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Effect of substituents on the catalytic properties of 
bis(cyclopentadienyl)zirconium dichloride complexes with 

polymethylaluminoxane and AIBui3/CPh3B(C6Fs)4 cocatalysts 
in ethylene polymerization 
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The catalytic properties of ttle complexes (RCp),ZrCI~ (R = H, Me, Pr i, Bun, Bu', 
Me:St, eye/o-Cell i;), and Me~SiCp*NButZrCI. (Cp~" = C~5(CH314) combined with the 
.,klStl~,--CPh3P~(C6F5)4 cocatatyst in ethylene-polymerization were studied. The spe- 
cific activity of  the substituted bis-cyclopentadienyl complexes decreases in the se- 
quence: Me > PF i > Bu" > Bn i > Me,St > cycto-C6H;l, which corresponds to the activity 
sequence for these complexes activated by polymethytaluminoxane (MAO) but is 4 - 2 0  
times lower in absolute value. Comparison of the polyethylene samples obtained in the 
presence of  the same complexes with MAO and AIBu'3--CPh3B(C~,F5) 4 cocatalysts 
showed that polyethylene with much higher molecular mass, melting poinl, and 
cry. stallinity is formed in the presence of the ternary catalytic systems, and this 
indicates a different nature of the active sites of the catalytic systems. The effective 
activation energy of polymerization (-3.6 kcal tool-i),  first order with respect to 
monomer and ~0.4 order with respect to organoalttmmum component ,  was f o 0 n d  for 
the (PriCP)2ZrCI2--AIBu'3--CPh~B{CsFs) 4 catalytic system, tt was proposed on the 
basis of the kinetic data that Al'Bu~ enters into the composition of the active site to form 
a bridged heteronuclear cationic complex, 

Key words: metallocene catalysts, zirconocenes, ethylene polymerization, kinetics of 
polymerization, active site. perfluorophenyl borates, polymethylahlminoxane, effect of sub- 
stituents, 

M e t a l l o c e n e  complexes  o f  group IVB L~MX, (L are 
unsubst i tu ted or  substituted q -bound  ligands, cyclopenta-  
dienyl (Cp) ,  indenyl ( | nd ) ,  and fluorenyl (,Flu); M = 
Ti, Zr,  Hf;  X = CI, Alk) combined  with polymethyl-  
a l u m i n o x a n e  (MAO)  are known to be highly efficient 
catalysts for olefin polymerization. It is widely accepted l -  
s that  e l ec t ron -de f i c i en t  ca t ion ic  complexes are formed 
in these ca ta ly t ic  systems under  MAO action: 

I-2MX 2 + MAO ~, L2M+Me...X - MAO- 

Since M A O  has been discovered as a highly efficient 
cocata lys t  for  meta l locene  complexes ,  6 it remained the 
single e f f ic ien t  act ivator for the catalytic system for a 
long t ime .  h has been found later 4-7-'~ that ca t ionic  
c o m p l e x e s  exhibi t ing high act ivi ty in olefin polymer iza-  
tion are  also formed as a result of  interaction between 
pe r f luo ropheny l  boranes and borates and dimethy! de-  
rivatives o f  metal locenes .  

L2MMe, ., ~- B(C6F5) 3 _,a.- L2M+Me...MeB-(C6F5)3, 

L2MMe 2 + CPh3B(C6F5) 4 

L2M+Me. . .B ' (C6F5)  4 + CPh3Mo 

However, this approach to the formation of  the active 
site has some limitations.  First, it is necessaw to pre-  
liminarily alkylate meta l locene  dichloride and to sepa- 
rate the cationic complex .  8-10 Somet imes  such a cat-  
ionic complex cannot  be obtained in individual form. 
Second, a low thermal  stability of  d ia lkylmeta l locenes  
and meta l loceneLb0ra te  c o m p l e x e s  as c o m p a r e d  t o  
dichlorides results in poor  reproducibili ty o f  experi-  
ments. In addition, high concent ra t ions  o f  meta l locencs  
are required, 2--3 t imes h igher  than those of  the c o m -  
ptexes providing m a x h n u m  activity during act ivat ion by 
MAO. Due to high reactivity of  cationic complexes ,  
side reactions with o ther  components  o f  a react ion 
medium (for instance, with neutral dimethyl  deriva-  
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t i res ]  o c c u r ,  
plexes to -12  

