  et a l ,  2 0 1 1 ) ,  in  T a b le  4 .2 ,  it  tu r n e d  o u t  th a t la  s h o w e d  th e  

h ig h e s t  c a t a ly t ic  a c t iv i t y  a m o n g  th e  C p  a n a lo g u e s  a n d  th e  a c t iv it y  i n c r e a s e d  in  th e  

o rd e r : 2 2 2 0  (le), 2 5 8 0  (Id), 2 7 8 0  (lb) <  1 2 7 2 0  (lc) <  5 1 0 0 0  (la). T h e  l ig a n d  

s u b s t i t u t io n  a f f e c t e d  th e  a c t iv it y :  'B u  a n a lo g u e  ( l a , c )  s h o w e d  h ig h e r  c a t a ly t ic  

a c t i v i t i e s  th a n  t h e  p h e n y l  a n a lo g u e s  (lb,d,e). T h e  f a c t  m a y  s u g g e s t  th a t a  

s t a b i l iz a t io n  o f  th e  a c t iv e  s it e  b y  a  m o r e  e l e c t r o n - r e le a s in g  s u b s t itu e n t  i s  im p o r ta n t  

fo r  e x h ib i t in g  h ig h  a c t iv i t y  ( N o m u r a  et a l ,  1 9 9 8  a n d  2 0 1 1  a n d  T a m m  e t a l ,  2 0 0 6 ) .  
B e s i d e s ,  it  s h o u ld  b e  n o te d  th a t  th e  'B U C 5 H 4  d e r iv a t iv e  (2a) s h o w e d  t h e  h ig h e s t  

c a t a ly t ic  a c t iv it y ,  p r o b a b ly  d u e  to  a  b e t te r  s t a b i l iz a t io n  b y  p la c in g  'B u  g r o u p  o n  C p ’ .
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Cp'-l,3-imidazolidin-2-immato v s ?1-' \^
Scheme 2 C p ’- l , 3 - i m i d a z o l i n - 2 - i m i n a t o  (la, lb, 2a) a n d  C p ’ - l , 3 - i m i d a z o l i d i n - 2 -  

im in a to  (lc, Id, le)

4 .1 .2  E t h y le n e  c o p o ly m e r iz a t io n  w i t h  q - o l e f m s  u s i n g  h a l f - t i t a n o c e n e s  

c o n t a in in g  i m id a z o l in - 2 - im in a t o  l ig a n d s  -  M A O  c a t a ly s t  s y s t e m

( S c h e m e  2 )  w e r e  c o n d u c t e d  u n d e r  o p t im iz e d  c o n d i t io n s  ( A l /T i  m o la r  r a t io s  in  T a b le  

1). T h e s e  c o p o ly m e r iz a t io n s  w e r e  te r m in a te d  a t th e  in it ia l  s t a g e ,  a n d  t e r m in a t io n  

w ith  th e  c o m o n o m e r  c o n v e r s io n  l e s s  th a n  1 0 %  s h o u ld  b e  v e r y  im p o r ta n t  to  o b t a in  th e  

c o p o ly m e r s  w ith  u n i f o r m  c o m p o s i t io n  d is t r ib u t io n  a n d /o r  to  e v a lu a t e  t h e  c a t a ly s t  

p e r f o r m a n c e  (r e  e t c .  s h o w n  b e lo w ) .  T h e  r e s u lt  o b ta in e d  fo r  C p T iC l2 (N = C * B u 2 )  

u n d e r  s im i la r  c o n d i t io n s  ( N o m u r a  e t al., 2 0 0 4 )  i s  a ls o  m e n t io n e d  fo r  c o m p a r is o n .  
T h e  r e s u lt s  a re  s u m m a r iz e d  in  T a b le  4 .3 .

Scheme 3 E t h y le n e  c o p o ly m e r iz a t io n  w i t h  a - o l e f m s  u s in g  h a l f - t i t a n o c e n e s  

c o n t a in in g  i m id a z o l in - 2 - im in a t o  l ig a n d s  -  M A O  c a t a ly s t  s y s t e m

C o p o ly m e r iz a t io n s  o f  e t h y le n e  w i t h  1- h e x e n e  a n d  1 - d o d e c e n e
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It w a s  r e v e a le d  th a t C p T iC l 2 [ l , 3 - (B u 2 ( C H N ) 2 C = N ] ,  la, s h o w e d  th e  

h ig h e s t  c a t a ly t ic  a c t i v i t y  a m o n g  o th e r  i m id a z o l in - 2 - im in a t o  a n d  i m id a z o l id in - 2 -  

im in a to  c o m p l e x e s  in  e t h y le n e / 1 - h e x e n e  c o p o ly m e r iz a t io n s .  T h e  a c t iv i t i e s  in c r e a s e d  

in  th e  o rd er: 1 5 0  k g -p o ly m e r /m o l-T ih  (Id) <  3 0 0  (le) <  2 5 5 0  (lb) <  4 4 0 0  (2a), 4 6 2 0  

(lc) <  3 7 8 0 0  (la). T h e s e  r e s u lt s  s h o w e d  a n  in t e r e s t in g  c o n tr a s t  in  e t h y le n e  

h o m o p o ly m e r iz a t io n ,  w h e r e  2a s h o w e d  th e  h ig h e s t  c a t a ly s t  p e r f o r m a n c e s .  T h e  

o b s e r v e d  d i f f e r e n c e  m a y  r e s u lt  fr o m  b o th  s t e r ic  a n d  e le c t r o n ic  e f f e c t  o f  th e  c o m p l e x  

s tru tu re  to  th e  m o n o m e r  c o o r d in a t io n ,  a s  w e l l  a s  t h e  c o o r d in a t io n  e n e r g y  o f  t h e  

d if f e r e n t  m o n o m e r  a s  r e v e a le d  in  e t h y le n e /n o r b o m e n e  c o p o ly m e r iz a t io n  b y  

C p T iC l2 ( N = C ;B u 2) ( N o m u r a  e t  a h , 2 0 0 6 ) .  T h e  r e s u lta n t  p o ly m e r s  e s p e c ia l l y  p r e p a r e d  

b y  la ,๖ a n d  b y  2a p o s s e s s e d  u ltr a h ig h  m o le c u la r  w e i g h t s  w i t h  u n ifo r m  m o le c u la r  

w e ig h t  d is t r ib u t io n s  (.M n =  8 .8 - 1 5 .7 X 1 0 5, M J M n =  1 .4 3 - 2 .6 1 ) .  T h e  a c t iv i t i e s  w e r e  

a f f e c t e d  b y  e t h y le n e  p r e s s u r e , a n d  c o m o n o m e r  c o n t e n t s  w e r e  a f f e c t e d  b y  

c o m o n o m e r  f e e d  c o n c e t r a t io n .  It w a s  a ls o  fo u n d  th a t la  a n d  2a w e r e  e f f e c t i v e  in  

c t h y l e n e / l - d o d e c e n e  c o p o ly m e r iz a t io n s .  B y  u s e  o f  1 - d o d e c e n e  in  p la c e  o f  1- h e x e n e ,  
a n  in c r e a s e  in  th e  a c t iv i t i e s  w e r e  o b s e r v e d  (r u n s  2 0  a n d  2 3 ,  r u n s  2 8 - 3 1 ,  r e s p e c t i v e ly ) .  
H o w e v e r ,  1 - d o d e c e n e  c o n t e n t s  in  th e  c o p o ly m e r  w e r e  lo w ,  c o m p a r e d  to  t h o s e  o f  1 -  

l ie x e n e ,  u n d e r  th e  s im i la r  c o n d i t io n s .  T h i s  c a n  b e  r e s u lt e d  fr o m  th e  l e s s  m o la r  f e e d  

c o n c e n tr a t io n  o f  1 - d o d e c e n e ,  c o m p a r e d  to  1 - h e x e n e ,  a n d  in c r e a s e d  s t e r ic  b u lk  o f  

d e c y l  b r a n c h e s ,  c o m p a r e d  to  b u ty l  b r a n c h e s ,  th a t  s h o u ld  a f f e c t  c o m o n o m e r  

in c o r p o r a t io n s .  C o m p a r in g  w ith  th e  C p - k e t im id e  a n a lo g u e  (ru n  3 2 ) ,  la  s h o w e d  th e  

lo w e r  c a t a ly t ic  a c t iv i t i e s ,  a n d  1 - h e x e n e  in c o r p o r a t io n  b y  la  w a s  l o w e r  th a n  th a t o f  lc  
a n d  th e  C p - k e t im id e  a n a lo g u e  u n d e r  th e  s a m e  c o n d i t io n s  (r u n s  2 0 ,  2 5 ,  3 2 ) .



Table 4.3 C o p o l y m e r iz a t io n  o f  e t h y le n e  w i t h  1- h e x e n e ,  1 - d o d e c e n e  b y  C p ’T i C l 2 [ l , 3 -R.2 ( C H N ) 2 C = N ]  [ C p ’ =  C p  (1), 'B u C s L L  (2); R  =  

'B u  (a), 2 ,6 - 'P r 2 C 6 H 3 (b)] - M A O  c a t a ly s t  s y s t e m s  a

ru n
c o m p l e x

( p m o l )
e t h y le n e  

/  a tm
a - o l e f i n

( m L )
M A O  

/  m m o l
y ie ld
/ m g

a c t iv it y * M nc
X lO ' 4

M J
M nc

c o n te n t^
/  m o l  %

2 0 l a  ( 0 . 0 2 ) 6 1- h e x e n e  ( 5 ) 0 .5 1 2 6 3 7 8 0 0 1 3 1 1 .5 1 1 7 .0
2 1 l a  ( 0 . 0 2 ) 6 1 - h e x e n e  ( 1 0 ) 0 .5 1 1 4 3 4 2 0 0 1 5 7 1 .4 3 2 9 .4
2 2 l a  ( 0 .0 3 ) 4 1 - h e x e n e  ( 1 0 ) 0 .5 4 1 1 2 3 0 0 1 0 7 1 .8 2 4 7 .6
2 3 l a  ( 0 . 0 1 ) 6 1 - d o d e c e n e ( 5 ) 0 .5 1 3 9 8 3 4 0 0 1 1 0 1 .8 3 3 .6
2 4 l b  ( 0 .2 ) 6 1 - h e x e n e  ( 5 ) 2 . 0 8 5 2 5 5 0 8 8 . 0 1 .9 1 1 4 .8
2 5 e l c ( 0 . 1 ) 6 1 - h e x e n e  ( 5 ) 0 . 1 0 7 7 4 6 2 0 9 4 .7 1 .7 2 2 8 .6
2 6 e Id ( 3 .0 ) 6 1- h e x e n e  ( 5 ) 3 .0 7 4 1 5 0 0 .1 1 6 5 4 .0
2 T l e  ( 2 .0 ) 6 1 - h e x e n e  ( 5 ) 3 .0 1 0 0 3 0 0 6 .6 2 4 . 3 9
2 8 2 a  ( 0 .2 ) 6 1 - h e x e n e  ( 5 ) 0 .5 1 4 7 4 4 0 0 1 1 5 2 .6 1 6 .9
2 9 2 a  ( 0 .2 ) 6 1 - h e x e n e  ( 1 0 ) 0 .5 1 3 6 4 0 9 0 8 2 .2 2 .3 5 1 3 .4
3 0 2 a  ( 0 .2 ) 6 1 - d o d e c e n e  ( 5 ) 0 .5 2 0 4 6 1 2 0 1 5 0 2 .3 2 2 .9
31 2 a  ( 0 .2 ) 6 1 - d o d e c e n e  ( 1 0 ) 0 .5 2 1 7 6 5 0 0 1 2 4 2 .4 1 6 . 6

3 2 / C p - K e t  ( 0 .0 1 ) 6 1 - h e x e n e  ( 5 ) 3 .0 1 9 0 1 1 4 0 0 0 7 0 .4 2 .4 0 2 6 .9
“C o n d it io n s :  t o lu e n e  +  m in im u m  q u a n t ity  o f  C H 2C 12 to ta l  3 0  m L , e t h y le n e  6  a t m , d - M A O  ( p r e p a r e d  b y  r e m o v i n g  t o l u e n e  a n d  A l M e 3 
f r o m  o r d in a r y  M A O ) ,  2 5  ° C , 1 0  m in .  ^ A c t iv ity  =  k g - p o ly m e r /m o I - T i - h .  CG P C  d a ta  in  o - d i c h lo r o b e n z e n e  vs  p o l y s t y r e n e  s ta n d a r d s .  
J l - H e x e n e  c o n t e n t  ( m o l  % )  e s t im a t e d  b y  l3C  N M R  s p e c tr a  [ 2 3 ] .  P o l y m e r i z a t i o n  d a ta  b y  C p T iC l2[ l  ,3 - R 2 ( C H 2 N ) 2C = N ]  [R  =  'B u  (c), P h  
(d), 2 ,6 - M e 2 C 6 H 3 (e)] ( N o m u r a  e t a l„  2 0 1 1 ) .  P o l y m e r i z a t i o n  d a ta  b y  C p T iC l 2 ( N = C 'B u 2) ( N o m u r a  e t a l.,  2 0 0 4 ,  2 0 0 5 ,  2 0 0 6 ,  2 0 0 7 ,  2 0 0 8 ) UJ
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T h e  m ic r o s tr u c tu r e s  o f  th e  r e s u lta n t  p o l y ( e t h y l e n e - c o - l - h e x e n e ) s  a n d  

p o l y ( e t h y l e n e - c o - l - d o d e c e n e )  p r e p a r e d  b y  la , 2a -  M A O  c a t a ly s t  s y s t e m s  w e r e  

in v e s t ig a t e d  b y  13c  N M R  s p e c tr a ,  a s  s h o w n  in  F ig u r e  4 .2 .  In  a ll  c a s e s ,  r e s o n a n c e s  

a s c r ib e d  to  t w o ,  th r e e  1 - h e x e n e  r e p e a t  u n i t s  ( S aa, Tgg, Tpg) w e r e  o b s e r v e d .  A l t h o u g h  

1 - h e x e n e  c o n t e n t s  in  th e  c o p o ly m e r s  w e r e  c l o s e ,  th e  i n t e n s i t i e s  a s c r ib e d  to  1 - h e x e n e  

r e p e a t /a l t e m a t in g  s e q u e n c e s  b y  la  a n d  2a a r e  d if fe r e n t .  T h i s  fa c t  m ig h t  su p p o r t  th a t  

la  s h o w e d  b e t te r  1 - h e x e n e  in c o r p o r a t io n  th a n  2a ( F ig u r e  4 .2 a ,  4 .2 b ) .  M o r e o v e r ,  
r e s o n a n c e s  a s c r ib e d  to  i s o la t e d  1 - d o d e c e n e  in c o r p o r a t io n  in  a d d it io n  to  t r a c e  

a m o u n t s  o f  r e s o n a n c e s  a s c r ib e d  to  a lt e r n a t in g  a n d /o r  r e p e a t  1 - d o d e c e n e  

in c o r p o r a t io n  w e r e  o b s e r v e d  in  th e  c o p o l y m e r  p r e p a r e d  b y  2a -  M A O  c a t a ly s t  

( F ig u r e  4 .2 c ) .  T h is  r e s u lt  a ls o  s u g g e s t s  th a t  1 - d o d e c e n e  in c o r p o r a t io n  s e e m s  m o r e  

d i f f i c u l t  th a n  th a t  o f  1 - h e x e n e  d u e  to  th e  s t e r ic  b u lk  (b u ty l  b r a n c h  vs  d e c y l  b r a n c h , a s  

m e n t io n e d  a b o v e ) .

