
CHAPTER II
LITERATURE REVIEW

2.1 MgCl2-Supported Titanium Catalyst

A  la rg e  n u m b e r  o f  p a te n ts  an d  sc ien tif ic  l ite ra tu re  d e sc r ib in g  
tra n s itio n  m e ta l c a ta ly s ts  fo r o le fin  p o ly m e riz a tio n  h a v e  a p p e a re d  s in ce  th e  
d isc o v e r ie s  b y  Z ie g le r , N a tta , an d  o th e r w o rk e rs  (B o o r, 1979 ; Y e rm a k o v  et al, 
1981; a n d  M u lh a u p t, 1995). T h e  su c ce ss  in  p o ly m e riz a tio n  h as  b e e n  im p ro v e d  
o v e r th e  la s t th ree  d ec a d es , p a r tic u la rly  as im p ro v e d  tra n s it io n  m e ta l c a ta ly s ts  
to  o b ta in  h ig h  e ff ic ie n c y  o f  p o ly o le fin  p ro d u c tio n .

V o lu m in o u s  e x c e lle n t lite ra tu re s  re g a rd in g  th e  d e v e lo p m e n t o f  
p o ly o le f in  c a ta ly s ts  ex ist. T h e  e x te n t o f  d e v e lo p m e n t o f  su p p o rte d  an d  
u n su p p o rte d  c a ta ly s ts  w as  sh o w n  b y  P in o  an d  M u lh a u p t (1 9 8 0 ). In  E u ro p e  and  
th e  U n ite d  S ta tes , tra n s itio n  m eta l c a ta ly s ts  fo r o le fin  p o ly m e r iz a tio n  h av e  
b een  u se d  s in c e  th e  ea rly  1950s (T ab le  2 .1 ). T h e  m a in  p ro b le m  o f  th e  in itia l 
c a ta ly s ts  w a s  th e  y ie ld  o f  p o ly m e r in  lo w -p re ssu re  p ro c e s se s  w a s  v e ry  low . So  
th e  re se a rc h  o n  th e se  c a ta ly s ts  to  im p ro v e  a c tiv itie s  h as  b ee n  fo llo w e d  an d  
a d v a n c e m e n t in tita n iu m  c a ta ly s ts  re su lte d  fro m  m a n y  e ffo rts  to  fo rm  
su p p o rte d  c a ta ly s ts  o n  v a r io u s  m a te ria ls  (T a b le  2 .2 ).

T h e  h ig h  a c tiv ity  c a ta ly s t p re p a ra tio n  m e th o d s  w e re  d e sc r ib e d  by  
K aro l (1 9 8 4 ) an d  th e  c o m m e rc ia l c a ta ly s t te c h n o lo g y  w a s  su m m a riz e d  as 
" s ta te -o f- th e -  art" b y  H sieh  (1 9 8 4 ). M an y  te c h n iq u e s  can  b e  u se d  in  th e  
c a ta ly s t p re p a ra tio n , su ch  as m e c h a n ic a l o r c h e m ic a l tre a tm e n t o f  M g C l2 w ith  
T iC l4. S in ce  th e  n a tu re  o f  th e  ac tiv e  s ite s  is still p o o rly  u n d e rs to o d , th e re  h as  
b een  m u c h  d iv e rs if ic a tio n  in m e th o d s  o f  c a ta ly s t p re p a ra tio n , e sp e c ia lly  in 
re c e n t y ea rs . F u rth e rm o re , th e  su c ce ss  in im p ro v in g  th e  q u a lity  o f  th e  
p o ly m e rs  w ith  c a ta ly s ts  in te rm s  o f  p o ly d isp e rs ity , s te re o re g u la r i ty , and
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Table 2.1 E arly  d isc o v e r ie s  o f  low  p re ssu re  lin e a r  p o ly e th y le n e  
(W elc h  an d  H sieh , 1993).

R e se a rc h  g ro u p  C a ta ly s ts  D a te  D e n s ity (g /c m 3 )

A le x  Z le tz ,
S ta n d a rd  O il o f  In d ia n a

J. p . H o g a n  a n d  R . L . B an k s , 
P h illip s  P e tro le u m  C o. 

K arl Z ie g le r  e t ah ,
M a x  P la n c k  In s titu te  fo r 
C o a l R e se a rc h

N ic k e l o x id e  on 
a c tiv a te d  c a rb o n  

M o ly b d e n u m  o x id e  
on  a lu m in a  

C h ro m iu m  o x id e  
on  s ilic a  a lu m in a  

T iC l4 +  R 3A1

E a rly  1950

1951

L a te  1953

0 .9 6 0

0 .9 5 -0 .9 7

0 .945

Table 2 .2  E a rly  su p p o rte d  c a ta ly s ts  (W elc h  an d  H sie h , 1993).