p r o d u c i n g  the  d i m e r i c  ca t ion ic  c o m -  

. .  M e .  7 �89 /m�89 ...B-(C~F~h 
Me M e  

LzM+Me...B-(CaF5) 4 ~ L2MMe 2 

The  m a x i m t t m  activity of  tile complexes  formed by 
MAO a c t i v a t i o n  is observed at an  excess of  the coca ta -  
lyst (AI : Z r  = 103--104L provid ing  also e l in t ina t ion  of  
the wa te r  a d m i x t u r e  from the  reac t ion  medium.  W h e n  
p e d l u o r o p h e n y l  bo ranes  and  per f luorophenyl  borates  
are used .  the  r eac t i ons  with the  water  admixture  can 
result in fast d e a c t i v a t i o n  of  the  c a t i o , i c  complexes.  It 
has been  r e p o r t e d  previously 13 tha t  the catalyt ical ly 
active c o m p l e x e s  c a n n o t  be ob ta ined  at even very high 
c o n c e n t r a t i o n s  o f  me t a l l ocene  and  trityl per f luorophenyl  
boratc  (~1 �9 10 -.3 tool L-J) .  

T h e  ca ta ly t i ca l ly  active c o m p l e x e s  can be separated 
from m e t a l l o e e n e  d ich lor ides  by the i r  h~ situ alkylat ion 
with t r i a l k y l a h t m i n u m  fol lowed by genera t ion  of  the 
ca t ion ic  c o m p l e x  with the aid o f  perf luorophcnyl  bo-  
rates. 14-16 Th i s  a p p r o a c h  allows the  catalytically active 
sy s t ems  to  be  o b t a i n e d  at  tow c o n c e n t r a t i o n s  o f  
me t a l l ocene ,  a sma l l  excess o f  organoalumintm~ c o m p o -  

n e n t ,  and  a s t o i c h i o m e t r i c  t r ans i t ion  metal  : bora te  
ratio. Da t a  are ava i lab le  in the  l i te ra ture  17-z~ on the use 
of  a l u m i n u m  alkyls  (t\)r example ,  t r i i sobu ty la luminum 
(A1Bui3)) as coca ta lys t s  for m e t a l l ocenes  suppor ted  on  
the sur face  o f  i no rgan ic  suppor t s  pre t rea ted  with MAO. 
However ,  da t a  o n  tile na ture  o f  the  active sites formed 
in the  ternary.' ca ta ly t ic  sys tems (me ta l tocene  d ich lo-  
r ide - -Al  R 3 -  peri l  uo ropheny l  bora tes  or boranes  t are ab- 
sent.  AIR 3 are a s s u m e d  to act  on ly  at the  stage o f  
preliminar2,." a lky l a t i on  of  the  d ich lor ide  complex  or as 
reagents  t ha t  pur i fy  the react ion m e d i u m  from the  water  
admix tu re .  H o w e v e r .  the  pa r t i c ipa t ion  of  AIBui3 in the  
reac t ions  p r o d u c i n g  the catalyt ical ly  active cat ionic c o m -  
plexes c a n n o t  cons i s t  only  in a lkyla t ion  of the d ich lo-  
ride complex .  T h u s ,  the  equ i l ib r ium l 'ormation of  ca ta -  
lytically ac t ive  h e t e r o n u c l e a r  br idged  complexes  caused 
by AIR 3 (R = Me,  Et) has been  repor tedt l ,zLzz:  

+A,Me.~ [ .Me.,,.... / M e 7 *  
" ! � 8 9  .-AI.... IB-(C6F~) 4 � 8 9  ~ B-(C6F5) 4 ~_AIMe 3 

Me " L Me" Ue j  - 

M = Zr, Hf  

Tile l i t e ra tu re  da ta  on  the effect of  the  o r g a n o a l u m i n u m  
c o m p o t m d  o n  t h e  cata lyt ic  p roper t i e s  of  these t e rnary  
cata lyt ic  sys t ems  are scanty.  23,z4 