Figure 4.2 13c  NMR spectra (in l,2,4-trichlorobenzene/C6D6 at 1 2 0  ° C )  for a-b) 

poly(ethylene-co-l-hexene)s, c) poly(ethylene-co-l-dodecene) prepared b y  

C p ’T iC l 2 [ l , 3 - ' B u 2 ( C H N ) 2 C = N ]  [ C p ’ =  C p  (la), 'B u C 5 H 4  (2a)] - MAO catalyst 

system s. Detailed polym erization data are shown in Table 4 .3 .
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T a b le  4 .4  s u m m a r iz e s  tr ia d  s e q u e n c e  d is t r ib u t io n s ,  th e  d y a d s ,  a n d  

/-e t h  v a lu e s  (E  =  e t h y le n e ,  H  =  1 - h e x e n e )  e s t im a t e d  b a s e d  o n  13c  N M R  s p e c tr a  fo r  

p o i y ( e t h y l e n e - c o l - h e x e n e ) s  p r e p a r e d  b y  C p ’T i C l 2 [ l , 3 -R 2 ( C H N ) 2 C = N ]  [ C p ’ =  C p  

( 1 ) ,  'B u C 5 H 4  ( 2 ) ;  R  =  'B u  ( a ) ,  2 , 6 -'P r 2 C 6 H 3 ( b ) ]  -  M A O  c a t a ly s t  s y s t e m s  ( S a h g a l  e t 
a l ,  1 9 7 8 ;  K is s in ,  1 9 8 5 ;  R a n d a l l ,  1 9 8 9 ;  S u h m  e t a l ,  1 9 9 7  a n d  1 9 9 8 ) .  T h e  r e s u lt  

o b t a in e d  fo r  C p T iC l 2 [ l , 3 - 'B u 2 ( C H 2 N ) 2 C = N ]  ( l c )  ( N o m u r a  e t a l ,  2 0 1 1 ) ,  a n d  

C p T iC l 2 ( N = C 'B u 2)  (Cp-Ket) ( N o m u r a  e t a l ,  2 0 0 4 )  a re  a ls o  s h o w n  fo r  c o m p a r is o n .  
T h e  r e s u lta n t  r E-rn  v a lu e s  o f  l a , b , 2 a  ( r ETH =  0 . 6 3 - 0 .7 1 )  w e r e  r a th e r  la r g e  c o m p a r e d  

to  th a t  o f  Cp-Ket ( 0 .3 5 ,  ru n  3 2 ) .  A l t h o u g h  t h e s e  v a lu e s  a r e  s o m e w h a t  l o w e r  th a n  

th a t o f  l c  ( 0 .9 4 ,  r u n  3 1 ) ,  t h e s e  f in d in g s  in d ic a t e  th a t  1- h e x e n e  in c o r p o r a t io n  in  th e  

c o p o ly m e r iz a t io n  p r o c e e d s  in  a  r a n d o m  m a n n e r  ( 1 - h e x e n e  in c o r p o r a t io n s  w e r e  

r a n d o m  d u e  to  th a t  th e  r E-r H v a lu e s  w e r e  c l o s e  to  1 ) , a s  o b s e r v e d  in  o r d in a r y  

m e t a l lo c e n e s  a n d  l in k e d  h a l f - t i t a n o c e n e s  ( S u h m  e t a l ,  1 9 9 7  a n d  1 9 9 8 ) .  M o r e o v e r ,  
th e  r ET D  v a lu e s  (E  =  e t h y le n e ,  D  =  1 - d o d e c e n e )  b y  2 a  w a s  0 .1 7 ,  in d ic a t in g  th a t th e  

• « p o ly m e r iz a t io n  d id  n o t  p r o c e e d  in  a  r a n d o m  m a n n e r  d u e  to  s t e r ic  b u lk  o f  th e  d e c y l  

b r a n c h  in  1 - d e c e n e  ( d i f f i c u l t y  fo r  in c o r p o r a t io n  o f  1 - d o d e c e n e  r e p e a t e d ly ) .
T h e  r E v a lu e s  in  th e  e t h y l e n e / 1- h e x e n e  c o p o ly m e r iz a t io n  b y  l a , b , 2 a  

w e r e  9 .5 6 - 9 .6 2  ( l a ) ,  1 1 .8  ( l b ) ,  1 7 .4  ( 2 a ) ,  r e s p e c t i v e ly ,  a n d  th e  r E v a lu e s  w e r e  

a f f e c t e d  b y  th e  l ig a n d  s e t s  e m p lo y e d :  l a  s h o w e d  b e t te r  1 - h e x e n e  in c o r p o r a t io n  th a n  

l b , 2 a .  T h e s e  v a lu e s  w e r e  m u c h  la r g e r  th a n  t h o s e  o b ta in e d  f o r  l c  ( 4 .9 5 ,  r u n  3 1 ) ,  C p -  

K e t  ( 4 .5 ,  ru n  3 2 )  ( N o m u r a  e t a l ,  2 0 0 4 ) ,  [ M e 2 S i ( C 5 M e 4 ) ( N 'B u 2 ) ] T iC l 2  ( 3 .4 2 )  

( N o m u r a  e t a l ,  2 0 0 1 ) ,  a n d  C p * T iC l 2 ( 0 - 2 , 6 - 'P r 2 C 6 H 3 )  ( 2 .7 0 )  (N o m u r a  e t a l ,  2 0 0 0  

and 2 0 0 1 ) ,  b u t w e r e  s im i la r  to  t h o s e  o f  o r d in a r y  an sa  z i r c o n o c e n e s  [/'E =  8 .2 - 1 8 .9  b y  

l in k e d  b is ( in d e n y l ) - z i r c o n iu m  c o m p l e x e s  in  e t h y l e n e / 1 - o c t e n e  c o p o ly m e r iz a t io n ]  

( S u h m  e t a l ,  1 9 9 7 ) .  T h e s e  r e s u lt s  t h e r e fo r e  s u g g e s t  th a t th e  p r e s e n t  c a t a ly s t s  s h o w  

l e s s  e f f i c i e n t  1- h e x e n e  in c o r p o r a t io n . It m ig h t  b e  in t e r e s t in g  to  n o t e  th a t  r E v a lu e s  

c s i im a t e d  fo r  2 a  in  th e  c o p o ly m e r iz a t io n  b e t w e e n  1 - h e x e n e  a n d  1 - d o d e n e c e  w e r e  

c l o s e  ( r E =  1 7 .4 ,  1 8 .1 ,  r e s p e c t iv e ly ,  r u n s  2 9 - 3 0 ) ,  a lt h o u g h  t h e  v a lu e  in  th e  e t h y le n e / 1 -  

d o d e n e c e  c o p o ly m e r iz a t io n  w a s  la r g e r  th a n  t h o s e  o b s e r v e d  fo r  th e  a r y lo x o  a n a lo g u e  

(3.71-3.95), [M e 2 S i ( C 5 M e 4 ) ( N 'B u 2 ) ] T iC l 2  ( 4 . 2 6 - 4 . 3 1 )  (K a k in u k i  e t a l ,  2 0 0 9 ) .  T h e  

r e s u lt s  a ls o  in d ic a t e  th a t p r e c i s e  l ig a n d  m o d i f i c a t io n s  a re  im p o r ta n t  fo r  th e  

c o p o ly m e r iz a t io n



Table 4.4 M o n o m e r  s e q u e n c e  d i s t r ib u t io n s  o f  p o l y ( e t h y l e n e - c o - l - h e x e n e ) s ,  p o l y ( e t h y l e n e - c o - 1 - d o d e c e n e )  p r e p a r e d  b y  

c o p o l y m e r i z a t i o n  o f  e t h y le n e  w i t h  1 - h e x e n e  o r  1 - d o d e c n e  b y  C p ’T i C l 2 [ l , 3 -R-2 ( C H N ) 2 C = N ]  [ C p ’ =  C p  ( 1 ) ,  'B U C 5 H 4  ( 2 ) ;  R  =  'B u  ( a ) ,  2 ,6 -
'Pr2 C ô H 3 (b ) ]  -  M A O  c a t a ly s t  s y s t e m s  [E : e t h y le n e ;  C : 1 - h e x e n e  o r  1 - d o d e c e n e  ( c o m o n o m e r ) ] . 0

ru n c o m p l e x c o m o n o m e r c o n te n t*  

/  m o l  % E E E
tr ia d  s e q u e n c e  d i s t r ib u t io n 0 (% )  

E E C + C E E  C E C  E C E  C C E + E C C c c c E E
d y a d rf
E C + C E c c

rE-rc r i ท /

2 0 la 1 - h e x e n e 1 7 .0 5 5 .9 2 4 .0 3 .1 1 2 .7 4 .3 — 6 7 .9 2 9 .9 2 . 1 0 .6 4 9 .6 2 0 .0 6 7
2 1 la 1 - h e x e n e 2 9 .4 3 6 .3 2 6 .9 7 .4 1 7 .1 1 2 .3 — 4 9 .7 4 4 .1 6 . 2 0 .6 3 9 .5 6 0 .0 6 6
2 4 lb 1 - h e x e n e 1 4 .8 6 2 .1 2 0 . 6 2 .5 1 1 .5 3 .3 — 7 2 .4 2 6 .0 1 . 6 0 .6 9 1 1 . 8 0 .0 5 8
2 9 2a 1 - h e x e n e 1 3 .4 6 3 .4 2 2 .7 0 .5 1 0 .5 2 . 2 0 .6 2 7 0 .9 2 7 .3 1 . 8 0 .7 1 1 7 .4 0 .0 4 1
3 0 2a 1 - d o d e c e n e 6 . 6 7 3 .1 2 0 . 1 0 .3 6 . 0 0 . 6 — 8 4 .4 1 5 .5 0 . 1 0 .1 7 1 8 .1 0 .0 0 9

2 5 s lc 1 - h e x e n e 2 8 .6 4 1 .4 2 4 .4 5 .6 1 4 .8 1 3 .8 — 5 3 .6 3 9 .5 6 .9 0 .9 4 4 .9 5 0 .1 9
3 2 * Cp-Ket 1 - h e x e n e 2 6 .9 3 4 .5 3 0 .7 7 .9 2 0 .5 5 .2 1 . 2 4 9 .9 4 6 .4 3 .8 0 .3 5 4 .5 0 .0 8

“F o r  d e t a i le d  p o ly m e r iz a t io n  c o n d i t i o n s ,  s e e  T a b le  3 .
* 1 - H e x e n e  o r  1 - d o d e c e n e  c o n t e n t  ( m o l  % ) e s t im a t e d  b y  l3C  N M R  s p e c t r a .
“E s t im a t e d  b y  13c  N M R  s p e c tr a
J[ E E ] = [ E E E ] + 1 / 2 [ E E C + C E E ] ,  [ E C ] = [ C E C ] + [ E C E ] + 1 / 2 { [ E E C + C E E ] + [ C C E + E C C ] } ,  [ C C ] = [ C C C ] + 1 / 2 [ C C E + E C C ] .  
V E r c = 4 [ E E ] [ C C ] / [ E C + C E ] 2.
frE =  { [ C y [ E ] 0 } x 2 [ E E ] / [ E C + C E ] ,  rc =  { [ E ] 0/ [ C ] 0 } x 2 [ C C ] / [ E C + C E J ,  [E J 0  a n d  [ C ] 0  a re  th e  in i t ia l  m o n o m e r  c o n c e n t r a t io n s .  
^ A n a ly s is  d a ta  b y  C p T i C b f l  ,3 - 'B u 2 ( C H 2 N ) 2 C = N ]  ( l c )  ( N o m u r a  e t a l ,  2 0 1 1 ) .
^ A n a ly s is  d a ta  b y  C p T iC l 2 ( N = C ,B u 2 )  ( N o m u r a ,  2 0 0 4 )

LOCT\
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t o  p r o c e e d  w i t h  u n ifo r m  c a t a ly t ic a l ly  a c t iv e  s p e c i e s  a s  w e l l  a s  w i t h  m o d e r a t e  

c o m o n o m e r  in c o r p o r a t io n .

4.2 Efficient Ethylene/Norbornene Copolymerization by Half-titanocenec 
Containing Imidazolin-2-Iminato ligands -  MAO catalyst system

4 .2 .1  C o p o ly m e r iz a t io n  o f  e t h y le n e  w it h  n o r b o m e n e  ( N B E )  u s i n g  h a l f -  

t i t a n o c e n e s  c o n t a in in g  im id a z o l i n - 2 - i m i n a t o  l ig a n d s  -  M A O  c a t a ly s t  s y s t e m s
C o p o ly m e r iz a t io n s  o f  e t h y le n e  w i t h  n o r b o m e n e  ( N B E )  u s i n g  h a l f -  

t i t a n o c e n e s  c o n t a in in g  1 ,3 - d is u b s t i t u t e d  i m id a z o l in - 2 - im in a t o  l ig a n d s ,  C p ’T i C l 2 [ l , 3 -  

R ,( C H N ) 2 C = N ]  [ C p ’ =  C p  (1), 'B u C 5 H 4  (2 ) ;  R  =  'B u  (a), 2 , 6 - ,'Pr2 C 6 H 3 (๖) ] ,  a s  

s h o w n  in  S c h e m e  4 ,  w e r e  c o n d u c t e d  in  t o lu e n e  a t 2 5  °C  in  th e  p r e s e n c e  o f  M A O .  
M A O  w h i t e  s o l i d  ( d - M A O ) ,  p r e p a r e d  b y  r e m o v in g  A l M e 3 a n d  t o lu e n e  f r o m  t h e  

c o m m e r c i a l ly  a v a i la b le  s a m p le s  ( P M A O - S ,  6 . 8  w t%  in  t o lu e n e ,  T o s o h  F in e c h e m  

C o .) ,  w a s  c h o s e n  in  th is  s tu d y , b e c a u s e  it  w a s  e f f e c t i v e  in  th e  p r e p a r a t io n  o f  h ig h  

m o le c u la r  w e i g h t  e t h y l e n e / 1 - b u te n e  c o p o ly m e r s  w i t h  u n im o d a l  m o le c u la r  w e i g h t  

d is t r ib u t io n s  w h e n  C p * T iC l 2 ( 0 - 2 , 6 - 'P r 2 C 6 H 3 )  w a s  u s e d  a s  th e  c a t a ly s t  p r e c u r s o r  

( N o m u r a  e t a l ,  1 9 9 8 ) .  T h e  p o ly m e r iz a t io n  c o n d i t io n s ,  e s p e c i a l l y  c a t a ly s t  

c o n c e n t r a t io n s ,  w e r e  o p t im iz e d  o n  th e  b a s i s  o f  p o ly m e r  y ie ld s  ( in  o r d e r  to  c o n t r o l  th e  

c o n v e r s io n s  o f  N B E  l e s s  th a n  c a . 1 0 - 1 5  % ). T h e  r e s u l t s  a re  s u m m a r iz e d  in  T a b le
4,5 .