P a te n t no . D a te C o m p a n y C a ta ly s t p re p a ra tio n

B P  8 4 1 ,8 2 2 1955 B ritish  P e tro c h e m ic a ls T iC l4 re d u c e d  b y  a lu m in iu m  
a lk y ls  in  th e  p re se n c e  o f  
so lid s  su c h  as M g C 0 3

บ .ร . 3 ,1 5 3 ,6 3 4 1956 รนท O il T iC l4 w as  a d s o rb e d  on  S i 0 2/ 
A120 3 an d  re d u c e d

บ .ร . 2 ,9 8 0 ,6 6 2 1956 รนท O il T i c o m p o u n d s  re d u c e d  in  th e  
p re se n c e  o f  so lid  N aC l, 
F e C l3, A1C13, G a C l3, e tc .

B P  8 7 7 ,4 5 7 1957 รนท O il T iC l4 re d u c e d  in  th e  p re se n c e  
o f  in o rg a n ic  c o m p o u n d s
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m o rp h o lo g y  h as  h ad  a ra p id  p ace . T h e  d e v e lo p m e n t o f  c a ta ly s t fo r 
p o ly m e riz a tio n  o f  p ro p y le n e  w ill be  d isc u sse d  in th e  fo llo w in g  p a ra g ra p h  
(Y a n g , 1994):

" M g C l2 w a s  c o m m o n ly  u sed  as a su p p o rt an d  seem  to  b e  th e  m o s t 
e ffe c tiv e  o n  th e  c a ta ly s t p e rfo rm a n c e  (G a lli et al., 1984). M a n y  te c h n iq u e s  to  
im p ro v e  th e  e ffe c tiv e n e ss  an d  a c tiv a tio n  o f  th e  su p p o rt h a v e  b e e n  re se a rc h e d  
an d  d o c u m e n te d  (K a ro l, 1984; H sieh , 1984; C h o i et a l,  1985). T h ese  
te c h n iq u e s  in c lu d e :
1. M e c h a n ic a l g r in d in g  o r B a ll m illin g  o f  M g C l2 su p p o rt.
2. P re c ip ita tio n  o f  M g C l2-R O H  so lu tio n .
3. D e r iv a tio n  fro m  M g C l2-rich  su p p o rted  m a te r ia l.”

T h e  m e c h a n ic a l g rin d in g  te c h n iq u e  o f  M g C l2 h as  b e e n  w id e ly  
in v e s tig a te d  (D u m a s  an d  H su , 1984; B a rb e  et al., 1987). T h e  p re p a ra tio n  
te c h n iq u e  d e p e n d e d  on  th e  re q u ire d  s te re o sp e c if ic ity  fo r  p o ly m e riz a tio n . 
H o w e v e r, th e  e ffe c ts  o f  g rin d in g  a re  to  re d u c e  th e  c ry s ta l s ize  o f  M g C l2, c re a te  
ro ta tio n a l d iso rd e rs  o f  C l-M g -C l lay e r (B a rb e  et al., 1987), a n d  d is tu rb  th e  
s tru c tu re  o f  th e  c ry s ta l. T h e  M g C l2-su p p o rte d  T ita n iu m  c a ta ly s ts  c o u ld  fo rm  
c o m p le x  s u rfa c e  th a t p ro v id e s  p o te n tia l ac tiv e  cen te rs . M o re o v e r , T h e  M g C l2- 
su p p o rte d  TiCL} c a ta ly s t w ith  c o -m illin g  w ith  a L e w is  b a se  w ill g iv e  a  h ig h  
s te re o sp e c if ic ity  in  o le fin  p o ly m e riza tio n . T h e  m o st e x te n s iv e ly  u se d  L e w is  
b ase  is e th y l b e n z o a te . T h e  su rface  c o m p le x e s  b e tw ee n  T iC l4 a n d  m a g n e s iu m  
a to m s w e re  s ta b iliz e d  by  e th y l b en z o a te  (B a rb e  et al., 1987). In  a d d itio n , e th y l 
b e n z o a te  is b e lie v e d  to  h e lp  b re a k  d o w n  th e  c ry sta l s tru c tu re  o f  M g C l2. S o m e 
p a te n t e x a m p le s  a re  p re se n te d  in  T a b le  2 .3 .