In th i s  work ,  the  catalyt ic  activity of  z i r conocene  
d i ch lo r i de s  Cp)ZrCI - ,  (Cp) ,  ( M e C P ) 2 Z r C I  ? ( M e C p ) ,  
(pr iCP)2ZrCI2  ( p r i ( ] p ) ,  ( B u n C P ) 2 Z r C I  2 ( B u n C p ) ,  
(Bu iCP)2ZrCl2  (Bu iCp) ,  (Me3SiCp)2ZrC12 (Me3SiCp) .  
( C y C P ) 2 Z r C I  2 ( C y  = cyc lo -C~Hi I ,  C y C p ) .  a n d  
M e 2 S i C p * N B u t Z r C 1 2  (Cp* = Me.,C s, C p * N B u  t) in 

e thy lene  polymer iza t ion  wi th  t he  use of  AIBui3 as an  
a tkyla t ing agent  followed by the  fo rma t ion  of  the  ca ta -  
lyt ical ly  active ca t ion ic  c o m p l e x e s  with the  aid o f  
CPhaB(C~Fs)  4 were s tudied  as wel l  as the p ropcr t i e s  of  
po lymers  formed. The  ca ta ly t ic  p roper t i es  of  the  subs t i -  
tt, ted non-br idg ing  z i r c o n o c e n e  d ich lor ides  upon  the i r  
ac t iva t ion  by, b4AO and A I B u i 3 - - C P h a B ( C o F s )  4 and  the  
proper t ies  of  the po lye thy lene  samples  ob ta ined  were 
compared .  

Exper imenta l  

All preparations of catalysts were carried out in an argon 
atmosphere. The solvent (toluene) was purified according to a 
standard procedure. It was distilled over sodium, then twice 
over LiAIH 4, and stored under a ~ o n .  

Zirconocenes z5 and CPh.B(C6Fs)~ z6 were synthesized ac- 
cording to known procedures. Triisobutylahtminum was tLsed as 
a 25% solution in toluene (Aldrich). Argon and ethylene were 
dried by passing through a column with activated molecular 
sieves 5A. 

Polymerization under ethylene pressure ~1 arm was carried 
out in a glass reaction vessel. Toluene and AIBu i. were placed 
into a thermostatted reactor equipped with a surfer in an argon 
atmosphere at room temperature. Argon was removed and tile 
sotntion was saturated with ethylene up to required pressure. 
After ethylene had been dissolved completely (in 5--10 rain). 
the zirconocene complex was introduced. The solution was 
stirred for 5 rain at room temperature, then the temperature 
and monomer pressure were increased up to specified ~alues. 
and a solution of CPhaB~CoFs) 4 in toluene was added. "The 
introduction of the latter component  of the cocatalyst was 
taken as the starting point of polymerization. The kinetics of 
polymerization was measured by consumption of ethylene at a 
constant monomer pressure. Polymerization was stopped by a 
10% solution of HCI in ethanol. The polymer was filtered. 
washed with alcohol and water, and dried to a constant weight 
at 60 ~ in a vacuum. Polymerization at an ethylene pressure 
above atmospheric was pe r fo rmed  in a h igh-pressure  
thcrmostatted stainless-steel reactor equipped with a stirrer and 
a ~ystern for introducing the components  of the catalytic sys- 
tem. The sequence of introducing the components and the feed 
of  monomer were the same as in the runs in the glass reactor. 

The melting points of polymers were determined on a 
DSM-3 scanning calorimeter (heating rate 5 deg rain-I) .  The 
crystallinity of samples was calculated by referring the specific 
integral intensity of the heat-evolut ion peak to the specific 
melting heat of the polyethylene single cry. stal (PE) 27 (64.5 
cat g-I) .  The molecular mass of the polyethylene samples was 
estimated by measuring the viscosity of polymer solutions in 
decalin at a temperature of 135 ~ The coefficients in the 
Mark--Knhn--Howink equation for polyethylene were K n = 
4.6- 1() - 4 ,  ct = 0.73. 