Scheme 4 C o p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  n o r b o m e n e  ( N B E )  u s i n g  h a l f -  

t i t a n o c e n e s  c o n t a in in g  im id a z o l in - 2 - im in a t o  l ig a n d s  -  M A O  c a t a ly s t  s y s t e m s
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Table 4.5 C o p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  N B E  b y  C p , T iC l 2 [ l , 3 - R 2 ( C H N ) 2 C = N ]  

[ C p ’ =  C p  (1), 'B u C sH U  (2); R  =  'B u  (a), 2 ,6 - 'P r 2 C 6 H 3 (b)] - M A O  c a t a ly s t  s y s t e m s . 0

ru n c o m p le x e t h y le n e N B E * t e m p y ie ld a c t i v i t y 0
Mnd M J N B E e T f

( p m o l ) /  a tm m m o l/m L / ° c / m g X l 0 ' 5 Mnd /  m o l% r c
1 l a  ( 0 . 1 0 ) 6 1 . 0 2 5 1 2 1 7 2 6 0 1 6 .5 2 .4 4 2 7 .2 7 6 .4

2 l a  ( 0 . 1 0 ) 6 2 . 0 2 5 1 0 7 6 4 1 0 1 1 . 1 1 .9 4 3 4 .4 1 1 6 .2

3 l a  ( 0 .2 0 ) 4 1 . 0 2 5 2 0 6 6 1 8 0 1 0 . 8 2 .5 3 3 1 .4 9 0 .6

4 l a  ( 0 .2 0 ) 4 1 . 0 8 0 1 9 2 5 7 8 0 8 . 0 0 2 .3 5 3 6 .9 1 0 9 .8

5 l a  ( 0 .4 0 ) 2 2 . 0 8 0 1 7 4 2 6 1 0 0 .6 2 1 .9 1 5 3 .2 2 1 7 .7

6 l a  ( 2 .0 / — 0 .5 2 5 1 1 5 3 4 5 0 .1 5 2 .4 6 1 0 0

7 2 a ( 1 .0 ) 4 1 . 0 2 5 9 7 5 8 3 1 .3 2 2 .2 7 2 4 .5

8 l b  ( 0 .5 0 ) 4 1 . 0 2 5 4 6 5 5 9 1 4 .1 7 .2 2

9 C G C *  ( 0 .5 0 ) 4 1 . 0 2 5 1 6 7 2 0 0 0 1 .2 8 2 .1 5 2 6 .5

1 0
D M S B I *

( 0 . 1 0 )
In d -P h e*

4 1 . 0 2 5 81 4 8 6 0 2 .2 9 2 .3 7 2 9 .5

1 1 4 1 . 0 2 5 1 9 2 2 3 0 0 0 .5 9 1 .8 2 3 5 .2( 0 .5 0 )
1 2 , C p -K e t*  ( 0 .0 2 ) 4 1 . 0 2 5 1 3 4 4 0 2 0 0 7 .1 9 2 .9 2 4 0 .7

“C o n d it io n s :  t o lu e n e  +  m in im u m  a m o u n t  o f  C H 2 C I2  to ta l  3 0  m L , d r ie d  M A O  
(p r e p a r e d  b y  r e m o v i n g  t o lu e n e  a n d  A l M e 3 fr o m  th e  o r d in a r y  M A O )  0 .5  m m o l ,  N B E
1 ,0  m m o l/m L , 2 5 ° c ,  1 0  m in . ^ In itia l n o r b o m e n e  ( N B E )  c o n c e n t r a t io n  c h a r g e d .  
A c t i v i t y  =  k g - p o ly m e r /m o l - T i - h .  rfG P C  d a ta  in  o - d ic h lo r o b e n z e n e  vs  p o ly s t y r e n e  

s ta n d a r d s . eN B E  c o n t e n t  (m o l% )  e s t im a t e d  b y  l3C  N M R  s p e c tr a . ^ G la ss  t r a n s i t io n  
te m p e r a tu r e  o b t a in e d  fr o m  D S C  m e a s u r e m e n t .  gM A O  1 .0  m m o l.  ^ P o ly m e r iz a t io n  
d a ta  b y  C p C l 2 ( N = C 'B u 2) ( C p -K e t ) ,  ( in d e n y l ) T iC l 2 ( 0 - 2 ,6 - ' P r 2 C 6 EI3)  ( I n d - P h e ) ,  
[ M e 2 S i ( C 5 M e 4 ) ( N ' B u ) ] T i C l 2  (C G C )  [ M e 2 S i ( in d e n y l ) 2 ]Z r C l2  ( D M S B I )  ( N o m u r a  e t  
a l ,  2 0 0 6 ) .

C p T i C f r l T ^ B น2 ( C H N ) 2 C = N ]  ( l a )  e x h ib i t e d  h ig h  c a t a ly t ic  a c t i v i t i e s  

in  th e  p r e s e n c e  o f  M A O . T h e  a c t i v i t i e s  w e r e  a f f e c t e d  b y  e t h y le n e  p r e s s u r e ,  
te m p e r a tu r e , a s  w e l l  a s  n o r b o m e n e  f e e d  c o n c e n tr a t io n . I n c r e a s e s  in  th e  c a t a ly t ic  

a c t iv i t i e s  w e r e  o b s e r v e d  a t h ig h e r  e t h y le n e  p r e s su r e , w h i l e  th e  a c t i v i t i e s  d e c r e a s e d  

u p o n  in c r e a s in g  b o th  te m p e r a tu r e  a n d  N B E  f e e d  c o n c e n t r a t io n s  u n d e r  t h e s e  

c o n d i t io n s  (r u n s  1 -5 ) .  T h e  p o ly m e r iz a t io n  o f  n o r b o m e n e  in  th e  a b s e n c e  o f  e t h y le n e  

a ls o  p r o c e e d e d  (ru n  6 ) ,  a lt h o u g h  th e  a c t iv i t y  w a s  l o w .  T h e  r e s u lta n t  p o ly m e r s
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o b t a in e d  fr o m  l a  p o s s e s s e d  h ig h  m o le c u la r  w e ig h t s  w it h  u n ifo r m  m o le c u la r  w e i g h t  

d is tr ib u t io n s  in  a l l  c a s e s ,  a n d  s in g le  g la s s  t r a n s it io n  te m p e r a tu r e s  w e r e  o b s e r v e d  in  

th e ir  D S C  t h e r m o g r a m s .
In  c o n t r a s t ,  ( 'B u C 5 H 4 ) T iC l 2 [ l , 3 - R 2 ( C H N ) 2 C = N ]  ( 2 a )  a n d  C p T iC l2. 

[ l , 3 - ( 2 , 6 -'P r 2 C 6 H 3 ) 2 ( C H N ) 2 C=::N ]  ( l b )  s h o w e d  th e  d i f f e r e n t  r e s u lt s  f r o m  t h o s e  

o b s e r v e d  in  e t h y le n e / 1 - h e x e n e  c o p o ly m e r iz a t io n .  T h e  fr fr iC sffr  a n a lo g u e  ( 2 a ) ,  w h i c h  

p r e v io u s ly  s h o w e d  h ig h e r  c a t a ly t ic  a c t iv i t y  in  e t h y le n e  p o ly m e r iz a t io n  th a n  l a  

( N o m u r a  e t a l ,  2 0 1 2 ) ,  w h i c h  a ls o  s h o w e d  m o d e r a t e  c a t a ly t ic  a c t iv i t y  in  e t h y le n e / 1 -  

h e x e n e  c o p o ly m e r iz a t io n ,  e x h ib i t e d  l o w  c a t a ly t ic  a c t iv i t y  in  th is  c o p o ly m e r iz a t io n ,  
f h e  l e s s  c o m o n o m e r  in c o r p o r a t io n  c o m p a r e d  to  l a  (ru n  7 )  w a s  o b s e r v e d ,  w h i c h  i s  

th e  s a m e  tr e n d  a s  o b s e r v e d  in  e th y l  e n e /1 - h e x e n e  c o p o ly m e r iz a t io n .  M o r e o v e r ,  t h e  

r e s u l t in g  c o p o l y m e r  p r e p a r e d  b y  th e  C p - 2 ,6 - d i i s o p r o p y lp h e n y l  a n a lo g u e  ( l b )  

p o s s e s s e d  b r o a d  m o le c u la r  w e i g h t  d is t r ib u t io n  (ru n  8 ) , a l t h o u g h  l b  s h o w e d  m o d e r a t e  

c a t a ly t ic  a c t i v i t y  y ie ld in g  h ig h  m o le c u la r  w e ig h t  c o p o ly m e r  w i t h  u n if o r m  

c o m p o s i t io n  in  e t h y l  e n e /1 - h e x e n e  c o p o ly m e r iz a t io n  (N o m u r a  e t a l ,  2 0 1 2 ) .
C o m p a r in g  w i t h  th e  o th e r  c o m p l e x e s ,  th e  h ig h e r  c a t a ly t ic  a c t iv i t y  a s  

w e l l  a s  th e  b e t te r  N B E  in c o r p o r a t io n  b y  l a  (r u n  3 )  th a n  t h o s e  b y  

I M e 2 S i ( C 5 M e 4 ) ( N ' B u ) ] T i C l 2  ( C G C )  a n d  [ M e 2 S i ( in d e n y l ) 2 ]Z r C l2  ( D M S B I )  w e r e  

o b s e r v e d  u n d e r  t h e  s a m e  c o n d i t io n s  (r u n s  9 - 1 0 ) .  T h e s e  r e s u lt s  c le a r ly  i n d ic a t e  th a t  

l a  is  m o r e  s u i t e d  a s  t h e  c a t a ly s t  p r e c u r s o r  in  te r m s  o f  e f f i c i e n t  s y n t h e s i s  o f  

c o p o ly m e r s .  T h e  N B E  in c o r p o r a t io n  b y  l a  w a s  s im ila r  to  th a t b y  ( in d e n y l ) T i C l 2 ( 0 -
2 , 6 - 'P r 2 C 6 H 3 ) ( I n d - P h e )  r e p o r te d  p r e v io u s l y  (N o m u r a  e t a l ,  2 0 0 3 ) ,  a n d  l a  s h o w e d  

h ig h e r  a c t iv i t y  u n d e r  th e  s a m e  c o n d i t io n s  (ru n  11 v s  ru n  3 ) .  H o w e v e r ,  b o t h  th e  

a c t iv i t y  a n d  t h e  N B E  c o n t e n t s  in  th e  c o p o ly m e r  b y  th e  r e p o r te d  C p - k e t im id e  

a n a lo g u e ,  C p T iC l 2 ( N = C ,B u 2) (C p - K e t )  ( N o m u r a  et a l ,  2 0 0 6 ) ,  w e r e  h ig h e r  th a n  t h o s e  

b y  l a .
T a b le  4 .6  s u m m a r iz e s  th e  c o p o ly m e r iz a t io n  r e s u lt s  b y  l a  c o n d u c t e d  at 

50 °c u n d e r  l o w  e t h y le n e  p r e s s u r e  a n d  h ig h  NBE c o n c e n tr a t io n  c o n d i t io n s .  T h e  

o b s e r v e d  a c t iv i t y  w a s  a f f e c t e d  b y  th e  A l /T i  m o la r  ra tio  e m p lo y e d  ra th er  th a n  b y  th e  

in i t ia l  NBE c o n c e n t r a t io n  c h a r g e d  u n d e r  t h e s e  c o n d i t io n s  (r u n s  1 4 - 1 8 ) .  T h e  h ig h e r  

N B E  f e e d  c o n c e n t r a t io n  d id  n o t  r e s u lt  in  t h e  s ig n if ic a n t  d e c r e a s e  in  t h e  a c t iv i t y  (r u n  

1 6  v s .  ru n  1 8 ) . T h e  c a t a ly t ic  a c t iv i t i e s  in c r e a s e d  w ith  in c r e a s in g  A l /T i  m o la r  r a t io .
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Table 4.6 C o p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  N B E  b y  C p T iC l2 [ l , 3 - 'B u 2 ( C H N ) 2 C = N ]  

( l a )  -  M A O  c a t a ly s t  s y s t e m  ( e t h y le n e  2  a t m ) / '

ru n l a
p m o l /m L

te m p .
/ ° c

N B E 6
m m o l/m L

A l /
T ic

y ie ld
/ m g a c tiv ity ^ M ne

X lO ' 5
M J
M l

N B f /  
/  m o l%

T  ร
/ ° c

13 0 .4 2 5 3 .0 1 2 5 0 1 0 2 1 5 3 0 2 .1 6 2 .1 8 h 2 0 7 .2

14 1 . 0 5 0 5 .0 5 0 0 3 0 4 1 8 2 0 1 .3 8 1 .8 5 5 5 .5 2 3 0 .4

15 1 . 0 5 0 5 .0 1 0 0 0 3 1 1 1 8 7 0 1 .2 8 1 .8 1

16 1 . 0 5 0 5 .0 2 0 0 0 3 3 7 2 0 2 0 1 .1 3 1 .7 5

17 1 . 0 5 0 1 0 . 0 1 0 0 0 2 3 9 1 4 3 0 1 .0 5 1 .8 5 6 6 .5 2 5 7 .6

18 1 . 0 5 0 1 0 . 0 2 0 0 0 3 6 2 2 1 7 0 1 . 1 0 1 .8 3 h 2 4 6 .5
" C o n d it io n s :  t o lu e n e  +  m in im u m  a m o u n t  o f  C H 2 C I2  to ta l  1 0  m L , d r ie d  M A O , 1 0  
m in . ^ In itia l n o r b o m e n e  ( N B E )  c o n c e n t r a t io n  c h a r g e d . CA 1 /T i m o la r  r a t io . ^ A c t iv i ty  

k g - p o ly m e r /m o l - T i  h . eG P C  d a ta  in  o - d ic h lo r o b e n z e n e  vs  p o ly s t y r e n e  s ta n d a r d s . 
6N B E  c o n t e n t  ( m o l% )  e s t im a t e d  b y  13c  N M R  s p e c tr a . gG la s s  t r a n s it io n  te m p e r a tu r e  
o b ta in e d  fr o m  D S C  m e a s u r e m e n t .  ^ N B E  c o n t e n t s  e s t im a te d  fr o m  th e  p lo t  o f  g la s s  
t r a n s it io n  te m p e r a tu r e  v s .  N B E  c o n t e n t  w e r e  5 3 .0  (ru n  1 3 ) ,  6 0 .8  (ru n  1 8 )  m o l% ,  
r e s p e c t iv e ly .