D u e  to  th e  d if f ic u ltie s  in c o n tro llin g  c a ta ly s t m o rp h o lo g y  w ith  the  
m e c h a n ic a l g rin d in g  o f  M g C l2 tec h n iq u e s  (H sieh , 1984), th e  p re c ip ita t io n  o f  
M g C l2-R O H  so lu tio n  te c h n iq u e  h as  b ee n  o f  in te re s t in  re c e n t y e a rs . M g C l2 is 
so lu b le  in  o rg a n ic  so lv e n ts  su ch  as a lco h o l and  a lk a n e s , th e re fo re  a m ix ed  
so lv e n t o f  a lk a n e  a n d  a lco h o l is g en e ra lly  u se d  and  M g C l2 is p re c ip ita te d  o u t
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by  th e  a d d itio n  o f  T iC l4. T h is  tec h n iq u e  m a k es  it p o s s ib le  to  g e t h ig h  
p e rfo rm a n c e  c a ta ly s ts  w ith  a c o n tro lla b le  m o rp h o lo g y . S o m e  p a te n t e x a m p le s  
a re  g iv en  in  T a b le  2 .4 .

P ro b le m s  w ith  th e  m e c h a n ic a l tec h n iq u e , as m e n tio n e d  e a rlie r , c au sed  
c o n tin u e d  e ffo rts  to  o b ta in  M g C l2-rich  su p p o rt m a te r ia ls . T h e  re a c tio n s  o f  
m a g n e s iu m  b a se d  p re c u rso rs , su ch  as G rig n a rd  re a g e n ts , a lk y l m a g n e s iu m  
a lk o x id e s , m a g n e s iu m  d ia ry ls , and  m a g n e s iu m  d ia lk o x id e s  w ith  a p p ro p ria te  
c h lo r in a te d  c o m p o u n d s  are  v ery  fin e ly  d iv id ed . M g C l2-ric h  su p p o rte d  
m a te r ia ls  c a ta ly s ts  o b ta in e d  b y  re a c tin g  T iC l4 w ith  G rig n a rd  re a g e n ts  an d  a lk y l 
m a g n e s iu m  a lk o x id e s  (H a w a rd  et al., 1973; B o u c h e r  et al., 1974) h a v e  b ee n  
re p o r te d  to  h a v e  h ig h  a c tiv ity  fo r e th y le n e  p o ly m e riz a tio n . W ith  th e  u se  o f  a 
p ro p e r  L e w is  b a se , b o th  a c tiv ity  an d  s te re o reg u la rity  co u ld  b e  a c h ie v e d . S o m e  
p a te n t e x a m p le s  a re  sh o w n  in  T a b le  2 .5 .

Table 2 .3  E x a m p le s  o f  b a ll m illin g  ca ta ly s ts  (Y a n g , 1994).

P a te n t no . D a te  C o m p a n y C a ta ly s t sy s te m

E P  4 5 ,9 7 7  1982 M o n te d iso n  (M g C l2+ p h th a lic a n h y d r id e + T iC l4)miiied
+C 1C H 2C H 2C l-T E A + P h S i(O E t)3

JP  6 3 ,1 5 6 ,8 0 6  1988 M itsu b ish i (M g C l2+ d ih e p ty lp h th a la te )mil|eci+ T iC l4+
h ep tan e  -T E A (p re p o ly m e r iz a tio n ) /  
M e 3C s iM e (O m e )2+ A lC l3-T E A

JP  6 3 ,1 7 5 ,0 0 6  1988 T o h o  T ita n iu m  (M g + I2+ B u C l) /d ib u ty lp h th a la te + T iC l4
+ M g  s te a ra te )mjiied+ (T iC l4+ to lu e n e )-  
(T E A + T M P IP )

JP  0 2 ,1 4 5 ,6 0 5  1990 T o h o  T ita n iu m  [(M g + I2+ B u C l)+ d ib u ty lp h th a la te ]miiied/
T iC l4-T E A + l ,8 -e p o x y -p -m e th a n e
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Table 2.4 E x a m p le s  o f  p re c ip ita tio n  c a ta ly s ts  (Y a n g , 1994)

P a te n t no . D a te  C o m p a n y C a ta ly s t sy s te m

E P  8 6 ,4 7 2  1983 M o n te d iso n (M g C l2+ E tO H + T iC l4+ d iiso b u ty l-  
p h th a la te )/  T iC l4-T E A + 2 -a m in o -2 -  
m e th y l-1 -p ro p an o l