Results and D i scus s ion  

All the  complexes  were  ac t ive  in e thy lene  p o l y m e r -  

iza t ion  in the  presence o f  the  AIBui3 - -CPh3B(C6Fs)  4 
cocatalyst .  We did not  obse rve  m o n o m e r  c o n s u m p t i o n  
and  PE format ion w h e n  on ly  AIBui3.was  i n t r o d n c e d  in 
me ta t l ocene  solut ions at  a c o n c e n t r a t m n  of  the c o m p l e x  
_<I �9 10 -5 tool k -I .  
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" F i g .  1. Comparison of the constmtption rates (Rr) of ethytcne 
by the catalytic systems L~ZrCI~ with MAd ( t. 2, 3. 4) ([Zr] = 
2" l0 -7 tool, AI : Zr =-2000~" ethylene pressure, 0.54 atm. 
toluene, 30 r TM and with AIBui.--CPh3Bq'CdFsI 4 (I ' ,  2", Y .  
4") ([Zr] = 6" 10 -7 tool. AI : Zr ~= 500, g : Zr = I. ethylene 
pressure, I arm, toluene, 20 ~ as cocatalysts, kigand: a - -  

MeCp ( l ,  I'):, priCp(2, 2"); BunCp (3.3"); BuiCp(4, 4"): b 
- -  CpH (1. l ' )  (the conditions of polymerization see ira Table 
I); Me3SiC p (2. 2"); cyclo-C6[411C p (3, 3"). 

Dt, e to substantial difference in the kinetics of  ethyl-  
erie consumption,  it is impossible to compare the activi-  
ties of  the ca ta ly t i c  sys t ems  in the p resence  o f  
var ious  ac t iva to rs  in c o n v e n t i o n a l  units ,  the  weigh t  
o f  PE (tool Zr) -1 (h arm) - I  or with respect to the 
specific yield of  po lye thylene .  In our  opinion, the initial 
rates of  ethylene consumpt ion  can be used as character-  
istics of  the catalytic properties of  the systems studied. 
The complexes with alkyl substi tuents in the cyclopenta-  
dienyl ring (MeCp,  PriCp, BunCp, BuiCp) activated by 
AIBui3--CPh3B(C6Fs) 4 (Table I ) e x h i b i t e d  high initial 
activity that rapidly dropped in several minutes (Fig. 1, 
a). In the system with unsubst i tuted z i rconocene (Cp) 
and the complexes with non-a lkyl  substituents in the 
ring (Me3SiCp, CyCp) .  e thylene  was consumed more  
slowly (see Fig. 2, b). The  initial rates of  e thylene 
consumption in the catalytic systems activated by M A d  z8 
(Table 2) are significantly higher  for both unsubstituted 
Cp2ZrCI 2 and for the complexes  with substituents in the 
cyctopentadienyl ring. These differences are likely due 
to a different nature of  the act ive sites, which deter-  
mines the reactivity of  the meta l - -ca rbon  bond. 

The tbrmation of  PE in a to luene  suspension consid-  
erably differs, In the presence o f  the first three c o m -  
plexes, a gelatinous polymeric  product  was formed in- 
stantly over the whole react ion volume.  In the case o f  
the remaining four complexes ,  the PE particles were 
formed gradually such as in the catalytic systems with 
M A d  as eocatalyst. We suppose that  a sharp decrease in 
the polymerizat ion rates in the presence of  the first 
three zirconocenes and A1Bui3--CPh3B(C6Fs) 4 as co-  
catalyst is not due to only deact ivat ion of  the cat ionic  
complexes.  The catalytic systems in which the rates o f  
ethylene consumption drastically decreased retained their  
activity even after 24 h. The  most probable reason for 
this behavior is the encapsulat ion of  the active sites by 
the gelatinous polymer  formed and. as a consequence ,  
the appearance of  diffusion l imitat ions for the m o n o m e r  
approach to the active site. 