Figure 4.3 P lo t s  o f  g la s s  t r a n s it io n  te m p e r a tu r e  v s  N B E  c o n t e n t s  in  p o ly ( e t h y le n e -  

c o - N B E ) s  p r e p a r e d  b y  C p T iC l 2 [ l , 3 - ,B u 2 ( C H N ) 2 C = N ]  (la) -  M A O  c a t a ly s t  s y s t e m .

N o t e  th a t th e  M„ v a lu e s  w e r e  n o t  s t r o n g ly  a f f e c t e d  b y  th e  N B E  c o n t e n t s .  T h e  

r e s u lta n t  p o ly m e r s  p o s s e s s e d  h ig h  m o le c u la r  w e i g h t  p o l y ( e t h y l e n e - c o - N B E ) s  w it h  

u n ifo r m  c o m p o s i t io n  ( c o n f ir m e d  b y  D S C  t h e r m o g r a m s )  a s  w e l l  a s  m o le c u la r  w e ig h t  

d is tr ib u t io n s .  O n  t h e  b a s i s  o f  p lo t s  o f  g la s s  tr a n s i t io n  te m p e r a tu r e  ( Tg)  v s  N B E
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c o n t e n t s  ( m o l% )  in  p o l y (  e t h y l  e n e - c o - N B E ) s  p r e p a r e d  b y  l a ,  th e  Tg v a lu e s  in c r e a s e d  

l in e a r ly  u p o n  in c r e a s in g  t h e  N B E  c o n t e n t s  ( F ig u r e  4 .3 ) ,  a s  d e m o n s tr a te d  p r e v io u s l y  

( N o m u r a ,  2 0 0 8 ) .  A  h ig h  m o le c u la r  w e i g h t  p o l y ( e t h y l e n e - c o - N B E )  w i t h  h ig h  Tg v a lu e  

( 2 5 7 . 6  ° c ,  N B E  c o n t e n t  6 6 .5  m o l% )  a s  w e l l  a s  w i t h  u n ifo r m  c o m p o s i t io n  (a n d  

m o le c u la r  w e i g h t  d i s t r ib u t io n )  c o u ld  b e  th u s  p r e p a r e d  in  th is  c a t a ly s i s .

4 .2 .2  M ic r o s tr u c tu r e  a n a ly s i s  fo r  p o l v ( e t h y l e n e - c o - N B E ) s
F ig u r e  4 .4  s h o w s  s e l e c t e d  13c  N M R  s p e c tr a  f o r  th e  r e s u l t in g  

p o i y ( e t h y l e n e - c o - N B E ) s  p r e p a r e d  b y  t h e  l a  -  M A O  c a t a ly s t  s y s t e m .  T h e  

m ic r o s tr u c tu r e  p o s s e s s e d  a  m ix t u r e  o f  N B E  r e p e a t in g  u n it s ,  b o th  d y a d s  a n d  tr ia d s  in  

a d d it io n  to  i s o la t e d  a n d  a lt e r n a t in g  N B E  s e q u e n c e s .  T h e  s p e c tr a  in  f ig u r e  4 .4 b  s h o w s  

t h e  h ig e r  in t e n s it y ,  c o m p a r e d  to  f ig u r e  4 .4 a ,  d u e  to  th e  h ig h e r  N B E  in c o r p o r a t io n  

(66.5 m o l%  a n d  3 1 .4  m o l% , r e s p e c t iv e ly ) .  I n t e r e s t in g ly ,  th e  r e s u lt s  w e r e  s o m e w h a t  

d i f f e r e n t  fr o m  th a t o b s e r v e d  b y  [ M e 2 S i ( C 5M e 4 ) ( N ,B u ) ] T iC l 2  ( C G C )  a n d  

l M e 2,S i ( in d e n y l ) 2 ]Z r C l2  ( D M S B I ) ,  w h ic h  c o n t a in e d  a  t in y  tr a c e s  o f  N B E  r e p e a t in g  

u n it s  a n d  b o th  (m eso  a n d  ra cem o )  a lt e r n a t in g  e t h y le n e - N B E  s e q u e n c e s  a s  w e l l  a s  

i s o la t e d  N B E  u n it s .  T h e  o b s e r v e d  r e s u lt s  m a y  b e  s u i t e d  a s  a n  a p p r o p r ia te  e x p la n a t io n  

fo r  th e  o b s e r v e d  d i f f e r e n c e  in  th e  b e t te r  N B E  in c o r p o r a t io n  b y  l a ,  c o m p a r e d  to  C G C  

a n d  D M S B I .

F i g u r e  4 .4  l3C  N M R  s p e c tr a  ( in  l ,2 ,4 - t r ic h lo r o b e n z e n e /C 6 D 6  a t 1 2 0  ° C )  fo r  
p o i y ( e t h y l e n e - c o - n o r b o m e n e ) s  p r e p a r e d  b y  C p T iC l 2 [ l , 3 - (B u 2 ( C H N ) 2 C = N ]  ( l a )  - 

M A O  c a t a ly s t  s y s t e m .  N B E  c o n te n t :  3 1 .4  m o l%  (ru n  3 ) ,  a n d  6 6 .5  m o l%  (ru n  1 7 ) .  
D e t a i le d  p o ly m e r iz a t io n  c o n d i t io n s  a re  s h o w n  in  T a b le s  4 . 5 - 4 . 6 .
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4.3 Efficient Terpolymerization of Ethylene and Styrene with a-Olefins by 
Aryloxo Modified Half-Titanocene-Based Catalysts - Cocatalyst System

In  th is  p a r t, t e r p o ly m e r iz a t io n s  o f  e t h y le n e ,  s t y r e n e  w it h  a - o l e f i n  ( 1 - h e x e n e ,  
i - d e c e n e )  u s i n g  a r y lo x o  m o d i f i e d  h a l f - t i t a n o c e n e s ,  C p ’T i C ^ O ^ ô - ' P ^ C ô f b )  [ C p ’ =  

C p *  ( 1 ) ,  'B uC sT L t ( 2 ) ] ,  in  t h e  p r e s e n c e  o f  c o c a t a ly s t s  w e r e  c o n d u c t e d  ( S c h e m e  5 ) ,  
b e c a u s e  t h e s e  c a t a ly s t s  s h o w e d  e f f i c i e n t  c o m o n o m e r  in c o r p o r a t io n s  in  e t h y le n e  

c o p o ly m e r iz a t io n  w i t h  s t y r e n e  a s  w e l l  a s  a - o l e f i n .  M o r e o v e r ,  th e  t e r p o ly m e r iz a t io n  

w it h  / 7- m e t h y ls t y r e n e  ( /7- M S )  in  p la c e  o f  s ty r e n e  w a s  a l s o  e x p lo r e d  ( S c h e m e  6 ) ,  
b e c a u s e  u s e  o f  / 7- M S  w o u l d  b e  e f f e c t i v e  fo r  th e  s u b s e q u e n t  p o s t - m o d i f i c a t io n s  

( C h u n g  a n d  D o n g ,  2011 a n d  C a p o r a s o  e t a l ,  2006). T h e s e  s tu d ie s  a r e  e x p e c t e d  to  

p r e s e n t  th a t th e  a p p r o a c h  s h o u ld  b e  p r o m is in g  fo r  s y n t h e s i s  o f  n e w  p o ly m e r s  b y  

m e ta l  c a t a ly z e d  p r e c i s e  c o o r d in a t io n  p o ly m e r iz a t io n .

S c h e m e  5  T e r p o ly m e r iz a t io n  o f  e t h y le n e ,  s t y r e n e  w it h  a - o l e f i n s  b y  a r y lo x o  m o d i f i e d  
h a i f - t i t a n o c e n e s  -  c o c a t a ly s t  s y s t e m

S c h e m e  6  T e r p o ly m e r iz a t io n  o f  e t h y le n e ,  / 7- m e t h y ls t y r e n e  w it h  a - o l e f i n s  b y  a r y lo x o  
m o d i f i e d  h a l f - t i t a n o c e n e s  -  c o c a t a ly s t  s y s t e m
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4 .3 .1  T e r p o ly m e r iz a t io n  o f  e t h y le n e ,  s t y r e n e  w i t h  g - o l e f m s  u s i n g  C p ’T iC l?  

( O - 2 , 6 -'P r2 C fiH 0  -  M A O  s y s t e m s .
In  t h is  p a rt, t e r p o ly m e r iz a t io n  o f  e t h y le n e ,  s t y r e n e  w i t h  a - o l e f i n s  b y  

C p ’T iC l 2 ( 0 - 2 , 6 - 'P r 2 C 6H 3 )  [ C p ’ =  c p *  (1), /B u C 5 H 4  (2)] -  M A O  c a t a ly s t  s y s t e m  w a s  

e x p lo r e d .  M A O  w h i t e  s o l id  ( d - M A O ) ,  w h i c h  w a s  p r e p a r e d  b y  r e m o v i n g  A l M e 3 a n d  

t o lu e n e  fr o m  t h e  c o m m e r c i a l ly  a v a i la b le  s a m p le s  ( P M A O - S ,  6 . 8  w t%  in  t o lu e n e ,  
T o s o h  F in e c h e m  C o .) ,  w a s  c h o s e n ,  b e c a u s e  it  w a s  e f f e c t i v e  in  th e  p r e p a r a t io n  o f  h ig h  

m o le c u la r  w e i g h t  e t h y le n e / a - o le f m  c o p o ly m e r s  w i t h  u n im o d a l  m o le c u la r  w e i g h t  

d is tr ib u t io n s  w h e n  1 w a s  u s e d  a s  th e  c a t a ly s t  p r e c u r s o r  ( N o m u r a  e t a l ,  1 9 9 8 ) .  T h e  

p o ly m e r iz a t io n  c o n d i t io n s  (a m o u n t  o f  t i ta n iu m  c h a r g e d , p o ly m e r iz a t io n  t im e  e t c . )  

w e r e  o p t im iz e d  o n  t h e  b a s i s  o f  p o ly m e r  y i e ld s  ( in  o r d e r  t o  c o n t r o l  th e  c o n v e r s io n s  o f  

c o m o n o m e r s  l e s s  th a n  c a . 1 0 - 1 5  % ) ( K is s i n ,  1 9 8 5 ) , .  T h e  r e s u lt s  a re  s u m m a r iz e d  in  

T a b le  4 .7  -  4 .8 .
In  e t h y le n e / s t y r e n e /1 - h e x e n e  t e r p o ly m e r iz a t io n ,  th e  c a t a ly t ic  a c t iv i t i e s  

b y  th e  C p *  a n a lo g u e  in c r e a s e d  w i t h  in c r e a s in g  1 - h e x e n e  f e e d  c o n c e n t r a t io n  u n d e r  

c e r ta in  s ty r e n e  c h a r g e d  (r u n s  5 - 7 ) .  T h e  in c r e a s e  in  c a t a ly t ic  a c t iv i t i e s  w a s  a ls o  

o b s e r v e d  u p o n  d e c r e a s in g  s t y r e n e  f e e d  c o n c e n t r a t io n  (r u n s  3 - 5 ) .  T h is  i s  p r o b a b ly  

r e la te d  to  th e  f a c t  th a t  th e  a c t iv i t y  g e n e r a l ly  in c r e a s e d  u p o n  in c r e a s in g  1 - h e x e n e  

c o n c e n t r a t io n ,  a s  o b s e r v e d  in  e t h le n e / 1 - h e x e n e  c o p o ly m e r iz a t io n  ( N o m u r a  e t a l ,  

2 0 0 0 a, 2 0 0 0 *  a n d  2 0 0 1 ) .  H o w e v e r ,  th e  r e s u l t s  a re  s o m e w h a t  d i f f e r e n t  f r o m  th a t  in  th e  

t e r p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  s ty r e n e  a n d  1 - o c t e n e  b y  

[ M e 2 S i ( C 5 M e 4 ) ( N 'B u ) ] T iC l 2  -  M A O  s y s t e m  r e p o r te d  p r e v io u s l y  b y  S e m e t z  a n d  

M iilh a u p t  ( 1 9 9 7 )  a n d  C h e u n g  e t a l .  ( 1 9 9 9 ) ,  in  w h ic h  th e  a c t iv i t y  w a s  a f f e c t e d  b y  th e  

th ir d  c o m o n o m e r  ( s t y r e n e )  a d d it io n  a n d  th e  d e p e n d e n c e  w a s  n o t  l in e a r  u n d e r  c e r ta in  

s t y r e n e  c o n c e n t r a t io n  c o n d i t io n s .
A l l  t h e  r e s u lta n t  p o ly m e r s  p o s s e s s e d  r e la t iv e ly  h ig h  m o le c u la r  w e i g h t s  

w it h  u n ifo r m  m o le c u la r  w e i g h t  d is t r ib u t io n s  (Mn =  4 .4 3 - 5 .7 2 X  1 0 5, M J M n =  1 .6 6 -  

1 .8 6 ,  r u n s  3 - 7 ) .  1 - H e x e n e  c o n t e n t  in c r e a s e d  u p o n  in c r e a s in g  1 - h e x e n e  f e e d  

c o n c e n tr a t io n  w i t h  s l i g h t ly  d e c r e a s e  in  M n v a lu e s  (r u n s  5 - 7 ) ,  w h e r e a s  s t y r e n e  c o n t e n t  

in c r e a s e d  u p o n  in c r e a s in g  s t y r e n e  f e e d  c o n c e n t r a t io n  (r u n s  3 - 5 ) .  it  s e e m s  l ik e l y  th a t  

s t y r e n e  c o n t e n t  in  t h e  c o p o ly m e r s  w a s  a f f e c t e d  fr o m  1 - h e x e n e  c h a r g e d  u n d e r  c e r ta in