E P  8 6 ,6 4 4  1983 M itsu i (M g C l2+ E tO H + k e ro se n e + e m a so l) /  
T iC l4d iiso b u ty lp h th a la te /  T iC l4 
(T E A + (O E t)3P )

U S  4 ,7 1 0 ,4 8 2  1987 S hell (M g C l2+ M e O H )+ M g /M e O H + i-P rO H /
d iiso b u ty lp h th a la te + T iC l4+ P h C l/
p h th a lo y lc h lo r id e (T E A + P h 2Si-
(O M e )2)

JP  0 1 ,2 5 6 ,5 0 3  1989 T o h o  T ita n iu m  (M g C l2+ e th y l-p -a n isa te + d e c a n e + T i
(O B u )4+ 2 -e th y lh e x a n o l+ h e p ta n e /

JP  0 ,2 8 0 4 0 7  1990 S h o w a  D en k o

d ib u ty lp h th a la te + h e p ta n e /T iC l4 
(T E A + P h 2S i(O M e )2 

(M g C l2+ 2 -e th y lh e x a n o l+ d e c a n e )+  
p h th a lic a n h y d rid e /T iC l4/ 
di i so b u ty  Ip h th a la te /T iC  14-T E  A +  
l ,3 - d im e th o x y - l , l ,3 ,3 -  
te tra iso p ro p y ld is ilo x a n e
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Table 2 .5  E x a m p le s  o f  M g C l2- r ic h  ca ta ly s ts  (Y a n g , 1994)

P a te n t no . D a te  C o m p a n y C a ta ly s t sy s te m

E P  2 4 5 ,8 5 4  1987 S u m ito m o B u M g C l+ B u 20 + T i ( 0 B u ) 4+ P h 0 H +
h e p ta n e /d iis o b u ty lp h th a la te + P h C l/
B u 20 + T iC l4+ P h C l-T E A + P h S iE t3

W O  8 ,7 0 6 ,9 4 5  1987 T o h o  T ita n iu m  M g (O E t)2+ to lu e n e + T iC l4/d ib u ty l-

B E  1 .0 0 0 ,1 6 0  1988 N e s te  O y

p h th a la te /to lu e n e /T iC l4+ to lu e n e /
h e p ta n e -T E A + P h S i(O E t)3

(E t2M g /se c -B u M g B u + P h 2S i(O H )2)+
T iC l4+ d iiso b u ty lp h th a la te /T iC l4-
T E A + P h 2S i(O M e )2

D E  3 ,7 3 0 ,0 2 2  1989 B A S F (C 8H ]7M g B u + S i0 2+ h e p ta n e )mined/FIC l/
E tO H /T iC l4+ d ib u ty lp h th a la te /T iC l4
+ P h E t-T E A + M e C 6H 4S i(O M e )3+ P P

D E  3 ,7 3 0 ,0 2 2  1989 Id e m itsu [M g (O E t)2+ d ib u ty lp h th a la te ]+ T iC l4/ 
M e O C M e 3+ A l(C H 2C H M e 2)3+  
H e p ta n e -A l(C H 2C H M e 2)3+ d ic y c lo -  
h e x y lp h th a la te

U S  4 ,8 7 6 ,2 3 0  1990 F in a [M g (O E t)2+ T iC l4+ to lu e n e ] /d ib u ty l-
P h th a la te /T iC l4+ to lu e n e -T E A +
D IB D M S
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2.2 Cocatalysts

T h e  e ffe c ts  o f  c o c a ta ly s ts  on  th e  p o ly m e riz a tio n  a re  v e ry  im p o rta n t. 
C h a re o n su k , 1995 sh o w ed  th e  in flu en ces  o f  the  c o n c e n tra tio n  o f  a lk y l- 
a lu m in u m  o n  th e  p o ly m e riz a tio n  k in e tic  p ro file  o f  e th y le n e  p o ly m e riz a tio n  
(F ig u re  2 .1 ). T h e  e ffe c ts  a lso  d e p e n d e d  on  th e  ty p e  o f  a lk y l a n d  th e  ra tio  o f  
A l/T i (C h a re o n su k , 1995) an d  sh o w ed  a  m a x im u m  at A l/T i c .a . 50  (F ig u re
2 .2 ).