Table 1. Ethylene polymerization in the presence of the catalytic systems zirconocene dichloride--AIBui3--CPh3B(C6Fs)4 and some 
characteristics of the PE samples 

Run Complex Li- r ~ E~ !t ~' Tp c p AI " Zr Rr0 a y /g  e Mn M p f  
gand I'"C /atm (tr/min) F'C 

Me 
PC- 

1 (MeCp)2ZrCI 2 
2 ( priCP)2ZrCt2 
3 (PriCp)2ZrCI2 
4 (priCP}2ZrCl2 
5 (PriCp)2ZrCI2 
6 ( PriCp)2ZrCI2 
7 (PriCp)?ZrCl2 
8 (PrZCP)2ZrCt2 
9 ( PriCp)2ZrCl2 
I0 (PriCP)2ZrCI 2 
11 (priCp)2ZrC]2 
]2 (PriCp)2ZrCl2 
13 Cp2ZrCI 2 

p r  j 

pr t 
Pr' 
Pr' 
Pff 
Pr' 
pr z 
Pff 
pr ~ 
Pr' 
H 

-0.5 -0.3 20 ! .0 
--t).7 -I .1  30 t.0 
-0.7 - I. t 30 1.0 
-0.7 - I . I  30 1.0 
-0.7 - ! . t  30 1.0 
-0.7 - I . I  30 1.0 
--0.7 -1.1 -20  1.0 
-0.7 -I .1 0 1.0 
-0.7 - t . I  20 1.0 
-0.7 - I  .I 20 10.0 
-0.7 - I . I  20 0.6 
-0.7 -I .1  20 0.3 

0 0 20 1.0 

500 780 0.13(8) 397000 134 
500 -672 . . . .  0:10(5) 73401)0 133 
400 652 0.07(5) 808000 131 
300 600 0.07(4) 709000 131 
200 472 0.07(5) 655000 131 
100 350 0.04(5) 535000 133 
500 239 0.07(5) 1000000 136 
500 307 0.13(5) 727000 135 
500 663 0.12(5) 519000 137 
500 292 2.1(5) 509000 134 
500 223 0.13(25) 314000 -- 
500 147 0.05(25) 230000 -- 
100 160 0.15(14) 380000 134 

to be continued 
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Table 1. continued 

Run Complex t.i- ~. a E0 b Tp c p AI : Zr Rr o '~ y /g  e Mn M.pf 
gand /~C /atm (tr/min) /~C 

14 (Bn"Cp)2ZrCI 2 Bua -0.6 -0.8 20 t.0 500 651 0.11(5) 665000 137 
15 (BuiCp)2ZrC12 Bu i -0.6 - t .4 20 1.0 500 189 0.12{30) 398000 133 
t6 ( Me3SiCp)2ZrCl 2 Me3Si -0.8 - 3 3  25 1.0 5(10 107 0.13(25/ 828000 134 
17 (CyCp)2ZrCI 2 Cy - 0 6  - I . 4  0 1.0 500 11 0,02(30) 582000 - -  
18 (CyCP)2ZrCI 2 Cy -0 .6  - 1.4 20 1.0 500 21 0.04(30) 193000 - 
19 ICyCp)2ZrCI 2 Cy -0.6 -1.4 30 1.0 500 72 0.09(25) 600000 -- 
20 (CyCp)2ZrC12 Cy -0.6 - 1.4 40 1.0 500 279 0.09( I 0) 598000 -- 
21 Me2SiCp*NgutZrCI, Cy -0.6 - I . 4  30 !.1.5 260 46 7~9(30) >2000000 137 
22 Me2SiCp*NButZrCI: Cy -0.6 - t . 4  70 11.5 260 51 5.8(30) I820000 136 
23 Me2SiCp*N gutZrCl? Cy -0.6 - l . 4  90 11.5 260 705 7.6(9) 127000 113 

Note. The conditions of polymerization: tohlene, [Zr] = 3.0" 10 -5 mol L -1. aThe Taft inductive constant. OThe Palm steric 
constant, e Temperature of polymerization. JThe initial rate of ethylene consumption, kg PE (tool Zr) -~ (min [C2H4]) -t . e Polymer 
yield lbr the reaction time indicated, fMelting point according to the DSC data. 