Table 4.7 Terpolymerization of ethylene, styrene with 1-hexene or 1-decene by Cp*TiCl2(0 -2 ,6 -'Pr2C6H3) - MAO systems.0

run C p ’ T i
/ p m o l

s t y r e n e  

/  m L
[ ร ] o' 
/ M

a - o l e f i n
(m L )

[C ]0b
/  M *

[ ร ] 0/ [ C ] 0/ [E ]0" y i e l d d
/ m g

a P S c 
/  m g

a c t iv i t y 7 s ty r e n e *  

/  m o l%
a - o l e f i n '  

/  m o l%
M j

x i o 5

M w
I M l

Xs C p * 2 . 0 1 0 . 0 2 .9 0 - - 4 . 0 / — / l . o 1 6 8 tr a c e 5 0 4 3 1 .9 - 0 .9 3 1 .6 2

2h C p * 2 . 0 2 .5 0 .7 2 1 - h e x e n e  ( 2 .5 ) 0 . 6 6 1 .0 / 0 . 9 / — 7 1 2 . 0 3 6 > 9 9 tr a c e 0 .3 2 2 .2 5

3 C p * 0 . 2 4 . 0 1 .1 6 1 - h e x e n e  ( 1 .0 ) 0 .2 7 1 .6 / 0 .4 / 1 .0 8 5 2 8 .7 2 5 5 0 1 2 . 2 8 . 6 5 .4 5 1 .7 4

4 C p * 0 . 2 2 .5 0 .7 2 1 - h e x e n e  ( 2 .5 ) 0 . 6 6 1 .0 / 0 . 9 /1 .0 1 7 6 1 1 . 1 5 2 9 0 8 . 8 1 9 .7 4 . 7 4 1 . 6 6

5 C p * 0 .0 5 1 . 0 0 .2 9 1- h e x e n e  ( 4 .0 ) 1 .0 6 0 .4 / 1 . 5 / 1 . 0 1 0 6 tr a c e 1 2 7 0 0 2 .9 2 8 .6 4 .4 3 1 .7 7

6 C p * 0 . 1 1 . 0 0 .2 9 1 - h e x e n e  ( 3 .0 ) 0 .8 0 0 .4 / 1 .1 / 1 .0 1 8 6 7 . 2 1 1 1 0 0 3 .3 2 3 .3 5 .0 7 1 .7 6
7 C p * 0 . 1 1 . 0 0 .2 9 1 - h e x e n e  ( 2 .0 ) 0 .5 3 0 .4 / 0 .7 / 1 .0 1 6 1 4 . 9 9 6 6 0 3 . 4 1 7 .5 5 .7 2 1 . 8 6

8 C p * 0 .0 0 5 - - 1 - d e c e n e  ( 4 .0 ) 0 .7 0 — / I . 0 / 1 . 0 1 6 1 - 1 9 3 0 0 0 - 2 2 .3 3 .3 0 2 . 5 0
9 C p * 0 . 1 1 . 0 0 .2 9 1 - d e c e n e  ( 4 .0 ) 0 .7 0 0 .4 / 1 . 0 / 1 . 0 2 0 7 4 .7 1 2 4 0 0 4 .0 2 0 . 8 5 .2 6 1 .7 1

1 0 C p * 0 . 1 1 . 0 0 .2 9 1 - d e c e n e  ( 3 .0 ) 0 .5 3 0 .4 / 0 . 7 / 1 . 0 1 6 6 4 .7 9 9 5 0 4 .9 1 8 .7 5 .3 6 1 .8 0

1 1 C p * 0 . 1 1 . 0 0 .2 9 1 - d e c e n e  ( 2 .0 ) 0 .3 5 0 .4 / 0 . 5 / 1 . 0 1 3 5 6 . 6 8 1 1 0 5 .3 1 3 .1 6 .3 3 1 .8 3
T o l y m e r i z a t i o n  c o n d i t io n s :  to ta l  v o lu m e  o f  t o l u e n e ,  1 - h e x e n e  o r  1 - d e c e n e ,  a n d  s t y r e n e  =  3 0  m L ,  e t h y le n e  6  a t m ,  d r ie d  M A O  (p r e p a r e d  
b y  r e m o v in g  t o lu e n e  a n d  A l M e 3 f r o m  th e  o r d in a r y  M A O )  3 .0  m m o l ,  2 5  °c , 1 0  m in .  ^ In itia l m o n o m e r  c o n c e n t r a t io n ,  ร  =  s t y r e n e ,  c  =  a -  
o le f in .  " In itia l m o n o m e r  m o la r  r a t io s .32  dP o ly m e r  y ie ld  b a s e d  o n  a c e t o n e  i n s o lu b l e  f r a c t io n .  “A t a c t i c  p o l y s t y r e n e  ( g e n e r a t e d  b y  M A O  
i t s e l f )  s e p a r a te d  a s  a c e t o n e  s o lu b l e  f r a c t io n .  A c t i v i t y  =  k g - p o ly m e r / m o l - T i - h .  ^ C o n te n ts  e s t im a t e d  b y  'H  N M R  s p e c t r a .33 ;,G P C  d a ta  in  
o - d i c h lo r o b e n z e n e  v s  p o l y s t y r e n e  s ta n d a r d s .  'C ite d  f r o m  r e f e r e n c e  1 4 h . ' P o ly m e r iz a t io n  in  th e  a b s e n c e  o f  e t h y le n e  f o r  1 h .  * N o m u r a  e t 
a l ,  2 0 1 2 .

-1̂



Table 4.8 Terpolymerization of ethylene, styrene with 1-hexene or 1-decene by ('BuC5H4)TiCl2(0-2,6-'Pr2C6H3) - MAO systems.0
ru n C p ’ T i

/  p m o l
s t y r e n e  

/  m L
[ ร ]  0
/ M

a - o l e f i n
( m L )

[C ]0b
I U b

[ ร ] 0/ [ C ] 0 / [ E ] 0“ y i e l d d
/ m g

a P S “ 
/  m g

a c tiv ity ^ s t y r e n e 5 

/  m o l%
a - o l e f i n '  

/  m o l%
M l

x l O ’5

M ,
m l

1 2 ' 'B u C 5 H 4 1 . 0 1 0 . 0 2 .9 0 - - 4 . 0 / - - / 1 . 0 2 9 0 1 . 8 1 7 4 0 5 0 . 0 - 0 . 2 4 1 .6 0
13 'B u C 5H 4 0 . 0 1 - - 1 - d e c e n e  ( 4 .0 ) 0 .7 0 — / l . 0 / 1 . 0 1 1 8 - 1 4 1 0 0 - 2 3 .5 2 .1 9 2 . 2 1

1 4 'B u C 5 H 4 0 . 2 1 . 0 0 .2 9 1 - h e x e n e  ( 4 .0 ) 0 .7 0 0 . 4 / 1 . 5 / 1 . 0 3 7 5 5 .1 1 1 3 0 0 7 .5 3 3 . 9 2 .0 7 2 .2 5
15 'B u C 5 H 4 0 . 2 1 . 0 0 .2 9 1 - d e c e n e  ( 4 .0 ) 0 .7 0 0 . 4 / 1 . 0 / 1 . 0 2 5 1 5 .2 7 5 3 0 8 .7 2 2 . 8 1 .8 3 2 . 0 7
1 6 'B u C 5 H 4 0 . 1 4 . 0 1 .1 6 1 - d e c e n e  ( 4 .0 ) 0 .7 0 1 .6 / 1 .0 / 1 . 0 3 8 9 1 8 .4 4 6 6 0 3 4 .3 2 1 .5 0 .0 8 2 .3 1

“P o ly m e r iz a t io n  c o n d i t io n s :  to ta l  v o lu m e  o f  t o l u e n e ,  1 - h e x e n e  o r  1 - d e c e n e ,  a n d  s t y r e n e  =  3 0  m L ,  e t h y le n e  6  a t m , d r ie d  M A O  ( p r e p a r e d  
b y  r e m o v in g  t o lu e n e  a n d  A l M e 3 f r o m  th e  o r d in a r y  M A O )  3 .0  m m o l ,  2 5  ° c ,  1 0  m in .  ^ In itia l m o n o m e r  c o n c e n t r a t io n ,  ร  =  s t y r e n e ,  c  =  a -  
o l e f i n .  “I n it ia l  m o n o m e r  m o la r  r a t i o s .32  dP o ly m e r  y i e l d  b a s e d  o n  a c e t o n e  i n s o lu b l e  f r a c t io n .  “A t a c t i c  p o l y s t y r e n e  ( g e n e r a t e d  b y  M A O  
i t s e l f )  s e p a r a te d  a s  a c e t o n e  s o lu b l e  f r a c t io n .  ^ A c t iv ity  =  k g - p o ly m e r / m o l - T i - h .  ^ C o n te n ts  e s t im a t e d  b y  'H  N M R  s p e c t r a .33 ^ G P C  d a ta  in  
o - d i c h lo r o b e n z e n e  Vj' p o l y s t y r e n e  s ta n d a r d s .  'C ite d  f r o m  r e f e r e n c e  1 4 h .  ^ P o ly m e r iz a t io n  in  th e  a b s e n c e  o f  e t h y le n e  f o r  1 h .  ^ N o m u r a  e t  
a l ,  2 0 1 2 .
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s t y r e n e  f e e d  c o n c e n t r a t io n .  A  s l i g h t ly  d e c r e a s e  in  s ty r e n e  c o n t e n t  w a s  o b s e r v e d  u p o n  

in c r e a s in g  1- h e x e n e  f e e d  c o n c e n tr a t io n  (r u n s  5 - 7 ) .
T h e  s a m e  tren d  w a s  a ls o  o b s e r v e d  in  e t h y l e n e / s t y r e n e / l - d e c e n e  

t e r p o ly m e r iz a t io n ,  w h e r e a s  1 - d e c e n e  w a s  u s e d  in  p la c e  o f  1 - h e x e n e .  T h e  c a t a ly t ic  

a c t iv i t i e s  a n d  1 - d e c e n e  c o n t e n t  in c r e a s e d  w i t h  in c r e a s in g  1 - d e c e n e  f e e d  

c o n c e n t r a t io n ,  w h i l e  s t y r e n e  c o n t e n t  a n d  M n v a lu e s  d e c r e a s e d  (r u n s  9 - 1 1 ) .  T h e  l e s s  1 -  

d e c e n e  c o n t e n t  in  th e  c o p o ly m e r  w a s  o b t a in e d ,  c o m p a r e d  to  th a t  o f  1- h e x e n e .  T h is  

w a s  d u e  to  t h e  l e s s  m o la r  a m o u n t  o f  1 - d e c e n e  c h a r e g e d  in  t h e  s y s t e m .  H o w e v e r ,  it  

s h o u ld  b e  n o t e d  th a t  s ty r e n e  c o n t e n t  w a s  h ig h e r  in  th e  t e r p o ly m e r iz a t io n  w i t h  1 - 

d e c e n e ,  c o m p a r e d  to  th a t o f  1 - h e x e n e .
T a b le  4 .8  s h o w e d  th e  t e r p o ly m e r iz a t io n  b y  'B u C p  a n a lo g u e  (2). T h e  

c a t a ly t ic  a c t iv i t i e s  w e r e  lo w e r  th a n  t h o s e  b y  C p *  a n a lo g e  ( 1 )  u n d e r  t h e  s a m e  

c o n d i t io n s  (r u n s  5 ,9 ,1 4 ,1 5 ) .  H o w e v e r ,  th e  h ig h e r  c o m o n o m e r  c o n t e n t s ,  b o t h  s ty r e n e  

a n d  a - o l e f m s ,  w e r e  h ig h e r .  T h e s e  r e s u lt s  a re  in  a g r e e m e n t  w i t h  e t h y l e n e / 1 - h e x e n e  

c o p o ly m e r iz a t io n  a s  r e p o r te d  p r e v io u s ly  (N o m u r a  e t a i ,  2 0 0 0  a n d  2 0 0 1  a n d  K h a n  e t  
a!., 2 0 0 9 ) .  T h e  e f f e c t  o f  a - o l e f m s  o n  s t y r e n e  c o n t e n t  w a s  a ls o  r e v e a le d  a s  o b s e r v e d  in  

th e  C p *  s y s t e m  th a t th e  s ty r e n e  c o n t e n t  s l i g h t ly  in c r e a s e d  i f  1- h e x e n e  w a s  r e p la c e d  

w ith  1 - d o d e c e n e  u n d e r  th e  s im i la r  c o n d i t io n s  (r u n s  5 ,9 ,1 4 ,1 5 ) ,  p r o b a b ly  d u e  t o  a n  

in c r e a s e  in  th e  in i t ia l  m o la r  r a t io  o f  s t y r e n e /a - o le f in .  T h e  in c r e a s e  o f  s t y r e n e  f e e d  

c o n c e n t r a t io n  d id  n o t  a f f e c t  1 - d e c e n e  c o n t e n t  in  th e  c o p o ly m e r  (r u n s  1 5 - 1 6 ) .  T h e  

r e s u lta n t  p o ly m e r s  p o s s e s s e d  r e la t iv e ly  h ig h  m o le c u la r  w e i g h t s  w i t h  u n ifo r m  

m o le c u la r  w e ig h t  d is t r ib u t io n s ,  b u t th e  M n v a lu e s  w e r e  s o m e w h a t  lo w e r  th a n  t h o s e  

p r e p a r e d  b y  1 u n d e r  th e  s a m e  c o n d i t io n s  (r u n s  5 ,9 ,1 4 ,1 5 ) .

4 .3 .2  T e r p o ly m e r iz a t io n  o f  e t h y le n e ,  s ty r e n e  w it h  a - o l e f m s  u s in g  C p ’T iC l?  