In  th e  p o ly m e riz a tio n  o f  p ro p y le n e , B a rb e  et al. (1 9 8 7 ) fo u n d  th a t th e  
in itia l ra te  in c re a se d  w ith  in c re a s in g  tr ie th y la lu m in u m  c o n c e n tra tio n  fo llo w e d  
b y  in c re a s in g  d ec a y  ra te  in M g C l2-su p p o rte d  T iC l4 w ith  A lE t3 c a ta ly s t  sy s tem .

T h e  re d u c tio n  in ra te  w ith  in c re a s in g  A l/T i ra tio  a f te r  re a c h in g  th e  
m a x im u m  ra te  w a s  c a u se d  b y  the  p ro g re ss iv e  o v e r- re d u c tio n  o f  t ita n iu m  
(B o o r, 1979 ; R ie c h e r t, 1983). F u rth e rm o re , K im  et al.{ 1990) a n d  T ia t et al. 
(1 9 9 0 ) o b se rv e d  th a t th e  d ec re a se  in ra te  w as d u e  to  c o m p e titiv e  a d so rp tio n  
b e tw e e n  c o c a ta ly s t an d  m o n o m e r on  th e  sam e  site .

T h e  c o n c e n tra tio n  o f  th e  a lk y la lu m in u m  a lso  a ffe c te d  th e  s te re o 
sp e c if ic ity  o f  th e  ca ta ly s t. G alli et al. (1 9 8 4 ) re p o rte d  th a t th e  s te re o sp e c if ic ity  
w as  e n h a n c e d  w ith  in c re a s in g  A l/T i ra tio  up  to  50 in th e  T iC l4/M g C l2-A lE t3 
c a ta ly s t sy s tem . It w as  k n o w n  th a t th e  in te rn a l e le c tro n  d o n o r  c o u ld  be  
e x tra c te d  b y  a lk y la lu m in u m  w h ic h  lead s to  a re d u c tio n  o f  is o ta c tic ity  (B u s ic o  
e t ah , 1985; G a lli et al, 1984). In  a d d itio n a l, X u  et al. (1 9 9 7 ) o b se rv e d  the  
sa m e  e ffe c t in  th e  T iC l4/D N B P /M g C l2-A lE t3 c a ta ly s t sy s tem . T h e  e q u ilib riu m  
re a c tio n s  (S c h e m e  1) w e re  p ro p o se d  by S acch i et al. (1 9 9 1 ) to  su g g e s t  th a t th e  
e le c tro n  d o n o r  c o o rd in a tin g  w ith  ac tiv e  s ite s  co u ld  b e  e x tra c te d  b y  A lE t3 an d  
th e se  re a c tio n s  w e re  re v e rs ib le .
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Figure 2.1 E ffec t o f  A l/T i ra tio  on  p o ly m e riz a tio n  ra te  
(C h a re o n su k , 1995).
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Figure 2.2 D ep e n d e n c e  o f  p o ly m e riza tio n  ra te  on  A l/T i ra tio  
(C h a re o n su k , 1995).



12

Scheme 1. E q u ilib riu m  b e tw ee n  A lE t3 and  e le c tro n  d o n o r

C * -IE D  +  A lE t3 <-> c *  +  IE D -A lE t3 (1 .1 )
C * -E E D  +  A lE t3 <-> c* +  E E D -A lE t3 ( 1.2 )

c* (a c tiv e  s ite )
IE D  ( in te rn a l e le c tro n  d o n o r)
E E D  (e x te rn a l e le c tro n  d o n o r)

2.3 Lewis Base

T h e  p re se n c e  o f  a L e w is  b ase  is n e e d e d  to  im p ro v e  th e  s te re o 
sp e c if ic ity  o f  M g C l2-su p p o rte d  tita n iu m  ca ta ly st. T h e  u se  o f  an  in te rn a l L e w is  
b ase  an d  an  ex te rn a l L e w is  b ase  in the  p o ly m e riz a tio n  can  g iv e  h ig h  
iso ta c tic ity . In te rn a l an d  ex te rn a l d o n o rs  a re  c o m m o n ly  re p re se n te d  b y  es te rs  
o f  a ro m a tic  a c id s  an d  a lk o x y  s ilan es . H o w ev er, so m e  w o rk s  re p o rt th e  u se  o f  
e x te rn a l d o n o rs  th a t in c re a se  s te re o sp e c if ic ity  a lso  are  a lw a y s  a c c o m p a n ie d  
w ith  d e c re a s in g  ac tiv ity  (P in o  and  M u lh au p t, 1980; S o g a  et al., 1983; K eii et 
al., 1983).