Table 2. Ethylene polymerization in the presence of the catalytic system zirconocene 
dichloride--MAd and some characteristics of the PE samples zg 

Run Complex A a Rr0 a M~C MnC M.p.J Cad 
l~ (%) 

24 (MeCp)2ZrCI 2 6470 3(130 345500 133800 e 
49600 

25 (Pr~Cp~?ZrC12 4555 1730 291200 67000 135 57 
26 (Bu'~Cp)?ZrCI: 2235 830 323300 59600 134 53 
27 (Me3SiCp)2ZrCI 2 2049 1 2 9 0  654700 t01100 138 59 
2,9 (BuiCp)?ZrC1., 1658 780 272900 68700 133 62 
29 (CyCp)2ZrCI ? 1265 990 196600 7490(I 

:Vote. The conditions of polymerization: toluene. 20 mL: [Zr] = 2" 10 -7 tool I .- l ;  
cocatalyst. At : Zr = 2000; temperature of polymerization, 30 ~C; ethylene pressure, 0.54 
arm_ a Catalytic activity, kg PE (tool Zr h) -I. b The initial rate of ethylene consumption. 
kg PE tmol Zr) -I (rain [CeH4]U l CAccording to the data of gas-vapor chromatogra- 
phy a According to the data of DSC ~ is the degree of cry. stallinity, e Bimodal 
distribution. 

With respect to the initial react ion rates and the poly- 
mer  yield, all the  complexes  act ivated by AIBui3 - 
CPh3B(C6Fs) 4 can  be arranged in the sequence of  de-  
creasing activity: M e C p  > PriCp > BuaCp > BuiCp > 
bde3SiC p > CyCp .  This sequence as a whole corresponds 
to that found by us z8 for the complexes activated by 
M A d :  M e C p  > PriCp > BunCp > Me3SiC p > BuiCp > 
CyCp (see Table  2). We have shown previously z8 that the 
logar i thm of  the  specific catalytic aetivit-y closely matches 
the inductive Taf t  constant (~*) and the steric Palm 
constant (_Ks~ z9 A similar l inear dependence of  the 
potentials of  e lec t rochemica l  reduct ion on the combined 
effect of  substi tuents has been found for the series of  
t i tanocenes substi tuted in the cyclopentadienyl ring. 30 
Since both processes,  polymerizat ion and e lect rochemi-  
cal reduction,  ref lect  the reactivity o f  the bond between 
transition meta l  and ~-bound ligand, the transition state 
should be sensit ive to the e lec t ronic  and steric effects of  
substituents. We found for the ternary catalytic systems 
studied in this work that the logari thm of  the ratio of  the 

initial consumpt ion rates (R ~) for e thylene in the pres- 
ence of  the substituted and unsubstituted complexes is 
connected with the constants  ~* and Es~ by a linear 
relation 

I n ( R ~  = p~;, + aE~ ~ 

where p = - 4 . 2 3 ,  8 = 1.18. As call be seen in Fig. 2, 
the logar i thms of  m~cmalized init ial  rates l inearly in- 
crease with an increasing c o m b i n e d  effect of  substi tu- 
ents. The  active site formed in the  ternary catalyt ic  
systems is s ignificantly more  sensi t ive to the e lec t ronic  
effect of  substi tuents than that  fort-ned under  the ac t ion  
of  M A d ,  2s 

Compar i son  of  the Arrhen ius  dependences  for e th-  
ylene polymer iza t ion  in the systems conta in ing  z i rcono-  
cene  (PriCP)2ZrCl 2 ac t iva ted  by M A d  and ,4dBui~ - 
CPh3B(C6Fs)  4 showed  tha t  the  values  o f  the  ef fec t ive  
ac t iva t ion  energy (E~tl.) are  c lose:  5.5_+1.1 kcal tool - t  
and 3.6• kcal tool -L, respect ively  (Fig. 3). Such low 
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Fig. 2. Dependence of the logarithms of the reduced initial 
ra~es (Rp ~}) of ethylene polymerization on the combined effect 
of st,bstituents [~r a series of monosubstituted zirconocenes 
�9 ictivated by AIBui3--CPh3B(C6F5)4 The conditions of poly- 
merization: toluene, 20 mL: 20 ~ [Zrt = 6- 10 -7 tool: AI : Zr 
= 500; B : Zr = I: ethylene pressure. 1 atm. 