( 0 - 2 . 6 - ,P rzC . H ri -  I P h N iT O M e r i lB t G T T ril / A l ' B m  s y s t e m s .
T a b le  4 .9  s u m m a r iz e s  r e s u lt s  in  t e r p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  

s t y r e n e  a n d  a - o l e f m s  ( 1 - h e x e n e ,  1 - d e c e n e )  u s in g  C p ’T iC l 2 ( 0 - 2 , 6 -'P r 2 C 6 H 3 )  [ C p ’ =  

C p *  ( 1 ) , /B u C 5 H 4  ( 2 )]  -  [ P h N ( H ) M e 2 ] [ B ( C 6 F 5 ) 4 ] -  A l 'B u 3 c a t a ly s t  s y s t e m s .  U s e  o f  
b o r a te  c o c a t a ly s t  in  p la c e  o f  M A O  c o c a t a ly s t  is  b e l i e v e d  to  b e  e f f e c t i v e ,  b e c a u s e  it  

w a s  d e m o n s tr a te d  th a t th e  r e s u lta n t  p o ly m e r s  in  th e  e t h y le n e / s t y r e n e



Table 4.9 Terpolymerization of ethylene, styrene with 1-hexene or 1-decene by C pTiC l2(0 -2 ,6 -'Pr2C6H3) [Cp’ = Cp* (1), 'BUC5H4 (2)] -
Al'Bu3/[PhN(H)Me2][B(C6F5)4] systems.0

run C p ’ T i/  p.mol B /T i* A l/T ic s ty r e n e / m L a - o le f in  (m L ) y ie ld /  m g activity** sty r e n e / %e a - o le f in /  % e M / x  1 0 5 M J M 1
17 C p * 0 .5 1 . 2 5 0 0 5 .0 1 - h e x e n e (5 .0 ) 6 9 8 2 0 13.5 3 2 .7 1 .9 9 2 . 2 2

18 C p * 0 .5 1 . 0 5 0 0 2 .5 1 -h e x e n e  (2 .5 ) 2 6 7 3 2 0 0 7 .8 2 0 . 8 3 .5 5 2 .3 0

19 C p * 0 .5 1 . 0 5 0 0 4 .0 1 -h e x e n e  ( 1 .0 ) 123 1 4 8 0 1 2 . 0 8 .9 3 .7 2 2 .2 3

2 0 C p* 0 . 2 1 . 2 5 0 0 1 . 0 1-h e x e n e  (4 .0 ) 2 0 6 6 1 9 0 2 . 6 2 8 .7 4 .4 0 2 .0 7

2 1 C p * 0 . 2 1 . 0 5 0 0 1 . 0 1-h e x e n e  (4 .0 ) 8 7 2 6 1 0 2 .9 2 8 .2 4 .7 2 1 .95

2 2 C p * 0 .5 1 . 0 1 0 0 0 1 . 0 1-h e x e n e  (4 .0 ) 142 1 7 0 0 3 .0 2 8 .5 3 .3 7 2 .1 5

23 C p * 0 .5 1 . 0 1 0 0 0 1 . 0 1 -h e x e n e  (3 .0 ) 116 1 3 9 0 3 .2 2 3 .6 4 .1 1 2 .2 4

2 4 C p * 0 .5 1 . 0 1 0 0 0 1 . 0 1 -h e x e n e  ( 2 .0 ) 8 8 1 0 5 0 3 .3 2 1 .3 4 .7 0 2 .2 8

25 C p * 0 .5 1 . 0 1 0 0 0 1 . 0 1 -d e c e n e  (4 .0 ) 1 3 4 1 6 1 0 3 .1 2 4 .4 3 .8 6 2 .5 1

2 6 C p * 0 .5 1 . 0 1 0 0 0 1 . 0 1 -d e c e n e  (3 .0 ) 1 1 1 1 3 2 0 3 .7 1 8 .6 4 .9 1 2 . 1 1

2 7 C p * 0 .5 1 . 0 1 0 0 0 1 . 0 1 -d e c e n e  ( 2 .0 ) 105 1 2 6 0 4 .0 1 3 .7 5 .3 7 2 .4 0

28 'B u C 5H 4 2 . 0 1 . 0 5 0 0 1 . 0 1-h e x e n e  (4 .0 ) 291 8 7 2 7 .5 3 2 .9 2 .9 7 2 .3 4

2 9
T 'k 1

'B uC 5H 4 2 . 0 1 . 0 5 0 0 1 . 0 1 -d e c e n e  (4 .0 ) 311 9 3 4 8 .7 2 3 .5 3 .1 4
• c  A 1 /nr

2 .3 7

^ P o ly m e r iz a t io n  c o n d i t io n s :  t o lu e n e  +  1- h e x e n e  o r  1 - d e c e n e  +  s t y r e n e  to ta l  3 0  m L , e t h y le n e  6  a tm , 2 5  ° c ,  1 0  m in .  * B /T i  m o la r  r a t io . CA 1 /T i m o la r  
r a tio . dA c t i v i t y  =  k g - p o l y m e r / m o l - T i h .  ^ C o n te n ts  e s t im a t e d  b y  ' h  N M R  s p e c t r a . 33  -^GPC d a ta  in  o - d i c h l o r o b e n z e n e  vs  p o l y s t y r e n e  s ta n d a r d s .

-4 )
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c o p o ly m e r iz a t io n s  u s in g  th e  m e th y l  a n a lo g u e ,  C p * T iM e 2 ( 0 - 2 ,6 - ' P r 2C 6H 3), w e r e  

p o l y ( e t h y l e n e - c o - s t y r e n e ) s  ( Z h a n g  a n d  N o m u r a ,  2 0 0 6 ) :  th e  c a t a ly s t  s y s t e m  u s in g  t h e  

C l  a n a lo g u e  ( 1 )  c o m b in e d  w i t h  A l ( n - C 8H i 7) 3  w a s  a ls o  e f f e c t i v e  fo r  e x c l u s i v e  

p r e p a r a t io n  o f  th e  c o p o ly m e r s  u n d e r  b o t h  h ig h  s t y r e n e  c o n c e n t r a t io n  a n d  h ig h  

te m p e r a tu r e  c o n d i t io n s  ( N o m u r a  e t a i ,  2 0 1 2 °  a n d  2 0 1 2 * ) .  T h e  c a t a ly s t  s y s t e m  w a s  

a ls o  e f f e c t i v e  to  p r o c e e d  t h e  c o p o ly m e r iz a t io n  w i t h o u t  b y - p r o d u c t io n  o f  a ta c t ic  

p o l y s t y r e n e  p r o d u c e d  b y  M A O  i t s e l f  ( w i t h o u t  T i )  ( Z h a n g  a n d  N o m u r a ,  2 0 0 6 ;  

N o m u r a  e t a i ,  2 0 1 2 a a n d  2 0 1 2 * ) .

T h e  o b s e r v e d  c a t a ly t ic  a c t iv i t i e s  b y  1 -  A l 'B u 3 / [ P h N ( H ) M e 2 ] 
i B(C6 Fs)4 ] w e r e  lo w e r  th a n  t h o s e  b y  1 -  M A O  s y s t e m ,  u n d e r  th e  s a m e  c o n d i t io n s  [ e x .  
t i l 9 0  k g - p o ly m e r / m o l - T i - h  (r u n  2 0 )  v s .  1 2 7 0 0  k g - p o ly m e r / m o l - T i - h  (ru n  5 ) ] .  
H o w e v e r ,  th e  c o m o n o m e r  c o n t e n t s  o b t a in e d  b y  th e  b o t h  s y s t e m  w e r e  in  th e  s a m e  

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

c o n t e n t s ,  w h i c h  is  s o m e w h a t  a n o lo g u e  to  th e  p r e v io u s  r e p o r ts  in  th e  e t h y le n e  

c o p o ly m e r iz a t io n  w it h  1- h e x e n e  ( N o m u r a  e t a i ,  2 0 0 0  a n d  2 0 0 1 ) ,  2 - m e t h y l -  1 -p e n te n e  

( N o m u r a  e t a i ,  2 0 0 5  a n d  Z h a n g  e t a i ,  2 0 0 7 ) .  T h e  a c t i v i t i e s  a s  w e l l  a s  1- h e x e n e  a n d  

1 - d e c e n e  c o n t e n t s  in c r e a s e d  w i t h  in c r e a s in g  th e ir  f e e d  c o n c e n tr a t io n ,  w h i l e  s l i g h t ly  

d e c r e a s e  in  s t y r e n e  a n d  M n v a lu s e  w e r e  o b s e r v e d  (r u n s  2 2 - 2 4 ,  2 5 - 2 7 ) .  A s  p r e v io u s ly  

o b s e r v e d  in  M A O  s y s t e m ,  th e  s ty r e n e  c o n t e n t  s l i g h t ly  in c r e a s e d  i f  1- h e x e n e  w a s  

r e p la c e d  w i t h  1- d e c e n e  u n d e r  th e  s im i la r  c o n d i t io n s .  T h e  c a t a ly t ic  a c t iv i t y  w a s  

a f f e c t e d  b y  a lu m in u m - t o - t i t a n iu m  r a tio  a n d  b o r a te - to - t i ta n iu m  ra tio  a s  s h o w n  in  r u n s  

2 0 - 2 2 .  T h e  h ig h  c a t a ly t ic  a c t iv i t y  c a n  b e  a t ta in e d  at th e  o p t im iz e d  c o n d i t io n s .  In a ll  
c a s e s ,  t h e  r e s u lta n t  p o ly m e r s  p o s s e s s e d  r e la t iv e ly  h ig h  m o le c u la r  w e i g h t s  w i t h  

u n ifo r m  m o le c u la r  w e i g h t  d is tr ib u t io n s  (M n =  1 . 9 9 - 5 .3 7 x 1 0 5, M J M n =  1 .9 5 - 2 .5 1 ,  
r u n s  1 7 - 2 7 ) .  It s h o u ld  b e  n o t e d  th at th e  c o m o n o m e r  c o n t e n t s  c a n  b e  c o n t r o l le d  b y  

c h a n g in g  c o m o n o m e r  c h a r g e d  c o n c e n tr a t io n  in  th e  s y s t e m .  T h e  s im i la r  tren d  w a s  

o b s e r v e d  i f  t h e s e  p o ly m e r iz a t io n s  b y  th e  'B uC sH .^  a n a lo g u e  ( 2 ) w e r e  c o n d u c t e d  u n d e r  

t h e  s a m e  c o n d i t io n s .
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4 .3 .3  M ic r o s tr u c tu r e  a n a ly s i s  fo r  p o l v ( e t h y l e n e - c o - s t v r e n e - c o - l - h e x e n e ) s
F ig u r e  4 .5  s h o w s  a  ty p ic a l  l3C  N M R  s p e c tr u m  a n d  th e  d e p t  s p e c tr u m  

t o r  p o l y ( e t h y le n e - c o - s t y r e n e - C 0 - l - h e x e n e )  ( in  C 2 D 2 C I4 , 1 1 0  ° C ) .  M o s t  o f  r e s o n a n c e s  

c o u l d  b e  a s s ig n e d  o n  th e  b a s i s  o f  th e  d e p t  s p e c tr u m  a n d  t h e  l3C  N M R  s p e c tr a  fo r  

p o l y ( e t h y l e n e - c o - l - h e x e n e ) s  ( N o m u r a  e t a l ;  2 0 0 0  a n d  2 0 0 1 )  a n d  p o l y ( e t h y l e n e - c o -  

s t y r e n e ) s  ( N o m u r a  e t a l . , 2 0 0 0  a n d  2 0 0 2 )  p r e p a r e d  b y  t h e s e  c a t a ly s t s  r e p o r te d  

p r e v io u s ly ,  h o w e v e r ,  a s s ig n m e n t s  o f  s o m e  s m a l l  r e s o n a n c e s  e s p e c ia l l y  a t 3 9 - 4 2  p p m  

( e x .  m a r k e d  a s  * )  w e r e  d i f f i c u l t  e x c e p t  r e s o n a n c e s  a s c r ib e d  to  1 - h e x e n e  r e p e a t  u n it s  

( e x p r e s s e d  a s  a a  in  F ig u r e  4 .5 ) .  T h e  r e s u lt s  in d ic a te d  n o  n e w  r e s o n a n c e s  (o r  s m a ll  

a m o u n t )  a s c r ib e d  t o  c a r b o n s  c o r r e s p o n d in g  to  s ty r e n e  - 1 - h e x e n e  in s e r t io n  u n it s .
It h a s  b e e n  g e n e r a l ly  r e p o r te d  th at e t h y le n e  in s e r t io n  p la y s  a n  

im p o r ta n t  r o le  in  t h e  p r e p a r a t io n  o f  c o p o ly m e r s  c o n s i s t e d  o f  p r o p y le n e  a n d  s ty r e n e ,  
a n d  r e s o n a n c e s  a s c r ib e d  to  s t y r e n e  -  p r o p y le n e  (o r  1 - h e x e n e )  in s e r t io n  u n it s  w e r e  n o t  

o b s e r v e d  in  th e  r e s u lta n t  p o ly m e r s ,  w h ic h  w a s  d u e  to  a  s t e r ic  b u lk  w h e r e  s t y r e n e  a n d  

1 - h e x e n e  in s e r te d  in  2 ,1 -  a n d  1 ,2 - f a s h io n ,  r e s p e c t i v e ly  (F o r  e x a m p le  S e p p a la ,  1 9 8 5 ;  

C h ie n  e t al., 1 9 9 1 ;  A r n o ld  e t al., 1 9 9 4 ;  M a r q u e s  e t a l;  1 9 9 5 ;  G e r u m  e t a l ;  1 9 9 6  a n d  

K o iv u m a k i  a n d  S e p p a lâ ,  2 0 0 8 ) .  A l t h o u g h  it  w a s  r e p o r te d  th a t  th e  s t y r e n e  in s e r t io n  in  

th e  e t h y le n e / s t y r e n e  c o p o ly m e r iz a t io n  u s in g  1 -  M A O  s y s t e m  w a s  a  m ix t u r e  o f  1 ,2 -  

a n d  2 ,1 -  in s e r t io n  u n it s  a n d  r e s o n a n c e s  d e n o t e d  a s  s ap ( F ig u r e  4 .5 )  w e r e  o b s e r v e d  in  

th e  13c  N M R  s p e c tr a  (N o m u r a  e t a l ;  2 0 0 0  a n d  2 0 0 2 ) ,  a s  d e s c r ib e d  a b o v e ,  th e  

r e s o n a n c e s  a s c r ib e d  to  s ty r e n e  -  1 - h e x e n e  r e p e a t  u n its  w e r e  n e g l i g ib le  ( o r  o b s e r v e d  

in  s m a l l  a m o u n t) .  S o ,  a p o s s i b i l i t y  th at th e  r e u lta n t  p o ly m e r s  a re  a  m ix t u r e  o f  t w o  

c o p o ly m e r s  ( e t h y le n e / s t y r e n e  c o p o ly m e r  a n d  e t h y l e n e / 1 - h e x e n e  c o p o ly m e r )  o r  b lo c k  

c o p o l y m e r  c o n s i s t in g  o f  e th y l  e n e /s t y r e n e  b l o c k  a n d  e t h y l e n e / 1 - h e x e n e  b lo c k  a re  

c o n s id e r e d .  H o w e v e r ,  th e  D S C  a n a ly s is  s h o w e d  n o  m e l t in g  te m p e r a tu r e  e v e n  w i t h  

l o w  s ty r e n e  c o n t e n t s ,  a lt h o u g h  th e  p o l y ( e t h y le n e - c o - s t y r e n e ) s  w i t h  l o w  s ty r e n e  

c o n t e n t s  ( e x .  4 .0  m o l%  in  ru n  9 : 5 .3  m o l%  in  ru n  1 1 ) g e n e r a l ly  p o s s e s s  m e l t in g  

te m p e r a tu r e s  ( S e m e t z  a n d  M ü lh a u p t ,  1 9 9 7 ;  C h e u n g  e t  a l . ,  1 9 9 9 ;  B r a u n s c h w e ig  a n d  