In  th e  p o ly m e riz a tio n  o f  p ro p y le n e , a lk o x y  s ilan e s  w e re  p ro v e n  to  be 
e ffe c tiv e  e x te rn a l b a se s  (S o g a  et al., 1988; S acch i et al., 1991). It w a s  
c o n c lu d e d  th a t th e  s ilan e  c o m p o u n d s  sh o u ld  h av e  2 o r 3 a lk o x y  g ro u p s  o f  
re la tiv e ly  la rg e  and  n o n -lin e a r  h y d ro c a rb o n  c h a in s  in o rd e r  to  g e t h ig h  
p e rfo rm a n c e  in te rm  o f  a c tiv ity  an d  iso ta c tic ity . X u  et al. (1 9 9 7 ) sh o w e d  th e  
d e p e n d e n c e  o f  iso ta c tic  in d ex  o f  p o ly m e r on A l/T i ra tio  in  th e  c a ta ly s t sy s tem s  
w ith  an d  w ith o u t e le c tro n  d o n o r (F ig u re  2 .3 ).
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A l/T i ra tio  (m o l/m o l)

C a ta ly s tA  =  T iC l4/M g C l2- A lE t3
C a ta ly s tB  =  T iC l4/M g C l2/d i-n -b u ty lp h th a la te -A lE t3
C a ta ly s tC  =  T iC l4/M g C l2/d i-n -b u ty lp h th a la te -A lE t3/d ip h e n y l-d im e th o x y s ila n e

Figure 2.3 D e p e n d e n c e  o f  iso ta c tic  in d e x  o f  p o ly m e r o n  A l/T i ra tio  
(X u  et al., 1997).
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2.4 Mechanism

T h e  m o st g en e ra lly  and  w id e ly  a c ce p te d  re p re se n ta tio n  o f  the  
m e c h a n ism  is re la te d  to  th e  g ro w th  o f  the  ch a in  a t th e  a c tiv e  c e n te r  (F ig u re  
2 .4 ). A n  a c tiv e  c e n te r  is b ased  on an  tita n iu m  a to m  th a t is in an  o c ta h e d ra l 
c o o rd in a tio n  h a v in g  o n e  v ac a n t c o o rd in a tio n  s ite  an d  an  a d ja c e n t c o o rd in a tio n  
s ite  b o n d e d  to  an  a lk y l g ro u p . T h e  m e c h a n ism  in v o lv e s  th e  p ro p a g a tio n  v ia  ท- 
c o o rd in a tio n  o f  an  a lk e n e  m o le c u le  b y  an  a c tiv e  c e n te r  a t its  v a c a n t 
c o o rd in a tio n  s ite  an d  th e n  in se rtio n  in to  th e  tita n iu m -a lk y l b o n d  v ia  a  fo u r- 
c e n te r  tra n s it io n  s ta te . T h e  g ro w in g  p o ly m e r ch a in  m ig ra te s  b a c k  to  its  o rig in a l 
p o s itio n  to  m a in ta in  s te re o -re g u la r  p ro p a g a tio n  s teps.

H o w e v e r, T h e  p o ly m e riz a tio n  ra te  o f  su p p o rte d  Z ie g le r -N a tta  c a ta ly s t 
is in itia lly  h ig h  an d  d ec a y s  ra p id ly  to  a n e a r  s ta tio n a ry  ra te . M a rq u e s  et al. 
(1 9 9 3 ) su g g e s te d  th a t th e  d ecay  in ra te  o f  p o ly m e riz a tio n  c o u ld  b e  re p re se n te d  
by  a firs t o rd e r  d ecay  law . In  a d d itio n a l, A th iw a tta n a n o n t (1 9 9 8 ) re p o r te d  th a t 
ad d itio n  o f  C H C I3 o r C H 3C C I3 at an  o p tim u m  ra tio  can  re ta rd  th e  d ecay  in 
ac tiv ity .

p  X P X  H R

X - M -  +  C H 2 = C H R

x ' x
- >  X - M

x ' i H - C - H
In itia l c e n te r  w ith  o n e  v ac a n cy  

p
7r-c o m p le x  w ith  a lk e n e

X  C H R p X
I /

X - M  ---------

x ' x
T ra n s itio n  s ta te

C H 2  - »  X - M  -  C H 2  -  C H R  -  p - »  X - M -

X7 ; x ' x
T h e  c e n te r  a f te r  in se rtio n R e a rra n g e d  c e n te r

Figure 2.4 T h e  C o sse e  m e c h a n ism  (C o sse e , 1961).
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