E~ff values are typical of ethylene polymerization in the 
presence of cationic complexes of group IVB elements,  
whereas the Eeff values for the series of complexes 
studied by us and activated by MAO, including steri-  
cally hindered disubst i tu ted 'z i rconocene Cy2C p, are 
less than 8--10 kcal tool -1. The significantly higher 
Eet f value for the (CyCp)2ZrCI 2 complex activated by 
AIBui3--CPh3B(C6Fs) 4 (21.0_+1.5 kcat tool - t )  suggests 
that in this case ~brmation of the active cationic com- 
plex under the action of AIBui3--CPh3B(C~F5)4 is a rate 
determining step. 

An abnormal dependence of the molecular param- 
eters of the PE samples on the reaction temperature 
(Tr) was observed fl)r the ternary catalytic systems. The 
M.,--T r function for samples prepared in the presence 
of PriCp2ZrC12--AIBui3--CPh3B(CaFs) 4 passes through 
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2 
2.8 3.0 

3 
i i t 

3.6 3,8 4.0 
T-I. 103/K-~ 

Fig. 3. The Arrhenit~s plot tbr the initial consumption rates 
(Rr ~ of ethylene by the catalytic systems: priCp2ZrCI2--MAO 
(I), priCP2ZrCI2--AIBui3--CPh3B(C6F5) 4(2), (cyclo- 
CoHII )Cp2ZrCI2--AI Bui3--CPh3B(CoF5)4 (J). 

a minimum in the region of 15--20 ~ and the M,. value 
increases again at 30 ~ (see Table I, runs 2, 7--9). 
These findings are reproducible for the PE samples 
prepared with the use of CyCp and AIBni; - 
CPh3B(C6Fs) 4 (see Table 1, runs 17--20). This anomaly 
is likely due to the participation of AIBu' 3 in the forma- 
tion of tile various active sites, depending on the reac- 
tion conditions. 

We attempted to examine this assumption with the 
example of the catalytic system (PriCP)2ZrCIv--AI Bui3 - 
CPh3B(C6Fs) 4 by studying the effect of concentrations 
of the monomer  and organoaluminum compound on 
the kinetics of polymerization. The reaction has the first 
order with respect to the monomer and the effective 
order ~0.4 with respect to AlBui3. When the molar ratio 
AI : Zr was increzLsed from 100 to 400, the catalytic 
activity increased by ~2 times and simultaneously the 
molecular mass of the polymer significantly increased 
(Fig. 4). Some decrease in the molecular mass was 
observed at Al : Zr = 500. Similar effects of activity 
growth (by -2.6 times) and the bell-shaped dependence 
of the molecular mass on the concentration of ,adgui3 
have been observed previously 23 for ethylene polymer- 
ization in the catalytic system Cp ,ZrCI~B(C6Fs )  3 -  
,MBui 3 and for propene polymerization 24 in the catab~ic 
system rac-Me2Silnd?ZrCl2--,MBui3--CPh3B(C6F:,). , (an 
increase in the activity by ~2 times and an increase in 
the molecular mass from 56000 to 64000 along with an 
increase in the AI : Zr ratio from 250 to 500). However, 
examination of the ~3C NMR spectra of the polypropy- 
lene samples has shown z4 that AIBui3, unlike AIEt> 
does not participate in the chain transfer reactions, ht 
the latter case, an increase in the concentration of AIEt 3 
results in a sharp decrease in the catalytic activity and 
the molecular mass of the polymer. Similar depen- 
dences of the catalytic activity and molecular masses on 
the concentration of AIR 3 (R = Me, Et) have been 
found II for the catalytic system CP2ZrMe 2 -  
CPh3B(C6Fs) 4. The authors tl supposed that the chain 
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Fig. 4. Dependences the initial polymerization rate (1) and 
of the molecular mass of tile polyethylene samples (2) on 
the AI : Zr ratio for the catalytic system PriCp?ZrCI2--AIBui?-- 
CPh3B(C6Fs)4. 
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Fig. 5. The kinetics of ethylene polymerization in the presence 
of the catalytic system Me2SiCp*NButZrCI2--AIBui3 - 
CPh3B(CoFs) ~ at Tof reaction (~C}: 30 (t): 70 (2): 90 (3) (for 
~he rest of the reaction conditions see Table 1, runs 21--23). 