B r e it l in g ,  2 0 0 6 ;  R o d r ig u e s  a n d  C a r p e n tie r , 2 0 0 8 ;  N o m u r a , 2 0 1 0  a n d  2 0 1 1 ) .  T h e  

r e s u l t s  th u s  s t r o n g ly  s u g g e s t  th a t  th e  r e su lta n t  p o ly m e r s  a re  t e r p o ly m e r s  (a m o r p h o u s  

m a t e r ia ls )  w ith  u n ifo r m  c o m p o s i t io n s .
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Figure 4.5 13c  N M R  s p e c tr u m  ( to p )  a n d  th e  d e p t  ( b o t t o m )  s p e c t r u m  fo r  

p o l y ( e t h y l e n e - c o - s t y r e n e - c o - l - h e x e n e )  in  1 , 1 ,2 , 2 -te tr a c h lo r o e th a n e -< f2  a t  1 1 0  °c 
( s a m p le  ru n  1 7 , rf a b l e  4 .9 ) .
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4 .3 .4  T e r p o l y m e n z a t i o n  o f  e t h y le n e ,  p - m e t h y l s t y r e n e  ( p - M S )  w i t h  g - o l e f m s  

u s in g  C p T i C l 7( O - 2 .6 - ,'Pr?a H 0  -  r P h N (H )M e 9 Ï Ï B (C  J ^ I /A I 'B ut s y s t e m s .
In  th is  p a r t , p - m e t h y l s t y r e n e  w a s  u s e d  in  p la c e  o f  s t y r e n e  in  th e  

t e r p o ly m e n z a t io n  in  th e  p r e s e n c e  o f  [ P h N ( H ) M e 2 ] [ B ( C 6 F 5 ) 4 ] -  A 1‘BU3 a s  c o c a t a ly s t ,  
b e c a u s e  u s e  o f  M A O  g e n e r a te d  la r g e  a m o u n t  o f  a ta c t ic  p o l y ( p - M S )  a s  b y  p r o d u c t s  

u n d e r  t h e s e  c o n d i t io n s .  I n tr o d u c t io n  o f  p - M S  s h o u ld  b e  e f f e c t i v e  fo r  th e  s u b s e q u e n t  

p o s t - m o d i f i c a t io n s  ( to  in tr o d u c e  a d d it io n a l  f u n c t io n a l i t y ) ,  b e c a u s e  it  h a s  b e e n  k n o w n  

th a t th e  m e t h y l  g r o u p  in  p - M S  c a n  b e  u s e d  a s  th e  in i t ia t in g  f r a g m e n t  fo r  a n io n ic  

p o ly m e r iz a t io n  a f te r  tr e a tm e n t  w i t h  s - B u L i  ( C h u n g  a n d  D o n g ,  2 0 0 1 ;  C a p o r a s o  e t a l ,  
2 0 0 6 ) .  T h e  t e r p o ly m e n z a t io n  r e u lt s  o f  e t h y le n e ,  / 1- M S  w i t h  a - o l e f m s  u s in g  

C p , T iC l2( 0 - 2 ,6 - ' P r 2C 6H 3 ) [ C p ’ =  C p *  ( 1 ) ,  'B u C 5H 4 ( 2 ) ]  -  A l 'B u 3/ [ P h N ( H ) M e 2] 

[B (C 6 F 5)4] s y s t e m s  a r e  s u m m a r iz e d  in  T a b le  4 .1 0 .



Table 4.10 Terpolymerization of ethylene, /7-methylstyrene (p-MS) with 1-hexene or 1-decene by Cp’T iC ^O ^ô-'P ^C éL h) [Cp’ = Cp*
(1), 'BuC5H4 (2)] -  Al'Bu3/[PhN(H)Me2][B(C6F5)4] systems.0

ru n
C p ’ T i

/ p x n o l

p - M S  

/  m L

a - o l e f i n

( m L )

y ie ld

/ m g
a c t iv ity *

p - M S

/ % c
a - o l e f i n c

/ %

M n๔ 

X  1 0  s
M J M nd

3 0 C p * 0 .5 2 .5 1 - h e x e n e  ( 2 .5 ) 7 5 9 0 5 1 8 .5 2 0 . 1 4 . 5 8 1 .3 4

3 1 C p * 1 . 0 1 . 0 1 - h e x e n e  ( 4 .0 ) 1 7 4 1 0 5 0 4 . 6 2 6 .7 2 . 1 6 2 .2 5

3 2 C p * 1 . 0 1 . 0 1 - h e x e n e  ( 3 .0 ) 1 6 4 9 8 0 5 .8 2 4 .1 2 . 5 0 2 . 0 6

3 3 C p * 1 . 0 1 . 0 1 - h e x e n e  ( 2 .0 ) 1 3 5 8 1 0 6 . 1 1 8 .7 2 . 7 0 2 .2 8

3 4 C p * 1 . 0 1 . 0 1 - d e c e n e  ( 4 .0 ) 1 5 4 9 2 4 4 . 6 2 1 . 0 2 .2 7 2 .0 7

3 5 C p * 1 . 0 1 . 0 1 - d e c e n e  ( 3 .0 ) 1 1 9 7 1 5 5 .0 1 6 .4 2 .5 7 2 . 2 1

3 6 C p * 1 . 0 1 . 0 1 - d e c e n e  ( 2 .0 ) 1 0 1 6 0 6 6 . 1 1 3 .3 2 . 7 0 2 . 2 9

3 7 'B u C 5H 4 2 . 0 1 . 0 1 - h e x e n e  ( 4 .0 ) 2 1 9 6 4 9 8 .4 3 3 .8 3 .3 8 2 .5 3

3 8 'B u C 5 H 4 2 . 0 1 . 0 1 - d e c e n e  ( 4 .0 ) 1 9 1 5 7 3 8 . 8 1 9 .6 3 .4 8 2 . 4 2

" P o ly m e r iz a t io n  c o n d i t io n s :  t o lu e n e  +  1 - h e x e n e  o r  1 - d e c e n e  +  p - m e t h y l s t y r e n e  to ta l  3 0  m L , e t h y le n e  6  a t m ,  B /T i  m o la r  r a t io  =  1 , A l /T i  
m o la r  r a t io  =  5 0 0 ,  2 5  °c, 1 0  m in .  ^ A c t iv i ty  =  k g - p o ly m e r / m o l - T M i .  " C o n te n ts  e s t im a t e d  b y  N M R  s p e c t r a .33 ๔'G P C  d a ta  in  0 - 
d ic h lo r o b e n z e n e  v s  p o ly s t y r e n e  s ta n d a r d s .

NJ
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T h e  r e s u lta n t  p o ly m e r s  b y  1 a n d  2  p o s s e s s e d  r e la t iv e ly  h ig h  m o le c u la r  

w e i g h t s  w i t h  u n im o d a l  m o le c u la r  w e i g h t  d is t r ib u t io n s  (M n =  2 . 1 6 - 4 . 5 8 x l 0 5, M J M n 
=  1 .3 4 - 2 .2 9 ) .  T h e  c a t a ly t ic  a c t iv i t y  b y  C p *  a n a lo g u e  ( 1 )  in c r e a s e d  w i t h  in c r e a s in g  a -  

o l e f i n  f e e d  c o n c e n t r a t io n ,  a s  o b s e r v e d  in  t h e  p r e v io u s  p a r ts . H o w e v e r ,  / 7- M S  c o n t e n t s  

in  th e  c o p o l y m e r  w a s  h ig h e r  th a n  s t y r e n e  c o n t e n t s  u n d e r  th e  s im i la r  c o n d i t io n s .  
A lt h o u g h  it  w a s  fo u n d  in  e t h y le n e / s t y r e n e / a - o l e f i n  t e r p o ly m e r iz a t io n  th a t s t y r e n e  

c o n t e n t s  in  t h e  s y s t e m  w i t h  1 - d e c e n e  w e r e  s l ig h t ly  h ig h e r  th a n  t h o s e  w i t h  1 - h e x e n e  

u n d e r  th e  s a m e  c o n d i t io n s ,  in  th e  t e r p o ly m e r iz a t io n  w h e r e a s  / 7- M S  w a s  u s e d  in  p la c e  

o f  s ty r e n e , t h e  s im i la r  tr e n d  w a s  n o t  o b s e r v e d .  C o m p a r e d  to  1 , 'B u C p  a n a lo g u e  ( 2 )  

s h o w e d  th e  l o w e r  c a t a ly t ic  a c t iv i t y  b u t  h ig h e r  c o m o n o m e r  c o n t e n t s ,  a s  p r e v io u s ly  

o b s e r v e d  in  e t h y le n e / s t y r e n e / a - o l e f i n  t e r p o ly m e r iz a t io n .
F ig u r e  4 .6  s h o w s  a t y p ic a l  13c  N M R  s p e c tr u m  in  th e  r e s u lta n t  

p o ly m e r .  M o s t  o f  r e s o n a n c e s  c o u ld  b e  a s s ig n e d  o n  th e  b a s i s  o f  th e  s p e c tr u m  s h o w n  

in  F ig u r e  5 .1 ,  a n d  r e s o n a n c e  a s c r ib e d  to  c a r b o n  in  th e  m e t h y l  g r o u p  in  / 7- M S  w a s  

o b s e r v e d  at c a . 2 0 .3  p p m . A s s ig n m e n t s  o f  s o m e  s m a ll  r e s o n a n c e s  e s p e c ia l l y  at 3 9 - 4 2  

p p m  w e r e  d i f f i c u l t .  A s  d e m o n s tr a te d  in  t h e  te r p o ly m e r  o f  p o l y ( e t h y e n e - c o - s t y r e n e -  

c o - \ - h e x e n e ) ,  in  F ig u r e  4 .5 ,  th e  r e s u lta n t  p o ly m e r  d o e s  n o t  p o s s e s s  r e s o n a n c e s  

a s c r ib e d  to  1- h e x e n e  - / 7- M S  r e p e a t  u n it s .  T h e  r e s u lt  s u g g e s t s  th a t  th e  r e s u lta n t  

p o ly m e r  p o s s e s s e s  s im i la r  m ic r o s tr u c tu r e  to  p o l y ( e t h y l e n e - c o - s t y r e n e - c o - l - h e x e n e ) .
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Figure 4.6 l3C  N M R  s p e c tr u m  f o r  p o l y ( e t h y le n e - c o - £ > - m e t h y l s t y r e n e - c o - l - h e x e n e )  

in  l , l , 2 ,2 - te tr a c h lo r o e th a n e -< f2  a t 1 1 0  °c ( s a m p le  ru n  3 1 ,  T a b le  4 .1 0 ) .

4.4 Introduction of Reactive Functionality by Incorporation of Divinylbiphenyl 
ill Ethylene Copolymerization with Styrene or 1-Hexene Using Aryloxo- 
Modified Half-Titanocenes -  MAO Catalysts

4 .4 .1  C o p o ly m e r iz a t io n  o f  e t h y le n e  w it h  s t y r e n e  o r  1 - h e x e n e  u s in g  

C y T i C h f O A r )  -  M A O  c a t a ly s t s  in  th e  p r e s e n c e  o f  s . d ’- d iv in y ld ip h e n y l .

Scheme 7 C o p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  s t y r e n e  o r  1- h e x e n e  u s in g  

C p ’T i C l 2 ( O A r )  -  M A O  c a t a ly s t s  in  th e  p r e s e n c e  o f  3 , 3 ’ - d iv in y ld ip h e n y l
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In  th is  p art, h a l f - t i t a n o c e n e s  c o n t a in in g  a r y lo x o  l ig a n d ,  C p ’T iC l 2 

(O A r )  [ C p ’ =  C p *  ( 1 ) ,  'B u C 5 H 4  ( 2 ) ,  l , 2 , 4 - M e 3 C 5 H 2  ( 3 ) ;  A r  =  2 ,6 - 'P r 2 C 6H 3  w a s  u s e d  

a s  th e  c a t a ly s t  p r e c u r s o r s  fo r  t h is  s tu d y , b e c a u s e  th is  t y p e  o f  c o m p l e x  s h o w e d  h ig h ly  

e f f i c i e n t  c o m o n o m e r ,  s ty r e n e  ( N o m u r a  e t a l ,  1 9 9 8 ,  2 0 0 0  a n d  K a k in u k i ,  2 0 0 9 )  a n d  a -  

o le f in s  (N o m u r a , 2 0 0 0 ,  2 0 0 2  a n d  2 0 1 2 ) ,  in c o r p o r a t io n  in  t h e  e t h y le n e  

c o p o ly m e r iz a t io n  a n d  a n  e f f i c i e n t  r e p e a te d  in s e r t io n  o f  1 ,7 - o c t a d ie n e  ( O D )  w it h o u t  

c y c l i z a t io n  a f f o r d in g  u n s a tu r a te d  p o ly m e r s  c o u ld  b e  a t ta in e d  in  th e  O D  

p o ly m e r iz a t io n  a n d  e th y l  e n e / l - o c t e n e / O D  t e r p o ly m e r iz a t io n  u s in g  1 -  M A O  c a ta ly s t  

( D a s s a u d  e t a l ,  1 9 9 3 ;  U o z u m i  e t a l ,  2 0 0 0 ;  A r n o ld  e t al., 2 0 0 2 ;  M a th e r s  a n d  C o a te s ,  
2 0 0 4 ;  N o m u r a  e t a l ,  2 0 0 7  a n d  N o m u r a ,  2 0 1 0 ) .  M A O  w h i t e  s o l i d  ( d - M A O ) ,  p r e p a r e d  

b y  r e m o v in g  A l M e 3 a n d  t o lu e n e  fr o m  th e  c o m m e r c i a l ly  a v a i la b le  s a m p le s  ( P M A O -  