transfer to an o~anoa luminum compound and the equi- 
librium formation of bridged heterometallic complexes, 
which are inactive in polymerization, through the reac- 
tion between LzZr+Me and AIR 3 can explain the effects 
mentioned. The above data suggest that the role of 
AIBul 3 consists in not only alkylation of zirconium 
dichloride complex followed by the formation of the 
cationic complex under the action of perfluorophenyl 
borate but also in the formation of the active site, most 
probably, in the form of bridged (alkyl or alkyl halide) 
Zr--R--AI cationic complexes. 

The activity of the terna~'  catalytic systems and the 
molecular mass of the polymer lbrmed are interrelated: 
the most active complexes produce polyethylene samples 
with the least molecular masses. Thus, high-molecular 
PE (-2000000 g tool-I;  see Table 1, runs 21 and 22) is 
formed upon polymerization in the presence of the least 
active complex Cp*NBu t combined with A1Bui 3 -  
CPh3B(C6F5) 4. When MAO was used as a cocatalyst, 
this complex produced PF. with a molecular mass of 
212000 in similar conditions. 3~ The molecular mass of 
PF, obtained in the presence of tile zirconium complex 
with the Me3Si ligand that is the next in the activity 
sequence of the complexes  studied is equal to 82,"1000 
g m_ol --I (run !6) ,  other conditions being the ,same, and 
the molecular mass of ihe  PE obtained in the-preserice 
of the more active PriCp is equal to 734000 g mol -I  
(run 2). As a whole, the molecular masses of PF, samples 
formed in the ternary catal}aic systems are substantially 
higher than those of polymers obtained in the presence 
of similar complexes activated by MAO. According to 
tile DSC data, the samples of PE prepared without 
MAO have higher degrees of c~stallinity (65--70%). 
These facts give evidence of the difference in the active 
sites in the catalytic systems under comparison. One can 
suggest that the reactivity of the metal--carbon bond in 
the active site formed in the ternary catalytic system 

determines not only the insertion vale of an olefin but 
also the rate of chain transfer. 

The results of experiments with the terna D' catalytic 
system containing the complex with a "constrained ge- 
ometry" Me2SiCp*N ButZrCI:--AI Bui3--C Ph3B(C6 Fs) 4 
also reveal the possible tormation of active sites of 
various types, depending on the reaction conditions and 
zirconocene nature, when the catalyst was activated by 
AIBui 3_ The basic NBu t group is directly bound to the 
active site that is more electron-deficient as compared 
to the derivatives of (RCp)zZrCI: and more open steri- 
cally. The effect of the steric constituent is increased by 
the negative inductive effect, resulting in low initial 
rates of ethylene polymerization and high molecular 
masses of PE obtained in the presence of this complex 
activated by AIBui3--CPh3B(C6Fs) 4. F,thylene is con- 
sumed at temperatures of 30 and 70 ~ with a low 
constant rate (Fig. 5). An increase in the temperature 
from 70 to 90 ~ resulted unexpectedly in a 14-tbld 
increase in the initial rale followed by exponential decay 
of polymerization. The molecular mass of PE obtained 
at the reaction temperature of 90 "~C is 14 times lower 
than that of PF, obtained at 71) ~ Isee Table 1, runs 22 
and 23). Such a sharp change in the catalytic perfor- 
mance of the system and the molecular mass of PE 
because of an increase in temperature can be due to the 
formation of complexes of other types in the presence of 
AIBui3. One can assume that the dialkylation stage and 
the formation of the bridged heteronuclear complex 
without the electron-acceptor chloride ligand precede 
the formation of the active cationic complex in the 
presence of borate at high temperature. 
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