ร ,  6 . 8  w t%  in  t o lu e n e ,  T o s o h  F in e c h e m  C o .) ,  w a s  c h o s e n  a s  th e  c o c a t a ly s t ,  b e c a u s e  it 

w a s  e f f e c t i v e  in  th e  p r e p a r a t io n  o f  h ig h  m o le c u la r  w e i g h t  e t h y le n e / a - o l e f i n  

c o p o ly m e r s  w i t h  u n im o d a l  m o le c u la r  w e i g h t  d is t r ib u t io n s  w h e n  1  w a s  u s e d  a s  th e  

c a t a ly s t  p r e c u r so r  ( N o m u r a  et a l ,  1 9 9 8 ) .  T h e s e  p o l y m e r iz a t io n s  w e r e  t e r m in a t e d  at 

th e  in i t ia l  s t a g e  o n  th e  b a s i s  o f  p o ly m e r  y ie ld s  in  o r d e r  to  c o n t r o l  th e  c o n v e r s i o n s  o f  

e a c h  c o m o n o m e r s  l e s s  th a n  c a . 1 0 -1 5  % . T h e  r e s u lt s  a re  s u m m a r iz e d  in  T a b le  4 .1 1 .
( l , 2 ,4 - M e 3 C 5 H 2 ) T iC l 2 ( 0 - 2 , 6 - iP r2 C 6 H 3) ( 3 )  s h o w e d  t h e  h ig h e s t

c a t a ly t ic  a c t iv i t i e s  in  e t h y le n e  c o p o ly m e r iz a t io n  w i t h  s ty r e n e  a n d  3 ,3 - d iv in y lb ip h e n y l  

( I ) V B P ) .  T h e  c o m p a r e d  a c t iv i t é s  w e r e  'B u C jF L i a n a lo g u e  ( 1 1 0 0 ) ,  C p *  ( 1 2 3 0 )  <  

MC3C5H2 ( 3 1 0 0 )  u p o n  s im ila r  c o n d i t io n s .  T h e  a c t i v i t i e s  w e r e  a f f e c t e d  b y  e t h y le n e  

p r e s s u r e  a n d  r a t io  o f  in it ia l  m o n o m e r  f e e d  c o n c e n t r a t io n .  T h e  in c r e a s e  in  c a t a ly t ic  

a c t iv i t y  w a s  o b s e r v e d  u p o n  in c r e a s in g  e t h y le n e  p r e s s u r e .  T h e  p o ly m e r s  p r e p a r e d  b y  

3  p o s s e s s e d  h ig h  m o le c u la r  w e i g h t  w it h  u n im o d a l  m o le c u la r  w e i g h t  d is t r ib u t io n .  It 
a ls o  tu r n e d  o u t  th a t th e  a c t iv i t i e s ,  th e  s ty r e n e  c o n t e n t s ,  a n d  th e  m o le c u la r  w e i g h t  o f  

t h e s e  p o ly m e r s  (r u n s  1 - 6 )  w e r e  r e la t iv e ly  c l o s e  to  t h o s e  o b s e r v e d  in  e t h y le n e / s t y r e n e  

c o p o ly m e r iz a t io n  [ e x .  a c t iv it y  1 6 0 0  k g - p o ly m e r /  m o l - T i h ,  Mn =  7 .4 5 x 1  o 4, s ty r e n e
3 8 .2  m o l%  +  D V B P  4 .1  m o l%  (ru n  2 ) ;  a c t iv i t y  1 1 0 0  k g - p o ly m e r / m o l - T i - h ,  Mn =  
6 . 0 x l 0 4, s ty r e n e  4 1 .1  m o l%  (ru n  1 9 , c i t e d  fr o m  N o m u r a  e t a l ,  2 0 0 2 ) ] .  T h e  

c o m o n o m e r  c o n t e n t s  c a n  b e  c o n t r o l le d  b y  c o m o n o m e r  f e e d  c o n c e n t r a t io n .  T h e  

h ig h e r  D V B P  c o n t e n t  in  th e  c o p o ly m e r  c a n  b e  a t ta in e d  a t h ig h e r  D V B P  c h a r g e d ,  
h o w e v e r ,  n o  s ig n i f ic a n t  d e c r e a s e s  in  b o th  th e  a c t iv i t i e s  a n d  Mn v a lu e s  w e r e  o b s e r v e d



Table 4.11 Terpolymerization of ethylene (E) with styrene or 1-hexene and 3,3'-divinylbiphenyl (DVBP) by Cp’TiCl2(0-2,6-'Pr2C6H3)
[Cp’ = Cp* (1), /BuC5H4 (2), l,2,4-Me3C5H2 (3)] - MAO catalysts.3

run Ti cat. 
(pmol)

E
(atm)

comonomer
(mL)

DVBP
(mL)

yieldb
(mg)

activityc DVBP
(mol%)d

comonomer
(mol%)d

Mne
xlO-4

Mw/
Mne

1 l,2,4-Me3CsH 2 (1.0) 6 styrene (5.0) 0.5 451 2700 3.3 27.4 16.3 2.63
2 1,2,4-Me3C5H2 (1.0) 4 styrene (5.0) 0.5 260 1600 4.1 38.2 7.45 2.00
3 1,2,4-Me3C5H2 (0.5) 6 styrene (5.0) 0.5 258 3100 3.2 30.3 23.1 2.61
4 l,2,4-Me3C5H2 (0.5) 4 styrene (5.0) 0.5 97.6 1200 4.0 39.0 6.57 1.83
5 1,2,4-Me3C5H2 (1.0) 4 styrene (5.0) 1.0 140 840 6.5 35.9 5.81 1.90
6 l,2,4-Me3C5H2 (1.0) 4 styrene (5.0) 1.0 164 990 6.4 35.5 6.24 2.17
7 fBuC5H4(1.0) 6 styrene (5.0) 0.5 184 1100 3.1 28.5 2.22 2.55
8 /BuCsH4(1.0) 4 styrene (5.0) 0.5 66.7 400 3.4 38.4 1.49 2.49
9 ?BuC5H4 (0.5) 6 1-hexene (5.0) 0.5 275 3310 3.3 48.8 10.7 2.22
10 Cp* (1.0) 6 styrene (5.0) 0.5 205 1230 2.2 23.2 5.50 2.11
11 Cp* (0.05) 6 1-hexene (5.0) 0.5 140 16800 1.7 33.9 39.7 2.57
12 Cp* (0.05) 4 1-hexene (5.0) 0.5 115 13800 2.1 35.1 31.6 2.54

3 C o n d it io n s :  t o l u e n e + s t y r e n e  o r  l - h e x e n e + 3 , 3 ’- d iv i n y l b i p h e n y l  t o t a l  3 0  m L , d r ie d  M A O  ( p r e p a r e d  b y  r e m o v i n g  t o l u e n e  a n d  A l M e 3 
f r o m  th e  o r d in a r y  M A O )  3 .0  m m o l ,  2 5  ° c ,  1 0  m in . b I s o la t e d  p o l y m e r  y i e l d  a s  a c e t o n e  i n s o lu b l e  f r a c t io n ,  a n d  y i e l d  o f  a ta c t ic  
p o ly s t y r e n e ,  p r e p a r e d  b y  M A O  i t s e l f ,  w a s  o b t a in e d  a s  a c e t o n e  s o lu b l e  f r a c t io n .  c A c t i v i t y  =  k g - p o ly m e r / m o l - T i - h .  d C o n t e n t s  e s t im a t e d  
b y  ' h  N M R  s p e c t r a . e G P C  d a ta  in  o - d i c h lo r o b e n z e n e  vs  p o l y s t y r e n e  s ta n d a r d s .

นo 
CTn
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(r u n s  2 ,4 - 6 ) .  B o t h  s t y r e n e  a n d  D V B P  c o n t e n t s  in  t h e  c o p o ly m e r s  b y  3  w e r e  s im i la r  to  

t h o s e  b y  2 , a s  e x p e c t e d  fr o m  th e  r e s u lt s  in  th e  e t h y le n e / s t y r e n e  c o p o ly m e r iz a t io n  

( N o m u r a  e t a l ,  2 0 0 2 ) .  A l l  th e  r e s u lta n t  p o ly m e r s  w e r e  h ig h ly  s o l u b l e  fo r  

m e a s u r e m e n t  o f  m o le c u la r  w e i g h t s  a n d  th e ir  d is t r ib u t io n s  in  th e  s ta n d a r d  G P C  

a n a ly s i s  ( in  o - d ic h lo r o b e n z e n e  at 1 4 0  ° C ) ,  in d ic a t e d  to  th e  e f f i c i e n t  c o p o ly m e r iz a t io n  

w it h o u t  c r o s s - l in k in g .
A l t h o u g h  C p *  a n a lo g u e  ( 1 )  s h o w e d  th e  l o w  c a t a ly t ic  a c t i v i t y  in  

e t h y le n e  c o p o ly m e r iz a t io n  w i t h  s ty r e n e  in  th e  p r e s e n c e  o f  D V B P ,  th e  

c o p o ly m e r iz a t io n  o f  e t h y le n e  w i t h  1 - h e x e n e  in  th e  p r e s e n c e  o f  D V B P  b y  1 

p r o c e e d e d  w i t h  r e m a r k a b le  c a t a ly t ic  a c t iv i t i e s ,  a s  e x p e c t e d  f r o m  th e  p r e v io u s  rep o r t  

( N o m u r a  e t a l ,  1 9 9 8  a n d  2 0 0 ;  K a k in u k i  et a l ,  2 0 0 9 ) ,  a f f o r d in g  h ig h  m o le c u la r  

w e ig h t  p o ly m e r s  w i t h  u n im o d a l  m o le c u la r  w e i g h t  d is t r ib u t io n s  (r u n s  1 1 ,1 2 ) .  T h e  

c a t a ly t ic  a c t iv i t y  w a s  a f f e c t e d  b y  e t h y le n e  p r e s s u r e . A l t h o u g h  th e  a c t i v i t y  b y  

B11C5H4 a n a lo g u e  ( 2 )  w a s  lo w e r  th a n  1 , m o r e  e f f i c i e n t  1- h e x e n e  a n d  D V B P  

in c o r p o r a t io n  c a n  b e  a t ta in e d  b y  2  (r u n  9  vs  ru n  1 1 ) .

4 .4 ,2  N M R  s p e c tr a  o f  p o l v ( e t h v l e n e - c o - s t y r e n e - c o - D V B P ) s .
F ig u r e  4 .7  s h o w s  a  t y p ic a l  13c  N M R  s p e c tr u m  in  th e  r e s u lta n t  

p o ly m e r  p r e p a r e d  b y  th e  1,2 ,4 - M e 3 C s H 2 ( 3 )  a n a lo g u e  -  M A O  c a t a ly s t  (r u n  5 ) .  M o s t  

o f  r e s o n a n c e s  c o u ld  b e  a s s ig n e d  o n  th e  b a s is  o f  p o l y ( e t h y l e n e - c o - s t y r e n e ) s  r e p o r te d  

p r e v io u s l y  ( N o m u r a  e t a l ,  2 0 0 0  a n d  2 0 0 2 ) .  In a d d it io n  to  th e  r e s o n a n c e s  a t 5  =  3 4 .3  

a n d  3 5 .1  p p m , w h ic h  a re  a ttr ib u te d  to  Sap ( t a i l - t o - t a i l  c o u p l in g  o f  s t y r e n e  u n it  or  

h e a d - t o - h e a d  b r id g e d  b y  a n  in t e r v e n in g  e t h y le n e  u n it ,  SES), t h e  r e s o n a n c e s  a t 8  =  

4 0 . 7 - 4 1 . 0  p p m  (Tpp, th r e e  s ty r e n e  u n it  c o n n e c t e d  to  h e a d - to - ta i l  c o u p l in g )  a n d  4 3 .1 -  

4 5  p p m  (Saa a n d  Tps, t w o  s ty r e n e  u n it  c o n n e c t e d  to  h e a d - t o - t a i l  c o u p l in g )  w e r e  

o b s e r v e d .  M o r e o v e r ,  t w o  r e s o n a n c e s  a s c r ib e d  to  th e  v in y l  c a r b o n  w e r e  o b s e r v e d  at
1 1 3 .4  a n d  1 3 6 .4  p p m , a n d  r e s o n a n c e s  a s c r ib e d  to  c a r b o n  in  th e  b ip h e n y l  m o i e t y  a s  

w e l l  a s  c a r b o n  a t ta c h e d  to  th e  v in y l  g r o u p  w o u ld  b e  o b s e r v e d  ( p r o b a b ly  c a . 1 3 7 .5 ,  
a n d  1 4 0 - 1 4 1  p p m  m a r k e d  a s  +  in  F ig u r e  1 ). T h e s e  r e s u lt s  s u g g e s t  th a t  ( 1 ,2 ,4 -  

M e 3C 5H 2 ) T iC l 2 ( 0 - 2 , 6 -'P r 2 C 6 H 3 ) e x h ib i t s  a n  e f f i c i e n t  s ty r e n e  a n d  D V B P  

in c o r p o r a t io n , a f f o r d in g  c o p o ly m e r  e v e n  w ith  s t y r e n e  c o n t e n t .
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F i g u r e  4 . 7  13c  NMR spectrum for poly(ethylene-costyrene-co-3,3-divinylbiphenyl) 
prepared by (l,2,4-Me3C5H2)TiCl2(0-2,6-'Pr2C6H3) ( 3 )  - MAO catalyst, (in 1,1,2,2- 
tetrachloroethane-(i2 at 110 ° c ,  run 5 in Table 4.11).

4.4.3 Post (grafting) polymerization of styrene.
The resultant polymer (run 5, Table 4.11) was treated with n-BuLi in 

toluene at roomtemperature and styrene polymeriation was started by addition of 
styrene in the reaction mixture (Scheme 7). The resulting polymer after the post 
polymerization showed the increase in both the M n value and yield compared to the 
starting polymer [Mn = 8.67x104 vs. 5.81 xio4 (run 5)] and possessed unimodal 
molecular weight distribution {M J M n = 2.42). The amount o f atactic polystyrene
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extracted as the acetone soluble fraction was negligible. From 13c  NMR spectra 
(Figure 4.8), an increase of intensity in the resonances especially ascribed to carbon 
of (more than) three styrene repeat units (Tpp) in the ,3C NMR spectrum was 
observed, which is in agreement with higher styrene content (50.6 mol%), compared 
to the starting material with 35.9 mol% styrene. Flowever, since the vinyl groups 
were partially initiated by n-BuLi, some vinyl groups were still remained in the 
resultant polymer.

Scheme 8  Post (grafting) polymerization of styrene
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5 0  4 5  4 0  35  30  2 5  20

Figure 4.8 l3C  N M R  s p e c t ru m  f o r  p o ly { ( e th y le n e - c o - s ty r e n e - c o  
b ip h e n y l ) - g r a /? - s ty r e n e }  ( in  l , l ,2 ,2 - te tr a c h lo ro e th a n e -û ? 2  a t  1 1 0 ° C ) .

3 ,3 -d iv in y l
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